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Hematopoiesis and Bone Marrow
Failure Mechanisms

Hematopoiesis is the process of blood cell forma-
tion. It is a complex and delicate process that
starts from hematopoietic pluripotent stem cells,
cells that are characterized by their unique ability
for both self-renewal and differentiation.
Committed progenitor cells are next in the hierar-
chy, display more limited ability for self-renewal,
and undergo several steps of differentiation and
maturation, ultimately leading to the production
of an adequate number of mature peripheral
blood cells. This process is under significant reg-
ulation by several factors such as chemokines,
cytokines, growth factors, and the bone marrow
microenvironment, all of which are essential in
complete function of the bone marrow cells. A
full review of hematopoiesis is beyond the scope
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of this chapter, and readers are directed to review-
ing other didactic resources [1-3].

Bone marrow failure is a term used to describe
the group of disorders whereby the process of
hematopoiesis has been impaired enough to
affect the sufficient production of mature periph-
eral blood leukocytes, erythrocytes, and/or plate-
lets. Mechanistically, several models have been
proposed to result in impaired hematopoiesis [4]
as follows:

1. An external injury is incurred, such as expo-
sure of the bone marrow to irradiation or med-
ications that halt the proliferation of stem
cells. An example of this mechanism is the
transient pancytopenia that occurs after a
course of chemotherapy is administered to a
patient with cancer.

2. The hematopoietic stem cells themselves are
abnormal and unable to proliferate properly
and/or undergo premature apoptosis. Inherited
bone marrow failure syndromes (IBMFS) are
such disorders that display flawed survival
ability.

3. The immune system attacks the hematopoietic
stem cells, resulting in exhaustion of the pro-
liferative capacity of remaining cells.

4. Abnormalities in bone marrow microenviron-
ment, which in turn inhibit hematopoiesis.

It is noteworthy that these mechanisms are not
all mutually exclusive, as a patient with
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genetically abnormal cells might accrue further
injury at time of exposure to marrow suppressive
medications, for example.

Clinical Evaluation
of the Adolescent Female with Bone
Marrow Failure

Patients with bone marrow failure usually pres-
ent with symptoms related to the cytopenia(s),
such as easy bruising, bleeding, fatigue, or evi-
dence of infection, depending on the affected
blood cell line. Occasionally, they might be
asymptomatic of their cytopenia(s), yet abnor-
malities in blood counts are uncovered during
medical evaluation of other conditions.

Upon presentation of an adolescent with sin-
gle, bi-, or pancytopenia, a careful evaluation
through comprehensive medical history, physi-
cal examination, and laboratory testing are
required to first discern whether the etiology of
the defect is due to impaired production of
blood cells or due to increased destruction and
then to discern whether the cause is inherited vs
acquired (Table 26.1). Destructive causes (e.g.,
immune cytopenias) are not the focus of this
chapter and therefore will not be discussed here.
Once destructive causes are excluded, the deci-
sion to the exact timing of bone marrow evalua-
tion through aspiration and biopsy with
correlative cytogenetic testing is individualized
based on the severity and extent of cytopenias.
However, it is prudent to proceed with prompt
examination in those with severe single cytope-
nia and in those with bi- or pancytopenia, as ear-
lier diagnosis of bone marrow failure aids in
proper administration of directed therapy and
supportive care. Bone marrow examination
allows assessment of cellularity and morphol-
ogy of cells and excludes the presence of hema-
tologic malignancy, myelodysplastic syndrome,
or infiltrative disorders. Cytogenetics is impor-
tant again to uncover presence of clones.
Genetic  testing through next-generation
sequencing, deletion analysis, and whole exome
sequencing is increasingly and more readily

being used as an adjunct to all the above to con-
firm and better define various inherited condi-
tions leading to, or associated with, cytopenias.
Certain molecular tests are key to screen for
some inherited marrow failure disorders, such
as chromosome breakage testing for Fanconi
anemia or measurement of telomere lengths to
evaluate for a telomere biology disorder/dys-
keratosis congenita.

The importance of distinguishing between
inherited and acquired causes is very important
for two main reasons:

1. Treatment options are considerably different
between inherited and acquired causes, as is
described in depth in the following sections.
Briefly, while immunosuppression might
improve blood counts in a patient with idio-
pathic aplastic anemia, it is unlikely to result
in any response in a patient with an inherited
marrow failure syndrome. Additionally, while
stem cell transplant might be curative of all
causes of severe marrow failure, knowledge
of an inherited cause would require adjust-
ments to the stem cell transplant conditioning
regimen. Transplant may require the use of
reduced intensity regimens and, importantly,
is vital in donor selection, for instance.

2. When a genetic/inherited cause is diagnosed,
counseling and genetic testing of siblings and
parents are recommended, both for reasons of
choosing an unaffected marrow donor and
extending medical care, therapy, and surveil-
lance to affected family members, as needed.
For the adolescent female, knowledge of risk
of transmittal to offspring is important for her
to know, as she ages and considers having her
own children.

In conclusion, the evaluation of an adolescent
female with bone marrow failure ought to be
detailed and comprehensive, as ramifications of
the correct diagnosis are immense to the patient
and extend even beyond her to her family. This
group is unique in that medical providers might
oversee the possibility of an inherited cause, yet
absolutely should consider and evaluate for one.
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Table 26.1 Clinical and laboratory evaluation of adolescent females presenting with blood cytopenia(s), key points of

consideration

Elements of evaluation

Specific evaluations

Significance of evaluation

Patient’s personal
history

Symptoms related to cytopenia

Establishes effect and extent of cytopenia

Onset of symptoms

May help distinguish between inherited and
acquired causes

Environmental exposures to toxins (e.g.,
benzene, ionizing radiation)

May establish cause of cytopenia and may
reverse with removal from exposure

Medications

May explain cytopenia and improve with
withdrawal from use

Illicit drug use

May explain cytopenia or impact choices for
treatment

Past history of congenital abnormalities

Some abnormalities are associated with
IBMFS

Past history of growth or developmental
delay

May help distinguish between inherited and
acquired causes

Patient’s family history

History of autoimmunity

May help point toward acquired rather than
inherited causes

History of cytopenia(s)

Favors inherited rather than acquired causes

History of early onset or specific
malignancies (e.g., MDS or HNSCC)

Favors inherited causes

History of early graying, lung or liver
failure

May indicate TBD/DC

Patient’s physical
examination

Growth parameters

Short stature may be associated with IBMFS;
eating disorders might be an acquired and
possibly reversible cause of marrow failure
[111]

Limb abnormalities

Changes could be associated to an IBMFS
such as FA or DBA

Skin and nail abnormalities (may be
subtle)

Nail dystrophy, oral leukoplakia, or skin
hyperpigmentation might provide diagnosis of
TBD/DC; café au lait is seen in patients with
FA

Basic laboratory
evaluation

Complete blood count with differential

Establishes extent and severity of
cytopenia(s); red cell macrocytosis might
indicate inherited rather than acquired cause

Basic metabolic panel

Assesses overall well-being of patient

Liver function tests

Hepatitis might be associated with AA;
presence of liver dysfunction may change
treatment choice

Pregnancy test

Pregnancy has been associated with onset or
relapse of AA [112]; may also result in
worsening anemia in DBA [75]

Viral serology testing

May establish cause of cytopenia; baseline
evaluation pre-blood transfusions; important
to know as treatment options are considered
(e.g., CMV status in patients who might need
HSCT)

Molecular testing

FLAER-based PNH testing in patients
with bi- or pancytopenia

Might be more associated with idiopathic AA
rather than an IBMFS [113]

Chromosome breakage testing

Establishes diagnosis of FA

Telomere length testing using
flow-FISH

Aids in diagnosis of TBD/DC

(continued)
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Table 26.1 (continued)

Elements of evaluation

Specific evaluations

Significance of evaluation

Genetic testing

Sanger sequencing of individual genes
of interest or, when a specific inherited
disease is considered, gene panels of
implicated genes. Whole exome
sequencing to be considered when index
of suspicion high for an inherited cause

May confirm a genetic/inherited cause of
cytopenia; important for choosing an
unaffected sibling donor for patients with
IBMFS

Pathology
cytometry

Bone marrow aspiration with flow

Helps assess morphology and maturation of
cells; excludes malignancy

Bone marrow biopsy

Assesses cellularity of the bone marrow;
assesses for fibrosis

Cytogenetics

Evaluates for hematologic clones

Abbreviations: AA, aplastic anemia, CMV cytomegalovirus, DBA Diamond-Blackfan anemia, FA Fanconi anemia,
FLAER fluorescent aerolysin, HSCT hematopoietic stem cell transplantation, /BMFS inherited bone marrow failure
syndrome, PNH paroxysmal nocturnal hemoglobinuria, TBD/DC telomere biology disorder/dyskeratosis congenita

Genetic Disorders Leading to Bone
Marrow Failure

Fanconi Anemia (FA)

Fanconi anemia (FA) is a genetic disorder associ-
ated with variable congenital abnormalities, pre-
disposition to bone marrow failure, as well as
malignancy [5, 6]. The pathophysiology stems
from chromosomal instability due to defects in
proteins essential to DNA repair [7, 8]. Table 26.2
details modes of inheritance and genes impli-
cated in FA, all of which comprise a pathway that
repairs and removes DNA interstrand crosslinks,
thereby allowing proper DNA replication and
gene transcription [8]. The genes are grouped
according to their function in the DNA repair
pathway as upstream genes (FANCA, B, C, E, F,
G, L, M, and T), ID2 complex (FANCD?2 and I),
and downstream genes (FANCDI1, J, N, O, P, Q,
R, S, U, V, and W) [9]. The upstream protein
products combine to form the FA core complex
upon DNA damage, which monoubiquitinates
the ID2 complex, which in turn activates the
downstream gene protein products, resulting in
DNA repair [7, 8]. Chromosome breakage testing
establishes the diagnosis of FA, where lympho-
blastoid cell lines created from a proband display
increased chromosomal breakage and radial ray
forms when cells are exposed to diepoxybutane
and mitomycin C [10]. Complementation analy-
sis by somatic cell methods and next-generation

sequencing looking for variants in genes involved
in FA confirm the diagnosis and detail the geno-
type [11, 12].

FA is usually diagnosed in the first decade of
life at the median age of 7 years, yet it has also
been diagnosed in patients as young as newborn
and in those older than 50 years [13]. FA is sus-
pected in patients who present with single cyto-
penias, pancytopenia, or in those with red cell
macrocytosis with or without anemia and with a
high fetal hemoglobin [14—16]. Physical abnor-
malities are found in 75% of patients with FA,
most commonly in the form of abnormal skin
pigmentation, short stature, and upper extremity
malformations [6, 17]. On occasion, malignan-
cies such as myelodysplastic syndrome or squa-
mous cell carcinoma of the head and neck in
young adults prompt the diagnosis of FA [17].

From a hematologic standpoint, the severity of
the marrow failure state guides consideration of
the treatment route [14]. For example, periodic
monitoring of blood counts and marrow cellular-
ity might be sufficient in mild marrow failure,
whereas more high-risk treatment as detailed
below would be needed for patients in the moder-
ate to severe marrow failure groups. The cytope-
nias described in the severity scale (Table 26.3;
[18]) have to be persistent and otherwise unex-
plained. In addition to supportive care with blood
transfusions when needed and iron chelation if a
patient is needing chronic red cell transfusions,
options for treatment of the FA-associated mar-
row failure include using:
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Table 26.2 Modes of inheritance of inherited marrow failure disorders and genes involved®

Genes involved in
Genes involved in autosomal recessive | Genes involved in autosomal X-linked recessive
Disease disease dominant disease disease
FA FANCA, FANCC, FANCD1/BRCA2, FANCR/RADS1 FANCB
FANCD2, FANCE, FANCF, FANCG,
FANCI, FANCJ/BRIPI1, FANCL,
FANCM, FANCN/PALB2, FANCO/
RADS51C, FANCP/SLX4, FANCQ/
ERCC4/XPF, FANCR/RADS1,
FANCS/BRCAI, FANCT/UBEZ2T,
FANCU/XRCC2, FANCV/REV7, and
FANCW/RFWD3
TBD/ DC TERT, NOP10, NHP2, PARN, TERT, TERC, NAFI, PARN, ACD, DKCI
WRAPS53, ACD, STNI, CTCI, RTELI, TINF2
RTELI, POTI
SDS SBDS, EFLI, DNAJC21 SRP54
DBA RPLS, RPLI1, RPL35a, RPS10, TSR2, GATAI
RPS24, RPS17, RPL15, RPS28,
RPS29, RPS7, RPS15, RPS27a,
RPS27, RPL9, RPLIS, RPL26,
RPL27, RPL31

“Data collated from several reviews [18, 27, 61, 114]
Abbreviations: DBA Diamond-Blackfan anemia, FA Fanconi anemia, SDS Shwachman-Diamond Syndrome, TBD/DC
telomere biology disorders/dyskeratosis congenita

Table 26.3 Severity of bone marrow failure in Fanconi

anemia [18]

. Hematopoietic

Mild Moderate | Severe

Absolute <1500/ <1000/ <500/

neutrophil count | mm? mm? mm?®

(ANC)

Platelet count 150,000— <50,000/ | <30,000/
50,000/ mm? mm?
mm?®

Hemoglobin >8 g/dL <8 g/dL |<8 g/dL

level

1. Androgens which may improve anemia and/or

thrombocytopenia and, less so, neutropenia in
50-60% of treated patients [19, 20]. This
improvement might be transient. Adverse
effects observed and monitored for include
virilization, accelerated growth spurt with
premature closure of epiphyses, hypertension,
and liver toxicity such as transaminitis, chole-
static jaundice, or hepatic adenoma develop-
ment [20]. Of important note, use of androgens
would not prevent development of MDS or
AML [19, 20].

. Growth factors such as granulocyte colony-
stimulating factor (GCSF) have been used in

scenarios where patients have severe neutro-
penia along with a bacterial infection and
usually only as a bridge to stem cell trans-
plantation. Continued monitoring of the bone
marrow for development of dysplasia or leu-
kemia is warranted with prolonged use of
GCSF [18].

stem cell transplantation
(HSCT): Hematopoietic stem cell transplanta-
tion remains the curative option for FA-
associated marrow failure but is a high-risk
procedure given the inherent increased sensi-
tivity that FA patients have to chemotherapy
and irradiation. Conditioning regimens have
been modified to reduce toxicities experienced
by FA patients and improve survival, and the
current recommendations are to use reduced
intensity, fludarabine-based conditioning.
Guidelines for HSCT timing and type are
beyond the scope of this chapter, and readers
are directed to review the consensus guide-
lines established by the Fanconi Anemia
Research Foundation in 2014 (See https:/
www.fanconi.org/explore/clinical-care-guide-
lines) and other reviews [14, 18]. It is impor-
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tant to note that while HSCT cures the marrow
failure state, it increases the risk of FA
complications in other systems, and patients
continue to warrant surveillance for organ
dysfunctions as well as malignancy develop-
ment [13, 21, 22].

The risk for malignancy development has
come from analyses of data from several FA
patient cohorts, which have compared the
number of patients with certain cancers to the
expected number in the database from the
SEER (Surveillance, Epidemiology, and End
Results) [23-26]. The information showed an
overall risk of any cancer of 20- to 50-fold,
solid tumors 20- to 40-fold, acute myeloge-
nous leukemia 300- to 800-fold, head and
neck squamous cell carcinoma (HNSCC) 200-
to 800-fold, esophageal cancer 1300- to 6000-
fold, vulvar cancer 500- to 4000-fold, and
myelodysplastic syndrome more than 5000-
fold [13, 23-26]. Patients with FA are at a
very high risk of developing malignancies and
develop them at an earlier age. Use of HSCT
further increases the risk of HNSCC and
gynecologic SCC, as well as non-melanoma
skin cancers [5, 13].

For the adolescent female with
FA-associated marrow failure, full discussion
of the risks involved in each treatment modal-
ity is of paramount importance, e.g., some of
the adverse effects of androgen use might not
be desirable and the patient may opt to pursue
HSCT instead. Alternatively, the patient
might have undergone HSCT as a younger
child and would need to receive education on
the need for additional surveillance of the
endocrine dysfunction or malignancy screen-
ing. Additionally, the hematologist often
serves as the primary care provider for a
patient with FA, and it is important that
patients be referred to gynecologists and
endocrinologists as they approach their teen-
age years. Issues such as delayed menarche,
irregular menstruation, and excessive bleed-
ing due to concurrent thrombocytopenia are a
few examples of issue that might arise in FA
adolescent female.

Telomere Biology Disorders/
Dyskeratosis Congenita

Telomere biology disorders/dyskeratosis congen-
ita (TBD/DC) are a heterogeneous group of dis-
orders that affect multiple systems [27, 28]. The
classical form includes a mucocutaneous triad of
oral leukoplakia, lacy hyperpigmented skin
changes, and dystrophic nails and includes a sig-
nificant predisposition to marrow failure and can-
cer [27, 28]. Nonhematologic features are
multiple and include strictures of lacrimal ducts,
esophagus, or urethra; gastrointestinal enteropa-
thies; abnormal teeth; early gray hair; and early
hair loss [27, 28].

Over the last two decades, our understanding
of the pathophysiology of TBD/DC has dramati-
cally evolved due to improved understanding of
telomeres and their role in human disease [27,
29]. Telomeres are specialized nucleoprotein
structures at the end of eukaryotic chromosomes
which protect chromosome ends, serve to solve
the “end replication” problem, and are essential
for maintenance of genetic stability [29]. In
humans, telomeres consist of tandem repeats of
TTAGGG nucleotides and a multi-protein com-
plex called shelterin which protects telomere ends
from DNA damage response [29, 30]. The normal
length of telomeres is maintained through the
enzyme telomerase reverse transcriptase (encoded
by TERT), its RNA component (encoded by
TERC), along with the function of several other
proteins [27, 29, 31]. TBD/DC occurs when main-
tenance of normal telomere lengths is altered to
where very short telomeres are observed, which in
turn, results in cellular apoptosis or senescence
[27, 32]. Genetic mutations in 14 genes affecting
all components of the nucleoprotein complex
have been observed in patients with TBD/DC,
with significant variability in inheritance patterns
as noted in Table 26.2 [27].

Bone marrow failure due to premature hema-
topoietic stem cell exhaustion is a prominent pre-
sentation of TBD/DC, where at least a single
cytopenia rate of up to 80% by the age of 30 years
has been observed [28, 33]. Patients may develop
a single cytopenia (frequently thrombocytopenia
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[33]) before progressing to pancytopenia or later
evolve into myelodysplastic syndrome [27].

Classic TBD/DC should be considered in
patients with [27]:

1. All three mucocutaneous changes described
above, which are often subtle findings.

2. Any one mucocutaneous change in combina-
tion with bone marrow failure and two other
physical features consistent with TBD/DC.

3. Bone marrow failure, myelodysplastic syn-
drome, and/or pulmonary fibrosis associated
with previously described pathogenic germ-
line mutation in a TBD-associated gene.

4. Two or more features seen in TBD/DC associ-
ated with telomere length below the first per-
centile for age.

The testing of average telomere lengths
involves flow cytometry with fluorescent in situ
hybridization of telomeres in leukocyte subsets
[34-36]. Using this method, measured telomere
lengths of less than the first percentile in three of
six of the lymphocyte subsets are both highly
sensitive and specific for TBD/DC diagnosis [35,
36]. Use of this testing is widely being incorpo-
rated in assessing patients, not only with evi-
dence of bone marrow failure and myelodysplastic
syndrome but also in adults found with pulmo-
nary fibrosis, unexplained liver disease, or early
onset head and neck squamous cell carcinomas.
Once a patient is identified to have very short
telomeres, genetic testing further confirms the
diagnosis and aids in genetic counseling being
offered to affected families [27].

The management of the TBD/DC-associated
marrow failure closely parallels that of patients
with FA-associated marrow failure, as described
above, with the following notable differences:

1. Androgens may result in response rates in
70-80% of patients, but close attention is
needed to ensure safety with close monitoring
for liver toxicity [37].

2. GCSF should not be used concurrently with
androgens due to two reported cases of splenic
peliosis and rupture [38].

3. HSCT remains the only curative option.
Similar to HSCT for FA, initial studies utiliz-
ing myeloablative regimens had extremely
high mortality rates due to organ toxicity, par-
ticularly of the lungs, and endothelial injury
[39]. The introduction of reduced intensity,
fludarabine-based conditioning regimens has
improved survival rates to about 65% [40],
and more recent studies are studying whether
elimination of DNA alkylating agents and
radiation would reduce short- and long-term
complications seen in TBD/DC patients post-
transplant (Clinical trials.gov NCT01659606).

Patients with TBD/DC, similar to FA, have
high risks of malignancies (fourfold increase)
when compared to unaffected individuals. The
types of cancers seen are head and neck (~70-
fold), anogenital SCC (~50-fold), MDS (~500-
fold), and AML (~70-fold) [5].

The adolescent female diagnosed with TBD/
DC would need care to be delivered in a center
that is familiar with all manifestations of TBD/
DC. The same concepts described above for FA
regarding discussion of treatment options of bone
marrow failure apply. As hematologists often
serve as providers of comprehensive care for
TBD/DC, special care needs to be given to issues
such as bone health and pulmonary and liver
function. Care of a TBD/DC patient post-HSCT
is also unique, and efforts have been made to
delineate the surveillance and follow-up of this
rare patient population [22].

Shwachman-Diamond Syndrome

Shwachman-Diamond Syndrome (SDS) is a dis-
order characterized by exocrine pancreatic insuf-
ficiency resulting in fat malabsorption, bone
marrow dysfunction, and variable skeletal abnor-
malities [13, 41]. Patients have a high propensity
to progress to myelodysplastic syndrome (MDS)
and acute myelogenous leukemia (AML) [41, 42].

Most patients with SDS are diagnosed in early
childhood, although some may present in later
childhood or even as adults, with the bone marrow
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failure component with or without mild pancre-
atic insufficiency [43, 44]. Diagnosing SDS has
evolved over time and is reviewed in the draft
consensus guidelines for diagnosis and treatment
of SDS [44]. The clinical diagnosis briefly
requires both of the following criteria [44]:

1. Evidence of pancreatic exocrine dysfunction,
typically by testing for pancreatic enzymes
(amylase, lipase, trypsinogen) and evaluating
for evidence of fat malabsorption. Exclusion
of other known causes of pancreatic insuffi-
ciency (e.g., cystic fibrosis, Pearson syn-
drome) is warranted.

2. Presence of hematological changes as described
below, with exclusion of other known causes of
bone marrow failure, such as FA.

Molecular diagnosis of SDS is established by
presence of pathogenic biallelic mutations in
SBDS, which is found in up to 90% of patients
with SDS [41, 45]. In a small number of patients,
newer genes implicated to result in disorders very
similar to SDS are DNAJC21 [46], EFLI [47],
and SRP54 [48] (Table 26.2). SDS is a disorder of
ribosomal function, where the protein product of
SBDS gene cooperates with elongation factor-
like GTPase 1 (EFL1) to catalyze release of the
ribosome anti-association factor elF6 and acti-
vate translation [49].

Failure to thrive due to pancreatic exocrine
deficiency is often the presenting symptom in
children with SDS, usually within the first year of
life [44]. The fat malabsorption is treated with
pancreatic enzymes taken with meals and snacks
[41, 50]. Often improvement in pancreatic func-
tion is seen, and patients may not require enzyme
therapy during adolescence and adulthood [41].
Patients have presented with bone marrow fail-
ure/MDS/AML  without significant failure to
thrive or pancreatic dysfunction.

From a hematological standpoint, nearly all
patients with SDS have neutropenia of variable
severity, which might be intermittent or persis-
tent [44, 51]. In addition to the quantitative
defect, neutrophils have been reported to have
defects in migration or chemotaxis [52-54].
Other less commonly observed cytopenias

include normo- or macrocytic anemia with high
fetal hemoglobin, which again might be intermit-
tent and of fluctuating severity and mild-moderate
thrombocytopenia [44, 51]. A smaller number of
patients have been reported with pancytopenia
[55]. Bone marrow biopsies most often have
hypocellularity with left shift in granulopoiesis,
and fluctuating mild dysplasia is commonly
observed [44, 51]. Persistent or progressive dys-
plasia is concerning for malignant transformation
into MDS/AML. It is important to note that
patients with SDS are prone to development of
cytogenetic clones, most commonly del (20)
(q11) and isochromosome 7q i(7)(q10) and that
mere presence of such clones does not portend
evolution of MDS/AML [44, 56-58].

Use of granulocyte colony-stimulating factor
(GCSF) is considered for recurrent invasive bac-
terial and/or fungal infection due to severe neu-
tropenia, with the goal to use the lowest dose
possible to prevent infections rather than achieve
normal hematological parameters [44]. Often
doses may be given a few times a week and not
needed daily [44]. Allogeneic HSCT remains a
curative option but is being reserved for patients
who have severe cytopenias or MDS/AML [41,
441, as its application is associated with increased
transplant-related toxicities, particularly of the
heart, lung, and liver [59]. Use of reduced inten-
sity regimens in more recent years has improved
outcome, but further larger studies are needed to
confirm safety of wider application [60].

Diamond-Blackfan Anemia

Diamond-Blackfan anemia (DBA) is a clinically
and genetically heterogeneous disorder, hemato-
logically characterized by inherited red cell apla-
sia. Physical anomalies, including craniofacial
defects, thumb deformities, and short stature,
occur in about 50% of patients. Through studies
conducted by the DBA Registry and the National
Cancer Institute, DBA patients have been found
to have a fivefold increased risk of cancer, where
the most common cancers observed are MDS/
AML, colon carcinoma, osteosarcoma, and geni-
tourinary cancers [5, 61-63].
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A consensus clinical diagnosis for classic
DBA states that individuals with this disorder
present within the first year of life and have nor-
mochromic, macrocytic anemia, reticulocytope-
nia, limited cytopenias of other lineages, and a
visible paucity of erythroid precursor cells in the
bone marrow [64]. Elevated erythrocyte adenos-
ine deaminase (eADA) activity is observed in
over 75-90% of cases [61]. About 10% of patients
present later in childhood or adolescence, or even
in adulthood, with macrocytic anemia and are
found to have a hypocellular bone marrow with a
paucity of red cell precursors.

DBA is a ribosomopathy, as 21 genes that
either code for ribosomal subunits or indirectly
alter ribosomal biogenesis have been reported to
result in disease. About 25% of mutations affect
RPSI19 ([61]. The ribosomal gene mutations in
DBA reported to date have all been heterozygous
and include missense, nonsense, frameshift, and
splice site mutations as well as large deletions
[43, 61]. Genetic testing can currently provide a
diagnosis in over 70% of cases [61, 65].

Regarding management of persistent and
transfusion-dependent anemia, the majority of
patients respond to glucocorticoids, with up to
80% achieving some improvement in erythro-
poiesis [66]. The exact mechanism by which
glucocorticoids resolves the defect in erythro-
poiesis has been under investigation for quite
some time. Evidence has shown that there is
nonspecific anti-apoptotic effect on erythroid
progenitors at the colony-forming unit-erythroid/
proerythroblast progenitor interface [66]. In the
mouse model Flygare et al. demonstrated
increased red cell production through self-
renewal of the burst-forming unit-erythroid [66—
68]. Up to 20% of patients are able to enter into
a state of remission by age 25 years, some of
which might be spontaneous and not necessarily
related to treatment with glucocorticoids [66].
Long-term administration of glucocorticoids,
however, can be deleterious and has been
reported to result in impaired bone health, hyper-
tension, diabetes mellitus, and cataract forma-
tion, among other adverse effects in patients
with DBA [69, 70]. Therefore, it is advisable to
maintain patients on the lowest dose of glucocor-

ticoids that allows for an adequate hemoglobin
response [71].

Chronic red cell transfusions are needed in
those patients whose erythroid defect is refrac-
tory to glucocorticoids, along with need for iron
chelation to minimize the secondary effects of
iron overload. Allogeneic SCT should be consid-
ered early in such patients, particularly if an unaf-
fected matched sibling donor is available, as
improved survival was noted when matched sib-
ling donor SCT was implemented in patients
younger than 9 years [71]. The role of unrelated
donor SCT and exact timing of SCT consider-
ation remains unclear and requires further larger
studies, though use of treosulfan-based condi-
tioning is showing promising results [60].

There are several considerations regarding
DBA in the adolescent female. First, continued
surveillance for adverse effects of chronic steroid
use or iron overload is warranted, including
involvement of subspecialists such as endocri-
nologists and gynecologists who are familiar
with this disorder when possible, as some clinical
observational studies suggest that females with
DBA have an increased incidence of delayed
puberty, irregular menstrual cycles, and decreased
fertility [72—74]. Second, counseling is needed
regarding the risk for malignancies as the onset
of such malignancies may occur during adoles-
cent or early adulthood years [62, 63] and the
adolescent needs to report symptoms, such as
extremity swelling, abdominal discomfort, and
rectal bleeding, to allow for early diagnosis and
treatment. Thirdly, recurrence of anemia after
being in a remission or stable state on
glucocorticoid therapy can occur and has been
reported during puberty and pregnancy. During
puberty, increases in the glucocorticoid doses
may be necessary. However, if the dose increases
over the maximum maintenance dose of 0.5 mg/
kg/day, the patient may require transfusion ther-
apy. Pregnancy in patients with DBA is consid-
ered highrisk asitis associated with complications
to the mother, fetus, or both [64, 75]. Transfusions
are often needed in the patient with DBA to keep
the hemoglobin >10 gm/dL while she is preg-
nant. Estrogen-containing oral contraceptives
can disrupt the steady state of a non-transfused
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female with DBA. Progesterone-containing prod-
ucts have been better tolerated (personal observa-
tion). Lastly, genetic counseling about the
autosomal dominant inheritance of this disorder
and the 50% chance of an offspring being affected
should be provided to the adolescent female as
she enters young adulthood.

Acquired Causes of Bone Marrow
Failure

Idiopathic Severe Aplastic Anemia
(SAA)

In the adolescent female who presents with sig-
nificant pancytopenia or bicytopenia, a major
consideration is to elucidate whether the marrow
failure state is genetic in nature or acquired.
Inherited bone marrow failure disorders must be
thoroughly considered and evaluated for, as
described in the previous sections. Once an inher-
ited cause has been eliminated, idiopathic severe
aplastic anemia (SAA) might be the diagnosis, if
the following diagnostic criteria are met, as set by
Camitta [76]:

1. Bone marrow hypocellularity, with less than
25% hematopoietic cells

2. Two of the three peripheral blood cytopenias:
absolute neutrophil count (ANC) less than
500/uL, platelet count less than 20,000/uL,
and anemia with low absolute reticulocyte
count of <60,000/ulL

When ANC is less than 200/uL, very severe
aplastic anemia is diagnosed.

Pathophysiology of SAA

Idiopathic SAA is believed to be the result of an
immune attack, primarily by activated, oligoclo-
nal cytotoxic T cells, which produce cytokines
that cause apoptosis of the hematopoietic stem
and progenitor cells through the Fas/Fas ligand
pathway [77, 78]. The exact antigens that activate
cytotoxic T cells remain unclear.

Supportive Care for SAA

The high risk of bacterial and fungal infections
constitutes a major cause of mortality cause in
SAA [79-82], and immediate evaluation of fever
with judicious use of empiric antibiotics is war-
ranted. Fungal infections, especially Aspergillus
spp., should be evaluated in the patient with pro-
longed or recurrent unexplained fever [79-82].
The use of prophylactic antibiotics is variable
across centers, except for use of prophylaxis for
Pneumocystis jirovecii [83]. Another supportive
care measure is the use of packed red cell and
platelet transfusions to maintain adequate car-
diopulmonary function and prevent bleeding,
respectively. Blood products should be irradiated
to prevent transfusion-associated graft vs host
disease and to prevent allo-sensitization of
patients [84].

Due to risk of significant bleeding with men-
struation in severe thrombocytopenia, platelet
transfusions might be needed more frequently
during menstruation or menstrual suppression
using oral contraception, or leuprolide may need
to be instituted [85].

Iron overload may develop over time in
patients who receive multiple red cell transfu-
sions, and monitoring should occur so that iron
chelation can be appropriately started. Serum fer-
ritin is a crude marker of iron overload; however,
when serum ferritin level is more than 1000 ug/L,
liver and cardiac iron concentration should be
checked with an MRI T2*or ferriscan. Chelation
agents used vary between centers and are indi-
vidually based, depending on anticipated toxici-
ties with the available agents (e.g., deferiprone
might be avoided due to risk of agranulocytosis;
deferasirox might cause nephrotoxicity in those
on cyclosporine) [86].

Definitive Therapies for SAA

SAA is a life-threatening disorder, and prompt
institution of definitive therapy is paramount in
the outcome of treated patients [87]. The two
major pillars of definitive therapy for SAA are
immunosuppressive therapy (IST) and hemato-
poietic stem cell transplantation (HSCT) [85].
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SAA diagnosed

HLA MSD available?

MSD HSCT IST with hATG and CSA

Response at 3-6 months?

Slow wean of CSA

Relapse or development
of MDS?

MUD HSCT

Clinical follow up

Fig. 26.1 Schematic treatment algorithm for SAA in
children. Grey boxes indicate insufficient information to
recommend treatment and need for additional studies.
Abbreviations CSA Cyclosporine A, hATG horse anti-
thymocyte globulin, HLA human leukocyte antigen,

The decision-making of which treatment to apply
highly depends on the availability of a matching
donor and is detailed in Fig. 26.1 and discussed
below.

Immunosuppressive Therapy (IST)

The current standard of care for patients with
SAA who lack a matched sibling donor is to
receive immunosuppression with horse anti-
thymocyte globulin (hATG) and cyclosporine A
(CSA), which in combination have been effective
in decreasing the activated cytotoxic T cells and
dampening the ongoing marrow destruction [78,
85]. Due to the need for hematopoietic stem cells
to recover hematopoiesis, response to treatment
is generally assessed several months after initia-
tion of IST and is measured by improvement of
peripheral blood counts, and not by evaluation of
the marrow cellularity [88]. Definitions of hema-
tologic response differ between studies, but a
refractory state is agreed on as continuing to meet
criteria for SAA 6 months after initiation of
IST. Complete response is achieved when blood
counts return to normal or at least when the ANC

HLA MUD available?

Vs| |
Or| |

Repeat IST Vs

Or

HSCT hematopoietic stem cell transplantation, SAA idio-
pathic severe aplastic anemia, IST immunosuppressive
therapy, MDS myelodysplastic syndrome, MSD matched
sibling donor, MUD matched unrelated donor. *Use of
eltrombopag is not recommended for patients with MDS

increases to >1000/ul, hemoglobin is >10 gm/
dL, and platelets are >100,000/uL without trans-
fusions [85, 88]. Partial response is when periph-
eral cytopenias improve above the criteria for the
SAA diagnosis but less than complete response.
Several studies of the efficacy of IST with hATG
and CSA have resulted in hematologic recovery
in 60-70% of cases [89-93]. Specific to the ado-
lescent group, Dufour et al. reported 3-year over-
all survival of 90% in patients who received IST
alone [94].

Several postulations have been made regard-
ing SAA that is refractory to IST, including mis-
diagnosis of a genetic etiology of the marrow
failure or hypoplastic MDS, neither of which is
responsive to immunosuppression. Alternatively,
the immune mechanism causing marrow failure
may not be susceptible to hATG/CSA. Lastly, the
degree of hematopoietic destruction at time of
IST treatment could be extensive to where recov-
ery of remaining cells is minimal [95].

Aside from refractory SAA, the two other
concerns with IST as the treatment option are the
risks of relapse and clonal evolution [90, 96]. The
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rate of relapse of SAA at 5 years is 33%, which
can be delayed, but not prevented, by a slow taper
of CSA [97]. Clonal evolution of MDS or parox-
ysmal nocturnal hemoglobinuria (PNH) occurs in
15% of treated patients over the decade following
IST [78, 88, 98]. It is important to note that inten-
sification of immunosuppression by addition of
other agents such as sirolimus [99] or mycophe-
nolate mofetil [100] to the backbone of hATG
and CSA has not decreased rates of relapse or
clonal evolution, nor has it improved the rates of
hematopoietic response.

Hematopoietic Stem Cell

Transplantation (HSCT)

The utility of HSCT in treatment of SAA is
derived from the need to replace a dysfunctional
bone marrow of affected patients with hemato-
poietic stem cells derived from healthy donors,
thereby restoring normal hematopoiesis. This
treatment requires administration of conditioning
regimens, which, in SAA patients, would mostly
focus on immunosuppression of the host to allow
engraftment of donor cells to occur. HSCT is
associated with several short- and long-term risks
that are beyond the scope of this chapter but
briefly include graft failure, graft-vs-host disease
(GvHD), infectious complications, and organ
injury.

When an adolescent with SAA has an available
HLA-matched sibling donor, hematopoietic stem
cell transplantation (HSCT) should be the treat-
ment of choice as it has been shown to be curative
and the young age of transplanted patients is one
of the factors associated with improved overall
survival [101]. The European Group for Blood and
Marrow Transplantation (EBMT) reviewed results
of 940 matched sibling donor transplants of SAA,
and overall survival was 84% in patients younger
than 20 years, and a similar 3-year overall survival
of 86% was found in a study of 537 adolescents,
including 227 females [101]. Results from the
Center for International Blood and Marrow
Transplant Research (CIBMTR) showed a slightly
higher overall survival of 90% in the 1013 patients
younger than 18 years transplanted between 2006
and 2016 (D’Souza A, Fretham C. Current Uses
and Outcomes of Hematopoietic  Cell

Transplantation (HCT): CIBMTR Summary
Slides, 2018. Available at https://www.cibmtr.org).

In patients who lack a matched sibling donor,
IST remains the first treatment of choice. Matched
unrelated donor HSCT (MUD HSCT) has been
historically considered when IST fails to mount a
hematologic response, when relapse post-IST
occurs, or when hematologic clones evolve [95,
102]. Several reasons explain the delay in consid-
ering this treatment option, including the time lag
to identifying an unrelated donor, as well as the
inherent risks of GvHD, morbidity, and mortality
after MUD HSCT observed in early reports
[102]. However, there have been significant
improvements in outcomes of MUD HSCT for
SAA in recent years due to optimized HLA typ-
ing and the use of different conditioning regi-
mens and GvHD prophylaxis. Bacigalupo et al.
compared the outcomes of MUD HSCT to
matched sibling donor HSCT and found that the
outcome of the former was not statistically infe-
rior, although there was greater risk of acute and
chronic GvHD [101]. They additionally found
that the use of peripheral stem cells is the stron-
gest negative predictor of survival, followed by
an interval of diagnosis to transplant of 180 days
or more, older patients (>20 years), not using
ATG in the conditioning regimen, and positive
cytomegalovirus in either patient or donor [101].
A different study evaluating outcomes of the ado-
lescent age group, specifically, also concluded
that early transplant and use of bone marrow cells
rather than peripheral stem cells were associated
with improved outcome [94]. Furthermore, use of
upfront MUD HSCT in about 30 children, includ-
ing 8 adolescents, had excellent outcomes equal-
ing survival of matched sibling donor HSCT,
while at the same time showing decreased
survival in those receiving MUD HSCT post-IST
failure [103]. These results have prompted recon-
sideration of the treatment approach to include
the possibility of MUD HSCT earlier in the
course of SAA, if a donor is identifiable in a
timely manner. Further larger studies are in prog-
ress to compare efficacy of upfront MUD HSCT
to IST (ClinicalTrials.gov NCT02845596).

It is noteworthy that advances have also been
made in alternative donor transplants for SAA,
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including successful use of haploidentical donor
bone marrow cells followed by post-transplant
cyclophosphamide for GvHD prophylaxis and
graft rejection prevention [104]. Larger studies
are being conducted to evaluate outcome of such
alternative transplants, and it remains a second
line treatment option at this point (ClinicalTrials.
gov NCT02918292).

Considerations of Choice Between IST

and HSCT

Matched sibling HSCT is preferred over IST as it
restores hematopoiesis more rapidly, thereby
reducing the risks of potentially life-threatening
bacterial and fungal infections seen with pro-
longed neutropenia, and minimizes exposure to
blood products with all the risks associated with
transfusions over time, such as iron overload. It is
also preferred as it would effectively eliminate
the risks of later clonal evolution into MDS or
PNH. However, these benefits need to be weighed
against the potential for transplant-associated
complications.

On the other hand, patients who receive and
respond to IST have minimal to no long-term
toxicity, and in most centers, institution of treat-
ment does not require time delays. The downfalls
include possible refractoriness to treatment with
high potential of infections in the interim, as well
as the need for long-term follow-up for onset of
relapse and clonal evolution.

As is described above, there is a recent shift in
paradigm of treatment choices to include earlier
consideration of MUD HSCT when possible [103,
105], but more studies are needed to compare the
treatment modalities more comprehensively. Due
to the complexity of decision-making, it is highly
recommended that patients with SAA are cared for
by centers that are specialized in evaluation and
care delivery to this unique population.

Alternative Treatments

The addition of hematopoietic-stimulating fac-
tors such as granulocyte-stimulating growth fac-
tor [106-108] and recombinant erythropoietin
did not augment responses seen with IST [108].
However, the use of eltrombopag, a thrombopoi-
etin mimetic, in 43 patients with refractory SAA,

induced a durable hematologic response in 40%
of patients in at least one blood lineage, while 8
patients developed clones [109]. A larger study of
88 adult patients who received eltrombopag at
different time points of IST initiation showed an
improved and quicker onset of response when
eltrombopag was started at time of IST initiation
[110]. Similar studies in children and adolescents
are ongoing in both the upfront as well as the
refractory and relapsed SAA  settings
(ClinicalTrials.gov NCT03025698).
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