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Newer CBC Parameters of Clinical 
Significance

Shanaz Khodaiji

As technology advances, recently developed 
automated hematology analyzers (HA) deter-
mine routine CBC parameters with better accu-
racy. In addition, they yield novel parameters also 
called Advanced Clinical Parameters (ACP) 
whose clinical utility is being assessed by several 
researchers in the field of laboratory hematology. 
Many of these ACP have been found to enhance 
clinical information and are now integrated into 
the routine Complete Blood Count (CBC) report.

ACPs can be obtained on the following 
analyzers:

• Sysmex XE and now XN-series
• Abbot Diagnostics Cell Dyn Sapphire
• Beckman Coulter LH750 and UniCel DxH 800
• Horiba Medical Pentra
• Mindray BC 6800
• Siemens Advia

Evolution of CBC parameters from basic to 
advanced is shown in Table 1.1.

ACP are a result of constant improvement in 
hardware and software technology along with 
use of newer improved reagents and fluorescent 
dyes.

1.1  Reticulocyte Parameters

These parameters are obtained from the 
 reticulocyte channel of the Sysmex XE and 
XN HAs.

1.1.1  Reticulocyte Count 
and Reticulocyte Fractions

The reticulocyte count is a very useful hemato-
logical parameter but highly under-utilized in 
clinical practice because manual reticulocyte 
counting is tedious to perform and prone to inter- 
observer variation resulting in unreliable counts 
with very high CVs.

The RET channel available on many newer 
hematology analyzers performs reticulocyte 
measurements automatically with no preprepara-
tion of sample required.

S. Khodaiji (*) 
P.D. Hinduja Hospital and Medical Research Centre, 
Mumbai, India
e-mail: dr_skhodaiji@hindujahospital.com
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Table 1.1 Evolution of CBC analyzers over the years

1960 1970/1980 1990
WBC 5 part differential Immature grans (IG)
RBC Reticulocytes and 

fractions
RET-HE & RBC-HE

Hb NRBC and frag RBC
Hct Platelet (I) 

impedance
Platelet (O) optical/(F) 
fluorescence

MCV MPV Hematopoietic 
progenitor cells (HPC)

MCH RDW

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7713-6_1&domain=pdf
mailto:dr_skhodaiji@hindujahospital.com
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1.1.2  Principle

This is based on the principle of fluorescence 
flow cytometry using the nucleic acid dye oxa-
zine 750 which stains the RNA of the cell. RBCs 
do not contain RNA and hence do not take up the 
dye, whereas reticulocytes fluoresce brightly and 
can thus be counted. The forward-scattered light 
(FSC) and the fluorescence signal (FSL), sepa-
rate reticulocytes from mature RBCs (Fig. 1.1).

According to their stage of maturity, reticulo-
cytes have varying fluorescence intensity, and 
based on this they are fractionated into three sub- 
types as follows:

• Those that fluorescence dimly are low fluores-
cence reticulocytes or LFR

• Those showing medium fluorescence, the 
medium fluorescence reticulocytes or MFR

• Those with high fluorescence called HFR

RBC
LFR

MFR HFR

IRF

IRF (Immature Reticulocyte Fraction):

HFR (High Fluorescent Reticulocyte)

MFR (Medium Fluorescent Reticulocyte)

MFR 
Medium Fluorescent Retics.

HFR 
High Fluorescent Retics.

Reference Range:

IRF, Female: 1.1-15.9% Male: 1.5-13.7%LFR (Low Fluorescent Reticulocyte)

LFR 
Low Fluorescent Retics.

Immature
reticulocytes

Reticulocytes

High

Normal

Low

Low

Normal

Little RNA

Mature Retics.

Reference Interval: 86.5-98.5%

More RNA

Semi-Mature Retics.

Reference Interval: 1.5-11.3%

High level of RNA

Immature Retics.

Reference Interval: 0-1.4%

High

Aplasia

Normal

Polycyth.
vera

HaemolysisAcute
leukaemia

Dyserythropoiesis

Erythrocyte Reticulocyte

RBC LFR MFR LFR 

IRF

fluorescence from RET Search (lI)

fo
rw

ar
d 

sc
at

te
r

Fig. 1.1 Utility of reticulocyte count and reticulocyte fractions in hematological diagnosis. Alongside is a normal RET 
scattergram showing reticulocyte fractions on Sysmex analyser 

S. Khodaiji
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The immature reticulocyte fraction (IRF) is the 
percentage of immature reticulocytes, calculated 
from the sum of MFR and HFR. IRF is a reflec-
tion of erythropoietic activity and is increased in 
bone marrow engraftment following transplant. It 
is an earlier indication of regenerating marrow 
than absolute neutrophil count (ANC).

1.2  Reticulocyte Production 
Index (RPI)

The RPI, is a correction of the reticulocyte count, 
and is useful in the diagnosis of anemia because 
the percent reticulocyte count can be misleading 
in anemia (Table 1.2)

• RPI is used for evaluation only in anemic 
patients

• RPI < 2 with anemia is seen when production 
of reticulocytes (and RBC) is reduced

• RPI > 2 with anemia is suggestive of loss of 
RBC as in hemolysis or hemorrhage and this 
is accompanied by increased compensatory 
production of reticulocytes

• RPI is difficult to calculate manually and is 
available only on automated HAs

Availability of the reticulocyte fractions has 
improved the classification of anemias as demon-
strated in Fig. 1.2. The reticulocyte count is plot-
ted against the reticulocyte fraction and cause of 
anemia can be ascertained from this plot 
(Table 1.3).

The normal ranges of reticulocyte parameters 
as determined in our lab are:

Reticulocyte count 0.20–2.50%
RPI 0.1 in normal individuals. In 

anemic adults, RPI >2 indicates 
increased erythropoiesis and <2 
suppressed erythropoiesis at 
BM level

IRF 2.0–16.20%

1.3  RET-HE (Reticulocyte 
Hemoglobin Equivalent)

The RET-HE is a measure of the hemoglobin 
(Hb) content of reticulocytes and is available on 
the Sysmex analyzers. This parameter is called 
CHr (reticulocyte Hb content) on the Bayer 

Table 1.2 Calculation of RPI on automated HA

Reticulocyte Production Index is calculated as follows:

1. ReticIndex ReticCount
Hematocrit

Normal Hematocrit
� �

A value of 45 is usually used as a normal hematocrit
2.  The next step is to correct for the longer life span of 

prematurely released reticulocytes in the blood—a 
phenomenon of increased red blood cell production

This relies on a table:

Hematocrit 
(%)

Retic survival(days) = maturation 
correction

36–45 1.0
26–35 1.5
16–25 2.0
15 and below 2.5

So, in a person whose reticulocyte count is 5%, hemo-
globin 7.5 g/dL, hematocrit 25%, the RPI would be:

RPI
ReticIndex

MaturationCorrection
� � �

�

�RPI 1 4
5

25

45

2
.

Immature
reticulocytes

Reticulocytes

High

Normal

Low

Low

Normal High

Aplasia

Normal

Polycyth.
vera

HaemolysisAcute
leukaemia

Dyserythropoiesis

Clinical Condition Reticulocyte 
Count

IRF

Dyserythropoiesis (e.g. 
acute myeloid leukemia or 
myelodysplastic syndromes, 
megaloblastic anemia) 

N or

Reduced erythropoiesis 
(e.g. iron deficiency, anemia 
of chronic disease 

N

Increased erythropoiesis 
(e.g. acquired hemolytic 
anemia, blood loss) 

Fig. 1.2 Reticulocyte count vs. reticulocyte fractions. (Taken from d’Onofrio et al. 1996; Briggs 2009)

1 Newer CBC Parameters of Clinical Significance
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ADVIA analyzer. Brugnara et al. found good cor-
relation between these two parameters.

Since RBCs have a 120-day life span, changes 
in Hb of RBC (RBC-HE) are detected relatively 
late by routine parameters such as Hb, Mean 
Corpuscular Volume (MCV), Mean Corpuscular 
Hemoglobin (MCH), or hypochromic red blood 
cells (HYPO-HE). On the other hand, since reticu-
locytes mature over 2–4 days, RET-HE is a real- 
time snap shot of current Hb content of developing 
RBCs. Changes in iron status are instantly reflected 
in the RET-HE value and is useful in diagnosis and 
monitoring of iron deficiency anemia (IDA). The 
published reference range is 28.2–36.6 pg.

1.3.1  Principle

The RET-HE and RBC-HE are determined in the 
reticulocyte channel by flow cytometry. The 
mean FSC estimates the cell volume and simulta-

neously measures the Hb content of RBCs and 
reticulocytes. These parameters were initially 
called RBC-Y and Ret-Y, but subsequently, were 
transformed into the Hb equivalents (He) by 
application of certain algorithms (Fig. 1.3).

1.4  DELTA-He

DELTA-He is a calculated value of the difference 
between RET-HE and RBC-HE. A value higher 
than the normal range is an indication of improved 
erythropoietic activity, whereas consistently low 
values over a period of time, may indicate sup-
pressed erythropoiesis.

Why is RET-HE a more effective marker?
• Inability to release iron from the bone marrow 

stores rapidly enough to keep pace with eryth-
ropoiesis, even in the presence of adequate 
iron stores, leads to a state of functional iron 
deficiency (FID). RET-HE is an indicator of 
adequacy of iron available for erythropoiesis. 
It is thus useful in the diagnosis of iron defi-
ciency and monitoring response to treatment.

• Traditional biochemical tests for assessing iron 
status, such as serum iron, transferrin or ferri-
tin, are also acute phase reactants and hence not 
reliable in our setting. For example, a normal or 
elevated serum ferritin as seen in anemia of 
chronic disease, does not predict the bioavail-
ability of the iron correctly because in spite of a 
raised ferritin level FID can exist in these 

Position of the new fluorescence parameters of the
red cell range in the scattergram of the  XE-2100

Reticulocyte Hb Equivalent - Ret 
He

RET-Y is used to
calculate RET-He

RBC-Y is used to
calculate RBC-He

RBC-Y:Normal range = 168.7 – 183.8 (Channels)

Reticulocyte channel of the SYSMEX XE-2100

Fluorescent light intensity

Fluorescence-Thrombocytes

R
B

C
-A

re
a

LFR-Area IRF-Area

F
or

w
ar

d 
sc

at
te

re
d 

lig
ht

 in
te

ns
ity

RET-Y:Normal range = 171.0 – 196.3 (Channels)

SFL (RNA Content)

DELTA-He

(RET-He–RBC-He)

RET

PLT

RBC

RET-He
RBC-He

F
S

C
 (

C
el

l v
ol

um
e)

RET-He

RBC-He

DELTA-He

Fig. 1.3 Reticulocyte channel of the Sysmex Hematology analyzer showing position of RET-HE and RBC-HE  in the scat-
tergram (Provided by Sysmex Europe, Hamburg, Germany). SFL side fluorescence light intensity, FSC forward light scatter

Table 1.3 Reticulocyte count vs. reticulocyte fractions

Clinical condition Reticulocyte count IRF
Dyserythropoiesis (e.g., 
acute myeloid leukemia or 
myelodysplastic syndromes, 
megaloblastic anemia)

N or ↓ ↑

Reduced erythropoiesis 
(e.g., iron deficiency, anemia 
of chronic disease)

↓ N

Increased erythropoiesis 
(e.g., acquired hemolytic 
anemia, blood loss)

↑ ↑

S. Khodaiji
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patients. Therefore, RET-HE has the potential 
to be the most sensitive index for immediate 
availability of iron for erythropoiesis

• It appears earlier and is more accurate than 
biochemical parameters for diagnosis of FID.

• It is fast, inexpensive, and easy to perform. 
Results are obtained along with CBC report.

Uses of RET-HE
• Reduced RET-HE and ferritin values are sug-

gestive of classical iron deficiency. In patients 
with CKD, a RET-HE less than 25 pg suggests 
iron deficiency.

• A patient will not respond to iron therapy if 
the RET-HE is above the normal range.

• A combination of high/normal ferritin and low 
RET-HE value is suggestive of FID provided infec-
tion is ruled out as the cause of raised ferritin.

• A RET-HE value below 27.2 pg is able to pre-
dict iron deficiency with a sensitivity of 
93.3%, and a specificity of 83.2%.

• It is useful to determine iron status in patients 
on EPO therapy. If it is low, then parenteral 
iron needs to be administered to the patient 
along with EPO. The best response to IV EPO 
in dialysis patients is seen with a RET-HE less 
than 30.6  pg. The RET-HE rises post-EPO 
therapy, indicating a response to treatment.

• The National Kidney Foundation guidelines have 
included RET-HE as a parameter for assessing 
the initial iron status. It also assesses need of IV 
iron replacement of hemodialysis patients. 
According to The Clinical Practice Guidelines 
and Clinical Practice Recommendations for ane-
mia in chronic kidney disease in adults, initial 
assessment of anemia should include a CBC, 
absolute reticulocyte count, serum ferritin to 
assess iron stores, and serum transferrin satu-
ration (TSAT) or RET-HE/CHr to assess ade-
quacy of iron for erythropoiesis.

• European Best Practice Guidelines for manage-
ment of anemia in chronic renal failure recom-
mends that functional iron available for 
erythropoiesis can be assessed by any one param-
eter; % hypochromic RBC, TSAT, or RET-HE.

• It is particularly helpful in pediatric patients 
as diagnosis is quick and an extra blood col-
lection can be avoided in children.

• No other test provides similar information.

In a study carried out at Hinduja Hospital, 
ROC analysis of RET-HE showed an AUC of 
0.999 with a cut-off value of 28 pg below which 
IDA could be diagnosed with a sensitivity of 
100% and a specificity of 97.92%. The ROC 
analysis of RBC-HE showed that with a cut-off 
value of 24.8 pg (AUC of 1) IDA could be diag-
nosed with sensitivity of 98.46% and specificity 
of 100%.

The normal ranges as determined in our 
lab are:

RET-HE in females 27.70–33.40 pg
RET-HE in males 28.70–34.10 pg

1.4.1  Thomas Plot

Thomas et al. introduced a diagnostic model using 
RET-HE/CHr in combination with the soluble 
transferrin receptor/log ferritin ratio (sTfR-F 
index) for monitoring progression of iron defi-
ciency, regardless of acute phase response 
(Fig.  1.4). The Thomas plot can be used in the 
differentiating FID from classical iron deficiency.

A case to demonstrate usefulness of RET-HE
• A 25-year-old, female came with fatigue and 

mild dyspnea.
• On day 0: Hb–10.6 g/dL (11.5–16.5), MCV–

70.5 pg (76–96) retic count–0.58% (0.2–2.5), 
serum iron–10 μg/dL (65–175), TIBC–504 μg/
dL (235–400) and TSAT–2% (20–40). 
RET-HE–20 pg.

• She was diagnosed as having IDA and treated 
with Orofer tablet OD.  CBC  +  retic was 
repeated on day 5.

• Day 5: Hb, MCV, serum iron, TIBC, and Tsat 
remained constant. However, the RET-HE 
(27) and retic count (1.18) rose significantly 
demonstrating response to treatment.

• Day 30: All values had come within their ref-
erence ranges.

• Hence, we conclude that RET-HE is a useful 
indicator of gauging response to iron therapy 

1 Newer CBC Parameters of Clinical Significance
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when performed on day 5 of starting iron 
 therapy. Treatment should be continued till all 
parameters are normal including serum 
ferritin.

1.5  Newer RBC Parameters

Four novel RBC extended parameters are avail-
able on Sysmex XE analyzers, but on the XE 
instruments, these are research parameters only.
They are:

• % HYPO-HE, the percentage of hypochro-
mic RBCs with Hb content equivalent to less 
than 17 pg.

• % HYPER-HE, the percentage of hyperchro-
mic RBCs with Hb content equivalent to more 
than 49 pg.

• % MICRO-R, the percentage of microcytic 
RBCs with a volume less than 60 fL.

• % MACRO-R, the percentage of macrocytic 
RBCs with a volume greater than 120 fL. These 

correspond to a subpopulation of mature red 
cells with insufficient iron content.

On XN-Class analyzers, the MICRO-R and 
MACRO-R, are new diagnostic reportable 
parameters and are part of the CBC.

1.5.1  Principle for Measurement 
of HYPO-HE

The RBC-HE is calculated on the high-angle 
FSC in the retic channel (Fig.  1.5). HYPO-HE 
and HYPER-HE are derived from RBC-HE using 
a proprietary algorithm. RBC-HE is analogous to 
the MCH. HYPO-HE is the percentage of RBC 
with cellular Hb content lower than 17  pg, 
whereas HYPER-HE is the percentage of RBC 
with cellular Hb content higher than 49 pg.

The x-axis represents the fluorescence inten-
sity. The high-angle forward-scattered light sig-
nal, which reflects cell size and internal structure 
is on the y-axis (Fig.  1.5). The left scattergram 

Iron supply for erythropoiesis

Quadrant 1 (Q1) indicates
full or replete iron stores, normal
or depleted erythropoiesis.

Quadrant 2 (Q2) indicates
reduced iron supply prior to
iron-deficient erythropoiesis.
Unsatisfactory iron stores.
‘Latent iron deficiency’

Quadrant 4 (Q4) indicates
decreased hemoglobinization
of red cells. Full or replete iron
stores but inappropriate iron
metabolism.
‘Functional iron deficiency’

Quadrant 3 (Q3) indicates
depletion of storage and functional
iron reserves. Decreased homo-
globinization of red cells and iron
deficiency.
‘Iron deficiency anemia’

Ferritin index

26

27

28

29

30

0.50 1.0 1.5 2.0 2.5 3.0

Ir
on
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d 
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EPO therapy Oral iron therapy
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Fig. 1.4 Thomas plot
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(Fig. 1.5) shows a normal sample with HYPO-HE 
less than 1% whereas the right scattergram shows 
a sample with 60% HYPO-HE.

1.5.2  Principle of Measurement 
of MICRO-R and MACRO-R 
on Sysmex XN Analyzers

MICRO-R and MACRO-R values are obtained 
from both ends of the RBC histogram. With 
microcytes in the sample, the RBC histogram is 
shifted to the left and often a shoulder can be seen. 
Conversely, macrocytic RBC generate histograms 
with a longer slope on the right. With the help of 
two distinct discriminators at either end, a micro-
cytic and a macrocytic population of RBC can be 
derived. The MICRO-R and MACRO-R are 
expressed as a percentage of all RBCs (Fig. 1.6).

Clinical utility
• CKD patients on EPO can have either iron- 

deficient or iron-sufficient erythropoiesis and 
this can be determined by %HYPO.

• Urrechaga et  al. devised a mathematical for-
mula using %MICRO-R and %HYPO-HE, 
which could discriminate β-thalassemia from 
IDA with a sensitivity of 97.4% and specific-
ity of 97.1%.

• RET-HE and RET-HE/RBC-HE ratio are 
decreased (<29.5 pg and <1.02, respectively) 
in patients with a combination of β-thalassemia 
and IDA.

• Additionally, in this group of patients, also a 
combination of %HYPO-HE and M-H index 
seems to be promising. A markedly increased 
%HYPO-HE (>20) is seen along with a 
decreased M-H index (<11.5) (personal 

SFL
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Fig. 1.5 RET scattergram showing HYPO-HE
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Fig. 1.6 RBC histogram showing Micro-R (upper panel) 
and Macro-R (lower panel)

1 Newer CBC Parameters of Clinical Significance



10

communication). Further investigation is 
required.

• The %HYPO-HE and %MICRO-R RBCs is 
increased in iron-deficient erythropoiesis. 
These parameters can pick up small changes 
in the number of RBC with inadequate 
hemoglobinization.

• The European Best Practice Guidelines 
(EBPG), National Kidney Foundation Kidney 
Disease Outcome Quality Initiative (NKF 
KDOQI) guidelines recommend the use of 
HYPO-HE as well as MICRO-R.

• A normal MCV along with an increased 
MICRO-R or MACRO-R is observed in 
myelodysplastic syndrome patients.

Thus, MICRO-R and MACRO-R are helpful 
in narrowing down the possible causes of 
anemia.

1.6  Fragmented Red Blood  
Cells (FRC)

Fragmented red blood cells (FRC% and FRC#) is 
a research parameter on the Sysmex analyzers. It 
is based on the principle of fluorescence flow 
cytometry and measured in the reticulocyte chan-
nel. FRC is present in an area below the RBC 
population in the RET scattergram. FRC displays 
extremely low SFL signal (due to the absence of 
nucleic acids in RBC) and a high-angle FSC 
which is lower than that of normal RBC (Fig. 1.7).

SFL intensity of each cell is on x-axis and the 
high-angle FSC on y-axis. The cells are charac-
terized on basis of cell size and cellular content. 
FRC are visible in the RET scattergram below the 
RBC population.

FRCs appear as “helmets” (cells with two 
tapered and horn-like projections on either end) 
and other odd shapes on the peripheral smear.

1.7  The New WNR Channel

The New WNR Channel on the Sysmex XN ana-
lyzers has made NRBC assessment possible with 
every CBC. Parameters reported in this channel 

are WBC count, BASO# (absolute count), 
BASO%, NRBC#, and NRBC%.

1.8  Nucleated Red Blood  
Cell (NRBC)

Nucleated red blood cells can be mistaken for 
lymphocytes by hematology analyzers, thereby 
resulting in an erroneous WBC and lymphocyte 
count. NRBC is absent in healthy adults. When a 
sample contains NRBC, the Sysmex XE analyz-
ers generate a flag and the slide has to be 
reviewed. NRBCs in the blood film are counted 
manually and a mathematical calculation is 
applied to give a corrected total WBC count. This 
is subjective and inaccurate. If a sample contain-
ing NRBC is not flagged, an erroneously high 
WBC and lymphocyte count may be reported. 
Automated NRBC detection has great clinical 
utility and goes far beyond correction of WBC 
count.

1.8.1  Principle

In the WNR channel of the Sysmex XN analyzer, 
a polymethine dye for nucleic acids and cell- 
specific lyse are used specifically for NRBC 

Fig. 1.7 Scattergram of RET channel showing position 
of FRC
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detection. Here, the cells are actually counted 
and this is not a mere estimation. NRBCs are 
identified in the same channel as WBCs. The SFL 
reflects the nucleic acid content and FSC the cell 
size (Fig. 1.8).

Advantages of automated NRBC count
• The NRBC count is included with every CBC 

on Sysmex XN analyzers. It is quick and there 
is no added cost involved. On other X-Class 
analyzers such as XE, only a flag is generated 
to indicate the presence of NRBC.

• NRBC are reported as a percentage (%/100 
WBC) as well as absolute counts (#—per μL).

• No extra sample preparation or mathematical 
correction is required.

• There is no impact of interference from lipids 
or lyse-resistant RBCs.

• Sysmex XN provides an NRBC count that is 
accurate for both high and low counts. This 
accuracy is needed because:

 – In neonates and in blood samples with high 
NRBC counts, a correction has to be made 
to the WBC count.

 – In adults, even very low NRBC counts are 
clinically significant.

Clinical value of NRBC counts
• NRBCs are raised in conditions of increased 

erythropoiesis as seen in acute hemolysis, 
severe hypoxia, and in thalassemia 
syndromes.

• They can be seen in hematological malig-
nancies, bone marrow metastases of solid 

tumors, and extramedullary hematopoiesis 
(leucoerythroblastosis).

• They can also appear in conditions of hemato-
poietic stress such as sepsis, or massive hem-
orrhage. In these situations, their presence 
correlates with severity of disease.

• Studies have shown that persistence of 
NRBCs in peripheral blood is associated with 
a poorer prognosis in hematological and non- 
hematological conditions and in ICU patients, 
they indicate increased mortality.

• It is extremely useful in neonatology and pedi-
atric practice. NRBC counts can be physiolog-
ically raised in new-borns and young infants 
to up to 100 NRBC/100 WBC and automated 
counts are superior and quicker than manual 
counts in giving accurate and reliable WBC 
counts.

• Patients of thalassemia or sickle cell disease 
needing transfusion usually have high NRBC 
counts and can benefit greatly from NRBC 
monitoring.

Thus, automated NRBC count is extremely 
useful to exclude a spurious rise in WBC count, 
which is crucial in neonatal patients with sepsis 
and low WBC counts. Therefore, an NRBC count 
should be routinely performed for all pediatric 
and neonatal patients and also in adult patients if 
clinically warranted.

1.9  The New WDF Channel

On the new Sysmex XN analyzer, Immature 
Granulocytes (IG) value is standard with every 
WBC Diff count. The new WDF channel 
improves reporting accuracy and precision for 
samples with very low WBC counts (<500 cells) 
because it includes a Low WBC mode, which 
triples the number of cells counted, giving a dif-
ferential on every low WBC count. Thus, the 
WDF channel increases the number of reportable 
WBC and differential results by giving fewer 
vote-outs. Sysmex has improved the sensitivity 
and specificity of the six-part diff by developing 
a new method for discriminating monocytes, 
lymphocytes, atypical lymphocytes, and blasts. 

Debris

NRBC

WBC

BASO

SFL
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Fig. 1.8 Scattergram of NRBC channel showing position 
of NRBC cluster
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Sysmex Adaptive Flagging Algorithm based on 
Shape-recognition (SAFLAS) allows linear dis-
crimination of cell clusters in the WDF scatter-
gram using shape and positioning of different 
mononuclear cell populations (Fig.  1.9). The 
parameters reported in this channel are NEUT%, 
NEUT#, LYMPH%, LYMPH#, MONO%, 
MONO#, EO%, EO# and IG%, IG# (Fig. 1.10).

Targeting lymphocytes and monocytes, 
SAFLAS recognizes not only the numbers of 
cells but also the shape of each cluster’s position, 
angle, size, length, etc.

1.10  Immature Granulocyte (IG) 
Count

Immature granulocytes are manually counted on 
the peripheral smear as part of the differential 
count (DC). They may be missed when present in 

very small numbers, especially in leucopenic 
samples, because the manual count is imprecise 
On the Sysmex XE hematology analyzers, the 
presence of IG is flagged, requiring a slide review. 
On the newer Sysmex XN hematology analyzers, 
the IG counts (# and %) are a direct measure-
ment, which is part of the CBC and WBC differ-
ential counts. It becomes available with every 
CBC within minutes, making it a valuable sixth 
subpopulation of the WBC. It is an FDA-approved 
reportable parameter. Metamyelocytes, myelo-
cytes, and promyelocytes are counted as IGs. 
Band cells are not included in the IG count.

1.10.1  Principle

IGs are measured by fluorescence flow cytometry 
in the WDF channel.

The cell membrane is lysed by the unique lyse 
reagent while the intracellular DNA and RNA are 
labelled with a fluorescent dye. The strongest 
fluorescence signals are displayed by cells hav-
ing high RNA content such as immature and acti-
vated cells. In the scattergram, the cells are 
differentiated according to their fluorescence and 
internal structure. These form separate popula-
tions which can be measured (Fig. 1.11).

An example of the scattergrams with the pres-
ence and absence of IGs is shown below 
(Fig. 1.12).

IGs in the peripheral blood are early indicators 
of infection, inflammation, or other bone marrow 
conditions. Quick and reliable detection of IGs 
enables early diagnosis of these diseases.

Detects abnormal cells - (with high sensitivity)

SFL

SSC

(Sysmex Adaptive FLagging Algorithm based on 
Shape-recognition)

SAFLAS method

Group 1

Group 2
x1

x2

f

LDA (Linear Discriminant Analysis)

Fig. 1.9 SAFLAS in WDF channel

Initial Centroid
of Lymphocytes

Initial Centroid
of Monocytes

Initial Centroid
of Neutrophils

Initial Centroid
of Eosinophils

Side Scatter

Initial Centroid
of Ghosts

FluorescenceFig. 1.10 Shows 
separation of different 
cell populations, 
particularly monocytes 
and lymphocytes, using 
population density 
readings and SSC vs. 
FSL analysis

S. Khodaiji



13

Benefits and utility of IG count
• Automated IG counts are early indicators of 

sepsis and infections and enable implementa-
tion of immediate action.

• For patients with unknown history/diagnosis, 
who have an increased IG count, a slide review 
is recommended. However, in known patients 
on follow-up, a daily manual review need not 
be done if IG count is available. It thus reduces 
the slide review rate and improves TAT.

• The IG count is physiologically raised in neo-
nates and pregnant women.

1.10.2  Hypo- and Hyper-Granulated 
Neutrophils on the New 
Sysmex XN Hematology 
Analyzer

It has been observed that the values of hemato-
logical parameters differ between the new XN 
and the older XE analyzers because reagents and 
algorithms have been optimized in the newer XN 
analyzers. Hence, new reference ranges need to 
be validated for these parameters. An example is 
the Neutrophil-Granularity-Intensity or 
NEUT-GI on the XN-series and NEUT-X on the 
XE-series which are an important tool to detect 
hypo-granulated neutrophils seen in myelodys-
plasia or hyper-granulated neutrophils seen in 
inflammation.

Neutrophil Activation is measured by 
Neutrophil Reactivity Intensity (NEUT-RI) and 
Neutrophil-Granularity-Intensity (NEUT-GI)

Why measure neutrophil activation?
• It is now recognized that in inflammation, neu-

trophils do not merely play a passive role by 
simply responding to external signals, but acti-
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vated neutrophils can perform most of the 
functions of macrophages. They are known to 
secrete a variety of pro-inflammatory  cytokines 
and surface molecules (MHCII) which enable 
antigen presentation, and activation of T cells.

• Both, NEUT-GI and NEUT-RI, will be increased 
in conditions showing early innate immune 
response due to neutrophil activation.

• These parameters of inflammation allow an 
early diagnosis of sepsis so that targeted ther-
apy can be instituted/modified immediately in 
order to avoid unnecessary use of antibiotics.

• The activation markers, NEUT-GI and 
NEUT- RI on neutrophils and RE-LYMP, 
AS-LYMP on lymphocytes are available on 
Sysmex XN HAs as “Extended Inflammation 
Parameters” package.

NEUT-RI and NEUT-GI measurement in the 
Sysmex XN analyzers
• Activated cells have altered membrane lipid 

composition and show greater cytoplasmic 
activity due to cytokine production leading to 
higher intensity of the FSL than resting cells. 
NEUT-RI is a parameter, which reflects neu-
trophil reactivity intensity, as per the meta-
bolic activity of the cell.

• The 90° side scatter signal (SSC) reflects the 
inner complexity/granularity of the cell. 
Therefore, in toxic granulation or vacuoliza-
tion, the position of the neutrophil cloud in the 
scattergram is shifted from it is normal loca-
tion. Thus NEUT-GI, which is an indicator of 
scatter intensity, (expressed in SI units) 
changes accordingly (Fig. 1.13).

Neutrophil population with SSC on the x-axis, 
(granularity and internal structure) and fluores-
cence intensity, on the y-axis (RNA/DNA content 
of cell) (Fig. 1.13).

1.10.3  Neutrophil Granulation 
(NEUT-SSC)

Neutrophils and eosinophils have the highest 
SSC of all WBCs because they have more 

 granules than any other leucocyte (Fig.  1.14). 
Hypo- granular neutrophils have a low NEUT-
SSC which is a feature of dysplastic neutrophil, 
as seen in myelodysplastic syndromes (MDS). 
High NEUT-SSC is associated with hyper-
granularity. The NEUT-SSC is a research 
parameter found in the WDF channel on 

WDF

NEUT-RI

NEUT-GI

SSC
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Fig. 1.13 Scattergram from Sysmex XN showing posi-
tion of NEUT-GI and NEUT-RI in WDF channel
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Fig. 1.14 Scattergram demonstrating Neut-SSC

S. Khodaiji



15

XN-Series analyzers. In the XE analyzers, it is 
called NEUT-X.

The SSC signal of the neutrophil population, 
which is plotted on the x-axis of the scattergram, 
is an indication of the granularity and internal 
structure of the cells. Fluorescence intensity, 
which corresponds to RNA/DNA cell content, is 
plotted on the y-axis (Fig. 1.14).

1.10.4  Lymphocyte Activation

1.10.4.1  RE-LYMP and AS-LYMP
Reactive Lymphocytes (RE-LYMP) and Antibody-
Synthesizing activated B lymphocytes (plasma 
cells) (AS-LYMP) are new diagnostic parameters 
which can measure activated lymphocytes on all 
XN-Series instruments. They provides additional 
information about the cell-mediated response of 
the innate and adaptive immune processes. Both 
parameters are expressed as absolute counts and 
percentages.

RE-LYMP has a higher FSL than normal 
lymphocytes The AS-LYMP has the highest 
FSL. The AS-LYMP cells are always included in 
the RE-LYMP count (Fig. 1.15).

The values depend on the nature and severity 
of the inflammatory stimulus.

These parameters can differentiate between a 
cell-mediated or humoral immune-response to 
pathogens, thus making it possible to distinguish 
between

• Infectious vs. non-infectious cause of inflam-
mation where they help in diagnosis, treat-
ment, and monitoring

• Viral or bacterial infections
• Acute or subsiding infections

These parameters are early indicators of infec-
tion and have great potential in dedicated infec-
tion wards and ICUs.

RE-LYMP and AS-LYMP are part of the 
“Extended Inflammation Parameters” package 
available from a routine blood count, together 
with the CBC and DIFF.

1.11  Platelet Parameters

1.11.1  Optical and Fluorescent Platelet 
Counts (PLT-O and PLT-F)

The impedance platelet count (PLT-I) is the 
 primary method for platelet counting in all 
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Fig. 1.15 WDF channel scattergrams showing position 
of AS-LYMP and RE-LYMP.  Top position shows 
AS-LYMP, bottom position shows RE-LYMP
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 hematology analyzers. When particles of simi-
lar size as platelets are present in the sample, 
accuracy of PLT-I is compromised and the count 
is flagged. These interfering factors are large 
platelets, small RBCs, or WBC fragments 
(Fig.  1.16). To overcome this, provision was 
made on the Sysmex XE analyzers for optical 
counting of platelets (PLT-O) in the reticulocyte 
channel using a polymethine dye. Now a new 
fluorescent channel dedicated for counting 
platelets is available on Sysmex XN, the PLT-F 
channel. The PLT-O/F counts are more accurate 
and show excellent correlation with platelet 
counts by flow cytometry (CD41/61) which is 
the International Reference Method (IRM) for 
counting platelets.

1.11.2  Principle

Platelets are separated from RBC due to their 
higher fluorescence signal in the reticulocyte 
channel of the Sysmex XE analyzer (Fig. 1.17). A 
switching algorithm in the software allows the 
more reliable platelet result to be reported 
between PLT-I AND PLT-O, and this is indicated 
by the symbol “&”. On the XN analyzer, in the 
PLT-F channel, platelets are identified and 
counted using a platelet-specific, fluorescent dye, 
Oxazine, which stains the rough surface endo-
plasmic reticulum and mitochondria (Fig. 1.17). 
PLT-F is considered more accurate than the PLT-I 
and is reported as the default platelet count.

A study conducted by Dadu T, Khodaiji S 
et al., compared accuracy of platelet counting by 
impedance and optical methods and showed that 
out of a total of 118 blood samples with platelet 
count <50,000/μL, Sysmex-R (reported count) 
had the least bias with 95% linear agreement and 
thus correlated best with IRM. In five cases, the 
PLT-R values were based on the PLT-I values. In 
all these cases, the IRM correlated best with 
PLT-I value (Table 1.4).

False increases

RBC fragments Aggregates

Giant platelets

Platelet
satellitism

WBC fragments

Microcytes

Bacteria

Cryoglobulin
Immune complexes
Chylomicrons

False decreases

Fig. 1.16 Factors interfering with PLT-I count
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Fig. 1.17 Scattergrams of PLT-O and PLT-F channels. (a) Plt-O channel on Sysmex XE. (b) Plt-F on Sysmex XN

Table 1.4 Comparison of PLT-I and PLT-F and Sysmex 
reported count by Pearson correlation

Method Pearson correlation (r)
Sysmex reported 0.9537
Sysmex impedance 0.9138
Sysmex optical 0.9483
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Patients with low platelet counts have a 
higher risk of bleeding and may require plate-
let transfusions. According to various recom-
mendations, a stable patient is transfused if 
the platelet count falls below 10,000/
μL.  However, in case of  co- existing risk fac-
tors such as splenomegaly, coagulation factor 
deficiencies, or severe bleeding the threshold 
used is 20,000/μL.

The PLT-F is of great value in these situations 
as it is the most accurate method of counting 
platelets and can be relied upon as a transfusion 
trigger in severely bleeding patients with very 
low platelet counts.

Evolution of platelet counting technologies 
(Table 1.5 and Fig. 1.18) on newer hematology 
analyzers has vastly improved the accuracy of 
platelet counts.

1.12  Immature Platelet  
Fraction (IPF)

On the newer hematology analyzers, optical and 
fluorescence platelet measurements are done 
flow cytometrically by using fluorescent intensity 
(SFL) and forward scatter (FSC) to separate out 
the platelets from the RBC and reticulocyte 
populations.

Young platelets, which have a higher FSC and 
SFL are measured as the immature platelet frac-
tion with the Sysmex XE (Fig.  1.19) and XN 
(Fig.  1.18) instruments, and as the “reticulated 
platelet fraction” with the Abbott Cell Dyn 
Sapphire instrument. Just as the reticulocyte 
count reflects the bone marrow production of the 
RBCs, the IPF reflects bone marrow platelet pro-
duction. The IPF is a direct cellular measurement 
of thrombopoiesis that measures young and more 
reactive platelets in peripheral blood. It can be 
used with other available clinical information to 
help determine the pathophysiological mecha-
nism of thrombocytopenia.

The IPF is an FDA approved parameter and 
can be reported as the absolute count (IPF#) and/
or the percentage (IPF%). The sample is run in 
the RETIC mode on Sysmex XE and PLT-F and 
IPF mode on Sysmex XN analyzers.

IPF is an improvement over the mean platelet 
volume, (MPV) which is not very reliable as 

Table 1.5 Evolving platelet counting techniques

PLT-I PLT-O PLT-F
Hydrodynamic 
focusing DC 
(direct current) 
method using size 
discriminators to 
separate platelet 
from other blood 
cells

Fluorescence 
FC method 
based on 
staining of the 
remnant RNA 
in platelets by 
polymethine 
fluorescent 
retic dye

Fluorescence 
FC method 
based on the 
staining of 
remnant RNA 
in platelets by 
Oxazine 
fluorescent 
platelet dye
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Fig. 1.18 Impedance, optical, and fluorescence methods of platelet counting
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observed by biases between different hematology 
analyzers.

Utility of IPF in clinical practice
• IPF is an indicator of bone marrow activity 

and is raised when there is excess destruc-
tion of platelets in peripheral blood. Thus, it 
supports the diagnosis of autoimmune 
thrombocytopenic purpura, (ITP) throm-
botic thrombocytopenic purpura (TTP), and 
is useful in distinguishing these from bone 
marrow suppression or failure, where the 
IPF value is low.

• As IPF rises before the platelet counts recover, 
it can be used as a predictor of platelet recov-
ery after BMT or chemotherapy.

• Immature platelets are more reactive and have 
a raised prothrombotic potential. They are also 
more resistant to inhibition by aspirin and 
P2Y12 receptor antagonists. Many studies 
have shown that the absolute count of IPF 
reflects residual platelet reactivity. Thus, IPF 
can be used to predict the efficacy of antiplate-
let therapy and to assess the risk of cardiovas-
cular thrombotic events.

• Use in Thrombocytosis: IPF cannot differen-
tiate between reactive thrombocytosis and 
clonal proliferation such as essential thrombo-

cythemia (ET), with certainty, although some 
data shows that platelet distribution width 
(PDW) is increased in the latter compared 
with the former. Also, IPF was found to be 
greatly increased in patients with ET com-
pared with control subjects.

The published normal values are: NR: 1.1–
6.1%. Normal mean IPF  =  3.1% (Briggs et  al. 
2004).

The normal range as determined in our lab is:

IPF 0.70–4.30%
PLT-F 150–400 × 109/L

Benefits of IPF are:
• A bone marrow procedure can be avoided for 

uncomplicated thrombocytopenia evaluation.
• IPF is a better parameter than mean platelet 

volume (MPV) to differentiate between the 
causes of thrombocytopenia because younger 
platelets are not necessarily larger.

• Can be reliable even when platelet count is 
very low.

• It is a useful indicator in effective risk assess-
ment and therapy monitoring of coronary 
artery diseases.

A word of caution
• Newer platelet parameters display time- 

dependent variations in their values. Thus, 
strict control for time of collection, transporta-
tion, and performance of the assay needs to be 
observed.

• Scattergrams from HA should be compared 
with the results of the microscopic examina-
tion of the blood smear, before relying on a 
multiple quantitative indices from the 
analyzers.

1.13  Body Fluid Analysis (BF)

Currently, body fluid counts are performed man-
ually in Fuchs-Rosenthal or Neubauer counting 
chamber (hemacytometer) which is considered 
the gold standard method.
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Fig. 1.19 Scattergram of Sysmex XE showing position 
of IPF
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Cell differentiation is done on smears made by 
cytocentrifugation, sedimentation, or filtration 
and staining of the film with MGG or Wright 
staining. These methods are time consuming and 
inaccurate.

Sysmex launched its fully automated HA, the 
XE-2100 in 1999. A few years later, it was FDA 
approved for measuring most body fluids (BF) 
except CSF because of its high background 
count; the Limit of Quantification (LoQ) for 
WBC is 50 × 106/L.

In 2007, the XE-5000 was introduced which 
had unique software for BF analysis called the 
body fluid mode. It could analyze all fluids with-
out any pre-treatment and counted three times 
more cells, thereby improving the precision and 
accuracy of the cell counts. The limit of quantifi-
cation (LoQ) of WBC is 10 × 106/L.

Sysmex’s latest HA the XN-Series contains a 
BF mode which measures a variety of BFs and 
counts two times more cells than the XE-5000 to 
increase precision. The limit of detection (LOD) 
of WBC is 1 cell/μL and LoQ of WBC is 5 cells/
μL (Fleming et al.).

It is FDA approved for CSF and can perform 
38 samples per hour.

Features such as an extra rinse, and stringent 
background checks are incorporated to improve 
the precision and accuracy.

1.13.1  Principle

A combination of fluorescent flow cytometry and 
impedance techniques are used to characterize 
cells based on their size, volume, granularity, sur-
face area, and fluorescence signal. Parameters 
reported are the total nucleated cell count (TNC), 
RBC count, WBC count, MN, count, PMN count, 
and high fluorescent (HF-BF) cells such as mac-
rophages, malignant, and mesothelial cells. The 
HF-BF cells are located just above the MN clus-
ter and are not included in the WBC differential 
count, but are included in the TNC (Fig. 1.20).

Reportable Parameters are (Fig.  1.21) 
WBC-BF, MN (#/%), PMN (#/%), TC-BF, 
RBC-BF (RBC Channel) (Fig. 1.21).

Research Parameters are HF-BF (#/%), 
NE-BF (#/%), LY-BF (#/%), EO-BF (#/%), 
MO-BF (#/%).

1.14  Hematopoietic Progenitor 
Cells (HPC)

There is a high individual variability in periph-
eral blood stem cell (PBSC) mobilization as 
compared to bone marrow transplantation (BMT) 
because it is more difficult to predict the time to 
harvest the stem cells for transplantation.

Fig. 1.20 Scattergram of body fluid channel
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1.14.1  Measuring Stem Cells

The earlier, in  vitro cell culture method is 
impractical for routine use as it requires over 
2 weeks for the colonies to grow and hence has 
been abandoned. The flow cytometric measure-
ment of CD34 cells is the gold standard for 
CD34 counts in PBSC and bone marrow har-
vests. However, this is costly and takes at least 
2 h for the result.

An option is now available on the XN-Series 
in the WPC measurement channel called “XN 
Stem Cells” which measures HPC.

Advantage of HPC Counts
• As compared to flow cytometry, it is simple, 

fast, and reliable
• It is available within a few minutes because no 

intervention is required like sample prepara-
tion or gating, etc.

• Excellent correlation has been reported with 
the CD34 counting by flow cytometry.

• It is useful in predicting the optimal time to 
collect stem cell from mobilized donors.

• Additionally, stem cell enumeration can be 
done during the apheresis procedure to moni-
tor stem cell yield and optimize collection.

• This optimization of the process can help to 
lower the cost.

1.14.2  Principle

Stem cell counting is done in the WPC channel. 
Membrane lipids of immature cells are different 
from that of mature cells or abnormal blasts. 
Stem cell membranes are relatively resistant to 
damage by the WPC reagent. Stem cells are 
detected based on abnormal membrane composi-
tion and nuclear content. Stem cells are medium 
in size (medium FSC), have a low granularity 
(low SSC) and relatively low SFL (Fig. 1.22).

1.15  ACP on Beckman Coulter 
Hematology Analyzers

The Beckman Coulter analyzers offer Cellular 
Morphometric Parameters (CMP), which pro-
vide a powerful way to gain new insights into red 
and white blood cell morphology. CMP include 
extended 3D scatterplots and numerical values 
assigned to cell subpopulations with characteris-
tic shapes.

The proprietary Automated Intelligent 
Morphology (AIM) technology and unique 
design of Beckman Coulter’s DxH series of 
hematology analyzers has made it possible to 
offer 70 additional parameters that correspond to 
cell shape in three dimensions. It offers

Fig. 1.21 Screenshot of 
body fluid report on 
Sysmex XN
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• More detailed morphological information 
with higher resolution

• Proprietary data synthesis to yield deeper 
insights into cellular behavior

Many researchers around the globe have used 
the CMP to better understand cellular morpho-
logical changes in various disease states.

1.16  White Blood Cells

With CMP, researchers can analyze the four 
major WBC types to detect aberrant cells. The 
AIM technology records 14 numerical values of 
parameters that can help pinpoint abnormal cells. 
Some parameters include:

• Mean neutrophil/monocyte/lymphocyte 
volume

• Neutrophil/monocyte/lymphocyte width

These parameters are also called Cell 
Population Data (CPD) and can be used for 
early detection of sepsis and in differentiating 

bacterial from viral infections. They are very use-
ful in pediatric practice.

1.17  Red Blood Cells

These are for research use only (RUO) and pro-
vide useful information about cell morphology, 
enhancing the ability to detect altered cells.

These parameters are,

• Red blood cell size factor, which characterizes 
size of the cell across the full age continuum 
of circulating cells

• Un-ghosted cells, which indicate the pres-
ence of red blood cell abnormalities, such 
as  inclusions, target cells, and abnormal 
hemoglobin

1.18  Platelets

Platelet researchers uses advanced data synthesis 
to provide unique insights into platelet morphol-
ogy, including:

• Platelet distribution, which calculates varia-
tion in platelet size

• Plateletcrit, which computes the volume of 
platelet packed cells

1.19  Reticulocytes

Reticulocyte parameters use the DxH 800’s 
unique hardware design to allow deeper insights 
into cell morphology, including:

• Reticulocyte distribution width by standard 
deviation/coefficient of variation. Together, 
these parameters can indicate the cell popula-
tion’s size dispersion

• Immature reticulocyte fraction calculations, 
which compare the percentage of high light 
scatter reticulocytes to the total count to detect 
immature cells

Fig. 1.22 XN Stem cells cluster (purple) in the 3D model 
of the WPC channel
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1.20  Hematoflow Technology 
with CytoDiff1

HematoFlow is Beckman Coulter’s exclusive 
technology that links hematology and flow 
cytometry with a multi-color monoclonal anti-
body solution. It provides automated, accurate, 
and detailed differential information. With 
HematoFlow, WBC differentials go beyond tradi-
tional cellular analysis while producing results 
more quickly with a reduced need for manual 
review. The system also offers enhanced differen-
tial results and standardization across the labora-
tory, providing additional clinical information 
and improving patient management.

1.20.1  How CytoDiff Implementation 
Can Reduce Your Manual 
Review Rate to 5%

CytoDiff software applies proprietary algorithms 
to automatically separate and detail cell popula-
tions using a reagent cocktail composed of six 
monoclonal antibodies in five colors. The result 
is an automated 10-part cytometric WBC differ-
ential—the five-part traditional WBC differential 
with additional immunologic subpopulations of 
B and T/NK lymphocytes, as well as abnormal 
populations of immature granulocytes and blasts 
(Fig. 1.23).

1 Not Available in the USA

How HematoFlow with CytoDiff Delivers 
Better Reviews Faster
• Enhanced clinical utility: The automated 

10-part differential provides far greater 
insights than those available from a traditional 
complete blood cell count.

• Improved sensitivity and statistical accuracy: 
HematoFlow with CytoDiff analyzes a much 
larger number of cells—20,000 vs. 100–200 in 
a manual slide review, making it ideal for low 
WBC populations.

• Improved standardization: Increased precision 
eliminates subjective variability within the 
laboratory and enables reproducible charts 
and graphs.

• Significantly reduced manual review rates: 
Laboratories can reduce the need for manual 
review by up to eight times, thereby eliminat-
ing unnecessary slide making, staining, dry-
ing, and microscopic examination.

• Easy to learn, easy to use: HematoFlow with 
CytoDiff analysis can be learned in 2–3 days, 
vs. the years of practice required for effective 
microscopic review.

1.21  Malaria Parasite Detection

Since a complete blood count (CBC) is an essen-
tial investigation for fever, there is growing 
interest to utilize the automated HA to provide 
an early and sensitive indication for malaria 
detection.

Fig. 1.23 Selected examples of CytoDiff data compared to cell images
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Studies done so far show that the HAs can 
detect malarial infection by several different 
principles, such as (1) detection of malaria 
pigment, hemozoin, in monocytes, (2) analysis 
of depolarized laser light (DLL), and (3) 
detection of increased activated monocytes. 
Up until now, hematology analyzers have uti-
lized surrogate parameters for malaria detec-
tion. These provide subtle clues in the form of 
abnormalities in the scattergram, but need 
 further validation for making an accurate 
diagnosis.

In the Sysmex XN and XN-L hematology 
analyzers, malaria-infected RBCs can be 
picked up while performing a CBC. Malaria is 
detected in the WDF channel on a scattergram 
with SSC on the x-axis and SFL on the y-axis. 
It is seen as an additional cluster made up of 
infected RBC (Fig.  1.24) and a flag is gener-
ated when these clusters exceed a preset thresh-
old, prompting the user to do a slide review for 
malaria.

Contrary to earlier surrogate modes of detec-
tion, this method gives a specific indication of 
the presence of parasite in the RBC.

1.22  Conclusion

Technological advances incorporated in HA over 
several years have made the CBC report more 
accurate and meaningful. The TAT is improved 
by reducing false-positive flagging for frag-
mented RBCs, abnormal WBCs, and platelet 
clumps, thus reducing the need for unnecessary 
slide reviews. Accurate detection and enumera-
tion of abnormal/atypical cells is now possible 
along with measurement of novel parameters of 
potential clinical relevance.

Clinical utility of the newer parameters some-
times remains poorly documented. External qual-
ity control is not always possible due to lack of 
sufficient participants, and even internal quality 
control may not be available. The reproducibility 
is better validated for the well-established param-
eters, such as cell counts, though it is not so 
robust for volume-based parameters such as 
Mean Neutrophil Volume.

There are marked differences in measurement 
principles, calibration, and algorithms of differ-
ent analyzers with the result some parameters 
give widely varying results across analyzers. The 
most conspicuous example of this is the MPV, 
whose clinical significance is uncertain in spite 
of being available for years.

Another drawback is that parameters obtained 
on a specific instrument from one manufacturer 
cannot be used by other laboratories that do not 
use that instrument.

In order to derive maximum benefit from the 
newer parameters, it is required for every labora-
tory to validate these before using them for clini-
cal reporting.
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Deficiency Anemia
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2.1  Introduction

Iron is an essential micronutrient which plays an 
important role in several reactions in the human 
body. With its ability to easily exchange elec-
trons, associate with proteins and bind oxygen, it 
is indispensable in fundamental biochemical 
activities. Iron is incorporated into proteins 
including hemoglobin, myoglobin and cyto-
chromes, iron-sulfur clusters such as respiratory 
complexes and other functional groups. These 
iron containing proteins are essential for vital 
functions including oxygen transport, mitochon-
drial respiration, nucleic acid replication, and 
repair. Iron also serves an important role in vari-
ous enzymes such as peroxidases, ribonucleotide 
reductase, and P450 class of detoxifying cyto-
chromes [1].

2.2  Iron Metabolism

2.2.1  Total Body Iron and its 
Distribution

The total body iron content of an adult is 3–5 g, 
i.e., 35 mg/kg in females and 4–5 g or 50 mg/kg 
in males. Iron is distributed in two compartments: 
functional and storage compartments. Majority 

(65%) of functional iron is incorporated in hemo-
globin of circulating red cells and serves to trans-
port oxygen. Rest of the functional iron is present 
in myoglobin, cytochromes, and other enzymes 
which use iron in electron transfer including 
enzymes containing iron-sulfur clusters (15%).

About 20% of the total iron is stored as ferritin 
and hemosiderin in macrophages. A tiny fraction 
(0.1%) is in the plasma bound to the iron carrier 
protein transferrin [2] (Fig. 2.1).

2.2.2  Dietary Iron

Dietary iron is present in two forms: heme iron 
and non-heme iron.

Heme iron which is found in foods of animal 
origin accounts for only 10% of the dietary iron 
with even lesser amounts in developing countries 
like India. Despite its low concentration, it repre-
sents a highly bioavailable form of iron and 
accounts for almost 40% of total absorbed iron. 
Its absorption is significantly more efficient than 
that of non-heme iron being unaffected by other 
constituents of the diet.

Non-heme iron is present in foods of plant 
origin and accounts for about 90% of the total 
iron present in food. The absorption of non-heme 
iron is affected by constituents of the diet and is 
reduced by phytates (cereals), oxalates, bran, 
other fibers, phosphates, tannins (tea, coffee), and 
calcium. Ascorbic acid, dietary protein, heme 
iron, and low gastric pH increase iron absorption. 
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Depending on the combination of enhancers and 
inhibitors of absorption, non-heme iron assimila-
tion varies several fold. Only 10% of dietary iron 
is absorbed [3, 4].

2.2.3  Recommended Iron Intake

The recommended daily intake of iron for chil-
dren aged 0–5 and 5–12  years is 2  mg/kg and 
30 mg, respectively. Adult men require an intake 
of 8 mg while premenopausal women and preg-
nant women (PW) need 18  mg and 27  mg, 
respectively [5].

2.3  Absorption of Iron

Iron absorption occurs in the duodenum and 
upper jejunum where enterocytes absorb fer-
rous iron via their apical membrane.

Absorption of heme iron. On exposure to 
gastric acid and proteases, heme is freed from the 
apoprotein and enters the mucosal cell intact. It is 
absorbed by the enterocytes using heme carrier 
protein 1 (HCP1), a transport protein which is 
expressed at high levels in the duodenum and is 
regulated by Iron regulatory proteins (IRPs). 

Within the cell, iron is released from the proto-
porphyrin ring by heme oxygenase and enters the 
cytosolic iron pool [6].

Absorption of non-heme iron. Non-heme 
iron is in ferric form and must be reduced to fer-
rous iron to be absorbed. This reduction is medi-
ated by the brush border, duodenal cytochrome b 
reductase (Dcytb) expressed on the apical surface 
of the enterocyte. The gene for Dcytb is located 
on chromosome 2, and its expression is induced 
in response to stimuli that increase iron absorp-
tion. Ferrous iron is transported across the cell 
membrane into the cytoplasm by divalent metal 
ion transporter 1 (DMT 1) expressed on the api-
cal membrane of the enterocytes. It also trans-
ports other divalent ions and acts as a proton 
symporter, i.e., protons accompany metal ions 
into the cell. The gastric fluid provides the 
required protons for transport of iron [6].

Due to lack of a regulated mechanism for iron 
excretion, body iron balance is maintained by 
controlling iron absorption. The amount of iron 
lost is replaced by uptake of an equal amount 
from the diet. The intestinal mucosa responds to 
changes in body iron stores and alters the absorp-
tion accordingly. While the absorption can 
increase 3–5 times in iron-deficient states, it 
decreases in situations of iron overload [3].

Functional compartment Storage compartment

Hemoglobin 
65%

Myoglobin

Enzymes

4 - 5 g 
Male 

100% 
Body iron 

100% 
Body iron 

3 - 5 g 
Female 

Hemosiderin 

Transferrin 
0.1%

Ferritin

20%

15% 

Fig. 2.1 Distribution of 
body iron
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2.3.1  Intracellular Iron Transport

Once iron enters the mucosal cell, it can either be 
incorporated as ferritin or is transported into the 
circulation across the basolateral membrane 
within minutes to hours. Iron which is retained as 
mucosal ferritin is not absorbed and is lost to the 
body when the cell is exfoliated at the end of its 
life span (2–4 days). Exfoliation of intestinal epi-
thelial cells represents a pathway of regulated 
iron excretion. The amount of iron which moves 
into the plasma and that which remains in the cell 
as ferritin is regulated. Transport of iron across 
the cytoplasm of the enterocyte is possible 
because of its association with proteins which act 
as iron chaperones [6].

2.3.2  Basolateral Transport of Iron

Iron which is not stored in the enterocytes is 
transferred across the basolateral membrane into 
the plasma by ferroportin, a multi- transmembrane 
segment protein, and the only known iron 
exporter.

Ferroportin (Fpn) is present in all tissues that 
export iron into plasma which includes duodenal 
enterocytes, macrophages of spleen and liver, and 
hepatocytes. Fpn is also required for transfer of 
iron from the mother to fetus early in gestation. It 
plays a role in the export of iron from macro-
phages which recycle iron from senescent eryth-
rocytes. Ferroportin is known to be expressed in 
the lung, renal tubules, and marrow erythroid 
precursors where its function is not known. 
Mutations in the ferroportin gene result in distur-
bances in iron homeostasis, elevated serum ferri-
tin, and a hemochromatosis like state.

The basolateral export of iron requires change 
of its redox state from the ferrous to ferric form 
which is mediated by hephaestin [3] (Fig. 2.2).

2.3.3  Factors Influencing Iron 
Absorption

The total body iron content is maintained by reg-
ulating absorption. There are two factors which 

determine the rate of absorption of iron: iron 
stores and rate of erythropoiesis.

If iron stores are depleted as occurs in IDA, 
more iron is transferred to the plasma and less 
remains within the enterocytes as ferritin. The 
reverse happens when iron stores are normal and 
this is referred to as the stores regulator.

Rate of erythropoiesis irrespective of 
whether it is effective or ineffective also deter-
mines absorption. When the rate of production of 
red cells is increased, there is an increase in the 
absorption of iron from the intestine (erythroid 
regulator). In conditions associated with ineffec-
tive erythropoiesis such as beta thalassemia 
major, the increased iron absorbed deposits in 
various organs [3].

2.3.4  Iron Transport in Plasma

Iron is transported in the plasma bound to the 
protein transferrin which is synthesized in the 
liver. It is a glycoprotein with a MW of about 
80 kDa which is initially synthesized as a prepro-
tein and modified to produce the mature protein. 
The rate of transferrin synthesis shows an inverse 
relationship with iron stores.

Transferrin has two homologous iron binding 
domains each of which can bind an atom of ferric 
iron. As the iron atoms are incorporated one at a 
time, iron loaded transferrin can exist in mono-
ferric or diferric forms. At any point of time, only 
one-third of transferrin binding sites are occupied 
with iron.

When iron binds to transferrin, one mole of 
anion (bicarbonate usually) is taken up and three 
moles of hydrogen ions are released. The binding 
of bicarbonate and its interaction with iron give 
transferrin its characteristic pink color with an 
absorption peak at a wavelength of 465  nm. 
Patients with congenital atransferrinemia develop 
a severe microcytic hypochromic anemia. The 
iron transport compartment is dynamic and 
changes approximately ten times during the day. 
Binding of iron to transferrin provides solubility, 
reduces reactivity, and thus ensures a safe and 
controlled delivery of iron to all cells [7]. In the 
laboratory, transferrin can be measured directly 
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(normal levels 2–3 g/L) or quantified as total iron 
binding capacity, i.e., in terms of the amount of 
iron it can bind.

2.3.5  Uptake of Iron by Tissues

Transferrin delivers the bound iron to developing 
erythroid cells as also other cells by binding to 
cell surface receptors, transferrin receptors (TfR). 
The TfR-transferrin iron complex is internalized 
via an endocytic vesicle. Once within the cell, 
iron dissociates from the complex and remains in 
the cytosol while the TfR-transferrin complex is 
recycled back to the cell surface. Both transferrin 

and TfR participate in multiple rounds of iron 
delivery (Fig. 2.3).

Transferrin receptor is a transmembrane pro-
tein with two polypeptide chains each of which 
weighs 95 kD. Both the chains are identical and 
mediate the delivery of iron to erythroblasts. The 
receptor has a membrane spanning segment and a 
cytoplasmic segment. Each TfR can bind two 
transferrin molecules. The diferric form of trans-
ferrin is bound with a higher affinity.

TfRs are present on all cells with the majority 
(80%) being in the erythroid marrow. Their num-
ber is modulated during erythroid development. 
Very few receptors are identified on CFU-E and 
BFU-E, with numbers increasing in basophilic 

Lumen Fe3+ Fe2+

(Non Heme Iron)

DMT1

Heme (Fe+)

HCP1

Dcytb

Ferritin Fe2+ Fe+
Hox

Ferroportin Hephaestin

Transferrin

Dcytb- Duodenal cytochrome b 
DMT1- Divalent metal transporter 1
Hox-Heme oxygenase 
HCP1-heme carrier protein 1

Basolateral 
membrane

Hepcidin
Fe2+

Fe2+ Fe3+

Fig. 2.2 Absorption of 
heme and non-heme iron

M. Sikka and H. B. Kumar



31

normoblasts. The numbers peak at the stage of 
polychromatic normoblast and decrease as retic-
ulocytes mature. The number of transferrin 
receptors on the cell surface reflects its iron 
requirement. Mature red cells shed all the recep-
tors which are found in the plasma (a truncated 
form of the tissue receptor) and their number cor-
relates with the rate of erythropoiesis [1].

TfR 2 shares 45% homology with TfR in its 
extracellular domain. The receptor which binds 
transferrin with lesser affinity is highly expressed 
in the liver and erythroid precursors. Mutation in 
the gene for TfR2 leads to an iron overload disor-
der suggesting that the receptor plays a role in 
iron homeostasis [8].

In iron-deficient states, there is a prompt 
induction of receptor synthesis. sTfR levels reflect 
the degree of depletion of the functional iron 
compartment well before IDA develops and are a 
reliable index of early tissue iron deficiency.

2.3.6  Iron Utilization 
in Normoblasts

Once inside the cell, iron moves to the mitochon-
dria and is incorporated into protoporphyrin and 
used for heme synthesis. Almost 80–90% of the 
iron which enters the erythroid precursors is 
incorporated into heme. Iron which is not used is 
stored as ferritin and hemosiderin and can be 
identified in erythroid precursors as blue granules 
on Perl’s staining [1].

2.3.7  Storage Iron

Iron is stored in two forms: ferritin and 
hemosiderin.

Ferritin is comprised of an apoferritin with 
iron incorporated in the central core. The protein 
shell is constructed of two distinct ferritin  subunits: 

Muscles 250 mg

Liver 1000 mg 

Dietary intake

Iron absorption 
(duodenum) 
1-2 mg/day

TRANSFERRIN 
2-3 mg

Iron losses 1-2 mg

(Losses from desquamation 
of epithelial cells, menstruation)

Macrophages 
500 mg

RBCs 2000 mg

Bone marrow 300 mg

Fig. 2.3 Systemic iron homeostasis
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H and L which are structurally  homologous. 
Ferritins rich in H chains acquire iron more rapidly 
while L chain-rich ferritins are more stable. The 
ratio of H and L chains varies depending on the 
tissue subtype. Several isoforms of ferritin have 
been described. Each molecule of ferritin can hold 
4500 iron atoms when fully saturated. Iron stored 
in ferritin is utilized in iron-deficient states.

Ferritin is also found in the plasma in small 
amounts and the level correlates with iron stores. 
Its estimation is used as a non-invasive indicator 
of iron deficiency with 1 μg/L of plasma ferritin 
concentration corresponding to 8–10 mg of tissue 
iron stores.

Hemosiderin is formed by incomplete degra-
dation of ferritin. It is less soluble than ferritin 
and has a higher iron to protein ratio. It represents 
a more stable and less available form of storage 
iron and the size of the compartment changes 
only after prolonged mobilization of iron. In con-
ditions associated with iron overload, hemosid-
erin is the predominant iron storage protein [6].

2.3.8  Systemic Iron Homeostasis

Systemic iron homeostasis regulates intestinal 
iron absorption and its entry and mobilization 
from stores to meet demands of erythropoiesis. It 
also ensures a stable milieu wherein each cell 
regulates its iron uptake according to needs 
(Fig. 2.3).

2.3.9  Recycling of Macrophage Iron

Iron recycling accounts for most of the iron 
homeostasis in humans. Iron is liberated from 
phagocytosis of effete red cells in the macro-
phages of liver and spleen. A significant propor-
tion of the released iron is stored within 
macrophages as ferritin and is rapidly mobilized 
when the demand for iron is more. The remaining 
iron is released in two phases: an early phase 
which occurs within a few hours of erythropha-
gocytosis and a later phase which takes place 
over days. Mobilization in the later phase occurs 
in response to demand of iron and is a critical 

determinant of the availability of iron for erythro-
poiesis. This release of iron is mediated by fer-
roportin. The recycling of erythrocytes generates 
about 20–25 mg iron/day and is essential to meet 
iron requirements of erythropoiesis. In adult 
males, about 1  mg of iron is stored in macro-
phages, the amount being less in women of repro-
ductive age group. In conditions of increased 
erythropoiesis, the amount of iron which leaves 
the macrophages exceeds that which enters it. 
The reverse happens in conditions associated 
with increased destruction of red cells [2].

2.3.10  Loss of Iron

Iron is lost from the body when intestinal cells 
and epithelial cells of the skin are shed. Women 
during their reproductive life lose iron during 
menstruation and pregnancy. The total average 
loss in normal adult males and non-menstruating 
females is about 1–2 mg/day. This amount is bal-
anced by intestinal absorption [3].

2.3.11  Iron Homeostasis: Role 
of Hepcidin

Hepcidin, initially characterized as an antimicro-
bial peptide, is a 25 amino acid peptide hormone 
synthesized by the liver. The human hepcidin 
gene codes for the formation of a 84 amino acid 
preprohepcidin which is then processed to the 
active form. The structure of the 25 amino acid 
molecule resembles a hairpin with 8 cysteines 
that form 4 disulfide bonds in a ladder-like con-
figuration. Hepcidin that readily passes through 
the glomerular membrane is taken up and 
degraded in the proximal tubules. A small pro-
portion of the filtered hepcidin passes into the 
urine intact. Hence, it can be detected both in 
plasma and urine. Urine also contains 20 and 22 
amino acid forms. The expression of hepcidin is 
mediated by bone morphogenetic protein (BMP) 
and JAK2/STAT 3 signaling pathway [9, 10].

Hepcidin acts by binding to the iron trans-
porter ferroportin. The binding induces a confor-
mational change in ferroportin and triggers its 
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endocytosis and consequent lysosomal degrada-
tion. This reduces dietary iron absorption and 
inhibits release of recycled iron from macro-
phages and hepatocytes.

Several factors regulate the production of 
hepcidin. Important among these are body iron 
content and rate of erythropoiesis. In iron- 
deficient states, the synthesis of hepcidin is inhib-
ited allowing more iron to enter the plasma; the 
reverse occurs when iron is adequate. Proteins 
such as hemojuvelin, TfR2, and receptor for 
BMP are involved in this. When erythropoiesis is 
increased, hepcidin production is suppressed, 
making more iron available for Hb synthesis and 
this is mediated by growth differentiation factor-
 15 (GDF-15). The suppression of hepcidin is par-
ticularly prominent in conditions with ineffective 
erythropoiesis such as β-thalassemia major [7].

Inflammation and infections increase hepci-
din synthesis. This is mediated by IL-6 which 
activates the BMP6 receptor complex followed 
by activation of the SMAD pathway and over- 
expression of hepcidin. The increased hepcidin 
causes hypoferremia which develops early in 
infections. It limits availability of iron for eryth-
ropoiesis and contributes to anemia associated 
with infection.

Hypoxia stimulates the marrow to produce 
more erythrocytes leading to decrease in hepci-
din. Anemia modulates hepcidin levels through 
multiple effects: hypoxia, increased erythropoi-
etic activity, decreased tissue iron [10].

In order to coordinate the apical absorption of 
iron by DMT 1 with the basolateral transfer into 
plasma by ferroportin, the effect of hepcidin on 
ferroportin is communicated to the apical iron 
absorption mechanism so that iron uptake is 
reduced. This is mediated by iron regulatory pro-
teins 1 and 2 (IRP-1, IRP-2) [11].

2.3.12  Iron Regulatory Proteins 
Regulate Cellular Iron

Iron is present in many cells each of which has 
specific functions related to iron metabolism. 
Cellular iron homeostasis is post- transcriptionally 
regulated by IRP1 and IRP2. IRPs are cytosolic 

RNA binding proteins which bind to iron- 
responsive element (IRE) located in the untrans-
lated regions of genes as also mRNA encoding 
proteins involved in uptake of iron, its storage, 
utilization, and export. The binding inhibits ini-
tiation of translation. When cellular iron is 
reduced, IRPs do not bind to IREs allowing an 
increased rate of mRNA translation. High iron 
levels suppress these changes. Hence, IRP and 
IREs are both involved in regulating the synthesis 
and suppression of multiple proteins involved in 
iron metabolism [12].

2.3.13  Iron Deficiency Anemia (IDA)

Iron deficiency (ID) is a condition in which iron 
availability is insufficient to meet the body’s 
needs. It can be present with or without anemia.

2.3.14  Prevalence

Iron deficiency is the most common nutritional 
deficiency in the world. It is estimated that over 
30% of the world’s population is anemic largely 
due to deficiency of iron. Besides its high preva-
lence in developing countries, it is the only micro-
nutrient deficiency which is significantly prevalent 
in developed nations also. It is estimated that 
60–80% of the world’s population suffers from 
deficiency of iron. However, 40% of the global 
burden of ID is reported to occur in SE Asia.

Pregnant women and children are particularly 
susceptible to the occurrence of IDA. With ane-
mia as an indirect indicator of ID, up to 88% of 
Indian pregnant women (PW) are affected. The 
prevalence among preschool children is similar 
to that in PW with nearly 79% children below the 
age of 3  years being anemic. In nonpregnant 
women of reproductive age group, the prevalence 
of anemia is reported to be 52% [13]. In a study 
which compiled global data from several large 
studies, it was estimated that 50% of anemia in 
women and children is attributable to deficiency 
of iron [14]. These prevalence rates are not differ-
ent from those in 1970s indicating that the ane-
mia epidemic is persisting in India.
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Based on the prevalence of anemia of which 
the most common cause is iron deficiency, there 
are no countries where ID is not a mild public 
health problem. For PW, more than 80% coun-
tries have a moderate-to-severe public health 
problem. In India, it is a severe public health 
problem for preschool children, PW, and non-
pregnant women [15].

2.3.15  Etiology of IDA

The etiology of IDA is multifaceted. It generally 
results from inadequate intake of iron due to poor 
quantity/quality of diet, impaired absorption, or 
increased demand for iron. Chronic blood loss 
from any site is an important cause of 
IDA.  Bleeding from GIT (ulcers, parasites, 
malignancies) as also from any other site causes 
IDA (Table 2.1).

2.3.16  Stages of ID

Iron deficiency and IDA result from a prolonged 
period of negative iron balance leading to a com-
promised supply of iron to the tissues. The first 
stage of prelatent iron deficiency is characterized 
by the absence of measurable iron stores. Iron- 
deficient erythropoiesis shows evidence of 
restricted iron supply but no anemia. Finally, IDA 
occurs with reduction in Hb concentration [3] 
(Table 2.2).

2.3.17  Clinical Features

Low plasma concentration of iron limits hemo-
globin synthesis leading to anemia. The clinical 
features depend on the severity of anemia, its 
duration and speed of onset. Some patients may 
be asymptomatic while others present with pal-
lor, weakness, easy fatiguability, exertional dys-
pnea which progresses to dyspnea at rest as 
anemia becomes severe, irritability, dizziness, 
and palpitations. ID even without anemia also 
results in fatigue [4]. Dryness and roughness of 
skin and hair, alopecia, glossitis, and restless leg 
syndrome are other clinical manifestations.

2.3.18  Adverse Consequences of IDA

It is now well recognized that iron deficiency 
even without anemia is associated with several 
adverse consequences.

Table 2.1 Etiology of IDA

Decreased intake Impaired absorption Increased loss
Increased 
demand

Diets low in iron Achlorhydria
Gastrectomy/gastric 
bypass surgery

Chronic blood loss from any site:GIT, 
hematuria, epistaxis

Pregnancy

Low quantity of 
bioavailable iron

Celiac disease
H.pylori infection

Gynecological loss Lactation

Less food intake Phytates, tannins, other 
inhibitors

Drugs:aspirin
NSAIDs

Infancy

Drugs:NSAIDs, aspirin, H2 
blockers
Proton pump inhibitors

Parasites:hookworm

Table 2.2 Stages in the development of iron deficiency

Parameter Prelatent Latent IDA
Bone marrow 
iron

Reduced Absent Absent

Serum ferritin 
(μg/L)

<16 <16 <16

FEP N Increased Increased
sTfR N Increased Increased
TS (%) N <16 <16
CHr N Decreased Decreased
Hb N N Decreased
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2.3.19  Developmental 
and Neurophysiological 
Deficits in Infants 
and Children

Several neurologic and non-neurologic sequelae 
of ID have been reported, some of which are not 
reversed completely with iron supplementation.

2.3.20  Cognitive Development

Iron plays a key role in brain function and is 
present, often in large quantities in several 
areas of the brain. A significant correlation has 
been found between IDA and cognition. ID 
even without anemia has an effect on cognitive 
and motor scores with lower scores observed 
when IDA sets in. Reduced mental, motor, 
social, and neurophysiological functioning has 
been observed in these patients. Iron-deficient 
children were found to achieve lower scores on 
IQ testing and other cognitive performance 
activities.

Infants are particularly vulnerable during 
6–23 months of age as iron is essential for devel-
oping cognitive functions at this stage of life. 
Anemic infants have trouble with motor func-
tions specially those involving balance and coor-
dination. Even after receiving iron therapy for 
3 months with correction of anemia, previously 
anemic infants continue to have lower mental 
and motor development. Delayed psychomotor 
development has also been shown in iron-defi-
cient infants. On reaching school going age, they 
have impaired performance in tests of language 
skills as also motor skills and coordination. 
Impaired scholastic performance has also been 
reported [3, 16].

Children with IDA show behavioral distur-
bances. These children are disruptive, irritable 
with short attention span and lack of interest in 
their surroundings. Children, adolescents, and 

women show increased attention and concentra-
tion with iron supplementation [17].

2.3.21  Evoked Response  
Potentials (ERP)

Studies using ERP, both auditory and visual, in 
iron-deficient children show prolonged latencies 
and reduced amplitudes of waves responses pos-
sibly due to impaired myelination which remain 
uncorrected with iron supplementation. The 
changes persisted in children when repeat testing 
was done at 4 years of age supporting the role of 
iron as an essential element for myelination in 
early infancy [16].

2.3.22  Other Consequences

ID results in impaired growth. The high iron 
requirement in infancy cannot be met by diet 
alone especially in developing countries. 
Maternal iron reserves are depleted after 
4–6 months of feeding and if these infants are not 
supplemented, their growth is impaired. Iron sup-
plementation improves growth [18].

Immune abnormalities such as defects in 
cellular immunity, reduction in number of both 
helper and suppressor T cells and impaired kill-
ing of microorganisms by phagocytes are 
observed in IDA which impairs resistance to 
infection. Supplementation with iron reduces 
morbidity from infectious diseases [3].

A higher risk of maternal mortality is 
observed with decreasing Hb levels. About 
18% of maternal mortality in low- and middle 
income countries is attributable to deficiency 
of iron [19]. Maternal IDA has a negative 
 correlation with the length of gestation. 
Prematurity, low birth weight, and other 
pregnancy-related complications are observed 
in IDA [20].
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2.3.23  Economic Consequences 
of IDA

2.3.23.1  Work Capacity 
and Productivity

Skeletal muscle contains 10–15% of the body’s 
iron mainly in oxidative fibers which appear red 
because of the iron in myoglobin. Skeletal mus-
cle oxidative capacity and oxygen consumption 
both determine exercise performance. Lack of 
iron affects physical performance especially in 
women. A linear relationship has been reported 
between ID and aerobic work capacity. Anemia is 
known to impair work performance, endurance, 
and productivity all of which improve with sup-
plementation. For every increase in Hb of 1 g/dL, 
there is an improvement in production efficiency 
of 14% [21].

Iron deficiency impairs national socioeco-
nomic development. The estimation of disability 
adjusted life years (DALYs) provides an estimate 
of the magnitude of economic losses to a popula-
tion. The impact of ID on maternal mortality, 
growth, and cognitive function in children and 
adults results in 19.7 million DALYs [19]. It has 
been estimated that anemia accounts for 68 mil-
lion years of living with disability, almost 9% of 
the total for all conditions [22].

2.3.24  Laboratory Diagnosis of IDA

Several tests are available for the laboratory diag-
nosis of IDA.  The results of the tests must be 
interpreted in the clinical context. A combination 
of tests can be used for diagnosis.

2.3.24.1  Complete Blood Counts
Hemoglobin (Hb) and Hematocrit (Hct). 
Patients with IDA have mild-moderate reduction 
in Hb concentration and Hct. Hb  <  13  g/dL in 
males and <12 g/dL in females defines the last 
stage of iron deficiency which is IDA.  In preg-
nancy, this cutoff is 11 g/dL [14]. Hb provides a 
quantitative measure of the severity of ID once 
anemia has developed but lacks sensitivity and 

specificity. As anemia can occur in several condi-
tions, Hb concentration alone cannot be used to 
diagnose IDA.

Red cell count and indices. Total RBC count, 
MCV, and MCH are reduced while MCHC is 
reduced in long-standing/severe disease. The 
reduction is proportional to the severity and dura-
tion of anemia. MCV and MCH are inexpensive 
and widely available parameters but become 
abnormal in late stages of ID. The values may be 
normal in co-existent deficiency of B12/folate and 
are reduced in other disorders also.

The total leucocyte count is usually normal. 
Thrombocytosis is observed in these patients 
with counts being 1.5–2 times normal.

Red cell distribution width (RDW). This is a 
measure of an isocytosis of red cells and is ele-
vated early in IDA. It can be measured as coeffi-
cient of variation (RDW-CV) or standard 
deviation (RDW-SD). RDW can be used to dis-
tinguish between IDA and β-thalassemia trait 
(normal RDW).

Reticulocyte Hb content (CHr). CHr pro-
vides a measure of the iron available to recently 
produced red cells. It is a strong predictor of ID 
as it provides a more real-time view of bone 
marrow iron status. In the early phase of ID, 
there is fluctuation in the iron supply to the mar-
row resulting in reticulocytes with less Hb and 
decrease in CHr before the development of ane-
mia. CHr less than 29 pg is diagnostic of IDA. It 
needs no additional blood sample, is reported as 
part of the reticulocyte count in the analyzer, 
and has been recommended as a screening test 
for the early detection of ID. Unlike biochemi-
cal tests of iron status, it does not show biologi-
cal variability and is not affected by 
inflammation. It is also used to monitor iron 
therapy as it rises early after iron supplementa-
tion and to diagnose functional ID during r-Hu 
EPO therapy. Its limitations are that it is avail-
able on only few automated analyzers. In 
patients with co-existent deficiency of B12/
folate, the value may be elevated. It is also low 
in other disorders associated with impaired iron 
availability [20, 23].
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Reticulocyte Hb equivalent. This is available 
on some automated hematology analyzers and is 
a reliable, sensitive, and specific parameter to 
identify iron-deficient states [24].

Percentage of hypochromic red cells. This 
is a measure of the concentration of Hb in red 
cells and takes into account the absolute amount 
of Hb as also the size of the red cell. As the size 
of the red cell changes with storage, it does not 
give reliable results on stored samples necessi-
tating the need for a fresh sample. This limits 
its application even though it is comparable to 
CHr in terms of its utility. The parameter is 
independent of erythropoietic activity and is 
useful in monitoring hemodialysis patients on 
r-Hu EPO [25].

2.3.25  Examination of a Stained 
Peripheral Blood Film (PBF)

The blood smear shows microcytes with an 
increase in central pallor. The number of erythro-
cytes affected and the degree of hypochromia are 
related to the severity of anemia. In severe dis-
ease, most of the red cells appear as rings. 
Poikilocytes in the form of elongated cells may 
be seen (Fig. 2.4).

2.3.26  Biochemical Tests of Iron 
Status

2.3.26.1  Serum Iron (SI), Total Iron 
Binding Capacity (TIBC), 
and Percent Transferrin 
Saturation (%TS)

These tests are widely used for assessment of 
iron status. SI is reduced and TIBC elevated in 
IDA resulting in a substantial reduction in %TS 
with levels <16% being diagnostic of IDA [15].

SI shows diurnal variation with higher con-
centrations seen later in the day. Patients on iron- 
rich diet or those on iron supplements have 
falsely elevated levels. As the results are affected 
by lipemia, testing is done on a fasting state. 
There is a variation in the level of SI based on the 
assay methodology and the presence of hemoly-
sis. The level is low in anemia of chronic disease 
and must not be used on its own to diagnose 
ID. Elevated TIBC is specific for ID but has a low 
sensitivity. %TS also has acute phase reactivity 
and shows diurnal variation. However, it is a 
more useful indicator of iron status than SI or 
TIBC alone. These iron markers are considerably 
altered by inflammation. If IDA co-exists with 
inflammation, the interpretation of results is dif-
ficult thus limiting their applicability [26].

2.3.26.2  Serum Ferritin (SF)
SF concentration correlates well with total body 
iron stores. It is extensively used to diagnose ID 
and is especially useful in populations where the 
prevalence of infections is low. The test is not 
invasive, widely available, specific, and fre-
quently used to diagnose ID. A low SF is a reli-
able index of ID and levels <16  μg/L are 
diagnostic of ID [27].

Ferritin is an acute phase reactant and rises in 
the presence of co-existing infection/inflamma-
tion/malignancy making interpretation of SF lev-
els in these situations problematic. The problem 
can be overcome by simultaneous measurement 
of markers of inflammation such as CRP which 
will help in identification of co-existing inflam-
mation. Another approach is to raise the cut-off 

Fig. 2.4 PBF of patient with IDA showing microcytic 
hypochromic red cells. Few elongated cells (arrow) are 
also seen (Leishman stain ×400)
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value of SF which defines iron deficiency when it 
co-exists with infection with the best predictor 
being SF < 100 μg/L. If serum ferritin is between 
100 and 300  μg/L, %TS is recommended to 
 confirm ID [28].

2.3.26.3  Zinc Protoporphyrin  
(ZPP)/Free Erythrocyte 
Protoporphyrin (FEP)

Protoporphyrin is normally produced during the 
synthesis of Hb and remains in the RBC for its 
entire life span. FEP is elevated in IDA as less 
iron is available for Hb synthesis. It detects stage 
II iron deficiency, i.e., iron-deficient erythropoi-
esis being normal in Stage I. The level reflects the 
events of the preceding 2–3 months. Changes in 
FEP levels occur relatively slowly. It can be mea-
sured as ZPP which reflects aberrant incorpora-
tion of zinc into protoporphyrin instead of iron 
when iron is not available.

FEP is measured in a hematofluorometer 
which requires only a drop of blood and can be 
performed within minutes along with CBC. It has 
been used as a screening test in field surveys. It is 
simple, cheap but not specific as it is also ele-
vated in infection, lead poisoning, and hemolysis. 
Studies indicate that in patients with microcytic 
hypochromic anemias, FEP done as an initial test 
is helpful in the differential diagnosis. While an 
elevated level is sufficient for a presumptive diag-
nosis of IDA, a normal level rules out disorders 
of heme synthesis. Additional tests such as %TS, 
SF may then be done as required. Some studies 
recommend simultaneous measurement of FEP, 
SF, and Hb in assessing iron deficiency [29].

2.3.26.4  Serum TfR
Receptor levels are increased in IDA. Measurement 
of sTfR is especially useful in the differentiation 
of IDA from anemia of chronic disease as its con-
centration is unaffected by the acute phase 
response. sTfR has shown to be a promising tool 
for the diagnosis of ID. The levels are also raised 
in conditions associated with increased erythro-
poietic activity such as hemolytic anemia.

sTfR is measured using commercially avail-
able ELISA assays. A major advantage of sTfR 
measurement over SF is that it is more specific to 

changes in iron status and erythropoiesis. The 
clinical interpretation of sTfR result is simpler if 
confounding factors such as hemolysis are 
excluded. Its day-to-day variation is more accept-
able than the conventional indices of functional 
iron status such as %TS and provides an alterna-
tive to these tests. As almost 30% of susceptible 
population such as pregnant women can have ID 
without anemia, sTfR levels can detect tissue ID 
before the onset of anemia and help prevent its 
deleterious effects. Limitations of the assay 
include lack of standardized reference material 
and nonavailability of standardized cutoffs which 
has made the test underutilized [23].

2.3.26.5  sTfR/Log Ferritin (sTfR-F 
Index)

This ratio provides a better indicator of iron deple-
tion than either of the tests alone. Ferritin reflects 
storage iron and sTfR the functional iron com-
partment, combining the two values provides a 
ratio which is reciprocally regulated. It takes 
advantage of the increase in TfR and decrease in 
SF in ID. Both the variables in the ratio are influ-
enced by iron stores, availability of iron for eryth-
ropoiesis, and the total erythroid marrow mass.

The ratio has a high sensitivity and specificity 
and can distinguish between iron replete and iron 
deplete anemic subjects effectively. It has been 
found to be useful in accurately classifying ane-
mia especially when it accompanies diseases 
with active inflammation. A low index indicates 
anemia of chronic disease while a high index 
suggests ID.  Although thresholds are not well 
defined, ratio > 2–3 can be used to diagnose IDA 
[30]. However, its utility in diagnosing non ane-
mic ID is not established. The ratio has also been 
used for assessment of supplementation induced 
changes [31].

2.3.26.6  Serum Hepcidin
Assays have been developed to measure hepcidin. 
These include ELISA using anti-hepcidin anti-
bodies and mass spectrometry with a close corre-
lation existing between both techniques. While 
ELISA measures low levels more  accurately, 
mass spectrometry measures the active form (25 
amino acid) of hepcidin accurately.
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Hepcidin can be measured in serum and urine 
with the former being preferred. Urinary estima-
tion requires measurement of creatinine to correct 
for the difference in the concentrating ability of 
the kidney. Hepcidin levels are reduced in IDA.

The levels show a diurnal variation with lower 
levels seen in the morning and are lower in 
women as compared to men. Use of hepcidin as a 
routine diagnostic test of ID is still limited due to 
lack of studies on large number of subjects and of 
international standardization thresholds [32].

Other uses of hepcidin estimation. Results 
from a pilot study suggest that hepcidin levels 
can be used to determine which patients will 
respond to oral iron [33]. In regions with high 
infection burden, estimation of hepcidin can help 
decide the appropriateness of oral iron therapy. 
This is necessary as supplementation with iron to 
children with infections is associated with seri-
ous adverse outcomes including high mortality 
attributed to increased vulnerability to malaria 
and other microbial agents [34].

2.3.27  Examination of Bone Marrow 
Aspirate for Iron

Examination of stained bone marrow aspirates for 
hemosiderin is a specific test for ID and is still 
considered the gold standard for evaluation of iron 
stores (Fig. 2.5). On staining with Prussian blue, 

iron granules can be identified in erythroid precur-
sors and macrophages. The positivity is graded on 
the basis of intensity of staining from 1 to 6.

Normoblasts which show siderotic blue gran-
ules are called sideroblasts. In normal individu-
als, about half of the normoblasts are sideroblasts, 
each of which contains less than five small gran-
ules. If the granules form a ring; complete or par-
tial around the nucleus of the normoblast, the cell 
is a ring sideroblast which is seen under patho-
logical conditions.

The disadvantages of this method are that it is 
invasive, causes discomfort to the patient, and 
hence is not suitable for screening [3].

The reference range and the abnormality of tests 
used for diagnosis of IDA is shown in Table 2.3.

2.3.28  Treatment of IDA

IDA is treated with iron supplementation which 
can be given orally or through intravenous route. 

Fig. 2.5 Perl’s stain of BM aspirate (×400) showing 
absent iron stores in a patient with IDA. Inset shows nor-
mal iron stores (×400)

Table 2.3 Laboratory tests of IDA

Parameter
Reference 
range Change in IDA

Hemoglobin  
(g/dL)

Females 
13.5 ± 1.5
Males 
15.0 ± 2.0

Reduced
Males < 13, 
Females < 12
PW < 11

MCV (fL)
MCH (pg)

MCV 80–100
MCH 
29.5 ± 2.5

MCV < 80
MCH < 27

MCHC (g/dL) 33.0 ± 1.5 Reduced in 
severe disease

RDW (%) 12.8 ± 1.2 Increased >14%
CHr (pg) Reduced <29
%Hypochromic 
cells

<5 Increased

Serum iron  
(μg/dL)

60–180 Reduced

TIBC (μg/dL) 250–450 Elevated

%TS <16

SF (μg/L) 20–200 Reduced <16

sTfR Lab to 
establish

Elevated

ZPP/FEP  
(μmol/mol heme)

<40 Elevated

BM iron 1+ to 3+ Absent
Serum hepcidin Lab to 

establish
Reduced
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The treatment aims to correct the Hb concentra-
tion and also replenish iron stores.

Oral iron therapy is inexpensive, convenient, 
effective, easy to obtain, and the first choice of 
treatment in most cases. The common oral prepa-
rations used are ferrous sulfate, ferrous fumarate, 
and ferrous gluconate of which ferrous sulfate is 
most commonly used. Oral iron is usually indi-
cated when Hb concentration is less than 12 g/dL 
and more than 8 g/dL. The recommended daily 
dose for adults with ID is 100–200 mg of elemen-
tal iron and that for children is 3–6 mg/kg body 
weight of a liquid preparation. Though it is pref-
erable to take iron on an empty stomach, various 
side effects including nausea, vomiting, epigas-
tric discomfort, constipation, diarrhea, metallic 
taste, and dark colored stools are reported. The 
patient can then be advised to take the supple-
ment with meals though it reduces absorption. As 
the side effects are dose related, they can also be 
reduced by starting therapy with a small dose and 
gradually increasing it.

Sustained release preparations are also avail-
able for oral administration. They are better toler-
ated but are more expensive and are not absorbed 
as efficiently as other oral drugs [23].

Duration of therapy. Oral iron therapy is 
given till the Hb concentration reaches normal. It 
should be further continued for 3–6  months to 
replenish stores [32].

Failure to respond to oral iron results from 
lack of adherence to therapy, low tolerance, true 
refractoriness, continued loss of blood as also 
impaired absorption or an incorrect diagnosis [23].

Estimation of serum hepcidin can identify 
patients who will probably respond to oral iron 
(hepcidin low) and those who will not (normal/
elevated hepcidin) [33]. However, these assays 
are not available routinely.

Parenteral iron is indicated when oral ther-
apy is poorly tolerated, the patient does not 
respond to oral iron and in patients with malab-
sorption. Patients with chronic blood loss in 
whom bleeding cannot be adequately controlled 
also need parenteral iron.

The preparations commonly in use are ferric 
carboxymaltose (FCM), iron dextran, and iron 
sucrose. These compounds comprise of a core 

which contains the iron salt and is surrounded by 
a carbohydrate shell. In the RES, iron is released 
from the complex and used. The kinetics of iron 
release varies with the compound used. The 
speed of release determines how much iron can 
be given as a single dose.

Intravenous iron can be given as a single dose 
or in multiple doses. Single dose preparations 
are low molecular weight iron dextran, feru-
moxytol, ferric carboxymaltose, and iron iso-
maltoside. These preparations can be given in 
high doses of 500–1000 mg in a single infusion 
resulting in replacement of the total deficit in one 
or two infusions. The advantage is that a single 
dose can be given in 1–2 sessions [5]. Multiple 
dose preparations are iron sucrose and ferrous 
gluconate. Even though they can be used as sin-
gle dose, multiple doses are used for better deliv-
ery rate and replacement. Ferric carboxymaltose 
(FCM) has been successfully used to treat ID of 
varied etiology in children and adults. The prepa-
ration is reported to be safe and extremely effec-
tive and is recommended when oral iron therapy 
fails, a quick increase in hemoglobin or replace-
ment of the total iron deficit at a single or few 
settings is required [35, 36].

Ferumoxytol is a newer compound approved 
in the USA and Europe which is as effective as 
other iron compounds. It is a iron oxide nanopar-
ticle with a polyglucose sorbitol carboxymethyl 
ether coating. This minimizes sensitivity and 
larger doses can be given rapidly. Iron nanopar-
ticles (iron hydroxide adipate tartrate [IHAT]) 
mimicking the ferritin molecule which have high 
bioavailability are under trial [29, 32]. The indi-
cations for parenteral iron are given in Table 2.4.

As formulae calculating the total iron deficit 
are not reliable, a 1000 mg replacement dose is 
used. This may not be sufficient for patients with 
severe IDA and so SF should be measured after 
2–4  weeks of the infusion. If SF is <50  μg/L, 
another dose is given.

The chief advantage of parenteral iron is that 
it replenishes iron stores more effectively and 
reliably and increases Hb more quickly as com-
pared to oral iron. For the new formulations, a 
single dose is sufficient thus reducing hospital 
visits. These preparations have an extremely low 
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risk of serious adverse effects, do not require a 
test dose, and can be given over a short period of 
time.

Side effects include abdominal pain, nausea, 
headache flushing, myalgia, arthralgia. and diar-
rhea. Infusion reactions including serious ana-
phylactic reactions have been reported especially 
with high MW iron dextran [32].

2.3.29  Monitoring Response to Iron 
Supplementation

The response to iron can be monitored by reticu-
locyte count which begins to rise after 3–4 days, 
peaks at 5–7 days and then returns to normal. The 
count is inversely related to Hb concentration 
which begins to increase by the second week of 
therapy and normalizes by 2 months of initiation 
of therapy. An increase of 2 g/dL of Hb concen-
tration is an appropriate response to iron therapy. 
The red cell indices remain abnormal for some 
time after Hb returns to normal [37].

2.3.30  Follow-Up After Iron 
Supplementation

After normalization of Hb, CBC and parameters 
of iron status must be measured each month for 
3 months and then once every 3 months for a year 
[37]. Long-term follow-up is needed for patients 
with severe IDA and those receiving intravenous 
iron. Ferritin should be checked every 3–4 months 
and if it falls below 50  μg/L, another dose of 

intravenous iron is given. Recently, measurement 
of Hb concentration at day 14 has been proposed 
to decide if the patient needs to be shifted from 
oral to intravenous iron therapy [38].

Caution. In malaria endemic areas, iron sup-
plementation may increase parasitemia and have 
negative effects on other types of infections like 
diarrhea and acute respiratory illness. There is 
hence a need for caution [28]. Estimation of 
serum hepcidin helps determine the best time to 
provide children in these regions with iron sup-
plementation [34].

2.3.31  Prevention of IDA

Preventive measures are especially required for 
populations at risk of IDA such as PW, infants, 
and children (Table 2.5).

Preventive measures include

• Nations must provide information about and 
promote access to foods rich in iron such as 
foods of animal origin, legumes, green leafy 
vegetables, kidney beans, and lentils. Adding 
enhancers and reducing inhibitors of absorp-
tion will increase iron bioavailability. Ferritin 
is used by plants and animals for storage of 
iron and this phytoferritin has high potential 
as a food fortificant. As this is not available 
commercially, consumption of foods naturally 
rich in this protein such as pulses and lentils 
will help increase iron intake.

• Fortification is addition of iron supplements to 
the most widely consumed food of a particular 
population at the point of manufacture without 
changing the property of the food item. Rice, 
bread, wheat flour, and salt are some of the 
foods which have been fortified. The choice of 

Table 2.4 Indications of parenteral iron

 1. Hb ≤8 g/dL
 2. Intolerance/not responsive to oral iron
 3. Rapid correction of anemia required
 4. Selected cases of anemia of chronic disease
 5. Chronic heart failure
 6. Iron malabsorption
 7. Ongoing blood loss
 8.  Use of erythropoietin and erythropoietin 

stimulating agents in CKD
 9. Inflammatory bowel disease
10. IRIDA
11.  Substitute for blood transfusion (religious reasons, 

post-surgery transfusion sparing)

Table 2.5 Strategies in preventing IDA

• Removing poverty
• Awareness and education regarding diet
• Food fortification
• Biofortification
• Iron supplementation to susceptible populations
• Delayed cord clamping
• Prevention and treatment of infection
• Screening for ID in vulnerable population
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these ingredients is influenced by the charac-
teristics of the product such as taste and color 
and may be constrained by cost. Fortification 
gives access to all socioeconomic groups. 
Products must contain at least 15% of the rel-
evant Nutrient Reference Value (NRV) per 
measure of product to have claim of being for-
tified with iron. The limitation is that the iron 
compounds used are insoluble/poorly soluble 
and strongly chelated making them less bio-
available. Iron can react with other compo-
nents in the food affecting the shelf life.

• Biofortification is targeted breeding of crops 
rich in micronutrients. Iron biofortification is 
applicable to wheat, rice, millets, beans, peas, 
and lentils. These foods have higher concen-
trations of iron [29, 39].

• Iron supplementation is given as part of pre-
vention to populations susceptible to ID (PW, 
women in the reproductive age group, adoles-
cents, and preschool children). WHO recom-
mends that governments of low income 
countries with high prevalence of ID should 
implement universal iron supplementation for 
young children and PW.  However, the 
approach has low levels of implementation 
and the risk of side effects [40].

• As children need additional iron after 6 months 
of breast feeding, they may be given multiple 
micronutrient powders. WHO recommends 
micronutrient powders which contain lipid 
encapsulated iron with other micronutrients in 
the form of sachets for children 6–23 month 
which can be added to prepared food. This is 
easier for children to take as they have prob-
lem in swallowing tablets [40].

• As worm infestation is a common cause of 
IDA in tropical countries, deworming at regu-
lar intervals may help increase the Hb 
concentration.

• Cord clamping 1–3  min after delivery 
improves infant iron stores at 6 months of age. 
Delayed cord clamping is recommended for 
all uncomplicated deliveries by WHO [29].

• Screening for IDA should be done at regular 
intervals in children, adolescents, pregnant 
women, and women in the reproductive age 
group [v29, 39].

2.4  Functional Iron Deficiency

Functional iron deficiency (FID) is defined as a 
state where there is insufficient incorporation of 
iron into erythroid precursors despite adequate 
iron stores as identified by the presence of stain-
able iron in the marrow together with normal or 
elevated serum ferritin [3]. FID is characteristi-
cally seen in anemia of chronic disease (ACD) 
which is associated with chronic diseases of var-
ied etiology including chronic kidney disease 
(CKD). Disorders associated with ACD have in 
common the ability to induce the production of 
cytokines such as IL-6, TNF, and IL-1. These 
cytokines induce the transcription of hepcidin 
which downregulates ferroportin expression to 
inhibit the absorption of dietary iron. 
Hypoferremia diminishes the amount of iron 
available for Hb synthesis and erythrocyte pro-
duction. Because of the inflammatory state, the 
RE storage iron gets locked up thus restricting 
the supply of iron to the erythroid marrow [28].

FID is frequently seen in patients of chronic 
kidney disease (CKD) on dialysis. Anemia is 
present in 80% of these patients and is multifac-
torial in etiology. Both absolute and functional 
ID are present in 25–38% patients of 
CKD.  Recombinant erythropoietin is the treat-
ment of choice for anemia in CKD. Therapy with 
erythropoiesis stimulating agents (ESA) stimu-
lates the erythroid marrow leading to an increased 
iron requirement which outstrips the ability of 
circulating iron to provide adequate substrate for 
Hb synthesis. A high prevalence of iron defi-
ciency is observed in CKD patients on HD. ID in 
CKD is a combination of absolute and functional 
ID and is a major factor which limits response to 
ESA.  It is recommended that CKD patients 
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should be monitored for FID and be given intra-
venous iron supplementation along with ESA to 
prevent iron restricted erythropoiesis. Oral iron 
agents are not helpful as the increased hepcidin 
inhibits its absorption [41].

• The laboratory diagnosis of FID is challeng-
ing as the conventional parameters used for 
the diagnosis of absolute ID are not applicable 

due to their alteration by the acute phase 
response.

• The parameters which can be used for diagno-
sis are briefly discussed below (Table 2.6).

• % hypochromic red cells is the best param-
eter for the diagnosis of FID. At a cutoff ≥6%, 
it was found to be superior to SF, TIBC, ZPP, 
and sTfR in the diagnosis of iron-deficient and 
iron-sufficient CKD patients.

Table 2.6 Uses and limitations of laboratory parameters of FID

Parameter Use Limitation
Red cell indices MCV  
and MCH

Must be determined at diagnosis as 
baseline parameters to assess the change 
over a time period

–  They are mean values over a period 
of 20–120 days

– Are slow to change
–  Do not reflect any acute change in 

iron lack
–  Confounded by co-existing 

deficiency of folate/B12 and 
thalassemias

% hypochromic red cells Direct indicator of FID
Reliable
Sensitive
Specific
≥10% consistent with absolute ID/FID

– Available on only few analyzers
– Each analyzer has defined the cutoff
–  Influenced by the time between 

sampling and analysis

Reticulocyte count Used to assess response to ESA (increase 
≥40 × 109/L from baseline by 4 weeks)

By itself does not provide information 
on iron status

CHr Predicts response to intravenous iron
Levels of <29 pg indicate iron restricted 
erythropoiesis in patients with FID and 
those on ESA

– Available on only few analyzers
– Each analyzer has defined the cutoff

Reticulocyte Hb content Helps distinguish absolute ID (<25 pg) 
from ACD (>25 pg)
Best predictive value for response to 
intravenous iron in patients of CKD on 
HD (<30.6 pg)

– Available on only few analyzers

SI, TIBC, %TS %TS < 20 indicates the need for 
parenteral iron therapy in patients on ESA

– SI and TIBC do not identify FID
–  %TS must be used together with 

sTfR to identify patients who will 
respond to ESA

SF Essential as a baseline parameter 
<100 μg/L:CKD not on dialysis and 
<200 μg/L >CKD-HD indicates FID

–  No consensus on upper limit above 
which iron not to be given

–  Suggested target values have 
limitations

–  Not helpful in predicting 
responsiveness to ESA

sTfR, TfR index Useful in the diagnosis of ID with ACD
Used in predicting response to intravenous 
iron in patients on ESA (superior to SF)

– Expensive
– Not widely available
–  Can be used with SF when 

automated measures are not available
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• ZPP is a reliable indicator of FID.  It can be 
used as an alternative to CHr or Ret-Hb. 
However, the test lacks specificity in the diag-
nosis of FID.

• SF being an acute phase reactant is elevated in 
these patients. Hence, a normal value does not 
exclude FID.  SF values <100  μg/L in CKD 
patients not on dialysis and <200 μg/L in CKD 
patients on dialysis are suggestive of FID 
which can be treated with intravenous iron 
therapy. There is no consensus on the upper 
limit of SF above which intravenous iron is 
not recommended. If the level is >800 μg/L, 
iron supplementation must not be given. 
However, levels up to 1200 μg/L do not pre-
clude IRE.

• SI, TIBC, %TS SI and TIBC fail to identify 
FID. %TS less than 20% indicates the need for 
parenteral iron therapy in patients on ESA. It 
has poor sensitivity and specificity in identify-
ing patients who will respond to ESA and/or 
iron in CKD. %TS can be used in combination 
with sTfR to identify FID as an alternative to 
CHr and Ret-He. In anemic patients with 
CKD, if there is laboratory evidence of IRE 
(% hypochromic red cells  >  6%, 
Ret- He < 30.6 pg) SF must be estimated. If it 
is <200 μg/L/<100 μg/L in patients on HD/not 
on HD, respectively, it indicates absolute 
ID. If SF > 200 μg/L/>100 μg/L in patients on 
HD/not on HD but <800 μg/L, a diagnosis of 
FID can be considered. In both situations, iron 
therapy is warranted [42, 43].

Treatment
• Functional iron deficiency is treated by mod-

ifying dosage of recombinant human eryth-
ropoietin or ESA along with intravenous 
iron [42].

Iron deficiency anemia and thalassemia traits
• Beta thalassemia trait (BTT) is an important 

cause of microcytic hypochromic anemia and 
often co-exist with IDA [44]. After a detailed 

clinical history and examination, a CBC 
should be assessed along with examination 
of a stained PBF.  BTT is characterized by 
mild anemia, with a disproportianate decrease 
in MCV and MCH, relative erythrocytosis, 
and a normal RDW. Co-existent ID reduces 
the Hb concentration to a greater degree. 
Mean MCV and MCH have been reported to 
be significantly lower in traits with ID as 
compared to those without ID. Discriminant 
functions like Mentzer index, Shine & Lal 
index, and England & Fraser index can be 
applied though none of them are 100% sensi-
tive or specific [45, 46]. Peripheral smear 
shows the presence of microcytic hypochro-
mic red cells, target cells, and basophilic 
stippling in BTT.  Serum ferritin and iron 
studies should be undertaken to identify 
IDA.  The parameters are normal in BTT 
uncomplicated by iron deficiency while the 
SF is reduced in IDA.  If the SF is normal, 
quantitation of HbA2 is done. Elevated HbA2 
(3.5–7%) which is measured by cellulose 
acetate electrophoresis/HPLC/other method 
quantitation is diagnostic of BTT [47]. As 
red cell indices are altered by co-existing dis-
orders, screening for BTT should be consid-
ered in any patient with unexplained 
microcytosis even if the red cell indices are 
not typical of BTT [48]. HbA2 may be 
reduced in BTT patients with co-existent iron 
deficiency. However, studies from India have 
shown that the presence of ID did not pre-
clude the detection of BTT. If the RBC indi-
ces are suggestive of thalassemia trait and the 
HbA2 is normal, the level may be repeated 
after correction of iron deficiency [49]. In 
cases with low RBC indices, normal iron 
parameters and HbA2 levels, it is appropriate 
to examine for HbH inclusions using brilliant 
cresyl blue. Their absence does not exclude 
α-thalassemia trait but their presence indi-
cates that family studies and DNA assay are 
required [50] (Fig. 2.6).
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Hb <12 g/dl

MCV <80 fl

MCH <27 pg

Hb <13 g/dl

Serum ferritin

Serum ferritin
<16µg/L

Serum ferritin
>16µg/L

Iron deficiency
anemia

HPLC

Relative 
erythrocytosis, 

target cells,
basophilic

stippling in PS 

α thalassemia trait

Screen for α thalassemia 
Reduced α:β globin ratio
HbH inclusions

HbA2 <3.5%

β thalassemia trait 

HbA2 >3.5%

Fig. 2.6 Approach to diagnosis of iron deficiency anemia co-existing with thalassemia trait
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Megaloblastic Anemia and Dual 
Nutritional Deficiency Anemia

K. V. Karthika and Hara Prasad Pati

3.1  Megaloblastic Anemia

3.1.1  Definition

Megaloblastic anemia is a general term used to 
describe a group of anemias caused by impaired 
DNA synthesis and characterized by macro- 
ovalocytes in peripheral blood smear and mega-
loblastic erythroid hyperplasia in the bone 
marrow.

3.1.2  Pathophysiology 
of Megaloblast Morphology

Megaloblasts, the hallmark of these anemias, are 
caused by asynchronous maturation between the 
nucleus and the cytoplasm due to impairment 
of  DNA synthesis. When DNA synthesis is 
impaired, the cell cannot proceed from the G2 
growth stage to the mitosis (M) stage. Hence, the 
DNA synthesis is retarded, whereas the RNA and 
protein synthesis of the cell occurs at a normal 
pace. This leads to continuing cell growth with-
out division, resulting in a mature cytoplasm with 
an immature nucleus.

3.1.3  History

1849—Addison described this condition as 
 anemia, general languor, and debility

1877—Osler and Gardner found its associa-
tion with neuropathy

1880—Ehrlich first described megaloblasts
1926—Minot and Murphy identified that this 

condition could be reversed by ingestion of large 
quantities of liver

1929—Castle established that gastric acid 
contains an “intrinsic factor” (IF) that combines 
with an “extrinsic factor” to allow the latter to be 
absorbed

1934—Dorothy Hodgkin described the struc-
ture of vitamin B12 for which she received the 
Nobel Prize

1948—Herbert discovered the structure of 
folic acid and its association with megaloblastic 
anemia

3.2  Folic Acid Metabolism

The synthetic form of folate is more commonly 
known as folic acid. The metabolically active 
form of folic acid is known as tetrahydrofolic 
acid. The main dietary sources include green leafy 
vegetables, lemons, oranges, banana, cereals, fish, 
liver, kidneys, etc. Folate in food can be lost on 
prolonged storage or overcooking. The daily 
requirement varies from 50 to 100 μg; however, 
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recommended daily allowances are kept at a 
higher level of around 400 μg. This is because the 
bioavailability depends on the conversion of the 
polyglutamated form in the diet into monogluta-
mated form for absorption [1]. The body stores 
are found in the liver. They range from 3 to 5 mg 
and last for about 3–5 months [2].

3.2.1  Folate Absorption

Folate is absorbed in the small intestine, primar-
ily the duodenum and the upper part of jejunum. 
Natural folates are absorbed faster than folic 
acid. The polyglutamated folates are converted 
to the monoglutamated form by the enzymes 
carboxypeptidase or polyglutamate hydrolase 
(also known as intestinal conjugase). The mono-
glutamated form is then absorbed either pas-
sively along the concentration gradient or 
actively by binding to the transporters RFT-1, 
RFT-2, and folate-binding protein (FBP). Once 
within the enterocyte, they are further converted 
to dihydro- and tetrahydro-folate by a reductase 
enzyme and further converted to methyltetrahy-
drofolate which then passes into the systemic 
circulation freely or bound to albumin. This form 
(5-MTHF) then enters the target cell membrane 
through the reduced folate carrier and is demeth-
ylated (Fig. 3.1).

Physiological function of THF: The most 
important role of THF is in the synthesis of thy-
midylate (a pyrimidine base of DNA). In the 
absence of thymidylate, uracil is incorporated 

which results in deranged DNA function [4]. 
Folic acid deficiency in pregnant women may 
cause neural tube defects in the fetus, underlining 
its role in neural development of fetus.

3.2.2  Causes of Folic Acid  
Deficiency [5]

Deficiency of folic acid is usually due to low 
folate in food or imbalance between demand and 
intake.

Causes of Reduced Availability
• Dietary deficiency can occur in generalized 

malnutrition states, elderly and in association 
with alcohol intake.

• Impaired absorption usually occurs in primary 
gastrointestinal conditions such as tropical 
sprue, celiac disease, Crohn’s disease, extensive 
small bowel resection, infiltrative disorders, 
Whipple’s disease, scleroderma, amyloidosis, 
and diabetes mellitus.

• Genetic defects of enzymes involved in their 
uptake such as intestinal conjugase deficiency, 
resulting in malabsorption, dihydrofolate 
reductase, methylenetetrahydrofolate, and glu-
tamate formiminotransferase deficiencies.

• Drugs can also reduce absorption by several 
mechanisms:
 (a) Trimethoprim, pyrimethamine, metho-

trexate—inhibit dihydrofolate reductase
 (b) Phenytoin and valproic acid—reduce 

absorption and also affect its metabolism
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Fig. 3.1 Absorption of 
folate in the intestine [3]
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Causes of Increased Demand
• Increased requirements can occur in physio-

logical and pathological states such as preg-
nancy, breastfeeding, chronic hemolytic 
anemia, and chronic exfoliative dermatitis.

Chronic hemolytic anemias cause rapid deple-
tion of the folate reserves due to the associated 
erythroid hyperplasia. This can further result in 
megaloblastic crisis in the presence of exacerbat-
ing factors such as fever and illness, which can 
impede oral intake. Hence, prophylactic folic 
acid should be given to patients with hemolytic 
anemias such as hereditary spherocytosis and 
sickle cell anemia.

3.3  Vitamin B12 Metabolism

The chemical name of vitamin B12 is cyanoco-
balamin. There are also other forms depending 
upon the radical to which they are bound such as 
adenosylcobalamin and methylcobalamin. The 
source of vitamin B12 includes animal foods such 
as fish, liver, and dairy products. Plant foods do 
not contain vitamin B12. The RDA of vitamin B12 
is around 2 μg though requirements may increase 
in pregnant and breastfeeding women. Similar to 
folic acid, vitamin B12 is stored in the liver, the 
storage lasting for about 3–5 months.

3.3.1  Absorption of Vitamin B12

When vitamin B12 is ingested in diet, it is nor-
mally found bound to proteins. These proteins 
are degraded by the enzyme pepsin released by 
the parietal cells of the stomach. The free vitamin 
B12 binds to R-binder (also known as haptocorrin 
or transcobalamin I [TC-I]) which protects the 
molecule and carries it till the second part of duo-
denum. The R-binder is secreted by the salivary 
glands of the oropharynx and is also found in 
neutrophils and monocytes. Here, the proteases 
in the pancreatic juice (trypsin, chymotrypsin, 
elastase) degrade TC-I and release vitamin B12 
from the complex [6].

The free vitamin B12 now binds to IF which is 
also released from the parietal cells in the fundus 

and cardia of the stomach. The IF-B12 complex 
finally reaches the ileum. The ileal enterocytes pos-
sess the IF receptor (also known as cubilin- 
amnionless complex). The complex binds to this 
receptor and is internalized. Once within the entero-
cyte, the IF is degraded and cobalamin released. It 
then binds to transcobalamin II (TC- II) which car-
ries vitamin B12 in the systemic circulation. The tar-
get cells take up this bound cobalamin by the virtue 
of TC-II receptors on their surface [6] (Fig. 3.2).

Physiological function of vitamin B12: It acts 
as a coenzyme in the synthesis of methionine and 
tetrahydrofolate from methyltetrahydrofolate and 
homocysteine. This process is known as “folate 
trapping” since folate needs to be demethylated 
to remain in the cell, failing which they escape 
the cell without being used. This demethylation 
is brought about by the above reaction. Thus, it is 
hypothesized that manifestations of cobalamin 
deficiency is primarily due to folate deficiency. 
Cobalamin also acts as a coenzyme in the conver-
sion of methylmalonic acid (MMA) to succinic 
acid, the latter being an important substrate in the 
Krebs cycle [6].

3.3.2  Causes of Cobalamin 
Deficiency [5, 8]

Vitamin B12 deficiency is most commonly due to 
impaired absorption rather than due to reduced 
uptake. Reduced uptake occurs mostly in strict 
vegetarians, due to dietary deficiency. Impaired 
absorption can be caused by the following 
disorders:

• Gastric disorders—pernicious anemia, gastri-
tis, old age, atrophic gastritis, use of proton 
pump inhibitors or H2 antagonists, 
Helicobacter pylori infection, total or partial 
gastrectomy, Zollinger–Ellison syndrome

• Intestinal disorders—extensive ileal resection, 
ileitis, leukemic/lymphomatous infiltration, 
tuberculosis, Crohn’s disease, postradiation 
ileitis, tropical sprue or celiac disease, sclero-
derma, amyloidosis, blind loop syndrome 
with bacterial overgrowth, parasitic infections 
such as Diphyllobothrium latum, Giardia lam-
blia, and Strongyloides stercoralis.
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• Pancreatic disorders—hereditary chronic pan-
creatitis, Imerslund–Gräsbeck disease (inher-
ited cubilin deficiency)

• Genetic defects—TC-II deficiency, functional 
impairment of TC-II, haptocorrin or TC-I defi-

ciency, homocystinuria, methylmalonicacide-
mia, methylenetetrahydrofolate deficiency 
collectively known as congenital megaloblas-
tic anemias

• Drugs—cholestyramine, metformin, colchicine

3.4  Pernicious Anemia

Pernicious anemia is caused due to impaired IF 
secretion by the gastric parietal cells, resulting 
in impaired vitamin B12 absorption. It can be 
inherited or acquired. The inherited form is a 
rare autosomal recessive disorder causing defi-
cient secretion of IF in the absence of gastric 
atrophy and is seen in children below 2 years of 
age. The acquired form is more common and 
occurs in adults. It is an autoimmune disorder 
with genetic predisposition and is associated 
with HLA A2, A3, B7, patients with type A 
blood group and other autoimmune disorders. 
Patients with pernicious anemia have a higher 
risk of irreversible gastric atrophy, achlorhydria 
with concomitant iron deficiency, and gastric 
carcinoma.

The antibodies in pernicious anemia are of 
two types: anti-parietal cell and anti-IF antibod-
ies. Anti-parietal cell antibodies are the most 
common and present in 90% of patients with per-
nicious anemia but in only 5% of healthy adults. 
Similarly, antibodies to IF are also found in most 
patients with pernicious anemia. IF antibodies, 
type 1 and type 2, are present in 50% of patients 
with pernicious anemia and are highly specific. 
Therefore, they can be used as a confirmatory 
test. Treatment requires parenteral administration 
of vitamin B12 to circumvent the impaired absorp-
tion of oral vitamin B12.

3.5  Congenital Megaloblastic 
Anemia

Congenital megaloblastic anemia is due to defi-
ciency or altered activity of the enzymes, carrier 
proteins, or receptors involved in the metabolism 
(absorption, transport, and conversion to active 
form) of vitamin B12 or folate, resulting in 
impaired utilization of these nutrients. This group 
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has been explored in detail in the context of vita-
min B12 deficiency. These disorders need to be 
suspected when clinical manifestations of cobal-
amin deficiency are observed in infancy or child-
hood. Three disorders where absorption and 
transport of cobalamin are affected have been 
identified, and another seven alter cellular use 
and coenzyme production. The disorders of 
absorption and transport are TC-II deficiency, IF 
deficiency (also known as inherited pernicious 
anemia), and IF receptor deficiency (Imerslund–
Gräsbeck syndrome). These defects cause devel-
opmental delay and megaloblastic anemia since 
birth, which can be treated with pharmacologic 
doses of parenteral cobalamin. Serum cobalamin 
values are reduced in the IF defects and normal in 
TC-II deficiency.

The defects of cellular use, commonly 
denoted by letters CblA to G, can be detected by 
the presence or absence of methylmalonic acid-
uria and homocystinuria. The presence of only 
methylmalonic aciduria indicates a block in 
conversion of methylmalonic CoA to succinyl-
CoA and results due to defect in the methylmal-
onyl-CoA mutase enzyme that catalyzes the 
reaction or a defect in the synthesis of its cobal-
amin coenzyme (cobalamin A and cobalamin B 
deficiency).

The presence of only homocystinuria can 
result either from poor binding of cobalamin to 
methionine synthase due to cobalamin E defi-
ciency or defect in producing methylcobalamin 
from cobalamin and S-adenosylmethionine due 
to cobalamin G deficiency. This results in a 
reduction in methionine synthesis, with accumu-
lation of the enzyme substrates causing homo-
cystinemia and consequent homocystinuria.

Methylmalonic aciduria and homocystinuria 
occur when the metabolic defect impairs con-
version of cobalamin III to cobalamin II (cobal-
amin C, cobalamin D, and cobalamin F 
deficiency). This reaction is common for the 
formation of both MMA and homocystinuria. 
Early detection of these disorders is important 
because most patients respond favorably to 
supra- pharmacological doses of cobalamin, 
thereby preventing the neurological abnormali-
ties associated with them.

3.6  Imerslund–Gräsbeck 
Syndrome

This is an autosomal recessive disorder caused 
due to biallelic mutations in the IF receptor also 
known as cubilin-amnionless receptor. This 
receptor is essential not only for intestinal vita-
min B12 absorption but also for renal reabsorption 
of proteins. The deficiency of this receptor (either 
cubilin or amnionless) therefore results in selec-
tive vitamin B12 malabsorption and proteinuria. 
The diagnosis of this disorder is suspected by a 
decreased excretion of cobalamin-IF complex in 
urine and is confirmed by mutation study of the 
involved genes. The treatment involves lifelong 
administration of parenteral vitamin B12.

3.7  Pathophysiology 
of Megaloblastic Anemia

The pathophysiology of megaloblastic anemia is 
due to ineffective erythropoiesis resulting from 
intramedullary apoptosis of hematopoietic pre-
cursors (rapidly dividing cells). This apoptosis is 
not solely due to deficiency of thymidylate. In the 
absence of thymidylate, it is replaced by uracil 
which activates the DNA repair pathways result-
ing in p53-mediated apoptosis. To some extent, 
RNA and protein synthesis is also affected. This 
results in asynchronous maturation of the nucleus 
and cytoplasm. The nucleus devoid of DNA does 
not mature, whereas the cytoplasm matures at a 
normal rate due to normal RNA and hemoglobin 
synthesis, thus resulting in megaloblastosis [5]. It 
is also important to keep in mind that DNA syn-
thesis can also be impaired directly in HIV and 
myelodysplastic syndromes in the absence of 
vitamin B12 and folate deficiency.

3.8  Pathophysiology 
of Neurological Changes

Neurological symptoms are confined to cobala-
min deficiency. Two factors contribute to these 
symptoms. The first factor is the impaired syn-
thesis of the amino acid methionine which is 
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essential for myelin synthesis. The second factor 
is the accumulation of MMA, a neurotoxic inter-
mediate. These factors together cause degenera-
tion of myelin fibers of the posterior and lateral 
grey horn of the spinal cord, resulting in sub-
acute combined degeneration [5]. Increased lev-
els of cytokines such as TGF-α and EGF have 
also been identified in these patients, which may 
also contribute to the pathogenesis of neurode-
generation [9].

3.9  Clinical Features

When patients present with the symptoms of 
chronic anemia, there may be mild jaundice due 
to the associated intramedullary hemolysis. The 
combination of pallor and jaundice gives the skin 
a lemon yellow color, characteristic of megalo-
blastic anemia. There may also be glossitis (beefy 
tongue), nail pigmentation, change of hair color 
(due to increased melanin synthesis), etc. The 
neurological symptoms of cobalamin deficiency 
include loss of joint position sense, loss of vibra-
tion sense in toes and fingers, paresthesia, hypo-
esthesia, tingling, gait abnormalities, loss of 
coordination, muscle weakness, spasticity, optic 
neuropathy, urinary and fecal incontinence, erec-
tile dysfunction, dementia, and memory loss. 
Neuropathy is symmetric and mainly affects the 
lower extremities (stock and glove distribution). 
Clinically, patients with subacute combined 
degeneration have a positive Romberg’s test. 
Patients with pernicious anemia have symptoms 
of other associated autoimmune disorders such as 
type 1 diabetes, thyroid disorders, and Addison’s 
disease.

3.10  Laboratory Findings

3.10.1  Hemogram and Peripheral 
Smear

The characteristic peripheral smear finding is mac-
rocytic anemia (increased mean corpuscular vol-
ume) with macro-ovalocytes and reticulocytopenia. 
There may also be leukopenia and thrombocytope-

nia in severe cases. Hypersegmented neutrophils 
are another characteristic finding in megaloblastic 
anemia. Hypersegmented neutrophils refer to the 
presence of >5% of neutrophils with five seg-
ments, or >1% with six segments. Macrocytosis is 
defined as increased mean corpuscular volume, 
which may be masked in patients with iron defi-
ciency. However, hypersegmented neutrophils 
persist in iron deficiency and aid in the diagnosis 
of megaloblastic anemia. Other findings include 
anisocytosis, basophilic stippling, Howell–Jolly 
bodies, Cabot rings (remnants of mitotic spindle), 
etc. Increased bilirubin and LDH reflect ongoing 
intramedullary hemolysis.

3.10.2  Bone Marrow Examination

Bone marrow aspiration is usually done to rule 
out myelodysplastic syndromes and to assess 
iron stores. There is panmyelosis with megalo-
blastic changes in the erythroid and myeloid 
series. There is erythroid hyperplasia with 
increase in orthochromatic erythroid precursors 
showing megaloblastic change. The cells are 
enlarged with immature nucleus and a sieve like 
chromatin, whereas the cytoplasm is mature and 
adequately hemoglobinized (Fig.  3.3). In the 
myeloid series, there are giant metamyelocytes 
and band forms. A less common finding is the 
presence of hyperlobated and hyperdiploid mega-
karyocytes and giant platelets. Lymphocytes and 
plasma cells are spared from the cellular gigan-
tism and cytoplasmic asynchrony observed in 
other cell lineages. Bone marrow megaloblasto-
sis is reversed within 24 h of vitamin B12/folate 
therapy and returns to normal in 2–3 days [5, 10].

3.11  Primary Tests for B12 
and Folate Deficiencies [10]

3.11.1  Serum B12 (Cobalamin)

Reference range: 200–900 pg/mL
Anemia and neuropathy can be seen at levels of 

<180 mg/L; however, levels <150 mg/L are diag-
nostic of B12 deficiency. The serum cobalamin 

K. V. Karthika and H. P. Pati



55

level can however be within normal range in the 
following circumstances:

• TC-II deficiency
• Acute cobalamin deficiency due to nitrous 

oxide (prevalent in older times)

Serum cobalamin levels may be physiologi-
cally low in pregnancy, intake of oral contracep-
tives, severe folic acid deficiency, and patients 
taking large doses of ascorbic acid.

3.11.2  Serum Folate

Reference range: 2.5–20 ng/mL
A diagnosis of folate deficiency can be made 

when the folate levels are less than 2.5  ng/
mL. However, in some cases of folate deficiency, 
there can be an overlap with the normal range 
(2.5–5 ng/mL).

The following precautions need to be consid-
ered when assessing serum folate values:

• A single dose of folate either by medication or 
meal may falsely elevate serum folate levels to 
normal. Hence, blood sample should be drawn 
prior to any intervention (transfusions, meals, 
and therapy) to achieve accurate results.

• Hemolysis can cause false results due to 
release of red cell folate.

3.11.3  RBC Folate

Reference range: >140 ng/mL

• Not affected by diet and reflects tissue stores 
since folate content is established early in 
RBCs.

• Red cell folate levels may be affected by 
hemolysis.

• Low in severe B12 deficiency.
• Test is complex and expensive.

Serum for folate and cobalamin should be 
 collected prior to meals or therapy, frozen and 
then stored if the tests cannot be performed 
immediately.

3.12  Lab Tests to Confirm 
and Distinguish Vitamin B12 
and Folate Deficiencies

Serum homocysteine and MMA levels together 
are helpful to distinguish between cobalamin and 
folate deficiencies. Both are increased in cobala-
mine deficiency. Homocysteine is increased in 
folate deficiency; however, MMA is normal in 
these cases. These should be used if the clinical 
presentation and serum vitamin B12 and folate 
levels do not correlate. However, homocysteine 
and vitamin B12 levels may be altered in 

Fig. 3.3 Peripheral smear showing macro-ovalocytes and hypersegmented neutrophils and occasional polychromato-
phils (left) and bone marrow aspirate smear showing megaloblasts with erythroid hyperplasia (right)
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 conditions other than megaloblastic anemia such 
as the following:

The MMA level can be elevated in

• End-stage renal disease
• Inborn error of MMA metabolism

Serum homocysteine can be increased in

• Homocystinuria
• Hyperhomocysteinemia
• Certain MTHFR polymorphisms

3.13  Testing for Parietal Cell/IF 
Antibodies

Antibodies against both IF and gastric parietal 
cells can be demonstrated in patients with perni-
cious anemia. The former is seen in 50% of cases 
and is specific. The latter though seen in 90% of 
patients is not specific as it can be positive in 
other autoimmune and thyroid disorders.

3.14  Diagnostic Therapeutic Trial

In under-resourced laboratories where serum 
studies are unavailable, a therapeutic trial of vita-
min B12/folate can be given and the reticulocyte 
response can be assessed after 72 h. However, a 
trial of folate therapy alone is contraindicated 
since this may exacerbate neurological symp-
toms in patients with coexisting cobalamin defi-
ciency. Therapeutic trial may also be useful in 
elderly patients with subclinical deficiency in 
whom laboratory tests are within normal limits.

3.15  Treatment

3.15.1  Folic Acid Deficiency

Folic acid therapy in a patient with coexisting 
cobalamin deficiency may alleviate symptoms of 
anemia; however, neurological symptoms 
worsen. Hence, they need to be given together. 
Folic acid is given at a dosage of 1–5 mg/day for 
3–4  months along with cyanocobalamin. 

Treatment should be ideally continued till blood 
counts normalize. Treat underlying cause if any. 
If no secondary cause is identified, continue ther-
apy indefinitely. Folate should be administered 
prophylactically when there is increased physio-
logical demand such as during pregnancy, 
 lactation, and in the perinatal period during 
breastfeeding. Folate is also indicated in patients 
with chronic hemolytic anemias, psoriasis, and 
exfoliative dermatitis and during extensive renal 
dialysis. Folate therapy has been recommended 
in patients with hyperhomocysteinemia, who are 
at risk for thromboembolic complications [11].

3.15.2  Cobalamin Deficiency

Cyanocobalamin is given at a dosage of 1000 μg 
intramuscularly daily for 2  weeks, followed by 
weekly once until blood count normalizes, then 
continued monthly once for life. Prophylaxis for 
life is especially important in strict vegetarians, 
elderly, and patients with prior gastric surgery. 
Oral route is usually preferred in patients with 
contraindications to intramuscular injections such 
as hemophilias. Patients with genetic causes such 
as TC-II deficiency may require higher doses.

3.16  Monitoring of Therapy

• 1–2  days: Reduction of serum iron, indirect 
bilirubin, and lactate dehydrogenase

• 3–4 days: Reticulocytosis
• 10 days: Hemoglobin starts to increase, reduc-

tion of MCV
• 14 days: Hypersegmented neutrophils start to 

disappear though they may persist for longer
• 2 months: Resolution of anemia
• 3–12  months: Resolution of neurological 

symptoms

3.17  Dual Nutritional Deficiency 
Anemia

Megaloblastic anemia may sometimes be masked 
by coexistent iron deficiency. Thus, the macro-
cytic anemia may be masked by the microcytic 
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 hypochromic anemia of iron deficiency. This 
clinical picture is known as dimorphic anemia or 
dual nutritional deficiency anemia. According to 
NHANES III data, dual nutritional deficiency 
anemia constitutes for about 10% of nutritional 
anemias [12]. This is commonly seen in elderly 
patients, pregnancy, extensive bowel resection, 
pernicious anemia, malnutrition, etc. Iron defi-
ciency may also be precipitated by the treatment 
of megaloblastic anemia (associated with accel-
erated erythropoiesis). Combined deficiency may 
also be suspected in patients who do not show 
appropriate response to iron/vitamin B12/folate 
monotherapy. Peripheral smear characteristically 
shows two distinct red cell populations. There is 
one population of hypochromic, microcytic cells 
and another of macrocytic cells with reticulocy-
topenia. There may also be hypochromic macro- 
ovalocytes. The MCV may be normal though the 
RDW is increased. In dimorphic anemia, all three 
types of erythropoiesis can usually be detected—
hypochromic, megaloblastic, and normoblas-
tic—the latter, however, usually predominating. 
Variability in red blood cell morphologic charac-
teristics in this setting reflects the relative degree 
of deficiency of each of these substrates. The 
diagnosis relies upon a high degree of suspicion 
along with proper clinical examination and spe-
cific investigations. A bone marrow examination 
may be done to assess iron stores. Serum ferritin 
levels may not truly reflect the degree of iron 
deficiency in patients with coexisting megalo-
blastic anemia. Treatment is by administration of 
iron and vitamin B12/folate either orally or paren-
terally depending on the cause of deficiency. 
Clinical course may be monitored by the reticu-
locyte response.
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Pathogenesis and Investigations 
in Hereditary Red Blood Cell 
Membrane Disorders

Monica Sharma

4.1  Pathogenesis of Red Blood 
Cell Membrane Disorders

Red blood cell (RBC) membrane disorders are 
chiefly inherited conditions caused by muta-
tions in the genes encoding for cytoskeletal pro-
teins or transmembrane transporters, leading to 
decreased red cell deformability and permeabil-
ity leading to premature removal of the erythro-
cytes from the circulation. RBC membrane 
disorders can be categorized into two main 
subgroups:

 1. Structural defects: Hereditary spherocytosis 
(HS), Hereditary elliptocytosis (HE), 
Hereditary pyropoikilocytosis (HPP), and 
Southeast Asian ovalocytosis (SAO).

 2. Altered permeability of the RBC mem-
brane: Dehydrated hereditary stomatocytosis 
(DHS), Overhydrated hereditary stomatocyto-
sis (OHS), Familial pseudohyperkalemia 
(FP), and Cryohydrocytosis (CHC).

4.1.1  Structure of Red Cell 
Membrane

The lipid bilayer interspersed with several trans-
membrane proteins is made up of equal amounts 
of cholesterol and asymmetrically distributed 
phospholipids, with phosphatidylcholine and 
sphingomyelin placed in the outer leaflet of the 
bilayer while phosphatidylethanolamine, phos-
phatidylserine, and phosphoinositides are local-
ized in the inner leaflet [1]. The asymmetry of 
phospholipids helps in anchoring the skeletal net-
work and also protects from phagocytosis of red 
cells by the macrophages.

4.1.2  Membrane Proteins (Fig. 4.1)

Skeletal proteins made of α/β-spectrin, actin, and 
protein 4.1/4.1 R are like a laminate on the inner 
surface of the lipid bilayer, which maintains the 
biconcave shape. Linkage proteins maintain 
cohesion between bilayer and membrane skele-
ton. Vertical linkage, made of band 3-RhAG- 
protein 4.2-ankyrin and β-spectrin, provides 
cohesion between phospholipid bilayer and the 
membrane skeleton. Horizontal linkage, made of 
spectrin self-association sites and spectrin–actin–
protein 4.1R junctional complex, confers elastic-
ity and deformability.

Both membrane cohesion and mechanical sta-
bility are critical to maintain the excess surface 

M. Sharma (*) 
Department of Hematology, Safdarjung Hospital  
and Vardhman Mahavir Medical College,  
New Delhi, India
e-mail: drmsharma@vmmc-sjh.nic.in

4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7713-6_4&domain=pdf
mailto:drmsharma@vmmc-sjh.nic.in


60

area that allows deformability of the RBC. Loss 
of linkages results in lipid loss in the form of 
vesiculations and decreased membrane surface 
area, which compromises the red cell deformabil-
ity in the circulation [2, 3].

Transmembrane proteins, acting as anion- 
cation transporters, form the bulk of membrane 
protein, chief of which is the anion exchanger 
band 3, which is the core of the “band 3 com-
plex” (ankyrin-1, protein 4.2, and glycophorin 
A). The “Rh complex” (the Rh-associated gly-
coprotein (RhAG), the CD47, glycophorin B, 
and the Landsteiner–Wiener glycoprotein) is 
also associated with “band 3 complex.” The 
transmembrane proteins regulate cell volume 
homeostasis as passive transporters they are 
Na+-K+-Cl− co-transporter, Na+-Cl− co- 
transporter, Band 3 anion exchanger and Na+-
K+ co-transporter; the active ATP-dependent 
Na+-K+ ATPase, and Ca2+ ATPase. The 
calcium- activated potassium channel, the 
Gardos channel and AQP1, the water channel 
also contribute to the red cell volume 
regulation.

4.1.3  Significance of the RBC 
Membrane Structure

The passage of the RBC for 120 days in the blood 
stream is possible only because of three distinct 
factors in the red cell membrane:

 1. Cell surface area-to-volume ratio
 2. Cell volume homeostasis
 3. Membrane deformability

Cell surface area-to-volume ratio: The 
 normal biconcave human RBC with about 90 fL 
volume and surface area of about 140/m2 pos-
sesses an excess of surface area to undergo exten-
sive cellular deformations. Decreased cell surface 
area-to-volume ratio leading to a spherical cell 
is  the defining feature in HS, HE, and 
OHS.  Sphericity in HS and HE is the result of 
loss of cell surface area while that in the OHS 
results from increased cell volume.

Cell volume homeostasis: The cell volume 
homeostasis is maintained by intracellular concen-
tration of Na+ and K+ and the consequent water 
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Fig. 4.1 Schematic representation of red cell membrane
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content. A volume of 90 fL with cell  hemoglobin 
content of 30 pg enables the red cell to maintain the 
intracellular hemoglobin concentration at 33 g/dL 
and a cytoplasmic viscosity, which is only six times 
higher than that of water. Cell volume homeostasis 
is required to maintain the surface area-to-volume 
ratio enabling red cellular deformations, and the 
low intracellular viscosity minimizes any viscous 
dissipation during red cell deformation. Red cell 
dehydration and hence increased cytoplasmic vis-
cosity is a feature of DHS.

Membrane deformability: Unfolding and 
refolding of the spectrin repeats is central to the 
elasticity of the normal red cell membrane. 
Decreased membrane deformability is a distinct 
feature of red cells in SAO.

Knowledge of biogenesis of the membrane 
cytoskeleton during erythropoiesis is essential to 
understand the role of each gene or protein in the 
pathogenesis of the spherocyte. The synthesis of 
erythroid membrane proteins starts early and is 
asynchronous. The synthesis of spectrins and 
ankyrin is initiated earlier than that of band 3, and 
the synthesis of α-spectrin is about 3–4 times more 
than that of β-spectrin. Thus, homozygous or dou-
ble heterozygous defects of α-spectrin can cause 
HS, whereas due to its limited amount (with 
respect to α-spectrin), the deficiency of β-spectrin 
can cause HS even in the heterozygous state [4, 5].

Decreased membrane cohesion, or mechani-
cal stability causing loss of surface area, or 
increased cell volume due to defective ion trans-
porters, each can compromise the deformability 
of the cell leading to its premature removal from 
circulation.

4.1.4  Investigations of Red Cell 
Membrane Disorders

4.1.4.1  Red Cell Morphology
Presence of spherocytes, pincered erythrocytes 
(band 3) or spherocytic acanthocytes (β-spectrin), 
elliptocytes (HE), poikilocytes, pyknocytes, and 
microspherocytes (HPP) on a freshly made 
peripheral blood smear are all a clue to the pres-
ence of a membrane defect. Their number though 

is variable from few to numerous; however, the 
elliptocytes should definitely be more than 20% 
to be significant. Stomatocytes are seen as cup- 
shaped red cells characterized by a central 
hemoglobin- free area [6, 7].

4.1.4.2  Red Cell Indices
Various hematological analyzers provide erythro-
cyte indicators, which may aid in screening for 
membrane defects. But most of these parameters 
are research parameters not commonly used by 
the laboratories.

 1. Automated MCHC: In moderate and severe 
cases, MCHC is increased, but may be normal 
in mild cases. MCHC >35  g/dL and RDW 
>14% are reported to have a sensitivity of 
50% and a specificity of 100% for the identifi-
cation of HS [8].

 2. Hyper-dense cell percentage (% Hyper): Advia 
2120 analyzer (Siemens Medical Solutions 
Diagnostics, NY, USA)—% Hyper cut- off point 
of 6.4% showed an excellent sensitivity (92.3%) 
and specificity (90.7%) to detect HS [9].

 3. Mean sphered corpuscular volume (MSCV): 
Beckmann Coulter Inc., Fullerton, CA, 
USA—an artificial volume measurement dur-
ing the reticulocyte count. A delta (MCV- 
MSCV) value >9.6 fL is a good indicator for 
HS (90.6% specificity and 100% sensitivity) 
when there is a negative DAT result [10].

 4. Hyperchromic RBC (% HPR)—CELL-DYN 
Sapphire (Abbott Diagnostics, Santa Clara, 
CA, USA)—erythrocytes with hemoglobin 
>41 g/dL [11, 12].

 5. Percent Hyper-He-Sysmex XE-5000 (Sysmex, 
Kobe, Japan)—indicates the percentage of 
hyperchromic red cells with an Hb content 
>49 pg [13, 14].

4.1.4.3  Reticulocyte Count
Automated reticulocyte indices are particularly 
very useful to differentiate hereditary from 
acquired spherocytosis. Since membrane re- 
modeling begins at the reticulocyte stage in HS, a 
reduced reticulocyte volume less than 100 fL is 
seen, except in the neonates.
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The reticulocyte indices using a (Ret/IRF) ratio 
higher than 7.7 have a high predictive value to 
identify spherocyte population. This ratio is gener-
ally high (>19) in mild or subclinical HS. Moderate 
and severe HS is identified based on an increased 
MicroR/Hypo-He ratio (MicroR—microcytic 
cells representing the formed microparticles and 
Hypo-He—hypochromic erythrocytes) [14, 15].

Specific biochemical tests are available with 
variable sensitivities and specificities to charac-
terize the membrane defects. Table 4.1 describes 
the utility of the various tests in the differential 
diagnosis.

4.1.4.4  Osmotic Fragility Test (OFT) [16]
The test has traditionally been considered as the 
gold standard for the laboratory diagnosis of HS.

Principle: OFT measures the in vitro lysis of 
red cells suspended in solutions of decreasing 
osmolarity. Due to the loss of membrane surface 
area relative to intracellular volume, HS red cells 
are unable to withstand the entry of water that 
occurs when they are placed in increasingly 
hypotonic saline solutions; hence, they hemolyze 
more readily than normal red cells at any saline 
concentration. The red cells conditioned by the 
spleen form a tail that disappears after splenec-
tomy. Post incubation at 37 °C for 24 h, the RBCs 
become metabolically depleted, which acceler-
ates the loss of membrane surface area and the 
spheroid shape, thus making it more sensitive.

Results: Hemolysis is determined colorimet-
rically measuring the amount of hemoglobin 

released from red cells into the extracellular 
fluid. The absorbance is measured at 540 nm for 
fresh blood and after 24  h incubation, and a 
graph of % hemolysis versus NaCl concentra-
tion is plotted.

Interpretation: The shift of OF curve reflects 
the red cell response to hypotonic medium due 
to reduced cell volume and surface area. The 
shift to right of the curve is suggestive of sphe-
rocytes. Osmotic fragility is within reference 
range in HE, but is increased in spherocytic HE 
and HPP [17].

Limitations
• It is labor-intensive and time-consuming pro-

cedure and requires ≥2  mL of whole blood, 
thus making it unsuitable for use in newborn 
babies or as a population screening test.

• It has low sensitivity and specificity.
• OFT may be normal in 10–20% of HS cases 

because it cannot detect atypical and mild 
cases, also the test may be normal in the pres-
ence of iron deficiency, obstructive jaundice 
and during the recovery phase of an aplastic 
crisis, affected by elevated reticulocyte counts.

• It does not differentiate spherocytosis seen in 
other conditions, like AIHA, recent blood 
transfusion, enzymopathies, and unstable 
hemoglobin variants.

4.1.4.5  Sensitivity
HS cases: 68% on fresh; 81% on incubated blood 
(incubated OFT).

Table 4.1 Application of screening tests in the differential diagnosis of various RBC membrane defects

Diagnosis OFT AGLT Ektacytometry Cryohemolysis EMA binding
HS ↑ <900 s DImax ↓

Omin ↑
Hydration ↓

↑ ↓

HE, HPP ↑ N, ↓ Trapezoidal shape ↑ ↓ and ↓↓↓
OHSt ↑ No data DImax N

Omin ↑
Hydration ↑

No data ↑

DHSt ↓ >900 s DImax N
Omin ↓
Hydration ↓

No data ↑

CHC No data No data No data No data ↓
SAO No data No data Not deformable ↑ ↓
CDA ↑ No data No data N/↑ N/↓
AIHA ↑ >900 s HS like No data N/↑
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Compensated HS cases: 53% on fresh, 64% 
with incubated OFT.

4.1.4.6  Flow Cytometry-Based  
Fragility Tests

There are two flow cytometry-based tests to mea-
sure erythrocyte fragility:

 1. Flow cytometric osmotic fragility test (FCM 
OFT)

 2. Eosin-5′-maleimide (EMA) binding test

4.1.4.7  Flow Cytometric Osmotic 
Fragility [18–21]

Principle: The red cells are susceptible to lysis 
when exposed to deionized water (DW), a 
hemolysis- inducing agent. A red cell suspension 
in isotonic normal saline undergoes hemolysis 
when exposed to DW, subsequently red cell count 
is measured in real time by FCM before and after 
DW spiking.

Results: The degree of osmotic hemolysis is 
expressed as “% residual red cells.”

% Residual red cells
Mean event count of last two regions residu

=
aal cells

Event count of first region cells present initia
( )

llly dilution factor( )×
×100

Interpretation: Increased osmotic fragility is 
indicated by a low percentage of residual red 
cells.

Advantages
• Time and labor-saving
• Quantitative and objective
• Cost-effective
• Pre-incubation of blood samples not required
• High test efficiency rates
• Can indicate clinical severity in HS patients

Sensitivity and specificity: 85.7% and 97.2%, 
respectively.

4.1.4.8  Eosin-5-Maleimide (EMA) 
Binding Test [20]

Principle: The dye eosin-5-maleimide on the 
intact labeled red cells binds with Lys-430 on the 
first extracellular loop of band 3 protein and the 
Rh-related proteins of the RBC membrane, then 
the relative fluorescence intensity is measured by 
flow cytometry. Reduced band 3 and related 
membrane proteins lead to a decreased fluores-
cence intensity, characteristically to <65% of 
normal.

Advantages
• It is time-efficient (results within 2–3  h), 

labor-saving, quantitative, and objective.
• The results are not influenced by storage for 

up to 6 days, allowing shipping of samples.
• Requirement of only 5 μL of peripheral blood 

makes it easy to perform in neonates.
• The test can detect HS red cells as well as 

SAO, cryohydrocytosis, and some cases of 
CDA type II, even HPP red cells.

• The test can be used alone when adequate 
clinical and laboratory information on the 
patient are available.

Limitations
 1. EMA dye is expensive and its working solu-

tion is unstable to light.
 2. Nonavailability of universal reference ranges 

for normal controls and HS.
 3. HS cases associated with ankyrin defects can-

not be picked up and is equivocal for other RBC 
membrane disorders such as elliptocytosis, 
pyropoikilocytosis, stomatocytosis, and SAO.

4.1.5  Results

 Mean channel fluorescence MCF
mean normal fluorescence c

% ( ) =
oontrols fluorescence test

mean normal fluorescence c
−( )×100

oontrols
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The test is positive for HS when the percent-
age of fluorescence reduction is >21%, negative 
when <16%, and equivocal if the percentage is 
between 16 and 21% [22].

Hereditary pyropoikilocytosis (HPP, 
MCV < 60 fL) and HE can be differentiated from 
HS, based on the graded reduction in fluorescence 
intensity for HPP (the lowest) < HS < HE ≤ nor-
mal controls [20, 23]. Fluorescence readings of 
some rare red cell disorders—CDAII, SAO, and 
cryohydrocytosis which are similar can be distin-
guished from HS based on their clinical features.

4.1.5.1  Interpretation of Results
Low MCF indicates defect in band 3 or protein 
4.2, hence it is specific for though can also be 
positive in HPP.

Sensitivity and Specificity: 92.7% and 99.1%; 
positive predictive value of 97.8% and a negative 
predictive value of 96.9%.

4.1.5.2  Glycerol Lysis-Time Test/
Acidified Glycerol Lysis-Time 
Test [24, 25]

Principle: Glycerol in a hypotonic buffered 
saline solution slows the rate of entry of water 
molecules into the red cells, so that the time taken 
for lysis can be very conveniently measured. GLT 
50 is a one-tube test, to measure the time taken 
for 50% lysis of a blood sample after addition of 
glycerol. The original method although had more 
sensitivity in the osmotic-resistant range, but 
could identify most patients with HS by a shorter 
GLT50.

Zanella et al. modified the original test by low-
ering the pH of the buffered solutions to 6.85, 
which improved the sensitivity and specificity for 
HS. As a result, the lysis of normal red cells can 
be measured at a more manageable time of >900 s.

4.1.6  Results

AGLT50 Normal blood (normal adults, newborn 
infants and cord samples): >30 min (1800 s).

AGLT50  in Hereditary Spherocytosis: 
Between 25 and 150 s.

This AGLT is also seen in acquired spherocy-
tosis, such as AIHA, in some pregnant women, 

chronic renal failure, and myelodysplastic 
syndrome.

Sensitivity for β-thalassemia 95% and speci-
ficity 97%, for iron deficiency 53% and for HS, 
only 36%, so PPV of a positive result is practi-
cally nil for HS.

4.1.6.1  Significance of the AGLT
Sensitivity of the AGLT is high in compensated 
HS and with an undetected biochemical defect 
cases.

4.1.6.2  The Pink Test [26]
Principle: The pink test is a modification of the 
acidified glycerol lysis test in which red cells in a 
drop of peripheral blood are added to a solution 
of acidic hypotonic glycerol (pH 6.66) and evalu-
ated for final hemolysis.

4.1.7  Results

Healthy controls: 4.1 and 21.7% of hemolysis. 
HS: Above 41.3%.

It is also positive in some cases of renal fail-
ure, AIHA, normal pregnant women and negative 
in other microcytic anemias (β-thalassemia, iron 
deficiency anemia).

Sensitivity is 100% in hereditary spherocyto-
sis; it clearly discriminates them from healthy 
subjects.

4.1.7.1  Cryohemolysis Test [27]
Principle: The red cells when cooled from 37° to 
0 °C, while suspended in hypertonic medium, rup-
ture; because of the cell shrinkage, their membrane 
cannot undergo mechanical accommodation. The 
amount of hemoglobin released is then measured 
spectrophotometrically. The strain imposed on the 
skeleton during the temperature changes exposes not 
only changes in the surface area-to-volume ratio but 
also defects in the proteins of the vertical linkages.

Advantages
• This test is reported to identify all patients 

with HS, including asymptomatic carriers.
• SAO has also increased cryohemolysis.
• The test can be carried out on EDTA blood up 

to 1 day old.
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4.1.8  Results

%
%

hemolysis
Absorbance at test

Absorbance of cell ly
=

( )540
540 100 ssate

×100%

4.1.9  Interpretation

Range of cryohemolysis in normal subjects is 
3–15%; in hereditary spherocytosis, it is >20% 
[27].

However, it is recommended that individual 
laboratories establish their own reference values 
for the method.

Sensitivity is 100% and specificity is 90% in 
relation to the general population of hospitalized 
patients and 87% in relation to AIHA.

4.1.9.1  Ektacytometry [28]
Principle: Blood sample is subjected to a defined 
value of shear stress which induces change of red 
cell shape from circular at rest to elliptical at a 
high shear stress, this is projected as a laser dif-
fraction pattern. It is a measure of the average 
RBC deformability, and a deformability index for 
the red cells is derived.

Advantages
• Amount of blood required to perform the test 

is small (100 μL); hence, it can be used for 
neonates.

• Distinct osmotic deformability profiles gener-
ated can help diagnosis of not only HS but the 
other RBC membrane disorders such as ellip-
tocytosis, HPP, stomatocytosis, and SAO.

Limitations
• The instrument is complex and not readily 

available.
• There is a need for specialized staff members 

in order to process the samples and analyze 
the data.

• The test can be done only after 3  months 
post-transfusion.

• Analysis should be done within 48 h of blood 
sampling.

A new generation ektacytometer Osmoscan 
LoRRca MaxSis has been engineered by 

Mechatronics Instruments BV® (Zwaag, The 
Netherlands). It is a unique instrument, with 
research and clinical applications, which enables 
simultaneous analysis of three major RBC prop-
erties, RBC cell geometry, viscosity, and deform-
ability. Even though it diagnoses most of the 
membrane defects, ektacytometry has not even 
been evaluated in the 2011 guidelines.

4.1.10  Results

In both systems, a measure of cellular deform-
ability defined as the deformability index (DI) is 
generated.

• HS. DImax↓; Omin↑: osmotic fragility↑; O′↓: 
cell hydration↓

• HE and HPP. DImax↓; in both instances the 
curve has a trapezoidal shape

• DHS. DImax normal; Omin↓: osmotic fragil-
ity↓; O′↓: cell hydration ↓

• OHS. DImax normal; Omin↑: osmotic fragil-
ity↑; O′↑: cell hydration↑

4.1.10.1  Sodium Dodecyl Sulfate 
Polyacrylamide Gel 
Electrophoresis  
(SDS-PAGE) [29]

Identifying a protein defect red cell membrane 
confirms the diagnosis. SDS-PAGE is used on 
red cell membrane ghosts not only for identifica-
tion of the protein defect (e.g., CDAII band 3 and 
spectrin variants in HE/HPP) but also the quanti-
tation of protein (decreased proteins in both HS 
and HE, or increased spectrin dimer in HE/HPP). 
It can detect protein 4.1 defect in HE. Although 
not mandatory for diagnosis of HS, it is useful 
where the proband has a clinical condition incon-
sistent with that of the affected parent(s) and 
siblings.

Limitation: The facility is largely unavailable 
and the sample has to be processed rapidly within 
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24 h. The test also lacks sensitivity for very mild 
or asymptomatic “carrier” HS.

4.1.10.2  Molecular Genetics [30]
Several mutations have been identified, the test-
ing provides no extra information nor is it 
required for treatment decision-making for a 
patient of HS or HE with a positive family his-
tory. NGS (next generation sequencing) to iden-
tify the protein gene mutation in the proband, and 
less expensive molecular techniques (namely 
PCR and sequencing) to test the other family 
members (e.g., parents and affected relatives).

Table 4.1 summarizes the laboratory features 
of RBC membrane defects.

4.2  Hereditary Spherocytosis

HS is a group of inherited disorders characterized 
by the presence of spherical shaped erythrocytes 
in a peripheral blood smear. Approximately 1 in 
2000 Caucasians has HS. It has also been found 
in other ethnic groups (in Africa, Algeria, Tunisia, 
Egypt, Japan, North India, and Brazil) [31].

4.2.1  Pathobiology of Hereditary 
Spherocytosis (HS) [32]

The weakened vertical linkages due to defi-
ciency of one of the membrane proteins desta-
bilize the lipid bilayer, leading to loss of 
membrane in the form of microvesicles. This 
reduces the surface area of the cell and leads to 
spherocyte formation. Red cells with a defi-
ciency of spectrin or ankyrin produce microves-
icles containing band 3, whereas a reduced 
amount of band 3 or protein 4.1R gives rise to 
band 3-free microvesicles. Consequent to the 
decreased deformability, the spherocytes get 
trapped in the spleen where the membrane is 
further damaged by splenic conditioning and 
ultimately lyse. The membrane lipid loss is 
symmetrical, i.e., the relative proportions of 
cholesterol and phospholipids are normal and 
the asymmetrical distribution of phospholipids 
is maintained. Secondary to the underlying 

membrane defect, the increased cation permea-
bility leads to a loss of monovalent cations 
accompanied by the loss of water leaving the 
spherocytes dehydrated.

4.2.2  Red Cell Membrane Protein 
Defects

Membrane loss in hereditary spherocytosis is as a 
result of deficiency or dysfunction of one or com-
bined membrane proteins [2, 33, 34] based on 
which the disease can be divided into subsets.

• Deficiency of spectrin
• Combined deficiency of spectrin and ankyrin
• Deficiency of band 3 protein
• Deficiency of protein 4.2
• Deficiency of Rh complex
• Undefined protein abnormalities

Different molecular mechanisms can generate 
similar membrane protein deficiency in HS. Most 
of the protein gene mutations in HS are “private” 
or sporadic occurrences, i.e., they are specific to 
one family or found in a few families from differ-
ent countries.

4.2.3  Hereditary Spherocytosis 
in the Neonate

The disease very often presents as jaundice in 
the first few days of life which has to be man-
aged by phototherapy or sometimes exchange 
transfusions. Co-inheritance of Gilbert’s syn-
drome as detected by homozygosity for a TATA 
box polymorphism in the uridine-diphosphate 
glucuronyl- transferase 1A1 gene (UGT1A1) 
increases both the frequency and severity of 
hyperbilirubinemia [35] in neonates with 
HS. The hemoglobin at birth is within the nor-
mal range, which decreases sharply during the 
first 3 weeks of life, leading to a transient, severe 
anemia requiring blood transfusions. The sever-
ity of hemolysis in the neonatal period has been 
related to the presence of fetal hemoglobin, 
which does not bind to 2,3- diphosphoglycerate 
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(2,3-DPG). The resulting elevated free 2,3-DPG 
levels destabilize the spectrin–protein 4.1 inter-
action, thereby augmenting the skeletal defect. 
The erythropoiesis at this age is slow and most 
infants outgrow the need for transfusion by the 
end of their first year of life.

Close follow-up of infants with HS is neces-
sary; in the first 6  months hemoglobin and 
reticulocyte counts should be monitored every 
month to detect and treat late anemia. After 
6  months every 6–8  weeks, and thereafter to 
3–4 months in the second year of life. Up till 
the age of 5 years, hemoglobin, bilirubin levels 
and reticulocyte counts should be checked 
every 6–12 months, and every year thereafter. 
Annual screening for parvovirus B19 serology 
should be done until a positive result for IgG is 
obtained.

The diagnosis of hereditary spherocytosis is 
more difficult in the neonatal period than later in 
life. Splenomegaly is infrequent; reticulocytosis 
is usually not severe, i.e., not >10%, and sphero-
cytes are commonly seen in neonatal blood films 
even in the absence of disease. The neonatal red 
cells are osmotically resistant compared to that of 
the adult cells, hence the osmotic fragility test is 
also less reliable. For these reasons, investiga-
tions should be postponed until at least 6 months 
of age and age appropriate osmotic fragility 
curves should be used.

4.3  Complications in HS

4.3.1  Gallbladder Disease

The formation of bilirubinate gallstones is the 
most common complication of hereditary sphe-
rocytosis arising between 10 and 30  years of 
age. The co-inheritance of Gilbert’s syndrome 
(as detected by homozygosity for a TATA box 
polymorphism in the uridine-diphosphate 
glucuronyl- transferase 1A1 gene (UGT1A1)) 
increases the risk by 4–5 folds. An abdominal 
ultrasound is recommended every third to fifth 
year in patients with HS, every year in those 
with both HS and Gilbert’s syndrome, and 
before splenectomy.

4.3.2  Hemolytic, Aplastic, 
and Megaloblastic Crises

Hemolytic crises are usually associated with 
viral illnesses and typically occur in childhood. 
They are mild and characterized by jaundice, 
splenomegaly, anemia, and reticulocytosis. 
Medical intervention is seldom necessary.

Aplastic crises following viral infections 
(most common being parvovirus B19) are uncom-
mon but marrow suppression may be profound 
anemia requiring hospitalization and transfusion 
with serious complications, including congestive 
heart failure or even death. The aplastic crises 
usually last for 10–14 days. The diagnosis can be 
confirmed by documenting raised parvovirus 
IgM titers in the acute illness. The family mem-
bers should be warned of the risk of catching this 
contagious viral infection.

Megaloblastic crises are seen in HS patients 
during periods of increased folate demands, such 
as growth spurt in pediatric age and pregnancy.

4.3.3  Other Complications

Leg ulcers, chronic dermatitis in the legs and gout 
are rare manifestations of HS, which usually heal 
rapidly after splenectomy. In severe cases, skele-
tal abnormalities resulting from expansion of the 
marrow can occur. Extramedullary hematopoiesis 
can lead to tumors, particularly along the thoracic 
and lumbar spine or in the kidney hila, in nonsple-
nectomized patients with mild to moderate 
HS.  Postsplenectomy, the masses involute and 
undergo fatty metamorphosis. Thrombosis has 
been reported in several HS patients, usually 
postsplenectomy.

4.3.4  Diagnostic Value 
of the Various Lab Tests

The laboratory diagnosis is based upon a combi-
nation of clinical history, family history, physical 
examination (splenomegaly, jaundice), and labo-
ratory data (full blood count, morphology, and 
reticulocyte count) [36]. Additional, specialized 
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tests utilizing the surface area-to-volume ratio are 
needed to confirm the diagnosis, including the 
red cell osmotic fragility test (OFT), Glycerol 
Lysis (GLT), Acidified Glycerol Lysis (AGLT), 
and Pink test. However, these tests may miss the 
mild HS cases and do not differentiate HS from 
secondary spherocytosis as in AIHA. The cryo-
hemolysis test and the flow cytometric EMA- 
binding test are the recommended methods of lab 
diagnosis of HS [35]. The latter in particular has 
been proven to be a sensitive and specific diag-
nostic tool for HS.

EMA-binding shows 98% specificity and 93% 
sensitivity which is independent of the type and 
amount of molecular defect and the clinical phe-
notype. A comparable sensitivity has been shown 
by the AGLT (95%) and Pink test (91%). The 
sensitivity of NaCl osmotic fragility tests, tradi-
tionally considered the gold standard for diagno-
sis, is only 68% on fresh and 81% on incubated 
blood, which is further reduced in compensated 
cases (53% and 64%) [37]. EMA test has compa-
rable specificity and sensitivity to the acidified 
glycerol lysis test and ektacytometry [38] and is 
better than OFT [39].

Differentiation between HS and CDA II is a 
challenge, the latter mimics HS both in terms of 
clinical presentation and increased red cell 
osmotic fragility, and can only be distinguished 
by detection of hypoglycosylation of band 3. 
Patients with dominantly inherited HS and rela-
tives with clinical heterogeneity should also be 
assessed for another co-existing RBC defect 
(thalassemic trait, sickle hemoglobin, or pyru-
vate kinase or glucose-6-phosphate dehydroge-
nase deficiency) or for low-expression alleles 
occurring in trans to the hereditary spherocyto-
sis allele using SDS-PAGE of membrane 
proteins.

Thus molecular diagnosis is useful in patients 
with atypical features, severe disease, unclear or 
recessive inheritance, de novo mutations or 
undiagnosed hemolytic anemia and also aids in 
identification of silent carriers and prenatal 
diagnosis.

Although none of the currently available meth-
ods have 100% sensitivity, British Committee for 
Standards in Haematology guidelines (BCSH) 

2011 recommends the use of the EMA test or 
cryohemolysis for the diagnosis [40].

4.3.5  Treatment

Splenectomy cures almost all patients with this 
disorder, eliminating the anemia and hyperbiliru-
binemia and near-normalization of reticulocyte 
count. Spherocytes and altered osmotic fragility 
persist even after splenectomy; however, the  
tail of the osmotic fragility curve disappears. 
Splenectomy in infancy and early childhood even 
in severely transfusion dependent cases should not 
be done before 3 years of age and is best delayed 
until 6–9  years of age. Delay after 10 years 
increases the risk of cholelithiasis.

4.4  Hereditary Elliptocytosis 
(HE)/Hereditary 
Pyropoikilocytosis (HPP)

HE characterized by the presence of elliptical or 
oval erythrocytes on the blood films is estimated 
to be 1 in 2000–4000 individuals and is inherited 
as an autosomal dominant disorder [41].

4.4.1  Etiology and Pathogenesis

HE/HPP is due to defects in the horizontal inter-
actions of the cytoskeletal network involving the 
spectrin dimer–dimer interaction or the spectrin–
actin–protein 4.1R junctional complex and gly-
cophorin C(GPC), which weakens the skeleton 
and compromises its deformability during circu-
latory shear stress [41]. HE reticulocytes have a 
normal shape when released into the circulation 
but become progressively more elliptical as they 
age and ultimately the abnormal shape becomes 
permanent [41]. As the severity of the defect 
increases, the cells become prone to fragmenta-
tion. HPP patients exhibit a combination of hori-
zontal (impaired spectrin tetramer formation) and 
vertical (spectrin deficiency) defects, with the lat-
ter causing microspherocytes and exacerbating 
the hemolytic anemia [42].
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4.4.2  Red Cell Membrane Protein 
Defects

Spectrin: Commonly mutations that affect spec-
trin heterodimer self-associations are found in 
HE.  There is increase in spectrin dimers and 
decrease in spectrin tetramers, which weakens 
the membrane skeleton and facilitates the for-
mation of elliptocytes under circulatory shear 
stress [42, 43].

Protein 4.1R: Mutated red cells are mechani-
cally unstable and fragment at moderate shear 
stress but provide protection from P. falciparum 
[43]. An acquired deficit in 4.1R is reported in 
myelodysplastic syndromes [44].

Glycophorin C(GPC): Heterozygous carriers 
of this defect are asymptomatic, with normal red 
cell morphology, whereas homozygous subjects 
present with mild HE and exhibit elliptocytes on 
the blood film [45].

4.4.3  Clinical Features

The clinical presentation of HE is heteroge-
neous, from asymptomatic carriers to patients 
with severe, life-threatening anemia. Majority 
of patients are asymptomatic, found incidentally 
or are carriers who possess the same molecular 
defect as an affected HE relative. The erythro-
cyte life span is normal, and the patients are not 
anemic and have normal blood films. HE 
patients with chronic hemolysis experience 
moderate to severe hemolytic anemia with ellip-
tocytes and poikilocytes on the blood film and 
may develop complications of chronic hemoly-
sis, such as gallstones. The clinical expression 
of HE may vary within the same family despite 
all the affected individuals carrying the same 
causative mutation. This is a result of the inheri-
tance of modifier alleles or co-inheritance of 
other molecular defects which modify the clini-
cal expression. The hemolytic anemia can also 
be exacerbated by acquired conditions, which 
alter microcirculatory stress on the red cells. 
HPP is typically picked up in patients with fam-
ily history of HE.

4.4.4  Hereditary Elliptocytosis 
in Infants

Clinical symptoms of elliptocytosis are uncom-
mon in the neonatal period. Only severe forms of 
HE/HPP are present in the neonatal period with 
severe, hemolytic anemia with marked poikilocy-
tosis and jaundice requiring red cell transfusion, 
phototherapy, or exchange transfusion. The clini-
cal severity of HE can be affected by the weak 
binding of DPG to fetal hemoglobin leading to an 
increased free DPG, which further destabilizes 
the spectrin–actin–protein 4.1 interaction [46]. 
The hemolysis abates usually between 9 and 
12 months of age, and the patient progresses to 
typical HE with mild anemia. The typical ellipto-
cytes begin to appear on the blood film at 
4–6 months of age.

4.4.5  Laboratory Features

The hallmark of HE is the presence of classically 
normochromic, normocytic elliptical cells vary-
ing from the short stick shape (4.1 deficiency) to 
more oblong on the blood smears from few to 
100% in number although the number does not 
correlate with severity of hemolysis.

In HPP along with elliptocytes, extreme poi-
kilocytosis in form of bizarre cells fragmented or 
budding and microspherocytes are seen with low 
MCV from 50 to 70 fL. Some of the fragmented 
red cells are counted as platelets by the hematol-
ogy analyzer and overestimate the platelets counts. 
The reticulocyte count generally is <5%, but may 
be higher when hemolysis is severe, along with 
increased serum bilirubin, increased urinary urobi-
linogen, and decreased serum haptoglobin.

Osmotic fragility is abnormal in severe HE 
and in HPP patients. The ektacytometry curve 
exhibits a trapezoidal form with a decrease in the 
red cell deformability. SDS-PAGE electrophore-
sis and analysis of spectrin tetramer–dimer ratios 
using non-denaturing gels help in detection. 
Molecular biological studies to determine the 
underlying mutation are not necessary for 
diagnosis.
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4.4.6  Treatment and Prognosis

Treatment is rarely needed in patients with 
HE. Occasional, red blood cell transfusions may 
be required. In severe cases of HE and HPP, sple-
nectomy has been palliative.

4.5  Southeast Asian 
Ovalocytosis (SAO)

SAO is characterized by the presence of large 
oval red cells which contain one or two trans-
verse ridges or a longitudinal slit. It is a very 
common autosomal dominant condition in the 
aboriginals from Papua New Guinea, Indonesia, 
Malaysia, the Philippines, and southern 
Thailand, in areas where malaria is endemic, 
with prevalence varying between 5 and 25% 
providing protection against all forms of 
malaria [47, 48].

The defect results due to a mutation in the 
SLC4A1 gene encoding band 3. The erythro-
cytes are rigid and hyperstable and show a 
slight loss of monovalent cations when exposed 
to low temperatures, with a reduction of anion 
flux. In SAO, band 3 binds tightly to ankyrin, 
forming oligomers, which exhibit restricted lat-
eral and rotational mobility and inability to 
transport anions. Interestingly, this rigidity 
does not affect red cell survival in vivo, and the 
affected adult individuals are completely 
asymptomatic [49, 50].

4.5.1  Lab Diagnosis

The diagnosis is usually made coincidentally on 
examination of blood smears with at least 20% of 
oval shaped red cells and absence of clinical and 
laboratory evidence of hemolysis. Few may pres-
ent as hemolytic anemia in the neonates requiring 
phototherapy. Deformability of SAO red cells is 
quantitated by ektacytometry [51].

4.6  Red Cell Membrane 
Transport Defects: 
Hereditary Stomatocytosis

The hereditary stomatocytoses described as the 
“channelopathies” of the red cell are dominantly 
inherited diseases where abnormal transport of Na+ 
and K+ is the key to the pathophysiology [52]. A 
“pump” forces Na+ out of the cell and K+ in, and 
this action is balanced by a process called “the pas-
sive leak.” In the hereditary stomatocytoses, the pas-
sive leak is increased and the red cell becomes 
overwhelmed with salt and water resulting in hemo-
lysis. The main types are overhydrated (OHSt), 
dehydrated (DHSt/xerocytosis), cryohydrocytosis 
(CHC), and familial pseudohyperkalemia (FP). 
Recently discovered genes, the clinical course, and 
treatment have been summarized in Table 4.2.

4.6.1  Acquired Red Cell Membrane 
Defects

Normal individuals may show up to 3% stomato-
cytes on blood films. Acquired stomatocytosis is 
common in alcoholics, particularly acute alco-
holism. Vinca alkaloids used for chemotherapy 
may induce hemolysis with increased sodium 
permeability [60].

Transient stomatocytosis is seen in long distance 
runners immediately after a race. Spherocytes are 
hallmark of AIHA, where RBCs coated with auto-
antibodies are either entirely or partly phagocytosed 
in the cords of spleen. Micro- and macrosphero-
cytes are also seen in chronic hepatitis C virus infec-
tion treated with protease inhibitors (telaprevir and 
boceprevir) which induce oxidative stress, thus 
destabilizing the membrane-cytoskeletal structure 
by reducing α- and β-spectrins. Spiculated/spur 
cells can occur transiently in several conditions, 
such as after transfusion with stored blood, inges-
tion of alcohol and certain drugs, exposure to ion-
izing radiation or certain venoms and hemodialysis, 
in patients with functional or actual splenectomy, 
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severe liver disease, severe uremia, abetalipopro-
teinemia, certain inherited neurologic disorders and 
abnormalities of the Kell blood group. Acanthocytes 
and/or echinocytes may be present in patients with 
glycolytic enzyme defects, myelodysplasia, hypo-
thyroidism, anorexia nervosa, and vitamin E defi-
ciency; in premature infants; and in individuals with 
suppressed expression of Lu a and Lu b (Lutheran 
blood group system). The altered phospholipid dis-
tribution as in abetalipoproteinemia or increased 
cholesterol content (liver diseases) on the outer leaf-
lets causes increased surface area- to- volume ratio, 
which in turn modifies band 3 causing irregular cell 
surface which becomes more pronounced after pas-
sage through spleen. In acanthocytes, it is the altered 
intramembrane proteins, which disrupts the band 3 
and its cytoskeletal interactions causing membrane 
protrusions.

4.6.2  Summary

Using peripheral blood smear along with specific 
lab tests red cell membrane defects, inherited or 
acquired, can be diagnosed. In hereditary sphero-
cytosis, spherocytes seen on PBF have a good posi-
tive predictive value in a patient with a family 
history and compatible red cell indices but in the 
absence of a family history, both DAT and a screen-
ing test for HS should be performed. All the screen-
ing tests described can detect typical HS. When in 
doubt, two screening tests can be used. When the 
screening tests give negative or equivocal results, 
molecular testing should be resorted to especially 
when the family members are hematologically nor-
mal [61]. For hereditary elliptocytosis in the 
absence of a  family history of HE or only a few 
elliptocytes on the PBF, it is advised to confirm the 

Table 4.2 Salient features of various red cell membrane transport defects

Overhydrated HSt 
(OHSt) Dehydrated HSt (DHSt)

Cryohydrocytosis 
(CHC) [57]

Familial 
psuedohyperkalemia 
(FP) [59] coles

Prevalence 1/1,000,000 1/10,000 [54] Rare Rare
Inheritance ADD ADD
Mutation RhAG protein  

[53, 54]
PIEZO1 mechanoreceptor 
protein KCNN4 gene 
(Gardos channel) [55, 56]

SLC4A1 gene [58] ABCB6 gene

Morphology Macrocytes, 
stomatocytes

Stomatocytes, target cells Stomatocytes Normal

Hb 8–10 g/dL 12–15 g/dL 10–12 g/dL Normal
MCV 120–140 fL 98–120 g/dL Normal Normal/high
MCHC 24–28 g/dL 35–37 g/dL [53] Normal Normal
Reticulocyte count 10–15% 10% 08% Normal
Haptoglobin Undetectable Undetectable Undetectable Present
Intracellular 
cation

40× normal Na+/
K+ transport rate

Abnormal K+ leak at low 
temperature and 
4 °C

High plasma K+ in 
blood sample on 
long standing at RT

OFT
Ektacytometry 
deformability

Increased
STR

Decreased STL

Course Mild anemia Significant anemia, monitor 
for cholelithiasis, parvovirus
Iron overload

Treatment Folate
Splenectomy 
contraindicated

Folates
Splenectomy ± in severe 
cases
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diagnosis using SDS-PAGE for quantitation of pro-
tein 4.1 and spectrin analysis (spectrin dimer con-
tent and spectrin variant), or use ektacytometry to 
obtain characteristic DI profile [61]. It is important 
to identify disordered membrane permeability 
defects as splenectomy is of no benefit to a patient 

with dehydrated HSt and overhydrated HSt; in fact, 
they are more prone to severe postsplenectomy 
thrombotic complications. Apart from the increased 
or decreased red cell volume, the confirmation 
requires ion flux measurement, ektacytometry, or 
DNA sequencing for specific genes [61] (Fig. 4.2).

no hemolysis

No anemia

Evaluation of Kalemia at
diff temp

CBC

CDA

↑ Retic count

↓ MCV

↓ OF AGLT 50, Pink

N MCV ≠ MCH ≠ MCV  MCH

≠ OFT

EMA test Normal or ≠ 

N MCV

↓/normal retic
count

Enzymopathy, autoimmunity,

hemoglobinopathy

Hemolytic anemia

Familial 
pseudohyperkalemia

ABCB6

HS

N MCV MCH
≠ MCH MHCH

75% ADD 25% ARD

First line of investigations   Hb, MCV, MCH, MHCH PS, Family history, pedigree analysis   

HPP HE SAO HSt

RBC MEMBRANE DEFECT

N retic, ≠ MCV

PS spherocyte
polychromatophils

Elliptocytes
fragments

Elliptocytes spherocytes
stomatocytes 

Ovalocytes 
Stomatocytes UHS > 20%

DHS < 20%

ARD

Ekta trapezoidal

ANK1, SPTB, SPTA,

SLC4A1, EPBA

SPTB, SPTA1

EPBA
SLC4A1

PIEZO/KCNN4 –DHS

RHAG-OHS

SPTA1

a LELY variant

Ekta trapezoidal

Ekta flattened curve Ekta STL DHS STR OHS

Second line of investigations   OFT, AGLT 50, Pink test, EMA, Ekta

Third line of investigations   SDS PAGE, Sequencing of causative gene, NGS

ADD ADD ADD

Fig. 4.2 Algorithm for the differential diagnosis of RBC membrane defects. Modified from Andolfo et al. [62]
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Molecular Genetics of Inherited 
Red Cell Membrane Disorders

Anu Aggarwal, Manu Jamwal, and Reena Das

Inherited red cell membrane disorders consti-
tute a diverse group of disorders which are 
characterized by wide clinical and molecular 
heterogeneity. They are nonimmune hereditary 
hemolytic anemia, and patients present with 
variable degrees of pallor, episodic jaundice, 
splenomegaly, and elevated lactate dehydroge-
nase (LDH) levels. The underlying cause is the 
defects either in the organization of membrane 
structure or membrane transport function aris-
ing because of mutations in genes encoding 
erythrocyte membrane proteins essential for 
stable structure and function. The commonest 
disorder is hereditary spherocytosis (HS) fol-
lowed by relatively uncommon conditions such 
as hereditary elliptocytosis (HE) and heredi-
tary pyropoikilocytosis (HPP). Disorders of 
alterations of hydration include hereditary sto-
matocytosis (HSt) where cation permeability 
in the red cell membrane is disturbed, leading 
to overhydrated HSt and hereditary xerocyto-
sis/dehydrated HSt. Extensive biochemical, 
biophysical, and genetic studies of the red cell 
membrane in the decades have provided 
detailed molecular insights into the structural 
basis for normal red cell membrane function 

and for altered function in various inherited red 
cell membrane disorders [1–5].

5.1  Laboratory Diagnosis of Red 
Cell Membrane Disorders

Laboratory diagnosis of a patient suspected to 
have red cell membrane disorder is done by hier-
archal testing based on automated red cell indi-
ces, the morphology of RBCs, and reticulocytosis 
in the context of an appropriate clinical presenta-
tion. Different diagnostic tests are performed to 
find the cause of the underlying hemolysis in a 
systematic manner as shown in Fig. 5.1.

Glucose-6-phosphate dehydrogenase (G6PD) 
deficiency, thalassemia syndromes, and other 
hemoglobinopathies like sickle cell disorders and 
hemoglobin E syndromes, unstable hemoglobins, 
autoimmune hemolytic anemia (AIHA), pyruvate 
kinase (PK) deficiency, and sometimes congenital 
dyserythropoietic anemia (CDA) type II need to be 
appropriately excluded. Diagnosis for patients with 
classic HS is straightforward, based on a positive 
family history especially when the inheritance is 
autosomal dominant, the presence of spherocytes 
on peripheral blood film, increased reticulocyte 
count, increased incubated osmotic fragility test 
(iOFT), and decreased mean channel fluorescence 
for eosin 5′ maleimide (EMA) dye by flow cytom-
etry. Similarly, other disorders like HE, HPP, or 
HSt could be diagnosed by the morphology of red 
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blood cells on peripheral smear. However, the dif-
ficulty lies when there is overlapping clinical fea-
tures, protean manifestations, post-blood 
transfusion samples, and co-inheritance of 
other  disorders. Traditional diagnostic testing 
approaches fail to identify the cause in such cases, 
and therefore, genetic testing to identify the under-
lying defect could be implemented. Sanger 

sequencing for the region of interest is the first 
approach to proceed to find the defect. However, 
the number and complexity of the genes involved 
make it cumbersome and  time- consuming. Next-
generation sequencing (NGS)/targeted re-sequenc-
ing of the panel of implicated genes provides a 
rapid and cost-effective approach to the molecular 
diagnosis of hemolytic anemias [6].

Family History: Anemia, splenectomy, gall stones,
history of blood transfusion(s), recurrent jaundice

Physical Examination: Anemia, splenomegaly, jaundice, stigmata of chronic
anemia/ hemolysis e.g. growth failure, hemolyticfacies, hypogonadism etc. 

Basic Laboratory investigations: Hyperbilirubinemia, elevated
plasma Hemoglobin (Hb) &/or urine Hb &/or urine
hemosiderinuria, elevated LDH, peripheral blood 

G6PD deficiency 

Thalassemia syndromes

Sickle cell disorders
& HbE syndromes

Autoimmune hemolytic
anemia

Unstable Hbs

Pyruvate kinase deficiency

Patients with UNEXPLAINED hemolytic anemias

CDA Type II (BM examination,
HEMPAS test, EM & molecular

testing for SEC23B)

EXCLUDED EXCLUDED

Spherocytes Elliptocytes Severe anisopoikilocytes Stomatocytes

Hereditary
spherocytosis 

Hereditary
elliptocytosis

Hereditary 
pyropoikilocytosis

Overhydrated
Hereditary

stomatocytosis 

PBF examination

Mediterranean
Stomatocytosis/

macrothrombocytopenia
Sitosterolemia

Fig. 5.1 Algorithm used in the diagnosis of inherited red cell membrane disorders
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5.2  Hereditary  
Spherocytosis (HS)

HS is a heterogeneous disease characterized by 
the presence of microspherocytes in the periph-
eral blood smear (PBS) with increased osmotic 
fragility which was first described in 1871. 
Spherocytes show reduction of normal surface 
area and increased rigidity. During circulation, 
the abnormal erythrocytes get trapped in the 
spleen where they encounter in a metabolically 
unfavorable environment in the splenic pulp 
and are phagocytosed. The hemolysis in the 
spleen results directly in varying degrees of 
anemia and hyperbilirubinemia, which in turn 
results in pallor, fatigue, and jaundice in the 
patient. The loss of surface area results from 
increased membrane fragility due to defects in 
the erythrocyte membrane proteins, like 
ankyrin, band 3, beta spectrin, alpha spectrin, 
and protein 4 [3, 7].

5.2.1  Geographical Distribution

HS occurs universally in all populations and 
happens to be the commonest cause of inherited 
chronic hemolytic anemias among people of 
North European descent, affecting approxi-
mately one case in 2000 people. It is also 
 prevalent in Japan and less frequently in the 
Southeast Asian and African-American popula-
tions; however, comprehensive data is not avail-
able for them [7]. In India, HS has been reported 
chiefly from the northern states (Punjab, Delhi, 
Uttar Pradesh, and Maharashtra) as well as spo-
radically from eastern and southern states like 
Andhra Pradesh and West Bengal [8–10]. 

Although precise incidence data is unavailable, 
anecdotal evidence suggests that it is a relatively 
frequently encountered membrane disorder.

5.2.2  Genetics of HS

Majority of the cases (~70%) of HS is autosomal 
dominant (AD) in inheritance, and others show 
autosomal recessive (AR) inheritance or de novo 
mutations [11–13]. Homozygosity for domi-
nantly inherited HS gene has not been known, 
suggestive of the incompatibility of the homozy-
gous state with life. Dominant HS is predomi-
nantly associated with null phenotypes due to 
nonsense or frameshift mutations resulting from 
insertions or deletions, whereas recessive HS is 
caused by promoter or missense mutations, 
which are probably de novo mutations [14–17]. 
Mutations causing HS are in genes like ankyrin, 
β-spectrin, band 3, α-spectrin, and protein 4.2 
that act as transmembrane proteins, membrane 
skeletal proteins, and mediating proteins helping 
in the attachment of the transmembrane proteins 
to the skeletal proteins of erythrocyte membrane 
respectively as shown in Table 5.1.

HS may be subclassified depending upon the 
genes implicated as given in Table 5.2.

Table 5.1 Main features of the genes involved in hereditary spherocytosis

Gene symbol Chromosome location Gene size (kb) No. of exons AA
SPTA1/EL2 1q23.1 80 53 2429
SPTB/EL3 14q23.3 100 38 2137
ANK1 8p11.21 160 49 1880
EPB3/SLC4A1 17q21.31 18 21 911
EPB42/ELB42 15q15.2 20 16 691

Iolascon et al. [18]; Online Mendelian Inheritance in Man, OMIM [19]

Table 5.2 Classification of HS depending upon the 
implicated genes

Type MIM ID # Gene implicated
HS type 1 (SPH 1) # 182900 ANK1
HS type 2 (SPH 2) # 182870 SPTB
HS type 3 (SPH 3) # 270970 SPTA1
HS type 4 (SPH 4) # 612653 EPB3/SLC4A1
HS type 5 (SPH 5) # 612690 EPB42/ELB42

Compiled from OMIM [19]

5 Molecular Genetics of Inherited Red Cell Membrane Disorders
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5.2.3  Clinical Manifestations

Clinical manifestations of HS are quite variable 
among the patients and are marked by

 1. Hemolysis with or without anemia
 2. Elevated absolute reticulocyte count
 3. Splenomegaly
 4. Jaundice
 5. Presence of gallstones
 6. Increased mean corpuscular hemoglobin con-

centration (MCHC)
 7. Presence of spherocytes on PBS
 8. Increased osmotic fragility test
 9. Family history of anemia, jaundice, and 

gallstones

The clinical presentation is extremely variable 
among the patients, and many patients may not 
be identified until later in life when an infection 
or other process aggravates hemolysis. The 
degree of hemolysis varies considerably from 
asymptomatic to severely transfusion-dependent 
patients. The anemia seen in HS is usually mild 
to moderate, but may be worsened with fatigue, 
cold exposure, pregnancy, deficiencies of iron, 
vitamin B12, folate in addition to co-inheritance 
of β-thalassemia, PK deficiency, G6PD defi-
ciency or due to viral  infection likely parvovirus 
B19. Jaundice in anemic patients is due to 
increased red cell destruction leading to hyper-
bilirubinemia. Some patients also develop pig-
ment (calcium bilirubinate) gallstones due to 
chronic hemolysis. The disease worsens with the 
co-inheritance of Gilbert syndrome or G6PD 
deficiency especially in the neonatal period. HS 
is clinically subclassified based on the severity of 

disease as mild, moderate, moderately severe, 
and severe phenotypes which is shown in the 
Table  5.3 based on the classification given by 
Perrotta et  al. (2008) [7]. The classification is 
modified according to Indian population 
(unpublished).

5.2.4  Laboratory Diagnosis of HS

The diagnosis of HS is based on clinical findings 
and various laboratory tests. Clinical features like 
variable degree of anemia, jaundice, and spleno-
megaly are suggestive in the patient. In labora-
tory diagnosis, the most important is PBS 
showing spherocytes, mushroom red cells, poi-
kilocytosis, acanthocytes, or ovalostomatocytes 
with abnormal red blood cell indices (increased 
MCHC and increased RDW) and high reticulo-
cyte count. Various laboratory tests including 
OFT (incubated and fresh), acidified glycerol 
lysis test (AGLT), and Pink test may be used as 
the first line of screening test for the diagnosis. 
These tests vary in their specificity and sensitiv-
ity in patients. Figure  5.2 shows the increased 
reticulocytes, presence of spherocytes and acan-
thocytes in PBS, and increased iOFT.

The sensitivity of these tests is low, and a 
rapid flow cytometric analysis by eosin-5- 
maleimide (EMA) binding dye for erythrocytes 
has been considered as a sensitive and specific 
screening test for the diagnosis of HS [20]. The 
maleimide moiety of EMA dye predominantly 
binds to band 3 protein at the Lys-430 (in the first 
extracellular loop). In addition, it also binds to 
sulfhydryl groups expressed by Rh, RhAg, and 
CD47. In HS, absent or decreased expression of 

Table 5.3 Clinical classification of HS

Mild Moderate Moderately severe Severe
Percent of cases 10–15 60–70 10–15 5–15
Hb; mean (range) in g/dL 11–15 8–12 6–8 <6
Reticulocyte count (%) 10–15 20–30 15–25 15–25
Bilirubin level (mg/dL) 1–2 2 2–3 3
Blood transfusions No 0–3 1–4 3–8
Transmission pattern AD or De novo De novo and AD De novo and AD AR
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red blood cell membrane proteins causes reduced 
binding of EMA to band 3 and thus shows 
decreased fluorescence emission. The sensitivity 
of the tests varies from 90 to 95%, whereas its 
specificity ranges from 95 to 99%.

5.2.5  Status of EMA Flow Cytometry 
Test in India

Studies are available from three different cen-
ters of India. In the study by Kedar et  al., 
patients with HS and HE showed significant 
reduced MCF values (P < 0.001) than the con-
trol group and the other patient group of hemo-
lytic anemia [21]. Another study by Kar et al. 
enrolled 114 subjects belonging to different 
categories of hemolytic anemias and showed 
the decreased MCF values of erythrocytes 

labeled with EMA dye in HS than other hemo-
lytic and non- hemolytic anemias (P  <  0.01). 
False-positive values were obtained in AIHA 
and CDA patients. Therefore, the sensitivity 
and specificity determined were 96.4% and 
94.2%, respectively [22]. Joshi et  al. estab-
lished the  cutoff value for MCF ratio of 0.79 
and percent decrease of MCF as 17% in HS 
patients. Figure 5.3 describes the gating strat-
egy and histograms depicting control and HS 
case. In their study, they proved the efficiency 
of EMA dye fluorescence test to capably diag-
nose the splenectomized cases of HS when 
hematological parameters improved consider-
ably [23].

MCF ratio  = 
MCFof patient

Mean MCFof normal controls

= <0.8 is consistent with the diagnosis of HS.
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Fig. 5.2 (a) PBS showing reticulocytes (Azure B, 
1000×); (b) PBS showing spherocytes and occasional sto-
matocytes (Leishman, 1000×); (c) PBS showing acantho-

cytes and spherocytes (Leishman, 1000×); (d) HS patient 
showing increased susceptibility to lysis using iOFT
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In few atypical cases where diagnosis cannot 
be made or in transfused patients, the underlying 
molecular diagnosis of HS may be detected using 
freshly prepared red cell ghosts on 4–12% gradi-
ent polyacrylamide gels. It can act as the third 
line of investigation in many subjects for analysis 
of erythrocyte membrane proteins but still in 
many cases it may not be helpful [3]. SDS-PAGE 
is useful to distinguish CDA type II from HS as 
gel electrophoresis of erythrocyte membrane pro-
teins demonstrate the characteristic compact 
band 3  in CDA type II patients in comparison 
with HS patients [24].

5.2.6  Molecular Spectrum of HS

Various types of mutations (point mutations, 
splice site mutations, small deletions, duplica-
tions, and insertions) occur throughout the 
lengths of ANK1, SPTB, SPTA1, EBP3/SLC4A1, 
and EPB42/ELB42 genes. Protein-truncating 
mutations (frameshift and nonsense) are more 
frequently observed as compared to missense 
mutations, in these genes. Mutations in the 
ankyrin 1 (50%), β-spectrin (20%), and band 3 
(15–20%) are most frequently found in autoso-
mal dominant pattern of inheritance. In few 
cases, ankyrin defects can also cause autosomal 
recessive inheritance of HS.  The production of 
α-spectrin is three- to fourfold greater than that of 

β-spectrin in normal erythroid cells; therefore, 
only homozygous/compound heterozygous 
defects of α-spectrin can cause HS.  The muta-
tions in protein 4.2 are rare and are mostly pres-
ent in the Japanese patients in autosomal recessive 
pattern.

5.2.7  Co-inheritance of G6PD 
Deficiency, Gilbert Syndrome, 
or Thalassemia with HS

There is heterogeneity in the phenotypes of HS, 
and even within the same family, the clinical 
characteristics are varied due to other genetic 
conditions that can modify disease phenotype in 
hemolytic anemias. Concomitant genetic modifi-
ers such as red cell enzymopathies, thalassemia 
syndrome, and Gilbert syndrome can attribute to 
this intra- familial heterogeneity. Several reports 
state that the presence of other simultaneous dis-
orders may  worsen [25, 26] or ameliorate [27] 
HS phenotype.

G6PD deficiency is the most common 
enzyme deficiency in erythrocytes present in 
India and marks the initial point of molecular 
testing [28]. There are reports showing HS 
occurring concomitantly with G6PD deficiency 
[25]. G6PD deficiency needs to be ruled out as 
this could lead to inappropriate therapeutic 
interventions.
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HS with Gilbert syndrome [26, 29, 30] has also 
been described previously. In Gilbert syndrome, 
hyperbilirubinemia is the prime clinical feature 
which is associated with decreased activity of the 
UGT1A1 enzyme. Co-inheritance of Gilbert syn-
drome with HS can aggravate the symptoms in 
patients and is reported to have a greater tendency 
to form gallstones in these patients [26, 31]. 
Gilbert syndrome is caused by the insertion of 
[TA] repeat in the promoter region of UGT1A1 
gene (Fig. 5.4) where the  reference sequence con-
sists of six TA repeats [A(TA)6TAA].

Co-inheritance of Gilbert syndrome and 
G6PD deficiency with HS was also seen in the 
relatively severe phenotypes. Thalassemia is also 
seen in concurrence with HS [27, 32, 33]. One of 
the patients with HS carried the single gene alpha 
4.2 deletion with G6PD deficiency and Gilbert 
syndrome and was less symptomatic [32]. 

Clinical observations and correct analysis of 
 laboratory tests are required to diagnose such 
complex conditions.

5.3  Hereditary  
Elliptocytosis (HE)

HE is characterized by the presence of ellipto-
cytes on the blood film with a variable degree of 
anemia, ranging from asymptomatic to severe. 
They may have reticulocytosis depending on the 
degree of hemolysis, but mostly HE patients are 
asymptomatic who rarely require therapy and are 
diagnosed incidentally. HE is caused by abnor-
malities in the membrane skeleton proteins like 
α-spectrin, β-spectrin, protein 4.1, and glycopho-
rin C. Figure 5.5 shows a case of hereditary ellip-
tocytosis and reticulocytosis.

Fig. 5.4 Chromatogram showing homozygosity for TA (7/7) repeats in promoter of UGT1A1 gene

a b

Fig. 5.5 (a) PBS showing elliptocytes; (b) Increased reticulocytes
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5.3.1  Geographical Distribution

The incidence of HE is estimated as 1:2000–4000 
globally, but is observed upto 1:100  in parts of 
Africa. As most of the patients are asymptomatic, 
the actual incidence of the disease remains 
unknown. It has been postulated that elliptocytes 
confer resistance to malaria.

5.3.2  Molecular Spectrum of HE

HE is usually an autosomal dominant disorder, 
and the leading causes are the mutations in genes 
coding for membrane skeleton, namely EPB41, 
SPTA1, and SPTB which disrupts self-association 
regions of spectrin dimers/tetramers (Table 5.4) 
[34, 35].

5.3.2.1  Hereditary  
Pyropoikilocytosis (HPP)

HPP is classified as a subtype of HE and its 
related disorders which characteristically shows 
poikilocytosis, fragmented erythrocytes, and 
microspherocytes. There is severe anemia with 
reticulocytosis and other hemolytic features. HPP 
is an autosomal recessive disease caused by com-
pound heterozygous or homozygous mutations in 
SPTA1 gene often inherited from asymptomatic 
HE parents. Severe poikilocytosis results in low 
MCV (50–60 fL).

5.3.2.2  Southeast Asian  
Ovalocytosis (SAO)

SAO is similar to but distinct from hereditary 
elliptocytosis in which membrane permeability 
of erythrocytes is affected [36]. It is commonly 

found in Thailand, Malaysia, Philippines, Brunei, 
Cambodia, Indonesia, Papua, and New Guinea. 
Cases are diagnosed incidentally as majority 
remain asymptomatic. Rarely patients are 
reported to have mild hemolysis and jaundice 
[37]. It is an autosomal dominant condition and is 
caused by heterozygous deletion of 27 nucleo-
tides in SLC4A1 gene. SAO is known to provide 
resistance against malaria [38]. Only one case of 
homozygosity for the 27  bp is known, and the 
phenotype is severe with the requirement of 
intrauterine transfusions [39].

5.4  Hemolytic Anemias Caused 
by Defects in Red Cell Cation 
Permeability and Transport

Red cell membrane disorders arising because of 
the defects in genes encoding red cell mem-
brane channels or transport proteins primarily 
have defective cation permeability or transport 
mechanism across the membrane. The distinct 
feature is the presence of stomatocytes in the 
peripheral blood film. Stomatocytosis could be 
the manifestation of underlying genetic defect 
or can occur in association with several acquired 
conditions. Stomatocytes can be artifacts, so 
multiple evaluations are required. There is wide 
heterogeneity in the clinical and laboratory 
manifestations in the stomatocytic syndromes 
ranging from compensated hemolysis to severe 
anemia. There is a varied degree of clinical, 
laboratory, and genetic heterogeneity in heredi-
tary stomatocytosis which are summarized in 
Table 5.5. Significant overlap is seen in clinical 
phenotypes.

Table 5.4 Classification of HE depending upon the gene implicated

Type Symbol MIM ID # Gene implicated
Elliptocytosis-1 EL1 # 611804 EPB41
Elliptocytosis-2 EL2 # 130600 SPTA1
Elliptocytosis-3 EL3 – SPTB
Elliptocytosis-4 EL4 # 166900 SLC4A1

Compiled from OMIM [19]
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5.5  Overhydrated Hereditary 
Stomatocytosis (OHS)

OHS is characterized by the presence of stomato-
cytes (Fig.  5.6), and clinically most patients 
 present with compensated hemolysis to mild mac-
rocytic anemia, osmotic fragile red cells, spleno-
megaly, and unconjugated hyperbilirubinemia.

OHS is caused by heterozygous mutations in 
the RHAG (Rh-associated glycoprotein) gene. It 
is also caused by heterozygous mutations in 
the  membrane channel protein-coding genes 
SLC4A1and SLC2A1 [40]. It is relatively rare and 
mostly underdiagnosed condition with approxi-
mately 20 cases reported worldwide so far [3]. 

De novo mutations are very frequent in this disor-
der. Only two studies from India describe the 
phenotype of hereditary stomatocytosis [41, 42]. 
The SDS-PAGE analysis shows OHS to be 
stomatin (EPB72) deficient; however, no muta-
tion in the EPB72 gene is reported so far.

Correct diagnosis of OHS is however critical 
since postsplenectomy thrombotic complications 
have been documented in affected individuals 
and have been fatal in a few. Splenectomy has 
been shown to have limited therapeutic benefit in 
hereditary stomatocytosis and should be per-
formed after careful consideration [43]. Iron 
overload is usually seen in patients of OHS 
despite being transfusion-independent.

Table 5.5 Classification of defects in red cell cation permeability and transport

Type MIM ID # Inheritance Gene
Overhydrated hereditary stomatocytosis(OHS) # 185000 AD RHAG
Cryohydrocytosis/stomatocytosis, cold-sensitive (CHC) # 185020 AD SLC4A1
Stomatin-deficient cryohydrocytosis with neurologic defects # 608885 AD SLC2A1
Pseudohyperkalemia, familial, 2, due to red cell leak PSHK2 # 609153 AD ABCB6
Dehydrated hereditary stomatocytosis with or without 
pseudohyperkalemia and/or perinatal edema (DHS1)

# 194380 AD PIEZO1

Dehydrated hereditary stomatocytosis 2 (DHS2) # 616689 AD KCNN4
Sitosterolemia
Mediterranean stomatocytosis/macrothrombocytopenia

# 210250 AR ABCG5/ABCG8

Compiled from OMIM [19]

a b

Fig. 5.6 (a) Blood film showing stomatocytes (Leishman stain, 1000×); (b) Scanning electron microscopy showing 
stomatocyte
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5.6  Cryohydrocytosis/
Stomatocytosis,  
Cold- Sensitive (CHC)

CHC is an extremely rare form of stomatocytosis 
and is characterized by the presence of stomato-
cytes (overhydrated erythrocytes) that have 
defective activity at lower temperatures [44]. 
Major laboratory finding is mild anemia and 
pseudohyperkalemia. This is an autosomal domi-
nant disorder and occurs due to heterozygous 
mutations in the SLC4A1 gene. The same gene is 
known to cause HS type 4 and SAO. Splenomegaly 
can be present, but splenectomy is known to have 
no therapeutic benefits to the patients.

5.7  Stomatin-Deficient 
Cryohydrocytosis 
with Neurologic Defects 
(SDCHCN)

SDCHCN is also known as GLUT1 deficiency 
syndrome with pseudohyperkalemia and hemoly-
sis and is an asyndromic form of stomatocytosis. 
Clinical presentation includes mental retardation, 
movement disorders, seizures, cataracts, and mas-
sive hepatosplenomegaly. Hemolytic anemia is 
characterized by the presence of stomatocytes on 
blood film and pseudohyperkalemia resulting 
from defects in the red blood cell membrane. The 
cause is found to be heterozygous mutations in 
the SLC2A1 gene. The disorder combines the neu-
rologic features of GLUT1 deficiency syndrome-1 
resulting from impaired glucose transport at the 
blood–brain barrier.

5.8  Dehydrated Hereditary 
Stomatocytosis (DHS)/
Hereditary Xerocytosis

5.8.1  DHS With or Without 
Pseudohyperkalemia and/or 
Perinatal Edema (DHS 1)

DHS1 also known as hereditary xerocytosis or 
hereditary desiccytosis is caused by a heterozy-

gous mutation in the PIEZO1 gene with an 
autosomal dominant inheritance. Clinical fea-
tures include jaundice and hepatosplenomegaly. 
It is characterized by primary erythrocyte dehy-
dration (dessicytes cells with their hemoglobin 
puddled at the periphery). The red cell indices 
show a very high MCHC and decreased red cell 
osmotic fragility. Stomatocytes are rarely seen 
[45]. Macrocytosis is observed with mild to 
moderate compensated hemolytic anemia. 
Some patients may also have perinatal edema 
or pseudohyperkalemia. Like OHS, iron over-
load may be present without the history of 
blood transfusion and may require chelation 
[40, 46].

5.8.2  Dehydrated Hereditary 
Stomatocytosis 2 (DHS2)

In DHS2 clinical and laboratory features are sim-
ilar to PIEZO1-associated DHS.  However, no 
mutation was detected in the PIEZO1 gene. 
Recently with the advent of whole exome 
sequencing, a novel gene, KCNN4, was identified 
as causative and a second form of DHS was 
found [47–49]. Rapetti-Mauss et al. (2015) stud-
ied French and Polish families with same hetero-
zygous mutation R352H and noted the varying 
degree of anemia between the two families. 
Variation in the clinical phenotypes carrying the 
same mutation could be explained by the differ-
ences in PIEZO1 polymorphisms carried by 
those individuals. Splenectomy offered no thera-
peutic benefits as it did not improve the symp-
toms; however, no thrombotic complications 
were observed [47].

5.8.3  Pseudohyperkalemia, 
Familial, 2, Due to Red Cell 
Leak (PSHK2)

This disorder is clinically benign, a non- hemolytic 
variant of DHS1. Red blood cells show a “passive 
leak” of K+ cations into the plasma upon storage at 
room temperature (or below). It is an asymptomatic 
autosomal dominant disorder caused by heterozy-
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gous mutations in ABCB6 gene [50]. Peripheral 
blood smear usually does not show features of 
hemolytic anemia including stomatocytes.

5.8.4  Sitosterolemia/
Phytosterolemia

Sitosterolemia is an autosomal recessive meta-
bolic condition caused by homozygous or com-
pound heterozygous mutation in ABCG8 or 
ABCG5 gene. It results from an excess of plasma 
phytosterols arising as a consequence of unre-
stricted intestinal sterol absorption. Plant sterols 
in the patient plasma are markedly elevated, and 
clinically tendon and tuberous xanthomas 
with  accelerated atherosclerosis and premature 
 coronary artery disease are noted. Mediterranean 
stomatocytosis/macrothrombocytopenia was rec-
ognized as the hematologic presentation of sitos-
terolemia by Rees et  al. in 2005 [51]. It is 
characterized by chronic hemolysis, stomatocytic 
red cells, macrothrombocytopenia, and varied 
systemic manifestations (Fig.  5.7). Recently, 
three siblings affected in the same family with 
ABCG5 [c.727C>T (p.Arg243Ter), rs119479066] 
mutation with autosomal recessive inheritance 
were reported for the first time from India [52].

5.9  Recent Advances 
in Diagnosis of Red Cell 
Membrane Disorders

Diagnosis of red cell membrane disorders is 
usually based on laboratory testing followed by 
morphological screening as described in 
Fig. 5.1. Genetic diagnosis becomes important 
where

• Traditional testing has failed.
• Family history is lacking.
• Clinical phenotype is unexplained.
• Patient has required multiple transfusions, 

confounding the results of laboratory tests.

Establishing a molecular diagnosis offers 
insight into the pathophysiology and etiology of 
the disease and is crucial for patient manage-
ment. Sanger sequencing is a method of choice 
when finding the molecular defect. Since the 
number of causative conditions are numerous and 
includes many and large genes, gene-by- gene 
approach is not helpful. Recently, targeted rese-
quencing is becoming a popular approach for 
providing rapid and accurate diagnosis, as the 
limited panel of genes facilitates the data inter-
pretation [6, 53–55].

PLT Histogram

2 10 20 30

a b

Fig. 5.7 (a) PBF showing stomatocytes, spherocytes, and giant platelet (May Grunwald-Giemsa, 1000×); (b) Platelet 
histogram showing the presence of giant platelets
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Different laboratories have utilized different 
customized hemolytic anemia panels of next- 
generation sequencing to provide a rapid and sen-
sitive assay [6, 54]. Hence, due to the genetic 
heterogeneity and complexity of the genes 
involved, red cell membrane disorders are perfect 
candidates for next-generation sequencing/tar-
geted resequencing. Targeted resequencing is 
efficient to detect mutations causing hemolytic 
anemia, including novel variants and is ready for 
application in clinical laboratories.
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6.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is 
a nonmalignant, clonal hematopoietic stem cell 
disorder, which is characterized by features of 
hemolysis, thrombosis, and bone marrow (BM) 
failure. The genetic mechanism behind PNH is a 
somatic mutation in a gene known as phosphati-
dylinositol glycan class A (PIGA), present on 
chromosome “X.” PIGA gene is required for the 
synthesis of glycosylphosphatidylinositol (GPI), 
the anchor through which many proteins are 
attached to the cell membrane. These proteins are 
collectively known as GPI-anchored proteins 
(GPI-APs) [1, 2]. Among these GPI-APs are 
CD55 and CD59, the two important complement 
regulatory proteins. Absence of these leads to 
complement-mediated red blood cell lysis, one of 
the characteristic features of PNH [3, 4]. The 
term “PNH,” however, appears imprecise as only 
a fraction of patients presents with hemoglobin-
uria, which is also not always nocturnal.

It is a well-known fact that BM failure syn-
drome, especially aplastic anemia (AA), has a 
frequent association of PNH. A fair proportion of 
AA patients, as high as 70%, have been found to 

harbor a PNH clone, depending upon the sensi-
tivity of the screening method used [5]. The clone 
size in these patients is usually much smaller as 
compared to those seen in classic PNH patients 
[6, 7]. However, a proportion of these patients 
may exhibit the clonal expansion and can prog-
ress to clinical hemolytic PNH. Hence, a careful 
screening to detect the presence of PNH clone in 
these cases is of utmost importance. The drug 
eculizumab, a humanized monoclonal antibody 
which inhibits the action of complement C5, has 
been a boon for PNH patient. Before its advent, a 
fair proportion of patients (~35%) used to die 
within 5 years of diagnosis even with the admin-
istration of the best available treatment option 
[8]. This drug significantly reduces the symptoms 
associated with PNH and the transfusion require-
ment of these patients. It has been shown to 
improve the life expectancy as well as the quality 
of life of PNH patient. Eculizumab (Soliris, 
Alexion Pharmaceuticals) is one of the costliest 
drugs of the world, and this fact again under-
scores the utility of an accurate clone size estima-
tion [PNH clone in MDS and other diseases need 
to be also included here].

Presence of PNH clones in myelodysplastic 
syndrome is also a well-established fact. With a 
stringent flow cytometry-based screening, about 
35% of refractory anemia can show the presence 
of PNH clone, and there can be a clonal expan-
sion of PNH in the cases with MDS.  It has 
now  been well established that PNH is more 
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 frequently noted in MDS patients who present 
with BM failure. These patients with an associ-
ated PNH clone are less likely to transform into 
leukemia and have a better prognosis [9–11].

There are also reports of finding a PNH clone 
in JAK2-mutated myeloproliferative neoplasm 
[12]. However, their exact significance as well as 
follow-up of the clone sizes is largely unknown.

6.2  Historical Perspective of PNH

Some of the landmark developments related to 
PNH are summarized as follows:

1882: Paul Strubing from Germany first iden-
tified PNH as an entity, separate from paroxys-
mal cold hemoglobinuria (PCH) and march 
hemoglobinuria. He concluded that sleep played 
an important role in hemolysis. Accumulation of 
lactic acid and carbon dioxide because of slowing 
of the circulation during sleep was reasoned for 
this phenomenon. According to him, normal 
RBCs were resistant to acidic conditions; while, 
the defective RBCs were sensitive and got lysed 
[13].

Early twentieth Century: Marchiafava and 
Micheli got interested in this disease, and PNH got 
its eponym as Marchiafava–Micheli disease [14].

1911: Dutch physician Hijmans van den Berg 
first suggested the role of a plasma factor, now 
known as complement, in hemolysis of PNH 
patients. It was shown that when the RBCs from 
PNH patients were suspended in serum of normal 
subjects or patients’ own serum, they got lysed 
because of the presence of complements in the 
serum [15].

1928: Dutch physician Ennekin first used the 
term “paroxysmal nocturnal hemoglobinuria” [16].

1937: Thomas Hale Ham reported that treat-
ment of PNH patients with sodium bicarbonate 
reduces hemoglobinemia and hemoglobinuria. 
He performed some in vitro tests by acidifying 
the plasma with CO2 or lactic acid and putting the 
patients’ RBCs in it. This test remained one of 
the most common and useful tests for screening 
of PNH. He observed that there was rapid hemo-
lysis when the serum or plasma was acidified. 
This hemolysis could be inhibited by adding 

sodium bicarbonate. An important additional 
information was that the red cells from blood 
group “O” volunteers did not hemolyze when 
resuspended in patients’ serum or plasma. He 
thus concluded that the main defect lied in the red 
cells of these patients, whereas the factor for the 
lysis is present in plasma of all individuals. He 
also noted that the lysis was not noted when the 
acidified serum was heated at 60 degrees and thus 
concluded that a thermolabile factor (comple-
ment) was responsible for the hemolysis [17, 18].

1939: Ham and Dingle published a landmark 
paper titled “Certain immunological aspects of 
the hemolytic mechanisms with special reference 
to serum complement” that had repercussion on 
the PNH research for next five decades [19].

1954: Pillemer identified the properdin system 
(the alternative complement pathway system) 
which was later confirmed to be involved in PNH 
pathogenesis [20].

1963: Dacie identified the phenotypic mosa-
icism in PNH RBC [21].

1966: Rosse developed an assay to test the 
complement sensitivity of PNH RBCs, better 
known as complement lysis sensitivity assay. 
Based on this test, he concluded that PNH mostly 
has a mosaic of two abnormal populations of 
RBC, which were later known as type II and type 
III cells [22].

1969: Aster and Enright demonstrated that 
platelets and neutrophils from PNH patients are 
abnormally sensitive to complement-mediated 
lysis [23]. Hoffmann showed the presence of fac-
tors that inhibited complement-mediated hemo-
lysis in human RBC stroma [24, 25].

1970: Studies by Oni and colleagues indicated 
the monoclonal nature of the complement- 
sensitive erythrocytes [26].

1974: Hoffmann used the name decay acceler-
ating factor (DAF) describing the functional 
property of the substance that enhanced the decay 
rate of classic pathway C3 convertase. This is 
now commonly known as CD55 [27].

1979: Stern and Rosse demonstrated the mosaic 
nature of granulocytes, similar to RBCs [28].

1983: Pangburn et al. demonstrated functional 
as well as immunochemical evidence of DAF 
deficiency in PNH [29].
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1986: It was first hypothesized that on the 
hematopoietic cells of PNH, all the deficient pro-
teins are GPI anchored, and all the GPI-APs are 
deficient in case of PNH [30].

1987: The complex structure of the GPI 
anchor was fully elucidated. It was suggested that 
the expression of the GPI-AP on cell surface 
would require multiple enzymes and cofactors.

I989: Holguin and colleagues reported the iso-
lation membrane inhibitor of reactive lysis from 
the cell surface of normal human RBCs. This sub-
stance is now commonly known as CD59 [31].

1993: Kinoshita and colleagues suggested the 
defect in a common gene in the complementation 
class A.  This gene was named as phosphati-
dylinositol glycan A (PIGA). Due to a defect in 
this gene, PNH cells fail to synthesize 
N-acetylglucosamine phosphatidylinositol [32].

Early 1990s: Flow cytometric detection of 
cells lacking the expression of GPI AP.

2000: Use of fluorescent aerolysin (FLAER) 
for better sensitive detection of PNH clones using 
flow cytometry [33].

2008: Two hit concept in PNH, first hit leading 
to PIGA mutation, the second hit usually an epi-
genetic phenomenon giving survival advantage 
for the proliferation of PNH clones [34].

2010: ICCS guideline for flow cytometry- 
based detection of PNH clones [35].

2012: Practical guidelines for high sensitivity 
analysis and monitoring of PNH clones by flow 
cytometry was published [36].

6.3  Diagnostic Modalities 
for PNH

6.3.1  In Vitro Methods 
Demonstrating Complement- 
Mediated Hemolysis

Introduction of these tests started with the dis-
covery that the lysis of RBC in PNH is dependent 
on a thermolabile serum factor (now known as a 
complement). Increased susceptibility of RBC 
lysis with activated complement could be demon-
strated by a variety of tests like acidified serum 
[18], thrombin [37], cold antibody lysis [38], 

sucrose [39], cobra venom [40], and inulin [41]. 
Acidified serum, cobra venom, and inulin acti-
vate the complement via the alternative pathway; 
whereas cold antibody test and thrombin test acti-
vate the complement via the classic pathway. In 
sucrose lysis tests, the low ionic strength leads to 
nonspecific binding of IgG to the cell surface and 
subsequent activation of complement via classic 
as well as an alternate pathway. Among the 
abovementioned tests, the Hams acidified serum 
lysis and sucrose lysis tests were most commonly 
used. But these have now become obsolete owing 
to their cumbersome nature, low sensitivity, spec-
ificity, and not being quantitative. The classic 
Hams test is negative if <5% type III PNH cells 
are present. Additionally, it may give false posi-
tivity in CDA type II (HEMPAS). Similarly, false 
positivity of sucrose lysis test can be seen in meg-
aloblastic anemia, autoimmune hemolytic ane-
mia, etc. The complement lysis tests developed 
by Rosse and colleagues could give an idea of the 
quantity and type of hemolytic RBCs [42, 43]. 
They showed that PNH was a heterogeneous dis-
ease with three populations of red cells. These 
were cells with normal sensitivity (type I), cells 
of medium sensitivity (type II, which are 3–5 
times more sensitive), and very sensitive cells 
(which are 10–15 times more sensitive than the 
normal cells, type III).

6.3.2  Methods Utilizing 
Hemagglutinition and Gel 
Card System

This method was utilized in the 1980s when anti-
bodies against CD55 (DAF) and CD59 (MIRL) 
were used to see the RBC agglutinition in the 
microcolumns of the gel card. Normal RBCs 
would agglutinate, while the RBCs deficient in 
CD55/CD59 would not agglutinate [44]. The 
commercially available kits have micro typing 
cards containing sephacryl and anti-mouse anti-
body from rabbit within a gel matrix. Erythrocyte 
suspension in low ionic strength buffer is added 
to three microtubes; followed by anti-CD55 anti-
body, anti-CD59 antibody, and a negative con-
trol in these three tubes and labeling them, 
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respectively. The card is centrifuged for 10 min. 
PNH cells lacking CD55 or CD59 epitopes settle 
down at the bottom, whereas normal cells 
expressing CD55 and CD59 clump on top of the 
sephacryl gel. This test is easier to perform com-
pared with complement-based tests. However, 
certain limitations include its poor sensitivity, 
which has been reported as 2–10% of type III 
RBCs, and not being quantitative [45].

6.3.3  Flow Cytometry-Based 
Methods

Flow cytometric methods have been in vogue for 
PNH clone detection since the late 1980s and 
early 1990s. Classically, they utilize fluorescently 
tagged antibodies against the GPI-APs. Numerous 
GPI-APs have been identified in different cell lin-
eages that can be targeted for this purpose 
(Fig.  6.1). Absent expression of these antigens 
(GPI-AP) suggests a diagnosis of PNH.  More 

recently, FLAER has been used, which directly 
binds to the GPI anchor. Use of FLAER has 
markedly increased the sensitivity of flow-based 
assay [46].

6.4  Flow Cytometry-Based  
PNH Testing

Flow cytometric detection of differential expres-
sion of DAF (CD55) on the normal and PNH 
RBCs can be traced back to 1985 [47]. The flow 
cytometric methods for the detection of GPI- 
linked antibody have now become the method of 
choice. Since the clinical manifestation of PNH 
predominantly involved complement-mediated 
hemolysis, all the initial research studies were 
focused on finding the proteins involved it. CD55 
(DAF) was identified first, which was named after 
the functional property of this material to enhance 
the rate at which the activity of a classic pathway 
C3 convertase diminished [25]. Subsequently, it 

Fig. 6.1 GPI-linked protein in different blood cells. Commonly used markers in flow cytometry analysis are high-
lighted in blue

K. Rahman and D. Chandra



95

was realized that DAF cannot be the sole mecha-
nism responsible for all the abnormalities of the 
membrane attack complex (MAC). Hence, search 
for substances which regulated the MAC led to 
the identification of a protein from the surface of 
normal erythrocytes that inhibited reactive lysis of 
PNH erythrocytes [31]. As soon as the deficien-
cies of CD55 and CD59 in PNH were confirmed, 
their absence found using flow cytometry tech-
niques was being used to define a PNH clone. 
Sooner it was noted that a few patients in spite of 
being deficient for CD55 or CD59 did not have 
any manifestation of PNH.  It was subsequently 
realized that these were some familial cases of 
isolated CD55 or CD59 deficiency. Hence, it was 
recommended to use both CD55 and CD59. True 
PNH cases used to be deficient for both these anti-
bodies, in contrast to familial cases where RBC 
was deficient for either CD55 or CD59. The sim-
ple flow cytometric assays using CD55- and 
CD59-based approaches, however, are neither 
sensitive nor accurate, rendering them inadequate 
to detect small clone size which is frequently seen 
in AA and MDS. Hence, development and valida-
tion of standardized methodologies using other 
robust GPI-linked reagents were required.

6.4.1  Specimen Consideration

The preferred and widely accepted sample for the 
flow cytometric testing of PNH is ethylene- 
diamine- tetra-acetic acid (EDTA) anticoagulated 
peripheral blood. However, other anticoagulants 
like heparin and acid citrate dextrose (ACD) can 
also be used. BM is not preferred owing to vari-
able expression of antibodies used for screening 
in different stages of RBC and WBC develop-
ment. However, some of the newer antibodies 
used like FLAER and CD157 do not have a much 
variable expression on different stages of cells.

The sample should be processed preferably 
within 48  h. However, inevitable delay in the 
RBC analysis can be overcome by storing the 
sample in the refrigerator at 4 °C for a period of 
7 days. Long-term storage of RBC can be done 
by freezing the sample in 25% dextrose. For 
WBC screening, sample storage may lead to 

change in scatter properties, ultimately leading to 
difficulty in gating the polymorphs and mono-
cytes. Hence, it is recommended to complete the 
analysis within 48 h.

6.4.2  Cell Lineages to be Screened 
for PNH

Screening of PNH clone and accurate estimation 
of the clone size in red cells is of utmost impor-
tance, as the clone size directly correlates with 
hemolysis and thrombosis, the main clinical 
manifestation of this disease. However, isolated 
testing of RBCs is never recommended because 
of underestimation of exact clone size owing to 
an ongoing hemolysis and subsequent transfu-
sion. Hence, WBC (granulocytes and monocytes) 
screening is recommended with RBC screening 
and a comparison of RBC and WBC clone sizes 
provides useful clinical information. It may be a 
frequent observation to have a PNH clone in 
WBCs without PNH RBC clone. But, the vice 
versa is almost never seen. In our own experience 
of FLAER-based PNH screening in leukocytes, 
almost all the cases with a PNH clone size of less 
than 2% in WBC did not show any PNH RBC 
clone [7]. Screening of lymphocytes is not rec-
ommended owing to their long life as well as 
variable expression of the GPI-linked antigens on 
lymphoid cells.

6.4.3  Analysis of RBC

CD59 is expressed at a more abundant level as 
compared to CD55. Additionally, CD55 does not 
provide a good separation of type II cell popula-
tion. Hence, for the single reagent analysis, CD59 
is preferred over CD55.

One of the important considerations in RBC 
analysis is frequent aggregate formation on the 
addition of antibodies. Hence extra wash steps 
and frequent vortexing/racking are required to 
disaggregate the RBC clumps. It is also recom-
mended to dilute the antibodies to an extent 
which gives sufficient positive signals without 
producing much of RBC clumps. The use of IgM 
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antibody is to be avoided. Strategies which 
include both CD55 and CD59 should be carried 
out after a careful titration of antibodies. 
Antibodies should be diluted, and the lowest con-
centration that gives acceptable positive signals 
should be used.

CD235a (glycophorin A) which is used to gate 
the RBCs in a high sensitivity analysis causes 
significant aggregation of RBC, owing to its very 
high surface density. Aggregation is typically 
higher with the PE conjugates as compared to 
FITC. In general, a much higher dilution of this 
antibody is required for PNH RBC analysis, as 
compared to those used for BM leukemia immu-
nophenotyping. In our practice, the CD235a- 
FITC reagent from BD Biosciences (San Jose, 
CA, USA) is diluted 1:200 times before adding 
10 microliters of the diluted form for gating 
RBC.  It is thus stressed that each laboratory 
should carefully evaluate the optimal dilution of 
antibodies, so that acceptable signals are noted 
with very limited aggregation (Fig. 6.2).

Gating and Analysis: RBCs can be identified 
in a log-scaled FSC vs. SSC scatterplot. When no 
lysis is used, almost all the cells seen in the scat-

terplot are RBCs. The tube should be vortexed 
vigorously before acquisition, in order to disag-
gregate the RBC clumps. Voltage and threshold 
should be adjusted so that the RBCs are seen in 
the center of the scatterplot. For high sensitivity 
analysis, it is recommended to use a gating 
marker (CD235a—glycophorin A). This is done 
to get a pure population of RBCs and exclude the 
platelet clumps, which could falsely get included 
in FSC vs. SSC gate. As mentioned above, add-
ing CD235 may significantly increase the aggre-
gation of RBCs and hence optimum dilution is 
required. Gated RBCs are displayed on the single 
parameter histogram of CD55 or CD59. A nega-
tive control consisting of CD235a-stained RBC is 
only used to identify the expected position of 
type III RBCs. Normal RBCs represent the type I 
cells, while type II cells are represented in area 
between type I and type III cells. Dots plots pro-
vide better representation of small PNH clones, 
which are usually not very well seen with one 
dimensional histogram. RBCs are the easiest tar-
gets for a high sensitivity analysis, especially in 
cases of AA, where getting 2.5 lakh leukocytes 
may be difficult.

Fig. 6.2 Gating of RBCs using CD235. The RBC aggregates are seen as projection of scatter dots at 45° diagonal line. 
On one dimensional histogram of CD59 PE, the RBCs exhibit three populations of RBCs
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6.4.4  Leukocyte Assay

Analyses of neutrophils and monocytes are 
widely used for accessing the clone size. 
However, there are instances where a sufficient 
number of monocytes or neutrophils are difficult 
to acquire. Lymphocytes are not used for screen-
ing purpose owing to their long life as well as 
variable expression of the GPI-linked antigens on 
their surface.

For dealing with leukocytes, getting rid of 
RBCs by lysing them is an important step in cell 
processing. Mostly, the stain-lyse-wash method 
is preferred, where lysis can be performed by any 
commercially available or in-house method that 
does not compromise the scatter properties. For 
screening of leukocytes in cases of pancytopenia 
(AA or myelodysplastic syndrome), it may be 
necessary to prelyse the red cells taking more 
samples. In these situations, especially for high 
sensitivity PNH screening, a bulk lysis with 
500 μL of the sample using formalin-free ammo-
nium chloride-based lysing agent is preferred.

Since the leukocyte screening grew out of the 
experience from RBC staining, earlier CD59 and 
CD55 were the commonly used markers. Slowly, 
the knowledge about other GPI-linked leukocyte 
surface antigens grew, and these were explored 
for PNH testing using flow cytometry. CD66b, 
CD24, and CD16 were commonly used for gran-
ulocytes, while CD14 was commonly used as a 
monocytic marker. CD48 and CD157 were some 
of the other used markers, but their experience 
was limited.

6.5  FLAER as Marker for Both 
Granulocyte and Monocyte

Discovery of FLAER had a great impact on leu-
kocyte screening for PNH. It was noted that the 
binding of aerolysin, a channel-forming toxin 
from bacterium Aeromonas hydrophila, is deter-
mined by the presence of GPI anchors of mem-
brane glycoproteins. Hence, PNH cells which 
were deficient in GPI anchor were not lysed by 
this bacterium. Aerolysin is secreted as an inac-
tive form, pro-aerolysin, activation of which 

requires a proteolytic cleavage of the C-terminal 
peptide [48, 49]. FLAER is a mutant form of 
pro- aerolysin, labeled with a fluorophore Alexa 
Fluor 488. It has the binding property but lacks 
the channel-forming property of active aeroly-
sin. Peripheral blood nucleated cells are able to 
bind to FLAER because they are able to convert 
pro- aerolysin to aerolysin by using proteases 
like furin present on their cell surface. RBCs 
lack these proteases and hence are unable to 
bind [33, 49]. FLAER is manufactured by 
Pinewood Scientific (Vancouver, BC, Canada). 
For some years after its discovery, its wide use 
was limited owing to its lyophilized preparation, 
which was inconvenient to use as well as unsta-
ble. Later, more stable reagents were available. 
Nowadays the liquid form of this reagent is 
available, that has better stability and storage 
requirement comparable to commonly used 
antibodies. However, there are still some coun-
tries where this reagent is not available. 
Screening of PNH clone in leukocytes using 
FLAER is currently the gold standard for flow 
cytometry-based screening (Fig. 6.3).

6.5.1  CD157 as Marker for Both 
Granulocyte and Monocyte

CD157 has been identified as one of the promis-
ing reagents which is expressed on both poly-
morphs and monocytes [50]. CD157 is also 
known as bone marrow stromal cell antigen 1 
(BST 1). It is a single-chain GPI-AP which is 
helpful in pre-B cell growth. It is expressed on B 
cell progenitors, T progenitors, granulocytes, 
monocytes, and some other cells as well. It is 
structurally and functionally similar to CD38.

Sutherland et al. reported the use of CD157 as 
a common PNH marker and demonstrated its 
utility in a two-tube four-color as well as single- 
tube five-color combinations in FLAER-based 
PNH screening [51]. It has been found as a sensi-
tive marker with a low background rate in normal 
sample [52]. CD157-based PNH screening was 
found to be very precise with minimal inter-assay 
and intra-assay variations [52, 53]. It provided a 
better separation between the PNH-negative and 
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PNH-positive populations. Additionally, there 
was a better identification of type II PNH clones 
compared to CD24/CD14-based assay (Fig. 6.4). 
It can be used in a single-tube five-color combi-

nation and can replace the two-tube four-color 
assay, thus leading to reduction in both reagent 
and technical time cost. Replacing the single- 
tube six-color assay will not reduce the cost of 

a b

c d

Fig. 6.3 Screening of PNH clones in leukocytes using flow cytometry. (a) Gating strategy. (b–d) representative scat-
terplots showing detectable PNH clone of variable size

Fig. 6.4 Advantage of CD157 in better distinction of type II and type III clones
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technical time, but will definitely reduce the 
reagent (antibody) cost.

Some of the papers as well as verbal commu-
nication with some of the researchers have shown 
that there are cases which show a subset of granu-
locytes and monocytes population to be negative 
for CD157 but express FLAER.  Hence, these 
were not considered as the true PNH clones. The 
exact reason for this phenomenon has not yet 
been established. But, the phenotypic polymor-
phism has been suggested as one of the probable 
reason. In our own experience, we had one such 
case out of some 200 odd cases that were screened 
using FLAER/CD157 in a single-tube five-color 
combination (Fig.  6.5). Recently, one of the 
papers has highlighted the importance of 
CD157  in a non-FLAER-based screening [54]. 
They confirmed a good performance characteris-
tic and agreement between the FLAER- and non- 
FLAER- based approaches, using CD157. They 
highlighted its importance in a cost-effective 
analysis especially in those areas of the world 
where FLAER is not available. However, taking 
in view the selective absence of CD157 in a pro-
portion of cases, replacement of FLAER does not 
seem to be a wise step at this point of time.

Gating and Analysis: For routine sensitivity 
analysis, FSC vs. SSC or CD45 vs. SSC analysis 
is sufficient for gating granulocytes and mono-
cytes. However, in cases of MDS where the scat-
ter properties are altered, gating the granulocytes 
and separating them from monocytes may be dif-
ficult. Getting a pure population based on CD45 

vs. SSC plot may be difficult for monocytes as 
well, especially if they are in low number. Hence, 
for better delineation and for high sensitivity 
analysis, use of gating markers like CD15 for 
granulocytes and CD33/CD64 for monocytes is 
recommended. CD64 has been found to be a bet-
ter marker as compared to CD33 to get a purer 
population of monocytes [7]. For routine analy-
sis, acquisition of 5000–10,000 gated population 
is sufficient, but for high sensitivity analysis, 
2.5  lakh events are recommended. This may be 
difficult for monocytes especially in cases with 
pancytopenia, and hence a lower number of 
monocytes is acceptable.

6.6  Routine Sensitivity Versus 
High Sensitivity Analysis

A routine sensitivity analysis is one which is suf-
ficient enough for detecting PNH clones at 1% 
level, while high sensitivity analysis should be 
able to detect the clone sizes of 0.01%. For clas-
sic PNH patients, who present with features of 
hemolysis or thrombosis, a routine analysis may 
be sufficient enough to detect the presence of 
PNH clone. However, in patients with AA and 
MDS who usually do not have the clinical fea-
tures of hemolysis, the clone size is small and in 
a majority of patients less than 1%. In these cases, 
a routine sensitivity analysis will miss the PNH 
clone detection in a majority of cases. Identifying 
these minor clones are important as ~25% of 

Fig. 6.5 A proportion of gated polymorphs (shown by 
arrow) showing loss of CD157 expression, but are positive 
for FLAER, indicating them to be normal cells. These 

cells are seen to co-express FLAER and CD16 (another 
PNH marker) at normal level. The true PNH clone is nega-
tive for FLAER, CD157, as well as CD16 (shown in blue)
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these patients may show expansion of clone size 
and may later present with clinical PNH.

For routine analysis, RBCs are gated on log- 
scaled FSC vs. SSC plot. The use of CD235a as a 
gating marker is optional and not mandatory. But 
for high sensitivity analysis, use of CD235a as a 
gating marker for RBCs is mandatory. For gating 
the leukocytes, CD45 vs. side scatter may be suffi-
cient to gate the granulocytes as well as monocytes 
in a routine sensitivity analysis. However, for high 
sensitivity analysis, it is desirable to use a gating 
marker (CD15 for granulocytes and CD33/CD64 
for monocytes); to get a pure population, FLAER 
plus one other informative reagent is mandatory for 
identifying a PNH clone. About 5000–10,000 
gated events may be sufficient for routine sensitiv-
ity analysis, but for high sensitivity analysis, 2.5 
lakhs of gated population is recommended [35].

6.7  Quality Assurance for High 
Sensitivity Analysis

6.7.1 Instrument Setup

As with any other high sensitivity analysis of rare 
events, an optimum instrument setup is required. 
The PMT voltage setup, scatter properties, and 
optimal fluorescence compensation are required. 
PMT voltage is set using unstained cells and 
making them lie on the scale in the negative area. 
It is cross-checked using the bright antibody-flu-
orochrome conjugate, usually CD3, ensuring that 
CD3-positive T cells do not go off scale and 
CD3-negative B cells are properly on the scale in 
the negative region and not crushed against the 
axis. If required, the PMT voltage is lowered 
down to bring the positive signal on the scale. 
Fluorochrome compensations can be set using 
the beads or the cells. If antibody capture beads 
are used, these are stained with the same anti-
body-fluorochrome conjugate which is to be used 
in the panel, except for FLAER, which can be 
replaced by CD3-AF488. Using cells, the com-
pensation can be set up, staining the lymphocytes 
in different tubes with CD3  in different fluoro-
chromes. The compensation can be cross- checked 
by staining the cells using antibody cocktails.

6.7.2  Choosing the Correct Reagent 
Conjugates and Clones

FLAER and CD24/CD157 are the most com-
monly used combination for the screening of 
granulocytes, while FLAER and CD14/CD157 
are the most commonly used combination for 
monocytes [36, 51]. Available literature has some 
recommendations for the reagents and fluoro-
chrome conjugates, which can be used in 4, 5, or 
6 color combinations [35, 55]. These reagents 
and clones have extensively been checked to be 
preferred over other clone and conjugate combi-
nation. These are mentioned in Tables 6.1, 6.2, 
6.3, 6.4, and 6.5 [55]. If some laboratory wants to 
use its own combination, it should be thoroughly 
checked for the proper functioning of these 
reagents.

6.7.3  Frequency of PNH-Positive 
Cells in Normal Samples

At least 10–20 peripheral blood samples from 
healthy volunteers should be subjected to PNH 
testing to determine the background level of 
PNH-positive cells. Studies have shown an aver-
age of 0.0004% PNH-type RBCs, 0.0013% 
PNH-type granulocytes, and 0.0033% PNH-type 
monocytes in normal individuals [36]. If the 
assay is fully optimized, the laboratory cutoff can 
be determined using mean value  +  4  standard 
deviation from these normal samples.

Table 6.1 Recommended red blood cell antibodies and 
clones: Beckman Coulter and Becton Dickinson 
instruments

Antibody 
conjugate Purpose Clone (source)
CD235a- 
FITC

Gating the 
RBCs

YTH89.1 (Cedarlane 
Laboratories)
10F7MN (eBiosciences /
Thermo Fisher Scientific)
KC16 (Beckman Coulter)
JC159 (DAKO, Agilent 
Technologies)

CD59 PE GPI linked 
for RBCs

OV9A2 (eBiosciences)
MEM43 (Invitrogen)
MEM43 (ExBio)
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Table 6.2 Recommended white blood cell antibodies 
and clones: Beckman Coulter

Antibody 
conjugate Purpose Clone (source)
FLAER GPI linked 

(granulocytes and 
monocytes)

NA (Cedarlane 
Lab, Ontario, 
Canada)

CD24 PE GPI linked 
(granulocytes)

SN3 
(eBiosciences, 
Thermo Fisher 
Scientific)
ALB9 (Beckman 
Coulter)

CD24 
APC

GPI linked 
(granulocytes)

SN3 
(eBiosciences)

CD14 PE GPI linked 
(monocytes)

61D3 
(eBiosciences)
RMO52 
(Beckman 
Coulter)
Tuk4 (Invitrogen)

CD14 
APC700

GPI linked 
(monocytes)

RMO52 (BC)

CD157 
PE

GPI linked 
(granulocytes and 
monocytes)

SY11B5 
(eBiosciences)

CD64 
PC5

Gating (monocytes) 22 (Beckman 
Coulter)

CD64 
ECD

Gating (monocytes) 22 (Beckman 
Coulter)

CD64 
PC7

Gating (monocytes) 22 (Beckman 
Coulter)

CD15 
PC5

Gating 
(granulocytes)

80H5 (Beckman 
Coulter)

CD15 
PerCP 
eF710

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD45 
PC7

Leukocyte gating, 
pattern recognition, 
and debris exclusion

J33 (Beckman 
Coulter)

CD45 
KO

Leukocyte gating, 
pattern recognition, 
and debris exclusion

J33 (Beckman 
Coulter)

CD45 
eF450

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 (eBio)

Table 6.3 Recommended white blood cell panel: Beckman Coulter cytometers

AF488 PE ECD PC5 eF710 PC7 APC APCA 700 KrO eF450
4 C Gran FLAER CD24 – CD15 – CD45 – – – –
4 C Mono FLAER CD14 – CD64 – CD45 – – – –
5 C (Gran + Mono) FLAER CD157 CD64 CD15 – CD45 – – – –
6 C (Gran + Mono) FLAER CD24 – CD15 – CD64 – CD14 CD45 –
6 C (Gran + Mono) FLAER CD157 – – CD15 CD64 CD24 – – CD45

Table 6.4 Recommended white blood cell antibodies 
and clone for Becton Dickinson

Antibody 
conjugate Purpose Clone (source)
FLAER GPI linked 

(granulocytes and 
monocytes)

NA (Cedarlane 
Lab, Ontario, 
Canada)

CD24 PE GPI linked 
(granulocytes)

SN3 
(eBiosciences, 
Thermo Fisher 
Scientific)
ML5 (Becton 
Dickinson)

CD24 
APC

GPI linked 
(granulocytes)

SN3 
(eBiosciences)

CD14 PE GPI linked 
(monocytes)

61D3 
(eBiosciences)
MOP9 (Becton 
Dickinson)
Tuk4 (Invitrogen)

CD14 
APC

GPI linked 
(monocytes)

MOP9 (Becton 
Dickinson)

CD157 
PE

GPI linked 
(granulocytes and 
monocytes)

SY11B5 
(eBiosciences)

CD64 
APC

Gating (monocytes) 10.1 (Becton 
Dickinson)
10.1 
(eBiosciences)

CD64 
PC7

Gating (monocytes) 10.1 (Becton 
Dickinson)

CD15 
APC

Gating 
(granulocytes)

HI98 (Becton 
Dickinson)

CD15 
PerCP 
eF710

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD15 
eF450

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD45 
PerCP

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 
(eBiosciences)

CD45 
APCH7

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 (Becton 
Dickinson)

CD45 
eF450

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 
(eBiosciences)
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6.7.4  Sensitivity of the Assay Using 
Dilution/Spiking Experiments

Fresh PNH-positive sample can be diluted in a 
normal peripheral blood sample. A serial tenfold 
dilution yielding 1:10, 1:100, 1:1000, and 
1:10,000 should be tested for the linearity of dilu-
tion and size of PNH clone. It is desirable to get 
100 PNH (FLAER-negative CD14/CD24 or 
CD157-negative) events. However, for higher 
dilutions, 30–50 clustered events or one million 
total gated leukocytes may be acceptable 
(Fig. 6.6).

6.7.5  Inter-Assay and Intra-Assay 
Variability

This can be tested by running the same stained 
tube multiple times (minimum three times) for 
intra-assay variability testing or staining the same 
sample multiple times in separate tubes and ana-
lyzing each tube individually. This should be 
done with samples having a wide range of PNH 
clone size. A higher variation may be observed in 
cases with lower clone sizes as compared to those 
having a higher clone size. Any variation of less 
than 10% is acceptable.

Table 6.5 Recommended white blood cells panel: Becton Dickinson cytometers

AF488 PE PerCP PCPeF710 PC7 APC APCH7 eF450
4 C Gran FLAER CD24 CD45 – – CD15 – –
4 C Mono FLAER CD14 CD45 – – CD64 – –
5 C (Gran + Mono) FLAER CD157 CD45 – – CD64 – CD15
5 C (Gran + Mono) FLAER CD157 – CD15 CD64 CD45
6 C (Gran + Mono) FLAER CD24 CD45 – CD64 CD14 – CD15
6 C (Gran + Mono) FLAER CD24 – CD15 CD64 CD14 CD45
6 C (Gran + Mono) FLAER CD157 – CD15 CD64 CD24 CD45

Fig. 6.6 Spiking experiment done during validation of CD157. A linear relation was noted between the dilution and 
proportion of PNH-positive cells
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6.7.6  External Quality Assurance 
Program

College of American Pathologists in North 
America and the United Kingdom National 
External Quality Assessment Service in Europe 
provide the external quality assurance program. 
The former provides EQA for RBC analysis only 
while the latter is for leukocyte 
 immunophenotyping. It has been demonstrated 
that stabilized whole blood sample is suitable for 
the currently recommended high sensitivity anal-
ysis. It has also been highlighted that using the 
carefully selected conjugates and standardized 
protocol can lead to reduced variation around the 
median even for experienced laboratories [56]. A 
recent study has demonstrated that using same 
standardized four-color assay on fresh samples 
had good precision and reproducibility perfor-
mance. It also had a good correlation and agree-
ment between centers (both novice and 
experienced) for all target PNH clone sizes [57]. 
Whatever be the approach, it is important to have 
continuing education for standardized testing and 
reporting of PNH. Exchange of samples between 
the laboratories is also recommended as one of 
the important steps for standardizing the testing 
of this rare condition.

6.8  Data Interpretation 
and Reporting

Clinical PNH cases, who present with hemoly-
sis, usually have large PNH clone sizes. The 
PNH clone size in AA is usually significantly 
lower in comparison with classic PNH group. 
Routinely, these cases have a clone size of less 
than 10%, with most of them showing a minor 
clone of less than 1%. The clinical significance 
of this small size clone is controversial. But it is 
important to detect PNH clones in AA because 
of three important reasons. (1) Some studies, but 
not all, have shown that AA with the presence of 
PNH clone had a better response to immunosup-
pressive therapy [58–60]. (2) Finding a PNH 

clone virtually rules out other causes of inherited 
BM failure syndrome. Studies have shown that 
none of the cases of AA with PNH clone exhibit 
increased chromosome breakage [7, 46]. (3) A 
fair proportion of these patients may show an 
increase in clone size and progression of these 
subclinical PNH cases to frank clinical hemo-
lytic PNH.  Use of immunosuppressive therapy 
in the form of ATG may also lead to an increase 
in clone size [61].

Some of the cases of AA may have a large 
clone size of more than 50% [7, 46, 61]. 
Interestingly, even in the presence of a large 
clone size, many of these patients do not show 
clinical or laboratory evidence of hemolysis. The 
probable reason for this would be a reduced abso-
lute mass of newly formed RBCs/reticulocytes 
(as a result of marrow hypoplasia in AA), which 
are the most sensitive cells to complement- 
mediated lysis. In contrast, classic PNH cases 
have more of these neocytes (as a result of 
 compensatory erythropoiesis) and thus more fea-
tures of hemolysis.

The PNH clone size of leukocytes is usually 
greater than that of RBCs. This can be explained 
by two mechanisms: one being the complement- 
mediated lysis of RBC and the other being the 
dilution of the PNH-positive RBCs following 
transfusion. However, RBC analysis is useful as 
RBC clone size directly correlates with the clini-
cal features. Additionally, RBC staining is better 
in demonstrating the partial antigen deficiency as 
compared to the granulocytes. There is no spe-
cific cutoff, but cases with more than 20% type 
III RBCs are likely to be symptomatic. Cases 
with large type II and absence of significant type 
III populations show reticulocytosis with ele-
vated LDH levels but less hemolysis [35]. 
Monitoring RBC clone is also important in cases 
with eculizumab therapy, as the drug prevents the 
complement-mediated hemolysis and hence the 
size of RBC clone increases with ongoing 
therapy.

Among the leukocytes, the reliability of neu-
trophils in assessing the clone sizes is better than 
monocytes, owing to the relatively lower number 
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of monocytes that could be acquired and ana-
lyzed. But, for the cases where a sufficient num-
ber of monocytes could be analyzed, the clone 
size of monocytes is usually found to be greater 
than neutrophils [7, 36, 46]. There have been 
reports by some authors documenting that the 
analysis of monocytes and reticulocytes gives the 
best estimation of clone sizes in patients with 
small PNH clone [62].

It is of utmost importance to avoid the term 
negative or positive in the reports to avoid confu-
sion (the cells “Positive” for GPI markers are 
actually “negative” for PNH and vice versa). 
Hence it is better to use the term “PNH clones 
detected” and “no PNH clones detected.” The 
total proportion of abnormal cells (type II + type 
III) should be mentioned for each lineage of cells 
analyzed. For RBCs, it is important to give infor-
mation about the type II clone sizes. The impor-
tance of type II clone size for leukocytes is not 
well understood. Repeat testing is recommended 
for cases of AA. However, there is no requirement 
of repeat testing for the patient with unexplained 
thrombosis or hemolysis, where no PNH clone is 
detected. The small clone size should include a 
language in the report that should make clear that 
this is not the same as a diagnosis of hemolytic 
PNH.  A mention of the antibody cocktail used 
along with the sensitivity of the assay should also 
be incorporated in the report.

For PNH detection using high sensitivity anal-
ysis, where small clones are detected, it is impor-
tant to follow the rule of two. PNH clone should 
be detected in two lineages (RBCs, granulocyte 
or monocytes) using two gating markers for leu-
kocytes (including CD45 and one other, usually 
CD15 for granulocyte and CD33/CD64 for 
monocytes) and two PNH markers (including 
FLAER and one other, usually CD24 for granulo-
cyte and CD14 for monocytes). For RBCs, 
CD235 is the only gating marker and CD59 is the 
only PNH marker. When using separate tubes for 
granulocytes, monocytes, and RBCs, it is recom-
mended that a high sensitivity screening for RBC 
and granulocytes should be done first, followed 
by a high sensitivity monocyte assay for all cases 
which contain PNH RBCs or granulocyte [36]. 
Since we perform a common five-color/six-color 
assays for granulocyte and monocyte, our strat-

egy is to perform high sensitivity screening for 
leukocytes first. This is followed by high sensitiv-
ity screening of RBC for the cases which demon-
strate PNH granulocytes or monocytes.

6.9  Conclusion

PNH is a clonal, non-neoplastic stem cell disorder 
with varied clinical manifestation. Its association 
with AA and MDS has been well established. The 
diagnosis can be established through various tech-
niques, but flow cytometry is the preferred one 
owing to its sensitivity, specificity, and ability to 
accurately provide the clone size. Discovery of 
FLAER has been a major breakthrough, and cur-
rently, FLAER-based flow cytometric analysis is 
the “gold standard” diagnostic modality for 
PNH. CD157 also seems to be a promising reagent 
that can target both granulocyte and monocytes. 
Recent guidelines have been established for the 
diagnosis and monitoring of PNH using flow 
cytometry by International Clinical Cytometry 
Society (ICCS). It was followed by practical 
guidelines for high sensitivity analysis of PNH 
clones, where specific reagent cocktails and 
 analytical strategies were directly addressed. 
Following these guidelines will lead to standard-
ized comparable results across various laborato-
ries. These guidelines do not prevent the 
laboratories from making the modification, but 
these should be extensively validated. Given the 
rarity of this disease and presence of small size 
clones in BM failure (AA and MDS) cases, it is 
important to address all the quality assurance steps 
for improving the detection of PNH clones. Data 
interpretation should be diligently done, with the 
generation of simple but informative reports, 
avoiding the terms that can create confusion.
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Laboratory Diagnosis 
of Microangiopathic Hemolytic 
Anemia Including TTP, DIC, 
and HUS

Aakanksha Singh and Mrinalini Kotru

Microangiopathic hemolytic anemia (MAHA) is 
a type of hemolytic anemia characterized by non-
immune intravascular destruction of red cells 
secondary to the presence of microthrombi in the 
circulation or abnormal vascular surfaces. It is 
often accompanied by thrombocytopenia. This 
syndrome of hemolytic anemia and thrombocyto-
penia occurring secondary to the formation of 
microthrombi is also called thrombotic microan-
giopathy (TMA) or red cell fragmentation syn-
drome. It is mostly suspected in patients who are 
sick and show signs of one or more organ failure 
with demonstrable schistocytes or fragmented 
red cells (Fig. 7.1).

7.1  Pathogenesis

A wide variety of clinical diseases both inher-
ited and acquired can lead to the development 
of microthrombi. These microthrombi formed 
in high-flow/high-shear vasculature (arterioles 
and arteries) result in partial vascular obstruc-
tion, thereby causing end organ damage along 
with red cell fragmentation and hemolysis. 
During this episode, fairly large amount of lac-
tate dehydrogenase is detectable in blood sec-
ondary to red cell damage. Similarly, there is 
consumption of platelets leading to thrombocy-
topenia. Hence, the formation of microthrombi 
is central to the development of clinical symp-
toms, hemolysis and thrombocytopenia. These 
microthrombi are a byproduct of various mech-
anisms depending on the underlying disease. 
For example, in TTP, there are platelet aggre-
gates in the systemic microvasculature; in HUS, 
platelet-fibrin thrombi are present in the renal 
microvasculature.

The levels of red cell fragmentation and schis-
tocytosis show little proportionality to either the 
severity of endothelial damage or the degree of 
vascular occlusion and shear stress, few exam-
ples being disseminated intravascular coagula-
tion (DIC), preeclampsia/eclampsia, march 
hemoglobinuria, and Kasabach–Merritt syn-
drome (Fig. 7.2).

We discuss a few important diseases under the 
umbrella of MAHA, before discussing the 
approach to the diagnosis.
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Fig. 7.1 Schistocytes on peripheral smear, 100×
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7.2  Thrombotic 
Thrombocytopenic Purpura 
(TTP)

TTP is a rare life-threatening TMA occurring 
due to severe deficiency in ADAMTS13 
metalloproteinase.

7.2.1  Definition

Earlier, TTP remained a diagnosis of exclusion, 
requiring the presence of multiorgan ischemic 
clinical manifestations (Reynolds pentad) along 
with laboratory-established MAHA and throm-
bocytopenia. It has been long established that the 
above-said criterion is present only in about 10% 
of the patients. Also, many recent studies have 
demonstrated that ADAMTS13 activity less than 

10% is specific for TTP. Hence, the diagnosis 
can only be confirmed on the estimation of the 
enzyme activity of ADAMTS13.

7.2.2  Pathophysiology

ADAMTS13 (a disintegrin and metalloprotein-
ase with a thrombospondin type 1 motif, member 
13) is central to the development of TTP. It is the 
13th member of the ADAMTS family of proteins. 
It is a specific von Willebrand factor (VWF) 
cleaving protease.

The activated endothelium releases ultra-large 
VWF monomers, which under shear stress, par-
tially unfold, exposing their A2 domain, the 
cleavage site of ADAMTS13 protease. This pro-
teolytic cleavage leads to the formation of small 
multimers. The significance of this function can 
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Fig. 7.2 Microangiopathic hemolytic anemia: causes
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be observed by the unabated thrombosis in small 
arterioles caused by the accumulation of platelet- 
hyperadhesive ultra-large VWF multimers in 
severe ADAMTS13 deficiency (Fig. 7.3).

7.2.2.1  Causes of ADAMTS13 
Deficiency

It can be both acquired and inherited.

• Acquired ADAMTS13 deficiency:
Caused by the presence of autoantibodies, 
mostly. It can be either idiopathic (primary) or 
nonidiopathic (secondary), i.e., associated 
with other autoimmune conditions. They are 
mostly polyclonal IgGs in nature and target 
cysteine-rich/spacer domain of ADAMTS13.

Anti-ADAMTS13 IgG assays may not 
demonstrate any IgG antibodies, in about 
20–25% of acute TTP. This may be because of:
 – Immunoglobulin trapping
 – Immunoglobulin isotypes other than IgG
 – ADAMTS13 metabolism by calpains, elas-

tases, thrombin, or plasmin
 – ADAMTS13 inhibition by free hemoglobin

• Inherited ADAMTS13 deficiency—
Upshaw–Schulman syndrome (USS):
It constitutes 2% of all cases. It is a recessively 
inherited (compound heterozygous more 

 common than homozygous) qualitative disor-
der of the ADAMTS13. Majority of the muta-
tions impact the protease domain and may 
rarely  affect ADAMTS13 secretion also. 
Interestingly, a mutual exclusivity is observed 
in mutations observed in either childhood or 
adult onset disease.

7.2.3  Risk Factors

Acquired TTP has a higher reported prevalence 
in the black ethnicity. Although, no causative link 
has been established, but obesity and HLA- 
DRB1∗11 mutation have a significant association 
with TTP.  Whereas the presence of HLA- 
DRB1∗04 abates the propensity of having 
TTP. However, it must be borne in mind that the 
mere deficiency of ADAMTS13, moderate to 
severe, is no prelude to the TTP syndrome.

7.2.4  Epidemiology

7.2.4.1  Age
TTP has both adult and pediatric onset. Inherited 
TTPs generally present as early as the neonatal 
period or by early childhood. Surprisingly about 
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Fig. 7.3 Pathogenesis of thrombotic thrombocytopenic purpura
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10–20% of the inherited TTPs may not manifest 
up to the second decade. Acquired TTP may 
rarely occur in the first decade itself, nevertheless 
it is a disease of the adolescent and adults.

7.2.4.2  Gender
Adult onset TTP shows a female predilection 
supporting its autoimmune origin with female-to- 
male ratio being 2 to 3:1. However, USS has no 
sex predilection.

7.2.5  Clinical Presentation (Fig. 7.4)

7.2.5.1  Upshaw–Schulman Syndrome
It is a rare form of inherited TTP, accounting for 
less than 5% of all TTP cases, and often tends to 
have a chronic remitting and relapsing course. A 
typically affected neonate may have plethora of 
nonspecific manifestations ranging from meco-

nium passage in utero to fetal distress, neonatal 
jaundice, and thrombocytopenia and occasion-
ally may have signs and symptoms secondary to 
thrombosis.

For the unsuspecting pediatrician, any blood 
transfusion or plasma exchange may lead to 
complete recovery, thereby delaying the diagno-
sis up to a later stage in life. Another contribut-
ing factor to delayed diagnosis is the minimal 
schistocytosis.

However, these patients tend to have a chronic 
relapsing course, requiring plasma infusion 
every 2–4 weeks. Such should be instituted on a 
regular basis to prevent the development of 
complications.

Hereditary TTP shows increased propensity 
for acute and chronic renal disease as compared 
to acquired TTP. It is speculated that local expres-
sion of ADAMTS13 in renal endothelial cells and 
glomerular podocytes may provide protection 
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against VWF-platelet aggregation before the 
inhibitors suppress its activity. Such protection is 
not present in patients with genetic ADAMTS13 
mutations. A list of secondary TTPs have been 
briefly discussed in Fig. 7.5.

7.3  HUS and Atypical HUS

Hemolytic uremic syndrome (HUS) falls under 
the umbrella diagnosis of TMAs. Historically, 
HUS was regarded as one of the most common 
causes of acute dialysis requirement in young 
children. In autopsy series of children succumb-
ing to HUS, histopathological changes in kidney 
ranged from TMA limited to the glomerulus to 
extensive involvement of arterioles.

7.3.1  Definition

HUS is a clinical syndrome of acute renal failure 
heralded by intravascular hemolysis (schistocy-
tosis, raised lactate dehydrogenase levels, and 
consumption of haptoglobin) along with 
thrombocytopenia.
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Worse prognosis
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usually seen in 
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pregnancy does not 
relieve symptoms. 

Fetal loss in about 
40%.

Fig. 7.5 Secondary TTPs

Summary
Thrombotic thrombocytopenic purpura is 
defined by less than 10% of ADAMTS13 
activity. Severe ADAMTS13 deficiency 
leads to the accumulation of platelet- 
hyperadhesive ultra-large VWF multimer 
complexes and subsequent thrombi forma-
tion. Caused by both acquired (autoanti-
bodies against ADAMTS13) and inherited 
(Upshaw–Schulman syndrome). Clinically 
described by Reynolds pentad.
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On the basis of etiology, two forms of HUS 
are observed: D+ and D− HUS.

7.4  D+ HUS

D+ HUS, also known as typical or shiga toxin- 
associated HUS, is caused post an episode of 
infection by shiga toxin or shiga-like toxin 
producing bacteria. Though the disease is 
uncommon, it accounts for majority (90%) of 
the cases of HUS in children and usually fol-
lows an epidemic of community acquired 
diarrhea.

Diarrhea-associated HUS is primarily caused 
by enterohemorrhagic type (70%), O157:H7 
serotype (80%). The non-O157 serotypes impli-
cated in a similar disease picture are O103:H11, 
O111:H8, O145:H28, and O26:H11. These sero-
types encode shiga-like toxin by a phage, which 
infects other non-disease-causing serotypes, 
turning them virulent. Rarely, in outbreaks in the 
past, enteroaggregative E. coli O104:H4 has been 
implicated, which became virulent post 
 acquisition of mutated prophage. Shigella dysen-
teriae serotype 1 has also been found to be an 
offending organism in non-E. coli cases.

The natural reservoir for these organisms 
happens to be the gut of cattle, and they are 
therefore transmitted through contaminated 
unpasteurized milk and dairy products, poultry, 
and undercooked meat. Sometimes poorly 
washed vegetables and fruits and nuts second-
ary to a contaminated water source may also be 
disease causing. Rarely man-to-man transmis-
sion via the feco-oral route has also been 
described. Since the implicating organisms 
propagate disease by elaborating toxin via bac-
teriophage, very little infecting dose almost 
always suffices, and it also explains the ten-
dency to cause epidemics.

7.4.1  Pathophysiology

Central to the pathogenesis is microangiopathy, 
which may or may not be accompanied by throm-
bosis. The pathology tends to dominate around 
glomerular capillaries, secondarily affecting cap-

illaries in bowel, brain, heart, and pancreas. The 
propensity of kidney affection can be explained 
by the expression of specific sphingolipid globo-
triaosylceramide tethered to lipid rafts of cell 
membranes of proximal tubular cells, podocytes, 
and endothelial cells. These globotriaosylce-
ramide endocytose shiga toxins (elaborated by 
gut bacteria), with retrograde transport to the 
endoplasmic reticulum, inhibit protein synthesis 
and cause ribosomal disruption.

Shiga toxin is of two major types: Stx 1 and 2. 
Further subtypes of these major forms are seen. 
Stx 2 dominantly causes endothelial damage via 
apoptosis primarily affecting glomerular capillar-
ies and arterioles, Stx 2A and 2D being most 
potent. Additionally, Stx 1 is also capable of 
causing endothelial necrosis and apoptosis as 
demonstrated on animal models. Endothelial 
damage via cell swelling, damage, and basement 
membrane exposure leads to the activation of 
coagulation and complement pathway. The extent 
to which either pathway is elaborated determines 
the extent of thrombus formation and/or microan-
giopathy with the presence of polymorphonu-
clear leucocytes within the vessel wall. A 
common feature seen in autopsy series is the 
increased vascular permeability, dominant cause 
of all clinical manifest, ischemic organ dysfunc-
tion (e.g., renal cortical necrosis) (Fig. 7.6).

7.4.2  Age

Stx-HUS principally affects young children. This 
age predilection can be explained by the variabil-
ity in intensity and patterns of sphingolipid 
receptors on cell surface with age.

7.4.3  Gender

No gender predilection is seen.

7.4.4  Clinical Features

D+ HUS usually occurs 5–10 days after a preced-
ing episode of bloody diarrhea. Shiga toxin- 
associated HUS is not unknown in patients 
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without a prodrome of colitis. E. coli causing 
genitourinary tract infections have been incrimi-
nated with similar pathophysiology.

Syndrome of D+ HUS secondary to EHEC 
infection can be asymptomatic or have a variable 
clinical course. It may involve the CNS, bowels, 
endocrine pancreas and heart, making the clinical 
differentiation with other MAHAs difficult.

Hematological Features: Thrombocytopenia, 
though found in majority of patients, is usually 
not associated with purpura or bleeding. However, 
no direct relationship has been established with 
MAHA associated with reduced platelet counts 
to the extent of renal dysfunction. The blood pic-
ture associated with D+ HUS is usually one of 
the earliest features to resolve completely in 
about 1–2 weeks.

Renal Features: Renal manifestations can be 
extremely variable, ranging from asymptomatic 
microscopic hematuria and proteinuria to overt 
oliguric renal failure, which is usually accompa-
nied by hypertension. The prognosis of this renal 

infliction usually remains favorable; however, a 
remote possibility of renal failure years later can-
not be ruled out despite complete recovery.

CNS Features: Central nervous system 
involvement occurs in about 20–50%. It is the 
most life-threatening complication. Confusion, 
irritability, seizures, cranial nerve palsies second-
ary to cerebral edema, and hemiparesis and pyra-
midal or extrapyramidal symptoms secondary to 
thrombosis are some of the CNS manifestations.

GIT Features: D+ HUS is usually preceded by 
bloody diarrhea which can later complicate to 
severe hemorrhagic colitis, bowel necrosis and 
perforation, peritonitis, and intussusception. 
Hepatomegaly and/or increased serum transami-
nases are frequently observed.

Endocrine Features: Transient glucose intol-
erance is quite commonly reported. One of the 
late reported complication rarely is type 1 diabe-
tes mellitus.

CVS Features: Cardiovascular and respiratory 
complications are secondary to the increased vas-
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Fig. 7.6 Pathogenesis of Shiga toxin associated hemolytic uremic syndrome
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cular permeability. Congestive heart failure, peri-
cardial or pleural effusion, and acute respiratory 
distress syndrome have been well documented in 
literature. Though rarely reported, myocardial 
infarction remains a dreaded complication 
(Fig. 7.7).

7.5  D− HUS

D− HUS also known as atypical HUS (aHUS), is 
an encompassing term for disorders with unregu-
lated activation of alternate pathway of comple-
ment. The reported incidence of D− HUS is about 
10% in children; however, we firmly believe that it 
is largely underreported and misdiagnosed. Unlike 
D+ HUS, which has a dramatic presentation, D− 
HUS tends to have an unsuspecting manifest with 
prolonged remitting relapsing course. The child 
may present with nonresponsive hypertension and 
renal failure impending to transplantation.

D− HUS is caused by either inherited or 
acquired defect causing unregulated complement 
activation. It is largely observed that these 
patients give a preceding history of infection, 
most common being an upper respiratory tract 
infection. However, these are mere catalysts to an 
underlying complement defect.

7.5.1  Pathophysiology

Much like dense deposit disease, it affects glom-
eruli, arterioles, and capillaries. Doubling of 
basement membrane, subendothelial deposits 
and a spectrum of mesangioproliferative glomer-
ulonephritis are seen without cortical necrosis. 
Mesangiolysis is also often observed. All these 
changes are secondary to endothelial damage, 
subendothelial edema, and rarely microangiopa-
thy. A summary of commonly described muta-
tions and a simplified dysregulated alternate 
complement pathway are illustrated in Figs. 7.8, 
7.9, and 7.10.

7.5.1.1  Antifactor H Autoantibody- 
Associated D− HUS

Another important etiology causing atypical 
HUS other than mutations involving the comple-
ment pathway is the presence of autoantibodies 
against factor H. These antibodies are detected in 
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Summary
D+ HUS is associated with a triad of 
MAHA, thrombocytopenia, and acute renal 
failure. Shiga toxin-mediated endothelial 
damage and complement activation is cen-
tral to the pathogenesis.
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the first decade and demonstrate no gender predi-
lection. The reported incidence is about 6–10% 
of all cases of atypical HUS.  These antibodies 
primarily inhibit the binding of factor H to C3 
convertase.

7.5.2  Epidemiology

The ratio of carriers to manifest cases is almost 
about half; this can be secondary to incomplete 
penetrance, especially seen in mutations involv-
ing CFH, membrane cofactor protein, CFI C3, 
and CFB.

Thirty percent of patients of D− HUS with 
the above mutations may have a preceding epi-
sode of diarrhea. Additionally, the mere pres-
ence of mutations does not determine the 
manifestation of disease. Numerous known 

triggers such as coexisting autoimmune disor-
ders, drugs, solid organ cancers, hematopoetic 
malignancies, and pregnancy have been 
described. This interaction between environ-
mental triggers and mutations has not been 
completely elucidated.

7.5.3  Age

The prevalence of D− HUS is rare and has been 
reported at 3 per million children. Though D− 
HUS is commoner in children, adult cases are 
well documented.

7.5.4  Gender

No gender predilection has been reported.

Pathogenesis Of Atypical HUS (Alternate Complement Pathway)

Membrane cofactor protein (MCP) is cell-bound. It also binds to C3b causing it to 
attached to cells and works with factor I to inactivate it 

Both complement factor H and I are serum-based. Factor H binds C3b
and works with factor I to inactivate it. 
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Fig. 7.10 Pathogenesis of D− HUS
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7.5.5  Clinical Features

The onset of an acute D− HUS crisis may occur 
spontaneously or after stressful environmental 
triggers. D− HUS is not an organ-specific dis-
ease; it is multisystemic disorder, with intravas-
cular hemolysis, low platelet count, and renal 
failure being common presentation.

Gastrointestinal Symptoms: D− HUS may 
present with an acute abdomen which may or 
may not be associated with bloody diarrhea. 
Elevated pancreatic amylase or lipase may indi-
cate a diagnosis otherwise. Impaired glucose tol-
erance and abnormal liver function tests may be 
additional findings. Increased vascular permea-
bility leads to mild to moderate ascites along with 
intestinal wall and mesenteric edema.

CNS: Glasgow coma scale rarely shows sig-
nificantly impaired scores. Impaired mentum 
(which tends to improve and deteriorate), head-
ache, seizures and coma have been well docu-
mented. Focal neurologic deficits may occur 
although these are not as frequent as in patients 
with TTP.  Posterior reversible encephalopathy, 
again secondary to cerebral edema, remains one 
of the dreaded complications.

Hematological Features: Severe intravascular 
hemolysis has been documented with factor H 
mutations and tends to have a chronic relapsing 
course.

Renal: D− HUS has major affliction to kid-
neys. Patients tend to have a dramatic course to 
end stage renal disease. Associated hypertension 
is usually unrelenting. Young patients usually 
tend to undergo renal transplant, but the chances 
of recurrence remain exceptionally high (75–
90%). Of all mutations, mutated membrane 
cofactor protein, tend to have the best renal prog-
nosis, though early in onset, fewer relapses are 
observed and recurrence in allograft is rare.

7.5.6  Vitamin B12 Metabolism 
Defects Associated 
with D− HUS

It is commonly associated with an inborn error 
of  intracellular cobalamin metabolism, with 

functional mutations involving MMACHC gene. 
The clinical presentation and the age of onset 
depend on the type of mutation involved.

Prenatally, intrauterine growth retardation and 
microcephaly are observed, rarely along with 
fetal dilated cardiomyopathy. In infants, newborn 
screening remains unremarkable, but the child 
may show features of failure to thrive, hypotonia 
along with developmental delay. Hemolytic ure-
mic syndrome starts to manifest associated with 
visual inattention, nystagmus, and hydrocepha-
lous. Cor pulmonale in the absence of other 
causes may also bring the child to clinician’s 
attention.

Childhood is marked by developmental 
regression and chronic TMA.  Manifestation of 
the disease in adolescence is marked by progres-
sive leukoencephalopathy, subacute combined 
degeneration of cord with associated thrombo-
embolic events.

Pathogenesis: Mutations in the MMACHC gene 
lead to impaired function, thereby causing decreased 
production of methylcobalamin and adenosylco-
balamin. These in turn serve as cofactors to two 
enzymes methionine synthase and methylmalonyl- 
CoA mutase, respectively. Deficient activity of 
these two enzymes leads to increased metabolites, 
homocysteine and methylmalonic acid.

Biochemical hallmarks of the disorder are 
raised plasma homocysteine, plasma and urine 
methylmalonic acid accompanied with low levels 
of methionine. What should alert the clinician 
against nutritional deficiency is the normal 
plasma B12 levels in the background of megalo-
blastosis, hypersegmented neutrophils, schisto-
cytosis, and thrombocytopenia. Another indicator 
to consider in born error of cobalamin metabo-
lism is the poor response to intramuscular cyano-
cobalamin as opposed to hydroxyl cobalamin, 
which is curative.

7.5.7  D− HUS After Renal 
Transplantation

There are many implicating factors for D− HUS 
secondary to renal transplant, the most com-
mon  being drugs. High-dose administration of 
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 calcineurin inhibitors (cyclosporine and tacroli-
mus) usually leads to MAHA within the first 6 
months of transplant. HUS may be secondary to 
underlying recurrent disease or rarely may arise 
de novo.

7.6  Disseminated Intravascular 
Coagulation (DIC)

7.6.1  Introduction

DIC is not a disease per se; it is an outcome or a 
complication of any condition which leads to 
unregulated generalized activation of the clotting 
system which overwhelms the innate anticoagu-
lant system of the body, causing the generation of 
vast amounts of intravascular thrombin and 
fibrin. The various outcomes associated with this 
complication are elaborated in Fig. 7.11.

7.6.2  Definition

In 2011, the International Society on 
Thrombosis and Hemostasis (ISTH) proposed 
a definition of DIC as: “DIC is an acquired 
syndrome characterized by the intravascular 
activation of coagulation without a specific 
localization and arising from different causes. 
It can originate from and cause damage to the 
microvasculature, which if sufficiently severe, 
can produce organ dysfunction.”

7.6.3  Pathogenesis

Acute DIC is a consumptive state, where 
impaired coagulation is secondary to the gen-
eration of thrombin to such excess degrees 
that the natural anticoagulants are deemed 
ineffective. The  trigger to such a response is a 
result of large amounts of tissue factor 
released intravascularly. This response results 
in systemic organ dysfunction secondary to 
fibrin thrombi predominantly in the capillar-
ies and arterioles. It has myriad causes 
(Fig. 7.12).

This unregulated activation leads to drastic 
depletion of platelets and coagulation factors. 
Therefore, the laboratory parameters at this point 
of time indicate thrombocytopenia approximately 
less than 50,000/L (10–15% of cases), deranged 
PT and aPTT (ranging from minimal to marked 
prolongation), and excessive fibrin degradation 
products (d-dimers).

Acute DIC usually results in multiorgan dys-
function secondary to ischemia caused by the 
widespread fibrin thrombi observed in small 
vessels due to the hyper-procoagulant state. 
These microthrombi lead to not only ischemia 
but also red cell fragmentation leading to 
schistocytosis.

In acute DIC, the multiorgan ischemia is 
untenable to the amount of microvascular throm-
bosis. This can be explained by the enhanced 
vasospasm and platelet activation secondary to 
the consumption of endothelial relaxing factor 
(nitric oxide) by free hemoglobin released during 
intravascular hemolysis. Other indicators of red 

Summary
D− HUS is often attributed to mutations in 
CFH, MCP, CFI, C3, and thrombomodulin. 
Primary to pathogenesis is dysregulation of 
the complement system (especially, the 
alternate pathway) leading to excessive 
complement activation and endothelial 
damage.

Drugs Causing D− HUS
Tacrolimus, cyclosporine, mitomycin C, 
bleomycin, cisplatin, quinine, gemcitabine, 
quetiapine, and cocaine.

Recent Insights
The central role of damaged endothelial 
cells which was assumed to be pivotal to 
the pathogenesis of HUS is now being dis-
puted. Various animal models have now 
demonstrated that red cells or platelets may 
be damaged earlier.

A. Singh and M. Kotru



121

BLEEDING

Rapid Consumption 
Of Platelets And 

Coagulation 
Factors

FDPs Can Inhibit Fibrin 
Polymerization As Well 
As Platelet Aggregation

Platelet 
Dysfunction

THROMBIN

Central to the 
pathogenesis of 

DIC

THROMBOSIS

Converts Fibrinogen To 
Fibrin 

Activates Factor XIII To 
Stimulate Fibrin Cross- 

linking 

Platelet Aggregation

Releases PAI-1 from 
endothelial cells & 

activates TAFI in the 
plasma

Consumption Of AT And 
The Downregulation Of 
The Protein C System

Fig. 7.11 Pathogenesis of DIC

CAUSES OF ACUTE DISSEMINATED INTRAVASCULAR COAGULATION 

INFECTION 

EMBOLISM

TUMORS

OTHERS

• GRAM-NEGATIVE SEPTIC SHOCK 
• GRAM-POSITIVE BACTERIA 
• RICKETTSIA (TICKS) 
• FUNGI 
• VIRUSES 
• MALARIA

• AMNIOTIC FLUID EMBOLISM 
• FAT EMBOLISM

• ACUTE PROMYELOCYTIC LEUKEMIA 
• VASCULAR TUMORS

• ABO-INCOMPATIBLE TRANSFUSION 
  REACTION 
• TRANSPLANT REJECTION 
• ACUTE PANCREATITIS 
• SEPTIC ABORTION 
• BRAIN INJURY 
• TRAUMA AND CRUSH INJURY 
• BURNS 
• HYPOTHERMIA/HYPERTHERMIA 
• SNAKE BITE VENOM 

Fig. 7.12 Causes of 
acute DIC

7 Laboratory Diagnosis of Microangiopathic Hemolytic Anemia Including TTP, DIC, and HUS



122

cell fragmentation accompanying schistocytosis 
are raised lactate dehydrogenase levels and indi-
rect hyperbilirubinemia.

d-dimers are produced by the proteolytic 
action of plasmin, which cleaves polymerized 
fibrin monomers after the penultimate step post 
cross-linking by activated factor XIII. Therefore, 
factor XIII, thrombin and plasmin are absolutely 
necessary for the production of fibrin degradation 
products.

It must be however borne in mind that 
d-dimers are not specific to DIC. d-dimers are 
essentially an indicator that a recent clot forma-
tion has taken place. Therefore, any detectable 
levels of d-dimer can be seen in any cause of arte-
rial or venous thrombosis, inflammation, healing, 
and subclinical thrombosis seen in states of 
hypertension. Impaired clearance secondary to 
chronic liver disease may also lead to a 
 false- positive presumption of ongoing 
DIC.  Therefore, the presence of d-dimers may 
only be suggestive, not diagnostic. However, the 
absence definitely rules out (high negative pre-
dictive value) the possibility of DIC.

The coagulation pathway and the contact/
kininogen pathway are intimately intertwined. 
Unprecedented stimulation of the coagulation 
pathway leads to overproduction of bradykinin, 
such that it overcomes the normal inhibition of 
angiotensin-converting enzyme, leading to sys-
temic vasospasm and shock.

Shock further aggravates the impaired clear-
ance of factors activated in the coagulation path-
way, coagulation degradation products, and 
importantly, the triggers—tissue factor. Systemic 
vasospasm aggravates hypoperfusion, stimulat-
ing the endothelial cells to release tissue plasmin-
ogen activator, in turn causing hyperfibrinolysis, 
with amplified protein C loop.

Chronic DIC is a compensated consumptive 
coagulopathy. Since the amount of thrombin gen-
eration tends to be in minute amounts, subacute 
and subclinical, this is easily compensated by 
brisk thrombopoiesis by marrow and increased 
production of pro- and anticoagulants by liver. 
Fibrin degradation products are also rarely 
detected in chronic DIC due to efficient clearance 

by the liver. Chronic DIC is commonly reported 
with aneurysms, vasculitis, solid organ tumors, 
and intrauterine death.

Therefore, laboratory parameters tend to be 
very subtle with chronic DIC. Bleeding is not the 
primary manifestation as opposed to thrombosis 
and shock is rarely reported. In fact, chronic DIC 
is incidentally detected, in the background of the 
above-mentioned conditions. PT and aPTT are 
usually normal, rarely mildly raised along with 
mild thrombocytopenia, making the diagnosis of 
chronic DIC very daunting.

7.6.4  Epidemiology

7.6.5  Age and Gender

Since DIC is a complication secondary to vari-
able etiologies, skewed age and gender predispo-
sition cannot be established.

7.6.6  Clinical Features

The clinical presentation of acute DIC can be 
extremely variable, ranging from general mal-
aise, mucosal bleeds, petechial rashes to signs 
and symptoms pertaining to multiorgan dysfunc-
tion and shock.

Abnormalities of coagulation system in DIC are 
about the shift in balance either ways, leading to an 
overall dominant hematological manifestation, i.e., 
either hypercoagulation or hyperfibrinolysis. These 
clinical types are dynamic categories and may shift 
or change to another (Fig. 7.13).

Summary
DIC is a systemic disorder, which has a 
simultaneous procoagulant and fibrinolytic 
activation resulting in consumption coagu-
lopathy causing organ dysfunction. 
Diagnosis rests on thrombocytopenia, fibrin 
degradation products, d-dimer, PT, aPTT, 
fibrinogen, and scoring systems.
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7.6.7  Laboratory Diagnosis

7.6.7.1  Baseline Investigations
Complete Blood Count: TMA is characterized by 
anemia that is often severe (decreased hemoglo-
bin and hematocrit) and may be accompanied by 
moderate polymorphonuclear leukocytosis and 
severe thrombocytopenia (platelet count usually 
<30 × 109 L−1). The hematologic findings of all 
three disorders, namely HUS, TTP, and DIC tend 
to be similar, with variable degrees of thrombo-
cytopenia. Also it should be borne in mind that 
the degree of thrombocytopenia does not always 
reflect the severity of the clinical status.

Peripheral Blood Smear: There are a few 
ICSH recommendations:

• Schistocytes, also known as helmet cells, are 
small, irregularly shaped red cells which lack 
a central pallor. Variable shapes are noted—
triangular, crescent-shaped cells or cells with 
pointed projections. Nowadays, fragmented 
red cells are regularly being reported on auto-

mated coulters such as the DxH 800 coulter, 
cellular analysis system.

• These schistocytes should be reported per 
1000 counted red cells, indicated in 
percentages.

• In the absence of an alternative diagnosis, a 
value as low as 1% is taken to be suggestive of 
thrombotic microangiopathic anemia.

• In appropriate clinical setting, 4% or more 
schistocytes are indicative of TMAs.

• Another factor that should be taken into 
account is either the absence of schistocytosis 
in early part of the disease or persistence post 
resolution of symptoms. Therefore, schistocy-
tosis should never be used for prognostication 
or disease follow-up. Its presence is only of 
high positive predictive value (Fig. 7.14).

Reticulocyte Count: A high reticulocyte count 
is seen in most TMA (120 × 109 L−1).

Plasma Hemoglobin: Hemoglobinemia 
though a common feature in all TMAs, but may 
be more marked in HUS and aHUS.
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Fig. 7.13 Clinical spectrum of DIC with associated conditions
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Fig. 7.14 Approach to the diagnosis
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Serum Haptoglobin: Is usually undetectable, 
except in chronic DIC.

Lactate Dehydrogenase: Is elevated.
Liver Function Test: An increased indirect 

bilirubinemia along with elevated liver transami-
nases and amylase is usually observed.

Renal Function Test: At presentation, very 
high blood urea nitrogen and serum creatinine 
may be encountered, especially in HUS and 
aHUS.

Urine Examination: Proteinuria and hematu-
ria are frequently observed. The urine usually 
contains hemoglobin and hemosiderin in addition 
to albumin. The same can be verified microscopi-
cally, either as individual cells or as casts.

Direct and Indirect Coombs’ Test: Negative 
across all TMA, except in the ones associated 
with autoimmune diseases (SLE).

Global Coagulation Tests: Standard coagula-
tion parameters (PT, APTT, and TT) are within 
normal limits in TTP and may be minimally pro-
longed in HUS and aHUS. It has been observed 
that prothrombin time is usually elevated in up to 
half of the patients of DIC at any point during the 
course of the disease. A reduction in the platelet 
count or clear downward trend in subsequent 
measurements is a sensitive sign of DIC.

The biphasic waveform of the activated partial 
thromboplastin time (APTT) has been associated 
specifically with DIC, though not being very 
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Fig. 7.14 (continued)
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 sensitive. Fibrin degradation products or d-dimer 
tests are usually raised not only in DIC but also in 
HUS (Fig. 7.15).

7.6.8  Specific Investigations

7.6.8.1  TTP

ADAMTS13 Investigation
Plasma ADAMTS13 activity remains the cor-
nerstone in the diagnosis of TTP. Screening for 
ADAMTS13 activity is the first test to be per-
formed. Demonstration of less than 10% of 
ADAMTS13 activity is considered sine qua non 
to TTP.  There are several assays available 
 commercially, both functional and immuno-
chemical, to detect ADAMTS13. The value of 
immunochemical assays remains limited. The 
activity measurement of this enzyme is based 
on its proteolytic activity against von Willebrand 
factor. For this test, ideally citrated substrate 
plasma is utilized, and the results are expressed 
as percentages against a known test citrated 
plasma. This test plasma is usually the pooled 
plasma calibrated against the World Health 
Organization international standard taken to be 
100%.

7.6.8.2  Functional Assays 
for ADAMTS13

The reference methods for measuring 
ADAMTS13 activity are the collagen-binding 
activity and FRETS-VWF73-based assays. 
Various studies have proposed the FRETS- 
VWF73 assay to be superior to collagen-binding 
activity assay. Another advantage of performing 
functional assays is the detection of antibodies 
against ADAMTS13, which can be detected on a 
two-staged procedure, with additional incubation 
and correction with normal plasma.

7.6.8.3  Immunochemical Assays 
for ADAMTS13

ADAMTS13 antibody assays are essentially pro-
tein precipitation assay where IgG immunoglob-
ulins against ADAMTS13 are used in commercial 
kits. A positive detection is read as a colored 
product, and concentration can be derived against 
titration with variable dilutions as against a 
known standard. Immunochemical assays are not 
diagnostic, as no absolute value carries any 
meaning, unless reported with functional 
activity.

It must be noted that the available commercial 
kit results are not universal and are different for 
different laboratories. The paucity of reliable 
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assays should, however, not hold back the physi-
cian from instituting empirical therapy based on 
presumptive diagnosis.

7.6.8.4  Scoring Systems
In non-tertiary centers and in the absence of 
sophisticated hemostatic laboratories, a handy 
clinical scoring system has been proposed by 
Coppo et  al. to rule in whether the patient has 
ADAMTS13 deficiency or not. The three criteria 
included in the scoring system are:

• Creatinine values <2.2 mg L−1

• Platelet count <30 × 109 L−1

• Detectable levels of antinuclear antibodies 
(ANAs)

Any two of the three given criteria when pres-
ent have a specificity of 98% and a positive pre-
dictive value of 99%. This scoring system 
however has a very low sensitivity.

Another recently proposed scoring system is 
the PLASMIC score. It consists of seven 
criteria:

• Platelet count <30 × 109 L−1

• Hemolysis
• Positive history of cancer
• Positive history of transplant
• MCV < 99 × 10−14 L
• INR < 1.5
• Creatinine <2 mg dL−1

This score also has similar positive predictive 
value, but Coppo is considered fairly simple and 
a better predictor in low-risk patient profile.

7.6.9  HUS and aHUS

Shiga Toxin Assays: Should be done for all 
patients presenting with bloody diarrhea.

Blood Cultures or Viral Studies: To establish 
systemic infections.

C3 and C4 Level: There are no reliable stan-
dardized commercially available kits in market to 
detect abnormalities in alternative complement 
regulation. Decreased levels of C3 reported in 

about 30–50% of the patients and C4  in about 
10% of the patients may be suggestive in appro-
priate clinical setting. Decreased levels, by no 
means are either sensitive or specific to aHUS. 
The same principle applies to patients with muta-
tions of CFH or CFI.

CFH Antibodies: Are detected by ELISA in 
5–10% of patients with aHUS.

Mutation Analysis: Detects abnormalities in 
about 50% of the cases. Because compound 
mutations are more common, all genes known to 
be involved in alternative complement regulation 
need to be analyzed. Due to its complexity and 
incomplete understanding of pathogenic mecha-
nisms, genetic study is not required for the diag-
nosis of aHUS.

Presently the diagnosis of aHUS relies on a 
process of exclusion. aHUS is suspected in 
patients presenting with the spectrum of micro-
angiopathic hemolysis, any degree of renal func-
tion impairment and thrombocytopenia, and the 
diagnosis is presumed after exclusion of TTP, 
HUS and secondary microangiopathies.

7.6.10  DIC

Plasma Fibrinogen: In DIC secondary to preg-
nancy or hematological malignancies, a reduced 
plasma fibrinogen level may indicate diagnosis. 
However, such a relation is not seen in DIC sec-
ondary to sepsis.

Fibrin-Related Markers (FRMs): Elevated 
fibrin degradation products (including soluble 
fibrin) do serve valuable indicators to DIC.

Soluble Fibrin Assays: The advantage of 
detecting thrombin functions over fibrinogen or 
FDPs appears only theoretical in clinical settings. 
Soluble fibrin is nonspecifically elevated second-
ary to many conditions such as trauma, recent 
surgery, or recent bleeding, and is difficult to 
detect owing to its short half-life.

The coagulation profile (Fig.  7.16) observed 
in DIC is:

• Reduced antithrombin III
• Reduced protein C
• Reduced ADAMTS13 activity
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• Elevated soluble thrombomodulin
• Elevated PAI-I
• Elevated ultra-large monomers of von 

Willebrand factor

It must be always kept in mind that none of 
these markers in isolation have any significance 
either diagnostically or prognostically.

A certain panel can definitely make a clini-
cian’s job easier.

• When massive bleeding is the predominant 
manifestation, PT, fibrinogen, and platelet 
count are important.

• When the presentation is mixed, then fibrino-
gen, FDP, and plasmin-plasmin inhibitor com-
plex (PPIC) are important.

• When thrombosis is the predominant manifes-
tation, then platelet count, PT, and APTT are 
important.

• For chronic DIC, which is incidentally 
detected, then soluble fibrin and the thrombin- 
antithrombin complex are important.

Scoring System: Various scoring systems have 
been proposed over the years, to help in empirical 
diagnosis of DIC, for example, Japanese Ministry 
Health, Labour and Welfare score—prognosis 
based, International Society of Thrombosis and 
Haemostasis score—useful in overt DIC, and 
Japanese Association of Acute Medicine score 
for septic DIC.

7.6.11  Treatment

7.6.11.1  Management of TTP
• Plasma exchange: Institution of plasma 

replacement causes immediate remission of 
signs and symptoms of TTP. Therapy should 
not be awaited until the diagnosis is made.

• Steroids: Steroids are the most appropriate 
treatment for acquired TTP, which is caused 
secondary to antibodies against ADAMTS13. 
Also, various treatment protocols have estab-
lished superior efficacy of high-dose methyl-
prednisolone (10  mg/kg/day for 3  days and 

DECREASED
(CONSUMED)

PROLONGED

• Fibrin Degradation 
  Products 
• D-dimer 
• Thrombin 
  Generation Markers 
• PAI-1 Trauma (Late 
  DIC) 
• TPA Trauma (Early 
  DIC) 

INCREASED 

• Platelet Count 
• Fibrinogen 
• Coagulation Factors 
• Antithrombin 
• Protein C & S 
• Thrombomodulin, 
  Endothelial 
• TPA Trauma (Late 
  DIC) 
• PAI-1 Trauma (Early 
  DIC)

• Activated Partial 
   Thromboplastin Time 
• Prothrombin Time 
• Thrombin Time

Fig. 7.16 Laboratory profile of DIC
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then 2.5  mg/kg/day) as against the standard 
dose (1  mg/kg/day). However, steroids are 
additionally added to treatment regimen, 
where plasma exchange remains cornerstone 
to treatment.

• Rituximab: Though the use of rituximab has 
not been established in primary line of 
 treatment, clinical trials have reported signifi-
cant efficacy against refractory TTP.

• Other Immunomodulators: Vincristine and 
cyclosporine A have been documented to pro-
vide theoretical advantage in refractory 
acquired TTP.

• New drugs: With our evolving understanding 
of  the pathogenesis of TTP, certain new drugs 
are now being studied in clinical trials. 
N- acetylcysteine, has been proposed to decrease 
the size of ultra-large VWF multimers, therefore 
indirectly inhibits the attachment of platelets to 
endothelial cell. Bortezomib, a proteasome 
inhibitor, inhibits plasma cell production, indi-
rectly inhibiting the production of antibodies. 
Caplacizumab, formerly ALX-0081, in recent 
trials has shown to reduce relapses.

7.6.11.2  Management of HUS

Treatment of Stx-HUS includes:
• Remains largely supportive, centered around 

management of clinical manifestations such 
as anemia, significant clinical bleeding, hyper-
tension, renal support measures along with the 
prevention of systemic complications.

• Various treatment regimen including anti-
thrombotic drugs, plasma exchange, tissue- 
type plasminogen activator, etc. have failed to 
demonstrate any efficacy.

• Eculizumab has shown effective results espe-
cially in severe refractory cases with neuro-
logical complications.

7.6.11.3  Management of aHUS
• Intensive plasma exchange (40–60  mL/kg) 

remains the primary management of aHUS 
with acute presentation. However, the response 
to treatment may depend on the extent to 
which the complement pathway is involved.

• Patients with autoantibodies against factor H 
should receive an immunosuppressive treat-
ment in the form of rituximab or other 
immunomodulators.

• Eculizumab is a recently developed monoclo-
nal antibody, which inhibits the production of 
C5a and overall inhibiting the membrane 
attack complex formation. It has shown prom-
ising results in aHUS post transplantation. A 
prolonged therapy has proved superior to 
single- dose treatment.

• Patients (with mutations in genes for factor H, 
factor I, or C3) progressing to ESRD despite 
multiple plasma exchanges have to be included 
on renal transplantation list. The chances of 
disease recurrence will significantly depend 
on the mutation involved.

7.6.11.4  Management of DIC
• Treatment of underlying cause remains the 

primary line of management. Only in severe 
cases, correction of coagulation abnormalities 
may be of help.

• Blood component transfusion therapy should 
be administered to patients with active clinical 
bleed or patients scheduled for any surgical 
intervention, despite the laboratory coagula-
tion profile.

• Fresh frozen plasma should be administered at 
a bolus dose of 15 mL/kg and may be increased 
up to 30 mL/kg for a complete correction of 
coagulation profile. But this should be 
reserved for cases of severe DIC.

• Purified fibrinogen concentrate or cryopre-
cipitate may be administered for severe 
hypofibrinogenemia (<1  g/L), persisting 
post FFP transfusion, in order to maintain 
fibrinogen level above 1 g/L. The goal is to 
keep PT and aPTT to <1.5 times the 
normal.

• As supportive measure, packed red cells may 
be transfused to ensure better oxygen delivery 
to tissues.

• In DIC secondary to malignancies, significant 
vascular abnormalities or secondary to 
 thromboembolic disease, heparin has been 
found useful, and also prevents complications.

7 Laboratory Diagnosis of Microangiopathic Hemolytic Anemia Including TTP, DIC, and HUS
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• Recombinant human soluble thrombomodulin 
has recently found use in DIC and has shown 
promising results.

• In DIC secondary to severe systemic sepsis or 
multiorgan dysfunction, institution of acti-
vated protein C may prove beneficial.

• Tranexamic acid has shown encouraging 
results in hyperfibrinolysis with severe 
bleeding. Suggested Reading
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Recent Insights
Drug-Induced Thrombotic Microangiopathy 
(DI-TMA) can be either immune-mediated 
DI-TMA, especially seen with drugs that 
have the capacity to induce antibody forma-
tion against a variety of cells or can be 
through a direct, toxic effect (loss of VEGF 
expression has been implicated).

Recent Insights
TMA in the critically ill intensive care unit 
patients: Proinflammatory etiopathogene-
sis, neutrophil extracellular traps (NETs), 
and DNA and histones as a part with 
nucleosomes have shown prothrombotic 
tendencies, causing fibrin deposition, plate-
let aggregation, and adhesion.

Recent Insights
Mucin-producing adenocarcinomas (stom-
ach and breast) have been most commonly 
implicated with TMA.
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Inherited Bone Marrow Failure 
Syndromes

K. V. Karthika, Priyanka Mishra, 
and Hara Prasad Pati

8.1  Introduction

The inherited bone marrow failure syndromes are a 
heterogeneous group of disorders characterized by 
bone marrow failure which may or may not be 
associated with one or more somatic abnormality. 
The bone marrow failure can involve all or a single 
cell lineage resulting in pancytopenia or single 
cytopenias, respectively. Their true incidence is not 
clear since most of them are misdiagnosed as cases 
of acquired aplastic anemia. These syndromes 
often present in childhood but may not do so until 
adulthood in some cases. Inherited marrow failure 
syndromes need to be considered in the differential 
diagnosis of patients with characteristic physical 
abnormalities when present, along with idiopathic 
aplastic anemia, myelodysplastic syndrome, acute 
myeloid leukemia, or other characteristic solid 
cancers at an unusually early age. Diagnosis is 
confirmed by the identification of pathogenic 
mutations associated with each syndrome.

8.2  Classification

 1. Pancytopenia
 (a) Fanconi anemia
 (b) Dyskeratosis congenita

 2. Single cytopenias
 (a) Anemia

• Diamond–Blackfan anemia
 (b) Neutropenia

• Schwachman–Diamond syndrome*
• Severe congenital neutropenia

 (c) Thrombocytopenia
• Congenital amegakaryocytic 

thrombocytopenia*
• Thrombocytopenia absent radii

*Although they present with neutropenia/
thrombocytopenia to begin with, they eventually 
progress to pancytopenia (hence discussed along 
with pancytopenia syndromes).

8.3  Fanconi Anemia

Fanconi anemia (FA) is the most common among 
the inherited bone marrow failure syndromes, in 
which cells cannot properly repair a particularly 
deleterious type of DNA damage known as inter-
strand crosslinks (ICLs). ICLs can be caused by 
chemotherapeutic agents and endogenous metabo-
lites such as acetaldehyde, malon-di-aldehyde, and 
nitrous acid. ICLs pose a major challenge to DNA 
replication and transcription. ICL lesions cause 
stalling of replication forks and activation of the 
DNA damage response and DNA repair processes, 
all of which are coordinated to repair ICLs and 
resume DNA replication. Unrepaired ICLs are par-
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ticularly deleterious, as they prevent strand separa-
tion. This defect in DNA repair results in genomic 
instability and inability to repair these errors. This 
in turn leads to increased sensitivity to cytotoxic 
therapies and a predisposition to certain malignan-
cies. This defect also causes loss of hematopoietic 
stem cells, resulting in bone marrow failure. The 
incidence of FA is approximately 1 in 100,000 to 
250,000 births [1]. This condition is more common 
among the people of Ashkenazi Jews, with a carrier 
frequency of 1 in 89 [2], and black South Africans 
where the carrier frequency is 1 in 83 [3].

FA was first described in 1927 by the Swiss 
pediatrician Guido Fanconi when he described a 
family with three boys with birth defects and ane-
mia [4]. The median age at diagnosis of FA in lit-
erature is around 6.6  years, with cases being 
reported up to the age of 49  years, the delay 
being  due to the variable clinical presentation. 
Determining whether FA is the cause of bone mar-
row failure has important implications for man-
agement because individuals with FA require 
increased surveillance for hematologic and non- 
hematologic malignancies and other organ dys-
function. They also need to be managed with 
dramatically reduced doses of chemotherapy for 
treating malignancies and in the preparative regi-
men for hematopoietic cell transplantation (HCT). 
Additionally, the presence of FA must be con-
firmed or excluded when evaluating siblings as 
HCT donors, so that the patient does not receive 
hematopoietic stem cells from a sibling with FA.

8.3.1  Pathophysiology

FA is caused by mutations in one of at least 17 
different FA genes (FANCA to FANCQ), although 
pathogenicity of mutations in FANCM has been 
called into question [5–9]. Mutations in these 
genes account for more than 95% of all known 
patients with Fanconi anemia. Additional genetic 
subtypes may be added, including those affecting 
RAD51 (FANCR), BRCA1 (FANCS), UBE2T 
(FANCT), and XRCC2 (FANCU) [10–17]. The 
latter group of genes are called Fanconi anemia- 
like genes since they do not present with the clas-
sical phenotype of FA.

In most cases, FA is inherited in an autosomal 
recessive manner through homozygous or com-
pound heterozygous mutations affecting an indi-
vidual FA gene. Two exceptions are the rare FA 
subtypes associated with mutation in FANCB, 
which is X-linked recessive, and FANCR 
(RAD51), which is autosomal dominant [18, 19]. 
Heterozygotes for mutations in FA genes other 
than FANCB and FANCR are considered to be 
unaffected carriers, although some of these indi-
viduals may have an increased susceptibility to 
cancer.

The methods of inactive gene function include 
point mutations, large deletions, and duplica-
tions. Genotype–phenotype correlations have 
occasionally been identified. However, it has 
been found that the presence of congenital mal-
formations in one sibling does not imply that all 
affected siblings will have similar congenital 
malformations indicating the phenotypic hetero-
geneity of these mutations.

8.3.2  The Fanconi Anemia Pathway

The Fanconi anemia genes encode proteins 
involved in a common DNA repair pathway known 
as the Fanconi anemia pathway. These proteins are 
also involved in homologous recombination. This 
pathway functions during the S phase of the cell 
cycle and involves the various steps of ICL repair, 
namely lesion recognition, DNA incision, lesion 
bypass, and lesion repair [20].

The appearance of ICLs is identified by 
FANCM along with Fanconi anemia-associated 
protein 24 (FAAP24) and the histone fold pro-
teins MHF1 (also known as FAAP16 or CENPS) 
and MHF2 (also known as FAAP10 or CENPX). 
Once bound to chromatin, FANCM forms the 
platform for the assembly of the Fanconi anemia 
core complex consisting of 14 proteins (FANCA, 
FANCB, FANCC, FANCE, FANCF, FANCG, 
FANCL, FANCM, FANCT, FAAP100, MHF1, 
MHF2, FAAP20, and FAAP24). The Fanconi 
anemia core complex serves as an ubiquitin 
ligase for two other Fanconi anemia proteins, 
FANCD2 and FANCI, which together form a het-
erodimer (referred to as FANCD2–I).
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At the site of attachment, ubiquitylated 
FANCD2–Ire moves nucleotides at the replica-
tion forks to release the ICL from one of the two 
parental strands. This process is known as 
“unhooking.” BRCA1 is also required for 
FANCD2 recruitment. FANCD2 Ub through 
SLX4 (also known as FANCP) recruits and acti-
vates several endonucleases. After unhooking, 
polymerases carry out lesion bypass by inserting 
nucleotides opposite the ICL and extending the 
nascent strand (known as “extension”). This pro-
cess inherently has low infidelity and hence can 
cause potentially introducing mutations in the 
genome.

Double strand breaks caused by the nucleo-
lytic incision step of the Fanconi anemia pathway 
must be repaired by homologous recombination 
for the completion of ICL repair. The BRCA2–
FANCN complex promotes RAD51 mediated 
 formation of single stranded DNA (ssDNA) 
nucleofilaments. FANCJ along with BRCA1 
mediates homologous recombination, thereby 
completing the process of ICL repair.

In patients with FA, loss of FA gene function 
leads to disruption of this normal repair process, 
genomic instability, aberrant cell cycle regula-
tion, and cell death. These cellular effects occur 
both during development, leading to congenital 
anomalies, as well as during childhood and into 
adulthood leading to increased risk of bone mar-
row failure, organ susceptibility to toxic expo-
sures, and cancer.

Bone marrow failure in FA is thought to occur 
due to premature, selective attrition of CD34+ 
HSCs possibly due to defective DNA repair lead-
ing to increased DNA damage and cell cycle 
arrest; increased levels of reactive oxygen species 
and circulating inflammatory cytokines affecting 
bone marrow microenvironment; and excessive 
damage caused by reactive aldehydes in the 
absence of intact FA repair pathways.

8.3.3  Clinical Features

A wide range of congenital anomalies have been 
reported in patients with FA. However, a study of 
370 patients by the International Fanconi Anemia 

Registry (IFAR) found that nearly 40% of them 
had no physical findings [21]. Patients with bial-
lelic mutations in FANCD1/BRCA2 have a very 
severe phenotype, including features of the verte-
bral, anal, cardiac, tracheal, esophageal, and limb 
(VACTERL) association.

 1. Skeletal
• Short stature is seen in almost half of all 

FA patients.
• Upper limb abnormalities (40%)—most 

common are thumb abnormalities.
 – Thumbs can be absent or hypoplastic, 

supernumerary, bifid, rudimentary, 
short, triphalangeal or tubular.

 – Radii—Absent or hypoplastic (In FA, 
hypoplastic radii are associated with 
abnormal thumbs unlike in TAR).

 – Hands—Clinodactyly, hypoplastic 
thenar eminence, polydactyly, absent 
first metacarpal, enlarged or short 
fingers.

 – Ulnae can also be occasionally 
dysplastic.

• Spine—Spina bifida, scoliosis, abnormal 
ribs, sacrococcygeal sinus, Klippel–Feil 
syndrome, extra vertebrae.

• Lower limbs—Toe syndactyly, polydac-
tyly, abnormal toes, flat feet, clubfoot, hip 
dislocation, Perthes disease, coxa vara, 
abnormal femur, thigh osteoma.

 2. Skin
• Hyperpigmentation or hypopigmentation 

on the trunk, neck, back, and intertrigi-
nous areas (café au lait spots) (>50%)

 3. Genitourinary
• Renal defects (20%)—such as horseshoe 

kidney
• Gonadal abnormalities

 – Males (30%)—Undescended testes, 
hypospadias, abnormal or absent tes-
tis,  azoospermia, phimosis, abnormal 
urethra, small penis, delayed 
development

 – Females (<5%)—Structural anoma-
lies of the uterus; aplasia of vagina; 
absence of uterus, vagina, or ovary/
ovaries

8 Inherited Bone Marrow Failure Syndromes
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 4. Craniofacial
• Head and face—Microcephaly (25%), 

hydrocephalus, micrognathia, bird facies, 
flat head, frontal bossing, scaphocephaly, 
sloped forehead, choanal atresia

• Neck—short neck, low hairline, webbed 
neck

• Ophthalmic abnormalities (20%)—
Microphthalmia, epicanthal folds, strabis-
mus, hypertelorism, ptosis, slanted eyes, 
cataracts, epiphora, nystagmus, proptosis, 
small iris

• Otic anomalies (10%)—Conductive deaf-
ness, atresia, low-set, large, small, abnor-
mal middle ear, absent drum, canal 
stenosis

 5. Gastrointestinal malformations
• High-arched palate, atresia, imperforate 

anus, tracheoesophageal fistula, Meckel 
diverticulum, umbilical hernia, abnormal 
biliary radicles, megacolon, Budd–Chiari 
syndrome

 6. Congenital heart disease (5%)
• Patent ductus arteriosus, ventricular sep-

tal defect, coarctation of aorta, truncus 
arteriosus

 7. Low birth weight (10%)
 8. Developmental delay (10%)
 9. Bone marrow failure

Bone marrow failure in FA usually begins 
with single-lineage cytopenias which then 
progresses to pancytopenia. This progression 
may take several years or may occur rapidly 
or may not progress at all. Thrombocytopenia 
is usually the first cytopenia to develop. 
Anemia is usually the last to develop. The 
anemia is usually macrocytic. Sometimes 
there can be macrocytosis without anemia. 
The cumulative incidence of bone marrow 
failure is about 90% by the age of 40 years. 
However, all are not affected, for example, 
patients with  biallelic FANCD2/BRCA2 
mutations appear less likely to develop bone 
marrow failure. Also, in 25% of patients, fac-
tors like additional mutations and somatic 

mosaicism ameliorate bone marrow failure 
symptoms though the risk of malignancy 
remains.

 10. MDS/Leukemia
Patients with FA are at an increased risk of 
developing MDS and acute myeloid leuke-
mia, sometimes maybe the presenting find-
ing. By the age of 50, the cumulative 
incidence of MDS and AML is around 40 
and 15%, respectively [22]. Rarely, these 
patients may also develop lymphoid malig-
nancies like ALL, Burkitt’s lymphoma, etc. 
The risk is much higher in patients with bial-
lelic mutations of FANCD1/BRCA2 (about 
80% by the age of 10).

 11. Solid tumors
Patients with FA have a higher risk of devel-
oping solid malignancies and usually present 
at an earlier age. The median age of develop-
ing malignancy in FA patients is 16  years 
[23], the risk increasing with age. The most 
common were squamous cell cancers (SCCs) 
of the head, neck, esophagus, anus, and uro-
genital region, liver tumors as well as renal, 
brain, breast cancers, and other tumor types 
including germ cell tumors and sarcomas 
[21]. Yet again, patients with biallelic muta-
tions of FANCD1/BRCA2 have an increased 
risk, with about 97% of patients developing 
at least one solid malignancy by the age of 
5 years.

 12. Endocrine manifestations
These may be due to anatomical disruption 
of the hypothalamic-pituitary axis or due to 
conditioning regimens.
• Short stature
• Primary hypothyroidism
• Adrenal dysfunction due to low ACTH 

secretion
• Altered glucose metabolism, including 

diabetes mellitus and impaired glucose 
tolerance

• Dyslipidemia
• Infertility and delayed or abnormal pro-

gression of puberty
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8.3.4  Diagnosis

Testing for FA is absolutely and urgently indi-
cated in any child or young adult meeting any of 
the following criteria:

• Two or more moderate to severe cytopenias 
(absolute neutrophil count [ANC] <1000/μL, 
platelet count <50,000/μL, hemoglo-
bin<10 g/dL with absolute reticulocyte count 
<40,000/μL), persistent for more than 
2  weeks, and a hypocellular bone marrow 
(<25% of normal cellularity) in the absence 
of malignancy, cytotoxic therapy, or other 
known cause.

• Findings that satisfy criteria for the 
VACTERL- H association or multiple other 
malformations such as short stature, café au 
lait spots, or hypospadias, which are strongly 
associated with FA.

• Relative of a known patient with FA who is 
being evaluated as a potential donor for HCT.

Testing for FA is also recommended in the fol-
lowing scenarios, with the rationale that the diag-
nosis of FA should be established (or eliminated) 
prior to administration of cytotoxic chemother-
apy for cancer or HCT; and if FA is present, 
related family members should be tested before 
being considered as HCT donors:

• Any patient with single-lineage or multi- 
lineage cytopenias without known cause with 
one or more congenital malformations 
strongly associated with FA.

• Any patient less than 40 years of age diagnosed 
with myelodysplastic syndrome (MDS) not 
attributable to other known genetic cause or to 
prior cytotoxic radiation or chemotherapy.

• Any patient less than 40 years of age with de 
novo acute myeloid leukemia (AML) not 
caused by another known germline predispo-
sition and associated with the following cyto-
genetics: monosomy 7, deletion 7q, complex 
cytogenetics, gain of 1q, 3q, or 13q. The ratio-
nale is that doses of chemotherapy and/or 
cytotoxic agents given as part of the HCT 

 conditioning regimen need to be dramatically 
reduced in a patient with FA.

• Any patient with unexplained severe toxicity 
to cytotoxic agents indicative of increased 
sensitivity without other known cause.

• Any child or young adult who develops head/
neck or anorectal squamous cell carcinoma 
with no known attributable exposures.

• Family members of known FA patients who 
request genetic testing.

8.3.4.1  Stress Cytogenetics
The hallmark of FA is defective DNA repair that 
results in extreme sensitivity to DNA interstrand 
crosslinking agents. The screening laboratory test 
for this defect involves assessment of chromosomal 
breakage upon exposure of cells to diepoxybutane 
(DEB) or mitomycin C (MMC) [1]. This testing is 
performed on T lymphocytes; thus, peripheral 
blood is preferred as a test source over bone mar-
row. In settings of severe leukopenia, the testing 
can still be performed on cells expanded in culture. 
It can be performed on skin fibroblasts too.

Heparinized venous blood is taken and 
expanded in culture. The cells are then treated 
with 150 nM and 300 nM of mitomycin C. The 
cells are arrested at metaphase using colcemid 
and harvested. Increased chromosomal sensitiv-
ity results in chromatid gaps, breaks, triradial and 
quadriradial chromosomes. These aberrations are 
scored as “break events.” In a typical FA patient, 
at 300 nM MMC, no undamaged cells should be 
left and most cells should have “≥10 breaks/
cell.” This should be run along with a healthy 
control in whom at 300 nM, around 30% of the 
cells may show 1 to ≤5 break events/cell [24].

FA gene sequencing is recommended for all 
patients with a positive result from chromosomal 
breakage testing. The differential diagnosis of FA 
includes acquired aplastic anemia, paroxysmal 
nocturnal hemoglobinuria (PNH), other inherited 
bone marrow failure syndromes, other causes of 
pancytopenia, other chromosomal breakage syn-
dromes, and de novo MDS. Sequencing not only 
helps to confirm the diagnosis but also serves to 
screen family members and allows for genotype–
phenotype correlations.
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8.3.5  Treatment

Allogeneic hematopoietic cell transplantation 
(HCT) is the only established curative therapy for 
FA-associated bone marrow failure, myelodysplas-
tic syndromes (MDS), and leukemia. Androgen 
therapy is not curative, but it may be appropriate 
for patients with bone marrow failure awaiting 
HCT or those who cannot undergo HCT. 
Transfusion and growth factor support may be nec-
essary in patients. These patients need to be screened 
routinely for MDS, leukemias, and other solid 
malignancies from time to time. If a patient with FA 
develops a malignancy that requires chemotherapy 
and/or radiation therapy, dose reductions or alterna-
tive regimens are likely to be necessary. These 
patients also require a multispeciality approach for 
other associated anomalies such as endocrine dys-
function and congenital abnormalities.

8.4  Dyskeratosis Congenita

Dyskeratosis congenita (DKC), also known as 
Zinsser-Engman-Cole syndrome, was first 
described in 1906. It is estimated to occur in 1 in 
one million people with a male to female ratio of 
3:1. Approximately 2–5% of patients with bone 
marrow failure are identified to have DKC. It is 
an inherited disorder characterized by bone mar-
row failure, cancer predisposition, and additional 
somatic abnormalities. DKC and related short 
telomere syndromes are caused by mutations that 
interfere with normal maintenance of telomeres, 
the regions at the ends of the chromosomes that 
protect nucleated cells from the loss or gain of 
genetic material.

8.4.1  Pathophysiology

Telomeres are specialized structures at the end of 
chromosomes that protect the natural ends of 
chromosomes from loss of DNA, abnormal 
fusion to other chromosomes, and from activa-
tion of DNA damage pathway responses that nor-
mally would occur in response at free ends of 
DNA created by strand breaks. Telomeric DNA 

consists of tandem repeats of the TTAGGG 
sequence. Most of the telomeric DNA exists as 
duplex DNA, with a terminal single-stranded 
overhang of typically approximately 150–200 
nucleotides of the G-rich strand. The shortening 
of the duplex DNA portion of telomeres is most 
characteristic of telomere biology disorders.

At birth, the telomere length is around 
8–14 kilobase pairs. With each cell division, this 
length shortens. When the telomere length 
reaches a critical minimum, the cells can no lon-
ger divide. For this reason, the telomeres are 
referred to as biological clocks that keep track 
of the number of divisions a cell undergoes. In 
most somatic cells, this shortening is a normal 
part of ageing. However, some cells such as 
germ cells, epithelial cells, and malignant cells 
require unlimited replicative potential. This 
increased replicative capacity is made possible 
by the action of the telomerase complex, a ribo-
nuclear protein complex (RNA and proteins) 
that counteracts telomere shortening by adding 
back DNA to the ends of chromosomes. The 
ability of telomerase to lengthen telomeres is 
regulated by several other mechanisms. The 
nucleoprotein factors contributing to these 
mechanisms, and consequently the genes encod-
ing these factors, mutations of which lead to 
telomere biology disorders, have been subdi-
vided into five categories [25]:

• Telomerase activity—Telomerase is a reverse 
transcriptase enzyme consisting of TERT, a 
catalytic protein; and TR, an RNA template. 
Its assembly requires small nucleolar ribonu-
cleoproteins including dyskerin, NHP2, 
NAF1, and NOP10.

• Telomerase trafficking and recruiting to telo-
meres—Once the telomerase has been assem-
bled, its recruitment to the telomeric site is 
mediated by TCAB1 and the shelterin com-
plex which consists of the proteins TRF1, 
TRF2, RAP1, TIN2, TPP1, and POT1.

• Telomere replication—The CST complex 
causes extension of the telomere end in con-
junction with the telomerase enzyme.

• Telomere stability—The RTEL1 is a DNA 
helicase that maintains the integrity of the 
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newly formed DNA duplex end of the 
telomere.

• Unknown or multifactorial—This group 
includes other proteins whose functional and 
pathologic significance have not yet been 
elucidated.

In telomere biology disorders (also called 
short telomere syndromes or telomeropathies), 
mutations in the genes encoding any of the 
above factors implicated in telomere function 
lead to abnormally short telomeres. This group 
of disorders exhibit the phenomenon of “disease 
anticipation” in which successive generations of 
affected individuals may be born with progres-
sively shorter telomeres. Premature telomere 
shortening leads to premature cell death, senes-
cence, or genomic instability, which in turn 
leads to impaired organ and tissue function, 
altered homeostasis, or inappropriate growth.

DKC is the prototypic short telomere syn-
drome defined by the bone marrow failure and 
the classic clinical triad of abnormal skin pig-
mentation, nail dystrophy, and oral leukoplakia. 
The inheritance pattern varies depending on the 
gene involved. It can be autosomal dominant 
(mutations in ACD, RTEL1, TERC, TERT, 
TINF2, and NAF1), autosomal recessive (muta-
tions in CTC1, NHP2, NOP10, PARN, RTEL1, 
STN1, TERT, and WRAP53), or X-linked (also 
called Hoyeraal–Hreidarsson syndrome caused 
by mutations in DKC1 gene and characterized by 
severe phenotype with symptoms beginning in 
early childhood). The prevalence of DKC has 
been estimated to be approximately 1 in one mil-
lion people in the general population [26] with a 
median age at diagnosis of 15  years. 
Approximately 2–5% of patients with bone mar-
row failure are identified to have DKC.

8.4.2  Clinical Features

The classical clinical findings are:
• Abnormal lacy reticular skin hyperpigmenta-

tion of the upper chest and neck (89%)
• Nail dystrophy with longitudinal ridges (88%)
• Oral leukoplakia (78%)

The other findings include:
• Bone marrow failure (86%)
• Premature graying/hair loss (16%)
• Hyperhidrosis (15%)
• Epiphora
• Developmental delay
• Pulmonary fibrosis (31%)—typically present-

ing in adulthood
• Endocrine manifestations such as short stature 

and hypogonadism
• Gastroenterological manifestations such as 

esophageal strictures and liver cirrhosis
• Increased predisposition to cancers including 

squamous cell carcinoma of the head and neck; 
stomach, rectal, and other gastrointestinal can-
cers; leukemia and myelodysplastic syndrome; 
and cancers of the skin, lung, and liver [27]

8.4.3  Diagnosis

The diagnosis of DKC has evolved from a purely 
clinical one based on classic mucocutaneous 
findings with or without bone marrow failure to 
the demonstration of telomeric dysfunction in 
these diseases by assays for telomere length and 
genetic testing for specific abnormalities that 
affect telomeric function. This approach enables 
diagnosis of probands with subtle clinical 
presentations.

• Telomere length analysis—This is done by 
flow-FISH (multi-color flow cytometry with 
fluorescence in situ hybridization) peripheral 
blood lymphocytes using peptide nucleic acid 
probes for telomeric DNA. Average telomere 
length below the first percentile for age is con-
sidered indicative of abnormally short telo-
meres and is consistent with DKC or a related 
telomere biology disorder.

• Molecular sequencing—This testing is critical 
for definitive establishment of a genetic diagno-
sis and enabling testing of first-degree relatives 
for potential carrier or disease status, and to 
determine family member eligibility to be an 
HCT donor. This could be done by sequential 
single gene testing, next generation sequencing 
panels or by whole exome sequencing.
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8.4.4  Treatment

Historically, treatment options for patients with 
DKC have been limited by the rarity of the dis-
ease, few prospective studies, and predisposi-
tion to excess organ toxicities seen with 
conventional treatments used for other bone 
marrow failure conditions. However, the treat-
ment outlook may be improving with active 
exploration of the roles for certain telomere-
directed treatments, including androgen therapy, 
as well as hematopoietic cell transplantation 
(HCT) with reduced intensity conditioning regi-
mens specifically designed for patients with 
telomere disorders.

8.5  Schwachman–Diamond 
Syndrome

Shwachman–Diamond syndrome (SDS, also 
known as Shwachman–Bodian–Diamond syn-
drome, Shwachman–Diamond–Oski syndrome, 
or Shwachman syndrome) is a rare inherited dis-
order associated with neutropenia which pro-
gresses to bone marrow failure along with 
exocrine pancreatic dysfunction and skeletal 
abnormalities. The disease usually presents in 
infancy. Among inherited bone marrow failure 
syndromes, SDS comes third after Fanconi ane-
mia and DKC in frequency.

8.5.1  Genetics and Pathophysiology

SDS is an autosomal recessive disorder. About 
90% of affected individuals harbor mutations 
in the SBDS gene situated on the long arm of 
chromosome 7 [28]. The protein encoded 
(SBDS protein) is involved in ribosomal bio-
genesis and mitotic spindle function. How 
these defects contribute to the clinical manifes-
tations of SDS has not been established. 
Defects in maintaining cellular ploidy may 
contribute to the increased risk of leukemic 
transformation.

8.5.2  Clinical Features

• Bone marrow failure—usually presents as 
neutropenia (98%), but can also present as 
anemia (42%), thrombocytopenia (34%), or 
pancytopenia (19%).

• Steatorrhea—86%. SDS is the second most 
common cause of exocrine pancreatic insuffi-
ciency after cystic fibrosis. Interestingly, pan-
creatic function improves with age.

• Serum hepatic aminotransferase 
abnormalities—60%.

• Skeletal abnormalities such as osteopenia, 
metaphyseal dysplasia, thoracic/rib and pelvic 
dystrophies, short arms and legs, and dupli-
cated distal thumb—49%.

• Short stature—56%.
• MDS/AML—The cumulative risk of develop-

ing MDS or AML in individuals with SDS 
was estimated to be 19% at 20 years and 36% 
at 30 years.

• The other less common findings include 
hepatic, cardiac, endocrine, neurocognitive 
abnormalities and increased HbF due to stress 
erythropoiesis.

8.5.3  Diagnosis

SDS should be suspected in an infant with growth 
failure, feeding difficulties, steatorrhea, neutro-
penia, and/or recurrent infections [29]. Diagnosis 
is established by demonstrating bone marrow 
failure with exocrine pancreatic dysfunction. 
Molecular diagnosis is established by identifying 
biallelic mutations in SBDS genes known to be 
deleterious, though their absence does not rule 
out the disease.

8.5.4  Treatment

Treatment of patients with SDS is directed at spe-
cific clinical manifestations. Management by a 
multidisciplinary team (e.g., gastroenterologist 
and hematologist, with other subspecialists as 
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clinically indicated) provides optimal care. 
Allogeneic hematopoietic cell transplantation 
(HCT) is the only curative therapy for SDS- 
associated bone marrow dysfunction and/or pro-
gression to MDS or AML. However, HCT will not 
improve pancreatic exocrine function or a predis-
position to non-hematologic abnormalities.

8.6  Congenital Amegakaryocytic 
Thrombocytopenia

Congenital amegakaryocytic thrombocytopenia 
(CAMT) is a rare bone marrow failure syndrome 
that initially presents with severe thrombocyto-
penia and can evolve into aplastic anemia and 
leukemia. The disorder presents in infancy and 
is usually not associated with physical anoma-
lies. It is often recognized early in life on day 1 
or at least within the first month. It is often ini-
tially confused with fetal and neonatal alloim-
mune thrombocytopenia, but the neonate fails to 
improve and responds only to platelet 
transfusion.

8.6.1  Genetics and Pathophysiology

CAMT is an autosomal recessively inherited dis-
order associated with mutations in the c-Mpl 
gene, which encodes the receptor for TPO 
(thrombopoietin). High levels of TPO are charac-
teristic of CAMT. The normal function of TPO is 
to bind to its receptor and increase the number, 
size and ploidy of megakaryocytes and expres-
sion of platelet-specific markers. It is also essen-
tial to maintain the number of hematopoietic 
stem cells, and therefore their mutation can cause 
pancytopenia too, as seen in CAMT.

A recent classification was proposed in 2005 
supported by several other reports based on the 
course on outcome of the disease as follows [30]:

 (a) Type I—early onset of severe thrombocyto-
penia and pancytopenia. In this group, there 
is complete loss of functional c-Mpl due to 
nonsense mutations.

 (b) Type II—milder form with transient increases 
of platelet counts up to nearly normal values 
during the first year of life and a late onset of 
bone marrow failure around the age of 3 to 
6 years or later. In this group, there are par-
tially functional receptors for the c-Mpl gene 
(missense mutations).

 (c) Type III—there is ineffective production of 
megakaryocytes with no defects in the c-Mpl 
gene.

8.6.2  Clinical Features

Bleeding is the primary clinical manifestation: it 
could be cutaneous, gastrointestinal, pulmonary, 
and intracranial. Some patients may present with 
petechial purpura, cranial hematoma, or recurrent 
per rectal bleeding. Platelet counts among neo-
nates are usually in the level of 150 × 109/L. Mental 
retardation, renal failure, high tone hearing loss, 
cataracts, or the development of leukemia are 
other associated features that may be seen in 
some patients though most of them lack these 
features.

8.6.3  Diagnosis

The primary manifestations are thrombocytope-
nia and megakaryocytopenia or low numbers of 
platelets and megakaryocytes. Mean platelet vol-
ume is typically normal. Abnormal size platelets, 
absence of platelet alpha granules, Dohle-like 
bodies or microcytosis have also been observed. 
There is an absence of megakaryocytes in the 
bone marrow. However, normal megakaryocytes 
in the bone marrow cannot rule out CAMT in the 
first year of life [31]. TPO levels are high. Genetic 
sequencing of c-Mpl gene is carried out for the 
diagnosis of probands.

8.6.4  Treatment

Currently, the only curative therapy for CAMT is 
a hematopoietic stem cell transplant. Platelet 
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transfusions are reserved for patients experienc-
ing bleeding symptoms. Prophylactic platelet 
transfusions may be considered for patients 
 posing a high bleeding risk. Antifibrinolytic 
agents such as tranexamic acid and aminocaproic 
acid may be useful in mucous membrane bleeds 
such as oral or nasal bleeding.

8.7  Diamond–Blackfan Anemia

Diamond–Blackfan anemia (DBA) is an inherited 
bone marrow failure syndrome characterized by 
pure red cell aplasia, birth defects, and predisposi-
tion to cancer. It was first defined as a clinical syn-
drome by Diamond and Blackfan in 1938. However, 
the first case report was from Josephs in 1936.

8.7.1  Genetic Defects

RPS19, located at chromosome 19q13.2, was the 
first gene found to be mutated in this disorder and 
is essential for maturation of the 40S ribosomal 
subunit. It is involved in ribosomal biogenesis 
and is mutated in about 25% of patients with 
DBA leading to haplo-insufficiency of rps19 pro-
tein. Other recently identified genes include 
RPS24 at chromosome 10q22-q23, RPS17 at 
chromosome 15q25.2 and large ribosomal 
subunit- associated proteins such as rpl5, rpl11, 
and rpl35a [32, 33]. These mutations together are 
seen in 70% of cases. All the mutations to date 
have been found in one allele, resulting in severe 
loss of function or protein haplo-insufficiency. 
Mutation in GATA-1 is seen in <1% of cases and 
no gene disorder is identified in 30% cases [34].

8.7.2  Inheritance

Approximately 40–45% of DBA cases are famil-
ial with autosomal dominant with variable pene-
trance and the remainder being sporadic or 
familial with seemingly different patterns of 
inheritance. Both mild and severe forms co-exist 
within a pedigree (variable expressivity). It is yet 
to be ascertained whether the rest are recessive 

forms or dominant inheritance with a reduced 
penetrance, or rarely gonadal mosaicism. It is 
important to identify family members likely to 
have silent forms of the disease to exclude them 
as stem cell transplant donors and for reproduc-
tive counseling [34].

8.7.3  Clinical Features

The incidence of DBA is estimated to be 
between 1/100000 and 1/200000 without ethnic 
predilection, with both sexes being equally 
affected. The birth defects associated with DBA 
are mainly craniofacial (50%), skeletal (39%), 
genitourinary (38%), and cardiac (30%) cases. 
The classic DBA facies described by Cathie in 
1950 include hypertelorism and broad flat nasal 
bridge. Thumb anomalies ranging from hypo-
plasia of the thenar eminence to absence of the 
radius or forearm, duplicated, bifid or the classic 
triphalangeal thumb (Aase syndrome) are seen 
in 9–19% of the patients. A low birth weight and 
growth retardation are seen in about 25–30% of 
patients. The true prevalence of constitutional 
short stature is not known as it can be secondary 
to chronic anemia, iron overload, and cortico-
steroid use [35].

8.7.4  Diagnosis

The diagnostic criteria of DBA, revised at the 
sixth Annual Diamond Blackfan Anemia 
International Consensus Conference in 2005, are 
as below:

Diagnostic criteria
• Age less than 1 year
• Macrocytic anemia with no other significant 

cytopenias
• Reticulocytopenia
• Normal marrow cellularity with a paucity of 

erythroid precursors
Supporting criteria
Major
• Gene mutation described in “classical” DBA
• Positive family history
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Minor
• Elevated erythrocyte adenosine deaminase 

(eADA) activity
• Congenital anomalies described in “classical” 

DBA
• Elevated HbF
• No evidence of another inherited bone mar-

row failure syndrome

Non-classical DBA—Otherwise normal indi-
vidual with positive family history having a 
mutation shared by affected family members.

Non-classical, sporadic—Individual sus-
pected of having DBA, but diagnostic criteria is 
insufficient, and reported mutation is present.

Probable DBA
 1. Three diagnostic criteria are present along 

with a positive family history.
 2. Two diagnostic criteria and three minor sup-

porting criteria are present.
 3. Positive family history and three minor sup-

porting criteria are evident, even in the 
absence of diagnostic criteria.

In case anemia and reticulocytopenia are pres-
ent and the bone marrow is normal, bone marrow 
should be repeated at a later date. The presence of 
additional cytopenias does not preclude the diag-
nosis of DBA and may be severe enough to war-
rant treatment [34].

8.7.4.1  Family Screening
In a family in which classical DBA is present in the 
parent and offspring, or in two or more siblings, the 
risk of recurrence in the subsequent generation is up 
to 50%. If the mutation of the proband is excluded 
in both parents, this is likely to be a new sporadic 
mutation with a recurrence risk related to the pos-
sibility of gonadal mosaicism. If no mutation is 
identified in the proband and if elevated eADA 
activity, Hb F and/or MCV (highly suggestive of 
DBA) are found in asymptomatic first-degree rela-
tives, the recurrence risk should be considered as 
50%. However the possibility of false positive 
results in these tests should be kept in mind. If, how-
ever, these values are normal in first-degree rela-
tives, the recurrence risk is only 5–10% [34].

An evaluation of the family of the first iden-
tified case is necessary. All immediate family 
members should be evaluated with a thorough 
relevant history (anemia, cancer, birth defects, 
etc.), complete blood count including red cell 
indices, eADA activity, and HbF.  If the pro-
band has an identifiable mutation, then the par-
ents and siblings need to have appropriate 
mutation analysis if available. The nature of 
any other positive findings will determine the 
extent of the family evaluation. Elevated 
eADA, increased HbF and MCV are not very 
strong independent criteria, but should be eval-
uated in the sibling donor when HSCT is 
planned, and if positive, mutational analysis 
should be carried out.

Prenatal diagnosis is possible for DBA if a 
mutation is identified in the family. More recently, 
preimplantation genetic diagnosis (PGD) is an 
option to greatly reduce the risk of a second 
affected child. This can be performed in order to 
select and implant embryos without the parental 
mutation, hence eliminating the risk for 
DBA.  This method can also be combined with 
PGD for human leukocyte antigen (HLA) typing 
for families with an affected child in need of an 
HLA-matched stem cell transplant [35] after due 
ethical considerations.

8.7.5  Management and Follow-Up

A periodic history to assess any new complaints 
and physical examination with blood count 
monitoring is done at 4–6  month intervals in 
stable DBA patients. If any of these are 
 abnormal, bone marrow aspirate, biopsy, cyto-
genetics, and FISH should be performed to 
determine early signs of evolution to MDS and 
AML. Radiation exposure from diagnostic tests 
should be minimized in these patients to mini-
mize the risk of malignancies [34].

Corticosteroids form the cornerstone of treat-
ment in DBA.  Approximately 80% of DBA 
patients respond to an initial course of steroids. 
After starting steroids, an increase in hemoglobin 
is usually seen within 2–4  weeks. The dose is 
then tapered and maintained at the minimum 
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 dosage required for continued transfusion 
 independence. Steroids should be discontinued in 
the absence of response after 4 weeks. In order to 
minimize their adverse effects, steroids are 
avoided before 1 year of age. Chelation may be 
required in case of iron overload secondary to 
frequent transfusions. In around 20% of DBA 
patients, steroids (or red cell transfusions) may 
eventually be stopped completely with continued 
maintenance of adequate hemoglobin levels 
(remission) [34, 35].

8.8  Severe Congenital 
Neutropenia

Severe congenital neutropenia (SCN), Kostmann 
syndrome, is an inherited bone marrow failure 
syndrome characterized by severe chronic neu-
tropenia with maturation arrest of neutrophil pre-
cursors at the promyelocyte stage in the bone 
marrow. This entity was first described by 
Kostmann in 1956 in Swedish kindred.

8.8.1  Pathogenesis

It is proposed that Kostmann syndrome repre-
sents a defect in the regulation or production of 
granulocyte colony-stimulating factor (GCSF). 
Neutrophils from these patients have markedly 
increased levels of 2 cytosolic protein tyrosine 
phosphatases (PTPs) that contain Src-homology 
2 domain (SH2 domain), Anti-Src Homology 
Phosphatase-1 (SHP-1) and Src Homology 
Phosphatase 2 (SHP2). Over-expression of these 
proteins alters intracellular signal transduction. 
A selective deficiency of anti-apoptotic BCL-2 
expression in myeloid cells leads to release of 
mitochondrial cytochrome c, thus activating 
intracellular apoptotic caspase pathway [36]. 
Previous hypothesis that the underlying defect in 
Kostmann syndrome is decreased G-CSF pro-
duction or its diminished binding to GCSF-R no 
longer holds true as studies show that there are 
increased GCSF-R on myeloid cells with normal 
binding affinity for G-CSF. The autosomal dom-

inant (60–80% cases) form of SCN is associated 
with inherited or spontaneous point mutation in 
one copy of gene encoding neutrophil elastase 
ELA2 [37]. A subset of SCN patients harbor 
acquired somatic mutations in the CSF3R gene 
encoding GCSF-R and have shown a strong pre-
disposition to AML.  These mutations truncate 
the intracellular leading to defective internaliza-
tion and loss of binding sites for negative regula-
tors leading to extended signaling of STAT5 
(Signal transducer and activator of transcription 
5). A subset of SCN patients are reported to 
have  constitutive mutations in the extracellular 
domain of the GCSF-R that act in dominant-neg-
ative manner leading to hypo-responsiveness to 
G-CSF [38].

Recent studies point to recurrent homozygous 
germline mutation in HAX1 in SCN. The mito-
chondrial protein HAX1 has critical role in signal 
transduction and cytoskeletal control. It main-
tains the inner mitochondrial membrane potential 
and thus protects neutrophils from apoptosis. 
HAXI deficiency causes AR form of Kostmann 
disease [39].

8.8.2  Clinical Features

The classic Kostmann syndrome presents in 
early infancy with an equal incidence in males 
and females. Severe neutropenia (ANC < 200/
cu mm) is brought to clinical attention after an 
initial infection which typically occurs shortly 
after birth. Common indicators to this disorder 
are temperature instability in neonatal period, 
fever, irritability and recurrent oral ulcers, 
 gingivitis, localized infections such as pharyn-
gitis, sinusitis, otitis media, bronchitis, pneu-
monia, cellulitis, cutaneous abscess, perianal 
abscess, lung or liver abscess, enteritis with 
chronic diarrhea and vomiting. Streptococcal 
or staphylococcal sepsis commonly occur 
though Pseudomonas, fungi, and Clostridium 
may rarely be causative. The mortality rate in 
the absence of appropriate medical manage-
ment is around 70%. The progression to MDS 
and AML is seen in 7% of cases [36].
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8.8.3  Diagnosis

Patients have ANCs generally below 0.2 × 109/L 
and neutrophils may be completely absent from 
peripheral blood. There may be transient rise of 
neutrophils during an episode of acute infection, 
but normal ANC is seldom reached. There may be 
co-existent mild anemia and thrombocytosis. A 
two- to four-fold increase in blood monocytes and 
an eosinophilia is usually common. Majority of 
the patients have elevated IgG levels with a normal 
immune response after vaccinations. Testing for 
anti-neutrophil antibodies is helpful to exclude 
autoimmune neutropenia of infancy. The bone 
marrow usually shows maturation arrest of 
myeloid precursors at stage of promyelocytes and 
myelocytes with few neutrophils. The promyelo-
cytes show atypical nuclei with cytoplasmic vacu-
olization. Megakaryocytes are normal in number 
and morphology. Cytogenetics at the time of diag-
nosis is almost always normal. Monosomy 7 is the 
most frequent aberration acquired in 50% of cases 
with progression of disease and usually coincides 
with the development of MDS and AML [36].

8.8.4  Management

Management is usually supportive in the form of 
antibiotics and recombinant human G-CSF (rHuG-
CSF) whose dosages depend on the patient’s clini-
cal course and ANC.  Careful monitoring for 
cytogenetic abnormalities and G-CSF-R mutation 
is necessary to initiate rHuG- CSF. Adverse events 
of rHuG-CSF therapy include mild splenomegaly, 
osteoporosis, and malignant transformation into 
MDS/leukemia. HSCT remains the only currently 
available treatment for patients who are refractory 
to rHuG- CSF [36].

8.9  Thrombocytopenia 
with Absent Radii (TAR)

Thrombocytopenia with absent radii (TAR) syn-
drome is a rare autosomal recessive disease charac-
terized by hypomegakaryocytic thrombocytopenia 
and bilaterally absent radii [40].

8.9.1  Genetics

Mutations in c-mpl gene coding for TPO receptor 
were earlier attributed to TAR, and these patients 
generally have elevated TPO levels. However, 
recent studies indicate that mutations in multifunc-
tional transforming growth factor (TGF)-β2 gene 
and lack of expression of CD105 antigen on bone 
marrow stromal cells which is a part of the receptor 
complex for TGF-β1 and TGF-β3 have been impli-
cated in this disease. The deletion on chromosome 
1q21.1 described by Klopocki et al. though found 
to be associated is not considered sufficient to 
cause TAR.  TAR is characterized by a defect in 
megakaryocyte proliferation and differentiation 
and the inability to form proplatelets [41].

Inheritance is autosomal recessive in the 
majority of cases although an autosomal domi-
nant with variable penetrance has also been pro-
posed. TAR syndrome phenotypically overlaps 
with Roberts syndrome, but while the former is 
compound heterozygous form of a mild and a 
severe mutation, Roberts syndrome is the homo-
zygous form with severe mutation [41, 42].

8.9.2  Clinical Features

Classically, the syndrome presents in the neona-
tal period with severe thrombocytopenia (usu-
ally <20,000/cu mm) and bilateral aplasia of the 
radii, which is the most common skeletal defect, 
but unlike Fanconi anemia, thumbs are present. 
The other skeletal abnormalities include anoma-
lies of the lower extremity and short stature. 
Cardiac and facial anomalies may be found in 
15% to 33% and 50% of patients, respectively. 
Hypoplasia of the cerebellar vermis and corpus 
callosum and mental retardation are seen in 
about 7% of all cases of TAR syndrome. 
Thrombocytopenia and bleeding episodes may 
improve with age. Survival is significantly lon-
ger in patients with TAR syndrome than that of 
Fanconi anemia or Diamond–Blackfan anemia, 
with the survival curve reaching a plateau of 
75% by 4 years of age. Progression to aplastic 
anemia is not seen though AML or MDS can 
occur however at a lower frequency [41].
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Patients usually present with symptoms of 
thrombocytopenia (platelet count <10 × 109/L) as 
early as in the first week of life. Leukocytosis 
(usually >35  ×  109/L) may be present and pre-
cedes thrombocytopenia, with a left shift and 
eosinophilia in about 50% of patients. Bone mar-
row erythropoiesis is normal or may show com-
pensatory erythroid hyperplasia due to anemia 
following bleeding episodes. Bleeding is most 
frequent during the first 1 to 2 years of life, with 
increased mortality due to intracranial hemor-
rhage [40].

8.9.3  Management

Treatment is usually supportive in the form of 
platelet support. Prophylactic transfusions are 
restricted to patients at high risk of clinically sig-
nificant hemorrhage. Leukocyte-reduced platelet 
concentrates or random single-donor platelets 
reduce risk of exposure to foreign human leuko-
cyte antigen and alloimmunization. HSCT is an 
option for patients whose counts do not improve 
with age and life-threatening bleeds not ade-
quately controlled with platelets [41, 42].
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9.1  Introduction

Myelodysplastic syndrome (MDS) is clonal 
hematopoietic stem cell disorders characterized 
by presence of cytopenia(s), dysplasia in ≥1 
hematopoietic cell lineage, ineffective hemato-
poiesis, and an increased risk of progression to 
acute myeloid leukemia (AML) [1]. The diagno-
sis of MDS rests on the clinical features, pres-
ence of cytopenia in one or more myeloid 
lineages, morphological evidence of dysplasia, 
increased blasts in bone marrow and relevant 
cytogenetic abnormalities and molecular muta-
tions. World Health organization (WHO) 2017 
revised classification uses a combination of mor-
phology, genetic features, and immunophenotype 
to assign a disease category to a case [2].

Anemia is the commonest feature, presents as 
easy fatigability, feeling of tiredness, malaise and 
may require blood transfusions. Severe neutrope-
nia may present with increased infections, and 
moderate to severe thrombocytopenia may cause 
bleeding in the form of petechiae, and ecchymo-
sis. Patients may present with a single or a com-
bination of cytopenias [3].

9.2  Nomenclature

Since the French-American-British classification 
proposed in 1982 [4], cases of MDS were referred 
to as refractory anemia and refractory cytopenia. 
The same was retained through the two previous 
WHO classifications [5, 6]. However, this termi-
nology of “refractory anemia” and “refractory 
cytopenia” has been replaced by MDS in recent 
classification. The entities are further defined on 
the basis of presence of single lineage/multilin-
eage dysplasia, blast counts, ring sideroblasts 
(RS) into subdivisions of MDS. A comparative of 
WHO 2008 and 2017 classified cases is given in 
Table 9.1.

9.3  Cutoffs in MDS

The evaluation of a patient of MDS requires well- 
stained cellular peripheral blood (PB) and bone 
marrow aspirate (BMA) smears. WHO has rec-
ommended the use of May Grunwald Giemsa and 
Wright-Giemsa stained smears for optimal 
assessment of granularity [5].

9.3.1  Cutoffs for Cytopenias

The WHO 2017 classification retains the prior 
cutoffs for cytopenias, a hemoglobin of <10  g/
dL, absolute neutrophils count (ANC) of 
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≤1.8 × 109/L, and platelet count of 100 × 109/L 
[7]. However, it has been recognized that some 
patients may have persistent cytopenias at values 
higher than the recommended thresholds [8, 9]. 
The WHO 2017 classification provides lower 
thresholds for such cases when characteristic 
morphological abnormalities or cytogenetic 
abnormalities are present and hemoglobin <13 g/
dL in men and  <12  g/dL in women or platelet 
count is <150 × 109/L [2]. In addition, all cases of 
MDS should have an absolute monocyte count 
of  <1  ×  109/L [2, 5, 6]. A platelet count 
of  >450  ×  109/L may be present in patients of 
MDS with del(5q) abnormality or cases associ-
ated with t(3,3)(q21.3;q26.2) or inv(3) 
(q21.3;q26.2) and does not warrant a classifica-
tion to myelodysplastic syndrome/myeloprolif-
erative neoplasm (MDS/MPN) [2].

9.3.2  Cutoffs for Dysplasia 
and Blasts

The second hallmark of MDS is the morpho-
logical evidence of dysplasia in ≥1 myeloid 
cell line. The WHO 2017 classification has 
retained a cutoff of ≥10% dysplasia in either 

erythroid, myeloid, or megakaryocytic lineage. 
It, however, recognizes the fact that some nor-
mal individuals may harbor dysplasia in >10% 
cells [2]. Parmentier et  al. [10] showed that 
>10% dysmyelopoiesis could be seen in 45% 
marrows of normal stem cell donors, 26% have 
bi-lineage, and 7% have tri-lineage dysplasia. 
In contrast to the age-related increase in MDS, 
it was seen that young donors were more likely 
to have dysplasia in myeloid and megakaryo-
cytic lineage [10]. Certain abnormalities 
like  pseudo Pelger–Huet abnormality and 
megakaryocytic abnormalities (karyorrhexis, 
multinuclearity, nuclear fragmentation, and 
micromegakaryocytes) are more specific for 
MDS [11, 12]. Reproducibility of dysplasia, 
however, tends to be poor even when experi-
enced hematopathologists examine the slides 
[13]. Moreover, cases with subtle dysplasia 
limited to one lineage require a stringent exclu-
sion of reactive mimics of MDS [10].

Myeloblasts constitute <20% of all nucle-
ated cells. Peripheral blood and bone marrow 
blast percentages decide the categorization of 
MDS into individual subdivisions [2]. 
Morphological features of dysplasia are 
described in Table 9.2.

Table 9.1 A comparison of WHO 2008 [6] and WHO 2017 [2] Nomenclatures for MDS subcategories

WHO 2008 entity [6] WHO 2017 entity [2]
Refractory cytopenia with unilineage dysplasia 
(RCUD; encompassing refractory anemia, refractory 
thrombocytopenia, and refractory neutropenia)

MDS with single lineage dysplasia (MDS-SLD)

Refractory cytopenia with multilineage dysplasia 
(RCMD)

MDS with multilineage dysplasia (MDS-MLD)

Refractory anemia with ring sideroblasts (RARS) MDS with single lineage dysplasia and ring sideroblasts 
(MDS-RS-SLD)

Refractory cytopenia with multilineage dysplasia and 
ring sideroblasts* (RCMD-RS) (WHO 2001)

MDS with multilineage dysplasia and ring sideroblasts 
(MDS-RS-MLD)

Refractory anemia with excess blasts-1 (RAEB1) MDS with excess blasts-1 (MDS-EB1)
Refractory anemia with excess blasts-2 (RAEB2) MDS with excess blasts-2 (MDS-EB2)
MDS with isolated del(5q) MDS with isolated del(5q): Expanded to include cases 

with one additional low-risk cytogenetic abnormality 
excluding monosomy 7

MDS-unclassifiable MDS-unclassifiable: For cases of pancytopenia with 1% 
blasts, a documentation of 1% peripheral blood blasts is 
required on at least two occasions

Provisional entity: Refractory cytopenia of childhood 
(RCC)

Provisional entity: Refractory cytopenia of childhood 
(RCC)

*The entity was a part of WHO 2001 classification but was merged with RCMD in WHO 2008 classifiaction
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9.3.3  Cutoffs for Ring Sideroblasts

Cases of MDS may show the presence of ring 
sideroblasts (RS) defined as >5 granules encir-
cling >1/3rd of the nuclear membrane [14]. The 
earlier WHO 2008 classification war-
ranted ≥15% RS to be considered as significant 
[6] but the WHO 2017 classification incorpo-
rates the genetic data for SF3B1 mutations [2]. 
In cases where RS are present but are 5–15%, the 
presence of SF3B1 mutations should be ideally 
assessed and if present, they are adequate to 
classify a case as MDS- single lineage dysplasia 
with RS or MDS-multilineage dysplasia with RS 
[2, 15, 16]. This is the only mutation that impacts 
the classification of MDS as it has been strongly 
found to be associated with this subcategory of 
MDS [17–19]. The RS threshold has been low-
ered as cases with SF3B1 mutations may present 
with as low as 1% RS [19]. However, if the 
SF3B1 mutation testing cannot be performed, a 
threshold of ≥15% should be adhered to [2].

Clonal cytogenetic abnormalities are present 
in ~50% of all patients of MDS [2, 6, 20, 21]. The 
incidence is higher in patients with therapy- 
related MDS at ~80% [21]. Del(5q) is the com-
monest abnormality seen in MDS with an 
incidence of ~10–15%. On one extreme, it is 
associated with good prognosis and a good 
response to lenalidomide therapy [22, 23] and at 
the other extreme, it is enriched in therapy-related 
MDS and is associated with a short overall sur-
vival and high risk of progression to acute 

myeloid leukemia [24–26]. Hence, for the diag-
nosis of MDS with isolated del(5q), it is impor-
tant that all therapy-related MDS be classified 
first and the strict diagnostic criteria of the entity 
are then adhered to. Del(5q) is associated with a 
distinct clinical syndrome with presence of mac-
rocytosis, normal or high platelet count, and 
 presence of hypolobated or monolobated mega-
karyocytes on the BM examination [2, 6]. 
Trisomy 8, del(20q), and loss of chromosome Y 
are seen in 10%, 5–8%, and ~5% cases of MDS 
but are not sufficient to warrant a diagnosis of 
MDS as they are not specific to MDS [2]. The list 
of cytogenetic abnormalities which can lead to a 
classification of MDS in MDS-U is presented in 
Table  9.3 [2]. These abnormalities should be 
demonstrated only by conventional karyotype 
and not by FISH or sequencing [2]. Loss of 17p 
is associated strongly with TP53 mutations and 
manifests morphologically as pseudo Pelger–
Huet anomaly and vacuolation in neutrophils [2].

9.3.4  Exclusion Criteria

A diagnosis of MDS should not be made if the 
assessment is made during an acute infection. 
Vitamin B12/folate, copper deficiencies should 
be excluded. Patients exposed to heavy metals 
such as arsenic, lead, and zinc may also show 
marked dysplasia [2, 5, 6]. Copper deficiency 
causes cytopenias with cytoplasmic vacuoliza-
tion in the erythroid precursors and presence of 

Table 9.2 Morphological features of dysplasia in MDS [2]

Dysmyelopoiesis Dyserythropoiesis Dysmegakaryopoiesis
Pseudo Pelger–Huet abnormality and 
hyposegmented neutrophils
Hypogranularity
Small or unusually large size
Nuclear hypersegmentation
Dohle bodies
Auer rods
Pseudo Chediak Higashi granules

Nuclear budding
Irregular nuclear 
membrane
Inter-nuclear bridging
Karyorrhexis
Multinuclearity
Megaloblastosis
Ring sideroblasts
Cytoplasmic 
vacuolization
Per-iodic acid Schiff 
positivity

Micromegakaryocytes
Nuclear hypolobation and monolobation
Multinuclear megakaryocytes with presence 
of widely separated nuclei
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RS [27–29]. Copper deficiency may be precipi-
tated by zinc excess and should be considered in 
patients receiving supplemental zinc [30]. In 
addition, tuberculosis [31] and autoimmune dis-
eases [32] may also be associated with myelo-
dysplasia on morphology and they should be 
excluded if other suggestive features are present. 
Mycophenolate mofetil, tacrolimus, and ganci-
clovir may cause pseudo Pelger–Huet abnormal-
ity [33, 34], and isoniazid in absence of pyridoxine 
may cause ring sideroblasts [35]. Patients should 
not be evaluated within a short period of chemo-
therapeutic agents or granulocyte colony stimu-
lating factor (G-CSF) therapy [2, 5, 6]. Other 

clinical mimics of MDS are paroxysmal noctur-
nal hemoglobinuria (PNH), large granular lym-
phocytic leukemia, and hairy cell leukemia [2].

9.4  Diagnostic Criteria for  
WHO 2017 Classification 
of MDS [2]

The diagnostic criteria as per WHO 2017 to 
divide MDS into various subcategories are given 
in Table 9.4.

An algorithmic approach to the sub- 
classification of MDS is presented in Fig. 9.1.

Table 9.3 List of unbalanced mutations and balanced translocations considered as presumptive evidence of MDS [2]

Unbalanced chromosomal 
abnormality MDS

Therapy-related 
MDS

Balanced chromosomal 
abnormality MDS

Therapy-related 
MDS

−7/del (7q) 10% 50% t(11;16)(q23.3;p13.3) 3%
del(5q) 10% 40% t(3;21)(q26.2;q22.1) 2%
i(17q)/t(17p) 3–5% 25–30% 1(1;3)(p36.3;q21.2) 1%
−13/del(13q) 3% t(2;11)(p21;q23.3) 1% 3%
del(11q) 3% inv(3)(q21.3q26.2)/

t(3;3)(q21.3;q26.2)
1%

del(12p)/t(12p) 3% t(6;9)(p23;q34.1) 1%
del(9q) 1–2%
idic(X) (q13) 1–2%

Table 9.4 Diagnostic criteria for various subcategories of MDS according to WHO 2017 classification [2]

Category Number of cytopenias
Lineages with 
dysplasia Ring sideroblasts

PB 
blasts

BM 
blast

MDS-SLD 1–2 1 <15%; <5%a <1% <5%
MDS-MLD 1–3 2–3 <15%; <5%a <1% <5%
MDS-RS-SLD 1–2 1 ≥15%; ≥5%a <1% <5%
MDS-RS-MLD 1–3 2–3 ≥15%; ≥5%a <1% <5%
MDS with isolated 
del(5q)

1–2 1–3 <15%/≥15% <1% <5%
Del(5q) may be present alone or in concert with one additional chromosomal anomaly 
as long as it is not −7 or del(7q)

MDS-EB1 1–3 1–3 <15%/≥15% 2–4% 5–9%
MDS-EB2 1–3 1–3 <15%/≥15% 5–19% 10–

19%
Auer rods

MDS-U
(a) with 1% blasts

1–3 1–3 <15%/≥15% 1%b <5%

(b) SLD and 
pancytopenia

3 1 <15%/≥15% <1% <5%

(c) MDS defining 
cytogenetic abnormality

1–3 0 <15% as cases with 
≥15% RS are MDS-SLD

<1% >5%

RCC 1–3 1–3 None <2% <5%
a5–<15% RS are acceptable for classification as MDS-RS-SLD and MDS-RS-MLD if SF3B1 mutation is present
b1% PB blasts should be documented on at least two occasions
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9.5  Evaluation of a Case of MDS

Evaluation of a patient suspected as MDS 
requires a peripheral blood sample for a com-
plete blood count, reticulocyte count, and smear 
evaluation. A 200 cell differential on well-
stained PB smears and 500 cell myelogram on 
BM smears is mandatory [2]. Blood smears 
should be prepared within 2 h of sample collec-
tion and in cases of very low counts, buffy coat 
smears may be used for differential counts on the 
peripheral smear [2].

A bone marrow examination procedure should 
always include an aspiration and bone marrow 
biopsy (BMBx), and additional samples should 
be collected in heparin and EDTA to send for 
karyotyping, fluorescence-in-situ hybridization 
(FISH), and for molecular workup [2]. Additional 
stains may be required on BMA smears to iden-
tify erythroid dysplasia. These include Perl’s 

stain to look for RS and Per-iodic acid Schiff 
stain (PAS) to identify dysplastic erythroid cells 
[2]. Normally erythroid cells are negative for 
PAS but dysplastic erythroid cells may show dif-
fuse cytoplasmic positivity or diffuse granular 
positivity or block positivity [12]. BMBx is 
extremely important in MDS presenting with 
marrow fibrosis for evaluation of megakaryocytic 
dysplasia and blast counts in borderline cases 
using immunohistochemistry (IHC) for CD34 
and CD117. IHC for CD61 or CD42b may be 
applied to identify micromegakaryocytes and 
megakaryocytic dysplasia [36]. Though WHO 
has not made immunophenotyping mandatory, it 
should also be considered in the evaluation of 
MDS as it can give objective clues in difficult 
cases, especially the low-grade MDS cases with 
blasts <5% and RS <15% [37–40]. The evalua-
tion for PNH clone should be done in low-grade 
MDS cases [41].

Evaluate PB, BM blasts, 
dysplasia and cytopenia

BM Blasts 5-9% &/or 
PB blasts 2-4%

MDS-EB1

Present 

Present 

Present 

Present 

Present 

Present 

Present 

Present 

Present 

Present 

Present 

No. of lineages 

More than one lineage

del(5q) alone or with 1 
more abnormality except 

-7, del(7q)

Absent 

Absent 

Absent 

Absent 

Absent 

Absent 

Absent 

Absent 

Absent 

RS≥15%/ ≥5% with 
SF3B1 mutation

RS≥15%/ ≥5% with 
SF3B1 mutation

MDS-MLD

BM and PB blasts <20%

Auer rods 

BM Blasts 10-19% &/or 
PB Blasts 5-19%

PB Blasts <1%

Dysplasia≥10%

RUNX1-RUNX1T1/ 
CBFB-MYH11/ 

PML-RARA 

MDS-EB2 AML

PB Blasts 1% on two 
separate occasions

MDS related cytogenetic 
abnormality present 

Single Lineage 

Uni/ 
Bicytopenia Pancytopenia 

MDS with isolated 
del(5q)

MDS-RS-MLD MDS-SLD MDS-RS-SLD

del(5q) alone or with 1
more abnormality except 

-7, del(7q)

MDS-U

Fig. 9.1 An algorithmic approach to sub-classification of de novo MDS
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9.6  Other Changes in WHO 
Classification, 2017

 1. Reclassification of acute erythroleukemia 
to MDS
With the proposal of the updates in WHO 
2008 classification in 2016 [16] and finally 
with the release of the WHO 2017 revised edi-
tion [2], a major change in the acute leukemia 
classification that affects MDS directly is the 
abolishment of the acute erythroid/myeloid 
leukemia (AML-M6a). This entity was origi-
nally defined by French-American-British 
classification [42] but was accepted by the 
WHO in 2001 [5] and retained in 2008 [6]. 
The criteria of definition were: (a) Bone mar-
row containing ≥50% erythroid cells of the 
total nucleated cells; (b) Myeloblasts ≤20% 
of all nucleated cells; (c) Myeloblasts ≥20% 
of all non-erythroid cells. The WHO 2017 
classification [2] has done away with the 
“non-erythroid blast count” altogether. 
Therefore, most cases that were classified in 
pre- 2016 era as AML-M6a would now fall 
into the category of MDS with excess blasts.

The prognostic similarity of AML-M6a and 
MDS has been shown by two series from MD 
Anderson Cancer center [43] and Grupo 
Español de Síndromes Mielodisplásicos 
(GESMD) [44] published in the same issue of 
Modern Pathology in 2016. In the former 
series, 77 AML-M6a cases were compared to 
279 de novo MDS-refractory anemia with 
excess blasts cases. Patients of AML-M6a 
treated with intensive AML chemotherapy did 
not perform better than patients treated with 
lower intensity therapy or only supportive 
care. In addition, on multivariate analysis, very 
high R-IPSS and high R-IPSS were indepen-
dent risk factors for short overall survival 
while a diagnosis of AML-M6a was not a risk 
factor [43]. In the second series, AML-M6a 
patients were compared to erythroid predomi-
nant refractory anemia with excess blasts 1 
and 2 (RAEB1 and RAEB2) patients sepa-
rately and there was no prognostic difference 
between them. Only high-risk karyotype as 
defined by R-IPSS and IPSS was associated 

with prognosis. Even patients of AML-M6a 
diagnosed at a low blast percentage of 5–10% 
on the all nucleated cell count were prognosti-
cally similar to AML-M6a patients with higher 
blast counts in all nucleated cells [44]. These 
studies demonstrate the actual applicability of 
the WHO 2017 classification and prove that 
acute erythroleukemia is an extension of MDS 
and the cases are better classified in MDS.

The reasons considered by the Clinical 
Advisory Committee for this change were that 
in cases with extremely high number of ery-
throid cells, the complicated calculation 
would sometimes lead to a classification of a 
case with ≤5% blasts as AML-M6a. Secondly, 
the cytogenetic and mutational profile of cases 
classified as AML-M6a is more similar to 
MDS than de novo AML, such as the presence 
of p53 mutations and rare presence of NPM1 
and FLT3 mutations. Thirdly, it was seen that 
diagnosis of a case as erythroleukemia did not 
always predict clinically aggressive disease 
course. In addition, it is very well recognized 
that a slight change in percentage of erythroid 
cells from <50 to ≥50% can alter the diagno-
sis and may result from many variables includ-
ing nutritional deficiency, erythropoietin 
supplementation, or inter-/intra-observer vari-
ation. There are problems pertaining to poor 
reproducibility and lack of consistency [15, 
45–48]. Therefore, the entity of erythroleuke-
mia/AML-M6a has been abolished by WHO 
2017 classification [2]. This change in classi-
fication means that cases with 70% erythroid 
cells, 12% myeloblasts and >20% non-ery-
throid blasts will now be classified as 
MDS-EB2 and not as AML-M6a. The entity 
of pure erythroid leukemia (PEL) will how-
ever continue to be a part of the AML classifi-
cation. To classify a case as PEL, there should 
be ≥80% erythroblasts and ≥30% pro-eryth-
roblasts [2]. An approach to the cases with 
≥50% erythroblasts in the bone marrow is 
being presented in Fig. 9.2.

 2. Identification of myeloid neoplasms with 
germline mutations
This category has been incorporated by WHO 
2017 to address the familial cases of MDS 
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and AML [2]. MDS/AML associated with 
inherited marrow failure syndromes like 
Fanconi anemia, dyskeratosis congenita, etc. 
had been recognized since long but now other 
disorders with an inherited predisposition to 
MDS and AML have been identified [2]. Of 
these, common ones are MDS/AML with 
RUNX1 mutations, ETV6 mutations, 
ANKRD26 and DDX41 mutations [2]. The 
reported neoplasms associated with DDX41 
mutations include MDS-MLD, MDS-EB, and 
MDS with isolated del(5q), and they appear 
to have a long latency [49]. Cases with 
RUNX1 mutations have monoallelic germ-
line RUNX1 mutations and have a bleeding 
tendency out of proportion to the platelet 
counts [50]. The median patient age is lower 
at 33 years and they exhibit the phenomenon 
of anticipation with the disease manifesting at 
an earlier age in the subsequent generations 
[51, 52]. The other myeloid neoplasms with 
germline predisposition may have ANKRD26 
or ETV6 mutations [2]. Of the cases associ-
ated with organ dysfunction, germline GATA2 
mutations are very interesting as they can 
present with 4 syndromes—MonoMAC syn-
drome, Emberger syndrome with a predispo-

sition to MDS, familial MDS/AML, and 
dendritic cell, monocyte, B- and NK-lymphoid 
(DCML) deficiency with vulnerability to viral 
infections [53, 54]. The patients may present 
with MDS at a median age of 29 years, and 
MDS may be the first manifestation of the 
disease [55]. GATA2 mutations have been 
found in 5% cases of RCC and were associ-
ated with monosomy 7 or trisomy 8. If all 
childhood MDS cases are considered, GATA2 
mutations are seen in ~15% of advanced and 
~7% of all MDS cases. Bone marrow features 
in such cases include marrow hypocellularity, 
multilineage dysplasia with dysmegakaryo-
poiesis and reticulin fibrosis [56]. A clue to 
detection is an almost complete absence of 
monocytes, B cells, and NK cells on flow 
cytometry [53, 54, 57].

These disorders should be considered in 
individuals presenting with MDS/acute leuke-
mia if they have either (a) a personal history of 
multiple cancers or (b) pre-existent thrombo-
cytopenia, bleeding tendency or macrocytosis 
or (c) a first/second-degree relative with a 
hematological malignancy or (d) first/second- 
degree relative with a solid tumor consistent 
with germ line predisposition such as  sarcoma, 

No: Look at myeloblast 
percentage

Myeloblasts³20% Myeloblasts£20% 

WHO defined genetic 
abnormality for AML

Case meets criteria for AML 
with Myelodysplasia related 

changes

AML with Myelodysplasia 
related changes

Erythroblasts ³50% 
with dysplasia

Prior Therapy

RUNX1-RUNX1T1/ CBFB- 
MYH11/ PML-RARA

AML with recurrent 
genetic abnormality 

AML, NOS

Yes: Therapy related 
myeloid neoplasm 

MDS

Categorize as per blast count 
into MDS subcategory

Absent 

Absent Absent 

Present 

Present Present 

Fig. 9.2 Approach to a case with ≥50% erythroid cells and dysplasia on the bone marrow
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early-onset breast cancer at <50 years of age 
or brain tumors or (e) abnormal nails or skin 
pigmentation, oral leukoplakia, idiopathic 
pulmonary fibrosis, unexplained liver disease, 
lymphoedema, atypical infections, immune 
deficiencies, congenital limb anomalies, or 
short stature either in the patient or a first/
second-degree relative or (f) failure of mobili-
zation of a related donor using standard proto-
col or if such a donor is being considered and 
the patient meets any of the criteria from a to e 
[2, 58].

Recognition of these disorders is important 
for the treatment, family counseling, and 
anticipating other issues that might arise later 
in the course of the disease.

9.7  Determining Prognosis 
in MDS

Prognosis in MDS was determined using various 
prognostic scoring systems. The most used was 
International Prognostic Scoring System (IPSS) 
that was derived from cases classified according 
to FAB classification and included patients of 
CMML.  It could be applied only to patients at 
first presentation and included categories of num-
ber of cytopenias, blast percentage, and karyo-
type [7]. After the WHO 2001 classification, a 
new prognostic scoring system called WHO 
classification- based prognostic scoring system 
(WPSS) that incorporated WHO classification 
subtype, karyotype and transfusion requirement 
was validated in 2005 [59].

In 2012, Greenberg et al. analyzed over 7000 
cases of MDS to derive a better prognostic  system 

that could differentiate five different prognostic 
categories. The cytogenetic risk groups were 
expanded from three to five categories. Taking 
cytogenetics, BM blast percentage, hemoglobin, 
neutrophil count and platelet counts, Revised 
International Prognostic Scoring System 
(R-IPSS) was devised and is given in Table 9.5 
[8]. These risk categories correlate both with bet-
ter survival and also predict evolution to 
AML. R-IPSS has shown a very good correlation 
with WPSS in a large study [60]. The WHO 2017 
revised classification has not lowered the blast 
threshold to ≤2% for low-risk MDS as the repro-
ducibility would be low [2, 15, 16].

Additional scoring system for low-grade MDS 
was proposed by M.D. Anderson cancer center as 
M.D.  Anderson Lower-Risk MDS Prognostic 
Scoring System (MDA-LR). This system incor-
porates BM blast percentage, cytogenetics, 
hemoglobin, platelet count, and patient age [61].

9.8  Flow Cytometry in MDS

Flow cytometry in MDS has been studied exten-
sively. The aberrant maturational patterns on 
granulocytes are abnormal CD11b-CD16, abnor-
mal CD13-CD16, abnormal CD11b-CD13 pat-
terns while on monocytes, CD11b- HLADR 
pattern is most frequently abnormal. A reduction 
in normally expressed antigen like CD10 on 
granulocytes and CD33 on monocytes is also 
considered as an abnormality [62, 63]. The sec-
ond set of abnormalities pertains to aberrant anti-
gen expression like CD7, CD2, CD56, and CD5 
on either granulocyte, monocytes, or myeloblasts 
[39, 63]. A different approach was utilized by 

Table 9.5 R-IPSS risk scoring in MDS [8]

Variable 0 0.5 1 1.5 2 3 4
Cytogenetics Very good – Good – Intermediate High Very high
BM blast% ≤2% – >2%–<5% – 5–10% >10% –
Hemoglobin (g/dL) ≥10 – 8–10 <8 – – –
Platelets
(×109/L)

≥100 50–100 – – -- – –

ANC
(×109/L)

≥0.8 <0.8 – – – – –

Very low R-IPSS: ≤1.5; low risk: >1.5–3; intermediate risk: >3–4.5; high risk: >4.5–6; very high risk: >6
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Ogata et al. who limited the study to myeloblasts 
and B-cell progenitors in low-grade MDS 
patients. Their study explored percentage of 
CD34 positive myeloblasts, percentage of CD34 
positive B-cell progenitors in all CD34 positive 
cells, lymphocyte/myeloblast CD45 mean fluo-
rescent intensity, and granulocyte/lymphocyte 
SSC peak channel ratio to come to the Ogata 
score. A score of ≥2 is associated with MDS 
[37]. This Ogata mini-panel has a high positive 
predictive value and specificity for MDS at ~90% 
but the sensitivity and negative predictive value is 
relatively lower at ~70% to identify low-grade 
MDS and differentiate them from non-clonal 
cytopenias [38].

Flow cytometry has been applied extensively 
to MDS but is still not considered mandatory in a 
patient’s evaluation as there is a lack of standard-
ization in the panels used. An attempt to bring 
about this standardization was taken up by 
European leukemia Net with the first guideline in 
2012 [64] and the most recent in 2014 [65]. These 
guidelines require ≥3 abnormalities in the set of 
markers affecting granulocytic or monocytic 
maturation and also the Ogata parameters. Flow 
cytometry findings if studied should always be 
reported as a part of an integrated report incorpo-
rating morphology and cytogenetic data [65].

9.9  Genetic Landscape of MDS

Over the last 5 years, there has been a massive 
surge in publications pertaining to mutations in 
MDS using next generation sequencing (NGS) 
[17–19, 34, 66–71]. The mutations described 
affect the epigenetic regulation and spliceosome 
machinery, and others affect the cohesin complex 
while some are the mutations of the transcription 
factors [66, 67]. Using NGS, mutations have 
been discovered in ~90% of all MDS cases. The 
epigenetic pathway comprises of two main subdi-
visions—the CpG islands and hypermethylation 
and the histone modification. The methylation 
pathway is controlled by the methyltransferase 
DNMT3A and DNA hydroxymethylation genes 
TET2, IDH1, and IDH2. Histone pathway com-
prises genes EZH2, ASXL1, and UTX. The tran-

scription factor mutations affect RUNX1, ETV6, 
GATA2, and PHF6. Kinase signaling mutations 
affect KRAS, NRAS, JAK2, and CBL. Cohesin 
complex mutations occur in STAG2, SMC3, and 
RAD1 genes [66–68]. Mutations in the epigene-
tic regulators occur in ~45% of all cases of MDS 
while spliceosome pathway is affected in ~50% 
of all cases of MDS. About 25% patients exhibit 
mutations both in the spliceosome machinery and 
in the epigenetic pathway [69]. TP53 is affected 
in ~5% cases and is consistently associated with 
a poor prognosis [69]. TP53 mutations are also 
associated with complex karyotype, monoso-
mies, and abnormalities of chromosome 7 [70]. 
Patients of MDS with isolated del(5q) may also 
harbor p53 mutations at diagnosis and such 
patients show a higher rate of progression in 
lenalidomide therapy. Even subclonal TP53 
mutations impact prognosis and in the setting of 
del(5q), even IHC has been used to pick up TP53 
mutations using a cutoff of ≥2% positive cells. 
This cutoff correlated with TP53 mutations 
detected by NGS could predict evolution to AML 
and was associated with lower overall survival 
[34]. Therefore, testing for TP53 in patients with 
del(5q), a low or intermediate-1 IPSS score has 
been recommended by European Leukemia Net 
guidelines in 2013 as these patients may not per-
form well on lenalidomide therapy [72].

Patients with 3 or more than 3 driver muta-
tions have a lower leukemia-free survival than 
patients with 0–2 mutations. This impact on 
leukemia- free survival is regardless of whether 
the mutation is subclonal or clonal [66]. 
Mutations affecting TP53, ASXL1, RUNX1, 
ETV6, and EZH2 have a negative impact on 
overall survival even in very low risk, low-risk, 
and intermediate R-IPSS risk categories [70]. A 
few papers have explored the impact of these 
mutations with response to hypomethylating 
agents. The most data exists for TET2 mutations 
as a predictor of better response to hypomethylat-
ing agent therapy [71, 73, 74]. In one series, 
patients who were TET2+/ASXL1 negative were 
shown to have the best chance of responding to 
hypomethylating agents [71]. These mutations 
also affect overall survival in patients who 
undergo stem cell transplantation. In a series of 
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~87 patients who underwent stem cell transplan-
tation, ~46% patients had mutations in TP53, 
TET2 and DNMT3A mutations, and the overall 
survival in these patients was ~19% compared to 
~59% in patients who lacked these mutations. 
Among these mutations, TP53 had the worst 
impact on overall survival [68]. In contrast, 
SF3B1 mutations are associated with good 
 overall survival and fewer cytopenias [17–19]. 
These mutations are strongly associated with RS, 
and SF3B1 mutations are the only ones that have 
been incorporated in WHO 2017 classification to 
classify a patient as MDS-RS-SLD and MDS- 
RS- MLD in presence of 5–<15% RS [2]. In addi-
tion, these are also a target for small molecule 
inhibitors like luspatercept that are in trial and 
have shown an excellent response if a patient 
shows the SF3B1 mutation [75].

Since these mutations have also been described 
in normal individuals without MDS [Clonal 
hematopoiesis of indeterminate potential 
(CHIP)] [76–79], the presence of these alone is 
not sufficient to classify a patient as MDS. This is 
also applicable to patients who have unexplained 
cytopenias and do not meet the diagnostic criteria 
for MDS [2, 80]. With the advent of NGS, three 
large series of patients were found to have age- 
related clonal hematopoiesis designated as CHIP 
[76–78]. This was found to be associated with 
all-cause mortality but all patients do not prog-
ress to MDS or AML.

Idiopathic cytopenia of undetermined sig-
nificance (ICUS): The term ICUS was proposed 
for those patients in whom a diagnosis of MDS 
could not be established but is possible. An indi-
vidual case can be classified as ICUS if there are 
cytopenias including hemoglobin of <11  g/dL, 
ANC of <1.5  ×  109/L, and platelet count of 
<150  ×  109/L that persist for a minimum of 
6  months, do not meet diagnostic criteria for 
MDS and cannot be explained by any other pos-

sible causes. The patient requires extensive eval-
uation to establish this diagnosis. There is a 
subset of ICUS patients who can be shown to 
have clonal hematopoiesis if genetic mutations 
can be demonstrated [80]. These cases can be 
called as clonal cytopenia of undetermined sig-
nificance (CCUS) [81]. It is understandable that 
with the wide application of newer tools like flow 
cytometry and application of NGS, many cases 
of ICUS would move to categories of MDS and 
CCUS.  Based on the presence of cytopenias, 
clonality, BM blast percentage, and dysplasia, the 
spectrum of these disorders and MDS is given in 
Table 9.6.

9.10  Conclusions

The WHO 2017 classification has revamped 
MDS and each entity is being described as MDS 
with rather than “refractory anemia” or “refrac-
tory cytopenia”. There have been important 
changes specially pertaining to MDS-RS-SLD, 
and there has been a re-recognition of the entity 
of MDS-RS-MLD which derives from the earlier 
RCMD-RS in WHO 2001 classification. This 
has been possible due to incorporation of SF3B1 
mutations for identification of these categories if 
there are 5–<15% RS. Another important change 
has been inclusion of one additional chromo-
somal anomaly in del(5q) as long as it is not −7 
or del(7q). Minor changes are that PB blasts 
~1% have to be documented on two separate 
occasions if considering a diagnosis of MDS-
U. In addition, the entity of acute erythroleuke-
mia has been abolished and most of these cases 
would now be classified as MDS. There is now a 
recognition that many myeloid neoplasms with 
germline mutations exist and that these have an 
important impact on patient outcome. Flow 
cytometry although not mandatory to the patient 

Table 9.6 A comparison of the characteristics of ICUS, CCUS and MDS

ICUS CCUS Low-grade MDS High-grade MDS
Clonality Absent Present Present Present
Cytopenias Present Present Present Present
Dysplasia Absent Absent Present Present
BM blast % <5 <5 <5 5–19%
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evaluation in MDS should be considered espe-
cially in patients with low-grade MDS lacking 
RS. There has been a massive surge in the genetic 
knowledge of MDS with the advent of NGS. This 
information has an impact on prognosis and pos-
sibly on response to hypomethylating agent ther-
apy and may form a part of every patient’s 
evaluation if the cost of the testing reduces in the 
future. The advent of NGS has also led to the 
discovery of CHIP adding to the complexity 
associated around MDS.
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10.1  Introduction

Acute myeloid leukemia (AML) is a rapidly pro-
gressing aggressive malignancy of the hematopoi-
etic myeloid progenitor cells most commonly 
found in older adults. It is characterized by an 
impaired differentiation and aberrant clonal prolif-
eration of immature myeloid precursors in the bone 
marrow that result in the accumulation of nonfunc-
tional myeloblasts, impaired hematopoiesis, bone 
marrow failure, and peripheral blood cytopenias, 
thus increasing the risk of severe infections, ane-
mia, bleeding, and other complications in patients 
[1, 2]. Classically, morphology, immunophenotyp-
ing, and cytogenetic approaches have been used for 
the diagnosis and classification of AML (French-
American-British (FAB) classification) [3, 4]. With 
the advent of whole genome sequencing, the com-
plexity of AML emerged wherein heterogeneous 
and competent clones evolve and coexist at any 
time during the disease course [5–8]. Recurrent 
somatic mutations have been identified in AML, 
and the number of leukemia-associated genes is 
increasingly comprehensive [9, 10]. Henceforth, 
the WHO incorporated molecular alterations, in 
addition to the conventional methods for AML 

classification to establish clonality, identify molec-
ular translocations and risk stratification of patients 
 (2008–2009) and further revised in 2016 [11–14]. 
Thereafter, a paradigm shift from a morphologic 
classification of AML to one guided by causative 
genomic changes has been witnessed [15]. For the 
past four decades, the standard of care for AML has 
been 3 + 7 combination chemotherapy, with 3 days 
of anthracycline and 7 days of cytarabine [16, 17]. 
Although many patients with AML respond to 
induction chemotherapy, refractory disease is com-
mon, and relapse represents the major cause of 
treatment failure despite intensive therapy. Targeted 
therapies are emerging as treatment modalities and 
several clinical trials are ongoing [18, 19].

10.2  Epidemiology

The annual incidence of acute myeloid leukemia 
worldwide is ~2.5–3 cases per 100,000 popula-
tion per year with the highest incidence in the 
USA, Australia, and Europe [11]. The National 
Cancer Institute’s (NCI’s) Surveillance, 
Epidemiology, and End Results (SEER) Program 
estimated an incidence of 21,380 cases of AML, 
representing 1.3% of all new cancer cases in the 
United States in 2017 [20]. The incidence of AML 
was documented as 4.2 new cases and 2.8 deaths 
per 100,000 in 2014 with 68 years as the median 
age at diagnosis. Death rate from AML was esti-
mated at 1.8% of the total deaths from cancer in 
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the United States with higher incidence among 
older adults (65 years and above) and 72 years as 
the median age at death. The age- adjusted inci-
dence of AML was found to be higher in men than 
in women (3:2). AML accounts for 15–20% of all 
cases of childhood acute leukemia, generally peak 
incidence observed in early 3–4 years of life [11].

The risk factors for AML include cigarette 
smoke as a major source of benzene [21, 22], expo-
sure to high-dose or chronic low-dose ionizing 
radiations and treatment with cytotoxic chemother-
apy [2]. In fact, the WHO categorized therapy-
related AML (t-AML) as a subtype, which occurs 
as a complication after long-term exposure to cyto-
toxic chemotherapy with either alkylating agents or 
DNA topoisomerase II inhibitors [23, 24]. Other 
etiological factors include past history of blood dis-
orders (e.g., myelodysplastic syndrome, polycythe-
mia vera), certain genetic disorders (e.g., Down 
syndrome, Fanconi anemia) [25], and in rare cases 
immunosuppression subsequent to stem cell trans-
plantation [26, 27]. About 60–80% of newly diag-

nosed adult AML patients achieve complete 
remission (CR) with intensive induction chemo-
therapy and a 5-year relative survival rate of 26.9% 
[20]. Reduced survival rate among older adults 
with AML is attributed to chemotherapy-related 
complications [28, 29]. The morbidity and mortal-
ity in post-induction chemotherapy phase of AML 
is influenced by various adverse prognostic factors 
such as infections, involvement of central nervous 
system, and smoking [30–33].

10.3  Clinical Characteristics

The clonal neoplastic expansion of hematopoietic 
cells that normally differentiate into various cell 
types including granulocyte, monocyte, erythro-
cyte, and megakaryocyte progenitors results in 
accumulation of myeloblasts and other immature 
myeloid cells and deficit of mature functional 
white blood cells, red blood cells, and platelets 
in the bone marrow of AML patients (Fig. 10.1). 
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Fig. 10.1 Pathogenesis of AML.  Diagrammatic repre-
sentation shows various stages of myeloid and lymphoid 
lineage commitment from a common progenitor. Few key 
transcription factors involved in hematopoiesis are high-
lighted in black. Recurrent genetic abnormalities and 
mutations in these and several other target genes drive 
AML disease progression. (Myeloid cell differentiation 

arrest at different steps is marked by cross). Adapted from 
[11, 38, 39]. HSC hematopoietic stem cell; MPP multipo-
tent progenitor; CMP common myeloid progenitor; CLP 
common lymphoid progenitor; GMP granulocyte/macro-
phage progenitor; MK megakaryocyte progenitor; ETP 
early T-cell precursor; T T lymphocyte; B B lymphocyte; 
NK natural killer cell
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The early signs and symptoms of AML may 
include fever, loss of appetite, or weight loss. The 
increased susceptibility of AML patients to infec-
tions is attributed to the absence of normal WBCs 
and incapacitated leukemia cells [2]. Furthermore, 
anemia in these patients can cause fatigue, short-
ness of breath, and weakness. A lack of platelets 
can lead to easy bruising, bleeding, petechiae, or 
even a severe trauma. Sternal tenderness and sple-
nomegaly are common in AML, but it is typically 
mild and asymptomatic. The leukemia cells may 
also present extramedullary tumor proliferation, 
including the central nervous system (brain and 
spinal cord), skin, and gum tissue. In rare cases, 
the first sign of leukemia may be observed as a 
development of a solid leukemic mass or tumor 
outside of the bone marrow, called a chloroma 
[34, 35]. As an acute leukemia, AML progresses 
rapidly and, if left untreated, can be fatal within 
weeks or months.

10.4  Diagnosis of AML

Various factors including clinical history, pre-
sentation, age, and medical condition of the 
patient are taken into consideration for the 
choice of laboratory investigations, which may 
be used for the diagnosis of AML. Investigation 
of the bone marrow biopsy/aspirate collected 
from either of the pelvic bone remains the gold 
standard for AML diagnosis. While light micros-
copy allows examination of marrow or blood 
smears for abnormal WBCs, flow cytometry or 
immunophenotyping and immune/cytochemis-
try are used to differentiate AML from other 
types of leukemia and classify the subtype of 
AML based on unique combinations of cell sur-
face markers expressed on leukemia cells. 
According to the WHO criteria, 20% blasts of 
the total cells in the bone marrow or blood is a 
prerequisite for the diagnosis of AML [13]. A 
unique morphological characteristic feature seen 
in myeloid leukemia blasts is Auer rods that can 
distinguish it from other leukemia [11]. A posi-
tive enzyme cytochemistry with myeloperoxi-
dase (MPO) along with a nonspecific esterase 
stain (used to identify a monocytic component in 

AMLs and to distinguish poorly differentiated 
monoblastic leukemia) is sufficient for diagnosis 
in majority of the cases. Chromosomal abnor-
malities such as translocations, deletion, or tri-
somy in a specific type of AML are also criteria 
irrespective of blast percentage [36]. Other cyto-
genetic approach such as fluorescence-in-situ-
hybridization (FISH) enables detection and 
diagnosis of subtype of leukemia. The molecular 
testing for genetic mutations can facilitate prog-
nostication for chemotherapy and/or bone mar-
row/stem cell transplantation [37]. Overall, for 
AML diagnosis, first screening is for the distinc-
tion of an acute leukemia from other hematolog-
ical neoplastic diseases and reactive disorders. 
Next step is to differentiate acute myeloid leuke-
mia (AML) from acute lymphoblastic leukemia 
(ALL). Finally, AML and ALL are classified into 
categories that define treatment, prognostication, 
and risk stratification.

10.5  Classification of AML

Ever since Otto Naegeli first characterized the 
myeloblasts in 1990 [40], the classification system 
for AML diagnosis has evolved toward a stepwise 
approach. The French-American-British (FAB) 
classification of AML proposed in 1976 by Bennett 
et  al. [3] was introduced by a group of French, 
American, and British leukemia experts. The vari-
ous categories of AML subtypes from M0 to M7 in 
FAB classification were based on morphology 
showing the origin of leukemia cell, its stage of 
differentiation, and maturity. AML subtypes M0–
M1 include the minimally differentiated or undif-
ferentiated AML; M2 subtype is mostly associated 
with cytogenetic abnormalities t(8;21)(q22;q22) 
or t(6;9); M3 is identified with PML-RARA 
t(15;17)(q22;q21); and M4 is associated with 
combination myeloblastic- monoblastic leukemia 
with or without eosinophilia and inv(16), t(16;16). 
The del(11q), t(9;11), t(11;19) karyotypes are seen 
in M5 subtype, whereas AML-M6 initiates from 
early red blood cell precursors and AML-M7 from 
megakaryocytes. Eventually, the cytogenetic 
abnormalities that are associated with each sub-
type were deciphered [36, 41, 42].
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Subsequently, the World Health Organization 
(WHO) classification of AML came into existence 
in 1999 by Harris et al. [14]. The WHO classifica-
tion included chromosomal translocations, evi-
dence of dysplasia, and eventually recurrent gene 
mutations [11–13]. Even though the WHO classi-
fication is highly recommended, FAB staging sys-

tem is still used widely despite its limitation of not 
predicting prognostically significant AML sub-
types. The recently revised 2016 WHO classifica-
tion of acute myeloid leukemia and related 
precursor neoplasms [11] defined six broad cate-
gories, each comprising subcategories (shown in 
Table 10.1), described briefly as follows:

Table 10.1 AML subcategorization according to the revised 2016 WHO classification

1. AML with recurrent genetic abnormalities
  (i)   AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1
  (ii)  AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
  (iii) APL with PML-RARA
  (iv) AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A
  (v)  AML with t(6;9)(p23;q34.1); DEK-NUP214
  (vi) AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM
  (vii)  AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1
  (viii) Provisional entity: AML with BCR-ABL1
  (ix) AML with mutated NPM1
  (x)  AML with biallelic mutations of CEBPA
  (xi) Provisional entity: AML with mutated RUNX1
2. AML with myelodysplasia-related changes
  •  Cytogenetic abnormalities sufficient to diagnose AML with myelodysplasia-related changes when >20% PB or 

BM blasts are present and prior therapy has been excluded
  • Complex karyotype (3 or more abnormalities)
Balanced abnormalities Unbalanced abnormalities
        (i)    27/del(7q)
        (ii)   del(5q)/t(5q)
        (iii)  i(17q)/t(17p)
        (iv)  213/del(13q)
        (v)   del(11q)
        (vi)  del(12p)/t(12p)
        (vii) idic(X)(q13)

(ii)    t(11;16)(q23.3;p13.3)
(iii)   t(3;21)(q26.2;q22.1)
(iv)   t(1;3)(p36.3;q21.2)
(v)    t(2;11)(p21;q23.3)
(vi)   t(5;12)(q32;p13.2)
(vii)  t(5;7)(q32;q11.2)
(viii) t(5;17)(q32;p13.2)
(ix)   t(5;10)(q32;q21.2)
(x)    t(3;5)(q25.3;q35.1)

3. Therapy-related myeloid neoplasms
4. AML, NOS
  (i)     AML with minimal differentiation
  (ii)    AML without maturation
  (iii)   AML with maturation
  (iv)   Acute myelomonocytic leukemia
  (v)    Acute monoblastic/monocytic leukemia
  (vi)   Pure erythroid leukemia
  (vii)  Acute megakaryoblastic leukemia
  (viii) Acute basophilic leukemia
  (ix)   Acute panmyelosis with myelofibrosis
5. Myeloid sarcoma
6. Myeloid proliferations related to Down syndrome
   Transient abnormal myelopoiesis (TAM)
   Myeloid leukemia associated with Down syndrome
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 1. AML with recurrent genetic abnormalities
According to the 2016 WHO classification of 
AML, the first broad category encompasses 
recurrent genetic abnormalities that include 
eight entities of balanced cytogenetic abnor-
malities or gene fusions and three gene- 
specific mutations [11]. Most of these 
subcategories are characterized by unique 
morphological, immunophenotypic, cytoge-
netic, and molecular features as described. 
Besides these 11 entities, several additional 
balanced abnormalities have been docu-
mented in rare cases of AML, which are still 
not separate entities [43].

 (i)  AML with t(8;21)(q22;q22.1); 
RUNX1-RUNX1T1
AML with t(8;21) chromosomal translo-
cation is the most frequent anomaly in 
younger patients, rare in elderly, and 
account for 1–5% cases of AML [44]. 
The bone marrow and peripheral blood 
show the presence of large myeloblasts 
with abundant basophilic cytoplasm, 
often filled with azurophilic granula-
tions. The bone marrow biopsy shows 
sheets of immature cells with increased 
normal eosinophil precursors and baso-
phils. Promyelocytes, myelocytes, and 
mature granulocytes with abnormal 
nuclear segmentation and variable dys-
plasia are also seen. These cells may 
show cytoplasmic staining defects 
including homogeneous salmon-colored 
granules. Auer rods are frequently noted. 
Monocytic component is usually absent 
with erythroblasts and megakaryocytes 
showing normal morphology. 
Immunophenotypic profile shows expres-
sion of CD34, CD13, MPO, and HLA-DR 
with variable CD33. Aberrant expression 
of CD19 (B-cell surface marker) and 
PAX5 is seen in most cases, and occa-
sionally CD79a may be expressed. CD56 
expression in a subset of cases may be 
associated with adverse prognosis.

The chromosomal translocation 
results in fusion of runt-related transcrip-

tion factor 1 (RUNX1) [aka acute myeloid 
leukemia 1 protein (AML1) or core-bind-
ing factor subunit alpha-2 (CBFA2)] and 
RUNX1 translocation partner 1 
(RUNX1T1 aka ETO) on chromosome 21 
and 8, respectively [45]. This RUNX1-
RUNX1T1 fusion transcript, which is 
consistently detected in these cases result 
in transcriptional repression of target 
genes that are regulated by CBF tran-
scription factor RUNX1 and subsequent 
maturation arrest of hematopoietic pro-
genitor cells, which would otherwise 
normally differentiate into granulocytic 
and monocytic lineages. Although cases 
of AML with t(8;21) are associated with 
relatively favorable prognosis and, in 
particular, with a good response to high-
dose cytarabine (ara-C), high WBC count 
>20 billion/L at the presentation or pres-
ence of KIT mutations in exons 8 and 17 
seem to be associated with intermediate 
to worse prognosis seen in 20–30% cases 
[46]. These patients benefit from alloge-
neic stem cell transplantation during the 
first remission. Other cytogenetic abnor-
malities seen in >70% of cases include 
del(9q) with loss of 9q22 and loss of a 
sex chromosome. Additionally, muta-
tions reported in a subset of AML cases 
include ASXL1 (~10% cases), ASXL2 
(20–25% cases in all age groups), KRAS, 
NRAS (30%), and rarely FLT3. 
Monitoring of MRD post- therapy in 
these cases is beneficial, and detection of 
RUNX1-RUNX1T1 fusion transcript dur-
ing remission by quantitative RT-PCR is 
suggested.

 (ii)  AML with inv(16)(p13.1q22) or t(16;16)
(p13.1;q22);CBFB-MYH11
AML with inv(16) or t(16;16) genetic 
abnormality usually shows distinct mor-
phology of acute myelomonocytic leuke-
mia with abnormal eosinophilia 
irrespective of the blast count. The occur-
rence is 5–8% in younger AML patients, 
and much lower frequency is seen in 
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older adults [11]. The incidence of extra-
medullary disease in these cases is rela-
tively higher than most AML.  Myeloid 
sarcoma and involvement of CNS are 
associated with relapse. Most striking 
morphological characteristics include 
abnormal eosinophils with enlarged, 
irregularly shaped basophilic colored 
granules in the bone marrow that are 
absent in peripheral blood. Nuclear 
hyposegmentation is seen in mature 
eosinophils. Marked reduction in neutro-
phils is notable. Normal myeloblasts, 
monoblasts, and mature monocytes are 
present in bone marrow and peripheral 
blood. Auer rods are occasionally present 
in myeloblasts. Exclusive lineage of only 
granulocytic maturation or only mono-
cytic differentiation is reported in rare 
cases. Complex immunophenotypic pro-
file showing several subsets including 
immature blasts (CD34, CD117), granu-
locytic (CD13, CD33, MPO, CD15), and 
monocytic (CD14, CD64, CD11b, 
CD11c, CD4, CD36, and lysozyme) pop-
ulations is seen. The chromosomal break-
point in t(16;16) is mapped to the core 
binding factor beta subunit (CBFB) at 
16q22 and gene encoding smooth muscle 
myosin heavy chain (MYH11). The 
inv(16) is a pericentric inversion of chro-
mosome 16. Together with AML t(8;21), 
these two AML categories are referred to 
as the core binding factor leukemia and 
are associated with favorable prognosis 
[47]. Likewise, presence of trisomy 8, 
KIT, and FLT3 mutations in these cases 
is associated with poor prognosis. The 
fusion transcript CBFB- MYH11 is 
detected by FISH and RT- PCR at diagno-
sis and shows a decreasing trend during 
the course of therapy.

 (iii) APL with PML-RARA
APL with PML-RARA is a well- 
characterized AML entity with predomi-
nance of abnormal promyelocytes. 
Accounting for 5–8% of AML cases in 
young adults, almost 70% cases present 
as typical or hypergranular APL and the 

remaining cases usually belong to micro-
granular variant, which generally present 
with leukocytosis [11]. The clinical pre-
sentation of APL is commonly associated 
with disseminated intravascular coagula-
tion and increased fibrinolysis leading to 
early mortality. Common morphological 
features of both APL variants include 
abnormal promyelocytes with bilobed 
nuclei. Densely packed large granules 
are seen in the cytoplasm in most hyper-
granular APL cases with few cells show-
ing dust- like granules that are detected 
on Romanowsky stain. Randomly dis-
tributed bundles of Auer rods, which are 
relatively larger than seen in other AML 
may be present. In contrast, microgranu-
lar APL is marked by hypogranular 
appearance of the cytoplasm because of 
the submicroscopic granules. The leuke-
mic promyelocytes in both variants show 
strong MPO positivity. 
Immunophenotypically, APL with PML-
RARA shows bright CD33, variable 
CD13, and reduced or absent CD34, 
HLA-DR, CD18, CD11b, CD11c, 
CD117, CD15, and CD65 expression. 
Expression of CD2  in microgranular 
variant or minor transcript of PML-
RARA is associated with FLT3-ITD 
mutation, and CD56 expression in few 
APL cases is associated with adverse 
prognosis.

Promyelocytic leukemia gene (PML) 
is located on chromosome 15 and reti-
noic acid receptor alpha (RARA) on chro-
mosome 17, and the PML-RARA fusion 
results from a recurrent, balanced trans-
location between chromosomes 15 and 
17, denoted as t(15;17)(q22;q12) [48]. 
The breakpoints within the PML gene in 
intron 6, exon 6, and intron 3 give rise to 
PML-RARα isoforms referred to as long 
(L or bcr1), variant (V or bcr2), and short 
(S or bcr3). RT-PCR for PML-RARA 
fusion transcript is used in conjunction 
with the investigation of therapy response 
to all-trans-retinoic acid (ATRA) and 
arsenic trioxide as diagnostic measure 
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for MRD monitoring in acute 
APL.  Submicroscopic insertion of 
RARA, considered to be cryptic t(15;17) 
are included in this category of AML. In 
a subset of cases with morphological fea-
tures similar to APL, variant transloca-
tions of RARA with other fusion partners 
(ZBTB16, NPM1, NUMA1, and STAT5B) 
have been documented [49]. Most cases 
of APL respond to treatment with the 
combination of tretinoin (all- trans reti-
noic acid) and arsenic oxide with the 
exception of cases with variant RARA 
translocations. In addition to the standard 
therapy of ATRA and arsenic oxide, 
anthracycline is administered to high-
risk patients.

 (iv)  AML with t(9;11)(p21.3;q23.3); 
KMT2A-MLLT3
AML with t(9;11) accounts for about 2% 
of adult AML and almost 12% of pediat-
ric AML with intermediate prognosis. 
Clinical presentation may show involve-
ment of extramedullary sites such as skin, 
gingiva, and tissue infiltration; myeloid 
sarcoma and disseminated intravascular 
coagulation may be present. Bone mar-
row smear shows abundant monoblasts 
and promonocytes with pale cytoplasm 
containing azurophilic granules. Strongly 
positive nonspecific esterase reaction 
with absent MPO reactivity is a hallmark 
of AML with t(9;11). Immunophenotyping 
reveals bright expression of CD33, 
HLA-DR, CD4, and CD65. Weak expres-
sion of CD13, CD14, and CD34 is seen in 
pediatric population. In most adult AML 
with t(9;11) cases, CD14, CD4, CD11b, 
CD11c, CD36, CD64, and lysozyme 
expression is reported with variable 
expression of CD34, CD117, and CD56. 
The KMT2A gene (aka MLL) encodes a 
histone methyltransferase, which regu-
lates gene transcription by chromatin 
remodeling. KMT2A on chromosome 11 
is known to be associated with several 
partner genes [49]. Most AML with bal-
anced translocations involving KMT2A 
other than t(9;11) are primarily grouped 

as AML, NOS. MECOM overexpression 
is reported in ~40% cases of this AML 
subtype and is associated with adverse 
prognosis.

 (v)  AML with t(6;9)(p23;q34.1); 
DEK-NUP214
AML with t(6;9) is a rare subtype 
detected in about 0.7–1.8% of both pedi-
atric and adult AML cases and is associ-
ated with poor prognosis [11]. Low WBC 
count is generally seen in adults, whereas 
severe anemia and thrombocytopenia 
may be present in pediatric population. 
Residual myeloid maturation with dys-
plastic features are present in the bone 
marrow, and blast cells display similar 
features of acute myelomonocytic leuke-
mia and occasionally show Auer rods. 
Nucleated RBCs with variable size and 
shape, hypogranular neutrophils, and 
platelets may be present in circulation. 
Basophilia, erythroid hyperplasia, and 
dyserythropoiesis with occasional ring 
sideroblasts are common characteristics 
of AML with t(6;9). Immunophenotypic 
profile of blasts include nonspecific 
myeloid markers CD33, CD13, HLA-DR, 
MPO, CD9, CD38, and CD123 and vari-
able expression of CD117, CD15, CD64, 
and CD34. Terminal deoxynucleotidyl 
transferase (TdT) may show positivity in 
few cases. This balanced translocation 
occurs between DEK oncogene (DEK) at 
chromosome 6 that encodes a protein 
involved in chromatin remodeling and 
DNA repair and nucleoporin 214  kDa 
(NUP214) gene at chromosome 9 that 
encodes a component of the nuclear core 
complex. DEK-NUP214 fusion protein 
acquires aberrant function by alteration 
of nuclear transport [42]. Monitoring of 
DEK-NUP214 fusion transcript is sug-
gested in these patients although response 
to conventional chemotherapy is not very 
promising and allogeneic stem cell trans-
plantation is beneficial. Frequency of 
FLT3-ITD mutations is reported to be 
70–80% but poor prognosis of AML with 
t(6;9) is independent of FLT3 status.
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 (vi)  AML with inv(3)(q21.3q26.2) or t(3;3)
(q21.3;q26.2); GATA2, MECOM
AML with inv(3) or t(3;3) represents 
1–2% of AML cases in adults with rare 
occurrence in children. Common clinical 
features include anemia, normal to ele-
vated platelets, and occasional hepato-
splenomegaly [11]. Multilineage 
dysplasia including hypogranular neutro-
phils with hyposegmented nucleus and 
large hypogranular platelets are com-
monly seen in peripheral blood smears. 
Heterogenous morphology including 
undifferentiated myeloid blasts, mature 
myeloid and monoblasts, and mono- or 
bilobated megakaryocytes or other dys-
plastic features as dyserythropoiesis are 
seen in the bone marrow. Few studies 
have documented flow cytometry-based 
evaluation, and generic markers for blasts 
including CD34, CD13, CD33, HLA- DR, 
CD117, and CD38 are described. A sub-
set of cases show megakaryocytic differ-
entiation markers, CD41 and CD61, and 
aberrant expression of CD7 in few cases 
is reported. Most common genetic abnor-
malities of long arm of chromosome 3 
include inv(3)(q21.3q26.2) or t(3;3)
(q21.3;q26.2). Gene translocation inv(3) 
or t(3;3) results in repositioning of 
GATA2 enhancer that activates MECOM 
expression resulting in overexpression of 
this gene and leukemia onset, also confer-
ring GATA2 haploinsufficiency (MECOM 
or MDS1 and EVI1 complex locus pro-
tein is a transcriptional regulator that may 
be involved in hematopoiesis, apoptosis, 
and cell differentiation and proliferation). 
Secondary myelodysplasia- associated 
karyotypic abnormalities [(27/del(7q), 
del(5q)/t(5q)] and complex karyotypes 
are reported in 75% of cases. High occur-
rence of gene mutations (>98% cases) in 
NRAS, KRAS, CBL, KIT, NF1, PTPN11, 
GATA2, RUNX1, SF3B1, and FLT3 is 
common. Poor response to standard AML 
therapy and worse prognosis in this AML 
subtype is further complicated by the 

presence of complex karyotype mono-
somy 7. BCR-ABL- positive cases may 
acquire these abnormalities of chromo-
some 3 and are considered aggressive 
chronic myeloid leukemia.

 (vii)  AML (Megakaryoblastic) with t(1;22)
(p13.3;q13.3); RBM15-MKL1
A rare form of AML that is predomi-
nantly seen in infants without trisomy 21 
(Down syndrome), AML with t(1;22), the 
principal translocation of acute mega-
karyoblastic leukemia, accounts for <1% 
of all AML cases [11]. Clinically, pres-
ence of a soft tissue mass along with hep-
atosplenomegaly, osteolytic lesions, 
anemia, and thrombocytopenia are com-
mon features with occasional cases pre-
senting with myeloid sarcoma without 
bone marrow involvement. Common 
morphological features include mega-
karyoblasts with agranular basophilic 
cytoplasm, micromegakaryocytes, mar-
row fibrosis with clumps of megakaryo-
blasts, and more condensed nuclear 
chromatin with rare nucleolation. Similar 
to other AML with megakaryoblastic 
morphology, CD45, CD34, and HLA-DR 
may be negative with variable CD13 and 
CD33. Blasts are negative with MPO 
antibodies, and lymphoid markers (TdT) 
are absent. One or more of the platelet 
glycoproteins markers such as CD41, 
CD61, and CD42b may be positive. 
Chromosomal rearrangement t(1;22) 
results in the fusion of RNA-binding 
motif protein-15 (RBM15) gene with 
megakaryoblastic leukemia-1 (MKL1) 
gene, which encodes a DNA binding 
motif involved in chromatin remodeling 
and extracellular signaling pathways. The 
fusion transcript RBM15-MKL1 can be 
detected by molecular methods. The 
response to treatment and risk category of 
this type of AML remains controversial.

 (viii)  Provisional entity: AML with 
BCR-ABL1
Rare cases of de novo AML with BCR-
ABL1 fusion t(9;22)(q34.1;q11.2) 
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accounting for <1% of AML cases is 
included in the revised 2016 WHO clas-
sification as a provisional entity [11]. 
Major features that distinguish AML 
with BCR-ABL1 from CML, ALL, or 
MPAL include less frequent basophilia 
and splenomegaly and 80% marrow cel-
lularity as opposed to 95–100% seen in 
other leukemia. Blast cells in AML with 
BCR-ABL1 show positivity for CD34, 
CD13, and CD33 with aberrant expres-
sion of CD19, CD7, and TdT. Most cases 
demonstrate BCR-ABL1 fusion tran-
script p210 (b2a2 and b3a2 fusions), and 
in rare cases, p190 is reported. In addi-
tion, t(9;22) translocation may be cryptic 
along with other cytogenetic abnormali-
ties (monosomy 7 or trisomy 8). Another 
distinguishing feature is the occasional 
detection of AML- associated mutations 
such as NPM1 and FLT3-ITD in AML 
with BCR-ABL1 than in CML.  Recent 
findings of loss of genes (IKZF1, 
CDKN2A) and cryptic deletions (IGH, 
TRG) exclusively in de novo AML may 
have diagnostic utility. Poor response to 
conventional AML therapy in these 
patients can be improved by the adminis-
tration of tyrosine kinase inhibitors fol-
lowed by allogeneic hematopoietic stem 
cell transplantation.

Although chromosomal abnormalities 
in AML provide significant information 
for prognostication and risk stratification 
of patients, almost 50% of adults with 
AML show a cytogenetically normal 
karyotype (CN-AML) [50]. Therefore, 
gene mutational analysis in AML has 
become a primary focus of investigation. 
Screening of AML- associated gene 
mutations is not mandatory for the initial 
diagnosis of AML but is significant for 
defining prognostic implications, risk 
stratification, identification of novel drug 
targets, and germline mutations for 
screening of family members and is no 
more restricted to cytogenetically normal 
AML cases.

 (ix) AML with mutated NPM1
Nucleophosmin 1 (NPM1) is the most 
commonly detected mutation accounting 
for 27–35% adult and 2–8% childhood 
AML with 45–64% occurrence in cyto-
genetically normal karyotype and pre-
dominance in females [11, 51, 52]. 
Majority of AML cases with mutated 
NPM1 present with anemia, thrombocy-
topenia, and high WBC count. 
Extramedullary involvement of gingiva, 
skin, and lymph nodes is commonly 
seen. NPM1 mutation is recurrently seen 
in 80–90% of acute monocytic leukemia 
and also in pure erythroid leukemia. 
Monocytic differentiation is a common 
characteristic in adults, whereas myelo-
monocytic differentiation with rare 
erythroleukemia is seen in children. 
Characterized by high expression of 
CD33, CD117, CD123, and CD110 and 
low or absent CD13 and HLA-DR, 
immature myeloid or monocytic features 
(CD14, CD36, CD64) are commonly 
seen in AML with mutated NPM1. Cases 
with  non- monocytic morphology are pre-
dominantly CD34 and HLA-DR negative 
and demonstrate cup-like nuclear invagi-
nations. CD34-positive cases are less 
common and associated with adverse 
prognosis.

The NPM1 gene is located on chro-
mosome 5q35.1 that encodes a protein 
with several properties including chap-
erone between nucleus and cytoplasm, 
ribosome biogenesis, centrosomal 
duplication, and regulation of TP53 
tumor suppressor pathway. Normally 
localized in the nucleoli, mutations in 
exon 12  in patients result in aberrant 
localization of NPM1  in the cyto-
plasm  that can be detected by 
 immunohistochemistry. Approximately 
55 molecular variants of NPM1 exon 12 
mutations have been identified of which 
more than 95% occur as a 4-base pair 
insertion at position 960. Eighty percent 
of these cases show  mutation A (TCTG 
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duplication), while mutation B and D 
(CATG or CCTG duplication, respec-
tively) account for ~10% and 5% of 
cases, respectively. Rare NPM1 muta-
tions outside exon 12 have also been 
reported in exon 11 and exon 9 [53–55]. 
Given the multifaceted functions of 
NPM1, several pathways may be 
affected; however, the contribution of 
these mutations in leukemogenesis 
remains unclear. AML with mutated 
NPM1 is primarily seen in CN-AML 
cases; however, chromosomal abnor-
malities have been reported in 5–15% of 
AML cases [gain of chr8 and del(9q)]. 
In the absence of FLT3-ITD and/ or 
DNMT3A mutations, AML with mutated 
NPM1 has a favorable prognosis. 
Multiplex PCR-based detection is per-
formed to evaluate NPM1 and FLT3-
ITD mutation status in new cases of 
AML. Cooccurrence of other secondary 
mutations including IDH1, IDH2, 
KRAS, NRAS, TET2, and cohesion com-
plex genes is common.

 (x) AML with biallelic mutation of CEBPA
A tumor suppressor gene located on 
chromosome 19q13.1, CCAAT/
enhancer-binding protein alpha (CEBPA), 
encodes a transcription factor involved in 
the differentiation of mainly granulo-
cytes and various other developmental 
processes. Biallelic mutation of CEBPA 
in AML cases occur more commonly in 
children than adults with 4–9% of overall 
incidence [11]. These cases present with 
increased hemoglobin levels, decreased 
platelets, and lower LDH levels. 
Morphologically, myeloblasts with and 
without differentiation are more common 
than myelomonocytic or monocytic dif-
ferentiation. Myeloblasts show aberrant 
expression of CD7 with no other defini-
tive markers known in AML with bial-
lelic CEBPA mutations. A quarter of 
these patients have multilineage dyspla-
sia but without any prognostic signifi-
cance. Immunophenotypically, blasts 

show expression of CD13, CD33, CD65, 
CD11b, and CD34. High frequency of 
HLA-DR, CD7, and CD15 with lower 
frequency of blasts expressing CD56 is 
seen in cases with biallelic than monoal-
lelic CEBPA. Approximately, 100 muta-
tions are documented along the entire 
coding region of CEBPA gene, and iden-
tification of these mutants is challenging 
because of the spectrum of mutations as 
well as intrinsic characteristics of the 
gene. CEBPA double-mutated cases usu-
ally contain biallelic mutations at N- and 
C-terminal and are associated with a 
favorable clinical outcome. Also, better 
prognostic significance of AML with 
CEBPA mutation is indicated in the 
absence of FLT3-ITD mutations and lack 
of any cytogenetic abnormalities. About 
10% cases show single karyotypic abnor-
mality, 39% cases show GATA2 muta-
tions, and 5–9% have FLT3-ITD 
mutations. Familial syndrome is not 
uncommon as germline mutations may 
occur in CEBPA.

 (xi)  Provisional entity: AML with mutated 
RUNX1
AML with mutated RUNX1 is included 
as a provisional entity in the 2016 WHO 
classification. With an incidence of 
4–16%, this category includes cases of 
de novo AML that fail to meet criteria for 
other WHO AML types (especially 
AML-MRC and t-AML) [11]. Clinical 
presentation includes low hemoglobin 
and LDH levels with lower WBC count. 
RUNX1 mutations are common among 
older patients with up to 65% AML cases 
with minimal differentiation. These mis-
sense or frameshift mutations are mapped 
to exons 3 to 5 or the transactivation 
domain from exons 6 to 8. Common 
cytogenetic abnormalities include mono-
somy 7 and trisomy 8 and 13. Cooperative 
mutations with RUNX1 include ASXL1, 
KMT2A-PTD, FLT3-ITD, IDH1, and 
IDH2. Associated with a worse progno-
sis, AML patients with mutated RUNX1 
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may benefit from allogeneic stem cell 
transplantation.

 2. AML with myelodysplasia-related changes 
(AML-MRC)
AML-MRC is a revised category in the 2016 
WHO classification, which is assigned based 
on the following criteria: (i) ≥20% blasts in 
peripheral blood or bone marrow; (ii) either 
prior history of MDS or MDS/MPN neo-
plasms or MDS-related cytogenetic abnor-
malities or multilineage dysplasia in the 
absence of mutations including NPM1 or 
bCEBPA; and (iii) exclusion of prior history 
of cytotoxic or radiation therapy for an unre-
lated disease or subcategories of recurring 
genetic abnormalities [11]. Primarily seen in 
older patients, AML-MRC accounts for 
24–35% of all AML cases. Patients presenting 
with severe pancytopenia, 20–29% marrow 
blasts and a clinical course for ≥2 months are 
eligible for treatment although with poor risk 
and overall survival. Morphology from 
peripheral blood or bone marrow smears 
should show the presence of multilineage dys-
plasia in ≥50% of the cells in at least two 
hematopoietic cell lineages. More common 
morphological features in AML-MRC are 
similar to AML with maturation or acute 
myelomonocytic leukemia. Multilineage dys-
plasia is also reported in hypocellular AML 
and AML without maturation.

Exclusive immunophenotypic profile is not 
established for AML-MRC so far. Therefore, 
generic markers are used for identification, 
which include CD34+, CD117+, CD13+, and 
CD33+ for blasts and myeloid lineage. 
Alterations in the expression of several other 
markers such as reduced expression of CD117, 
CD38, HLA-DR, and CD135 have been asso-
ciated with multilineage dysplasia, and abnor-
mal expression of CD7, CD10, and CD56 
may be present. Often expression of mono-
cytic differentiation markers including CD4 
and CD14 is seen and CD14 or CD11b may be 
associated with a poor prognosis or high-risk 
complex cytogenetic abnormalities. Complex 
karyotype of three or more MDS-associated 
cytogenetic abnormalities include unbalanced 

abnormalities [(27/del(7q), del(5q)/t(5q), 
i(17q)/t(17p), 213/del(13q), del(11q), 
del(12p)/t(12p), idic(X)(q13)] and balanced 
abnormalities [t(11;16)(q23.3;p13.3), t(3;21)
(q26.2;q22.1), t(1;3)(p36.3;q21.2), t(2;11)
(p21;q23.3), t(5;12)(q32;p13.2), t(5;7)
(q32;q11.2), t(5;17)(q32;p13.2), t(5;10)
(q32;q21.2), t(3;5)(q25.3;q35.1)]. Unbalanced 
cytogenetic abnormalities are most prevalent 
and result in loss of genetic material, whereas 
most of the balanced abnormalities in AML-
MRC overlap with therapy-related 
AML. Therefore, exclusion of any history of 
cytotoxic chemotherapy or radiotherapy is 
mandatory before assigning AML-MRC sub-
category. Additionally, gene mutations includ-
ing ASXL1, TP53, and U2AF1 are common, 
and TP53 is associated with a complex karyo-
type and poor risk. Overall, patients with 
complex karyotype and multilineage dyspla-
sia have poor prognosis than those with AML, 
not otherwise specified.

 3. Therapy-related myeloid neoplasms
Therapy-related AML (t-AML) is a well- 
known entity that includes cases exposed to 
chemotherapy, radiation, immunosuppressive 
therapy, or their combination for a previous 
neoplastic or non-neoplastic condition [11, 
23]. These neoplasms are believed to originate 
as a result of direct effect of mutational events 
induced by cytotoxic therapy in hematopoietic 
stem cells or the bone marrow microenviron-
ment and selection of myeloid clone that is 
prone to high-risk genetic abnormalities. 
Therapy-related myeloid neoplasms account 
for almost 20% of all cases of AML, MDS, 
and MDS/MPN.  Seventy percent of these 
cases have treatment history for solid tumor 
and 30% for hematological neoplasm (breast 
cancer and non-Hodgkin lymphoma account 
for majority of the cases). Although t-MNs are 
not age-dependent, an increasing trend of risk 
associated with alkylating agents and age is 
documented. Although several cytotoxic 
drugs including mycophenolate mofetil, 
hydroxycarbamide, purine analogs, l- 
asparaginase, radioisotopes, growth factors 
possess leukemogenic properties, direct 
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 evidence in t-MNs is still awaited. Two clini-
cal subcategories of t-MNs exist without well- 
defined boundaries between these subsets 
(Table 10.2).

With an overall 5-year survival rates of 
<10%, the prognosis of t-MNs is generally 
poor and influenced by the preexisting comor-
bidity and associated cytogenetic abnormali-
ties. Similar to AML-MRC, cases with 
balanced chromosomal translocations have a 
better prognosis relative to unbalanced 
abnormalities.

 4. AML, NOS
AML, Not Otherwise Specified (NOS) is a 
WHO category representing 25–30% of all 
AML cases that include cases (i) lacking any 
cytogenetic or clinical features of specific dis-
ease categories (AML with recurrent genetic 
abnormalities, AML-MRC, t-AML, myeloid 
dysplasia associated with Down syndrome); 
(ii) show morphological characteristics of leu-
kemia indicating the major lineages involved 
with the maturation status; and (iii) >20% 
myeloblasts in the peripheral blood and bone 
marrow [11]. The subgroups of AML, NOS as 
listed below are prognostically insignificant 
when AML with mutated NPM1 and CEBPA 
are excluded. For inclusion of any case into 

AML, NOS, cytogenetic studies and muta-
tional analysis are recommended for 
prognostication.
 (i) AML with minimal differentiation 

(<5% of AML cases)
 (ii) AML without maturation (5–10% 

cases)
 (iii) AML with maturation (~10% cases)
 (iv) Acute myelomonocytic leukemia 

(5–10% cases)
 (v) Acute monoblastic/monocytic leukemia 

(<5% of AML cases)
 (vi) Pure erythroid leukemia (rare)
 (vii) Acute megakaryoblastic leukemia 

(<5% of AML cases)
 (viii) Acute basophilic leukemia (rare)
 (ix) Acute panmyelosis with myelofibrosis 

(rare)
 5. Myeloid sarcoma

Myeloid sarcoma (also known as chloroma or 
granulocytic sarcoma), an extramedullary 
growth of myeloid blasts with or without mat-
uration, located at any site other than the bone 
marrow, is diagnostic of AML.  These extra-
medullary tumors can occur in the skin, 
mucous membranes, CNS, bones, lymph 
nodes, gastrointestinal tract, and gonads. With 
few reports on its epidemiology, myeloid 

Table 10.2 Subcategories of therapy-related AML

Type I Type II
Exposure to 
cytotoxic drug type

Alkylating agent (cisplatin, carboplatin, nitrogen 
mustard, cyclophosphamide, mitomycin C, 
procarbazine, dacarbazine, chlorambucil, busulfan)
Ionizing radiations

DNA topoisomerase II inhibitors 
(etoposide, doxorubicin, 
daunorubicin, mitoxantrone, 
actinomycin)

Drug exposure 5–10 years 1–5 years
Incidence 70% cases 20–30% cases
Cytopenia One or more –
Morphology Macrocytic anemia, poikilocytosis

Dysplastic changes in neutrophils
Basophilia frequently seen

Monoblastic or myelomonocytic 
similar to de novo acute leukemia, 
myelodysplasia (rare)

Cytogenetic 
abnormalities and 
mutations

Unbalanced, loss or deletion of Chr5q and/or 7, 
complex karyotypes, mutation or loss of TP53

Balanced chromosomal translocation 
in Chr11q23 (KMT2A) and 21q22.1 
(RUNX1)

Prognosis Adverse Favorable
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 sarcoma may either present as a first sign of 
acute leukemia or constitute acute transforma-
tion of MDS, MDS/MPN, or MPN and occa-
sionally occur in cases with history of prior 
treatment for myeloid disease [11]. The tissue 
architecture of tumor masses is effaced and 
similar to an interfollicular pattern in lymph 
nodes formed by sheets of myeloblasts with or 
without the characteristics of promyelocytic 
or neutrophilic maturation or myelomono-
cytes/monocytes.

Immunophenotypically, CD33, CD34, 
CD117, and CD68 markers are commonly 
expressed on tumors with immature myeloid 
profile. CD45, MPO, and TdT staining is 
inconsistent. Promyelocytic cases express 
MPO and CD15 but lack CD34 and TdT; 
myelomonocytic tumors express CD68 with 
subsets positive for MPO.  Erythroid 
(strongly positive for glycophorin A and C) 
or megakaryoblastic (CD61, LAT, von 
Willebrand factor) myeloid sarcomas are 
rare. Positivity for cytoplasmic NPM1 is 
observed in ~16% cases, and aberrant B- or 
T-cell markers are observed in rare cases. 
Variable degree of CD56 expression is seen 
in ~20% of myeloid sarcoma cases. 
Cytogenetic abnormalities associated with 
myeloid sarcoma occur in ~55% of the 
cases. Common chromosomal aberrations 
include trisomy 4, 8, and 11, monosomy 7 
and 16, KMT2A-MLLT3, inv(16), and loss of 
16q, 5q, and 20q. Majority of the cases with 
skin involvement are associated with mono-
cytic features and NPM1 mutations. FLT3-
ITD mutations have also been reported. 
Low-dose radiation therapy may show 
promising results in cases of life- threatening 
myeloid sarcomas but not for routine man-
agement of the patients.

 6. Myeloid proliferations related to Down 
syndrome

Infants and children with Down syndrome (tri-
somy 21) are at increased risk for acute leuke-
mia. Generally, the incidence ratio of 

ALL:AML in children <4 years is 4:1 but with 
Down syndrome is 1.0:1.2. High occurrence 
of acute megakaryoblastic leukemia is 
reported in ~70% cases. The myeloid prolif-
erations in these cases are distinct from other 
types of acute megakaryoblastic leukemia 
including GATA1 mutations and therefore 
grouped as a separate category [11].

10.5.1  Transient Abnormal 
Myelopoiesis (TAM)

Spontaneously resolving (within 3  months) 
myeloproliferative disorder termed as transient 
abnormal myelopoiesis (TAM) is documented 
in about 10% of neonates with Down syn-
drome. Presentation is early on within 1 week 
of birth in majority of the cases with trisomy 
21. Leukocytosis and thrombocytopenia are 
common with occasional hepatosplenomegaly 
in newborns presenting with TAM.  Dysplasia 
is seen in components of marrow with blasts 
usually showing characteristics of megakaryo-
blasts detected from basophilic cytoplasm with 
coarse basophilic granules. Common immuno-
phenotypic markers include CD33, CD13, 
HLA-DR, CD117, CD34, and CD4(dim). 
Megakaryocytic differentiation markers CD41, 
CD42, CD61, CD71, and CD110 are expressed 
often with aberrant CD7 and CD56. 
Megakaryocyte transcription factor GATA1 
and JAK3 acquired mutations are strongly 
associated with both TAM and myeloid leuke-
mia of Down syndrome. About 20–30% of 
TAM cases eventually develop non-transient 
AML.

10.5.2  Myeloid Leukemia Associated 
with Down Syndrome

Greater than 50% of AML in children below the 
age of 5 years with Down syndrome are mega-
karyoblastic leukemia [11]. Blasts with features 

10 Acute Myeloid Leukemia: An Update



176

of megakaryoblasts in this AML type accumulate 
in the blood, bone marrow, spleen, and liver. 
Individuals with Down syndrome present with a 
prolonged MDS-like phase, and therefore, this 
category includes both MDS and AML cases. 
The bone marrow leukemic blasts show irregular 
nuclei and basophilic cytoplasm with MPO- 
negative granules. Dyserythropoiesis and dys-
granulopoiesis may be noted in the blood and 
marrow. Immunophenotypic profile is similar to 
TAM with possibly less CD34 and HLA-DR 
expression. Karyotypic abnormalities in addition 
to trisomy 21 include complete or partial triso-
mies of chromosomes 1 and 8 and monosomy 7. 
Several gene mutations including GATA1, CTCF, 
EZH2, JAK2, JAK3, MPL, SH2B3, and RAS are 
implicated. Prognosis in these cases of AML is 
age-related.

10.6  Genomic Classification 
and Prognosis in AML

The prognostic significance in AML became 
evident from karyotyping in leukemic blasts by 
chromosome banding methods. Favorable 
cytogenetic abnormalities included t(8:21), 
inv(16), and t(15:17), whereas complex karyo-
type was associated with unfavorable or 
adverse prognosis, and individuals with dip-
loid karyotype were included in intermediate-
risk category [36]. A majority (~55%) of the 
newly diagnosed AML cases are challenging 
with cytogenetically normal karyotype 
(CN-AML). Somatic mutations emerged as an 
independent prognostic factor for assigning 
risk categories in CN-AML [50, 56] that led to 
the inclusion of AML with mutated NPM1 and 
CEBPA as full entities and mutated RUNX1 as 
provisional entity in the revised 2016 WHO 
classification [11].

The transition from conventional Sanger 
sequencing method to next-generation sequencing 
of AML genome has revealed the molecular intri-
cacies and complexity of AML with normal karyo-
type [5, 8]. As our understanding of gene mutations 

in AML has evolved, it is evident that in addition 
to aberrant myeloid differentiation (resulting from 
rearrangements and mutations in genes such as 
RUNX1, CBFB, and RARA), a second- hit is neces-
sary for the survival of neoplastic clone (mutation 
in FLT-3, KIT, NRAS, or KRAS promote prolifera-
tion) [57]. Moreover, mutations in epigenetic regu-
lators (ASXL1, DNMT3A, IDH1, IDH2, and TET2) 
are commonly detected in almost half of the AML 
cases and are being evaluated as potential thera-
peutic drug targets [58, 59]. Subsequently, few 
systematic studies based on massively parallel 
sequencing have deciphered the gene mutation 
map of driver events in AML and proposed a 
genomic classification of AML with correlation to 
clinical outcome [15].

Therefore, comprehensive genomic profiling 
in AML has become a critical approach for 
improved diagnosis, prognostic risk stratifica-
tion, eligibility for targeted therapy, minimal 
residual disease (MRD) detection, and monitor-
ing for improved patient management and care 
(Table 10.3). Nonetheless, search for additional 
prognostic markers, especially in pediatric AML, 
is ongoing.

10.7  Targeted Therapies in AML 
and Clinical Implications

For the past four decades, standard treatment of 
AML has been intensive induction therapy, which 
is occasionally followed by hematopoietic stem 
cell transplantation (HSCT). Since AML patients 
do benefit from HSCT, this suggests a role of the 
immune system in the eradication of leukemic 
cells [37, 60]. The information generated from 
next-generation sequencing has revealed genetic 
abnormalities and mutations in hematopoietic 
stem cells as the key drivers of AML progression 
[61]. These mutated genes give rise to AML- 
specific neo-antigens (ASNAs), and aberrant 
expression of self-antigens generate AML- 
associated antigens (AAAs), both are presented 
as peptides by major histocompatibility complex 
(MHC class I and class II) on the surface of tumor 
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cells and recognized and eliminated by cytotoxic 
CD8 T cells with help from CD4 T lymphocytes 
[62, 63].

A massive parallel sequencing study revealed 
the lowest neoantigen burden in AML and CLL 
[64, 65], indicating potentially poor immunoge-
nicity and weak recognition by T cells to gener-
ate a robust antigen-specific cytotoxic immune 
response, a potential factor for refractory disease 
or AML relapse. As elimination of leukemic stem 
cells is critical for minimizing relapse in AML 
patients, harnessing the immune system by mod-
ulation of immune response and designing immu-
notherapies for eradication of AML neoplastic 
clones hold great potential but with major chal-
lenges [60, 66].

Several immune-evasion mechanisms of 
AML have been described [67, 68]. Loss of 

tumor  antigen expression, modulation of immune 
regulatory checkpoint molecules, and activation 
of antiapoptotic pathways are few intrinsic 
mechanisms that directly impact the extrinsic 
effects such as increased frequency of functional 
regulatory T cells, immunosuppressive microen-
vironment, and defective cytotoxic activity. 
Dysfunctional cytotoxic T cells in AML show an 
exhausted phenotype with increased expression 
of PD-1 and TIM-3 [69]. In AML patients, 
increased TIM-3 and PD-L1 expression on AML 
blasts facilitates their escape from immune clear-
ance during treatment and relapse and induces 
resistance to treatment. Therefore, several clini-
cal trials are evaluating the efficacy of check-
point blockade with monoclonal antibodies 
combined with CTLA-4, PD-1, or PD-L1  in 
AML [70, 71].

Table 10.3 Functional categorization of genetic alterations in AML

Category Function Genetic alteration Clinical significance
Class I Transcription factor (TF)

Fusions
t(8;21)
inv(16) or t(16;16)
t(15;17)
t(9;11)

Favorable risk
Favorable risk
Favorable risk (in the absence of FLT3∗)
Intermediate to adverse risk

Class II Nucleophosmin 1 Mutated NPM1 Favorable risk (in the absence of FLT3∗)
Class III Tumor suppressor genes TP53 Associated with adverse prognosis

PHF6 Associated with adverse prognosis
Class IV DNA methylation-related 

genes
DNMT3A Adverse prognosis in CN-AML
IDH1/IDH2 IDH1/2 anti-metabolite enzyme inhibitors 

in phase I (AG-120 and 221)
TET1/TET2 Associated with adverse prognosis

Class V Activated signaling genes FLT3 Midostaurin, a multi-kinase inhibitor 
approved by FDA for oral use

KIT Adverse prognosis in CBF AML
KRAS/NRAS Diagnostic markers

Class VI Myeloid TF genes CEBPA Favorable risk (in the absence of FLT3∗)
RUNX1 Associated with adverse prognosis

Class VII Chromatin-modifying 
genes

ASXL1
EZH2
KMT2A fusions
KMT2A-PTD

Associated with adverse prognosis

Class VIII Cohesin complex genes RAD21
SMC1/ SMC2
STAG2

Under investigation

Class IX Spliceosome complex 
genes

SRSF2
U2AF1
ZRSR2

Associated with adverse prognosis

Adapted from The Cancer Genome Atlas (TCGA) project [1, 11]
FLT3∗ FLT3 mutation; CBF core binding factor
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In addition to immune checkpoint inhibitors, 
several new molecularly targeted therapies 
including bispecific T-cell engager antibodies, 
tyrosine kinase inhibitors, metabolic and pro-
apoptotic agents, hypomethylating agents, and 
chimeric antigen receptor (CAR) T-cell therapy 
are currently being investigated within clinical 
trials in combination with standard chemother-
apy [66, 72]. Bispecific antibodies are fusion 
molecules consisting of the binding specificities 
and functions of two antibodies, one targeting a 
tumor-associated surface antigen and second a 
surface antigen on the effector cells (T cells or 
NK cells) [70]. The tumor cells are brought in 
close proximity to the effectors in the presence of 
these bispecific antibodies facilitating the activa-
tion of cytotoxic effector function. Several AML 
targets for which bispecific antibodies have been 
developed include CD33, CD123, WT1, CD13, 
CD15, CD30, CD45, CD47, C-type lectin-like 
molecule 1 (CLL1), FLT-3, and angiogenic 
growth factors.

Another targeted therapy for AML includes 
small molecule synthetic tyrosine kinase inhibi-
tors (TKIs) including (1) EGFR tyrosine kinase 
family, (2) split kinase domain receptor kinase 
subgroup, and (3) inhibitors of tyrosine kinases 
from multiple subgroups (e.g., Gleevec). After 
the success of Gleevec in CML and Ph + ALL, 
FDA has recently approved midostaurin (a multi- 
kinase FLT3 inhibitor) for oral use in the treat-
ment of AML [73]. Another promising target, the 
hypomethylating agents, azacitidine and 
decitabine (cytidine nucleoside analogs), both 
approved by the FDA for the treatment of myelo-
dysplastic syndromes (MDS), had shortcomings 
including treatment failure, nonresponders, and 
eventually relapse because of inability to eradi-
cate the malignant clone [74, 75]. Therefore, cur-
rent combination therapies with hypomethylating 
agents in patients with intermediate- and high- 
risk MDS include investigational treatments tar-
geting epigenetic regulation, immunomodulation, 
deregulated hematopoiesis, the tumor microenvi-
ronment, apoptosis, immune evasion, or other 
markers of leukemogenesis [76].

After the success of chimeric antigen receptor 
(CAR) T-cell therapy in the treatment of some of 

the most refractory leukemia, the efficacy of this 
targeted immunotherapy is being harnessed for 
the treatment of AML.  CARs are genetically 
engineered cell surface receptors that are a com-
bination of extracellular antibody binding 
domain for MHC-independent antigen binding 
and intracellular effector cell signaling for opti-
mal and highly potent cytotoxic effector cell 
function. Since its inception in 1989 [77], the 
most prominent target antigen for CAR T-cell 
therapy is CD19 in B-cell malignancies [78]. In 
AML patients, target specificity remains a major 
concern although CD33 expression is seen per-
sistently in majority of cases. Preclinical investi-
gation of dual-targeting strategies of CD33 and 
CD123 was superior to monospecific approaches 
in terms of specific cytotoxicity and could con-
tribute to efficacy and safety in CAR T-cell ther-
apy in AML [78–80]. The impact of CAR T-cell 
therapy lies in its potential for the induction of 
remission and long-term disease control.

At present, combinatorial approaches to pre-
vent AML relapse are primarily confined to clini-
cal trials and include the testing of risk-targeted 
sequential strategies of induction, consolidation, 
HSCT, and maintenance therapies (e.g., with 
hypomethylating agents and/or targeted inhibi-
tors). Moreover, evaluation of ASNAs and AAAs 
as source of neoantigens, transcriptomic and pro-
teomic analysis to fully characterize the AML 
surfaceome, and dual-targeting approaches to 
improve the specificity of treatment with minimal 
toxicities are underway [18].

10.8  AML Monitoring During 
and Post-treatment: 
Futuristic Approach

A systematic stepwise approach that integrates 
morphology, immunophenotyping, cytogenetic, 
and molecular genetics is needed for diagnosis 
and classification of AML cases (Fig. 10.2). 
Specifically, in cases with <20% bone marrow 
blasts, cytogenetic studies are essential for the 
identification of recurrent cytogenetic abnormali-
ties to minimize misdiagnosis. An ideal report 
should be comprehensive with all diagnostic data 
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indicating the potential risk factors (Fig.  10.2). 
Moreover, the simultaneous detection of NGS- 
based somatic mutations associated with candi-
date target genes of the neoplastic clone may 
serve as potential genetic biomarkers and targets 
for therapeutic intervention in AML. In addition, 
these leukemia-associated genes may facilitate 
the prediction of response to treatment by real- 
time functional testing and personalized medi-
cine in specific AML subtypes [81].
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Molecular Biology of B- and T-ALL

Jay Singh, Rajive Kumar, and Anita Chopra

11.1  Introduction

Acute lymphoblastic leukemia (ALL) is tradi-
tionally classified into precursor B-, precursor T-, 
and B-cell (Burkitt) and then subclassified on the 
basis of recurrent cytogenetic changes that 
include aneuploidy and translocations (75% of 
precursor B and 15% of T-ALL patients) [1].

ALL is biologically heterogeneous. Improving 
outcome of treatment for such a heterogeneous 
group is what has driven much of the research 
into the biology of the disease. Elucidation of 
biologically and prognostically important molec-
ular cytogenetic groups enabled stratification of 
patients in clinical trials that used chemothera-
peutic agents developed in the 1950s through the 
1980s. The steady improvement in the 5-year sur-
vival that this approach led to enabled predictions 
to be made that the survival rate in children with 
ALL would climb to over 90% [2]. High- 
resolution genomic methods like microarray 
analysis of gene expression, DNA copy number 
assays, and next-generation sequencing now con-
tributing majorly toward this goal are also reveal-
ing new diseases and new targets of therapy and 

have thus brought ALL into the realm of targeted 
therapy and precision medicine [3].

Together, molecular cytogenetic and genomic 
methods of study have shown ALL to be a hetero-
geneous group of genetic diseases driven by sen-
tinel genetic alterations (generally chromosome 
rearrangements and aneuploidy) and cooperating 
copy number and sequence mutations in genes 
that encode transcription factors regulating lym-
phoid development, tumor suppressors, protein 
regulators of the cell cycle and perturb cytokine 
receptor, kinase, and Ras signaling; and epigen-
etic/chromatin modifications. Several of these 
pathways, particularly kinase-activating lesions 
and epigenetic alterations, are candidates for 
novel precision medicine therapies [3, 4].

Based on the background, this chapter sum-
marizes the key features of the major molecular 
subgroups of B-cell precursor ALL (BCP-ALL) 
and T-ALL. Table 11.1 represents WHO classifi-
cation of acute lymphoblastic leukemia, 2016.

11.2  Precursor B-ALL (B-Cell 
Precursor ALL; BCP-ALL)

Approximately 75% of BCP-ALL patients can 
be risk-stratified in treatment protocols, based 
on NCI recommendations combined with 
 chromosomal changes—BCR-ABL1, ETV6-
RUNX1, E2A-PBX1, MLL rearrangements, 
hyperdiploid and hypodiploid karyotypes—into 
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“low” (high hyperdiploidy with favorable chro-
mosome  trisomies or (ETV6-RUNX1)), “stan-
dard/intermediate,” “high,” or “very high” 
(hypodiploidy, BCR-ABL1, and induction fail-
ure) risk groups (Table  11.2) [6–10]. More 
recently, IKZF1 mutation/deletion, predictive of 
poor outcome, has been recommended for risk 
stratification in treatment protocols [11].

About 25% of genetically unclassified chil-
dren and a greater proportion of adults having no 
known cytogenetic abnormality constitute the 
B-other group [6, 12–14], referred to in the WHO 
2016 book as B-cell lymphoblastic leukemia/lym-
phoma, not otherwise specified. With recent work 
showing a large proportion of this to be  comprised 
of BCR-ABL-like, CRLF2-rearranged (non-
BCR-ABL-like), ERG-dysregulated, iAMP21, 
and others, the size of the true B-other group has 
got reduced [15].

The following entities are considered in some 
detail below:

 1. Ph-positive ALL
 2. ERG-deleted ALL
 3. B-ALL with intrachromosomal amplification 

of chromosome 21 (iAMP21)
 4. Ph-like ALL

Brief accounts of the other entities can be 
checked from one of the reviews cited in the text [5].

11.2.1  Ph-Positive ALL

The t(9,22)(q34;q11) translocation or 
“Philadelphia” chromosome is the most common 
and a highly unfavorable sentinel abnormality in 
ALL and is present in 20–30% adults and 2–3% 
children with BCP-ALL.  The translocation 
results in a fusion gene BCR-ABL that encodes 
an oncogenic protein that has constitutively 
active tyrosine kinase activity, which by altering 
signaling pathways regulates cell survival and 
proliferation and self-renewal of stem cells [16]. 
The p190 BCR-ABL transcript is more com-
monly seen (50–80% patients) in BCP-ALL, 
though the p210 transcript, that is characteristic 
of chronic myeloid leukemia (CML), may also be 
present; both p190 and p210  L transcripts may 
coexist (Fig. 11.1).

Table 11.1 WHO classification of acute lymphoblastic 
leukemia, 2016 [5]

B-cell lymphoblastic leukemia/lymphoma, not 
otherwise specified
B-cell lymphoblastic leukemia/lymphoma, with 
recurrent genetic abnormalities
  B-cell lymphoblastic leukemia/lymphoma with 

hypodiploidy
  B-cell lymphoblastic leukemia/lymphoma with 

hyperdiploidy
  B-cell lymphoblastic leukemia/lymphoma with 

t(9;22)(q34;q11.2)[BCR-ABL1]
  B-cell lymphoblastic leukemia/lymphoma with 

t(v;11q23)[MLL rearranged]
  B-cell lymphoblastic leukemia/lymphoma with 

t(12;21)(p13;q22)[ETV6-RUNX1]
  B-cell lymphoblastic leukemia/lymphoma with 

t(1;19)(q23;p13.3)[TCF3-PBX1]
  B-cell lymphoblastic leukemia/lymphoma with 

t(5;14)(q31;q32)[IL3-IGH]
  B-cell lymphoblastic leukemia/lymphoma with 

intrachromosomal amplification of chromosome 21 
(iAMP21)a

  B-cell lymphoblastic leukemia/lymphoma with 
translocations involving tyrosine kinases or cytokine 
receptors (“BCR-ABL1–like ALL”)a

T-cell lymphoblastic leukemia/lymphomas
  Early T-cell precursor lymphoblastic leukemiaa

aProvisional entity

Table 11.2 Common sentinel cytogenetic abnormalities 
in acute lymphoblastic leukemia

Cytogenetic 
abnormalities Frequency

Clinical 
significance

t(9;22); 
BCR-ABL1

1–3% in children; 
25–30% in adults

Poor 
prognosis

t(v;11q23); MLL 
rearrangements

75% of infants; 
1–2% in older 
children; 4–9% in 
adults

Poor 
prognosis

t(12;21); 
TEL-AML1

25% in children; 
0–4% in adults

Good 
prognosis

t(1;19); 
E2A-PBX1

1–6% in children; 
1–3% in adults

Intermediate 
to favorable 
prognosis

Hyperdiploidy 
(>50 
chromosomes)

25–30% in 
children; 7–8% in 
adults

Favorable 
prognosis

Hypodiploidy 
(<44 
chromosomes)

6% in children; 
7–8% in adults

Poor 
prognosis

J. Singh et al.



185

Though Ph+ ALL has been frequently treated 
with intensive chemotherapy followed by hema-
topoietic stem cell transplantation, the prognosis 
of Ph+ BCP-ALL has been unsatisfactory with a 
5-year event-free survival of approximately 50% 
in both children and adults. Tyrosine kinase 
inhibitors (TKIs), such as imatinib and dasatinib 
that target BCR-ABL1 fusion protein, have sig-
nificantly improved treatment outcome; this is 
not true of all patients, which indicates the need 
to identify more biological features of the disease 
that could explain the heterogeneity.

To determine oncogenic lesions that work 
with BCR-ABL1 to induce ALL, Mullighan 
et al., 2008 [17] performed a genome-wide anal-
ysis of a large cohort of ALL patients, including 
BCR-ABL1 BCP-ALL.  IKZF1 gene was found 
to be deleted in over 80% of BCR-ABL1 ALL 
patients. IKZF1 gene encodes IKAROS, a zinc- 
finger transcription factor associated with chro-
matin remodeling, which is expressed in fetal and 
adult hematopoietic system and functions as a 
regulator of lymphocyte proliferation and 
differentiation.

IKZF1 gene deletion could be of the whole 
gene or involve only the starting codon located 
in  exon 2, resulting in haploinsufficiency. 
Additionally, there could be loss of the DNA- 
binding domain in exons 4–7 (what is called iso-
form 6) exerting a dominant negative effect over 
the unaffected allele, causing a loss of the tumor 
suppressor function of the wild-type IKZF1.

Studies have shown that in both Ph-negative 
BCP-ALL, in which it is fourfold less frequent, 

and Ph+ ALL patients, presence of IKZF1 dele-
tion of any kind affects the outcome adversely, 
partially offsetting the positive effect even of 
imatinib [18–20].

IKZF1 deletion thus marks patients who will 
do particularly poor and have a high chance of 
relapse even in the poor prognosis Ph+ ALL [20]. 
IKZF1-deleted patients thus are candidates for 
more intensive and/or alternative therapy.

Additional interest in IKZF1 alteration stems 
from the demonstration in animal models that 
this molecular lesion has a stem cell-like pheno-
type, aberrant expression and signaling of adhe-
sion molecules, adhesion of the leukemic cell to 
stem cell niche in the bone marrow, and poor 
treatment response. Churchman et al., 2015 [21] 
showed that FAK1, a cytoplasmic, non-receptor 
protein tyrosine kinase involved in integrin- 
mediated signaling arising from binding of integ-
rin to extracellular matrix proteins, upregulated 
in Ph+ B-ALL, is further overexpressed in 
IKZF1-altered cells; it is also a potential thera-
peutic target. They demonstrated that a FAK 
inhibitor VS-4718 potently inhibits aberrant FAK 
signaling and leukemic cell adhesion, thereby 
potentiating responsiveness to tyrosine kinase 
inhibitors, inducing cure in vivo. Thus, targeting 
FAK with VS-4718 has emerged as a promising 
way of overcoming the deleterious effects of 
FAK overexpression in Ph+ B-ALL, especially in 
abrogating the Ikaros alteration-induced adhesive 
phenotype; this warrants evaluation in clinical 
trials of combined ABL and FAK inhibition in 
Ph+ B-ALL, regardless of IKZF1 status.

11.2.2  ERG-Deleted ALL

In a comparative genomic hybridization analysis 
of a group of NCI high-risk ALL patients who 
had a distinct gene signature but lacked a sentinel 
chromosomal cytogenetic change [22], Mullighan 
et  al. [23] showed ERG deletion as defining 
genetic lesion in them. The ERG gene is located 
on chromosome 21 and is a member of the eryth-
roblast transformation-specific (ETS) (v-ets 
erythroblastosis virus E26 oncogene homolog) 
family of transcriptions factors involved in the 
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regulation of embryonic development, cell prolif-
eration, differentiation, angiogenesis, inflamma-
tion, and apoptosis. ERG has been shown to 
regulate hematopoiesis, and the differentiation 
and maturation of megakaryocytic cells are 
involved in chromosomal translocations 
TMPSSR2-ERG and NDRG1-ERG in prostate 
cancer, EWS-ERG in Ewing’s sarcoma, and 
FUS-ERG in acute myeloid leukemia.

The frequency of ERG-deleted ALL has been 
reported to be approximately 3–7% of all BCP- 
ALL [24]. It is frequently associated with IKZF 
deletion, but whereas IKZF deletion is an adverse 
factor in Ph+ ALL and Ph-like ALL, it does not 
impact the favorable outcome of ERG-deleted 
ALL. ERG-deleted BCP-ALL has CD2 positivity 
and shows dysmorphic monocytes [24].

11.3  Newly Recognized B-ALL 
Subtypes (WHO)

In 2016 WHO classification of tumors of hemato-
poietic and lymphoid tissues, two new provi-
sional B-ALL subtypes have been recognized: 
B-lymphoblastic leukemia/lymphoma with 
iAMP21 and B-lymphoblastic leukemia/lym-
phoma, BCR-ABL1-like. These two new entities 
identify B-ALL patients with inferior clinical 
outcome and who may benefit from more aggres-
sive or targeted therapy [5].

11.3.1  B-ALL with Intrachromosomal 
Amplification of Chromosome 
21 (iAMP21)

Intrachromosomal amplification of chromo-
some 21 (iAMP21) accounts for 2% of pediatric 
B-ALL.  It is more common in older children 
and adolescents, but rare in adults. This leuke-
mia is recognized by FISH with a RUNX1 probe 
that reveals extra signals (≥5 copies per inter-
phase nucleus, or ≥3 copies on a single abnor-
mal chromosome 21  in metaphase FISH) [25]. 
This makes chromosome 21 unstable and has 
been shown to be a primary genetic event [26]. 
Patients with this abnormality present with leu-
kopenia and display common B-lymphoblast 

immunophenotype with a subset of blasts dis-
playing aberrant myeloid- associated antigen 
expression. These patients have poor event-free 
and overall survival when treated with standard 
risk therapy that improves with more aggressive 
chemotherapy [27].

11.3.2  BCR-ABL1-Like ALL

BCR-ABL1-like also called Ph-like ALL is a 
newly described subtype of BCP-ALL defined by 
a GEP similar to that of Ph+ ALL, produced in 
the absence of BCR-ABL1 translocation, by 
kinase-activating alterations, amenable to treat-
ment with currently available TKIs. It is charac-
terized by alterations of B-lymphoid transcription 
factors, a high frequency of IKZF1 alterations 
and a high risk of relapse when treated with con-
ventional chemotherapy [13, 28–30].

The disease constitutes 10–20% of BCP-ALL 
in children [13] and over 25% of young adults 
[31]. Ph-like subgroup is thus more common than 
Ph+ ALL and has emerged the most common 
childhood ALL with poor prognosis [13]. Ph-like 
ALL was discovered independently by two 
groups. Mullighan et  al. (2009) discovered that 
BCP patients whose poor prognosis could be pre-
dicted by copy number alterations of IKZF1, but 
not other genes encoding transcriptional regula-
tors of B-lymphocyte development and differen-
tiation, had GEP similar to that of BCR-ABL+ 
ALL [17, 19, 23].

Some B-other patients share a GEP with 
Ph + B-ALL which was shown independently by 
den Boer et al. (2009) [13], who studied the sub-
jects from an alternative perspective of using a 
classifier based on GEP and then characterizing 
the genetic abnormalities thus revealed by com-
parative genomic hybridization and molecular 
cytogenetics. GEP analysis of high-risk ALL 
employing ROSE outlier-identifying program has 
also shown Ph-like ALL as unique group. Using a 
candidate gene approach, identified in 10.7% 
BCR-ABL1-negative ALL, mutations in JAK1, 
JAK2, and JAK3, especially JAK2, as oncogenic 
drivers producing BCR-ABL gene signature in 
the absence of BCR-ABL translocation. JAK 
mutation nearly always coexisted with CRLF2 
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gene lesions. Conversely, only about half the 
CRLF2-mutated patients had JAK mutation. 
CRLF2 abnormality has been reported also in 
half the BCR-ABL-ALL patients. Using tran-
scriptome and whole genome approaches [32], 
the same group of investigators showed, employ-
ing functional assays, that in patients without 
JAK mutations, the disease was driven in all but 
9% of 154 BCR-ABL patients, by activated 
kinases, resulting from 30 chromosomal rear-
rangements or sequence mutations that dysregu-
lated 13 cytokine receptor and kinase signaling 
[29]. Gene expression data from transcriptome 
sequencing showed that patients with ABL-class, 
EPOR, or JAK2 rearrangements clustered sepa-
rately from those with other JAK-STAT or Ras 
pathway alterations. Based on this, BCR-ABL- 
like ALL patients could be put into several 
key subgroups with therapeutic implications: (1) 
ABL class rearrangements (~13%) targeting 
ABL1, ABL2, CSF1R, and PDGFRB which 
are  sensitive to ABL1 inhibitors; (2) EPOR 

(involving IGH, IGL) and JAK2 (several 5′ fusion 
partner genes) rearrangements (~11%), sensitive 
to JAK inhibitors; (3) CRLF2 rearrangements 
(~50%), frequently with concomitant activating 
JAK point mutations, that may also be sensitive to 
JAK inhibition; (4) other JAK-STAT activating 
mutations (11%) and deletions, including those 
involving IL7R, FLT3, etc. (e.g., JAK inhibitors 
for patients with IL7-R mutation); and (5) infre-
quent targets of rearrangement (less common 
kinase alterations) including NTRK3 (ETV6- 
NTRK3; sensitive to crizotinib). In addition, 
approximately 4% patients had RAS pathway 
mutations, but no other kinase lesions and several 
were associated with hypodiploidy. Genomic 
studies also revealed non-kinase lesions, includ-
ing rearrangement of transcriptional regulators 
and chromatin modifiers, consistent with the 
notion that deregulation of multiple pathways, 
including kinase signaling, lymphoid maturation, 
and epigenetic modification contribute to leuke-
mogenesis (Fig. 11.2) [31].

BCP-ALL diagnosed on morphology,
cytochemistry and

immunophenotyping

Molecular tests for cytogentic abnormalities
(BCR-ABL1, MLL gene rearrangements, TEL-AML1,

E2A-PBX1, ploidy)

Positive Negative

Non-BCR-ABL1-like ALL

RNAseq, gene expression profiling, and
/or multiplex PCR or FISH of e.g. ABL1,

ABL2, JAK2, PDGFRB, CRLF2, etc

BCR-ABL1-like ALL

No

Yes

Yes

No

JAK2 protein tyrosine kinase
mutation and/or IGH-CRLF2

Fig. 11.2 Flowchart for 
the diagnosis of 
BCR-ABl1-like ALL
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11.4  T-Acute Lymphoblastic 
Leukemia

11.4.1  Introduction

T-cell transformation, that has been shown to 
arise from transformation of T-cell progenitors 
blocked early or late in differentiation, is a multi-
step process in which different genetic alterations 
in key cellular pathways cooperate to produce the 
T-ALL phenotype. It has been estimated that 
every T-ALL patient probably has over 10 genetic 
lesions that cooperate to alter normal mecha-
nisms that control cell growth, proliferation, sur-
vival, differentiation, metabolism, epigenetic 
control, and homing properties in normal devel-
oping T-cells [33, 34].

Current understanding of the molecular 
basis of T-ALL has come largely from analysis 
of recurrent chromosomal translocations and 
intrachromosomal rearrangements that are 
present in about half the T-ALL cases. In addi-
tion, translocations have been uncovered in 
genomic studies. These abnormalities typically 
juxtapose strong promoter and enhancer ele-
ments located in the TCRB (7q34) or TCRA-
TCRD (14q11) loci, responsible for high levels 
of expression of T-cell receptor genes, next to a 
small number of developmentally important 
transcription factor genes, including basic 
helix-loop-helix (bHLH) family members such 
as TAL1, TAL2, LYL1, and BHLHB1; LIM-only 
domain (LMO) genes such as LMO1 and 
LMO2; the TLX1/HOX11, TLX3/HOX11L2, 
NKX2.1, NKX2.2, NKX2.5, and HOXA homeo-
box (HOX) genes; MYC; MYB; and TAN1, a 
truncated and constitutively activated form of 
the NOTCH1 receptor [33, 35]. It has been 
shown that aberrant activation of these key 
transcription factor genes often in the absence 
of chromosomal rearrangements is the principal 
transforming event in the disease. Apart from 
promoter swap due to translocations in the TCR 
loci as mentioned above, oncogene activation 
occurs also due to gene fusion encoding chime-
ric proteins (Graux et al. 2006) [36].

Gene expression profiling studies have 
revealed a limited number of well-defined 

molecular groups of T-ALL [35–39], which 
share unique gene expression signatures that 
indicate distinct stages of arrest during T-cell 
development. Early immature T-ALLs, an amal-
gam of pro- and pre-T-ALL immunological 
groups proposed by EGIL [40], show an early 
block at the double-negative stage of thymocyte 
development [35, 38, 41]. In contrast, early cor-
tical T-ALLs are characteristically CD1a, CD4, 
and CD8 positive and are typically associated 
with the activation of the TLX1, TLX3, NKX2.1, 
and NKX2.2 homeobox genes [35, 41]. Finally, 
late-cortical thymocyte T-ALLs express CD4, 
CD8, and CD3 and show activation of the TAL1 
transcription factor oncogene [33, 35]. Immature 
T-ALL often is CD34+ and CD7+ while lacking 
CD3, CD4, and CD8; the reverse is not always 
true as cortical and mature T-ALL patients may 
be CD34+ [42].

Type A and Type B Genetic Alterations: The 
driving lesions in the leukemogenic process, the 
so-called type A genetic alterations, are mutually 
exclusive genomic rearrangements, mainly trans-
locations. They define specific T-ALL subgroups: 
(1) TAL/LMO; (2) TLX1, TLX3, and HOXA 
(MLL, CALM-AF4, and SET-NUP214), 
NKX2.1/NKX2.2; (3) MEF2C; and (4) MYB.

The much more numerous type B abnormali-
ties such as chromosome translocations, muta-
tions, and genomic imbalances cooperate with 
the driving type A lesions and are present in 
diverse genetic subgroups. These include 
CDKN2A/2B, Notch1, FBXW7, PHF6, PTEN, 
FBXW7, RUNX1, EZH2, SUZ12, NRAS, JAK1, 
IL7R, ETV6, BCL11b, LEF1, and WT1.

Table 11.3 lists cytogenetic and molecular 
changes in T-ALL.

The above can be considered from another 
perspective, that of the systems and processes 
affected by the molecular cytogenetic changes.

 1. Transcription factor oncogenes
 2. Notch1 pathway
 3. Cell cycle
 4. Transcription factor tumor suppressors
 5. Signal transduction
 6. Chromatin remodeling
 7. Ribosomal proteins and translation
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Table 11.3 Cytogenetic and molecular changes in T-ALL (based on [29, 33, 41])

Involved gene(s) 
oncogene Protein(s)

Function of fusion 
gene or expressed 
oncogene

Consequence of 
rearrangement/
mutation

t(7;10)(q34;q24) and 
t(10;14)(q24;q11)
(T-cell receptor α, β, 
and δ are involved)

TLX1 (HOX11) Class II 
homeodomain- 
containing

Transcription factor Ectopic TLX1 
expression driven by 
TCR enhancer

t(5;14)(q35;q11)
(T-cell receptor δ at 
14q11)
t(5;14)(q35;q32) 
(cryptic)a (BCL11B at 
14q32)

TLX3 
(HOX11L2)

Class II 
homeodomain- 
containing

Transcription factor Ectopic TLX3 
expression driven by 
TCR enhancer
Ectopic TLX3 
expression driven by 
BCL11B

inv(7)(p15q34), t(7;7) HOXA cluster Class II 
homeodomain- 
containing

Transcription factor

t(1;14)(p32;q11) and 
t(1;7)(p32;q34)

TAL1 bHLH type II (basic 
helix-loop-helix)

Transcription factor Ectopic TAL1 
expression driven by 
TCR enhancer

t(7;19)(q34;p13) LYL1 bHLH type II Transcription factor
t(11;14)(p13;q11) and 
t(7;11)(q35;p13)

LMO2 LIM-only domain Protein–protein 
interaction

t(1;7)(p34;q34) LCK SRC family of 
tyrosine kinase

(7;9)(q34;q34.3) Notch1 Notch receptor 
family

Cell fate 
determination, 
differentiation

t(7;12)(q34;p13) and 
t(12;14)(p13;q11)

CCND2 D-type cyclin Cell cycle activator

1p32 deletion (cryptic) SIL/TAL1 bHLH type II Ectopic TAL1 
expression driven by 
STIL promoter

t(10;11)(p13;q14) 
(often cryptic)
CALM/AF10b (HOXA 
group)

CALM/ ENTH motif 
containing

AF10 Zinc fingers/leucine 
zipper containing

t(11;19)(q23;p13)MLL/
ENLb

(HOXA group)

MLL/ Mammalian 
homolog of 
Drosophila trithorax

ENL Nuclear targeting 
sequence containing

t(6;11)(q27;q23) MLL/AF6 GLGF motif 
containing

t(10;11)(p13;q23) MLL/AF10 See earlier
t(X;11)(q13;q23) MLL/AFX1 Forkhead family
t(4;11)(q21;q23) MLL/AF4 Nuclear targeting 

sequence containing
t(9;9)(q34;q34) 
(episomal)c

Amplification

(NUP214-ABL1)
NUP214/

Nuclear pore 
complex component

ABL1 Intracellular tyrosine 
kinase

ABL1—signal 
transduction

t(9;14)(q34;q32) 
(cryptic)

EML1/ABL1 Echinoderm 
microtubule- 
associated/…

(continued)
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11.4.2  Biological Subgroups of T-ALL

There are three clinically relevant biological 
groups of T-ALL defined by distinct gene expres-
sion and having immunophenotypes that reflect 
thymocyte arrest at different stages of develop-
ment. These include early immature T-ALL 
including ETP-ALL and early cortical/thymic 
and mature T-ALL [44].

Early immature T-ALL, including early thy-
mic precursor T-ALL (ETP-ALL) is discussed 
below.

11.4.3  Early Immature T-ALL, 
Including Early Thymic 
Precursor T-ALL (ETP-ALL)

Immunological underpinnings: Assessment of 
T-ALL by immunophenotypic analysis has 
allowed prognostically relevant classification of 
the disease into developmental groups, based on 
maturity. The EGIL classification system (1995) 
distinguishes pro-T (CD7+, CD2−, CD5−), pre-T 
(CD7+, CD2+ and/or CD5+ and/or CD8+, CD1a 
being negative), cortical-T (CD1a+), and mature 

Table 11.3 (continued)

Involved gene(s) 
oncogene Protein(s)

Function of fusion 
gene or expressed 
oncogene

Consequence of 
rearrangement/
mutation

t(9;12)(q34;p13) ETV6(TEL)/
ABL1

ETS DNA binding 
containing

  (9;12)(p24;p13) ETV6(TEL)/
JAK2

…/Intracellular 
tyrosine kinase

JAK2—Signal 
transduction

inv14(q13;q32.33) 
t(7;14)(q34;q13)

NKX2.1

t14;20 (q11;p11) NKX2.2
t(4;11)(q21;p15) NUP98/ Nuclear pore 

complex component
RAP1GDS1 Cytoplasmic

del9p21 (homozygous/
hemizygous)

CDKN2A/p15 
and CDKN2B/
p16 loci
P16

INK4/ARF

del(9)(q34.11q34.13)d SET-NUP214 SET Chromatin 
remodeling and 
transcriptional 
activation

NOTCH1 NOTCH1 Notch receptor 
family

Cell fate 
determination, 
differentiation

FLT3 ITD FLT3 Receptor tyrosine 
kinase

Development of 
hematopoietic stem 
cells

N-RAS N-RAS Signaling protein Signal transduction

Notes: (1) Normal thymic expression: TLX1 and TLX3 are not expressed; TAL1, LYL1, and LMO2 are expressed in 
early stages. (2) Homeobox family members: TLX1, TLX3, HOXA, HOXA (CALM-AF10), HOXA (MLL-ENL), 
HOXA (SET-NUP214, NKX2.1, and NKX2.2. (3) Duplications (MYB) and amplifications also occur
aTLX3 is juxtaposed to the distal region of BCL11B, a gene universally expressed during T-cell differentiation. Other 
variants have been described
bHOXA group because of elevated expression of HOXA genes
cFusion of NUP214 to ABL1 on amplified episomes, hence described as episomal NUP214-ABL1 amplification, is an 
example of a genetic change that is acquired during leukemic growth
dSET-NUP214 is very similar to the DEK-NUP214 fusion as previously identified in t(6,9)(p23;q34)+ patients with 
AML [43]
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T-cell stages (mCD3+). More recent studies have 
not made a distinction between pro-T (CD1a−, 
CD5−) and pre-T (CD1a−, CD5+) ALL (EGIL), 
and instead, combine pro- and pre-T-ALLs, to 
make an early or immature T-cell ALL group 
(CD1a−, CD5−/+), while retaining the remaining 
two groups, thymic (cortical) and mature 
T-ALL. In contrast to the CD1a+ thymic (cortical) 
T-ALL that has been shown in most studies to 
carry a relatively better prognosis, immature 
T-ALL cases (pro-/pre-T-cell immunophenotype; 
CD5+/−, CD1a−, CD8) have a lower remission 
induction, early relapse, and shortened overall 
survival [40, 41].

Immature T-ALL as a transcriptionally defined 
entity: Ferrando et al., 2002 [35], in the first gene 
expression profiling study in T-ALL showed the 
existence of a transcriptionally defined immature 
group of T-ALLs whose gene expression indi-
cated arrest at an early stage of T-cell differentia-
tion. This group had high expression of LYL1 
and coexpression of LMO2 genes and was posi-
tive for early hematopoietic marker CD34 and 
myeloid antigens CD13 and CD33 and generally 
CD4 and CD8 negative. This immature T-ALL 
group was shown to be lacking deletion of short 
arm of chromosome 9 that deletes CDKN2A/B 
gene in over 70% T-ALL.  These findings have 
been confirmed in other studies [37, 39].

Transcriptional likeness to early thymic pre-
cursors and best immunologically delineated 
poor prognosis group: Using gene expression 
profile of normal early thymic precursors to iden-
tify their leukemic counterparts and define their 
immunophenotype, Dario Campana’s group in 
their study in children identified a novel poor 
prognosis group of T-ALL that was termed ETP- 
ALL, defined by a characteristic gene expression 
profile, increased genomic instability, and a dis-
tinct cell immunophenotype that made easy rec-
ognition possible: CD8− CD1a− defined by 
positivity in <5% blasts; negative or weak CD5 
defined by positivity in <75% blasts; and positiv-
ity (>25% blasts) for one or more stem cell and 
myeloid markers CD34, CD117, HLA-DR, 
CD13, CD33, CD11b, CD65. ETP-ALL immun-
ophenotype is the most validated prognostic 

marker for identification of high-risk early imma-
ture T-ALL [45].

Biallelic deletion of TCRγ locus as a marker 
of immaturity: Using array comparative genomic 
hybridization and GEP, Guiterrez et  al. [46] 
showed that absence of biallelic deletion (ABD) 
of TCRγ chain, a marker of developmental arrest 
at the earliest stages of thymocyte development, 
detected by QPCR, was a very good predictor of 
induction failure. ABD possibly represents early 
maturation arrest before the onset of T-cell recep-
tor rearrangements [45, 46]. Given that TCRγ 
rearrangements occur early in normal T-cell 
development, it is not surprising that TCR loci 
deletions were found to be significantly less fre-
quent in ETP T-ALL [38], and the majority of 
ABD patients possessed the ETP T-ALL gene 
expression signature. In marked contrast to this, 
however, only a minority of the ABD T-ALL 
patients [46] met the ETP T-ALL immunopheno-
type criteria, with most expressing CD5 on >75% 
of blasts. Because CD5 is expressed at low levels 
but is generally not absent on ETP-ALL blasts 
[38, 46] accurately distinguishing between the 
low (but not absent) CD5 expression characteris-
tic of ETP-ALL lymphoblasts and the higher 
CD5 expression present in most T-ALL patient 
samples may be a problem. These discrepant 
results may thus very well reflect, at least in part, 
the challenge to accurately assess the ETP T-ALL 
immunophenotype across different laboratories. 
In fact many investigators studying immature 
T-ALL define it less narrowly than ETP-ALL and 
include CD5+ patients as well, thus defining an 
early immature group that is different from ETP- 
ALL, in that it includes CD5+ patients as well 
[39, 41].

Overlapping myeloid and T-ALL characteris-
tics in early immature T-ALL—studies in adult- 
ALL: Investigating the possibility that early 
immature adult T-ALL (CD5+/−) may be tran-
scriptionally and genetically related to acute 
myeloid leukemias, based on the observation of 
marked enrichment in hematopoietic stem cell 
and granulocyte monocyte/macrophage precur-
sor gene sets, Van Vlierberghe et al., 2011 [39], 
performed mutation analysis of AML oncogenes 
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and tumor suppressor genes and found mutations 
in IDH1, IDH2, DNMT3A, FLT3, and NRAS in 
14/29 (48%) of immature adult T-ALL cases. 
Prevalence of prototypical T-ALL genetic altera-
tions such as activating mutations in the IL7R 
gene and in NOTCH1 and FBXW7 that activate 
the NOTCH-signaling pathway was low. These 
results suggested that early immature adult 
T-ALLs are a heterogeneous group with features 
of both myeloid and T-lymphoid genetic altera-
tions. This analysis also revealed the presence of 
ETV6 mutations, truncated forms of ETV6 with 
dominant negative activity, in approximately 
25% early immature T-ALLs, but not in other 
groups, highlighting the potential role of ETV6 
mutations in these tumors. A later reanalysis of 
the gene expression signatures associated with 
immunophenotypically defined pediatric ETP- 
ALLs also showed that the gene expression pro-
grams of these leukemias are most closely related 
to those of human hematopoietic stem cells and 
myeloid progenitors (Zhang et al. 2012).

MEF2C as a driving lesion in early immature 
T-ALL: The first indication of a specific genetic 
lesion possibly associated with the pathogenesis 
of early immature leukemias was the identifica-
tion via 4C analysis of rare but recurrent rear-
rangements resulting in aberrantly high levels of 
expression of the MEF2C gene in this group. 
MEF2C encodes an important transcriptional 
regulator of lymphoid development which is 
expressed at high levels in very early pre-DN1 
and DN1 thymocytes and whose expression dra-
matically drops beyond the DN2 stage of thymo-
cyte development. Notably, and supporting a 
potential role as a master regulator of the early 
immature T-ALL transcriptional signature, 
MEF2C can directly induce the expression of 
LYL1, LMO2, HHEX, three oncogenic transcrip-
tion factors expressed at high levels in early 
immature leukemias.

Early immature T-ALLs include ETP T-ALLs 
and related what are described as “close to 
ETP” leukemias: Cross examination of gene sets 
associated with the ETP T-ALL [38], the LYL1 
leukemias [35], and the immature T-ALL clusters 
[38, 39] has shown these to be closely related 
groups. Also, early immature T-ALLs identified 

by gene expression signature encompass a 
broader patient group than the ETP T-ALLs 
defined on the basis of immunophenotype. The 
original report of Dario Campana’s group [38], 
for example, showed that a few T-ALL cases that 
clustered together with ETP T-ALLs in an unsu-
pervised gene expression analysis were CD5+ 
showing ETP-ALL to be a group larger than what 
would appear from its immunophenotypic defini-
tion. Conversely, in the study of Vlierberghe et al. 
(2011), the transcriptionally and immunopheno-
typically (positive for stem cell and myeloid- 
associated antigens) immature cluster was a 
mixture of CD5− as well as CD5+ cases, showing 
that only a fraction of these leukemias seem to 
strictly meet the immunophenotype criteria of 
ETP-ALL.

Genetics of ETP and early immature T-ALLs: 
Zhang et al. addressed the question of the absence 
of unifying genetic alteration by analyzing 12 
ETP T-ALL cases using whole-genome sequenc-
ing and showed the presence of a high frequency 
of activating mutations in molecules mediating 
(1) cytokine receptor and RAS signaling—
NRAS, KRAS, FLT3, IL7R, JAK3, JAK1, 
SH2B3, and BRAF; (2) inactivating mutations in 
genes encoding key transcription factors involved 
in hematopoietic development including GATA3, 
ETV6, RUNX1, IKZF1, and EP300; and (3) 
genes encoding histone modifiers such as EZH2, 
EED, SUZ12, SETD2, and EP300. Several ETP 
T-ALL cases showed multiple genomic rear-
rangements suggestive of genomic instability and 
deletions in the short arm of chromosome 9 
encompassing the CDKN2A/B/B tumor suppres-
sor genes were less prevalent in ETP T-ALLs 
compared with non-ETP leukemias.

11.5  Conclusion

Early immature T-ALLs encompass ETP-ALL 
and the related “close to” or “near” ETP-ALL 
and are defined by a gene expression signature 
that is most related to that of hematopoietic stem 
cells and myeloid progenitors. ETP T-ALL 
immunophenotype and the absence of biallelic 
deletion of the TCRG locus are associated with 
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very poor prognosis in children. Though they 
harbor a distinct transcriptional signature, early 
immature T-ALLs seem to lack a distinct unify-
ing genetic alteration and have a lower preva-
lence of NOTCH1 activating mutations, 
mutations in myeloid oncogenes and tumor sup-
pressor genes, and genetic alterations disrupting 
key transcription factors involved in hematopoi-
etic and lymphoid development.

Early immature T-ALLs encompassing ETP 
T-ALLs and related “close to” ETP tumors con-
stitute a genetically heterogeneous group of leu-
kemias characterized by a gene expression 
signature most related to that of hematopoietic 
stem cells and myeloid progenitors. Even though 
they harbor distinct transcriptional signature, 
early immature T-ALLs seem to lack a distinct 
unifying genetic alteration; they have a lower 
prevalence of NOTCH1 activating mutations, but 
have mutations in myeloid oncogenes and tumor 
suppressor genes, and genetic lesions that disrupt 
key transcription factors involved in hematopoi-
etic and lymphoid development. Two recent stud-
ies have reported a possible worse prognosis for 
immature adult T-ALL leukemias harboring 
mutations in RUNX1 and DNMT3A [14, 15]. 
Further evaluation of this heterogeneous leuke-
mia group is needed to address the prognostic 
implications of specific immunophenotypes, 
transcriptional signatures, and genetic altera-
tions. Therapeutically, drugs active in myeloid 
tumors, validated in relevant animal models may 
help in ETP T-ALLs. In addition, targeted thera-
pies may help in those leukemias that have acti-
vating mutations in druggable factors and 
signaling pathways like FLT3, JAK1, JAK3, 
IL7R, and NOTCH1.

Early cortical/thymic T-ALL: This good prog-
nosis CD1a+, CD4+, CD8+ favorable prognosis 
group corresponds to early stage of thymocyte 
maturation. These tumors are characterized by 
activation of TLX1, TLX3, NKX2.1, NKX2.2 
homeobox genes and have the highest frequency 
of Notch 1 mutations, and CDNK2A is deleted in 
almost all cases.

Mature T-ALL: This third group has the mature 
T-ALL immuophenotype (sCD3+, CD4+, CD8+) 
and typically has activation of TAL1 gene.
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12.1  Introduction

Acute lymphoblastic leukemia is now a treatable 
malignancy with cure achieved in more than 85% 
of patients and 5-year event-free survival (EFS) 
>94% in low and intermediate risk groups accord-
ing to western literature [1]. With the current 
armamentarium of chemotherapeutic agents, tar-
get is to achieve more impressive results in terms 
of overall survival (OS) and progression-free sur-
vival (PFS). This requires stringent track of the 
disease burden; the most objective way of which 
is minimal residual disease (MRD) monitoring.

At the time of diagnosis of ALL, the overall 
burden of leukemic cells is 1012. After induction 
therapy, cases that achieve complete remission 
(CR), defined as <5% blasts in normo-cellular 
marrow, still harbors residual 1010 leukemic cells 
[2]. Figure 12.1 depicts how greater log reduction 
in disease burden at end of induction reduces the 
risk of relapse. Moreover, there are limitations to 
morphology, i.e., its detection limit is only 1%. 
Therefore, more sensitive tools were needed to 
detect MRD. Patients with ALL are categorized 
into standard risk and high risk based on clinical 
characteristics (age and total leucocyte count) 
and biologic characteristics (immunophenotyp-
ing, ploidy, chromosomal structural anomaly, 
gene rearrangements). However, a proportion 

(20%) of standard risk ALL can relapse. Also 
some subset of standard risk cases might receive 
more intensive chemotherapy than is necessary. 
Multiple studies have demonstrated MRD as an 
important independent prognostic marker in 
B-ALL. So, in cases of achieving morphological 
remission, MRD assessment by multiparametric 
flow cytometry (MFC) or polymerase chain reac-
tion (PCR) helps to prognosticate, decide treat-
ment strategy and dynamic assessment of disease 
burden during sequential therapy.

12.2  Definition and Background

MRD is residual burden of leukemic cells that is 
below the limit of detection of conventional tech-
nique (morphology) during clinical remission.

Attempts to identify residual blasts in patients 
of ALL on treatment began in 1980s by detecting 
combination of CD3 and Tdt by immunofluores-
cence in T-ALL [3]. In the past three decades, vari-
ous techniques utilized for this purpose with their 
respective sensitivities are enumerated below.

Technique
Blast per 100,000 
cells

Sensitivity 
(%)

Morphology 
remission

5000 5

Karyotype analysis 5000 5
Expert microscopy 1000 1
MFC 10 0.01
Colony growth 1 0.001
PCR 0.1 0.0001
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As shown in the Fig. 12.1, MRD positivity 
by more sensitive technique is a better predictor 
of relapse. Therefore, optimal technique should 
have specificity (to discriminate malignant 
from normal cells), sensitivity (to detect at least 
1 malignant cell in a background of ≥10,000 
normal cells), applicability (to be applicable in 
virtually every patient), reproducibility (stan-
dardized methods), and stability during the 
course of the disease, and allow timely output 
of the results [4].

Standard techniques for detection of MRD in 
the present time are following and will be dis-
cussed in the chapter:

 1. Flow cytometry-based detection
 2. Detection of target fusion gene by PCR
 3. Detection of immunoglobulin (Ig) or T cell 

receptor (TCR) gene rearrangement by PCR

Basic principle of all MRD assays is that 
cellular changes induced by leukemogenic pro-
cess are used to differentiate leukemic cells 
from normal. Differentially expressed mole-
cules in leukemic cells form “Leukemia associ-
ated phenotypes.”

Before we go ahead with discussion of these 
individual techniques, some important aspects of 
MRD need to be addressed in detail.

12.2.1  Time Points to Do MRD

It is shown in various studies that MRD measure-
ments at day 33 or end of induction and 3 months 
(day 78) provide the most important prognostic 
information [5, 6].

Early MRD measurements at day 15 in child-
hood ALL can provide additional information for 
identification of very early responders (<10−3) 
and a small subgroup of poor responders (≥10−2). 
However, so far there is no consensus about uti-
lizing this early MRD detection in therapeutic 
decision-making [7].

12.2.2  Target Sensitivity

The cutoff for calling a particular case as MRD 
positive was different for different groups in 
 various trials. Eventually, 10−4 came up as a 
 target that could be achieved precisely with 
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 technologies available and also provided prog-
nostic information based on which therapeutic 
interventions are required. (Refer to Table  12.1 
for various cutoffs used in different studies) With 
both FCM and PCR-based techniques 1 leukemic 
cell in 104 cells can be detected, i.e., 0.01% 
 sensitivity [5, 8].

12.2.3  Ideal Sample for MRD Testing

Review of literature for comparison of periph-
eral blood (PB) MRD levels and marrow, 
revealed that though PB MRD in T-ALL patients 
were comparable or up to 1 log lower than in 
BM, in BCP-ALL patients, PB MRD levels 
were 1–3 logs lower than in BM, making PB 
MRD studies impossible in BCP-ALL patients. 
Hence, BM sampling is a prerequisite. The sam-
ple has to be the first draw from bone marrow. 
The storage of samples should not exceed 24 h 
after collection [5, 9].

Quantity of sample: Optimum quantity of 
sample to be collected is 2–5 mL of the first draw 
BM aspirate [9].

These basics of ALL MRD are applicable to 
MRD detection by any technique. We will be dis-
cussing standard available techniques in detail. 
First and widely available technique amongst 
these is multiparametric flow cytometry (MFC)-
based detection of MRD.

12.3  Flow Cytometry-Based 
Detection of MRD

12.3.1  History and Evolution  
of FCM- Based MRD

History of MRD detection in ALL dates back to 
1980s, when unique thymic immunophenotype of 
T blasts was detected in post-therapeutic bone 
marrow samples by immunofluorescence [3, 10]. 
However, same thing could not be easily replicated 
in B ALL cases because normal B cell progenitors/
hematogones are abundant in post-therapeutic 
bone marrow samples. Immunofluorescence tech-
nique offered two to three markers that were not 
sufficient to differentiate subtle difference in 
immunophenotype of B blasts and hematogones. 

Table 12.1 Summary of various studies on FCM-based MRD in B ALL

Study Time point of MRD Sensitivity (%) Conclusion
A. Pediatric ALL
Michael et al. (2015) 
(COG-AALL0232)

Post-induction  
day +33

≥0.01 • MRD as independent adverse prognostic factor
•  Treatment intensification cannot avert relapse, 

but prolongs timing of relapse
Borowitz et al. (2013) 
(COG)

Post-induction  
day +29

≥0.01 •  5 year DFS very low in day +29 MRD Neg  
(89 vs. 72%)

•  Day 14 BM morphologic evaluation can be 
omitted

Giuseppe et al. (2013) Day +15 ≥0.01 MRD as most powerful predictor of relapse
Coustan et al. (1998) At week 14, 32,  

56, and 120
≥0.01 MRD positivity at any time point : high risk of 

relapse
B. Adult ALL
Ravandi et al. (2016) Post-induction  

day 29
≥0.01 Independent predictor for DFS and OS

Samra et al. (2013) Post-induction ≥0.01 Independent significant risk predictor for relapse
Vidriales et al. (2003) Day +35 ≥0.05 MRD as independent adverse prognostic factor
Mingming et al. (2016) Post-induction ≥0.02 Independent predictor for low LFS and OS
Jerzy et al. (2008) Post-induction ≥0.1 Independent predictor for low LFS and OS

Combined post-induction and post-consolidation 
results same as for post-induction alone

Most accepted cutoff for MRD positivity in pediatric B-ALL is 0.01%, although time point of MRD assessment varies 
a lot. In adults, however, most MRD studies are on post-induction but cutoff varies a lot
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Flow cytometry technique allows assessment of 
multiple parameters on one cell and hence helps in 
identifying small population of interest (i.e., 
MRD) in milieu of millions of cells. So this prob-
lem was partly solved with availability of 4/6/8 or 
10 color flow cytometers that helped in identifying 
residual B blasts with their aberrant immunophe-
notypic profile (Leukemia-associated immuno-
phenotype—LAIP) [4]. However, inter-laboratory 
comparability of FCM-based MRD results contin-
ues to be a challenge to various groups working on 
standardization of this technique. Next step in evo-
lution of FCM-based MRD in B ALL is Euro flow-
based next-generation flow MRD, which offers 
standard panel of antibody- fluorochrome combi-
nations with software-based analysis of cases [11].

Basic principle of above-mentioned tech-
niques is detailed analysis of difference in pheno-
type of blasts versus normal counterpart. In T 
ALL cases, detection of residual blast is easier as 
bone marrow does not harbor any precursor T 
cell normally, their location being thymus. In 
more than 95%, B ALL cases leukemic cells can 
be distinguished from normal counterpart or 
hematogones by detailed phenotypic analysis. 
Thus, understanding normal maturation is essen-
tial to perform MRD testing.

12.3.2  Normal B Cell Maturation: 
Hematogones

Hematogones are normal B cell precursors that 
morphologically resemble blasts and are found 
predominantly in bone marrow. They can be seen 
in peripheral blood of neonates and in cord blood 
as well [12]. Hematogones can comprise 5–50% 
of BM cells. McKenna et al. demonstrated out of 
662 BM, 79.8% showed hematogones. They 
occur across all ages and show significant decline 
with age and in cases of marrow involvement by 
blasts [13]. Hematogones are increased in normal 
healthy infants and young children, regenerating 
bone marrow (following chemotherapy and bone 
marrow transplant), autoimmune cytopenias 
(e.g., ITP), acquired immunodeficiency syn-
dromes and lymphomas. Their characteristic 
maturation pattern defines normal maturation of 

B cells. There are three stages of hematogone 
maturation.

The early hematogones (Stage 1) express dim 
CD45, Tdt, and CD34 positive and express bright 
CD10. Thereafter, the intensity of markers of 
immaturity diminishes and intensity of CD45, 
CD19, and CD20 increases. Note that CD20 is 
absent in early hematogones. Late hematogones 
(Stage 3) and mature B cells have polyclonal 
Kappa and Lambda expression [14].

In FCM, identification of hematogones can be 
done by using following clues (Fig. 12.2)

 – On CD34/CD10 plot—Stage 1: CD34+/CD10 
bright → Stage 2: CD34−/CD10+ → Stage3: 
CD34−/CD10-(plot H in Fig. 12.2).

 – On CD45/SSC plot—shows the three stages 
with heterogeneous dim to higher expression 
of CD45 with very low side scatter (plot B in 
Fig. 12.2)

 – CD10/CD20 plot—classical waterfall pattern 
(plot D in Fig. 12.2)

 – CD19/CD10 plot—scattered events without a 
well-defined cluster

 – They can also express CD38, CD58 and many 
other markers in variable intensities (plot G in 
Fig. 12.2)

Figure 12.3 summarizes the antigen expres-
sion pattern during maturation in normal B 
cells in marrow. After this brief introduction 
about hematogones and their phenotype, we go 
ahead with FCM-based detection of B ALL 
MRD.  ALL blasts differ from normal precur-
sors because of unique Leukemia-associated 
immunophenotype (LAIP). LAIP is defined by 
phenotype showing

• Maturation arrest
• Over or under expression of antigens
• Asynchronous expression of antigens
• Cross-lineage expression of antigens—

“lineage infidelity”

So, quantitative abnormalities of antigen 
expression are seen in 30–50% cases of B 
ALL. Antigens that are commonly overexpressed 
on blasts are CD10, CD34, CD58, and CD20. 

R. Chauhan et al.



201

a b c

d e

g h

f

Fig. 12.2 FCM plots showing various patterns of hematogones. Population H1, H2 and H3 are stage 1, 2 & stage 3 
hematogones and Bl denotes blast (Adapted from leukemia research article) [11]
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Fig. 12.3 Pattern of antigen expression in normally maturing B cells. (Adapted from Henry Todd Chapter by Brent Wood) [15]
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Antigens that are commonly under expressed on 
blasts are CD45, CD38, CD10, CD20, and CD81.

Qualitative abnormalities are cross-lineage 
antigen expression (CD13/33, CD7, CD15, 
CD11a), antigens associated with fusion tran-
script (CD66c, CD15, NG2-Ab 7.1), ectopic 
phenotypes like Tdt+ cells in CSF, and matura-
tional asynchrony (CD20 on CD19/CD34+ 
 precursor B cells). With all these marker combi-
nations, it is possible to detect MRD in 95% 
cases.

In diagnostic sample, LAIPs are defined for 
the blast of that particular case which is followed 
in subsequent MRD samples. However, there can 
be loss or change in expression (instability) of the 
LAIP marker that can affect MRD analysis. This 
can be due to therapy or can be part of disease 
process. Hence, most laboratories follow devia-
tion from normal technique for LAIP detection in 
residual blasts.

MFC-based MRD detection in B-ALL is 
based on two strategies

 – Identification and following unique LAIP in 
their predefined gates—Here regions are 
designed in different plots where blasts are 
expected to lie and residual blasts in post- 
therapeutic samples are tracked in predefined 
blast regions.

 – Deviation from normal maturation spectrum/
hematogones—Here regions are designed 
where normal hematogones in multiple reac-
tive marrows are expected to lie and residual 
blasts are detected as cluster of events outside 
these regions.

12.4  Procedure for MFC-Based 
MRD

12.4.1  Requirement

Laboratory should be equipped with (minimum 
of four color) standardized flow cytometer with 
correct setting. Appropriate quality control mea-
sures should be taken and both internal and exter-
nal quality control and should be done regularly 
to keep system in place.

12.4.2  Panel Designing

With availability of more and more markers, 
appropriate choice of fluorochrome antibody 
combination is important task and depends on 
personalized approach of the lab. However, the 
basic concept remains same, i.e., one should have 
backbone gating markers to select the population 
of interest and other markers for detailed pheno-
typic analysis. These markers include cross- 
lineage markers, maturation markers, and 
markers associated with molecular lesions. 
Markers chosen should help hematopathologist 
to differentiate residual blast from normal precur-
sors clearly. Few groups [16] recommend use of 
Syto16-a live cell permeant nucleated cell dye to 
monitor erythrocyte lysis efficiency and target 
live cells for further analysis. In case of precursor 
T cell ALL, presence of any immature T cell is 
indicator of residual disease as thymus is their 
normal location and not bone marrow [4, 9]. 
However, possibility of other cells like natural 
killer cells mimicking residual T blast should be 
excluded. Knowledge of antigen profile of acute 
leukemia blasts is continuously evolving with the 
help of gene expression profiling. Many markers 
are added to battery of conventional markers for 
MRD detection in ALL [17]. Figure  12.4 sum-
marizes the panel of available markers that 
include both, gating backbone markers and LAIP 
markers for MRD.

Table 12.2 shows recommended four color 
panel by Brazilian group for B ALL MRD 

Fig. 12.4 Markers that can be used for MRD detection 
in B ALL. Triangle shows backbone gating marker show-
ing immature lymphoid cells. Rest markers help to dif-
ferentiate blast from hematogones. (Adapted from 
cytometry B) [4]
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adapted from Brazilian Journal of Hematology 
and Hemotherapy [9]

Table 12.3 shows recommended four color 
panel by Brazilian group for T ALL MRD 
adapted from Brazilian Journal of Hematology 
and Hematotherapy [9]

Various groups [18, 19] are now suggesting 
single tube approach for MRD detection with 
optimum sensitivity. Following Table  12.4 
addresses one such example.

12.4.3  Technique

Stain-lyse-wash is the routine technique to be 
used in sample preparation.

Fresh BM or PB samples containing 106 cells 
must be incubated for 15 min at room tempera-
ture in the dark, with pre-titrated saturating 
amounts of cocktail of fluorochrome conjugated 
monoclonal antibodies. Red cells are lysed, using 
commercial lysing solution following manufac-

turer’s instructions. The remaining cells are 
sequentially centrifuged (500  g) for 5  min, 
washed twice in phosphate buffered saline (PBS: 
pH 7.4) and resuspended in 300–500 μL in PBS 
for acquisition and analysis. Intracellular staining 
for various markers is performed after staining 
for cell surface/membrane markers using Fix & 
Perm solution [18].

12.4.4  Data Acquisition

Desired sensitivity of assay will decide mini-
mum number of events that are to be acquired. 
After extensive research, it is found that MRD 
sensitivity of 10−4 is most informative and tar-
geted by various laboratories. To attain this limit 
of detection with good reproducibility, cluster of 
100 leukemic events should be formed. This tar-
get can be achieved by acquiring minimum 
1,000,000 events [18]. Hence it is recommended 
that for each sample aliquot, a minimum of 
500,000 and maximum of 1,000,000 events must 
be acquired [9].

12.4.5  Gating Strategy 
and Reporting

First step in data analysis is checking the quality 
of data and confirming that system is in place and 
working properly. In ideal setting, we assume 
that laser interrogates single cell and we collect 
its properties. However, this doesn’t hold true 
when lacs of events are acquired with high speed 
and two cells may stick with each other and form 
“doublets.” Their importance lies in the experi-
ment like MRD, where we are trying to find small 
cluster of events (residual disease) with aberrant 
phenotype. These doublets may give erroneous 
positivity. Hence, it is very important to use 
height versus area/width plot for any parameter 
to segregate single events-“singlets” and include 

Table 12.2 Four color panel for B ALL MRD

Mandatory panel
Tube 1 CD20/CD10/CD19 and CD34
Tube 2 CD45/CD38/CD19 and CD34
Tube 3 nTdt/CD10/CD19 and CD34
Recommended panel

CD45/CD123/CD19 and CD34
CD81/CD66c/CD19 and CD34
CD15/CD65/NG2/CD45 and CD19

Optional 
marker

CD13 and or CD33/CD58/CD9/
CD25, CD22

Table 12.3 Four color panel for T ALL MRD

Mandatory panel
Tube 1 cCD3/mCD3/CD45 and CD7
Tube 2 nTdt/CD2/CD5 and CD7
Recommended panel
Tube 3 CD1a/CD99/mCD3 and CD7
Optional 
marker

CD10, CD13, CD33, CD34, CD44, 
CD117

Table 12.4 Single tube panel for B-ALL MRD

PE FITC Per CP5.5 PC7 A594 APC APC7
Tube 1 CD20 Syto16 CD10 CD19 CD38 CD58 CD45
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these events only for further analysis [18, 20]. 
After we have excluded doublets from analysis, it 
is recommended to use Syto16 to target live cells 
for further analysis. “Gating marker” (most com-
monly CD 19  in B ALL MRD) will help us to 
segregate B-lineage cells and focus further 
 analysis on these events. CD10 and CD34 will 
help to identify various stages of hematogones as 
described earlier. This forms the basis of using 
CD19, CD10, and CD34 as backbone gating 
markers. CD19 expression may be altered as part 
of disease or therapeutic modulation of antigen 
expression. In such cases, CD22 or CD24 will 
serve as better gating markers [21, 22]. After this, 
various marker combinations can be used to iden-
tify residual disease with its characteristic LAIP 
and differentiating it from hematogones. As dis-
cussed earlier, two strategies can be used for this 
purpose, namely tracking LAIP or deviation from 
normal. Each cluster of event recognized on dot 
plot should be recognized as normal population, 
artifact or residual disease. Presence of two or 
more LAIPs on residual disease population is 
required to report MRD positivity. Figure  12.5 
summarizes the gating strategy of B ALL MRD 
showing analysis of both diagnostic and end of 
induction sample.

While reporting one must be aware of possi-
bility of disease related or post-therapy alteration 
in antigen profile of blast (antigen modulation) 
and lineage switch. Few of these are enlisted in 
Table  12.5 below. Including newer markers 

which are differentially expressed in residual 
blast versus hematogones (e.g., CD24, CD44, 
CD49f, CD69, CD72, CD73, CD79b, CD86, 
CD97, CD99, CD102, CD123, CD130, CD164, 
CD200, CD300a, CD304, BCL2, HSPB1, PBX1, 
CTNNA1, and ITGB7) and stable markers asso-
ciated with molecular lesion will help to improve 
the sensitivity of assay [9].

There is no consensus yet regarding mini-
mum number of events required in cell cluster to 
ascertain it as residual disease. On 4/6 color 
FCM cluster of 20 events is taken as residual 
disease; however, the I-BFM-ALL-FLOW-
MRD Network quantifies MRD in presence of 
cluster of 30 events which is confirmed by inde-
pendent second tube. If the assay consists of 
several individual tubes, then the minimum 
requirements are the sum, not the average, of the 
individual tubes.

12.4.6  Reporting of Results

Final result of MRD should be reported as per-
centage of all viable cells.

 

Maximum number of MRDevents
Total Syto positive events16

100×
 

If Syto16 is not added in all the tubes follow-
ing correction formula should be applied. 
Correction of B cells due to variation in events 
acquired in different tubes

Correction factor for Bcells CF of Bcells in syto tube
ofB( ) = %

% BBcells in low events tube

Correction factor for singlets CF of singlets in syto t
S( ) = % uube

of singlets in low events tube%

Final correction factor CF CF CFB S( ) = ×

MRD of MRDin Bcells of main tube CF= ×%
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Fig. 12.5 Image depicts basic MRD assessment strategy. 
Only the CD19+ populations are displayed. Broad window 
in the dot plot delineates the area covered within normal 
B-cell maturation pattern whereas smaller window is antic-
ipated leukemia window. (a) CD20dim/− CD10++ population 
screened at diagnosis could be seen persisting in MRD+ day 
+29 BM. (b) CD58++ CD10++ bright population persists in 
MRD+ case. (c) CD10++ CD20hetero population present at 

diagnosis disappeared at post-induction in MRD− BM. (d) 
CD13++ CD33++ population screened at diagnosis could be 
seen persisting in MRD+ day +29 BM. (e) CD34++ CD20dim/− 
population persists in MRD+ case. (f) CD34++ CD38Neg 
population persists in MRD+ case. (g) A very small 
(≥0.01%) CD45dim CD10++ population persists in MRD+ 
case. (h) CD38Neg CD10++ population persists in MRD+ 
case with marginal spill into narrow window
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The principal advantages of immunophenotyping- 
 based MRD are:
 1. Assessment of sample cellularity is possible.
 2. Assessment of normal regeneration of bone 

marrow after immunosuppressive therapy is 
possible.

 3. Rapid turnaround time.
 4. It is applicable in most of the cases.

12.4.6.1  Flow Cytometry-Based MRD 
Reports in Pediatric vs.  
Adult ALL

FCM MRD has its own set of limitations as 
mentioned below:
 1. At times, it is difficult to differentiate normal 

precursors from residual blast, due to similar-
ity of immunophenotype.

 2. Post-therapy antigen modulation.
 3. Experienced pathologist to interpret flow data 

is required.
 4. Inter-laboratory standardization and quality 

control is still a challenge.

To address few of these issues and enhance 
sensitivity of assay next-generation flow cytom-
etry or Euroflow is emerging. However, whether 
it will actually solve challenges in path of FCM- 
based MRD detection in ALL is under study.

Second technique that is well standardized 
and described in literature to test for residual dis-
ease in B ALL is PCR-based techniques.

12.5  MRD by Molecular 
Techniques

Leukemic cells are unique because of acquisition 
and clonal proliferation of abnormal cells carrying 
mutations, fusion genes, and T-cell or immuno-
globulin gene rearrangements. This monoclonality 
in ALL can be monitored using immunoglobulin 
or T cell receptor gene rearrangements.

12.5.1  PCR for Immunoglobulin 
and T-Cell Receptor (IG-TR) 
Gene Rearrangement

Since most B and T cell malignancies originate 
from immune cells that have already undergone 
physiologic gene rearrangement during differen-
tiation, all cells of the malignant clone carry the 
same gene rearrangement as a unique clonal 
marker. For T cells, TRG, and TRD, TRB, and 
unusual TRD (Vδ2-Jα) gene rearrangements are 
used as PCR targets. The IG gene rearrangements 
during normal B cell development generate 
unique fusions of variable, diversity and joining 
(VDJ) segments, interspersed by random nucleo-
tide (N) insertion and/deletion. The junctional 
regions of clonal Ig gene rearrangements are fin-
gerprint like sequences for each lymphoid malig-
nancy. Precise identification of junctional region 
sequences of Ig genes in each ALL is feasible. 
The prerequisite is to design clone-specific oligo-
nucleotide probes for each case and conduct sen-
sitivity testing by serial dilution of diagnostic 
DNA sample.

The technique of real-time quantitative PCR 
(RT-qPCR) can be used for clone-specific MRD 
PCR targets. This reaches a sensitivity of 10−5. At 
least 1 × 107 mononuclear cells should be avail-
able for evaluation. For follow-up samples, 
1 × 106 cells should suffice [23].

EDTA sample is ideal for PCR analysis. DNA- 
based analysis should be done within 24 h. For 
primer designing and RQ-PCR, validated proce-
dures should be followed [23].

Continuing rearrangements during disease 
course can cause false-negative MRD results. 
Therefore, at least two targets should be deter-
mined to account for leukemia heterogeneity and 
to take care of subclones [23].

False positivity due to massive regeneration of 
normal lymphoid progenitors might lead to very 
low level of nonspecific amplification. However, 

Table 12.5 Common post-therapeutic antigenic modulation in acute leukemia [9]

Induction therapy
At day 78 of inductionDown modulation Up modulation

B ALL CD10 and CD34 CD19, CD20, CD45 RA, 
and CD11a

Reversion of CD10 and 34 to initial 
expression

T ALL Tdt, CD99, CD10, CD34
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high degree of standardization is available, e.g., 
European Study Group on MRD detection in 
ALL (ESG-MRD-ALL) lays down protocols for 
standardization of techniques, interpretation, and 
reporting [23]. It conducts QC program every 
6 months and also establishes quantitative range 
of an assay.

Newer PCR-based high-throughput sequenc-
ing Ig-TR gene rearrangements to quantify MRD 
employs multiplex PCR with V-, D-, J-primer 
sets to amplify all potential rearrangements. 
Consecutively, these can be sequenced to achieve 
a sensitivity of >10−6 [23].

12.5.2  PCR Analysis of Fusion 
Transcripts

Quantitative PCR of target fusion genes for, e.g., 
BCR-ABL, MLL-AF4, TCF3-PBX1, WT-1 
genes, achieves a sensitivity of 1 in 105 leukemic 
cells, hence is highly sensitive technique and is 
currently well standardized by different study 
groups.

In pediatric ALL, about 25% patients have 
cytogenetically cryptic TEL/AML1 transcripts. 
Genomic breakpoints in leukemia-specific trans-
locations, e.g., MLL gene rearrangements are 
also DNA targets. Ph+ chromosome is seen in 
25% adult ALL, 5% pediatric ALL and is associ-
ated with worse prognosis [24]. Most common 

transcript of BCR-ABL associated with ALL is 
e1a2 (p190) seen in 70% cases. The second most 
common transcript is e13–14/a2 (p210) seen in 
30% B-ALL [24, 25].

At diagnosis, RT-PCR is carried out for identi-
fication of fusion transcript. Thereafter, RQ-PCR 
can be done for follow-up MRD. Advantages of 
RQ-PCR for BCR-ABL include high sensitivity, 
ease, and rapidity of analysis and lower cost.

Disadvantages of PCR for BCR-ABL are that 
RNA is not so stable, and there is still lack of 
standardization of steps of RNA extraction and 
cDNA synthesis. The choice of control genes of 
variable amongst laboratories and different con-
trol genes lead to variability in sensitivity of the 
assay. There is a chance of false negativity due to 
poor RNA quality and also false positive due to 
cross contamination. Minimum requirements for 
interpretation and quantifiable range have not 
been developed [23].

Both FCM and PCR are highly sensitive tech-
nique to detect MRD; however, they have their 
pros and cons which are highlighted in Table 12.6 
below [23].

Different groups across the globe have used 
either FCM-based/PCR-based MRD techniques 
or combination of both to assess MRD at various 
time points. Details of few of these studies are 
summarized in Table 12.7 below.

All the groups uniformly found MRD as good 
predictor of relapse and independent prognostic 

Table 12.6 Comparison of different techniques available for B ALL MRD

Technique Flow cytometry PCR-IG-TCR PCR fusion genes
Targets LAIP IG/TCR gene 

rearrangements
Fusion genes

Sensitivity 1 in 104 1 in 105 1 in 104

Applicability 90–95%—T cells
80–95%—B cells

90–95% 5% Ph+ pediatric
35% Ph+ adults

Advantages – Widely applicable
– Rapid
–  Additional information on benign 

and malignant cells

– Highly sensitive
– Most standardized
–  Most evidence-based 

data published
– DNA is stable

– Sensitive
– Fast
– Cheap
– Stability of target DNA

Disadvantages – Immunophenotype shift
–  Difference from regenerating  

B–precursors
–  Cellularity can be low after 

induction
–  Extensive standardization for ≥6 

color MFC

– Time consuming
–  Clonal evolution: loss of 

target
–  Expensive expertise 

required

– Limited applicability
– Instability of RNA
–  False positivity due to 

contamination
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marker. Various studies and randomized control 
trial further consolidated the utility of MRD as 
an  essential tool in treatment decision in 
patients  of ALL on various drug regimens. In 
 AIEOP-BFM- ALL 2000 study, MRD-based 
treatment strategies further improved outcomes 
[26]. UK-ALL 2003 RCT found that treatment 
can be tailored in MRD-based low risk patients 
and can be augmented in MRD-high risk patients 
[27]. Data from Indian literature is largely lack-
ing. However, Patkar et  al. have elaborated on 
standardization of the panel used for MRD [28].

To conclude potential role of MRD in current 
era is to evaluate efficacy of induction therapy, 
risk stratify, decide further therapeutic strategy, 
assess efficacy of treatment regimen in relation to 
that of its predecessor and determine leukemic 
burden before and after stem cell transplant [29]. 
MRD emerged as an important weapon in the 
battle against the occult leukemic burden. With 
euroflow and NGS, future of MRD technique has 
lot more to offer in terms of reliability, reproduc-
ibility, speed, and wider applicability.
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13.1  Introduction

The World Health Organization (WHO) classifi-
cation of tumors of the hematopoietic and lym-
phoid tissues, 2017 revised edition, representing 
the most recent update of the customarily 
amended classification, last updated in 2008, 
has recently been published [1]. Since the last 
edition, there has been tremendous advance-
ment in the basic understanding of disease 
pathobiology, leading to the discovery of newer 
biomarkers. This has impacted the diagnostic 
criteria in the myeloproliferative neoplasm 
(MPN) category significantly [1, 2]. Majority of 
the voluminous information has been obtained 
from research based on the gene expression 
analysis and next- generation sequencing (NGS) 
[3–8]. Nevertheless, this newer 2017 classifica-
tion retains the basic approach hinged on clini-
cal characteristics, morphological features, 
immunophenotype, and cytogenetics (CTG). 
This highlights a consensus of opinion and 
expertise recommendation from different hema-
topathologists, clinical hematologists and also 
from other branches related to hematology like 
oncologists and geneticists [1].

The myeloproliferative neoplasms (MPNs) 
are disorders of hematopoietic cells characterized 
by clonal expansion of a single somatically 

mutated hematopoietic stem cell. This genetic 
alteration leads to excessive proliferation of thor-
oughly functional, differentiated blood cells rep-
resenting single or multilineage hyperplasia [9]. 
MPNs were primarily conceptualized in 1951 
and included chronic myeloid leukemia (CML) 
in which the Philadelphia chromosome was dis-
covered in 1960. This was followed by the land-
mark discovery of imatinib in 1996 which further 
led to the practical segregation of CML, defined 
by the presence of BCR-ABL1 positivity as a dis-
tinct entity [10]. The classical BCR-ABL nega-
tive MPNs include polycythemia vera (PV), 
essential thrombocythemia (ET), and primary 
myelofibrosis (PMF). Chronic neutrophilic leu-
kemia (CNL) and chronic eosinophilic leukemia, 
not otherwise specified (CEL, NOS) were 
included under this category because of their 
close resemblance in the pathobiology [11]. 
Recently, mastocytosis has been excluded from 
this category owing to the discovery of newer 
pathways, unique pathobiology, and genetic dis-
tinction from MPNs [1, 8]. In this chapter, the 
main emphasis is on rationale for changes, 
revised diagnostic criteria, newer driver, other 
somatic mutations, and differentiation from reac-
tive conditions, concluding with an algorithmic 
approach to MPNs with the updated knowledge 
of WHO 2017.
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13.2  Rationale for Changes 
in Updated WHO 2017 
Classification [1, 8, 12]

 1. The groundbreaking revelation of calreticu-
lin (CALR) apart from Janus kinase 2 
(JAK2) and myeloproliferative leukemia 
(MPL) virus as a major driver mutation in 
ET and PMF, making it customary for this 
mutation to be included in standard diagnos-
tic protocols with their possible prognostic 
implications.

 2. Hemoglobin (Hb) cutoff for the diagnosis of 
PV has been lowered (16.5 g/dL for men and 
16 g/dL for women from 18.5 g/dL for men 
and 16.5 g/dL for women) in recognition of 
entities such as “masked PV.” This entity was 
invariably represented as under-recognized 
cases of “true PV.”

 3. The cardinal role of bone marrow (BM) mor-
phology has been emphasized with respect to 
megakaryocyte number, their morphology, 
and without reticulin fibrosis. This has prog-
nostic implications particularly in distin-
guishing true ET from pre-fibrotic PMF 
(grade 1 reticulin fibrosis) and in PV with 
borderline Hb.

 4. Authentication of “pre-fibrotic PMF” as a 
distinct entity intermediate between ET and 
overt PMF is evidenced to have a higher ten-
dency to develop overt MF and/or acute leu-
kemia with lower overall survival (OS). The 
minor clinical criteria have now been pre-
cisely defined, which impact both the diagno-
sis and prognosis.

 5. The colony stimulating factor 3 receptor 
(CSF3R) oncogenic mutation is strongly 
associated with CNL.

 6. The entity “mastocytosis” is no longer a 
part of MPNs. High level of evidence 
obtained from various research suggests 
that there are novel pathways and recent 
recognition of newer mutations and that it 
follows a unique pathobiology distinct from 
the classic MPNs.

13.3  Revised WHO 2017 
Classification and Diagnostic 
Criteria for MPNs

Table 13.1 lists the updated WHO 2017 classifi-
cation for MPNs. The chronic phase (CP) of 
CML can be diagnosed in majority with periph-
eral blood (PB) morphological findings. This 
along with molecular techniques like polymerase 
chain reaction (PCR) or florescence in situ 
hybridization (FISH) is required for the detec-
tion of BCR-ABL1 positivity to confirm this dis-
ease entity [1, 2]. After much debate on the 
requirement of BM in all such cases, WHO 2017 
has recommended BM aspiration and biopsy 
(Fig.  13.1) to be performed in all cases of 
CML-CP for the evaluation of morphology to 
confirm the phase of the disease and to ensure 
adequate material for karyotyping [1, 8]. In the 
era of targeted therapy with tyrosine kinase 
inhibitors (TKI), progression to the next higher 
stage of the disease, particularly accelerated 
phase (AP) is becoming less common. However, 
there are no universally accepted criteria for 
diagnosis. Table  13.2 summarizes the newer 
WHO 2017 criteria which included a conglom-
erate of hematologic, morphologic, and CTG 
parameters for diagnosing CML-AP (Fig. 13.2). 
Until supported by further studies, there is inclu-
sion of “provisional entity” to look for “response 
to TKI therapy” [1, 8]. Diagnostic criteria of 

Table 13.1 World Health Organization (WHO) 2017 
classification of MPNs

Chronic myeloid leukemia (CML), 
BCR-ABL1-positive
Chronic neutrophilic leukemia (CNL)
Polycythemia vera (PV)
Primary myelofibrosis (PMF), early/pre-fibrotic stage
Primary myelofibrosis (PMF), overt fibrotic stage
Essential thrombocythemia (ET)
Chronic eosinophilic leukemia (CEL), NOS
Myeloproliferative neoplasm (MPN), unclassifiable

MPNs myeloproliferative neoplasms, BCR-ABL1 break-
point cluster region-Abelson1, NOS not otherwise 
specified
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a b

c d

Fig. 13.1 Chronic myeloid leukemia in chronic phase 
(CML-CP). (a) Cellular BM aspirate with myeloid hyper-
plasia, basophilia, few blasts (<10%), and sea-blue histio-
cytes (Leishman stain, ×400); (b) Another case with dwarf 

megakaryocytes (Jenner-Giemsa stain, ×400); (c) Clusters 
of pseudo-Gaucher cells (Jenner-Giemsa stain, ×400); 
(d) Hypercellular BM biopsy showing myeloid hyperpla-
sia with full range of maturation (H & E stain, ×100)

Table 13.2 WHO 2017 criteria for diagnosing CML-accelerated phase (AP)

Hematological criteria Cytogenetics (CTG) Response to TKI therapy
Persistent or increasing TLC 
>10 × 109/L unresponsive to 
therapy

Additional clonal chromosomal 
abnormalities that include major route 
abnormalities

Hematologic resistance to the 
first TKI

Persistent or increasing 
splenomegaly unresponsive to 
therapy

Second Ph chromosome Failure to achieve a complete 
hematologic responsea to the first 
TKI

Persistent thrombocytosis 
>1000 × 109/L unresponsive to 
therapy

Trisomy 8, 19
Isochromosome17q

Any hematological, CTG, or 
molecular indications of 
resistance to two sequential TKIs

Persistent thrombocytopenia 
<100 × 109/L unrelated to therapy

Complex karyotype Occurrence of two or more 
mutations in BCR-ABL1 during 
TKI therapy≥20% basophils in peripheral blood New clonal chromosomal abnormality 

in Ph+ cells during therapy
10–19% blasts in the peripheral 
blood and/or bone marrow

Abnormalities of 3q26.2

Large clusters or sheets of small, abnormal megakaryocytes, associated with marked reticulin or collagen fibrosis in 
biopsy specimens may be considered as presumptive evidence of AP
CML chronic myeloid leukemia, TLC total leukocyte count, Ph Philadelphia, TKI tyrosine kinase inhibitor, BCR-ABL1 
breakpoint cluster region-Abelson1
aComplete hematologic response: TLC <10 × 109/L, platelet count <450 × 109/L, no immature granulocytes in the dif-
ferential, and spleen non-palpable

13 Diagnosis of Myeloproliferative Neoplasms: Current Perspectives from Recent Research



214

blast phase (BP) remain the same, which require 
either at least 20% blasts in the PB or BM or the 
presence of an extramedullary accumulation of 
blasts. It is emphasized that additional labora-
tory and genetic studies should be done in all 
cases. This is particularly important because of 
rapid onset of disease in an impending lymphoid 
BP (Fig. 13.3) whenever lymphoblasts are seen 
in PB or BM [8].

There have been major changes in BCR-ABL 
negative MPNs. Table 13.3 highlights the major 
and minor criteria for the diagnosis of PV, ET, 
pre-fibrotic, and overt stages of PMF.  Tables 
13.4 and 13.5 list the WHO grading for myelofi-
brosis (MF) and the diagnostic criteria for CNL, 
respectively [1, 8].

13.4  Driver Mutations and Their 
Clinical Significance

High-resolution genomic analysis using microar-
ray and NGS determined the genetic framework 
of MPNs. There are three mutually exclusive 
MPN-restricted driver mutations, namely JAK2, 
CALR, and MPL located on chromosome 9p24, 
chromosome 19p13.2, and chromosome 1p34, 
respectively. They abnormally activate the cyto-
kine receptor/JAK2 pathway, resulting in activa-
tion of downstream effectors including the signal 
transducers and activators of transcription 
(STATs), which lead to cellular proliferation [3, 
7, 13, 14]. These driver mutations are discussed 
in detail in the following section.

a b

c d

Fig. 13.2 Chronic myeloid leukemia in accelerated phase 
(CML-AP). (a) Peripheral smear showing hyperleukocyto-
sis with myeloid bulge, increased blasts (10–20%), and 
basophilia (Jenner-Giemsa stain, ×400); (b) Hypercellular 

BM biopsy showing paratrabecular increase in blasts (H & 
E stain, ×400); (c) Reticulin stain (×400) showing WHO 
grade 2 myelofibrosis; (d) Immunohistochemistry (IHC) 
for CD34 (×400) highlighting increase in blasts
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13.4.1  CALR Mutations

A significant breakthrough occurred in 2013 
when two independent group of researchers had 
identified a novel mutation that had completely 
revolutionized the basic concepts of MPNs 
and  their pathobiology [3, 4]. They identified 
somatic mutation in CALR gene particularly in 
patients with ET or PMF who were negative for 
JAK2 V617F and MPL. This had laid down the 
foundation for the revised classification of MPNs. 
This gene produces a multifunctional CALR pro-
tein present in endoplasmic reticulum (ER). Its 
main function is that it acts as a molecular chap-
erone that ensures appropriate folding of newly 
synthesized glycoproteins and modulates cal-
cium homeostasis. It has been implicated in cel-
lular proliferation and apoptosis in other sites [7].

CALR has three main structural and func-
tional domains. They are the lectin binding 

domain present in the N-terminus, a proline-rich 
P domain, and the most important acidic domain 
seen in the C-terminus. The nonmutant CALR 
C-terminal is largely negatively charged that con-
tains multiple calcium-binding sites and also 
KDEL motif which are essential for binding to 
the ER. All mutant CALR proteins share a loss of 
27 amino acid sequence and KDEL motif, result-
ing in positively charged amino acids in the 
C-terminus [3, 4, 15]. Consequently, they have 
impaired calcium binding function and altered 
subcellular localization [15].

This results in constitutive activation of recep-
tor signaling through an abnormal interaction with 
MPL and subsequently causes dimerization and 
activation of JAK2 kinases [13]. Based on these 
findings, a potentially new approach using TPO-R 
(MPL) antagonists was tried in PMF patients [16].

Majority (84%) of the patients with CALR 
mutation possess either a 52-bp deletion (type 1) 

a b

c d

Fig. 13.3 Chronic myeloid leukemia in lymphoid blast 
crisis (CML-BC). (a and b) BM aspirate showing 30% 
lymphoblasts along with myeloid precursors (Jenner- 

Giemsa stain, ×400); (c) BM biopsy showing infiltration 
by immature cells (H & E stain, ×400); (d) These imma-
ture cells showed positivity for TdT (IHC stain, ×400)
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Table 13.3 WHO 2017 diagnostic criteria for PV, ET, overt, and pre-fibrotic stage of PMF

Polycythemia vera 
(PV)a

Essential 
thrombocythemia 
(ET)b

Overt primary 
myelofibrosis (PMF)c

Pre- fibrotic 
primary 
myelofibrosis 
(pre-PMF)d

Major 
criteria 
for 
diagnosis

1.  Clinical 
criteria

Hemoglobin (Hb) 
>16.5 g/dL (men)
>16 g/dL (women) 
(or) hematocrit 
(Hct) >49% (men)
>48% (women) 
(or) 25% increase 
in RBC mass 
above mean 
normal predicted 
value

Platelet count 
450 × 109/L

2.  BM 
morphology

Hypercellular BM 
with trilineage 
growth 
(panmyelosis) 
with pleomorphic 
and mature 
megakaryocytes

BM showing 
proliferation mainly 
of the 
megakaryocytic 
lineage with 
increased numbers of 
enlarged and mature 
megakaryocytes with 
hyperlobulated 
nuclei. No significant 
increase or left shift 
in granulopoiesis or 
erythropoiesis
Minor (grade 1) 
increase in reticulin 
fibers

BM showing 
megakaryocytic 
proliferation and 
atypia accompanied 
by reticulin or 
collagen 
fibrosis ≥ grade 2

BM showing 
megakaryocytic 
proliferation 
and atypia 
accompanied 
by reticulin 
fibrosis  
< grade 1
Increased 
marrow 
cellularity and 
granulocytic 
proliferation 
with often 
decreased 
erythropoiesis

3. Genetics Presence of JAK2 
mutation (or) exon 
12 mutation

Presence of JAK2, 
CALR, or MPL 
mutation

Presence of JAK2, 
CALR, or MPL 
mutation (or) 
presence of another 
clonal marker (or) 
absence of evidence 
for reactive reticulin 
fibrosis

Presence of 
JAK2, CALR, 
or MPL 
mutation (or) 
presence of 
another clonal 
marker (or) 
absence of 
evidence for 
reactive 
reticulin 
fibrosis

4. Others Not meeting WHO 
criteria for CML, PV, 
PMF, MDS, or other 
myeloid neoplasm

Not meeting WHO 
criteria for CML, PV, 
PMF, MDS, or other 
myeloid neoplasm

Not meeting 
WHO criteria 
for CML, PV, 
PMF, MDS, or 
other myeloid 
neoplasm
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or a 5-bp deletion (type 2) residing in exon 9, 
while the rest are categorized into type-1-like and 
type-2-like mutations according to their molecu-
lar profile. CALR mutations are commonly het-
erozygous; however, homozygous mutations also 
occur [17]. In ET, CALR type 1 and 2 mutations 
account for 46% and 38%, respectively, whereas 
in PMF, they account for 25% and 35%, respec-
tively [3, 4, 17–19]. The clinico-hematological 
presentation varies with the two types of  mutations 
which are highlighted in Table 13.6 [17, 18].

13.4.2  JAK2 and MPL Mutations

The most common mutation JAK2 V617F (exon 
14) activates all three major myeloid cytokine 
receptors namely erythropoietin (EPO) receptor, 
granulocyte-colony stimulating factor (G-CSF) 

Table 13.3 (continued)

Polycythemia vera 
(PV)a

Essential 
thrombocythemia 
(ET)b

Overt primary 
myelofibrosis (PMF)c

Pre- fibrotic 
primary 
myelofibrosis 
(pre-PMF)d

Minor 
criteria

1 Subnormal serum 
EPO level

Presence of another 
clonal marker (or) 
absence of evidence 
for reactive 
thrombocytosis

Anemia Anemia

2 Leukocytosis 
>11 × 109/L

Leukocytosis 
>11 × 109/L

3 Palpable 
splenomegaly

Palpable 
splenomegaly

4 Increase in serum 
LDH

Increase in 
serum LDH

5 LE blood picture

BM bone marrow, JAK2 Janus kinase 2, CALR calreticulin, MPL myeloproliferative leukemia, CML chronic myeloid 
leukemia, MDS myelodysplastic syndromes, EPO erythropoietin, LDH lactate dehydrogenase, LE 
leukoerythroblastosis
aDiagnosis of PV requires meeting all three major criteria or the first two major criteria and one minor criterion. Major 
criterion 2 (BM biopsy) may not be required in patients with sustained absolute erythrocytosis (Hb >18.5 g/dL in men 
or >16.5 g/dL in women and Hct >55.5% in men or >49.5% in women), if major criterion 3 and the minor criterion are 
present. However, BM biopsy is recommended because 20% of PV cases may show myelofibrosis at diagnosis, and this 
predicts rapid progression to overt PMF
bDiagnosis of ET requires meeting all four major criteria or first three major criteria and one minor criterion
cDiagnosis of PMF requires meeting all three major criteria and at least one minor criterion
dDiagnosis of pre-fibrotic PMF requires meeting all three major criteria and at least one minor criterion

Table 13.4 Semiquantitative grading of bone marrow 
fibrosis (WHO 2017)

Grading Interpretation
MF-0 Scattered linear reticulin with no 

intersections (crossovers) corresponding to 
normal BM

MF-1 Loose network of reticulin with many 
intersections, especially in perivascular 
areas

MF-2 Diffuse and dense increase in reticulin with 
extensive intersections, occasionally with 
focal bundles of thick fibers mostly 
consistent with collagen, and/or focal 
osteosclerosisa

MF-3 Diffuse and dense increase in reticulin with 
extensive intersections and coarse bundles 
of thick fibers consistent with collagen, 
usually associated with osteosclerosisa

MF marrow fibrosis, fiber density should be assessed only 
in hematopoietic areas
aIn grades MF-2 or MF-3, an additional trichrome stain is 
recommended
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receptor and MPL and hence leads to PV, ET or 
PMF. There is also evidence that negative regula-
tors of JAK-STAT signaling pathway such as 
LNK, c-CBL, SOCS are somatically inactivated 
in MPNs [20]. Among the major driver muta-
tions, JAK2 V617F mutations are recognized in 
95–97% of PV, 50–60% of ET and 40–50% of 
PMF. In the remaining smaller proportion of PV 
cases, exon 12 mutation and very rarely CBL or 
LNK mutations are documented [1, 13, 17].

MPL gene encodes for the TPO-R MPL, when 
activated after binding with their ligand, down-
stream signaling pathway gets activated through 
JAK2 which is essential for megakaryopoiesis. 
Various gain-of-function mutations are docu-
mented, of which the most common is MPL 
W515L mutation, characteristically occurring in 
4–5% of ET and 5–10% of PMF cases [21]. 
Novel mutations have been documented in both 
JAK2 and MPL genes to prove clonality through 
whole exome sequencing (WES); however their 
feasibility of application in routine clinical prac-
tice is yet to be determined [6]. The phenotypic 
correlation of CALR, JAK2 and MPL in 
 prognostication and their therapeutic implica-
tions in MPNs [16–18, 21] are highlighted in 
Table 13.6.

13.4.3  Triple Negative MPNs

About 10–15% of ET and PMF do not carry any 
of these mutually exclusive CALR, JAK2, and 
MPL mutations and are referred to as “triple neg-
ative (TN)” MPNs. New somatic mutation vari-
ants (JAK2 and MPL) have been described in 
these patients [3–6, 22]. To document clonality as 
well as to prognosticate in such cases, one should 
look for other somatic mutations such as ASXL1, 
EZH2, TET2, IDH 1/2, SRSF2, and SF3B1 genes. 
If all these markers are negative, strong possibili-
ties of reactive conditions are to be kept in mind 
and a closer hematologic follow-up is warranted 
[23]. Also, myelodysplastic syndrome with fibro-
sis (MDS-F), considered as a close differential 
possibility for TN-PMF, usually presents with 
profound cytopenia, less commonly leukoeryth-
roblastosis and splenomegaly, dysplasia in ery-
throid (90% vs. 34%) and myeloid (77% vs. 6%) 
series, and less circulating CD34 cells [24].

13.4.4  CSF3R Mutation

The clonal nature of CNL was confirmed in 2013 
through the demonstration of novel mutations in 

Table 13.5 WHO 2017 diagnostic criteria for chronic neutrophilic leukemia (CNL)

1. Peripheral blood findings:
  Peripheral blood WBC ≥25 × 109/L
  Segmented neutrophils plus band forms ≥80% of white blood cells
  Neutrophil precursors (promyelocytes, myelocytes, and metamyelocytes) <10% of WBC
  Myeloblasts rarely observed
  Monocyte count <1 × 109/L
  No dysgranulopoiesis
2. Bone marrow findings:
  Hypercellular bone marrow
  Neutrophil granulocytes increased in percentage and number
  Neutrophil maturation appears normal
  Myeloblasts <5% of nucleated cells
3. Not meeting WHO criteria for BCR-ABL1-positive CML, PV, ET, or PMF
4. No rearrangement of PDGFRA, PDGFRB or FGFR1, or PCM1-JAK2
5.  Presence of CSF3R T618I or other activating CSF3R mutation or in the absence of a CSFR3R mutation, 

persistent neutrophilia defined by a duration of at least 3 months, splenomegaly, and no identifiable cause of 
reactive neutrophilia including absence of a plasma cell neoplasm or, if present, demonstration of clonality of 
myeloid cells by cytogenetic or molecular studies

PDGFRA and PDGFRB platelet-derived growth factor receptor A and B, FGFR1 fibroblastic growth factor receptor 1, 
CSF3R colony-stimulating factor 3 receptor
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the CSF3R gene located on chromosome 1p34.3 
which encodes for G-CSF.  Two types of muta-
tions occur: one in the extracellular domain and 
the other in the cytoplasmic domain, leading to 
truncation of the cytoplasmic domain. This even-
tually results in ligand-independent activation of 
CSF3R that further initiates downstream signal-
ing through JAK2. The presence of CSF3R T618I 
or other membrane proximal CSF3R mutations 
are documented in variable frequency (59–100%) 
in CNL cases [25–27]. However, it is emphasized 
that in routine practice; CNL is extremely rare 
and one should be cautious in avoiding unneces-
sary molecular testing for these mutations in rou-
tine neutrophilia workup.

13.4.5  Other Somatic Mutations 
in MPNs

Various novel somatic mutations are being docu-
mented in MPNs which is now possible by simul-

taneous profiling of various genes by using 
NGS. These mutations can involve spliceosomes 
(SF3B1, U2AF1, and SRSF2), and genes 
involved in epigenetics modification (TET2, 
DNMT3A, EZH2, IDH1/2, and ASXL1) [10, 
23]. These genes negatively regulate the JAK2 
activation via the TPO receptor and are shown to 
be mutated in all MPNs at a low frequency 
(10–15%), predominantly found in PMF. These 
are also found in other myeloid malignancies and 
hence not specific for MPNs [23].

They are primarily background non-driver 
mutations; some are involved in early phase of 
MPNs (ASXL1) and others in disease progres-
sion (LNK, TET2, IDH1/2, and DNMT3A). By a 
higher frequency of some mutations in PMF and 
post-ET/PV MF, ASXL1 might predict disease 
progression in PV and ET patients. Mutations in 
DNMT3A and other transcription factors such as 
TP53, IKZF1, ETV6, and RUNX1 are associated 
with progression to acute myeloid leukemia 
(AML) [10, 23].

Table 13.6 Phenotypic and clinical correlates of driver mutations

Driver mutations PV ET PMF
JAK2 Higher Hb, higher TLC, 

and lower platelet count
Higher risk of thrombosis, 
lower thrombosis-free 
survival rate than in 
CALR

Higher Hb, higher TLC, and 
lower platelet count
Higher risk of thrombosis, 
lower thrombosis-free survival 
rate than in CALR

Higher Hb, higher TLC, 
and lower platelet count
Poor prognosis

MPL Higher risk of thrombosis, 
lower thrombosis-free 
survival rate than in 
CALR

Higher risk of thrombosis, 
lower thrombosis-free survival 
rate than in CALR

CALR type 1 Lower WBC count, higher 
platelet count than in 
JAK2
Longer OS than in JAK2/
MPL (very rare)

Older male patients
Significant thrombocytosis, an 
accelerated development into 
MF-like disease

Good prognosis

CALR type 2 Lower WBC count, higher 
platelet count than in 
JAK2
Longer OS than in JAK2/
MPL (very rare)

Milder phenotype
Less thrombocytosis, less likely 
to evolve

Higher TLC and higher 
circulating blasts
Poorer prognosis

TN MPNs Very poor prognosis

JAK2 Janus kinase 2, MPL myeloproliferative leukemia, CALR calreticulin, PV polycythemia vera, ET essential throm-
bocythemia, PMF primary myelofibrosis, TN MPNs triple negative myeloproliferative neoplasms, Hb hemoglobin, TLC 
total leukocyte count, OS overall survival
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13.5  Approach to Integrated 
Clinicopathological 
Diagnosis of MPN (WHO 
2017)

The holistic approach to the diagnosis of MPNs 
with revised WHO 2017 criteria requires integra-
tion of clinical features with careful exclusion of 
all reactive conditions, assessment of BM mor-
phology, CTG, and other molecular techniques 
[1, 8]. These features are highlighted in the fol-
lowing sections.

13.5.1  Reactive Conditions 
Mimicking MPNs

In clinical practice, reactive conditions are far 
more common than MPNs particularly if patients 
presented with unilineage proliferation manifest-
ing as isolated erythrocytosis, leukocytosis, or 
thrombocytosis. On the contrary, one can reason-
ably start with BM analysis or molecular tests if 
patient presented with multilineage proliferation 
where MPNs are more likely [28].

In patients with isolated erythrocytosis, sec-
ondary causes include smoking, high altitude, 
cardiorespiratory diseases (by spO2, chest radio-
graphs, electrocardiography, echocardiography, 
and pulmonary function tests), liver and renal 
disorders (by ultrasound), and sleep studies in 
selected patients by polysomnography. Following 
this, serum EPO level should be assessed which 
is usually elevated in secondary acquired causes 
and also in high affinity Hb and its variants. Very 
rarely, primary congenital familial erythrocytosis 
should be considered if low EPO level is detected, 
which occurs due to mutation in EPO receptor 
gene. The reason for inclusion of EPO level as 
minor criterion is that normal/elevated level does 
not rule out a few PV cases provided Hb level is 
above the cutoff with the presence of JAK2 muta-

tion and with consistent BM morphology [1, 8, 
10, 28].

In patients with neutrophilia, infectious and 
inflammatory conditions should be ruled out 
before considering CNL (Table  13.5) [25–27]. 
Leukemoid reaction is considered in an 
 appropriate clinical setting along with the pres-
ence of raised leukocyte alkaline phosphatase 
(LAP) score which helps to differentiate from 
CML [1, 2]. Similarly in cases with eosinophilia, 
infections particularly helminths and parasites 
(stool for ova and cyst), inflammatory conditions, 
skin diseases, paraneoplastic conditions, and 
other malignancies should be ruled out. In par-
ticular, mutation testing for PDGFRA and 
PDGFRB, FGFR1, and recently added PCM1-
JAK2 should be considered before labeling these 
patients as CEL, NOS (Fig.  13.4) [1, 2, 8]. In 
monocytosis, after ruling out infection and 
inflammation- related causes, an approach to 
determine a neoplastic cause should be under-
taken [1] as shown in Figs.  13.5 and 13.6. PB 
basophilia warrants an active workup for CML 
[1], and one should proceed further as shown in 
Figs. 13.5 and 13.6.

In patients with isolated thrombocytosis, sec-
ondary causes such as iron deficiency anemia, 
infections, inflammatory states, postsurgery bleed-
ing, malignancies, and drug-induced thrombocyto-
sis are to be ruled out [1, 2, 8]. Although extremely 
rare, aberrant megakaryocyte stimulation due to 
either mutation in TPO or its receptor MPL is doc-
umented in inherited thrombocythemia [29].

13.5.2  BM Morphology

BM biopsy has an indispensable role in 
MPNs that has been reemphasized in the WHO 
2017 [1, 8]. The main morphologic criteria for 
MPN diagnosis are shown in Table  13.3 and 
Figs.  13.1, 13.2, 13.3, 13.4, 13.7, 13.8, 13.9, 
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13.10, and 13.11. It has major role in (1) identifi-
cation of “masked PV” with lower Hb levels; (2) 
distinguishing ET from pre-fibrotic PMF; (3) dis-
tinction between pre-fibrotic PMF and overt PMF 
based on grading of BM fibrosis (Table  13.4); 
and (4) diagnosing “TN” MPNs.

The “masked PV” is the terminology used 
for patients with Hb levels between 16 and 
18.4 g/dL for males and 15 and 16.4 g/dL for 
females. These patients have BM morphology 
consistent with PV like hypercellular for age, 

panmyelosis, and mature megakaryocytes hav-
ing pleomorphism, but Hb levels are below the 
defined threshold in WHO 2008 classification 
[2, 8]. In particular, if these patients have JAK2 
negativity, they are at increased risk for pro-
gression to secondary MF and AML and also 
show inferior OS when compared to classical 
PV.  It should also be noted that up to 20% of 
PV cases may have grade 1 fibrosis at diagnosis 
(Fig. 13.7); they are associated with higher risk 
of secondary MF [28, 30]. This underscores the 

a b

c d

Fig. 13.4 Chronic eosinophilic leukemia, not otherwise 
specified (CEL, NOS). (a) Cellular BM aspirate from a 
patient who presented with sudden onset paraplegia showing 
myeloid hyperplasia with marrow eosinophilia (Jenner- 
Giemsa stain, ×100); (b) High-power view (Jenner- Giemsa 

stain, ×400) showing abnormal ring mitosis, increased eosin-
ophils and arrow pointing a blast; (c) BM biopsy showed 
streaming of cells with marrow eosinophilia (H & E stain, 
×400) with inset showing focal myelonecrosis; (d) Reticulin 
stain (×400) showing WHO grade 2 myelofibrosis
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Suspected Myeloproliferative neoplasm

Rule out reactive conditions

Unilineage proliferation Multilineage proliferation

BCR-ABL by
FISH/RT-PCR

CML

BM to confirm phase
of disease

If BM suggestive of any
MPNs. consider TN MPN

BCR-ABL -ve

BCR-ABL -ve

Isolated
thrombocytosis

Isolated
leucocytosis

#Refer to figure 13.6

MK proliferation with enlarged
and mature MKs

MK with hyperlobulated nuclei.
No increase in granulopoiesis or

erythropoiesis
≤ grade 1 reticulin fibrosis

Isolated
erythrocytosis

Hb> 16 .5 g/dL men,
16.0 g/dL in women

or
HCT >49% in men,

48% in women
or

Red cell mass
increased 25% above

mean normal
predicted value

Driver mutations
JAK2/CALR/MPL

+ –
Any 1

ET
JAK2 mutation

Serum EPO
MK proliferation and atypia,
≤ grade 1 reticulin fibrosis
increased age-adjusted
cellularity, granulocytic
proliferation, decreased
erythropoiesis + any 1 of

MK proliferation and atypia
reticulin and/or collagen

fibrosis grades 2 or 3 + any 1

Anemia
Leucocytosis

Palpable splenomegaly
Increased LDH

Leucoerythroblastosis

Anemia
Leucocytosis

Palpable splenomegaly
Increased LDH

PMF

BM suggestive of PMFBM suggestive of ET

Pre-fibrotic PMF

PV

+ –

1) Evaluate for other MPNs
2) EPOR Mutation

BM Hypercellular for age
Panmyelosis

Mature megakaryocytes

JAK 2 -ve
EPO ↑/N

JAK 2 -ve
EPO ↓

p50 ↓ p50 normal

JAK 2 +ve
Any EPO

High oxygen affinity hemoglobinopathy,
2,3-DPG deficiency

VHL mutation
PHD2/HIF2α mutation

Cytogenetics
X-linked clonality

Cytogenetics
ASXL1, EZH2, TET2,
IDH1/IDH2, SRSF2,

SF3B1

Fig. 13.5 Approach to an integrated clinicopathological diagnosis of suspected myeloproliferative neoplasms
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Unilineage proliferation with isolated leucocytosis

CML
+

–

BCR-ABL
(p190,p210,p230)

Rule out reactive causes
Rule out driver mutations - JAK2/CALR/MPL

Look for specific lineage

High

LAP score

Neutrophilia Eosinophilia
AEC >1.5xl09/L

Screen for PDGFRα/β,
FGFRl, PCM1-JAK2 BM biopsy

Rule out PV, ET and PMF, see figure 13.5

Consider
MPN/MDS, other

myeloid neoplasms

Abnormal Tcell
immunophenotype
and/or in vitro Th2

cytokine production

Myeloid/lymphoid
neoplasm with

eosinophilia and
rearrangement of
PDGFRa/b, FGFRl

or PCM1-JAK2

Hypercellular BM
↑ BM neutrophilic granulocytes

<5% BM blasts

Consider TN MPN
(Pre-fibrotic PMF)

See figure 13.5

CSF3R

CNL CEL -NOS

Lymphocyte variant
hypereosinophilia

Other clonal abnormalities
clonal eosinophils and/or

increased BM blasts of 5-19%

Evidence of end
organ damage

Idiopathic hypereosinophilic
syndrome (HES)

Idiopathic
hypereosinophilia

+

+

+

+

+–

–

–

–

–

Monocytosis
AMC >1xl09/L

Basophilia
(BCR-ABL negative)

Fig. 13.6 Approach to an integrated clinicopathological diagnosis of patients having unilineage proliferation with 
isolated leukocytosis
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a b

c d

Fig. 13.7 Polycythemia vera. (a) BM is hypercellular for 
age (H & E stain, ×40); (b) Panmyelosis (H & E stain, 
×100); (c) Mature megakaryocytes with arrow pointing 

typical mitosis (H & E stain, ×400); (d) Reticulin stain 
(×400) with WHO grade 1 myelofibrosis

a b

c d

P. Manivannan and H. Subramanian



225

importance of bringing down the Hb threshold, 
so that these patients are given appropriate 
management.

Both ET (Figs.  13.8 and 13.9) and pre-
fibrotic PMF are usually difficult to differentiate 
on clinical presentations because of overlapping 
features. Their distinction is very important not 
only because of increased risk of disease pro-
gression in the latter but also due to inferior 
OS. Table 13.7 highlights the features that are 
helpful in distinguishing these entities [1, 2, 8]. 
The semiquantitative grading of BM fibrosis 
becomes critical in WHO 2017 classification, 

because grade 1 or less fibrosis is seen in ET and 
pre-fibrotic PMF, whereas grade 2 and 3 fibrosis 
along with megakaryocytic atypia is noted in 
overt PMF (Figs.  13.10 and 13.11) [1]. BM 
morphology gains its significance in yet another 
condition called as “TN” MPN, where cellular-
ity may be increased showing proliferation of 
one or more lineages with or without mega-
karyocytic atypia and/or BM fibrosis. This con-
dition warrants additional investigations like 
CTG and molecular techniques specifically to 
look for other somatic mutations to document 
the clonality [5, 6, 23].

a b

c d

Fig. 13.9 Essential thrombocythemia. (a) Normocellular 
BM (H & E stain, ×40); (b) Prominence of megakaryocytes 
(H & E stain, ×100); (c) Mature megakaryocytes with 

hyperlobulated nuclei (arrow, H & E stain, ×400) and no 
significant increase in erythropoiesis or granulopoiesis; (d) 
Reticulin stain (×400) with WHO grade 0 myelofibrosis

Fig. 13.8 Polycythemia vera. (a) Peripheral smear (PS) is 
polycythemic with normal counts (Leishman stain, ×400); 
(b) BM aspirate showing increased marrow cellularity 
with normal marrow components, full range of maturation 
and mature megakaryocytes (Jenner-Giemsa stain, ×400); 

Essential thrombocythemia. (c) PS showing thrombocyto-
sis with platelet anisocytosis and many clumps (Jenner-
Giemsa stain, ×400); (d) BM aspirate showing increased 
mature megakaryocytes, many of which are caught up in 
platelet clumps (Jenner-Giemsa stain, ×400)
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13.5.3  Role of Immunohistochemistry 
(IHC)

All pathogenic CALR mutations produce a 
unique alternative reading frame, resulting in a 
novel C-terminus, against which antibody can be 
raised and used for IHC. Hence, whenever geno-
typing for CALR mutations is not possible, IHC 
with an antibody specifically directed against 
mutated CALR along with wild-type CALR as 
control can be used in clinical practice [31].

13.5.4  Molecular Testing

The National Comprehensive Cancer Network 
(NCCN) [32] and the European LeukemiaNet 
(ELN) [33] have come up with the recommenda-

tions and guidelines that incorporated the 
 mandatory molecular testing not only for the 
diagnosis but also for appropriate treatment 
decisions especially when CML patients are 
treated with TKI. The qualitative techniques like 
FISH or reverse transcriptase (RT) PCR are rec-
ommended for diagnosis, whereas quantitative 
tests such as real-time quantitative (RQ) PCR are 
for monitoring. In order to have uniformity 
throughout the world as well as for standardiza-
tion, the international reporting scale (IS) was 
introduced [34]. The time frame for molecular 
monitoring slightly differs between NCCN and 
ELN in order to achieve major molecular 
response. Mutation testing is also recommended 
if there is loss of previously achieved response or 
progression of the disease while patient is on 
TKI [32, 33].

a b

c d

Fig. 13.10 Overt primary myelofibrosis. (a) Peripheral 
smear showing tear drop cells and nucleated red cells 
(Jenner-Giemsa stain, ×400); (b) Another case showing 
leukoerythroblastic blood picture (Jenner-Giemsa stain, 

×400); (c) BM biopsy showing abnormal clustering 
of  dyspoietic megakaryocytes (H & E stain, ×400); 
(d) Extramedullary hematopoiesis within dilated sinusoid 
(H & E stain, ×400)
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a b

c d

Fig. 13.11 Overt primary myelofibrosis. (a) Arrow 
showing streaming of hematopoietic cells (H & E stain, 
×100); (b) Reticulin stain (×400) showing WHO grade 2 
myelofibrosis; (c) Osteomyelosclerosis (H & E stain, 

×400) in another case with inset showing reticulin grade 3 
myelofibrosis; (d) Masson trichrome stain (×400) with 
WHO grade 3 myelofibrosis

Table 13.7 Differences between pre-fibrotic PMF and ET

Clinico-hematologic 
parameters Pre-fibrotic PMF ET
Clinical features Higher incidence of palpable splenomegaly Lower incidence of organomegaly
PB findings Low Hb, leukocytosis, higher LDH, circulating 

CD34 cells
Higher Hb, polymorphous 
platelets with bizarre forms

BM morphology 1. Higher age-matched BM cellularity
2.  Megakaryocytes show distinct nuclear features 

such as hypolobation, hyperchromatic, clumsy 
cloud-like, with maturation defects and aberrant 
nucleo- cytoplasmic ratio; seen in dense clusters 
and endosteal translocation of megakaryocytes

(3) Granulocyte proliferation
(4) Erythroid suppression with left shift

Predominantly large to giant 
mature megakaryocytes with 
hyperlobulated nuclei in a 
randomly arranged/loosely 
arranged clusters without 
significant dyspoiesis

Reticulin fibrosis Nil or <5% grade 1 fibrosis <5% grade 1 fibrosis
Complications and 
disease progression

Lower risk of bleeding complications Survive up to 7 years longer than 
pre-fibrotic PMF, lower risk of 
progression to acute leukemia/
high grade MF, superior overall 
survival

PMF primary myelofibrosis, ET essential thrombocythemia, Hb hemoglobin, LDH lactate dehydrogenase
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Incorporation of driver mutations such as JAK2 
V617F exon 14 and exon 12 mutations, CALR 
exon 9, and MPL exon 10 mutations as a major 
diagnostic criterion in WHO 2017 and also various 
other somatic mutations for prognostication war-
rants the use and knowledge of these robust diag-
nostic testing modalities [1, 2, 5, 7, 8]. They are 
conventional PCR-based assays, namely fragment 
analysis, gel electrophoresis, PCR with Sanger 
sequencing of which fragment analysis PCR is the 
easiest, least time consuming, and less expensive 
with considerable sensitivity, and can quantitate 
allele burden. Fragment analysis can however 
only  detect indels and not point mutations. 
Pyrosequencing, allele-specific quantitative PCR 
(AS-qPCR) and digital droplet PCR not only detect 
target mutations but also are quantitative and highly 
sensitive. AS-PCR is recommended by ELN for 
JAK2 V617F testing and has been widely adopted.

The advantage of quantitating mutant allele 
burden would aid in predicting the risk of throm-
bosis in PV and ET. It also helps in assessing OS, 
monitoring treatment response, for detecting 
minimal residual disease during JAK2 inhibitor 
therapy and following BM transplant in PMF [5, 
23]. Because of rarity of JAK2 exon 12 muta-
tions and the variation of the mutant allele bur-
den, it is difficult to choose an appropriate 
diagnostic test [35].

The maiden discovery of CALR exon 9 muta-
tions was done through whole genome sequenc-
ing, a form of NGS technique, which is considered 
the most sensitive assay available at present. The 
length of the fragments in the wild-type, type 1, 
and type 2 CALR mutations are 357, 302, and 
272  bp, respectively [3–5, 23]. But in routine 
molecular diagnosis, testing by fragment analysis 
yields comparable sensitivity as a screening test 
and should further be tested by Sanger sequencing 
in order to identify the exact nature of the muta-
tion [5, 15]. Recently developed multiplex 
AS-PCR is available that detects four most com-
mon MPL exon 10 mutations (W515L, W515K, 
W515A, and S505N) with 100% specificity and 
2.5% sensitivity. However, for allele burden and 
low-level mutation detection, AS-qPCR methods 
are required [5]. Finally to ensure the maximum 

clinical utility and to maintain high performance 
of all testing laboratories, participation in external 
quality assurance program is recommended [5]. 
The integrated approach to the diagnosis of MPNs 
and especially in patients with leukocytosis are 
shown in Figs. 13.5 and 13.6, respectively.

13.6  Conclusion

The integrated approach to the diagnosis of 
MPNs is further validated and retained in revised 
WHO 2017 classification. There has been much 
emphasis given to the patients with suspected 
MPNs that BM morphology, CTG, and molecu-
lar studies are recommended in all these patients 
to look for driver and other somatic mutations, 
reaffirming the monumental changes in the 
molecular landscape of MPNs [1–10, 23]. These 
newer diagnostic criteria will be applied in rou-
tine clinical practice as well as in clinical trials, 
so as to identify their limitations in the near 
future. At present, advanced techniques like NGS 
are difficult to apply in routine practice not only 
due to issues in availability and affordability but 
also in standardization particularly in our coun-
try. Therefore, it is recommended to have con-
tinual education, training, and inter-laboratory 
participation in liaison with the regional referral 
laboratories, particularly for the standardization 
of BM morphology reporting patterns as well as 
molecular techniques in the era of targeted thera-
pies, especially in MPNs [23, 28].
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Minimal Residual Disease 
Assessment in Myeloma

Jasmita Dass and Jyoti Kotwal

Multiple myeloma is a neoplastic proliferation of 
plasma cells that manifests as bone lesions, renal 
impairment, anaemia and hypercalcaemia [1]. 
Myeloma constitutes ~1% of all cancers diag-
nosed and ~13% of all haematological malignan-
cies [2, 3]. Every year, ~86,000 new cases of 
myeloma are diagnosed [4]. The diagnostic crite-
ria for myeloma were modified in 2017 by the 
International Myeloma Working Group (IMWG) 
to include asymptomatic patients with a high risk 
of progression to symptomatic myeloma within 2 
years. These biomarkers were serum free light 
chain ratio abnormality with involved to unin-
volved light chain ratio of >100, clonal plasma 
cells (PCs) ≥60% and presence of ≥1 lytic 
lesions on magnetic resonance imaging (MRI) of 
≥5  mm in size [1]. The presence of these bio-
markers was added to the classical ‘CRAB’ crite-
ria that include hypercalcaemia, renal impairment, 
anaemia and bone lesions to form myeloma- 
defining events [1].

Nearly all myelomas come from a preceding 
monoclonal gammopathy of undetermined sig-
nificance (MGUS) [5]. MGUS may be followed 
by an asymptomatic smouldering stage in which 
the clonal PC percentage is ≥30% and/or the 
monoclonal M band is ≥3 g/dL [1].

14.1  Why Assess Minimal 
Residual Disease (MRD) 
in Myeloma?

There has been a consistent improvement in 
survival in myelomas from <50% in 1980–
1989 to ~75% in 2000–2009 [6]. The median 
overall survival (OS) has improved consider-
ably in the last 15 years. In a series of >1000 
myeloma patients diagnosed from 2001 to 
2010, it was seen that median OS in patients 
treated from 2001 to 2005 was ~4.6 years while 
the median OS in patients treated from 2006 to 
2010 was ~6.1 years [7]. The survival pre-2001 
era was ~2.5 years [8]. This has been due to a 
marked improvement in the drug development 
and discovery with the advent of immunomod-
ulatory agents like thalidomide [9], lenalido-
mide [10, 11] and bortezomib [3]. Further 
improvements in myeloma OS are expected 
with the flurry of new agents approved for 
treatment like pomalidomide [12], carfilzomib 
[13], daratumumab [14], elotuzumab [15] and 
ixazomib [16].

The improvements in OS also stem from 
higher rates of complete response (CR) and very 
good partial response (VGPR) [17, 18]. With the 
current anti-myeloma therapy, ~100% patients 
achieve an overall response with ≥VGPR seen in 
80% patients [19–22]. This is in contrast to the 
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earlier anti-myeloma agents which even when 
combined with autologous stem cell transplanta-
tion (ASCT) were able to achieve a ≥VGPR in 
<50% patients [23, 24]. These consistent 
improvements pave the need for better response 
assessment in myeloma to identify patients who 
do extremely well post ASCT and who will not.

14.2  Response Assessment 
in Myeloma

IMWG lays down the response assessment criteria 
for myeloma patients. The IMWG 2006 criteria 
were centred on the assessments of M bands in 
serum and urine by the use of serum and 24 h urine 
protein electrophoreses (SPE and UPE), serum 
and urine immunofixation electrophoresis (SIFE 
and UIFE) and bone marrow PC percentage. They 
divided patients into CR, VGPR, partial response 
(PR), stable disease (SD) and progressive disease. 
Patients in CR had a complete absence of M bands 
in SPE, UPE, SIFE and UIFE together with <5% 
PC in bone marrow. Patients in VGPR should have 
had ≥90% reduction in the amount of M band in 
all the serum and urine studies [25].

This definition will clearly be inadequate 
when assessing patients treated with immuno-
modulatory agents and proteasome inhibitors due 
to high numbers of patients in CR.  To address 
this issue, the IMWG in 2011 gave a new set of 
response criteria to identify patients within the 
category of CR who would do better than the rest. 
The IMWG added serum free light chain ratio 
and bone marrow immunophenotyping using 2–4 
colour flow cytometry to the response evaluation 
investigations. In addition, they included immu-
nohistochemistry on bone marrow biopsy with an 
intent to identify clonal PCs. The category of 
stringent CR (sCR) was added, and this included 
absence of an abnormal free light chain ratio and 
≤5% clonal PCs by either immunohisctochemis-
try on bone marrow biopsy or 2–4 colour flow 
cytometry in the bone marrow [26]. It has how-
ever been identified that immunohistochemistry 
may be relatively unreliable as the bone marrow 
post therapy generally shows regeneration of nor-
mal PCs, and this may lead to false-negative 

assessment for clonal PCs [27, 28]. In addition, 
the IMWG 2011 criteria added the categories of 
immunophenotypic CR and molecular CR for 
those patients who are negative by 2–4 colour 
flow cytometry and using allele-specific 
oligonucleotide- polymerase chain reaction 
(ASO-PCR), respectively [26].

However, even these definitions were rela-
tively inadequate for the continuing improve-
ments in the OS rates and high rates of sCR 
achieved with modern anti-myeloma therapy. 
Minimal residual disease (MRD) in the myeloma 
patients may exist in the intramedullary location 
or the extramedullary locations. The last 8–10 
years have witnessed a major surge in publica-
tions, addressing assessment of intramedullary 
minimal residual disease (MRD) in myeloma 
[29–40]. Most of these have used multiparameter 
flow cytometry (MFC) for MRD detection [29–
36] while others have used molecular methods 
[37–40]. For the detection of extramedullary 
MRD in myeloma, imaging techniques like func-
tional Magnetic resonance imaging (MRI) [41, 
42] and 18-fluorodeoxyglucose positron emis-
sion tomography-computed tomography (PET/
CT) scan [41, 43, 44] have been used.

14.3  Intramedullary MRD 
in Myeloma

MFC has been extensively applied to detect MRD 
in myeloma [29–36, 45–53]. Panels of monoclo-
nal antibodies used by various studies on MRD 
are given in Table 14.1. As the years advance, the 
improvement in MFC techniques with the addi-
tion of more colours and better software leading 
to acquisition of more events and better analysis 
capabilities become visible with high sensitivi-
ties achievable with current methods of analysis.

14.3.1  Clinical Utility

Bruno Paiva’s group at PETHEMA/GEM 
(Programa para el Estudio de la Terapéutica en 
Hemopatías Malignas/Grupo Español de 
Mieloma) [30, 33, 36, 47] and Andy Rawstron’s 
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group at Leeds [29, 34] have generated the most 
clinical data on MRD in myeloma. Only data 
from key papers is being presented here.

In the PETHEMA/GEM analysis of trials 
GEM2000 and GEM2005 >65 years, Paiva et al. 
showed that in 241 patients in CR at D100 post 
ASCT, the patients who did not sustain CR at 1 
year post ASCT had a poor prognosis. The only 
two variables that could predict this unsustained 
CR were high-risk cytogenetic profile and pres-
ence of MRD-positive status at D100 post 
ASCT.  Their data gave proof that patients who 
remain MRD positive at D100 post ASCT do 

poorly and should be enrolled in trials to inten-
sify therapy or treat MRD-positive status [35]. In 
another analysis of GEM05 >65 years confined 
to elderly patients, 102/260 patients achieved at 
least a PR and were analysed using a serum free 
light chain assay, immunofixation, and 
MFC. After six cycles of induction therapy, CR 
was seen in 43%, sCR in 30% and MRD negative 
by MFC in 30% of the 102 patients. Patients in 
sCR when compared with patients in CR did not 
show any survival advantage while patients who 
were MRD negative by MFC had a longer 
progression- free survival (PFS) and time to pro-

Table 14.1 Various panels used for MRD assessment in myeloma

Study (year) Panel used
Sensitivity 
(%)

Rawstron et al. (2002) [29] CD45-FITC/CD38-CECy5/CD138-PE
CD45-FITC/CD38-CECy5/CD19-PE
CD45-FITC/CD38-CECy5/CD56-PE

0.01

Sarasquete et al. (2005) [39] CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC
CD138-FITC/CD28-PE/CD33-PerCP Cy5.5/CD38-APC
CD20-FITC/CD117-PE/CD138-PerCP Cy5.5/CD38-APC

0.01

de Tute et al. (2007) [45] CyIgλ-FITC/CD19-PE/CyIgκ-PE Cy5/CD38-PE Cy7/CD138-APC/
CD45-APC Cy7

0.01

Paiva et al. (2008) [30] CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC (only tube 
applied in 90% patients)
CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
β2 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

0.01

Gupta et al. (2009) [46] CD19-FITC/CD56-PE/CD38-PerCP Cy5.5/CD138-APC
CD45-FITC/CD52-PE/CD38-PerCP Cy5.5/CD138-APC
CD20-FITC/CD117-PE/CD38-PerCP Cy5.5/CD138-APC

0.01

Paiva et al. (2011) [33], 
(2012) [35], (2014) [47]

CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC
CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
β2 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

0.01–0.001

Puig et al. (2014) [40] CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC
CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
β2 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

0.01–0.001

Rawstron et al. (2013) [34] CD27-FITC/CD56-PE/CD19-PerCPCy5.5/CD38-PE Cy7/
CD138-APC/CD45-APC Cy7
CD81-FITC/CD117-PE
CD52-FITC/CD200-PE

0.01

Robillard et al. (2013) [48]; 
Rousel et al. (2014) [49]

CD38-HV450/CyIgλ-FITC/CD56+CD28-PE/CD138-PE Cy5/
CD19-PE Cy7/CyIgκ-APC/CD45-APC H7

0.001

Euroflow (2017) [50] CD138-BV421/CD27-BV510/CD38-FITC/CD56-PE/CD45-PerCP 
Cy5.5/CD19-PE Cy7/CD117-APC/CD81-APC C750
CD138-BV421/CD27-BV510/CD38-FITC/CD56-PE/CD45-PerCP 
Cy5.5/CD19-PE Cy7/CyIgκ-APC/CyIgλ-APC C750

0.001

Euroflow (2010) [51] CD138-BV421/CD27-BV510/CD117-BV605/CD38-FITC/
CD56-PE/CD45-PerCP Cy5.5/CD19-PE Cy7/CyIgλ-APC/
CyIgκ-APC A700/CD81-APC C750

NA

Roshal et al. (2017) [52]; 
Royston et al. (2017) [53]

CD81 PacBlue/CD38BV510/CD27 BV605/CD117 PerCPCy5.5/
CD19 PECy7/CD138 APC/CD56 APC-R700/CD45 APC-H7

0.001
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gression. Seven patients were MRD negative by 
MFC but were positive on IFE studies, and all of 
them attained an IFE-negative status on follow-
 up. In contrast, patients who were MRD positive 
by MFC but were IFE negative showed early 
relapses on repeat IFE examinations [33]. In a 
subsequent series on relapsed myeloma patients, 
the prognostic impact on time to progression of 
attaining a MRD-negative status after salvage 
chemotherapy with or without ASCT could also 
be demonstrated. Importantly, in this series, 
MRD status was not useful for patients who 
underwent allogeneic stem cell transplantation as 
this was uniformly associated with a poor time to 
progression [47].

Rawstron in 2013 published the results from 
Medical Research Council Myeloma IX Study on 
>600 patients of myeloma who underwent MRD 
assessment by a six-colour MFC panel at the end 
of induction therapy with cyclophosphamide, 
vincristine, doxorubicin and dexamethasone 
(CVAD) or cyclophosphamide, thalidomide and 
dexamethasone (CTD) for intensive therapy fol-
lowed by ASCT or attenuated CTD or melphalan 
and prednisolone (MP) for non-intensive treat-
ment. The patients underwent bone marrow 
examination at diagnosis, end of induction and at 
day 100 (D100) of ASCT procedure, and MFC 
analysis was performed at all time points. For 
each tube, minimum 500,000 events were 
acquired and ≥50 cell cluster with an aberrant 
immunophenotype was considered abnormal. Of 
the 397 patients who received ASCT following 
intensive therapy (62.2%), an MRD-negative sta-
tus at D100 post ASCT had a significantly longer 
PFS and OS.  In the sub-analysis, patients who 
were MRD negative at the end of induction 
before undergoing ASCT had the best PFS, but 
this benefit was not translated to OS. The favour-
able impact of MRD negativity on PFS and OS 
was independent of cytogenetic risk groups with 
the benefit seen in both favourable and adverse 
risk groups. When they looked at patients achiev-
ing CR, an MRD-negative status was associated 
with a better OS. There were patients who were 
MRD negative but not in CR, and these patients 
were similar to MRD-positive cases. The MRD 

negative but not in CR can be possibly explained 
by the longer half-life of M bands and possibly 
by patchy distribution of the disease. In a further 
analysis of patients randomized to receive tha-
lidomide maintenance, it was seen that patients 
on maintenance thalidomide had higher chances 
of becoming MRD negative [34]. In a subsequent 
series from the same patient group, Rawstron 
et al. demonstrated that a reduction in MRD by 
each log predicted a better OS.  Median OS 
achieved in ≥10% MRD group was 1 year while 
the corresponding figures for 1 to <10%, 0.1 to 
<1% and 0.01 to <0.1% groups were 5.9, 6.8 and 
>7.5 years, respectively. They concluded that 
1-year OS benefit is achieved per log reduction of 
MRD [54].

Other studies have used molecular methods 
to assess MRD. Most published evidence is for 
ASO-PCR [37, 39, 40]. In the Spanish trials of 
myeloma, patients underwent both ASO-PCR 
and MFC to assess MRD. Of the 170 patients 
who achieved at least a PR, ASO-PCR could be 
successfully applied in only 42% patients as in 
many patients either clonality could not be 
demonstrated or sequencing analysis was 
unsuccessful or ASO performance was subopti-
mal. In patients who were assessable by both 
techniques, MRD could be demonstrated using 
MFC in 46% while ASO-PCR was positive in 
52% patients. Overall, a good correlation was 
observed between both techniques. A better 
PFS and OS were reported for patients who 
were ASO-PCR negative versus those who 
were ASO-PCR positive [40]. Sarasquete et al. 
could identify an assessable ASO-PCR rear-
rangement in 24/32 patients of myeloma who 
achieved CR post ASCT and could predict 
improved PFS in MRD-negative group [39]. In 
an earlier analysis of patients who underwent 
either ASCT or allogeneic stem cell transplan-
tation, MRD-negative patients by ASO- PCR 
were found to have a lower relapse rate and 
long-term relapse free survival than MRD- 
positive patients [38].

The benefit of attaining an MRD-negative 
 status in myeloma has been the subject of two 
meta- analyses [55, 56]. In the first analysis by 
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Munshi et al., data from 21 eligible studies from 
January 1990 to January 2016 was pooled and 
impact on PFS and OS was examined. The meta-
analysis showed that attaining an MRD-negative 
status was associated with a better PFS and 
OS. The median PFS was 54 months for MRD-
negative patients while it was 26 months for 
MRD-positive patients. Interestingly, the benefit 
of MRD- negative status was seen in patients in 
CR also with patients who were in CR and MRD 
negative, having a better PFS and OS than 
patients who were MRD positive but in CR. They 
concluded that attaining MRD-negative status 
can be used as an end point in myeloma clinical 
trials [55]. This would mean that MRD-negative 
status could be used as a surrogate end point for 
studies on drug approval [57].

The second meta-analysis though started with 
20 full texts, finally only included four studies—
three using MFC and one using ASO-PCR. They 
also showed that MRD negativity was associated 
with a better PFS and OS. They also concluded 
that MRD can become a possible end point for 
regulatory drug approval in myeloma [56].

However, in all these papers, it was clear that 
MRD-negative status did not translate to cure. 
This clearly means that MRD-negative patients 
also possibly have a significant disease burden 
that is still present in the body. This could either 
be due to the fact that MRD techniques being 
used in pre-2015 era were possibly less sensitive 
than what is desirable or many patients have a 
patchy disease, and it might be that the site sam-
pled for bone marrow may not contain MRD 
while other sites may have residual disease. A 
third possibility is that the relapses may originate 
from extramedullary sites.

14.3.2  Development of Next 
Generation Flow Cytometry 
for MRD Detection 
in Myeloma

To address the first issue, International 
Myeloma Foundation (IMF) initiated the Black 
Swan Research initiative who in concert with 

Euroflow Consortium tried to develop better 
methods and standardization of MFC tech-
nique. This was achieved with a two-tube 
eight-colour MFC approach with validated 
antibodies and bulk- lysis procedure to obtain 
≥10 million events. This tube design was a 
result of five cycles of design–evaluation–
redesign. The panel consists of two tubes: Tube 
1 CD138 BV421/CD27 BV510/CD38 (multi-
epitope) FITC/CD56 PE/CD45 PerCPCy5.5/
CD19 PE-Cy7/CD117 APC/CD81 APC C750 
and Tube 2 CD138 BV421/CD27 PE/CD38 
(multi-epitope) FITC/CD56 PE/CD45 
PerCPCy5.5/CD19 PE-Cy7/CyIgκ APC/CyIgλ 
APC C750. They also are validating a single- 
tube 10-colour panel version and are using the 
Infinicyt software, and automated identifica-
tion of abnormal PCs is being explored. This 
method has been termed next generation flow 
cytometry (NGF) as it is capable of attaining 
sensitivity as high as next generation sequenc-
ing (NGS). NGF had a higher sensitivity of 
MRD detection than conventional MFC at 47% 
vs. 34%. This effectively meant that a quarter 
of patients who were MRD negative by con-
ventional MFC were actually MRD positive by 
NGF, and this translated to an improvement in 
75% PFS which was not reached in NGF-
negative group compared to 75% PFS of 7 
months in patients who were NGF positive. 
Interestingly this was regardless of the conven-
tional response status of these patients. 
Interestingly, patients who were NGF positive 
but MRD negative by conventional MFC did 
worst. A small subset of patients also under-
went NGS for the comparison of NGS and 
NGF, and they showed that NGF approach had 
higher applicability than NGS and higher sen-
sitivity of MRD detection than NGS [50]. The 
validated panel is also being marketed through 
Cytognos (http://www.cytognos.com/index.
php/euroflow/minimal-residual-disease-
panels/1440-multiple-myeloma-mm-mrd-kits) 
[58]. There has been an attempt by other cen-
tres for the evaluation of a 10-colour panel that 
can give comparable results to the NGF using a 
two- tube eight-colour approach [52, 53].
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14.3.3  Utility of Next Generation 
Sequencing for MRD 
Detection

Next generation sequencing (NGS) in the con-
text of MRD in myeloma employs multiplex 
sequencing of the immunoglobulin heavy-chain 
regions (IgH) of plasma cells. It requires the 
diagnostic sample to identify the IgH rearrange-
ments in the initial clone of neoplastic PCs, and 
in case of myeloma, multiple clones may be 
present at the time of diagnosis. All subsequent 
samples are also assessed using the same plat-
form, and this technique can achieve a sensitiv-
ity of 10−6 or 0.0001%. Two studies have 
explored the use of a LymphoSIGHT™ 
(Sequenta, Inc., San Francisco, CA) high-
throughput sequencing platform for immuno-
globulin heavy-chain locus (IGH) complete 
(IGH-VDJH), IGH incomplete (IGH-DJH) and 
immunoglobulin κ locus (IGK) to assess MRD 
in myeloma [59, 60]. The first series from GEM 
trials included 133 patients whose diagnostic 
DNA was subjected to NGS followed by the 
analysis for MRD.  Of 133 patients, an assess-
able clonotype was available in 121, and of 
these, 110 underwent MRD detection. Hence, 
NGS was applicable in 91% patients. MRD-
positive status was present in 83% patients and 
MRD-negative patients by NGS had a higher 
time to tumour progression and OS. It was seen 
that patients who were in CR and MRD negative 
by NGS had the highest time to tumour progres-
sion. All patients had been assessed by MFC 
and ASO-PCR earlier. When MRD data by NGS 
was compared with MFC, 83% samples were 
concordant and for ASO-PCR, the correspond-
ing figure was 85% [59].

The second study was a part of the IFM/DFCI 
2009 Trial. Patients were assessed at pre- 
maintenance and post-maintenance time points. 
Patients who were MRD negative by NGS had a 
higher PFS than MRD-positive patients at both 
time points of assessments. The benefit of MRD 
negativity was also seen in patients in CR and 
was also seen in patients with t(4;14) cytogenetic 
abnormality [60].

With the exciting data from NGF and NGS, 
the two techniques were formally incorporated in 
the IMWG 2016 response and MRD assessment 
criteria for myeloma. The response criteria are 
mentioned in Table 14.2 [61].

14.4  Imaging to Detect 
Extramedullay MRD 
in Myeloma

In a series of 134 myeloma patients, an abnormal 
PET/CT was seen in 91% patients, and in ~32% 
of these patients, a normalization of PET/CT 
after three cycles of bortezomib/lenalidomide/
dexamethasone therapy led to an improvement 
in progression free survival. RVD therapy was 
followed by ASCT. PET/CT normalization pre- 
maintenance was seen in 62% patients, and this 

Table 14.2 IMWG 2016 criteria pertaining to MRD [61]

Response 
category Definition
Sustained 
MRD 
negative

MRD negativity in bone marrow by 
NGS, NGF or both and by imaging 
confirmed at least 1 year apart. There 
is a provision to identify further 
duration of MRD negativity

Flow MRD 
negative

Absence of aberrant clonal PCs by 
NGF on bone marrow samples using 
the standard operating procedure of 
the Euroflow consortium or a validated 
equivalent method; assay sensitivity of 
0.001% or higher

Sequencing 
MRD 
negative

Absence of clonal PCs on bone 
marrow aspirate using the 
LymphoSIGHT platform or equivalent 
method at an assay sensitivity of 
0.001% or higher

Imaging plus 
MRD 
negative

MRD negative as defined by NGF or 
NGS plus disappearance of every area 
of increased tracer uptake found at 
baseline or a preceding PET/CT or a 
matching uptake as mediastinal blood 
pool or less than surrounding normal 
tissue

Relapse 
from MRD 
negative

Loss of MRD-negative state (evidence 
of clonal plasma cells on NGF or 
NGS, or positive imaging study for 
recurrence of myeloma); or 
reappearance of M band or 
development of CRAB
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was also associated with better PFS and OS. MRI 
in contrast was abnormal in 95% patients, but its 
normalization following three cycles of RVD 
therapy was not associated with an improved 
PFS [41].

In another abstract presented at American 
Society of Hematology (ASH) annual meeting 
at Atlanta in 2017, retrospective data of 87 
patients treated from 2008 to 2017 and put on 
lenalidomide therapy was presented. Patients 
who were flow MRD negative and PET negative 
after lenalidomide maintenance therapy had a 
significantly higher PFS and a trend to better OS 
than all other groups [43]. In an earlier pub-
lished study, it was seen that in 282 patients 
treated up front, PET-CT was positive in 70% at 
diagnosis, and after last cycle of first-line ther-
apy, PET-CT was positive in 30% patients. A 
PET-negative status was associated with a better 
PFS and OS. Patients in CR with a PET-positive 
status did worse and PET-CT was an indepen-
dent prognostic variable in patients with con-
ventional CR [44].

In another abstract at ASH 2017, the authors 
specifically looked at 46 patients (35 newly diag-
nosed and 11 post relapse) who were in MRD- 
negative CR using eight-colour MFC from a 
total of 294 patients of myeloma treated with 
novel agents and ASCT but relapsed subse-
quently. The limit of detection (LOD) of the 
MFC assay was between 0.01% and 0.001%. 
The patients also underwent PET/CT and diffu-
sion-weighted magnetic resonance imaging with 
background suppression (DWIBS). DWIBS 
could detect focal lesions in 12/46 patients while 
PET/CT could detect focal lesions in 3/46 
patients. It was also seen that 9/14 patients pre-
sented with lesions in the contralateral side to 
the bone marrow assessment by MFC.  This 
could explain the MRD- negative status using 
MFC [42].

The IMWG2016 criteria have incorporated 
MRD assessment by PET/CT in the response and 
MRD assessment in myeloma, Table 14.2 [61].

A comparison of the techniques used to detect 
myeloma MRD has been provided in Table 14.3.

Table 14.3 Comparison of the techniques used for MRD detection in myeloma [61, 62]

Criteria MFC NGF ASO-PCR NGS PET/CT
Applicability ~100% ~100% 60–70% 90% ~100% for 

extramedullary 
disease

Sensitivity 10−4 10−5 to 10−6 10−5 to 10−6 10−6 High, even 4 mm 
lesions

Requirement of 
diagnostic sample

Preferable; 
not mandatory

Preferable; not 
mandatory

Mandatory Mandatory Preferable; not 
mandatory

Turnaround time ~2–3 h ~2–3 h ~1 week; ~4 weeks 
for first 
identification

≥1 week 2 h

Availability Most labs 
worldwide

Most labs 
worldwide can 
apply

Intermediate Low Intermediate

Requirement of 
fresh sample

Yes; ≤36 h Yes; ≤36 h None None Not applicable

Impact from patchy 
disease

Yes Yes Yes Yes No

Assessment of 
sample quality

Possible Easy No No No

Cost <350 USD ~350 USD ~500 USD 
(follow-up); ~1500 
(diagnostic)

~700 USD ~2000 USD
~INR 
12,000–14,000

Standardization Poor Ongoing EuroMRD since 
15 years

No Ongoing
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14.5  Nitty-Gritty of MFC to Assess 
MRD Using Conventional 
and NGF Approaches

The use of MFC has evolved from three- or four- 
colour panels [29, 30, 33–35, 39, 40, 46, 47] to 
6–8 colours [45, 48, 49] and then the develop-
ment of the NGF [50] and 10-colour panels 
 [51–53]. The first guidelines for the determina-
tion of MRD by MFC were given in 2008 by 
European Myeloma Network [63]. These were 
followed after 7 years by a full issue on myeloma 
MRD published in Cytometry B: Clinical 
Cytometry [17, 64–73].

14.5.1  Specimen Requirement

The sample recommendations for MRD assess-
ment are limited to bone marrow aspiration. The 
acceptable anticoagulants have been EDTA and 
sodium heparin, but since CD138 is a heparin 
sulphate, there might be some decrease in its 
intensity following heparin anticoagulation. 
Hence, some centres prefer EDTA as an antico-
agulant [74]. Bone marrow can be transported at 
room temperature but should ideally be processed 
within 48 h of sample collection. It is however 
better if the sample is processed within 24 h of 
collection [66].

14.5.2  Sample Requirement

If MFC is being applied without NGF approach, 
1–2 mL bone marrow sample is adequate, but if 
NGF approach is to be used, ~5 mL bone marrow 
sample should be taken. Ideally, the first pull 
sample should be taken for MFC/NGF unlike the 
usual scenario where first pull samples are used 
to prepare marrow films. To acquire 5 million 
events as recommended by NGF, it is required to 
start with 10–20 million events as ~50% cells 
may be lost during processing [50, 65]. However, 
this is only when the aim is to reach a sensitivity 
of 0.001%. A lower sensitivity threshold of 
0.01% does not require these many cells to begin 
with and ~55% patients may have MRD higher 

than this threshold and would therefore not 
require NGF for detection. NGF processing can 
be applied to the rest 45% patients, and this 
approach has been tried at Leeds as they also 
send sample for molecular analysis as the first 
priority [65].

14.5.3  Processing Technique

The MFC sample should be processed using a 
lyse-wash-stain-wash approach. A pre-lysis step 
for NGF is a bulk-lysis approach with the addi-
tion of ~0.5% bovine serum albumin, and a 
FACS-lysing-fixation step is recommended 
(Protocol A1) [50]. If utilizing this approach, 
titration protocol should also follow the same 
method of processing. Ficoll-hypaque processing 
is not recommended as it may lead to PC loss. 
People have tried using higher amounts of sam-
ple volume with an appropriate increase in anti-
body cocktail, but this leads to increased cost and 
reduced limit of detection (LOD) as fewer cells 
are acquired when compared to bulk-lysis 
approach [66].

14.5.4  Panel Requirements

Gating markers: To identify PCs, the single most 
useful marker is CD38 as it is expressed at a high 
intensity on both normal and neoplastic PCs. 
However, it is also expressed by hematogones at 
an intensity intermediate between PCs and other 
cells, and this might create a problem when 
assessing neoplastic PCs which may show a 
slight downregulation of CD38 [67, 75]. Since 
CD38 is very brightly expressed, it is best tagged 
with a weak fluorochrome like FITC.  CD138/
syndecan is a specific marker for PCs in the con-
text of bone marrow with bright expression seen 
only in PCs [76]. However, the NGF data has 
shown that this marker should be tagged with a 
bright fluorochrome to identify all neoplastic PCs 
in the context of MRD assessment [75]. The dye 
recommended by Euroflow in its diagnostic panel 
is V450, but in the myeloma panel, BV-421 is 
the  recommended dye due to its exceptional 
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 brightness [50]. Other dyes like APC and PE can 
also be used [75].

In addition, CD45 should always be used as a 
gating marker to refine the PC gate and take care 
of contaminants. Forward and side scatter (FSC 
and SSC) are available with every acquisition and 
should be used to exclude debris and doublets 
that may contaminate the final gates [75].

With the advent of daratumumab therapy [14], 
which is an anti-CD38 monoclonal antibody, 
reductions in CD38 binding of some antibody 
clones may occur [50]. In addition, daratumumab 
may complicate IFE assessments as it comigrates 
with IgGƙ bands and also complicates blood 
transfusion by interfering with serological cross-
matches [77]. To circumvent its impact on MRD 
assessment, Euroflow has optimized a multi- 
epitope CD38 molecule that is capable of detect-
ing MRD in patients treated with daratumumab 
[50, 58, 75].

There has also been an attempt to identify 
other potential gating markers for plasma cells. 
For this purpose, CD54, CD229 and CD319 were 
evaluated by the Euroflow group on 46 myeloma 
patients, 5 healthy controls, 3 extraosseous plas-
macytomas and 2 uninvolved non-Hodgkin lym-
phoma (NHL) marrows. It was seen that all 
markers when combined with CD38 performed 
well, but if combined with CD138, only CD229 
had a potential to identify all PCs [73]. However, 
in the final published manuscript and with 
detailed evaluation of the MRD panel, the group 
dropped CD229 also as it missed MRD in 8% 
myeloma cases and was also found at high levels 
in plasmacytoid dendritic cells and some lym-
phocytes [50].

Hence, the best approach is the use of a com-
bination of CD138 tagged with a strong dye, 
CD38 tagged with a weak dye, and CD45 with 
FSC and SSC for plasma cell gating [63, 67]. In 
patients treated with daratumumab, a multi- 
epitope CD38 molecule should be used to iden-
tify neoplastic PCs.

Identification of neoplastic PCs: Identification 
of the abnormal always happens when we know 
what is normal. Normal PCs in the bone marrow 
express CD38 and CD138 but do not express the 
most mature B-cell markers like CD20, CD22 

and surface immunoglobins. They however show 
cytoplasmic expression of light chains that can be 
used to assess clonality or lack thereof. 
Traditionally, it was thought that normal PCs 
show a dim expression of CD45, homogeneous 
expression of CD19 and lack CD56 [63, 78–80]. 
However, with modern MFC with acquisition of 
large number of events, small populations of PCs 
that could be considered abnormal or neoplastic 
could be identified in normal patients like 
CD19−, CD45−, CD56+, CD20+ and may com-
plicate MRD analysis [81–84]. The immunophe-
notype of PCs shows a significant overlap 
between normal, neoplastic and reactive PC pop-
ulations. After acquisition of 1 million events, 
populations like CD19–CD56/CD28+, CD19–
CD56/CD28−, CD19+CD56/CD28+ could be 
discovered at less numbers [82]. CD81 is 
expressed at high intensity in normal plasma cells 
and hematogones and an underexpression is 
reported in neoplastic PCs [85], and this has not 
been observed in the normal PC compartment 
[81]. In contrast normal PCs do not express 
CD200, CD221 and CD117 [83].

Neoplastic PCs tend to be CD19 negative, and 
this is consistently seen in >90% myelomas [63, 
67, 78–80]. Approximately 60–75% cases of 
myeloma are CD56 positive [63, 70, 78–80]. An 
incidence of aberrant patterns and the number of 
myelomas that show those patterns are given in 
Table  14.4. Some markers have been shown to 
have prognostic significance like CD28+CD117− 
myelomas were shown to have a high risk of 

Table 14.4 Differently expressed markers between nor-
mal and neoplastic PCs

Marker Incidence
Normal 
expression Aberrancy

CD19 >90% Positive Negative
CD56 65–70% Negative Bright positive
CD81 55% Bright 

positive
Negative or 
dimmer

CD117 30% Negative Positive
CD28 15–45% Negative Positive
CD27 40–68% Positive Negative or dim
CD45 73% Dim positive Negative
CD200 70% Negative Bright positive
CD38 80% Bright Dim
CD54 60–80% Bright Dim
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 progression [80]. Clonality assessment was not 
considered mandatory in the earlier published 
MRD literature [29, 30, 33–35, 39, 40, 46, 47], 
but the addition of cytoplasmic anti-ƙ and ƛ anti-
bodies always adds utility for MRD assessment 
when a large number of events are acquired to 
establish clonality of small suspect populations 
and is included in most ≥8-colour combinations 
[48–53].

An abnormality in a few markers (one or two) 
should not be considered as evidence of neoplas-
tic PCs. Multiple assessed markers must be con-
sidered when differentiating normal from 
neoplastic PCs [62, 70]. Addition of clonality 
assessment improves this distinction of minor 
populations of PCs. Increasing the number of 
markers assessed also adds utility to the analysis. 
Currently, the minimum recommended markers 
for MRD assessment in myeloma that can differ-
entiate between normal and myelomatous PCs 
are CD38, CD19, CD45, CD56, CD27, CD81 
and CD117. CD138 is required for gating PCs, 
and in addition, cytoplasmic light chain assess-
ment adds utility when small suspicious PC sub-
sets are present [70].

Acquisition of events: The number of acquired 
events determines the sensitivity of the assay. The 
EMN guidelines recommended a total of 1 mil-
lion cells to be acquired with ~500,000 events per 
tube as a minimum guide [63]. However, as MFC 
and software capability have advanced, an acqui-
sition of higher event numbers is achievable eas-
ily and is desirable to perform.

Most clinical data generated by MRD has 
used a threshold of 0.01% as a cut-off to differen-
tiate MRD positive from negative [29, 30, 33, 35, 
47]. However, relapses were seen in the MRD- 
negative group of patients also, and to circum-
vent that, NGF was developed [50]. This approach 
calls for an acquisition of a minimum of 3–5 mil-
lion events to achieve a good limit of detection 
and lower limit of quantification (LOD and 
LLOQ, respectively).

Gating strategy: The gating strategy for neo-
plastic PCs should begin with refinement of data 
to exclude abnormal flow with CD38-time plot, 
doublet exclusion using FSC-area vs. FSC-height 
or SSC-area vs. SSC-height, exclusion of debris 

by FSC vs. SSC plot [67]. For the first identifica-
tion of PCs from this refined data, CD38 vs. 
CD138 plot is used to generously gate all possi-
ble PC events. This can be further assessed on the 
CD38 vs. CD45 plot [67]. Further identification 
of neoplastic PCs and differentiating them from 
normal PCs uses a combination of multiple mark-
ers assessed in the panel [63, 67, 70]. Normal 
PCs most often are CD19+/CD45 dim/CD38 
bright/CD138 bright/CD27+/CD81+/CD56−/
CD117−/CD200− with a polyclonal light chain 
expression. In contrast most neoplastic PCs 
exhibit a combination of abnormalities including 
CD19−/CD45−/CD38 dim/CD138 bright/
CD27− or dim/CD81− or dim/CD56+/CD117+/
CD200+ [63, 67, 70]. An example of a case is 
shown in Fig. 14.1.

LOD and LLOQ: LOD and LLOQ are func-
tions of total acquired events, the size of the clus-
ter considered as neoplastic, number of events 
required to attain reproducibility of detection and 
quantification. LOD is estimated as having a 
cluster of at least 30 cells as a percentage from 
total cells while LLOQ is calculated using a clus-
ter of 50 cells as a percentage of the total cells. 
This automatically means that in an analysis of 
100,000 cells, LOD is 0.03% while LLOQ is 
~0.05%. This increases to 0.003% and 0.005% 
when 1 million cells are analysed and increases 
further to 0.001% and 0.0017%, respectively, 
when 3 million cells are interrogated. If 5 million 
events are analysed, the LOD of 0.0006% and 
LLOQ of 0.001% are achievable.

How to report MRD: As described earlier, 
MRD was initially reported at a 0.01% cut-off at 
EMN recommendations [63]. Some studies 
reported MRD as aberrant to total PC number 
ratio [46] and some as neoplastic PC percentage 
from all leucocytes [34] while others from all 
events acquired [35, 40]. The current recommen-
dations state that neoplastic PCs be determined as 
a percentage of total assessed PCs but MRD to be 
reported as percentage of all nucleated cells [67, 
70]. This makes sense as MRD reported by 
molecular methods also utilizes the entire genomic 
DNA with no selection of populations [67].

Assessment of sample quality: Concerns per-
taining to a representative marrow sample have 
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always been raised for MRD in myeloma. The 
EMN guidelines in 2008 stated that if polyclonal 
PCs are present within an MRD sample, it should 
be considered as representative. If they were 
undetectable, a recommendation was made to 
look for erythroid or normal myeloid blasts and 
hematogones. In a situation where MRD was 
present but sample lacked all these, a comment 
stating that sample is positive but unsuitable for 
MRD quantification was recommended [63]. 
There have been attempts to identify normal 
ranges for multiple normal populations that can 
be assessed using markers used for MRD assess-
ment. In the paper on NGF [50], the authors have 
published ranges for mast cells, erythroid cells, 
%CD27+ B-cell precursors, %CD27− B-cell 
precursors, % mature B cells, % myeloid precur-
sors and % endothelial and mesenchymal cells 
which can serve as a potential guide to validation 
of sample quality. In their analysis, they could 

demonstrate that the two patients who progressed 
despite being NGF MRD negative could be 
explained by a suboptimal sample submitted for 
NGF.  However, this finding will require confir-
mation in other large series of patients to be con-
sidered as the only reason for progression while 
being NGF MRD negative. Other investigators 
have used normal PCs, mononuclear cells, 
 erythroid cells, granulocytes, CD117+CD27− 
myeloid progenitors, CD27+CD117− lymphoid 
cells, B cells, NK cells and hematogones [69].

Final report of MRD by flow cytometry: In 
addition to the sample time point and patient 
demographic data, it is recommended that results 
be reported as event number of neoplastic PCs 
along with total events analysed as well as the 
LOD and LLOQ values. If the results are between 
LOD and LLOQ values, then MRD should not be 
reported as a percentage but as a range between 
LOD and LLOQ.  Total events in this context 

Fig. 14.1 Detection of MRD in myeloma: a gating 
approach. Plasma cells after exclusion of doublets and 
debris were gated on the CD38 vs. CD138 plot. From 
these, two populations were separated on the CD45 vs. 
CD38 plot into CD45–CD38 dim dark blue PCs and aqua 
CD38+ bright CD45+ PCs. These two populations exhib-
ited a different immunophenotype. The dark blue is the 
neoplastic PC population that constituted ~0.1% of all 
events and was CD38 dim/CD45−/CD2+/CD117−/

CD19−/CD56− and exhibited clonality for kappa. In con-
trast, the aqua population was CD38 bright/CD45+/
CD28−/CD117−/CD19+/CD56+ and was polyclonal. 
Clearly the dark blue population is neoplastic while aqua 
population is normal PCs. This case highlights a variable 
immunophenotype within the normal PCs with enrich-
ment of the CD19+/CD56+ subpopulation and shows that 
a single marker should never be relied upon while assess-
ing for MRD
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 represents the denominator after doublets and 
debris have been excluded for refining the data 
acquired [67]. A comment on sample adequacy 
by reporting on normal cell types assessed in the 
sample should also be a part of the final report.

14.6  MRD in Myeloma: Indian 
Perspective

Myeloma MRD has lagged behind in India with 
published data only from AIIMS Gupta et  al. 
[46]. They had reported their data in 2009 using a 
four-colour panel (given in Table 14.1) and tar-
geted a threshold of 0.01% neoplastic plasma 
cells. They managed to detect aberrancies in at 
least two antigens in 90.7% cases and observed a 
change in immunophenotype at the time of MRD 
assessment with that from the diagnostic time 
point in 78% cases. Their initial work highlighted 
that neoplastic PCs may upregulate or downregu-
late antigens after therapy and stressed the need 
to evaluate multiple antigens. In their assessment, 
they did not assess clonality of PCs due to a lim-
ited four-colour panel, but this has been subse-
quently assayed and is now a part of the myeloma 
MRD detection.

We have used a six-colour and subsequently 
an eight-colour panel to detect MRD in myeloma. 
Using a six-colour approach also, it is feasible to 
detect MRD and determine clonality of neoplas-
tic PCs.

Hopefully with the incorporation of MRD 
assessment in IMWG response criteria [61], there 
would be an increase in the centres evaluating it 
in India.

Take Home Message
MRD in myeloma has undergone a drastic prog-
ress in the past 10 years and has kept pace with 
the novel agent discovery that led to improved 
survivals in myeloma. The most utilized approach 
is multiparameter flow cytometry and is capable 
of detecting MRD at ≥0.01% threshold. This can 
be further improved by utilizing next generation 
flow cytometry and standardized approach to 
MRD, and increased sensitivity of 0.001% is 
achievable. Most molecular methods used like 

ASO-PCR and NGS require a diagnostic sample 
and still have limited availability and are expen-
sive. MRD assessments in the extramedullary 
compartment require PET/CT, and the data on 
both intramedullary and extramedullary MRD in 
myeloma has been incorporated in the IMWG 
2016 response criteria.
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Hodgkin Lymphoma: Revisited

Brig Tathagata Chatterjee and Ankur Ahuja

15.1  Introduction 
and Epidemiology

Hodgkin lymphoma (HL), which in the past was 
called Hodgkin disease, has always been one of 
the front runners of research in lymphomas. It 
usually arises from germinal centre or post- 
germinal centre B cells. Composition of HL is 
commonly defined as having predominantly 
inflammatory cells having minor population of 
neoplastic cells which were named as Reed–
Sternberg cells.

Age Spectrum: It comprises approximately 
10% of entire lymphomas and 0.6% of all can-
cers [1]. In the USA, 8500 new cases and about 
1120 deaths are reported due to HL [1]. In the 
developed countries, there are usually two peaks, 
one in young adults which are in the majority 
(approximately age 20 years) and other in adults 
of older age (approximately age 65  years) [2]. 
While in developing countries, the initial peak is 
in childhood for boys, there is relative low rate in 
young adults, and a late peak in older adults [3]. 
In economically underdeveloped countries, the 
overall incidence of HL is lower than in devel-
oped countries, with the exception of children 

under the age of 15, where a higher incidence 
is seen.

Histological spectrum: Developed countries 
have nodular sclerosis HL (NSHL) as the pre-
dominant histological subtype and majority of 
them are seen in young adults, while in develop-
ing countries, mixed cellularity HL (MCHL) is 
more frequent in children and older adults. 
Countries having transitional economies have 
roughly equal frequencies of the MCHL and 
NSHL subtypes [3–5].

15.2  Etiopathogenesis

 (a) Role of EBV: Epstein–Barr virus (EBV) is a 
herpes virus. Its role has been proven in the 
development of HL.

Evidence of EBV Role
 1. Increased EBV antibody titres in HL and these 

antibodies actually preceded the  disease [6].
 2. EBV in the tumour cells of patients suffering 

from HL [7].
 3. While the risk of developing EBV-negative HL 

after infectious mononucleosis was not increased 
(relative risk 1.5, 95% CI 0.9–2.5), the risk of 
developing EBV-positive HL was increased (rel-
ative risk 4.0, 95% CI 3.4–4.5) [8].

HL in immunodeficient populations is almost 
universally EBV associated [9], and the HL is 
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usually of the mixed cellularity subtype [10, 11]. 
EBV is most commonly associated with the 
mixed cellularity and lymphocyte-depleted HL 
subtypes while nodular sclerosis HL is affected 
less commonly. Nodular lymphocyte predomi-
nant HL is almost always EBV negative [12].

EBV DNA that is detected in Reed–Sternberg 
cells is clonal, which indicates that the origin of 
virus-infected population is from a single infected 
cell [13]. Figure 15.1 summarises pathophysiol-
ogy of EBV in HL.

Regarding prognostic influence pre-treatment 
serum EBV level had no prognostic significance, 
but post treatment 8 day persistence of serum EBV 
DNA is correlated with an unfavourable outcome.

EBNA1 expression is required for the replica-
tion and maintenance of the viral genome in pro-
liferating cells [14]. B cells that lack functional 
immunoglobulin would die by apoptosis. 
Expression of LMP1 or LMP2a helps in escaping 
apoptosis. Latent membrane protein 1 (LMP1) 
encodes transmembrane protein resembling 
tumour necrosis factor receptor CD40 [15]. Since 
signalling through CD40 can delay apoptosis, 
LMP-1 through CD40 therefore can function like 
a constitutively activated molecule, providing a 
mechanism by which the expression of EBV 
genes could facilitate the escape of Reed–

Sternberg cells, or their precursors, from destruc-
tion in the germinal centres [16]. In addition, it 
has been shown that LMP-1 increases inhibitor of 
kB activator (IkBa) turnover, thus activating 
nuclear factor kappa B (NF-kB) [17]. The consti-
tutive activation of NF-kB leads to growth and 
survival of classical Reed–Sternberg cells. 
A  third mechanism by which LMP-1 may pro-
mote the survival of Reed–Sternberg cells is 
through discoidin domain receptor 1 (DDR1) 
which is a tyrosine kinase receptor which, when 
binds with collagen, increases lymphoma cell 
survival [18]. Latent membrane protein 2a 
(LMP2a) co- localises with LMP1 in the plasma 
membrane of EBV-infected lymphocytes [19]. 
LMP2a contains an immunoreceptor tyrosine-
based activation motif (ITAM) which resembles 
motifs on immunoglobulin molecules. Expression 
of LMP2a produces a constitutive signal, which 
prevents apoptosis of pre-B cells which failed to 
express immunoglobulin molecule [19].

15.3  Cellular Origin

The most morphological characteristic of classi-
cal Hodgkin lymphoma (CHL) is binuclear 
Reed–Sternberg cell (the malignant cells in HD) 
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which results from incomplete cytokinesis of 
mononuclear Hodgkin cells [20, 21]. Another 
interesting but confusing aspect is that cells of 
classical HL don’t exhibit phenotypes typical of 
any normal cell, for example they are negative 
for leukocyte common antigen (LCA), T cell, 
and B-cell markers except PAX5, a B-cell 
marker which is weakly positive in RS cells; 
CD20 can also be detected on RS cells in a few 
cases [22]. CD15 which is known to be a marker 
of granulocytes is characteristically positive in 
classical RS cells. CD30 is also positive in clas-
sical Hodgkin lymphoma [23]; this entire obser-
vation has questioned the ontogeny of RS cells.

Evidence related to origin of cells from germi-
nal centre has emerged in the past. Analysis of 
rearranged antigen receptor genes isolated from 
single cells has been done and has shown some 
clues which are:

 (a) Rearrangement and mutation of the immuno-
globulin (Ig) genes are restricted to germinal 
centre B cells.

 (b) Another well-known aspect is that patients 
with nodular sclerosis HL have shown to 
have clonal rearrangement of the V, D, and J 
segments of the (Ig) heavy chain locus with 
somatic mutations in the RS cells, thus 
resulting in non-functional Ig variable 
regions [24–26].

Despite of these evidences of a germinal cen-
tre B-cell origin, why RS cells lose the pheno-
typic features of germinal centre B cells like 
BCL6 has been suggested by various theories:

 1. Impaired function of Ig gene promoters and 
enhancers [25–27]
 (a) Downregulation of known B-cell tran-

scription factors such as OCT2, BOB-1, 
early B-cell factor 1 (EBF1), and PU.1 
[28, 29]

 (b) Acquisition of epigenetic changes that 
result in silencing of IgH promoters, 
receptors BLNK [30–32]

 2. Aberrant expression of regulators of other 
haematopoietic cell lineages

 (a) Possibly hypoxia-induced upregulation of 
NOTCH1 and Id2—antagonising E2A 
and PAX5 [33, 34]

 3. Over-activation of the transcription factors 
STAT5A and STAT5B [35]

15.4  Mechanisms 
of Tumorigenesis

 1. Activation of the nuclear factor kappa B (NF- 
kB) transcription factor-signalling pathway
 (a) Association of NF-kB has been seen in 

many neoplasms and is associated with 
oncoproteins.

 (b) Two types of NF-kB heterodimers are 
found in normal mature B cell which are 
NF-kB1/c-REL and anothr is NF-kB/
REL-A. NF-kB/c-REL is associated with 
lymphocytic transformation and its 
nuclear accumulation thus leading to RS 
cell transformation [36].

 (c) Inhibitor of kB (IkB) normally regulates 
the activity of NF-kB.

 (d) Constitutive activity of NF-kB leads to 
neoplasia which may be because of:
• Mutation or loss of IkB.
• Modification of NF-kB thus leading to 

insensitivity to inhibition by IkB.
• Amplification of the REL oncogene sec-

ondary to chromosomal gains
• LMP-1 expressed by EBV activates 

NF-kB by promoting IkBa turnover.
• CD30 activates TRAF2- and TRAF5- 

dependent signals, thus leading to 
NF-kB activation [37, 38].

 (e) Constitutive NF-kB activation leads to
• Targeting genes intercellular adhesion 

molecule (ICAM-1), granulocyte mac-
rophage colony-stimulating factor 
(GM- CSF), interleukin (IL)-6, and 
TNF which have been related to effects 
on the surrounding characteristic back-
ground of classical HL [39]

• The well-established role of antiapop-
totic effects of NF-kB [40, 41]
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• DDR-1
 – A receptor tyrosine kinase which is 

upregulated by LMP-1
 – Related to enhance resistance to 

apoptosis
 2. Interleukin-13 signalling pathway

 (a) IL-13 and IL-4 activate JAK kinases, thus 
leading to stimulate the transcription fac-
tor, STAT6 [42, 43], which upregulates 
NF-kB promoters.

 3. NOTCH signalling pathway
 (a) Regulator of normal T-cell development 

has been implicated in the role of RS cells.
 4. Interferon regulatory factors

 (a) IRF5
• Protect RS cells from cell death
• Increased expression of proinflamma-

tory genes
• Downregulation of genes which are 

required for initiation and maintenance 
of the B-cell lineage differentiation 
programme

• Upregulation of their transcriptional 
antagonists [44]

• Transcriptional activation of the acti-
vator protein-1 (AP-1) complex, result-
ing in increased CD30 expression

 5. Genomic alterations affecting HRS cell sur-
vival and immunoevasion

 6. T-cell response
 (a) RS cell secretes lymphotoxin-alpha, 

which stimulates endothelial cells, thus 
upregulating adhesion molecules such as 

ICAM-1, VCAM-1, and E-selectin which 
recruits T cell [45].

 (b) Activated CD4+ TH2 cells lead to eosino-
philia, plasmacytosis, and fibrosis.

 (c) IL-13 produced by RS cells promotes T 
helper cell differentiation to the TH2 
phenotype.

15.5  Classification of HD

Table 15.1 shows the various classifications used 
in various literatures. Among all, WHO 2008 
classification gains the most popularity and has 
been in use frequently.

15.5.1  WHO 2008 Classification

Classical HL—This group comprises neoplas-
tic cells which are originated from germinal 
centre B cells, but failed to express the genes 
and its products that defines its derivation site. 
Based on morphological appearance of the 
tumour cells and the composition of the back-
ground which classically is reactive, this partic-
ular group is further subdivided into the 
following subtypes:

• Nodular sclerosis classical HL (NSHL)
• Mixed cellularity classical HL (MCHL)
• Lymphocyte-rich classical HL (LRHL)
• Lymphocyte-depleted classical HL (LDHL)

Table 15.1 Various classification systems for HL

Jackson and 
Parker Lukes and Butler Rye Conference R.E.A.L. Classification

World Health 
Organization (WHO) 
Classification

Paragranuloma Lymphocytic and/or 
histiocytic, nodular

Lymphocyte 
predominance

Nodular lymphocyte 
predominance

Nodular lymphocyte 
predominant HL

Lymphocytic and/or 
histiocytic, diffuse

Classical lymphocyte- 
rich HL

Lymphocyte-rich 
classical HL

Granuloma Nodular sclerosis Nodular sclerosis Classical nodular 
sclerosis HL

Nodular sclerosis 
classical HL

Mixed 
cellularity

Mixed cellularity Classical mixed 
cellularity HL

Mixed cellularity 
classical HL

Mixed cellularity

Sarcoma Diffuse fibrosis Lymphocyte 
depletion

Classical lymphocyte 
depletion HL

Lymphocyte-depleted 
classical HL

Reticular
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Nodular lymphocyte predominant HL—
The neoplastic cells in this subtype have the 
immune-phenotypic features suggesting deriva-
tion from germinal centre B cells.

15.5.2  WHO 2016 Updated 
Classification

Some minor changes are there. NLPHL is known 
to have transformation phase which includes 
 diffuse large cells which are rich in T cells, 
T-cell  histiocyte-rich large B-cell lymphoma 
(THRLBCL). The update revision of WHO clas-
sification in 2016 [46] recommends that this 
transformation can be renamed as THRLBCL- 
like transformation of NLPHL which has aggres-
sive behaviour and therefore requires more 
intensive treatment [46].

15.6  Clinical Features

Classic Hodgkin lymphoma commonly presents 
as an overt disease, with an asymptomatic enlarged 
lymph node mass, nonspecific symptoms which 
may be present since weeks to months. Mediastinal 
masses (involved in 60–70%) are only noticed 
symptomatically when they become large enough 
(>1/3rd of greatest intrathoracic diameter of chest 
wall or >10 cm in transverse diameter) which is 
considered as an adverse prognostic factor. Among 
the sites of lymph nodes involvement, axillary 
lymph nodes are present in 10–20% of patients 
while inguinal lymphadenopathy is seen in 6–12% 
[47, 48]. Retroperitoneal lymph nodes are seen in 
25% and  can present as pain in loin regions at 
supine position. Infra-diaphragmatic lymphade-
nopathy (<10% of patients) in HL as an isolated 
presentation is uncommon. Many a time systemic 
symptoms arise prior to lymphadenopathy and 
these symptoms which are commonly called as B 
symptoms include fever of more than 100.4  °F, 
drenching night sweats, and unexplained weight 
loss (>10% in 6 months). These B symptoms are 
not common in stage I/II HL (<20%) but as the 
stage advances they become common and are seen 
in 50%. Fever is more common in the  evening and 

with time it progresses. Though Pel–Ebstein fever 
which has tendency to recur at variable intervals 
for many weeks is very characteristic, it is rela-
tively uncommon [49]. Pruritus is another impor-
tant symptom which precedes the diagnosis of HL 
by several months [50] and when severe it is con-
sidered as a poor prognostic sign [50]. Occasionally 
patients may complain of localised pain at involved 
sites after alcohol ingestion which is very specific 
for HL [51, 52]. In one study it was found Nodular 
sclerosis to have the most common histology [51]. 
The mechanism of this pain is not known. Skin 
lesions are also common in HL and include ery-
thema multiforme, erythema nodosum, ichthyosis, 
acrokeratosis, urticaria, necrotizing lesions, hyper-
pigmentation, and sometimes skin infiltration [53, 
54]. Among paraneoplastic syndrome, nephrotic 
syndrome can occur as a consequence of lympho-
kines, such as IL-13. Among the neoplastic syn-
drome, minimal change disease, focal segmental 
glomerulosclerosis, are common [55, 56]. Another 
paraneoplastic syndrome is hypercalcemia, which 
is commonly due to increased production of cal-
citriol [57, 58]. Association of HL with eosino-
philia is a well-known entity which may be due to 
chemokines, such as interleukin-5 and eotaxin [59, 
60].

Patterns of Disease Presentation—While in 
the initial stage of HL contiguous spread is com-
mon, bone marrow involvement is uncommon 
[61–63], but in the recurrent cases non- 
contiguous spread and bone marrow infiltration 
are common.

Variation by histology—Various morpho-
logical subtypes have peculiar pattern of disease 
involvement as has been shown in one large study 
[47]. It was evident from the study that patients 
having nodular lymphocyte predominant HL pre-
sented commonly with localised involvement 
which was common in the upper neck, while 
abdominal lymph nodal and extranodal disease 
was common in patients with the lymphocyte- 
depleted subtype. Patients with nodular sclerosis 
often had lymphadenopathy above the diaphragm 
as well as mediastinal involvement. The study 
also showed that patients diagnosed with mixed 
cellularity subtype had disease in the liver. 
Lymphocyte-depleted patients were presented 
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frequently with advanced stage disease, liver 
involvement, and systemic B symptoms [64].

15.7  Diagnosis

Diagnosis of any disease starts from detailed his-
tory and proper examination. Thorough physical 
examination should be done to look for lymph 
nodes, organomegaly, tonsil area, and base of the 
tongue. Performance status should always be 
done at the time of presentation and better before 
every cycle. Karnofsky performance status and 

the Eastern Cooperative Oncology Group 
(ECOG) performance status are two methods for 
assessment.

Workup of HL is extensive for the diagnosis 
but also in the follow-up of HL.  This is sum-
marised in Table 15.2 [65].

No diagnosis starts without clinical details. 
The clinical details are summarised in Table 15.3. 
Diagnosis of HL is best made by a biopsy. Fine- 
needle aspiration or core needle biopsies though 
are simple procedures but generally couldn’t able 
to finalise the diagnosis because of several 
 reasons common being lack of presence of 

Table 15.2 Diagnostic workup pre-chemotherapy

Diagnosis Workup pre-chemotherapy
•  Excision biopsy and IHC evaluation 

(recommended)
• Performance status

•  Core needle biopsy only if 
diagnostic HPE and IHC

•  CBC, platelets, differentials

•  ESR, LDH, LFT
•  Child bearing woman—pregnancy test
•  Contrast CT scan, PET scan
•  Counselling—smoking cessation, fertility, psychosocial
•  Fertility preservation (semen preservation, IVF)
•  Vaccines—pneumococcal, meningococcal, H-flu if splenic RT contemplated
•   HIV, Hep B
•  Chest X-ray for mediastinal mass
•  CT neck if RT neck contemplated
•  Pulmonary function test—ABCD/BEACOPP therapy
•  Cardiac evaluation—doxorubicin
•  Bone marrow biopsy if cytopenias, ≥3 lesions by PET/CT

Table 15.3 Clinical and epidemiological differences between various subtypes of HL

Nodular 
lymphocyte 
predominance Nodular sclerosis Mixed cellularity Lymphocyte depletion Lymphocyte-rich
•  Common in 

adult males
•  Common in 

adolescents and 
young adults

•  Common in adults •  Common in elderly 
patients

•  Older age common

•  Localised at 
diagnosis

•  Females > Males •  Males > Females •  Abdominal 
lymphadenopathy is 
common

•  Less aggressive

•  Stage-IV 
disease is rare

•  Mediastinal 
involvement is 
common

•  Advance stage is 
common

•  Advance stage at 
diagnosis is common

•  Early stage at 
diagnosis

•  Cervical or 
inguinal

•  Upper thoracic 
movement

•  Treatment response is 
worst

•  Subdiaphragmatic 
sites common

•  Nodes 
commonly 
involved

•  Localised in lymph 
nodes

•  Systemic symptoms 
are less
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 architecture, insufficient or probable lack of char-
acteristic morphology cells as they are present in 
minority among large reactive population, and 
difficulty in IHC interpretation. Biopsy actually 
can subtype based upon architecture of lymph 
node and morphology, architecture as seen in 
Table 15.4. IHC can further help in subtyping of 
various subtypes of HL as summarised in 
Table  15.5. Figures  15.2, 15.3, 15.4, 15.5, and 
15.6 depict HPE and IHC of lymph node biopsy 
in HL.

Imaging studies—Positron emission tomog-
raphy/computed tomography (PET/CT) scan of 
the chest, abdomen, and pelvis [67] are required 
before the treatment for the staging purpose. HL 

Table 15.4 Histopathology differences between various subtypes of HL

Nodular lymphocyte 
predominance

•  Effaced lymph node architecture
•  Nodular growth pattern which are B-cell areas
•  Nearby progressive transformation of germinal centres
•  The neoplastic cells known as lymphocytic and histiocytic (L&H cells)/popcorn cells 

are large cell with an abundant cytoplasm with vesicular chromatin, irregular and 
polylobated nuclei with small nucleoli and are present as scattered cells in minority

•  The non-neoplastic cells which are present in majority are predominantly small 
lymphocytes with rare presence of plasma cells, eosinophils

•  Variable histiocytes  with non-necrotising granulomas
•  Differential diagnosis T-cell-rich large B-cell lymphoma

Nodular sclerosis •  Varied sized nodules  with dense collagenous fibrous bands showing green 
birefringence in polarised light

•  Coagulative necrosis
•  Reed–Sternberg (R–S) cell in minority—Large, polynucleated, prominent, basophilic 

nucleoli
•  R–S like cells—mononuclear cells including lacunar cells
•  Background comprised of small lymphocytes, plasma cells, eosinophils, neutrophils, 

and histiocytes
Mixed cellularity •  Diffuse infiltrate to vaguely nodular

•  Fine interstitial fibrosis
•  R–S cells

Lymphocyte depletion •  Completely effaced lymph node architecture
•  Diffuse and dense fibrosis  which is non birefringent collagen
•  Residual cells are predominantly R–S cells forming confluent sheets
•  Non-neoplastic elements in the background are uncommon
•  Close mimicker is anaplastic large cell lymphoma—ALK protein can differentiate

Lymphocyte- rich •  Diffuse or focal disease
•  May have interfollicular involvement with frequent presence of nodules with germinal 

centres
•  Focal areas of fibrosis
•  Reactive cellular background comprising small lymphocytes predominantly
•  Sparse population of neutrophils, eosinophils, and plasma cells
•  R–S and lacunar cells are present, infrequently

Table 15.5 Differences between various subtypes of HL 
on basis of IHCs

NLPHL •  Positive markers—CD45+, CD19, 
CD20, CD22, CD79a, Bcl-6, 
PAX-5, Oct-2, PU.1, BOB.1 a, 
HGAL, AID, and centerin [66, 67]

•  Negative or partial positivity—
EMA, CD15, CD30

Classical HL •  R–S cells
•  Positive—Strong CD30 (membrane 

and/or dotlike), PAX-5 (Less strong 
nuclear signal in comparison to 
small B lymphocytes), CD15, 
CD20 in 30–40%, MUM-1

•  Negative—CD45, Oct-2, BOB.1
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Fig. 15.2 Classical 
Hodgkin lymphoma 
in lymph node H&E 
20×—Section from 
lymph node shows 
effaced lymph node 
architecture with RS 
and mononuclear RS 
cells surrounded by 
reactive inflammatory 
cells with sclerosis in 
background

Fig. 15.3 Classical 
Hodgkin lymphoma in 
lymph node H&E 
40×—High power shows 
classical RS cells 
surrounded by 
mononuclear 
inflammatory cells
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Fig. 15.4 Classical 
Hodgkin lymphoma in 
lymph node H&E 
CD15—Section from 
lymph node shows 
positivity for CD15 in 
malignant cells

Fig. 15.5 Classical 
Hodgkin lymphoma in 
lymph node H&E 
CD30—Section from 
lymph node shows 
positivity for CD30 in 
malignant cells
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Fig. 15.6 Classical 
Hodgkin lymphoma in 
lymph node PAX 5—
Section from lymph 
node shows dim 
positivity for PAX 5 in 
malignant cells

being FDG avid tumour and hence PET scan pro-
vides information pertaining to tumour burden.

Score PET/CT result (Deauville score) [68]

Score PET/CT result
1 No uptake above background
2 Uptake ≤mediastinum
3 Uptake >mediastinum but ≤liver
4 Uptake moderately increased compared to 

the liver at any site
5 Uptake markedly increased compared to the 

liver at any site
X New areas of uptake unlikely to be related to 

lymphoma

15.8  Staging and Prognosis

Ann Arbor staging system with modified 
Cotswolds is in use in HL [69, 70]. Recently some 
revisions known as Lugano classification were 
proposed for staging of lymphomas though still 
they are not widely accepted [68, 71] [Table 15.6].

Recently imaging modality in the form of 
PET/CT scan has superseded others. With the 
inclusion of PET scan there was change of stage 
in approximately 20% of patients and thus have 
led to change of management [72–75] and in 
many situations has replaced pathological staging 
[76, 77]. In lieu of PET, a contrast-enhanced CT 
can be used for staging though it may not be the 
better option except where PET scan doesn’t pro-
vide complete information especially neck area.

Various studies have stated risk factors on the 
basis of age, ESR, B symptoms and nodal, extra-
nodal sites, bulky mass as well as mediastinal 
mass as mentioned in Table 15.7.

International prognostic system for an 
advanced disease has been for management of 
HL and has been shown in Fig. 15.7.

IPS score in a modern ERA of newer che-
motherapy has been studied extensively [78] 
and following inferences have been made 
regarding FFP, OS, and prevalence as shown in 
Table 15.8.

15.9  Primary Hodgkin Lymphoma 
of Bone

Definition—This entity is defined as presence of 
confirmed HL in the bone marrow and absence of 
extra-osseous involvement. Absence of disease 
has to be confirmed by PET/CT, biopsy and 
clinically.

Epidemiology—Extranodal lesions in HD are 
rare and commonly involve lung, liver, bone, and 
bone marrow [79]. Primary extranodal presenta-
tion of HL involving bone and bone marrow 
involvement is very uncommon (0.25%) [80–83]. 
The presence of limited literatures of primary HL 
bone marrow with approximately 30 cases itself 
shows the rarity of the disease.

Importance—It is very important that primary 
HL should be distinguished from systemic HL 
involving bone marrow (Stage IV) as both prog-
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Table 15.6 Lugano classification (derived from Ann Arbor staging with modified Cotswolds) [adapted from [70, 71]]

Stage
I Involvement of a single lymph node region (e.g. cervical, axillary, inguinal, mediastinal) or 

lymphoid structure such as spleen, thymus, or Waldeyer’s ring
II Involvement of two or more lymph node regions or lymph node structures on the same side of the 

diaphragm. Hilar nodes should be considered to be “lateralized” and when involved on both 
sides, constitute stage II disease. For the purpose of defining the number of anatomic regions, all 
nodal disease within the mediastinum is considered to be a single lymph node region, and hilar 
involvement constitutes an additional site of involvement. The number of anatomic regions 
should be indicated by a subscript (For e.g. II-3 means 3 anatomical regions)

III Involvement of lymph node regions or lymphoid structures on both sides of the diaphragm. This 
may be subdivided into stage III-1 or III-2: stage III-1 is used for patients with involvement of the 
spleen or splenic hilar, celiac, or portal nodes; and stage III-2 is used for patients with 
involvement of the paraaortic, iliac, inguinal, or mesenteric nodes

IV Diffuse or disseminated involvement of one or more extranodal organs or tissue beyond that 
designated E, with or without associated lymph node involvement.

Special points All cases are subclassified to indicate the absence (A) or presence (B) of the systemic symptoms 
of significant unexplained fever, night sweats, or unexplained weight loss exceeding 10% of body 
weight during the 6 months prior to diagnosis
The designation “E” refers to extranodal contiguous extension (i.e. proximal or contiguous 
extranodal disease) that can be encompassed within an irradiation field appropriate for nodal 
disease of the same anatomic extent. More extensive extranodal disease is designated stage IV.
Bulky disease: A single nodal mass, in contrast to multiple smaller nodes, of 10 cm or ≥1/3 of 
the transthoracic diameter at any level of thoracic vertebrae as determined by CT; record the 
longest measurement by CT scan. The term “X” (used in the Ann Arbor staging system) is no 
longer necessary
The subscript “RS” is used to designate the stage at the time of relapse.

Table 15.7 Unfavourable risk factors for stage I–II HL for ≥18 years

Risk factor GHSG EORTC NCCN
Age – ≥50 years –
ESR and B symptoms >50 if A, >30 if B >50 if A, >30 if B >50 if A, any B symptoms
Nodal sites >2 >3 >3
Mediastinal mass MMR > 0.33 MTR > 0.35 MMR > 0.33
Bulky mass – – >10 cm
Extranodal lesion Any – –

GHSG German Hodgkin Study Group, EORTC European Organisation for Research and Treatment Centre, NCCN 
National Comprehensive Cancer Network, MTR ratio of max mediastinal mass to intrathoracic diameter at T5–T6, 
MMR ratio of max mediastinal mass to max intrathoracic diameter

nosis and treatment modalities vary as the former 
has much better prognosis.

C/F—Many a time symptoms are either not 
there or very nonspecific in the form of bony 
pains. Hence its diagnosis becomes difficult and 
therefore on an average it takes 6–8  months to 
diagnose from the time when they first presented. 
While systemic HL with bone marrow involve-
ment is painless, primary HL bone marrow is 
quite painful [84]. Because of the symptoms, 
they are frequently confused with osteomyelitis. 
Bony lesions can be osteolytic with ill defined 

borders, sclerotic to mixed though former is most 
common [80, 81, 84]. The common bony sites 
involved are dorsolumbar spine > pelvis > ribs, 
femur > sternum [80]. It can present as both soli-
tary and multi focal lesion [84].

D/D
• Osteomyelitis
• Osseous tumour with fibrous stroma (e.g. 

malignant fibrous histiocytoma)
• Primary bone tumour specific or common to 

that particular site
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Male

Age ≥45 yrs

Stage IV

Albumin <4g/dlHaemoglobin <10g/dl

Leukocytosis-
WBC> 15000/cumm

Lymphocytopenia- Lymphocytes
<8% or <600/cumm

Fig. 15.7 International 
prognostic score for 
advanced disease [85]

Table 15.8 Association of various IPS scores with FFP, 
OS, and prevalence

Freedom from 
progression (%)

Overall 
survival (%)

Prevalence 
(%)

No 
factors

88 98 8

One 
factor

84 97 26

Two 
factors

80 91 26

Three 
factors

74 88 21

Four 
factors

67 85 12

Five 
factors

62 67 7

15.10  Management

15.10.1  Risk-Adapted Initial 
Therapy

Before initiation of treatment, risk factors which 
were mentioned previously have to be consid-
ered. While prior to chemotherapy there should 
be extensive evaluation of risk factors, one has to 
continuously monitor the parameters especially 
by means of PET scan during the course of treat-
ment because it may help in to add or omit che-
motherapy. For example, if PET scan is positive 

after two cycles of chemotherapy, then intensifi-
cation of chemotherapy is desired. If there is 
positivity by PET scan at the end of treatment, 
then addition of consolidation radiotherapy at 
positive sites is required to be done. Positive PET 
scan may require repeating biopsy for 
 confirmation [86]. PET is a better tool for pro-
gression-free survival and overall survival than 
staging of lymphoma and other prognostic fac-
tors if done after two cycles of chemotherapy as 
it can predict progression- free survival [87, 88].

In general, patients presented with an early stage 
HL have to be treated by courses of combination 
chemotherapy followed by involved-field radiation 
therapy (IFRT), while patient who are presented at 
an advanced stage of HL should receive longer 
cycles of chemotherapy without radiation therapy. 
Management of HL as followed by most of the 
groups considering the stage and prognostic factors 
has been summarised (Figs. 15.8 and 15.9).

15.10.2  Management of Relapsed/
Refractory Disease

It has been seen in various studies that 5–10% of 
HL patients don’t respond to initial treatment and 
there were 10–30% patients who had disease 
relapse after achieving complete remission [89, 
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Work Up CHL Prior Chemo

Early stage favorable CHL Early stage unfavorable CHL
Advanced disease

CHL (Stages
IIB2-IV)

6 cycles of ABVD/4 cycles of
escalated BEACOPP

followed by 2 cycles of
standard BEACOPP [86, 48]

4 cycles ABVD plus 30 Gy
IFRT is the standard for

these patients [32]

2–4 cycles ABVD followed
by IFRT at a dose of approx

20–35 Gy [29]

Fig. 15.8 Treatment of classical Hodgkin lymphoma

Early stage favorable
NLHL (Stage lA) with

no risk factors

Advanced Stage
NLPHL

ABVD plus
Rituximab [86]

Nodular lymphocyte
predominant hodgkin

lymphoma

Lymph node excision
with close follow up or

IFRT at a dose of
approx 20-30 Gy [86]

Fig. 15.9 Treatment of nodular lymphocyte predominant 
Hodgkin lymphoma

90]. Various newer modalities have been tried, 
some being successful in achieving remission in 
these resistant groups.

Primary refractory disease—It is defined as 
progression of the disease or disease showing no 
response during induction treatment/within 
90  days of completion of treatment. There is a 
low response rate by second-line chemotherapy 
in HL showing long-term disease-free survival 
(DFS) in 5–10% of patients [91, 92]. In view of 
it, other alternatives in the form of high dose che-
motherapy (HDCT) with autologous stem cell 

transplantation (ASCT) are currently the favou-
rite treatment modality [93, 94].

Relapsed disease—Various studies have 
reported better outcome in relapsed HL treated 
with HDCT followed by ASCT in comparison to 
conventional salvage chemotherapeutic regimens 
[95, 96].

Therapeutic options following relapse after 
HDCT and ASCT—Generally these patients 
have worst outcome with median time to progres-
sion after the next high dose chemotherapy to be 
only of 3.8 months and the median survival after 
ASCT failure to be around 26  months [97]. 
Patients who failed with both HDCT and ASCT 
had hardly any treatment options in the past. 
However with new drugs like vinorelbine [98] 
and gemcitabine [99] availability hopes have 
arisen as they have shown some good results. We 
know that neoplastic cells of CHL are CD 30 
positive and therfore use of anti-CD 30 is being 
thought of in relapsed and refractory cases of 
CHL.  Brentuximab vedotin which acts against 
CD30 and is being conjugated to an antitubulin 
agent auristatin has shown a promising response 
[100, 101]. There are agents which block interac-
tions between the cell surface receptor pro-
grammed cell death 1 (PD-1) and its ligands 
PD-L1 and PD-L2, thus resulting in good clinical 
response rates. These agents are pembrolizumab 

15 Hodgkin Lymphoma: Revisited



260

and nivolumab which have shown good overall 
response rate of 65% and 88%, respectively, in 
patients previously treated by stem cell trans-
plantation and brentuximab [102–104]. Other 
newer agents who have shown positive results are 
histone deacetylase (HDAC) inhibitors (panobi-
nostat, mocetinostat) [105, 106], mTOR inhibi-
tors (everolimus) [107], and immunomodulator 

agents. These drugs in relapsed HL have shown 
reduction of tumour in 60% of patients and par-
tial remissions in 24% patients [108]. Another 
promising drug idelalisib which is an oral PI3K- 
d- selective inhibitor has shown promising effects 
in relapsed HL [109].

Summarised form of landmarks of manage-
ment of HL has been depicted in Fig. 15.10.

Aug
2008

Aug
2009

Aug
2010

Aug
2011

Aug
2015

May
2016

June
2016

Aug
2016

Mar
2017

Dec
2012

2015

• Haplo-identical donor allo-Hematopoietic cell transplant

• Deauville scale for Interim PET

• Reduced Intensity chemo-radiotherapy in early stage favourable classical HL

• Brentuximab Vedotin approved after failure of auto-transplantion

• PET/CT made bone marrow biopsy redunant

• Brentuximab Vedotin approved for high risk post-Auto consolidation

• P13 kinase delta inhibitorin combination with a selective JAK1 inhibitor has shown promising results in HL

• Nivolumab approved for relapsed/refractory classical HL

• PET-CT response adapted therapy in advanced classical HL

• Programmed Death-1 genetic alterations defined classical HL and predicted outcomes

• Pembrolizumab approved for relapsed/refractory classical HL

Fig. 15.10 Landmarks in treatment of Hodgkin lymphoma

Consensus of the imaging subcommittee of international harmonisation project in lymphoma [110]

Response of disease Definition
Complete remission 1.  Disappearance of all evidence of disease.

2.  PET negative residual mass of any size.
3.  No evidence of lymphoma deposit in bone marrow biopsy if the bone marrow was 

involved before treatment.
Unconfirmed CR Complete elimination of disease
Partial response 1.  ≥50% decrease of the sum of the products of the diameters of up to six largest dominant 

masses.
2.  No increase should be observed in the size of other nodes, spleen, or liver.
3.  Post-treatment 18FDG-PET should be positive in at least one previously involved site.
4.  Bone marrow assessment is not relevant.

Stable disease 1.  Absence of criteria defining CR, PR, and progressive disease.
2.  No new positive areas of involvement in 18FDG-PET besides the old ones.

Progressive disease 1.  Appearance of a new lesion >1.5 cm in any axis after confirmation with other modality as 
PET is not only the sufficient evidence.

2.  More than 50% increase of the sum of the product of the diameters of >1 node.
3.  More than 50% increase in longest diameter of a previously identified node >1 cm in 

short axis by 18FDG-PET.
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15.11  Response of Disease

15.12  Summary

Hodgkin lymphoma has gone into various his-
torical landmarks. Clinical features have been 
varied but common symptoms in majority of 
patients remained present. Its pathophysiology 
now is well understood better and hence has led 
to better management and discovery of effec-
tive newer drugs. Till a few years back ABVD 
came up with supreme results but as time passed 
cases of refractory and relapse also increased 
and this led to discovery of newer monoclonal 
conjugate drugs.
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Pathology of Lymphoreticular 
Tissues

Sumeet Gujral

16.1  Introduction and Scope 
of This Chapter

Hematopathology is a discipline in which the 
routine methods of clinical and morphologic 
analysis are interwoven with routine laboratory 
as well various ancillary techniques for diagnosis 
and management of hematolymphoid lesions. 
Such lesions broadly may be divided into non- 
neoplastic (like viral, tubercular, autoimmune, 
drug induced) and neoplastic. Neoplastic lesions 
involving nodes could be hematolymphoid or 
non-hematolymphoid neoplasms. Scope of this 
chapter is hematolymphoid neoplasms (HLN) as 
defined by the WHO 2017 Classification of HLN 
and others [1–3]. Here we discuss the morphol-
ogy of normal lymphoreticular tissues (primarily 
lymph nodes, bone marrow trephine biopsy, 
spleen, and thymus) followed by an approach to 
diagnosis and subtyping of HLN based on mor-
phology and various ancillary techniques, pri-
marily immunohistochemistry (IHC) (Figs. 16.1, 
16.2, 16.3, and 16.4). Bone marrow aspirate is 
not a part of the scope of this chapter.

Diagnostic hematopathology has been a nem-
esis for pathologists. Contributing factors to the 
difficulty of diagnosing HLN include lack of 
trained hematopathologist and lack of wide-
spread use of various ancillary techniques. To be an expert in hematopathology, a pathologist 

needs to see an adequate number of cases of such 
lesions on a daily basis along with various ancil-
lary techniques. It is desirable to have a trained 
hematopathologist who has expertise in both his-
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Fig. 16.1 Normal LN showing secondary follicles with 
outer marginal zone, middle mantle zone, and inner ger-
minal center

Fig. 16.2 Normal LN showing bcl2 stain—IHC
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topathology (LN, extranodal lymphoid lesions, 
BM biopsy) and liquid hematology (peripheral 
blood smear and BM aspirate) with training in 
various ancillary techniques. Such kind of train-
ing programs are available in the USA where 
they have fellowship programs in hematopathol-
ogy which encompasses both liquid and solid 
hematolymphoid tissues with an exposure in 
various ancillary techniques. In India, most of the 
hematopathology training programs (post resi-
dency fellowship or a DM program) are tilted 
toward liquid hematology (peripheral blood and 
bone marrow) and a very little exposure to solid 
tissue hematopathology (including lymph nodes). 
Similarly, body fluids may be seen and reported 
in another division (cytopathology) in most cen-
ters. Though IHC is available in many centers, 
flow cytometry, cytogenetics, and molecular 
diagnostics are available in few selected centers. 

Very few residency programs in India encompass 
exposure in all these areas including various 
ancillary techniques.

HLN range from the most indolent to highly 
aggressive neoplasms. They arise from cells of 
immune system at different stages of differentia-
tion. Various hematolymphoid tissues include 
peripheral blood, bone marrow, lymph nodes, 
thymus, spleen, Waldeyer’s ring, and lymphoid 
tissue at mucosal and other sites. Some of these 
HLN present as leukemia (primary involvement 
of peripheral blood and bone marrow), some as 
lymphomas (primarily involving lymph nodes, 
spleen, thymus, and other solid organs), and 
some as combined. Clinical course can change 
over the course of the disease. Therefore, the 
terms leukemia and lymphoma may be used 
interchangeably. HLN constitute approximately 
8–10% of all neoplasms in our practice at Tata 
Memorial Hospital, Mumbai with equal contri-
bution from both solid and liquid HLN. Recent 
years have brought an explosion of new diagnos-
tic tools to the pathology of HLN, which have 
permitted more precise disease definition and 
recognition of factors that can predict prognosis 
and response to treatment with targeted therapies. 
Thus, it is imperative for a hematopathologist to 
have an updated clinical knowledge and also var-
ious modalities to reach a final impression. 
Standard protocols should be followed for vari-
ous procedures, and it starts with sampling, 
grossing, processing of tissues so as to finally 
obtain a good-quality well-stained thin H&E 
section.

16.2  Brief About HLN

Older classification systems of lymphoid and 
myeloid neoplasm were separate; however, these 
have come under one umbrella, latest one being 
the WHO 2017 Classification of HLN. It has been 
broadly divided into tumors of precursor lymphoid 
neoplasms, mature B-cell neoplasms, mature T- 
and NK-cell neoplasms, Hodgkin lymphoma, 
immunodeficiency-associated LPD, histiocytic 
and dendritic cell neoplasms, and myeloid neo-
plasms, each having further subtypes (Table 16.1).

Fig. 16.3 BM biopsy showing secondary follicles in 
intertrabecular location
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row aspirate showing myeloid maturation patterns
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Lymphoid neoplasms can occur anywhere as 
lymphoid cells exist all over. Nodal lymphomas 
include lymph node, Waldeyer’s ring, bone mar-
row aspirate and biopsy, thymus, and spleen. 
Remaining may be considered as extranodal. In 
the following sections, we discuss HLN as per 
primary organ involved. There is a huge list of 
lymphoma subtypes; hence, to simplify, we may 
study it under various headings such as low-grade 
and high-grade types, pediatric and adult types, 
and nodal and extranodal types. Common HLN 
subtypes in adults include diffuse large B-cell 
lymphoma, chronic myeloid leukemia (CML), 
chronic lymphocytic leukemia/small lympho-
cytic lymphoma (CLL/SLL), acute myeloid leu-
kemia (AML), Hodgkin lymphoma (HL), 
follicular lymphoma (FL), T-cell lymphoblastic 

lymphoma (T-LL), anaplastic large cell lym-
phoma (ALCL), Burkitt lymphoma (BL), etc. (as 
seen in our practice). Common HLN subtypes in 
children include precursor B-cell lymphoblastic 
lymphoma/leukemia (B-LL), T-LL, HL, ALCL, 
and BL. Kindly refer WHO 2017 Classification 
of HLN for its detailed classification for myeloid 
neoplasms and WHO-EORTC 2005 classifica-
tion for cutaneous lymphomas [1, 4, 5].

16.3  Investigations Required

Workup of a case of HLN needs multimodality 
approach. Routine investigations include com-
plete blood counts, serum proteins (globulin and 
albumin), erythrocyte sedimentation rate (ESR), 

Table 16.1 Broad subtypes of hematolymphoid tumors [1]

Classification of hematolymphoid 
neoplasm Subclassification
Myeloid neoplasms (a) Myeloproliferative neoplasms

(b) Mastocytosis
(c) Myeloid/lymphoid neoplasm with eosinophilia and gene 
rearrangement abnormalities of PDGFRA, PDGFRB, FGFR1, or 
PCM1-JAK2
(d) Myelodysplastic/myeloproliferative neoplasms
(e) Myelodysplastic syndromes
(f) Myeloid neoplasms with germline predisposition
(g) AML and related precursor neoplasms
(h) Blastic plasmacytoid dendritic cell neoplasm
(i) Acute leukemia of ambiguous lineage

Lymphoid neoplasms (a) Precursor lymphoid neoplasms (B, T, and NK lymphoblastic 
lymphoma/leukemia)
(b) Mature B-cell neoplasms
(c) Mature T- and NK-cell neoplasms

Hodgkin lymphoma (a) Nodular lymphocyte predominant Hodgkin lymphoma (NLPHL)
(b) Classical HL
    • Nodular sclerosis
    • Mixed cellularity
    • Lymphocyte rich
    • Lymphocyte depleted

Immunodeficiency-associated 
lymphoproliferative disorders (LD)

(a) LD with primary immune disorder
(b) Lymphoma associated with HIV infection
(c) Post-transplant lymphoproliferative disorders
(d) Other iatrogenic immunodeficiency-associated LD

Histiocytic and dendritic cell 
neoplasms

(a) Histiocytic sarcoma
(b) Tumors derived from Langerhans cells
(c) Indeterminate dendritic cell tumor
(d) Interdigitating dendritic cell sarcoma
(e) Follicular dendritic cell sarcoma
(f) Fibroblastic reticular cell tumor
(g) Disseminated juvenile xanthogranuloma
(h) Erdheim–Chester disease
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serum uric acid, serum calcium, creatinine, lac-
tate dehydrogenase (LDH), beta 2 microglobulin, 
etc. Morphological evaluation of the tissue like 
peripheral blood smear, bone marrow aspirate/
biopsy, lymph node and extranodal biopsy speci-
men (including spleen) is of utmost importance. 
Various ancillary techniques can detect proteins 
[immunophenotyping by immunohistochemistry 
(IHC) and flow cytometric immunophenotyping 
(FCI)], messenger RNA (in situ hybridization), 
or changes in DNA [Southern blot, PCR, fluores-
cence in situ hybridization (FISH), and gene 
expression profile]. Next-generation sequencing 
(NGS) has joined the long list of the investigative 
tools in workup of hematolymphoid neoplasms 
(still at very few centers in west). Ann Arbor 
staging system is used to stage these lymphomas 
[6, 7]. Thus, common diagnostic modalities 
include morphology, cytochemistry (e.g., myelo-
peroxidase, nonspecific esterase, Perls’ Prussian 
blue), immunophenotyping (IHC and FCM), 
cytogenetics (both conventional cytogenetics and 
FISH), and molecular diagnostics (including 
NGS). Consent for all laboratory procedures as 
well as investigations are essential for diagnosis, 
starting from fine needle aspirate to DNA/RNA 
studies, and it should be a part of the initial con-
sultation with the patient. In all cases, adequate 
clinical information is essential to assess the risk 
of the specimen and plan the investigations 
accordingly. Request forms must include relevant 
clinical as well as laboratory information includ-
ing complete blood counts, biochemical investi-
gations, and results of any preceding investigations 
such as peripheral blood FCI. Findings of radio-
logical investigations like ultrasound abdomen, 
CT scan, and PET/CT scan are useful.

16.4  Lymph Node: Interpretation 
and Lymphomas

16.4.1  Introduction and Indication 
for Biopsy

In adults, under normal conditions, only the 
inguinal nodes are palpable as 0.5–2.0 cm nod-
ules. Similarly, in children, small 0.5–1.0  cm 

cervical nodes may be palpable. It may be diffi-
cult to define absolute indications for LN biopsy 
as tuberculosis is one of the commonest causes 
of lymphadenopathy, which can be diagnosed 
on FNAC with special stains for mycobacteria 
and other microorganisms (AFB, GMS, PAS) 
and culture. FNAC may be a screening test for 
any lump, and it will help decide if a biopsy is 
required. However, any lymphadenopathy (sol-
itary or generalized) which is of size >1.5 cm, 
long-standing (4–6 weeks), firm to hard, mov-
able, non-tender, and suggestive of lymphoma/
neoplasm must be biopsied. It is advisable to 
do a whole node excision biopsy of the largest 
palpable node. Other indications may include 
persistent lymphadenopathy, mediastinal mass, 
abdominal mass or any other extranodal mass, 
and unexplained fever. History of persistent B 
symptoms, hepatosplenomegaly, etc. further 
indicates the need of a biopsy of any palpable 
mass. Frozen section diagnosis is avoided as it 
might lead to loss of tissue and also cause 
freezing artifacts, thereby limiting morpholog-
ical interpretations with paraffin sections. 
Needle core biopsy (NCB) is getting popular 
these days, and role of FNAC is diminishing in 
many areas. It is done primarily when the 
lesion is in inaccessible sites (retroperitoneal, 
mediastinal) or else in incapacitated sick 
patients. But number of NCB has increased in 
past, and we get to see larger number of core 
biopsies even from palpable nodes where a 
whole node biopsy would have given much 
more information.

Histopathological examination is the pri-
mary mode of diagnosis for any patient with a 
clinical diagnosis of lymphoma. However, 
before invasive procedures are attempted, a 
complete blood count with a manual differen-
tial count should be performed as the presence 
of cytopenia or increased leukocyte counts may 
suggest bone marrow involvement. In such 
cases, peripheral blood smear with FCI may 
provide a lead and also the diagnosis in many 
cases. FCI has its limitations, as it does not pro-
vide morphology (architecture and cytology) of 
the lesion, and also difficult to diagnose lesions 
like Hodgkin lymphoma (owing to number and 
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nature of tumor cells). FCI provides invaluable 
information of background cells. In addition, 
many lymphomas are easily diagnosed based 
on FCI like hepatosplenic gamma-delta T-cell 
lymphoma, hairy cell leukemia, etc. FCI may 
obviate the need for invasive tests and risks of 
anesthesia in a significant number of cases. In 
patients who present with acute severe respira-
tory distress due to airway obstruction (supe-
rior vena cava syndrome due to a mediastinal 
mass), every attempt should be made to make a 
diagnosis before starting steroids or chemother-
apy; otherwise, it may be difficult to diagnose. 
A diagnostic tap of pleural fluid or ascites may 
reveal tumor cells in T-lymphoblastic and 
Burkitt lymphoma, respectively (similarly pre-
cursor B-cell lymphoblastic lymphoma in cere-
brospinal fluid). Laparotomy and resection of 
the bowel may be indicated in patients who 
present with intussusception or intestinal 
obstruction, the cause being a lymphomatous 
process.

Few patients being referred to tertiary care 
centers for further management might have 
already received some preliminary treatment in 
the form of steroids, heavy metals, local herbs, 
or blood transfusion. This might cause a tempo-
rary decrease in tumor load leading to a delayed 
diagnosis. In such situations, a trephine biopsy 
done upfront at the primary center is crucial, as 
this paraffin block may be used to perform IHC 
to further classify the acute leukemia. Thus, it 
is suggested that a BM biopsy can be done 
upfront in all cases of HLN along with BM 
aspirate, especially in acute leukemias. Such 
paraffin blocks are invaluable material, as IHC 
can be performed at a later stage even if there 
are no blasts seen on peripheral blood or repeat 
BM aspirate. BM biopsy is also useful in evalu-
ating metastatic deposits, fibrosis, granulomas, 
etc. Bone marrow aspirates in partially treated 
acute leukemias may help in detecting minimal 
residual disease (MRD) in acute leukemias, 
extremely important in country like ours where 
most patients get steroids before they reach a 
tertiary care cancer center. MRD detection may 
help in picking up scanty cancer cells and hence 
a definitive diagnosis for further management.

16.4.2  Procedure, Collection, 
and Transport of Lymph Node 
Biopsy Material

Lymph node biopsy should be performed by a 
surgeon (likewise endoscopic biopsy by a gastro-
enterologist and skin biopsy by a dermatologist). 
A pediatric surgeon should preferably perform 
LN biopsy in a child. Whole node biopsy of the 
largest palpable node should be done. (do not cut 
the lymph node and send it to two or more labo-
ratories at one time). NCB may be done for non- 
palpable lesions (inaccessible sites). Multiple 
cores may be obtained from deep-seated lesions 
such as abdominal, mediastinal, and retroperito-
neal nodes. Tissue should be handled gently to 
avoid crushing artifacts. Do not use blunt needles 
or forceps, so as to avoid crushing of nodal tissue. 
Many surgeons practice NCB even on the large- 
sized palpable nodes for want of time and ease, 
and this should be discouraged unless otherwise 
indicated. Whole node biopsy of the largest pal-
pable node is the mantra. If lymph node biopsy 
cannot be transported to the histopathology labo-
ratory immediately, lymph node should be sliced 
serially (3–4 mm thin) perpendicular to its long 
axis and fixed in optimum quantity of buffered 
formalin (10 times the volume of the tissue biop-
sied). This will ensure optimal preservation of 
morphology and good results on IHC. In hospital- 
based laboratories, LN may be immediately sub-
mitted fresh to the laboratory for grossing and 
other ancillary tests. Specimens should reach the 
laboratory immediately after collection since 
cytogenetic analysis requires live cells for culture 
and RNA degrades rapidly. This requires close 
liaison with the operating theater staff because 
lymph node biopsies are frequently done by 
junior surgeons/trainees and are added to the end 
of operation theater list and thus reach laboratory 
late in the day. In cases where a specialized test 
like FCI or cytogenetic analysis is to be carried 
out at a remote location, transport or appropriate 
tissue culture media should be used. A part of the 
sample may be sent for snap freezing for the 
preservation of sample for ancillary molecular 
investigations. If the clinical impression is of an 
infective lesion, a fresh sample should be sent 
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directly to the microbiology laboratory for cul-
ture and sensitivity testing. For histopathology, 
the sample should be immersed in buffered for-
malin for 24–48 h for adequate fixation. Mention 
the number of lymph nodes and the size of the 
largest node. The lymph node may be sectioned 
perpendicular to the long axis of the node. This 
orientation provides the greatest assessment of 
the architecture. Majority of the tissue is put in 
formalin for histopathology laboratory. The 
bisected LN tissue should be fixed in formalin for 
24–48 h; less than this might lead to poor preser-
vation of cytological detail and can make the tis-
sue difficult to interpret. Standardization of 
fixation makes IHC more reliable. Prolonged 
fixation makes IHC more difficult and recovery 
of DNA from paraffin blocks unreliable. In case 
of a small lymph node and needle-core biopsies, 
there may be material just enough for histopa-
thology processing, and no additional investiga-
tions may be possible. However, if the specimen 
received is a whole fresh lymph node, which has 
sufficient volume, the specimen can be divided. 
Major chunk of the tissue specimen is sent for 
histological sections (in formalin or other fixa-
tive) and a part may be divided for DNA/RNA 
or FCI studies. Most labs in India prepare paraf-
fin blocks only, which is still the gold standard 
for lymphoma diagnosis. Flow cytometry 
immunophenotyping has picked up in the last 
decade and so.

16.4.3  Histopathology and Ancillary 
Techniques: Lymph Node 
and Extranodal Tissues

Morphology: LN (and extranodal) biopsy sections 
should always be stained with Hematoxylin and 
Eosin. Scanner view (2×) is the most important, 
followed by low-power examination. Scanner 
reveals extranodal fat, capsule, and above all archi-
tectural patterns within the node. Abnormal pat-
terns, infiltrates, and then cytological interpretation 
are picked up in the scanner view (using less light 
and lowering the condenser). IHC is required in 
almost all suspected cases of HLN for diagnosis 
and further subtyping. Cases like classical HL may 

be diagnosed based on morphology; however, IHC 
is required in most cases to exclude a wide range 
of morphological differential diagnoses from viral 
infections to a high-grade B- or T-cell lymphoma. 
IHC may be performed by manual or automated 
methods. For FCM, fresh lymph node samples are 
best analyzed as early as possible, preferably 
within 6–8 h. If sample has to be transported to a 
reference laboratory, a laboratory should have 
standard operating procedures (SOPs) for disag-
gregating and fixation of the sample in a transport 
media. For cytogenetics, a fresh sample of the 
specimen (BM aspirate and lymph node) that you 
want to specify in tissue culture medium should be 
sent for cytogenetic analysis. Cytogenetic analysis 
should be performed only once the morphological 
impression is made. This will help in saving costs 
in unnecessary screening. FISH may be done on 
imprint smears as well as on tissue sections. If 
fresh samples are processed for metaphases, these 
should be stored, and analysis is attempted after 
morphological assessment of the sample indicates 
a need for cytogenetics. The cytogenetic labora-
tory may store cell suspensions. EDTA may be 
used as an anticoagulant for molecular tests such 
as RT-PCR. A sample of fresh tissue may be rap-
idly frozen and stored for subsequent analysis if 
required.

16.4.4  Normal Histology 
and Immunophenotypic 
Profile

Normal lymph nodes are small, about 1  cm in 
size, but the size can vary depending upon the site 
and activity. It is important to understand normal 
histology along with IHC patterns of normal 
lymph nodes biopsied from various sites to 
understand different compartments and dynamic 
nature of the lymph node. Though it is a dynamic 
structure and no two normal nodes look similar; 
broadly, a lymph node may be divided into differ-
ent compartments mainly capsule, cortex, para-
cortex, sinuses, and medulla. The understanding 
of physiology including normal architectural 
and functional compartment of lymph node is 
essential to make a diagnosis of pathology of 
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node including nodal lymphoma. Lymph node is 
a dynamic structure where lot of immunological 
responses occur to various stimuli like bacterial, 
viral, or parasitic infections, autoimmune disor-
ders, drug-induced reactions, etc. The lymph 
node reacts to each of these stimuli differently, 
and accordingly its histology varies. There may 
be slight variation in its histology depending 
upon anatomical site of node. For example, the 
thoracic nodes show anthracotic pigment, ingui-
nal and pelvic nodes show de novo sclerosis, 
mesenteric nodes have significant sinus histiocy-
tosis, and spleen and its nodes may show a prom-
inent marginal zone. Multiple reactive 
(non-metastatic) axillary nodes dissected in a 
case of mastectomy might show different mor-
phological patterns (dynamic nature of the 
nodes). Varying morphological features on a 
scanner view in different nodes may include fol-
licular hyperplasia, prominent T zone with fea-
tures of dermatopathic lymphadenitis, and sinus 
histiocytosis, and an occasional node might show 
distended medullary cords rich in plasma cells. 
Various nodules can be seen in a low-power 
examination of the node. These may be B-cell 
nodules (common) or T-cell nodules. Among B 
nodules, it might be a primary follicle or a sec-
ondary follicle (has a germinal center). Section 
from an edge of a secondary follicle will appear 
as a nodule without germinal center (like section 
from an edge of a boiled egg).

These nodules (rich in mature looking small 
lymphoid cells) from an edge of a secondary fol-
licle may mimic a primary B follicle or a low- 
grade B-cell lymphoma. The lymphoid cells in 
these nodules will diffusely express CD20 and 
bcl2 (with a low MIb1 and hardly any CD23) and 
may be diagnosed as low-grade B-cell lym-
phoma/marginal zone lymphoma on tiny/needle 
core biopsies of abdominal/retroperitoneal nodes. 
Bcl2 is a tricky stain. It is positive in most lym-
phoid cells in a normal node including marginal 
and mantle zone cells. It is negative primarily in 
centrocytes and centroblasts of the secondary fol-
licle. CD4+ T follicular helper cells within ger-
minal center will also express bcl2, and excess of 
these bcl2+ T cells may lead to misdiagnosis of 
follicular lymphomas in some situations. Sinuses 

are common sites of deposits of carcinomas, 
ALCL, etc. Paracortical T zone is rich in small 
lymphoid cells in a background of high endothe-
lial capillaries. It may show a mottling pattern 
rich in interdigitating reticulum cells, which may 
weakly express cytokeratin called as cytokeratin- 
positive interdigitating reticulum cells (CIRCs). 
Pigment-laden macrophages are found here in 
cases of dermatopathic lymphadenitis (with a 
prominent T zone). Such conditions and also 
viral infections may lead to an increase in large- 
sized mononuclear cells (immunoblasts) in the T 
zone and may mimic RS cells. Immunoblasts 
express CD20 and Pax5 (strongly) and CD30; 
however, classic RS cells (morphology is impor-
tant) express CD30, CD15, and EBV and weakly 
express Pax5 (generally CD20−). Nodes with 
granuloma are classically seen in infective condi-
tions, and common microorganisms must be 
excluded starting from Mycobacterium tubercu-
losis (caseating granulomatous inflammation). 
Special stains like AFB, GMS, and PAS for 
microorganisms must be performed in such 
cases. Granulomas may also be seen in toxoplas-
mosis and in lymphomas like HL and Lennert’s 
T-cell lymphoma. Nodes with patches of necrosis 
with increased apoptosis (karyorrhexis) may be 
seen in Kikuchi Fujimoto disease (mimic high- 
grade lymphoma). Here crescentic histiocytes 
within the necrotic patches express AMPO and 
plasmacytoid dendritic cells express CD123.

16.4.5  Immunophenotypic Profile 
of Normal Reactive Lymph 
Node

Normal lymph nodes reveal a spectrum of histologi-
cal features. Immunophenotyping of  lymphomas as 
B- or T-cell type is not straightforward as many of 
the lymphomas exhibit a polymorphous population, 
and majority of the cells in the background may be 
non-neoplastic, as seen in T-cell histiocyte-rich 
B-cell lymphoma (TCHRBCL), nodular lympho-
cyte predominant HL (NLPHL), and cHL (tumor 
cells are very scanty). High- grade lymphomas like 
angioimmunoblastic T-cell lymphomas may mimic 
cHL, TCHRBCL, and even a reactive node. 
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Pathologist has to decide on which are the cells of 
interest (tumor cells) because they may be small size 
and innocuous looking (like PTCL-NOS) or else 
may be scanty in nature (like HL, TCHRBCL, etc). 
Small size of lymphoblastic lymphomas may mimic 
small size of small lymphocytic lymphoma (SLL) 
cells. Thus, identifying cells of interest is the key. 
Morphology followed by extensive IHC panel for T, 
B, NK cells will help. Deciding on cells of interest 
may depend on morphology and sometimes on 
IHCs. Similarly, interpretations of IHC stains may 
be tricky and not be straightforward. CD5 expres-
sion in tumor cells in mantle cell lymphoma may be 
weaker than the background CD5/CD3-positive T 
cells (strongly positive). Similarly, Pax5 expression 
in RS cells in cHL is weak in comparison with 
brightly lit reactive B cells in the background. 
Internal control is as important as is external control 
(Table 16.2). Plasma cells and immunoblasts are the 
internal control for CD30, while histiocytes and 
eosinophils are for CD15. CD34, and cyclinD1 may 
highlight endothelial cells. CD10 and bcl6 will light 
up the germinal centers. MIB-1 is almost 100% seen 
within the germinal centers of secondary follicles, 
where bcl2 is negative. BCL2 may highlight scanty 
CD4+ T helper cells within the germinal center. 
Similarly, CD21, CD23, and CD35 are good mark-
ers to highlight compact germinal centers, where 
they stain follicular dendritic cells.

16.4.6  Lymphoma Diagnosis

Lymphoma can have a wide range of clinical, 
morphological, and immunological findings. In 
our practice, the commonest subtypes of lym-
phoma are DLBCL and HL.  Diagnosis of lym-
phoma requires multidisciplinary approach. 
Regardless of the type of lymphoma, initial evalu-
ation of patient should include careful history and 
physical examination. Important clinical informa-
tion includes age and sex of the patient, duration 
of symptoms, presence of B symptoms (like fever, 
weight loss, night sweats), lymphadenopathy, 
hepatosplenomegaly, and skin lesions. The base-
line radiological investigations (CT scan, PET 
scan) help in staging and follow-up of the disease 
response evaluation. The biochemical parameters 
like albumin and globulin levels, ß2 microglobu-
lin levels, serology for HIV, HBV, HCV, and 
hematological parameters like hemoglobin, plate-
let count, and lymphocyte percentage (absolute) 
are important baseline investigations. All these 
investigations are complementary to each other. 
All these parameters help to confirm the diagnosis 
and identify those manifestations of the lym-
phoma that might require prompt attention and 
also aid in the selection of further ancillary inves-
tigations, if required, for optimal characterization 
of lymphoma and to allow the best choice of ther-
apy. Though it is a combined diagnostic approach, 
for convenience sake the approach to lymphoma 
diagnosis has been divided into four parts:

 1. Morphological/histopathological approach
 2. Immunophenotypic analysis
 3. Cytogenetic studies
 4. Molecular studies

16.4.6.1  Morphological/
Histopathological Approach 
to Lymphoma Diagnosis

Optimal fixation and processing of lymph node is 
important for morphological as well as immuno-
histochemical interpretation. A good quality 
H&E section is a key to lymphoma diagnosis. It 
is important to have a low-power lens in the 
microscope, preferably 1× (most expensive) or 
else a 2× lens.

Table 16.2 IHC expression pattern of normal lymph 
nodal cells

Germinal center (GC) cells: CD10+, BCL6+, and BCL2−
Germinal center B cells: CD20+, CD79a+, Pax5
Germinal center T cells: CD3+, CD4+, CD57+, PD-1 
(programmed death-1)+
Follicular dendritic cells: CD21+, CD23+, CD35+
Proliferation index (Ki67 or MIB-1 labeling index): 
high in GC (almost 100%)
Mantle zone cells: CD20+, CD79a+, CD5+, IgD+, 
IgM+, BCL2+
Marginal zone cells: CD20+, CD79a+, IgM+, IgD−/+, 
BCL2+
Paracortical T cells: CD3+, CD4+ or CD8+, CD43+, 
CD7, CD5, CD2
Histiocytes: CD68+, CD163, CD43+, S100−, 
CD1a− (S100 and CD1a will be positive in 
Langerhans cells)
Plasma cells: CD138+, CD38+, CD19+, Ig+, kappa or 
lambda light chains, EMA+/−, CD20−
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For a pathologist, once the H&E-stained slide 
of suspected hematolymphoid lesion is on the 
microscope, the dilemma of lymphoma verses 
non-lymphoma starts. Common non-neoplastic 
lymphoid proliferations at these sites may be fur-
ther subdivided into various categories based on 
etiology and morphological patterns. To take an 
example of a benign nodal lesion, we may have 
the following common patterns:

 1. Follicular/nodular patterns are commonly 
seen in reactive follicular hyperplasia, viral 
infections, autoimmune disorders like rheu-
matoid arthritis lymphadenitis, hyaline vascu-
lar Castleman disease, progressive 
transformation of germinal centers, mantle 
and marginal zone hyperplasia.

 2. Predominantly sinusoidal pattern is seen in 
reactive sinus histiocytosis, Rosai Dorfman 
disease, and hemophagocytic syndrome.

 3. Paracortical T-zone expansion may be seen in 
dermatopathic lymphadenitis, granulomatous 
lymphadenitis (tubercular and others), 
Kimura’s disease, toxoplasmosis, systemic 
lupus erythematosus, Kikuchi lymphadenitis, 
Kawasaki disease, and inflammatory pseudo 
tumor (IgG4-related diseases).

 4. Diffuse patterns are commonly seen in viral 
infections such as infectious mononucleosis, 
cytomegalovirus infection, herpes simplex 
lymphadenitis, and also because of drugs.

The above benign lesions may mimic a lym-
phoma. Though morphology remains the corner-
stone in diagnostic approach, a detailed history 
with various ancillary techniques including clon-
ality studies may be required to reach a final 
diagnosis.

First question is whether we are dealing with a 
lymphoma or a reactive/infective/autoimmune 
disorder leading to lymphadenopathy. Many 
drug-related adenopathies (phenytoin, isoniazid, 
iodides, tetracycline, sulfonamides, allopurinol, 
etc.) may give rise to an abnormal pattern mim-
icking lymphoma. Dilantin-associated lymph-
adenopathy may mimic a high-grade lymphoma, 
and drugs like thiomercazol may lead to increase 
in hematogones like cells in the bone marrow, 

thus mimicking acute leukemia. Clinical history, 
along with ancillary techniques like IHCs and 
FCI (flow cytometric immunophenotyping), 
helps confirm reactive lymphoid cell patterns 
including hematogones. Many viral infections 
like EBV- and HIV-associated adenopathy may 
mimic cHL, T-cell histiocyte-rich B-cell lym-
phoma and PTCL-NOS, plasmablastic lympho-
mas, etc. Tubercular nodes on histology may 
resemble Hodgkin lymphoma or Lennert’s lym-
phoma, a variant of peripheral T-cell lymphoma. 
Many patients diagnosed and treated as tubercu-
losis on the basis of fine needle aspirate might 
have a hematolymphoid neoplasm. This must be 
confirmed on a biopsy examination. Kikuchi 
Fujimoto disease (necrotizing lymphadenitis) 
with abundant karyorrhexis and plasmacytoid 
dendritic cells (which express CD123) may 
resemble high-grade NHL. Such cases require a 
thorough workup to exclude a possibility of an 
autoimmune disease and tuberculosis. Thus, a 
detailed history, thorough examination, complete 
autoimmune workup, and also special stains for 
fungus and mycobacteria may be mandatory in 
such situations. Castleman disease may mimic 
plasmacytoma and cHL.  Light chain clonality 
and markers like CD15 and CD30 might help dif-
ferentiate. All these are made complicated some-
times by IHC stains; to give an example, CD30+ 
B-immunoblasts are seen scattered all over in 
EBV adenopathy. They also express EBVLMP1 
by IHC or else EBER by ISH. These may be con-
fused as RS cells of cHL.  However, these are 
generally mononuclear cells in morphology and 
also express LCA, CD20, and Pax5 strongly 
while may be negative for CD15. Thus, IHC 
alone will not help in differentiating these benign 
lymphoid proliferations from neoplastic ones. It 
is important to rule out the possibility of related 
benign entities and obtain adequate history. 
Toxoplasmosis commonly occurs in posterior 
cervical and occipital nodes (with a classical 
triad of follicular hyperplasia, microgranulomas, 
and monocytoid B-cell hyperplasia). A large- 
sized axillary or inguinal node of long duration in 
an otherwise asymptomatic patient suggests a 
Nodular Lymphocyte Predominant Hodgkin 
lymphoma (NLPHL). Patent sinuses, mottled T 
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zone, and preserved secondary follicles favor a 
benign node and, however, may be preserved in 
many lymphomas like AITL. Nodal architecture 
is well preserved in ALCL and metastatic carci-
nomas where scanty tumor cells might be seen in 
sub-capsular sinuses.

The second question is whether it is a hemato-
lymphoid neoplasm or some other tumor. 
Common differential diagnoses include round 
cell tumors, carcinoma, melanoma, germ cell 
tumors, etc. depending upon the architecture and 
cytology of the tumor cells. Large cell lympho-
mas (like DLBCL, ALCL) may mimic deposits 
of carcinoma, germ cell tumor, and even malig-
nant melanoma. Small cell hematolymphoid neo-
plasms (like blastic hematolymphoid neoplasms 
and extramedullary myeloid tumor) may resem-
ble small cell carcinoma, rhabdomyosarcoma, 
Ewing sarcoma, etc. Plasmacytoma in the head 
and neck region may resemble neuroendocrine 
tumors. Thus, a meticulous morphological exam-
ination and an adequate immunohistochemistry 
(IHC) workup may be required. IHC markers 
may include LCA, CD20, CD3, CD7, Pax5, 
CD10, Tdt, CD34, AMPO, c-kit (for blastic 
hematolymphoid neoplasms), CK and EMA (for 
epithelial carcinoma), S100, HMB45, Melan-A 
(for melanoma), c-kit, CD30, PLAP, AFP (for 
germ cell tumors), Desmin, Myogenin, Myo-D1 
(for myogenic tumors), Mic-2, EWS-FLI1 (for 
PNET/ES), others like CD56, synaptophysin, 
and chromogranin (for neuroendocrine tumors), 
etc. Be aware that CD99 is expressed in round 
cell tumors such as PNET/ES and also in blastic 
lymphomas. Round cell tumors which are nega-
tive for LCA, CD3, and CD20 (initial panels 
employed in most histopathology lab) and 
express CD99 have been labeled as PNET/Ewing 
sarcoma. Such cases may be mislabeled as ES/
PNET, if additional markers (like Pax5, CD79a, 
CD10, Tdt, CD34) are not done. Moreover, new 
entities like early T precursor ALL might be 
weakly positive or negative for CD3, highlight-
ing the importance of CD7 in such cases for iden-
tifying T-cell lineage of these blastic lymphomas 
(author’s experience). One has to be aware of rare 

spindle cell lesions in nodes like myofibroblas-
toma, IgG4-related diseases, etc.

The third question may be to differentiate HL 
from NHL and also further subtyping of HL and/
or NHL. Few subtypes of NHL like PTCL-NOS, 
Lennert’s lymphoma, and AITL may resemble 
classic HL. Granulomas as previously mentioned 
may be seen in infective conditions like tubercu-
losis and also in lymphomas such as cHL and 
PTCL.  Occasionally, both HL and NHL may 
mimic a reactive node. cHL may even mimic 
NLPHL.  More than 95% of HL is of classical 
subtype, and NLPHL constitutes approximately 
5% in our practice, as reported elsewhere [1]. 
Further subtyping of a hematolymphoid neo-
plasm is important for the management and prog-
nostication of the patient. The pathological 
diagnosis of lymphoma is based on morphologi-
cal interpretation aided by immunophenotypic 
analysis (either immunohistochemistry or flow 
cytometry). The ancillary techniques like cytoge-
netic and molecular analysis provide diagnostic 
and prognostic information in lymphoma diagno-
sis and may be important in certain unresolved 
cases. Many large cell lymphomas have an 
immune profile of classical HL.  These may be 
labeled as large cell lymphoma with Hodgkin 
phenotype or else may belong to the category of 
classical HL—lymphocyte depleted. HL is the 
common lymphoma subtype seen in practice. It is 
easily diagnosed based on RS-like cells in a poly-
morphous background. However, it is one of the 
most commonly misdiagnosed diseases as differ-
entials vary from a reactive node to other B-cell 
lymphomas like TCRBCL, NLPHL diffuse vari-
ant, and Gray zone lymphoma to T-cell 
 lymphomas like ALCL and PTCL-NOS.  Thus, 
HL is another big waste basket like DLBCL and 
PTCL-NOS.

Low magnification or scanning objective 
lens for patterns: Either 1× (expensive lens) or a 
2× objective lens is preferred in the diagnosis of 
HLN. Low magnification gives information about 
the architecture of the lymph node, different com-
partments of the node, their size and relationship 
with each other. The whole mount view of lymph 
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node is best seen under scanner view with opti-
mum increase in contrast obtained by altering the 
intensity of light (low) and moving the condenser 
up and down. Pathologist must spend maximum 
time on scanner or a low-power view. Most of the 
times, the diagnosis is established on a scanner 
view of the whole node. At least it gives a lead and 
direction, whether one is dealing with reactive 
lymphoid proliferations or a lymphoma or a meta-
static carcinoma. Identifying the pathologic pro-
cess, that is, focal, multifocal, or predominantly 
diffuse is very important for the formation of a 
differential diagnosis of lymphoma. It is good 
practice to evaluate various componants of lymph 
node sequentially at scanning magnification 
namely the capsule, sub-capsular and medullary 
sinuses, follicles, mantle and marginal zones, 
interfollicular areas, and medullary cords for 
abnormalities. There are specific abnormalities 
that occur in specific compartments, and their rec-
ognition permits formulation of a differential 
diagnosis. Examine all nodes of a given case as 
one may observe different patterns in different 
sections. Most lymphomas have a diffuse involve-
ment; however, few may have focal involvement.

Scanner view gives an impression on cellular-
ity, architecture, and color of the node. 
Architecture is effaced loosely (and commonly). 
We know nodes have a dynamic structure and 
hence different nodes as in a case of axillary dis-
section in carcinoma breast reveal different 
architecture. Some have a prominent follicular 
pattern, other might have prominent T zone, and 
some may have sinus histiocytosis. It does not 
imply that the architecture is effaced. Absence of 
secondary follicles does not mean the architec-
ture is effaced. Architecture is effaced as in when 
nodes reveal something which should not belong 
there like necrosis, granulomas, metastatic 
deposits, fibrotic bands, etc. Appearance of nod-
ularity (pseudo-follicular structure or spherical 
structure), diffuse nature, sclerotic bands, and 
proliferation centers are best appreciated at scan-
ner and low power. Blue looking node means 
that the lesion is composed of monomorphic 
small cells with scanty cytoplasm. Likewise, a 

pink appearing node means that the lesion is 
composed of a polymorphous infiltrate of hema-
topoietic cells and may include neutrophils, 
eosinophils, histiocytes, immunoblasts, and 
plasma cells, apart from the atypical lymphoid 
cells containing more cytoplasm. Blue appearing 
nodes are classically blastic lymphomas (LL and 
myeloid sarcomas) and also small cell lympho-
mas like mantle cell lymphoma, follicular lym-
phoma, and small lymphocytic lymphoma. Pink 
looking nodes (polymorphous background and 
tumor cells with more cytoplasm) include cHL, 
PTCL, AITL, ALCL, MZL, etc. Nodular looking 
lymphomas include cHL, NLPHL, FL, MCL, 
MZL, SLL, etc. while diffuse looking lympho-
mas include DLBCL, ALCL, cHL, PTCL, MCL, 
SLL, MZL, plasmacytoma, blastic lymphoma, 
etc. Tumors with a thick capsule include 
cHL.  Tumors with granulomas include PTCL 
(Lennert’s lymphoma) and cHL.  Lymphomas 
with a rich vasoformative background and high 
endothelial venules include PTCL and 
AITL. Tumor cells in PTCL may be small size 
admixed with large-sized background immuno-
blasts. Such cases can only be diagnosed with 
comprehensive T-cell panels including CD2, 
CD3, CD4, CD5, CD7, CD8 and also PD1, 
CD23, bcl6, and CD10 (for AITL). T/NK-cell 
lymphomas need extra markers including CD56, 
CD57, granzyme, perforin, and TIA-1.

Various patterns in lymphomas: Various 
patterns like follicular, nodular, mantle, mar-
ginal, sinusoidal, Indian file, interfollicular, and 
starry sky have been described. Different lym-
phomas have different patterns and similar pat-
tern can be seen in different lymphomas 
(Table 16.3).

High-power lens for determining the cell 
size and other cellular features (40× objec-
tive lens): Different types of cells occur in 
compact groups and can be recognized (with 
higher power of objective lens) on the basis of 
their color or their locations (e.g., follicles, 
mantle or marginal zones, interfollicular areas, 
sinuses, and medulla). The size of tumor cells is 
usually compared to that of nucleus of endothe-
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lial cells or reactive histiocytes. Small-, 
medium-, and large-sized cells refer to the 
nuclei, respectively, smaller than, approxi-
mately the same size as, or larger than those of 
the reactive endothelial cell or the reactive his-
tiocyte. Fine cellular details like nuclear con-
figuration (e.g., cleaved cells), features of 
nucleoli, and cytoplasmic characteristics are 
visualized best at high magnification. Small-
cleaved cell lymphomas include follicular lym-
phoma (FL) and mantle cell lymphoma (MCL) 
while large cell lymphomas commonly are dif-
fuse large B-cell lymphoma (DLBCL), ana-
plastic large cell lymphoma (ALCL), 
plasmablastic lymphoma (PBL), etc. BL are 
classically composed of monomorphic interme-
diate-sized cells with numerous tingible body 
macrophages and mitoses in the background.

The cellular microenvironment also contrib-
utes to differential diagnosis of lymphoma. The 
background of plasma cells, eosinophils, neutro-
phils, and histiocytes is mostly seen in cHL, 
PTCL-NOS, AITL, etc. Increased histiocytic 
cells in the background are seen in classical HL, 
T-cell histiocyte-rich B-cell lymphoma, PTCL, 
or AITL.  For mantle cell lymphoma, scattered 
pink histiocytes between sheets of monomorphic 
small-cleaved lymphocytes may be a helpful 
diagnostic clue (with the absence of nucleolated 
cells). Clusters of epithelioid histiocytes may be 
seen in T-cell lymphomas (Lennert’s lymphoma) 
and cHL. Tingible body macrophages containing 
cellular debris give a starry sky pattern in BL and 
in lymphoblastic lymphoma (not to confuse with 
normal T zone mottling seen in reactive nodes or 
in dermatopathic lymphadenitis).

Table 16.3 Differential diagnosis of various patterns

Pattern seen in lymph node Differential diagnosis
Nodular/follicular pattern: ball-like structure of one or 
two layers with follicular center cells

It is seen in follicular lymphoma grade I, II, and IIIA
Follicular pattern can be seen due to follicular 
colonization by mantle cells in MCL or by marginal 
zone B cells in marginal zone B-cell lymphoma

Pseudofollicular pattern/proliferation centers: pale 
staining, hypodense, vague nodular structures without 
color of mantle zone cells, with or without mitotic 
activity, and tingible body macrophages

Commonly seen in SLL and rarely in 
lymphoplasmacytoid lymphomas, pseudofollicles being 
rich in prolymphocytes

Mantle/marginal zone pattern Mantle cell lymphoma and marginal zone lymphoma, 
respectively

Nodules with intermingling of layers Seen in NLPHL; single to multiple large-sized, closely 
packed spherical structures, also called as progressive 
transformation of germinal centers (PTGC), with 
preponderance of small, dark blue lymphocytes (mostly 
CD20+ small B cells) containing scattered L&H type 
RS cells (CD20+ large B cells)

Fibrous nodular pattern Classical HL—nodular sclerosis and, rarely, ALCL may 
show this pattern

Starry sky pattern: presence of numerous benign 
histiocytes with abundant clear cytoplasm and 
phagocytosis

BL and blastic lymphomas (also seen in Kikuchi 
Fujimoto disease)

Sinus pattern ALCL, mycosis fungoides, Langerhans cell 
histiocytosis, marginal zone B-cell lymphoma, etc. 
Metastasis of carcinoma may show sinus pattern. Subtle 
sinusoidal pattern in BM trephine is commonly seen in 
hepatosplenic gamma-delta T-cell lymphoma (CD3+) 
and SMZL (CD20+) and intravascular large B-cell 
lymphoma

Interfollicular pattern PTCL, leukemia, interfollicular-type cHL, etc.
Vascular pattern Angioimmunoblastic T-cell lymphoma and PTCL-NOS
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Benign Versus Malignant Lymphoid 
Proliferations
Diagnosis of lymphoma is mostly based on the 
examination of a H&E stain slide. IHC stains can 
further substantiate morphological findings (and 
help it further subtype). Many benign diseases of 
lymph node like bacterial and viral infections 
including HIV, toxoplasmosis, Kikuchi Fujimoto 
disease, dermatopathic lymphadenitis, sinus his-
tiocytosis, lymphadenopathy related to collagen 
vascular diseases, and drugs and also immune 
reactions (like autoimmune lymphoproliferative 
syndrome) might mimic a hematolymphoid neo-
plasm. These nodes may be small to large in size 
and have a partial effacement of architecture with 
a prominent follicular hyperplasia and/or para-
cortical T-zone expansion. Immunoblasts may be 
prominent in the follicular and paracortical zones 
and may be confused with RS cells and may 
express CD45, CD20, and CD30. Kimura dis-
ease, Castleman disease, and dermatopathic 
lymphadenitis may resemble HL while Kikuchi 
Fujimoto disease may resemble DLBCL/
BL. Another common diagnostic dilemma is dif-
ferentiating reactive follicular hyperplasia from 
follicular lymphoma. Reactive follicular hyper-
plasia has classical morphological features. It 
shows preservation of nodal architecture and low 
density of follicles, which are variable in size and 
shape with interfollicular zone. The follicles have 
sharp demarcation of germinal center from that 
of mantle zone. Germinal centers will show 
polarization, brisk mitosis, and tingible body 
macrophages. Many a times reactive follicular 
hyperplasia may mimic with follicular lymphoma 
and IHC with BCL2 may or may not help solve 
this issue. BCL2 staining within the germinal 
centers favors a diagnosis of follicular lym-
phoma, though the FL grade 3 may be negative 
for bcl2 expression (as seen in cutaneous FL). In 
reactive germinal center, bcl2 is negative in cen-
trocytes and centroblasts (B cells); however, 
CD4+ T-helper cells within germinal centers may 
express bcl2. In situations where CD4+ T cells 
(bcl2+) predominate within the germinal center, 
it may mislead to a diagnosis of follicular lym-
phoma. These CD4+ T-helper cells within germi-
nal centers may give rise to AITL (in addition to 

T-cell markers, they express CD4, CD10, bcl6, 
PDI) and CD21/CD23 highlights an extra germi-
nal center follicular dendritic cell proliferations.

Common infectious agents associated with 
various lymphomas include Epstein–Barr virus 
(Burkitt lymphoma, cHL, extranodal T/NK-cell 
lymphoma, angioimmunoblastic T-cell lym-
phoma, primary CNS large B-cell lymphoma, 
EBV-positive DLBCL, post organ transplant 
lymphomas), HTLV-1 (adult T-cell leukemia 
lymphoma), HIV (DLBCL, BL, plasmablastic 
lymphoma), hepatitis C virus (lymphoplasma-
cytic lymphoma), human herpes virus 8 (primary 
effusion lymphoma, multicentric Castleman 
disease).

IgG4-related disease is a newly recognized 
fibro-inflammatory condition characterized by 
several features: a tendency to form tumefactive 
lesions in multiple sites; a characteristic histo-
pathological appearance; and often-elevated 
serum IgG4 concentrations [8]. Such patients 
may present to any of the following specialties 
including pathology, rheumatology, gastroenter-
ology, allergy, immunology, nephrology, pulmo-
nary medicine, oncology, ophthalmology, and 
surgery. Diagnosis of IgG4-related disease is 
based on the combined presence of the charac-
teristic histology (triad of dense lymphoplasma-
cytic infiltrate, a storiform pattern of fibrosis, 
and obliterative phlebitis) and increased num-
bers of IgG4+ plasma cells. In tissues, dense dif-
fuse infiltrates of IgG4+ plasma cells that 
number  >50/hpf are reportedly highly specific. 
IgG4+/IgG+ plasma cell ratio of >40% as a com-
prehensive cutoff value in any organ is also very 
specific of IgG4RD.

16.4.6.2  Immunophenotyping 
and Lymphoma

The different methods of immunophenotyping 
that yield similar information are IHC, FCM, and 
immunofluorescence, with the former two being 
mandatory for any laboratory reporting HLN.  It 
may be expensive to do both IHC and FCM in 
each case of lymphoma. FCM is best done for 
blood/bone marrow/fluids, while IHC is optimal 
for lymph nodal and extranodal lesions. Both the 
techniques are complementary. FCI may also be 
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done on FNAC of lymph nodes or tissue homog-
enate from lymph node. Few centers use both FCI 
and IHC in the diagnosis of lymphomas. FCI is 
performed as a panel rather than an individual 
marker. Furthermore, understanding of the nor-
mal staining pattern and cross-reactions of an 
antibody is crucial for the correct interpretation 
and diagnosis. There are markers that work better 
on IHC like cyclinD1 and other markers that are 
more popular on FCI like CD200, etc. All labs 
doing IHC and FCI must have a stringent internal 
quality control program and also participate in a 
proficiency-testing (external quality assurance) 
program. Each new lot of antibody needs to be 
verified, as required, before it is put in to the diag-
nostics. All laboratories should preferably be 

accredited and conform to international quality 
standards (ISO:15189:2012).

Immunohistochemistry
Of all the available ancillary techniques, IHC is 
a more widely available tool for diagnosing 
HLN. FCI of lymphomas as B-, T-, or T/NK-cell 
type is not straightforward as many of them have 
a polymorphous population in the background. 
There are more than 250 CD markers available 
today and approximately 40–45 being routinely 
used in IHC labs for the diagnosis of HLN 
(Figs.  16.5, 16.6, 16.7, 16.8 and Tables 16.4, 
16.5, 16.6, 16.7, 16.8, 16.9, 16.10, 16.11, 16.12). 
It is important to understand the reactions of 
these markers with respect to different normal 
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cells in the lymphoid and non-lymphoid organs. 
An example is of bcl2 reaction in a normal 
lymph node. Bcl2 is commonly used in the dif-
ferential diagnosis of follicular lymphoma from 

follicular hyperplasia. In a normal node, bcl2 is 
expressed by mantle cells, marginal zone cells, 
interfollicular T cells, and in T cells (CD4+) 
present within the germinal centers. Similarly, 
Pax5 is a B-cell marker with the strongest 
expression in mantle zone cells, weak to moder-
ate in germinal center C cells, weak in RS cells 
(in CHL), and negative in marginal zone B cells, 
plasma cells, and T cells. CD138 is a marker for 
plasma cells and is also expressed in epithelial 
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Table 16.4 Essential markers for a hematopathology 
laboratory

LCA, CD20, CD3, CD5, CD23, cyclinD1, Mib1, 
CD10, bcl6, bcl2, CD43, CD15, CD30, Alk1, Pax5, 
Tdt, CD34, CD138, MPO, Mum1, EBVLMP1/EBER 
(ISH)
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Table 16.6 Different lymphoma subtypes and panels

DLBCL: CD10, bcl6, Mum1, Mib1, bcl2, MYC
Plasma cell neoplasms: CD79a, CD38, CD138, kappa/lambda light chains, CD56, EMA, Mum1, cyclinD1, CD19, 
C-kit
Small cell lymphomas: CD5, CD23, cyclinD1, bcl6, CD10, CD43, bcl2
Burkitt lymphoma: bcl2, MiB1, CD10
Lymphoblastic lymphoma: CD3, CD99, TdT, Pax5, CD79a, CD10, CD4, CD8 (for B-LL, CD79a and CD19 are 
better markers as the blasts might be negative for LCA and CD20)
Granulocytic sarcoma: CD43, MPO, cKit, CD34
ALCL: CD30, ALK-1, EMA, CD3, CD4, CD8, CD20
PTCL/AITL: CD3, CD2, CD5, CD7, CD56, CD30, ALK1, CD23, CD10, CD4, CD8, PD1, Tdt
Suspected NK cell lymphoma: CD3, CD56, CD57, EBER (others: CD8, TIA-1, granzyme B)
Histiocytic differentiation: PGM1 (CD68), CD163, CD1a
Dendritic cell: CD21, CD23, CD35, S-100
cHL: LCA, CD3, CD20, Pax5, CD15, CD30, Alk1, EBER ISH, EBV LMP1
NLPHL: CD20, CD3, CD56, Oct2, Bob1, CD23. CD30, EBER, EBVLPM1
Cutaneous lymphomas: CD3, CD20, CD4, CD8, CD5, CD7, CD10, CD30, BCL2
EBV-related lymphomas: EBER by in situ hybridization

Table 16.5 Comprehensive panel of antibodies as a lymphoma panel

B-cell lymphoma panels: CD20, CD79a, CD19, CD23, CD10, MYC, CD5, BCL2, BCL6, Ki67, IRF4/Mum1, 
CD21, CD23, CD35, cyclin D1, Pax5, Tdt, CD138, kappa and lambda light chains, CD43, p21, Annexin A1, 
CD123
Hodgkin lymphoma panel: LCA, CD3, CD20, CD15, CD30, Pax5, ALK1, IRF4/Mum1, EBV-LMP1, EBE-EBER 
(ISH), Oct2, Bob1, EMA, CD57
T/NK-cell lymphoma panel: CD2, CD3, CD4, CD5, CD7, CD8, CD56, Ki67, CD23, CD10, CD25, CD30, Alk1, 
Tdt, CD56, CD57, Perforin, Granzyme, TIA-1, PD1, CD123
Miscellaneous: C-kit, MPO, CD33, HLADR, CD1a, CD163, CD61/CD41, CD235, CD71, etc.
Other markers: CK, EMA, S-100, HMB45, Melan A, Desmin, Mic2, FLI1, MyoD1, Myogenin, Synaptophysin, 
Chromogranin, ER, PR, Cerb b2

cells. CD10 is a marker used in hematolymphoid 
neoplasms where it is expressed in precursor 
B-cell ALL, DLBCL, FL, BL, AITL, and also in 
benign lymphoid cells like hematogones and 
also in neutrophils and stromal cells. CD10 
expression in neutrophils is used as an internal 
control in FCI.

Large list of CD markers is available, and 
newer ones are added on a regular basis. 
Histopathologist shall decide the panel based on 
morphology and his/her expertise. Most of the 
time, a provisional diagnosis for the lesion is 
established on morphological examination. 
Accordingly, a panel of antibodies is applied to 
confirm this and further subtype the neoplasm. 
The panel also helps in identifying predictive 
markers (CD20+ B-cell lymphoma may receive 
rituximab therapy) and prognostic markers 
(CD38 and Zap 70 in CLL). IHC may also help in 

tricky situations like in differentiating a benign 
from a malignant proliferation (follicular hyper-
plasia versus follicular lymphoma).

It is important to select and understand the 
cells of interest and interpret the IHC patterns 
accordingly. There are neoplasms where tumor 
cells are very scanty (may be <1% tumor cells), 
as seen in classical HL. Here the tumor cells are 
RS cells while the majority of the cells in the 
background (lymphocytes, plasma cells, 
 histiocytes, neutrophils, and eosinophils) are 
believed to be a response to the tumor. Thus, 
IHC is evaluated accordingly. HL has overlap-
ping morphological features with T-cell histio-
cyte-rich B-cell lymphoma and peripheral T-cell 
lymphoma (NOS). Selection and interpretation 
of cells of interest is crucial and may be based 
on morphological and/or immunophenotypic 
evaluation.
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Table 16.7 Differential diagnosis of HL and NHL resembling Hodgkin lymphoma

Lymphoma Principle site of involvement Histology Tumor cell immunophenotype
cHL Peripheral 

lymphadenopathy, 
mediastinal mass, spleen, 
Para-aortic LN

RS cell is a constant feature. 
Sinus infiltration usually absent. 
Sheets of RS cells can surround 
area of necrosis in syncytial 
variant of HL

CD45−, CD30+, CD15+/−, 
PAX5+, ALK−. EMA−, 
EBV+/−, BOB1, OCT2−/+, CD20+/−
Background is T cell (CD3) rich

NLPHL Peripheral 
lymphadenopathy, 
mediastinal mass, spleen, 
and bone marrow 
involvement are rare

Usually a nodular or a diffuse 
infiltrate with small 
lymphocytes, histiocytes with 
scattered tumor cells (RS like, 
popcorn, L&H cells etc)

CD45+, CD30, CD15−, 
CD20+, BCL6+, OCT2+, 
BOB1+, EMA+/−, ALK1−. 
EBER negative.
PTGC nodules rich in CD20+ 
small B cells admixed with 
CD20+ L&H cells
T-cell rosetting around L&H 
cells: CD3+, CD4+, CD57+, 
PD1+

ALCL Peripheral lymph node, 
extranodal sites (skin, 
gastrointestinal tract, 
bone)

Hallmark cells having eccentric, 
horseshoe, kidney, or embryo 
shaped nuclei with eosinophilic 
region near nuclei seen in sheets. 
Sinus infiltration is common. RS 
cells are rare

CD45+/−, CD30+, ALK+/−, 
CD15-, CD3+/−, CD4+, EMA +/−

PTCL-U Generalized 
lymphadenopathy, spleen, 
skin

Some cases have numerous large 
cells, which mimic RS cells. 
Surrounding cells show 
spectrum of medium and small 
atypical cells

CD45+, T-cell markers+ 
however may show loss of any 
of T-cell antigens (CD7, CD5, 
CD3, or CD2). Ratio of CD4/
CD8 is altered. CD30 may be 
focally positive while Tdt is 
negative
B-cell markers negative (rarely 
CD20+ PTCLs have been 
described)

T-cell/
histiocytic-rich 
B-cell 
lymphoma (T/
HRBCL)

Peripheral 
lymphadenopathy, but 
bone marrow, liver, and 
spleen are frequently 
involved at the time of 
diagnosis

A small number of large cells 
(around 10% neoplastic B cells) 
seen surrounded by bland- 
looking histiocytes and small 
lymphocytes (T type). Tumor 
cells do not form aggregates or 
sheets

CD45+, CD20+, BCL6+, 
BCL2+/−, EBV+, EMA+/− and 
CD30−, CD15−, CD138− and 
T−. Background T cells CD3+ 
along with histiocytes. The T 
cells are CD3+, CD57−, and PD1−

Primary 
mediastinal 
large B cell 
lymphoma

Mediastinal mass 
(thymus), spread to 
kidneys, adrenals, liver; 
common in young females

Tumor cells are medium-sized to 
large cells with abundant pale 
cytoplasm. Pleomorphic and/or 
multilobated nuclei may 
resemble RS cells. Bands of 
collagen surround the individual 
and small groups of cells 
(alveolar fibrosis)

CD45+, CD20+, CD23+/−, 
CD30+ (+ in about 80% cases), 
MUM1+, BCL6+/−, BCL2+/−, CD10−

Lymphoma Diagnostic Panels for IHC
Subtle diagnoses that are easily missed on the 
basis of standard H&E-stained sections include 
interfollicular HL, sinusoidal infiltration by 
ALCL, partial nodal involvement by follicular 
lymphoma or in situ lymphomas, etc. MCL has 

many morphological variants like in situ type, 
classical lymphocytic type, blastoid type, and 
rare polymorphous type. Thus, MCL may have a 
morphological differential with FL Grade 1 (or 
SLL) and also a blastic lymphoma. These should 
be recognized by careful analysis at light micros-
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Table 16.8 IHC and genetic features of common mature B-cell NHL

Mature B-cell 
NHL CD5 CD23 CD10 CD43 BCL2

Annexin 
A1 CyclinD1 Genetic abnormality

CLL/SLL + + − + + − −/+ 13q deletion 
(commonest), 
trisomy12, deletion 
of 11q22–
23(ATM), and 
17p13(p53)

MCL + −/+ −/+ in 
blastoid 
variant

+ + − + t(11;14)(q13;q32) 
between IGH@ 
and/
cyclinD1(CCND1) 
gene

LPL (IgM+) − − − + − + − No specific 
abnormalities, 
del6q on BM and 
rarely t(9;14)(IGH/
PAX5)

FL − − + with 
BCL6+

− + − − t(14;18)(q32;q21) 
between IGH@/
BCL2

DLBCL 
(germinal center/
GC type) and 
(activated B cell/
ABC type)

−/+ − +(with 
BCL6+ in 
GC)/− (with 
BCL6− in 
ABC)

−/+ + − − t(14;18)/IGH@/
BCL2, abnormality 
of 3q27(BCL6 
gene), gain of 9p 
and 12q12

Burkitt 
lymphoma 
(Mib-1-100%)

− − + − − − − t(8;14), t(2;8), and 
t(8;22):Detection 
by MYC break-
apart by FISH

HCL (CD11c, 
CD25, CD123, 
CD103)

− − − + + + + No specific 
abnormality

SMZL (IgM+, 
IgD+)

− −/+ − − + − − Allelic loss of 
7q31–32

Mucosa-
associated 
lymphoid tissue 
lymphoma

− −/+ − −/+ + − − t(11;18)(q21;q21)
(API2/MALT1)
t(1;14), t(14;18), 
and t(3;14) 
deregulation of 
BCL10, MALT1, 
and FOXP1, 
respectively

copy, but a small panel of antibodies will be 
required to correctly subtype these lymphomas. 
Though there is no defined list for minimal mark-
ers, a laboratory must have adequate B, T, 
myeloid, and other common markers for subtyp-
ing of HLN.  Attached are the tables with sug-
gested list of the common antibodies used in 
lymphoma diagnosis (Figs. 16.5, 16.6, 16.7, 16.8 
and Tables 16.4, 16.5, 16.6, 16.7, 16.8, 16.9, 
16.10, 16.11, 16.12). It is important to mention 

here that many carcinomas or round cell tumors 
might mimic a HLN and hence smaller panels 
can be misleading.

Specialized centers should aim to perform a 
comprehensive diagnostic workup as per WHO 
2017 Classification of HLN. Smaller labs might 
have lesser markers in their armamentarium 
(Table 16.4) and, however, can refer cases to spe-
cialized centers for additional IHC markers, as 
and when need arises. Though there is no list of 
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Table 16.9 IHC and genetic features of common mature T-cell lymphoma (TCL)

T-cell neoplasm CD3 CD5 CD4 CD8 CD30 TCR
NK (CD16, 
CD56)

Viral 
infection

Genetic 
abnormalities

T-PLL + − +/− −/+ − αβ −/+ − inv(14), trisomy 8q

T-LGL + − − + − αβ +/− − No specific 
abnormality

NK LGL − − − + − − + EBV+ No specific 
abnormality

ATLL + + + −/+ −/+ αβ − HTLV1 No specific 
abnormality

Extranodal NK/TCL, 
nasal type

−/+ − − − − − + EBV++ Deletion (6)
(q21;q25) 
commonest 
abnormality

Hepatosplenic γδ 
TCL

+ − − −/+ − γδ +/− − iso(7q) 
abnormality

Enteropathic type 
TCL

+ + − −/+ +/− − − − No specific 
abnormality

Subcutaneous 
panniculitis like TCL

+ + − + − αβ − − TCR gene 
rearrangement

Primary cutaneous 
γδ TCL

+, +/− γδ + − No specific 
abnormality

Mycosis fungoides + + + − − αβ − − No specific 
abnormality

PTCL-NOS +/− +/− +/− −/+ −/+ αβ > γδ −/+ EBV−/+ Complex 
karyotype

Angioimmunoblastic + + +/− − − αβ − EBV+/− No specific 
abnormality

Primary systemic 
ALCL (ALK+/−)

+/− −/+ +/− −/+ + αβ − − t(2;5) NPM/ALK

Cutaneous ALCL 
(ALK−)

+/− − + − + αβ − − No translocation 
involving ALK 
gene

minimal markers for the diagnosis of lympho-
mas, two levels (based on number of antibodies 
used) of antibodies may be suggested (Tables 
16.4 and 16.5): first level of best laboratory prac-
tice where all available markers are available and 
second level where bare essential markers are 
available to make a diagnosis in the vast majority 
of cases.

Various lymphoma subtypes may look similar 
on morphology and may also mimic 
 non- neoplastic lesions or other tumors like a car-
cinoma, melanoma, germ cell tumor, or even a 
round cell tumor. Moreover, a pathologist will 
not know what is going to be on his/her reporting 
table next. Few common morphological mimics 
include HL and ALCL or a T-cell histiocyte-rich 
B-cell lymphoma, nasopharyngeal carcinoma, 

and DLBCL, plasmablastic lymphoma and 
malignant melanoma, and lymphoblastic lym-
phoma and any other round cell tumor. Many of 
B-cell lymphomas like plasmablastic lymphomas 
might not express CD20, thereby highlighting 
the requirements of more extensive panels like 
CD138, Mum1, and CD79A. Moreover, ALK1, 
which is classically expressed in ALCL, may also 
be expressed in large B-cell lymphomas, and 
cyclinD1 may be expressed in hairy cell leuke-
mia and plasma cell neoplasm, apart from mantle 
cell lymphoma. Few MCL might not express 
cyclinD1 where we need additional stains includ-
ing Sox11.

Small-cleaved cell lymphomas (monomor-
phic cells) include differential diagnoses of 
MCL and FL (grade 1). MCL generally has a 
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Table 16.10 Differentials considered for mature B-cell neoplasms based on the following groups

CD5/CD10 Differential diagnosis

CD5+ CD10− 1. CLL: CD23, CD19+, FMC7−, CD22, CD20, and CD79b are weak positive
2.  MCL: CD23− or only weak positive, CD19+, FMC7+, CD22, CD20, and CD79b are 

positive but confirmation is by either cyclinD1 positivity by IHC or t(11;14)(q13;q32) by 
cytogenetic studies

3.  B-PLL: In comparison with CLL, prolymphocytic transformation shows decreased 
staining for CD5 and increased staining for CD20 and acquisition of FMC7

4.  Marginal zone lymphoma (MZL): 5% MZL may be CD5+ and difficult to differentiate 
from CLL

5.  Lymphoplasmacytic lymphoma (LPL): Approximately 5% of LPL are CD5+ and need to 
be distinguished from MZL and other B-cell lymphoma with plasmacytoid differentiation

6.  DLBCL: A subset of DLBCL is CD5+ and it is difficult to differentiate between de novo 
DLBCL and Richter transformation in CLL

CD5− CD10+ FL and DLBCL represent the most frequent CD10+ and CD5− mature B-cell NHL, 
followed by Burkitt lymphoma. The lymph node biopsy and cytogenetic study for t(14;18) 
and c-myc gene rearrangement (BL) may solve the dilemma. It is known to be present in 
B-ALL
Uncommonly, CD10 can be seen in hairy cell leukemia, MCL (CD5+ and blastic variant), 
and MZL. Very rarely CD10 is also present in T lymphoma like precursor T-cell 
lymphoblastic lymphoma and angioimmunoblastic lymphoma

CD5− CD10− The common group involved under this group is DLBCL (may be activated cell type), 
SMZL, HCL, and LPL. Very rarely CD5− MCL and CD10− FL should be considered
Additional marker like CD25, CD103, CD11c, and CD123 by flow cytometry helps in 
differential diagnosis of SMZL, HCL, and HCL variant
HCL: CD25, CD103, CD11c, and CD123+ with annexin a1, DBA.44. and cyclinD1+ 
(maybe) on trephine biopsy
HCL-variant: CD25–CD123− with CD103+ CD11c+ with annexin a1− and DBA.44+ on 
trephine biopsy
 SMZL: CD180 bright, CD25dim, CD103– and CD11c+/–, cyclinD1–, and DBA.44+/− on 
trephine biopsy

CD5+ CD10+ Very rarely this pattern is seen in MCL, DLBCL, and FL

Table 16.11 Differentials considered for mature T-cell neoplasms based on the following groups

CD4/CD8 Differential diagnosis

CD4+ CD8− Sézary syndrome/cutaneous T-cell lymphoma, T-cell PLL, adult T-cell leukemia/lymphoma 
(ATLL), ALCL (rarely present as leukemic phase), angioimmunoblastic T-cell lymphoma, 
PTCL-U, and rarely CD4+ T large granular leukemia (LGL)

CD4− CD8+ T-cell LGL is the most frequent CD8+ T-cell neoplasm. Other T-cell lymphomas with CD8 
positivity are hepatosplenic T-cell lymphoma, NK cell LGL, CD8+ PTCL-U. and rarely T-cell 
PLL

CD4+ CD8+ Dual expression of CD4 and CD8 is usual in T-ALL (TdT or CD34+) and unusual in mature T-cell 
lymphoma. Though, double positivity for CD4 and CD8 can be seen in T-PLL with surface CD3 
positivity and lack of TdT and CD34. Very rarely, ATLL and LGL may show this co-positivity

CD4− CD8− Enteropathic T-cell lymphoma, hepatosplenic gamma-delta T-cell lymphoma, PTCL-U, and rarely 
NK/T-cell lymphoma nasal type with T-cell type lymphoma

classical monomorphic pattern of involvement 
by small- cleaved cells admixed with pink histio-
cytes and hyalinized capillaries, and absence of 
nucleolated cells. MCL and MZL can have vari-
ous patterns including nodular, diffuse, and also 
mantle/marginal zone growth pattern. Mantle 
cell lymphoma blastic variant may resemble 

lymphoblastic lymphoma. Here additional stains 
like Tdt, CD34, CD5, cyclinD1, and Sox11 are 
helpful. NLPHL classically presents as single or 
multiple large-sized nodules (progressive trans-
formation of germinal centers) with the presence 
of L&H cells expressing LCA and CD20 
strongly.
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Table 16.12 Useful markers (reagents) for acute leukemia panel

Backbone marker CD45 (leucocyte common antigen)
Markers of immaturity CD34, dim CD45, TdT
Myeloid lineage Cytoplasmic MPO, CD117, CD13, CD33, CD15, CD11b
Monocytic lineage CD4, CD14, CD11b, CD11c, CD36, CD64, CD65, CD66, 

HLADR
Megakaryocytic CD41, CD61, CD36
B lymphoid CD10, CD19, CD22, cytoCD79a, CD20
T lymphoid Cytoplasmic CD3, surface CD3, CD1a, CD2, CD4, CD5, 

CD7, CD8
Plasmacytoid dendritic CD123, CD302, 303 (CCD4, CD56, CD43)
Erythroid CD235a, CD71, CD36
Leukemia-associated immunophenotypes (LAIPs)
AML CD7, CD19, CD56
B/T-ALL CD13, CD15, CD33, CD117
Markers for B-cell chronic lymphoproliferative disorder (lymphoma) panel
General CD19, CD20, CD22, cyto79a, CD79b, CD23, FMC7, 

kappa, lambda
Markers useful for further subclassification in B NHL
CLL/MCL CD5, CD23, CD43, CD200, CD38, Zap70, light chain 

restriction
FCL/BL/DLBCL CD10
HCL CD11c, CD25, CD103, CD123
Markers for T-cell chronic lymphoproliferative disorder (lymphoma) panel
General CD2, CD3, CD4, CD5, CD7, CD8, TCRαβ, TCRγδ
Markers useful for further subclassification in T NHL
ATLL/CTCL CD25, CD26
AITL CD10
ALCL CD30
LGL CD56, CD57
EATCL CD103
NK cells CD16, CD56, CD57, CD94, CD158
Markers for plasma cell dyscrasia panel
General CD138, CD38, CD19, and cytoplasmic kappa and lambda
Abnormality associated CD56, CD20, CD28, CD117; also loss of CD27 and CD81

Small non-cleaved cell lymphomas (mono-
morphic small- to intermediate-sized cells) with 
high mitoses and apoptosis is a classical mor-
phology of BL.  BL has a common differential 
with DLBCL, and there is an entity with overlap-
ping features labeled as high-grade NHL, with 
features intermediate between BL and DLBCL 
(an entity deleted in new WHO 2017 Classification 
of HLN). Similarly, mediastinum, which is a 
common site of HL (nodular sclerosis pattern), 
primary mediastinal large B-cell lymphomas 
(PMLBCL) and DLBCLs, also has a neoplasm 
with overlapping features between HL and 
DLBCL labeled as high-grade B-cell lymphoma 
with features intermediate between HL and 

DLBCL (a type of gray zone lymphoma). 
PMBCL is commonly seen in middle-aged to 
elderly women and has a classical morphology 
and immunophenotypic pattern.

PTCL is a common subtype of T-cell lympho-
mas and should be differentiated from ALCLs, 
AITL, and T-lymphoblastic lymphomas. T-LL 
must be differentiated from extramedullary 
myeloid tumors, biphenotypic acute leukemias 
and also from early T-precursor ALL. ALCL need 
to be differentiated from Alk-negative ALCL, 
classical HL, mastocytosis, deposits of carcinoma, 
and a germ cell tumor (all may express CD30).

DLBCL is the commonest subtype of lym-
phoma and is considered a wastebasket. They are 
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aggressive lymphomas with considerable clini-
cal, biologic, and pathologic diversity and reflect 
the functional diversity of the B-cell system and 
multiple pathways of transformation. Using a 
multi-modality approach, the updated WHO 
2017 Classification has defined some new sub-
groups, including DLBCLs associated with age 
groups or anatomic sites. Thus, DLBCLs have 
broadly been divided into various subtypes like 
DLBCL, NOS (primary DLBCL of the CNS, pri-
mary cutaneous DLBCL, leg type, intravascular 
large B-cell lymphoma), TCHRBCL, EBV- 
positive DLBCL, DLBCL associated with 
chronic inflammation, PMLBCL, ALK-positive 
large B-cell lymphoma, PBL, PEL, MCD, and 
B-cell unclassifiable between cHL and 
DLBCL. Entity B-cell unclassifiable between BL 
and DLBCL (gray zone lymphomas) has been 
deleted in new WHO 2016 Classification of 
HLN. Although DLBCL is curable with standard 
chemoimmunotherapy (R-CHOP), over 30% of 
patients with advanced stage disease experience 
refractory disease or progression. To differentiate 
the good DLBCL from the bad DLBCLs, gene 
expression studies were conducted, and they 
indicated that DLBCL is a heterogeneous disease 
entity, as cell-of-origin studies reveal at least 
three distinct subtypes: primary mediastinal, acti-
vated B-cell (ABC), and germinal center B-cell 
(GCB) types [9]. Genomic profiling has been 
translated to IHC and by using different 
 algorithms, most commonly Hans algorithm 
(Fig. 16.5), we can differentiate ABC from GCB 
subtype [10]. Both subtypes express CD10. GCB 
express BCL6, while any tumor expressing 
MUM1 is of ABC subtype. Thus, MUM1 is a bad 
prognostic marker in DLBCLs.

Laboratory Approach in Case of Large Cell 
Lymphoma
Most labs have a policy to use a smaller primary 
panel based on morphology and do a more elabo-
rate secondary panel depending on the findings 
of primary panel. Others might prefer doing a 
comprehensive panel upfront, saving turnaround 
time. Most of these large cell lymphomas are of 
B-cell type; however, a few of these may be 
ALCL (T/Null-cell type) or other subtypes. To 

begin with, three most important markers are (a 
small primary panel) LCA, CD3, and CD20 in a 
case suspected to be a large cell lymphoma. In 
case the tumor cells express CD20, the lab may 
do secondary panel (depending upon morphol-
ogy), which may include at least Mib1, CD10, 
and bcl2 to differentiate DLBCL from BL, and 
cyclinD1 may be used to differentiate mantle cell 
lymphoma (pleomorphic variant). Likewise, 
additional markers like CD10, bcl6, and Mum1 
may be required to differentiate good subtype 
GCB from bad subtype ABC of DLBCL [10]. 
Newer entities like double-expressor lymphoma 
(DEL) and double-hit lymphoma (DHL) have 
been identified in the recent WHO 2017 
Classification of HLN [2]. MYC (traditionally a 
FISH marker) protein has been introduced as an 
IHC stain. Approximately 30–50% of cases of 
DLBCL express MYC protein (by IHC) in >40% 
tumor cells and show BCL2 mutations in >50% 
cells (in 20–35% such cases) and are labeled as 
DEL. These are generally ABC subtype and have 
a bad prognosis. These cases of DEL may be fur-
ther taken up for FISH studies for MYC/BCL2/
BCL6 mutations. Cases of DLBCL expressing 
MYC by FISH are approximately 5–15%, and 
these are generally associated with BCL2/BCL6 
mutations and are labeled as DHL or Triple Hit 
Lymphomas (THL) [2]. Thus, in a new case of 
DLBCL, one may do IHC (MYC, BCL2, BCL6) 
and follow Hans algorithm. FISH (MYC, BLC2, 
and BCL6) is not mandatory in all cases of 
DLBCL and, however, may be attempted in situ-
ations like DLBCL with GCB subtype, DLBCL 
with high-grade morphology and DLBCL with 
>40% MYC on IHC. Entity of BCLU (intermedi-
ate between BL and DLBCL) has been elimi-
nated in new WHO 2017 Classification. 
High-grade B-cell lymphoma, NOS (HGBL, 
NOS), is a new entity in WHO 2017 Classification, 
and it encompasses high-grade B-cell lymphoma 
with BCLU-like morphology and IHC or high- 
grade B-cell lymphoma with blastoid morphol-
ogy but lacks MYC and BCL2, and/or BCL6 
rearrangements. Thus, in order of severity, HGBL 
with MYC, BCL2, and BCL6 rearrangement are 
the worst subtype followed by DHL/THL (by 
FISH) and DEL (by IHC). To sum up how to 
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workup a case of DLBCL, one may do only two 
stains CD3 and CD20, or else an extensive IHC 
panel including CD3, CD20, MIB1, BCL6, 
MUM1, CD10, MYC, BCL2, CD30, CD5, 
cyclinD1, Alk1, CD138, EBER and also FISH 
for MYC, BCL2, and BCL6.

Similarly, WHO 2017 Classification classifies 
mantle cell lymphoma into three subtypes. 
Classical MCL is unmutated subtype, expresses 
SOX11, is a lymph nodal disease, may involve 
extranodal sites too, may be blastoid and pleo-
morphic in morphology, and may have mantle 
cell zone growth pattern. Another subtype is leu-
kemic non-nodal MCL which is a mutated sub-
type, SOX11 negative, involves peripheral blood, 
bone marrow, and spleen, is indolent, is rarely 
associated with TP53 mutations, and can behave 
aggressively. The third rare subtype is in situ MC 
neoplasia where we find cyclinD1-positive cells 
in inner MC zone [2].

Similarly, dendritic, interdigitating, and histio-
cytic cells and immunodeficiency-related neo-
plasms are not uncommon and need an 
immunomorphological approach. Classical HL 
needs Pax5 (weak cytoplasmic positivity), EBER 
(or EBVLMP1) (almost all cases express EBV) in 
addition to LCA, CD30, CD15, CD3, and CD20. 
Other situations where NLPHL is close differen-
tial, additional markers CD23, CD4, CD8, CD56, 
Oct2, Bob1, GATA3, etc. may be employed.

Basic IHC panel for lymphoma diagnosis 
includes LCA, CD20, and CD3. For subtyping, 
additional markers are required as shown in the 
tables. Additional panel for other circumstances 
(based on morphological impression):

Variation in IHC Expression May Help 
in Interpretation of Hematolymphoid 
Neoplasms
Aberrant expression by B cells: Co-expression of 
CD20 (B-cell marker) with CD5 (T-cell marker) 
may suggest a neoplastic proliferation, though a 
tiny population of CD5 expressing B-cells has 
been described in the peripheral blood of normal 
healthy adults. Expression of cyclinD1 is always 
abnormal and suggests mantle cell lymphoma, 
though it can be expressed in hairy cell leukemia 
and plasma cell neoplasm also.

Aberrant expression by T cells: One can 
identify abnormal T/NK cells on IHC or FCI if 
there is

 1. Lack of expression of pan T-cell markers like 
CD7, CD5, CD3, or CD2 (normal NK cells 
are CD5−).

 2. Abnormal intensity of expression of antigen 
as compared to normal T/NK cells.

 3. Aberrant expression of non-T/NK-cell- 
associated antigen.

 4. Abnormal CD4/CD8 ratio or CD4 and CD8 
double-positive or negative T cells.

 5. Predominance of gamma-delta T cells 
(double- negative T cells). Normally these are 
less than 2% of all T cells.

 6. The presence of CD1a and Tdt indicates the 
precursor lymphoblastic lymphoma. CD10 
expression can be seen aberrantly in T-cell 
lymphoma either in T-LL or angioimmuno-
blastic T-cell lymphoma.

It is important to note that LCA may be nega-
tive in few of the HLN like T-LL, B-LL, plasma-
blastic lymphoma, classical HL, plasma cell 
neoplasms, etc. BCL2 has a limited role in lym-
phoma diagnosis. Its expression is seen in normal 
T cells, marginal zone B cells, mantle zone B 
cells. Its main use is in differentiating Burkitt 
lymphoma (BCL2−) from DLBCL (BCL2+) and 
also in differentiating follicular lymphoma 
(Bcl2+) from follicular hyperplasia (BCL2−) 
(best done on morphology).

IHC has an advantage that the histologically 
abnormal cells can be seen on microscopy to 
express or lack a particular marker. It may sup-
plement the information generated by FCM and 
may be the only investigation when FCI is not 
available. Representative paraffin blocks may be 
selected for IHC staining. When selecting panels 
for IHC, it is important to include antibodies that 
are expected to give negative as well as positive 
results.

Indian data shows [11, 12] distribution of vari-
ous NHL subtypes in India. Follicular lymphoma 
and mantle-cell lymphoma are less common in 
India compared to Europe and the USA. Peripheral 
T-cell lymphomas and T/NK-cell lymphomas of 
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nasal type, which are common in many other 
Asian countries, are also less prevalent. T-cell 
lymphoblastic lymphoma and anaplastic large T/
null-cell lymphoma are more prevalent in India. 
In this study, B-cell lymphomas formed 79.1% of 
the NHLs, whereas T-cell lymphomas formed 
16.2% of the NHLs. DLBCL was the most com-
mon subtype (34% of all NHLs). FL, B-cell SLL, 
MCL, and MZL (including MALT lymphomas) 
amounted to 12.6%, 5.7%, 3.4%, and 8.2%, 
respectively. Among the T-cell lymphomas, 
T-cell LL, ALCL of T/null-cell type, and other 
nodal peripheral T-cell lymphomas accounted for 
6%, 4.3%, and 2.9% of all cases, respectively.

Flow Cytometric Immunophenotyping (FCI)
FCI is useful in diagnosing and subtyping chronic 
lymphoproliferative disorders (CLPDs) in periph-
eral blood, BM, other body fluids, and in FNAC 
of lymph nodes [13–18]. Most labs do 3–4 color 
FCI, a few do 6 colors and a selective few do 8–10 
color FCI.  The data generated by FCM are not 
limited to the percentage of cells positive with a 
marker, but extend to simultaneous expression of 
markers, pattern evaluation, and the intensity of 
staining. FCI has its own limitations. Evaluation 
of possible T-cell-rich B-cell lymphoma or a HL 
can be problematic because of scanty tumor cells 
and also nodal fibrosis, which might prevent 
recovery of Reed–Sternberg cells. Similarly, 
necrotic tumors can give negative results if the 
small sample used in the flow analysis for FCI 
does not contain any viable tumor cells.

Most lymphomas are substantially defined by 
their immunoprofile. When there is a discrepancy 
between morphology and FCI (technical failure, 
incorrect diagnosis, or a genuinely aberrant result), 
further investigations are needed to clarify the 
results. The final report must highlight discrepan-
cies and should suggest an explanation for abnor-
mal or conflicting immunophenotypic findings.

FCI is the most reliable and robust test for the 
diagnosis of CLPDs in peripheral blood 
(Figs.  16.6, 16.7, 16.8 and Tables 16.10 and 
16.11). It is performed virtually in all cases with 
lymphocytosis to confirm the diagnosis (sus-
pected by PBS morphology) and to further sub-
type the disorders [5]. Mostly these are B-cell 

phenotype; common subtypes include chronic 
lymphocytic leukemia followed by follicular 
lymphoma, mantle cell lymphoma, hairy cell leu-
kemia, Waldenstrom macroglobulinemia, splenic 
marginal zone lymphoma, and the rarer T-cell 
CLPDs which may include T/NK large granular 
cell leukemia, T-cell prolymphocytic leukemia, 
Sézary syndrome, adult T-cell leukemia/lym-
phoma, etc. Thus, immunological markers will 
allow the separation of B- from T-cell-derived 
diseases and, within the B-cell conditions, will 
establish the clonal nature of the lymphocytes by 
showing Ig light chain restriction and subtype 
CLPDs based on morphology and immunopro-
file. Documentation of B-cell clonality (by doing 
light chain restriction) in cases with borderline 
lymphocytosis is important to differentiate neo-
plastic, clonal B-cell disorders from benign con-
ditions. It is important to note that clonality is not 
equivalent to malignancy. Multicolor nature of 
FCI helps do an extensive panel B/T/NK/plasma 
cell marker to reach a diagnosis. FCI of mature 
B-cell non-Hodgkin lymphoma involving the 
bone marrow and peripheral blood by flow 
cytometry showed CLL (68.5%) is the common-
est followed by follicular lymphoma (30 cases, 
8.5%), mantle cell lymphoma (20 cases, 5.5%), 
splenic marginal zone lymphoma (18 cases, 5%), 
hairy cell leukemia (18 cases, 5%) [15].

FCI can also be performed on body fluids (like 
pleural fluid, ascitic fluid, and CSF) and lymph 
node aspirate samples with low cell yield. Being 
a rapid diagnostic method, it is helpful in the 
diagnosis of oncological emergencies like supe-
rior vena cava syndrome (SVCS). FCI performed 
on the lymph node aspirate may solve the diag-
nostic dilemma especially when poor fixation or 
processing of the tissue hampers the interpreta-
tion of IHC markers. These two techniques of 
biopsy with IHC and aspirate with FCI are 
complementary.

Lymphoma Diagnostic Panels
Bone marrow aspirate with subtle involvement is 
difficult to comment for involvement by 
NHL. Usually a cutoff of 30% lymphocytes or 5% 
of large atypical cells on differential count is con-
sidered suspicious of involvement. However, FCI 
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may be required to confirm the nature of lymphoid 
cells. The focal clustering on imprint smear gives 
better idea of marrow involvement. Circulating 
lymphoma cells in peripheral blood smear (PBS) 
are seen in 40–50% of cases with bone marrow 
involvement. Incidence of circulating lymphoma 
cells is highest for low-grade lymphomas like 
CLL, MCL, FL, SMZL, HCL, ATLL, mycosis 
fungoides, etc. Cytological features of lymphoma 
cells are best appreciated on PBS. FCI (combina-
tion of various antibodies) assists in the diagnosis 
(determining the clonality of B/plasma cells) and 
classification of B/T/NK/plasma cell lymphoid 
neoplasm. Also, it gives simultaneous co-expres-
sion of various B/T/NK/plasma cell markers and 
even aberrant expression on these cells. Also, it 
can provide additional prognostic information 
such as CD38 and ZAP- 70 expression in 
CLL. With increasing sensitivity and specificity, it 
is becoming an established method for the evalua-
tion of minimal residual disease. Correlation of 
aspirate and trephine findings are mandatory.

Approach of Lymphoma Diagnosis on Flow 
Cytometry
Approximately 95% of low-grade lymphomas pre-
senting as leukemia are of B-cell phenotype [15]. 
The commonest approach in mature B-cell lym-
phoproliferative disorders is shown below 
(Figs. 16.6, 16.7, 16.8 and Table 16.10) like CD11c, 
CD25, CD103, and CD123 may be employed 
(along with B-RAF mutation studies). SMZL 
becomes diagnosis of exclusion (IgM+, IgD+).

16.4.6.3  Cytogenetics 
in Hematolymphoid 
Neoplasms

Cytogenetics has an important diagnostic and 
prognostic role in various lymphomas. Interphase 
fluorescent in situ hybridization (FISH) is mainly 
performed in lymphomas as it is difficult to get 
adequate mitoses in lymphoma cells. FISH anal-
ysis can be performed on peripheral blood, bone 
marrow aspirate, fluids or cytology smears, 
lymph node paraffin sections, etc. The panel for 
FISH is mainly dependent on the final tissue 
diagnosis. In B-cell lymphoma, IgH gene rear-
rangement and TCR gene rearrangement by 

FISH do the screening role to define the presence 
of lymphoma or not. Specific chromosome 
abnormalities are strongly associated with par-
ticular subtypes, for example, t(8;14) or variants 
in Burkitt lymphoma and t(11;14) in Mantle cell 
lymphoma. Refer to Table  16.9 for common 
cytogenetic abnormalities seen in HLN.

16.4.6.4  Diagnostic Panels 
for Molecular Tests

T and B lymphoid cells are involved in immune 
function for the recognition of foreign antigens by 
the specificity of their surface T-cell receptor (TCR) 
and immunoglobulin, produced by gene rearrange-
ment. Each T and B lymphocyte carries a unique 
arrangement of TCR or immunoglobulin genes, 
which helps in the identification of clonality of 
mature T- and B-cell proliferations. IGH and TCR 
gene rearrangement by polymerase chain reaction 
(PCR) can be performed on any sample, that is, 
peripheral blood, bone marrow aspirate, or paraf-
fin-embedded tissues (lymph node or bone marrow 
biopsy). Molecular studies are important for diag-
nosis as well as detection of minimal residual dis-
ease. While the use of PCR for specific 
translocations such as t(14:18), and for detection 
of T-cell and B-cell clonality based on TCR and Ig 
heavy and light chain gene rearrangement studies, 
is an important diagnostic test, false positives and 
negatives are not uncommon; therefore, PCR 
results should not form the sole basis for 
diagnosis.

Conventional karyotyping and FISH for spe-
cific translocations are more useful at the time of 
diagnosis than during disease monitoring, as they 
are sensitive in lymph node/spleen and relatively 
insensitive in blood and bone marrow. Molecular 
monitoring of a known detectable translocation is 
much more sensitive, although FISH will pick up 
a higher proportion of cases with standard trans-
locations at diagnosis.

Take Home Message: Lymph Node/
Extranodal Sites
 1. Avoid making a definitive diagnosis on 

FNAC except in suspected cases of relapse 
of HLN. FNAC may be performed to obtain 
tissue for flow and molecular studies.
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 2. Avoid frozen section if tissue is scanty. It 
may lead to freezing artifacts and depletion 
of the tissue.

 3. Biopsy is mandatory (largest palpable node, 
needle core). Pediatric surgeon should pref-
erably do a pediatric node biopsy.

 4. Quality fixation and processing are extremely 
important so as to obtain a good quality H&E 
section (2–3 μm thick).

 5. An accurate diagnosis of HLN requires mul-
tidisciplinary approach which includes clini-
cal, biochemical, radiological, hematological 
parameters with morphological and immun-
ophenotyping analysis by IHC and/or FCI.

 6. Clinical history is extremely important 
including age of the patient, complete blood 
counts, peripheral blood smear, and BM 
aspirate findings.

 7. Spend adequate time on scanner/low magni-
fication as it gives vital information about the 
architecture and contents of the node/tissue 
biopsy, cellularity, fibrosis, monomorphous/
polymorphous nature of the lesion, focal 
involvement, any abnormal infiltrates, etc.

 8. Higher magnification addresses the cytologi-
cal features in detail.

 9. Common IHC markers include CD20, CD3, 
CD10, MIB-1, and CD23. These will briefly 
outline the architecture of the node. CD23, 
CD21, and CD35 are markers for follicular 
dendritic cells. FDCs are naked looking cells 
and may rarely be binucleate.

 10. Lymphoma may show diffuse, nodular, or 
mixed pattern of involvement. It may even 
show sinusoidal (ALCL, HSGDTCL, MZL) 
or an Indian file pattern (EMMT).

 11. Scanty CD4+ Th cells may be seen within 
the germinal center. These are cells of origin 
of AITL. Rarely, they are increased and may 
be confused with follicular lymphoma as 
they express CD10 and bcl2.

 12. Sheets of CD20+ cells favor a lymphoma; 
however, this needs to be substantiated with 
other factors.

 13. Mimics of lymphomas include viral infec-
tions, granulomatous infections, drugs 
(phenytoin, etc.), and autoimmune dis-
eases. Other common mimics include 

Kikuchi Fujimoto disease, Kawasaki dis-
ease, Castleman disease, Kimura disease, 
and toxoplasmosis. Toxoplasmosis classi-
cally involves posterior cervical nodes and 
shows a triad of microgranulomas, follicu-
lar hyperplasia, and monocytoid B-cell 
hyperplasia. Kikuchi Fujimoto disease 
classically involves young Asian women, 
shows geographical necrosis on low power 
and abundant karyorrhectic debris on high 
power. Burkitt lymphoma shows highest 
number of apoptotic bodies and karyor-
rhectic debris. Viral infections might 
show increase in CD20 and CD30+ 
immunoblasts.

 14. Thoracic nodes might show abundant anthra-
cotic pigment, and pelvic nodes show 
hyalinization.

 15. Infidelity of IHC stains is well known. 
CyclinD1 may also be expressed in a plasma 
cell neoplasm and hairy cell leukemia, in 
addition to mantle cell lymphoma. CyclinD1- 
negative MCL are also known. Sox11 is 
another marker for MCL.  Bcl2 stain has a 
limited role and is primarily used in differen-
tiating BL from DLBCL.

 16. Follicular lymphoma grade 1 is a common 
differential diagnosis of MCL, while FL 
grade 3 is a differential diagnosis of follicu-
lar hyperplasia.

 17. A lab must possess adequate IHC panels 
(including those for non-hematolymphoid 
tumors, like Pan-cytokeratin, S-100, round 
cell tumor panel, etc.).

 18. Diagnosis is a multidisciplinary approach 
and includes clinical, morphological, pheno-
typical, and molecular data so as to catego-
rize lymphomas into germinal center (GC) 
and extracentric subgroups. GC entities 
include NLPHL, follicular, BL, AITL, and 
DLBCL with (GC profile), and they express 
bcl6, CD10, and/or the GC-homing chemo-
kine CXCL13. Post-GC entities like classi-
cal HL, MZL, and LPLs, half of CLL/small 
lymphocytic lymphoma, DLBCL with “acti-
vated” or post-GC profile, primary effusion 
lymphoma, plasmacytoma, and myeloma 
express MUM.1 and/or CD138, harbor static 
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rather than ongoing SHM, and may harbor 
EBV in higher latency states.

 19. Cotswold Modification of Ann Arbor Staging 
System is used in staging of lymphomas.

16.5  Bone Marrow Biopsy 
Interpretation

16.5.1  Introduction

Bone marrow (BM) is encased by cortical bone 
and traversed by trabecular bone and consists of 
hematopoietic cells, capillary venous sinuses 
(basic structural unit of BM), and extracellular 
matrix within the bony trabeculae. 
Microenvironment consists of stromal cells con-
sisting of fibroblasts, macrophages, adipocytes, 
and endothelial cells. Extracellular matrix con-
sists of collagen, fibronectin, laminin, thrombos-
pondin, and proteoglycans. Fat cells are admixed 
with hematopoietic cells. Approximately 0.01–
0.05% of BM mononuclear cells are hematopoi-
etic stem cells [19, 20]. Major hematopoietic 
cells belong to any of the three lineages, namely 
myeloid/monocytic, erythroid and megakaryo-
cytic apart from lymphocyte, natural killer cells, 
and plasma cells. Myeloid/monocytic lineage 
includes neutrophils, eosinophils, basophils, 
monocytes/macrophages, dendritic cells, and 
mast cells (and their precursors).

BM biopsy reporting has been a difficult area 
for pathologists for various reasons. Most impor-
tantly, there is lack of training and experience in 
hematopathology, followed by suboptimal tissue 
processing protocols and unavailability of immu-
nohistochemistry (IHC) stains. Few centers in 
India do trephine biopsy on a regular basis. 
Trephine biopsy specimen is immediately trans-
ferred into a suitable fixative and decalcified, and 
further embedded in paraffin wax [21]. Section is 
stained with hematoxylin and eosin (H&E), with 
or without a reticulin, iron, and Giemsa stain. 
Need for other histochemical stains (like AFB, 
etc.) or IHC is determined by the clinical and the 
morphological features. BM biopsy reporting is 
done in a systematic manner, starting from 
 structure of bone (cortical as well as trabecular) 

to various marrow elements (which include the 
vessels, stroma, and the hematopoietic or other 
tissue).

Aspirate versus biopsy: BM aspirate and 
biopsy are complementary and have their own 
advantages. Though morphology is best studied 
in an aspirate smear stained by a Romanowsky 
stain, trephine in addition helps in the assessment 
of bony structure, architecture, cellularity, pat-
terns, and deposits, if any. The combined infor-
mation becomes critical in management of many 
cases.

16.5.2  Indications for a Trephine 
Biopsy

 1. Investigation of a peripheral blood abnor-
mality if cause cannot be ascertained by 
other means.

 2. Pyrexia of unknown origin for granuloma-
tous disease or parasites like leishmaniasis, 
etc.

 3. Assessment of cellularity as in aplastic 
anemia.

 4. Inadequate or failed aspirate/dry tap as in 
hairy cell leukemia.

 5. Suspected bone marrow fibrosis 
(myelofibrosis).

 6. Staging purposes as in lymphomas and round 
cell tumors.

 7. Suspected focal lesions/nodular deposits (as 
in suspected granulomatous disease, 
myeloma, Hodgkin or non-Hodgkin 
lymphoma).

 8. Unexplained pancytopenia and leucoeryth-
roblastic picture.

 9. Diagnosis of hematolymphoid neoplasm 
(HLN) especially in myelodysplastic syn-
drome (MDS).

 10. Study BM architecture or bone structure.
 11. IHC in cases of minimal residual disease.

Site and technique of biopsy: Patients are 
informed about the procedure in advance and a 
written consent is obtained if the procedure is to 
be carried out under general anesthesia (consent 
taken from parent/guardian in pediatric patients). 
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Verbal consent is usually considered sufficient if 
the patient will be fully conscious during the 
biopsy; however, local hospital/laboratory policy 
should be followed in this regard. 
Thrombocytopenia is, as such, not a contraindi-
cation for doing a trephine biopsy. Adequate clin-
ical data, peripheral blood smear, CBC findings, 
and any other necessary details must accompany 
the BM biopsy requisition form. It is a painful 
procedure and should be performed only when 
there is a clear-cut clinical indication and should 
be done under adequate local anesthesia in adults 
and a suitable anesthesia in pediatric patients. A 
trephine biopsy is usually most easily carried out 
on the posterior superior iliac spine, with the 
patient in the left or right lateral position and with 
the knees drawn up. Adequate local anesthesia 
must be given with particular attention being paid 
to infiltrating an adequate area of the periosteum. 
The biopsy needle should be firmly fixed in the 
cortex of the bone before the trocar is removed, to 
avoid including extraneous tissues in the biopsy 
specimen. Only appropriately trained personnel, 
usually consultant hematologist, hematopatholo-
gist, or a trainee in these disciplines should carry 
out trephine biopsies. It is preferable to use dis-
posable needles to avoid the risks associated with 
cleaning reusable needles including Jamshidi and 
Islam needles. Do not use blunt needles so as to 
avoid crushing artifacts. A trephine biopsy and 
aspiration biopsy can be carried out through the 
same skin incision but different tracts to avoid a 
hemorrhagic BM trephine, a common artifact 
[19]. All biopsy samples are considered a poten-
tial biohazard. Thus, a possibility of tuberculosis, 
HIV, or hepatitis B needs to be carefully consid-
ered in each case. If tuberculosis is suspected, a 
fresh sample should be sent directly to the micro-
biology laboratory. Tissues may be collected 
upfront in different fixatives for ancillary studies 
including DNA/RNA and flow cytometry.

BM aspirates as well as touch imprint smears 
should be prepared immediately, using wedge 
slide method (similar to peripheral blood smear 
preparation). Imprint smears should be prepared 
by rolling of trephine biopsy core on glass slides. 
Imprint smears from the biopsy are also made, 
and these are more important in cases where aspi-

ration is difficult (dry tap, fibrotic BM). Imprint 
smears give invaluable information in addition to 
BM aspirate smears, as seen in hairy cell leuke-
mia. If trephine sample is clotted, the sample may 
be fixed (formalin) and sent for histopathological 
examination. Trephine biopsy should be immedi-
ately transferred to appropriate fixative. Keep 
fixative away from the aspirate smears to avoid 
staining artifacts.

Adequacy of biopsy: Biopsy size after pro-
cessing should be at least 1.6 cm, and the biopsy 
on microscopy should show to contain at least 
five to six intertrabecular spaces. Amount of 
assessable marrow elements within the trephine 
is of more importance than the total length of the 
biopsy [19, 20, 22]. A pediatrician should be 
aware of the fact that BM biopsy in a child might 
contain a majority component of cartilage limit-
ing interpretations owing to inadequacy of mar-
row component. Cartilage can be grossly 
identified as a glistening blue core. Single BM 
biopsy is enough for obvious reasons. A higher 
pickup rate seen in bilateral biopsies done in 
staging purposes do not really affect the disease 
management.

Processing of biopsy specimens and stain-
ing of sections: After making touch imprints, the 
biopsy specimen is subsequently put in a suitable 
fixative and later decalcified and processed fur-
ther. There are many protocols for BM process-
ing. We follow Hammersmith protocol [21], 
which recommends aceto-zinc formalin (AZF) as 
a fixative. Addition of zinc, to stabilize nucleic 
acids, can protect against hydrolysis in the pres-
ence of a weak acid and hence AZF preparations 
can effectively speed up decalcification without 
detriment to morphology or antigen preservation. 
Later, tissue is transferred to a decalcification 
solution (10% FA and 5% formaldehyde). The 
process of fixation and decalcification takes less 
than a day. Plastic embedding of trephine biopsy 
specimens is practiced at very few centers. Its 
main advantages include obtaining very thin sec-
tions, which stain well with Giemsa leading to 
good morphological details. It also obviates the 
need of any decalcification. However, it is a cum-
bersome, technically demanding, and expensive 
procedure. Moreover, good quality 2–3 μm thin 
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sections can be obtained from paraffin wax- 
embedded biopsy specimens; hence, plastic 
embedding of BM biopsy has lost its popularity. 
All biopsy specimens should have sections 
stained with hematoxylin and eosin (H&E). 
Stains like reticulin, iron, Giemsa may be per-
formed as they might provide additional valuable 
information. Giemsa stain also helps in high-
lighting mast cells. An iron stain is unreliable as 
it may be lost during decalcification and, how-
ever, may be useful in few cases. Most laborato-
ries cut a single section (H&E stain), while others 
obtain 2–3 or more deeper sections at different 
levels in each case. Few centers do iron and retic-
ulocyte stains as a routine in every case. Special 
stain for microorganisms (AFB, GMS, PAS) and 
IHC should be applied as and when required.

16.5.3  Different Samples 
and Ancillary Techniques 
Required

16.5.3.1  Peripheral Blood and BM 
Aspirate Specimens

Apart from morphological assessment after 
Romanowsky staining, it is used for cytochemis-
try, FCM, PCR, FISH, and conventional cytoge-
netic studies. It should be collected in an 
appropriate anticoagulant (EDTA, etc.), and the 
sample is best studied within 24 h of collection. 
Heparin is preferred if a delay is anticipated (up 
to 72 h).

Flow Cytometry: Samples for analysis by 
FCM should be kept at room temperature and 
received within 24 h of collection, as there can be 
sample degeneration, reduction in antigen 
strength, or complete loss of antigen with time 
(maximum within 2  days of collection). 
Cytogenetics: Heparin is the preferred anticoagu-
lant for peripheral blood and BM. Unfixed blood 
films made using silane-coated slides can be used 
for FISH. Such films must be made fresh, but can 
give adequate results even after years if stored at 
room temperature. They have the advantage that 
morphology can be seen alongside FISH. 
Molecular Tests: EDTA may be used as an 
 anticoagulant for molecular tests such as 

RT-PCR. A sample of fresh tissue may be rapidly 
frozen and stored for subsequent analysis such as 
DNA analysis, if required.

16.5.3.2  BM Trephine Biopsy: 
Collection and Preparation

Lab needs to follow standard published proto-
cols for processing of BM biopsy specimen [21]. 
Fixatives should be available in the BM opera-
tion theaters. Morphology: Obtain good quality 
thin sections (<3  μm thick). BM trephine sec-
tions are stained with hematoxylin and eosin. 
Additional stains include reticulin, Giemsa, and 
an iron stain. Each slide should be examined ini-
tially for cellularity and trilineage hematopoie-
sis. Any abnormal infiltrate should be identified 
and described in terms of cellular morphology 
and type/pattern of infiltration. Lymphoma infil-
tration can be in the form of one or a combina-
tion of the four categories including interstitial, 
paratrabecular, nodular, and diffuse pattern. 
Subtle BM infiltrates may be seen in ALCL, 
SMZL (intrasinusoidal infiltrates), etc. and are 
picked up by IHC.

16.5.3.3  Body Fluid Samples
Body fluids like CSF and pleural fluid are best 
examined within 4–6 h of collection. As quantity 
of CSF is small, selection of IPT panel becomes 
crucial so as not to miss the cells of interest. 
Pleural fluids in adolescents are generally 
involved by T-lymphoblastic lymphomas, so it is 
important to accordingly do cytoplasmic CD3 
and Tdt apart from routine stains. Similarly, 
ascitic fluid may show the presence of Burkitt 
lymphoma or DLBCL.  Cytomorphology along 
with FCI is helpful in such situations.

16.5.4  BM Biopsy (Trephine)

BM biopsy (trephine) are studied under the fol-
lowing subheadings.

16.5.4.1  Morphological Approach 
to a Normal BM

Important components are quality of processing, 
adequacy of BM, bony architecture, architecture 

16 Pathology of Lymphoreticular Tissues



294

and cellularity of BM, trilineage hematopoiesis, 
any abnormal cells or aggregates, and back-
ground stroma. H&E-stained sections are best 
examined systematically at scanner view (1X or 
2X objective), followed by a low-power (10X) 
and high-power (40X objective) examination. Oil 
immersion examination is best done for periph-
eral blood and BM aspirate smears (100X). 
Scanner/low-power examination is important for 
the evaluation of the adequacy of the biopsy 
specimen, assessment of cellularity (uniform or 
patchy), patent sinuses, adequacy of megakaryo-
cytes, and detection of focal lesions or any depos-
its. It also helps in selecting areas for further 
high-power evaluation. Any abnormality in the 
trabecular bone is also best assessed in scanner/
low power. Focal lesions that may be noted at low 
power include granulomas and focal infiltrates of 
mast cells, lymphoma cells, or other tumors.

Trephine is the best modality to judge BM cel-
lularity, done at the scanner view. Cellularity is 
based on the proportion of hematopoietic cells 
and adipocytes (fat cells). Cellularity is maxi-
mum in neonates and in young children (100% 
hematopoietic cells and negligible fat cells) and 
declines with age (Table 16.13) [19, 20, 22]. An 
arbitrary rule of 100 minus age gives a rough esti-
mate of cellularity. Infants have packed cellular-
ity, and this should not be called as a hypercellular 
marrow and appears blue on morphology as it has 
an increased number of lymphoid cells and 
hematogones [19, 20, 22]. Likewise, old age indi-
viduals will reveal a less cellular marrow with 
increased adipocytes and lesser hematopoietic 
cells, normal for their age. It is difficult to com-
ment on cellularity, if the biopsy is small, hemor-
rhagic, or contains subcortical bone only. 
However, in our experience, a significant number 
of trephine done in infants as in staging of round 
cell tumors reveal cellularity less than what is 

defined in literature. A tiny biopsy containing 
only subcortical bone marrow may be inadequate 
for assessment because it normally shows hypo-
cellular marrow and may mislead a pathologist in 
overdiagnosing hypocellular BM. It is difficult to 
comment on cellularity of BM in a fibrotic mar-
row, and also in edematous stromal background, 
which may be due to treatment-related changes. 
There are various systems of grading of fibrosis 
and popularly followed is the European consen-
sus [23] as shown in Table 16.14.

At low and high power, the location of cells of 
erythroid and granulocytic lineages and their rel-
ative proportions can be assessed, the nature of 
any focal lesions can be determined, and sinuses/
blood vessels are examined. Examination at high 
power is important for finer morphological 
details. Dyspoiesis and other finer details includ-
ing microorganisms and parasites (cryptococci, 
histoplasmosis, leishmania donovani bodies) are 
best detected in high power/oil immersion (these 
are best appreciated in aspirate). After examina-
tion of the H&E-stained sections, a reticulin and 
iron stain may be examined. The reticulin should 
be graded, according to a standardized published 
system, and any focal increase in reticulin depo-
sition should be noted (Table 16.14). The pres-
ence of focal reticulin deposition is an indication 
to re-examine the H&E-stained sections to 
exclude any possibility of a focal infiltrate like 
lymphoma or mast cell lesion or a granuloma. 
This may demand deeper sections of trephine 
biopsy. Specialized cytochemical stains (such as 
Congo red stain or Ziehl–Neelsen stain) or IHC 
may be performed as and when needed.

Trilineage Hematopoiesis and Other Cells
Hematopoiesis is best studied on low- and high- 
power examination. It is the next most important 
feature (after cellularity) where pathologist 

Table 16.13 Age related BM cellularity

Age % Cellularity % Granulocytes % Erythroid % Lymphocytes
Newborn 80–100 50 40 10
1–3 months 80–100 50–60 5–10 30–50
Child 60–80 50–60 20 20–30
Adult 40–70 50–70 20–25 10–15
Old age >70 years 20–40 50–70 20–25 10–20
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should look for trilineage hematopoiesis 
(myeloid, erythroid, and megakaryocytic lin-
eages), in amount, proportions, and morphology 
and other cells including lymphoid cells 
(Table  16.15). Lymphocytes may mimic ery-
throid precursors and it can be tricky to differen-
tiate them.

 1. Erythroid series cells:
Normal M:E ratio is 2:1 to 4:1. Erythroid 

cells may occur singly interspersed with 
myeloid cells or else come in clusters/colo-
nies. They have a uniformly round nuclear 
contour, prominent cell membranes, 
 perinuclear halo, and a dense homogeneous 
chromatin (ink dot). The nucleus appears very 
dark, and chromatin character is difficult to 
ascertain. Erythroid colonies are small and 
intertrabecular in location and are commonly 

seen in anemia, myelodysplastic syndrome 
(MDS), and regenerating BM post induction. 
Megaloblasts are larger round to polygonal 
cells and have moderate cytoplasm, round 
nuclei with vesicular chromatin, and a crisp 
nuclear membrane with 2–3 nucleoli. CD36, 
CD235, and CD71 highlight erythroid cells. 
C-kit (CD117) may weakly highlight both 
megaloblasts and myeloblasts and, however, 
is strongly expressed in mast cells.

 2. Myeloid series cells:
It is the most prominent series in an adult 

BM and accounts for 50–70% of all nucleated 
cells. These are granular cells with pinkish 
granular cytoplasm. Granules of mast cells 
and basophils get washed off and are not seen 
on H&E stain. The most immature myeloid 
cells are myeloblasts and promyelocytes, 
which are located in paratrabecular and peri-
vascular location, while mature cells like neu-
trophils and metamyelocytes are located 
intertrabecularly. These might be confused 
with megaloblasts and histiocytes (agranular). 
MPO highlights myeloid series cells on 
IHC.  Myeloid proliferation is seen in infec-
tions and also in neoplasms, like myeloid neo-
plasms, etc. Promyelocytes are large-sized 
myeloid precursors and have pinkish granular 
cytoplasm.

 3. Megakaryocytic series cells:
Megakaryocytes are largest hematopoietic 

cells, smaller only to fat cells in BM trephine, 
and are easily picked up on the scanner view. 
They constitute less than 1% of all nucleated 
BM cells. BM biopsy is the best mode of 
examining megakaryocytes in number, mor-
phology, and distribution. They are distributed 
all over, mostly adjacent to sinusoids. There 
are approximately 2–4 megakaryocytes per 
high-power field on a trephine. They might 
show emperipolesis, where normal hemato-
poietic cells are seen within the cytoplasm of 
the megakaryocytes. They are multilobated 
(nuclear lobulations) and have a granular 
cytoplasm, and should not be confused with 
multinucleated giant osteoclasts.

A megakaryocytosis may be congenital or 
acquired and, however, is extremely rare. 

Table 16.14 European consensus on the grading of bone 
marrow fibrosis [23]

Grade 0: Scattered linear reticulin with no intersection 
(crossovers) corresponding to normal bone marrow
Grade 1: Loose network of reticulin with many 
intersections, especially in perivascular areas
Grade 2: Diffuse and dense increase in reticulin with 
extensive intersections, occasionally with only focal 
bundles of collagen and/or focal osteosclerosis
Grade 3: Diffuse and dense increase in reticulin with 
extensive intersections with coarse bundles of 
collagen, often associated with significant 
osteosclerosis

Table 16.15 Normal adult values for BM differential 
cell counts

Cell type Normal range (%)
Myeloblasts 0–3
Promyelocytes 2–8
Myelocytes 10–13
Metamyelocytes 10–15
Neutrophils plus band 25–40
Eosinophils and precursors 1–3
Basophils and precursors 0–1
Monocytes 0–1
Erythroblasts (early) 0–2
Other erythroid elements (late) 15–25
Lymphocytes 10–15
Plasma cells 0–1
Megakaryocytes 1%
Mast cell 0–1
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Megakaryocytes may be increased in BM in 
megakaryocytic thrombocytopenia, lupus-
associated thrombocytopenia, AIDS, MDS, 
chronic myeloproliferative disorders (may be 
associated with myelofibrosis), etc. [19]. 
Morphology of megakaryocytes is an impor-
tant factor in differentiating early premyelofi-
brosis from essential thrombocytosis. CD36, 
CD41, and CD61 are stains to highlight mega-
karyocyte and AML-M7.

 4. Lymphoid series cells and lymphoid 
aggregates:

Larger number of lymphoid cells is seen in 
pediatric BM, where they may reach up to 
60% of all nucleated BM cells. 
Morphologically, these are singly scattered, 
darkly stained, small-sized cells. They might 
have angulated nuclear contours with appre-
ciable chromatin (in comparison with ery-
throid cells which have a black round dot like 
nucleus with a clear halo). Hematogones and 
benign lymphoid aggregates are seen in 
benign reactive conditions and need a special 
mention.
 (a) Hematogones: BM may show immature 

lymphoid precursors called hematogones, 
seen normally in larger numbers in nor-
mal infant/pediatric BM.  They are 
increased following viral infections, post 
chemotherapy, post-transplant, and in 
association with round cell tumors, lym-
phomas, etc. On morphology, they are 
small to medium sized, with scant cyto-
plasm, round to irregular nuclei with 
dense homogeneous bland-looking chro-
matin, and inconspicuous nucleoli. They 
appear as diffuse subtle infiltrates, singly 
scattered cells, and rarely as small aggre-
gates. Hematogones are a spectrum of B 
cells (CD19+) and express a range of 
markers with variable intensity depending 
upon its stage of maturity. CD20 is the 
strongest in mature hematogones (stage 3) 
while CD34, CD10, and Tdt are the 
 strongest in immature hematogones (stage 
1). Thus, hematogones show a variable 
expression of CD20, CD10, CD38, CD56, 
CD34, and Tdt. They are best studied on 

FCI and have a classical pattern of lym-
phoid maturation (dot plots of CD20 and 
CD10, and of CD34 and CD38). They 
may be confused with lymphoblasts, and 
few cases continue to be misdiagnosed as 
B-cell acute lymphoblastic leukemia. 
Hematogones are important to understand 
as they mimic tumor cells during minimal 
residual disease (MRD) detection of 
B-ALL.  In such cases, morphological 
examination of peripheral blood smear 
may help as it reveals an otherwise normal 
differential count with near normal com-
plete blood counts. Hematogones are nor-
mally not seen in peripheral blood; 
however, precursor B cells may be seen in 
neonates. BM aspirate morphology also 
reveals trilineage hematopoiesis in cases 
with increased hematogones.

 (b) Benign lymphoid aggregates: 
Lymphocytes appear singly scattered and 
rarely form lymphoid aggregates. 
Cytology of lymphoid aggregates is best 
seen on aspirate while patterns and extent 
of involvement are best picked up on tre-
phine. Paratrabecular aggregates are those 
which are adjacent to trabecular bone, 
almost kissing the bone, while intertra-
becular aggregates are within two bony 
trabeculae, far away from bony surface. 
Most paratrabecular lymphoid aggregates 
are neoplastic, commonly seen in follicu-
lar lymphomas (and mantle cell lym-
phoma). Thus, benign lymphoid 
aggregates are usually small, few in num-
ber, perivascular, and commonly intertra-
becular in location. They are mostly well 
circumscribed (except in HIV patients 
where they may be poorly demarcated). 
These aggregates are polymorphous and 
composed of mature lymphoid cells may 
also include plasma cells, histiocytes, and 
mast cells and occasionally show germi-
nal centers. These are commonly seen in 
old age, autoimmune disease, and 
MDS. IHC may be helpful in differentiat-
ing benign from malignant lymphoid 
aggregates. On IHC, most of the lymphoid 
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cells are CD3+ T cells admixed with a few 
CD20+ B cells. Other important markers 
include CD10, CD5, CD23, and cyclinD1. 
Look for RS or RS-like cells and appro-
priate IHC (CD15, CD30, etc.) may be 
done in a known case of HL to confirm 
infiltration. To rule out a T-cell lymphoma 
infiltration, an extensive T-cell panel is 
required including CD2, CD3, CD4, CD5, 
CD7, and CD8, along with CD10, Tdt, 
CD56, and CD30. T-cell clonality is best 
studied by T-cell receptor gene rearrange-
ment studies by polymerase chain 
reaction.

 5. Plasma cells:
Plasma cells constitute less than 1% of all 

nucleated BM cells. They may be increased in 
neoplastic conditions like plasma cell neo-
plasm, Hodgkin lymphoma, peripheral T-cell 
lymphoma, AITL, etc. and also in infectious 
diseases like leishmaniasis, tuberculosis, HIV, 
etc. Plasma cells may be seen scattered singly 
or in clusters, nodules, and sheets, as seen in 
plasma cell neoplasm. They are medium to 
large sized, egg-shaped cells with abundant 
blue cytoplasm, and a round eccentric nucleus, 
which may show a cartwheel nuclear pattern. 
Plasma cells and lymphocytes are the only 
remaining hematopoietic cells in the BM of 
patients of aplastic anemia where rest of the 
normal hematopoietic cells including mega-
karyocytes is depleted. These cases have been 
sometimes mislabeled as plasma cell neo-
plasm. Plasma cells are highlighted with 
CD138 (and Mum1), and their clonality is 
demonstrated by kappa and lambda light 
chain restriction studied by IHC and FCM 
(along with loss of CD19 and/or gain of CD56 
and cyclinD1) and gain of CD28 and loss of 
CD27 and CD81.

 6. Other cells include mast cells, histiocytes, 
stromal cells, fat cells, osteoblasts, osteo-
clasts, etc. Mast cells are best appreciated on 
aspirate smears (Romanowsky stained). They 
are singly scattered cells in trephine and have 
a nucleus like a lymphocyte with moderately 
abundant cytoplasm, seen adjacent to blood 
vessels, and express tryptase and CD117. 

Abnormal mast cells are spindle shaped, come 
in clusters, may look like focal fibrosis, and 
express CD2 and CD25. Macrophages and 
hemophagocytosis are best appreciated on 
aspirate smears. IHC stains for CD68 high-
light histiocytes. Scattered or clusters of his-
tiocytes may also be seen in other disorders as 
histiocytic sarcomas, Langerhans cell histio-
cytosis, hemophagocytic syndrome, Gaucher 
disease, Niemann–Pick disease, etc. 
Microorganisms like LD bodies, histoplasma 
capsulatum can be identified on high-power 
examination. Granulomas can be identified on 
trephine only, not on aspirate. AFB, GMS, and 
PAS stains are performed for mycobacteria 
and fungus.

Bone and BM Stroma: Any structural abnor-
malities in the trabecular bone may be observed 
at scanner power. BM stroma is very inconspicu-
ous in a normal marrow. Reticulin in a normal 
BM is very thin and can be seen only with special 
reticulin stain. Stroma in post-chemotherapy BM 
might show edema, microvascular adipocytes, 
etc. in a marrow with variable cellularity (normo 
to hypo to hypercellular marrow). It is also prom-
inent in chronic myeloid disorders like CML, 
myelofibrosis, and in rare conditions like serous 
atrophy. Blood vessels may be highlighted by 
CD34 stains (stain for endothelial cells and 
blasts). The eosinophilic trabecular bone is 
thicker in children and thinner in adults and con-
tains osteocytes. Osteoclasts and osteoblasts are 
more prominent in children.

Common BM Trephine Artifacts: Poor-quality 
techniques of BM processing produce many arti-
facts, thereby limiting morphological interpreta-
tions. These may include inadequate or excessive 
fixation, excessive decalcification, etc. These are 
the most common causes of error in BM biopsy 
interpretation. Use of blunt needles might cause 
crushing artifacts. Hemorrhagic BM biopsy is 
another major artifact caused by aspiration of the 
marrow from the same site where the biopsy is 
taken. Other sampling artifacts include a falsely 
hypocellular BM as seen in subcortical BM, which 
are normally hypocellular and may be misinter-
preted as an aplastic marrow (more so in old age).
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BM Infiltration
 1. BM Biopsy and Lymphoma Infiltration: There 

are certain histological features which help in 
differentiating benign from malignant lym-
phoid aggregates. Features favoring malig-
nancy include topography, that is, localization 
of the lymphoid aggregates within the bone 
marrow space (paratrabecular aggregates are 
highly abnormal), relation to the surrounding 
tissue (margination or interstitial spillage of 
lymphoid cells), and increase in reticulin 
fibers [1]. Lymphomas are best diagnosed by 
a lymph node (LN) biopsy, with morphology 
substantiated with various ancillary tech-
niques, mainly IHC. However, there are lym-
phomas, which initially present as 
lymphocytosis (chronic leukemias) and fall 
in a broad category of chronic lymphoprolif-
erative disorders (CLPDs). Morphologically, 
these are more like mature lymphoid cells. 
CLPDs are best diagnosed on peripheral 
blood smear examination and immunopheno-
typing by FCM. BM biopsy in lymphomas is 
done mainly for staging purposes, except in 
few cases where it may help in diagnosis, as 
in hairy cell leukemia (HCL) which com-
monly presents as pancytopenia and reveals a 
dry bone marrow tap due to myelofibrosis. 
HCL reveals interstitial to diffuse interstitial 
increase in atypical lymphoid cells (substan-
tiated with IHC like CD20, CD11c, CD25, 
CD103, CD123, etc.). BM biopsy is also 
helpful in follow-up of lymphoma cases to 
detect residual focal disease when a BM aspi-
rate is normal. HL is difficult to diagnose on 
aspirate and, however, can easily be detected 
on trephine biopsy histology where classical 
RS cells, mononuclear RS-like cells, fibrosis, 
granulomas, etc. may be seen. CD20 also 
highlights small clusters of intrasinusoidal 
infiltration in BM as seen in SMZL. CD3 will 
also pick up intrasinusoidal spread of tumor 
T cells in cases of hepatosplenic gamma-
delta T-cell lymphoma (which otherwise 
might be missed on H&E stain).

Trephine and aspirate are complementary 
techniques in lymphoma evaluation because 
either may reveal infiltration when the alter-

native procedure fails to do so. A trephine 
biopsy performed for staging sometimes 
shows discordant morphology (grade) where 
a nodal high-grade large cell lymphoma 
might look like a low-grade small cell lym-
phoma on BM biopsy.

BM biopsy in cases of lymphoma might 
show various patterns of infiltration. It may 
show diffuse involvement as seen in chronic 
lymphocytic leukemia (CLL) and patchy or 
partial involvement as seen in HL. IHC has 
an important role mainly in the detection of 
lymphoma involvement by singly scattered 
lymphoma cells, as in ALCL. Common pat-
terns of marrow involvement in trephine 
biopsy in lymphoma are:

 (a) Diffuse pattern: Infiltrates that efface mar-
row architecture, for example, ALL and 
CLL.  Hairy cell leukemia (HCL) has a 
diffuse or interstitial involvement.

 (b) Interstitial pattern: Tumor cells infiltrate 
the BM without disruption of overall mar-
row architecture, commonest example 
being hairy cell leukemia (HCL) and oth-
ers like BL, ALL, PTCL, etc. Normal 
hematopoietic cells are intermingled with 
the tumor cells.

 (c) Paratrabecular pattern: Lymphoid cell 
aggregates extend along the bony trabecu-
lae, internally along the bony surface and 
extend away from trabeculae. It might 
show a rough wedge-shaped infiltrate 
(with broad base toward the trabecular 
bone) or a wavy infiltrate kissing the tra-
becular bone. It is classically seen in FL, 
and also in MCL, splenic marginal zone 
lymphoma (SMZL), and PTCL.  Poorly 
delineated paratrabecular aggregates may 
be seen in T-cell-rich B-cell lymphomas.

 (d) Intertrabecular pattern: This may be 
focal and random. It is a common pattern 
seen in benign lymphoid aggregates, may 
come as nodular form, and is commonly 
seen in SMZL, CLL, and MCL.  Patchy 
intertrabecular infiltrates with fibrosis and 
polymorphous background along with 
RS-like cells are commonly seen in 
HL.  Patchy or nodular deposits may be 
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seen in myeloma. Patchy, poorly circum-
scribed lymphoid infiltrates may be seen 
in AITL, with fibrosis and vascular prolif-
eration in the background (morphological 
features similar to those in lymph node).

 (e) Sinusoidal or intravascular: Commonly seen 
in T-cell lymphomas like ALCL and hepato-
splenic T-cell lymphoma (HSTCL) and B-cell 
lymphomas like SMZL and intravascular lym-
phoma and also seen in deposits of metastatic 
carcinomas or a round cell tumor.

HL may have different patterns, patchy 
focal involvement to extensive sclerotic 
involvement. It may consist of polymorphous 
cellular populations of lymphocytes, eosino-
phils, plasma cells, histiocytes, neutrophils 
with/without RS-like cells (or mononuclear 
RS- like cells) in a fibrotic background and 
may be associated with granulomas and focal 
necrosis. IHC stains (LCA, CD3, CD20, Pax5, 
CD15, CD30) are helpful. Megakaryocytes 
may mimic RS cells. Morphologic features of 
PTCL and HL may overlap in BM biopsy as 
RS-like cells may be seen in both and in other 
conditions such as viral infections, CLL, 
ALCL, and AITL.  BM involvement may be 
suspected even in the absence of classical RS 
cells, if characteristic milieu of fibrosis (focal 
to diffuse) containing eosinophils, histiocytes, 
plasma cells with mononuclear RS-like cells 
is noted. CD30 will highlight RS-like cells.

 2. Plasma cell neoplasms: Myeloma diagnosis 
requires a multidisciplinary approach, from 
clinical to laboratory to radiological investiga-
tions. It might be difficult to obtain a BM 
biopsy in myeloma cases, as the bones are 
brittle, thus highlighting the importance of 
processing the clot like a trephine. However, it 
might be essential for diagnosis in some cases. 
Myeloma can be in the form of nodular depos-
its in the trephine, apart from other patterns 
like interstitial, diffuse, or mixed types. 
Aspirates in such cases might reveal a falsely 
low count of plasma cells where the plasma 
cell percentage could vary anywhere from 1% 
to more than 10%. Thus, nodular deposits, 
clusters, or sheets of plasma cells in a BM 
biopsy highly suggest a plasma cell neoplasm. 

Plasma cells can morphologically mimic any 
other hematopoietic cell, namely blast, pro-
myelocyte, histiocyte, erythroid cell, lympho-
cyte, etc. Normal plasma cells tend to arrange 
in perivascular areas; however, clonal plasma 
cells infiltrate adipocytes and form clusters, 
nodules, or sheets. Morphological variants 
include mature, immature, and plasmablastic 
subtypes. Plasmablasts have high nucleo-
cytoplasmic ratio, fine chromatin, a promi-
nent nuclei, and blue cytoplasm. Plasma cells 
get highlighted with CD138. CD138 also 
helps in quantitation of plasma cells, espe-
cially when they are interstitially interspersed. 
CD138 also stains epithelial cells apart from 
plasma cells. BM biopsy is also important as a 
baseline for comparison with repeat (sequen-
tial) biopsies during follow-up of myeloma. 
Immunophenotyping by FCM or IHC on tre-
phine can be useful in establishing the pres-
ence of a relatively small plasma cell clone. 
Clonal plasma cells might express CD56, 
cyclinD1, CD117, CD28, and loss of expres-
sion of CD19 and CD27 (expressed in normal 
plasma cells). Neuroendocrine carcinoma 
cells also stain with CD138 and CD56, a com-
mon morphological differential of myeloma/
plasmacytoma. Additional markers should be 
done for light chain restriction, etc. BM 
biopsy is also helpful in detecting small 
deposits of amyloid in suspected cases of 
amyloidosis (perivascular deposits of extra-
cellular amorphous eosinophilic material). 
Congo red stain may be performed to look for 
apple green birefringence under polarizing 
microscopy.

Waldenstrom macroglobulinemia may 
also have similar patterns of involvement as 
myeloma and shows a mixture of plasma 
cells, lymphocytes, and hybrid lymphoplas-
macytic cells. Plasma cells may also be 
increased in chronic infections as tuberculo-
sis, leishmaniasis, etc., in other neoplasms as 
HL, AITL, PTCL, etc., and also in leukemias 
as AML-M5. BM biopsy in cases of aplastic 
anemia and post induction BM might show 
only plasma cells and lymphocytes in an oth-
erwise hypocellular marrow. Cases of aplas-
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tic anemia and AITL have been misdiagnosed 
as plasma cell neoplasm on aspirate smears. 
Thus, it is important to correlate with cellu-
larity on trephine and with other clinical and 
radiological findings.

 3. Acute leukemia: A trephine biopsy is not 
required for the diagnosis/subtyping of 
acute leukemia, as long as there are adequate 
tumor cells in the peripheral blood or a cel-
lular aspirate is available. However, paraffin 
block is an archival material and additional 
studies like IHC can be performed for sub-
typing of HLN even at a later stage. Thus, 
trephine biopsy becomes extremely impor-
tant in a country like ours where many a 
time patients are given blood transfusion 
and/or steroids/heavy metals at the primary 
health center after/before a diagnosis of 
acute leukemia. Such patients when referred 
to a cancer center have no circulating tumor 
cells, causing a delay in diagnosis. Stained 
peripheral blood smears or bone marrow 
(BM) aspirates, if available, might not help 
further subtype the leukemia. Paraffin block 
if available at this stage is an invaluable 
material. BM biopsies in cases of acute leu-
kemias are hypercellular, except for rare 
hypoplastic AMLs and hypoplastic 
MDS.  BM is packed with similar looking 
blasts (CD34, Tdt). Rarely, normal or differ-
entiating cells may be seen in the back-
ground as in AML-M2, etc. Blasts vary in 
size from small to large. Lymphoblasts 
(CD19, CD79a, CD10, Tdt, CD3) are 
smaller in size with coarse nuclear chroma-
tin. Myeloblasts (CD34, MPO, c-kit) are 
larger in size and have distinct cytoplasm 
and vesicular nuclear chromatin. Monoblasts 
(CD34, MPO, and CD64) are large, with 
fine nuclear chromatin, and may have a con-
voluted nuclear membrane. It is important to 
rule out associated dysplasia in any of the 
three lineages. CD19 and CD79a are better 
stains for B-cell ALL as CD20 might be 
weakly positive or negative in majority of 
B-cell ALLs. Plasmacytosis is commonly 
seen associated with AML-M5 and AML- 
M2 with t(8;21). CD19 is a more popular 

stain with FCI.  Differential diagnosis of 
acute leukemia in BM may include hemato-
gones, Ewing sarcoma, rhabdomyosarcoma, 
neuroblastoma, anaplastic large cell lym-
phoma, and multiple myeloma.

 4. Chronic myeloid neoplasms including 
chronic myeloid leukemia (CML): BM 
biopsy is markedly hypercellular in CML 
and shows myeloid and megakaryocytic pre-
ponderance. Blasts are not increased in the 
chronic phase. There is a relative paucity of 
erythroid series cells. Fibrosis may be seen 
in CML and other chronic myeloprolifera-
tive disorders and shall be graded and 
 reticulin stain may be used. Clusters of 
megakaryocytes and micromegakaryocytes 
may be seen. Stains for CD34 and C-kit may 
be helpful in highlighting blasts. Cellularity 
and morphology of megakaryocytes may 
help in distinguishing essential thrombocy-
tosis from early prefibrotic myelofibrosis. In 
early/prefibrotic myelofibrosis, it is a hyper-
cellular marrow with a prominent granulo-
cytic and megakaryocytic proliferation with 
a concomitant reduction of red cell precur-
sors with absence of reticulin MF (MF-0 
and MF-1). Abnormalities in the mega-
karyocytopoietic cell lineage include exten-
sive and dense clustering and translocation 
of megakaryocytes toward the endosteal 
borders. There is a high variability in size 
ranging from small to giant megakaryocytes 
along with prominent aberrations of the 
nuclei (marked hypolobulation, condensed 
chromatin, and irregular foldings creating a 
bulbous, cloud-like aspect) and marked ele-
vation of the nuclear-cytoplasmic ratio, as 
well as an increased frequency of bare 
(denuded) nuclei. While in essential throm-
bocytosis, it reveals an age-matched cellular 
BM with a predominant megakaryopoiesis, 
but without a significant erythroid or neutro-
philic myeloproliferation. Here the mega-
karyocytes reveal a more or less random 
distribution or very loose groupings within 
the BM space. Megakaryocytes are large to 
giant cell forms with extensively folded 
(hyperlobulated) nuclei, surrounded by 
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well- differentiated cytoplasm. An increase 
in reticulin is not compatible with early 
stages of ET.

 5. Myelodysplastic syndrome (MDS) and meg-
aloblastic anemia: Diagnosis of MDS 
requires integration of various peripheral 
blood and BM parameters along with clinical 
and cytogenetic findings. MDS has various 
subtypes. Morphological dysplasia is best 
appreciated on an aspirate smear. Trephine is 
important in commenting on architecture, 
cellularity (hypercellular BM), megakaryo-
cyte morphology including dyspoietic forms 
like micromegakaryocytes, multinucleated 
megakaryocytes, and also monolobated 
megakaryocytes (as seen in 5q- syndrome), 
presence of megaloblasts, abnormal localiza-
tion of immature myeloid precursors (ALIP), 
and CD34+ blasts. Fibrosis may be seen in 
secondary MDS (post-alkylating agent ther-
apy). Epstein–Barr virus infection might 
produce morphological changes that might 
mimic MDS features in BM. Common dif-
ferential diagnoses of MDS in pediatric BM 
trephine include chronic viral infections, 
juvenile rheumatoid arthritis, megaloblastic 
anemia, heavy metal toxicity, chronic myelo-
proliferative disorders, acute leukemia, etc. 
Common differential diagnoses of MDS in 
adult BM trephine include congenital dys-
erythropoietic anemia, aplastic anemia, 
hypocellular AML, chronic viral infections, 
megaloblastic anemia, heavy metal toxicity, 
AIDS, autoimmune disorders, chronic 
myeloproliferative disorders, acute leuke-
mia, etc. Micromegakaryocytes are smaller 
sized cells, have darkly stained nuclei, and 
scant cytoplasm (bare nuclei). These are 
commonly seen singly scattered or in clus-
ters in chronic myeloid leukemia, acceler-
ated phase (CML-AP), and MDS.  IHC 
(CD41, CD61, factor VIIIRA) may be done 
to highlight megakaryoblast and micromega-
karyocytes. Small blast-like cells with one or 
more distinct nucleoli located away from the 
endosteal surface (paratrabecular) corre-
spond to immature precursors/blasts. Cases 
with at least three clusters (groups of three to 

five immature myeloid precursors) or aggre-
gates (more than five myeloid precursors) 
distributed in the intertrabecular region are 
defined as being ALIP positive (abnormal 
localization of immature myeloid precur-
sors). ALIP islands might express CD34 and 
CD117. These may also be seen in regenerat-
ing BM, post chemotherapy, and in 
CML. BM is hypercellular in megaloblastic 
anemia, with erythroid hyperplasia. M:E 
ratio is reversed. Nucleo-cytoplasmic disso-
ciation is most evident in erythroid lineage. 
Megaloblasts are large round to polygonal 
cells with large round nuclei, vesicular chro-
matin, 1–2 small nucleoli, a crisp nuclear 
membrane, and moderately abundant baso-
philic/amphophilic cytoplasm. Megaloblasts 
may be seen as singly scattered cells or else 
seen in clusters with a background of ery-
throid hyperplasia. These features may also 
be seen in MDS. These may be highlighted 
with CD71 on IHC.  Myeloid series also 
shows giant forms.

 6. Mast cell disease: Mast cells are best seen in 
a Romanowsky stained smear. It may show 
different patterns of involvement in BM 
mainly paratrabecular, perivascular, parafol-
licular, and diffuse. Granules are washed off 
during processing. Mast cells are oval shaped 
with abundant clear cytoplasm, no mitotic 
activity, and are associated with fibrosis and 
admixed eosinophils, histiocytes, and lym-
phocytes. They may be associated with other 
myeloproliferative neoplasms like systemic 
mastocytosis with associated clonal hemato-
logical non-mast cell lineage disease. Mast 
cell disorders are more commonly seen in 
the Western population. Mast cells are 
strongly positive for CD117, while CD2 and 
CD25 highlight clonal mast cells.

 7. BM biopsy and minimal residual disease 
(MRD): MRD detection is best done by mul-
ticolor FCM or molecular methods. Best 
methods to detect MRD in B-ALL, T-ALL, 
and AML is by FCI, while in case of 
CML- CP and APML, it is done by molecular 
methods. CD34 and CD117 stains may be 
performed to detect scanty myeloblasts in 

16 Pathology of Lymphoreticular Tissues



302

the BM biopsy. Hematogones may be con-
fused with blasts in post induction BM of 
B-cell ALL.  Clusters of CD34/Tdt-positive 
cells herald an early relapse of 
ALL.  Hematogones might express CD20, 
CD10, and Tdt in different stages of their 
maturation (as stated earlier). We have seen 
10–15% Tdt expressing lymphoid cells in 
post induction regenerating bone marrows 
(cases of B-cell ALL). Likewise we have 
seen up to 20% normal myeloblasts (CD34+) 
in post induction marrow in a case of 
AML.  FCM is a superior technique to dif-
ferentiate cancer lymphoblasts from hemato-
gones and also cancer myeloblasts from 
normal myeloblasts, as it gives more flexibil-
ity in the form of multicolor immunopheno-
typing and patterns analysis, using principles 
of leukemia- associated immunophenotype 
and concepts of away from normal. One 
should avoid commenting on the presence of 
MRD on trephine interpretations.

 8. BM biopsy and metastatic tumors: BM 
biopsy is essential if BM examination is 
being carried out for metastatic workup. 
Clusters of megakaryocytes may rarely 
mimic metastatic carcinoma. Though the 
aspirate is helpful, BM biopsy has better 
chances of picking up scanty tumor cells. 
IHC can also be performed for evaluation of 
unknown primary (like breast, GIT, lungs, 
prostate, etc.), where common markers 
include CK, EMA, CK7, CK20, TTF1, 
PSA, CDX2, etc. Aspirates might show 
degenerating tumor cells that can easily be 
missed; however, BM biopsy reveals viable 
tumor cells in a desmoplastic background. 
Trephine and aspiration are complementary 
investigations because either may show 
tumor cells when the other procedure fails 
to do so. In rare instances, round cell tumor 
deposits are seen as clusters in the aspirate 
and missed in the trephine. This is likely 
when the aspirate is done at a different 
angle from where the trephine is done. BM 
biopsy is done for staging of round cell 
tumors such as neuroblastoma, rhabdomyo-
sarcoma, and primitive neuroectodermal 

tumor. Common IHC markers include 
Mic2, FLI1, desmin, myogenin, MyoD1, 
synaptophysin, chromogranin, CD56, etc. 
(along with hematolymphoid markers). 
Rarely, round cell tumors may mimic acute 
leukemia on aspirate smears, and immuno-
phenotyping by FCM reveals negative 
markers (since all markers used are hemato-
lymphoid specific). Trephine is helpful in 
these cases where a battery of hematolym-
phoid as well as non- hematolymphoid 
markers may be done. Sarcomas, melano-
mas, and germ cell tumors also rarely 
metastasize to BM.

 9. BM biopsy and granulomatous diseases: BM 
biopsy is a part and parcel of investigation 
for pyrexia of unknown origin. Other spe-
cific indications in this context include pan-
cytopenia, fever, and lymphadenopathy. 
Common causes of granulomatous diseases 
include tuberculosis, leishmaniasis, sarcoid-
osis, cryptococcosis, aspergillosis, and histo-
plasmosis. Granulomas may be seen in 
trephine sections (but not in a BM aspirate). 
BM biopsy has an important role in human 
immunodeficiency virus-positive patients, 
where granulomas, necrosis, and stain for 
AFB and other microorganisms should be 
done. Granulomas in BM may also be seen 
in various neoplastic conditions such as HL, 
PTCL, mycosis fungoides, carcinomas, and 
MDS. Relevant cultures are to be sent after 
discussion with the clinicians.

 10. BM biopsy and AIDS: BM may be near nor-
mal or show significant morphological 
changes. Morphologic features may be 
divided into specific and nonspecific catego-
ries. Nonspecific category includes reactive 
plasmacytosis, megaloblastosis, multilin-
eage dysplasia, poorly circumscribed lym-
phoid aggregates, diffuse interstitial 
histiocytic proliferation, hypo-, hyper- to 
normocellular BM, fibrosis, etc. Specific cat-
egories include infiltration by NHL (plasma-
blastic lymphomas, BL, HL, etc.), Kaposi 
sarcoma, and opportunistic infections (bac-
terial, fungal, or protozoal), absence of stor-
age iron, red cell aplasia, etc.
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Other Common Findings
 (a) BM Necrosis: Causes of BM necrosis vary 

from neoplastic (ALL, AML, myeloma, HL, 
NHL, carcinomas, PNET, neuroblastoma, 
etc.) to non-neoplastic (sickle cell anemia, 
infections, DIC, acute GVHD, etc.) and to 
treatment related (e.g., post steroids in ALL, 
post bone marrow transplantation). It should 
be differentiated from fibrinoid necrosis or 
stromal edema as seen post chemotherapy or 
after bone marrow radiation.

 (b) BM biopsy changes post chemotherapy: 
Morphologic features of BM in patients 
undergoing myeloablative chemotherapy 
may be immediate effects like cell ablation 
and late effects like bone marrow regenera-
tion (1–2  weeks after the ablative therapy). 
Immediate effects include apoptosis, fol-
lowed by fibrinoid necrosis, stromal edema, 
prominent and dilated sinuses, increased 
macrophages, and large number of multiloc-
ulated adipocytes. Scanty normal hemopoi-
etic cells may be seen, predominantly 
comprising of lymphocytes and plasma cells. 
Bone marrow regeneration occurs 1–2 weeks 
later and may show the appearance of para-
trabecular immature myeloid cells, followed 
by the appearance of neutrophils and ery-
throid colonies. Megakaryocytes appear late 
and come in clusters, which is followed by 
resolution of fibrinoid necrosis (which may 
stay for a longer duration in some cases). 
Intra-nuclear parvovirus inclusions may be 
evident in large-sized proerythroblasts in 
post induction chemotherapy patients of 
ALL.  These cells resemble RS-like mono-
nuclear cells. These patients may have a 
delayed recovery of peripheral blood counts. 
It is a common practice to confuse interstitial 
edema (commonly seen in post induction 
marrows) with marrow fibrosis and one has 
to be careful.

 (c) BM biopsy in post BM transplantation 
period: Earliest features (days 1–14) are of 
cell death, and include fat necrosis, protein-
aceous debris, stromal edema, and negligible 
normal hematopoietic cells. Regeneration 
starts from day 7 to 14 post-transplant and 

reveal non-paratrabecular erythroid colonies, 
myeloid precursors followed by megakaryo-
cytic clusters. Any presence of blasts post 
day 7 of transplant indicates the presence of 
residual disease. At the end of a month (day 
28), complete engraftment occurs, that is, all 
cell lines are engrafted. BM may show vari-
able cellularity. Morphologic features of 
rejection (post day 28) include declining 
peripheral blood cell counts and features of 
BM microenvironment damage like fat 
necrosis, stromal edema, plasmacytosis, his-
tiocytic proliferations, or lymphocytosis.

 (d) BM post growth factor therapy: Growth fac-
tors like GM-CSF lead to interstitial foci of 
immature myeloid cells in a hypercellular 
marrow. Myeloid cells show prominent gran-
ules and may mimic acute or chronic myeloid 
neoplasm, and rarely may look like acute 
promyelocytic leukemia.

16.5.4.2  Immunohistochemistry
Similar to lymph node biopsy, IHC is an impor-
tant tool in interpretation of HLN in BM biop-
sies. Use of FCM on peripheral blood/aspirated 
marrow cells along with IHC provides comple-
mentary information, and the two sets of data 
should be considered together. If FCM data is 
available from peripheral blood or aspirated bone 
marrow, it should be taken into account when 
assessing the trephine morphology. They can aid 
selection of appropriate antibodies for IHC and, 
in some cases, reduce or remove completely the 
need for complex and expensive IHC assessment, 
avoiding unnecessary duplication. Panels for 
markers including non-hematolymphoid tumors 
have been suggested; however, it is at the discre-
tion of the hematopathologist to decide on IHC 
panel on a case-by-case basis. Tumors like round 
cell tumors/carcinomas/melanomas may mimic 
lymphoma, thus it becomes essential to have cor-
responding markers for these tumors. Minimal 
suggested basic panel for any hematolymphoid 
lesion include three markers, namely LCA 
(CD45), CD20 (B-cell marker), and CD3 (T-cell 
marker). For blastic lymphoid cell proliferations, 
CD79a and CD19 are markers of choice in 
B-ALL (CD20 may be negative). CD20 is a pre-
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dictive marker in B-cell lymphomas, as these 
patients can be given anti-CD20 targeted therapy 
(rituximab). Additional panels may be suggested 
based on morphological impression. Common 
markers in a case of acute leukemia include CD3, 
CD7, CD20, CD10, CD56, CD4, CD33, CD41, 
CD61, Pax5, CD79a, CD19, CD34, Tdt, Ckit, 
AMPO.

16.5.4.3  Cytogenetics/FISH 
and Molecular Diagnostics

Unfixed BM aspirate sample is a better sample 
than extracted nuclei from fixed trephine biopsy 
specimens for conventional karyotyping and 
interphase fluorescence in situ hybridization 
(FISH) analysis. However, with newer protocols, 
good FISH results can also be obtained from tre-
phine cores (fixed tissues). Thin sections offer an 
advantage of retained architecture and cytology 
of cells of interest. Trephine FISH may be critical 
in demonstration of MYC abnormalities in sus-
pected Burkitt lymphoma and in confirmation of 
t(11;14) in mantle cell lymphomas. PCR may be 
done to detect IGH and TCR rearrangements 
using sections from decalcified BM cores.

Reporting of a trephine biopsy: Trephine 
report shall contain both gross and microscopic 
descriptions. It should mention the number of 
BM fragments and length of the longest frag-
ment. The report may begin with a statement on 
the adequacy of specimen for diagnosis and 
should then comment systematically on cellular-
ity, bone structure, trilineage hematopoiesis, M:E 
ratio, dyspoietic features, and stroma and abnor-
mal infiltrates, if any. It should include a com-
ment on special stains including IHC, if any 
performed. Clinical, peripheral blood smear, and 
BM aspirate findings should be correlated before 
the final report is issued. Ancillary techniques 
like IHC/FCM, cytogenetics, FISH, and PCR 
reports should be included after correlation to 
give a comprehensive report based on the current 
WHO classification of HLN [2]. The report 
should finish with a final impression of all find-
ings and its clinical significance. Advice on fur-
ther workup may be given, if required. Provisional 
report may be sent if deeper sections or special 
stains are pending or if a second opinion is being 

sought. This is followed by a final report. 
Provisional as well as final report must contain 
the name and signatures of the authorized signa-
tory or by a secured computer authorization.

Who should report a trephine biopsy? 
Ideally, an experienced pathologist or a hemato-
pathologist who has been trained adequately in 
both laboratory hematology and histopathology 
should do this. He/she should also be competent 
to assess blood films and BM aspirates and evalu-
ate FCM results. It is preferable that all hemato-
poietic tissues including peripheral blood, BM 
aspirate, BM biopsy along with lymph node, 
spleen, and extranodal lymphoid lesions, are 
reported by a trained hematopathologist, who 
shall compile the results of various ancillary 
techniques. The other option is close cooperation 
between various disciplines. In any case, a 
pathologist should not release a trephine biopsy 
report without ascertaining the opinion on the 
blood film and BM aspirate (done by him/herself 
or by another pathologist). If there is any appar-
ent discrepancy between the findings, this should 
be resolved by a joint examination of the slides of 
the case or, at the very least, by a telephone con-
versation between those responsible for reporting 
the specimens.

Conclusion: Trephine biopsy is an essential 
technique for the assessment and treatment of 
patients with a wide range of hematological con-
ditions as well as some other disorders that 
involve BM. BM trephine is an integral compo-
nent of diagnosis, staging, and follow-up of 
HLN. Biopsy is a painful procedure, and due care 
should be taken by all professionals involved in 
collection, processing, and reporting of trephine 
specimens. Trephine should be of adequate vol-
ume and integrity, fixed promptly, decalcified 
fully before being processed, sectioned thinly 
(2–3  μm), and stained. Routine stains (H&E 
staining and other special stains) and IHCs must 
be well standardized with adequate panels. 
Trephine is used in morphological interpretation 
and also in the application of various ancillary 
techniques, including immunohistochemistry, 
DNA/RNA in situ hybridization, and polymerase 
chain reaction. It is mandatory to have standard 
operating procedures for performing a trephine 
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biopsy, processing of the biopsy specimen, vari-
ous ancillary techniques, and reporting of the his-
tological sections. In most institutes or hospital 
settings, BM biopsy and aspirate are mostly 
reported in different departments, where histopa-
thologists take primary responsibility for bone 
marrow trephine reporting and hematologists/
pathologists report BM aspirates. In few places, 
both are done by a hematopathologist, which is 
an ideal situation. There is dire need of qualified 
hematopathologists who can report benign as 
well as malignant (bone marrow, nodal, and 
extranodal) hematopathology. The BM trephine 
biopsy provides just one piece in this diagnostic 
jigsaw. Appropriate IHCs are used to detect sub-
tle infiltrates (e.g., intrasinusoidal infiltration as 
seen in splenic marginal zone B-cell lymphoma 
and in ALCL). Consideration should be given to 
take a second opinion from a specialist hemato-
pathologist without wasting time. Who reports 
the trephine is not important, whether it is a liq-
uid pathologist, surgical pathologist, or a hema-
topathologist. What is important is to have 
sufficient expertise available among pathologists 
reporting trephine specimens in order to ensure 
that a full range of appropriate investigations is 
applied in each case, with available detailed clini-
cal and hematological data, and ready access to 
further specialist advice. Communication and 
dialog between the hematologist/oncologist and 
the pathologist is crucial. Ideally, such dialog 
should occur as the specimen is being reported 
and generally before multidisciplinary joint clinic 
(at this time, diagnostic uncertainties should have 
been resolved). World Health Organization 2008 
Classification of HLN [1] requires integration of 
clinical information, peripheral blood findings, 
BM aspirate, and trephine morphology, other tis-
sue diagnosis, and data from various ancillary 
techniques (IHC/FCM, cytogenetic/molecular 
diagnostics), still a distant reality in India.

Take Home Message: Trephine
 1. Aspirate and biopsy are complementary.
 2. Good quality fixation, decalcification, and 

processing are extremely important so as to 
obtain a good quality H&E section (2–3 μm 
thick).

 3. An accurate diagnosis of HLN requires mul-
tidisciplinary approach which includes clini-
cal, biochemical, radiological, hematological 
parameters with morphological and immun-
ophenotyping analysis.

 4. Spend adequate time on scanner/low magni-
fication as it gives vital information about the 
architecture of BM biopsy, BM cellularity, 
adequacy of megakaryocytes, any abnormal 
infiltrates, etc. Cellularity is best commented 
upon on BM biopsy examination.

 5. Higher magnification addresses the cytologi-
cal features in detail and the presence of 
parasites, if any.

 6. Erythroid cells resemble lymphoid cells, and 
megaloblasts may resemble blasts. IHC for 
CD3, CD20, and CD71/CD235 may be per-
formed. LCA (CD45) is strongest in lym-
phoid cells and may be negative or weakly 
expressed in erythroid cells. Megaloblasts 
(as well as mast cells, myeloblasts, plasma 
cells) might express CD117.

 7. Lymphoma and myeloma may present as a 
nodular deposit. BM aspirate in a few of 
such cases might reveal a normal marrow 
differential count. Stain and examine all 
aspirate smears. Serial deeper cuts on tre-
phine always help.

 8. Lymphoid cells constitute approximately 
10–20% in a normal healthy adult BM aspi-
rate and biopsy. CD20+ B cells are scanty 
and singly scattered. CD3+ T cells are also 
singly scattered and, however, are more in 
number.

 9. Scanty hidden lymphoid infiltrates on tre-
phine may be picked up by CD20 and CD3 
stains (for B and T cell, respectively). BM 
might reveal “missing” B cells (CD20−) in 
patients of DLBCL (post rituximab). CD19, 
CD79a, Pax5 are useful B-cell markers in 
these situations. Overall, CD20 is an 
extremely important marker. Subtle intra-
sinusoidal lymphoid infiltrates are well high-
lighted by IHCs, as the tumor cells in 
hepatosplenic gamma-delta T-cell lymphoma 
are picked up by CD3 (double-negative T 
cells) and tumor cells in splenic marginal 
zone lymphoma by CD20. These can be eas-
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ily missed on H&E images. It is a good idea 
to do CD3 and CD20 in BM biopsy in cases 
suspected of hematolymphoid neoplasm.

 10. Mimics of lymphomas in BM biopsy are 
many, from hematogones to benign lymphoid 
aggregates. Hematogones generally are scat-
tered as single cells in trephine and may 
express CD10, CD34 and Tdt. It is important 
to correlate with CBC findings and a meticu-
lous BM aspirate morphology examination 
followed by flow cytometric immunophno-
typing for pattern evaluation. This helps in 
differentiating hematogones from minimal 
residual disease in cases of precursor B cell 
lymphoblastic leukemia (post induction).

 11. Plasma cells can mimic morphologically 
anything under the sun. Minimal or atypical 
plasma cell infiltrates may be interpreted as 
either reactive or may be missed. IHC for 
CD138, cyclinD1, and CD56 may be help-
ful. Refer text for morphological differences. 
Plasma cells may be increased in leishmani-
asis, aplastic anemia, HL, and angioimmu-
noblastic T-cell lymphoma apart from 
plasma cell neoplasm.

 12. Bilateral BM biopsies may be performed in 
staging of neuroblastoma.

 13. Aspirate smears may be diluted due to poor 
technique; hypocellular marrow or else a 
fibrotic marrow (exclude a possibility of 
chronic myeloproliferative neoplasm, hairy 
cell leukemia, CML, HL, and metastatic 
carcinomas).

 14. Granulomas (commonly an infective etiol-
ogy) may be associated with mast cell lesions 
or HL.

 15. Acute leukemias are best subtyped based on 
FCI. Blast counts are also best done on aspi-
rate smears. Trephines are best for architec-
ture, cellularity, focal nodular deposits (and 
tumor deposits), granulomas, fibrosis, inter-
stitial edema, etc.

 16. Hypocellular marrow might contain blasts, 
which can be missed (post treatment, hypo-
cellular AML, and hypocellular MDS). 
Stains for CD34, glycophorin, and CD117 
are helpful.

 17. Edematous background may be seen as a 
treatment-related change.

 18. Infidelity of IHC stains is well known. For 
example, CD56 is expressed by natural killer 
(NK) cells and their neoplastic counterparts, 
in AMLs, myeloma plasma cells, small cell 
carcinomas, and also in cells of other neuro-
endocrine tumors. CyclinD1 may also be 
expressed in a plasma cell neoplasm and 
hairy cell leukemia, in addition to mantle cell 
lymphoma.

 19. Lab must possess adequate IHC panels 
(including for non-hematolymphoid tumors).

 20. Turnaround time should not exceed 3 work-
ing days, and 5–7  days where IHC is 
required. Second opinion may be sought in 
difficult cases.

 21. To err is human, and the pathologist must 
admit any mistake if it happens.

 22. There are gray areas in pathology. 
Communication between the pathologist 
and the treating hematologist/oncologist is 
important.

 23. Request for a re-biopsy in case of inade-
quate/crushed or poorly processed biopsy.

 24. A formal/informal training in a busy hemato-
pathology laboratory is highly desirable.

 25. Stakeholders for good laboratory practice 
include physician doing the biopsy (and the 
anesthetist), OT nurse, medical laboratory 
technologist and scientists, pathologist, 
hematologist, administrator, vendor supply-
ing the reagents/equipment to the patient 
him/herself.

 26. Trephine is a painful procedure for the 
patient and carries some risks; therefore, it 
should be performed only when there is a 
clear clinical indication (megaloblastic ane-
mias are best diagnosed based on serum 
B12/FA levels). Clinical details and the 
results of relevant laboratory tests including 
the blood count and blood film features must 
be known before this procedure is done. It 
can be performed safely on patients with 
severe thrombocytopenia, but prolonged 
pressure may be applied to achieve primary 
hemostasis.
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16.6  Spleen: Interpretation 
and Lymphomas

Splenomegaly is a common feature in hemato-
lymphoid neoplasms. Mostly spleen is involved 
by lymphoma elsewhere during its dissemination 
process. Rarely it may represent the exclusive 
site of the lymphomatous burden. Thus the desig-
nation “primary splenic lymphomas” (PSLs) may 
be classically restricted to neoplasms fulfilling 
this latter condition and constitute approximately 
6% of all lymphoid neoplasms. However, it must 
be noted that PSLs commonly involve bone mar-
row and peripheral blood at presentation.

16.6.1  Normal Spleen

Careful gross evaluation of the specimen and 
optimal tissue fixation are most important. 
Because of the high vascularity of the spleen, thin 
sections are particularly important. Look out for 
additional lymph nodes with the main splenec-
tomy specimen. The spleen is primarily com-
posed of two distinct regions. The lymphoid 
tissue of the spleen is called the white pulp (nod-
ules of lymphoid cells) and is associated with the 
splenic arterial circulation. The central arteries, 
which arise from trabecular arteries within the 
fibrous trabeculae, are surrounded by cylindrical 
cuffs of lymphocytes called periarteriolar lym-
phoid sheaths (PALS), containing an admixture 
of B and T cells, with a predominance of CD4+ T 
cells. Splenic lymphoid follicles (malpighian 
corpuscles) occur as outgrowths of the periarte-
riolar lymphoid sheaths. The germinal center is 
similar to germinal centers seen in lymph nodes. 
It is surrounded by a mantle zone that is further 
encased by marginal zone, a cellular layer at the 
interface between the white and red pulp. The 
marginal zone is composed of both B and T cells. 
The red pulp is composed of splenic vascular 
sinuses and the cords of Billroth, which are made 
up of splenic macrophages, scattered cord capil-
laries, venules, and stromal cells. B cells in man-
tle zone bear surface immunoglobulin, with 
co-expression of immunoglobulin IgM and 

IgD.  Marginal zone B cells express predomi-
nantly IgM, with only a small minority express-
ing IgD. IgG expression is lacking in these areas 
and is limited to scattered cells in the red pulp, 
where rare IgA-containing cells are also found.

16.6.2  Procedure, Collection, 
and Transport of Specimens: 
Extranodal Biopsies 
and Spleen

Measure the weight and describe the gross 
appearance, including the presence of any focal 
lesions (e.g., infarcts, nodules, hemorrhage) and 
gross abnormalities of red or white pulp. The 
spleen must be sectioned at 3–5 mm intervals, to 
look for grossly identifiable lesions. Fixation, 
grossing, and tissue processing are extremely 
important so as to avoid autolysis of spleen. 
Splenic FNAC is not used as a diagnostic test. 
Biopsies from other sites like skin, GIT, etc. are 
immediately transferred into a suitable fixative 
(e.g., formalin).

Lymphomas commonly presenting as PSLs 
are SMZL, splenic lymphomas-unclassifiable 
(SL-u) [which include splenic diffuse red pulp 
small B-cell lymphoma (SDRPSBCL) and HCL 
variant], HCL, LL, B-PLL, T-LGL, and hepato-
splenic T-cell lymphoma. Primary splenic pre-
sentations of nodal lymphomas are commonly 
seen in MCL, FL, DLBCL, not otherwise speci-
fied, micronodular T-cell/histiocyte-rich large 
B-cell lymphoma, HL, and PTCL. The common-
est PSL is SMZL, and this is a close differential 
diagnosis of other B-cell lymphomas, namely 
SL-u, and LPL (waste-basket). All these subtypes 
belong to low-grade lymphoma category with a 
wait–and-watch policy for management.

Patterns with involvement of the spleen by 
lymphoma can be broadly studied in categories 
of “predominantly red pulp based” and “predom-
inantly white pulp based,” both having diffuse 
and nodular subtypes. Predominantly red pulp 
involvement is commonly seen with diffuse pat-
terns in HCL, HCL variant, SDRPSBCL, hepato-
splenic T-cell lymphoma, acute leukemias, 
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hemolytic anemias, nonspecific congestion, 
extramedullary hematopoiesis, etc. It may show a 
focal or nodular/variable pattern as seen in HL, 
DLBCL, T-PLL, etc. Similarly, predominantly 
white pulp involvement may be seen in small 
B-cell lymphomas (CLL, LPL, SMZL, PTCL, 
etc.) and may show focal involvement in inflam-
matory pseudotumor, hamartomas, etc.

Diagnostic Workup in Case of Primary Splenic 
Lymphomas
 1. Complete blood count.
 2. Peripheral blood smear and/or bone marrow 

aspirate examination with FCI.
 3. Bone marrow biopsy examination with IHC 

(CD3, CD4, CD8, CD7, CD5, CD2, CD19, 
CD20, CD5, CD23, CD10, bcl6, cyclinD1, 
CD15, CD30, Pax5, EBER, Tdt, CD34) (simi-
lar to that for nodal tissues).

 4. Cytogenetics and molecular studies (similar 
to that for nodal tissues).

 5. Splenectomy is the last resort (similar IHC 
panel as above).

Splenic marginal zone lymphoma, the com-
monest subtype, commonly presents with leuko-
cytosis and splenomegaly. PBS/BM morphology 
reveals a low-grade B-cell lymphoma that may be 
labeled as SMZL after excluding other common 
B-cell lymphomas, namely CLL/SLL, MCL, FL, 
HCL, LPL (WM), etc. Splenectomy is rarely 
indicated and reveals a nodular pattern of involve-
ment with a similar IHC profile. SMZL (as per 
WHO classification) is a B-cell neoplasm com-
prising small lymphocytes that surround and may 
replace the splenic white pulp germinal centers, 
may efface the follicle mantle, and merge with a 
peripheral (marginal) zone of larger cells, includ-
ing scattered transformed blasts/immunoblasts; 
both small and large cells infiltrate the red pulp. 
Most cases have prominent splenomegaly, and 
bone marrow and peripheral blood infiltration. 
Cells in peripheral blood can frequently be rec-
ognized morphologically as mature looking lym-
phoid cells with or without villous projections. 
SMZL and splenic lymphoma with villous lym-
phocytes are same entities. SMZL is a diagnosis 
of exclusion. Tumor cells express pan B-cell 

markers like CD19 and CD20, however are nega-
tive for CD5, CD10, and cyclinD1, and have a 
low MIB-1 proliferation index. SDRPSBCL 
reveals a diffuse pattern of involvement with sim-
ilar morphology of lymphoid cells and IHC 
profile.

HCL is another common splenic lymphoma, 
which has a classical morphology on peripheral 
blood smear, bone marrow aspirate, trephine, and 
also on splenectomy specimen (widened red 
lakes). Tumor cells express B-cell markers, show 
light chain restriction, also express CD11c, 
CD25, CD103, and CD123, and show 
BRAFV600E mutation on molecular studies.

16.7  Thymus: Interpretation 
and Lymphomas

The thymus is located in the anterior mediasti-
num, where immature T-cell precursors (prothy-
mocytes) that migrate from the bone marrow 
undergo maturation and selection to become 
mature, naïve T cells that are capable of respond-
ing to antigenic stimuli. It is the site of develop-
ment of a normal T cell.

Thymus is broadly divided into a cortex and a 
medulla. The cortex contains cortical epithelial 
cells and macrophages. Cortical thymocytes 
(lymphocytes) range in morphology from 
medium-sized blastic cells with dispersed chro-
matin and nucleoli located in the outer cortex, to 
somewhat smaller, more mature-appearing, 
round lymphocytes located in the inner cortex. 
Occasional apoptotic bodies and phagocytosis by 
histiocytes may be seen. The immunophenotype 
of most cortical thymocytes is that of precursor T 
cells (TdT+, CD1a+, CD4+, CD8+). The medulla 
(and perivascular spaces) contains medullary epi-
thelial cells with Hassall corpuscles and dendritic 
cells. Medullary thymocytes (lymphocytes) are 
small, morphologically mature-appearing lym-
phocytes and have immunophenotype of mature 
T cells (TdT–, CD1a–, CD3+, CD4+, or CD8+). 
Medulla also contains a particular population of 
B cells (asteroid cells) with dendritic morphol-
ogy that expresses mature B-cell markers CD23, 
CD37, CD72, CD76, immunoglobulin IgM, and 
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IgD. These cells form rosettes with non-B cells 
and are cells of origin of primary mediastinal 
large B-cell lymphoma. Common lymphomas 
arising in the thymus include T-lymphoblastic 
lymphoma (T-LL), HL (nodular sclerosis), 
PMLBCL, and gray zone lymphoma (GZL). 
Other tumors at this site include thymoma and 
germ cell tumors. Hodgkin lymphoma has to be 
differentiated from GZL (intermediate between 
HL and DLBCL), while T-LL has to be differen-
tiated from normal thymus, thymic cyst, thy-
moma, etc. Lymphoid cells in normal thymus 
may contain double-positive T cells, double- 
negative T cells, and also express Tdt. This may 
cause an erroneous labeling as blastic lymphoma 
even in a normal thymic tissue, benign cyst, or 
thymoma. T-LL presents as a mediastinal mass in 
a young patient complaining of severe dyspnea as 
an emergency. On a needle core biopsy, it does 
not show any neoplastic epithelial component on 
histopathology and even on IHC will reveal 
scanty epithelial cells (expressing cytokeratin). 
T-LL lacks a thick fibrous capsule, lobularity of 
normal thymus, and also medullary foci. It is 
seen in young adolescent age group, may show 
blasts in peripheral blood or bone marrow, and 
usually shows a uniform immunophenotype 
among the lymphoid population.

16.8  Extranodal Lymphomas: 
Interpretation

Although 25–40% of NHL patients present with 
a primary extranodal lymphoma, in almost every 
organ in the body, however, common extranodal 
sites are skin and GIT.  Lymphomas arising in 
extranodal sites vary widely from one extranodal 
site to another. Some are associated with an 
underlying immunodeficiency syndrome, auto-
immune disease, infection, or other immunologic 
disorder, or a predilection to affect patients of 
certain ethnic origins. Common extranodal lym-
phomas are extranodal marginal zone B-cell lym-
phoma, mediastinal large B-cell lymphoma, 
intravascular large B-cell lymphoma, primary 
effusion lymphoma, plasmablastic lymphoma, 
DLBCL leg cell type, mantle cell lymphoma, 

follicular lymphoma, extranodal natural killer/T-
cell lymphoma: nasal-type, enteropathy-type 
intestinal T-cell lymphoma, etc. [24].

16.9  Cutaneous Lymphomas

Most cutaneous lymphomas are of T-cell subtype 
and show a top heavy infiltrate of atypical lym-
phoid cells in the upper dermis. Cutaneous T-cell 
lymphoma (CTCL) is the most common type of 
cutaneous lymphoma that typically presents with 
red, scaly patches or thickened plaques that often 
mimic eczema or chronic dermatitis. CTCL is a 
group of lymphoproliferative disorders charac-
terized by localization of neoplastic T lympho-
cytes to the skin. CTCLs are of indolent or 
aggressive subtypes. The commonest subtype is 
mycosis fungoides (non-sun-exposed areas).

CTCLs with indolent clinical behavior include 
the following:
• Mycosis fungoides
• Mycosis fungoide variants and subtypes (e.g., 

folliculotropic mycosis fungoides, pagetoid 
reticulosis, granulomatous slack skin)

• Primary cutaneous CD30+ lymphoprolifera-
tive disorder (e.g., primary cutaneous ALCL, 
lymphomatoid papulosis)

• Subcutaneous panniculitis-like T-cell lym-
phoma (provisional)

• Primary cutaneous CD4+ small/medium- sized 
pleomorphic T-cell lymphoma (provisional)

CTCLs with aggressive clinical behavior 
include the following:
• Sézary syndrome
• Adult T-cell leukemia/lymphoma
• Extranodal NK/T-cell lymphoma, nasal type
• Primary cutaneous peripheral T-cell lym-

phoma, unspecified
• Primary cutaneous aggressive epidermotropic 

CD8+ T-cell lymphoma (provisional)
• Cutaneous gamma/delta-positive T-cell lym-

phoma (provisional)

Cutaneous B-cell lymphomas (CBCLs) are a less 
common version of cutaneous lymphomas, making 
up about 20–25% of all cutaneous lymphomas. The 
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most common forms of CBCL are slow growing or 
indolent variations and respond well to mild 
treatments.

Newer subtypes have been defined in past few 
years as cutaneous T-cell lymphomas (two sub-
types—CD4 small and medium; CD8 ear type), 
indolent GI T-cell lymphoma (CD8 equivalent of 
ear type), mucocutaneous ulcer [25, 26]. 
Similarly, indolent lymphomas at other sites have 
been defined as indolent B-cell lymphoprolifera-
tions in the blood and bone marrow, indolent 
B-cell lymphomas (duodenal, pediatric follicular 
lymphoma, marginal zone that do not progress), 
early (in situ) lymphomas [2].

16.10  Multidisciplinary Meetings

Data generated from all modes of investigation 
need to be collated and interpreted in a clinical 
context. Not every case of lymphoma will have a 
classical clinical presentation, morphology, 
immunophenotype, or genetic profile. The report-
ing pathologist remains responsible for diagnosis 
and for ensuring appropriate additional investiga-
tions are instituted to resolve discrepancies. An 
individual’s experience of all the different inves-
tigations, the staining patterns of IPT, the inter-
pretation of FISH, and cytogenetic analysis is 
useful in weighing up the contribution each 
investigation makes to the final diagnosis. All 
diagnoses of hematological malignancy should 
be discussed in multidisciplinary  meetings/
boards which include medical, pediatric, and 
radiation oncologists along with a hematopathol-
ogist. Both the diagnosis and clinical manage-
ment decisions should be recorded in the case file 
at the meeting. Diagnosis of lymphomas cannot 
be made without understanding of the clinical 
background and such multispecialty group meet-
ings help pathologists reach there.

16.11  Reporting

Lymphoma diagnosis on tissue biopsy (nodal, 
splenic, trephine, as well as extranodal tissue) is 
done in histopathology department, which may 
be in a different location from where peripheral 

blood/BM aspirate is reported (hematology labo-
ratory). It is preferable that both these (tissues 
and liquid hematopathology) are reported under 
one roof, so that a final comprehensive report 
may be generated based on current WHO classi-
fication systems. Few clinical hematologists also 
report BM aspirate smears. The best person to do 
reporting is a trained and/or experienced patholo-
gist who will report both biopsy and aspirate and 
should be responsible for integrating the results 
with ancillary techniques.

The final report should include prognostic 
and/or predictive markers, if any. These may be 
assessed by IHC, cytogenetics, or molecular 
diagnostic methods. For example, CD20 is a pre-
dictive marker for B-cell lymphomas. CD38 and 
Zap70 are prognostic markers in CLL. DLBCL 
has been further subclassified based on IPT (ger-
minal center or non-germinal center phenotype), 
based on the site of origin (DLBCL, leg cell type, 
etc.), based on age (DLBCL of elderly), associa-
tion with low-grade disease, presence of t(14;18), 
and expression of BCL2. Though the treatment 
protocol of all such subtypes of DLBCL is very 
similar at this moment, it may be a good idea to 
subtype these for future studies.

The provisional report may be released at first, 
followed by a final impression along with IHC 
findings. Supplementary report should follow in 
case molecular studies/FISH is performed. 
Kindly note that lymphoblastic lymphoma and 
Burkitt lymphoma are oncological emergencies, 
and an early provisional report must be given to 
the pediatric oncologist. Turnaround time for a 
lymphoma histopathology report may be 3–4 
working days, and 7–8 days when IHC has been 
performed.

Hematopathologist must be aware of other 
common causes of abnormal lymphoid prolifera-
tions including nonspecific lymphadenitis, EBV 
infection, tuberculosis, HIV, dermatopathic 
lymphadenitis, toxoplasmosis, Kikuchi Fujimoto 
disease, Rosai Dorfman disease, etc.

Pathologists must remember:
 1. Common tumors occur at common sites, and 

the clinical history is extremely important, 
including site and the age of the patient. 
Radiological investigations are mandatory as 
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part of staging and can also give a clue in 
reaching decisions.

 2. Request for a re-biopsy in case of inadequate/
crushed or poorly processed tissue.

 3. Mimics of lymphomas are many, from benign 
lesions to other malignant lesions.

 4. Second opinion may be sought in difficult 
cases.

 5. To err is human, and the pathologist must 
admit any mistake if it happens.

 6. There are gray areas in pathology. 
Communication is important between the 
pathologist and the treating physician/
oncologist.

There are many limitations in histopathologi-
cal diagnosis, including tiny biopsy, crushed 
sample, necrotic tumor, gray zone lymphomas, 
etc. There are also problems in reporting core 
biopsy, like differentiating HL versus mediastinal 
DLBCL, thymic hyperplasia, and T-LL, BLL, 
and DLBCL, HL versus DLBCL versus reactive 
node/viral infections. It may be difficult to opine 
on small crushed biopsies. Second opinion may 
be sought, and a re-biopsy should be asked for 
without wasting time.

Checklist for reporting lymphoma
 – Classification according to current WHO 

classification.
 – T- or B-cell phenotype (CD20 and CD3 posi-

tive or negative).
 – Incorporate IHC in the final report. Mention 

about the reaction of IHC with the tumor cells 
(cells of interest) and also the reactive cells in 
the background. All stains done should be 
reported.

 – Incorporating results of other ancillary 
techniques.

16.12  Disposal and Storage 
of Tissues

Each laboratory should follow the local/national 
laws for waste management/disposal for the 
remaining specimen, used reagents, garbage, 
infectious waste, etc. Retention period for tissues 
may be at least 2 months from the date of dis-

patch of the final report. These specimens are 
retrieved, formalin is discarded and the tissue is 
wrapped in appropriate containers, which may be 
given to authorized agencies for disposal/incin-
eration. Chemicals like 10% buffered formalin, 
xylene, and alcohols are hazardous and should be 
discarded as per guidelines and waste disposal 
policy of the laboratory.

No diagnostic material should be discarded 
until all investigations are complete. NABL rec-
ommends that paraffin blocks are stored for a 
minimum of 20 years. Stained slides should be 
stored for a minimum of 10 years, and preferably 
longer, especially in case of pediatric patients and 
in small biopsy specimens where material per-
mitting diagnosis may no longer be contained 
within the paraffin blocks.

16.13  Fine Needle Aspirate 
Examination (FNAC)

Cytology is an easy, simple, and economical 
technique, which is extremely popular among 
cytopathologists. Experienced cytologists offer 
an extremely high degree of reliability. FNA 
material may be used for FCM and molecular 
tests. Lymphoma diagnosis is best done on a 
biopsy, and FNAC is not recommended to diag-
nose lymphomas. In context of lymphomas, 
FNAC may be useful in the following 
circumstances:

 1. In a known case of lymphoma, for documen-
tation of relapse.

 2. In emergency situations, such as in a patient 
having a mediastinal mass and superior vena 
cava syndrome, FNAC may be performed 
before instituting therapy. The sample may be 
sent for morphology and for FCM.  Biopsy 
should still be advised for proper typing of the 
lymphoma.

 3. FCI is performed for diagnosis and subtyping 
of HLN; however, subtypes (like HL) may be 
missed by this technique.

 4. FCM may be used to establish a primary diag-
nosis of hematolymphoid neoplasm when 
there is no other readily available tissue. In 
difficult cases, where the biopsy interpretation 
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is inconclusive, FCM might provide invalu-
able additional information as elaborate mark-
ers are available for FCM.  On the contrary, 
diagnosis and subtyping of myeloid neoplasm 
and chronic lymphoproliferative disorders 
(CLPDs) is best done by FCM.

 5. FNAC may be performed in suspected cases 
of tuberculosis.

16.13.1  WHO 2017 Classification 
of HLN

The WHO 2017 Classification of hematolym-
phoid neoplasms is expected to be on the stands 
later this year. Newer defined entities in B-cell 
lymphomas include small/indolent clonal lym-
phoid populations, pediatric-type follicular lym-
phoma, large cell and borderline (gray zone) 
categories, DLBCL versus BL and “double hit” 
lymphomas, THRLBCL versus NLPHL, and also 
a few new genetically defined entities [2]. New 
entities in T-cell neoplasms include indolent T/
NK-cell proliferations, EATL I/II subtypes, 
which have been further clarified, and few new 
genetically defined entities. Indolent clonal pop-
ulations like intrafollicular neoplasia/follicular 
lymphoma in situ include similar entities like 
“FL-like B-cells of undetermined significance” 
and “in situ follicular neoplasia.” Other indolent 
clonal proliferations include mantle cell lym-
phoma “in situ,” indolent NK/T-cell prolifera-
tions of the GI tract, CD8+ indolent cutaneous 
LPD, and seroma-associated ALK-negative 
ALCL. Pediatric FL are more common than 
“pediatric-type FL.” Pediatric FL are nodal, 
localized, purely follicular, have high Ki67, are 
BCL2-negative, and do not reveal any rearrange-
ment of BCL2/BCL6. Not all FL in children are 
“pediatric type” and such cases may also occur in 
adults. Follicular lymphoma grade 3B+/− 
DLBCL with MUM1 expression should be sepa-
rated from other FL as it behaves more like 
DLBCL.  Similarly, grade 3B FL/DLBCL with 
IG/IRF4 translocation is a distinct entity within 
most of DLBCL and few FL, seen in younger 
patients, at Waldeyer’s ring, requires treatment 
and has a good prognosis.

Diffuse large B-cell lymphoma remains the 
most intriguing category. In distinguishing GCB 
from non-GCB types, we may use any of the pub-
lished IHC algorithms accepted (should be men-
tioned in the report). Morphologic subtypes may 
be optional; however, anatomic location is impor-
tant (CNS, skin, etc.) and should be mentioned in 
the final report. “Double-hit” B-cell lymphomas 
are defined as MYC+ with BCL2 and/or BCL6 
rearrangements; they have morphology like 
DLBCL or BL-like (BCL-U). They may be rec-
ognized either as a separate category, subdivided 
by morphology, or as separate categories within 
DLBCL and BCL-U.  IHC for MYC and bcl2 
may be performed; however, its co-expression is 
not clinically actionable at present. We may per-
form MYC FISH in all new cases of DLBCL, but 
it is expensive and not available at all places. So 
FISH may be done in all GC subtype, in double 
expressor lymphomas (MYC and BCL2 expres-
sion) or else high-grade morphology cases of 
DLBCL. Treatment wise, most of these are still 
treated with R-CHOP; hence, it is debatable how 
much is the adequate IHC panel. DHL (2–8% of 
all DLBCLs) are though treated more aggres-
sively by protocols like dose adjusted 
R-EPOCH.  In the entity EBV+ DLBCL of the 
elderly, elderly has been removed, and it has been 
relabeled as EBV + DLBCL NOS. EBV+ muco-
cutaneous ulcer is a close differential diagnosis 
(of HL in mucocutaneous sites) and has an indo-
lent behavior (history of immunosuppression). 
Gray zone between THRLBCL versus NLPHL is 
still debatable. It is not clear whether diffuse 
areas/progression in NLPHL may be considered 
equivalent to THRLBCL. It is important to com-
ment on variant patterns in NLPHL at diagnosis. 
Few hematolymphoid neoplasms have been 
defined based on new genetic information like 
BRAF mutations in HCL, MYD88 mutations in 
LPL, NOTCH1/2mutations in CLL, MCL, and 
SMZL, ID3 mutations in BL, BCL-U IG/IRF4 
translocations in DLBCL/FL, and DUSP22 trans-
locations/p63 mutations in ALK-negative ALCL.

Next-generation sequencing will be an impor-
tant tool in the coming years. There are studies to 
show the contribution of NGS with a consensus 
gene panel to personalized therapy in DLBCL, 
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highlighting subtypes’ molecular heterogeneity 
and identifying somatic mutations with therapeu-
tic and prognostic impact [27].

16.14  SOPs and Policies for Tissue 
Processing

 1. Sample accession
 2. Grossing procedure: as per standard grossing 

manuals
 3. Fixation
 4. Decalcification
 5. Tissue processing
 6. Embedding
 7. Routine staining (hematoxylin and eosin)
 8. Mounting procedure
 9. Submission of slides
 10. Reporting of results (text, comment, impres-

sion, signature)
 11. Procedure for telephonic reporting
 12. Procedure for handling pending reports
 13. Slide and block filing
 14. Discarding of slides and blocks
 15. Medical records
 16. Special stains (AFB, GMS, PAS, Congo red, 

reticulin, Perls’, Giemsa, etc.)
 17. IHC
 18. Karyotyping and FISH studies
 19. Molecular studies
 20. Internal quality control
 21. Proficiency testing program (external quality 

assurance program)
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Inherited Platelet Defects and 
Mutations in Hematopoietic 
Transcription Factor RUNX1

Natthapol Songdej and A. Koneti Rao

17.1  Introduction

Patients with inherited platelet related bleeding 
disorders are frequently encountered in the clini-
cal practice of hematology. In most such patients 
with inherited thrombocytopenias and platelet 
dysfunction, the genetic mechanisms are 
unknown. Studies over the last two decades have 
established that some of these patients have 
mutations in hematopoietic transcription factors 
(TFs) that regulate the expression of genes 
involved in platelet and megakaryocyte biol-
ogy—starting with hematopoietic stem cell 
(HSC) differentiation and megakaryocyte (MK) 
lineage commitment to MK maturation and even-
tual platelet release (Fig. 17.1) [1]. TFs are pro-
teins that bind to specific DNA sequences and 
regulate expression of genes. They function in a 
combinatorial manner as activators and repres-
sors [2, 3]. Each TF regulates multiple genes and 
thus can induce multiple effects by influencing 
diverse mechanisms and pathways. Several 

hematopoietic TFs have been implicated in plate-
let disorders including the runt related transcrip-
tion factor 1 (RUNX1), Fli-1 proto-oncogene, 
ETS transcription factor (FLI1), GATA-binding 
protein 1 (GATA1), growth factor independent 
1B transcriptional repressor (GFI1B), ETS vari-
ant 6 (ETV6), ecotropic viral integration site 1 
(EVI1), and homeobox A11 (HOXA11). These 
regulate processes involved in hematopoiesis, 
MK lineage commitment and maturation, and 
platelet biogenesis [4, 5]. In addition to altera-
tions in platelet number and function, some 
mutations are associated with a predisposition to 
leukemias. Of the TF mutations implicated in 
platelet disorders to date, the best characterized 
are the abnormalities associated with mutations 
in RUNX1 and they are reviewed here. Others 
have been reviewed elsewhere [6].

17.2  RUNX1

RUNX1 belongs to RUNX family of three TFs 
coded by the genes, RUNX1, RUNX2, and RUNX3 
[7, 8]; all three proteins share the conserved runt- 
homology domain. RUNX1, also known as core- 
binding factor subunit alpha-2 (CBFA2), is 
encoded by the RUNX1 gene on chromosome 
21q22.3. It has a 128 amino acid conserved runt 
homology domain near the N-terminus that asso-
ciates with its co-factor, core-binding factor sub-
unit beta (CBFB) and binds to sequence-specific 
DNA to regulate gene expression [9]. RUNX1 is 
transcribed from two alternate promoters, a distal 
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P1 and a proximal P2 promoter, and leads to the 
formation of at least three isoforms and multiple 
splice variants [8, 10, 11]. The three isoforms 
have the runt domain, differ in their amino acid 
sequence, are expressed in a distinct temporal 
and tissue- specific form and have different func-
tions. RUNX1 is indispensable for definitive 
hematopoiesis. RUNX1 knockout mice lack pri-
mary hematopoiesis during embryogenesis and 
die in utero because of bleeding [12].

17.3  RUNX1 Haplodeficiency 
and Human Disease

RUNX1 mutations are associated with familial 
thrombocytopenia, impaired platelet function, 
and a predisposition to acute leukemia. In 1985, 
Dowton et al. [13] described kindred of 22 mem-
bers with a bleeding tendency, autosomal domi-
nant thrombocytopenia, and impaired platelet 
aggregation responses; 6 family members devel-

oped hematologic malignancies, including leuke-
mia in 4 patients. Several investigators reported 
other families [13–15] and this entity came to be 
referred as Familial Platelet Disorder with 
Predisposition to Acute Myeloid Leukemia 
(FPD/AML; MIM 601399). Linkage analysis of 
FPD/AML patients mapped a potential locus to 
the long arm of chromosome 21q22 [15, 16]. In 
1999, studies of Song et al. [17] identified hetero-
zygous mutations in RUNX1 in affected members 
of six families to establish the causal link, subse-
quently shown in several other families [18, 19].

Recent studies in patient with bleeding disor-
ders using state-of-the-art approaches, such as 
next generation sequencing (NGS), indicate that 
TF mutations may be the genetic basis of platelet 
defects more frequently than generally consid-
ered [20–22]. In one study [20], RUNX1 or FLI1 
mutations were found in 6 of 13 index patients 
with clinical bleeding and impaired platelet 
aggregation and dense granule secretion; this was 
also observed in other studies [22, 23]. Germline 
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Fig. 17.1 Hematopoietic transcription factors (TFs) 
involved in normal platelet genesis. RUNX1, GFI1B, 
ETV6, EVI1, and HOXA11 are expressed in hematopoi-
etic stem cells (HSCs). As denoted above by black arrows, 
various hematopoietic TFs, in combination with thrombo-
poietin (TPO) stimulation, function to promote HSC dif-
ferentiation, megakaryocyte (MK) lineage commitment 
and maturation, proplatelet formation, and platelet release. 

Proplatelet formation and platelet release are also driven 
by RUNX1 and FLI1 silencing of ANKRD26. MK-P 
megakaryocyte progenitor, ME-P megakaryocyte- 
erythroid progenitor, EP erythroid progenitor, P phos-
phorylated, TPO thrombopoietin (green dots). Reproduced 
with permission from Songdej, N and Rao. AK, Blood. 
2017;129 (21):2873–2881
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alterations in hematopoietic TFs therefore need 
to be considered in the pathogenesis of inherited 
platelet defects.

Patients with RUNX1 mutations typically have 
a mild to moderate bleeding tendency due to the 
platelet dysfunction and thrombocytopenia, with 
normal-sized platelets; some patients may not 
have thrombocytopenia or bleeding symptoms 
[20, 24, 25]. It is likely that RUNX1 mutations are 
under-recognized in patients with platelet defects.

Most of the reported mutations in RUNX1 
have been within the conserved runt domain with 
decreased RUNX1 binding to the target DNA 
[19, 26, 27], though a mutation in the transactiva-
tion domain near the C-terminus has also been 
reported [19]. The mutations usually result in 
haplodeficiency, but in some patients there is 
markedly decreased RUNX1 activity due to a 
dominant negative effect [19, 28]. Murine hetero-
zygous RUNX1 mutations do not recapitulate the 
human disease [29].

17.4  RUNX1 and Impaired 
Megakaryopoiesis

Conditional RUNX1 knockouts in mouse models 
show impaired MK maturation, with abnormal 
micro-megakaryocytes and decreased MK poly-
ploidization [30]. In patients with RUNX1 muta-
tions, MKs demonstrate defects in differentiation 
and polyploidization [17, 31]. This has been 
associated with dysregulated non-muscle myosin 
IIA (MYH9) and IIB (MYH10) expression, with 
impaired MYH10 silencing and reduced MYL9 
and MYH9 expression [31]. Reconstitution of 
MYH10 silencing promotes MK polyploidization 
and progression from mitosis to endomitosis [31, 
32]. Persistent platelet MYH10 protein expres-
sion has been proposed as a marker for defects in 
RUNX1 and FLI1 [33].

17.5  RUNX1 Mutations 
and Platelet Dysfunction

The platelet dysfunction associated with RUNX1 
haplodeficiency is complex and recent studies have 
provided major insights, driven by identification 

and understanding of some of the genes regulated 
by RUNX1 in platelets. Numerous platelet func-
tion abnormalities are documented in patients 
with RUNX1 mutations and include decreased 
platelet aggregation and secretion upon activa-
tion with different agonists, deficiencies of dense 
granules (DG) or α-granules (or both) and 
decreased phosphorylation of myosin light chain 
and pleckstrin, activation of αIIbβ3, production 
of 12-hydroxyeicosatetraenoic acid (12-HETE, a 
product of 12-lipoxygenase) and protein kinase 
C-θ (which phosphorylates pleckstrin and other 
proteins) (Fig. 17.2) [19, 31, 34–36]. Recently, it 
has been reported that RUNX1 regulates TREML1 
(TREM-like transcript-1) and the integrin sub-
unit α2 (ITGA2) of the platelet receptor α2β1 
[37]; both are involved in platelet collagen 
interactions.

One of the hallmarks of the platelet defect in 
patients with RUNX1 mutations is decreased 
platelet granules or their contents (storage pool 
deficiency, SPD), involving both the protein- 
bearing α-granules and DG. Some patients previ-
ously described with the storage pool deficiency 
have more recently been identified to have muta-
tions in RUNX1 or another TF [19, 20, 22, 23, 
38]. In 1969, Weiss et al. described a family with 
an autosomal dominant inherited platelet disor-
der due to decreased DG contents [39]. This fam-
ily was subsequently found to also have partial 
α-granule deficiency [40] and in 2002 reported to 
have a heterozygous Y260X mutation in RUNX1 
[19]. Similarly, an underlying TF mutation has 
been found in other patients previously reported 
as SPD [22, 23, 38, 41]. Further, it has become 
clear that the same platelet phenotype may result 
from mutations in more than one TF or underly-
ing mechanism. For example, α-granule deficien-
cies have been shown to be associated with 
mutations in RUNX1 [19, 22, 42], GATA1 [41], 
and GFI1B [23, 38] in addition to NBEAL2 [35].

The protein pallidin is involved in DG biogen-
esis, and platelets from the pallid mouse and 
patients with the human Hermansky–Pudlak syn-
drome 9 (both deficient in pallidin) have decreased 
DG [43, 44]. Platelet expression of PLDN is 
decreased in RUNX1 haplodeficiency, and PLDN 
is a direct transcriptional target of RUNX1 [45]. 
This provides a potential mechanism for the DG 
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deficiency in patients with RUNX1 mutations. 
α-granules contain numerous proteins—some 
synthesized by MK (e.g., PF4, von Willebrand 
factor, p-selectin) and others not synthesized by 
MK but incorporated by endocytosis (albumin, 
IgG, fibrinogen, factor V). Platelet α-granule 
contents are decreased in patients with RUNX1 
haplodeficiency [6]. The mechanisms leading to 

α-granule deficiency in these patients are poorly 
understood and it is likely that  multiple mecha-
nisms are involved, including the synthesis of the 
granule proteins, their trafficking between vari-
ous endosomal compartments, endocytosis from 
outside, and specific targeting to the granules. 
There is evolving evidence to implicate several 
abnormalities. Platelet levels of the α-granule 
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Fig. 17.2 Schematic representation of abnormalities in 
platelet responses to activation associated with RUNX1 
mutations. Platelet receptor activation results in the for-
mation of intracellular mediators that regulate the end- 
responses, such as aggregation and secretion from 
α-granules (AG) and dense granules (DG) and from vesi-
cles bearing acid hydrolases. Receptor activation leads to 
hydrolysis of phosphatidylinositol bisphosphate (PIP2) by 
phospholipase C to form diacylglycerol (DAG), which 
activates protein kinase C (PKC), and inositoltrisphos-
phate (IP3), which mediates the rise in cytoplasmic Ca2+ 
levels. PKC phosphorylates numerous proteins including 
pleckstrin. The increase in Ca2+ levels leads to other 
responses, such as activation of myosin light chain kinase 
(MYLK) to phosphorylate myosin light chain (MLC) and 
activation of phospholipase A2 (PLA2), which mediates 
the release of free arachidonic acid from phospholipids. 
Arachidonic acid is converted by cyclooxygenase (CO) 
and thromboxane synthase (TS) to thromboxane A2. 
Numerous defects in platelet function have been described 

in platelets with RUNX1 haplodeficiency. These are shown 
with downward arrows (blue). Included below in this 
legend in parenthesis are some of the relevant genes that 
are RUNX1 targets and downregulated in RUNX1 haplo-
deficiency. The abnormalities include reduction in the 
surface receptors for thrombopoietin (MPL); defects in 
signaling mechanisms, including impaired pleckstrin 
and myosin light chain phosphorylation, decreased pro-
tein kinase C-theta (PRCKQ) and myosin light chain 
(MYL9); decreased 12-lipoxygenase activity (ALOX12) 
and 12-HETE production; impaired activation of GPIIb-
IIIa and aggregation on platelet activation; dense granule 
(PLDN) and alpha granule (PF4) deficiency; impaired 
secretion of α- and dense granule contents and from 
vesicles containing acid hydrolases. Other genes shown 
to be downregulated and not shown in the figure include 
PCTP, NFE2, and NOTCH4. Reproduced with permis-
sion from Songdej, N and Rao, AK, Blood. 2017;129 
(21):2873–2881
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protein platelet factor 4 are decreased and PF4 is 
regulated by RUNX1 [42]. There is evidence of 
decreased expression of RAB1B, a small GTPase 
linked to vesicle trafficking from the endoplas-
mic reticulum to the Golgi, with a potential effect 
in the handling of α-granule proteins, such as von 
Willebrand factor [46]. Consistent with this 
platelet VWF levels were decreased in patients 
with RUNX1 mutations [46]. In these studies, 
RUNX1 downregulation in megakaryocytic cells 
induced Golgi dispersion. Another small GTPase 
RAB31 implicated in endosomal trafficking is a 
direct target of RUNX1 and its expression is 
decreased in platelets in these patients [47]. 
Lastly, platelet albumin and IgG, two α-granule 
proteins not synthesized by MKs, were also 
reduced in one patient, suggesting a defect in 
platelet uptake and trafficking into granules [34].

As described earlier, patients with RUNX1 
mutations have defects in platelet activation 
mechanisms that regulate agonist-stimulated 
responses and secretion from granules, including 
from the acid hydrolase containing vesicles, 
unrelated to a deficiency of granule contents [20, 
48–50]. Thus, the platelet dysfunction is a result 
of dysregulation of multiple RUNX1-regulated 
genes and the defective secretion reflects abnor-
malities in granule biogenesis and in the secre-
tory mechanisms (Fig. 17.2).

RUNX1 regulates expression of numerous 
genes and pathways in MK/platelet genes [37, 
51, 52]. Platelet and MK transcript profiling of 
patients with heterozygous RUNX1 mutation 
showed downregulation of multiple MK/platelet 
genes involved in diverse aspects of platelet pro-
duction and function [37, 52]. Several genes are 
direct transcriptional targets of RUNX1, includ-
ing 12-lipoxygenase (ALOX12) [36], platelet fac-
tor 4 (PF4) [42], platelet myosin light chain 
(MYL9) [53], protein kinase C-θ (PRKCQ) [54], 
pallidin (PLDN) [45], RAB1B [46], TREML1 
[37], ITGA2 [37], and the thrombopoietin recep-
tor (MPL) [55]. Another gene downregulated and 
a target of RUNX1 is PCTP [56], which encodes 
for a protein implicated in platelet responses to 
PAR4 agonist activation [57]. Transcription fac-
tor NF-E2 (NFE2) is also a transcriptional target 
of RUNX1 [58]. NF-E2 has been implicated in 

platelet granule development and αIIbβ3 signal-
ing [58]. NOTCH4 is a key RUNX1 target in MK 
differentiation and is negatively regulated by 
RUNX1 [59]. These alterations impact different 
aspects of MKs and platelets. Using induced plu-
ripotent stem cells (IPSCs) from skin fibroblasts 
of two patients with RUNX1 Y260X mutation, 
Connelly et al. [60] demonstrated impaired MK 
production and abnormalities, including presence 
of vacuoles and reduction in α-granules and 
DG.  Targeted in  vitro mutation correction res-
cued the defects in MK production and pheno-
type in these and other studies using IPSCs [59, 
61, 62]. These findings validated the causative 
role of RUNX1 mutations and advance the poten-
tial for gene therapy.

RUNX1 has recently been shown to regu-
late A4GALT, which encodes alpha-1, 
4- galactosyltransferase, an enzyme involved in 
the synthesis of P1 blood group antigens [63]. 
These studies implicate RUNX1  in the expres-
sion of glycosphingolipids and blood group anti-
gens on red cells. The impact of this in patients 
with RUNX1 haplodeficiency remains unclear.

17.6  RUNX1 and Cardiovascular 
Disease

Recent studies implicate RUNX1 regulation of 
MK/platelet genes in cardiovascular disease 
(CVD), extending the role of RUNX1 from 
bleeding disorders to atherothrombotic disease 
[64]. Aspirin is widely used in the treatment of 
CVD. Voora et al. [65] administered 325 mg/day 
of aspirin to 50 healthy volunteers and performed 
simultaneous peripheral blood gene expression 
profiling before and after aspirin exposure, and 
identified an aspirin response signature (ARS) as 
a set of 62 tightly co-expressed genes in periph-
eral blood RNA that was correlative of aspirin 
effects on platelet aggregation responses. They 
validated the ARS in an independent cohort of 53 
healthy volunteers and 132 patients with cardio-
vascular disease [65]. A majority (60%, 37/62) of 
ARS genes in this study was noted to overlap 
with genes downregulated in inherited RUNX1 
haplodeficiency and 48% (28/62) of ARS genes 
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contained putative RUNX1 binding sites. RUNX1 
expression in hematopoietic cells is regulated by 
two alternative promoters, a distal promoter P1 
and a proximal promoter P2. Most interestingly, 
in CVD patients, RUNX1 P1 expression in blood 
was negatively associated with future death or 
MI. In megakaryocytic cells, in vitro exposure to 
aspirin and its metabolite (salicylic acid, a weak 
COX1 inhibitor) upregulated RUNX1 P1 isoform. 
In human subjects, RUNX1 P1 expression in 
blood and RUNX1-regulated platelet proteins, 
including MYL9, were aspirin-responsive and 
associated with platelet function. These studies 
advance the concept that RUNX1 is an aspirin- 
sensitive transcription factor.

The potential role of RUNX1 regulation of 
platelet genes in CVD is further advanced by the 
studies showing that PCTP (phosphatidylcholine 
transfer protein) is regulated by RUNX1 [56]. 
Edelstein et al. [57] have reported an association 
between the increased thrombin receptor PAR4 
agonist-induced platelet aggregation among 
healthy black subjects and increased expression 
of platelet PCTP. PCTP has a wide tissue distri-
bution [66] and is abundantly expressed in human 
platelets [57]. Studies of Mao et  al. [56] show 
that platelet PCTP protein and mRNA are 
decreased in patients with RUNX1 mutations and 
that PCTP is a direct RUNX1 target. Studies in 
CVD patients showed that RUNX1 expression in 
blood correlated with PCTP gene expression and 
associated with future death/myocardial infarc-
tion. There were differential effects of RUNX1 
isoforms on PCTP expression with a negative 
correlation in blood between RUNX1 expressed 
from the P1 promoter and PCTP expression. 
These studies suggest that regulation of PCTP by 
RUNX1 may play a role in the pathogenesis of 
platelet-mediated CV events.

17.7  RUNX1 and Hematologic 
Malignancies

The bleeding symptoms in patients with germline 
mutations are mild to moderate in most patients. 
The most serious consequence of germline 
RUNX1 mutation is the predisposition to acute 

myeloid leukemia and myelodysplastic syn-
drome (MDS), with the life time risk approach-
ing 44% [10, 24, 67, 68]. It is important to note 
that mutations in RUNX1 occur at a high fre-
quency in patients with sporadic leukemias and 
MDS, and this may represent a different biology 
relative to germline inherited mutations [10, 67] 
Interestingly, RUNX1 mutations appear to be dis-
tinctly uncommon among individuals with the 
age-related clonal hematopoiesis of indetermi-
nate potential (CHIP) [69–71]. The malignant 
transformation in patients with germline RUNX1 
mutations is heralded by the development of 
additional somatic mutations in other genes, such 
as ASXL1, CBL, CDC25C, FLT3, PHF6, SRSF2, 
and WTI [10, 67, 72–74]. In some patients, there 
were loss-of-function mutations in the second 
RUNX1 allele [75]. RUNX1 activity level appears 
to be important in predisposition to leukemic 
transformation [28]. In one study of individuals 
with germline RUNX1 mutations and without 
evidence of leukemia, 6 of 9 patients had clonal 
hematopoiesis [74]. Sporadic germline deletions 
involving chromosome 21q22 that include the 
RUNX1 gene may result in syndromic features 
(dysmorphic facies, mental retardation, and 
organ abnormalities) and predisposition to hema-
tologic malignancies [24]. In patients with 
RUNX1 mutations who develop MDS or leuke-
mia, use of an undiagnosed RUNX1 haplodefi-
cient sibling donor has been associated with 
recurrence of leukemia [25]. It has been sug-
gested that patients undergo surveillance for 
MDS and leukemia with clinical examination 
and blood counts every 6–12 months [76].

17.8  Conclusions

RUNX1 mutations are emerging as an important 
genetic mechanism for inherited platelet disorders 
and may be more common than previously appre-
ciated. Recognizing RUNX1 and other TF muta-
tions in patients with thrombocytopenia and/or 
platelet dysfunction is important—to prevent 
unnecessary therapies, such as based on an errone-
ous diagnosis of immune thrombocytopenic pur-
pura, and because these patients have an increased 
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risk of hematologic malignancy. Studies in patients 
with RUNX1 and TF mutations are likely to pro-
vide important insights into the genetic and molec-
ular mechanisms governing MK/platelet biology 
and into leukemogenesis.FundingThis study was 
supported by research funding from NIH (NHLBI) 
R01HL109568 and RO1HL137376.
Authorship: NS and AKR co-wrote the paper.
Conflict-of-interest Declaration: The authors 
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18.1  Introduction

Von Willebrand disease (VWD) is considered to 
be the commonest inherited bleeding disorder in 
the world. It is more commonly diagnosed in 
females, despite the autosomal inheritance pat-
tern, due to increased reporting of bleeding as a 
result of female-specific haemostatic challenges. 
VWD has a prevalence of 0.6–1.3% based on 
population studies or approximately 1 case per 
10,000 persons on the basis of referrals to spe-
cialized centres [1]. The prevalence is, however, 
dependent on the cut-off levels defining von 
Willebrand factor (VWF) used for the diagnosis 
(ranging from 30 to 50% at different centres), 
since current classifications do not specify cut- 
off values for VWF levels [2].

VWF is synthesized by endothelial cells and 
megakaryocytes as a multimeric glycoprotein 
with the multimers varying in size from 500 to 
20,000 kDa. The VWF gene is located on chro-
mosome 12 (12p13.2), having 52 exons and 
spanning about 178  kb. The product of VWF 
gene is composed of 2813 amino acids. This 
protein has three subunits: a pre-peptide (signal 
peptide) with 22 amino acids, a pro-peptide 
having 741 amino acids and a 2050 amino acid-
containing mature VWF subunit [3]. VWF 

protein is secreted into the plasma and the 
 subendothelial space. The secreted VWF is 
 proteolysed into an array of multimers by the 
enzyme ADAMTS-13 (a disintegrin and metal-
loproteinase with a thrombospondin type 1 
motif, member 13). The main physiological 
function of VWF is to facilitate adhesion of 
platelet with subendothelium, interaction 
between platelets and platelet aggregation, pro-
moting further clotting. VWF binds to glyco-
protein-Ib (GPIb) and glycoprotein- IIb/IIIa 
(GPIIb-IIIa) receptors on platelets, allowing 
long VWF molecules to bind the platelets to 
sites of vascular injury and to each other during 
clot formation. High molecular weight (HMW) 
VWF multimers are the most effective at bind-
ing to the platelet Gp receptors as well as col-
lagen molecules in the subendothelium. Both 
low and high molecular weight VWF multimers 
bind to factor VIII (FVIII) and stabilize it in the 
circulation. This prevents degradation of FVIII 
by activated protein C (APC) in plasma [4].

VWD results from a quantitative or qualitative 
defect in VWF leading to defective platelet adhe-
sion and aggregation. VWD is subdivided into 
three main types, phenotypically—VWD type 1, 
2 and 3. VWD type 1 is the most common, 
accounting for 70–80% of all cases. It is charac-
terized by a partial quantitative defect of VWF 
and has an autosomal dominant inheritance pat-
tern. Mechanisms causing VWD type 1 include 
reduced VWF synthesis caused by promoter 
polymorphisms, decreased VWF secretion with 
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intracellular retention/degradation and increased 
clearance of VWF from plasma (VWD type  1C/
VWD Vicenza type). VWD type 3 is the most 
severe form; however, it is rare accounting for 
less than 5% cases. It is an autosomal recessive 
disorder with nearly total absence of VWF in 
plasma and platelets. VWD type 2, accounting 
for 15–20% cases, is caused by altered functional 
activity of VWF normal or reduced VWF antigen 
levels. VWD type 2 is further divided into four 
subtypes: VWD type 2A, 2B, 2M and 2N.

VWD type 2A and 2B are characterized by 
the absence or loss of HMW VWF multimers in 
plasma; however, in VWD type 2B, VWF pro-
tein has an increased affinity for platelet recep-
tor, GpIbα. VWD type 2M is associated with 
qualitatively abnormal VWF protein that has 
decreased platelet-dependent function and a nor-
mal multimer distribution pattern. There is 
decreased VWF-mediated platelet adhesion 
without loss of HMW VWF multimers in type 
2M. VWD type 2B and 2M are autosomal domi-
nant disorders, whereas VWD type 2A can have 
either autosomal dominant or recessive inheri-
tance. In VWD type 2N, a defect in the N-terminal 
region of the VWF where the FVIII binding 
domain is present, leads to decreased VWF and 
FVIII binding. VWD type 2N is an autosomal 
recessive disorder [5].

In rare cases, VWD is acquired, rather than 
inherited, termed as acquired von Willebrand 
syndrome (AVWS) and is generally associated 
with an underlying disorder. AVWS is associated 
with a qualitative, structural or functional defect 
caused by immune and non-immune mechanisms 
resulting in rapid degradation or clearance of 
VWF [6].

The clinical manifestations of VWD vary 
among patients, and the severity is dependent on 
the residual VWF functional activity and, to some 
extent, on the secondary deficiency of FVIII, the 
age and sex. The clinical expression of VWD 
type 1 is usually mild, with VWD type 2 and 3 
being characterized by increasing disease sever-
ity. In the paediatric population, the most com-
mon symptoms include epistaxis and bruising. In 
adults, the most common symptoms are menor-
rhagia, bleeding from minor wounds, and hema-

tomas. Bleeding after surgery or dental extractions 
is reported in up to 80% patients [1]. 
Gastrointestinal bleeding can also occur and is 
more common in patients with absent high 
molecular weight VWF molecules in plasma [7].

18.2  Diagnosis of VWD

18.2.1  Clinical Assessment 
and Bleeding Scores

Prior to proceeding with the laboratory tests, an 
appropriate personal bleeding history and/or 
family history should be considered for a diagno-
sis of VWD.  The risk of over-treating patients 
with doubtful or mild bleeding can be avoided 
by eliciting a definitive bleeding history [8]. 
Bleeding questionnaires or Bleeding Assessment 
Tools (BATs) are being increasingly used to 
reduce both intra- and inter-observer variability. 
A bleeding score taking into account both the fre-
quency and the severity of the bleeding symp-
toms is useful to define what constitutes a 
significant bleeding history. The standardization 
of these tools and bleeding scores for the diagno-
sis of VWD has seen significant development in 
the past decade.

The notable scoring system studied for assess-
ment of bleeding in VWD are Vicenza bleeding 
questionnaire, “European Molecular and Clinical 
Markers for the Diagnosis and Management of 
Type 1 von Willebrand disease” (MCMDM- 
1VWD) Bleeding Questionnaire, Condensed 
MCMDM-1VWD Bleeding Questionnaire, ISTH 
Bleeding Assessment Tool (ISTH-BAT) and Self- 
BAT [9]. In the setting of VWD, the ISTH-BAT is 
a popular tool due to its development and 
endorsement by ISTH. A score of ≥4 for males 
and ≥6 for females (≥3 for children) is consid-
ered abnormal in ISTH-BAT and Self-BAT scor-
ing systems. In Vicenza Bleeding Questionnaire, 
a score of ≥3 for males and ≥5 for females is 
abnormal, while the Condensed MCMDM- 
1VWD Bleeding Questionnaire classifies a score 
of ≥4 (for both sexes) as abnormal.

The application of these questionnaires helps 
in prioritizing laboratory testing. In individuals 
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already diagnosed with VWD, bleeding scores 
can also help assess the disease severity. However, 
the diagnostic use of these tools is especially 
problematic in the case of young children, who 
have not yet undergone surgery or dental inter-
vention. An additional limitation of the bleeding 
assessment tools is that they use cumulative scor-
ing, which means that once a patient has had a 
severe bleeding episode, the bleeding score will 
remain high even if bleeding does not recur [1].

18.2.2  Laboratory Diagnosis of VWD

Currently, there is no single test that can provide 
information regarding platelet-endothelial-FVIII 
interaction with an acceptable degree of sensitiv-
ity and specificity. The large size of the VWF 
gene makes confirmation by molecular genetic 
testing, a challenge for most small and mid-level 
laboratories. Hence, a number of assays are 
required and have been devised to establish the 
diagnosis of VWD with reasonable degree of 
confidence.

Due to phenotypic heterogeneity, the diagno-
sis of VWD, especially of type 1, may be diffi-
cult. The diagnosis is also influenced by the 
modifying effect of different environmental and 
physiological variables and difficulties in stan-
dardizing diagnostic tests. The basic panel con-
sisting of Prothrombin Time (PT), Activated 
Partial Thromboplastin Time (APTT), Thrombin 
Time (TT), Platelet Count and fibrinogen assay is 
recommended when screening for any bleeding 
disorder. However, these tests may yield normal 
results in a large majority of patients with VWD 
type 1. Some authorities recommend upfront 
screening with VWF antigen, ristocetin cofactor 
activity assay, and FVIII levels. Other common 
haemostatic defects in an undiagnosed case with 
bleeding should be excluded before proceeding 
with testing for VWD [10].

In patients with most VWD subtypes, the 
platelet count is normal. However, a mild to mod-
erate degree of thrombocytopenia can be found in 
VWD type 2B. PT is normal, whereas APTT may 
be prolonged, depending on the FVIII levels in 
plasma. A defect in primary haemostasis can be 

identified by an increased closure time on PFA- 
100. This test has utility in screening for the more 
severe types of bleeding as in Bernard–Soulier 
syndrome, severe VWD and Glanzmann throm-
basthenia [11]. However, the sensitivity of PFA- 
100 is low and may fail in identifying the various 
forms of VWD.

The basic diagnostic tests (“first level” tests) 
for VWD include measurements of VWF antigen 
(VWF:Ag) levels; measurement of VWF activity 
(VWF-dependent platelet adhesion), historically 
measured with the use of VWF-ristocetin cofac-
tor activity (VWF:RCo) assay; and coagulant 
activity of factor VIII (FVIII:C). Additional sub-
typing assays are required when these “first level” 
tests are indicative of VWD type 2.

18.2.3  VWF Antigen Levels

The VWF:Ag levels in plasma are currently mea-
sured by enzyme-linked immunosorbent assay 
(ELISA) or automated latex immunoassay (LIA). 
Other methods including flow cytometry have 
also been described for the measurement of 
VWF:Ag, but are not routinely used. LIA has the 
advantage of being an automated assay providing 
reproducible quick results within hours. The cur-
rent LIA assays are less reliable when measuring 
VWF levels at the lower end (less than 10 IU/dL) 
or towards the higher ends of more than 125 IU/
dL [12]. Therefore, these assays may not be able 
to differentiate between severe form of VWD 
type 1 and 3. The lower limit of detection (LLOD) 
is usually 5  IU/dL with many VWF:Ag 
ELISA  kits. However, the VWF:Ag ELISA 
yields less reproducible results compared to the 
LIA. Additionally, slow turn-around time and the 
need for batch testing are limitations of ELISA- 
based assay. Chemiluminescence assays (CLIA) 
may be able to provide a lower limit of detection 
and improve the discrimination between VWD 
type 1 and 3. This technology is currently avail-
able on some automated platforms.

ABO blood group type plays an important role 
in influencing plasma VWF levels. VWF antigen 
levels in individuals with blood group O are 
25–35% lower than individuals with other blood 
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groups [13]. VWF antigen levels are also 
 influenced by various physiological and patho-
logical factors. VWF:Ag levels increase with age, 
during pregnancy and in inflammation. Exercise 
and stress increase VWF:Ag levels and may lead 
to a false-negative test result (masking VWD 
diagnosis). A diagnosis of mild VWD cannot be 
excluded by a single normal value of VWF:Ag, 
especially if the patient was stressed when the 
test sample was collected. Repeat testing is rec-
ommended in order to avoid missing a VWD 
diagnosis. There are difficulties and differences 
in defining what cut-off values would be conclu-
sive in defining VWD. Generally, VWF:Ag levels 
less than 30  IU/dL are considered diagnostic. 
VWF:Ag levels can yield a conclusive diagnosis 
only in cases of VWD type 3. However, values 
below the reference range may not always be 
indicative of VWD. VWF:Ag levels of 30–50 IU/
dL are usually termed as “low VWF” and should 
be interpreted taking into account the bleeding 
phenotype [2].

Using two standard deviations as the cut-off 
for normal range for any given laboratory, it can 
be expected that VWF:Ag levels will be low in 
around 2.5% of normal individuals using any 
local reference range for that particular labora-
tory. By current standards, they may be classified 
as having “low VWF” without bleeding. 
Therefore, care needs to be taken to avoid over-
diagnosis of VWD which can lead to unnecessary 
costly medications and unjustified labelling of 
patients. It is likely that the “low VWF” or border-
line low VWF levels have a role as a risk factor for 
bleeding rather than being a case of VWD [14].

18.2.4  VWF-Platelet Binding Activity

Different assays can be used to determine the 
VWF-platelet binding activity. VWF-ristocetin 
cofactor activity (VWF:RCo) assay has remained 
the gold standard for measuring VWF activity for 
many years. Ristocetin is an antibiotic that is 
added to patient’s platelet-poor plasma to agglu-
tinate formalin-fixed platelets derived from an 
external source. Ristocetin produces a conforma-
tional change in VWF that allows VWF to bind to 

GPIb receptor on platelets. This assay serves a 
surrogate for VWF-platelet binding activity, and 
low values in VWF:RCo assay indicate a defect 
in VWF-platelet binding. Despite being a non- 
physiological assay, VWF:RCo has a good cor-
relation with the VWF activity and distribution of 
VWF multimers.

However, the major drawback of the classical 
VWF:RCo assay is the low sensitivity and preci-
sion. This is more evident when the assay proto-
cols are based on the assessment of agglutination 
by visual method or platelet aggregometry. The 
inter-laboratory coefficient of variation (CV) is 
usually high (30–40%), especially with samples 
having low VWF content. The limit of detection 
(LOD) may be 10–20  U/dL.  Identification and 
discrimination between types of VWD with low 
activities using VWF:RCo assay can be challeng-
ing. This necessitates repeated measurements for 
correct diagnosis, when using VWF:RCo due to a 
high CV of this assay [15, 16]. The A1 domain in 
VWF has the binding site for ristocetin, and cer-
tain mutations in A1 domain can affect ristocetin-
mediated VWF activation, and therefore, the 
results of the VWF:RCo assay, which may lead to 
a false-positive VWD diagnosis.

In recent years, several new versions/modifi-
cations of the classical VWF:RCo assay have 
been developed in order to overcome the above 
limitations. Ristocetin-mediated GPIb binding 
(VWF:GPIbR) assay has an improved CV and 
LOD [17]. In the VWF:GPIbR assay, a recombi-
nant GPIb fragment replaces the formalin-fixed 
platelets. This fragment is usually bound to latex, 
magnetic particles or a monoclonal antibody. The 
variations in the ristocetin binding site also affect 
this assay. Additionally, substitution of reagents 
is not possible due to variation of GPIb sources 
and monoclonal antibodies in the different assays.

The drawback caused by the use of ristocetin 
can be circumvented by utilizing recombinant 
GPIb fragments possessing gain-of-function 
mutations (VWF:GPIbM assay). The mutant 
GPIb fragments are able to bind to VWF spon-
taneously without the need for ristocetin. By 
using these mutant GPIb peptides, ELISA-
based assays and particle-based automated 
assays (Innovance™ VWF:Ac assay) have been 
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developed [18]. In another assay, the exogenous 
 platelets are swapped for a monoclonal anti-
body against an epitope in the A1 domain (GPIb 
binding site) of VWF (indicated as VWF:Ab, 
“monoclonal antibody capture”). The results of 
VWF:Ab assay correlated well with the 
VWF:RCo assay [19]. VWF:RCo assays based 
on flow cytometry and latex particle-enhanced 
immunoturbidimetry have also been described.

18.2.5  VWF Activity/Antigen Ratio

Quantitative and qualitative defects among VWD 
types can be distinguished by the ratio between 
VWF activity (platelet binding) and VWF:Ag. A 
proportionate reduction in VWF:Ag and 
VWF:RCo fits the diagnosis of VWD type 1. 
Qualitative VWF defects (with the exception of 
VWD type 2N) are associated with decreased 
VWF-platelet binding resulting in a dispropor-
tionate decrease in VWF:RCo as compared with 
VWF:Ag (ratio of VWF:RCo/VWF:Ag ≤0.6). 
Usually, a value below 0.6 indicates a diagnosis 
of VWD type 2A, 2B or 2M. In VWD type 2N, 
this ratio is normal as there is no defect in platelet 
binding [20, 21]. When the values of either 
VWF:RCo or VWF:Ag are very low, the ratio 
loses its reliability in distinguishing between 
qualitative and quantitative defects.

18.2.6  Factor VIII Activity (FVIII:C)

FVIII levels are measured typically by a one-stage 
clotting assay that evaluates the FVIII coagulant 
activity (FVIII:C). Decreased FVIII:C in VWD 
can be due to defective VWF-FVIII binding or 
decreased VWF levels. In VWD type 3, FVIII:C 
is markedly reduced due to the absence of VWF 
as FVIII is not protected by VWF from clearance 
in the circulation. VWD type 3 patients with very 
low FVIII:C values (less than 5 IU/dL) may also 
experience joint and muscle hematomas similar to 
those in haemophilia patients. Other than VWD 
type 2N, a FVIII/VWF:Ag ratio ≥ 1.0 may be 
encountered in type 1 and 2, since factor VIII lev-
els may be variable [22]. In VWD type 2N, the 

only detectable defect may be decreased FVIII:C 
levels with FVIII/VWF:Ag ratio < 0.7. Therefore, 
the diagnosis of VWD type 2N may be missed 
when laboratories rely only on VWF:Ag and 
VWF:RCo levels as VWD diagnostic tests [23].

18.2.7  Tests for Subclassifying VWD

When the results of all “first-level” tests are nor-
mal, VWD is ruled out; however, the tests should 
be repeated if values are at the low end of the 
normal range or if VWD is strongly suspected 
clinically. If the above-mentioned “first-level” 
tests reveal definitive abnormalities, a diagnosis 
of VWD can be made; however, the confirmatory 
diagnosis of specific VWD types often requires 
additional tests. The assays mentioned below 
(“second level” tests) are helpful for subtyping 
VWD and when initial testing leads to equivocal 
results and for the correct categorization of the 
VWD.

18.2.8  VWF Collagen Binding

After vascular injury, the A3 domain of ultra- 
large VWF (ULVWF) multimers bind collagen 
types I and III and the A1 domain bind to colla-
gen types IV and VI. This VWF-collagen interac-
tion is not assessed by most of the VWD 
screening tests. In VWD type 1 and 3, reduced 
collagen binding may result from a reduction in 
VWF levels. Whereas in VWD type 2 variants, 
decreased collagen binding is due to lack of 
HMW VWF multimers (in types 2A and 2B) or 
specific defects in collagen binding itself (in type 
2M). The VWF collagen binding assay 
(VWF:CB) measures the ability of VWF to bind 
collagen. This assay is increasingly used in some 
parts of the world to identify mutations in the A3 
domain of VWF.

The VWF:CB assay is generally performed by 
ELISA method utilizing various collagen types. The 
ELISA-based assays use collagen type I and/or III, 
with varying assay sensitivity. A recently developed 
automated VWF:CB chemiluminescence- based 
assay (AcuStar VWF:CB) has shown good assay 
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reproducibility, sensitivity for low VWF levels, and 
is able to more consistently distinguish VWD type 1 
vs. 2 [24, 25]. VWF:CB assay is especially sensitive 
to VWD subtypes in which the larger VWF multim-
ers are missing. Therefore, VWF:CB assay can 
serve as a surrogate for VWF multimer analysis with 
VWF:CB/Ag ratio of 0.6–0.7, differentiating type 
2A from type 2M.

The different sources of collagen and refer-
ence plasmas used lead to issues in optimizing 
and standardization of VWF:CB assay [26]. Also, 
assays using only collagen type I and III will 
miss patients with binding defects to collagen 
type IV and VI.  Abnormal collagen VI and IV 
binding has been seen in control subjects who 
have not bled. So, with the current evidence, 
abnormal binding to collagen may add to the risk 
for bleeding rather than actually adding to the 
diagnosis for VWD [27, 28].

Currently, the VWF collagen binding 
(VWF:CB) assay is not generally included 
among the “first level” tests for VWD and is yet 
to be approved for diagnostic purposes in certain 
countries. However, there is a case for including 
VWF:CB in standard diagnostic VWD testing. 
Patients with exclusive collagen defects can be 
missed with the omission of VWF:CB assay. 
Cases of VWD type 2M are more likely to be 
diagnosed by using both VWF:RCo and VWF:CB 
assays for testing VWF activity. Laboratories 
using only one of the two assays are more likely 
to miss these cases. Additional information 
regarding VWF activity can be obtained by 
including VWF:CB in the commonly used testing 
panel consisting of VWF:Ag, VWF:RCo and 
FVIII:C assays. VWF:CB assay also serves to 
provide a “check” to VWF:RCo assay in diagno-
sis of VWD type 2 [29]. VWF:CB assay may also 
be used as a surrogate for VWF multimer analy-
sis, which is technically challenging. This can be 
helpful in the diagnosis of patients with decreased 
HMW VWF multimers [30].

18.2.9  Analysis of VWF Multimers

A specific lack of HMW VWF multimers (in types 
2A, 2B) or an intrinsic defect in VWF binding 

affinity to GPIb receptor (in type 2M) can lead to 
defective VWF-mediated platelet adhesion. 
Definitive differentiation between these VWD type 
2 variants requires VWF multimer analysis [31].

VWF multimer analysis involves agarose gel 
electrophoresis of plasma. This is followed by 
either transfer of the electrophoretic product to a 
membrane or fixation of the gel. The VWF pro-
tein is then measured by immunodetection and 
quantification in the gel or membrane. Low- 
resolution gels with agarose concentrations of 
less than 1.0% are very porous, and VWF multi-
mers of all sizes can be run in the gel. These gels 
can establish the presence and the irregularity of 
the largest multimers. VWD type 2 is character-
ized by the absence of larger VWF multimers 
when compared with VWD type 1 and 3. More 
subtle changes of the inner electrophoretic struc-
ture of smaller multimers in low resolution can 
be used to differentiate between VWD type 2 
variants. High-resolution gels, having agarose 
concentration more than 2.0%, are less porous 
and resolve the inner VWF multimeric structure. 
This enables visualization of non-reduced 
VWF. Each smaller multimer is usually made up 
of at least three bands (triplet structure) [32, 33].

VWF multimer analysis is technically com-
plex and labour intensive. Currently, it is 
restricted to highly specialized laboratories that 
have the prerequisite expertise and resources to 
perform the test. However, the multimeric analy-
sis has a high error rate, plagued by varying inter-
pretations of multimer profiles and false VWD 
subtype classification. Subtle variations in multi-
mer distribution associated with VWD subtypes 
can be missed [15]. The multimer analysis can 
also be hampered by artefacts produced due to 
improper specimen handling, which may lead to 
a wrong diagnosis of VWD type 2 [34].

18.2.10  Ristocetin-Induced Platelet 
Aggregation (RIPA)

The mutant VWF molecules in VWD type 2B 
patients are able to spontaneously bind to platelet 
GPIb as a result of conformational change in the 
GPIb binding site on the VWF protein. Lesser 
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ristocetin concentrations in vitro, are sufficient to 
induce VWF-GPIb binding in such cases. RIPA 
assay using low concentrations of ristocetin (typ-
ically ≤0.6 mg/mL) can be used to separate cases 
of VWD type 2B from VWD types 2A and 2M 
[20]. On the other hand, patients with a mutant 
platelet GPIb receptor that has high affinity for 
VWF will also demonstrate similar abnormalities 
in this assay. Cases with such gain of function 
GPIb receptor mutations are categorized as plate-
let-type VWD (PT-VWD) [35]. RIPA assay is 
cumbersome to perform, and the resources to 
conduct this assay are not available in all labora-
tories. Additionally, the assay generally requires 
relatively larger quantities of blood for the prepa-
ration of platelet-rich plasma (PRP) from patients 
and controls which is most often not feasible in 
paediatric population. The drawbacks of RIPA by 
light transmission aggregometry (LTA) can be 
circumvented by using flow cytometry-based 
aggregometry. This enables detection of platelet 
aggregates in small blood volumes and lower 
platelet numbers. Also, flow cytometry is avail-
able in many haematology laboratories and 
allows for diagnosis of platelet- type VWD in 
laboratories not specifically involved in platelet 
function studies [36].

As VWD type 2B and PT-VWD require differ-
ential clinical management but yield very similar 
results with standard VWF tests including RIPA, 
further testing is required for their differentiation. 
Crossover mixing studies using plasma and plate-
lets in the low-dose RIPA assay (mixing studies) 
can be used to determine if the enhanced response 
is plasma-based (in VWD type 2B) or platelet-
based (in PT-VWD). It is difficult to distinguish 
between these two entities only on the basis of this 
test. Therefore, mutation testing of exon 28 of 
VWF and platelet glycoprotein- Ib (GPIB) genes is 
suggested for confirmatory diagnosis [37].

18.2.11  VWF-FVIII Binding Assay 
(VWF:FVIIIB)

An ELISA-based assay is employed to capture 
VWF on antibody-coated plate with subsequent 
removal of endogenous FVIII and addition of 

recombinant FVIII to detect VWF binding capac-
ity to FVIII [38]. In VWD type 2N, a mutation in 
the FVIII binding site of VWF results in reduced 
FVIII coagulant activity. VWD type 2N is 
 characterized with defects in the capacity of 
VWF to bind to FVIII, resulting in reduced 
VWF:FVIIIB. This assay helps in distinguishing 
mild haemophilia from VWD type 2N as the for-
mer has normal VWF:FVIIIB.  The VWD type 
2N patients with heterozygous mutations have a 
VWF:FVIIIB/VWF:Ag ratio of around 0.5. The 
more severe 2N VWD cases having homozygous 
or complex variant mutations show VWF:FVIIIB/
VWF:Ag ratio of less than 0.3. In VWD type 3, 
VWF-FVIII binding cannot be measured due to 
very low levels of VWF. In the other VWD sub-
types, the VWF:FVIII binding is within the nor-
mal range [39].

An algorithmic approach may be employed 
using these parameters for a diagnosis and sub-
categorisation. One such approach is depicted in 
Fig. 18.1

18.2.12  VWF Propeptide 
and VWFpp/VWF:Ag Ratio

VWF propeptide (VWFpp) and VWF proteins 
are non-covalently linked and stored in the 
Weibel–Palade bodies (WBP) of endothelial cells 
or α-granules of megakaryocytes/platelets. These 
are released in a regulated manner and in plasma, 
and after propeptide is cleaved, it circulates inde-
pendently of the mature VWF. VWF propeptide 
circulates as a homodimer in plasma, with a half- 
life of 2–3 h. Mature VWF multimers in circula-
tion have a half-life of 8–12 h [40].

VWFpp in a sample can be measured by per-
forming an ELISA-based assay. Reduced levels 
of VWFpp indicate decreased VWF synthesis or 
defective secretion of VWF from the endothelial 
cells. This can be found in VWD type 1 patients 
with a null mutation or endoplasmic reticulum 
VWF retention. The propeptide assay can also 
distinguish between severe VWD type 1 with 
extremely low mature VWF (VWF:Ag) levels 
and VWD type 3 with a complete absence of both 
the propeptide and VWF:Ag [41].
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The clearance rate of mature VWF can be 
assessed by VWFpp/VWF:Ag ratio, assuming a 
constant clearance rate for VWFpp. Patients with 
VWD type 1 having reduced VWF survival 
(Vicenza or VWD type 1C) can be identified by 
this ratio. These patients have an increased VWF 
clearance and as a result, have an increased ratio 
of VWFpp/VWF:Ag [42]. Diagnosis of a clear-
ance defect has treatment implications. The treat-
ment of choice in VWD type 1 patients is 
desmopressin, but this drug may not be effective 
in patients having a major defect in VWF clear-
ance. The increased VWF clearance from circula-
tion also presents problem for long-term 
management (e.g. bleeding during surgical pro-
cedures). Therefore, VWF-containing products 
are recommended for such situations [43].

18.2.13  Platelet VWF Levels

Recent studies have shown significant differ-
ences between plasma and platelet VWF. Platelets 
are richer in ultra-large VWF multimers which 
are more haemostatically active, and more resis-
tant to proteolysis by ADAMTS13 than plasma 
VWF.  Plasma VWF levels are influenced by 
ABO blood group type; however, this has no 
determined effect on platelet VWF levels. The 
phenotypic heterogeneity of VWD also affects 
the platelet VWF levels and, hence, can be used 
as an additional tool in characterizing different 
types of VWD by revealing when VWD synthesis 
is defective.

Platelet VWF:Ag can be measured by ELISA- 
based assay utilizing washed platelets obtained 
from platelet-rich plasma (PRP). Laboratory- 
specific standard curves can be obtained by per-
forming the assay with samples from a minimum 
of 20 normal subjects. The normal range for 
platelet VWF is usually 70–140  U/dL.  Platelet 
VWF content can be useful in distinguishing 
between qualitative and quantitative defects, 
especially in VWD type 1 patients, in whom 
plasma VWF levels are not informative. Platelet 
VWF levels are also helpful in grading severity 
of defective VWF synthesis, identifying VWD 
type 1C (with Vicenza mutation) and VWD type 

2N cases with quantitative mutations. It also pre-
dicts patient response to desmopressin, and the 
bleeding risk of VWD patients, especially for 
those with a quantitative defect [44].

18.2.14  VWD Testing in Resource 
Constrained Settings

A basic coagulation laboratory should include 
the following tests for testing patients suspected 
to have VWD based on clinical features: platelet 
count, BT, PT, APTT, correction studies, qualita-
tive test for FXIII, along with FVIII levels and 
ristocetin-induced platelet aggregation (RIPA, 
manual). With this approach, most cases of severe 
VWD can be diagnosed and other bleeding 
defects can be screened. The milder cases can be 
missed and not subclassified. A more comprehen-
sive testing can be taken up by laboratories in 
tertiary or specialized centres. The testing panel 
can be expanded to include VWF:Ag assays, 
VWF activity assays (VWF:RCo, VWF:CBA 
and immunoassays). Genetic testing can be per-
formed at referral laboratories (1–2 per country) 
along with FVIII binding assay and multimer 
analysis for confirmation of VWD diagnosis [45].

18.2.15  Mutation Analysis

In a majority of VWD cases, mutation testing is 
not required, as the above-mentioned battery of 
tests can be used for a proper diagnosis and clas-
sification. Mutation analysis should only be per-
formed when the first- and second-level assays 
are not clearly diagnostic and when required for 
patient counselling and management. The VWF 
gene located on chromosome 12 shares consider-
able homology with the VWF pseudogene. The 
latter is located on chromosome 22, and parts of 
VWF gene (particularly, exons 23–34) have 97% 
similarity with the VWF pseudogene. This should 
be kept in mind while planning for VWF gene 
sequencing.

Approximately 65% cases of VWD type 1 
have candidate VWF mutations with 70% being 
missense mutation involving VWF trafficking, 
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storage and secretion. VWF mutations are found 
in 85–90% cases with deletions, nonsense, splice 
site and missense mutations. VWD type 2A cases 
have missense mutations involving A2, CTCK 
domains and D1/D2/D′D3 assemblies. VWD 
type 2B and 2M result from missense mutation in 
A1 domains and A1 or A3 domains, respectively. 
VWD type 2N has missense mutation affecting 
D′D3 assembly [40].

Mutation analysis for confirmation of VWD 
can be done by direct Sanger sequencing of 
genomic DNA or mRNA, multiplex ligation- 
dependent probe amplification (MLPA) and next- 
generation sequencing (NGS). In VWD type 2 
variants, the majority of mutations are clustered 
to exon 28. Hence, direct sequencing of target 
exons is better suited for such cases. In contrast, 
for VWD type 1 and 3, the mutations are random 
and scattered in location. In such cases, sequenc-
ing should include the whole VWF coding region, 
intronic flanking regions, the 5′ and 3′ untrans-
lated regions (UTRs) and the proximal promoter 
of VWF gene [46].

Large gene deletions and duplications can be 
found in rare cases. Heterozygous deletions are 
not detected by PCR-based sequencing tech-
niques. However, the MLPA technique can iden-
tify both heterozygous and homozygous gene 
deletions and/or duplications [46]. NGS tech-
niques are faster and are becoming increasingly 
cheaper, enabling better and wider analysis of 
VWF mutations at a reasonable cost. NGS espe-
cially allows for study of the entire VWF coding 
region in a relatively short period of time, and 
hence NGS-based approach is particularly indi-
cated for investigating mutations in VWD type 1 
and 3 variants.

The large size of VWF gene and increased 
occurrence of non-pathological genetic varia-
tions hinder the genetic diagnosis of VWD.  A 
detectable mutation in the VWF coding sequence 
may not be detected in all patients, especially 
those with VWD type 1. Conventional PCR- 
based sequencing may not be able to detect large 
gene deletions, resulting in low VWF levels. 
However, new developments, such as next- 
generation sequencing, can enable better charac-
terization of the mutational landscape of VWD.

18.2.16  Acquired von Willebrand 
Syndrome (AVWS)

AVWS is characterized by a non-inherited struc-
tural or functional VWF defect associated with 
an increased risk of bleeding. It is usually associ-
ated with an underlying disorder. AVWS is asso-
ciated with lymphoproliferative disorders (48%), 
cardiovascular (21%), myeloproliferative (15%), 
other neoplastic (5%) and autoimmune disorders 
(2%) [47]. Three main mechanisms are impli-
cated in the AVWS pathogenesis. These include 
increased shear stress-induced loss, adsorption of 
VWF onto cellular surfaces and specific or non- 
specific VWF autoantibodies that form circulat-
ing VWF immune complexes leading to its 
increased clearance. A diagnosis of AVWS 
should be considered mainly in patients with 
bleeding having laboratory findings suggestive of 
VWF abnormalities and in patients known to 
have an underlying disorder associated with 
AVWS, expected to undergo procedures with 
high risk of bleeding [6].

The testing panel for diagnosis of AVWS is 
the same as that for inherited VWD.  AVWS is 
associated with a reduced VWF:RCo/VWF:Ag 
or VWF:CB/VWF:Ag ratio (less than 0.6), even 
if the absolute levels of individual parameters are 
within normal limits. Multimer analysis shows 
loss or decrease in HMW multimers with dis-
turbed triplet structure, even when activity/anti-
gen ratios are normal. An increased VWF 
propeptide/VWF:Ag ratio can also be found in 
AVWS reflecting accelerated clearance of VWF 
from plasma [47]. In-house ELISA-based assays 
have been used to detect inhibitory (neutralizing) 
and non-neutralizing VWF-binding autoantibod-
ies [48]. However, no standardized assays are 
available to detect these autoantibodies.

18.3  Conclusion

Even though von Willebrand disease is the com-
monest inherited bleeding disorder, not many 
laboratories are equipped to diagnose this condi-
tion. The phenotypic heterogeneity and influence 
of VWF levels by several physiological and 
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 pathological variables also add to the diagnostic 
difficulty. The recent decade has provided new 
pathophysiological insights into VWD.  Newer 
diagnostic modalities and algorithms have been 
put forth to improve detection and help with better 
subtyping of VWD.  Diagnosis will be further 
improved by the introduction of more reproduc-
ible and rapid assays of VWF function. The use of 
NGS will facilitate better and faster identification 
of mutations in VWF. For now, basic coagulation 
laboratories should at the least have expertise in 
performing and interpreting the “first level” VWD 
screening tests. This will enable better detection 
of VWD cases and provide a clear picture regard-
ing the prevalence. Reference laboratories should 
be equipped to perform most of the “second level” 
tests for confirmatory diagnosis. Prospective stud-
ies are needed to address the issue of patients with 
“low VWF” levels and to assess the benefit of 
haemostatic treatment in them.
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19.1  Introduction

Liver is an elegant factory which synthesizes 
several plasma proteins, transport proteins, and 
most of the clotting factors to name just a few of 
its immense synthetic function. Virtually every 
arm of the complex hemostatic pathway gets 
deranged in liver disease. Hence, it is quite natu-
ral to find abnormal tests of hemostasis in 
patients with chronic liver disease (CLD). A 
bleeding as well as a clotting tendency does exist 
simultaneously in liver disease. These are due to 
a set of complex and multifactorial process lead-
ing to a state of rebalanced hemostasis in stable 
cirrhosis patients [1].

Variceal hemorrhage, which is one of the 
most severe forms of bleeding in liver cirrhosis, 
is mainly a consequence of local vascular abnor-
malities and increased splanchnic blood pres-
sure; the contribution of a hemostatic impairment 
here is debatable [2]. So, the concept of a causal 
relationship between deranged hemostasis and 
bleeding is questionable. It is also debatable 
whether screening patients with hemostasis tests 
and treating those with abnormal values prior to 
liver biopsy or other potentially hemorrhagic 
procedures are required. Recent findings of the 
literature question the usefulness of conventional 

tests in assessing the hemorrhagic risk, as well as 
the appropriateness of therapeutic strategies 
aimed at correcting abnormal hemostasis tests 
[3]. Hence CLD is an intriguing situation charac-
terized by reduced levels of clotting factors, 
deranged tests of hemostasis, and a bleeding ten-
dency (Fig. 19.1) but not strictly a causal rela-
tionship between them.

19.2  Hemostatic Defects in Liver 
Disease

19.2.1  Defect in Primary Hemostasis

Patients who have liver disease can present with 
significant alterations in the primary hemostatic 
system. Thrombocytopenia and defects in plate-
let function are common and traditionally have 
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been thought to contribute to the impaired hemo-
stasis in both acute and chronic liver disease [4, 
5]. The causes of reduced platelet numbers and 
function are as follows [3–5].

19.2.1.1  Thrombocytopenia
Multiple factors can lead to thrombocytopenia:

• Increased splenic or hepatic sequestration
• Decreased production of thrombopoietin 

(TPO) by liver
• Bone marrow suppression by chronic hepatitis 

C infection
• Antiviral treatment with interferon-based 

therapy
• Increased platelet destruction
• Autoimmune mechanism
• Alcoholic cirrhosis

 – Folic acid deficiency
 – Direct toxic effects of ethanol on 

megakaryocytopoiesis
• Chronic low-grade DIC

19.2.1.2  Platelet Function Defect
• Thrombocytopathy

 – Defective thromboxane A2 synthesis
 – Storage pool deficiency
 – Abnormalities of the platelet glycoprotein 

Ib
• Extrinsic factors

 – Abnormal high-density lipoproteins
 – Reduced hematocrit
 – Increased levels of endothelium-derived 

nitric oxide and prostacyclin, two potent 
platelet inhibitors

Recent observations suggest that patients with 
CLD have elevated levels of vWF and decreased 
levels of ADAMTS13 that may partially compen-
sate for thrombocytopenia and/or reduced func-
tional capacity (Fig. 19.2).

19.2.2  Defect in Secondary 
Hemostasis

A complex interplay between pro- and anticoag-
ulant pathways occurs in liver disease. A delicate 

balance between these opposing pathways is able 
to sustain normal hemostasis whereas its disrup-
tion leads to either hypo or hypercoagulability 
(Fig. 19.3).

19.2.2.1  Hypocoagulability

Inadequate Production of Coagulation 
Factors
Liver is the primary source for the production 
of many of the coagulation factors. Hence, the 
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 levels of these factors may be significantly 
reduced in patients who have liver failure [6]. 
Although liver is the principal site of synthesis 
for factor VIII, other tissues have also been 
shown to produce factor VIII messenger RNA, 
and protein synthesis in these tissues may be 
stimulated by liver disease [7].

Increased Consumption of Coagulation 
Factors
There is evidence that cirrhotic patients may have 
enhanced consumption of coagulation factors 
[8]; however, clinically evident DIC in a cirrhotic 
patient is relatively uncommon and typically is 
seen in a critically ill patient before death follow-
ing a severe associated illness such as variceal 
bleeding, sepsis, or both [6].

Vitamin K Deficiency
Patients who have impaired bile production from 
end-stage liver disease, especially cholestatic 
liver disease, may be at increased risk for vitamin 
K deficiency, although clinically relevant vitamin 
K deficiency is rare [6].

19.2.2.2  Hypercoagulability

Increased Levels of Coagulation Factors
FVIII and von Willebrand Factor (vWF) are syn-
thesized by both the liver and endothelial cells. 
Both are also acute phase reactants. Normal or 
elevated FVIII and vWF levels are typically seen 
in patients with liver disease because of (1) con-
tinued endothelial cell FVIII production despite 
decreased hepatic FVIII production, (2) increased 
synthesis because of acute disease or inflamma-
tion, and (3) decreased clearance of FVIII due to 
decreased synthesis of low-density lipoprotein 
receptor-related protein which binds to FVIII in a 
dose-dependent manner, and the complex is 
cleared from the circulation by endocytosis [9].

Decreased Levels of Anticoagulant Factors
Decreased levels of protein C and S, antithrom-
bin III, heparin cofactor II, and α2-macroglobulin 
are found in patients with liver disease. Moreover, 
protein C and S molecules lacking γ carboxyl-
ation may be produced [10].

Concomitant Thrombophilic 
Predisposition
Patients with liver disease may occasionally be 
exposed to acquired or genetic risk factors lead-
ing to thrombosis. Portal vein thrombosis is not 
an infrequent event especially in cirrhotics who 
are carriers of prothrombotic gain of function 
mutations like factor V Leiden or prothrombin 
G20210A [3, 11].

19.2.3  Defect in Fibrinolytic Pathway

The balance of fibrinolysis is important to prevent 
unwanted plasmin generation, and the perturbation 
of this balance may cause either hyper- or hypo-
fibrinolysis. The literature and textbooks state that 
cirrhosis is characterized by hyperfibrinolysis. This 
complex defect is documented either by measuring 
the individual plasma-based components of fibri-
nolysis or rarely through global tests. The measure-
ment of the individual components cannot give a 
clear picture of the balance of fibrinolysis because 
of the complex interplay between activators and 
anti-activators that regulates the plasminogen–
plasmin conversion [12]. Recent attention has 
focused on thrombin-activatable fibrinolysis inhib-
itor (TAFI), and researchers have speculated that its 
deficiency which is seen in cirrhosis may explain 
the hyperfibrinolytic state. Investigations [13, 14] 
on this topic however show conflicting results, pos-
sibly because of the different designs of the global 
assays used in these studies. Nevertheless, it is esti-
mated that between 5 and 10% of patients with 
decompensated cirrhosis will have clinical evi-
dence of hyperfibrinolysis. The presence of hyper-
fibrinolysis indicates that though a clot is formed, it 
gets prematurely dissolved. Hyperfibrinolysis 
should be suspected in patients with mucosal 
bleeding, oozing from puncture sites, or late bleed-
ing after a procedure [1].

19.2.4  Superimposed Coagulopathic 
Conditions in Cirrhosis

Several superimposed coagulopathic conditions 
can occur in patients who have CLD. The pivotal 
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role of infection in variceal bleeding is well 
established. It leads to abnormalities in coagula-
tion. One of the pathways through which this 
occurs is shown to depend on endogenous hepa-
rinoids. Renal failure may contribute to hemo-
static imbalance in CLD through “uremic 
bleeding.” Multifactorial platelet defects play a 
central role in the cause of uremic bleeding. 
Endothelial dysfunction plays an important role 
in the development of portal hypertension in 
patients who have cirrhosis [15].

19.3  Tests of Hemostasis in Liver 
Disease

19.3.1  Conventional Tests

 1. Bleeding Time: The bleeding time is pro-
longed in up to 40% of patients who have 
liver disease [16]. However, it is not firmly 
established whether this prolongation is of 
clinical relevance. A former study showed 
that a prolonged bleeding time (more than 
12  min) was associated with a fivefold 
increased risk of hemoglobin reduction after 
liver biopsy, but the association with other 
clinical manifestations of bleeding was not 
evaluated [17]. Desmopressin, an analog of 
vasopressin, shortens the bleeding time in 
these patients, probably by enhancing endo-
thelial-derived vWF levels [18]. Randomized 
trials [19, 20], however, did not show that 
desmopressin had any efficacy in controlling 
variceal bleeding or in reducing blood loss in 
patients undergoing partial liver resections or 
liver transplantation. Lisman and associates 
using a test system carried out under flow 
conditions to replicate in  vivo conditions 
showed that the high levels of von Willebrand 
factor found in cirrhosis support normal 
platelet adhesion in these patients, thus com-
pensating for the defects of platelet numbers 
and function [21]. So, it appears that bleed-
ing time is a poor reflector of the defect in 
primary hemostasis in liver disease and 
hence a poor predictor of the risk of bleeding 
in cirrhotics.

 2. Platelet Counts: Thrombocytopenia has 
been used as a marker of advanced liver 
 fibrosis and portal hypertension, but its clini-
cal significance needs to be known. 
Thrombocytopenia is mostly mild to moder-
ate in patients who have stable liver disease. 
Mild reduction in platelet counts is in general 
not associated with severe bleeding. However, 
thrombocytopenia can impact routine care of 
patients with CLD, by causing postponement 
or interference with diagnostic and therapeu-
tic procedures like liver biopsy, antiviral ther-
apy, and elective surgery due to concern over 
possible complications. Data on the safety of 
laparoscopic and transjugular liver biopsies 
suggests that few complications occur with a 
platelet count above 50,000/μL [22–24]. 
Moreover, a platelet level that is over about 
50,000/μL is associated with improved 
thrombin production [1].

 3. Prothrombin Time and Activated Partial 
Thromboplastin Time: PT is responsive to 
congenital or acquired deficiencies of factors 
VII, X, V, and II and fibrinogen (extrinsic and 
common pathway). The type of thromboplas-
tin is the main factor governing the respon-
siveness of the test to the coagulation defect. 
The aPTT is responsive to congenital or 
acquired deficiencies of all coagulation fac-
tors except factors VII and XIII (intrinsic and 
common pathway). The type, concentration, 
and combination of activators and phospho-
lipids determine the responsiveness of the test 
[12]. PT and aPTT are sometimes used to 
investigate patients who have cirrhosis 
although these tests are known to be poor 
 predictors of bleeding in such patients [25, 
26]. This apparent paradox can be explained 
by the fact that the PT and aPTT which reflect 
the competence of parts of the coagulation 
cascade are inadequate to reflect the balance 
of coagulation as occurs in vivo, especially in 
cirrhosis, where levels of naturally occurring 
anticoagulants are reduced in parallel with the 
procoagulants [12]. Normally, protein C 
in vivo is activated by thrombin along with its 
endothelial receptor thrombomodulin [27]. 
Antithrombin activation is brought about by 
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glycosaminoglycans such as heparan sulfate 
and others, which are located on endothelial 
cells [27]. Neither the plasma nor the reagents 
needed to perform PT and aPTT contain 
thrombomodulin or glycosaminoglycans. As a 
result, PT and aPTT are responsive only to the 
thrombin generated as a function of procoagu-
lants but are less responsive to the inhibition 
of thrombin mediated by the anticoagulants. 
PT and aPTT are suitable tests to investigate 
congenital deficiency of procoagulant factors, 
but they are unfit to investigate congenital 
deficiencies of anticoagulants or acquired 
deficiencies of both the pro- and the antico-
agulant factors as occurs in liver cirrhosis. 
Hence these tests are poor predictors of bleed-
ing in cirrhotics.

 4. International Normalized Ratio (INR): 
Several studies have demonstrated a wide 
variation in prothrombin time based on the 
type of thromboplastin reagent and measuring 
device [6]. INR is subject to the same varia-
tions and does not adequately normalize dif-
ferences between clinical laboratories. Studies 
[28, 29] using different thromboplastins found 
significant variation in the mean INR in 
patients who had liver impairment but no dif-
ference in patients receiving warfarin. Similar 
findings were also observed by us [30]. 
Hepatologists and transplant surgeons may be 
surprised by this finding. The INR was devised 
primarily to standardize the anticoagulation 
effects of warfarin and was not designed to 
provide a reproducibly precise assessment of 
severity of illness in patients who have end- 
stage liver disease. The reasons for the wide 
variation in INR in patients who had liver 
impairment compared with patients receiving 
anticoagulation therapy are not known. One 
explanation may be the different mechanisms 
of prolonged prothrombin time caused by 
warfarin and liver disease. Warfarin causes 
prolonged prothrombin time through the inhi-
bition of vitamin K-dependent gamma- 
carboxylation of coagulation factors II, VII, 
IX, and X. In liver disease, the elevated pro-
thrombin time is caused in large part by 
decreased production of coagulation factors, 

including the vitamin K-dependent factors II, 
VII, IX, and X [6]. The differences in INR 
from laboratory to laboratory may be relevant 
for patients listed for liver transplantation 
based on Model for End-stage Liver Disease 
(MELD) score, which has INR as the most 
heavily weighted determinant [31].

19.3.2  Functional Hemostasis 
and Other Tests

 5. Platelet functional analyzer (PFA-100): The 
PFA-100 has been advocated as a simple sub-
stitute for the bleeding time, but it has not yet 
been evaluated widely for its clinical useful-
ness in predicting the risk of bleeding in 
patients with liver cirrhosis.

 6. Thrombin generation test: The thrombin 
generation test is a global test in which 
platelet- free plasma is incubated with small 
amounts of tissue factor as coagulation trigger 
and phospholipids that act as platelet 
 substitutes [32]. The test is performed in the 
presence or absence of soluble thrombomodu-
lin as protein C activator. The amount of 
thrombin generated over time is monitored by 
means of a synthetic fluorogenic substrate. 
The area under the thrombin generation curve 
is called “endogenous thrombin potential 
(ETP).” ETP is expressed as fluorogenic units 
(FU min) or thrombin concentration (nM min) 
and represents the balance between the action 
of pro- and anticoagulant factors in plasma 
[3]. In fact, the balance of pro- and anticoagu-
lants in stable cirrhosis was found to be 
 normal when assessed by thrombin generation 
measured in the presence of thrombomodulin 
[33], and this balance was seen even though 
the PT and aPTT were prolonged [33]. 
Platelets contribute to the generation of throm-
bin [34]; therefore, the occurrence of throm-
bocytopenia and/or thrombocytopathy often 
found in cirrhosis could affect the generation 
of thrombin in this condition. A recent study 
showed that thrombin generation, when mea-
sured in platelet- rich plasma from stable cir-
rhotics in the presence of thrombomodulin, 
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was indistinguishable from that of control 
subjects under the same experimental condi-
tions, provided that the platelet levels were 
higher than 60 × 109/L [35]. The conclusion 
drawn from these studies is that coagulation in 
patients who have stable cirrhosis is normal if 
the platelet levels are sufficiently high to sus-
tain the normal thrombin generation elicited 
by plasma.

 7. Thromboelastography: Thromboelasto graphy 
is a technique that can provide continuous 
observation and tracing of all the hemostatic 
functions that lead to clot formation and disso-
lution. It can be considered as the prototype of a 
global test for hemostasis because it takes into 
account primary hemostasis, coagulation, and 
fibrinolysis. To be consistent with in vivo condi-
tions, however, it should incorporate thrombo-
modulin to secure optimal protein C activation. 
Further work is needed to explore its clinical 
utility.

19.4  Therapeutic 
Decision-Making

So, from this ongoing discussion, it appears that 
there is a state of a precarious rebalanced hemo-
stasis in patients with CLD.  While a bleeding 
and clotting tendency both coexist, bleeding 
events are more common among hospitalized 
patients and those with decompensated cirrhosis 
[1]. Patients in whom platelet count is above 
50,000/mL are usually not at risk for acute 
bleeding or bleeding during small invasive pro-
cedures. The platelet count increment following 
platelet transfusion may be markedly less in a 
patient with liver failure compared to patients 
with intact liver function due to sequestration of 
the transfused platelets in the enlarged spleen 
[10]. Drugs that stimulate TPO and increase 
platelet levels, such as the oral platelet growth 
factor eltrombopag, are currently in develop-
ment for the prevention and/or treatment of 
thrombocytopenia. The ability to increase plate-
let levels could significantly reduce the need for 
platelet transfusions and facilitate the use of 
interferon-based antiviral therapy and other 

medically indicated treatments in patients with 
liver disease [4]. Splenic artery embolization and 
splenectomy are often, but not always, effective 
in increasing platelet counts in patients with por-
tal hypertension. Possible complications of these 
procedures include splenic abscesses and portal 
vein thrombosis. Transjugular intrahepatic por-
tosystemic shunt (TIPS) placement can decrease 
sinusoidal portal pressure, but it is unclear if por-
tal decompression can reduce the degree of 
thrombocytopenia in cirrhotic patients [36, 37]. 
Vasopressin (DDAVP) can correct prolonged 
bleeding time in patients with liver failure, but 
has failed to prove efficacy in acute variceal 
bleeding in cirrhotic patients [19].

All guidelines for plasma transfusion include 
the multiple clotting factor deficiencies of liver 
disease when hemostasis is needed for bleeding 
or invasive procedures. Vitamin K deficiency 
should be corrected first, if present and if time 
permits. Most of the criteria justify plasma 
transfusion when PT or partial thromboplastin 
time (PTT) values are more than 1.5 times nor-
mal [38]. Disadvantages of FFP are the large 
volumes required for correction of a severe 
coagulopathy and the brief duration of action 
because of the short biological half-life of some 
clotting factors, particularly factor VII [10]. 
Observational studies in common invasive pro-
cedures such as liver biopsy, paracentesis, and 
central venous cannulation indicate that modest 
elevations in PT and PTT are not detrimental for 
bleeding risk [38]. A fibrinogen level over 
120 mg/dL is preferred because fibrinogen is the 
main target of thrombin and a final step in clot 
formation [1].

Studies assessing the use of rFVIIa have 
shown that it can reduce the PT in liver disease 
but that its benefit for bleeding is less clear to 
date. Some benefits have been reported in the 
early control of variceal bleeding and in ability to 
place intracranial pressure transducers [39, 40]. 
As an alternative to plasma, rFVIIa can help cor-
rect clotting tests, but further randomized trials 
are needed to better define its efficacy in reducing 
bleeding [38].

Antifibrinolytic agents such as e- aminocaproic 
acid, tranexamic acid, and aprotinin may be 
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administered if a hyperfibrinolytic state is shown. 
However, since a hyperfibrinolytic state in 
patients with chronic liver failure is still some-
what controversial, and because of the risk for 
thromboembolic complications, the general ther-
apeutic value of antifibrinolytics in these patients 
remains uncertain [10].

Acute kidney injury (AKI) frequently occurs 
in patients who have cirrhosis experiencing an 
acute decompensation in liver function. 
Hepatorenal syndrome (HRS) is a leading cause 
of AKI in these patients, but other causes may 
coexist. Renal replacement therapies are frequent 
adjuncts in the care of patients who have cirrho-
sis with acute decompensation or who require 
bridge therapy to liver transplantation [41].

19.5  Conclusion

The pathophysiology and assessment of coagu-
lopathy in liver disease have undergone revi-
sion. The abnormality of coagulation in stable 
cirrhosis is more of a state of rebalanced hemo-
stasis where a potential bleeding and thrombotic 
risk coexists. This understanding helps explain 
the apparent paradox of the prolonged global 
coagulation tests and their poor prediction of 
bleeding risk. However, randomized clinical tri-
als addressing the value of old and newer tests 
and treatment vs. placebo in mild to moderate 
hemostatic defects are needed. The best 
approach rests on clinical judgment based on 
prior bleeding and on the awareness that any 
prophylactic procedure may expose the patient 
to unnecessary risks [3].

Take Home Message
• The typical cirrhotic patient has multiple and 

frequently opposing factors that influence 
hemostasis and clot formation.

• Alterations in the primary hemostatic system 
tilting the balance in favor of a bleeding diathe-
sis include abnormal platelet numbers and func-
tion. This is compensated by elevated levels of 
vWF and decreased ADAMTS13 activity.

• A complex interplay between pro- and antico-
agulant pathways occurs in liver disease.

• Decreased production of procoagulant factors, 
increased consumption of coagulation factors, 
and vitamin K deficiency favor the balance 
toward a hypocoagulable state while increased 
levels of factor VIII and vWF, decreased lev-
els of anticoagulants, and a concomitant 
thrombophilic predisposition tilt the balance 
toward a hypercoagulable state.

• Thrombin-activatable fibrinolysis inhibitor 
(TAFI) deficiency has been speculated to 
explain the hyperfibrinolytic state often 
described in cirrhosis.

• Several superimposed coagulopathic condi-
tions like infection, renal failure, and 
 endothelial dysfunction can occur in patients 
who have liver cirrhosis.

• The PT and aPTT are poor predictors of bleed-
ing as they are inadequate to reflect the bal-
ance of coagulation as occurs in vivo.

• Significant variation in the mean INR is seen 
in patients with liver impairment compared to 
patients receiving warfarin.

• Alternative tests mimicking more closely 
what occurs in  vivo like platelet functional 
analyzer (PFA-100), thrombin generation test, 
and thromboelastography should be devel-
oped and investigated in appropriate clinical 
trials to determine their value in the manage-
ment of bleeding in cirrhosis.

• Several measures to correct the defective hemo-
static test results have been adopted earlier. 
However, randomized clinical trials addressing 
the value of old and newer tests and treatment 
vs. placebo in mild to moderate hemostatic 
defect are needed. So long, therapeutic 
approach should be individualized based on 
clinical judgment and prior bleeding history.
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Antiphospholipid Syndrome

Abhishek Purohit and Mayank Kumar

20.1  Introduction

Antiphospholipid syndrome (APS) is a pro-
thrombotic condition with immune pathogenesis 
that is characterized by thrombosis in the venous 
or arterial vasculature and/or pregnancy morbid-
ity, which occurs in the presence of persistent 
laboratory evidence of antiphospholipid antibod-
ies (aPLs). aPLs are autoantibodies that target 
phospholipid-bound proteins, especially 
β2-glycoprotein I (β2-GPI). The presence of 
these antibodies is the defining feature of this 
syndrome; however, the mechanism by which 
aPLs cause a hypercoagulable state is not fully 
understood [1].

Since this condition was first described by GR 
Hughes almost three decades ago, after whom it 
is also referred to as “Hughes syndrome,” there 
have been significant advances in the understand-
ing of the pathogenesis of this disease, its clinical 
manifestations and associations, and improved 
diagnostic accuracy. The various advances have 
led to optimization of therapy [2]. Information 
regarding this disease is being updated to fill in 
the gaps that are existing in its understanding.

The aim of this review is to summarize the 
current knowledge on this enigmatic disease, 
incorporating the most recent advances.

20.2  History

The history of APS can be traced back to the mid- 
twentieth century when screening programs for 
syphilis, an infection of high incidence at that 
time, were conducted.

Treponema pallidum, the causative organism 
for syphilis, was identified in the beginning of the 
twentieth century by light microscopy. The first 
serological test for diagnosis, based on comple-
ment fixation technique, was described by 
Wasserman et al. Cardiolipin, now known to be a 
component of the inner mitochondrial mem-
brane, was extracted from beef heart, and this 
allowed assay standardization which led to the 
development of Venereal Disease Research 
Laboratory (VDRL) microflocculation assay. 
This assay was then used for population screen-
ing. The widespread use of this test for screening 
purpose demonstrated significant occurrence of 
false-positive reactions, positive tests in individu-
als who were not thought to have been exposed to 
syphilis. These false-positive reactions were 
attributed to malaria, leprosy, infectious mono-
nucleosis, disseminated lupus erythematosus, 
rheumatoid arthritis, and collagen diseases by 
various authors [2].

In 1950s, it was recognized that some patients 
with systemic lupus erythematosus (SLE) had a 
circulating anticoagulant and that these patients 
also tested false-positive for syphilis. Also, it was 
discovered over time that many of the patients 
with SLE also had high levels of anticardiolipin 
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(aCL). The term “antiphospholipid antibody syn-
drome” was first coined in the 1980s and soon 
abbreviated to “antiphospholipid syndrome.”

By 1990s, it had become clear that β2-GPI, a 
member of the complement control family, was a 
key target for antibody binding, rather than phos-
pholipid itself [2].

20.3  Nomenclature

APS can be classified as [3]:

 1. Primary APS
 2. Secondary APS
 3. Seronegative APS
 4. Catastrophic APS
 5. Suggested categories—probable APS, micro-

angiopathic APS

Primary APS is the occurrence of the disease 
without association with other autoimmune dis-
ease. Secondary APS occurs in the setting of a 
preexisting autoimmune disease. The commonly 
associated autoimmune diseases are SLE and 
rheumatoid arthritis. Seronegative APS is the 
condition where the individuals have highly sug-
gestive clinical features of the disease but are per-
sistently negative for aPLs. Catastrophic APS, 
described in detail later, is an accelerated form of 
APS where the patients present with coagulopa-
thy and ischemic necrosis of the extremities 
along with presence of aPLs.

20.4  Laboratory Diagnosis

20.4.1  Recognizing APS

The clinical presentation of APS is not specific, 
with a variety of presenting features being asso-
ciated with the disease. However, the defining 
feature of this syndrome is the persistent pres-
ence of aPLs.

The patient may present with both venous and 
arterial thrombosis. Deep vein thrombosis of the 
lower extremity is the most common clinical 

presentation. However, the most common arterial 
manifestation is stroke [4].

Pregnancy-related complications are seen, the 
most common being recurrent pregnancy loss. 
Other features seen in patients with APS include 
thrombocytopenia, hemolytic anemia, valvular 
heart disease, livedo reticularis, and neurologic 
findings which range from mild cognitive deficits 
to white matter lesions. The presence of one or 
more of these features should alert the treating 
physician to consider the diagnosis of APS.

20.4.2  Diagnosing APS

The diagnosis of APS is based on the Sydney 
Consensus Statement of 2006 which was an 
update to the Sapporo criteria proposed in 1999.

The clinical criteria include arterial, venous, 
or small vessel thrombosis that is objectively 
confirmed or pregnancy complications. These 
pregnancy complications, in order to be included 
in the criteria, should be attributed to placental 
insufficiency and include pregnancy loss or pre-
mature birth.

The laboratory criteria state that a positive labo-
ratory test for aPLs be found on two or more occa-
sions, at least 12 weeks apart. Laboratory tests for 
lupus anticoagulant (LA), anticardiolipin (aCL) 
antibody (IgG or IgM), or anti-β2- GPI antibody 
(IgG or IgM) are performed, as per guidelines.

The summary of the Sydney Consensus 
Statement for the diagnosis of APS is as fol-
lows [1]:

Clinical criteria
 1. Vascular thrombosis

One or more episodes of arterial, venous, 
or small vessel thrombosis in any tissue, 
which have been confirmed by objective vali-
dated criteria. For histologic confirmation, 
thrombosis should be present without signifi-
cant vessel wall inflammation.

 2. Pregnancy morbidity
 (a) One or more unexplained deaths of a mor-

phologically normal fetus at or beyond 
the tenth week of gestation, with normal 
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fetal morphology documented by ultra-
sound or direct examination of the 
fetus, or

 (b) One or more premature births of a mor-
phologically normal neonate before the 
34th week of gestation because of eclamp-
sia or preeclampsia diagnosed by stan-
dard definitions, or recognized features of 
placental insufficiency, or

 (c) Three or more unexplained consecutive 
spontaneous abortions before the tenth 
week of gestation, with maternal or hor-
monal abnormalities, and maternal and 
paternal chromosomal causes excluded.

Laboratory criteria
 1. LA present in plasma, on two or more occa-

sions, detected according to the guidelines of 
the International Society of Thrombosis and 
Hemostasis. The two tests should be per-
formed at least 12 weeks apart.

 2. aCL of IgG and/or IgM isotype in serum or 
plasma, present in medium or high titer (>40 
GPL or MPL, or >99th percentile), on two or 
more occasions, measured by a standardized 
ELISA. The two tests should be performed at 
least 12 weeks apart.

 3. Anti-β2-GPI of IgG and/or IgM isotype in 
serum or plasma with a titer >99th percentile, 
on two or more occasions, measured by a 
standardized ELISA. The two tests should be 
performed at least 12 weeks apart.

It is recommended to classify APS patients 
into one of the following categories [5]:

• I: More than one laboratory criteria present 
(any combination)

• IIa: LA present alone
• IIb: aCL present alone
• IIc: anti-β2-GPI present alone

False-positive LA results can sometimes 
occur. These are usually seen when the testing is 
performed while patients are receiving anticoag-
ulants or in the presence of a factor deficiency. 

Transient aPLs can be induced by certain infec-
tions and medications, but these usually disap-
pear on drug discontinuation or on repeat testing. 
This emphasizes the importance of repeated aPL 
measurements for the diagnosis.

These three laboratory tests are currently 
the key diagnostic tests used in the assessment 
of APS.

At present, patients who have aPLs that are 
currently not recognized in the diagnostic criteria 
or who have clinical manifestations other than 
thrombosis or pregnancy morbidity are not rec-
ognized as having APS. However, the diagnostic 
criteria continue to evolve. In current clinical 
practice, testing for non-criteria aPLs is not rec-
ommended. This is because prospective studies 
are needed to be carried out in order to assess 
whether these antibodies provide any additional 
information. Also, there is a lack of standardiza-
tion of the assays for these antibodies [1].

The International Society on Thrombosis and 
Haemostasis (ISTH) criteria for diagnosis of LAs 
are as follows [6]:

 1. Positive screening test (phospholipid- 
dependent coagulation assay)
• Two or more screening tests are 

recommended:
 – Dilute Russell’s viper venom time 

(DRVVT)
 – Sensitive aPTT (low phospholipids with 

silica as activator)
 2. Evidence of inhibition in mixing studies (fac-

tor deficiency has to be excluded)
• 1:1 mixing of patient plasma with normal 

plasma does not correct the prolonged clot-
ting time

• If thrombin time is prolonged, LA cannot 
be conclusively identified

 3. Evidence that inhibition is phospholipid- 
dependent
• Confirmatory test(s) in which increased 

phospholipid reduces or corrects the pro-
longed clotting time

• Examples: DRVVT confirm, platelet 
neutralization test, hexagonal phase 
phospholipid
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 4. Exclusion of coagulation inhibitors
• Heparin
• Direct thrombin or factor Xa inhibitors 

(DOAC)
• Individual factor inhibitors

Key points in diagnosis of APS
 1. In routine practice, patients may be suspected 

to have APS without necessarily meeting all 
the strict investigational criteria. This is 
because the consensus criteria for APS are 
meant to identify patients for research studies, 
who can be labeled as having “definite APS.”

 2. Laboratory testing for aPLs should usually be 
limited to patients who present with thrombo-
sis and/or complications related to pregnancy.

 3. It is better not to rely on a single negative test 
for LA assays. For diagnosis, at least two tests 
with different testing principles should be 
used.

 4. In cases having prolonged aPTT, multiple 
coagulation factor deficiencies, and no clini-
cal evidence for a bleeding tendency, the defi-
ciencies may represent laboratory artifacts 
induced by the LA effect.

 5. In cases of bleeding in APS patients with a 
normal platelet count, the differential diagno-
sis should include prothrombin deficiency, an 
inhibitor against a specific coagulation factor, 
AVWS, an acquired thrombocytopathy, or 
acquired inhibitor to factor XIII.

 6. Infections should always be ruled out, as they 
are potential cause for positive aCL 
immunoassays.

 7. The possibility of seronegative APS should be 
considered in patients who are negative for 
standard aPL assay results with clinical 
appearance of APS [7].

Assessment of thrombotic risk
• It is difficult to identify individuals who are at 

risk for thrombosis and to predict the risk of 
occurrence of first episode of thrombosis in 
asymptomatic aPL carriers [8, 9].
 – Anti-β2-GPI has been proposed to be the 

strongest risk factor for arterial and venous 
thrombosis.

 – LA positivity is a stronger risk factor com-
pared to aCL.

 – Also, positivity for two or more aPLs is 
more strongly associated with the occur-
rence of thrombosis.

 – Obstetrical complications are usually seen 
in the presence of IgG anti-β2-GPI-domain 
I antibodies.

20.5  Pathogenesis

Formation of aPLs is necessary, though not 
sufficient, for the development of APS. There 
are secondary factors that lead to thrombosis, 
in the presence of predisposing aPLs. These 
include, among others, infections, inflamma-
tion, intake of procoagulant factors, endothe-
lial injury, recent surgery, and immobility due 
to any cause [5]. Also, a critical variable for the 
development of clinical features of APS is the 
patient’s genetic constitution. Mutations 
in prothrombin gene, factor V Leiden, and acti-
vated protein C resistance are associated with 
an increased risk of venous thromboembo-
lism [10].

20.5.1  Anti-β2-GPI

β2-GPI, a natural inhibitor of coagulation, is a 
member of the complement control family. It 
functions as a cofactor in the binding of aPL to 
cardiolipin. Structurally, it consists of 326 amino 
acids which are arranged in five (designated I to 
V) highly homologous protein domains.

The pathogenicity of antibodies against 
β2-GPI can be demonstrated from the fact that 
infusion of these from APS patients to mice with 
injured blood vessels leads to thrombus forma-
tion [11]. It has also been seen that purified anti- 
β2- GPI IgG autoantibodies potentiate thrombus 
size in a dose-dependent manner. β2-GPI exists 
in two different conformations—a circular “inac-
tivated” form in plasma and an open “activated” 
form. The circular form is maintained by 
 interaction between the first and fifth domains. 
Unfolding of the molecule occurs in the presence 
of anionic phospholipids. This leads to exposure 
of the antigenic determinants, which plays a piv-
otal role in the formation of autoantibodies. One 
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such important epitope is located within domain 
I (DI) (Fig. 20.1).

After attachment to the endothelial surface, 
unfolding of β2-GPI can be brought about by 
reduction in surface thiols by thioredoxin, and in 
response to oxidative stress. In normal circum-
stances, this plays a protective role against oxida-
tive cell injury. However, antibody binding fixes 
β2-GPI in an open configuration, and these com-
plexes bind and activate various receptors on dif-
ferent cell types, which may be a trigger for the 
initiation of intracellular signaling and inflamma-
tory responses [12, 13].

20.5.2  Non-criteria Antibodies

There are several antibodies whose role in the 
pathogenesis of APS is under evaluation. These 
antibodies are collectively referred to as non- 
criteria antibodies. It is essential to carry out pro-
spective studies with uniform methodology in 
order to study their definitive role in the patho-
genesis. The antibodies in this group include 
anti-vimentin/cardiolipin complex, antiphospha-

tidylserine/prothrombin, anti-protein C/S, anti- 
phosphatidic acid, and a variety of autoantibodies 
with other specificities, such as factor X, factor 
XII, annexin A2, and annexin A5 [2].

20.5.3  Other Pathways

Supposedly, excess generation of C3a and C5a 
during complement activation plays a role in 
thrombotic manifestations in APS.

It is postulated that mTOR complex (mTORC) 
pathway activation plays a role in the manifesta-
tion of microthrombosis, peripheral ischemia, 
skin ulcers, aPL nephropathy, and diffuse alveo-
lar hemorrhage. Ig antibodies from patients with 
APS stimulate the target of rapamycin (mTOR) 
through the phosphatidylinositol 3-kinase 
(PI3K)–AKT pathway, which leads to cell prolif-
eration [14].

Acquired activated protein C resistance, due 
to interference with anticoagulant activity of acti-
vated protein C, may lead to thrombosis. 
Upregulation of TF pathway, which may occur 
due to downregulation of TF pathway inhibitor 

Hydrophilic
head

Hydrophobic
tail

β2GPI

Anti-β2GPIa

b

c d

Fig. 20.1 Schematic representation of folded (circular) 
and unfolded conformation of β2-GPI and subsequent 
binding to anti-β2-GPI antibodies. In the presence of 
anionic phospholipids, the circular conformation of the 

protein unfolds, exposing antigenic determinants that are 
normally shielded from the circulation (a–c) which facili-
tate the binding to antibodies (d)
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(TFPI), is postulated as another mechanism by 
which risk of thrombosis may increase. 
Autoantibodies against TFPI have been demon-
strated in patients with APS [15].

20.5.4  Microparticles

These are fragments of cell surface membranes 
that are released from apoptotic, activated, and 
damaged cells. It is seen that plasma concentra-
tion of microparticles that are derived from endo-
thelial cells is increased among patients with 
APS [16]. These may play a role in the pathogen-
esis and lead to thrombotic manifestations.

20.5.5  Pregnancy Complications

Presence of aPLs is an important cause for recur-
rent pregnancy loss and late placenta-mediated 
obstetric complications. Pathophysiology of 
obstetric APS differs from that of thrombotic 
APS. Here, the thrombosis may be neither a spe-
cific nor a universal feature.

The various mechanisms for aPL-medicated 
fetal loss or obstetric complications include 
inflammation, complement activation, intrapla-
cental thrombosis, inhibition of syncytium- 
trophoblast differentiation, interference with 
annexin V function, and defective placentation or 
placental apoptosis.

In normal individuals, anticoagulant annexin 
V aggregates on trophoblast membranes and 
blocks binding of factor Xa and prothrombin. 
There is disrupted and reduced annexin V bind-
ing in women with APS.  This is postulated to 
play an important role in the occurrence of 
obstetric complications.

20.6  Epidemiology and Clinical 
Associations

The prevalence of various autoantibodies in 
patients with SLE has been well demonstrated—
about 40% have aPLs, 12–30% have aCLs, and 
15–34% have LA.  In about 50–70% of the 

patients with SLE who demonstrate laboratory 
evidence for aPLs, the condition progress to 
APS.  Also, aPLs are present in about 20% of 
patients who have had stroke at a young age, and 
10–15% of women with recurrent pregnancy loss 
are diagnosed with APS [17, 18].

20.6.1  Thrombotic Events

Thromboses are the hallmark of APS, with 
venous thromboses being more common than 
arterial thromboses. Individuals with positive 
tests for LA activity or with medium or high lev-
els of aCL are at an increased risk of thrombosis 
and/or thromboembolism. Further, the risk of 
recurrent thrombosis and/or thromboembolism is 
enhanced in those patients who show positivity to 
three aPLs (LA, aCL, and anti-β2-GPI antibod-
ies) upon repeated testing.

The most common sites of venous thrombosis 
are the deep veins of the lower extremities. Other 
sites include the pulmonary, hepatic, pelvic, 
renal, axillary, portal, ocular, subclavian veins 
and cerebral sinuses, and also the inferior vena 
cava. There may also be episodes of superficial 
vein thrombosis.

The most common site of arterial thrombosis 
is in the cerebral vasculature. This usually mani-
fests in the form of transient ischemic attack or a 
stroke. Occlusions in the retinal, renal, coronary, 
and mesenteric arteries may also occur [19].

20.6.2  Pregnancy Complications

Pregnancy complications are the hallmark of 
APS.  These complications include fetal death, 
and premature birth due to placental insufficiency 
or severe preeclampsia [18].

20.6.3  Neurological Involvement

Central nervous system abnormalities are a com-
mon feature of APS. These are attributed to vas-
cular thrombosis and direct injury to neuronal 
tissue by aPLs.
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The most common neurologic manifestations 
of APS are transient ischemic attack and stroke. 
Cognitive deficits and/or white matter lesions 
have been associated. These may range from 
subtle findings to transient global amnesia and 
permanent, profound loss in cognitive function-
ing [20].

20.6.4  Hematologic Abnormalities

Thrombocytopenia is frequently observed in 
APS patients. The occurrence of thrombocytope-
nia is higher in SLE-associated APS than in pri-
mary APS. With a platelet count in the range of 
100,000–140,000/μL, the degree of thrombocy-
topenia is usually moderate. It is rarely associ-
ated with any hemorrhagic events. It should be 
kept in mind that the presence of thrombocyto-
penia does not preclude the occurrence of throm-
botic complications of APS.

Other hematologic abnormalities have been 
reported in patients with APS.  These include 
autoimmune hemolytic anemia, bone marrow 
necrosis, and thrombotic microangiopathic syn-
dromes like thrombotic thrombocytopenic 
purpura (TTP) and hemolytic uremic syndrome 
(HUS) [21]. Bone marrow necrosis is usu-
ally seen in cases which have widespread 
thrombosis.

20.6.5  Cardiac Involvement

APS most commonly involves the heart valves, 
leading to valvular thickening and valve nodules. 
The occurrence of these is known as Libman–
Sacks endocarditis, with the mitral valve being 
most frequently involved, followed by the aortic 
valve. Patients with LA or IgG aCL have a higher 
risk of valvular involvement.

Patients with APS also have an increased 
risk for developing coronary artery disease. 
Myocardial infarction may occur and can 
be attributed to thrombosis in the microvas-
culature, coronary thromboembolism, or 
accelerated atherosclerosis leading to a plaque 
rupture [22].

20.6.6  Cutaneous Manifestations

The cutaneous abnormalities associated with 
APS are splinter hemorrhages, cutaneous necro-
sis and infarction, livedo reticularis, digital gan-
grene with skin ulcerations, superficial vein 
thrombosis, lesions resembling vasculitis, and 
livedoid vasculopathy.

Livedo reticularis, the most common cutane-
ous manifestation of APS, is associated with arte-
rial lesions and multiple thromboses [23].

The rarer clinical associations include
• Renal disease—Glomerular capillaries, and 

other renal vessels, may be affected. The dis-
ease may be silent in the initial stages and may 
progress to acute or chronic renal failure with 
proteinuria.

• Gastrointestinal (GI) involvement—Ischemia 
involving the GI tract may result in abdominal 
pain, gastrointestinal bleeding, or may some-
times present as an acute abdomen. Splenic or 
pancreatic infarction can also occur. However, 
the liver is rarely involved.

• Ocular involvement—Retinal venous and 
arterial occlusion, amaurosis fugax, and ante-
rior ischemic optic neuropathy can occur in 
patients with aPLs.

• Adrenal disease—Bilateral adrenal vein throm-
bosis, resulting in hemorrhagic infarction, may 
lead to loss of adrenal function. This may present 
as abdominal, lumbar, pelvic, or thoracic pain.

To summarize, the most common associations 
of APS include deep vein thrombosis, thrombo-
cytopenia, pulmonary embolism, livedo reticu-
laris, fetal loss, transient ischemic attacks, stroke, 
and superficial thrombophlebitis [4].

20.7  Catastrophic APS (CAPS)

The term “CAPS” is used for an accelerated form 
of APS in which the patients having aPLs present 
with coagulopathy and ischemic necrosis of the 
extremities.

The diagnostic and classification criteria for 
CAPS are as follows:
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Criteria
 1. Evidence of involvement of three or more 

organs, systems, and/or tissues
 2. Development of manifestations simultane-

ously or within 1 week
 3. Confirmation of small vessel occlusion in at 

least one organ or tissue, by histopathology
 4. Laboratory confirmation of the presence of aPLs

Classification criteria
 1. Definite CAPS

• All four criteria present
 2. Probable CAPS

• All four criteria but with involvement of 
only two organs, systems, and/or tissues

• All four criteria but with the absence of 
repeat detection of aPLs at least 12 weeks 
apart, due to the early death of a patient 
who had never been tested for aPLs before 
the CAPS event

• Criteria 1, 2, and 4
• Criteria 1, 3, and 4 and the development of 

a third event after more than 1  week but 
before 1 month, despite anticoagulation

CAPS develops in less than 1% of patients 
with APS. However, among these almost 50% do 
not have a prior diagnosis of APS [24].

In most of the cases of CAPS, a precipitating 
factor can be identified. The most common pre-
cipitating factors are infection and surgery.

The thrombotic manifestations of CAPS differ 
in their anatomical distribution. They manifest as 
small vessel occlusion and most commonly pres-
ent with abdominal pain and intra-abdominal 
thrombosis. Systemic inflammatory response 
syndrome, which is triggered in response to the 
tissue necrosis from underlying small vessel 
occlusion, is an important feature of CAPS.

20.8  Treatment

Long-term anticoagulation with a vitamin K antag-
onist is the mainstay of therapy for thrombotic 
APS.  However, this will not be able to prevent 
recurrent thrombosis in a significant proportion of 
patients.

20.8.1  Venous Thrombosis

Unfractionated heparin or low molecular weight 
heparin transitioned to warfarin is commonly 
used. A target international normalized ratio 
(INR) of 2.0–3.0 is recommended in such cases.

The duration of anticoagulation must be deter-
mined based upon the risk–benefit ratio of the 
individual patients, taking into account the risk of 
recurrent thrombosis, the likelihood of bleeding, 
and compliance [1]. Usually, the treatment has to 
be continued indefinitely.

If thrombosis develops in the setting of a revers-
ible risk factor, and in patients who subsequently 
test negative for aPLs, short-term anticoagulation 
may be considered. This may also be advocated in 
children with APS, who have a lower risk of recur-
rent thrombosis compared with adults [25].

20.8.2  Arterial Thrombosis

Antiplatelet and anticoagulant therapy has to be usu-
ally continued indefinitely, for patients with APS 
and non-stroke arterial events. In patients with high-
risk aPL profile and other cardiovascular risk factors, 
secondary prophylaxis can be considered, in case the 
potential benefits outweigh the risk of bleeding.

20.8.3  Non-anticoagulant Treatment 
of Thrombotic APS

New therapeutic approaches have been identified 
that may be useful in patients with recurrent 
thrombosis and underlying SLE.  These include 
use of novel antiplatelet agents, inhibition of 
intracellular signaling pathways, and immuno-
modulatory therapies using B-cell-directed ther-
apy, hydroxychloroquine, and statins.

20.8.4  CAPS

The treatment of CAPS is based on addressing 
thrombosis as well as inflammatory response. 
Complement-directed therapies, defibrotide, and 
plasma exchange have proved to be useful for 
treatment [26].
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20.8.5  Approach to Asymptomatic 
Cases with Positive aPLs 
(Fig. 20.2) [26]

Individuals who have not had prior episodes of 
thrombosis or pregnancy morbidity but demon-
strate laboratory evidence of positive aPLs should 
be advised repeat testing for aPLs after a gap of at 
least 12 weeks. In such cases, if the repeat test is 
negative, no further evaluation is necessary. 
However, if the repeat test is positive, the indi-
vidual should be labeled as having “persistent 
asymptomatic aPLs.”

These individuals should be evaluated for the 
presence of other risk factors for thrombosis and 
associated autoimmune diseases to determine the 
need for initiation of primary prophylaxis. It is 
not advisable to administer primary prophylaxis 
in individuals without any other risk factors. 
Hydroxychloroquine and aspirin may be used in 
patients with SLE, and short-term anticoagula-
tion may be considered during high-risk situa-
tions. However, prophylaxis with daily aspirin is 
recommended in individuals with cardiovascular 
risk factors.

20.9  Management During 
Pregnancy

The approach to antithrombotic treatment of 
pregnant women with APS varies depending on 
whether they have APS based on a prior thrombo-
sis or an APS-associated pregnancy morbidity.

If only laboratory criteria for APS are present 
but no clinical criteria are seen, then low-dose 
aspirin will be sufficient for antepartum 
management.

In cases with APS based on laboratory criteria 
for aPLs and APS defining pregnancy morbidity 
of ≥1 fetal losses at ≥10 weeks of gestation or ≥3 
unexplained consecutive spontaneous pregnancy 
losses <10 weeks of gestation with no history of 
arterial or venous thrombosis, prophylactic-dose 
low molecular weight heparin (LMWH) and low- 
dose aspirin should be administered in the ante-
partum period.

Women with APS by laboratory criteria for 
aPLs and a prior history of arterial or venous 
thrombosis are at high risk of recurrence. 
These cases are generally on an indefinite 
period of anticoagulation with warfarin, which 

• No evidence for primary prophylaxis with anticoagulation or
  aspirin in patients without other risk factors
• Hydroxychloroquine and aspirin may be useful in patients with
  SLE
• Consider short term anticoagulation during high risk situations
  such as surgery or hospitalization
• Daily aspirin in patients with other cardiovascular risk factors
• Address reversible risk factors such as hormonal
  contraception, smoking, and obesity.

No further testing or
treatment required

Positive aPL without prior thrombosis or
pregnancy morbidity

Repeat testing after
at least 12 weeks

Repeat testing negative Persistent asymptomatic aPL

Fig. 20.2 Approach to 
the asymptomatic cases 
with aPLs
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should be resumed postpartum. Heparin and 
warfarin are not contraindicated in breastfeed-
ing mothers [27].

20.10  Conclusion

APS, a prothrombotic disorder, commonly mani-
fests with venous and arterial thromboembolism 
and recurrent pregnancy loss. Variations in clini-
cal associations and heterogeneity in antibodies 
that are essential for the diagnosis lead to the 
challenges in diagnosis and treatment of this 
entity. Further studies are necessary to refine our 
understanding of this entity, characterize throm-
botic risk, and evaluate various modalities for 
therapy.
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Thrombophilia: Hereditary 
and Acquired

Seema Tyagi, Debdas Bose, and Prasad Dange

21.1  Introduction

The term thrombophilia (or hypercoagulability) 
denotes the presence of risk factors for the devel-
opment of venous or/and arterial thrombosis. It 
could be  inherited or acquired defect of haemo-
static system [1].

In USA, the incidence is 1.92/1000 person- 
years, and it constitutes 1% of all hospital admis-
sions. The global disease burden is 
0.75–2.69/1000 individuals in population. 
Incidence of venous thrombo-embolism (VTE) 
is difficult to estimate, and studies regarding 
Indian data are few. In a study from a teaching 
hospital in south India, the incidence is 17.4 
cases per 10,000 person admitted in hospital. 
However, it is less in general population. 
Malignancy and surgery were the prominent pre-
disposing factors [2]. However, being a tertiary 
care institute, the incidence and distribution of 
cases may not be representative of the general 
population.

Thrombophilia, inherited or acquired, is 
among the various factors that predispose to 
VTE.  This chapter mainly deals with inherited 
thrombophilia testing along with antiphospho-
lipid syndrome which is an important acquired 
thrombophilic condition.

21.2  Pathophysiology

Thrombus formation involves activation of plate-
lets followed by the activation of coagulation cas-
cade. The inhibitory pathway involving 
antithrombin and protein C regulates the coagu-
lation cascade (Fig. 21.1). Simultaneously, fibri-
nolytic system (plasminogen and tissue 
plasminogen activator) with anti-fibrinolytic 
(plasminogen activator inhibitor) system helps to 
control excess thrombus formation and in 
recanalization.

Venous thrombi consist of fibrin, red cells, 
platelets, and leucocytes [3]. In 1854, German 
pathologist Rudolph Virchow postulated his 
famous Virchow triad comprising abnormal 
blood flow, endothelial injury and hypercoagula-
bility. Abnormal blood flow occurs typically in 
the setting of hypertension, venous stasis hyper-
viscosity, etc. Endothelial injury, as a cause of 
thrombosis, occurs in a variety of settings like 
atherosclerosis, hyperhomocysteinemia, infec-
tions, toxins, etc. These factors, either indepen-
dently or often in combination, precipitate 
thrombosis (Fig. 21.2).

The haemostatic system consists of endothe-
lium, platelets, coagulation factors, natural anti-
coagulants, fibrinolytic and antifibrinolytic 
proteins. Normal haemostasis is achieved by 
maintaining a delicate balance between the pro-
coagulant and anticoagulant factors (Fig.  21.3). 
Overactivity of the procoagulant factors or defect 
in the fibrinolytic system tilts the balance in S. Tyagi (*) · D. Bose · P. Dange 
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favour of thrombosis. These defects may be 
inherited or acquired, secondary to variety of 
illnesses.

Thrombophilia (or hypercoagulability) is an 
inherited or acquired defect in haemostatic sys-
tem that predisposes to venous or/and arterial 
thrombosis. Given below is a list of some com-
mon causes of thrombophilia that disturbs the 
delicate balance of the haemostatic system. It is 
important to remember that many of the condi-
tions can be thrombogenic by more than one 
mechanism. For example in cancer patients, sta-
sis (due to immobility), endothelial injury (due to 
infections, chemo-radiotherapy, etc.) and hyper-
coagulability (secretion of procoagulant mole-
cules by tumour cells) all contribute to VTE.

Contact activation
(intrinsic) pathway

Tissue factor
(extrinsic) pathway

Damaged surface

Trauma

Trauma

Common
pathway

Tissue factor

XII XIIa

XIaXI

IX

X

Prothrombin (II)

IXa VIIIa

VIII

VIIIa VII

TFPI

Antithrombin

X

Xa

Va

Fibrinogen (I) Fibrin (Ia)

Cross-linked
fibrin clot

XIIIa XIII

V

Active Protein C

Protein S

Protein C + Thrombomodulin

Thrombin IIa

Fig. 21.1 Outline of coagulation cascade including natural anticoagulants

Hypercoagulable
state

THROMBOSIS

Endothelial injury Hemodynamic
disruption

Fig. 21.2 The three components of the Virchow’s triad
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Inherited Thrombophilia
 1. Protein C, protein S deficiency
 2. Antithrombin (formerly called as antithrom-

bin III) deficiency
 3. Activated protein C resistance and factor V 

Leiden mutation
 4. Prothrombin G20210A mutation
 5. Hyperhomocysteinaemia (may also be 

acquired)
 6. Others like elevated factor VIII level, plasmin-

ogen deficiency, tissue plasminogen activator 
deficiency, tissue factor pathway inhibitor, etc.

Acquired Thrombophilia
 1. Antiphospholipid syndrome (APS)
 2. Myeloproliferative neoplasm
 3. Paroxysmal nocturnal haemoglobinuria 

(PNH)
 4. Immobilisation, fracture, prolonged surgery
 5. Oestrogen therapy (including contraceptive 

pills), pregnancy
 6. Nephrotic syndrome
 7. Cancer

Certain authors classify the inherited throm-
bophilia into weak and strong thrombophilia based 
on the risk of thrombosis. Weak thrombophilia has 
minimal risk for venous thrombo- embolism (VTE) 
events while strong thrombophilia poses signifi-

cant risk for VTE. Strong thrombophilia includes 
homozygous factor V Leiden, protein C and S 
deficiency, AT deficiency and APS [4]. However, 
since VTE is multifactorial disease, there are con-
siderable overlaps in this risk classification and 
hence this classification, though sometimes a use-
ful guide for management is not universally 
followed.

Clinical presentation—Inherited thrombo-
philias are predominantly associated with venous 
thrombo-embolism events. Factor V Leiden has 
slightly increased risk for arterial thrombosis 
However, no consistent association has been 
found [5]. Antiphospholipid syndrome (APS), on 
the other hand, is an important acquired predis-
posing condition for both venous and arterial 
thrombosis.

Pregnancy-related complications are another 
important presentation of APS as well as the 
inherited thrombophilias. These include recur-
rent pregnancy loss, pregnancy-induced hyper-
tension, etc. However, studies have failed to find 
significant association between inherited throm-
bophilia and pregnancy outcomes [6].

Clinical indicators for thrombophilia include 
young age at presentation (usually <40  years), 
strong family history, unusual site of thrombosis, 
VTE either unprovoked or after weak provoking 
situations [7].

Pro coagulant like platelets,
coagulation factors, anti-
fibrinolytics

Anti coagulant like protein
C, AT, fibrinolytics

Fig. 21.3 Normal hemostasis is achieved by a delicate balance of the two tendencies. Imbalance leads to 
thrombophilia
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21.3  Antiphospholipid Syndrome

Antiphospholipid syndrome (APS) is a systemic 
autoimmune disorder characterised by venous or 
arterial thrombosis and/or pregnancy-related 
complications in the presence of persistent 
 laboratory evidence of antiphospholipid antibod-
ies (aPL) [8].

Pathophysiology—APS is caused by the 
presence of circulating anticoagulant antibodies. 
Though associated with thrombosis, in vitro test-
ing shows prolonged aPTT, hence the name. 
These antibodies bind to the phospholipid com-
plex causing a pro-thrombotic state. Recent stud-
ies have shown that these antibodies act through 
multiple mechanisms and result in inflammation, 
vasculopathy, and thrombosis [9]. Many different 
antibodies are implicated, some of them include 
anti-cardiolipin (aCL), anti-beta-2 glycoprotein-
 1 (anti-B2GP1), anti-prothrombin and anti- 
annexin V antibody. aCL and anti-B2GP1 are the 
most significant ones.

Clinical presentation—APS may be primary 
or may be associated with a connective tissue dis-
ease like SLE, Sjogren’s syndrome, etc. [10]. In 
either case, major manifestations of APS can be 
conveniently described as follows [9, 11]:

Thrombotic—Venous (e.g. DVT, pulmonary 
embolism), arterial (stroke, transient ischaemic 
attack, etc.) or microcirculation thrombosis. One 
particular microvessel thrombotic complication 
is termed catastrophic APS characterised by 
widespread small vessel thrombosis, sometimes 
mimicking DIC [10].

Obstetric—These include recurrent pregnancy 
loss, prematurity and pre-eclampsia.

Non-thrombotic—These are less recognised 
manifestations and include thrombocytopenia, 
haemolytic anaemia, renal impairment, throm-
botic microangiopathy, cardiac valve thicken-
ing, cognitive impairment and livedo 
reticularis. These complications may represent 
the complications of underlying connective tis-
sue disease. However, these are usually more 
common in the aPL-positive SLE patients as 

compared to SLE patients with negative aPL, 
thereby suggesting a role of antiphospholipid 
antibodies [9].

DIAGNOSTIC CRITERIA—For diagno-
sis of APS, modified Sapporo criteria compris-
ing clinical and laboratory parameters is  
used [12].

21.4  Clinical

21.4.1  Vascular Thrombosis

Unequivocally diagnosed (by imaging or histo-
pathology) one or more episodes of thrombosis 
(arterial, venous or small vessel). In tissue sec-
tion, thrombosis should not be accompanied by 
inflammation in the vessel wall. However, super-
ficial vein thrombosis is excluded from the 
criteria.

Pregnancy Morbidity
 (a) One or more unexplained pregnancy loss 

beyond 10th week in an otherwise morpho-
logically normal foetus OR

 (b) One or more premature births (before 
34  weeks) attributable to either eclampsia/
pre-eclampsia or accompanied by placental 
insufficiency OR

 (c) Three or more unexplained consecutive preg-
nancy loss before 10 weeks

Laboratory
 1. Positive for lupus anticoagulant (LA) on two 

occasions at least 12 weeks apart
 2. Anti-cardiolipin antibody, IgG and/or IgM 

isotype present in medium to high titre (i.e. 
>40 GPL or MPL, or more than the 99th per-
centile), on two occasions tested at least 
12 weeks apart

 3. Anti-beta-2 glycoprotein-I (anti-B2GP1) 
antibody, IgG and/or IgM isotype, in titre 
more than the 99th percentile, present on 
two or more occasions, at least 12  weeks 
apart.
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For APS diagnosis, at least one of the clinical 
criteria and one of the laboratory criteria must be 
met.

ASSOCIATIONS—Many different condi-
tions may give rise to circulating aPL. These con-
ditions include:

 1. Primary APS
 2. Autoimmune diseases like SLE, RA and oth-

ers. In one study [8], aPL profile has been 
detected in approximately 30% of patients 
with SLE.  However, mere presence of aPL 
on screening should not be diagnosed as 
APS unless the clinical criteria are also 
fulfilled.

 3. Transient antibodies due to drugs (like phe-
nytoin, quinine, amoxicillin, propranolol, 
etc.).

 4. Infections including bactrial, viral as well as 
parasitic.

 5. Malignancy including haematopoietc as well 
as solid organ malignancy

 6. Asymptomatic individuals.

Due to numerous associations, laboratory test-
ing for APS should be undertaken only under 
appropriate clinical settings. Generalised testing 
performed on asymptomatic individuals is highly 
discouraged to avoid false-positive results. Also, 
in view of conditions with transient antibodies, a 
positive result must be repeated at least 12 weeks 
after the initial testing.

The appropriateness to search for LA can be 
graded according to clinical characteristics into 
low, moderate and high.

Low: venous (VTE) or arterial thromboembo-
lism in elderly patients.

Moderate: accidentally found prolonged aPTT 
in asymptomatic subjects, recurrent spontaneous 
early pregnancy loss, provoked VTE in young 
patients.

High: unprovoked VTE and (unexplained) arte-
rial thrombosis in young patients (<50  years of 
age), thrombosis at unusual sites, late pregnancy 
loss, any thrombosis or pregnancy morbidity in 
patients with autoimmune diseases [12].

21.5  Laboratory Testing

Laboratory testing includes LA testing as well as 
aCL and anti-B2GP1 antibody. These tests are 
complementary since all are not positive in a 
given patient. Hence, LA testing as well as anti-
body detection is necessary to avoid false- 
negative laboratory testing.

aCL and anti-B2GP1 antibody titre are mea-
sured by ELISA.  The cutoff values may differ 
according to the kit used. IgG and IgM antibodies 
are usually measured. There is no compelling 
evidence to include IgA isotype of these antibod-
ies in the routine diagnostic workup for 
APS. However, the Systemic Lupus International 
Collaborating Clinics (SLICC) revised classifica-
tion criteria for SLE include IgA isotype of aCL 
and anti-B2GP1 as part of the definition of aPL 
positivity as IgA isotype is more common in SLE 
patients. Antibodies such as antiprothrombin 
antibodies and others are not used routinely 
because of lack of standardisation and uncer-
tainty about their clinical significance [13].

LA testing, on the other hand, is a two-step 
procedure.

 1. Screening test—Demonstration of a pro-
longed phospholipid-dependent screening test 
like aPTT or dilute Russel viper venom test 
(dRVVT). It may also involve mixing patient 
plasma with normal plasma. Kaolin clotting 
time testing is based on the mixing principle.

 2. Confirmatory test—Addition of excess phos-
pholipid shortens or corrects the prolonged 
coagulation test (demonstration of phospho-
lipid dependence).

 3. Recent guidelines do not prefer mixing stud-
ies as mixing may dilute the LA in cases 
with low titre leading to false-negative 
results [14].

Two tests should be used for LA screening 
to enhance sensitivity. dRVVT is the choice for 
the first test. Second test is usually lupus-sensi-
tive aPTT.  Any one positive result should 
be considered as positive for LA.  Positive 
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screening should be confirmed by confirmatory 
assay. Kaolin clotting time, dilute PT and 
ecarin venom-based assays are not recom-
mended [15].

A brief description of the commonly employed 
tests is given below:

 (a) PTT-LA—Routinely used aPTT is not sensi-
tive for LA.  PTT-LA is a modified aPTT 
with low content of phospholipid (cepha-
lin) derived from rabbit brain and silica as 
the activator. Low phospholipid makes it 
more sensitive for LA.  Factor deficiency 
and anticoagulants may give false-positive 
results.

 (b) dRVVT—As it involves direct activation of 
factor X, effect of deficiency of some of the 
factors is eliminated. Also, dilution of both 
the venom and phospholipid makes it very 
sensitive and the screening test of choice. 
Result is often expressed as a ratio between 
dRVVT of the test and normal pooled plasma 
(ratio = test/pooled plasma).

 (c) Confirmatory assay—Addition of excess 
phospholipid (derived from platelets) to 
aPTT- or dRVVT-based assays leads to satu-
ration of the LA, thereby correcting the pro-
longed clotting time. Coagulation factor 
defects or a very high titre of LA will lead to 
negative test result. Mixing study is useful in 
such instances [14].

Summary
 1. APS is an acquired thrombophilia for which 

both clinical and laboratory criteria must be 
satisfied.

 2. Lab testing for APS includes LA testing along 
with aCL and anti-B2GP1 testing.

 3. These tests may be transiently positive in 
many other circumstances as well. Hence, a 
repeat testing after 12 weeks is necessary

 4. Not every positive aPL test result is clinically 
significant. The interpretation of ‘clinically 
significant aPL positivity’ should take into 
account the type, isotype, titre, persistency 
and the number of positive aPL tests.

21.6  Factor V Leiden 
and Activated Protein C 
Resistance

Factor V Leiden (FVL) results from a single 
point mutation in the factor V gene leading to 
replacement of arginine with glutamine at amino 
acid 506 (FVA506G) resulting in alteration of the 
cleavage site for aPC in factor V and factor Va. 
Normally, aPC cleavage of the procoagulant fac-
tor Va causes factor Va degradation and cleavage 
of factor V increases factor V function which acts 
as a cofactor in degradation of factor Va and 
VIIIa. FVL (mutated form) is insensitive to both 
of these cleavages because it lacks the Arg506 
cleavage site. Because activated FVL are not 
cleaved, they are available for continued throm-
bin generation [16].

The FVL mutation accounts for more than 
95% cases of hereditary aPC resistance, with the 
remainder of aPC resistance cases being due to 
other inherited mutations and acquired factors. 
Other causes of aPC resistance include Factor V 
Cambridge (replacement of Arg306 with threo-
nine), Factor V Nara (replacement of Trp1920 
with arginine), Factor V Liverpool (replacement 
of Ile359 with threonine), Factor V Bonn 
(replacement of Ala512 with valine) and Factor V 
Hong Kong (replacement of Arg306 with 
glycine).

FVL is an autosomal dominant condition with 
99% heterozygotes and 1% homozygotes, and 
rarely with pseudo-homozygosity due to a muta-
tion on the other allele causing factor V defi-
ciency in heterozygotes [17].

21.7  Clinical Manifestations

Factor V Leiden mutation is associated with 
venous thrombo-embolism and also implicated in 
arterial thrombosis and some cases of unex-
plained recurrent late pregnancy loss. 
Homozygous individuals are at a higher risk for 
VTE as compared to the heterozygous individu-
als [18].
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Diagnostic tests—Diagnostic testing includes 
the functional assays and the genetic testing for 
the mutation.

Functional assays—It is based on the inhibi-
tion of factor V (in the test plasma) by the exog-
enously added aPC leading to prolongation of 
aPTT. The result is expressed as a ratio of aPTT 
to aPTT without added aPC. A modified method 
involves dilution with factor V-deficient plasma 
to normalise and controls the levels of other 
coagulation factor except factor V [19].

Presence of LA and anticoagulant therapy can 
cause false-positive results.

Mutation testing—The FVL mutation can 
be detected directly by analysing genomic DNA 
from peripheral blood cells by polymerase chain 
reaction (PCR). The principle used is restriction 
fragment length polymorphism (RFLP). The 
amplified factor V gene product is treated with 
restriction enzymes. Mutation results in loss of 
the cleavage site for the enzyme, resulting in 
different amplification products as com-
pared to the normal individuals [20]. The ampli-
fication products are analysed by agarose gel 
electrophoresis.

Genetic testing is unaffected by anticoagu-
lants and other drugs. However, it does not detect 
other acquired or hereditary causes of aPC resis-
tance like variant genotypes. It can be done in 
following situation:

 1. For individuals with a family history of FVL 
who require testing, genetic testing is prefer-
able because it provides definitive evidence of 
the mutation.

 2. For individuals with lupus anticoagulant or 
those who are on anticoagulants which might 
interfere with the results (e.g. direct thrombin 
inhibitor, direct factor Xa inhibitor), genetic 
testing will circumvent these potential sources 
of test interference.

 3. For individuals who have a positive func-
tional assay for aPC resistance, to confirm the 
diagnosis and to determine if the patient is 
homozygous or heterozygous for the FVL 
mutation.

21.8  Antithrombin Deficiency

Antithrombin (AT), with heparin as its co-factor, 
regulates coagulation by inactivating thrombin 
and other procoagulant enzymes, including fac-
tors Xa, IXa, XIa and XIIa (Fig. 21.1).

AT deficiency is manifested primarily by 
recurrent VTE. Heparin resistance is another pos-
sible manifestation of AT deficiency.

AT deficiency may be in the form of reduced 
levels (type 1) or in the form of structural defect 
(type 2). Most AT-deficient patients are heterozy-
gotes; homozygous AT deficiency is believed to 
be fatal in utero [21–23].

Numerous acquired conditions may cause AT 
deficiency including pre-eclampsia, surgery, 
massive venous thrombosis, heparin therapy, 
renal and hepatic diseases, etc. These conditions 
must be ruled out before testing for AT [21].

21.9  Laboratory Diagnosis

The types of tests available for AT assay are 
described below. The chromogenic assays are the 
most preferred ones [20].

 1. Chromogenic method—Test plasma is incu-
bated with excess thrombin and added hepa-
rin. The AT will neutralise the thrombin. In 
next step, the residual thrombin is quantitated 
by its amidolytic action on a chromogenic 
substrate added. Thus, the amount of residual 
thrombin measured is inversely proportional 
to the plasma AT level. Newer assays use 
enzymatic activity of factor X instead of 
thrombin.

 2. Immunogenic assay—For example Laurell 
rocket immunoelectrophoresis, microlatex- 
particle immunoassay, radial immunodiffu-
sion or enzyme-linked immunosorbent assay 
(ELISA) methods.

 3. Clotting based assay—It is based on the abil-
ity of AT to neutralise exogenously added 
thrombin leading to prolongation of the clot-
ting time.
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21.10  Hyperhomocysteinaemia

INTRODUCTION—Homocysteine is an inter-
mediate metabolite in the methionine pathway. 
The transsulphuration of homocysteine to cyste-
ine is by cystathionine-beta-synthase with the 
help of pyridoxal phosphate (vitamin B6) as a 
cofactor. Remethylation of homocysteine pro-
duces methionine by methionine synthase or by 
betaine-homocysteine methyltransferase. Vitamin 
B12 (cobalamin) is the precursor of methylcobal-
amin, which is the cofactor for methionine 
synthase.

Many conditions like genetic defects in enzyme, 
vitamin/folate deficiency, drugs (like nicotinic 
acid, fibrates), cigarette smoking and chronic kid-
ney disease may cause hyperhomocysteinaemia.

The most common form of genetic hyperho-
mocysteinaemia is due to substitution of cytosine 
to thymine at nucleotide 677 producing a thermo-
labile variant of methylene tetrahydrofolate 
reductase enzyme (MTHFR) with reduced enzy-
matic activity. Homozygosity causes mildly ele-
vated plasma homocysteine levels in the general 
population, often occurring in association with 
low serum folate levels [24, 25].

Pathophysiology—High homocysteine levels 
appear to be clearly associated with an increased 
risk of cardiovascular and cerebrovascular dis-
ease. Patients with the MTHFR TT genotype 
have a higher chance of having coronary heart 
disease compared with controls. Risk for recur-
rent VTE and obstetric complications is also 
increased There are multiple mechanisms by 
which homocysteine may induce vascular injury 
like endothelial cell desquamation, low-density 
lipoprotein (LDL) oxidation, increased thrombin 
generation, monocyte adhesion to endothelium 
and factor V activation. Platelet aggregation is 
also enhanced, probably secondary to endothelial 
damage [26–28].

LABORATORY DIAGNOSIS—Total 
plasma homocysteine concentration is measured 
by ELISA.  Rapid separation of the plasma is 
required because homocysteine quickly leaks out 
of red blood cells.

Approximately 75–85% is protein-bound and 
15–25% found in free forms. Normal homocyste-

ine concentrations range between 5 and 15 μmol/
L.  Hyperhomocysteinaemia has been classified 
as moderate (15–30 μmol/L), intermediate (30–
100 μmol/L) and severe (>100 μmol/L) [29].

Oral methionine challenge may be helpful in 
diagnosis in some cases, particularly with 
cystathionine- beta-synthase deficiency [30].

21.10.1  Protein C

Protein C (PC) is a vitamin K-dependent antico-
agulant protein synthesised in the liver. After 
activation by thrombin, activated Protein C (aPc) 
inactivates coagulation factors Va and VIIIa with 
the help of cofactor Protein S (Fig.  21.1). It is 
transmitted as an autosomal dominant disorder, 
most individuals being heterozygous for the 
defect causing deficiency in the form of reduced 
protein C level (type 1) or of reduced protein C 
function (type 2) [31].

PC levels in healthy adults are normally dis-
tributed, with 95% of the values ranging from 
70% to 140% of normal. Among randomly 
selected healthy adults, the prevalence of defi-
ciency is about 0.2–0.5% while it is found in 
2–5% of VTE patients [32].

Clinical Presentation—Due to varied muta-
tions, the deficient patients may have varied pre-
sentation ranging from asymptomatic adults at 
one end to purpurafulminans in the severely defi-
cient babies. In between are the individuals with 
increased risk for venous thrombo-embolism or 
for warfarin-induced skin necrosis. Neonatal 
purpurafulminans occurs in severely deficient 
neonates and is characterised by widespread 
arterial and venous thrombosis mimicking 
DIC.  It is a potentially fatal condition unless 
promptly treated. Warfarin-induced skin necro-
sis occurs in deficient individuals who started on 
warfarin without any bridging parenteral antico-
agulation [33].

Laboratory testing—The laboratory test-
ing may be done by ELISA or a chromogenic 
assay.

Chromogenic method: PC is converted into its 
active form by venom of a copperhead snake 
Agkistrodon contortrix (Protac). Activated PC 
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cleaves a specific chromogenic substrate and 
releases p-nitro-alanine which is measured in a 
spectrometer at 405 nm.

Immunological assay: may also be carried out 
with an ELISA-based kit which will distinguish 
between type 1 and type 2 deficiencies.

Clotting-based protein C assay: PC clotting 
assays use a modified APTT.

Diagnostic pitfalls—Circulating levels of pro-
tein C may be reduced in liver diseases such as 
right heart failure with hepatic congestion, severe 
liver disease or disseminated intravascular coag-
ulation, and in acute inflammation/infections, 
trauma/surgery or acute respiratory distress syn-
drome, uraemia, cancer and vitamin K deficiency/
warfarin therapy.

Causes of increased protein C—nephrotic 
syndrome, hyperlipidemia and normal ageing.

21.10.2  Protein S

Pathophysiology—Protein S is named for Seattle, 
Washington, where it was originally discovered. 
Protein S is synthesised by hepatocytes, endothe-
lial cells and megakaryocytes. Protein S is the co- 
factor for protein C that inactivates factor V and 
VIII (Fig. 21.1).

Protein S circulates in two states: free and 
bound to the complement component C4b- 
binding protein. The free form comprises 30–40% 
of total protein S and is the active form.

Total protein S levels change with age, but 
free protein S levels remain constant. In healthy 
neonates, free protein S predominates and func-
tional protein S levels are only slightly reduced 
compared with those in adults [34–36]. It is an 
autosomal dominant condition due to mutations 
in the PROS1 gene on chromosome 3. Inherited 
protein S deficiency can be subdivided according 
to whether the abnormality affects total protein S 
level, free protein S level, and/or protein S func-
tion [37]:

• Type I—Type I deficiency (reduced total pro-
tein S, free protein S and protein S function) is 
the classic type of inherited protein S 
deficiency.

• Type II—Type II deficiency (normal total and 
free protein S; reduced protein S function) is 
rare (qualitative defect).

• Type III—Selectively reduced free protein S 
and protein S function; normal total protein S.

For patients who have had a VTE or those 
with a strong family history of VTE, plasma lev-
els of total or free protein S antigen less than 
60–65 international units/dL are considered to be 
in the deficient range. For individuals who are 
asymptomatic or who have a first VTE in the 
absence of a strong family history, lower levels of 
free protein S (e.g. <33 units/dL) are more pre-
dictive for an increased risk of VTE.

Clinical presentation—Since it is a co-factor 
for protein C, the deficiency of protein S has sim-
ilar clinical presentation to protein C deficiency.

21.11  Laboratory Testing

Protein S level may be determined by ELISA or 
by using the functional assay.

ELISA—Using specific monoclonal antibod-
ies, free as well as total protein S can be mea-
sured using ELISA.  However, measurement of 
free protein S is preferred since it is the func-
tional form. Earlier assays used polyethylene gly-
col precipitation to remove protein S bound to 
C4b-binding protein [38].

Functional assay—Dilute normal and test 
plasmas with commercially available PS-deficient 
plasma. Then a reagent containing factor Xa, 
APC and phospholipid is mixed. After a 5 min 
incubation, calcium chloride is added and clot 
formation is noted. Under these conditions, the 
prolongation of the clotting time is directly pro-
portional to the concentration of PS in the patient 
plasma (e.g. Staclot). The use of factor Xa as the 
activator minimises the potential interference by 
high levels of factor VIII. It may also be based on 
the PT, in which case the effect of factor VIII is 
bypassed. Because the assays are subject to inter-
ference by other plasma factors, it is recom-
mended that the test plasma be assayed at two 
different dilutions to ensure parallelism with the 
standard curve.
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Potential pitfalls—Low levels of PS may be 
an acquired phenomenon during pregnancy, oral 
anticoagulation, nephrotic syndrome, use of oral 
contraceptives, systemic lupus erythematosus, 
human immunodeficiency virus (HIV) infection 
and liver disease. Catastrophically low levels 
have been reported in children after varicella 
infection owing to auto-antibody production.

In addition, the functional assays are prone 
to confounding by other factors: factor V 
Leiden (FVL), LAC and levels of other coagu-
lation factors.

21.12  Prothrombin G20210A 
Mutation

Prothrombin G20210A mutation is seen more 
commonly in the Caucasian population. It is 
infrequent in the Asians [39].

Prothrombin G20210A mutation—The 
G20210A mutation results from a substitution 
of adenine (A) for guanine (G) at position 
20,210 in a non-coding region of the prothrom-
bin gene, causing base pair change in the termi-
nal nucleotide of the 3′ untranslated region of 
the gene responsible for polyadenylation of 
messenger RNA. The mutation is considered a 
gain-of- function mutation because it increases 
prothrombin biosynthesis and also increases its 
stability [35].

Most individuals with the mutation are hetero-
zygous. Transmission is considered to be autoso-
mal dominant. Heterozygotes for the G20210A 
mutation have approximately 30% higher plasma 
prothrombin levels than controls. Homozygotes 
have even higher levels. However, prothrombin 
levels cannot be used to make the diagnosis, 
because there is overlap with the normal range 
and the coefficient of variation in coagulation 
assays is relatively large.

Other prothrombin gene variants include pro-
thrombin Yukuhashi and C20209T [40].

DIAGNOSIS—Polymerase chain reaction on 
peripheral blood is the most straightforward and 
cost-effective genetic test for the G20210A muta-
tion. The presence of the mutation is detected 
using restriction enzyme digestion with electro-

phoresis or an enzyme-based immunoassay. 
Some laboratories use multiplex PCR to identify 
the prothrombin G20210A mutation and the fac-
tor V Leiden mutation in the same reaction [41, 
42].

21.13  Special Circumstances

Isolated distal DVT—Almost every case of 
DVT starts in calf veins and then extend proxi-
mally. However, for cases with thrombosis con-
fined to calf veins, the risk of extension into 
proximal veins and pulmonary embolism is low. 
Only about 15–25% of symptomatic distal DVT 
will extend to proximal vein [43].

Only the cases with severe symptoms or with 
high risk for extension into proximal veins should 
be treated. Other patients are serially monitored 
with Doppler ultrasound examination for exten-
sion into proximal veins. The risk factors for 
extension include positive D-dimer, extensive 
involvement of calf veins, no reversible provok-
ing factor, active cancer, past history of VTE and 
inpatient status [44]. If treatment is indicated, 
treatment approach for distal DVT is same as that 
for proximal vein DVT.

Superficial vein thrombosis—Lower limb 
followed by upper limb are the commonest sites 
for SVT.  The risk factors for superficial vein 
thrombosis are very similar to those for DVT and 
include conditions like trauma, immobility, sur-
gery, pregnancy as well as thrombophilia [45]. In 
fact, systematic review by Leon et al has found 
that though variable, in a significant number of 
cases, the SVT may co-exist or propagate to a 
DVT and may even give rise to PE. However, it is 
not known whether the PE arises from the SVT or 
from its extension into deep vein [46]. However, 
secondary causes like varicose veins, malignancy 
(e.g. Trousseau syndrome), autoimmune disease 
need to be excluded.

A case of SVT needs ultrasound evaluation to 
rule out co-existing DVT.  There is no agreed 
upon therapy for SVT. However, it is now agreed 
that at least the high-risk patients like those 
involving at least 5 cm of the vein, presence of 
thrombus near sapheno-femoral junction, etc. 
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need anticoagulation. NSAIDs may be used in 
other patients who are not anticoagulated [46]. 
Prospective studies addressing issues like dura-
tion of anticoagulation, thrombophilia testing in 
isolated SVT are lacking.

Thrombosis at unusual sites—Abdominal 
vein thrombosis, cerebral vein and cortical vein 
thrombosis are some unusual sites for thrombosis 
and are often a suggestive feature for underlying 
thrombophilia. Infections, myeloproliferative 
neoplasms, PNH, cirrhosis (for abdominal vein 
thrombosis), oestrogen therapy/OC pills (for 
cerebral vein thrombosis), however, are impor-
tant secondary causes that must be ruled out. On 
the contrary, other unusual sites like upper 
extremity vein, retinal vein thrombosis are not 
strongly associated with thrombophilia. PE how-
ever may occur with upper limb venous thrombo-
sis [47].

Management of these conditions is by antico-
agulation. However, for incidentally detected 
abdominal vein thrombosis, anticoagulation is 
not recommended [44]. Also, duration for antico-
agulation is controversial, especially when no 
secondary cause like PNH or MPN is found. 
Thus, thrombophilia testing is often advocated. If 
positive, such patients may be prescribed indefi-
nite anticoagulation.

21.14  Management of Thrombosis

Management of venous thrombosis can be dis-
cussed under the following headings:

 1. Initial phase and long-term anticoagulation
 2. Risk assessment for recurrence
 3. Extended anticoagulation
 4. Anticoagulant agents
 5. Indication for thrombophilia testing

Initial and long-term anticoagulation ther-
apy—Anticoagulation with oral anticoagulant 
(vitamin K antagonist, VKA) is the mainstay of 
treatment for all DVT patients irrespective of the 
underlying provoking factor. Since VKA has a 
slow onset of action, fast-acting parenteral anti-
coagulation with heparins is simultaneously 

administered for initial 5–7  days till the INR 
value reaches between 2 and 3 for 2 consecutive 
days. Anticoagulant therapy should be initiated 
even in patients with moderate to high suspicion 
of VTE for whom the investigation reports are 
pending. Low molecular weight heparins 
(LMWH), unless contraindicated, are now cho-
sen over unfractionated heparin (UFH) for the 
parenteral therapy because of the safety profile. If 
used, UFH may be given subcutaneously or intra-
venously. The dosage for UFH is monitored by 
using heparin-sensitive aPTT corresponding to 
0.3—0.7 U/mL. LMWH usually do not need lab-
oratory monitoring, and once daily dosing is 
sufficient.

The initial treatment can be carried out on out-
patient basis if the patient is otherwise healthy 
and has easy access to hospital emergency ser-
vices. Certain guidelines like PESI score, Hestia 
criteria are useful while deciding for outpatient 
therapy [48]. Other treatment options like throm-
bolytic therapy, catheter-directed or operative 
thrombectomy, IVC filters are used in a certain 
special circumstances only and are not included 
in the routine management of VTE.

Initial anticoagulation should be completed 
within 5–7 days. Once the INR is stabilised in the 
therapeutic range, the parenteral anticoagulant is 
discontinued. Long-term anticoagulation with 
oral anticoagulant is continued for 3 months.

Thrombophilia status usually has no effect on 
initial and long-term phase with possible excep-
tion of protein C/S and AT deficiency. In protein 
C/S deficiency, due to the possibility of warfarin- 
induced skin necrosis, warfarin is either avoided 
in favour of newer anticoagulant (DOAC) or 
administered with a lower starting dose and a 
longer overlap with parenteral anticoagulation. 
AT deficiency may cause heparin resistance 
rarely and AT replacement or use of direct throm-
bin inhibitor might be considered. However, in 
cases with first episode of VTE, thrombophilia 
status is often unknown.

Risk assessment for recurrence—Once the 
long-term anticoagulation is complete at 
3 months, patient risk assessment for recurrence 
is the most crucial step in deciding the further 
anticoagulation. Patients with high risk of recur-
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rence usually need extended (often indefinite) 
anticoagulation. For example, recurrence follow-
ing transient strong provoking factors is only 1% 
after 1 year and 3% at 5 years after stopping ther-
apy [49]. Extended anticoagulation is not war-
ranted in these cases. On the other hand, risk 
following unprovoked DVT 10% at 1  year and 
30% at 5  year [50]. Thus, unprovoked DVT 
patients need extended anticoagulation. Hence, 
active search should be made for provoking fac-
tors before labelling a DVT episode as ‘unpro-
voked’. Overall, male sex, unprovoked DVT, 
pulmonary embolism, past history of DVT are 
predictors of higher risk for recurrence.

Various scoring systems have been proposed 
for risk assessment. They consider various 
parameters for risk assessment and help decide 
the duration for anticoagulation. DASH score 
includes four parameters—D-dimer at 1  month 
after stopping anticoagulation, age, sex, hormone 
use during VTE [51]. Vienna model is another 
such score that includes sex, location of VTE 
along with D-dimer measured at 3–15  months 
after stopping anticoagulation [52]. However, 
APS and AT deficiency patients were excluded 
while formulating DASH score, and all the 
thrombophilia patients were excluded for Vienna 
predicting model, making them suboptimal for 
decision-making in patients with thrombophilia. 
Though none of the scoring models include 

thrombophilia as a parameter, it is still consid-
ered by many while deciding the duration for 
anticoagulation.

Apart from risk of recurrence, risk of bleeding 
due to anticoagulant and patient choice are other 
important factors under consideration. Risk fac-
tors for bleeding include old age, liver or renal 
dysfunction, wide fluctuations in INR during 
therapy, other co-morbidities like diabetes, 
malignancy, simultaneous anti-platelet agents, 
alcohol abuse, etc. [53]. Patient’s informed 
choice whether to continue or discontinue the 
therapy despite the risk of recurrence is another 
important factor.

Thus, the risk of recurrence needs to be bal-
anced with the risk of bleeding and patient’s 
choice while deciding the duration of anticoagu-
lation (Fig. 21.4). Thrombophilia status is at best 
a moderate indicator for risk of recurrence [4]. 
However, it does enable the patient and the treat-
ing physician to decide further anticoagulation 
when the other factors are indeterminate. For 
example, positive thrombophilia status in a DVT 
patient following minor provoking factors like 
oral contraceptive (OC), minor surgery, and 
short-duration immobilisation may tilt the bal-
ance in favour of extended anticoagulation. 
Thrombophilia testing and its impact in various 
scenarios are described in detail in subsequent 
sections.

Provoked
thrombosis

High risk of bleeding

Patient desire to stop

Positive
thrombophilia

Persistence ofprovoking factor eg:
Cancer

Unprovoked DVTezpecially in males

Stop Anticoagulation Indefinite anticoagulation

Fig. 21.4 The decision 
regarding the duration of 
anticoagulation includes 
multiple factors. Scoring 
models that help the 
decision are described in 
the text
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Extended anticoagulation—Once decided, 
vitamin K antagonist is usually the most com-
monly used agent for extended anticoagulation. 
Cost, ease of availability, easy monitoring, and 
vast experience with them make VKA the obvi-
ous choice. However, newer oral anticoagulants 
with a better safety profile, though expensive, are 
now available.

Newer anticoagulants—Apart from hepa-
rin, LMWH and VKA, many newer therapeutic 
options, termed as Direct Oral Anticoagulants 
(DOAC), are now available. All of them have 
been approved for the treatment of DVT/PE, 
for extended anticoagulation in DVT/PE, for 
VTE prophylaxis in non-valvular atrial fibrilla-
tion and in patients undergoing surgery, espe-
cially hip/knee replacement. They have not yet 
been approved for cancer-related or pregnancy-
related VTE [12]. All of them have predictable 
dose- responses, limited drug interactions and 
food interactions. They have emerged as very 
good alternatives for VKA for patients with 
significant drug interactions [54]. Also, they do 
not need routine monitoring in all patients due 
to predictable dose-response. However, cost 
factor and lack of easy monitoring assays for 
high-risk patients impede their routine use in 
all patients.

Dabigatran—It is an orally acting direct 
thrombin inhibitor. It has been approved for 
stroke prevention in atrial fibrillation patients.

Oral factor Xa inhibitors—These include riva-
roxaban, apixaban and edoxaban. They too have 
renal clearance, and hence, dose modification in 
renal failure is necessary.

Indications for thrombophilia testing—
Several studies have been conducted to scrutinise 
the practise of thrombophilia testing. It is a popu-
lar saying ‘do not perform a test whose result you 
do not want to know’. In short, any investigation 
should be performed only if it will alter the man-
agement of the patient. The perceived role of 
thrombophilia testing is to guide the long-term 
management of the patient and family counsel-
ling of the asymptomatic family members. High 
cost for testing and anxiety of a positive result are 
other factors to be considered before testing for 
thrombophilia.

Various authorities [55, 56] have published 
recently updated guidelines. Despite minor dif-
ferences, the important principles of these guide-
lines in context to various scenarios can be 
summarised:

 1. Provoked VTE—The risk of recurrence after 
provoked VTE is similar between 
thrombophilia- positive and -negative patients. 
A positive thrombophilia workup does not 
form an indication for extended duration anti-
coagulation. Hence, it is not advised to test 
after provoked VTE [4].

 2. Unprovoked DVT—Unprovoked DVT itself 
is a risk factor for recurrence and warrants 
extended duration anticoagulation irrespec-
tive of thrombophilia status. Thus, thrombo-
philia testing should be done only in those 
patients of unprovoked DVT who are desirous 
of stopping the anticoagulant.

 3. Primary prevention in relatives of VTE 
patients—There is an increased risk of VTE in 
first-degree relatives, even in thrombophilia- 
negative patients, and the relatives may be 
counselled to use prophylaxis during high- risk 
situation like surgery, prolonged immobilisa-
tion, etc. Hence, routine testing for thrombo-
philia of the asymptomatic family members of 
VTE patients is not recommended.

 4. Arterial thrombosis—Inherited thrombophilia, 
except APS and factor V Leiden, have no or 
minimal risk for arterial thrombosis and hence 
should not be tested for cases of stroke, myocar-
dial infarction or peripheral arterial thrombosis.

 5. Oestrogen use/pregnancy—Thrombophilia 
positivity synergistically increases the risk for 
VTE in women using OC pills or those who 
are pregnant. Negative testing may falsely 
reassure the patients. It is not cost-effective to 
screen all women for thrombophilia who are 
contemplating OC pill use. Hence, it is not 
usually recommended to test for inherited 
thrombophilia in this group of patients unless 
it will alter the decision to use OC pills [57].

To summarise, testing for thrombophilia is an 
extensive and costly process and testing is help-
ful in following scenarios:
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 (a) Unprovoked VTE patients who are contem-
plating discontinuation of anticoagulation.

 (b) VTE provoked by minor risk factors like 
minor surgery or short duration air travel, 
etc. It may help in better risk assessment and 
a ‘strong’ thrombophilia might be a basis for 
long-term anticoagulation.

 (c) Obstetric complications like recurrent preg-
nancy loss. Guidelines vary for this scenario, 
but at least APS testing is usually recom-
mended if not other thrombophilia testing [6].

 (d) Arterial thrombosis in the young. Focus 
should be more on APS and factor V Leiden.

 (e) Unusual site (e.g. abdominal) thrombosis. 
However, in these cases, investigations 
should be more focussed on acquired causes 
like PNH and myeloproliferative neoplasm.

 (f) Patient choice—Some patients may want to 
find the reason for the unprovoked VTE epi-
sode. Detailed counselling regarding the tests 
must be done before commencing testing.

21.15  Precautions While Testing

Various pre-analytical and analytical factors 
affect the thrombophilia testing. Certain precau-
tions are recommended to be followed to ensure 
reliable results.

 1. History of anticoagulation—Clot-based 
assays like LA and APC-R will be affected by 
anticoagulant therapy. Also, both protein C 
and protein S are vitamin K-dependent pro-
teins. Hence, their levels will be low in 
patients on warfarin. Heparin, on the other 
hand, affects only AT level testing in addition 
to clot-based assays [5]. On the other hand, 
certain assay like aCL antibody, beta2 micro-
globulin and the genetic assays will not be 
affected by anticoagulant therapy. Hence, a 
detailed history of anticoagulant therapy is 
mandatory before performing the assays. A 
gap of at least 2 weeks after stopping warfarin 
is necessary before considering for the above- 
mentioned tests. For direct oral anticoagu-
lants, the recommended gap is at least five 
half-lives (minimum 3 days) [7].

 2. <<Interval after acute thrombosis—Many 
thrombophilia tests like protein C, protein S, 
LA, AT may yield erroneous results if tested 
at the time of presentation because of acute 
thrombosis, inflammation, pregnancy. Hence, 
it is advisable to test these after the acute 
thrombotic event is treated adequately [7].

 3. Other confounding factors—Other factors 
like liver disease, pregnancy, oestrogen ther-
apy may cause alteration in test results.

Salient Points
 1. Thrombophilia-inherited or acquired is one of 

the factors that increases the risk for venous 
and arterial thrombosis

 2. Provoking factor for the thrombosis should be 
carefully sought.

 3. Duration of anticoagulation depends on the 
balance between risk of recurrence and risk 
for bleeding

 4. Thrombophilia status affects the long term 
management and testing should be done in 
cases where the management decision is altered

 5. Factors like anticoagulant therapy, acute 
inflammation and others may affect the test 
results

 6. Patient counselling regarding the implications 
of positive as well as negative thrombophilia 
testing is necessary

 7. Thrombophilia includes various entities that 
are tested using a battery of investigations 
using genetic, antigenic (ELISA) and func-
tional assays
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22.1  Introduction

Worldwide, millions of patients are put on short- 
term and long-term anticoagulant therapy for 
several thrombotic indications. The critical bal-
ance of the inherent risk of bleeding and the anti-
coagulant effect of these drugs needs to be 
maintained. There is an increasing use of new 
oral anticoagulants apart from the conventional 
agents such as heparin and vitamin K antago-
nists, and it is imperative to know the appropriate 
assay(s) that are used for each drug monitoring. 
Hence, both clinical and laboratory personnel 
should be aware of assays to monitor different 
anticoagulant therapy and various physiological 
as well as laboratory variables affecting these 
results.

The conventional agents include heparins 
(unfractionated heparin, low molecular weight 
heparin) and vitamin K antagonists (VKAs). 
Dabigatran (Pradaxa), rivaroxaban (Xarelto), 
apixaban (Eliquis), and edoxaban (Savaysa and 
Lixiana) are direct acting oral anticoagulants 
(DOACs) that have been approved for the preven-
tion of stroke or systemic embolic events (SEE) 
in patients with non-valvular atrial fibrillation 
(NVAF) and for the treatment of VTE [1, 2]. 
DOACs act by inhibiting either factor Xa (rivar-
oxaban, apixaban, and edoxaban) or thrombin 

(dabigatran). In comparison with warfarin, the 
advantages of DOACs include the much faster 
onset of action, simpler dosing, reduced monitor-
ing requirements, reduced food and drug interac-
tions, and a decreased risk of bleeding [2].

We will discuss the laboratory monitoring of 
each group of anticoagulants.

22.2  Heparins

22.2.1  Structure and Anticoagulant 
Activity

Unfractionated heparin (UFH) and low molecu-
lar weight heparin (LMWH) are negatively 
charged compounds which contain the mixture 
of glycosaminoglycans. Fondaparinux is a syn-
thetic compound which is similar to the active 
site of heparin. The mechanism underlying the 
anticoagulant effect of these drugs is the poten-
tiation of antithrombin (AT) activity. Heparins 
greatly enhance the AT-mediated inhibition of 
factor II, X, IX, XI, and XII, thus inhibiting the 
clot formation.

For this anticoagulant property, a specific pen-
tasaccharide sequence is required for binding to 
antithrombin and potentiating its effect. This 
pentasaccharide sequence is present in all hepa-
rins. UFH and low molecular weight heparins 
(LMWH and fondaparinux) vary considerably in 
their molecular size. This variation in size is 
mainly due to the long side chain of alternating 
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uronic acid and glucosamine. The molecular 
weight of UFH ranges from 5000 to 35,000 Da 
while that of LMWH ranges from 3000 to 
5000 Da [3].

This variation in size will determine both the 
anticoagulant property and pharmacokinetics 
(Fig.  22.1). Heparins with molecular weight 
more than 5000 Da (UFH) will have an increased 
tendency to bind thrombin and bring it close to 
the antithrombin, thus potentiating its inhibition. 
UFH accounts for anti-Xa activity to anti-IIa 
activity ratio of 1:1. Whereas for all LMWHs 
(molecular weight less than 5000 Da), the anti-
 Xa activity exceeds anti-IIa activity with a ratio 
ranging from 1.6: 1 to 4.2:1 [4].

22.2.2  Pharmacokinetics

Larger molecules (UFH) have unpredictable phar-
macokinetic as they bind to several acute phase 
proteins and are rapidly cleared by a saturable cel-
lular mechanism. UFH in therapeutic doses pro-
duces variable drug levels leading to wavering 
degree of anticoagulation. Thus, it requires close 
monitoring to prevent any bleeding or subthera-
peutic effect. Smaller molecules, i.e., LMWH and 
fondaparinux, bind very less with the plasma pro-
teins and are cleared by a predictable non-satura-
ble renal route. Hence, LMWH and fondaparinux 
do not require monitoring except for some special 
situations. The dose–response relationship of 
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LMWH is quite predictable and can be given on 
the basis of “units per kg.” Treatment should be 
monitored when the pharmacokinetics is expected 
to be altered as in renal failure, pregnancy, and 
extremes of weight.

22.2.2.1  UFH Monitoring
Before starting UFH, certain baseline informa-
tion must be looked for which include thorough 
history suggestive of any bleeding disorder 
including the family history, history of any recent 
surgery or trauma, complete blood count (CBC) 
to note baseline hemoglobin and platelet count, 
baseline coagulation tests including PT and 
APTT to look for any coagulopathy or any inhib-
itors like lupus anticoagulants which could later 
interfere with heparin monitoring, and liver func-
tion tests to know the baseline transaminase lev-
els. Renal function tests are not required for 
heparin dosing but it is always good to know the 
baseline levels.

Therapeutic UFH is given by a starting bolus 
dose followed by continuous intravenous infusion 
or as a continuous infusion without a bolus. This 
will depend on the rapidity with which anticoagu-
lant effect is needed or if there is an underlying 
risk of bleeding. At this dose, UFH requires moni-
toring which should be a combination of clinical 
assessment and laboratory testing. For laboratory 
monitoring, blood samples should be taken every 
4–6 h after starting heparin till a therapeutic range 
is achieved on two occasions, and then it must be 
repeated at least once a day. The sample should be 
drawn 6 h after every dose change.

22.2.3  Methods

Tests that can be used to monitor UFH are whole 
blood clotting time, APTT, TT, protamine neu-
tralization test, and anti-Xa assay. They have lit-
tle or no effect on PT.

Whole blood clotting time and protamine neu-
tralization tests are time-consuming tests and not 
used in routine laboratories.

APTT and anti-Xa assay are routinely used for 
heparin monitoring. There is no strong evidence 
to suggest the superiority of one over the other 

[5]. Each of these tests comes with its own advan-
tages and disadvantages (Table 22.1). The choice 
also depends on the cost of the test and familiar-
ity with the result. An important disadvantage 
common to both tests is the unavailability of stan-
dards to normalize APTT or anti-Xa values.

22.2.4  APTT-Based Heparin 
Monitoring

APTT has been the most commonly used test for 
heparin monitoring. It is a cost-effective and 
most familiar method. However, it has a few 
shortcomings which need to be considered 
beforehand. First of all, different APTT reagents 
have different sensitivity to different heparins. To 
determine this, normal platelet-poor pooled 
plasma is spiked with different concentrations of 
a particular brand of heparin. APTT is plotted 
against heparin concentrations on a linear-linear 
graph. A combination which gives a linear rela-
tion of APTT and heparin concentration in thera-
peutic range is selected. Heparin ratio denotes a 
ratio of APTT of plasma with added heparin to 
that without heparin (APTT of heparinized 
plasma/APTT of plasma without heparin).

Traditionally, APTT ranging from 1.5 to 2.5 
times the mean of reference range covers the 
therapeutic range for most of the sensitive 
reagents. However, studies have shown this to be 
an underestimation of the amount of heparin 
required [6]. Hence, it is important to design a 

Table 22.1 Advantages and disadvantages of APTT- and 
anti-Xa assay-based heparin monitoring

Test Advantages Disadvantages
APTT •  Easily 

available
• Simple
• Cost- effective

•  Many variables affect 
baseline APTT

•  It is not sensitive to 
doses less than 0.2 IU/
mL

•   Not all APTT reagents 
are heparin sensitive

•  Not sensitive to 
LMWH

Anti-Xa 
assay

• Expensive
•  Not easily 

available

•  Sensitive to all 
concentrations of 
heparin and LMWH
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heparin response curve. There are two methods to 
determine a heparin response curve.

 1. In vitro heparin response curve [6]:
 (a) Platelet-poor pooled normal plasma is pre-

pared from normal healthy individuals 
which is spiked with known concentrations 
of heparin of a particular brand and lot.

 (b) APTT is performed using the sensitive 
reagent for each plasma which has 
been spiked with different heparin 
concentrations.

 (c) These APTT values are plotted on a  
linear-linear graph on Y-axis against the 
known heparin concentrations on the 
X-axis.

 (d) The APTT range which corresponds to 
the heparin therapeutic range (0.2–0.4 U/
mL) will be the APTT therapeutic range.

 2. Ex vivo heparin response curve [6]:
  In this method, patient sample fully anticoagu-

lated with UFH is collected, and APTT is per-
formed for each patient. Heparin activity on 
these samples is established by using the anti-
 Xa assay. A graph is then plotted with APTT 
and heparin concentrations, and the APTT 
range which corresponds to the therapeutic 
range is selected.

The advantage of an in vitro test is that it is 
easier to perform when compared to ex vivo test. 
However, the disadvantage is that it does not truly 
represent the heparin activity in patients who 
must be having an underlying inflammation and 
acute phase changes.

The second disadvantage of APTT-based 
monitoring is that it is affected by several pre- 
analytical variables like factor deficiency, liver 
diseases, DIC, the presence of fibrin degradation 
products, lupus anticoagulants, or raised factor 
VIII concentration during acute phase response.

Situations with prolonged baseline APTT 
should be investigated prior to starting anticoagu-
lant therapy. If this is not possible, then reliable 
monitoring by APTT is questionable and should 
be determined on a case-by-case basis. If the 
APTT prolongation is due to lupus anticoagulant, 
then it is advisable to use a reagent not sensitive 
to lupus which should be calibrated.

22.2.5  Anti-Xa Assay for Heparin

Principle: Anti-Xa activity of antithrombin is 
enhanced by heparin. Residual factor Xa level is 
measured to establish the heparin activity. An 
advantage of anti-Xa is less susceptible to pre- 
analytical variables [7].

Method: Clotting-based or chromogenic- 
based measurement of residual factor Xa is done. 
A standard curve is made using normal pooled 
plasma (source of antithrombin) added with hep-
arin of different concentrations. CaCl2 and a 
known amount of factor Xa are added. After 
incubation, factor X-deficient plasma along with 
platelet substitute is added, and the clotting time 
is observed. Patient plasma is tested undiluted 
and plotted on the standard curve to get the hepa-
rin concentration.

22.2.5.1  LMWH and Fondaparinux 
Monitoring

As discussed earlier, these heparins will require 
monitoring only in special situations.

These agents prolong APTT in an unpredict-
able manner which will depend on the sensitivity 
of the reagents and on the drug dose being admin-
istered to the patient. Hence, APTT is not used to 
monitor these drugs.

LMWH and fondaparinux are monitored by 
anti-Xa assay described above. The appropriate 
standard curve must be made for each. Unlike 
UFH, different standard curves are not needed for 
different LMWHs. The blood sample should be 
drawn 4 and 3 h after the subcutaneous injection 
of LMWH and fondaparinux, respectively [8].

22.3  Guideline 
for the Management 
of Bleeding in a Patient 
on UFH

 1. Stop UFH infusion.
 2. General hemostatic measures are often suffi-

cient to stop or prevent bleeding.
 3. Protamine sulfate (1  mg per 80–100  units 

UFH) will fully reverse UFH but should be 
given slower than 5 mg/min to minimize the 
risk of adverse reactions.
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 4. The maximum recommended dose of 50 mg 
protamine is sufficient to reverse UHF in most 
settings [9].

22.4  Vitamin K Antagonists

Despite a plethora of newer anticoagulants now 
available, warfarin still remains the most widely 
used oral anticoagulant in the world. In 1940, 
Karl Link and his student Harold Campbell 
in  Wisconsin identified the anticoagu-
lant in sweet clover as 3,3′-methylene-bis 
(4- hydroxycoumarin) which was oxidized to its 
active agent called dicoumarol [7]. Further work 
by Link led to the synthesis of warfarin in 1948, 
which was approved for human use in 1954. The 
name warfarin is derived from WARF (Wisconsin 
Alumni Research Foundation) and -arin from 
coumarin.

22.4.1  Mechanism of Action

Warfarin acts as a water-soluble vitamin K antag-
onist which interferes with the synthesis of the 
vitamin K-dependent clotting factors including 
prothrombin (factor II) and factors VII, IX, and 
X. It also inhibits the synthesis of anticoagulant 
proteins C and S.

Vitamin K-dependent factors are functionally 
active after the addition of a carboxyl group to 
generate γ-carboxy glutamic acid which is cata-
lyzed by a vitamin K-dependent enzyme known 
as gamma-glutamyl carboxylase. This facilitates 
the calcium-dependent binding of these factors to 
the negatively charged phospholipid surfaces. 
Vitamin K hydroquinone is a cofactor for gamma- 
carboxylase, and during this process, vitamin K 
hydroquinone is oxidized to vitamin K epoxide. 
The oxidized form of vitamin K is then converted 
back to the reduced hydroquinone form by vita-
min K epoxide reductase which is required for a 
constant supply of the cofactor for gamma car-
boxylation [10].

Warfarin inhibits the C1 subunit of the vita-
min K epoxide reductase (VKORC1) enzyme 
complex, thus blocking the conversion of vita-
min K to its active reduced form, thereby inter-

fering with the process of gamma-carboxylation 
(Fig. 22.2). This, in turn, results in the produc-
tion of partially carboxylated clotting fac-
tors which have reduced or absent biological 
activity [8].

The onset of action of warfarin is delayed until 
the newly synthesized clotting factors with 
reduced activity gradually replace their fully 
active counterparts. During this time, warfarin 
treatment requires supplementation with con-
comitant administration of rapidly acting paren-
teral anticoagulants to cover for the delayed onset 
of warfarin anticoagulation.

22.4.2  Pharmacokinetics

Warfarin is a racemic mixture of R- and 
S-isomers, latter being 2–5  times more active 
than the former. It is rapidly and almost com-
pletely absorbed from the gastrointestinal tract 
with peak levels attained approximately 90 min 
after administration. More than 97% of circulat-
ing warfarin is bound to albumin. However, only 
the unbound fraction of warfarin is biologically 
active [11].

Warfarin is accumulated in the liver where it is 
extensively metabolized by the cytochrome P450 
system. The R and S enantiomers follow different 
metabolic pathways. The more potent S isomer is 
metabolized by CYP2C9 which has two common 
variants, CYP2C9*2 and CYP2C9*3. Minimally 
active metabolites are excreted in urine and a 
small amount in bile. The effective half-life of 
racemic warfarin is 36–42 h.

22.4.3  Monitoring of Warfarin

The anticoagulant effect of warfarin is influ-
enced by a large number of factors affecting 
both pharmacodynamics and pharmacokinetics. 
Fluctuations in dietary vitamin K intake, diar-
rhea, and malnutrition may have a significant 
effect on the anticoagulant response of warfarin. 
A wide variety of drugs can alter absorption, 
clearance, or metabolism of warfarin. Various 
disease states like hepatic and renal dysfunction, 
heart failure, and thyroid disorders may alter the 
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bioavailability of warfarin. In addition to this, 
various polymorphisms in the target enzyme 
VKORC1 may lead to altered in vivo response to 
warfarin. Furthermore, genomic variants of 
CYP2C9 (*2 and *3 alleles) with reduced meta-
bolic activity may potentiate the anticoagulant 
effects of warfarin, thus necessitating a decrease 
in dosage. However, to date, the guidelines do not 
recommend the use of routine pharmacogenomic 
testing to guide warfarin therapy.

All these factors lead to a marked variation in 
the individual response to warfarin therapy and 
thus warrant vigilant monitoring and tailored 
treatment based on a comprehensive patient 
review.

Warfarin therapy is most often monitored using 
the Prothrombin Time (PT), a test which reflects 
the reductions in the levels of prothrombin, factor 

VII, and factor X. Thromboplastins vary in their 
sensitivity to reductions in the levels of the vita-
min K-dependent clotting factors [12]. The inter-
national normalized ratio (INR) was developed to 
circumvent these problems associated with the 
PT test. To calculate the INR, the patient’s pro-
thrombin time is divided by the geometric mean 
normal prothrombin time (GMNPT), and this 
ratio is then multiplied by the international sensi-
tivity index (ISI).

INR = [PT of patient/GMNPT]ISI

ISI is a measure of the sensitivity of test 
thromboplastin when compared to the reference 
thromboplastin. Highly sensitive thromboplas-
tins have an ISI of 1.0. Most current thrombo-
plastins have ISI values that range from 1.0 to 
1.4. Therapeutic INR for most indications is tar-
geted between 2 and 3 [8].

Non-Functional
prozymogens Functional zymogens

g-glutamyl
carboxylase

Reduced
Vitamin K

Oxidized
Vitamin K

Vitamin K
reductase

NAD NADH

CPYs-1A1, 1A2, 3A4 CYP2C9
R-WARFARIN

WARFARIN6-OH, 8-OH and 10-OH warfarin 7-OH warfarin

S-WARFARIN

Fig. 22.2 Mechanism of action of warfarin
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22.5  Point of Care Testing (POC)

Efforts are being made to develop POC testing 
devices which can help patients to monitor 
their anticoagulant therapy at home only. 
However, proper training should be given to 
these patients regarding the working and qual-
ity control of these devices. They should be 
well informed to visit a hospital if they notice 
a major variation in INR and regarding war-
farin dose changes. An INR of more than 
4.0 must be confirmed by a standard labo-
ratory [13].

22.6  Guideline 
for the Management 
of Bleeding in a Patient 
on Warfarin [9, 14]

The approach to a patient with warfarin- 
associated coagulopathy depends on the degree 
of INR elevation, the presence of clinically 
significant bleeding (Table 22.2).

22.7  Direct Acting Oral 
Anticoagulants (DOAC)

The DOACs include direct thrombin inhibitor 
(dabigatran) and factor Xa inhibitors (rivaroxa-
ban, apixaban, and edoxaban). DOACs have 
favorable pharmacokinetic and pharmacody-
namic properties and have been shown to have an 
equal or superior efficacy with an improved 
safety profile compared with warfarin 
(Table 22.3) [2, 15]. DOACs have shorter half- 
lives and require stricter adherence. Other short-
comings with DOACs are the lack of standardized 
laboratory monitoring and lack of reversal agents. 
Monitoring of DOACs can be done by qualitative 
and quantitative tests.

DOACs do not require routine laboratory 
monitoring for dose adjustments. But there are 
many situations when assessment of a DOAC 
effect is desirable such as emergency situations 
(i.e., trauma), urgent surgery, major bleeding, 
attempted suicide, acute thrombosis, renal fail-
ure, liver failure, and potential drug–drug inter-
actions [1]. Many authors have suggested that 
young and healthy patients do not require regu-
lar monitoring, whereas patients who are 
75 years of age and older would require moni-
toring [16]. There are no evidence-based rec-
ommendations for drug concentration 
measurements, coagulation tests, assay stan-
dardization/calibration, or target therapeutic 
ranges for DOACs [1, 17].

Qualitative assessment of DOACs can be 
done by routinely available coagulation assays 
such as activated partial thromboplastin time, 
prothrombin time, and thrombin time. The quan-
titative assessment of DOACs can be done by 
plasma drug concentrations, ecarin clotting time, 
dilute thrombin time, and anti-factor Xa concen-
trations. Serum creatinine, liver function tests, 
and complete blood counts are also important in 
 monitoring patients on DOACs. Routine assess-
ment of adherence, bleeding risks, and drug 
interactions should be done in every clinical 
visit. The frequency of monitoring depends on 

Table 22.2 Management of warfarin-associated bleed-
ing [14]

INR Bleeding Recommended action
3–6 
(Target 
INR 2.5)
4–6 
(Target 
INR 3.5)

Absent Reduce warfarin dose 
or stop
Restart warfarin when 
INR <5

>6–8 Absent/minor 
bleeding

Stop warfarin and 
restart when INR <5

>8 Absent/minor 
bleeding

Stop warfarin and 
restart when INR <5
If other risk factors 
for bleeding present, 
give oral/IV vitamin 
K (0.5–2.5 mg)

Major 
bleeding

Intracranial, 
gastrointestinal

Stop warfarin
Give PCC 25–50 U/kg 
or FFP 15 mL/kg if 
PCC not available
Give 5 mg of vitamin 
K (oral/IV)
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patient-specific characteristics such as age, renal 
impairment, hepatic impairment, and concomi-
tant drug therapy [1, 15].

22.8  Laboratory Monitoring

So far there are no studies that have suggested 
if drug concentration measurement or dose 
adjustment based on coagulation parameters 
affects clinical outcomes during chronic 
therapy.

APTT, PT, and TT are widely available tests 
with rapid turnaround times. But they have poor 
sensitivity and specificity and lack optimal dose–
response relationships for monitoring DOACs. 
Other tests like plasma drug concentrations, eca-
rin clotting time (ECT), dilute thrombin time 
(dTT), and anti-FXa concentration test require 
specialized laboratories and are not widely avail-
able. ECT, dTT, and anti-FXa concentrations 
have potential utility as quantitative tests to mea-
sure DOAC intensity [15].

Other quantitative measures of DOACs such 
as dilute PT, HepTest, and prothrombinase- 
induced clotting time (PiCT) are not widely 
available [15].

22.9  Direct Thrombin Inhibitors

22.9.1  Activated Partial 
Thromboplastin Time (aPTT)

Many studies have evaluated the aPTT and dabi-
gatran etexilate levels simultaneously. The aPTT 
is somewhat more sensitive to dabigatran com-
pared with PT. aPTT is often prolonged in these 
patients. However, the degree of prolongation 
correlates poorly with drug concentrations. 
Although an aPTT range of 46–54  s has been 
shown to correspond to a therapeutic dabigatran 
concentration of 90–180 ng/mL, it is insensitive 
at supratherapeutic concentrations of dabigatran 
and hence may underestimate high concentra-
tions. The sensitivity of different aPTT assays 

Table 22.3 Properties of DOACs [1, 15]

Dabigatran Rivaroxaban Apixaban Edoxaban
FDA-approved 
indication

Reduction of stroke and 
SEE risk for patients with 
NVAF
Treatment of DVT and PE 
following 5–10 days of 
parenteral anticoagulant
Reduction of recurrence 
risk for DVT and PE

Reduction of stroke and SEE risk 
for patients with NVAF
Treatment of DVT and PE and 
reduction of recurrence risk for 
DVT and PE
Prophylaxis of DVT in patients 
undergoing knee or hip replacement 
surgery

Reduction of stroke and 
SEE risk for patients with 
NVAF
Treatment of DVT and PE 
following 5–10 days of 
parenteral anticoagulant

Time to Cmax 
(h)

1–2 2–4 3–4 1–2

Half-life (h) 12–17 5–13 12 10–14
Renal 
elimination

80% of the absorbed dose 66% of the oral dose 27% of the 
absorbed 
dose

50% of the absorbed dose

Transporters P-gp P-gp/BCRP P-gp/BCRP P-gp
CYP450 
metabolism

No Yes Yes Minimal

Bioavailability 
(%)

3–7 ≥80 50 62

Potential drug 
interactions

Potent P-gp inhibitors and 
P-gp/CYP3A4 dual 
inducer rifampin

Potent dual CYP3A4and P-gp 
inhibitors or inducers

Potent P-gp inhibitors and 
P-gp/CYP3A4 dual 
inducer rifampin

NVAF non-valvular atrial fibrillation, BCRP breast cancer resistance protein, max maximum observed plasma concen-
tration, CYP3A4 cytochrome P450 3A4 enzyme, DVT deep-vein thrombosis, P-gp P-glycoprotein, PE pulmonary 
embolism, SEE systemic embolic event, VTE venous thromboembolism
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varies with reagents used, and hence, checking 
the sensitivity of aPTT to dabigatran at each 
institution is recommended. A normal aPTT does 
not exclude clinically relevant dabigatran activity 
[1, 15, 17].

22.9.2  Chromogenic Anti-FXa Assay

In this assay, factor Xa is added to plasma contain-
ing a factor Xa substrate that is tagged with a chro-
mophore. When FXa cleaves the chromophore, a 
color change occurs that is proportional to the con-
centration of FXa present in the assay. The assay 
must be calibrated for a specific anticoagulant. 
While the chromogenic anti-FXa assay is com-
monly available, a calibrated assay for the indi-
vidual DOACs is not widely available. Dabigatran 
has no effect on the anti-FXa assay [1, 15].

22.9.3  Thrombin Time

TT is overly sensitive, and at even subtherapeutic 
concentrations, dabigatran prolongs TT. TT is not 
suited for quantitative assessment. A normal TT 
excludes even low concentrations of dabigatran 
[1, 15].

22.9.4  Dilute Thrombin Time (dTT)

Various assays are available, including Hemoclot 
thrombin inhibitor assay, Technoview, and 
Hemosil.

Dabigatran prolongs the dTT in a linear dose 
relationship in therapeutic concentrations and 
hence is suitable for quantitative assessment of 
dabigatran. A normal dTT indicates no clinically 
relevant anticoagulation [1, 15, 17].

22.9.5  Ecarin Clotting Time (ECT)

The ECT directly measures thrombin generation. 
Coagulation is initiated with ecarin, which 
cleaves prothrombin to an active intermediate 
meizothrombin which is inhibited by dabigatran.

ECT has a concentration-dependent, linear 
response in dabigatran-treated patients. It is a 
useful test for quantitative assessment of antico-
agulant activity from dabigatran. An ECT near 
baseline indicates no clinically relevant dabiga-
tran effect [1, 15, 17].

22.9.6  Prothrombin Time/
International Normalized 
Ratio

The INR system is not recommended for assess-
ing DOACs because the International Sensitivity 
Index (ISI) was developed specifically for vitamin 
K antagonists. Although dabigatran prolongs PT, 
it has poor sensitivity. Hence, PT/INR is not suit-
able for quantitative assessment. Supratherapeutic 
concentrations of dabigatran have more pro-
nounced effects on PT [1, 15, 17].

22.9.7  Prothrombinase-Induced 
Clotting Time (PiCT)

The assay is composed of FXa, phospholipids, 
and an enzyme that activates FV on the addition 
of plasma to the assay. Although a concentration- 
dependent relationship has been demonstrated 
with PiCT and dabigatran, it lacks sensitivity 
[1, 15].

22.10  FXa Inhibitors

22.10.1  Activated Partial 
Thromboplastin Time 
(aPTT)

FXa inhibitors prolong aPTT to a variable degree 
but show poor correlation with drug concentra-
tions. At therapeutic doses, all three FXa 
 inhibitors cause a small prolongation of aPTT 
with a high degree of variability. aPTT assay sen-
sitivity varies with reagents used and has wider 
interlaboratory variability.

The aPTT should not be used for qualitative or 
quantitative assessment of FXa inhibitors [1, 15].
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22.10.2  Chromogenic Anti-FXa 
Assay

The calibrated anti-FXa assays for the anticoagu-
lant effects of rivaroxaban, edoxaban, and apixa-
ban is precise, sensitive, and accurate. These 
assays have the best correlation with plasma drug 
concentrations. It is now the preferred method for 
quantitative assessment of anticoagulant activity 
when calibrated to rivaroxaban, apixaban, and 
edoxaban [1, 15, 17].

22.10.3  Dilute Thrombin Time (dTT)

No effect is expected on dTT from FXa 
inhibitors.

22.10.4  Ecarin Clotting Time (ECT)

FXa inhibitors have no effect on ECT.

22.10.5  Prothrombin Time/
International Normalized 
Ratio

The effect on PT varies with the drug used. In gen-
eral, all FXa inhibitors can result in normal/pro-
longed PT at therapeutic concentrations. At 
therapeutic doses, rivaroxaban has a relatively weak 
effect on PT and has a more pronounced effect on 
PT at supratherapeutic concentrations [15].

The effects of apixaban and edoxaban on PT 
have a high degree of variability at therapeutic 
concentrations. The PT/INR is not recommended 
for use with FXa inhibitors.

22.10.6  Prothrombinase- Induced 
Clotting Time (PiCT)

Although concentration-dependent relationship 
and a sensitive response have been shown with 
PiCT and rivaroxaban, paradoxically low doses 
of rivaroxaban have been shown to shorten 
PiCT.  Apixaban and edoxaban have not been 
studied with PiCT [15].

22.10.7  Thrombin Time (TT)

FXa inhibitors have been shown to have no effect 
on TT.

22.10.8  Plasma Drug 
Concentrations

Plasma concentrations can be measured for 
all four DOACs (dabigatran, apixaban, 
 edoxaban, and rivaroxaban). The liquid 
chromatography- tandem mass spectrometry is 
the most accurate way of measuring plasma 
concentrations [18].

22.11  Clinical Monitoring

Surrogate qualitative testing methods such as 
renal function, liver function, and hemoglobin/
hematocrit are also used in the monitoring of 
DOACs. It is recommended to monitor renal and 
liver function at baseline and every 6–12 months 
or more frequently depending on age and other 
comorbidities in a particular individual [1, 15] 
(Fig. 22.3) (Table 22.4).
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Intrinsic pathway

Factor XII, XI, IX
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Factor VII, Tissue factor
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Dabigatran
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Thrombin
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Prothrombin

Rivaroxaban,
apixaban

Fig. 22.3 Coagulation cascade with targets of anticoagulants

Table 22.4 Summary of Laboratory Coagulation Monitoring assays for DOACs [1, 15, 17]

Assay
Direct thrombin inhibitors (dabigatran)

Factor Xa inhibitors (apixaban, edoxaban, 
rivaroxaban)

Sensitivity Utility Sensitivity Utility
APTT Low Qualitative assessment, 

availability support use
Low Not useful

Chromogenic 
anti-factor Xa 
assay

N/A N/A High Quantitative assessment if 
calibrated to specific 
anticoagulant

Dilute thrombin 
time (dTT)

Sensitive Quantitative assessment N/A N/A

Ecarin clotting 
time (ECT)

Sensitive Quantitative assessment N/A N/A

Prothrombin time 
(PT)

Low Therapeutic doses—no utility. 
Qualitative in supratherapeutic 
doses

N/A Qualitative assessment if 
calibrated reagents

Plasma drug 
concentration

Sensitive Quantitative assessment Sensitive Quantitative assessment

Thrombin time Sensitive Qualitative assessment only N/A N/A

N/A not applicable
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22.12  Conclusion

Even in the era of newer anticoagulants, the 
majority of patients are managed by conventional 
anticoagulants like heparin and warfarin. This is 
not only because of the familiarity with the drugs 
but also because the laboratory tests to monitor 
these agents are more established and well stan-
dardized. Clinical studies have demonstrated that 
DOACs are at least as effective as warfarin for 
the prevention of NVAF-related stroke, the treat-
ment of acute VTE, and the prevention of recur-
rent VTE and are associated with similar or 
decreased risks of bleeding. Bleeding is a con-
cern for all anticoagulants, and the lack of spe-
cific laboratory measurements and reversal 
agents poses additional challenges to its manage-
ment in patients using DOACs. Overall, DOACs 
represent effective, safe, and likely cost-effective 
alternatives to warfarin.
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Inhibitors in Coagulation

Prashant Sharma

23.1  Introduction

Inhibitors in coagulation are acquired antibodies 
that act by either neutralizing or inhibiting the 
activity of specific clotting factors or, alterna-
tively, enhancing their degradation and clearance 
[1]. Clinically, these occur in two pathogeneti-
cally distinct scenarios. The first is when these 
antibodies occur idiopathically, or in association 
with other disorders like malignancies, preg-
nancy, drug exposures, or systemic autoimmune 
disorders. Such autoantibodies (“auto” since they 
are directed against the affected individual’s own 
antigens) usually result in a bleeding diathesis as 
their most common clinical manifestation. 
Antiphospholipid antibodies (APLA) are a spe-
cial subset of this group, since their unique prop-
erties cause thromboses more often than abnormal 
bleeding [2].

The second major group of inhibitors develop 
in patients who have inherited deficiencies of 
various coagulation factors like hemophilia A 
and B. They usually develop when these patients 
are exposed to exogenous factors as replacement 
therapy. These are alloantibodies (the modern 
preferred term is isoantibodies), i.e., they are tar-
geted against an antigen of another individual of 
the same species. They bind to and neutralize the 

specific deficient factor and often worsen the 
bleeding phenotype in these patients, posing 
challenges in clinical management [3].

As opposed to the above two “pathological” 
conditions, a third group of inhibitors in coagula-
tion are the natural anticoagulants—proteins C 
and S, and antithrombin, whose deficiencies 
either cause or modify several disorders that 
result in a prothrombotic state. Pharmacological 
inhibition of clotting pathway factors may also be 
achieved by various agents like heparin and the 
newer oral anticoagulants [4]. This chapter, how-
ever, focuses on the first two groups of “acquired” 
inhibitors, dealing sequentially with their patho-
genesis, clinical features, laboratory diagnosis, 
and management. Only a last brief section is 
devoted to exclusion of heparin contamination in 
blood samples, a common artifact in the hemo-
stasis laboratory.

23.2  Section 1: Autoantibodies to 
Coagulation Factors: 
Acquired Hemophilia and 
Related Disorders

Acquired inhibitory antibodies directed against 
various clotting factors cause rare, but usually 
severe, bleeding disorders with increased mor-
bidity and mortality in previously healthy indi-
viduals, mostly adults. The most common of 
these antibodies bind to and interfere with coagu-
lation factor VIII activity, leading to acquired 
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hemophilia A [2, 4]. The section below mostly 
deals with acquired hemophilia A with laboratory 
tests common to all entities summarized in 
Table 23.1 and acquired inhibitors to other fac-
tors summarized in Table 23.2.

23.2.1 Epidemiology

Acquired hemophilic disorders are much rarer 
than the inherited form of the disease with a 2007 
UK-based survey estimating them to affect 
approximately two per million of the general 
population [5]. Acquired hemophilia occurs 
worldwide in all ethnic groups. The condition 
carries a high risk of under- or delayed recogni-
tion and may be mistaken for another acquired 
bleeding disorder like disseminated intravascular 
coagulation (DIC). Patients are usually middle-
aged to elderly (median age 64 years) with a wide 
range of 8–93 years. It is rare in children [2, 5].

23.2.2 Pathogenesis

Acquired hemophilia has a varied etiology. About 
50% patients have no associated disease. The 
remaining are associated with autoimmune dis-
eases like rheumatoid arthritis, SLE, polymyalgia 
(17–18%), post-partum states (7–21%), solid 
malignancies (lungs, GIT, breast), lymphomas 
and monoclonal gammopathies, dermatological 
disorders (pemphigus, psoriasis), pharmacologi-
cal agents (phenytoin, penicillin, methyldopa, 
fludarabine, etc.), infections (mycoplasma, hepa-
titis B or C), respiratory disorders (obstructive 
airway diseases like bronchial asthma), and post-
influenza vaccination [5, 6].

The circulating immunoglobulins that are 
acquired are predominantly IgG, mostly IgG4. 
They do not show complement-binding activity. 
They are polyclonal and most often bind to the 
FVIII molecule’s A2 domain (that binds factor 
IX and activated protein C) or C2 domain 

Table 23.1 Major tests for laboratory-based detection of inhibitors of coagulation [2–6, 9, 10]

–  Prothrombin time (PT): Prolonged in cases with inhibitors of factors VII, II, V, X and fibrinogen. The 
international normalized ratio (INR) allows comparability by reagent standardization across various 
laboratories.

–  Activated partial thromboplastin time (aPTT): Prolonged in patients with inhibitors of factors VIII, IX, II, 
X, XI, XII and fibrinogen. Causes of an isolated prolonged aPTT include the following, which must be 
considered before initiating mixing studies:

  – Normal: ~5% of healthy individuals exceed reference range upper limit
  – Preanalytical error: lavender or green-cap tube, lipemia, hemolysis, clotted sample
  – Drugs: Dabigatran, unfractionated heparin
  – Congenital deficiency with bleeding: VIII, IX, or XI (hemophilias A, B, or C, respectively) or vWD
  – Congenital deficiency without bleeding: FXII, prekallikrein, or HMWK
  – FVIII or FIX inhibitor (acquired hemophilia)
  – Lupus anticoagulant (LA)

–  Mixing studies on PT or/and aPTT: Performed by mixing patient plasma and normal plasma in a 1:1 ratio. 
Correction occurs in cases with factor deficiencies. Inhibitors prevent complete correction. Factor VIII 
inhibitors are usually time-dependent.

–  Calculation of the index of circulating anticoagulant (ICA, also known as Rosner index) is recommended. 
ICA = (b − c)/a × 100 (a, b, and c denote clotting times of patient plasma, 1:1 mix, and normal pooled plasma, 
respectively). Typically, values <11 suggest correction while values ≥15 suggest inhibitors.

–  The Chang formula of %correction = (a − b)/(a − c) × 100 (same key as above) where ≥75% value suggests 
that correction has also been used.

–  Specific coagulation factor assays: Reduced factor activity is usual on functional assays. Non- parallelism of 
serial dilutions is indicative of an inhibitor

–  Bethesda assay: Functional assay yields factor VIII inhibitor titer. Assesses the ability of a patient’s plasma to 
neutralize factor VIII in normal plasma. Can be modified for other coagulation factors as well.

–  Immunological assays for specific factor inhibitors: Enzyme-linked immunosorbent assays (ELISA) and 
microtitration plate-based immunoassays have been tested. Some factors (e.g., von Willebrand factor) give 
frequent false-positive results, necessitating caution.
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(phospholipid/membrane-binding). The inciting 
cause for the production of autoantibodies 
remains unexplained in most cases, but similar to 
other immune phenomena, studies have impli-
cated autoreactive T-cell clones that may arise 
from environmental influences aided by poly-
morphisms in HLA class II locus genes as well 
as in the cytotoxic T-cell- associated protein 4 or 
CTLA-4 gene. HLA DRB1*16 and DRB1*0502 
are overrepresented while DRB1*15 and 
DQB1*0602 are reduced in acquired hemophilia 
A patients vis-à-vis healthy controls [7].

Interestingly, naturally occurring anti-FVIII 
IgG antibodies have been found in healthy indi-
viduals. These antibodies inhibit FVIII procoag-
ulant activity in  vitro, but in  vivo they are 
neutralized by anti-idiotypic antibodies. Innate 
FVIII-reactive CD4+ T cells also occur among 
healthy persons. These are kept under control by 
T-regulatory cells. This apparent paradox only 
illustrates that autoimmune disorders arise from 
an imbalance between immunogenic versus 
tolerogenic signals that trigger host immune sys-
tems [7].

Antibody-factor neutralization kinetics. 
Interactions between the inactivating antibody 
and its target factor in acquired hemophilia show 
type II kinetics, i.e., a nonlinear inactivation pat-
tern wherein the antibody-factor complex retains 
some residual catalytic activity. Practically, this 
means that patients may retain measurable base-
line factor levels even if high-titer inhibitory 
antibodies are present. This phenomenon 
explains the non-correlation between measur-
able factor levels and bleeding severity in these 
cases [8].

23.2.3 Clinical features

Inhibitory autoantibodies against coagulation 
factors display a wide spectrum of clinical mani-
festations that range from life-threatening condi-
tions to those with minimal or no bleeding. The 
latter include a few cases where antibodies are 
incidentally detected during the investigation of a 
suspected autoimmune condition or routine coag-
ulation tests for another indication.

Bleeding in symptomatic acquired hemophilia 
is unlike that of the inherited form. Hemarthroses 
are typical in severe inherited hemophilia but are 
unusual in acquired disease. Principal manifesta-
tions of acquired hemophilia comprise skin and 
soft tissue bleeds. Reasons underlying this differ-
ent bleeding pattern remain unknown; specifi-
cally, platelet dysfunction or abnormal fibrin 
polymerization has not been demonstrated. Soft 
tissue bleeding can lead to a limb-compromising 
compartment syndrome. Less common presenta-
tions include hematuria, gastrointestinal tract 
bleeding, and peripartum bleeding. The condition 
is potentially fatal. Mortality ranges from 8% to 
22%. Risk of death is highest within the first few 
weeks after the onset of symptoms [1, 2, 4–6].

Clinical diagnosis before confirmatory lab 
testing is often difficult in these patients, since 
the associated medical conditions like autoim-
mune disorders, malignancies, and pregnancy are 
all by themselves also associated with multifac-
torial bleeding risks. Awareness of this entity is 
essential, and the sudden unexplained appear-
ance of multiple hematomas or expansive ecchy-
moses in an elderly person without a known 
bleeding disorder should always raise the clinical 
possibility of an acquired coagulation factor 
inhibitor [2, 9].

23.2.4 Laboratory diagnosis

Typical initial laboratory results in acquired 
hemophilia A include prolonged activated partial 
thromboplastin time (aPTT) with reduced factor 
VIII coagulant activity (Fig. 23.1). Prothrombin 
and thrombin times are normal and, if prolonged, 
suggest inhibitors to other clotting factors. The 
thrombocyte count and platelet function are nor-
mal [4].

Mixing studies form the backbone of diag-
nostic assessment and are usually sufficient to 
clinch the diagnosis of a time-dependent (factor 
VIII) or immediate-acting inhibitor (factor IX 
and lupus anticoagulants). This distinction 
between factor VIII inhibitors versus the more 
common antiphospholipid antibodies or lupus 
anticoagulant is also important clinically. In the 
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latter, no correction of the baseline prolonged 
aPTT is seen immediately post-mixing of patient 
plasma with normal control plasma (Table 23.1). 
On the other hand, delayed-acting FVIII inhibi-
tors are characterized by a loss of the initial cor-
rection once the mix sample is incubated for 2 h 
[2, 4, 9].

The definition of correction of clotting times 
in the 1:1 mix has varied in literature, from a 
value in the reference range of normal plasma to 
a more practical definition of corrected if the time 
becomes ≤10% longer than the control plasma. 
Certain formulae like the index of circulating 
anticoagulant (ICA, also referred to as Rosner 
index) are recommended for more objective 
interpretation of mixing studies (Table 23.1). A 
modified formula, called the Chang formula has 
been used especially with 4:1 mixes of 
patient:control plasmas [2, 4, 9, 10].

While interpreting laboratory tests, one must 
remember that markedly increased PT or aPTT 
due to a moderate/severe factor deficiency may 
not correct to within the reference range in mix-
ing studies. On the other hand, a low-titer inhibi-

tor can get diluted during mixing by the normal 
plasma to yield partial PT/aPTT correction. Also, 
it is possible for lupus anticoagulant and factor 
deficiency to coexist. Patients on oral direct 
thrombin inhibitors may secondarily acquire 
antibodies that may prolong the aPTT dispropor-
tionate to the PT. Bleeding patients with normal- 
range aPTT, or patients with prolonged aPTT but 
normal factor assay results, should ideally 
undergo two-stage or chromogenic assays for 
FVIII-coagulant activity [4, 9].

23.2.5  Principles of Management

Initial management of acquired hemophilia is 
based on the bleeding severity and inhibitor titer. 
It focuses on two major steps. The first is to con-
trol the active bleeding and the second is to avoid 
any interventions that may precipitate bleeding 
(e.g., antiplatelet medications, intramuscular 
injections, invasive procedures, or surgeries). 
Strategies for the former include administration of 
desmopressin (DDAVP), factor VIII concentrates 

START HERE Normal: Consider TT, platelet function tests,
mild clotting factor deficiencies

Both correct: FVIII, IX, XI
assay. If FVIII low or non-

parallel – reperform
incubated mixing study.
Also, vWF:Rco. FIX, FXI
low/non‐parallel: consider

inhibitor assays.

Clinical history:
pattern, duration,
sites, severity of
bleeding, blood

transfusions, family
history

Exclude
anticoagulant

therapy (heparin,
DAOC) by TT, anti‐

Xa assay

Screening
coagulogram: PT,
aPTT, fibrinogen,

platelet count

Isolated aPTT
prolonged: TT – exclude

heparin. Then perform
mixing study

Immediate mix
corrects: Check

delayed mix

Mixing study corrects: FVII assay.
If low: FVII deficiency.

If normal: consider FII, FV, FX assays

No correction: FVIII, FIX, FXI
assays. Look for low/non-

parallel assays.
Perform relevant inhibitor

assays. Consider LA.

Isolated PT
prolonged

Mixing study does not
correct: FVII assay. Look

for low value / non-
parallelism. FVII inhibitor

assay. Consider LA.

Both PT and
aPTT prolonged

D‐dimer and
DIC scoring

Immediate mix corrects: Factor
assays. Consider FII, FV, FX first

Immediate mix does not correct:.
Consider FII, FV, FX first. Look for non-
parallel / low assays. Perform relevant

inhibitor assays. Consider LA.

Fig. 23.1 A suggested scheme for laboratory investiga-
tion of patients suspected to have acquired inhibitors of 
coagulation. aPTT activated partial thromboplastin time, 
DAOC direct-acting oral anticoagulant, DIC disseminated 

intravascular coagulation, LA lupus anticoagulant, PT 
prothrombin time, TT thrombin time, VWF:RCo von 
Willebrand factor:ristocetin cofactor activity
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(once acquired hemophilia A is established) in 
patients without severe bleeding or those who 
have low-titer inhibitors (<5 Bethesda units). For 
patients with high-titer inhibitors or severe bleed-
ing, activated prothrombin complex concentrates 
with FVIII inhibitor bypassing activity (FEIBA), 
recombinant human factor VIIa and porcine factor 
VIII are suitable [1, 3, 9].

Subsequent management focuses on eliminat-
ing the inhibitor using immunosuppressive 
approaches like glucocorticoids, cyclophospha-
mide, and rituximab. Less commonly, intrave-
nous immune globulin (IVIG), cyclosporine, and 
extracorporeal plasmapheresis with an immuno-
adsorption column to absorb the autoantibody 
have been attempted. Rare inhibitors disappear 
spontaneously (31 out of 215 in one study with 
no therapy except transfusions and factor concen-
trates) [1, 3, 9].

Monitoring of response to treatment is mainly 
clinical by observing the cessation of bleeding 
along with basic laboratory parameters. Decrease 
in inhibitor titer is very slow, and monitoring may 
be done monthly once immunosuppressive ther-
apy is initiated. One in five patients relapse after 
complete resolution, but even among them 70% 
second complete remissions are seen. Relapse 
rates of pregnancy-associated inhibitors are 
lower. Low-titer inhibitors tend to remit in 
months, but antibodies with titers ≥5 Bethesda 
units may persist for years [2–4].

23.3  Section 2: Autoantibodies 
to Coagulation Factors: 
Inhibitory Antibodies 
in the Antiphospholipid 
Antibody Syndrome

The antiphospholipid antibody syndrome (APS) 
is a well-recognized systemic autoimmune syn-
dromic disorder with protean manifestations. It is 
diagnosed by the presence in the patient of at 
least one clinical event (arterial or venous throm-
bosis or obstetric morbidity) and at least one per-
sistent antiphospholipid antibody (APLA) that is 
directed against and influences a phospholipid 
associated/cofactor component including serum 
proteases, protein C, annexin V, FXII, tissue 

factor, anti-beta2-glycoprotein (GP)-I, toll-like 
receptors, or impairs fibrinolysis. These antibod-
ies in addition to exacerbating the risk of arterial 
and venous thromboses and gestational losses 
also alter vascular elements, increasing suscepti-
bility to atherosclerosis and cardiovascular and 
neurological damage [11–13].

Patients typically have a diverse pool of het-
erogeneous antibodies. The high-affinity anti-
bodies are most efficient in causing activation of 
endothelial cells, monocytes, and platelets. The 
anti-beta2-GP-I is considered pathogenetically 
the most relevant antibody, while the lupus anti-
coagulants (LA) are diagnostically most sensitive 
[11–13].

23.3.1 Diagnostic criteria

The revised Sapporo or Sydney criteria (repro-
duced below) stipulate that APS is present in 
patients meeting at least one clinical and one 
laboratory criteria out of the following [14]:

Clinical criteria (at least one)
 1. Vascular thrombosis—One or more episodes 

of venous, arterial, or small vessel thrombosis 
in any tissue or organ, with unequivocal imag-
ing or histologic evidence of thrombosis. 
Superficial venous thrombosis does not sat-
isfy the criteria for thrombosis for APS.

 2. Pregnancy morbidity—One or more unex-
plained demise of a morphologically normal 
fetus at ≥10 weeks gestation, or one or more 
premature births of a morphologically normal 
neonate before 34 weeks gestation because of 
eclampsia, preeclampsia, or placental insuffi-
ciency, or three or more consecutive spontane-
ous pregnancy losses at <10 weeks gestation, 
unexplained by chromosomal abnormalities 
or by maternal anatomic or hormonal causes.

Laboratory criteria. Presence of at least one 
of the following antiphospholipid antibodies 
(aPL) on at least two occasions that are at least 
12 weeks or more apart:

 1. Immunoglobulin G (IgG) and/or IgM 
anticardiolipin antibodies (aCL) of a high or 
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moderate titer (>40 GPL or MPL units, 
respectively, or a titer >99th percentile for the 
testing laboratory), measured by a standard-
ized enzyme- linked immunosorbent assay 
(ELISA).

 2. IgG and/or IgM anti-beta2-GP I > 40 GPL or 
MPL units, respectively, or a titer >99th per-
centile for the testing laboratory, measured by 
a standardized ELISA according to recom-
mended procedures.

 3. LA activity detected by a three-step 
procedure.
• Step 1. Demonstration of a prolonged 

phospholipid- dependent screening clotting 
assay. Common screening tests include 
dilute Russell viper venom time (dRVVT) 
and activated partial thromboplastin time 
(aPTT) optimized for this purpose (lupus-
sensitive aPTT).

• Step 2. Mixing patient plasma with normal 
plasma fails to correct the prolonged 
screening test(s). This eliminates the pos-
sibility that prolongation of the screening 
test is due to a coagulation factor defi-
ciency. If the coagulation test remains pro-
longed after the addition of normal plasma, 
an inhibitor is present.

• Step 3. Addition of excess phospholipid 
either shortens or completely corrects the 
prolonged coagulation test (evidence of 
phospholipid-dependence).

The revised Sapporo criteria [14] also indi-
cate that the presence or absence of further 
substantial risk factors for thrombosis should 
be recognized among patients. While the 
ELISA immunoassays for anti-beta-2GP-1 are 
more straightforward to interpret, tests for LA 
typically are prone to more inter-laboratory 
variation. The LA/APLA Subcommittee of the 
Scientific and Standardization Committee 
(SSC) under the International Society on 
Thrombosis and Haemostasis (ISTH) issued 
guidance in 2009 on technical aspects of these 
tests [15], and this is summarized briefly 
below.

The ISTH SSC recommends collection of 
sample before initiation of anticoagulants. 
Patients already on anticoagulants need deferral 

until a suitable period after cessation of therapy. 
Testing is best done on fresh venous blood in a 
9:1 ratio with 3.2% (0.109 M) trisodium citrate 
from which platelet-poor plasma (<10,000 
platelets/microliter) is obtained by double cen-
trifugation. If test is to be postponed, rapid 
freezing and storage at −70 °C or lower is rec-
ommended. At the time of testing, the sample 
should be thawed at 37 °C for at least 5 min by 
total immersion in a warm water bath and mixed 
well [15].

Screen, mix, and confirm steps are advised 
with at least two tests with different underly-
ing principles being mandatory. The ISTH 
recommends a dRVVT as the first test fol-
lowed by a sensitive aPTT with low phospho-
lipids and silica as activator as the second. For 
mixing tests, a 1:1 proportion of patient to 
normal pooled plasma (NPP) is advised with-
out a preincubation step with testing being 
done within 30  min. In-house NPP is pre-
ferred but commercial NPP can also be used if 
adequate. Screening test cutoff value should 
be at the 99th percentile of a normal popula-
tion so as to maximize sensitivity or can be 
determined by the Rosner index (please see 
Table 23.1) [15].

Confirmatory testing is performed by increas-
ing phospholipid content of the screening test. 
Ideally, bilayer or hexogonal (II) phase phospho-
lipids should be used. The cutoff value is deter-
mined by % correction [(screen minus confirm) 
divided by screen value]  ×  100 or LA ratio 
(screen/confirm). Results are expressed as ratio 
of patient-to-NPP for screening, mixing, and 
confirmatory tests, and the final report should 
explain the results released beyond just numeri-
cal values [15].

Non-criteria Antiphospholipid Antibodies. 
These include candidates with less clear links to 
pathogenesis and in whom less-standardized 
assays are typically available including 
anti- annexin A2, -annexin A5, -ethanolamine, 
-glycerol, -inositol, -phosphatidic acid, -phos-
phatidylcholine, -protein S, -prothrombin, and 
-serine antibodies. They are not included in the 
Sydney criteria, but may be considered in an 
individual case where the diagnosis remains 
unclear using conventional testing.
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23.3.2  Recent Advances 
in Diagnostic Testing

Although laboratory assays for aCL, anti- 
β2- GP-1 antibodies, and LA correlate with clini-
cal manifestations of APS, none of them is 
uniformly specific for patients with this disorder. 
Many alternative diagnostic approaches are under 
evaluation to improve the accuracy of diagnostic 
testing for antiphospholipid antibodies [10–14, 
16]. Chief among them are:

 1. Domain I-specific anti-β2-GP-I antibodies. 
Autoantibodies that are specific for β2-GP-I 
domain I are linked more closely with throm-
bosis vis-à-vis other anti-β2-GP-I antibodies.

 2. High-risk antiphospholipid antibody pro-
files. Triple positivity (LA, anti-β2-GP-I, and 
aCL antibodies) comprises a high-risk profile 
for APLA syndrome manifestations. Hence, 
current recommendations are that tests for 
APLA in patients suspected to have the syn-
drome should include all three assays.

 3. Endogenous thrombin potential. This test 
identifies patients at risk for thrombotic com-
plications especially in conjunction with fac-
tor VII and soluble P-selectin levels.

 4. Annexin A5 resistance testing. Annexin A5 
displays high-affinity binding with anionic 
phospholipids. In doing so, it forms a protec-
tive cover over membrane surfaces that 
restricts availability of anionic phospholipids 
for critical coagulation reactions. This physi-
ological barrier can be disrupted by APLA, 
leading to exposure of negatively charged 
thrombogenic surfaces. Coagulation-based 
assays to test this resistance are available. 
These distinguish APS patients from other-
wise healthy individuals with APLA-type 
antibodies and from persons with venous 
thromboembolism but no evidence of 
APS.  Annexin A5 resistance also correlates 
with domain 1-specific anti-β2-GP-I antibod-
ies, further corroborating a dual testing strat-
egy to detect high-risk APS.

23.4  Section 3: Factor VIII 
and Factor IX Inhibitors 
in Inherited Hemophilia 
Patients

Development of an inhibitor is a relatively com-
mon and dreaded complication of hemophilia 
treatment. It occurs in ~25–30% patients with 
severe hemophilia A and 3–5% patients with 
severe hemophilia B. It often occurs subsequent 
to commencement of factor replacement in young 
children, early in the course of treatment, and is 
much less frequent in patients with moderate or 
mild disease. The inhibitory antibodies are 
directed against the specific deficient factor and 
are usually of IgG subclass. Inhibitor develop-
ment is typically reported in terms of the number 
of exposure days (i.e., days elapsed on which the 
patient received replacement factor). For hemo-
philia A, the severity of factor VIII deficiency and 
the type of replacement product used are major 
predisposing factors [17–19].

Although the development of an inhibitor 
does not per se lead to a marked increase in fre-
quency of bleeding, their presence can convert an 
individual with moderate or mild factor defi-
ciency to a more severe phenotype. Bleeding epi-
sodes are much more difficult to suppress. An 
overall increase in the rate of bleeds over time 
leads to more rapid development of musculoskel-
etal and locomotor complications like acute and 
chronic synovitis. Although inhibitors occur 
more commonly in hemophilia A as compared to 
hemophilia B, the inhibitors in factor IX defi-
ciency may have peculiar associations including 
nephrotic syndrome and anaphylaxis [17, 19, 20].

Hemophilia patients with inhibitors may be 
classified based on the degree of response in 
Bethesda units (BU) [2, 4, 9]:

 1. High responders—Development of titers over 5 
BU at any point of time indicates a high responder 
patient. There is an increase in antibody titers 
after successive exposures. The response begins 
within 2–3 days, peaks at 1–3 weeks, and can 

P. Sharma



397

persist for years in the absence of re-exposure. 
High responders require bypassing agents and 
are usually refractory to factor VIII preparations. 
Most hemophilia B patients developing inhibi-
tors are high responders.

 2. Low responders—Low responders have per-
sistently low inhibitor titers (<5 BU) that stay 
stable even after factor infusion, and indeed 
may even disappear spontaneously. Patients 
may continue to respond to factor VIII replace-
ment therapy with increased factor VIII dose.

23.4.1 Mechanism of Action

The inhibitory alloantibodies formed after factor 
VIII concentrate exposure target the factor VIII 
protein domains A2 and/or C2 as epitopes. 
Antibodies against A2 interfere with X to Xa con-
version. Anti-C2 domain antibodies lead to loss 
of procoagulant activity due to interference with 
phospholipid binding and also lead to rapid clear-
ance due to interference with vWF binding. C2 
domain also contains the binding sites for throm-
bin and factor Xa, the former being responsible 
for factor VIII cleavage. Some antibodies can 
directly proteolyse factor VIII [21, 22].

Non-neutralizing antibodies also occur in 
these patients. In fact, congenital hemophilia 
patients with inhibitors often have multiple 
antibodies binding to distinct epitopes on the 
exogenous factor VIII.  On the other hand, 
acquired hemophilia patients usually have a 
single antibody targeting a single factor VIII 
domain [2, 21, 22].

23.4.2 Predisposing factors

Both host and iatrogenic (replacement product-
related) factors influence the chances of inhibitor 
formation.

Major risk markers for inhibitor development 
in patients with hemophilia a [21, 23–25]

Genetic risk markers
 – Underlying F8 gene mutation:

 ⚬ Null mutations (including large deletions, 
stop-gain or nonsense mutations, and 
intron 22 inversion) confer highest risk

 ⚬ Lower risk for missense, splice site, and 
indel mutations

 ⚬ Higher risk for mutations in the 3′ half of 
the F8 gene

 – Afflicted family member with an inhibitor
 – Ethnicity/race: Africans and Hispanics are 

at higher risk (may be partially explained by 
the fact that ~25% blacks with hemophilia A 
receive replacement products differing 
from their own factor VIII at one or two 
residues)

 – Immune response traits: MHC class II system 
and cytokine (IL-10, TNF-α, CTLA-4) 
polymorphisms

Environmental risk factors
 – Factor VIII replacement product: increased 

risk with recombinant products as compared 
to plasma-derived products (SIPPET trial) 
that contain vWF and other plasma  
proteins

 – Intensity of first FVIII exposure: degree of tis-
sue injury, surgical procedure, high frequency 
treatment

 – Early prophylaxis: to prevent inhibitor 
formation

Based on the above, a risk score has been pro-
posed for assessing risk of developing factor VIII 
inhibitors [26–28]:

 – Family history of inhibitors—2 points
 – High-risk gene mutation present—2 points
 – Intensive treatment at first bleeding epi-

sode—3 points
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Inhibitor incidence is 6%, 23%, and 57%, respec-
tively, for risk scores of 0, 2, or 3 or more points. 
This otherwise robust score however requires 
mutation analysis and applies only to patients 
treated at least once, a potential disadvantage 
when used in patient being considered for first 
therapy [26].

23.4.3 Diagnosis and screening

The Bethesda assay both diagnoses and quanti-
fies the inhibitor titer. For this, normal plasma is 
mixed with the patient’s plasma in serial dilutions 
for 2 h at 37 °C. Residual factor VIII activity is 
then estimated using an aPTT-based clotting 
assay. The inhibitor titer in BU is the reciprocal 
of that dilution of the patient’s plasma that results 
in 50%, i.e., half of residual factor VIII activity, 
since high-titer inhibitors require greater dilu-
tions to show the residual factor VIII activity. A 
Nijmegen modification improves specificity and 
reliability of the Bethesda assay, especially with 
lower titer inhibitors, by enhancing the intrinsic 
buffering effect following serial dilution in the 
assay [2, 4].

Screening test for inhibitor development 
should be done at least annually. More frequent 
screening is required in severely deficient patients 
(once every 10 exposure days for the first 50 
exposure days) and in patients with poor clinical 
responses or those with bleeding-increased sever-
ity or frequency. Lupus anticoagulants can con-
found the diagnosis of low-titer inhibitors 
[18–20].

23.4.4 Management principles

Therapy involves treatment of active bleeding 
followed by immune tolerance induction for 
long-term inhibitor elimination. The principles of 
the former are the same as those for acquired 
hemophilia. Immune tolerance induction, on the 
other hand, uses administration of repetitive 
doses of the deficient factor together with or even 
without accompanying immunosuppressive ther-
apy for inhibitor eradication by resetting or toler-

izing the patient’s immune system and thereby 
reduces antibody production. Younger patients 
with lower inhibitor titers (<10 BU) and a shorter 
time from onset of the inhibitor to therapy have 
superior outcomes. Hemophilia A cases also fare 
better than hemophilia B patients. The latter, in 
addition to lower success rates, also have a post-
therapy risk of anaphylactoid reactions and 
development of nephrotic syndrome poorly 
responsive to corticosteroids. Rituximab may 
help in high-titer inhibitors that are unresponsive 
to immune tolerance therapy [3, 18, 20].

Recent years have seen the rapid development 
of novel alternative hemostatic preparations or 
agents for therapeutic use. These novel agents are 
based on technological maneuvering of coagula-
tion pathway factors and its natural anticoagu-
lants to obtain hemostasis. Approaches for their 
development include factor biomimics that resist 
natural anticoagulant systems and knock-down 
or disrupted effete natural anticoagulants that 
cannot degrade coagulation factors [29].

23.5  Section 4: Heparin 
as an In Vitro and In Vivo 
Inhibitor of Coagulation: Via 
Potentiation 
of Antithrombin

Heparin, although not an antibody, is a biological 
substance that is often included among the inhib-
itors of coagulation. Exclusion of heparin con-
tamination is frequently required for samples 
received in the coagulation laboratory and may 
be carried out as follows [4]:

 1. History, patient chart review.
 2. Repeat on a fresh skin puncture specimen. If 

there is no other source of blood other than a 
heparinized line, then the line must be flushed 
thoroughly before sampling and the results 
scrutinized for possible artifacts.

 3. Thrombin time (high NPV).
 4. Reptilase time (the venom of the lancehead 

snake Bothrops atrox cleaves fibrinopeptide A 
but not fibrinopeptide B from fibrinogen to 
form fibrils of fibrin I.  The enzyme is unaf-
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fected by even a potentiated human inhibitor 
and generates a normal clotting time in the 
presence of heparin or, alternatively, 
dabigatran- like direct thrombin inhibitors. 
Abnormalities of fibrinogen prolong the repti-
lase time).

 5. Heparinase treatment, for instance with 
Hepzyme (Baxter Diagnostics).

 6. Mixing study with toluidine blue (toluidine 
blue neutralizes heparin but has no effect on 
hepatic or moderate level FDPs; hence, a pro-
longed TT even after mixing NPP + toluidine 
blue indicates fibrinogen deficiency or a very 
high-concentration FDP).

23.6  Conclusion

This chapter has attempted to cover the various 
pathological entities that are included under the 
umbrella term “inhibitors in coagulation.” 
Together, this motley group of antibodies in 
inherited and acquired hemophilia as well as the 
APLA syndrome illustrates the multifaceted 
nature of human hemostatic pathways, and the 
various factors that control and modulate them.
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Role of Laboratory 
in Hematopoietic Stem Cell 
Transplantation

Dinesh Chandra and Ruchi Gupta

24.1  Introduction

Hematopoietic stem cell transplantation (HSCT) 
is considered as the standard of care for numer-
ous hematological malignancies. A successful 
HSCT requires the support of a good clinical 
laboratory which performs various routine clini-
cal tests as well as transplantation specific inves-
tigations. Transplant biology laboratory should 
be well equipped and have the infrastructure for 
performing investigations pertaining to tissue 
typing, CD34 enumeration by flow cytometry, 
assessment of graft viability/rejection, evaluation 
of minimal residual disease, and measurement of 
immunosuppressive drugs. The importance of the 
routine clinical laboratory tests like biochemical, 
hematological, serological, urinary, and microbi-
ological examinations too cannot be undermined 
in a transplant setup. The clinical laboratory 
monitoring is important at each step and contrib-
utes to an early diagnosis, monitoring, and 
thereby enhancing prevention and treatment of 
the complications or adverse events. It is essen-
tial to provide information regarding engraft-
ment, chimerism, diagnosing infections, 
veno-occlusive disease, therapy- related toxici-
ties, graft versus host disease, and thrombotic 
microangiopathy which are the major causes of 

mortality and morbidity in HSCT. In this chapter, 
the importance of a laboratory in different facets 
of HSCT will be discussed.

24.1.1  Pretransplant Workup

The role of the laboratory starts from the point of 
selection of a matched donor by HLA typing, 
which is followed by the screening of donor and 
patient samples for various infectious and bio-
chemical parameters. A detailed evaluation of the 
donor is essential before allogeneic SCT (Allo 
SCT) to ensure that the harvest is disease free, 
particularly of any transmissible infections, and 
the donation is safe for the donor. The routine 
donor investigations performed before a HSCT 
are listed in Table 24.1. The recipient also under-
goes a comprehensive pretransplant workup as 
listed below and other additional investigations to 
assess his comorbidities. Specialized pretrans-
plant investigations are discussed in detail in the 
next section.

24.1.2  Human Leukocyte Antigen 
(HLA) Typing for Donor 
Selection

Every individual has a unique genome structure, 
and thus no two individuals can be genetically 
similar. Hence, the HSCT donor and recipient 
always differ in their genetic makeup. Among 
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several others, the major and minor histocompat-
ibility genes and killer cell immunoglobulin-like 
receptor (KIR) genes are of paramount impor-
tance in HSCT. These genetic variations result in 
the generation of numerous potentially immuno-
genic antigens in the recipient which in the course 
of HSCT may lead to graft versus host disease 
(GVHD), graft versus leukemia (GVL) effect, or 
graft rejection. Major histocompatibility com-
plex (MHC) region of the genome encompasses 
the genes which encode for the transplant-related 
antigens [1].

The MHC region is located on the short arm 
of chromosome 6 and considered as one of the 
most complex regions (4  Mb) due to its enor-
mous polymorphism [2]. The HLA region has 
approximately 200 genes of which six HLA 
genes—class I-A, B, C and class II-DR, DP, 
DQ—play a critical role in the recognition of 
self-antigens from non-self. The HLA proteins 
play a central role in triggering the immune 
response during infections, autoimmune disease, 
cancer, and drug reactions [3]. The HLA typing 
is widely used in solid organ as well as HSC 

transplant and guides in identifying a suitable 
donor for the patient. The risk of GVHD and 
chances of transplant survival are better, where 
the HLA alleles of the donor and recipient are 
closely matched [4].

Various technologies are available to identify 
the HLA genes. With increasing knowledge of 
the human genetic database, the polymorphism 
of HLA system has been better understood. The 
HLA typing techniques have thus evolved from 
serological to advanced molecular methods. 
Serological approach was based on the 
complement- dependent cytotoxicity (CDC) and 
has been in use till date since its inception many 
years ago. For null allele identification, the sero-
logical methods are still applicable. However, in 
the molecular era and the advent of Polymerase 
Chain Reaction (PCR), the DNA-based tech-
niques are preferred for typing as they are more 
accurate and reproducible. The DNA-based typ-
ing is preferred over the conventional serological 
typing as it has the advantage of (1) specificity—
which is due to the primers and probes designed 
for a specific sequence of nucleotide, (2) flexibil-
ity—new primers can be synthesized to accom-
modate identification of the newly discovered 
alleles, and (3) robustness—in terms of the need 
for specific cell type and is unaffected by the 
patient health [5].

The different DNA-based methods include 
PCR-sequence-specific primers (SSP), real-time 
PCR, Sequencing-Based Typing (SBT), and 
PCR-sequence-specific oligonucleotide (SSO), 
and the latest addition to the list is the next- 
generation sequencing (NGS) [6]. The level of 
resolution of molecular methods is primarily due 
to the specificity of the probe used for the typing 
and varies according to the depth of information 
provided in defining the sequence of the nucleo-
tide of an HLA gene [7].

 (a) Low Resolution: Serologically defined anti-
gen equivalent (HLA-A*02) is detected by 
low-resolution kits. SSP and SSO with lim-
ited number of probes can provide this basic 
sequence information about a particular 
gene. This is comparable to the serological 
typing.

Table 24.1 Routine pretransplant investigations

Hematological parameters
CBC with peripheral smear examination
Coagulation profile including PT, APTT, Pl fibrinogen 
levels
Biochemical parameters
Liver function tests (serum protein, albumin, 
aminotransferase, bilirubin)
Renal function tests (creatinine and blood urea 
nitrogen)
Serum electrolytes
Serum glucose levels
Blood grouping
Infectious disease workup
Viruses—HIV, HTLV, HBV, HCV, CMV, EBV, VZV
Bacterial infections particularly tuberculosis
Parasitic infestations
Urine analysis
Imaging
Chest X-ray
Ultrasonography
Electrocardiogram
Pulmonary function test and endoscopy as indicated
Screening for carrier states of inherited disorders, 
if any
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 (b) Intermediate Resolution: The HLA typing 
results are representative of two or more 
alleles. For example, the allele reported as 
A*02;01/02 can be either A*02:01 or 
A*02:02. This level of resolution may be 
obtained by SSO with more number of 
probes.

 (c) High Resolution: This typing method allows 
precise identification of an HLA allele and is 
based on the nucleotide sequence informa-
tion (HLA-B*01:02). It identifies only those 
set of alleles which encode the sequence of 
protein specific for the antigen-binding site. 
Sequence-based typing (SBT) is the most 
commonly employed technique for high- 
resolution HLA typing and identification of 
new alleles.

24.1.2.1  Sequence-Specific  
Primer (SSP)

HLA typing by sequence-specific primer (SSP) is 
one of the most widely practiced approach. A 
predefined set of primers is used to amplify the 
target gene sequence by PCR.  Each primer is 
sequence specific, and when there is complete 

sequence complementarity to the sequence of the 
template, an amplification product is generated. 
The amplified products are detected by separa-
tion of the PCR products by gel electrophoresis 
[8]. A software-based data analysis is used for 
HLA allele assignment (Fig. 24.1).

24.1.2.2  Sequence-Specific 
Oligonucleotide Probes 
(SSOP)

Sequence-specific oligonucleotide probe hybrid-
ization (PCR-SSOP) is a very economical method 
for typing the HLA alleles. In this assay, specific 
primers are used for exon 2 and 3 in case of iden-
tification of class I, while primers are used for 
exon 2 to detect the class II alleles. These primers 
are designed for specific locus amplification. The 
amplified products are then hybridized to 
sequence-specific oligonucleotide probes, ~20 
nucleotide in length, on a solid support media. As 
in the case of SSO by Luminex platform, micro-
beads are used as the support media. These 
microbeads are color coded and hybridized with 
labeled PCR products. Phycoerythrin dye is used 
to detect the PCR products which are biotinylated. 

HLA-DRB1

HLA-DQB1

1 2 3 4 5 6 7 8 9 10 11 12 13

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 1213

14 15 16 17 18 19 20 21 22 23 24

Fig. 24.1 Example of low-resolution HLA-DRB1 typing 
by SSP. The agarose gel shows the presence of internal 
control bands (arrow) and specific amplified products in 
lanes 3, 8, 10, 13, 22, and 23. A software-based analysis 
indicates the presence of HLA-DRB1*11 and HLA- 

DRB1*15 alleles. The specific amplification in lane 22 
indicates the presence of DRB3* alleles, while the ampli-
fied product or band in lane 23 identifies the DRB5* 
alleles
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This is followed by rehydridization of the PCR 
products to the complementary DNA probes that 
are bound to the microbeads. The detection sys-
tem consists of fluorescent intensity detection of 
the microbeads followed by interpretation using 
the software. Thus, the specific HLA alleles are 
detected using 50–100 probes for higher resolu-
tion, the limitation being its inability to detect 
polymorphism outside the amplified region [9]. 
DNA microarrays, reported as variant of the SSO 
method, have a limited use in clinical practice 
owing to their high cost [10].

24.1.2.3  Sequence-Based  
Typing (SBT)

The most powerful technique among the DNA- 
based approach for identifying new alleles along 
with high-resolution HLA typing is sequence- 
based typing (SBT). The first step consists of PCR 
amplification of specific locus. Sequencing is per-
formed on amplified single-stranded DNA tem-
plates using specific DNA primers, a DNA 
polymerizing enzyme, deoxynucleotidephos-
phates (dNTPs), and fluorescently labeled di- 
deoxynucleotidephosphates (ddNTPs). The 
fluorescently labeled dideoxynucleotidestermi-
nate DNA strand elongation, after incorporating 
into the growing chain resulting in the formation 
of variable sized PCR products. With the help of 
modern sequencing machines which use capillary 
electrophoresis for size separation, these different 
DNA fragments are automatically separated. 
They have a fluorescence-detecting laser, built in 
the equipment, which detects the labeled ddNTPs 
as they pass through the capillary and generate 
data as peak traces on a chromatogram. Four-digit 
allele information is required for HSCT and thus 
necessitates the use of sequence-based typing. 
High-cost and long turnaround time along with 
resolution of ambiguous allele combinations con-
stitute the limitations for SBT [11].

24.1.3  Anti-HLA Antibody Detection

Human leukocyte antigen (HLA)-identical siblings 
comprise about 30% of allogenic HSCT. In unre-
lated donors, with a 10/10 match, there is still a 

discrepancy in HLA compatibility between the 
donor and recipient. In solid organ transplant, it is a 
well-documented fact that anti-HLA immunization 
has delirious effects. The risk of primary graft fail-
ure varies as per the type of transplantation; in 
matched unrelated donor transplantation, it is about 
3–4% while in cord blood transplantation and 
T-cell-depleted haploidentical stem cell transplan-
tation, it is 15% [12]. Anti-HLA donor- specific 
antibody (DSA) screening is highly recommended 
in recipients with primary graft failure.

The CDC assay has been the gold standard for 
many years for the detection of anti-HLA antibod-
ies. It is based on the expression level of HLA pro-
teins on the donor lymphocytes and the amount, 
avidity, and subclasses of immunoglobulins. Other 
methods for detection of anti-HLA antibodies are 
solid phase assays (SPAs), fluorescent bead-based 
assay, as seen in Luminex platform, and found to 
have increased sensitivity and accuracy [13].

24.1.4  CD34+ Hematopoietic Stem 
Cell Enumeration

In addition to the phenotypic compatibility 
between the donor and patient, the number of 
CD34+ hematopoietic stem cells (HSC) in the 
graft plays a vital role in determining the success 
of HSCT [14]. The CD34+ hematopoietic progen-
itor cells (HPCs) occur only in low proportion in 
peripheral blood, i.e., typically between 0.1% and 
2%; however, their percentage can be increased by 
using cytotoxic drugs and cytokines alone or in 
combination. This allows collection of these prim-
itive cells by apheresis, from the peripheral blood 
itself, in sufficient quantities required for trans-
plantation procedure. CD34 antigen is expressed 
on the cell membrane of HPCs and has been cor-
related with colony- forming units in cell cultures. 
Thus, multilineage hematopoiesis can be restored 
by infusing these CD34+ HPCs in non-myeloab-
lated patients. Furthermore, the hematopoietic re-
constitutive capacity of PBSC transplants can be 
assessed by enumerating cells per kilogram of the 
recipient’s body weight using flow cytometry. A 
CD34+ cell dose of 3 × 106 cells/kg or more has 
been shown to improve all hematopoietic 
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recoveries, decrease the incidence of fungal infec-
tions and transplant- related mortality, and improve 
overall survival [15].

Flow cytometry-based CD34 enumeration not 
only represents a rare event analysis but also has 
the advantage of being rapid and reliable along 
with the provision of continuous monitoring of 
CD34+ cell count in the peripheral blood and 
guiding for the appropriate timing of aphaeresis 
sessions [16].

Hematopoietic stem cells (HSCs) have the 
potential for self-renewal and differentiation 
into all lineages of blood cells. Transplantation 
studies with the injection of HSCs into mye-
loablated recipients allow for the analysis of the 
presence of donor cells and their capacity to 
proliferate and repopulate, thereby indicating 
HSC activity. Hematopoietic stem cells (HSCs) 
have the potential for self-renewal and differen-
tiation into all lineages of blood cells. 
Transplantation studies with the injection of 
HSCs into myeloablated recipients allow for 
the analysis of the presence of donor cells and 
their capacity to proliferate and repopulate, 
thereby indicating HSC activity. To be clini-
cally relevant, any flow cytometric assay must 
meet the following criteria:

 1. It must correlate with a clinically meaningful 
outcome such as time to multilineage 
engraftment.

 2. It must be applicable for the different stem 
cell product sources, via cord blood, periph-
eral blood, and bone marrow.

 3. It must provide timely results (less than 2  h) 
and must be reproducible between institutions.

 4. It should be sufficiently flexible to permit more 
sophisticated qualitative analysis of CD34+ 
cell subsets using a multi-parametric approach.

 5. It should be able to determine the viabilityof 
the target (i.e., CD34+) population.

 6. It should be a single-platform assay.

24.1.4.1  Dual-Platform Method 
of CD34 Enumeration

Earlier, dual-platform methods were used for 
CD34+ HPC enumeration. In dual-platform 
methods, the leukocyte count is obtained from an 

automated hematology analyzer, while percent-
age of CD34+ cells of the leukocytes is deter-
mined by flow cytometry. One of the initial 
attempts at enumerating CD34+ progenitors by 
flow cytometry was made by Siena et  al.; the 
improvised version was later known as Milan/
Mulhouse protocol [17]. It was a dual-platform 
method, based on the evaluation of CD34+ cells 
with a low light scatter (SSC). Debris, cell aggre-
gates, platelets, red blood cells, and their nucle-
ated precursors were excluded from the analysis 
after initial forward versus SSC live gating.

The International Society of Haematotherapy 
and Graft Engineering (ISHAGE) later in 1994 
defined a set of guidelines for accurately deter-
mining the CD34+ cells. This protocol was 
based on four-parameter flow cytometry method 
(forward scatter, SSC, CD45PerCP, and CD34 
PE staining). This approach allowed the discrim-
ination of HPCs (which express relatively low 
levels of CD45 on their surface) from lympho-
cytes and monocytes, thus permitting the detec-
tion of “true” CD34+ cells, which have a dim 
CD45fluorescence and low side scatter (CD45dim, 
SSClow) [18].

Sequential Boolean gating is done to fulfill the 
characteristic of true stem cell, for example, 
CD34+ events, which are dim CD45+ (dimmer 
than mature lymphocytes), have a low side scat-
ter (comparable to mature lymphocytes and lower 
than monocytes). Cells fulfilling these criteria are 
regarded as true CD34+ HPCs.

24.1.4.2  Single-Platform Method 
of CD34 Enumeration

The dual platform methods, however, have shown 
greater intra-assay and inter-assay variability. To 
overcome this, a single-platform method has now 
become the preferred enumeration method for 
CD34+ HPCs. A single-platform method allows 
direct quantification of CD34+ cell concentration 
from cell suspensions by incorporating a known 
number of fluorescent beads. All single-platform 
methods are based on the ISHAGE guidelines, 
allowing the enumeration of true CD34+ cells 
after exclusion of non-specific cells through 
sequential gating [19]. The addition of a viability 
dye for true CD34+ cells was recommended 
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since dead cells could not be excluded on the 
basis of light scatter alone. The viability dye is a 
nucleic acid stain that does not cross intact cell 
membranes, and thus viable cells are detected on 
the basis of dye exclusion. Several single- 
platform stem cell enumeration (SCE) kits are 
available commercially, for example, SCE™ Kit 
(BD Biosciences), Stem-Kit (Beckman Coulter), 
and CD34Count Kit™ (Dako). These are largely 
based on the modified ISHAGE guidelines pub-
lished by Sutherland et  al. and have four main 
components: (1) tubes containing a lyophilized 
pellet of known number of fluorescently labeled 
beads, (2) pre-titrated antibody cocktail of CD34- 
phycoerythrin (PE) labeled and CD45—fluores-
cein isothiocyanate (FITC) labeled, (3) a nuclear 
stain, 7-AAD, for viability testing, and (4) a RBC 
lysing reagent.

Dual platform techniques have the limitation 
of lesser level of standardization between labora-
tories, thus single-platform techniques are pre-
ferred. Use of single-platform techniques reduces 
the intra-assay coefficient of variation as there is 
no need of another instrument like a hematology 
analyser for assessing the cell counts.

In our laboratory, we perform single-platform 
CD34+ HPC enumeration using BD SCE kit on a 
BD FACS Canto II platform. The kit contains a 
pre-mixed combination of anti-CD45 (FITC) 
antibody (clone 2D1)/anti-CD34-(PE) antibody 
(clone 8G12), BD Trucount ™ tubes containing 
the lyophilized pellet of fluorescently labeled 
beads, and a 10× non-fixating ammonium 
chloride- based reagent. Leukocyte counts for 
specimens are determined on an automated cell. 
Appropriate dilutions with phosphate-buffered 
saline (PBS) are made in specimens exceeding 
leukocyte count of 30  ×  109/L.  A lyse/no-wash 
protocol is used for staining of the surface anti-
gens CD45/CD34. Briefly, 100 μL of the speci-
men is added to the BD Trucount tubes and 
incubated for 20 min with 20 μL of the pre-mixed 
antibody cocktail and 20 μL of 7-AAD, in dark at 
room temperature. After incubation, red blood 
cells are lysed for 10 min at 20–25 °C by adding 
2.0  mL of freshly prepared 1× lysing reagent. 
Each specimen is stained in duplicate and ana-
lyzed by flow cytometry for evaluating the per-
formance method (Fig. 24.2). The absolute CD34 
count is derived as per the formula shown below:

 
CD cells

No of CD cells Bead countper test dilution fac
34

34
� �

� � �
/

.
�L ttor

No of beadscollected volumeof sample. �

24.1.5  Cryopreservation 
of Hematopoietic Stem Cells

Appropriate preservation of the apheresis prod-
uct is essential to maintain viability and prevent 
microbial contamination. If the product is to be 
transfused within 24–48 h of collection, storage 
at 2–8  °C is acceptable for HSC viability. 
However, to increase the duration of storage, 
cryopreservation is mandatory. Ideally, the prod-
ucts should be cryopreserved as soon as possible 
after collection. Though there are no universally 
accepted cryopreservation guidelines, the major-
ity of the cryopreservation protocols involve the 
following steps under aseptic conditions: volume 
reduction by centrifugation, re-suspension of the 
pellet in plasma, the addition of a cryopreserva-
tive, controlled rate freezing, and storage in 

vapor-phase liquid nitrogen temperatures 
(≤−196  °C). Ten percent dimethylsulfoxide 
(DMSO) is the most widely used cryoprotectant 
[20]. Prior to the stem cell infusion, the product is 
rapidly thawed at a temperature of 37 °C.

24.2  Posttransplant Workup

24.2.1  Documentation 
of Engraftment After 
Transplant

Engraftment in hematopoietic stem cell transplant 
usually occurs 10–21  days after infusion of the 
stem cells. A number of factors can influence the 
engraftment kinetics, which includes the underly-
ing disorder, pre-HSCT treatment protocols, 
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conditioning regimen, the quality of the graft, and 
post-HSCT complications like GVHD, medica-
tions, and infections.

The definition of engraftment may vary in dif-
ferent institutes, but minimally requires absolute 
neutrophil count of ≥500/mm3 and platelet count 
of ≥20,000/m3 for 3 consecutive days; a hemato-
crit of ≥25% for at least 20 days, in the absence of 
a transfusion support, is mandated. Documentation 
of engraftment is done by serial monitoring of 
complete blood counts [21].

Newer parameters in automated hematological 
analyzers have been used as indicators of engraft-
ment, which bank upon the production and release 
of immature reticulocytes and platelets from the 

marrow. These cells have a higher RNA content, 
and thus, the immature  reticulocyte fraction (IRF) 
and the immature platelet fraction (IPF) are 
derived in newer analyzers with the help of fluo-
rescent nucleic acid-specific dyes. These parame-
ters have shown good concordance in assessing 
marrow recovery [22].

24.2.2  Posttransplant Chimerism 
Analysis

The word “chimerism” is derived from a mytho-
logical creature consisting of the head of a lion, 
the body of a goat, and the tail of a serpent [23]. 
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Fig. 24.2 Dot plots depicting the sequential gating in the 
single-platform method based on the modified ISHAGE 
guidelines for CD34 enumeration. Plot a: Represents all 
the acquired events and exclusion of RBC/debris in the 
first gate (invert gate). Plot b: The CD34 vs. CD45 plot 
shows the dual positive events or beads at the top right 
corner. These are gated to get the total number of beads 
acquired and also excluded from subsequent evaluation. 
Plot c: CD45 vs. SSC to gate the leukocytes. Plot d: 

Gating of the CD34+ events. Plot e: CD34+ events are 
re-plotted on CD45 vs. SSC plot to exclude the bright 
CD45+ (mature lymphoid) cells. Plot f: The dim CD45 
and bright CD34+ events are plotted on FSC vs. SSC (to 
exclude the debris/platelets, etc.) and high SSC events 
(monocytes) and derive the true CD34+ HPCs. Absolute 
viable CD34+ HPCs count can be calculated by using the 
above formula
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A chimera thus represents an individual whose 
cells are derived from genetically distinct indi-
viduals. Important indications for chimerism 
analysis in posttransplant patients are monitoring 
of engraftment process, detection of graft failure, 
the risk of relapse, GVHD, and response to thera-
pies (such as DLI) [24]. Various terms have been 
used to describe the posttransplant chimerism:

Complete or full chimerism: When the 
patient shows only donor hematopoietic cells and 
no evidence of recipient cells at any time after 
transplant.

Mixed Chimerism: When the hematopoietic 
cells present in the patient are from the recipient 
as well as the donor. It is to be noted here that the 
recipient cells could be the normal hematopoietic 
cells or the leukemic cells.

Split Chimerism: The state of mixed chime-
rism is detected when lineage-specific chimerism 
analysis is performed. There may be complete 
chimerism (100% donor) in one or more cellular 
fractions, while other cellular fractions show a 

mixed chimerism or 100% recipient markers, for 
example, T cells are 100% host while the myeloid 
lineage cells are of 100% donor origin.

Chimerism testing is based on the differences 
in the genetic markers between donor and recipi-
ent. A variety of molecular techniques have been 
used for the detection of these differences in 
post-allogeneic HSCT: semi-quantitative fluores-
cent polymerase chain reaction (QF-PCR) of 
short tandem repeats, real-time quantitative PCR 
(qPCR) analysis of single-nucleotide polymor-
phisms (SNP), fluorescent in situ hybridization 
(FISH)/PCR for the sex chromosomes [25]. 
Different techniques have been used for post-
transplant chimerism analysis, the details of 
which are listed in Table 24.2.

Chimerism analysis by sex chromosome- 
based amelogenin markers: Sex-mismatched 
HSCT is when there is difference in the gender of 
the recipient and the donor. In case of sex- 
mismatched HSCTs, amelogenin gene is used as 
a marker of choice as it enables the simultaneous 

Table 24.2 Comparison of different methods for chimerism analysis [25]

Techniques
Sensitivity 
(%) Advantages Disadvantages Informatively

Erythrocyte 
phenotyping

0.04–3 Easy to perform Can be affected by 
transfusions; hence, not very 
sensitive/specific
It may not be in rapidly 
proliferating disorders

Low

Cytogenetics 5–10 Particularly informative in cases of 
CML for detecting Ph +ve cells

Low sensitivity and high rate 
of false positivity

Low

FISH for X and 
Y chromosomes

0.1–0.5 Sensitive; applicable for screening 
a large number of cells and 
quantification

Limited for use in sex- 
mismatched transplants only

High

RFLP 5–10 Very informative and requires a 
small sample size. Can be used for 
lineage chimerism

Multiple restriction sites leads 
to low sensitivity and 
non-clear results

High

STR/VNTR 0.4–5 Widely used, highly informative. 
Independent of sex mismatch

There is low sensitivity due to 
competition of the primer for 
the major and minor cell 
population

High

Amelogenin 0.1–4 Very informative and reliable 
method in sex-mismatched 
transplants

False positivity rate is high 
owing to the use of the same 
set of primers for two 
different regions

High

Real-time qPCR 0.1–1 Rapid and powerful technique with 
high sensitivity and specificity. 
Provides exact quantification of 
mixed chimerism

Costly and efficient mainly 
with biallelic markers

High

RFLP restriction fragment length polymorphisms; STR short tandem repeat, VNTR variable tandem repeat; FISH fluo-
rescence in situ hybridization, qPCR quantitative PCR
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detection of cells of both genders by a single-step 
PCR. Thus, even a slight recurrence of recipient 
cells can be detected [26].

In our lab, we use the amelogenin marker in 
sex-mismatched cases, for analyzing the chime-
rism status of the recipient. Representative pic-
ture of agarose gel electrophoresis after PCR 
amplification in one of our cases is depicted in 
Fig. 24.3.

24.2.3  Chimerism Analysis by Short 
Tandem Repeat (STR)

The most widely deployed method for chimerism 
analysis is the fragment analysis of STRs. The 
PCR-amplified products are detected by capillary 
electrophoresis (CE) which has the advantage of 
being rapid, and the analysis of results is straight-
forward. In the CE-based sequencing equipment, 
the amplified DNA fragments migrate through 
the liquid polymer within a thin capillary with 
high voltage. The fluorescently labeled products 
are separated on the basis of their molecular 
weight. An optical detection device in the genetic 
analyzers detects the fluorescence, and software 
converts the fluorescence signal to digital data. 
As each dye emits light at a different wavelength, 

following excitation by the laser, multiplex PCR 
experiments can be performed to simultaneously 
amplify the different loci. The differently sized 
PCR products can then be accurately sized or 
sorted into “bins” by the inclusion of a size 
marker [27].

The goal of the pretransplant analysis is to 
identify two or more informative STR alleles that 
differ between the donor and recipient and assist 
in monitoring chimerism after HSCT (Fig. 24.4).

24.2.3.1  Interpretation of STR Results
Posttransplant STR analysis is used to determine 
the percentage of residual recipient-specific 
allele(s) if present. The lack of recipient-specific 
alleles is compatible with complete engraftment. 
In the case of the presence of mixed chimerism, 
the calculations to assess donor chimerism are 
depicted in Fig. 24.5.

24.2.4  Detection of Minimal Residual 
Disease

The advent of newer techniques allows precise 
quantification of minimal residual disease (MRD) 
and also early detection of disease relapse. These 
techniques involve the study of novel leukemia- 
specific mRNA transcripts, few examples of 
which are listed in Table 24.3 [28, 29].

Different methods used to detect MRD for dif-
ferent diseases have been summarized in 
Table 24.3.

24.2.5  Monitoring of Posttransplant 
Infections

The risk of infection among the recipients of allo-
geneic HSCT is determined by various factors like 
the age of the patient, existing comorbid condi-
tions, and adverse effects of treatment taken. The 
modality of the transplant, posttransplant immu-
nological reconstitution as well as the severity of 
graft versus host disease play a major role in deter-
mining transplant outcome. It is also seen that the 
rate of mortality due to infection is significantly 
higher in cases who have infection post engraft-

1 2 3 4 8

977bp
788bp

1000bp
800bp

Fig. 24.3 Use of X, Y chromosome-based amelogenin 
marker. Lane 1: Recipient (female, a single amplicon of 
977 bp), Lane 2: Donor (male, two amplicons of 977 and 
788  bp, respectively), Lane 3: Day +30 posttransplant 
recipient sample, Lane 4: Day +90 posttransplant recipi-
ent sample. Lanes 3 and 4 show full chimerism. Lane 8: A 
50 bp ladder
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ment as compared to those having an infection in 
the short posttransplant neutropenia period [30].

The role of the clinical microbiology labora-
tory in support of stem cell transplant cannot be 
overemphasized as it accurately and on time 
identifies the various causative microorganisms 
viz. bacteria, fungus, and virus. Here, it is impor-
tant to note that viral infections like Epstein–Barr 
virus (EBV), cytomegalovirus (CMV), and her-
pes virus 6 (HHV6) were found to be the under-
lying causative agents of morbidity as well as 
mortality after allogeneic HSCT [31].

During the period between engraftment and 
day 100 of BMT, infection by cytomegalovirus 

(CMV) has been found in a significant number 
of patients. In cases where the donor was sero-
positive for CMV infection, the rate of serocon-
version was as high as 30% [32]. Thus, it is 
essential to diagnose the infection prematurely, 
in order to start presumptive treatment. Various 
tests available include detection of the virus in 
leukocytes and body fluids. The detection meth-
ods detect CMV-RNA, CMV-DNA, or CMV 
pp65 antigen depending on the method. Of 
these the most reliable result is that obtained by 
qualitative and quantitative monitoring of 
CMV-DNA as it aids in the monitoring of the 
treatment [33].

Sample File Sample Name Panel OS SQ
SD1 H09 08.fsa SD1 Identifier v1

Identifier v1

Identifier v1

D19S433 vWA TPOX D18S51

D19S433 vWA TPOX D18S51

D19S433 vWA TPOX D18S51

rR0 D09 04.fsa

rR1 E09 05.fsa

rR0

rR1
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0
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0
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3500
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1400
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0

140 180 220 260 300 340

140 180 220 260 300 340
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Donor

Receipient

Post-transplant

Fig. 24.4 STR-based chimerism analysis, in capillary 
gel electrophoresis. The figure shows electropherogram of 
fragment analysis of products obtained after multiplex 
amplification of three loci (listed in the gray bars) at day 
70 post allogeneic stem cell transplantation. The top lane 
represents the amplified products from the donor (top), 

the pretransplant recipient (middle), and posttransplant 
recipient (bottom). In this case, informative marker was 
D18S51 alleles (different between the patient and recipi-
ent) while vWA and TPOX alleles were non-informative 
markers (similar alleles)
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Another pathogen known to significant mor-
bidity as well as mortality is an invasive fungal 
infection (IFI) caused by Aspergillus [34]. The 
diagnosis needs to be made accurately as well as 
in a short time. The microbiological culture gives 

reliable results but is time-consuming and cannot 
be relied upon as the sole diagnostic method. 
Imaging techniques like high-resolution com-
puted tomography aid in the detection of fungal 
infection even if it is deep-seated. Antigen detec-
tion technique detecting β-glucan and mannan 
helps in the early detection. Numerous molecular 
detection techniques are in the pipeline. Candida 
species is also known to be the causative agent. In 
addition to the microbiological culture, detection 
of the anti-mycelium antibody has been tried by 
some to make the diagnosis [35].

Detection of Galactomannan by enzyme- 
linked immunosorbent assay (ELISA) is found to 
be helpful in the early and prompt diagnosis of 
invasive Aspergillosis especially in high-risk 
patients with hematological malignancies. It is a 
sandwich type of ELISA. The test is interpreted 
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Fig. 24.5 Calculation of percent recipient cells: Four 
diagrammatic representative scenarios (a–d) for possible 
combinations of informative recipient (R) and donor (D) 
alleles are shown. For each scenario, the third line is a 
hypothetical posttransplant recipient sample showing a 

mixed chimeric pattern. The formula used to calculate the 
percent recipient cells is provided, where “A” represents 
the peak area of the appropriate peak. In case of heterozy-
gous, the subscripts 1 and 2 indicate the two alleles

Table 24.3 Methods/markers used in the detection of 
MRD in different diseases

Disease
Identification 
markers Technique

CML BCR-ABL 
transcription

RT-PCR

AML ETO/, CBFβ/
MYH11 fusion

RT-PCR

β-Thalassemia β-Globin mutation 
and synthesis

PCR-based 
mutation 
analysis

B/T ALL IgH TCR gene 
re-arrangment

PCR 
amplification of 
gene
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as positive if the index value is more than 0.8 in a 
single sample or more than 0.5 in two consecu-
tive samples. It has been found to have a sensitiv-
ity of 71% and specificity of 89% [36].

Detection of (1,3)-β-d-Glucan: It is present 
in the cell wall of numerous pathogenic and thus 
considered by some as a pan-fungal marker. It is 
detected by the ELISA technique and has a sen-
sitivity of 82%. A limitation of this method is its 
false positivity in patients with bacterial infection 
[37, 38].

24.2.6  Monitoring and Workup 
for GVHD

All the patients who have undergone allogeneic 
HSCT should be evaluated for acute graft-versus- 
host disease (GVHD) as it can occur at any time 
after transplantation but more so in the initial few 
months posttransplantation. During the initial 
100  days posttransplantation, the diagnosis can 
be made from clinical features alone which 
include diarrhea, skin rash, abdominal cramps, 
and elevated serum bilirubin levels [39].

Serial monitoring of biochemical parameters 
is the key to diagnose and detect acute GVHD at 
the earliest. The biochemical parameters indica-
tive of liver involvement include increased levels 
of bilirubin, aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), alkaline phos-
phatase, and reduced albumin. Hypoalbuminemia 
can be attributed to the GVHD-associated intesti-
nal protein leak and a negative nitrogen balance 
while electrolyte abnormalities are due to 
decreased oral intake coupled with colossal diar-
rhea [40].

Further required investigations may include a 
biopsy for histopathological examination to rule 
out other differentials like drug reactions and 
infections. The biopsy is usually taken from the 
skin, liver, and/or gastrointestinal tract; it may be 
taken from all the sites or only the site with 
symptoms at the discretion of the treating physi-
cian. In the GI tract, the areas most commonly 
affected are caecum, ileum, and colon; however, 
the upper gastrointestinal tract involvement is not 
uncommon. The endoscopic findings include 

edematous intestine with areas of mucosal 
sloughing and focal areas of bleeding [41]. 
Biopsy of the intestine reveals crypt abscess 
along with crypt-cell necrosis [42] while histo-
pathological changes in the liver are dependent 
on the duration of insult on the liver due to 
GVHD.  The changes can range from increased 
lymphocytes in the liver to irregular bile ducts, 
apoptosis of bile ducts along with dyskaryosis of 
hepatocytes. Inflammation of the endothelium is 
also not uncommon [43] while fibrosis of submu-
cosa and serosa is evident in chronic GVHD [42]. 
Characteristic histopathological findings in skin 
biopsy include Langerhans cell depletion, dys-
keratosis of keratinocytes, necrosis of basal cells, 
and exocytosis of lymphocytes. In chronic 
GVHD, there is a presence of dermal fibrosis 
along with inflammation of the sweat glands 
[44].

24.3  Conclusions

A well-equipped laboratory is an integral part of 
any transplant program, particularly HSCT. It not 
only is essential for the identification of the right 
donor but also aids in determining the adequacy 
of HSC in the harvest, their storage, viability 
assessment, engraftment, and subsequently delin-
eating the chimeric status. Besides instrumenta-
tion, a certain degree of expertise and trained 
healthcare personnel are required for performing 
and interpreting the results of these specialized 
tests. Graft rejection, GVHD, and disease relapse 
are major potential complications of the trans-
plant which can only be addressed and averted in 
the presence of an adequate clinical laboratory.
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Complement-Mediated 
Hematological Disorders

Neelam Varma and Shano Naseem

25.1  The Complement System

The complement system, which is part of the 
innate immune system, was first identified as a 
heat-labile component of serum that “comple-
mented” antibodies in killing of bacteria. It is 
composed of over 30 proteins, which circulate 
as inactive precursors, and contributes 3 g/L to 
overall serum proteins. On activation of a 
complement system, a series of proteolysis-
based activation cascade starts, which leads to 
the formation of membrane attack complex 
(MAC) and increased local immune response 
[1–3].

Complement kills microbes in following dif-
ferent ways

 1. Opsonization—increases phagocytosis by 
opsonizing antigen. C3b and C4b have impor-
tant opsonizing activity via binding to foreign 
organisms.

 2. Chemoattractant/inflammation—by attract-
ing macrophages and neutrophils to site of 
inflammation and increases their overall 
activity. Predominantly, C5a and, to a lesser 
extent, C3a and C4a act as inflammatory 
mediators.

 3. Cytolysis—by rupturing cell membranes due 
to the formation of membrane attack complex 
(MAC). C5b–C9 form the MAC.

 4. Agglutination—causes clustering and binding 
of pathogens.

25.1.1  Complement Activation

The complement system works as a cascade sys-
tem, where one reaction triggers another and so 
on, and therefore grows exponentially.

Complement proteins are named by capital 
letter “C” and are inactive until they are split into 
products (e.g., C1), which are active and desig-
nated with a small letter “a” or “b” (e.g., C1a and 
C1b), with “b” being the active and larger part 
(except for C2). The smaller fragment (a) is 
released and acts as soluble mediator, whereas 
the larger active serine protease stays on the 
pathogen surface (b).

These complement proteins circulate as pro- 
enzymes (except for factor D) and become func-
tionally active upon cleavage by a protease. 
However, the normal host cells are protected 
against complement attack, but foreign patho-
gens and altered host cells are susceptible to 
complement attack, which causes their phagocy-
tosis and removal upon activation.

The complement pathway can be activated by 
either of the three distinct pathways. These 
require different molecules for initiation, but lead 
to finally activation of same effector molecules.

N. Varma (*) · S. Naseem 
Department of Hematology, PGIMER,  
Chandigarh, India
e-mail: varma.neelam@pgimer.edu.in;  
naseem.shano@pgimer.edu.in

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7713-6_25&domain=pdf
mailto:varma.neelam@pgimer.edu.in
mailto:naseem.shano@pgimer.edu.in
mailto:naseem.shano@pgimer.edu.in


418

 1. Classical pathway (most specific—with 
antibody- dependent activation, binds C1)

 2. Alternative (nonspecific, with auto-activation 
of C3)

 3. Lectin pathway (some specificity—with 
mannose binding protein activation, binds 
C4)

All three pathways are mediated through 
C3 and C5 convertases that cleave molecules 
C3 and C5, respectively. This results in the 
production of two functional fragments each 
from C3 and C5: (1) inflammatory media-
tors—C3a and C5a; and (2) enzymatic cleav-
age components—C3b and C5b. These then 
lead to downstream inflammatory effects and 
amplification of the complement cascade, 
eventually forming cytolytic MAC, which is 
composed of C5b, C6, C7, C8, and polymeric 
C9 [4–6].

25.1.1.1  Classical Pathway
The classical pathway starts with binding of anti-
bodies to cell surface and ends with lysis of cell. 
C1–C9 are proteins of this pathway.

 Activation (Fig. 25.1)
 – Only IgG and IgM antibodies can activate 

complement.
 – C1 component contains three polypeptides 

(C1q, C1r, and C1s). The initiating molecule 
is C1q, which interacts with C1r and C1s to 
form activated C1.

 – C1 attaches to Fc portion of antibody. C1 acti-
vates two other complement proteins, C2 and 
C4. C2 is cleaved into C2a and C2b, and C4 
into C4a and C4b.

 – C3 convertase (C4b-C2a)—C4b and C2a 
come together to form C4b2a which is the C3 
convertase.

 – Formation of C3 convertase represents the 
nodal point for all pathways of complement 
system activation. The C3 convertase causes 
activation of the common terminal comple-
ment cascade.

 – C3 convertase activates C3 to C3a and C3b.
C3b is an opsonin and it increases phagocyto-
sis many fold.
C3a increases the inflammatory response by 
binding to mast cells and subsequent release 
of histamine.

 – C5 convertase (C4b-C2a-C3b)—When C3b 
binds to C2a and C4b, it forms C5 convertase 
(C4bC2aC3b), which activates C5 proteins by 
cleaving them into C5a and C5b.
C5b begins to coat the surface of the target 
cell and is an opsonin, increasing 
phagocytosis.
C5a binds to mast cells and increases 
inflammation.

 – Membrane attack complex (C5b-C6-C7- 
C8-C9)—C5b on the surface of the target cell 
binds to C6, which activates C6. Subsequently 
C6 binds to C7, which binds to C8 and C8 
binds to C9. Thus a circular complex of these 
proteins is formed called the MAC.
The MAC causes cytolysis, by disrupting the 
inner integrity of cell membrane [6–8].

Microbe

Antigens

C1

C2 C4

C2a C2b C4b

C3

C3a C3b
C5

C5a C5b
C6

C7 C8

C9

C4a

C3 convertase (C4b2a)

C5 convertase (C4b2a3b)

MAC (C5b-C9)
Microbial
membrane
lysis

Fig. 25.1 Classical complement pathway
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25.1.1.2  Alternate Pathway
The alternate pathway does not need antibodies 
to initiate and is therefore part of the nonspe-
cific defense. It is slower than the classical 
pathway.

 Activation
 – Activation occurs by process known as tick- 

over, which occurs by low level of constitutive 
activation of C3.

 – C3 undergoes slow spontaneous hydrolysis to 
C3b and C3a. Subsequently, phagocytosis 
occurs by binding of C3b to foreign surface 
antigens. However, the mammalian cells are 
protected, as they contain sialic acid which 
inactivates C3b.

 – C3b then binds to plasma protein factor B, on 
the surface of foreign cells. This causes factor 
D to cleave factor B to Ba and Bb.

 – Factor Bb remains bound to C3b and factor D 
along with Ba separate away.

 – C3 convertase (C3b-Bb)—Properdin (factor 
P), binds to the C3bBb and stabilizes it. The 
C3 convertase causes the production of more 
C3b, which results in the amplification of this 
pathway.

 – C5 convertase (C3b-Bb-C3b)—When an 
additional C3b binds to the C3 convertase, C5 
activation complex is formed, which cleaves 
C5 into C5a and C5b. C5b begins the produc-
tion of the MAC.
Membrane attack complex (C5b-C6-C7- 

C8-C9)—C5b is unstable and is stabilized by C6. 
C5b6 allows C6 and C7 to associate and pene-
trate a membrane. C5b67 recruits C8 which orga-
nizes C9 to form the MAC [9, 10].

25.1.1.3  Lectin Pathway
The lectin pathway is triggered by receptors, 
which identifies carbohydrates on microbial sur-
faces, as below:

 – Mannose binding protein (MBP) or mannose 
binding lectin (MBL).

 – The other three have a fibrinogen-like domain, 
including ficolins—M-ficolin (ficolin-1), 
L-ficolin (ficolin-2), and H-ficolin (ficolin-3).

 Activation
 – The lectin complement pathway is similar to the 

classical pathway, and instead of C1 complex, 
the MBL complex binds to the cell membrane 
of infectious agent, through MBL-associated 
serine proteases (MASP-1 and MASP-2).

 – C3 convertase (C4b-2a) is formed when 
MASP cleaves C4 and C2.
Once the C3 convertase has formed at the 

pathogen surface, similar to classical pathway, it 
cleaves C3 to generate C3b and C3a. C3b acts as 
an opsonin and also binds to C3 convertase to form 
C5 convertase. C5 is cleaved by C5 convertase, to 
form C5a and C5b. C5b initiates assembly of a 
membrane attack complex, including C5b-C6-C7-
C8-C9, that creates pores in the cell membrane of 
the pathogen and subsequent lysis [11–13].

25.1.2  Regulatory Proteins: 
For Complement Pathways

The complement activity is normally kept under 
control due to the requirement of a foreign 
pathogen to trigger activation and also due to the 
transient nature of the activation. However, 
uncontrolled activation can occur, which is pre-
vented by regulatory proteins that keep control of 
the complement cascade. These regulatory pro-
teins, present as both circulating in fluid phase 
and bound to the cell surface, are very important. 
They maintain the host defense against infection 
and immune homeostasis [4, 5, 8, 14–18].

Fluid phase regulators include

• C1 inhibitor (C1 INH)—binds to active 
C1r:C1s, leading to its dissociation from C1q, 
which limits cleaving of C4 and C2.

• C1 INH is also involved in the inhibition of 
several other proteases, including contact- 
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system proteases (plasma kallikrein, coagula-
tion factor XIa, and coagulation factor XIIa), 
circulating complement proteases (MASP 1 
and 2), and fibrinolytics (plasmin) [14].

• C4 binding protein (C4BP)—binds and 
degrades C4b to C4c and C4d. C4d limits 
amplification of classical and lectin pathways 
of complement activation, as it does not have 
protease activity [15].

• Protein S—binds to the C5bC6C7 complex to 
prevent insertion into the cell membrane and 
subsequent formation of a MAC [15].

• Factor I—cleaves C3b into iC3b and then 
C3dg and cleaves C4b into C4c and C4d, 
causing them both to become inactive. C4d 
remains covalently bound close to the site 
where the C4b was bound, and as C4d has a 
much longer half-life than C4b, it remains on 
the cell surface, while other molecules get 
cleared away.

• Factor H—along with Factor I inactivates 
C3b. This leads to inability of C3b to cleave 
C5 and factor B and the production of C3 and 
C5 convertases. This therefore affects the clas-
sical, lectin, and alternative pathway activa-
tion [16].

• Anaphylatoxin inhibitor (AI)

Cell-bound regulators include

• CD55 (delay accelerating factor or DAF)—
promotes the dissociation of active C3 conver-
tase. In lectin and classical pathway, it causes 
decay dissociation of C4b2a and formation of 
C3 convertases. In alternative pathway, it 
impacts the signal amplification by C3b, by 
inhibiting C3b formation [17].

• CD59 [membrane inhibitor of reactive lysis 
(MIRL), MAC-inhibitory protein, or 
protection]—inhibits C9 binding to the 
C5b678 complex, thereby impeding forma-
tion of MAC and preventing cytolysis [18].

• Membrane cofactor protein (MCP, or 
CD46)—serves as a cofactor for factor 
I-mediated proteolysis of plasma C3b.

• Complement receptor 1 (CR1, or CD35)—
Similarly, CR1 also serves as a cofactor for 
factor I-mediated degradation of C3b.

• CRIg (complement receptor of the immu-
noglobulin superfamily)—recognizes C3b- 
opsonized surfaces and functions in immune 
clearance. In addition, extracellular domain 
of CRIg binds to C3b and interferes with sub-
strate binding, limiting C3b-mediated ampli-
fication of activation of the alternative 
pathway.

These regulatory proteins function through 
different mechanisms:

• By enzymatically attacking complement 
components, thereby inactivating them—
factor I inactivates C3b; anaphylatoxin inacti-
vator inactivates anaphylatoxins (C3a, C4a, 
C5a).

• By binding to and thus inhibiting comple-
ment components—C1-INH inhibits C1; fac-
tor H acts with factor I in causing the inhibition 
of C3b; S protein binds to C5b67 and prevents 
MAC binding to cell membrane.

• Regulatory proteins in cell membranes—
DAF (decay-accelerating factor)—it has the 
same function as factor H, the inactivation of 
C3b and C4b; membrane cofactor protein—it 
serves as a cofactor for inactivation of C4b 
and C3b.

Table 25.1 and Fig. 25.2 summarize the three 
complement pathways and their regulatory 
proteins.

25.2  Complement-Mediated 
Hematological Disorders

Dysregulation of the complement system is 
involved in a number of hematologic disorders 
and may be due to defects in pathways of 
 activation, complement regulatory proteins, or 
deficiencies of complement proteins.

The main hematological diseases that are 
mediated by the complement system include

 1. Paroxysmal nocturnal hemoglobinuria (PNH).
 2. Atypical hemolytic uremic syndrome (aHUS).
 3. Cold agglutinin disease (CAD).
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Table 25.1 Complement pathways and their regulatory proteins

Pathway Classic Alternate Lectin
Specificity Most specific Nonspecific Some specificity
Activation Antibody mediated Spontaneous hydrolysis of 

C3
Mannose-binding lectin

Complement protein 
activated for initiation

C1 C3 C4

C3 convertase C4bC2a C3bBb C4b2a
C5 convertase C4b2a3b C3bBbC3b C4b2a3b
Membrane attack 
complex

C5bC6C7C8C9 C5bC6C7C8C9 C5bC6C7C8C9

Regulatory proteins C1 inhibitor, C4BP, CR1, 
DAF, MIRL, anaphylatoxin 
inhibitor, MCP, Factor H, 
Factor I

CRIg, CR1, DAF, MIRL, 
anaphylatoxin inhibitor, 
MCP, Factor H, Factor I

C1 inhibitor, C4BP, CR1, 
DAF, MIRL, 
anaphylatoxin inhibitor, 
MCP, Factor H, Factor I

Hematological disease 
involved

PNH, cold agglutinin disease aHUS

Classical Pathway Alternate Pathway

Microbial membranes, LPSAntigen-antibody complex

C4bC2a
C3 convertase

C1

Lectin Pathway

Bacterial surface

C4,C2

MBL, MASP
C1-INH

C4bC2aC3b
C5 convertase

C3

C3
Factor B

C3bB
Factor D, Properdin

C3bBb
C3 convertase

C3bBbC3b
C5 convertase

C3

C5
C6
C7
C8
C9

C5bC6C7C8C9
Membrane attack complex

MIRL

DAF
CR1
Factor H
Factor I
CRIg 

DAF
CR1
C4BP
Factor H

Fig. 25.2 Three 
complement pathways. 
The inhibitory proteins 
are shown in red boxes

25.2.1  Paroxysmal Nocturnal 
Hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is 
an acquired bone marrow disorder, characterized 
by triad of hemolytic anemia, bone marrow fail-
ure, and thrombosis.

It results due to uncontrolled complement activa-
tion, leading to complement-mediated intravascular 
hemolysis and also activation of monocytes, granu-
locytes, and platelets with the formation of pro-
thrombotic microparticles, which together account 
for most of the clinical manifestations of PNH [19].

25.2.1.1  Epidemiology
PNH is a rare disorder with reported prevalence 
of clinical disease being approximately 16 cases 
per million population and an incidence rate of 
1.3 cases per million population. However, it 
may be an underestimate as a subset of patients 
are likely to remain undiagnosed.

PNH is mostly a disease of adults, although 
reported in children also. The median age of 
onset is in the third decade. It affects males and 
females nearly equally despite being caused by 
mutation of a gene on the X-chromosome, 
because PNH results from acquired somatic 
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mutation rather than a germline mutation 
[20, 21].

25.2.1.2  Pathophysiology
It arises due to acquired somatic mutation in the 
X-linked phosphatidylinositol glycan class A 
(PIG-A) gene in pluripotent hematopoietic stem 
cells. As not all stem cells of the bone marrow are 
affected, therefore, mosaic situation exists. The 
PIG-A gene product is responsible for the first 
step in the biosynthesis of glycosylphosphati-
dylinositol (GPI)-anchored proteins, and hence, 
the PNH stem cell and all of its progeny have 
GPI-anchored protein deficiency [22–25].

The deficiency of GPI-anchored complement 
inhibitory proteins, such as CD55 and CD59, 
accounts for uncontrolled complement activation 
and subsequently complement-mediated hemoly-
sis that characterizes PNH. Till now, over 20 dif-

ferent antigens (e.g., CD16, CD24, CD52, CD55, 
CD59, CD58, CD66b/67, CD73, CD87, CD90, 
CD108, red cell acetylcholinesterase, neutrophil 
alkaline phosphatase, and homologous restriction 
factor) have been described that are missing from 
PNH cells. Table 25.2 mentions briefly the GPI- 
anchored proteins affected in PNH.

Platelets and granulocytes also have reduced 
GPI proteins, which result in infections and 
thrombosis seen in PNH patients.

CD55, CD59, and HRF all have roles in the 
protection of the cell against complement- 
mediated attack.

Therefore, after activation of complement 
pathway, red blood cells become susceptible to 
complement-mediated lysis due to the absence of 
complement inhibitory proteins. In addition, 
a proportion of granulocytes, platelets, and 
lymphocytes are also part of the PNH clone and 

Table 25.2 GPI-linked proteins deficient in PNH

Protein/antigen Function Expression/distribution
CD55 (DAF) Complement regulatory protein All hematopoietic cells
CD59 (MIRL) Complement regulatory protein All hematopoietic cells
CD48 Adhesion molecule Monocytes, lymphocytes
CD58 (LFA-3) Adhesion molecule Erythrocytes, neutrophils, 

lymphocytes
CD66/CD67 Adhesion molecule Neutrophils
CD90/Thy-1 Stem cells
Acetylcholinesterase Enzyme Erythrocytes
Neutrophil alkaline 
phosphatase

Enzyme Neutrophils

CD73 (5′-ectonucleotidase) Enzyme Lymphocytes
CD157/ADP-ribosyl cyclase Enzyme Monocyte, neutrophils
Comer antigen (DAF) Blood group antigens Erythrocytes
CD108/JMH antigen Blood group antigens Erythrocytes
Holley Gregory antigen Blood group antigens Erythrocytes
Yt antigens Blood group antigens
Dombrock residue Blood group antigens
CD14 Endotoxin receptor Monocyte, neutrophils
CD16 Fc receptor IIIb Neutrophils
CD87 Urokinase plasminogen activator receptor 

(u-PAR)
Monocyte, neutrophils

CD24 Receptor Neutrophils, lymphocytes
CDw52 (CAMPATH-1) Adhesion molecule Monocytes, lymphocytes
CD109 Regulates signaling by TGF-beta Lymphocytes, platelets
p50-80 Neutrophils
GP500 Platelet antigen Platelets
GP175 Platelet antigen Platelets
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also lack GPI-linked proteins leading to their 
uncontrolled activation and further clinical symp-
toms, like thrombosis.

Therefore, bone marrow failure and thrombo-
philia are also seen in PNH patients. It also fre-
quently arises in association with aplastic anemia 
and sometimes myelodysplastic syndrome 
(MDS) [26–28].

“According to the recommendations of the 
International PNH Interest Group, PNH is classified 
by the context under which it is diagnosed [29]:

 1. De novo/Primary PNH: Evidence of PNH in 
the absence of another bone marrow disorder

 2. Secondary PNH: PNH in the setting of another 
specified bone marrow disorder

 3. Subclinical PNH: PNH clone on flow cytome-
try examination without signs of hemolysis.”

Phenotypic mosaicism—characteristic fea-
ture of PNH, is based on sensitivity of the eryth-
rocytes to complement-mediated lysis. This 
phenomenon of some red cells being sensitive to 
complement lysis and some being insensitive 
was studied quantitatively by Rosse and Dacie, 
and later, Rosse reported that in PNH patients, 
three populations of red cells can be demon-
strated [30, 31].

 1. Type III PNH red cells—are very sensitive 
cells, being 10–15 times more sensitive than 
normal cells.

 2. Type II PNH red cells—are cells of medium 
sensitivity, being 3–5 times more sensitive 
than normal cells.

 3. Type I PNH red cells—are cells of normal 
sensitivity.

Most PNH patients have a mixture of type I 
and type III cells, but mosaics of other two types 
are also seen.

In vivo the proportion of type III cells parallels 
the severity of the patient’s hemolysis [27, 28].

In the presence of less than 20% PNH type III 
erythrocytes, visible hemoglobinuria is absent; 
when PNH type III erythrocytes are between 20% 
and 50%, paroxysms of gross hemoglobinuria 
occur; and when PNH type III erythrocytes are 

greater than 50%, constant hemoglobinuria is 
seen [28].

25.2.1.3  Clinical Presentation
PNH usually begins insidiously, with clinically 
apparent hemoglobinuria being the presenting 
symptom in only one quarter of patients. The ill-
ness ranges in severity from a mild, clinically 
benign process to a chronically debilitating, 
potentially lethal disease.

Most commonly, patients with classic PNH 
have symptoms of malaise, lethargy, asthenia, 
yellowish discoloration of the skin (jaundice), 
and darkly colored urine.

In addition, some patients present with fea-
tures of bone marrow failure and thrombophilia.

Table 25.3 summarizes the frequency of clini-
cal features reported at presentation in patients 
with PNH [32].

25.2.1.4  Laboratory Diagnosis of PNH
Initially, PNH diagnosis was based on tests that 
made use of the abnormal sensitivity of PNH red 
cells to lysis by complement. These include Ham 
test and the sucrose hemolysis test, both of which 
demonstrate the increased sensitivity of PNH red 
cells to complement. Although these tests are 
sensitive and specific, they are cumbersome to 
perform and are operator dependent.

Currently, traditional Ham and sucrose lysis 
tests have been replaced by quantitative and more 
sensitive flow cytometric immunophenotypic 
analysis of GPI-linked proteins.

Table 25.3 Presenting features in PNH from a study on 
80 PNH patients [32]

Symptoms/signs Frequency (%)
Anemia 35
Hemoglobinuria 26
Hemorrhagic signs and symptoms 18
Pancytopenia 13
Gastrointestinal symptoms 10
Hemolytic anemia 9
Iron deficiency anemia 6
Thrombosis 6
Infections 5
Neurologic signs and symptoms 4
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Flow cytometric testing for PNH cells has 
certain advantages over the conventional lytic 
tests: it has higher sensitivity, performs a quan-
titative analysis, identifies the type of red cell 
abnormality (type I, II, or III), and also is the 
only method for the identification of PNH defect 
on platelets and granulocytes. The identification 
of size of PNH clone correlates with risk for 
thrombosis and identification of the PNH clone 
on granulocytes is also clinically relevant as 
granulocytes are unaffected by red cell transfu-
sions [33, 34].

Analysis of somatic mutations of PIG-A gene 
can also be used for diagnosis. However, muta-
tion analysis is less valuable for the diagnosis of 
PNH, as the development of PNH phenotype 
requires not only mutation of PIG-A gene but 
also a survival advantage of PNH clone. 
Therefore, currently, flow cytometry is used as a 
gold standard technique for PNH diagnosis and 
monitoring [35].

 1. Acidified-Serum Lysis Test (Ham test)
In Ham test, at 37 °C, patient’s red cells are 

exposed to the action of normal or patient’s 
own serum, acidified to the optimum pH for 
lysis (pH 6.5–7.0).

A positive acidified-serum test, carried out 
with positive and negative controls, denotes 
the PNH abnormality. To increase sensitivity 
of the test, magnesium chloride is added. If 
there is lysis in inactivated serum (done by 
heating at 56 °C), the test should not be con-
sidered positive [27].

 2. Sucrose Lysis Test
PNH-positive RBC undergo lysis in 

sucrose lysis test, as they absorb complement 
components from serum at low ionic concen-
trations. However, normal RBC do not 
undergo lysis, as they do not absorb comple-
ment components in the test conditions [27].

 3. Gel Card Test
Sephacryl gel card technique is based on 

an antigen–antibody reaction. PNH cells lack-
ing CD55 or CD59 do not agglutinate and 
pellet at the bottom of column, whereas nor-
mal RBC which express CD55 and CD59 
agglutinate at top only [36].

 4. Flow Cytometry Analysis
It is important to document deficiency of more 
than one GPI-anchored protein for PNH diag-
nosis, as in rare cases an inherited deficiency 
of one protein has been described [37, 38].

For GPI-anchored proteins on red cells—
The patient’s red cells are stained with a 
fluorochrome- labeled monoclonal antibody that 
is specific for one of several GPI-linked pro-
teins—CD55, CD58, or CD59 which are defi-
cient in PNH red cells.

For GPI-anchor or GPI-anchored proteins 
on neutrophils and monocytes—Similarly 
patients’ neutrophils and monocytes are stained 
with fluorochrome-labeled monoclonal antibody 
that is specific for one of several GPI-linked pro-
teins which are deficient on granulocytes—
CD14, CD16, CD24, CD55, CD59, CD66a, and 
CD67.

Fluorescein-labeled pro-aerolysin 
(FLAER)—Analysis has been described recently 
for PNH testing. FLAER is a fluorochrome 
(Alexa fluor 488)-conjugated inactive variant of 
the bacterially (Aeromonas hydrophila) derived 
protein aerolysin, which binds specifically to GPI 
anchors. PNH granulocytes lack GPI-anchors 
and hence do not bind FLAER.

FLAER offers significant advantage as a 
reagent for PNH testing, compared to monoclo-
nal antibodies against GPI-anchored protein nor-
mally studied, as its binding is less sensitive to 
the maturational stage of the cells, and also as it 
detects GPI-anchor, specific individual antibod-
ies are not required. FLAER can also be used in 
multicolor combinations with monoclonal anti-
bodies to GPI-linked and non-GPI antigens for 
the detection of PNH clones.

However, the main disadvantage is that the 
FLAER reagent does not bind to red cells, as red 
blood cells lack the enzyme that converts pro-
aerolysin to aerolysin [39].

Table 25.4 summarizes the gating strategy and 
antibodies recommended for PNH testing by 
flow cytometry, and Fig. 25.3 shows flow cytom-
etry plots of a case of PNH.

In Table 25.5 various laboratory tests for PNH 
diagnosis are outlined.
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Table 25.4 Gating strategy and antibodies to be used for routine PNH testing [34]

Cells to be analyzed Gating strategy Antibodies
Red blood cells – Log forward versus side scatter

or
– Glycophorin A versus side scatter

– CD59, CD55

Granulocytes – CD45 versus side scatter
or
– CD15 versus side scatter

–  FLAER, CD24, CD66b, CD16, 
CD157. Two antibodies preferred. 
CD55 and CD59 combination not 
recommended

Monocytes – CD45 versus side scatter or
– CD33 versus side scatter or
– CD64 versus side scatter or
– CD163 versus side scatter

–  FLAER, CD14, CD48, CD55, 
CD157

25.2.1.5  Clinical Indications for PNH 
Testing [34]

PNH may present with varied signs and symp-
toms, and it being a rare disease, screening every 
patient with anemia or thrombosis is not suitable. 
However, some clinical presentations raise the 
suspicion of finding PNH clones, and these 
should be tested.

 – Patients with unexplained intravascular hemo-
lysis (e.g., with hemoglobinuria and increased 
plasma hemoglobin).

 – Patients with Coombs-negative hemolytic 
anemia with no obvious infectious cause of 
the hemolysis.

 – Thrombosis at unusual sites should warrant 
PNH testing. Although thrombosis as a com-
plication is seen in 40% PNH patients, but as 
a presenting feature is seen in about 5% 
patients only and at unusual sites, such as 
intra- abdominal or cerebral thrombosis.

 – Patients with coexistent thrombosis or intra-
vascular hemolysis or cytopenias.

 – Any young patient with cytopenia and a dif-
ferential diagnosis of aplastic anemia.

 – Based respectively on recent recommendation 
by the International PNH Interest Group and 
EXPLORE study, (1) all patients with aplastic 
anemia and (2) MDS should be screened 
yearly for PNH using high-sensitivity assays 
[29, 40].

25.2.1.6  Treatment
In 2007, eculizumab, which is a humanized 
monoclonal antibody, that binds complement C5, 

preventing its activation to C5b by the alternate 
complement pathway-C5 convertase and thereby 
inhibiting MAC formation, has been approved by 
both the US Food and Drug Administration and 
the European Union Commission for the treat-
ment of hemolysis of PNH.

Treatment of classic PNH patients with eculi-
zumab reduces transfusion requirements and 
improves anemia and quality of life [41–44].

Recent reports also show that eculizumab 
reduces the risk of thromboembolic complica-
tions [45, 46].

Prophylactic anticoagulation should be con-
tinued in patients on eculizumab with prior 
thromboembolic event; however, prophylactic 
anticoagulation is not recommended in patients 
who have no prior history of thromboembolic 
complications.

Eculizumab is well tolerated with minor 
adverse reactions. Although, meningococcal vac-
cination, followed by prophylactic antibiotics 
until 2  weeks after the vaccination, should be 
given to patients on eculizumab, as it may predis-
pose them to fulminant Neisseria meningitidis 
infections.

The main limitation for treatment with eculi-
zumab is its exorbitantly high cost—4,00,000 US 
dollars/year, and the therapy needs to be contin-
ued throughout life, as it only inhibits the forma-
tion of MAC, and the underlying stem cell 
abnormality continues as it is.

Therefore, in economically constrained coun-
tries, alternate treatment may be in the form of 
supportive therapy with folic acid, iron supple-
ments, and blood transfusions. Prednisolone is 
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Fig. 25.3 Flow cytometry plots showing a case of PNH. 
(a) Red cells: P3 shows type III cells, P4—type II cells, 
P5—type I cells. (b) Neutrophils gated with CD15 anti-

body, showing PNH clone, negative for both CD24 and 
FLAER. (c) Monocytes gated with CD33 antibody, show-
ing PNH clone, negative for both CD14 and FLAER
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also used during acute hemolytic exacerbations, 
but long-term administration of prednisolone 
even at low dosage is contraindicated. Patients 
with an episode of thrombosis should be put on 
regular anticoagulant.

The only curative treatment for PNH is 
hematopoietic stem cell transplantation. 
However, the decision of who should receive a 
transplantation has become all the more chal-
lenging, as reports have shown normal survival 
of PNH patients treated with eculizumab and 
successful control of recurrent life-threatening 
thrombosis and uncontrollable hemolysis with 
eculizumab [29, 45].

25.2.2  Atypical Hemolytic Uremic 
Syndrome (aHUS)

Hemolytic uremic syndrome presents classically 
as the clinical triad of nonimmune hemolytic ane-
mia, thrombocytopenia, and renal impairment. It is 

classified as atypical HUS (aHUS), in the absence 
of Shiga-producing bacteria or streptococci.

aHUS is a thrombotic microangiopathy 
(TMA) that occurs due to defective complement 
regulation of the alternate pathway [47–49].

25.2.2.1  Pathogenesis
Mutations of the complement pathway are seen 
in approximately 50–60% of the familial and 
sporadic forms of aHUS.

Mutation of the factor H gene is the most com-
mon inherited abnormality in aHUS, causing 
dysregulation of alternative pathway activation. 
Hemolysis occurs due to less efficient binding of 
C3b and C3d on endothelial cells, resulting in 
increased vascular damage.

The other most common mutation seen in 
10–15% of patients with aHUS is in CD46 
(MCP). CD46 is a cofactor necessary for factor 
I, to cleave C3b and C4b on the cell surface.

In addition to factor H and CD46, other muta-
tions have also been implicated in aHUS, includ-

Table 25.5 Laboratory tests for PNH diagnosis

Test Remarks
Traditional tests
− Ham test (acidified serum lysis test)
− Sucrose lysis test

−  Based on lysis of PNH red cells due to their increased 
sensitivity to activated complement pathway, because of 
deficiency of CD55 and CD59 on red cells

− Are cheap, but labor intensive
− Tests only for PNH red cells

Recent tests
− Sephacryl Gel card test − Uses the gel microtyping system

−  Is cheap and simple to perform, but has lower sensitivity and 
is not quantitative like flow cytometry analysis

−  Flow cytometric analysis (RBC analysis, 
neutrophils and monocytes analysis, 
FLAER testing)

− Quantitative and highly sensitive
− Identifies, the type of red cell abnormality- type I, II or III
− Identifies PNH defect on granulocytes
−  As, granulocytes are unaffected by red cell transfusions, can 

be done in recently transfused patients
Genetic test
− PIG-A gene mutation analysis −  Although specific for PNH defect, but is not recommended for 

routine diagnosis
Supportive laboratory tests
− Increased lactate dehydrogenase levels
− Low haptoglobulin
− Increased unconjugated bilirubin
− Increased plasma hemoglobin
− Hemoglobinuria
− Hemosidrinuria
− Reticulocytosis

− are parameters of intravascular thrombosis
− are supportive, but not diagnostic of PNH
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ing gain of function mutations of factor B and 
C3, loss of function mutations of factor I, throm-
bomodulin, and CFHR1/3 (complement factor 
H-related pseudogenes), all of which affect regu-
lation of complement activation. Compound 
mutations are present in 10% or more of the 
patients [50].

aHUS patients have low C3 levels and high 
levels of activated complement components 
(C3b, C3c, C3d) and normal levels of C4, leading 
to selective activation of the alternative pathway 
[51].

When the complement system is triggered by 
infection or other factors, defective regulation 
of the alternative pathway leads to the genera-
tion of complement activation products. MAC 
(C5b-C9) causes direct injury of vascular endo-
thelial cells, and C3a and C5a cause abnormal 
vascular permeability. This exposes the pro-
thrombotic components in the subendothelium, 
leading to the activation of the coagulation sys-
tem, microvascular thrombosis, thrombocytope-
nia, and ischemic organ injury. Microvascular 
thrombosis and vascular stenosis increase the 
shear stress, leading to fragmentation of red 
blood cells [49].

25.2.2.2  Clinical Presentation
aHUS is a systemic disease. The onset of aHUS 
crisis may occur spontaneously or after trigger of 
stress conditions such as infection, surgery, 
trauma, inflammation, pancreatitis, intravenous 
contrast agents, or pregnancy.

Gastrointestinal symptoms including diarrhea, 
abdominal pain, nausea, and vomiting are the 
most common acute presenting symptoms of 
aHUS.

aHUS can affect multiple organs, with renal 
failure, microangiopathic hemolysis, and throm-
bocytopenia being most common clinical fea-
tures. Neurological symptoms such as headache, 
seizures, somnolence, or visual defects may 
occur. Cardiopulmonary symptoms such as chest 
pain and dyspnea may also occur. Advanced renal 
failure, hypertension, or complications of abnor-
mal vascular permeability are more frequently 
seen in aHUS, than other TMA [thrombotic 
thrombocytopenic purpura (TTP)] [49].

25.2.2.3  Lab Diagnosis of aHUS
As there is no definitive test for the diagnosis of 
aHUS, its identification relies on exclusion of 
other TMA.

Although, decreased C3 levels may be seen in 
30–50% patients and C4 levels in less than 10% 
patients, neither is specific for aHUS.  Also, in 
patients with mutations of factor H/factor I, etc., 
the antigen levels of the affected proteins are 
decreased in around 30% cases. Mutation analy-
sis will detect abnormalities in approximately 
50% patients, also as compound mutations are 
common, all genes known to be involved in 
 alternative complement regulation will have to be 
analyzed. The genetics of aHUS also involves 
single-nucleotide polymorphism, haplotypes, 
and combinations of common or uncommon 
variants of complement activators or regulators. 
Due to this complexity, genetic studies are not 
recommended for the diagnosis of aHUS.

aHUS should be suspected in patients present-
ing with microangiopathic hemolysis, renal func-
tion impairment, and thrombocytopenia, and the 
diagnosis is established after exclusion of TTP, 
typical HUS, etc., as detailed in Fig. 25.4.

ADAMTS13 (a disintegrin and metalloprotease 
with thrombospondin type 1 motif, member 13) 
assay should be done in patients presenting with 
thrombocytopenia, microangiopathic hemolytic 
anemia (MAHA), and neurologic deficits to exclude 
TTP. Shiga toxin assays are indicated for patients 
presenting with diarrhea to exclude typical HUS.

If ADAMTS13 activity is less than 10%, a 
diagnosis of TTP is considered; however, if 
ADAMTS13 activity is greater than 10% and 
Shiga toxin assay is negative, a diagnosis of 
aHUS must be considered.

In patients with suspected systemic infections, 
blood culture or viral studies should be done. 
Tissue biopsy/serological studies are required in 
patients with autoimmune diseases developing 
MAHA due to vasculitis.

In pregnant females with hemolysis and 
thrombocytopenia, HELLP (hemolysis and ele-
vated liver enzymes and low platelets) syndrome 
should be excluded.

As few patients with aHUS may not have 
MAHA and overt renal failure, a high index of 
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suspicion should be kept in the presence of 
hypertension, effusions (pleural or pericardial), 
edema (mesenteric, intestinal, airway, or brain), 
generalized anasarca, acute respiratory distress 
syndrome, exudative retinopathy, or posterior 
reversible encephalopathy syndrome (PRES) by 
imaging studies [49, 52–54].

25.2.2.4  Treatment
Plasma exchange is the initial therapy to be given 
till TTP is excluded.

Once diagnosis of aHUS is established, eculi-
zumab is the treatment of choice and has been 
approved in 2011, by the United States Food and 
Drug Administration and European Medicines 
Agency for the treatment of aHUS.

Improvement in thrombocytopenia and men-
tal status change occurs after one or two doses of 
eculizumab; however, recovery of renal function 
occurs slowly over many months.

Long-term therapy with eculizumab is usually 
considered for patients who have severe renal 
dysfunction or are predisposed to relapse/severe 
hypertension.

In patients, in whom eculizumab is discontin-
ued, close monitoring with complete blood 
counts, renal functions, and hemolysis markers is 
required for the detection of impending relapse 
or organ injury [49, 52, 54].

25.2.3  Cold Agglutinin Disease (CAD)

CAD is a type of autoimmune hemolytic anemia 
(AIHA), having extravascular hemolysis, due to 
IgM autoantibodies fixing complement on the 
surface of red cells.

Overall, AIHA is characterized by autoan-
tibodies that attach to and lead to the destruc-
tion of red blood cells resulting in hemolysis 
and anemia. AIHA is sub-characterized based 
on the temperature at which autoantibody 
acts.

 – Warm-active antibodies—have greatest activ-
ity at 37  °C, are typically IgG, may or may 
not fix complement, and lead to red cell loss 
by splenic-mediated clearance of sensitized 
cells.

 – Cold-active antibodies—have greatest activ-
ity at 4 °C are typically IgM, fix complement, 
and lead to immediate intravascular red cell 
destruction or hepatic-mediated clearance 
[27, 55].

Although, some activation of complement 
pathway may occur in few warm AIHA cases, 
but primarily it is not complement mediated, 
like cold AIHA/CAD.  Therefore, here CAD 
which is complement mediated will be 
discussed.

Thrombocytopenia +
microangiopathic
hemolytic anemia

• ADAMTS13 levels
• Shiga toxin assays
• DIC panel
• Blood cultures -- as indicated
• Imaging studies and tissue biopsy- as indicated

ADAMTS13 deficiency

TTP HUS

Shiga toxin
positive

Normal ADAMTS13, other TMA excluded
with clinical and laboratory findings

aHUS

+ Symptoms of cerebral edema, 
pleural/pericardial effusion, ascites, 
renal failure, hypertension 

Ecluzimab

Plasma exchange

Fig. 25.4 Approach to 
aHUS diagnosis and 
treatment
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25.2.3.1  Primary Versus Secondary 
Cold Agglutinin Disease

CAD is classified as either primary or 
secondary.

 Primary or Idiopathic CAD
 – Occurs in older adults, with peak age around 

70  years. Both sexes are affected, but mild 
female preponderance. It is characterized by 
the presence of monoclonal IgM antibody and 
may be an indication of future B-cell neo-
plasms. However, mostly patients have a rela-
tively benign, waxing, and waning hemolytic 
anemia.

 Secondary CAD
 – Is associated with various infectious and neo-

plastic disorders, including B-cell neoplasms, 
squamous cell carcinoma of the lung, meta-
static adrenal adenocarcinoma, metastatic 
adenocarcinoma of the colon, and basal cell 
carcinoma, occurs after Mycoplasma pneu-
moniae infection or infectious mononucleosis, 
and is more commonly seen in younger adults.

 – CAD secondary to infection occurs in younger 
patients, is a transient and self-limited pro-
cess, is mediated by polyclonal IgM, lasts a 
few weeks, and usually does not require more 
than supportive care [55–57].

25.2.3.2  Pathogenesis of CAD
IgM autoantibodies (cold agglutinins) bind to red 
cells (commonly are directed against the I anti-
gen) in peripheral parts of the circulation (e.g., 
fingers, toes, and ears). The classical complement 
pathway is activated on binding of IgM autoanti-
bodies. The C1 esterase activates C4 and C2, 
leading to the formation of C3 convertase which 
cleaves C3 to C3a and C3b. Subsequently, on 
return to the central portion of circulation (at 
37 °C), C3b remains bound to the cell, but IgM 
autoantibodies dissociate. As a result, intravascu-
lar hemolysis is not usually severe in CAD, due to 
diversity of temperature requirement for IgM 
antibody fixation and complement activation.

The C3b-coated red cells are then sequestered 
by macrophages of the reticuloendothelial sys-

tem (predominantly in liver), causing extravascu-
lar hemolysis. C3d remains on the surface, after 
C3b of the non-sequestered red cells is cleaved. 
Therefore, patients have positive direct 
 antiglobulin test for C3d but negative for IgG and 
IgM. However, few exceptions occur in patients 
with high titers of antibodies (>1:1000) or with 
moderate titers and activity at 37 °C. Therefore, 
thermal amplitude is a better predictor of hemo-
lysis then titers.

In around 10% patients with CAD, usually 
in association with a severe exacerbation 
(infection, surgery, etc.), intravascular hemoly-
sis resulting from terminal activation may 
occur. In other CAD cases, the classical path-
way activity, due to the expression of CD55 
and CD59 on the red cell membrane, does not 
proceed to activate the terminal pathway of 
complement [55].

25.2.3.3  Clinical Presentation
Patients usually have symptoms on exposure 
to cold. There is mild chronic hemolytic ane-
mia in few patients on exposure to cold, with 
intermittent bursts of hemolysis, associated 
with hemoglobinemia and hemoglobinuria. 
Acrocyanosis can occur due to agglutination 
in the cooler vessels of the hands, ears, nose, 
and feet, which become cold, stiff, and 
painful.

On examination, there is pallor and icterus, 
and in chronic CAD patients, there is mild sple-
nomegaly or hepatomegaly.

CAD secondary to Mycoplasma infections 
begins during the post-pneumonia recovery 
period and resolves spontaneously within 
1–3 weeks.

CAD after infectious mononucleosis occurs 
either with the onset of disease or within 3 weeks 
of onset [55].

25.2.3.4  Laboratory Diagnosis of CAD
Care needs to be taken in collection of blood 
samples for testing for the thermal amplitude or 
titer of cold agglutinins. The blood sample is col-
lected and maintained strictly at 37 °C until test-
ing [27, 55].
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 1. Peripheral blood smear and complete blood 
counts

If not obtained from pre-warmed speci-
men, the peripheral smear shows significant 
agglutination and RBC clumping. At times, 
agglutinates may be grossly visible in the 
specimen tube.

With automated analyzers, a complete 
blood count done may show an artifactually 
low RBC count and a spuriously high MCHC 
due to red cell agglutination.

The reticulocyte count is increased, with 
normal total leucocyte and platelet counts.

 2. Direct antiglobulin (Coombs) test
Red cells characteristically give positive 

reactions only with anti-complement (anti-
 C3) sera.

 3. Cold antibody specificity
Most of these cold-type autoantibodies 

have anti-I specificity, reacting weakly with 
cord-blood RBC and strongly with the vast 
majority of adult RBC.

A minority are anti-I and react strongly 
with cord-blood cells and weakly with adult 
red cells.

Rarely, the antibodies have anti-Pr or anti-
 M specificity and react with antigens on the 
red cell surface that are destroyed by enzyme 
treatment [58].

 4. Cold agglutinin titer
Doubling dilutions of the serum in saline 

are prepared at 4 °C—ranging from 1 in 1 to 
1 in 512 of a 2% suspension of pooled saline- 
washed adult group O (containing I) cells, 
cord-blood group O (containing I) cells, and 
patient’s own cells in three separate tubes. If 
the endpoint has not been reached at a dilution 
of 1  in 512, then further dilutions should be 
prepared and tested [27].

 5. Determination of thermal range of cold 
antibody

Tubes with a drop each of doubling dilu-
tions of serum in saline are kept at 30 °C and 
at room temperature (20–25 °C), after adding 
one drop of a 2% saline suspension of pooled 
normal adult group O (I) red cells, pooled 
cord-blood group O (I) red cells, and patient’s 

red cells. After incubation for 1  h, the pres-
ence or absence of agglutination macroscopi-
cally over a light is determined [27].

Most pathogenic cold agglutinins are of the 
IgM class, with thermal amplitude exceeding 
28–30 °C and titer of 1:256 or greater [54].

25.2.3.5  Treatment
It is very important for patients with CAD to pre-
vent themselves from cold temperatures by pro-
tecting their hands, feet, and ears in cold 
environments.

However, patients who are symptomatic need 
pharmacologic therapy, and rituximab is the first- 
line therapy. Around 50% patients achieve 
remission with rituximab. Rituximab and benda-
mustine-and-bortezomib-based therapy have 
activity in primary CAD, as a combination ther-
apy. Eculizumab therapy has been used in some 
CAD patients with intravascular hemolysis.

The treatment should target the underlying 
cause in patients with secondary CAD [55, 
59, 60].

Complement-mediated hematologic diseases 
are not very common. When suspected on the 
basis of clinical presentation and laboratory find-
ings, should be appropriately worked-up for 
definitive diagnosis. This is all the more impor-
tant, as specific therapy for inhibition of comple-
ment pathway, eculizumab, is available. We have 
had a rewarding experience, in diagnosing PNH 
defect by flow cytometry, using monoclonal 
antibodies against GPI-AP [61, 62] and FLAER 
[63, 64].

References

 1. Ricklin D, Hajishengallis G, Yang K, et  al. 
Complement: a key system for immune surveillance 
and homeostasis. Nat Immunol. 2010;11:785–97.

 2. Merle NS, Noe R, Halbwachs-Mecarelli L, et  al. 
Complement system part II: role in immunity. Front 
Immunol. 2015;6:257.

 3. Sarma JV, Ward PA.  The complement system. Cell 
Tissue Res. 2011;343:227–35.

 4. Merle NS, Church SE, Fremeaux-Bacchi V, et  al. 
Complement system. I.  Molecular mechanisms of 
activation and regulation. Front Immunol. 2015;6:262.

25 Complement-Mediated Hematological Disorders



432

 5. Nesargikar PN, Spiller B, Chavez R. The complement 
system: history, pathways, cascade and inhibitors. Eur 
J Microbiol Immunol. 2012;2:103–11.

 6. Walport MJ. Complement. First of two parts. N Engl 
J Med. 2001;344:1058–66.

 7. Kolev M, Le Friec G, Kemper C. Complement—tap-
ping into new sites and effector systems. Nat Rev 
Immunol. 2014;14:811–20.

 8. Sjöberg AP, Trouw LA, Blom AM.  Complement 
activation and inhibition: a delicate balance. Trends 
Immunol. 2009;30:83–90.

 9. Nilsson B, Nilsson Ekdahl K.  The tick-over the-
ory revisited: is C3 a contact-activated protein? 
Immunobiology. 2012;217:1106–10.

 10. Harboe M, Mollnes TE. The alternative complement 
pathway revisited. J Cell Mol Med. 2008;12:1074–84.

 11. Kjaer TR, Thiel S, Andersen GR. Toward a structure- 
based comprehension of the lectin pathway of com-
plement. Mol Immunol. 2013;56:413–22.

 12. Nauta AJ, Castellano G, Xu W, et  al. Opsonization 
with C1q and mannose-binding lectin targets apoptotic 
cells to dendritic cells. J Immunol. 2004;173:3044–50.

 13. Wallis R. Interactions between mannose-binding lec-
tin and MASPs during complement activation by the 
lectin pathway. Immunobiology. 2007;212:289–99.

 14. Davis AE, Mejia P, Lu F. Biological activities of C1 
inhibitor. Mol Immunol. 2008;45:4057–63.

 15. Blom AM, Villoutreix BO, Dahlback B. Complement 
inhibitor C4b-binding protein-friend or foe in the innate 
immune system? Mol Immunol. 2004;40:1333–46.

 16. Skerka C, Chen Q, Fremeaux-Bacchi V, et  al. 
Complement factor H related proteins (CFHRs). Mol 
Immunol. 2013;56:170–80.

 17. Medof ME, Kinoshita T, Nussenzweig V.  Inhibition 
of complement activation on the surface of cells after 
incorporation of decay-accelerating factor (DAF) into 
their membranes. J Exp Med. 1984;160:1558–78.

 18. Rollins SA, Sims PJ.  The complement-inhibitory 
activity of CD59 resides in its capacity to block incor-
poration of C9 into membrane C5b-9. J Immunol. 
1990;144:3478–83.

 19. Sahin F, Akay OM, Ayer M, et al. Pesg PNH diagno-
sis, follow-up and treatment guidelines. Am J Blood 
Res. 2016;6:19–27.

 20. Gulbis B, Eleftheriou A, Angastiniotis M, et  al. 
Epidemiology of rare anaemias in Europe. Adv Exp 
Med Biol. 2010;686:375.

 21. Hillmen P, Lewis SM, Bessler M, et al. Natural his-
tory of paroxysmal nocturnal hemoglobinuria. N Engl 
J Med. 1995;333:1253–8.

 22. Bessler M, Mason PJ, Hillmen P, et  al. Paroxysmal 
nocturnal haemoglobinuria (PNH) is caused by 
somatic mutations in the PIG-A gene. EMBO J. 
1994;13:110–7.

 23. Miyata T, Takeda J, Iida Y, et al. The cloning of PIG- 
A, a component in the early step of GPI anchor bio-
synthesis. Science. 1993;259:1318–20.

 24. Nafa K, Mason PJ, Hillmen P, et  al. Mutations 
in the PIG-A gene causing paroxysmal nocturnal 
 hemoglobinuria are mainly of the frameshift type. 
Blood. 1995;86:4650–5.

 25. Takeda J, Miyata T, Kawagoe K, et al. Deficiency of 
the GPI anchor caused by a somatic mutation of the 
PIG-A gene in paroxysmal nocturnal hemoglobinuria. 
Cell. 1993;73:703–11.

 26. Kinoshita T, Medof ME, Silber R, et al. Distribution 
of decay accelerating factor in the peripheral blood of 
normal individuals and patients with paroxysmal noc-
turnal hemoglobinuria. J Exp Med. 1985;162:75–92.

 27. Bain BJ, Win N.  Acquired haemolytic anemias. In: 
Bain BJ, Bates I, Laffan MA, et  al., editors. Dacie 
and Lewis-practical haematology. 11th ed. China: 
Churchill Livingstone; 2011. p. 273–300.

 28. Parker CJ, Ware RE.  Paroxysmal nocturnal hemo-
globinuria. In: Greer JP, Arber DA, Glader B, et al., 
editors. Wintrobes clinical hematology. 13th ed. 
Philadelphia: Lippincott Williams and Wilkins; 2013. 
p. 785–808.

 29. Parker C, Omine M, Richards S, et al. Diagnosis and 
management of paroxysmal nocturnal hemoglobin-
uria. Blood. 2005;106:3699–709.

 30. Rosse WF, Dacie JV. Immune lysis of normal human 
and paroxysmal nocturnal hemoglobinuria (PNH) red 
blood cells. The sensitivity of PNH red cells to lysis 
by complement and specific antibody. J Clin Invest. 
1966;45:736–48.

 31. Rosse WF.  Variations in the red cells in paroxys-
mal nocturnal haemoglobinuria. Br J Haematol. 
1973;24:327–42.

 32. Dacie JV, Lewis SM. Paroxysmal nocturnal haemo-
globinuria: clinical manifestations, haematology, and 
nature of the disease. Ser Haematol. 1972;5:3–23.

 33. Richards SJ, Rawstron AC, Hillmen P. Application of 
flow cytometry to the diagnosis of paroxysmal noctur-
nal hemoglobinuria. Cytometry. 2000;42:223–33.

 34. Borowitz MJ, Craig FE, DiGiuseppe JA, et  al. 
Guidelines for the diagnosis and monitoring of par-
oxysmal nocturnal hemoglobinuria and related dis-
orders by flow cytometry. Cytometry B Clin Cytom. 
2010;78B:211–30.

 35. Savage WJ, Brodsky RA.  New insights into par-
oxysmal nocturnal hemoglobinuria. Hematology. 
2007;12:371–6.

 36. Nilsson B, Hagstrom U, Englund A, et al. A simplified 
assay for the specific diagnosis of paroxysmal noctur-
nal hemoglobinuria: detection of DAF (CD55)- and 
HRF20 (CD59)-erythrocytes in microtyping cards. 
Vox Sang. 1993;64:43–6.

 37. Telen MJ, Green AM.  The Inab phenotype: charac-
terization of the membrane protein and complement 
regulatory defect. Blood. 1989;74:437–41.

 38. Yamashina M, Ueda E, Kinoshita T, et  al. Inherited 
complete deficiency of 20-kilodalton homolo-
gous restriction factor (CD59) as a cause of parox-
ysmal nocturnal hemoglobinuria. N Engl J Med. 
1990;323:1184–9.

 39. Brodsky RA, Mukhina GL, Li S, et  al. Improved 
detection and characterization of paroxysmal noctur-
nal hemoglobinuria using fluorescent aerolysin. Am J 
Clin Pathol. 2000;114:459–66.

 40. Galili N, Ravandi F, Palermo G, et  al. Prevalence 
of paroxysmal nocutrnal hemoglobinuria (PNH) 

N. Varma and S. Naseem



433

cells in patients with myelodysplastic syndromes 
(MDS), aplastic anemia (AA) or other bone marrow 
failure (BMF) syndromes: interim results from the 
EXPLORE trial. J Clin Oncol. 2009;27:15s.

 41. Parker CJ.  Management of paroxysmal nocturnal 
hemoglobinuria in the era of complement inhibitory 
therapy. Hematology. 2011;2011:21–9.

 42. Hillmen P, Hall C, Marsh JC, et  al. Effect of eculi-
zumab on hemolysis and transfusion requirements in 
patients with paroxysmal nocturnal hemoglobinuria. 
N Engl J Med. 2004;350:552–9.

 43. Hillmen P, Young NS, Schubert J, et  al. The 
complement inhibitor eculizumab in paroxys-
mal nocturnal hemoglobinuria. N Engl J Med. 
2006;355:1233–43.

 44. Brodsky RA, Young NS, Antonioli E, et al. Multicenter 
phase 3 study of the complement inhibitor eculizumab 
for the treatment of patients with paroxysmal noctur-
nal hemoglobinuria. Blood. 2008;111:1840–7.

 45. Kelly RJ, Hill A, Arnold LM, et al. Long term treat-
ment with eculizumab in paroxysmal nocturnal hemo-
globinuria: sustained efficacy and improved survival. 
Blood. 2011;117:6786–92.

 46. Hillmen P, Muus P, Duhrsen U, et  al. Effect of the 
complement inhibitor eculizumab on thromboembo-
lism in patients with paroxysmal nocturnal hemoglo-
binuria. Blood. 2007;110:4123–8.

 47. Constantinescu AR, Bitzan M, Weiss LS, et  al. 
Non- enteropathic hemolytic uremic syndrome: 
causes and short-term course. Am J Kidney Dis. 
2004;43:976–82.

 48. Noris M, Remuzzi G. Atypical hemolytic-uremic syn-
drome. N Engl J Med. 2009;361:1676–87.

 49. Tsai M.  Thrombotic thrombocytopenic purpura, 
hemolytic-uremic syndrome, and related disor-
ders. In: Greer JP, Arber DA, Glader B, et  al., 
editors. Wintrobes clinical hematology. 13th ed. 
Philadelphia: Lippincott Williams and Wilkins; 
2013. p. 1077–96.

 50. Warwicker P, Goodship TH, Donne RL, et al. Genetic 
studies into inherited and sporadic hemolytic uremic 
syndrome. Kidney Int. 1998;53:836–44.

 51. Caprioli J, Noris M, Brioschi S, et  al. Genetics of 
HUS: the impact of MCP, CFH, and IF mutations on 
clinical presentation, response to treatment, and out-
come. Blood. 2006;108:1267–79.

 52. Cataland SR, Wu HM. How I treat: the clinical dif-
ferentiation and initial treatment of adult patients 

with atypical hemolytic uremic syndrome. Blood. 
2014;123:2478–84.

 53. Shih AR, Murali MR. Laboratory tests for disorders 
of complement and complement regulatory proteins. 
Am J Hematol. 2015;90:1180–6.

 54. Brodsky RA.  Complement in hemolytic anemia. 
Blood. 2015;126:2459–65. https://doi.org/10.1182/
blood-2015-06-640995.

 55. Friedberg RC, Johari VP. Autoimmune hemolytic ane-
mia. In: Greer JP, Arber DA, Glader B, et al., editors. 
Wintrobes clinical hematology. 13th ed. Philadelphia: 
Lippincott Williams and Wilkins; 2013. p. 746–65.

 56. Pruzanski W, Shumak KH.  Biologic activity 
of cold reactive autoantibodies. N Engl J Med. 
1977;297:538–42.

 57. Randen U, Troen G, Tierens A, et  al. Primary cold 
agglutinin associated lymphoprolifertaive disease: a 
B-cell lymphoma of the bone marrow distinct from 
lymphoplasmacytic lymphoma. Haematologica. 
2014;99:497–504.

 58. Roelcke D.  Cold agglutination. Transfus Med Rev. 
1989;3:140–66.

 59. Berentsen S, Ulvestad E, Gjertsen BT, et al. Rituximab 
for primary chronic cold agglutinin disease: a pro-
spective study of 37 courses of therapy in 27 patients. 
Blood. 2004;103:2925–8.

 60. Shi J, Rose EL, Singh A, et  al. TNT003, an inhibi-
tor of the serine protease C1s, prevents comple-
ment activation induced by cold agglutinins. Blood. 
2014;123:4015–22.

 61. Varma V, Garewal G, Varma S, et al. Flow cytomet-
ric detection of PNH defect in Indian patients with 
aplastic anemia and myelodysplastic syndromes. Am 
J Hematol. 2000;65:264–5.

 62. Naseem S, Varma N, Trehan A. Primary/de-novo par-
oxysmal nocturnal hemoglobinuria in a child from 
North India: a case report with review of literature. J 
Pediatr Hematol Oncol. 2009;31:274–6.

 63. Sachdeva MU, Varma N, Chandra D, et  al. 
Multiparameter FLAER-based flow cytometry for 
screening of paroxysmal nocturnal hemoglobinuria 
enhances detection rates in patients with aplastic ane-
mia. Ann Hematol. 2015;94:721–8.

 64. Sreedharanunni S, Sachdeva MU, Bose P, et  al. 
Frequency of paroxysmal nocturnal hemoglobinuria 
clones by multiparameter flow cytometry in pediat-
ric aplastic anemia patients of Indian ethinic origin. 
Pediatr Blood Cancer. 2016;63:93–7.

25 Complement-Mediated Hematological Disorders

https://doi.org/10.1182/blood-2015-06-640995
https://doi.org/10.1182/blood-2015-06-640995


435© Springer Nature Singapore Pte Ltd. 2019 
R. Saxena, H. P. Pati (eds.), Hematopathology, https://doi.org/10.1007/978-981-13-7713-6_26

Role of microRNA in Normal 
and Malignant Hematopoiesis

Ruchi Gupta and Khaliqur Rahman

26.1  Introduction

Epigenetic modifications in the recent era have 
received a lot of attention in a variety of diseases 
particularly cancer. They are defined as the mod-
ulation of gene expression by chromatin modifi-
cation that does not involve DNA sequence 
alterations [1]. These modifications act either by 
altering the chromatin structure to deregulate 
gene expression or by the post-translational mod-
ification. Consequently, epigenetics control cell 
differentiation and function by “switching on” or 
“off” certain gene expressions, and a disruption 
of the normal epigenetic mechanism can lead to 
uncontrolled gene activation or silencing result-
ing into an altered homeostasis. Three main types 
of epigenetic processes which have been identi-
fied include DNA methylation, nucleosomal 
histone modifications, and post-translational 
alterations by the non-coding RNAs [2]. 
Prominent among these non-coding RNAs are 
microRNAs (miRNAs), which have recently 
emerged as important players in the regulation of 
normal hematopoietic cell development and dif-
ferentiation as well as in malignant transforma-
tion. In this chapter, we have provided a 
comprehensive summary of the current knowl-
edge on the role of miRNAs in normal and aberrant 

hematopoiesis with a focus on the clinical signifi-
cance of the deranged miRNAs in some of the 
common hematological neoplasms.

26.1.1  Discovery

Many classes of small RNAs have been identified 
based on their biological roles and three main 
categories have been recognized: short interfer-
ing RNAs (siRNAs), microRNAs (miRNAs), and 
piwi-interacting RNAs (piRNAs). miRNA was 
first discovered in 1993  in nematode 
Caenorhabditis elegans, by genetic screening 
and later on their role in post translation modifi-
cation was recognized [3]. miRNAs or “micro- 
ribonucleoprotein” or “miRNP” are short 
non-coding RNA molecules, with an approxi-
mate length of 15–22 nucleotides. Their genes 
are distributed non-randomly in human genome 
and frequently coincide with tumor susceptibility 
loci. They may be intergenic or intragenic where 
they share the same promoters of the host genes 
[4]. The effects of small RNAs on gene expres-
sion and control are generally inhibitory, and the 
corresponding regulatory mechanisms are there-
fore collectively labeled as RNA silencing. By 
mid-2013, it had been discovered that the human 
genome encodes over 2000 different miRNAs 
that scattered on all human chromosomes except 
the Y chromosome, though the number of their 
potential targets validated by experimental stud-
ies so far is very small [5].

R. Gupta (*) · K. Rahman 
Department of Hematology, Sanjay Gandhi Post 
Graduate Institute of Medical Sciences,  
Lucknow, Uttar Pradesh, India

26

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7713-6_26&domain=pdf


436

26.1.2  Genesis and Nomenclature 
of miRNAs

The generation of mature miRNA is a multistep 
process involving numerous enzymes [4]. 
Transcription of miRNA genes is mediated by 
RNA polymerase II that generates the primary 
miRNA in the nucleus (Fig.  26.1). The primary 
miRNA molecule is cleaved by the nuclear micro-
processor complex with the help of a member of 
the RNase II family, Drosha, to yield the precur-
sor miRNA or pre-miRNA.  This pre- miRNA is 
first exported from the nucleus into the cytoplasm 
by exportin 5 for further processing. In the cyto-
plasm, another enzyme, Dicer, cleaves the precur-
sor miRNA hairpin loop to yield a double- stranded 
(duplex) miRNA, a 22  bp miRNA:miRNA* 
duplex. The double-stranded products of Dicer 
enter into a RNA-induced silencing complex 

(RISC) assembly pathway that involves duplex 
unwinding and culminating in the stable associa-
tion of only one of the two strands with the 
Argonaute (AGO) effector protein (AGO1–4, 
family member). The “guide strand or the mature 
miRNA strand” directs target recognition by base 
pairing, whereas the other strand of the duplex 
“the passenger strand or the miRNA*” is usually 
discarded. The mature miRNAs are named as 
miR- followed by numbers, and the ones with a 
similar sequence are usually distinguished by an 
additional letter like a, b, and c following the 
miRNA number. In addition, since the alternative 
strands can be differentially expressed in different 
tissues, the mature miR is also frequently suffixed 
with “5p” or “3p” to imply the functional miRNA 
strand. The mature miRNA is designated as miR, 
while the precursor stem-loop sequence is called a 
pre-mir [6].

Nucleus

RNA Pol II/III
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DGCR88
Transcription

Pri-miRNA

Pre-miRNA

Pre-miRNA

mRNA

3´ strand degraded

Nuclear export
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miRNA gene

DICER

Mature miRNA
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Fig. 26.1 The microRNA (miNA) genes are transcribed 
by RNA polymerase II (Pol II/III), leading to the produc-
tion of primary miRNA (pri-miRNA) molecule. The pri-
mary processing is carried out by Drosha and DiGeorge 
syndrome critical region gene-8 (DGCR-S), that produces 
a pre-miRNA.  Exportin 5 mediates the transport of the 
pre-miRNA to the cytoplasm, where RNase III enzyme 
Dicer performs the second processing step by cleaving the 

stem-loop and generating the miRNA/miRNA* duplex. 
One of the strands is discarded while the other strand of 
the duplex, the mature miRNA (miRNA) forms a stable 
association with the Ago family proteins to form the RISC 
(RNA-induced silencing complex) assembly. The miRNA 
in this effector complex guides the RISC to its target 
mRNA, which is silenced through degradation or transla-
tion repression
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26.1.3  Mechanism of Action

It is believed that a single miRNA species can 
regulate hundreds of targets, even if only to a 
mild degree, and several miRNAs can bind to the 
target mRNAs and cooperatively fine-tune the 
signaling of a single miRNA. A key specificity 
determinant for miRNA target recognition is 
based on Watson–Crick pairing of 5′ proximal 
“seed” region, i.e., 2–8 nucleotide in the miRNA 
to the match site in the target mRNA.  Besides 
the target specificity, a number of other factors 
influence the outcome, namely, the number of 
target sites for the same miRNA, their relative 
position, site accessibility, sequences flanking 
miRNA target site, and RNA secondary struc-
ture. Briefly, the gene silencing is carried out by 
chromatin remodeling, competition with transla-
tion initiators or promoting decay of the target 
mRNAs in the cytoplasmic foci known as pro-
cessing bodies (P-bodies). Several studies have 
shown that cell cycle has the potential to deter-
mine miRNA- mediated gene regulation direc-
tion by promoting or inhibiting special mRNA 
expressions [7].

26.2  Role of miRNA in Normal 
Hematopoiesis

Hematopoiesis is initiated by a very small popu-
lation of pluripotent cells which form the apex 
of this hierarchical system. A classical model of 
hematopoiesis describes the well-ordered step- 
wise lineage restrictions, including the differen-
tiation of multipotent progenitors (MPP) into 
lymphoid-restricted common lymphoid progen-
itors (CLPs) or myeloid (CMP) and erythroid- 
megakaryocytic (MEK) restricted common 
progenitors. Each of these steps of hematopoie-
sis is regulated by a highly integrated network 
of transcription factors and miRNAs [8, 9]. The 
role of miRNAs was confirmed on the basis of 
the observation that the loss of key genes 
required for miRNA processing leads to 
impaired hematopoiesis. The homozygous 
Dicer deletion in mice is incompatible with a 

functional hematopoietic stem cell state, leading 
to defective hematopoiesis [10, 11]. Similarly, 
the deletion of AGO2 also leads to severe defects 
in erythroid and B-cell development. Almost 
every step in hematopoiesis appears to be finely 
tuned by specific miRNAs. However, interest-
ingly only five miRNAs have been reported to 
be highly specific for hematopoietic cells which 
include miR-142, miR-144, miR-150, miR-155, 
and miR-223 [12]. Petriv et  al. attempted to 
define the comprehensive profile of miRNA 
expression patterns of 288 miRNA species in 27 
different hematopoietic subsets from all parts of 
the hematopoietic hierarchy in adult mice. They 
observed that several miRNAs were generally 
upregulated in stem cell and progenitor popula-
tions as compared to the more differentiated cell 
types. These miRNAs included miR-125b, miR-
196a, miR-196b, miR- 130a, let-7d, miR-148b, 
and miR-351. On the other hand, several miR-
NAs which were downregulated in these primi-
tive cells were miR-484, miR-200c, miR-331, 
miR-320, miR-210, miR- 324–5p, miR-212, and 
miR-690, which were expressed widely across 
differentiated cell types [13]. They further con-
cluded that the analysis of these miRNAs across 
27 populations did not reveal any lineage-spe-
cific miRNA, rather they displayed a bi- and 
sometimes trimodal expression patterns in dif-
ferent categories as well as stages of cell matu-
ration [13]. A schematic diagram of the 
hematopoietic hierarchy and the differentially 
expressed miRNAs at each step of differentia-
tion is shown in Fig. 26.2. A list of the miRNAs 
involved in hematopoiesis [12–24], their known 
targets genes and functions are tabulated in 
Table 26.1.

26.2.1  miRNA and Hematopoietic 
Stem Cells (HSC)

A complex epigenetic program safeguards HSCs 
by maintaining the self-renewal potential, and 
limiting their over-proliferation; the disruption of 
which leads to HSC exhaustion. The miRNAs 
miR-17, miR-24, miR-146, miR-155, miR-128, 
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and miR-181 were postulated to be involved in 
sustaining early stem-progenitor cell phenotype 
and regulating transition of the multipotent pro-
genitor cell to CMP or CLP.  On comparing 
 miRNAs isolated from CD133+ long-term and 
short-term HSC with CD133−/CD34+ HPC, it 
was observed that miR-10a and miR-146a were 
higher in CD133+ cells relative to CD34+CD133− 
and CD34−CD133− cells, indicating their spe-
cific roles in hematopoiesis. Further, loss of 
miR-146a leads to an exhaustion of the HSC pool, 
due to extensive myeloproliferation. Another 
study exploring the role of miRNA expression 
and function in CD34+ progenitors collected 
from bone marrow and peripheral blood harvest 
samples revealed the role of 33 miRNAs differen-
tially expressed in these cells which regulated the 
hematopoietic pool and differentiation [14, 15].

26.2.2  miRNA in Myelopoiesis

miR-16, 103, and 107 have been shown to block 
commitment of CMPs to granulocyte and macro-
phage lineage while miRNA 223 enhances gran-
ulopoiesis by blocking transcription factor NFI-A 
a known negative regulator of granulopoiesis and 
enhancing the expression of transcription factor 
C/EPB-a, a positive regulator of granulopoiesis. 
miR-223 is one of the key regulators of granulo-
poiesis and this was confirmed by studying 
myeloid differentiation in acute promyelocytic 
leukemia (APL) cells. Forced expression of miR- 
223 in APL cell lines enhanced their granulocytic 
differentiation. Another miRNA whose expres-
sion increases during granulocytic maturation is 
miR-27 expression which acts by negatively reg-
ulating the transcription factor AML1.

HSC

MPP

MEP

CMP

GMP

CLP

Pro-B Pro-T Pro-NK

mir 181

mir 181

miR128, miR 181,
miR 146, miR126

miR146a, miR10a,
miR29a, miR 126,
miR 17, miR 181

miR 155, miR 223,
miR 130a, miR 203,

miR 31

miR 155, miR146a,
miR223a, miR27a,

miR24, miR339

miR 150
miR 155
miR 15a
miR 24

miR451
miR-144
miR27
miR150
miR221
miR222
miR24

miR 150
miR 34a
miR 27a
miR 146
miR 130a
miR 10a
miR 20
miR126

miR223
miR 27

miR-424
miR-17-92
cluster
miR-155

miR-223

Fig. 26.2 Hematopoietic hierarchy with key regulatory 
miRNAs. The miRNAs in green color are upregulated 
while the red color depicts the downregulated miRNAs. 
HSC hematopoietic stem cells, MPP multipotent progeni-
tors, CMP common myeloid progenitor, CLP common 

lymphoid progenitor, Pro-B B lymphocyte progenitor, 
Pro-T T-cell progenitor, Pro-NK NK-cell progenitor, MEP 
megakaryocyte/erythroid progenitor, GMP granulocyte/
macrophage progenitor
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Table 26.1 Target molecules and regulatory functions of few miRNAs orchestrating normal hematopoiesis

miRNA Target gene(s) Known regulatory activities
Hematopoietic stem cells (HSC)
miR-29a and 
miR-196b

HBP1, FZD5, TPM1 Both are highly expressed by HSCs; their downregulation 
leads to differentiation.

miR-125a and 
miR-125b

Bak1-miR-125a
BMF/Klf13– miR-125b

Maintenance of HSC pool by decreasing apoptosis and 
differentiation
Ectopic expression of miR-125b promotes myelopoiesis

miR-101 TET 2 HSC expansion
Myelopoiesis
miR-29a ? Positively influence myeloid differentiation
miR223 C/EPB-a positive feedback 

loop, Inhibitor of NFI-A, 
LMO2

Increases granulocytic maturation

miR-24 and 
miR-27

RUNX1 Regulates granulocytic differentiation

miR-34a E2F3 Blocks myeloid cell proliferation
miR-21 NFIB Monopoiesis
miRNA-17-5p, 
miR21a, miR106a

AML1 Negatively regulate monocyte differentiation

miRNAs 
150/221/222

c-kit Inhibits early erythroid maturation by downregulation of 
c-kit receptor

miR-451/144 GATA 2 Promotes erythroid differentiation by suppressing GATA 2 
and other transcription factors

miR-24 Activin type I receptor (ALK4) Highly expressed in HSC, negatively regulates erythroid 
differentiation

miR-150/miR-105 C-MYB Promotes megakaryopoiesis
miR-155 Downregulates Ets-1 and 

Meis1
Blocks megakaryopoiesis

miR-146 CXCR4 Downregulation during megakaryopoiesis
T-cell lymphopoiesis
miR-181a PTEN, TCRα, BCL2, and 

CD69, NLK, inhibitor of 
Notch signaling

Regulates the metabolic status of thymocytes.
Cell proliferation and progression from DN4 stage to the 
DP stage
Mature T-cell activation by increasing TCR pathways
NK cell differentiation

miR-150 NOTCH 3 T-cell differentiation
Regulation of the differentiation from DP into CD4+ and 
CD8+ T-cells

miR-155 SOCS1; inhibits IFNγRa 
expression

Inhibit Th1 differentiation; effects Foxp3 expression and 
Treg development

miR-29a ? Inhibit Th1 differentiation
miR-21 Spry1, a negative regulator of 

the MAP kinase pathway
Promotes Th2 differentiation

miR-17–92a IKZF4, PTEN, BIM CD8+ T-cell differentiation and Th17 differentiation
miR-146a STAT1 Partial loss of Treg function
B-cell lymphopoiesis
miR181a AID, BCL2 Promotes B-cell development; ectopic expression of 

miR-181 leads to marked B-cell proliferation and impairs 
somatic hypermutation and class switching

miR-212/132 
cluster

Upregulates SOX4 expression Suppresses B-cell differentiation at the prepro-B to pro-B 
transition stage

miR-17–92a Pro-apoptotic molecule BIM, 
PTEN, E2F1

B-cell development from pro-B to pre-B stage

(continued)
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Monocyte differentiation is orchestrated by 
miR-17-5p, 20a, and 106a, which are downregu-
lated leading to the upmodulation of AML1 gene 
and subsequently M-CSFR, which is essential for 
monocyte differentiation and proliferation. 
M-CSFR is also regulated indirectly by miR-424, 
(targets NFI-A), which in turn induces mono-
cytic/macrophage differentiation [16, 17].

26.2.3  miRNA in Megakaryopoiesis 
and Erythropoiesis

The earliest progenitor generating megakaryo-
cytic elements are represented by the CMP or 
colony-forming unit granulocyte–erythrocyte–
macrophage–megakaryocyte (CFU-GEMM). At 
the molecular level, megakaryocytic differentia-
tion is controlled by several transcription factors, 
including SCL, GATA-1, GATA-2, and NFE2, 
whose co-ordinated regulation is essential for 
megakaryopoiesis. One of the miRNAs which 
have been extensively studied and found to play 
an essential role in the control of cell fate at the 
level of megakaryocyte-erythroid progenitors 
(MEP) is miR-150. It acts on MYB and behaves 
as a switch for deciding the fate of these EMPs 
behaves as a switch for deciding the fate of these 
EMPs; high expression of miR-150 favors mega-
karyopoiesis while a low expression favors dif-
ferentiation towards erythroid lineage. [18]. 
Other miRNAs which are downregulated during 

megakaryopoiesis include miR-10a, miR-10b, 
miR-17, miR-20, miR-106, and miR-126 [17]. 
Downregulation of miR-221 and miR-222 is 
essential for erythrocyte differentiation of CD34+ 
HSCs, and miR-451 is essential for the late stages 
of erythroid differentiation [19].

26.2.4  miRNA in B-Cell Ontogeny

The first definitive proof that the miRNA path-
way is essential for the B-lineage was docu-
mented when deletion of Dicer1 gene resulted in 
a block in the B-cell maturation at the pro-B to 
pre-B transition and also affected the terminal 
differentiation of mature B cells into antibody- 
producing cells [20, 21]. Zhang et al. established 
the landscape of normal miRNA expression in 
mature B cells and correlated them with the key 
transcription factors in B-cell differentiation, 
namely C-MYB, C-MYC, BCL6, LMO2, and 
Blimp1 [22]. Early B-cell development is regu-
lated by a number of different miRNAs like miR- 
17–92a, miR-150, miR-155, miR-30 family. The 
miR-17–92 cluster and miR-181a positively reg-
ulate B-cell development, whereas the others 
negatively regulate the process. The deficiency of 
these miRNAs results in a greatly reduced B-cell 
compartment, with a developmental block at dif-
ferent stages. miR-17-92 targets tumor suppres-
sors or pro-apoptotic proteins and thus has an 
oncogenic role. It was described as the first 

Table 26.1 (continued)

miR-223 LMO2 and MYBL1 Naive and memory cells development
miR150/miR34a c-Myb/Foxp1 Expressed at high concentration in mature resting B cells; 

ectopic expression of miR-150 impaired B-cell development
miR-155 PU.1/AID/SHIP or INPP5D

and CEBP/β
Key factor in the regulation of germinal center responses, 
Ig class switching, somatic hypermutation
Overexpression of miR-155 leads to B-cell proliferation

HBP-1 HMG-box transcription factor, FZD5 Frizzled class receptor 5, TPM1 Tropomyosin 1, BMF BCL2-modifying 
factor, BIM bcl-2 interacting protein, Klf13 Kruppel-like factor 13, TET 2 Ten eleven translocation 2, C/EBP CCAAT/
enhancer binding protein, NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells, LMO2 Lim domain 
only 2, NFI-A Nuclear factor I A, RUNX1 Runt-related transcription factor 1, E2F3 E2F transcription factor 3, AML1 
Acute myeloid leukemia 1 protein, ALK4 Activin type I receptor, Myb Myeloblastosis oncogene, ETS E26 transformation- 
specific transcription factor, Meis Homeobox 1, CXCR4 C-X-C chemokine receptor type 4, PTEN Phosphatase and 
tensin homolog, TCR T-cell receptor alpha, NLK Nemo-like kinase, SOCS-1 Suppressor of cytokine signaling, STAT 
Signal transducer and activator of transcription, AID Activation induced cytidine deaminase, SOX4 SRY-related HMG- 
box gene 4, INPP5D Inositol polyphosphate-5-phosphatase D/ Src homology 2 (SH2) domain containing inositol poly-
phosphate 5-phosphatase 1, ? Unknown target
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“oncomiR” as it was overexpressed in B-cell 
lymphomas. The key miRNAs and some of their 
target molecules involved in the B-cell matura-
tion are depicted in Fig. 26.3.

26.2.5  miRNA in T-Cell Ontogeny

T-cell maturation progresses through a series of 
stages from the double negative (DN, CD4−/
CD8−) to the double positive stage (DP CD4+/
CD8+), which is followed by differentiation into 
single positive specific mature T-cell types, based 
on the TCR rearrangements. Deletion of the 
genes encoding either Dicer in early T-cell devel-
opment results in a developmental block at the 
double negative cells with an increase in gamma- 
delta T cells and decrease in cell numbers of the 
mature T cells [21]. The Notch pathway is very 
important for T-cell development and has been 
identified as a target for miR-150 [23]. Another 
key player responsible for T-cell maturation and 
proliferation of the double positive T cells is the 

miRNA-181. It has been shown to modulate TCR 
signaling by targeting multiple downstream neg-
ative regulators of signaling, like dual-specificity 
phosphatases Dusp5, Dusp6 and SH-2 domain 
containing phosphotyrosine phosphatase Shp-2 
[24]. Regulation of TCR signaling is critical for 
T-cell selection and determination of lineage. 
Differentiation of the mature helper T cells into 
effector subsets is also modulated by specific 
miRNAs. The key miRNAs involved in the gen-
esis and differentiation into different T-cell sub-
sets are depicted in Fig. 26.4.

26.3  Role of miRNA in Malignant 
Hematopoiesis

Given the extensive involvement in normal hema-
topoiesis, the role of miRNAs in malignant 
hematopoiesis is tenable. Analysis of the human 
and mouse genomes revealed that miRNA genes 
are frequently located at fragile sites and regions 
of copy number alteration (CNA) associated with 
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Fig. 26.3 miRNAs involved in B-cell ontogeny. The 
miRNAs in green color are upregulated while the red 
color depicts the downregulated miRNAs. The blue color 

depicts the key interacting transcription factors in each 
step of maturation. CLP common lymphoid progenitors, 
GCB germinal center B cell
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cancer [25]. These findings suggest a very impor-
tant role of miRNA deregulation in oncogenesis. 
For cancer research purposes, miRNAs can be 
divided into two types of groups: those overex-
pressed, which target tumor suppressor proteins, 
also known as oncomiRs, and those with 
decreased expression in cells, which actually tar-
get oncogenes. The miRNA genes may be altered 
either by single nucleotide polymorphism (SNP), 
epigenetic silencing, or defects in the miRNA 
biosynthetic pathway. Another interesting obser-
vation is that majority of the miRNAs are under 
the control of the very targets that they regulate 
by a negative feedback loop [4]. A brief outline of 
the miRNA profiles and their correlation with 
known causative genetic abnormalities in few 
lymphoproliferative disorders and leukemias is 
discussed below and summarized in Table 26.2.

26.3.1  miRNA in B-Cell 
Lymphoproliferative 
Disorders

Chronic lymphocytic leukemia—Among the 
hematopoietic malignancies, the role of miRNAs 
was first studied in CLL when Calin et al. found 

that miR-15a and miR-16-1 located at the 13q14 
locus were deleted in the majority of the CLL 
cases [26]. Both these miRNAs have a tumor sup-
pressor role and act by downregulating the anti- 
apoptotic molecule Bcl-2. Additionally, it has 
been shown that miR-15a/miR-16-1 cluster 
directly targets the TP53 gene, and a positive 
feedback loop regulates the expression of miR- 
15a/16-1. Subsequently, other miRNAs like miR- 
29, miR-181, miR-221/222, miR-106b, miR-155, 
and miR-34a which regulate the cell cycle were 
identified [20]. Prognostically, significant among 
these was a high miR-34a expression, which cor-
related with chemotherapy-refractory disease, 
p53 inactivation, and apoptosis resistance [27].

Mantle cell lymphoma and follicular lymphoma 
harbor a more uniform miRNA signature, which 
has been confirmed by numerous authors [28, 29]. 
Several cell cycle genes targeting miRNAs have 
been detected in mantle cell lymphoma like miR-
16-1 and oncomiR-1 targeting cyclin D1, and 
miR-29, regulating CDK6. The downregulation of 
miR29a has been shown to be associated with poor 
prognosis. The follicular lymphoma miRNA sig-
nature includes miR-20a/b and miR-194, which 
target CDKN1A and SOCS2, potentially contrib-
uting to tumor cell proliferation and survival.
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Fig. 26.4 miRNAs involved in T-cell ontogeny. The 
miRNAs in green color are upregulated while the red 
color depicts the downregulated miRNAs. The blue color 

depicts the key interacting transcription factors in each 
step of maturation. DN double negative stage 1, 2, 3, and 
4, DP double positive, NKT Natural killer/T cells
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Table 26.2 Deregulated miRNAs in some of the hematological malignancies

Disease category miRNAs upregulated miRNAs downregulated
Chronic lymphocytic leukemia miR-34a, miR-155 miR-15a and miR-16-1, miR-181, 

miR-29b
Mantle cell lymphoma miR-155, miR-17-92, miR-15a/16-1 cluster gene, miR-29a
Follicular lymphoma miR-155, let7b, miR-9, miR-20a/b, 

and miR-194
miR-320, miR-149, miR-139

Diffuse large B cell lymphoma miR-155, miR-17-92, miR-21, let-7b, 
miR-199a/b, miR-224

miR30, miR34a, miR-150, miR-222, 
miR-146b-5p

Multiple myeloma miR-21, miR-106b∼25 cluster, 
miR-181a/b, miR-17∼92, miR-19a

miR-19b and miR-331

Chronic myeloid leukemia miR-17-92 miR-203, miR-150
B-acute lymphoblastic leukemia miR-128a and miR-181b,

miR-125b, miR-99a
miR-100, miR-196b, and let-7e

T-acute lymphoblastic leukemia miR-222, 223 and miR19, 17-92 
cluster and miR-146a

miR-150, miR-155, miR-200, and 
miR-193b-3p

Acute myeloid leukemia subtypes
t(8;21) miR-27a, miR-126, miR-150, 

miR-223, miR-29b-3p
miR-126

inv(16) AMLs miR-126, miR-126*miR- 29b- 3p miR-126
t(15;17) AML miR-224, miR-368, and miR-382 miR-17-5p, miR-20a, miR-126, 

miR-126*, miRNA-181a-3p, 
miR-126-5p

Trisomy 8 miR-124a and miR-30d mir-126
MLL- rearranged AML miR-17~92 cluster, miR-196b, miR-9 

and 9* (miR-9/9*) miR-326, 
miR-219, miR-194, miR-301, 
miR-324, miR-339, miR-99b, 
miR-328

miR-34b, miR-15a, miR-29a, 
miR-29c, miR-372, miR-30a, 
miR-29b, miR-30e, miR-196a, let-7f, 
miR-102, miR-331, miR-299, 
miR-193 (many are tumor suppressor 
miRNAs)

Normal karyotype- AML miR-10a, miR-10b, miR-26a, 
miR-30c, let-7a-2, miR-16–2, 
miR-21, miR-181b, miR-368, and 
miR-192

miR-126, miR-203, miR-200c, 
miR-182, miR-204, miR-196b, 
miR-193, miR-191, miR-199a, 
miR-194, miR-183, miR-299, and 
miR-145

NPM1 mutations miR-10, let-7, and miR-29 miR-204 and miR-128a
FLT3-ITD mutations miR-155 –

In diffuse large B cell lymphoma (DLBCL), 
gene expression profiles have identified three 
major subtypes: Germinal center (GC), non-GC 
or the activated B cell (ABC) type, and primary 
mediastinal large B-cell lymphoma (PMLBCL). 
The ABC-type immunophenotypes have been 
found to express significantly higher levels of 
miR-155, miR-221, and miR-21 compared with 
GCB-type immunophenotypes [30]. The miR-
NAs, miR-155 and miR-17-72 cluster, target 
numerous cell cycle regulatory pathways like 
MYC, SMAD5, BCL-6, BCL-2, and phosphati-
dylinositol 3-kinase (PI3K)-protein kinase 

(AKT), thus behaving as important oncomirs for 
the development of DLBCL. Furthermore, recent 
studies have shown that low expression of miR21/
miR-127/miR-19a/-92a/miR-222 correlated with 
poor prognosis in DLBCL [20, 31].

26.3.2  miRNA in Multiple Myeloma 
(MM)

Pichiorri et al. investigated the role of miRNAs in 
the malignant transformation of plasma cells 
(PC) in MM-derived cell lines and CD138+ bone 
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marrow PCs from subjects with MM, monoclo-
nal gammopathy of undetermined significance 
(MGUS), and normal donors. They observed an 
overexpression of miR-21, miR-106b∼25 clus-
ter, miR-181a/b in MM and MGUS and a selec-
tive upregulation of miR-32 and miR-17∼92 
cluster in MM subjects [32]. Similarly, Seckinger 
et al. explored the role of 559 human miRNAs in 
myeloma cell lines and observed a differential 
expression of numerous miRNAs between 
myeloma cells and healthy controls and a distinct 
miRNA signature for some cytogenetic subtypes 
like t(4;14). They identified five miRNAs which 
were significantly associated with event-free 
survival: miR-135a/b, miR-200a/b, and miR596 
while miR135a and miR596 correlated with 
high tumor burden [33]. In yet another study, 
interleukin- 6, the key disease mediator in 
myeloma, is negatively regulated by SOCS-1. 
The latter is a target for miR-19a/b in MM; 
hence an upregulation of miR-19a/b leads to the 
suppression of the SOCS-1 pathway and 
increased levels of IL-6. Other cell cycle genes 
which have been found to be negatively regu-
lated by miRNAs include p27Kip1 and p57Kip2, 
by miR-221/222 and p53 by miR-181a/b, miR-
106b-25, and miR-32. Based on these prelimi-
nary findings, these miRNAs are being explored 
as potential targets for the development of novel 
therapeutic targets [34].

26.3.3  miRNA in Myelodysplastic 
Syndrome (MDS) and Acute 
Myeloid Leukemia (AML)

MDS and AML are a consequence of numerous 
sequential alterations in the genetic cells. A 
recent genomic analysis of AML and MDS cell 
lines elicited the role of miRNAs in these 
 malignancies. It was found that about 77% (542 
out of 706) of miRNAs were located in regions of 
leukemia- associated cytogenetic abnormalities, 
and 18% (99 out of 542) of these miRNAs were 
relevant in myeloid malignancies [35].

In MDS, a differential expression profile of 
more than 100 miRNAs, spread genome-wide, 
have been identified between early and advanced 

stages of MDS.  Pons et  al. measured the gene 
expression of 25 mature miRNAs in mononuclear 
cells (MNCs) isolated from bone marrow and 
peripheral blood of MDS patients. They revealed 
an overexpression of miRNA cluster miR-
17- 92  in MDS and differential expression of 
miR- 15a and miR-16 between low-risk and high-
risk subgroups [36]. Similarly, expression levels 
of miR-422a, miR-617, and four miR-181 family 
members were found to be associated with pro-
gression and their levels were progressively 
increased in MDS as compared to healthy con-
trols, and also within different risk groups. miR- 
181a and miR-222 may serve as potential 
biomarkers for diagnosis and predict progression 
to secondary AML [37]. Other pathogenetic miR-
NAs which are significant in MDS include miR- 
34a, miR-21, and miR22; the target genes being 
the anti-apoptotic Bcl-2 gene, SMAD7 gene and 
DNA methylation regulator, TET2 gene [38, 39]. 
A brief summary of the miRNAs which are 
deregulated in MDS [35–39] is shown in 
Fig. 26.5.

In AML, known recurrent cytogenetic abnor-
malities like t(15; 17), t(8;21), inversion 16 have 
been reported in approximately 24–30% cases, 
while approximately 50% cases have a normal 
karyotype (NK-AML). Clinically significant 
mutations reported in this CN-AML include [40], 
mutations of the membrane tyrosine kinase FLT3-
ITD, mutations of the transcription factor CEBPA 
(10–15%) and nucleophosmin (NPM1) gene (50–
60%). Garzaon et al. reported a distinct miRNA 
signature profile for each of these subtypes of 
AML, wherein certain miRNAs are upregulated 
while others are downregulated (Table 26.2). Of 
particular interest is the high expression of miR-
191 and miR-199a, which were found to be sig-
nificantly associated with worse overall and 
event-free survival [41]. In a similar work by 
Wang et al., expression patterns of four miRNAs, 
namely, miR-128a, miR-128b, let-7b, and miR-
223, were found to be sufficient to discriminate 
AML from ALL.  Further, they observed that a 
high expression of miR-146a and miR-181a/c and 
miR-26a, miR-29b, miR-146a, and miR-196b 
were significantly associated with overall survival 
in ALL and AML, respectively [42].
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26.3.4  miRNA in Acute 
Lymphoblastic Leukemia 
(ALL)

B- or T-lineage ALL arise due to arrest in differ-
ent stages of maturation which have well-defined 
immunophenotypic profiles and different miRNA 
signatures. On comparing the miRNA profiles of 
pediatric B-ALL patient samples with healthy 
controls, the former showed lower expression 
levels of miR- 100, miR-196b, and let-7e, while 
miR-128a and miR-181b were increased [43]. 
Schott et al. evaluated the role of 397 microRNA 
in 81 cases of pediatric leukemia by the quantita-
tive real-time polymerase chain reaction and 
concluded that all the major subtypes of ALL, 
namely, T-lineage, MLL-rearranged, TEL-
AML1-positive, E2A- PBX1- positive and hyper-
diploid acute lymphoblastic leukemia had a 
unique microRNA-signatures. Moreover, they 
observed that the upregulation of miR-125b, 
miR-99a, and miR-100 in these cases were sig-
nificantly associated with drug resistance to vin-
cristine and daunorubicin [44]. Similarly, in 
T-ALL, numerous deregulated miRNAs have 
been detected which corroborate with specific 
cytogenetic subgroups. mR221, 222, 223 and 19, 

17-92 cluster and 146a are some of the few 
known tumor oncomirs in T-ALL, while miR-29, 
miR-31, miR-150, miR- 155, and miR-200 
behave as tumor suppressors whose inactivation 
promotes leukemogenesis [45, 46].

26.3.5  miRNA in Chronic Myeloid 
Leukemia (CML)

One of the initial works on miRNA in CML was 
performed by Venturiet al., who demonstrated 
overexpression of the miR-17-92 cluster in 
CD34+ cells of CML, which later on was seen to 
be markedly elevated in CML blast crisis [47]. 
Another pathogenetic miRNA in CML which tar-
gets the BCR-ABL1 kinases is miR-203; it was 
silenced in human leukemic Philadelphia 
chromosome- positive cell lines. Similarly, the 
miR-150 expression is decreased in CML, which 
negatively regulates the Myb oncogene essential 
for cell survival and proliferation. One of the 
most important utilities of miRNAs in CML is its 
applicability as a prognostic marker and predic-
tion of resistance to tyrosine kinase inhibitors. In 
recent studies [48], several miRNAs, for exam-
ple, miR-191, miR-29a, miR-422b, miR-100, 

Upregulated miRNAs

MDS

miR-196b-5p
Promotes cell proliferation
and has anti-apoptotic role

miR-205-5p
Promotes cell proliferation via

PTEN pathway

miR-194-5p and miR320a
Promotes cell proliferation via

PTEN pathway

miR-125a
Modulates NFkB activation

Enhances erythroid
differentiation arrest

miR-22
5-hydroxymethylcytosine
(5-hmC) decreased and

increased HSC self-renewal &
defective differentiation

miR-451a, miR125a
miR223-3p, miR-196b-5p
194-5p, miR-144, miR-651

miR-655, hsa-let -7a, miR-16
miR-25, miR-21, miR-22

Predictors of disease
progression/prognosis

miRNA-124
inactivates the tumor-
suppressor protein Rb

miR 29b
Increased expression of
Myeloid cell leukemia -1

factor, anti–apoptotic
protein

Let 7 family, miR-423, miR-
103a

Decreased expression of
tumor suppressor genes

miR-378
Inhibits cell growth and

increases apoptosis

miR-27a-3p, miR-27a-3p,
miR-150-5p, miR-199a-5p,
miR-223-3p and miR-451a

decreased in high risk groups

Down regulated miRNAs

Fig. 26.5 Summary of some of the deregulated miRNAs and their target molecules in myelodysplastic syndrome
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miR-326, miR-26a, and miR-451 have emerged 
as promising predictors of imatinib resistance in 
newly diagnosed cases of CML.

A brief summary of the aforementioned 
deregulated miRNAs and the ones implicated in 
prognosis [26–48] are depicted in Table 26.2.

26.4  Tools for miRNA Detection

Though there is extensive work on miRNAs by 
different authors in hematopoietic malignancies, 
there is very few overlap in the results even in the 
same disease category. This is possibly due to the 
differences in the sample types; whole blood, 
mononuclear cells or plasma and use of separate 
platforms for miRNA evaluation, which com-
monly include quantitative real-time-PCR (qRT- 
PCR), microarrays, and next-generation 
sequencing. Each of these techniques has its 
strengths and limitations (Table 26.3).

The clear advantage of high-throughput 
sequencing is the ability to identify novel miR-
NAs. This technology is not affected by differ-
ences in the melting temperatures, co-expression 
of nearly identical miRNA family members, or 
post-transcriptional modifications. Unlike profil-
ing of miRNAs based on microarray techniques, 
deep sequencing measures absolute abundance 
and allows the discovery of novel miRNAs. 
Therefore deep sequencing methods are emerging 

as the best tool for studying miRNA expression, 
whereas qRT-PCR is often considered a “gold 
standard” in the detection and quantitation of 
gene expression. Following detection of the 
deregulated miRNAs, numerous computational 
tools like DIANA-microT-CDS, miRanda—
mirSVR, and TargetScan are available which aid 
in the identification and validation of the clini-
cally relevant miRNA: mRNA target interactions, 
thereby discerning the exact role of miRNAs in 
the regulatory networks governing the biological 
processes [49, 50].

26.5  Therapeutic Implications 
and Future Perspective

Since their discovery way back in early 20th 
decade researchers have identified more than 
2000 miRNAs which regulate the human genome. 
Extensive work has been performed in delineat-
ing the miRNAs in each step of hematopoiesis 
and identifying their role in diseased states, the 
entire portrayal of which is beyond the scope of 
this review. Invariably, it is explicitly clear that 
microRNAs participate in the regulation of 
almost every cellular process and are intricately 
associated with human pathology. However, the 
information generated by different authors in the 
same disease is diverse and thus larger studies are 
required for data reproducibility and generation 

Table 26.3 Comparison of the commonly employed techniques for miRNA analysis

Technique Application
Quantity of 
input RNA Advantages Disadvantages

~Cost/
sample

Quantitative 
RT-PCR

Small-scale 
experiments, 
limited no. of 
targets

500 ng High sensitivity and 
specificity

Normalization and 
identifying a reference 
miRNA
Labor intensive to scale
Requires quality miRNA 
annotation

++

Microarray Large-scale 
experiments

100–
1000 ng

Identify known 
miRNAs

Least quantitative and 
sensitive
Requires quality miRNA 
annotation

++

Next- 
generation 
sequencing

Discovery phase 
research
Whole exome 
analysis

500–
5000 ng

Does not require 
miRNA annotation
No problems of 
background noise and 
cross-hybridization

Less sensitive than 
qPCR
Good degree of 
technical and 
bioinformatics skill 
necessary

++ - +++
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of universal miRNA signatures. In the recent 
years, it has been found that “circulating miR-
NAs” can also be detected in many extracellular 
fluids like plasma, serum, and urine, where they 
are attracting attention as potential noninvasive 
biomarkers for a range of diseases. Pre-clinical 
studies [51] are already exploring the utility of 
miRNA inhibitory molecules, “anti-oncomirs” in 
various non-hematological and hematological 
disorders, like anti-miR-155, miR-21, and miR- 
196b in AML.  If successful, they are likely to 
open up new additional avenues for the manage-
ment of hematological malignancies.
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Alloantigens and Their Role 
in Immune Cytopenias

Ajit Gorakshakar and Harita Gogri

Immune cytopenia is a reduction in the number 
of mature blood cells. This can be caused by allo-
antigens present on the surface of blood cells i.e. 
red blood cells or erthyrocytes, white blood cells 
or leucocytes and platelets or thromobocytes. 
Alloantigens stimulate the immune system of 
host against foreign antigens causing alloimmu-
nization and subsequent production of alloanti-
bodies which caused decreased survival of blood 
cells in vivo. This chapter focuses on red blood 
cell antigens, human platelet antigens, human 
neutrophil antigens and human leucocyte anti-
gens and their role in immune cytopenias.

27.1  Introduction

Alloantigens present on the blood cells stimu-
late the immune system of the foreign host caus-
ing production of alloantibodies which may 
ultimately result in an immune cytopenia. 
Immune cytopenia is a reduction in the number 
of mature blood cells. This can result in anemia, 
leukopenia or neutropenia, thrombocytopenia, 
or pancytopenia. This chapter reviews the 
immune cytopenias mediated by red cells, white 
blood cells and platelets, and the alloantigens 
involved in it.

27.2  Immune Cytopenia 
Due to Red Blood Cells

27.2.1  Alloantigens

Blood group antigens are sugars or proteins, 
attached to various components in the red blood 
cell membrane, whose specificity is controlled by 
a series of genes. These antigenic determinants 
decide blood group of an individual. International 
Society of Blood Transfusion (ISBT) has recog-
nized 346 antigens on human red cells of which 
308 are clustered within 36 blood group systems 
(http://www.isbtweb.org/) [1]. ABO and Rh are 
the two important blood group systems in transfu-
sion medicine. However, apart from these, there 
are 34 other blood group systems. Antibodies 
against these blood group antigens are important 
in transfusion and prenatal settings.

27.2.1.1  ABO and Rh
ABO blood group system (ISBT No. 1) is the 
most important system in transfusion medicine 
and was discovered by Karl Landsteiner in 1900. 
Based on blood group, individuals are grouped as 
A, B, AB, and O, depending on the antigens they 
carry on their red cells. This system consists of 
two antigens, A and B. Antibodies against these 
antigens are non-red cell stimulated, naturally 
occurring antibodies against the ABO antigens 
that they lack. They are produced during neonatal 
period (about 3–6 months of age) due to the envi-
ronmental stimulus.
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The ABO antigens are formed due to the inter-
action of three systems located on different loci 
(ABO, Hh, and Se). These genes code for specific 
glycosyltransferases that add specific sugar mol-
ecules to a basic precursor substance. The prod-
uct of H gene is l-fucosyltransferase which 
catalyzes the addition of l-Fucose to a precursor 
substance to form H antigen which then acts as a 
precursor molecule for the formation of ABO 
antigens. The product of “A” gene is an 1, 
3-N-acetylgalactosaminyltransferase, which 
forms blood group A specific structure by trans-
ferring N-acetylagalactosamine residues onto H 
determinants. The product of the “B” gene is α1, 
3-d-galactosyltransferase, which forms B spe-
cific structures by transferring α-d-galactose onto 
H determinants. The silent allele “O” carries no 
genetic information for a functional glycosyl-
transferase. Both A- and B-transferases are 
highly specific towards the blood group H struc-
tures as the sugar acceptor. Blood group A is fur-
ther subgrouped into A1 and A2 which exhibit 
qualitative and quantitative difference. A1 and 
A2 can be phenotypically differentiated using 
anti-A1 extracted from plant lectin, Dolichos 
biflorus. Apart from these, weaker subgroups of 
A (Aint, A3, Ax, Am, Ael, Ay, Aend, and Abantu) and B 
(B3, Bx, Bm, and Bel) arise due to inheritance of 
the variant alleles at the ABO locus. The charac-
teristic features of weaker subgroups are their 
reduced antigenic sites per red cell [2], their reac-
tivity pattern with human anti-A+B, strong reac-
tion with anti-H, and the presence or absence of 
anti-A1 in the serum.

The ABO gene located on the long arm of 
chromosome 9 (position 9q34.1-q34.2) which 
spans over 18–20  kb and consists of 7 exons 
ranging from 28 to 688 bp and six introns ranging 
from 554 to 12,982 bp. The 1062 basepair (bp) 
sequence predicted a 353 amino acid protein. 
ABO*A101 is considered as a reference 
sequence. ABO*B101 is distinguishable from 
ABO*A101 at 7 nt positions: three synonymous 
mutations at positions 297, 657, and 930 and four 
nonsynonymous mutations at positions 526, 703, 
796, and 803 [3]. The nt sequence of ABO*O01 
differs from that of ABO*A101 by a single base 
deletion at position 261 in exon 6. In contrast, the 

ABO*O03 allele lacks the 216delG polymor-
phism but possesses nonsynonymous mutations 
that may abolish the protein’s enzyme activity by 
altering the nt sugar binding site. The A2 blood 
group results from inheritance of ABO*A201, 
which shows substitution at nucleotide (nt) posi-
tion 467 and a single deletion (1060delC) in exon 
7. This deletion results in disruption of the stop 
codon and an A-transferase product with an extra 
21 amino acid (AA) residue at the C-terminus.

Individuals with the rare Bombay phenotype 
(Oh) do not express H antigen (also called sub-
stance H) (the antigen which is present in blood 
group O). As a result, they cannot make A antigen 
(also called substance A) or B antigen (also called 
“substance B”) on their red blood cells, whatever 
alleles they may have of the A and B blood group 
genes, because A antigen and B antigen are made 
from H antigen. Oh individuals can be pheno-
typically identified using anti-H lectin extracted 
from Ulex europeus. O group has H antigen and 
hence shows reactivity with anti-H. However, Oh 
cells do not react with anti-H. Such individuals 
show the presence of anti-A, anti-B, and anti-H 
in the serum. Also, they are nonsecretors of A, B, 
and H soluble substances.

Despite ABO matching, blood transfusions 
continued to result in morbidity and mortality. In 
1939, Levine and Stetson described an antibody 
in a mother who had recently had a stillborn 
fetus. The antibody caused hemolytic transfusion 
reaction (HTR) when she was transfused with 
ABO compatible blood of her husband [4]. The 
antibody (now known as anti-D) had been pro-
duced in response to D antigen carried by the 
fetus, which had been inherited from the father 
and absent in mother. By mid-1940s, several 
cases of Hemolytic Disease of Newborn (HDN) 
were than investigated and many could explain 
on basis of anti-D. Few had specificity similar but 
not identical to anti-D. They were termed as anti-
 C, anti-c, anti-E, and anti-e.

Rh system (ISBT No. 4) is the second most 
important blood group system after ABO. This 
system consists of more than 60 antigens but 
five antigens (C, c, D, E, e) and their corre-
sponding antibodies account for 99% of prob-
lems related to Rh blood group system. The 
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order of  immunogenicity of these antigens is: 
D > c > E > C > e. Anti-D antibodies are only 
produced if a patient lacking D antigen is exposed 
to RhD-positive cells through pregnancy or trans-
fusion. Rh antibodies react at 37  °C, are of the 
IgG type and capable of causing significant HTR 
and HDN. RBC destruction by Rh antibodies is 
mediated almost exclusively via macrophages in 
the spleen (extravascular hemolysis).

Tippett in 1986 [5] postulated the presence of 
two homologous RH genes (RHD and RHCE) 
located on chromosome 1. The RHD and RHCE 
genes each encode a transmembrane protein over 
400 residues in length that traverses the RBC 
membrane 12 times. RHD determines the pro-
duction of RhD protein (D antigen), while RHCE 
gene is responsible for production of RhCE, 
RhCe, RhcE, and Rhce proteins (C, c, E, e anti-
gens). RhD-positive individuals inherit both 
RHD and RHCE genes while RhD-negative indi-
viduals inherit only the RHCE gene, RHD gene 
is either deleted or nonfunctional. The C/c poly-
morphism is due to six nucleotide substitutions 
resulting in four amino acid changes (Cys 16 trp, 
Ile 60 Leu, Ser 103 Pro, Ser 68 Asn) and E/e 
polymorphism is caused by single nucleotide 
substitution causing the amino acid change Pro 
226 Ala.

Variants of RhD include Weak D, Partial D, 
and Del phenotypes. Very weak D phenotype 
“DEL” is characterized by low antigenic sites, 
recognized by only absorption elution method 
and is produced due to silent mutations in RHD 
gene [6]. Apart from these variants, rarer pheno-
types like Rhnull and D–also exist.

27.2.1.2  Minor Blood Groups
Apart from ABO and Rh, various other minor 
blood group antigens exist which are not rou-
tinely typed during transfusion therapy. These 
antigens and systems were discovered after the 
indirect Coomb’s test was developed by Robin 
Coombs in 1945. Antibodies against these anti-
gens do not occur regularly as the corresponding 
antigens are weak immunogens. Nevertheless, 
these antibodies are of clinical importance as 
they can give rise to hemolytic anemias. Different 
blood groups have characteristic features for 

serology and clinical relevance; hence, it is 
important to know them in their due perspective. 
There are about 34 minor blood group systems, 
of which Duffy, Kell, Kidd, MNS, P, Lewis, and 
Lutheran are of major importance as compared to 
Dombrock, Colton, Indian, Cartwright, etc. blood 
group systems and the corresponding antibodies 
are known to cause hemolytic transfusion reac-
tions (HTRs) or hemolytic disease of the new-
born (HDFN) (Table 27.1).

The Duffy blood group system (ISBT No. 8): 
This is named after a hemophiliac multitrans-
fused patient, Mr. Duffy who first showed the 
presence of anti-Fya in 1905. A year later, the 
antibody defining its antithetical antigen, Fyb, 
was found in the serum of a woman who had had 
three pregnancies. Thus, this system consists of 
two main antigens: Fya and Fyb encoded by FY 
gene located on chromosome 1q23.2. The three 
common alleles at the Fy locus include Fya, Fyb, 
and Fy. The Fya/Fyb polymorphism arises due to 
single nucleotide alteration 125G>A in the 
DUFFY gene causing the amino acid change as 
Gly42Asp. The Fya/Fyb antigens give rise to four 
phenotypes: Fy(a+b−), Fy(a−b+), Fy(a+b+), and 
Fy(a−b−) of which phenotype Fy(a−b−) is a 
rare in general population although it is found 
with a higher frequency among the Afro-Arab 
population. This phenotype is caused due to 
mutations in the promoter region, GATA box of 
the FY gene. Fyb weak is characterized by a Fy 
(a−,b+weak) phenotype reacting weakly with 
anti-Fyb. Fya and Fyb are inherited in a co- 
dominant fashion. Antibodies to Duffy antigens 
are IgG reacting at 37 °C by Indirect Antiglobulin 
Test (IAT) and have been implicated in hemolytic 
transfusion reaction and HDFN.

The Kidd blood group system (ISBT No. 9) 
consists of three antigens which act as urea trans-
porter are encoded by the JK gene found on chro-
mosome 18 (18q11-q12). In 1951, Allen and 
colleagues reported anti-Jka in the serum of Mrs. 
Kidd, whose infant had HDFN. Two years later, 
its antithetical partner, Jkb, was found. The two 
antigens Jka and Jkb gives rise to four pheno-
types, viz. Jk(a+b−), Jk(a−b+), Jk(a+b+), and 
Jk(a−b−). Jk(a−b−), the null phenotype 
described in 1959, is rare in most populations but 

27 Alloantigens and Their Role in Immune Cytopenias
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less uncommon among the Polynesians. The Jk 
locus (SLC12A1 gene; for solute carrier family 
14, member 1) is located on chromosome 18 at 
position 18q12.3 and consists of 11 exons. The 
Jka/Jkb polymorphism is caused due to SNP 
838G>A associated with an amino acid substitu-
tion Asp280Asn, predicted to be located on the 
fourth extracellular loop of the glycoprotein. JK3 
antigen is present in all but Jk(a−b−) individuals 
who can produce anti-Jk3. Individuals with the 
null Jk(a−b−) phenotype lack Jka, Jkb, and Jk3. 
Red cells of these individuals are resistant to 2M 
urea. The antibodies are red cell immune, pro-
duced through incompatible transfusion or preg-
nancy and majority of them are IgG, reacting at 
37 °C. Rarely, the antibodies show a great degree 
of dosage effect and being a short live entity, they 
remain obscure in pretransfusion test causing 
delayed HTR. The antibodies are associated with 
mild HDFN.

The Kell blood group system (ISBT No. 6) is 
highly polymorphic and the antigens are encoded 
by the KEL locus on chromosome 7q34. It has 
three sub-loci: K/k, Kpa/Kpb, and Jsa/Jsb. The 
polymorphisms associated with common Kell 
antigens include: K>k− 578T>C; Met193Thr, 
Kpa>Kpb− 841T>C; Trp281Arg and Jsa>Jsb- 
1790C>T; Pro597Leu. The absence of all Kell 
antigens on red cells of individual results in Ko, a 
rare null phenotype characterized with anti-Ku in 
serum. Lack of XK protein results in weak 
expression of Kell antigens (The McLeod syn-
drome). The term “Kmod” is used to describe 
phenotypes with very weak Kell expression, 
often requiring adsorption-elution tests for detec-
tion. Some Kmod individuals make an antibody 
that resembles anti-Ku but does not react with 
other Kmod RBCs. Antibodies of this system are 
immune IgG, non-complement binding, react at 
37 °C by IAT and have been implicated in HTR 
and HDFN.

The MNS system (ISBT No. 2) was discovered 
by Landsteiner and Levine in the year 1927 and 
the antigens are carried on glycophorin A(GYPA) 
and B(GYPB). The GYPA has three allelic forms 
M, N, and Mg that correspond to the M, N, and 
Mg antigens, respectively, while GYPB has two 
co-dominant alleles viz. S and s, encode the S 

and s antigens. GYPE, the third glycophorin gene 
is responsible for production of variant antigens 
of this system. The genes GYPA and GYPB, 
encoding GPA and GPB, respectively, are located 
at chromosome 4q28–q31. The known alleles for 
GYPA (M/N) and GYPB (S/s) are co-dominant. 
The MNS antigens arise due to: M>N change is 
due to nucleotide changes 59C>T; 71G>A; 
72T>G causing Ser20Leu, Gly24Glu changes in 
the protein. S/s polymorphism is caused due to 
Thr48Met because of single nucleotide change 
143T>C.  Gene rearrangements due to unequal 
crossing over between GYPA and GYPB give 
rise to GP(A-B) and GP(B-A) hybrid 
glycophorins.

Antibodies of the MNSs blood groups are red 
cell non-immune (i.e. naturally occurring) IgM 
agglutinins reacting at lower temperatures, e.g. 
anti-M, anti-N, and anti-Mg or are the red cell 
immune, IgG immunoglobulins reacting at 37 °C 
by the indirect antiglobulin test (IAT), e.g., anti-S 
and anti-s. The immune antibodies are suscepti-
ble to proteolytic enzymes and have been reported 
to cause HTR and HDFN.

Other systems of lesser clinical significance 
include P, Colton, Dombrock, Diego, Catwright, 
Indian, Lutheran, Lewis, etc. Common and clini-
cally significant antigens of most of these blood 
systems are encoded by single nucleotide poly-
morphisms (SNPs) which give rise to change in 
amino acid resulting in change in antigen speci-
ficity (Table 27.2). Other molecular mechanisms 
encoding these antigens include deletions, inser-
tions, missense mutations, frame shift mutations, 
and gene rearrangements [7].

27.2.2  Immune Anemias

The milestone for blood transfusion was in 1900 
when Karl Landsteiner discovered the human 
ABO blood group system in Vienna. This fast 
forwarded the understanding for blood group 
incompatibility.

Alloimmunization is sensitization of the host 
immune system against foreign antigens and 
subsequent development of alloantibodies. 
Alloimmunization may occur due to blood 
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 transfusion or via feto-maternal hemorrhage. 
Even very small amounts of donor antigenic 
RBCs can elicit an alloimmune response [8]. With 
the first exposure to foreign antigen, lymphocyte 
memory is invoked which results in moderate pro-
duction of IgM and IgG antibodies. Secondary 
exposure elicits rapid production of large amounts 
of IgG- class antibody, rising rapidly in the first 
2 days after exposure to the antigen. The antibody 
produced attaches to the antigenic surface and 
may interact with the complement system or retic-
uloendothelial system (RES) or monocyte phago-
cytic system [9]. Alloimmunization against 
multiple blood group antigens may lead to pro-
duction of multiple antibodies which may cause 
difficulty in finding compatible RBC units, cause 
transfusion reactions, or platelet refractoriness. 
Retrospective studies in the general population 
reported antibody frequencies after transfusion of 
less than 1–3%. However, in multitransfused 
patients alloimmunization occurs from 10–38% 
and up to 60–70% of patients [10–12]. About 
25% of such patients receive unsatisfactory trans-
fusion support and it may even be impossible to 
find suitable units in some cases [13]. Blood 
transfusion also predisposes patient to formation 
of autoantibodies, which may result in develop-
ment of automimmune hemolytic anemia (AIHA), 
which can lead to increased hemolysis of trans-
fused RBCs. Thus, the presence of RBC 

alloantibodies creates the potential for serologic 
incompatibility, makes selection of appropriate 
units for future transfusion more difficult, delays 
blood transfusion, and presents risk of HDN. Non- 
hematooncologic alloimmunized patients are 
high antibody responders, with a more than 20 
times increased risk to form antibodies compared 
to first-time alloimmunization risk [14].

In a Transfusion setting, an immediate HTR 
occurs very soon after the transfusion of incom-
patible RBCs. The RBCs are rapidly destroyed, 
releasing hemoglobin and RBC stomata into 
the circulation. In an anesthetized patient, 
hemoglobinuria, abnormal bleeding at the sur-
gical wound site, and hypotension may be the 
only warning signs of IHTR.  The reaction 
period varies from within few minutes to 1–2 h 
[15]. ABO- incompatible transfusions may be 
life- threatening, causing shock, acute renal fail-
ure, and disseminated intravascular coagulation 
(DIC).

Delayed HTR (DHTR) is most often the result 
of an anamnestic response in a patient who has 
been previously sensitized by transfusion, preg-
nancy, or transplant and in whom antibody is not 
detectable by standard pretransfusion methods. It 
is of two types: 1/primary alloimmunization 
wherein the patient has no past history of preg-
nancy, transfusion, or transplant and 2/secondary 
(anamnestic) response to transfused RBCs which 

Table 27.2 Single nucleotide polymorphisms responsible for blood group antigens

Blood group 
system

Antigen 
specificity Nucleotide

Amino 
change

Antigen 
specificity Nucleotide

Amino 
change

MNS M 59C; 71G; 
72T

Ser20, 
Gly24

N 59T; 71A; 
72G

Leu20, 
Glu24

S 143T Thr48 s 143C Met48
Lutheran Lua 230A His77 Lub 230G Arg77
Kell K 578T Met193 k 578C Thr193

Kpa 841T Trp281 Kpb 841C Arg281
Jsa 1790C Pro597 Jsb 1790T Leu597

Duffy Fya 125G Gly42 Fyb 125A Asp42
Kidd Jka 838G Asp280 Jkb 838A Asn280
Diego Dia 2561T Leu854 Dib 2561C Pro854
Cartwright Yta 1057C His353 Ytb 1057A Asn353
Scianna Sc1 169G Gly57 Sc2 169A Arg57
Dombrock Doa 793A Asn256 Dob 793G Asp256
Colton Coa 134C Ala45 Cob 134T Val45
Indian Ina 137C Pro Inb 137G Arg
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occurs about 3–5 days later from the transfusion 
during which time enough antibody is produced 
by the patient to cause an immune reaction. 
Clinical signs and symptoms are usually mild; 
severe DHTR cases and fatalities are uncommon. 
Unexpected or unexplained decreases in hemo-
globin or hematocrit values following transfusion 
should be investigated as a possible DHTR.

Hemolytic disease of the fetus and newborn 
(HDFN) or HDN or erythroblastosis fetalis is an 
alloimmune condition in the fetus when mater-
nally produced IgG molecules against the pater-
nal antigens present on the fetuses RBCs cross 
the placenta and cause in vivo destruction of fetal 
RBCs. The two common types of HDN are the 
ABO-HDN and the Rh-HDN.  ABO-HDN is 
caused due to maternal anti-A or anti-B, but it is 
generally mild. Rh-HDN is caused when the 
maternal anti-D crosses the placental barrier and 
binds to fetal RhD-positive red cells. However, 
HND due to other blood group antigens has also 
been reported. Severe reaction may cause death 
of the fetus and hence the name erythroblastosis 
fetalis. The antibody binds to alloantigens of the 
fetus and these Ab coated cells are then removed 
from the circulation by spleen macrophages. The 
degree of destruction of fetal cells depends on the 
amount and functional characteristics of anti-
body [16]. Hemolysis of the sensitized cells 
releases hemoglobin, which is metabolized to 
bilirubin. Since fetal liver is immature, the bili-
rubin remains unconjugated and transported 
across the placenta to the mother. Therefore, 
during intrauterine life, there is no risk of jaun-
dice to the fetus. The process of RBC destruction 
goes on even after the infant is delivered and the 
bilirubin accumulates in the fetal circulation 
causing jaundice.

27.2.3  Diagnosis and Management

Various laboratory tests are used to evaluate 
transfusion reactions and HDN.  Biochemical 
tests for jaundice, testing for the presence of 
increased reticulocytes and positive direct and 
indirect antiglobulin tests are carried out. To fur-
ther evaluate the severity, semi-quantitative 

estimation of the IgG antibody in mother’s serum 
is carried out. Screening of all antenatal women 
in their early pregnancy and subsequent follow-
ups for the presence of Rh and other antibodies 
will help in the management and prevention of 
HDFN. In case of RhD incompatibility, IVIG is 
prophylactically given postpartum to prevent 
alloimmunization in RhD-negative mother. Also, 
HDN cases are managed through intrauterine 
transfusions, postpartum-phototherapy, exchange 
transfusion, and plasma exchange.

In case of HTR, pretransfusion and post- 
transfusion sample should be tested for the pres-
ence of alloantibodies. Preliminary tests include 
blood grouping, direct and indirect antiglobulin 
tests and antigen profiling of donor and patient. 
In case of DHTR, additional tests may include 
testing for hemoglobin, hematocrit, coagulation 
studies, and renal function tests. Sometimes, it 
may not be possible to determine the clinical sig-
nificance of an RBC antibody, or there may be 
evidence of an HTR in the absence of serologic 
evidence. RBC survival studies may be carried 
out to evaluate the clinical significance of the 
antibody involved.

It has been shown that extended phenotyping 
of minor blood group antigens and provision of 
antigen-matched blood reduces the incidence of 
alloimmunization and post-transfusion reactions. 
It also reduces iron overload and subsequent iron-
chelation. In already alloimmunized patients, 
antigen-matched blood can reduce chances of 
producing antibodies against other antigens pres-
ent on recipients’ RBCs. In a 12.5- year study, 
patients with sickle cell anemia were divided into 
two groups. Group I which had no history of 
transfusion and was given antigen matched blood 
(C, c, E, e, K, S, Fya, and Fyb) did not show 
development of clinically significant alloantibod-
ies. However, group II who received a mixture of 
antigen-matched and non-antigen- matched RBCs, 
34.8% patients presented with clinically signifi-
cant alloantibodies or developed them upon fol-
low-up. Within Group II, 75% patients who 
presented with alloantibodies developed further 
new antibodies and only 22.2% of those patients 
who had not formed any  alloantibodies at presen-
tation developed alloantibodies [17]. Among 
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thalassemics, transfusion of phenotypically 
matched blood for the Rh and Kell systems 
reduced alloimmunization from 33 to 2.9% as 
compared to ABO-RhD-matched blood (P = .0005) 
[18]. Pujani et al. [19] reported no alloimmuniza-
tion in thalassemics who were received partially 
better matched (PBM) blood (matched for ABO, 
Rh cDE, and Kell antigens). Castro et  al. [20] 
observed that partial antigen matching of C, c, E, 
e, and K, along with ABO and D would have pre-
vented alloimmunization in 53.3% of Caucasian 
patients and in 70.8% if S, Fya, and Jkb were fur-
ther matched. Transfusion management is prob-
lematic is patients with autoantibodies. In these 
cases, the presence of an underlying alloantibody 
complicates transfusion therapy. Shirey et al. [21] 
adopted an algorithm for providing prophylactic 
antigen-matched RBCs to 20 consecutive patients 
with warm autoantibodies requiring chronic RBC 
transfusions. In 60% of these patients, adsorption 
studies could be precluded.

27.3  Immune Cytopenia 
Due to Human Platelet 
Antigens (HPA)

27.3.1  Alloantigens

Platelet-specific antigens are immunogenic gly-
coprotein structures present on the surface of 
platelets. These antigenic determinants are 
expressed as complex proteins, namely GPIIb/

IIIa (integrin alpha IIbbeta3), GPIa/GPIIa (integ-
rin alpha2beta1), GPIb/IX/V, and CD109 which 
serve as binding receptors for ligands during 
platelet adhesion and aggregation. Currently, 
there are 33 different antigens grouped into six 
systems [22, 23]. Of the two biallelic antigens of 
the systems HPA-1, 2, 3, 4, 5 and 15, the desig-
nated “a” antigen is typically a high frequency 
antigen whereas the “b” is a low frequency anti-
gen (Table  27.3). The remaining HPAs are low 
frequency antigens and thus designated as “b”. 
HPAs are important in transfusion and prenatal 
settings have antibodies against these antigens 
have been known to cause refractoriness for 
platelet antigens, fetal neonatal alloimmune 
thrombocytopenia (FNAIT), and post-transfusion 
purpura (PTP) [24].

27.3.2  Immune Thrombocytopenias

In Neonatal Alloimmune Thrombocytopenia 
(NAIT), fetal/neonatal thrombocytopenia occurs 
due to transplacental transmission of maternal 
HPA alloantibodies that react with platelets of the 
fetus/neonate. It is characterized by a platelet 
count less than 150  ×  109/L.  It is hypothesized 
that, like maternal red cell antigen alloimmuniza-
tion, a mother is exposed to paternal HPA pro-
duces an alloantibody which binds to and causes 
the rapid clearance/destruction of fetal/neonate 
platelets. NAIT can cause thrombocytopenia 
without overt bleeding or utero fetal demise 

Table 27.3 Human platelet alloantigens

System Glycoprotein Antigen Nucleotide substitution Amino acid change
HPA-1 Integrin β3 HPA-1a 196T Leu33

HPA-1b 196C Pro33
HPA-2 GPIbα HPA-2a 524C Thr145

HPA-2b 524T Met145
HPA-3 Integrin αIIb HPA-3a 2622T Ile843

HPA-3b 2622G Ser843
HPA-4 Integrin β3 HPA-4a 526G Arg143

HPA-4b 526A Gln143
HPA-5 Integrin α2 HPA-5a 1648G Glu505

HPA-5b 1648A Lys505
HPA-15 CD109 HPA-15a 2108C Ser703

HPA-15b 2108A Tyr703
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secondary to intracranial hemorrhage or other 
severe bleeding complications. Alloantibodies 
against HPA-1a have been implicated in the major-
ity of cases of NAIT (80–85%), with HPA-5b 
being the second most frequent target [25, 26].

Post-Transfusion Purpura (PTP) is a thrombo-
cytopenic condition which occurs 2–14  days 
after an uneventful red blood cell (RBC) transfu-
sion. RBC units containing contaminant platelets 
expressing HPA foreign to the patient have been 
implicated in this disease process. The generation 
of alloantibodies against a specific HPA not only 
affects platelets with said HPA, but a bystander 
effect is observed where the patient’s native 
platelets are also cleared/destroyed.

Immune Platelet Refractoriness: Immune 
refractoriness to allogeneic platelets is most fre-
quently associated with human leukocyte antigen 
class I alloimmunization; however, there are 
cases which have been documented as due to 
alloantibodies against HPAs lacking on the 
patient’s platelets. As in NAIT, HPA-1a and 
HPA-5b have been implicated in this immune 
refractoriness. In patients congenitally lacking 
GPIb (Bernard Soulier) and GPIIb/IIIa 
(Glanzmann thrombasthenia), a wide range of 
alloimmune HPA antibodies can result from allo-
geneic platelet exposure.

27.3.3  Diagnosis and Management

NAIT is generally suspected if neonatal thrombo-
cytopenia is seen in newborn especially to a 
mother with a previously affected child. The 
symptoms include bleeding into the skin or major 
organs like lungs or gastrointestinal tract. The 
management involves transfusion of washed and 
irradiated platelets from mother or plateletphere-
sis on a pregnant or peripartum mothers who are 
hospitalized. However, the cost of these proce-
dures is the main limitations. Therefore, other 
alternative management involves platelet transfu-
sion from a donor. If we get antigen-negative 
platelets, then they are more helpful.

In case of PTP, instead of providing antigen- 
negative platelet transfusion, immunosuppressive 
strategies are more useful. Intravenous immuno-

globulin (IVIG) is more useful as compared to 
corticosteroid treatment which is sometimes not 
effective. The main purpose of this treatment is to 
increase the platelet count. Once it is increased, 
then PTP is usually a self-limited disease. The 
knowledge of both the patient’s HPA phenotype 
and the specificity of the alloantibody can be very 
useful when attempting to provide platelets to 
patients with platelet alloantibodies.

A variety of laboratory techniques now exist 
to determine the HPA phenotype and genotype of 
the patient and potential platelet donors. 
Originally, typing was performed with patient- 
derived antisera, but was often contained con-
taminating anti-HLA antibodies. Since the 
discovery of the molecular determinants for HPA 
viz. single nucleotide polymorphisms leading to 
amino acid substitutions at specific points, the 
application of molecular methods to perform typ-
ing using DNA-based techniques became the 
“gold standard.” Polymerase chain reaction 
(PCR) can be used to differentially amplify spe-
cific SNPs to determine type. For detection of 
HPA antibodies, Flow cytometry-based and Solid 
Phase Techniques methods have been used for 
antibody detection. Two common methods in 
wide use are the mixed passive hemagglutination 
assay (MPHA) and the monoclonal antibody- 
specific immobilization of platelet antigen 
(MAIPA) assay.

27.4  Immune Cytopenia 
Due to Human Neutrophil 
Antigens (HNA)

27.4.1  Alloantigens

Human neutrophil antigens (HNAs) are polymor-
phic structures located on several glycoproteins 
in the neutrophil membrane. The first granulo-
cyte antigen was discovered by Lalezari and col-
leagues during their investigation of a neonate 
with transient alloimune neonatal neutropenia 
and since the antigens were neutrophil specific 
they designated it as the N system consisting of 
seven antigens (NA1, NA2, NB1, NB2, NC1, 
ND1, and NE1) [27–34]. Subsequently, several 
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different granulocyte antigens were identified at 
the same time with sera from patients with auto-
antibodies or alloantibodies directed against 
granulocytes. Currently, eight well characterized 
antigens are assigned to five HNA systems 
(Table 27.4).

27.4.2  HNA-1

HNA-1 is expressed exclusively on neutrophils 
and is located on the FCγRIIIb receptor (CD16b) 
which belongs to the Fc receptor family and is 
anchored to the membrane by glycosyl- 
phosphatidylinositol (GPI) [35, 36]. Consequently, 
whenCD16b binds to IgG, it interacts with other 
transmembrane proteins such as FcRII to generate 
an intracellular signal to activate neutrophil phago-
cytosis, degranulation, or the respiratory burst [37, 
38]. The FcγRIIIb possesses two IgG-like domains 
of which the membrane proximal domain contains 
residues critical for ligand binding. About 30% of 
granulocyte autoantibodies recognize epitopes on 
the Fcγ RIIIb with a preferential binding to the 
HNA-1a receptor [39].

Initially, HNA-1 was thought to be a biallelic 
system consisting of two main antigens: NA1 
(HNA-1a) and NA2 (HNA-1b) [40]. However in 
1997, a new alloantigen SH (HNA-1c) was char-
acterized when the antibodies against this anti-
gen was found in maternal sera of four neonatal 
alloimmune neutropenia cases. The antigens of 
HNA-1 are encoded by FCGR3B gene, a part of 
which is highly homologous FCγ-encoding 
genes on chromosome 1q22 and consists of five 
exons [41].

The FCGR3B*01 and FCGR3B*02 alleles 
differ in five nucleotide positions within exon 3 
including one synonymous mutation, resulting in 
two isoforms HNA-1a (NA1; 50–65  kDa) and 
HNA-1b (NA2; 65–80  kDa), respectively [42–
44]. The five nucleotide polymorphisms (nt 141, 
147, 227, 277, and 349) result in four amino acid 
substitutions (positions 36, 65, 82, and 106) and 
two additional N-linked glycosilation sites. 
Individuals having zero expression of all the 
three antigens (HNA-1 null) have also been 
described [45]. This is due unequal crossing lead-

ing to loss of FcγRIIIb. Homozygous individuals 
do not express FcγRIIIb on their neutrophils and 
are resistant to suffer from repeated infections, 
autoimmune or immune complex diseases. 
However, pregnant women with HNA-1 null phe-
notype can form FcγRIIIB-specific isoantibodies 
which can cause alloimmune neutropenia in the 
neonates [46].

Recently, in a study by Reil et al. [47], it was 
observed that in two cases of neonatal alloim-
mune neutropenia, both mothers were typed as 
FCGR3B*1+, *02−, and *03+. However, they 
produced antibodies reactive with FcγRIIIb 
encoded by FCGR3B*02 but not by FCGR3B*03. 
The antibodies detected the antithetical epitope 
to HNA-1c covering Ala78 and Asn82 which 
resides on the same glycoprotein as the HNA-1b 
epitope and is now proposed to be assigned as 
HNA-1d [47].

Antibodies to HNA-1 are involved in autoim-
mune neutropenia, alloimmune neonatal neutro-
penia and TRALI [27, 48–52]. The differing 
population frequencies for HNA-1a and 
HNA-1b, which both appear to be highly anti-
genic, should be borne in mind when investigat-
ing a potential ANN in a neutropenic newborn 
from a cross- cultural family. The binding of cog-
nate antibodies to these antigens in  vivo can 
result in severe functional impairment as well as 
neutropenia [53].

27.4.3  HNA-2

The second most clinically significant neutrophil 
specific antigen was described as “NB1” in 1971. 
It is located on a 58–64  kDa glycoprotein, 
CD177. It is not only found on the membrane but 
also attached intracellularly on the membranes of 
small vesicles and specific granules [54].

A unique characteristic of HNA-2a is its het-
erogenous expression, i.e., a single individual has 
two or three subpopulations of expression: one 
negative reacting population and one or two pop-
ulations that express the antigen with different 
intensities. HNA-2 is a high frequency antigen.

The gene encoding HNA-2a, i.e., CD177 is 
mapped on chromosome 19q13.2. The HNA-2a 
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cDNA consist of 1311  bp encoding 437 amino 
acids and a signal peptide of 21 amino acids. 
Apart from this, there a pseudogene that is located 
adjacent to the HNA-2 gene, but oriented in the 
opposite direction. Exons 4–9 are homologous. 
The HNA null allele is the result of different off- 
frame insertions at RNA level resulting in defi-
ciency of the antigen on neutrophils [55].

The alloantibodies formed by HNA-2a-
negative individuals are important in neonatal 
alloimmune neutropenia, TRALI, autoimmune 
drug-induced neutropenia, and graft failure fol-
lowing bone marrow transplantation [56–60].

27.4.4  HNA-3

Antibodies to the human neutrophil antigen 5b 
(now known as HNA-3a) was first described in 
1964 by van Leeuwen and his co-workers from 
sera of alloimmunized pregnant women which 
agglutinated leucocytes of normal individuals 
[61]. It was suggested that the antigen is located 
on a 70–95 kDa protein, which is not linked to 
the plasma membrane via a GPI anchor as the 
HNA-1 and -2 antigens [62]. It was later charac-
terized by Curtis B et al. in 2010. HNA-3a is car-
ried on choline transporter-like protein 2 (CTL2), 
a member of the choline transporter-like family 
of membrane glycoproteins [63]. HNA-3 is a 
bialleleic system consisting of two antigens-3a 
and 3b (formerly 5a). The antigens arise due to a 
nonsynonymous single nucleotide polymorphism 
461G>A in exon seven of the CTL2 gene 
(SLC44A2) located on chromosome 19p13.1 
resulting in amino acid change arginine at posi-
tion 154 (HNA-3a) to glutamine (HNA-3b) in the 
first extracellular loop of the mature protein.

The HNA-3 alloantigens reside on neutrophils, 
lymphocytes, platelets, and various tissues such as 
lung, liver, colon, and the inner ear. An additional 
457C>T exchange (SLC44A2*03; rs147820753) 
constituting the amino acid change Leu151Phe in 
close proximity to the HNA-3a epitope alters 
HNA-3a antibody binding and also influences 
PCR-SSP typing when the SLC44A2*01 allele-
specific primer covers this polymorphic position 

[64, 65]. Occasional cases of febrile transfusion 
reactions and alloimmune neonatal neutropenia 
caused by anti-HNA-3 have been reported. 
HNA-3a alloantibodies have been increasingly 
reported in conjunction with TRALI, particularly 
with severe cases, in which patients required arti-
ficial ventilation, or with fatal reactions [66]. 
Alloantibodies to HNA-3a in donor plasma have 
been reported cause two fatalities [67]. This is 
possibly the result of the neutrophil priming 
capacity for reactive oxygen species production, 
and probably the marked capability of the HNA-3a 
antibodies to agglutinate neutrophils.

27.4.5  HNA-4

HNA-4a antigen (originally known as “Mart”) 
and identification of HNA-4a-negative individu-
als were first reported in 1986. HNA-4 system is 
located on the CD11b/αM subunit of the αMβ2- 
integrin, a member of the Leu-CAM family and 
integrin superfamily, which shares a common β 
subunit (β2 or CD18) noncovalently associated 
with four different α subunits. HNA-4a is 
expressed on monocytes and NK cells along with 
neutrophils [68] and plays an important role in 
the leukocyte adhesion to endothelial cells and 
platelets, as well as in phagocytosis. The HNA-4a 
antigen is a polymorphic variant of αM (CR3; 
CD11b) subunit which is the result of a single 
nucleotide change G230A, substituting histidine 
by arginine at position 61 which is essential for 
HNA-4a alloantibody binding. HNA-4a has been 
reported to be present in more than 90% of popu-
lation studied so far.

27.4.6  HNA-5

HNA-5a antigen—originally known as “Onda,” is 
located on the αL (CD11a) subunits of the lym-
phocyte function-associated (LFA)-1 complex 
and functions as a leucocyte adhesion molecule. 
It is the result of G2466C substitution in the 
 coding sequence leading to the amino acid 
change Arg776Thr [68]. Antibodies to both 
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HNA-4a and HNA-5a were originally identified 
in sera from a multiparous blood donor and a 
multitransfused male patient respectively, indi-
cating that the antigens are immunogenic. NAN 
cases have been associated with HNA-4a and 
HNA-5a antigens [69, 70].

27.4.7  Immune Neutropenias

Investigators have observed since the beginning 
of the twentieth century that sera of some patients 
caused agglutination of leucocytes from other 
individuals. These granulocyte reacting antibod-
ies are involved in the pathophysiology of vari-
ous clinical conditions, mainly associated with 
neutropenia, i.e., decrease in neutrophil count. 
Cases of alloimmune neutropenia (caused due 
anti-neutrophil antibodies to non-self-neutrophil- 
specific antigens) and autoimmune neutropenia 
(caused due to anti-neutrophil antibodies against 
self-specific neutrophil antigens) triggered scien-
tists in the 1960s to late 1970s to develop reliable 
serological techniques for detecting antibodies 
against neutrophil antigens. Granulocyte anti-
bodies have been detected in sera of multitrans-
fused persons, women after pregnancy, patients 
with neutropenia, patients with febrile transfu-
sion reactions, and in blood of donors that caused 
pulmonary transfusion reactions in the transfu-
sion recipient.

Neutrophil antibodies have been shown to 
play a key role in the pathophysiology of several 
clinical conditions. One of the major conditions 
includes transfusion-related acute lung injury 
(TRALI). TRALI occurs during or within 6 h of 
transfusion with one or more units of blood prod-
ucts and represents similar to acute lung injury. 
The pathogenesis of TRALI is explained by iden-
tifying of anti-human leukocyte antigen (anti- 
HLA) or anti-HNA antibodies in blood products 
which react with cognate antigen present on neu-
trophils of the transfusion recipient. Patient with 
TRALI shows dyspnea, tachypnea, hypoxemia, 
bilateral pulmonary opacities on chest radio-
graph, edema fluid in the endotracheal tube of 
intubated patients (severe TRALI), and the 
absence of evidence of volume overload or car-

diac dysfunction as the principal cause of pulmo-
nary edema. HNA-3a antibodies have known to 
be the major causative agent of TRALI.  Other 
clinical conditions where HNA play a key role 
include: neonatal alloimmune neutropenia in 
neonates (NAN), autoimmune neutropenia dur-
ing childhood, febrile non-hemolytic transfusion 
reactions, immune neutropenia post bone marrow 
transplantation, drug-induced neutropenia, and 
refractoriness to granulocyte transfusion. The 
identification of neutrophil antigens and antibod-
ies is relevant for the diagnosis of these disorders 
[71, 72].

The prevalence of granulocyte antibodies 
among previously pregnant and never allo- 
exposed donors was 3% and 2%, respectively, in 
the Dutch population. The type of pregnancy out-
come could influence both the degree of exposure 
of the mother to paternal granulocyte antigens 
and the extent of tissue damage and related 
inflammation involved in this exposure, which 
together influence the probability of developing 
antibodies [73]. Lucas et al. [74] reported 4.9% 
of granulocyte reacting antibodies in a study of 
female donors in the UK [74]. However, 
Gottschall et al. reported a much lower frequency 
of 0.7% in US donors with different specificities 
of HNA antibodies 23 [75] and Reil et  al. [76] 
reported 0.45% rate of alloimmunization among 
female donors in Germany [76].

The presence of granulocyte antibodies have 
also been reported among multitransfused and 
multiparous women. In Japanese multitransfused 
patients who were transfused with filtered leuco-
cytes and unfiltered leucocytes, it was found that 
the rate of alloimmunization was 0.44% against 
granulocyte antibodies among patients who 
received unfiltered leucodepleted blood products 
[77] and where transfused frequently. It has been 
reported that as the number of pregnancies 
increase the incidence of granulocyte reacting 
antibodies increased up to 26.3% in women with 
three or more parity indicating that plasma prod-
ucts from these donors cause highest risk for 
inducing TRALI [78]. Sachs et  al. [79] studied 
sera of multiparous women and found 11.2% of 
granulocyte reacting antibodies in women with 
three or more parity [79].
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27.4.8  Diagnosis and Management

There are no specific tests to detect 
TRALI.  However, analyzing echocardiogram, 
measuring brain natriuretic peptide (BNP) levels, 
performing pulmonary edema fluid protein analy-
sis and estimating white blood cell count (WBC) 
can be done to eliminate other clinical conditions. 
In addition to these tests, confirmatory laboratory 
tests which involve testing for the presence/absence 
of granulocyte/HLA antibodies can provide defini-
tive evidence for the diagnosis of TRALI. The ulti-
mate detection of TRALI depends on the clinical 
conditions and laboratory test results. As with other 
forms of ALI/ARDS, there is no specific treatment 
for TRALI. In most cases, prompt diagnosis allows 
immediate supportive care. In case if the patient is 
still being transfused after suspecting TRALI, the 
transfusion should be immediately stopped. In mild 
cases, supplemental oxygen may be sufficient 
while in severe cases, mechanical ventilation, intra-
venous fluids, invasive hemodynamic monitoring, 
and vasopressors are required. In rare cases, extra-
corporeal oxygenation may be required to treat 
hypoxemia resulting from TRALI. As a preventive 
measure, donors who have granulocyte/HLA reac-
tive antibodies should be deferred from donating. 
Female blood donors with only two previous preg-
nancies can form clinically important granulocyte-
reactive alloantibodies leading to fatal TRALI 
reactions in recipients and also should be deferred 
from blood donation.

Traditionally, the neutrophil antigen pheno-
typing has been performed using human alloanti-
bodies in the granulocyte agglutination test 
(GAT), or the granulocyte immunofluorescence 
test (GIFT). HNA phenotyping by serological 
techniques requires granulocyte isolation, which 
is a time-consuming process and may affect test 
results due to low viability and also alloantisera 
specific to neutrophil antigens are not always 
available. Hence, genotyping methods are more 
commonly used for detection of antigens of 
HNA-1, 3, 4, and 5 systems as they are easy and 
cost-effective. However, HNA-2 is studied by 
flow cytometry because even though it has been 
characterized at the molecular level, genotyping 
methods are yet to be developed. It may be pos-

sible to distinguish HNA-2-positive phenotypes 
from HNA-2a-negative phenotypes by analyzing 
neutrophil CD177 mRNA for accessory 
sequences, but working with mRNA is much 
more difficult than working with DNA.

Human neutrophil antibodies have been stud-
ied using GAT, GIFT, and monoclonal antibody 
immobilization of granulocyte antigens 
(MAIGA). GAT method is based on the principle 
of agglutination in which the antibodies actively 
cause agglutination of neutrophils. GIFT uses 
fluorescently labeled antibody to detect the anti-
gens. Microscopic GIFT and FLOW-GIFT are 
both based on the same principle; however, 
FLOW-GIFT uses flow cytometer to analyze 
antigen antibody reactions and microscopic GIFT 
uses fluorescent microscope. MAIGA assay 
allows the detection of antibodies to specific neu-
trophil membrane glycoproteins even when anti-
bodies to human leucocyte antigen (HLA) 
antigens are present.

27.4.9  Immune Cytopenia 
Due to Leucocytes

In 1947, Jean Dausset provided the first evidence 
for human leukocyte blood groups. He observed 
that patients receiving a large number of transfu-
sions contained leukoagglutinins in their sera 
which were produced by the infusion of cells 
bearing alloantigens not present in the recipient 
[80]. Based on the reactivity of the alloantibod-
ies, HLA-A2 was the first human leucocyte anti-
gen (HLA) to be identified [81]. HLA are surface 
receptors responsible for the antigen recognition 
and represent them on the external surface of the 
is recognized by the T cells eventually resulting 
in the elimination of foreign tissues. In humans, 
HLA are also referred to as the major histocom-
patibility complex (MHC). Apart from the rec-
ognition of foreign agents, MHC also participates 
in correlating the cell mediated and the humoral 
immunity and also plays a role in a successful 
solid organ transplantation [82]. HLA testing sup-
ports a number of clinical specialties in transplan-
tation, transfusion, and immunogenetics. Though 
HLA system has a primary clinical importance in 
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transplantation, it has recently become of great 
interest due to its association with certain dis-
eases than any other known genetic marker in 
humans. Also, the HLA system has huge applica-
bility in resolving cases of disputed paternity.

27.4.10  Alloantigens

The HLA gene complex encodes for the human 
leukocyte antigen (HLA) complex. This gene 
complex consists of more than 200 genes located 
closely together on chromosome 6. HLA gene 
products are globular glycoproteins, composed 
of chains which are noncovalently linked. In 
humans, the MHC complex is categorized into 
three classes: MHC class I, II, and III.

The three main MHC class I genes are HLA- A, 
HLA-B, and HLA-C; the proteins of which are 
present on the surface of almost all cells. HLA-A, 
HLA-B, and HLA-C are made up of a heavy chain 
(molecular weight: 45,000  Da) which is associ-
ated noncovalently with β 2-microglobulin, a non-
polymorphic protein (12,000  Da). The heavy 
chain folds into three domains and is inserted 
through the cell membrane via a hydrophobic 
sequence [83]. Viral protein compartments, pep-
tides derived from tumor cells and also self-anti-
gens are represented by this type of MHC. MHC 
class I also encodes for additional nonclassic 
genes such as HLA-E, HLA-F, and HLA-G.

MHC class II contains six main genes: HLA- 
DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, 
HLA-DRA, and HLA-DRB1. These molecules 
are made up of two chains of a molecular weight 
of 33,000 (α) and 28,000 (β) daltons which are 
noncovalently associated with each other via 
their extracellular regions. Both the α and β 
chains are inserted into through the cell mem-
brane via hydrophobic regions. The extracellular 
portions of these chains fold into two domains 
[84]. The DP molecules are the product of DPA1 
and DPB1 alleles while DPB2 and DPA2 are 
pseudogenes. DQ molecules are the product of 
DQA1 and DQB1 alleles. DR molecules use 
DRA but can use alleles coded by DRB1 (the 
classic DR specificities), DRB3 (DR52 mole-
cules), and DRB4 (DR53). MHC class II genes 
provide instructions for making proteins that are 

present almost exclusively on the surface of cer-
tain immune system cells. These proteins display 
peptides to the immune system.

MHC class III gene located between Class I and 
II produces proteins such as complement proteins 
(C2, C4, Bf), 21-hydroxylase, and tumor necrosis 
factor. These gene products are involved in inflam-
mation and other immune system activities. The 
functions of some MHC genes are unknown.

The antigenic specificities, defined by sero-
logic reactivity, are designated by numbers fol-
lowing the locus symbol (e.g., HLA-A1, 
HLA-A2, HLA-B5, and HLA-B7). Several HLA 
alleles demonstrate serologic cross-reactivity due 
to structural similarity. For example, HLA-A9, 
HLA-A23, and HLA-A24 all react with antibod-
ies specific for HLA-A9, but HLA-A23 and 
HLA-A24 can be “split” from A9 by unique reac-
tivity with antibodies specific for each. Two 
exceptions to HLA nomenclature are the Bw4 
and Bw6 epitopes, where the “w” is present to 
distinguish them as significant serologic epitopes 
found on multiple HLA-A and HLA-B alleles, 
rather than independent HLA specificities.

Class I molecules are present on all nucleated 
cells, dendritic cells, and platelets, whereas class 
II molecules are found only on B lymphocytes, 
activated T-lymphocytes, macrophages, mono-
cytes, and endothelial cells.

The majority of HLA alloantibodies are 
IgG.  Antibodies to HLA molecules can be 
divided into two groups: (1) Those that detect a 
single HLA gene product (“private” antibodies 
binding to an epitope unique to one HLA gene 
product) (2) those that detect more than one HLA 
gene product. These may be “public” (binding to 
epitopes shared by more than one HLA gene 
product) or cross-reactive (binding to structurally 
similar HLA epitopes).

27.4.11  Immune Cytopenias 
Due to HLA

HLA class I antigens are expressed variably on 
platelets [85–89]. Alloimmunization against 
HLA results in refractoriness to random donor 
platelet transfusions. This is manifested by the 
failure to achieve a rise in the circulating platelet 
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count 1 h after infusion of adequate numbers of 
platelets. Lymphocytotoxic HLA antibodies are 
often associated with the refractory state.

Antibodies against HLA class I and class II 
molecules have been found in 50–89% of prod-
ucts associated with TRALI along with anti-HNA 
antibodies [90–92].

HLA antibodies are also involved in clinical 
transplantation such as hematopoietic stem cell 
transplantation, kidney transplantation, liver 
transplantation, lung transplantation, pancreas, 
and islet cell transplantation.

27.4.12  Detection of HLA 
and Associated Antibodies

HLA class I (HLA-A, HLA-B, HLA-C) and class 
II (HLA-DR, HLA-DQ, HLA-DP) are genotyped 
using DNA-based analysis techniques [93]. The 
three most common molecular assays currently 
employed in the clinical laboratory are sequence- 
specific oligonucleotides (SSO), sequence- 
specific primers (SSP), and sequence-based 
typing (SBT). SSO has been traditionally used 
and most of the SNPs can be detected, depending 
on the extent of resolution required. Although it 
is a very reliable and accurate technology, it has 
been superseded by the more rapid technique of 
PCR-SSP. Sequence-based typing of HLA genes 
is utilized for high-resolution typing and is 
required in the definition of a new allele.

Screening for and determining the specificity 
of anti-HLA class I and II antibodies has been 
reported for the clinical management of patients, 
pre- and post-transplant and useful in excluded 
antibody containing donor blood products that 
can cause TRALI in blood recipients. 
Microcytotoxicity testing, enzyme-linked immu-
nosorbent crossmatch assays and Luminex based 
assays are being carried out.
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28.1  Inherited Haematological 
Disorders

28.1.1  Introduction

A disease that is caused by an abnormality in 
an individual’s genome and which is transmit-
ted from one generation to another is known as 
an inherited disease. Based on the type of 
anomalies present, a genetic disorder can be 
classified into chromosomal aberrations, 
monogenetic diseases which are caused by sin-
gle gene mutation, polygenetic/multifactorial 
diseases, which are caused by mutations in 
several genes as well as exogenous factors [1]. 
These diseases are generally inherited in a rec-
ognizable pattern of autosomal dominant, 
autosomal recessive or X-linked disorders of 
which inherited haematological diseases are 
the disorders that primarily affect the funda-
mental process of haematopoiesis and blood 
components (red blood cells, white blood cells, 
and platelets) [1]. The common inherited hae-
matological disorders can be broadly classified 
as cellular and non-cellular.

28.1.1.1  Cellular Disorders

Bone Marrow
These include disorders of bone marrow failure, 
which act as the primary site of new blood cell 
production and cellular components of the blood. 
The inherited bone marrow failure syndromes are 
heterogeneous group of disorders that generally 
lead to aplastic anaemias associated with pancy-
topenias [2].

Fanconi Anaemia
One of the common forms of inherited bone 
marrow failure is Fanconi anaemia that is an 
autosomal recessive disorder characterized by 
defects in DNA repair mechanism and a predis-
position to leukaemia and solid tumours [3]. 
Fanconi anaemia is usually inherited as an auto-
somal recessive trait but in a small subset of 
patients it can be an X-linked recessive disorder. 
Over the last two decades, about 33 genes have 
been found to be associated with this disorder. 
Majority of the patients show their clinical pre-
sentation towards the end of the first decade of 
life. The proteins encoded by the Fanconi anae-
mia genes mainly (FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, FANCL and FANCM) 
participate in a complicated network important 
in DNA repair. Approximately 30% of patients 
with Fanconi anaemia have no overt somatic 
abnormalities [4].
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Dyskeratosis Congenita
Classical dyskeratosis congenita is an inherited 
bone marrow failure syndrome characterized by 
the muco-cutaneous triad of abnormal skin pig-
mentation, nail dystrophy and mucosal leucopla-
kia. Bone marrow failure is the major cause of 
mortality with patients having an additional pre-
disposition to malignancy and fatal pulmonary 
complications. X-linked recessive, autosomal 
dominant and autosomal recessive subtypes of 
dyskeratosis congenita are recognized. Six dys-
keratosis congenita genes (DKC1, TERC, TERT, 
NOP10, NHP2, TINF2) have been identified to 
date. Heterozygous mutations in TERC and TERT 
(telomerase reverse transcriptase) have been 
found in patients with autosomal dominant dys-
keratosis congenita. X-linked DC (DKC1) 
encodes a highly conserved nucleolar protein 
called dyskerin [5].

Diamond–Blackfan Anaemia
Diamond–Blackfan anaemia (DBA) usually 
presents in early infancy, with features of anae-
mia. The hallmark of classical Diamond–
Blackfan anaemia is a selective decrease in 
erythroid precursors and normochromic micro-
cytic anaemia associated with a variable number 
of somatic abnormalities such as craniofacial, 
thumb, cardiac and urogenital malformations. 
The heterozygous mutations in the genes encod-
ing for ribosomal proteins of the small (RPS24, 
RPS17, RPS7, RPS10, RPS26) and large (RPL5, 
RPL11, RPL35A) subunits have been reported; 
collectively the genetic basis of approximately 
50–60% of cases of DBA can now be estab-
lished [5].

Other congenital anomalies include matura-
tional arrest in the myeloid lineage (leucopenia) 
and isolated thrombocytopenia, reduction or 
absence of megakaryocytes in the bone mar-
row (congenital amegakaryocytic thrombo-
cytopenia) [5].

Inherited Disorders of Red Blood  
Cells (RBCs)
RBCs may lead to an enormous degree of genetic 
variability that may generate a disease condition. 
The main three components of RBCs are haemo-
globin, membrane and its enzymes.

Haemoglobinopathies
The most common is genetic disorders of haemo-
globin, the quantitative defect (thalassaemia) or 
the qualitative defect (variant structural haemo-
globin) of the globin genes [6]. Thalassaemias 
can mainly be classified into two groups 
α-thalassaemia and β-thalassaemia, which is 
based on the globin gene that is affected. In 
α-thalassaemia, α-globin gene cluster located in 
chromosome 16 has one or more deletions affect-
ing the output of one, two, three, or four of the 
α-globin gene. Clinically there are four 
α-thalassaemia syndromes based on the deletion 
of the α-globin gene: silent carrier (−α/αα), 
α-thalassaemia trait (−α/−α or −−/αα), HbH dis-
ease (−−/−α) and hydrops fetalis syndrome 
(−−/−−). The more severe life-threatening thal-
assaemia syndrome is β-thalassaemia, where in 
the β-globin gene is affected. Depending on the 
degree of quantitative reduction in the β-globin 
chain output, the mutations that result in no 
β-globin production cause β-thalassaemia and 
those that allow production of some β-globin 
chain are classified as β+ or β++ (“silent”) thal-
assaemia. The second class of haemoglobinopa-
thies comprises of synthesis of structural variant 
or abnormal haemoglobin due to missense muta-
tion in the globin genes. These abnormal haemo-
globins have altered physio-chemical properties 
as compared to the normal adult haemoglobin. 
The most common variant haemoglobins preva-
lent in the Indian subcontinent are: HbS, HbE, 
HbDPunjab that form the β-variants and HbQ India 
forming the most common α-variant. Both types 
of haemoglobinopathies are inherited as autoso-
mal recessive condition [7].

Red Cell Membrane Disorders
The proteins of the red cell membrane skeleton 
are responsible for the deformability, flexibility 
and durability of the red blood cell, enabling it to 
squeeze through capillaries less and recovering 
the discoid shape as soon as these cells stop 
receiving compressive forces. A deficiency or 
dysfunction of the membrane proteins weakens 
or destabilizes the cytoskeleton and distorts the 
RBC shape that leads to membrane disability giv-
ing rise to haemolytic anaemia [8]. Disorders of 
the erythrocyte membrane, including hereditary 
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spherocytosis (HS), hereditary elliptocytosis 
(HE), hereditary pyropoikilocytosis (HPP), and 
hereditary stomatocytosis (HSt), are autosomal 
recessive disorders that comprise an important 
group of inherited haemolytic anaemias [9]. 
These syndromes are characterized by marked 
clinical and laboratory heterogeneity. Recent 
molecular studies have revealed that there is also 
significant genetic heterogeneity in these disor-
ders. The mutations in the gene for band 3, spec-
trin {α and β}, ankyrin and protein 4.1 have been 
reported leading to membrane disorders [8].

Enzymopathy
Hereditary red blood cell enzymopathies are 
genetic disorders affecting genes encoding red 
blood cell enzymes. They cause a specific type of 
anaemia designated as hereditary nonspherocytic 
haemolytic anaemia (HNSHA). Enzymopathies 
affect cellular metabolism, of the red cell, mainly 
the enzymes involved in anaerobic glycolysis, 
hexose monophosphate (HMP) shunt, glutathi-
one metabolism and nucleotide metabolism. 
Enzymopathies are commonly associated with 
normocytic normochromic haemolytic anaemia. 
The morphology of the red blood cell shows no 
specific abnormalities. Diagnosis is based on the 
detection of reduced specific enzyme activity 
and molecular characterization of the defect on 
the DNA level. The most common enzyme disor-
ders are deficiencies of glucose-6-phosphate 
dehydrogenase (G6PD) [X-linked disorder] and 
pyruvate kinase (PK) [autosomal recessive dis-
order]. However, there are a number of other 
enzyme disorders, often much less known, caus-
ing HNSHA. These disorders are rare and often 
underdiagnosed [10].

Inherited Disorders of White Blood Cells
White blood cells (leucocytes) help defend the 
body against infection and foreign substances. 
Disorders of white blood cell can affect immune 
response.

Primary Immunodeficiency (PID)
Congenital immunity defects leading to primary 
immunodeficiency (PID) is a heterogeneous 
group of inheritable genetic disorders that affects 
the immune system development and/or function 

[11]. They are broadly classified as disorders of 
adaptive immunity (i.e. T-cell, B-cell or com-
bined immune deficiencies) or of innate immu-
nity (e.g. phagocyte and complement disorders) 
[11]. Severe combined immunodeficiency is a 
heterogeneous group of disorders characterized 
by profound deficiency of both T and B lympho-
cytes, causing secondary susceptibility to infec-
tions, autoimmunity, uncontrolled inflammation 
and malignancy [11].

Malignant or Benign Leucocytosis
Leucocytosis is defined as an elevation of the 
WBC count for the patient’s age. Acute myeloid 
leukaemia (AML) is a heterogeneous group of 
neoplastic disorders with great variability in 
clinical course, genetic and molecular basis of 
the pathology. In AML, somatic genetic changes 
are often thought to contribute to leukaemogen-
esis through two types of mutations: (1) a muta-
tion that improves haematopoietic cell’s ability 
to proliferate (FLT3 and KIT) and (2) a mutation 
that prevents the cells from maturing (class II, 
including CBFB-MYH11, CEBPA, DEK- 
NUP214, MLL-MLLT3, NPM1, PML RARA, 
RUNX1-RUNX1T1) and depends on the muta-
tional pathway that is activated [12]. Chronic 
myeloid leukaemia is a slow-growing cancer, 
wherein the bone marrow produces too many 
white blood cells called myeloblasts (or blasts) 
accumulated in the blood and bone marrow. 
Chronic myeloid leukaemia is caused by a rear-
rangement (translocation) of genetic material 
between chromosome 9 and 22. This transloca-
tion, written as t (9;22), fuses part of the ABL1 
gene from chromosome 9 with part of the BCR 
gene from chromosome 22, creating an abnor-
mal fusion gene called BCR-ABL1. The abnor-
mal chromosome 22 containing a piece of 
chromosome 9 and the fusion gene is often 
referred to as the Philadelphia chromosome. The 
abnormal protein produced from the fusion gene, 
called BCR-ABL1, promotes cell proliferation 
and is insensitive to apoptosis signals [13].

Inherited Disorders of Platelets
Blood platelets are the first responders to the 
injury. They gather at the site of the injury, creat-
ing a temporary plug to stop blood loss. Bleeding 

28 Molecular Techniques for Prenatal Diagnosis

https://www.mc.vanderbilt.edu/km/gl/pearls/mutation.html
https://www.mc.vanderbilt.edu/km/gl/pearls/mutation.html
https://www.mc.vanderbilt.edu/km/gl/pearls/mutation.html
https://www.mc.vanderbilt.edu/km/gl/pearls/mutation.html
http://www.mycancergenome.org/content/gene/cbfb-myh11/
http://www.mycancergenome.org/content/gene/cebpa/
http://www.mycancergenome.org/content/gene/dek-nup214/
http://www.mycancergenome.org/content/gene/dek-nup214/
http://www.mycancergenome.org/content/gene/mll-mllt3/
http://www.mycancergenome.org/content/gene/npm1/
http://www.mycancergenome.org/content/gene/pml-rara/
http://www.mycancergenome.org/content/gene/runx1-runx1t1/
https://ghr.nlm.nih.gov/art/large/blood-leukemia.jpeg
https://ghr.nlm.nih.gov/art/large/blood-leukemia.jpeg
https://ghr.nlm.nih.gov/art/large/chromosomal-translocation.jpeg
https://ghr.nlm.nih.gov/chromosome/9
https://ghr.nlm.nih.gov/gene/ABL1
https://ghr.nlm.nih.gov/gene/BCR
https://ghr.nlm.nih.gov/chromosome/22
https://ghr.nlm.nih.gov/art/large/philadelphia-chromosome.jpeg


472

disorders can be classified as thromocytopenias 
or thrombocytopathies. Inherited thrombocyto-
penias (ITs) are a heterogeneous group of disor-
ders characterized by a sustained reduction in 
platelet count manifested as a bleeding diathesis 
and defects in the size of the platelets [14].

Glanzmann’s Thrombasthenia
Glanzmann’s thrombasthenia is an autosomal 
recessive disorder of platelet function caused by 
deficiency or abnormality of platelet glycopro-
teins (IIb, III A) which are the fibrinogen recep-
tors. Due to defective receptors, platelets do not 
aggregate with each other at the site of injury, and 
there is difficulty for the formation of normal 
blood clot [15].

Bernard–Soulier Syndrome
Bernard–Soulier syndrome (BSS) is an inher-
ited, usually autosomal recessive, platelet bleed-
ing abnormality, characterized by a prolonged 
bleeding time, large platelets and thrombocyto-
penia. This disorder of platelet function is caused 
due to abnormality of platelet glycoproteins (Ib, 
IX) [15].

28.1.1.2  Non-Cellular Disorders
Thrombocytopathies are induced by different 
platelet defects based on the aberrations in the 
fundamental function of platelet adhesion, acti-
vation, aggregation, secretion and signal trans-
duction. Inherited coagulopathies causing 
prolonged bleeding time arise from the mutations 
within the genes responsible for the synthesis or 
processing of the active coagulation factors. 
Haemophilia A and B, sex-linked inherited single 
gene disorders that occur due to mutation in fac-
tor VIII or factor IX gene leading to repeated 
haemorrhagic episodes in joints and soft tissues 
are one of the most common bleeding disorder 
with X-linked inheritance [16]. Table 28.1 enlists 
the details of the inherited haematological 
disorders.

After birth an individual inheriting the mal-
functional genes from the parents can only be 
managed for the disease; however, it cannot be 
cured completely. Hence a potentially applicable 
approach to any congenital inherited disease is to 

conduct prenatal diagnosis for detecting the pres-
ence or absence of the mutated gene in the grow-
ing foetus. In the following section, we have 
discussed various foetal tissue sampling proce-
dures and methodology for the diagnosis of the 
mutation in the foetal sample.

28.2  Prenatal Diagnosis 
of Inherited Disorders

Prenatal examination is an important medical 
technique that helps in the diagnosis of heredi-
tary disorders in the foetus. To date, various 
methodologies are being used to determine the 
foetal health. Owing to the advances in the 
research technology, two pivotal domains of 
the prenatal diagnosis have been emerging 
steadily—the foetal sampling and the mutation 
diagnosis techniques. The prenatal sampling 
techniques have been headed from traditional 
sampling methods like invasive chorionic villi 
sampling, amniocentesis, cordocentesis to 
non-invasive cell-free DNA from maternal 
plasma and pre- implantation genetic diagnosis. 
Similarly there has been a gradual advance-
ment in molecular diagnosis of the mutation 
from southern blotting, restriction fragment 
length polymorphism, automated DNA 
sequencing to the newer multiple ligation 
probe amplification, next-gen sequencing and 
DNA arrays.

28.2.1  Foetal Sampling

The diagnosis of the foetal health is dependent 
on gestational age of foetus, ease of carrying the 
procedure and varied techniques that mainly 
aims in accurate detection of the presence of 
mutation [17]. The sampling of the foetal tissue 
forms the first part of prenatal diagnosis: This 
includes the conventional invasive procedures 
which require direct removal of foetal sample 
from the growing foetus in the womb and the 
future non-invasive techniques where in the foe-
tal genetic material is assessed without directly 
affecting the foetus.
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Table 28.1 Genetics of inherited haematological disorders

Disease Common gene affected Mutational effects
Pattern of 
inheritance

Bone marrow malfunction
Fanconi anaemia FANCAa, FANCB, 

FANCC, FANCD2, 
FANCE, FANCF, 
FANCG, BRCA2, 
BRIP1

Impaired DNA repair mechanism, 
increased chromosome breakage and 
radial forms when exposed to DNA 
cross-linking agents: diepoxybutane or 
mitomycin C

Autosomal and 
X-linked 
recessive 
disorder

Diamond–Blackfan 
anaemia

RPS19 Pure red cell aplasia Autosomal 
dominant

Severe congenital 
neutropenia

ELA2a, GFI1 Profound peripheral neutropenia, 
maturation arrest in the myeloid lineage

Autosomal 
dominant

Congenital 
amegakaryocytic 
thrombocytopenia

c-MPL Reduction or absence of megakaryocytes 
in the bone marrow

Autosomal 
recessive

Red blood cells disorders
Haemoglobinopathies Alpha (α)/beta 

(β)-globin gene
Decreased synthesis of haemoglobin/
variant haemoglobin production

Autosomal 
recessive

Membrane defects Ankyrina, spectrin, band 
3, protein 4.1, protein 
4.2, glycophorin

Heterogeneous RBC shapes, unstable 
RBC membrane leading to haemolytic 
anaemia

Autosomal 
dominanta, 
autosomal 
recessive

Enzymopathies G6PDa Profound decrease in the red cell 
metabolic enzymes

X-linked 
recessive

Pyruvate kinasea, 
glucose phosphate 
isomerase, pyrimidine 5′ 
nucleotidase

Autosomal 
recessive

Immunodeficiency syndromes
T−B+ Severe combined 
immunodeficiency 
(SCID)

γc deficiency Defect in γ chain of receptors for IL-2, 
-4, -7, -9, -15, -21

X-linked 
recessive

JAK3 deficiency
CD45 deficiency

Defect in Janus activating kinase 3, CD 
45 deficiency

Autosomal 
recessive

T−B− SCID RAG 1/2 deficiency
Adenosine deaminase 
(ADA) deficiency

Defective VDJ recombination
Absent ADA activity, deficiency of 
T-cells and B-cells from birth

Autosomal 
recessive

ZAP-70 deficiency ZAP70 mutation Defects in ZAP-70 signalling kinase, 
decreased CD8

Autosomal 
recessive

Acute myeloid leukaemia FLT3, KIT, CEBPA, 
DEK-NUP214, 
MLL-MLLT3, NPM1, 
PML RARA, 
RUNX1-RUNX1T1

Infinite proliferation of haematopoietic 
stem cells with their maturational arrest

Mostly 
non-hereditary, 
certain 
conditions
CEBPA gene 
mutations: 
autosomal 
dominant

Chronic myeloid 
leukaemia

Translocation between 
chromosome 9 and 22

Increased and unregulated growth of 
predominantly myeloid cells

Somatic 
mutation

(continued)

28 Molecular Techniques for Prenatal Diagnosis

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/chromosome/
http://www.mycancergenome.org/content/gene/cebpa/
http://www.mycancergenome.org/content/gene/dek-nup214/
http://www.mycancergenome.org/content/gene/mll-mllt3/
http://www.mycancergenome.org/content/gene/npm1/
http://www.mycancergenome.org/content/gene/pml-rara/
http://www.mycancergenome.org/content/gene/runx1-runx1t1/


474

28.2.1.1  Conventional Invasive 
Procedures

Although conventional invasive prenatal diagno-
sis is associated with potential risk factors, still 
there is no effective replacement for these 
techniques.

Chorionic Villus Sampling (CVS)
Sampling of the chorionic villi in the field of 
antenatal genetic diagnosis is carried out in the 
first trimester of the pregnancy. The method was 
first carried out in China for foetal sex determina-
tion and later on for diagnosis of genetic disor-
ders; however, the continuous clinical 
implementation of CVS was started in 1983, by 
Denis Fairweather and Humphrey Ward in 
London for the diagnosis of the haemoglobinopa-
thies [18]. The method involves the biopsy of 
foetal tissue from the chorionic plate at its site of 
attachment to the uterine wall transcervically or 
transabdominally at 10–12 weeks of gestation in 
coordination with real-time guided ultrasound, 
without anaesthesia (Fig. 28.1). The CVS tissue 
obtained is further cleaned by careful micro-
scopic dissection to remove any maternal con-
tamination. Figure 28.2 is a comparative image 
of uncleaned and cleaned CVS tissue viewed 
under the inverted microscope. The main advan-
tage of this method is early termination of 
affected foetuses. However, there are potential 
risks as well. The disruption of the chorionic 
plate and amniotic sac, together with possible 
direct trauma to the foetus, might have unknown 

long-term effects. Foetal growth retardation fol-
lowing CVS, antepartum haemorrhage, infection, 
premature rupture of the amniotic sac, lowered 
birth weight and premature delivery have all been 
postulated as possible consequences [19, 20]. 
The method also has 0.5–2.0% risk of miscar-
riage. The phenomenon confined to placental 
mosaicism which leads to misdiagnosis is also 
reported in 0.8–2.0% of the pregnancies [21].

Amniocentesis
This method was first carried out by an American 
physician Steele and Breg in 1966 for chromo-
some analysis by culturing of amniotic cells. 
Over the years, amniocentesis has become the 
method of choice for mid-trimester prenatal 
diagnosis. The method is carried out during 
14–16 weeks of gestation [22]. It involves aspi-
ration of 20–30 mL of amniotic fluid that con-
tains cells derived from the foetal membranes 
and the foetus (Fig.  28.1). The main challenge 
involves difficulty to aspirate amniotic fluid 
commonly due to membrane “tenting”. This 
occurs more frequently with amniocentesis per-
formed before 14  weeks gestation because 
amnion and chorion are usually not fused early 
in gestation [23]. The biggest advantage of this 
technique is that the risk of miscarriage is only 
0.6–0.68% as compared to other invasive tech-
niques, less chances of maternal contamination 
and overall reduced risk to the growing foetus, 
thus making this technique the most widely used 
invasive method [21].

Table 28.1 (continued)

Bleeding disorders
X-linked 
thrombocytopenia
Wiskott–Aldrich 
syndrome (WAS)

Defects in the WAS gene Mild haemorrhagic condition severe 
thrombocytopenia and smaller sized 
platelets

X-linked 
recessive

Thrombocytopenia- 
absent radius (TAR) 
syndrome

HOXA10, HOXA11, 
HOXD11, (homeobox 
genes)

Bilateral absence of the radii and 
hypomegakaryocytic thrombocytopenia

Autosomal 
recessive

von Willebrand’s 
disease-platelet type

GPIb/GPIX/V Platelet adhesion Autosomal 
recessive

Glanzmann’s 
thrombasthenia

GPIIb/GPIIIa Platelet aggregation Autosomal 
recessive

Haemophilia Aa

Haemophilia B
Factor VIII deficiencya

Factor IX deficiency
Reduced levels or lack of clotting factors X-linked 

recessive
aCommon mutations
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Guided ultra
sonograph
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Cord Blood

Amniocentesis
Gestational age : 14-16 weeks

Cordocentesis
Gestational age : 18-20 weeks
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Gestational age : 10-12 weeks

Fetus

Uterus

Fig. 28.1 Different invasive procedures carried out at varied gestational age for prenatal diagnosis

Uncleaned Cleaned

Fig. 28.2 First trimester prenatal diagnosis: view of chorionic Villi sample (CVS) under inverted microscope
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Cordocentesis
A major advancement in maternal–foetal medicine 
was achieved in 1983 when Daffos et al. first per-
formed foetal blood sampling by puncturing the 
umbilical vein of the foetus on 18–20 weeks of ges-
tation [24]. The procedure involves ultra- 
sonography guided aseptic insertion of 22 gauge 
needle, that aspirates 0.5–2.0  mL of blood from 
preferably placental umbilical cord vein [25] 
(Fig. 28.1). The purity of the foetal blood is tested 
by determining the mean corpuscular volume (foe-
tal blood MCV  >  maternal blood MCV) and by 
performing Kleihauer–Betke staining for detecting 
the maternal blood contamination in foetal blood 
sample [26]. Figure 28.3 illustrates the Kleihauer–
Betke staining of the foetal sample obtained after 
cordocentesis. Though this technique is accepted 
worldwide due to its rapid and simple procedure, it 
is generally performed when chorionic villi sam-
pling or amniocentesis results are inconclusive or 
when couple is referred late for prenatal diagnosis 
as it is associated with numerous risks. The proce-
dure involves 2% risk of foetal bradycardia, foetal–
maternal haemorrhage and cord haematoma [27, 
28]. There is 2.5–3.0% chance of miscarriage and 
premature delivery [29].

28.2.1.2  Emerging Non-invasive 
Techniques

To obtain complete foetal genetic information 
and to avoid endangering the foetus, non-invasive 
prenatal diagnosis has become the vital goal of 

prenatal diagnosis. The conventional prenatal 
sampling involves removal of foetal sample 
transabdominally or transcervically, making the 
entire procedure unpleasant for mothers. Also 
these procedures carry a risk of 1–2.5% chance 
of miscarriage or may affect the growth of healthy 
foetus, thus many not opting for invasive prenatal 
diagnosis [30]. Non-invasive prenatal testing pri-
marily involves isolation of foetal genetic mate-
rial either from the maternal blood or from the 
in vitro developing blastomere, thus not harming 
the growing foetus in the womb directly.

Cell-Free Foetal Nucleic Acids
The first evidence of foetal cells circulating in 
maternal blood was shown by Bianchi et al., in 
1997, followed by the discovery of male free cir-
culating foetal DNA in the plasma of pregnant 
women by Dennis Lo et al. in the same year [31]. 
These circulating cell-free DNA originates from 
the trophoblasts that make up the placenta and 
comprise 3–13% of the total cell-free DNA in 
most of the maternal blood samples [32]. During 
the early weeks of pregnancy (4 weeks), the cell- 
free foetal DNA is highly diluted (16  fl/mL in 
first trimester); however, their concentration pos-
itively increases with the progression of the ges-
tational age of the foetus with sharp increase in 
its concentration beyond 28 weeks of pregnancy 
(80  fl/mL in the third trimester) [31, 33]. Post- 
delivery the cell-free foetal DNA is rapidly 
cleared from the maternal circulation with a 

Adult Sample Foetal blood contaminated
with maternal blood

100% foetal sample

Fig. 28.3 Purity of foetal blood sample checked by Kleihauer–Betke staining
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half- life of 16  min and is undetectable by 2  h 
after delivery [34]. Figure  28.4 shows a sche-
matic representation of the steps involved in cell-
free foetal DNA procedure. The main challenge 
of this technique is to selectively amplify the foe-
tal cell- free DNA from the maternal plasma. 
These include detection and enrichment of foetal 
DNA based on the length of the foetal DNA frag-
ment [foetal DNA  <  200  bp and maternal 
DNA > 500 bp] and carefully excising the foetal 
DNA fragment followed by gel extraction [35]. 
The maternal DNA release from the sample is 
also suppressed by addition of formaldehyde 
such that there is only relative increase in the foe-
tal DNA. Another recent advancement is identifi-
cation of universal markers, the epigenetic 
regulators of the gene. The promoter region of 
two tumour suppressor genes Maspin and 
RASSF1A are differentially methylated in pla-
centa and maternal cell-free foetal DNA, thus 
aiding in selection of foetal DNA from maternal 
DNA [36].

Clinical application includes identification of 
any sex-linked disorders like haemophilia, 
X-linked immunodeficiency in foetus. In haemo-
globinopathies, paternally inherited mutations 
that cause β-thalassemia can be detected in cell- 
free foetal DNA. However, in case of two identi-
cal copies of single point mutation [same 
mutation in both the parents], one cannot make 
use of this technique, thus leading to a major 
drawback [36].

Pre-implantation Genetic Diagnosis
Pre-implantation genetic diagnosis or PGD is the 
most recent technology that allows genetic test-
ing of an embryo under in vitro conditions, prior 
to implantation. This technology is used in con-
junction with in  vitro fertilization (IVF) and 
allows only embryos diagnosed free of a specific 
genetic disease to be transferred into the womb, 
thus leading to an unaffected pregnancy 
(Fig.  28.5). Pre-implantation genetic diagnosis 
was first successfully performed by Edwards and 

Fetus growing in 
the womb 

Purification      and      mutation 
analysis  of   the    fetal     DNA 
extracted       from      maternal
plasma

5-10 ml  of   maternal   blood 
collected         in           EDTA 
vacutainer. 2

1

3

4

Fetal         DNA       in 
maternal           blood 
circulation 

Maternal 
DNA

Fetal DNA

Fig. 28.4 Non-invasive prenatal diagnosis using cell-free foetal DNA from maternal plasma
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Gardner way back in 1968 to determine the sex of 
the rabbit embryos. Further in humans, with the 
advent of IVF, this method was primarily per-
formed for an X-linked disorder by Kontogianni 
et  al., in 1989 to selectively amplify Y 
chromosome- specific repeat sequences [37]. The 
first clinical application by Handyside et  al. in 
1990 that lead to the first unaffected child born 
following PGD performed for an X-linked disor-
der which marked a progress in reproductive 
medicine, genetic and molecular biology [38]. 
The basic methodology involves in vitro fertiliza-
tion of the oocyte with intracytoplasmic sperm 
injection. The embryos are biopsied at 6–8 cell 
stage to remove a 1–2 blastomere which is fol-
lowed by fluorescent in situ hybridization (FISH) 
for cytogenetic diagnosis, or polymerase chain 
reaction (PCR) for molecular diagnosis [39].

Advantages and Challenges
Pre-implantation diagnosis surpasses the most 
difficult and traumatic decision of the expecting 
parents of pregnancy termination when the foetus 

is revealed having a genetic disease. Also in hun-
dreds of infants born following PGD worldwide, 
there are no reports of increased foetal malforma-
tion rates or any other identifiable problems. 
However, this technique has more challenges 
over advantages. The diagnosis from a single cell 
remains a technically challenging procedure and 
hence the risk of misdiagnosis cannot be elimi-
nated. The causes of misdiagnosis include confu-
sion of embryo and cell number, transfer of the 
wrong embryo, maternal or paternal contamina-
tion and chromosomal mosaicism [40, 41]. The 
technology requires extremely skilled personnel 
for careful removal of a single cell without break-
ing it or causing serious damage to the growing 
embryo. A relatively large number of eggs or 
embryos may be found to be abnormal, thus leav-
ing only a few or no healthy embryos for transfer. 
The limitation of single cell analysis is develop-
ment of mosaic embryo. During mitosis, if non-
disjunction occurs after fertilization, then two or 
more cell lines may be present in the embryo. 
Thus, a mosaic embryo with normal and abnormal 

Eggs

Sperms

Step 1 
Ovarian stimulation 

and aspiration of eggs

Step 2 
Invitro Fertilization

Step 3
Surgical removal of a 

single blastomere

Step 5
Embryo Selection 

Step 4 
Genetic profiling

Step 6

Only the normal / trait 
embryo is transferred back 

into the uterus

Fig. 28.5 Schematic representation of steps involved in pre-implantation genetic diagnosis (PGD)
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cells may be misdiagnosed with the present sin-
gle cell biopsy technique. The diagnostic meth-
odology is relatively expensive and time 
consuming as compared to the conventional inva-
sive techniques and for diagnosing a new disease 
mutation it is a time-consuming and expensive 
process [41].

Detection of Maternal Contamination
An additional precaution should be taken when 
the foetal genotype is the same as the maternal 
genotype. To rule out maternal DNA contami-
nation, the polymorphic DNA markers includ-
ing the variable tandem repeats (VNTRs) such 
as ApoB, D1S80 and other short tandem 
repeats or micro satellites should be checked 
by PCR amplification of the parents and CVS 
sample and should provide an informative 
result or else there would be chances of misdi-
agnosis [42].

28.3  Molecular Diagnosis 
of the Disease 
(Characterization 
of the Mutation)

Accurate diagnosis of the disease is essential for 
appropriate treatment of patients, genetic coun-
selling and prevention strategies. Thus the sec-
ond important diagnostic tier involves accurate 
detection for the presence or absence of genetic 
mutation in the foetal DNA sample. The advent 
of polymerase chain reaction (PCR) has revolu-
tionized the molecular diagnostic field which 
helps in the detection of wide range of DNA 
variations in the form of point mutations, gene 
deletion, insertion or inversion on much smaller 
quantities of DNA by a simple and cheap PCR-
based technique that allows the detection of the 
common mutations simultaneously. The detec-
tion of these variations also depends on the vari-
ability and specificity of the techniques used. 
Mutation detection techniques can be divided 
into techniques that test for known mutations 
(genotyping) and those that scan for any muta-
tion in a particular target region (mutation scan-
ning) [43].

The strategy for the identification of the 
known mutation depends on the frequency of 
occurrence of the specific mutation in the given 
population and is carried out by various PCR- 
based screening techniques. The conventional 
methods to identify mutation include allele- 
specific oligonucleotide (ASO) hybridization or 
dot-blot analysis which is based on the binding of 
allele-specific oligonucleotide probe (15–21 
nucleotides) to the complementary DNA present 
in the patient’s sample and its detection using the 
colorimetric principle [44], allele-specific prim-
ing or amplification refractory mutation system 
(ARMS) that discriminates between normal and 
mutant alleles by 3′ nucleotide of the primers 
[45], restriction fragment length polymorphism 
that exploits the ability of restriction enzymes to 
cleave the DNA at specific sites in the genome 
and gap PCRs [46]. Conventional PCR-based 
approaches for scanning or screening for 
unknown mutations involve techniques like 
Denaturing Gradient Gel Electrophoresis 
(DGGE) and Single-Strand Conformation 
Polymorphism (SSCP) which are based on the 
principle that a mutation changes the melting 
behaviour of the single stranded DNA under 
increasing denaturing conditions or may show 
different migration patterns due to altered confor-
mation of the DNA strand [47, 48].

In case of X-linked recessive disorders, sex 
determination of the foetus becomes an impor-
tant application because carrier mothers have 
25% chance to give birth to a baby with related 
abnormalities. Hence the first step during pre-
natal diagnosis for X-linked recessive disorders 
involves determination of the sex of the foetus, 
by polymerase chain reaction (PCR), which 
specifically detects the presence of Y chromo-
some in the foetal sample. Also couples at risk 
of having an affected child can have 
embryo diagnosis before implantation, thereby 
avoiding the termination of an affected preg-
nancy [49].

With the recent development, lot of new 
upcoming techniques like multiple ligation probe 
amplification, next-gen gene sequencing and 
array CGH are used to detect and characterize 
unknown deletions or gene duplications.

28 Molecular Techniques for Prenatal Diagnosis



480

28.3.1  Multiplex Ligation-Dependent 
Probe Amplification (MLPA)

This is a recent molecular technique developed 
that is used to characterize, screen and map large 
deletions or duplications in the genomic DNA, 
thus helps in detecting the copy number varia-
tions in the genome. MLPA is a multiplex PCR 
assay that utilizes up to 40–42 probes, each spe-
cific for a different region of the genome [50]. 
Although well-characterized deletions and 
amplifications can be detected by PCR, the exact 
breakpoint site of most deletions is unknown. 
This technique is widely used for characterized 
large deletions in the β-globin cluster, leading to 
hereditary persistence of foetal haemoglobin 
(HPFH) [51].

28.3.2  Microarray Analysis for Point 
Mutations

A slight variation to allele-specific oligonucle-
otides technique has led to the development of 
microarray procedure which can be used poten-
tially for rapid genotyping, for screening a large 
number of samples and varied number of muta-
tions simultaneously. The Arrayed Primer 
Extension (APEX) method is based upon the 
attachment of oligonucleotides, on a glass sur-
face by the 5′ end which terminates one nucleo-
tide before the mutation site. The amplified 
patient DNA anneals to the 3′ of the oligonucle-
otide and is extended by DNA polymerase which 
adds fluorescently labelled dideoxynucleotide 
complementary to the mutant base. Thus the 
presence of a mutation is detected by a colour 
change in the primer site [46].

28.3.3  Next Generation Sequencing 
(NGS)

For monogenic disorders, automated DNA 
sequencing is still the method of choice to screen-
ing for the mutation; however, its basic drawback 
is analysis limited to only one amplified fragment 
and the read length is maximum of 1000 base 

pairs. NGS systems provide several sequencing 
options which include sequencing of the entire 
genome, exome or a transcript such that the mul-
tigenic factors leading to a disease syndrome 
could be identified rapidly [52]. Sequencing of 
the complete exome will thus reveal the muta-
tions causing rare genetic disorders [53, 54].

28.3.4  Summary

A change in the DNA sequence is considered to 
be deleterious if it has a pathogenic effect on the 
normal biological pathway. Thus the molecular 
characterization of the disease is required for an 
accurate diagnosis. In the last few decades, the 
genetic basis of numerous diseases has been 
identified, and safe, efficacious, foetal diagnostic 
techniques have been developed. An expansive 
progress in the field of prenatal diagnosis is thus 
likely to continue into the future, and the 
advances in molecular genetics will continue to 
accelerate and expand the accuracy of prenatal 
diagnosis.
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Autoimmune Myelofibrosis: 
A Diagnosis by Exclusion

Preeti Tripathi, Shivangi J. Harankhedkar, 
and Hara Prasad Pati

29.1  Background

Myelofibrosis or bone marrow (BM) fibrosis is a 
common phenomenon occurring with various 
benign and malignant disorders. Neoplastic 
causes of BM fibrosis include various myelopro-
liferative neoplasms (MPNs), acute megakaryo-
cytic leukemia, lymphoid malignancies, and 
metastasis of various solid malignancies. Non- 
neoplastic causes of BM fibrosis include chronic 
infections (e.g., tuberculosis, kala azar), meta-
bolic causes, storage disorders, drug reactions, 
and autoimmune disorders [1]. Despite varied 
etiology and pathogenesis, it is the aberrant pro-
duction of the fibrogenic cytokines, which is the 
main cause mediating the fibrosis of BM through 
stimulation of BM fibroblasts [1].

Autoimmune myelofibrosis (AIMF) is a 
benign disorder that was first described in 1994 
by Paquette et al. as a distinct clinicopathological 
entity associated with diffuse bone marrow fibro-
sis and autoimmune phenomenon [2]. However, 
it has been recently found to be present even in 
the absence of a well-defined autoimmune disor-
der (Primary AIMF) [3]. The disease is character-
ized by isolated or combined cytopenia, 

autoimmune phenomenon, and bone marrow 
fibrosis. However, due to the rarity of the disease, 
patients are frequently misdiagnosed as primary 
myelofibrosis (PMF) which is otherwise a com-
mon neoplastic cause of BM fibrosis. Given the 
significant therapeutic and prognostic differences 
between the two disorders, it is essential to cor-
rectly identify patients with autoimmune myelo-
fibrosis, which has a favorable course as 
compared to primary myelofibrosis [3].

29.2  Classification and Diagnostic 
Criteria

Autoimmune myelofibrosis can be classified as 
follows:

• Primary autoimmune myelofibrosis (primary 
AIMF)

• Secondary autoimmune myelofibrosis (sec-
ondary AIMF)

Primary autoimmune myelofibrosis refers to 
AIMF cases in which patients have the presence 
of autoantibodies but do not have a well- 
characterized autoimmune disorder. It has been 
recently recognized as a distinct entity as 
described by Pullarkat et al. (2003).

Secondary autoimmune myelofibrosis refers to 
AIMF secondary to an autoimmune disorder. It is 
well recognized in context of various autoimmune 
disorders, e.g., systemic lupus  erythromatosus 
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(SLE), rheumatoid arthritis, and autoimmune 
hemolytic anemia. [4]. Table 29.1 provides list of 
autoimmune disorders found to be associated 
with AIMF.

Primary and secondary autoimmune myelofi-
brosis are pathologically indistinguishable from 
each other and can be differentiated only clini-
cally by the presence of a well-defined autoim-
mune disorder in cases of secondary AIMF.  To 
diagnose primary AIMF and to differentiate it 
from other causes of myelofibrosis, Pullarkat 
et al. described following criteria as shown below. 
Only cases satisfying all the eight criteria men-
tioned in Table 29.2 and not meeting the WHO 
criteria of any myeloproliferative disorders can 
be diagnosed as primary AIMF [3].

29.3  Epidemiology

In addition to being a rare entity, AIMF is also an 
underecognized disorder due to general unaware-
ness, incomplete work up of cases, and lack of 

definite diagnostic criteria. Presently, there is no 
available data regarding prevalence of the disease 
and the current knowledge about the entity 
mainly stems from the case reports and series. 
Larger series like Vergara-Lluri et  al. and 
Pullarkat et.al. describe a prominence of female 
patients in their series with mean age of 
40–45  years [4, 5]. In series described by 
Pullarkat et  al. (2003), 69% patients had estab-
lished diagnosis of an autoimmune disorder (sec-
ondary AIMF) while 31% patients had only 
elevated levels of autoantibodies in the absence 
of any well-established autoimmune disorder [3].

29.4  Pathogenesis

Although the pathophysiology of autoimmune 
myelofibrosis remains poorly understood, aber-
rant cytokine production by monocytes and T 
cells has been found to play pivotal role. Harrison 
and colleagues reported significantly higher lev-
els of fibrogenic cytokines (e.g., TGF-β, FGF-β, 
peptide substance P) in an AIMF patient as com-
pared to healthy controls and showed dramatic 
reduction in their serum levels with treatment, 
indicating the role of immune dysregulation, 
including T cell dysfunction, in the development 
of AIMF [6].

29.5  Clinical Features

The clinical spectrum of patients with AIMF is 
broad, with patients presenting either with classi-
cal features of autoimmune disorders first or with 
just cytopenias initially. Common signs and symp-
toms of underlying autoimmune disorder include 
arthralgias, oral ulcers, pain abdomen, gingival 
bleedings, pleuritis, pericarditis, lymphadenopa-
thy, and malar rash. Patients usually do not have 
hepatosplenomegaly, spleen if present, may be 
mildly enlarged but massive  splenomegaly (as 
described in PMF) is rare in AIMF [7]. Patients 
with primary AIMF may be missed altogether if 
BM examination and autoimmune work up is not 
taken up in these cases due to lack of any other 
definitive features. The various antibodies found 

Table 29.1 Autoimmune disorders found to be associ-
ated with secondary AIMF

Systemic lupus erythromatosus
Rheumatoid arthritis
Autoimmune hemolytic anemia
Evans syndrome
Autoimmune hepatitis
Antiphospholipid syndrome
Autoimmune demyelinating polymyositis
Diabetes mellitus type 1
Hashimotos thyroiditis
Primary sclerosing cholangitis
Psoriasis
Vitiligo

Table 29.2 Diagnostic criteria for primary AIMF

(a) Grade 3 or 4 reticulin fibrosis of bone marrow 
(WHO grading)
(b) Lack of clustered or atypical megakaryocytes
(c) Lack of myeloid or erythroid dysplasia, 
eosinophilia, or basophilia
(d) Lymphocytic infiltration of bone marrow
(e) Lack of osteosclerosis
(f) Absent or mild splenomegaly
(g) Presence of autoantibodies
(h) Absence of a disorder known to cause MF
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in association of AIMF are: ANA, dsDNA, RF, 
anti-CCP, DAT, lupus anticoagulant, anticardio-
lipin AB, pANCA, anti-MPO, anti- SMA, anti-
SSA, and anti-SSB [8]. Table 29.3 provides the 
list of suggested work up in a suspected case of 
autoimmune myelofibrosis.

Nearly all patients of autoimmune myelofi-
brosis have cytopenias during the course of evo-
lution and almost 50% cases present with it. 

Hence, autoimmune myelofibrosis should be 
kept as a differential in patients presenting with 
idiopathic long standing cytopenias [7]. Vergara- 
Lluri et al. described pancytopenia (28%) as the 
most common manifestation followed by anemia 
and thrombocytopenia (24%), isolated anemia 
(21%), and lastly combined anemia and leucope-
nia (14%) [5]. The cytopenia is generally mild to 
moderate and clinical symptoms due to cytope-
nias per se is rare [9, 10]. However, if com-
pounded with other causative variables may lead 
to symptoms.

29.5.1  Peripheral Smear Morphology

Peripheral smear in AIMF patients may show bi- 
or pancytopenia. Cases with underlying AIHA or 
ITP may show classical blood picture. No evi-
dence of eosinophilia/basophilia/dysplasia is 
noted. Few cases may show mild tear drop poi-
kilocytosis and occasional nucleated red cells but 
frank leukoerythroblastic picture with immature 
myeloid forms is rare [3, 7].

29.5.2  Bone Marrow Morphology

BM aspirates are cellular with preserved myeloid 
to erythroid ratio and normal morphology. No 
evidence of dysplasia is noted. Cases with associ-
ated AIHA/Evans syndrome may show erythroid 
hyperplasia. BM biopsy usually shows hyper-
cellularity; however, occasional cases of normo-
cellular/hypocellular BM are also described 
(Fig.  29.1) [3]. Reticulin stain shows mild to 
moderate increase in fibrosis (MF grade 1–3) 
(Figs. 29.2 and 29.3). Even grade 3 fibrosis has 
also been described in cases of AIMF; however, 
osteosclerosis is not common [3, 5]. 
Megakaryocytes may be increased or normal in 
number. However, their distribution and 
 morphology remains normal. Clustering is not a 
feature of AIMF and increases suspicion for 
underlying MPNs.

Increased lymphoid aggregates/interstitial 
lymphocytes (Figs. 29.4 and 29.5) are a common 
finding which are non-paratrabecular generally 

Table 29.3 Approach to a suspected case of autoimmune 
myelofibrosis

(a) History
  Duration of illness
  Any underlying disorder
  Low grade fever of long duration
  Unexplained fatigue
  Joint pains
  Skin rash or any history of photosensitivity
  Pain abdomen/altered bowel movements
  Xerostomia/dry conjunctiva
  Numbness and tingling of extremities
  Neuropsychiatric symptoms
(b) Clinical examination
  Oral ulcers
  Malar rash
  Pleuritis/pericarditis
  Lymphadenopathy
  Hepatosplenomegaly
  Deformities in hand/spine
  Neuromuscular system
(c) Investigations
  Complete blood count
  Peripheral smear examination
  Liver function tests
  Renal function tests
  Autoimmune work up
   Antinuclear antibody
   Direct coombs test
   Anti-double-stranded DNA (dsDNA)
   Rheumatoid factor
   Anti-cyclic citrullinated peptide Ab (Anti-CCP)
   Lupus anticoagulant
   Anticardiolipin antibody
   pANCA and cANCA
   Anti-smooth muscle antibody (ASMA)
   Anti-SSA
   Anti-SSB
  Bone marrow examination with reticulin staining
  BM cytogenetics
  Mutation study; JAK2 V617F, CAL-R, and MPL 

mutations
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and on immunohistochemistry show benign pat-
tern (mixture of B and T lymphocytes) [3, 5]. 
Prominent plasma cells infiltration which is a 
feature of all autoimmune disorders are common 
in AIMF too and should not show any Kappa/
lambda restriction. Intrasinusoidal hematopoiesis 
may be noted [7].

29.6  Differential Diagnosis

Clinically, patients of autoimmune myelofibrosis 
present with cytopenias hence need to be differen-
tiated from aplastic anemia/BM failure syndrome. 
Presence of increased reticulin fibers in bone mar-
row biopsy should exclude aplastic anemia.

Fig. 29.1 Bone marrow 
biopsy showing presence 
of diffuse fibrosis, and 
presence of hypocellular 
areas (arrow) (10×, 
Hematoxylin and Eosin)

Fig. 29.2 Bone marrow 
biopsy showing 
hypercellular area in a 
case of AIMF. Presence 
of lymphocytes and 
background fibrosis is 
also seen (40×, 
Hematoxylin and Eosin)
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On morphology, the close differentials of 
autoimmune myelofibrosis include myelodys-
plastic syndrome with fibrosis, acute panmyelo-
sis with myelofibrosis, lymphoproliferative 
disorders, and primary myelofibrosis. Patients 
with myelodysplastic syndrome with fibrosis and 
acute myelofibrosis may have similar clinical 
presentation as AIMF (pancytopenia with lack of 
organomegaly and significant leukoerythroblas-
tosis). Presence of dysplasia and increase in blast 

count and cytogenetic study may help to exclude 
these two conditions, respectively.

Lymphoproliferative disorders may be suspected 
due to increased lymphoid cell infiltrate. Any 
lymphadenopathy or hepatosplenomegaly along 
with atypical lymphocytes on peripheral smear or 
bone marrow would point towards a diagnosis of 
lymphoid malignancy. In suspected cases, the lym-
phoid aggregates should be subjected to immuno-
histochemistry to exclude any clonal disease [5].

a b

Fig. 29.3 Bone marrow biopsy showing Grade 1 fibrosis (10× (a), 40× (b), Reticulin stain)

Fig. 29.4 Presence of 
marrow fibrosis along 
with lymphoid 
aggregates (20×, 
Hematoxylin and Eosin)
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It is a difficult task to distinguish primary 
AIMF from primary myelofibrosis and close 
observation of morphological details are 
required in the absence of mutation positivity 
(Jak2/CAL R/MPL) and other evidence of clon-
ality. Usually, patients with PMF have appre-
ciable to  significantly palpable spleen, 
leukoerythroblastic picture, megakaryocytic 
clustering, and atypia on bone marrow. 

Table  29.4 provides the list of distinguishing 
features between AIMF and PMF.

29.7  Management

Steroids are the mainstay in the treatment of 
autoimmune myelofibrosis with patients showing 
rapid improvements in cytopenias.[1, 11]. Those 

Fig. 29.5 Collection of 
lymphocytes and plasma 
cells in a background of 
fibrosis and stromal 
edema (40×, 
Hematoxylin and Eosin)

Table 29.4 Distinguishing features of AIMF and PMF

Features AIMF PMF
Clinical Underlying autoimmune 

disorder
May be present/absent Absent

Spleen Absent/mild Moderate/massive
Peripheral 
smear

Cytopenia Bi/pancytopenia May have increase TLC/platelet 
count

Leukoerthyroblastic picture Rare Common
Eosinophilia/basophilia Absent May be present

Bone marrow Cellularity Mostly hypercellular Variable (hypocellular)
Megakaryocytes Increased with normal 

morphology
Increased and dysplastic 
morphology

Megakaryocytic clustering Absent Present
Intrasinusoidal 
hematopoiesis

Rare Prominent

Lymphoid infiltrates Frequent Rare
Plasma cells Prominent Absent
Reticulin fibrosis MF gd 1–2 (rare3) MF gd 2–3 with osteosclerosis

Investigations Autoimmune Abs Positive Negative
Clonality marker Negative Positive (e.g., JAK V 617F, CAL-R 

or MPL)
Management Treatment Steroids Supportive/HS CT/JAK2 inhibitors

Prognosis Favorable Unfavorable
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who fail to respond to corticosteroids can benefit 
from other immunosuppressive therapies [11]. 
Definition of complete response includes normal-
ization of hemoglobin level and platelet count in 
the absence of transfusion requirements.[7]. 
Count recovery generally precedes resolution of 
BM fibrosis with 50% patients showing residual 
fibrosis even with complete response [3]. Overall, 
AIMF patients have a significant better overall 
survival as compared to primary myelofibrosis.

29.8  Conclusion

Autoimmune myelofibrosis is an under- 
recognized cause of myelofibrosis in patients 
presenting with cytopenias that responds to ste-
roids and has a good clinical outcome in majority 
of patients. The spectrum of clinical presentation 
of primary and secondary AIMF may be broad 
but the BM findings are usually similar. It is 
imperative to differentiate AIMF from PMF due 
to drastic prognostic and therapeutic differences 
between these entities.

Conflicts of Interest Nil.
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Role of Next Generation 
Sequencing (NGS) 
in Hematological Disorders

Sanjeev Kumar Gupta

30.1  Introduction

Sequencing techniques are at the forefront of 
medical diagnostics in the current era of person-
alized medicine and targeted therapy. These tech-
niques can identify the exact genetic change at 
the nucleotide level which aids in delineating the 
molecular pathogenesis and may also help in 
development of tailored therapy. Different 
sequencing approaches can be used for either the 
discovery of new genetic aberrations or checking 
the known genetic change for diagnostic pur-
poses, depending on the requirement. Next gen-
eration sequencing (NGS) refers to the 
post-Sanger technologies, i.e., sequencing tech-
nologies developed after Sanger sequencing. So, 
NGS includes a group of technologies having the 
capacity to sequence large segments of genome 
or entire genome in high-throughput experiments 
to detect genetic aberrations in a much faster and 
reliable way [1]. The current high-throughput 
NGS techniques, which are also being made 
available at affordable costs, are gradually replac-
ing the conventional or first generation sequenc-
ing techniques in the clinical settings. In this 
chapter, the basic workflow of next generation 
sequencing (NGS) and its application in hemato-
logical disorders has been briefly discussed.

Whole-genome sequencing (WGS) is the study 
of entire genome (complete set of DNA including 
all of its genes). It provides a comprehensive 
analysis of all genetic changes in the genome. 
However, the limitation of this assay is that a very 
large data output is generated resulting in diffi-
culties in data analysis. Another problem encoun-
tered in genome sequencing is that certain 
portions of the genome, particularly from centro-
meric, telomeric, and other repetitive regions 
have ambiguous sequences and thus create diffi-
culties in analysis.

A more specialized approach is to do “tar-
geted sequencing,” i.e., focus on specific parts of 
the genome like gene mutation hotspots or recur-
rent gene fusions using PCR or hybrid capture 
methods [2]. If we target the recurrent or known 
mutations, it is known as “targeted re- 
sequencing.” The number of targeted gene can be 
single or many genes. If it covers only the protein- 
coding regions (exons) and leaves out non- coding 
areas (introns), then it is termed as exome 
sequencing and if it covers entire set of exons, 
then it would be labelled as whole-exome 
sequencing (WES). WES focuses on the exons 
which are functionally the most relevant portion 
of the genome and only 1–2% of genome. This 
results in achievement of much higher sequence 
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coverage (or depth)1 compared with WGS and 
thus lowers the detection limit of mutations. The 
higher depth allows analysis of specimens with 
lower purity, and particularly useful for cancer 
specimens.

Another approach could be to do whole tran-
scriptome sequencing (WTS) or RNA sequencing 
(RNA-seq) including coding as well as non- 
coding RNAs. The coding RNA (mRNA) accounts 
for 1–4% of the whole transcriptome and can be 
studied using mRNA-sequencing (mRNA-seq). 
RNA-seq helps to study alternative gene splicing, 
gene fusions, post-transcriptional modifications, 
mutations, single nucleotide polymorphisms, and 
gene expression in different groups.

30.2  Advantages of NGS

There are three main advantages of NGS over the 
classical sequencing platforms. Firstly, it allows 
sequencing of multiple markers, in multiple sam-
ples in single run. Secondly, a variety of genetic 
aberrations like insertions and deletions, single 
and multi-nucleotide variants, copy number alter-
ations, and gene fusions can be screened simulta-
neously. Lastly, sequencing of genomic regions 
multiple times or at high sequencing coverage 
increases the detection sensitivity (lowers the 
limit of detection). The correlation of number of 
fragments carrying the mutation with the back-
ground can also give an estimation of clonality in 
the sample. It also provides an opportunity to 
detect molecular mutations accurately in hetero-
geneous tumor samples [1].

The ultimate goal of genomic analysis is to 
detect and interpret acquired somatic mutations 
to reveal clinically useful information. These 
efforts have led to a better understanding of the 
molecular landscape in various diseases includ-
ing hematological disorders, often uncovering 
new molecular pathogenetic mechanisms and 
resulting in changes in classification systems and 
prognostic models [3]. The NGS is providing 

1 Coverage: The average number of times each base pair in 
the target genome is covered by reads. For example, 30× 
coverage implies that each base in the genome was cov-
ered by 30 reads on an average.

new insights into hematology, oncology, clinical 
genetics, and other areas of research. It has the 
potential to enable more precision in medical 
research and practice [4].

30.3  Evolution of Sequencing 
Techniques

The field of DNA sequencing technology has a 
rich history. In brief, the early DNA sequencing 
introduced by Sanger and Gilbert was done by 
chain termination followed by gel electrophore-
sis. The basic requirements of the classical chain 
termination method included a DNA primer (fluo-
rescently or radioactively labelled), a single- 
stranded template, DNA polymerase, 
deoxyribonucleotide triphosphates (dNTPs) 
(dATP, dTTP, dGTP, and dCTP), and dideoxynu-
cleotide triphosphates (ddNTPs) (ddATP, ddTTP, 
ddGTP, or ddCTP). The ddNTPs act as DNA 
chain terminators, resulting in DNA fragments of 
various lengths. The procedure was cumbersome 
as four different PCR reactions needed to be set 
up with one of the four ddNTPs added in each. 
The DNA bands could be seen either by UV light 
or autoradiography after denaturing polyacryl-
amide gel electrophoresis and the sequence was 
manually interpreted based on the four parallel 
runs (lanes A, T, G, C). Later, development of 
fluorescently labelled ddNTPs allowed the use of 
four ddNTP chain terminators, tagged with fluo-
rochromes having different emission spectrum, in 
same sequencing reaction. Subsequently, the 
advent of capillary electrophoresis and computer-
ized data analysis provided automation to gel 
electrophoresis which was much faster and pro-
vided a higher resolution. This led to the develop-
ment of capillary-based DNA sequencing, initially 
using single and later multi-capillary sequencers.

30.4  Next Generation Sequencing 
(NGS) and Its Workflow

The next generation of sequencing technologies 
like 454 pyrosequencing (Roche) and Solexa 
(Illumina) have their origin in the cyclic-array 
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sequencing which was first employed by 
Shendure et al. (2005) [5]. The process involved 
library preparation by DNA fragmentation and 
adaptor sequence ligation. The clustered frag-
ments gathered on a plane surface or on micro-
beads. The DNA polymerase incorporates 
fluorescently labelled dNTPs into a DNA tem-
plate during sequential cycles of DNA synthesis 
and the nucleotides are identified by excitation of 
fluorophore during each cycle. The critical differ-
ence from capillary electrophoresis-based 
sequencing is that, instead of sequencing a single 
DNA fragment, NGS extends this process across 
millions of fragments in a massively parallel 
fashion. In short, alternative cycles of enzyme- 
catalyzed elongation and spectral imaging create 
the sequence, using the “sequencing by synthe-
sis” principle. This facilitates screening of multi-
ple genes in multiple samples at one time. The 
four basic steps in the NGS workflow, as done in 
Illumina platform, are given below. Although the 
sequencing chemistries may vary in other com-
mercially available platforms, the basic sample 
preparation steps and analysis steps are quite 
similar.

 1. Library Preparation—The library preparation 
for sequencing involves random fragmenta-
tion of DNA/cDNA sample, followed by liga-
tion of adapter sequence at both ends 
(Fig. 30.1). PCR amplification and gel purifi-
cation is done for adapter-ligated fragments. 
Other platforms may use different methods of 
amplification of the genomic areas of interest, 
e.g., hybrid capture.

 2. Cluster Generation—After library prepara-
tion, library is loaded in a flow cell for cluster 
generation. The adaptors on the fragments 
then bind complimentary oligos bound to the 
surface of flow cell. The clonal clusters are 
generated from each fragment after “bridge 
amplification” process (Fig.  30.2). The tem-
plates are ready for sequencing after cluster 
generation.

 3. Sequencing—Illumina sequencing by synthe-
sis (SBS) technology uses reversible chain 
termination method. It detects single bases in 
the sequence as they are incorporated in the 

DNA template strands (Fig. 30.3). The read-
out could be optical like in Illumina and 
Pacific Biosciences (PacBio) platforms or 
non-optical, e.g., by pH measurement in Ion 
Torrent (Thermo Fisher) platform which uses 
unlabelled and unmodified nucleotides.

 4. Data Analysis—Multiple steps of NGS data 
analysis can be divided into primary, second-
ary, and tertiary analysis steps. This analysis 
helps to convert the raw data into clinically 
relevant knowledge. Primary analysis includes 

Genomic DNA

Adapters

Sequencing 
Library 

Ligation

Fragmentation

Fig. 30.1 NGS library preparation by fragmentation and 
adaptor ligation to both fragment ends

Flow Cell

Bridge Amplification
Cycles

Clusters

1
2

3 4

Fig. 30.2 Cluster amplification of fragments bound on 
flow cell surface
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signal processing and base-calling with 
assessment of quality scores (“Phred score”2). 
Secondary analysis involves sequence align-
ment and variant calling. Tertiary level analy-
sis includes annotation and filtering of 
variants.

At these multiple steps of NGS data analysis, 
different file formats are generated, including 
base-calling (FASTA files), base with quality 
score (FASTQ files), files after alignment to a ref-
erence genome—SAM (Sequence Alignment/
Map format) followed by BAM files (Binary 
Alignment/Map format) and sequence variations 
files (VCF files) (Variant Calling Format). The 
main steps during data analysis are:

 (a) Alignment: The sequence read generated 
after base-calling is aligned to a reference 
genome in order to compare it with reference 
and identify variations. This is known as 
sequence alignment (Fig. 30.4). This can be 
done using several alignment algorithms, 

2 Phred Quality score (Q) indicates base call accuracy and 
is logarithmically related to the probability of error (p) in 
base-calling. If Q is 10, then p is 1  in 10 and base call 
accuracy is 90%. If Q is 40, then p is 1 in 104, i.e., 1 in 
10,000 and base call accuracy is 99.99%.

e.g., MiSeq Reporter software (Illumina) 
preferentially uses the Burrows–Wheeler 
Aligner; Ion Torrent prefers the Torrent 
Mapping Alignment Program; and PacBio 
uses the Basic Local Alignment with 
Successive Refinement aligner.

 (b) Variant calling: After alignment, the next 
step is identification of aberrations in the 
sequence, known as “variant calling.” 
These structural variations or genetic aber-
rations can be of various sizes and types, 
including single nucleotide polymorphism 
(SNP) or insertion-deletion (indel), copy 
number alterations, and gene fusions. 
Several variant calling algorithms are avail-
able to analyze the NGS data from different 
platforms and purposes. These algorithms 
take into consideration the quality of base-
calling and level of coverage to assess any 
nucleotide change with respect to the 
reference.

 (c) Variant annotation: Annotation of the vari-
ant calls should be done according to 
nomenclature guidelines from Human 
Genome Variation Society. The obtained 
variants should also be compared against 
reference data like public SNP databases to 
correctly identify somatic alterations and 
rule out germline variants. On analysis of 
matched normal sample, the germline vari-
ant will be observed in both test sample and 
normal reads, whereas somatic variants 
will be seen only in test sample. Other 
variants can be incidental and/or of 
unknown significance (variants of unknown 
significance—VUS). An example given 
below shows both an SNP and a deletion 
(Fig. 30.5).
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Cluster 1 > Read 1: GAGT... 
Cluster 2 > Read 2: TTGA... 
Cluster 3 > Read 3: CTAG...  
Cluster 4 > Read 4: ATAC...

Fig. 30.3 Sequencing by synthesis using fluorescently 
labelled nucleotides and imaging of flow cell

Reads

Reference 
Genome

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG

AGATGGTATTG
GATGGCATTGCAA

GCATTGCAATTTGAC 
ATGGCATTGCAATT

AGATGGCATTGCAATTTG

AGATGGTATTGCAATTTGACAT

Fig. 30.4 Alignment of sample read with the reference 
genome revealing a T to C change
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30.5  Next Generation Sequencing 
(NGS) in Hematological 
Disorders

The application of NGS to hematologic disorders 
has provided new insights into disease initiation, 
progression, and therapy outcome. The rapid prog-
ress in the sequencing techniques and data analysis 
methods as well as better integration of the NGS 
data with clinical information will further help in 
fine-tuning the therapy of patients with hemato-
logic disorders. Although the usage of NGS has 
penetrated more in the field of cancer including 
hematological malignancies, other applications in 
non-malignant hematological disorders have also 
been documented. Some of the examples of appli-
cation of NGS in malignant and non-malignant 
hematological disorders are listed below.

30.6  Acute Myeloid Leukemia 
(AML)

The first complete cancer genome was obtained 
from an acute myeloid leukemia (AML) patient 
using whole-genome sequencing (WGS). The 

acquired (or somatic) mutations were identified 
using paired germline DNA from a normal skin 
biopsy of the same patient [6]. A paired non- 
neoplastic sample like peripheral blood, saliva, skin 
biopsy, buccal swabs, from the same patient, or 
adjacent normal tissue in an FFPE (formalin fixed 
paraffin embedded) sample, helps to accurately 
identify somatic mutations and filter the germline 
polymorphisms. It is also important to note that 
additional relevant variants may emerge on later 
analysis, subsequent to improvement of sequencing 
techniques and bioinformatics analytical tools. Two 
years later, a novel recurrent mutation in the DNA 
methyltransferase gene DNMT3A was reported in 
the same AML patient on re-examination with 
improved sequencing techniques, better coverage, 
and newer data analysis methods [7]. It was later 
shown that DNMT3A mutations were predictive of 
improved survival, in patients less than 60 years of 
age, in response to high-dose induction chemother-
apy [8]. This is an example of how clinical outcome 
data can complement the results from the sequenc-
ing and improve patient care. NGS has been utilized 
to describe tumor evolution and patterns of clonal 
architecture in AML recently, which has the poten-
tial to guide therapeutic options [9, 10].

Somatic deletion (GA) 
Tumor coverage = 4

Germline SNP (T -> C) 
Tumor coverage = 4

Somatic SNP (A -> G) 
Tumor coverage = 4

Germline SNP (G -> A) 
Tumor coverage = 5

Reference sequence

Tumor 
reads 

Normal 
reads

GAATCGAACGTCT T GACCT  GA TACGAGCGCA A CGACTC G CCCTCGA

ACGTCT C GACCT       TACG     CGCA G CGACTC A CC 

GTCT C GACCT       TACGAG     CA  G CGACTC A CCCA

TCT C GAGCT GA TA

T C GACCT GA TACG 

CA A CGACTC G CCCT 

A A CGACTC G CCCTC

CGACTC A CCCTCG

AACCTCT C GACCT       TACGAGCGCA A CG     TC G CCCTCGA

CGTCT C GACCT GA AGCCCA A CGACTC G

GTCT C GACCT AA TA        GCGCA A CGCCTC G C

C GACCT GA TACGA        CA A CGACTC A CCCT

A A CGACTC A CCCTC

Fig. 30.5 Example showing somatic single nucleotide polymorphism (SNP), germline SNP, and somatic deletion with 
coverage
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Recently, there has been an increased interest 
in the field of hematolymphoid genomes, 
exomes, etc., and a lot of mutations have been 
identified by large-scale NGS.  However, it is 
still a challenge to be able to differentiate 
“driver” mutations that confer growth or sur-
vival advantages and contribute to pathogenesis 
and “passenger” mutations, the acquired muta-
tions that have been carried along during the 
course of disease but are neutral. Further func-
tional studies are required on candidate variants 
to further elucidate their clinical and biological 
significance.

The comprehensive characterization of the 
AML-associated variants was done by “The 
Cancer Genome Atlas Research Network” 
(2013). The genomes of 200 clinically anno-
tated adult de novo AML cases were analyzed 
using either whole-genome or whole-exome 
sequencing, along with DNA methylation anal-
ysis, RNA and microRNA sequencing. AML 
genomes were found to have an average of 13 
mutations in genes and having at least one non-
synonymous mutation in one of nine categories 
of genes listed in Table 30.1, in nearly all sam-
ples. These potentially “driver” mutations are 
very likely to be relevant for pathogenesis, and a 
complex network of genetic events may contrib-
ute to AML pathogenesis. A strong biologic 
relationship among several of the genes and 
classes was suggested by various patterns of 
involvement [11, 12].

30.7  Myelodysplastic Syndrome 
(MDS)

The use of NGS approaches has led to the identi-
fication of around 40 recurrent gene mutations in 
MDS, with many of them having prognostic 
implication or related to specific disease biology. 
Integration of sequencing data into existing inter-
national prognostic scoring system (IPSS) or 
revised IPSS (IPSS-R) may be challenging, but 
this additional information may help in selecting 
patients for allogeneic hematopoietic stem cell 
transplantation or for clinical trials of novel tar-
geted agents. The spliceosome subunit gene 
SF3B1 is commonly mutated in patients with ring 
sideroblasts (RS) (80–90% of MDS-RS- SLD 
(single lineage dysplasia) and 30–70% of MDS-
RS-MLD (multilineage dysplasia)) and is associ-
ated with a relatively indolent disease course. 
Mutations of genes involved in DNA methylation, 
splicing factors other than SF3B1, RAS pathway 
genes and cohesin complex genes have been 
found to be independently associated with multi-
lineage dysplasia. Co-mutation of TET2 and 
SRSF2 was found to be predictive of a myeloid 
neoplasm with myelodysplasia and monocytosis 
including chronic myelomonocytic leukemia. 
MDS patients with TET2 mutations are more 
likely to respond to the DNA hypomethylating 
agents, e.g., azacytidine, compared to patients 
with wild-type TET2. This is in contrast to ASXL1 
mutations which is less likely to respond to hypo-

Table 30.1 Functional complementation groups of genetic alterations in AML

Type Examples
Class 1 Transcription- factor fusions t(8;21), t(15;17), inv(16)
Class 2 Nucleophosmin 1 NPM1 mutations
Class 3 Tumor-suppressor genes TP53 and PHF6 mutations
Class 4 DNA methylation- related genes DNA hydroxymethylation, e.g., TET2, IDH1, IDH2

DNA methyltransferases, e.g., DNMT3A
Class 5 Activated signalling genes FLT3, KIT, RAS mutations
Class 6 Chromatin- modifying genes ASXL1 and EZH2 mutations, KMT2A fusions, 

KMT2A-PTD
Class 7 Myeloid transcription- factor genes CEBPA, RUNX1 mutations
Class 8 Cohesion complex genes STAG2, RAD21, SMC1, SMC2 mutations
Class 9 Spliceosome- complex genes SRSF2, U2AF1, ZRSR2 mutations
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methylating agents in MDS. TP53 mutations may 
identify patients with less chances of progression 
to higher-risk MDS or AML, when treated with 
lenalidomide. The patients with targetable muta-
tion like IDH1 or IDH2 may be taken up for clini-
cal trial of targeted therapy [13, 14].

The detection of a clonal genetic change in 
patients with “idiopathic cytopenias of undeter-
mined significance” (ICUS) can help in the 
diagnosis and may also indicate a higher chance 
of progression to overt neoplasm, and a negative 
result on NGS assay has a high negative predic-
tive value for a clonal myeloid neoplasm includ-
ing MDS. However, one should not over-interpret 
the presence of clonal change alone in the 
absence of other clinical features because nearly 
10% healthy persons over 70 years of age have 
clonal mutations in putative leukemia driver 
genes, known as clonal hematopoiesis of inde-
terminate potential (CHIP). Another fact to con-
sider is that many variants detected by genomic 
studies may be germline polymorphisms, and 
other variants may be non-specific, e.g., SF3B1 
mutation can also be detected in a CLL clone, 
the KRAS mutations detected in MDS, and AML 
may also be present in other non-myeloid malig-
nancies and lymphoproliferative disease. So, it 
is more likely that NGS results will not be able 
to replace the existing risk stratification schemes 
like IPSS and IPSS-R in MDS but may augment 
these existing clinic-pathological prognostic 
tools [13].

30.8  Chronic Lymphocytic 
Leukemia (CLL)

Quesada et al. did exome sequencing of matched 
CLL and normal cells from 105 patients to iden-
tify genes involved in CLL pathogenesis. 
Recurrent somatic mutations in 78 genes resulted 
in protein-coding changes. Majority of the muta-
tions occurred in only a small fraction of cases 
and only NOTCH1 and the splicing factor SF3B1 
were mutated in around 10% patients [15]. Wang 
et al. independently sequenced exomes of CLL 

and matched normal cells in 88 CLL patients and 
performed WGS of another three CLL cases. 
They found an average of 20 (range 2–76) non-
synonymous somatic mutations per CLL patient. 
They identified nine genes, with a possible caus-
ative relationship, to be mutated at a significantly 
higher rate. Four of these genes were TP53, 
ATM, MYD88, and NOTCH1, known to be impli-
cated in CLL biology. The other five included 
splicing factor gene SF3B1 and four novel 
genes—FBXW7, DDX3X, MAPK1, and ZMYM3. 
These nine genes are involved in five pathways: 
DNA damage repair and cell-cycle control, 
Notch signalling, Wnt signalling, inflammatory 
pathways, and RNA processing. Many other 
genes involved in these pathways were mutated 
at a low rate in these CLL exomes. These obser-
vations suggest that even though a large number 
of genes may be mutated, only a common set of 
pathways gets affected in CLL [16].

30.9  Hairy Cell Leukemia (HCL)

Recently, whole-exome sequencing analysis of 
leukemic and matched normal cells in a hairy cell 
leukemia (HCL) patient led to the identification 
of recurrent BRAF V600E mutation in HCL. The 
BRAF V600E mutation were found in all patients 
with HCL and absent in other B-cell lymphomas 
like HCL variant and splenic marginal zone lym-
phoma, thus helping in their differential diagno-
sis. Moreover, a possibility of targeting mutated 
BRAF V600E (using PLX-4720) was also shown 
[17]. This is a good example to show how NGS 
techniques may have implications for explaining 
the pathogenesis, in differential diagnosis, and 
also targeted therapy.

30.10  Waldenstrom’s 
Macroglobulinemia

NGS studies have detected that about 90% of 
lymphoplasmacytic lymphoma (LPL) or 
Waldenstrom’s macroglobulinemia (LPL plus 
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an immunoglobulin M [IgM] paraprotein) 
have MYD88 L265P mutations [18]. This 
mutation is also found in IgM monoclonal 
gammopathy of undetermined significance 
(MGUS) cases, few other small B-cell lym-
phomas but not in IgG or IgA MGUS or 
plasma cell myeloma. Review of cases with 
and without the MYD88 L265P mutation has 
led to revised criteria for LPL.

30.11  Multiple Myeloma

WGS and WES in multiple myeloma patients 
revealed mutations in genes involved in protein 
translation, genes involved in histone methyla-
tion, and NF-kB signalling pathway. In addition, 
few patients also showed mutations of the BRAF, 
suggesting a role of BRAF inhibitors in multiple 
myeloma [19].

30.12  T-Cell Large Granular 
Lymphocytic Leukemia 
(T-LGL)

Koskela et al. performed targeted re-sequencing 
in a cohort of 76 patients with T-LGL, after find-
ing the candidate gene, signal transducer and 
activator of transcription 3 (STAT3) in the whole- 
exome sequencing of an index patient. They 
found STAT3 mutations in 40% patients of 
T-LGL, suggesting a role of aberrant STAT3 sig-
nalling in its pathogenesis [20].

30.13  Acute lymphoblastic 
leukemia (ALL)

Roberts et al. reported targetable kinase activat-
ing lesions in a cohort of 154 patients with 
Ph-like B-ALL, taking help of NGS tech-
niques—predominantly using transcriptome 
sequencing and also whole- genome and whole-
exome sequencing in few patients. Using vari-
ous methods, rearrangements with activation of 
kinase signalling were seen in 62% (96/154) 
patients [21].

30.14  Thalassemia and Other 
Hemoglobinopathies

Some recent studies have shown the use of NGS 
for population screening for carriers of thalassemia 
and other hemoglobinopathies and prenatal testing. 
Shang et  al. (2017) recently developed and vali-
dated a single target-based NGS assay for 
molecular screening and genotyping in 
he moglobinopathies [22]. Their target regions 
included all eight globin genes (HBZ, HBA1, 
HBA2, HBE1, HBG1, HBG2, HBD, and HBB) and 
validated genetic modifiers (KLF1, BCL11A, and 
MYB) with an aim to detect variants in known 
genes related to hemoglobinopathies. The assay 
was designed to capture key regions, such as α- and 
β-globin gene clusters, associated with hemoglo-
binopathies to ensure the detection of any disease- 
associated aberrations. Unlike traditional carrier 
screening assays, which are designed to search for 
only the most common mutations within a gene, 
the NGS-based approach identified both common 
and rare, annotated and novel variants in carriers, 
significantly improving the detection of carrier sta-
tus and at-risk couples. The NGS assay addition-
ally identified few at-risk couples which were 
missed by traditional screening or molecular test-
ing methods. Although the cost of instruments and 
reagents usually appear as limiting factors, this 
study with NGS had a high throughput of 3000 
samples per run and showed NGS to be a feasible 
and effective methodology for preconception 
screening and diagnosis of hemoglobinopathies in 
large populations. He et al. (2017) also found NGS 
to be a competitive thalassemia screening method 
for population screening among populations with 
a high prevalence of disease [23]. The re-sequenc-
ing approach targeting the common point muta-
tions and deletions was found to be useful and 
could be successfully validated. NGS-based 
screening was found to be better for screening of 
α-thalassemia carriers and composite α- and 
β-thalassemia carriers.

Carlberg et  al. investigated NGS for non- 
invasive prenatal testing for beta thalassemia, 
using cell-free fetal DNA (cfFDNA) in maternal 
plasma [24]. This can potentially eliminate risks 
associated with invasive procedures like chorionic 

S. K. Gupta



499

villus sampling and amniocentesis. They devel-
oped an NGS assay using probe capture enrich-
ment, with short oligonucleotide probes 
complementary to the target region. Their assay 
was applicable to short, fragmented DNA, like 
cell-free DNA and could identify informative 
single nucleotide polymorphisms (SNPs) (i.e., an 
allele in the fetus which is absent in the mother) 
to estimate the fraction of cfDNA from the fetus.

30.15  Aplastic Anemia

Up to a third of adult aplastic anemia (AA) 
patients have shown somatic mutations in MDS- 
associated genes using targeted NGS for genes 
mutated in hematological malignancies. The 
most commonly mutated malignancy-associated 
genes in AA are ASXL1, BCOR/BCORL1, and 
DNMT3A. The mutations in BCOR and BCORL1 
may predict an improved response to immuno-
suppressive therapy and have favorable prognosis 
along with PIGA mutations. Several genes 
(DNMT3A, ASXL1, TP53, RUNX1, and CSMD1) 
were associated with worse overall survival, 
when analyzed in aggregate, but not individually 
in a study by Yoshizato et  al. It is noted that 
majority of pediatric and adult AA patients 
develop clonal hematopoiesis, with many adult 
AA patients having somatic mutations in genes, 
usually affected in MDS and aging. However, 
long-term prospective studies are required to 
decode the prognostic implications of somatic 
mutations in MDS-associated genes [25, 26].

30.16  Hereditary Hemolytic 
Anemias

NGS has helped in study of RBC membrane disor-
ders, e.g., exome sequencing in anemias due to 
altered permeability of RBC membrane led to 
identification of PIEZO1 (encoding a mechanore-
ceptor) as the affected gene in both isolated and 
syndromic forms of dehydrated hereditary sto-
matocytosis (DHS1), which can be clinically con-
fused with Hereditary Spherocytosis (HS) [27]. 
Other disorders in heterogeneous group of 

hereditary hemolytic anemias have also been stud-
ied with various NGS panels, including RBC 
membrane disorders like HS, elliptocytosis/pyro-
poikilocytosis; enzymopathies like Glucose 6 
phosphate dehydrogenase deficiency, pyruvate 
kinase deficiency; disorders of erythropoiesis like 
congenital dyserythropoietic anemia, etc. These 
complex genetic disorders are difficult to diagnose 
due to their clinical and molecular heterogeneity. 
Targeted NGS panels incorporating genes coding 
for cytoskeletal proteins and enzymes, and cover-
ing complete coding region, splice site junctions, 
some deep intronic or regulatory regions have 
been tested and found useful. Many pathogenic 
variants, likely pathogenic variants, and complex 
combinations of known and novel mutations could 
be detected on NGS [28]. Russo et  al. tested 
RedPlex panel composed of 34 loci causative or 
candidates of hereditary hemolytic anemias and 
found high sensitivity and specificity in patients 
with ambiguous phenotypes. It also allowed the 
identification of “polygenic” conditions, i.e., 
patients in which the phenotypic variability was 
possibly by modifier variants associated with 
causative mutations [29]. However, extensive clin-
ical and hematologic information is needed to sup-
port the interpretation of molecular data.

30.17  Venous Thromboembolism 
(VTE)

The possibility of using NGS techniques has also 
been explored for VTE patients. Lee et  al. 
reported the use of whole-exome sequencing in 
VTE to find out lesser known genetic causes of 
thrombophilia. Their analysis focused on 55 
novel genes associated with thrombophilia, based 
on literature or correlation with protein model-
ling studies. Their analysis could detect probable 
disease causing variants in around 60% of 
patients compared to only around 25% using con-
ventional thrombophilia testing for heritable 
thrombophilia in their cohort [30]. So, with easy 
availability of NGS at affordable price, it may be 
an alternative strategy to screen the whole 
genome/exome rather than the limited thrombo-
philia screening done currently.
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30.18  Iron Metabolism Disorders

McDonald et  al. reported the use of NGS to 
sequence 39 iron regulatory genes in parallel at a 
cost comparable to that of sequencing each gene 
sequentially using the Sanger approach. This 
approach can be particularly useful in detecting 
the patients with atypical iron disorders including 
iron-refractory iron-deficiency anemia (IRIDA) 
and hereditary hemochromatosis without HFE 
mutations which are difficult to diagnose geneti-
cally and have overlapping clinical presentation 
with the more common iron overload conditions 
[31].

30.19  Major Challenges of Using 
NGS

 1. Volume of data: The major challenges are 
regarding the volume and complexity of the 
data generated due to the large size of genome 
tested in multiple samples. It is not practical to 
store all the files generated as NGS assay out-
put. As a policy, the laboratory may store files 
which have adequate data to repeat the analy-
sis. In general, a storage period of 2 years is 
recommended for these files as per the Clinical 
Laboratory Improvement Amendment poli-
cies [1].

 2. Choice of markers: With an extensive ability 
of NGS to screen multiple targets simultane-
ously, the selection of appropriate genes to be 
included in a panel becomes important. For 
specific needs and better sample throughput, 
custom panels with mutational hotspot regions 
are a better choice rather than screening the 
entire coding region of genes.

 3. Clinical implications of the data generated: It 
is a challenging task to translate the wealth of 
data generated by the NGS experiments 
into clinically actionable information. 
Determination of the pathogenicity of the 
numerous identified genomic variants is diffi-
cult and requires correlation with clinical 
information from a large number of patients. 
The general approach to characterize the 
impact of mutation on prognosis is to sequence 

the “index patients” or the “discovery cohorts” 
first and then verify the findings in larger and 
independent patient cohorts. The functional 
characterization of mutation and biochemical 
analyses may help to assess the pathogenicity 
of identified genetic variants. Another way of 
better interpretation of the data in inherited 
genetic disorders is the simultaneous evalua-
tion of parents and other family members, to 
establish the inheritance pattern of the vari-
ants and to understand its role. Moreover, it is 
better to focus on key pathways or genes to 
generate data on clinically relevant genetic 
changes.

 4. Ethical and medico-legal issues: During the 
NGS studies, particularly WGS and WES, 
there is a chance of encountering clinically 
relevant germline mutations unrelated to the 
disease being studied. An informed consent 
should be taken for both research and clinical 
genomic testing, particularly for reporting the 
unrelated or secondary findings. The current 
American College of Medical Genetics and 
Genomics (ACMG) policy recommends 59 
medically actionable genes, for return in clini-
cal genomic sequencing [32].

30.20  Future of NGS

Sequencing technologies and analysis methods 
have shown continued improvement over time. 
This trend is likely to continue and further speed 
up in near future, providing more comprehensive 
characterization of genomic variants and their 
biological function. Initial efforts have focused 
on target identification and further efforts are 
likely in the areas of prognostication, resistance 
detection, disease monitoring, and early detec-
tion with the help of integration of RNA sequenc-
ing and epigenetic analysis. The addition of 
genomic findings into classification and prog-
nostic scoring systems as well as prospective 
clinical trials will allow further fine-tuning of 
clinical care. Over time, these efforts will ulti-
mately facilitate precision medicine, with ther-
apy being guided by the genetic makeup of the 
individual.

S. K. Gupta



501

References

 1. Singh RR, Luthra R, Routbort MJ, Patel KP, Medeiros 
LJ. Implementation of next generation sequencing in 
clinical molecular diagnostic laboratories: advan-
tages, challenges and potential. Expert Rev Precis 
Med Drug Dev. 2016;1(1):109–20.

 2. Sulonen A, Ellonen P, Almusa H, Lepisto M, Eldfors 
S, Hannula S, et  al. Comparison of solution-based 
exome capture methods for next generation sequenc-
ing. Genome Biol. 2011;12(9):R94.

 3. Kohlmann A, Grossmann V, Nadarahjah N, 
Haferlach T.  Next generation sequencing—feasibil-
ity and practicality in hematology. Br J Haematol. 
2013;160(6):736–53.

 4. Merker JD, Valouev A, Gotlib J.  Next-generation 
sequencing in hematologic malignancies: what will be 
the dividends? Ther Adv Hematol. 2012;3(6):333–9.

 5. Shendure J, Porreca GJ, Reppas NB, Lin X, 
McCutcheon JP, Rosenbaum AM, et  al. Accurate 
multiplex polony sequencing of an evolved bacterial 
genome. Science. 2005;309:1728–32.

 6. Ley TJ, Mardis ER, Ding L, Fulton B, McLellan MD, 
Chen K, et al. DNA sequencing of a cytogenetically 
normal acute myeloid leukemia genome. Nature. 
2008;456:66–72.

 7. Ley TJ, Ding L, Walter MJ, McLellan MD, 
Lamprecht T, Larson DE, et al. DNMT3A mutations 
in acute myeloid leukemia. N Engl J Med. 2010;363: 
2424–33.

 8. Patel JP, Gonen M, Figueroa ME, Fernandez H, Sun 
Z, Racevskis J, et  al. Prognostic relevance of inte-
grated genetic profiling in acute myeloid leukemia. N 
Engl J Med. 2012;366:1079–89.

 9. Ding L, Ley TJ, Larson DE, Miller CA, Koboldt 
DC, Welch JS, et  al. Clonal evolution in relapsed 
acute myeloid leukaemia revealed by whole-genome 
sequencing. Nature. 2012;481:506–10.

 10. Walter MJ, Shen D, Ding L, Shao J, Koboldt DC, 
Chen K, et  al. Clonal architecture of secondary 
acute myeloid leukemia. N Engl J Med. 2012;366: 
1090–8.

 11. Cancer Genome Atlas Research Network. 
Genomic and epigenomic landscapes of adult 
de novo acute myeloid leukemia. N Engl J Med. 
2013;368:2059–74.

 12. Arber DA, Orazi A, Hasserjian RP, Brunning RD, 
Le Beau MM, Porwit A, et al. Introduction and over-
view of the classification of myeloid neoplasms. In: 
Swerdlow SH, Campo E, Harris NL, et  al., editors. 
WHO classification of tumours of haematopoietic and 
lymphoid tissues. Revised 4th ed. Lyon: IARC; 2017. 
p. 16–27.

 13. Steensma DP.  The evolving role of genomic testing 
in assessing prognosis of patients with myelodys-
plastic syndromes. Best Pract Res Clin Haematol. 
2017;30(4):295–300.

 14. Malcovati L, Papaemmanuil E, Ambaglio I, Elena 
C, Galli A, Della Porta MG, et  al. Driver somatic 
mutations identify distinct disease entities within 

myeloid neoplasms with myelodysplasia. Blood. 
2014;124(9):1513–21.

 15. Quesada V, Conde L, Villamor N, Ordonez GR, Jares 
P, Bassaganyas L, et  al. Exome sequencing identi-
fies recurrent mutations of the splicing factor SF3B1 
gene in chronic lymphocytic leukemia. Nat Genet. 
2012;44:47–52.

 16. Wang L, Lawrence MS, Wan Y, Stojanov P, Sougnez 
C, Stevenson K, et  al. SF3B1 and other novel can-
cer genes in chronic lymphocytic leukemia. N Engl J 
Med. 2011;365:2497–506.

 17. Tiacci E, Trifonov V, Schiavoni G, Holmes A, Kern 
W, Martelli MP, et al. BRAF mutations in hairy-cell 
leukemia. N Engl J Med. 2011;364:2305–15.

 18. Treon SP, Xu L, Yang G, et al. MYD88 L265P somatic 
mutation in Waldenstrom’s macroglobulinemia. N 
Engl J Med. 2012;367(9):826–33.

 19. Chapman MA, Lawrence MS, Keats JJ, Cibulskis 
K, Sougnez C, Schinzel AC, et  al. Initial genome 
sequencing and analysis of multiple myeloma. Nature. 
2011;471:467–72.

 20. Koskella HL, Eldfors S, Ellonen P, van Adrichem AJ, 
Kuusanmaki H, Andersson EI, et al. Somatic STAT3 
mutations in large granular lymphocytic leukemia. N 
Engl J Med. 2012;366:1905–13.

 21. Roberts KG, Li Y, Payne-Turner D, Harvey RC, Yang 
Y-L, Pei D, et al. Targetable kinase-activating lesions 
in Ph-like acute lymphoblastic leukemia. N Engl J 
Med. 2014;371(11):1005–15.

 22. Shang X, Peng Z, Ye Y, Asan, Zhang X, Chen Y, et al. 
Rapid targeted next-generation sequencing platform 
for molecular screening and clinical genotyping in 
subjects with hemoglobinopathies. EBioMedicine. 
2017;23:150–9.

 23. He J, Song W, Yang J, Lu S, Yuan Y, Guo J.  Next- 
generation sequencing improves thalassemia carrier 
screening among premarital adults in a high preva-
lence population: the Dai nationality, China. Genet 
Med. 2017;19(9):1022–31.

 24. Carlberg K, Bose N, Deng J, Lal A, Erlich H, Calloway 
C. Towards the development of a noninvasive prenatal 
test for beta-thalassemia: utilization of probe capture 
enrichment and next generation sequencing. Blood. 
2016;128(22):3622.

 25. Yoshizato T, Dumitriu B, Hosokawa K, Makishima 
H, Yoshida K, Townsley D, et al. Somatic mutations 
and clonal hematopoiesis in aplastic anemia. N Engl J 
Med. 2015;373(1):35–47.

 26. Kulasekararaj AG, Jiang J, Smith AE, Mohamedali 
AM, Mian S, Gandhi S, et  al. Somatic mutations 
identify a subgroup of aplastic anemia patients 
who progress to myelodysplastic syndrome. Blood. 
2014;124(17):2698–704.

 27. Andolfo I, Russo R, Gambale A, Iolascon A.  New 
insights on hereditary erythrocyte membrane defects. 
Haematologica. 2016;101(11):1284–94.

 28. Agarwal AM, Reading NS, Frizzell K, Shen W, 
Sorrells S, Salama ME, et  al. Using a next gen-
eration sequencing panel to discover the obscure 
causes of hereditary hemolytic anemias. Blood. 
2016;128(22):2433.

30 Role of Next Generation Sequencing (NGS) in Hematological Disorders



502

 29. Russo RAI, Manna F, Gambale A, Pignataro P, De 
Rosa G, Iolascon A.  RedPlex: a targeted next gen-
eration sequencing-based diagnosis for patients 
with hereditary hemolytic anemias. Haematologica. 
2016;101(s1):1.

 30. Lee E, Dykas DJ, Leavitt AD, Camire RM, Ebberink 
E, García de Frutos P, et al. Whole-exome sequencing 
in evaluation of patients with venous thromboembo-
lism. Blood Adv. 2017;1:1224–37.

 31. McDonald CJ, Ostini L, Wallace DF, Lyons A, 
Crawford DH, Subramaniam VN.  Next-generation 

sequencing: application of a novel platform to 
analyze atypical iron disorders. J Hepatol. 2015;63(5): 
1288–93.

 32. Kalia SS, Adelman K, Bale SJ, Chung WK, Eng 
C, Evans JP, et  al. Recommendations for report-
ing of secondary findings in clinical exome and 
genome sequencing, 2016 update (ACMG SF 
v2.0): a policy statement of the American College 
of Medical Genetics and Genomics. Genet Med. 
2017;19(2):249–55.

S. K. Gupta


	Contents
	About the Editors
	Part I: Red Cell Disorders
	1: Newer CBC Parameters of Clinical Significance
	1.1	 Reticulocyte Parameters
	1.1.1	 Reticulocyte Count and Reticulocyte Fractions
	1.1.2	 Principle

	1.2	 Reticulocyte Production Index (RPI)
	1.3	 RET-HE (Reticulocyte Hemoglobin Equivalent)
	1.3.1	 Principle

	1.4	 DELTA-He
	1.4.1	 Thomas Plot

	1.5	 Newer RBC Parameters
	1.5.1	 Principle for Measurement of HYPO-HE
	1.5.2	 Principle of Measurement of MICRO-R and MACRO-R on Sysmex XN Analyzers

	1.6	 Fragmented Red Blood Cells (FRC)
	1.7	 The New WNR Channel
	1.8	 Nucleated Red Blood Cell (NRBC)
	1.8.1	 Principle

	1.9	 The New WDF Channel
	1.10	 Immature Granulocyte (IG) Count
	1.10.1	 Principle
	1.10.2	 Hypo- and Hyper-Granulated Neutrophils on the New Sysmex XN Hematology Analyzer
	1.10.3	 Neutrophil Granulation (NEUT-SSC)
	1.10.4	 Lymphocyte Activation
	1.10.4.1	 RE-LYMP and AS-LYMP


	1.11	 Platelet Parameters
	1.11.1	 Optical and Fluorescent Platelet Counts (PLT-O and PLT-F)
	1.11.2	 Principle

	1.12	 Immature Platelet Fraction (IPF)
	1.13	 Body Fluid Analysis (BF)
	1.13.1	 Principle

	1.14	 Hematopoietic Progenitor Cells (HPC)
	1.14.1	 Measuring Stem Cells
	1.14.2	 Principle

	1.15	 ACP on Beckman Coulter Hematology Analyzers
	1.16	 White Blood Cells
	1.17	 Red Blood Cells
	1.18	 Platelets
	1.19	 Reticulocytes
	1.20	 Hematoflow Technology with CytoDiff�
	1.20.1	 How CytoDiff Implementation Can Reduce Your Manual Review Rate to 5%

	1.21	 Malaria Parasite Detection
	1.22	 Conclusion
	Bibliography

	2: Iron Metabolism and Iron Deficiency Anemia
	2.1	 Introduction
	2.2	 Iron Metabolism
	2.2.1	 Total Body Iron and its Distribution
	2.2.2	 Dietary Iron
	2.2.3	 Recommended Iron Intake

	2.3	 Absorption of Iron
	2.3.1	 Intracellular Iron Transport
	2.3.2	 Basolateral Transport of Iron
	2.3.3	 Factors Influencing Iron Absorption
	2.3.4	 Iron Transport in Plasma
	2.3.5	 Uptake of Iron by Tissues
	2.3.6	 Iron Utilization in Normoblasts
	2.3.7	 Storage Iron
	2.3.8	 Systemic Iron Homeostasis
	2.3.9	 Recycling of Macrophage Iron
	2.3.10	 Loss of Iron
	2.3.11	 Iron Homeostasis: Role of Hepcidin
	2.3.12	 Iron Regulatory Proteins Regulate Cellular Iron
	2.3.13	 Iron Deficiency Anemia (IDA)
	2.3.14	 Prevalence
	2.3.15	 Etiology of IDA
	2.3.16	 Stages of ID
	2.3.17	 Clinical Features
	2.3.18	 Adverse Consequences of IDA
	2.3.19	 Developmental and Neurophysiological Deficits in Infants and Children
	2.3.20	 Cognitive Development
	2.3.21	 Evoked Response Potentials (ERP)
	2.3.22	 Other Consequences
	2.3.23	 Economic Consequences of IDA
	2.3.23.1	 Work Capacity and Productivity

	2.3.24	 Laboratory Diagnosis of IDA
	2.3.24.1	 Complete Blood Counts

	2.3.25	 Examination of a Stained Peripheral Blood Film (PBF)
	2.3.26	 Biochemical Tests of Iron Status
	2.3.26.1	 Serum Iron (SI), Total Iron Binding Capacity (TIBC), and Percent Transferrin Saturation (%TS)
	2.3.26.2	 Serum Ferritin (SF)
	2.3.26.3	 Zinc Protoporphyrin (ZPP)/Free Erythrocyte Protoporphyrin (FEP)
	2.3.26.4	 Serum TfR
	2.3.26.5	 sTfR/Log Ferritin (sTfR-F Index)
	2.3.26.6	 Serum Hepcidin

	2.3.27	 Examination of Bone Marrow Aspirate for Iron
	2.3.28	 Treatment of IDA
	2.3.29	 Monitoring Response to Iron Supplementation
	2.3.30	 Follow-Up After Iron Supplementation
	2.3.31	 Prevention of IDA

	2.4	 Functional Iron Deficiency
	References

	3: Megaloblastic Anemia and Dual Nutritional Deficiency Anemia
	3.1	 Megaloblastic Anemia
	3.1.1	 Definition
	3.1.2	 Pathophysiology of Megaloblast Morphology
	3.1.3	 History

	3.2	 Folic Acid Metabolism
	3.2.1	 Folate Absorption
	3.2.2	 Causes of Folic Acid Deficiency [5]

	3.3	 Vitamin B12 Metabolism
	3.3.1	 Absorption of Vitamin B12
	3.3.2	 Causes of Cobalamin Deficiency [5, 8]

	3.4	 Pernicious Anemia
	3.5	 Congenital Megaloblastic Anemia
	3.6	 Imerslund–Gräsbeck Syndrome
	3.7	 Pathophysiology of Megaloblastic Anemia
	3.8	 Pathophysiology of Neurological Changes
	3.9	 Clinical Features
	3.10	 Laboratory Findings
	3.10.1	 Hemogram and Peripheral Smear
	3.10.2	 Bone Marrow Examination

	3.11	 Primary Tests for B12 and Folate Deficiencies [10]
	3.11.1	 Serum B12 (Cobalamin)
	3.11.2	 Serum Folate
	3.11.3	 RBC Folate

	3.12	 Lab Tests to Confirm and Distinguish Vitamin B12 and Folate Deficiencies
	3.13	 Testing for Parietal Cell/IF Antibodies
	3.14	 Diagnostic Therapeutic Trial
	3.15	 Treatment
	3.15.1	 Folic Acid Deficiency
	3.15.2	 Cobalamin Deficiency

	3.16	 Monitoring of Therapy
	3.17	 Dual Nutritional Deficiency Anemia
	References

	4: Pathogenesis and Investigations in Hereditary Red Blood Cell Membrane Disorders
	4.1	 Pathogenesis of Red Blood Cell Membrane Disorders
	4.1.1	 Structure of Red Cell Membrane
	4.1.2	 Membrane Proteins (Fig. 4.1)
	4.1.3	 Significance of the RBC Membrane Structure
	4.1.4	 Investigations of Red Cell Membrane Disorders
	4.1.4.1	 Red Cell Morphology
	4.1.4.2	 Red Cell Indices
	4.1.4.3	 Reticulocyte Count
	4.1.4.4	 Osmotic Fragility Test (OFT) [16]
	4.1.4.5	 Sensitivity
	4.1.4.6	 Flow Cytometry-Based Fragility Tests
	4.1.4.7	 Flow Cytometric Osmotic Fragility [18–21]
	4.1.4.8	 Eosin-5-Maleimide (EMA) Binding Test [20]

	4.1.5	 Results
	4.1.5.1	 Interpretation of Results
	4.1.5.2	 Glycerol Lysis-Time Test/Acidified Glycerol Lysis-Time Test [24, 25]

	4.1.6	 Results
	4.1.6.1	 Significance of the AGLT
	4.1.6.2	 The Pink Test [26]

	4.1.7	 Results
	4.1.7.1	 Cryohemolysis Test [27]

	4.1.8	 Results
	4.1.9	 Interpretation
	4.1.9.1	 Ektacytometry [28]

	4.1.10	 Results
	4.1.10.1	 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) [29]
	4.1.10.2	 Molecular Genetics [30]


	4.2	 Hereditary Spherocytosis
	4.2.1	 Pathobiology of Hereditary Spherocytosis (HS) [32]
	4.2.2	 Red Cell Membrane Protein Defects
	4.2.3	 Hereditary Spherocytosis in the Neonate

	4.3	 Complications in HS
	4.3.1	 Gallbladder Disease
	4.3.2	 Hemolytic, Aplastic, and Megaloblastic Crises
	4.3.3	 Other Complications
	4.3.4	 Diagnostic Value of the Various Lab Tests
	4.3.5	 Treatment

	4.4	 Hereditary Elliptocytosis (HE)/Hereditary Pyropoikilocytosis (HPP)
	4.4.1	 Etiology and Pathogenesis
	4.4.2	 Red Cell Membrane Protein Defects
	4.4.3	 Clinical Features
	4.4.4	 Hereditary Elliptocytosis in Infants
	4.4.5	 Laboratory Features
	4.4.6	 Treatment and Prognosis

	4.5	 Southeast Asian Ovalocytosis (SAO)
	4.5.1	 Lab Diagnosis

	4.6	 Red Cell Membrane Transport Defects: Hereditary Stomatocytosis
	4.6.1	 Acquired Red Cell Membrane Defects
	4.6.2	 Summary

	References

	5: Molecular Genetics of Inherited Red Cell Membrane Disorders
	5.1	 Laboratory Diagnosis of Red Cell Membrane Disorders
	5.2	 Hereditary Spherocytosis (HS)
	5.2.1	 Geographical Distribution
	5.2.2	 Genetics of HS
	5.2.3	 Clinical Manifestations
	5.2.4	 Laboratory Diagnosis of HS
	5.2.5	 Status of EMA Flow Cytometry Test in India
	5.2.6	 Molecular Spectrum of HS
	5.2.7	 Co-inheritance of G6PD Deficiency, Gilbert Syndrome, or Thalassemia with HS

	5.3	 Hereditary Elliptocytosis (HE)
	5.3.1	 Geographical Distribution
	5.3.2	 Molecular Spectrum of HE
	5.3.2.1	 Hereditary Pyropoikilocytosis (HPP)
	5.3.2.2	 Southeast Asian Ovalocytosis (SAO)


	5.4	 Hemolytic Anemias Caused by Defects in Red Cell Cation Permeability and Transport
	5.5	 Overhydrated Hereditary Stomatocytosis (OHS)
	5.6	 Cryohydrocytosis/Stomatocytosis, Cold-Sensitive (CHC)
	5.7	 Stomatin-Deficient Cryohydrocytosis with Neurologic Defects (SDCHCN)
	5.8	 Dehydrated Hereditary Stomatocytosis (DHS)/Hereditary Xerocytosis
	5.8.1	 DHS With or Without Pseudohyperkalemia and/or Perinatal Edema (DHS 1)
	5.8.2	 Dehydrated Hereditary Stomatocytosis 2 (DHS2)
	5.8.3	 Pseudohyperkalemia, Familial, 2, Due to Red Cell Leak (PSHK2)
	5.8.4	 Sitosterolemia/Phytosterolemia

	5.9	 Recent Advances in Diagnosis of Red Cell Membrane Disorders
	References

	6: Historical Investigations and Advances in Flow Cytometry-Based Tests in Paroxysmal Nocturnal Hemoglobinuria
	6.1	 Introduction
	6.2	 Historical Perspective of PNH
	6.3	 Diagnostic Modalities for PNH
	6.3.1	 In Vitro Methods Demonstrating Complement-Mediated Hemolysis
	6.3.2	 Methods Utilizing Hemagglutinition and Gel Card System
	6.3.3	 Flow Cytometry-Based Methods

	6.4	 Flow Cytometry-Based PNH Testing
	6.4.1	 Specimen Consideration
	6.4.2	 Cell Lineages to be Screened for PNH
	6.4.3	 Analysis of RBC
	6.4.4	 Leukocyte Assay

	6.5	 FLAER as Marker for Both Granulocyte and Monocyte
	6.5.1	 CD157 as Marker for Both Granulocyte and Monocyte

	6.6	 Routine Sensitivity Versus High Sensitivity Analysis
	6.7	 Quality Assurance for High Sensitivity Analysis
	6.7.1	 Instrument Setup
	6.7.2	 Choosing the Correct Reagent Conjugates and Clones
	6.7.3	 Frequency of PNH-Positive Cells in Normal Samples
	6.7.4	 Sensitivity of the Assay Using Dilution/Spiking Experiments
	6.7.5	 Inter-Assay and Intra-Assay Variability
	6.7.6	 External Quality Assurance Program

	6.8	 Data Interpretation and Reporting
	6.9	 Conclusion
	References

	7: Laboratory Diagnosis of Microangiopathic Hemolytic Anemia Including TTP, DIC, and HUS
	7.1	 Pathogenesis
	7.2	 Thrombotic Thrombocytopenic Purpura (TTP)
	7.2.1	 Definition
	7.2.2	 Pathophysiology
	7.2.2.1	 Causes of ADAMTS13 Deficiency

	7.2.3	 Risk Factors
	7.2.4	 Epidemiology
	7.2.4.1	 Age
	7.2.4.2	 Gender

	7.2.5	 Clinical Presentation (Fig. 7.4)
	7.2.5.1	 Upshaw–Schulman Syndrome


	7.3	 HUS and Atypical HUS
	7.3.1	 Definition

	7.4	 D+ HUS
	7.4.1	 Pathophysiology
	7.4.2	 Age
	7.4.3	 Gender
	7.4.4	 Clinical Features

	7.5	 D− HUS
	7.5.1	 Pathophysiology
	7.5.1.1	 Antifactor H Autoantibody-Associated D− HUS

	7.5.2	 Epidemiology
	7.5.3	 Age
	7.5.4	 Gender
	7.5.5	 Clinical Features
	7.5.6	 Vitamin B12 Metabolism Defects Associated with D− HUS
	7.5.7	 D− HUS After Renal Transplantation

	7.6	 Disseminated Intravascular Coagulation (DIC)
	7.6.1	 Introduction
	7.6.2	 Definition
	7.6.3	 Pathogenesis
	7.6.4	 Epidemiology
	7.6.5	 Age and Gender
	7.6.6	 Clinical Features
	7.6.7	 Laboratory Diagnosis
	7.6.7.1	 Baseline Investigations

	7.6.8	 Specific Investigations
	7.6.8.1	 TTP
	ADAMTS13 Investigation

	7.6.8.2	 Functional Assays for ADAMTS13
	7.6.8.3	 Immunochemical Assays for ADAMTS13
	7.6.8.4	 Scoring Systems

	7.6.9	 HUS and aHUS
	7.6.10	 DIC
	7.6.11	 Treatment
	7.6.11.1	 Management of TTP
	7.6.11.2	 Management of HUS
	7.6.11.3	 Management of aHUS
	7.6.11.4	 Management of DIC


	Suggested Reading

	8: Inherited Bone Marrow Failure Syndromes
	8.1	 Introduction
	8.2	 Classification
	8.3	 Fanconi Anemia
	8.3.1	 Pathophysiology
	8.3.2	 The Fanconi Anemia Pathway
	8.3.3	 Clinical Features
	8.3.4	 Diagnosis
	8.3.4.1	 Stress Cytogenetics

	8.3.5	 Treatment

	8.4	 Dyskeratosis Congenita
	8.4.1	 Pathophysiology
	8.4.2	 Clinical Features
	8.4.3	 Diagnosis
	8.4.4	 Treatment

	8.5	 Schwachman–Diamond Syndrome
	8.5.1	 Genetics and Pathophysiology
	8.5.2	 Clinical Features
	8.5.3	 Diagnosis
	8.5.4	 Treatment

	8.6	 Congenital Amegakaryocytic Thrombocytopenia
	8.6.1	 Genetics and Pathophysiology
	8.6.2	 Clinical Features
	8.6.3	 Diagnosis
	8.6.4	 Treatment

	8.7	 Diamond–Blackfan Anemia
	8.7.1	 Genetic Defects
	8.7.2	 Inheritance
	8.7.3	 Clinical Features
	8.7.4	 Diagnosis
	8.7.4.1	 Family Screening

	8.7.5	 Management and Follow-Up

	8.8	 Severe Congenital Neutropenia
	8.8.1	 Pathogenesis
	8.8.2	 Clinical Features
	8.8.3	 Diagnosis
	8.8.4	 Management

	8.9	 Thrombocytopenia with Absent Radii (TAR)
	8.9.1	 Genetics
	8.9.2	 Clinical Features
	8.9.3	 Management

	References


	Part II: WBC Disorders
	9: Myelodysplastic Syndrome: An Overview
	9.1	 Introduction
	9.2	 Nomenclature
	9.3	 Cutoffs in MDS
	9.3.1	 Cutoffs for Cytopenias
	9.3.2	 Cutoffs for Dysplasia and Blasts
	9.3.3	 Cutoffs for Ring Sideroblasts
	9.3.4	 Exclusion Criteria

	9.4	 Diagnostic Criteria for WHO 2017 Classification of MDS [2]
	9.5	 Evaluation of a Case of MDS
	9.6	 Other Changes in WHO Classification, 2017
	9.7	 Determining Prognosis in MDS
	9.8	 Flow Cytometry in MDS
	9.9	 Genetic Landscape of MDS
	9.10	 Conclusions
	References

	10: Acute Myeloid Leukemia: An Update
	10.1	 Introduction
	10.2	 Epidemiology
	10.3	 Clinical Characteristics
	10.4	 Diagnosis of AML
	10.5	 Classification of AML
	10.5.1	 Transient Abnormal Myelopoiesis (TAM)
	10.5.2	 Myeloid Leukemia Associated with Down Syndrome

	10.6	 Genomic Classification and Prognosis in AML
	10.7	 Targeted Therapies in AML and Clinical Implications
	10.8	 AML Monitoring During and Post-treatment: Futuristic Approach
	References

	11: Molecular Biology of B- and T-ALL
	11.1	 Introduction
	11.2	 Precursor B-ALL (B-Cell Precursor ALL; BCP-ALL)
	11.2.1	 Ph-Positive ALL
	11.2.2	 ERG-Deleted ALL

	11.3	 Newly Recognized B-ALL Subtypes (WHO)
	11.3.1	 B-ALL with Intrachromosomal Amplification of Chromosome 21 (iAMP21)
	11.3.2	 BCR-ABL1-Like ALL

	11.4	 T-Acute Lymphoblastic Leukemia
	11.4.1	 Introduction
	11.4.2	 Biological Subgroups of T-ALL
	11.4.3	 Early Immature T-ALL, Including Early Thymic Precursor T-ALL (ETP-ALL)

	11.5	 Conclusion
	References

	12: Minimal Residual Disease in Acute Lymphoblastic Leukemia
	12.1	 Introduction
	12.2	 Definition and Background
	12.2.1	 Time Points to Do MRD
	12.2.2	 Target Sensitivity
	12.2.3	 Ideal Sample for MRD Testing

	12.3	 Flow Cytometry-Based Detection of MRD
	12.3.1	 History and Evolution of FCM-Based MRD
	12.3.2	 Normal B Cell Maturation: Hematogones

	12.4	 Procedure for MFC-Based MRD
	12.4.1	 Requirement
	12.4.2	 Panel Designing
	12.4.3	 Technique
	12.4.4	 Data Acquisition
	12.4.5	 Gating Strategy and Reporting
	12.4.6	 Reporting of Results
	12.4.6.1	 Flow Cytometry-Based MRD Reports in Pediatric vs. Adult ALL


	12.5	 MRD by Molecular Techniques
	12.5.1	 PCR for Immunoglobulin and T-Cell Receptor (IG-TR) Gene Rearrangement
	12.5.2	 PCR Analysis of Fusion Transcripts

	References

	13: Diagnosis of Myeloproliferative Neoplasms: Current Perspectives from Recent Research
	13.1	 Introduction
	13.2	 Rationale for Changes in Updated WHO 2017 Classification [1, 8, 12]
	13.3	 Revised WHO 2017 Classification and Diagnostic Criteria for MPNs
	13.4	 Driver Mutations and Their Clinical Significance
	13.4.1	 CALR Mutations
	13.4.2	 JAK2 and MPL Mutations
	13.4.3	 Triple Negative MPNs
	13.4.4	 CSF3R Mutation
	13.4.5	 Other Somatic Mutations in MPNs

	13.5	 Approach to Integrated Clinicopathological Diagnosis of MPN (WHO 2017)
	13.5.1	 Reactive Conditions Mimicking MPNs
	13.5.2	 BM Morphology
	13.5.3	 Role of Immunohistochemistry (IHC)
	13.5.4	 Molecular Testing

	13.6	 Conclusion
	References

	14: Minimal Residual Disease Assessment in Myeloma
	14.1	 Why Assess Minimal Residual Disease (MRD) in Myeloma?
	14.2	 Response Assessment in Myeloma
	14.3	 Intramedullary MRD in Myeloma
	14.3.1	 Clinical Utility
	14.3.2	 Development of Next Generation Flow Cytometry for MRD Detection in Myeloma
	14.3.3	 Utility of Next Generation Sequencing for MRD Detection

	14.4	 Imaging to Detect Extramedullay MRD in Myeloma
	14.5	 Nitty-Gritty of MFC to Assess MRD Using Conventional and NGF Approaches
	14.5.1	 Specimen Requirement
	14.5.2	 Sample Requirement
	14.5.3	 Processing Technique
	14.5.4	 Panel Requirements

	14.6	 MRD in Myeloma: Indian Perspective
	References

	15: Hodgkin Lymphoma: Revisited
	15.1	 Introduction and Epidemiology
	15.2	 Etiopathogenesis
	15.3	 Cellular Origin
	15.4	 Mechanisms of Tumorigenesis
	15.5	 Classification of HD
	15.5.1	 WHO 2008 Classification
	15.5.2	 WHO 2016 Updated Classification

	15.6	 Clinical Features
	15.7	 Diagnosis
	15.8	 Staging and Prognosis
	15.9	 Primary Hodgkin Lymphoma of Bone
	15.10	 Management
	15.10.1 Risk-Adapted Initial Therapy
	15.10.2 Management of Relapsed/Refractory Disease

	15.11	 Response of Disease
	15.12	 Summary
	References

	16: Pathology of Lymphoreticular Tissues
	16.1	 Introduction and Scope of This Chapter
	16.2	 Brief About HLN
	16.3	 Investigations Required
	16.4	 Lymph Node: Interpretation and Lymphomas
	16.4.1	 Introduction and Indication for Biopsy
	16.4.2	 Procedure, Collection, and Transport of Lymph Node Biopsy Material
	16.4.3	 Histopathology and Ancillary Techniques: Lymph Node and Extranodal Tissues
	16.4.4	 Normal Histology and Immunophenotypic Profile
	16.4.5	 Immunophenotypic Profile of Normal Reactive Lymph Node
	16.4.6	 Lymphoma Diagnosis
	16.4.6.1	 Morphological/Histopathological Approach to Lymphoma Diagnosis
	Benign Versus Malignant Lymphoid Proliferations

	16.4.6.2	 Immunophenotyping and Lymphoma
	Immunohistochemistry
	Lymphoma Diagnostic Panels for IHC
	Laboratory Approach in Case of Large Cell Lymphoma
	Variation in IHC Expression May Help in Interpretation of Hematolymphoid Neoplasms

	Flow Cytometric Immunophenotyping (FCI)
	Lymphoma Diagnostic Panels
	Approach of Lymphoma Diagnosis on Flow Cytometry


	16.4.6.3	 Cytogenetics in Hematolymphoid Neoplasms
	16.4.6.4	 Diagnostic Panels for Molecular Tests


	16.5	 Bone Marrow Biopsy Interpretation
	16.5.1	 Introduction
	16.5.2	 Indications for a Trephine Biopsy
	16.5.3	 Different Samples and Ancillary Techniques Required
	16.5.3.1	 Peripheral Blood and BM Aspirate Specimens
	16.5.3.2	 BM Trephine Biopsy: Collection and Preparation
	16.5.3.3	 Body Fluid Samples

	16.5.4	 BM Biopsy (Trephine)
	16.5.4.1	 Morphological Approach to a Normal BM
	Trilineage Hematopoiesis and Other Cells
	BM Infiltration
	Other Common Findings

	16.5.4.2	 Immunohistochemistry
	16.5.4.3	 Cytogenetics/FISH and Molecular Diagnostics


	16.6	 Spleen: Interpretation and Lymphomas
	16.6.1	 Normal Spleen
	16.6.2	 Procedure, Collection, and Transport of Specimens: Extranodal Biopsies and Spleen

	16.7	 Thymus: Interpretation and Lymphomas
	16.8	 Extranodal Lymphomas: Interpretation
	16.9	 Cutaneous Lymphomas
	16.10	 Multidisciplinary Meetings
	16.11	 Reporting
	16.12	 Disposal and Storage of Tissues
	16.13	 Fine Needle Aspirate Examination (FNAC)
	16.13.1 WHO 2017 Classification of HLN

	16.14	 SOPs and Policies for Tissue Processing
	References


	Part III: Hemostasis
	17: Inherited Platelet Defects and Mutations in Hematopoietic Transcription Factor RUNX1
	17.1	 Introduction
	17.2	 RUNX1
	17.3	 RUNX1 Haplodeficiency and Human Disease
	17.4	 RUNX1 and Impaired Megakaryopoiesis
	17.5	 RUNX1 Mutations and Platelet Dysfunction
	17.6	 RUNX1 and Cardiovascular Disease
	17.7	 RUNX1 and Hematologic Malignancies
	17.8	 Conclusions
	References

	18: Update in the Investigation of von Willebrand Disease
	18.1	 Introduction
	18.2	 Diagnosis of VWD
	18.2.1	 Clinical Assessment and Bleeding Scores
	18.2.2	 Laboratory Diagnosis of VWD
	18.2.3	 VWF Antigen Levels
	18.2.4	 VWF-Platelet Binding Activity
	18.2.5	 VWF Activity/Antigen Ratio
	18.2.6	 Factor VIII Activity (FVIII:C)
	18.2.7	 Tests for Subclassifying VWD
	18.2.8	 VWF Collagen Binding
	18.2.9	 Analysis of VWF Multimers
	18.2.10 Ristocetin-Induced Platelet Aggregation (RIPA)
	18.2.11 VWF-FVIII Binding Assay (VWF:FVIIIB)
	18.2.12 VWF Propeptide and VWFpp/VWF:Ag Ratio
	18.2.13 Platelet VWF Levels
	18.2.14 VWD Testing in Resource Constrained Settings
	18.2.15 Mutation Analysis
	18.2.16 Acquired von Willebrand Syndrome (AVWS)

	18.3	 Conclusion
	References

	19: Hepatic Coagulopathy: Intricacies and Challenges
	19.1	 Introduction
	19.2	 Hemostatic Defects in Liver Disease
	19.2.1	 Defect in Primary Hemostasis
	19.2.1.1	 Thrombocytopenia
	19.2.1.2	 Platelet Function Defect

	19.2.2	 Defect in Secondary Hemostasis
	19.2.2.1	 Hypocoagulability
	Inadequate Production of Coagulation Factors
	Increased Consumption of Coagulation Factors
	Vitamin K Deficiency

	19.2.2.2	 Hypercoagulability
	Increased Levels of Coagulation Factors
	Decreased Levels of Anticoagulant Factors
	Concomitant Thrombophilic Predisposition


	19.2.3	 Defect in Fibrinolytic Pathway
	19.2.4	 Superimposed Coagulopathic Conditions in Cirrhosis

	19.3	 Tests of Hemostasis in Liver Disease
	19.3.1	 Conventional Tests
	19.3.2	 Functional Hemostasis and Other Tests

	19.4	 Therapeutic Decision-Making
	19.5	 Conclusion
	References

	20: Antiphospholipid Syndrome
	20.1	 Introduction
	20.2	 History
	20.3	 Nomenclature
	20.4	 Laboratory Diagnosis
	20.4.1	 Recognizing APS
	20.4.2	 Diagnosing APS

	20.5	 Pathogenesis
	20.5.1	 Anti-β2-GPI
	20.5.2	 Non-criteria Antibodies
	20.5.3	 Other Pathways
	20.5.4	 Microparticles
	20.5.5	 Pregnancy Complications

	20.6	 Epidemiology and Clinical Associations
	20.6.1	 Thrombotic Events
	20.6.2	 Pregnancy Complications
	20.6.3	 Neurological Involvement
	20.6.4	 Hematologic Abnormalities
	20.6.5	 Cardiac Involvement
	20.6.6	 Cutaneous Manifestations

	20.7	 Catastrophic APS (CAPS)
	20.8	 Treatment
	20.8.1	 Venous Thrombosis
	20.8.2	 Arterial Thrombosis
	20.8.3	 Non-anticoagulant Treatment of Thrombotic APS
	20.8.4	 CAPS
	20.8.5	 Approach to Asymptomatic Cases with Positive aPLs (Fig. 20.2) [26]

	20.9	 Management During Pregnancy
	20.10	 Conclusion
	References

	21: Thrombophilia: Hereditary and Acquired
	21.1	 Introduction
	21.2	 Pathophysiology
	21.3	 Antiphospholipid Syndrome
	21.4	 Clinical
	21.4.1	 Vascular Thrombosis

	21.5	 Laboratory Testing
	21.6	 Factor V Leiden and Activated Protein C Resistance
	21.7	 Clinical Manifestations
	21.8	 Antithrombin Deficiency
	21.9	 Laboratory Diagnosis
	21.10	 Hyperhomocysteinaemia
	21.10.1 Protein C
	21.10.2 Protein S

	21.11	 Laboratory Testing
	21.12	 Prothrombin G20210A Mutation
	21.13	 Special Circumstances
	21.14	 Management of Thrombosis
	21.15	 Precautions While Testing
	References

	22: Laboratory Monitoring of Anticoagulant therapy
	22.1	 Introduction
	22.2	 Heparins
	22.2.1	 Structure and Anticoagulant Activity
	22.2.2	 Pharmacokinetics
	22.2.2.1	 UFH Monitoring

	22.2.3	 Methods
	22.2.4	 APTT-Based Heparin Monitoring
	22.2.5	 Anti-Xa Assay for Heparin
	22.2.5.1	 LMWH and Fondaparinux Monitoring


	22.3	 Guideline for the Management of Bleeding in a Patient on UFH
	22.4	 Vitamin K Antagonists
	22.4.1	 Mechanism of Action
	22.4.2	 Pharmacokinetics
	22.4.3	 Monitoring of Warfarin

	22.5	 Point of Care Testing (POC)
	22.6	 Guideline for the Management of Bleeding in a Patient on Warfarin [9, 14]
	22.7	 Direct Acting Oral Anticoagulants (DOAC)
	22.8	 Laboratory Monitoring
	22.9	 Direct Thrombin Inhibitors
	22.9.1	 Activated Partial Thromboplastin Time (aPTT)
	22.9.2	 Chromogenic Anti-FXa Assay
	22.9.3	 Thrombin Time
	22.9.4	 Dilute Thrombin Time (dTT)
	22.9.5	 Ecarin Clotting Time (ECT)
	22.9.6	 Prothrombin Time/International Normalized Ratio
	22.9.7	 Prothrombinase-Induced Clotting Time (PiCT)

	22.10	 FXa Inhibitors
	22.10.1 Activated Partial Thromboplastin Time (aPTT)
	22.10.2 Chromogenic Anti-FXa Assay
	22.10.3 Dilute Thrombin Time (dTT)
	22.10.4 Ecarin Clotting Time (ECT)
	22.10.5 Prothrombin Time/International Normalized Ratio
	22.10.6 Prothrombinase-Induced Clotting Time (PiCT)
	22.10.7 Thrombin Time (TT)
	22.10.8 Plasma Drug Concentrations

	22.11	 Clinical Monitoring
	22.12	 Conclusion
	References

	23: Inhibitors in Coagulation
	23.1	 Introduction
	23.2	 Section 1: Autoantibodies to Coagulation Factors: Acquired Hemophilia and Related Disorders
	23.2.1	 Epidemiology
	23.2.2	 Pathogenesis
	23.2.3	 Clinical features
	23.2.4	 Laboratory diagnosis
	23.2.5	 Principles of Management

	23.3	 Section 2: Autoantibodies to Coagulation Factors: Inhibitory Antibodies in the Antiphospholipid Antibody Syndrome
	23.3.1	 Diagnostic criteria
	23.3.2	 Recent Advances in Diagnostic Testing

	23.4	 Section 3: Factor VIII and Factor IX Inhibitors in Inherited Hemophilia Patients
	23.4.1	 Mechanism of Action
	23.4.2	 Predisposing factors
	23.4.3	 Diagnosis and screening
	23.4.4	 Management principles

	23.5	 Section 4: Heparin as an In Vitro and In Vivo Inhibitor of Coagulation: Via Potentiation of Antithrombin
	23.6	 Conclusion
	References


	Part IV: Miscellaneous
	24: Role of Laboratory in Hematopoietic Stem Cell Transplantation
	24.1	 Introduction
	24.1.1	 Pretransplant Workup
	24.1.2	 Human Leukocyte Antigen (HLA) Typing for Donor Selection
	24.1.2.1	 Sequence-Specific Primer (SSP)
	24.1.2.2	 Sequence-Specific Oligonucleotide Probes (SSOP)
	24.1.2.3	 Sequence-Based Typing (SBT)

	24.1.3	 Anti-HLA Antibody Detection
	24.1.4	 CD34+ Hematopoietic Stem Cell Enumeration
	24.1.4.1	 Dual-Platform Method of CD34 Enumeration
	24.1.4.2	 Single-Platform Method of CD34 Enumeration

	24.1.5	 Cryopreservation of Hematopoietic Stem Cells

	24.2	 Posttransplant Workup
	24.2.1	 Documentation of Engraftment After Transplant
	24.2.2	 Posttransplant Chimerism Analysis
	24.2.3	 Chimerism Analysis by Short Tandem Repeat (STR)
	24.2.3.1	 Interpretation of STR Results

	24.2.4	 Detection of Minimal Residual Disease
	24.2.5	 Monitoring of Posttransplant Infections
	24.2.6	 Monitoring and Workup for GVHD

	24.3	 Conclusions
	References

	25: Complement-Mediated Hematological Disorders
	25.1	 The Complement System
	25.1.1	 Complement Activation
	25.1.1.1	 Classical Pathway
	Activation (Fig. 25.1)

	25.1.1.2	 Alternate Pathway
	Activation

	25.1.1.3	 Lectin Pathway
	Activation


	25.1.2	 Regulatory Proteins: For Complement Pathways

	25.2	 Complement-Mediated Hematological Disorders
	25.2.1	 Paroxysmal Nocturnal Hemoglobinuria
	25.2.1.1	 Epidemiology
	25.2.1.2	 Pathophysiology
	25.2.1.3	 Clinical Presentation
	25.2.1.4	 Laboratory Diagnosis of PNH
	25.2.1.5	 Clinical Indications for PNH Testing [34]
	25.2.1.6	 Treatment

	25.2.2	 Atypical Hemolytic Uremic Syndrome (aHUS)
	25.2.2.1	 Pathogenesis
	25.2.2.2	 Clinical Presentation
	25.2.2.3	 Lab Diagnosis of aHUS
	25.2.2.4	 Treatment

	25.2.3	 Cold Agglutinin Disease (CAD)
	25.2.3.1	 Primary Versus Secondary Cold Agglutinin Disease
	Primary or Idiopathic CAD
	Secondary CAD

	25.2.3.2	 Pathogenesis of CAD
	25.2.3.3	 Clinical Presentation
	25.2.3.4	 Laboratory Diagnosis of CAD
	25.2.3.5	 Treatment


	References

	26: Role of microRNA in Normal and Malignant Hematopoiesis
	26.1	 Introduction
	26.1.1	 Discovery
	26.1.2	 Genesis and Nomenclature of miRNAs
	26.1.3	 Mechanism of Action

	26.2	 Role of miRNA in Normal Hematopoiesis
	26.2.1	 miRNA and Hematopoietic Stem Cells (HSC)
	26.2.2	 miRNA in Myelopoiesis
	26.2.3	 miRNA in Megakaryopoiesis and Erythropoiesis
	26.2.4	 miRNA in B-Cell Ontogeny
	26.2.5	 miRNA in T-Cell Ontogeny

	26.3	 Role of miRNA in Malignant Hematopoiesis
	26.3.1	 miRNA in B-Cell Lymphoproliferative Disorders
	26.3.2	 miRNA in Multiple Myeloma (MM)
	26.3.3	 miRNA in Myelodysplastic Syndrome (MDS) and Acute Myeloid Leukemia (AML)
	26.3.4	 miRNA in Acute Lymphoblastic Leukemia (ALL)
	26.3.5	 miRNA in Chronic Myeloid Leukemia (CML)

	26.4	 Tools for miRNA Detection
	26.5	 Therapeutic Implications and Future Perspective
	References

	27: Alloantigens and Their Role in Immune Cytopenias
	27.1	 Introduction
	27.2	 Immune Cytopenia Due to Red Blood Cells
	27.2.1	 Alloantigens
	27.2.1.1	 ABO and Rh
	27.2.1.2	 Minor Blood Groups

	27.2.2	 Immune Anemias
	27.2.3	 Diagnosis and Management

	27.3	 Immune Cytopenia Due to Human Platelet Antigens (HPA)
	27.3.1	 Alloantigens
	27.3.2	 Immune Thrombocytopenias
	27.3.3	 Diagnosis and Management

	27.4	 Immune Cytopenia Due to Human Neutrophil Antigens (HNA)
	27.4.1	 Alloantigens
	27.4.2	 HNA-1
	27.4.3	 HNA-2
	27.4.4	 HNA-3
	27.4.5	 HNA-4
	27.4.6	 HNA-5
	27.4.7	 Immune Neutropenias
	27.4.8	 Diagnosis and Management
	27.4.9	 Immune Cytopenia Due to Leucocytes
	27.4.10 Alloantigens
	27.4.11 Immune Cytopenias Due to HLA
	27.4.12 Detection of HLA and Associated Antibodies

	References

	28: Molecular Techniques for Prenatal Diagnosis
	28.1	 Inherited Haematological Disorders
	28.1.1	 Introduction
	28.1.1.1	 Cellular Disorders
	Bone Marrow
	Fanconi Anaemia
	Dyskeratosis Congenita
	Diamond–Blackfan Anaemia

	Inherited Disorders of Red Blood Cells (RBCs)
	Haemoglobinopathies
	Red Cell Membrane Disorders
	Enzymopathy

	Inherited Disorders of White Blood Cells
	Primary Immunodeficiency (PID)
	Malignant or Benign Leucocytosis

	Inherited Disorders of Platelets
	Glanzmann’s Thrombasthenia
	Bernard–Soulier Syndrome


	28.1.1.2	 Non-Cellular Disorders


	28.2	 Prenatal Diagnosis of Inherited Disorders
	28.2.1	 Foetal Sampling
	28.2.1.1	 Conventional Invasive Procedures
	Chorionic Villus Sampling (CVS)
	Amniocentesis
	Cordocentesis

	28.2.1.2	 Emerging Non-invasive Techniques
	Cell-Free Foetal Nucleic Acids
	Pre-implantation Genetic Diagnosis
	Advantages and Challenges
	Detection of Maternal Contamination



	28.3	 Molecular Diagnosis of the Disease (Characterization of the Mutation)
	28.3.1	 Multiplex Ligation-Dependent Probe Amplification (MLPA)
	28.3.2	 Microarray Analysis for Point Mutations
	28.3.3	 Next Generation Sequencing (NGS)
	28.3.4	 Summary

	References

	29: Autoimmune Myelofibrosis: A Diagnosis by Exclusion
	29.1	 Background
	29.2	 Classification and Diagnostic Criteria
	29.3	 Epidemiology
	29.4	 Pathogenesis
	29.5	 Clinical Features
	29.5.1	 Peripheral Smear Morphology
	29.5.2	 Bone Marrow Morphology

	29.6	 Differential Diagnosis
	29.7	 Management
	29.8	 Conclusion
	References

	30: Role of Next Generation Sequencing (NGS) in Hematological Disorders
	30.1	 Introduction
	30.2	 Advantages of NGS
	30.3	 Evolution of Sequencing Techniques
	30.4	 Next Generation Sequencing (NGS) and Its Workflow
	30.5	 Next Generation Sequencing (NGS) in Hematological Disorders
	30.6	 Acute Myeloid Leukemia (AML)
	30.7	 Myelodysplastic Syndrome (MDS)
	30.8	 Chronic Lymphocytic Leukemia (CLL)
	30.9	 Hairy Cell Leukemia (HCL)
	30.10	 Waldenstrom’s Macroglobulinemia
	30.11	 Multiple Myeloma
	30.12	 T-Cell Large Granular Lymphocytic Leukemia (T-LGL)
	30.13	 Acute lymphoblastic leukemia (ALL)
	30.14	 Thalassemia and Other Hemoglobinopathies
	30.15	 Aplastic Anemia
	30.16	 Hereditary Hemolytic Anemias
	30.17	 Venous Thromboembolism (VTE)
	30.18	 Iron Metabolism Disorders
	30.19	 Major Challenges of Using NGS
	30.20	 Future of NGS
	References



