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Abstract

Bone marrow failure has many different etiologies, including genetic defects which manifest with specific syndromes, as well as
acquired conditions as a result of insults to the bone marrow leading to aplasia. The clinical picture is varied and clues for the
underlying cause may or may not be evident at the time of presentation, frequently leading to a complex workup with a battery of
tests often done to rule out genetic defects. The treatment approach for bone marrow failure is very dependent on the underlying
cause, which makes it all the more critical to have an accurate diagnosis. First line management essentially consists of either
hematopoietic stem cell transplant or immunosuppressive therapy. In this review authors will provide a broad look at the causes
of' bone marrow failure, the stepwise diagnostic algorithm and the approach to decision making for treatment. Fine details of each
cause, and of each treatment modality are beyond the scope of this review which aims to provide an overview.

Keywords Inherited bone marrow failure syndromes - Secondary aplastic anemia - Immunosuppression - Hematopoietic stem cell
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Introduction

Despite significant advances in management, bone marrow
failure in children remains challenging to diagnose and often
somewhat frustrating to treat. Specialized diagnostic investi-
gations are now more widely available, including complex
molecular and genetic testing, enabling more rapid specific
workup based on the clinical presentation. However, in the
absence of an inherited syndrome, acquired causes are more
difficult to find, and many children are still diagnosed with
“idiopathic” aplastic anemia (AA). While the severity is some-
what variable, bone marrow failure remains challenging to
manage. The treatment approach for inherited bone marrow
failure syndromes (IBMFS) is more straightforward, with he-
matopoietic stem cell transplantation (HSCT) being widely
accepted as the modality of choice. In acquired severe aplastic
anemia (SAA), transplant remains the optimal first choice if a
matched sibling donor is available. However, if this is not the
situation, there is no wide consensus as to the course of
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treatment. Several options have been proposed for first and
second line treatment, and this has changed over the course of
the last several years. In this article authors will review the
current diagnostic and treatment algorithms, suggesting a
more stepwise approach to minimize testing, and provide a
rational management approach to maximize treatment benefit
with the least risk for morbidity and mortality, keeping in
mind that all of the resources needed may not always be avail-
able. This review will focus on the diagnostic and therapeutic
approach to the management of bone marrow failure. Detailed
descriptions of each inherited condition are beyond the scope
of this review.

Evaluation of Bone Marrow Failure

The etiology of bone marrow failure is broad and can result
from a diverse array of conditions, some inherited and others
acquired (Tables 1 and 2). Appropriate evaluation of the
etiology is critical to its management since the choice of first
line therapy is dependent on it. Broadly, bone marrow failure
may result from an inherited syndrome (henceforth called
Inherited Bone Marrow Failure Syndrome or IBMFS), in
which case stem cell transplantation is the first line treatment
of choice, or from an acquired cause (henceforth called
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Aplastic Anemia or AA), in which case the choice of first line
therapy is broader, and includes immunosuppression vs. stem
sentation of bone marrow failure is a combination of signs
and symptoms related to the pancytopenia as well as any
other features which might indicate an underlying cause or
inherited syndrome. A stepwise evaluation algorithm (Figs. 1,
2 and 3) should include clinical features, many of which are
pathognomonic in inherited syndromes (Table 1), and corrob-

virus 6; HIV Human immunodeficiency virus; RA Rheumatoid arthritis;
cell transplantation in appropriate situations. The clinical pre-

CMV Cytomegalovirus; EBV Ebstein-Barr virus; HHV-6 Human herpes-

Table2  Acquired (secondary) causes of bone marrow failure

orated with laboratory testing. Examination of the bone mar-
row is the key initial step, to determine cellularity as well as to
look for dysmorphism which might provide specific diagnos-
tic clues. Flow cytometry, cytogenetics and Fluorescent in situ
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eInfection: CMV, EBV, HIV, HHV-6, Hepatitis A/B/C, Parvovirus

*Malignancy: ALL, AML, MDS
* Exposure: Drugs, toxins, radiation
*PNH: Hemoglobinuria, thrombosis

History

sGeneral: Short stature, dysmorphic features
sSkeletal: Abnormalities of thumbs, radii
Skin: Cafe au lait spots, hypopigmentation

sCytopenias, transfusions, HSCT

sLeukemias, MDS, other malignancies

*BM aspiration/biopsy
+ cytogenetics, FISH,
flow cytometry

eMyelofibrosis stain

eViral serology/PCR
including parvovirus
in BM aspirate

eFlow cytometry for
GPI linked
CD55/CD59 (PNH)

\

|
T

Fig. 1 Diagnostic approach to pancytopenia or unexplained chronic
cytopenia(s). The investigations above will assist in determining
whether to pursue an aplastic anemia diagnosis (Fig. 2) or further
IBMFS work-up (Fig. 3). ALL Acute lymphoblastic
leukemia; AML Acute myeloid leukemia; BM Bone marrow;
CMV Cytomegalovirus; EBV Ebstein-Barr virus; FISH Fluorescent in situ

hybridization (FISH) should be considered routine to look for
subpopulations/clones which might point to a specific diagno-
sis, e.g., Paroxysmal nocturnal hemoglobinuria (PNH) or

Fig. 2 Diagnostic approach to
pancytopenia or unexplained
chronic cytopenia(s), Aplastic
Anemia. Diagnostic criteria for
acquired aplastic anemia. AA
Aplastic anemia; ANC Absolute
neutrophil count; BM Bone
marrow; SNP Single nucleotide

polymorphism

Moderate AA

+
v

hybridization; GPI Glycosylphosphatidylinositol; ZHV-6 Human herpes-
virus 6; HSCT Hematopoietic stem cell transplantation; /BMFS Inherited
bone marrow failure syndrome; MDS Myelodysplastic
syndrome; PCR Polymerase chain reaction; PNH Paroxysmal
Nocturnal Hemoglobinuria

Myelodysplastic syndrome (MDS). If available,
viral polymerase chain reaction (PCR) of the bone marrow
may be done in instances where an infectious etiology is

> 2 cytopenias +
Hypocellular BM

Severe AA Very Severe AA

/.BM <25% cellular
>2 of:

o ANC <1000/uL

o Platelets <50K/uL

eBM <25% cellular
o> 2 of:

o ANC <500/uL o ANC< 200/uL

o Platelets <20K/uL o Platelets <20K/uL

eBM <25% cellular
> 2 of:

o Reticulocytes <20K/uL
. 4

o Reticulocytes <20K/uL o Reticulocytes <20K/uL
\ 4 VRN 4 J

Consider Single Nucleotide Polymorphism (SNP)-array and Next Generation Sequencing (NGS)
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Fig. 3 Diagnostic approach to
pancytopenia or unexplained
chronic cytopenia(s), - Inherited

Inherited Bone Marrow Failure Syndrome Work-up

Bone Marrow Failure Syndrome
Work-Up. BM Bone marrow

Start with most likely diagnosis based on clinical features
(Table 1), otherwise proceed in the following order:

Screen Confirmation
s ) [ )
. + 19 Gene Panel: 65%
Fanconi Anemia ?'etp“yb“ta”e PEB)L_T | Fanca, 12% Fance,
. 12% FANCG
N - _—-m— e/
/ﬁ ﬁ
. 14 Gene Panel:
TeIog!eredBloIogy ;I'ellc:me:e Ienbgtht + telomerase or shelterin
isorder eukocyte subsets T | 00 onents
& _ \, J
. A ( )
Diamond Blackfan Erythr.ocyte. adenosine Diamond Blackfan
Anemia deamlnlase, Ebl ; + . | Anemia NGS Panel
erythroid hypoplasia >
| J \. J
4 N
Shwachman e O'C:: FlElElEEe 4 Gene Panel: 90%
Diamond 'Soamé‘_asse SBDS; EFL1; DNAJC21;
Syndrome e old: serum »| SRP54
trypsinogen
| . J
s R ( )
Severe Congenital | | BM aspirate with Severe Congenital
Neurtropenia promyelocyte arrest + | Neutropenia Gene Panel
& J > J
f ) ( N
Congenital BM aspirate with
Amegakaryocytic | | few/absent MPL mutation
Thrombocytopenia | | Megakaryocytes +
(& 4 TN J
If all negative:

Targeted Bone Marrow Failure Syndrome sequencing panel: Whole Exome

Sequencing (WES) or Whole Genome Sequencing (WGS)

suggested by the clinical presentation or serologic testing.
When an inherited syndrome does not seem to be the clear
diagnosis at presentation, depending on the likely duration of
progression of the marrow failure, there may or may not be
some time available to proceed along this algorithm in a step-
wise fashion. In situations where the pancytopenia is likely
long standing, treatment may be more urgently indicated, and
several steps may need to be combined for efficiency. Much of
the testing for the inherited syndromes relies heavily on DNA
testing, now accomplished using multiplex gene testing in
panels specifically designed for the purpose. As our under-
standing of the biology of bone marrow failure advances,
whole exome, genome or next generation sequencing may

yield actionable information, pointing to a likely inherited/
genetic cause, or a targetable polymorphism/mutation. If
available, these tests may be performed if no clear diagnosis
is apparent. Aplastic anemia is classified as moderate, severe,
or very severe based on accepted criteria (Fig.2), often with
progression over time.

Treatment
Without definitive treatment, a child with established IBMFS

or SAA will invariably succumb to either a severe infection
which would occur as a result of the prolonged and severe
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neutropenia, or from a catastrophic hemorrhage, which would
result from the prolonged and severe thrombocytopenia.
Supportive therapy with transfusions and prophylactic antimi-
crobials is only a temporizing measure, and the reader is di-
rected to specific disease guidelines for IBMFS and a pub-
lished supportive care guideline for AA [1]. The goal of ther-
apy must be to induce “remission” of the marrow failure and
allow for its reconstitution, with resulting normalization of
peripheral blood counts. As discussed previously, the choice
of first line therapy depends on whether the bone marrow
failure is as a result of an underlying inherited syndrome
(IBMFS) or an acquired cause (AA). In the former situation,
the response to non-transplant therapies is sub-optimal, and
even if there is a response, it is usually short-lived, and HSCT
is the only treatment which will result in a lasting response.
However, for acquired causes of aplasia, immunosuppression
as the first course of treatment has a fair and improving track
record. More recently, other treatments, such as eltrombopag,
have shown response even in SAA, and have entered the
treatment paradigm. HSCT as upfront treatment is only con-
sidered if a matched related donor is available, and has gained
more acceptance as the initial management because of im-
proving outcomes. Figure 4 provides a guide to the different
treatment options with specific regimens in Table 3.

Immunosuppression

First line immunosuppressive therapy (IST) for SAA is a com-
bination regimen of horse antithymocyte globulin (hATG) and
cyclosporine (CsA), resulting in an initial response rate of 70—
80% in children [8—12]. Specific treatment regimens can be
found in Table 3. Horse ATG is preferred to rabbit
antithymocyte globulin (rATG) for upfront IST due to superi-
or hematologic response rates (68% vs. 37%) and 3 y overall
survival (OS) (96% vs. 76%) [2]. Careful monitoring and
supportive care are required while awaiting hematologic re-
covery, which can take 2—3 mo or longer in some patients [3].
Long-term OS with h-ATG/CsA is 85% in the best case,
though response rates vary considerably and may be as low
as 37% [9, 13]. The variability in response is not well under-
stood, and possible reasons for a suboptimal result could be
delay in initiating treatment, or instances in which the under-
lying diagnosis is an undiagnosed inherited syndrome. In pa-
tients with refractory disease, a second course of IST with
rATG and CsA or alemtuzumab yields a 30-40% response
[4, 14, 15]. Remission induced by IST may be durable, some-
times requiring long-term CsA to maintain it, which should be
continued for a minimum of 6 mo and then tapered very slow-
ly with careful monitoring [12]. However, a substantial pro-
portion (12-35%) will relapse and become pancytopenic
again [16-18]. About half of these children will respond to a
second course of ATG (usually rabbit), and some of these
remissions will be durable as well. However, those who do

not respond initially, or who relapse, are considered refractory,
and alternate treatment regimens are indicated in such situa-
tions. Responders who recover their marrow function need
long-term follow up not only because late relapses may some-
times occur, but also for surveillance for the evolution of clon-
al disease (myelodysplasia or a secondary malignancy) which
may occur in approximately 15% [19].

Eltrombopag

The thrombopoietin (TPO) receptor agonist, eltrombopag,
can be used in patients with SAA and lack of response to
IST. Monotherapy with eltrombopag in refractory SAA re-
sults in a 40% response rate with recovery of trilineage he-
matopoiesis seen [5, 6]. Use of eltrombopag in combination
with hATG/CsA as upfront therapy has also been tried in a
subsequent trial and yielded the best results yet with an
overall hematologic response rate of 95% and complete re-
sponse rate of 58% at 6 mo in one treatment cohort [7].
Longer follow up is required to determine relapse rates
and salvageability, safety regarding clonal evolution, and
overall survival. At this time, there is no evidence to suggest
increased rate of development of clonal disease with the use
of TPO receptor agonists over traditional IST, however the
risk of this is lower yet with HSCT compared to medical
therapy. There is an ongoing Phase 2 trial evaluating the
role of eltrombopag monotherapy for previously treated or
untreated moderate aplastic anemia (NCT01328587). The
dose of eltrombopag is recommended to be reduced to 50%
in individuals of East Asian ancestry with ITP, but specific
data are not available for Southeast Asia / Indian subconti-
nent or in aplastic anemia. While evidence-based, specific
dosing recommendations cannot be made, it may be prudent
to start at a lower dose and titrate up if there are no untoward
changes in liver function testing.

Androgens

While androgens have largely fallen out of favor for med-
ical treatment of AA with an early randomized controlled
trial failing to show benefit in the addition of oral andro-
gens to ATG, there may still be a role in certain patients
[12, 20]. A randomized trial reported by Bacipalugo et al.
did show superior response rates with the addition of an-
drogens to ATG in women, and their group later showed a
59% response rate with oral androgen therapy in patients
who failed an initial course of IST [21, 22]. Leleu et al.
reported a 77% response rate with the addition of andro-
gens to intensified doses of ATG with a 78% 5 y OS [23].
Therefore, in select scenarios with limited options, such
as patients with refractory aplasia following IST who may
not tolerate HSCT, for patients who do not have a suitable
donor, or in limited resource settings, androgens may
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Diagnosed Bone Marrow
Failure Syndrome

Aplastic Anemia

h-ATG and CsA

\
[ Primary IST with

Refractory
disease or
relapse after
) remis.sion'?
eSecondary IST
with r-ATG and

CsA

OR
eEltrombopag

AN

Recovery of
hematopoiesis

Ongoing
surveillance

IBMFS

v

Unaffected HLA - ¢
matched sibling?
YES NO
HLA- HLA MUD
matched HSCT
sibling HSCT

Persistent
refractory
disease

Recovery of
hematopoiesis

l

Ongoing

surveillance

Fig. 4 Management approach to bone marrow failure. A general approach
to management of AA or an IBMFS. AA Aplastic
anemia; ATG Antithymocyte globulin; CsA Cyclosporine; HLA Human

prove useful. The side effects, particularly virilization in
female patients remains a significant consideration.
Androgen therapy (danazole, oxandrolone, and
oxymetholone) has also been shown to produce improve-
ment in peripheral blood counts in well over 50% in pa-
tients with Fanconi Anemia (FA) and bone marrow failure
[24, 25]. The response is primarily seen in hemoglobin
and platelet counts, and in some patients is even durable.
Again, this treatment modality may be favorable in spe-
cific scenarios where patients donot have a suitable donor,
access to HSCT, or have too many comorbidities to pro-
ceed with HSCT. Careful monitoring is required, howev-
er, as bone marrow failure may progress to MDS/acute
myeloid leukemia (AML) [26].

leukocyte antigen; HSCT Hematopoietic stem cell
transplant; /IBMFS Inherited bone marrow failure
syndrome; /57 Immunosuppressive therapy; MUD Matched unrelated donor

Hematopoietic Stem Cell Transplantation

HSCT is the only curative therapy for inherited forms of bone
marrow failure and may be the treatment of choice in AA
depending on donor options. In IBMFS, a matched and unaf-
fected (based on genetic testing) sibling is the ideal donor, but
another matched and unaffected family donor may also be
suitable. In cases of consanguinity, parents should have
HLA testing performed to assess their suitability as a donor.
When a matched family donor is not available, an unrelated
donor (UD) would have to be considered, and results from
such transplants may be suboptimal as a result of more fre-
quent complications such as rejection and graft vs. host dis-
ease (GVHD). For SAA, IST is the most commonly used first
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Table 3  Immunosuppressive therapy for acquired aplastic anemia

Regimen Details

Notes

hATG/CsA [2, 3] hATG: 40 mg/kg/d for 4 d

CsA:

* Age > 12: Initiate at 10 mg/kg/d PO divided BID
» Age <12: Initiate at 15 mg/kg/d PO divided BID
« Titrate to target trough of 200400 ng/ml

rATG: 3.5 mg/kg/d for 5 d

CsA:

* Age > 12: Initiate at 10 mg/kg/d PO divided BID
» Age < 12: Initiate at 15 mg/kg/d PO divided BID
« Titrate to target trough of 200400 ng/ml

rATG/CsA [2]

Alemtuzumab for Alemtuzumab:
Relapsed * Children <50 kg: 0.2 mg/kg/d for 10 d (maximum 10 mg/d)
SAA [4] * Adults and children >50 kg: 10 mg/dose/d for 10 d
Eltrombopag for Eltrombopag: 50 mg PO daily to increase by 25 mg Q2 wk to
Refractory maximum 150 mg, duration 12 wk
SAA[5, 6]
Eltrombopag + Eltrombopag:

hATG/CsA [7] * Age > 12: 150 mg PO daily
* Age 6-11: 75 mg PO daily

» Age 2-5: 2.5 mg/kg PO daily

* Premedication for ATG recommended with prednisone,
acetaminophen, and diphenhydramine.
* ATG administered IV over 4 h

* Premedication for ATG recommended with prednisone,
acetaminophen, and diphenhydramine

* 1 mg test dose of Alemtuzumab given on day 1
* Alemtuzumab administered IV over 2 h

« Data available for age range 17-77
« Patients of East Asian ethnicity may start at 50% of

Eltrombopag dose, and could escalate if no side effects.
Duration dependent on response.

The regimens described in the text are listed here with specific dosing details. ATG Antithymocyte globulin; BID Twice a day; CsA Cyclosporine; IV

Intravenous; PO Per oral; SAA Severe aplastic anemia

line therapy, but HSCT is preferred if there is a matched sib-
ling donor, as OS is comparable between patients treated with
IST vs. HSCT (around 90%), but there is a significantly higher
rate of failure free survival of 87% in patients treated with
HSCT compared to 56% in patients treated with IST [27].
These excellent outcomes with HSCT vary with age, with
younger age being strongly associated with improved out-
comes, with a 5 y survival of 82% in patients less than 20 y
of age decreasing to 72% or 53% after age 21 or 40, respec-
tively [28]. In cases of SAA without an HLA matched sibling,
medical treatment with IST is still considered by most to be
first line, though HSCT with a matched UD has increasingly
been considered for up front first line HSCT with improving
outcomes and lower risk for GVHD. Alternate donor trans-
plant should only be pursued in the setting of failure of IST or
in experimental research trials [12]. A search of the marrow
registry for an UD should be initiated without delay, however,
to prepare for the possibility of refractory SAA, in which case
HSCT may be the best treatment option. Mismatched or UD
HSCT is usually the only option for children with SAA who
are refractory to all other treatments.

Before HSCT is pursued, risks and benefits should be
weighed with each patient and family, as there is risk of
substantial morbidity and mortality. Appropriate counsel-
ing regarding fertility preservation options should be pro-
vided. Specific conditioning regimens are beyond the
scope of this discussion and the reader is directed to dis-
ease specific guidelines. In general, myeloablative condi-
tioning is used for AA and reduced-intensity conditioning
is recommended for IBMFS, while total body radiation

should be avoided in either scenario to reduce long-term
toxicity including secondary malignancy, with the excep-
tion of UD HSCT for SAA. Bone marrow is the recom-
mended stem cell source for both acquired and inherited
bone marrow failure due to a proven survival advantage
and reduced risk of development of GVHD. In matched
sibling HSCT for SAA, the rate of development of chronic
GVHD is 11-12% using bone marrow vs. 22-27% with
peripheral blood stem cells (PBSC) [29, 30].
Additionally, Bacigalupo et al. reported improved survival
advantage (90% vs. 76%) using bone marrow as the source
of stem cells with no difference in rates of engraftment
(approximately 90% regardless of stem cell source) [30,
31]. In cases where an UD must be used for HSCT for
SAA, a similar pattern is seen, albeit with much higher
rates of chronic GVHD — 31% with bone marrow vs.
48% with PBSC [32]. A recent European Group for
Blood and Marrow Transplantation (EBMT) analysis
showed that in both matched sibling and UD transplants,
the use of peripheral blood as the source of stem cells was
the strongest negative predictor of survival [31]. In terms
of stem cell source for HSCT in IBMFS, a clear association
with rate of GVHD has not been seen in FA, however use
of PBSC was associated with significantly higher risk of
secondary cancer, therefore bone marrow is also the pre-
ferred stem cell source for FA and is also recommended for
the remaining IBMFS [33, 34]. GVHD prophylaxis is es-
sential, as development of GVHD in non-malignant trans-
plant is the main contributor to long-term morbidity, mor-
tality, and overall quality of life, and may induce even
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more significant toxicity in patients with IBMFS. Standard
post transplant GVHD prophylaxis for SAA includes CsA
and short course methotrexate, which was shown to be
superior to CsA alone, and when combined with early
timing of transplant and an ATG-containing preparative
regimen in matched sibling HSCT, Storb reported a 95%
engraftment rate and 90% 2 y OS [35, 36]. In general, rates
of graft rejection have improved dramatically in SAA with
improved supportive care and conditioning regimens and
reduced amount of time before proceeding to HSCT and
therefore, less exposure to blood products from multiple
donors prior to transplant. For IBMFS, reports in the liter-
ature are limited to small and primarily retrospective re-
views of specific inherited conditions and thus generaliza-
tions are difficult to make. Perhaps the most data comes
from FA, where recipients of matched related donor HSCT
have 89—100% engraftment, 20-29% chronic GVHD, and
survival rates above 90% at median follow up times of 2—
3.7 y. In patients with IBMFS, matched UD or matched
related cord blood are also acceptable options, while alter-
native options such as haploidentical transplantation
should only be performed in experienced centers and/or
within the confines of a clinical trial [37].

Long-Term Follow-Up

For patients with AA treated with IST, the disease is never
completely cured, as there is significant risk of refractory
disease, late relapse of disease, or late progression to clonal
disease, including myelodysplastic syndrome (MDS) or
acute myeloid leukemia (AML). Relapse of disease, nota-
ble by decreasing peripheral blood counts and loss of trans-
fusion independence, may sometimes be rescued with
reinstitution of immunosuppression (CsA) or may require
more intensive IST or HSCT. Patients require long-term
monitoring and supportive care, specifically with regular
bone marrow aspirate and biopsy for morphologic and cy-
togenetic evaluation, perhaps every 6 mo for the first 1-2 'y
and then annually, as recommended by Bacigalupo,
Scheinberg and Young, and the British guideline for adult
AA [3, 12, 38]. While the risk of clonal evolution to MDS
or AML is approximately 15% as previously mentioned, a
recent report indicates that clonal hematopoiesis may occur
at a much more frequent rate of 47% with clinical signifi-
cance that is not yet well understood [19, 39]. Patients with
IBMFS or AA treated with HSCT must be monitored long-
term for the usual complications of transplant, the most
concerning of which being chronic GVHD, loss of engraft-
ment, and/or relapse of disease. These patients should be
managed at specialized transplant centers with experience
in managing these complications.
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