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Abstract

Acquired aplastic anemia (2AA) is a non-malignant disease caused by autoimmune destruction of
early hematopoietic cells. Clonal hematopoiesis is a late complication, seen in 20-25% of older
patients. We hypothesized that clonal hematopoiesis in aAA is a more general phenomenon, which
can arise early in disease even in younger patients. To evaluate clonal hematopoiesis in aAA, we
used comparative whole exome sequencing of paired bone marrow and skin in 22 patients. We
found somatic mutations in sixteen patients (72.7%) with a median disease duration of 1 year;
twelve (66.7%) were patients with pediatriconset aAA. Fifty-eight mutations in 51 unique genes
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were primarily in pathways of immunity and transcriptional regulation. Most frequently mutated
was PIGA, with 7 mutations. Only two mutations were in genes recurrently-mutated in MDS. Two
patients had oligoclonal loss of HLA alleles, linking immune escape to clone emergence. Two
patients had activating mutations in key signaling pathways (STAT5B(p.N642H),
CAMK2G(p.T306M)). Our results suggest that clonal hematopoiesis in 2AA is common, with two
mechanisms emerging— immune escape and increased proliferation. Our findings expand
conceptual understanding of this non-neoplastic blood disorder. Future prospective studies of
clonal hematopoiesis in aAA will be critical for understanding outcomes, and for designing
personalized treatment strategies.
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Introduction

Acquired aplastic anemia (aAA) is a life-threatening blood disorder, affecting children and
adults, caused by immune destruction of hematopoietic stem and progenitor cells and the
subsequent failure of the bone marrow to sustain normal blood production [1]. Refractory
disease and transformation to myelodysplastic syndrome (MDS) are particularly vexing
problems in aAA; 10-15% of patients treated with immunosuppressive therapy (IST) evolve
to MDS or acute leukemia [2]. Although aAA is considered to be non-malignant, there is a
well-described association with clonal blood disorders. Nearly half of aAA patients have
clonal populations of cells lacking cell surface proteins linked to a
glycosylphosphatidylinositol (GPI) anchor due to somatic loss-of-function mutations in the
PIG-A gene; these are called Paroxysmal Nocturnal Hemoglobinuria (PNH) clones due to
their susceptibility to complement-mediated lysis [3-4]. More recent reports indicate that
~10% of aAA patients have acquired copy number-neutral loss of heterozygosity (CN-
LOH) in chromosome arm 6p, postulated to emerge by immune selection against specific
HLA alleles [5-7]. There are emerging data from targeted sequencing of genes recurrently-
mutated in MDS indicating that up to 24% of aAA patients carry somatic mutations in
ASXL1, DNMT3A, and BCOR, and may be at a greater risk of malignant transformation [8—
11]. Taken together, the available data indicate that somatic mutations in genes other than
PIGA are limited to a minority of generally older aAA patients. Importantly, beyond
targeted sequencing studies, the full spectrum of clonal hematopoiesis in aAA remains
undefined, with little data on clonal hematopoiesis in the pediatric population.

Based on the known association of aAA and clonal blood disorders, we hypothesized that
clonal hematopoiesis in aAA may be a more general phenomenon, present in the majority of
patients, including children and young adults, and can emerge early in the course of the
disease. To comprehensively evaluate the landscape of clonal hematopoiesis in aAA, we
used an unbiased approach of comparative whole exome sequencing (WES) of paired bone
marrow and skin fibroblast DNA, combined with genome-wide single nucleotide
polymorphism array (SNP-A) profiling in twenty two aAA patients. We found clonal
hematopoiesis in three quarters of patients, including two thirds of patients with
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pediatriconset disease. Our results show that even in the younger patients, hematopoiesis in
aAA is frequently characterized by somatic mutations, which are distinct from mutations in
MDS, and instead bear signatures of immune escape and proliferative signaling, and extend
beyond the known association with Paroxysmal Nocturnal Hemoglobinuria.

Materials and Methods

Patients and Study Oversight

The Penn-CHOP Bone Marrow Failure Syndrome (BMFS) cohort is an open prospective/
retrospective cohort for the study of molecular mechanisms of BMFS, approved by the
Institutional Review Boards of Children’s Hospital of Philadelphia (CHOP) and of the
University of Pennsylvania (Penn). Written informed consent from all study participants or
their legal guardians was obtained prior to study participation in accordance with the
Declaration of Helsinki. All patients with aAA, referred to the Penn-CHOP Comprehensive
BMFS Center between 2009 and 2014, who had a stored bone marrow aspirate and skin
biopsy material were eligible for this analysis. The diagnosis of aAA was established
according to the International Study of Agranulocytosis and Aplastic Anemia[12], and
required exclusion of congenital BMFS and other conditions mimicking aAA . Patients with
morphological evidence of dysplasia according to the 2008 World Health Organization
(WHO) classification[13] were excluded. Complete medical histories, peripheral blood
counts, bone marrow histology and cytogenetic analysis were available for all patients. In
accordance with the American Academy of Pediatrics Council on Child and Adolescent
Health, pediatric-onset aAA was defined as a diagnosis of aAA under the age of 22[14].

Cytogenetics and Hematopathology

Cytogenetic analysis and fluorescence in situ hybridization (FISH) were performed
according to standard methods. Bone marrow histology was evaluated by a clinical
hematopathologist in a blinded fashion, as patients were entered into the study only after
completion of the diagnostic review. In accordance with department policy, all controversial
cases were subject to a clinical consensus conference.

SNP-A Analysis

WES

[llumina Infinium SNP-A genotyping of bone marrow aspirate DNA was performed using
Illumina Quad610, Illumina Omnil Quad, or Illumina CytoSNP 850 Beadchips at the CHOP
Center for Applied Genomics according to the manufacturer’s protocol. Arrays were
analyzed in GenomeStudio (Illumina, Inc., San Diego, CA), which allows direct
visualization of B-Allele Frequency and log R ratio. SNP-A data have been deposited in
Gene Expression Omnibus (accession GSE48484).

WES was performed on DNA extracted from the patients’ bone marrow aspirate and paired
skin fibroblasts using Qiagen DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA) at
the BGI@CHOP High Throughput Sequencing Center. Skin fibroblasts were expanded in
culture for 3—-4 passages prior to DNA extraction. Exome libraries were constructed with
Agilent SureSelect All Exon V4 + UTRs kit (Agilent Technologies, Santa Clara, CA).
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Paired-end WES to 150X average depth was performed using the Illumina HiSeq 2500
platform, according to the manufacturer’s recommendations. Somatic variant calling on
bone marrow-skin biopsy pairs was performed with VarScan2, an algorithm optimized for
detection of somatic mutations[15], using parameters —min-coverage 4,—min-var-freq 0.08,—
p-value 0.05,—strand-filter 1-min-avg-qual 20. Filtering and annotation of somatic
mutations was performed using SNP & Variation Suite v8.0 (Golden Helix, Inc., Bozeman,
MT). All mutations were manually curated in Integrative Genomics Viewer[16], and were
classified into Tiers as described previously[17]. All chromosome coordinates were based
on hg19 (NCBI build 37).

Sanger sequencing

All putative Tier 1 and Tier 2 somatic mutations[17] identified with WES were validated
with Sanger sequencing. Briefly, amplicons containing putative somatic mutations were
subjected to bi-directional sequencing using a 3730 DNA Analyzer (Applied Biosystems,
South San Francisco, CA). Mutations were confirmed as somatic if they were present in
bone marrow and absent in paired skin DNA.

HLA Typing
Paired-end next-generation sequencing (2x251 bp) of the Human Leukocyte Antigen (HLA)
region was performed on the lllumina MiSeq platform at >10,000X average depth as
previously described[18]. Sequence alignment and HLA typing were performed using
NGSengine™ (GenDx Utrecht, Netherlands) software in the CHOP CLIA-approved
Immunogenetics Laboratory.

Telomere Length Measurement

Fifteen patients had lymphocyte telomere length (TL) measurements performed by the CLIA
certified TL testing center (Repeat Diagnostics, Inc., North VVancouver, Canada). Five
patients, who did not have a clinical TL measurement, but had available material, had TL
measured using the FITC-conjugated (C3TA>)3 peptide nucleic acid probe, as previously
described[19]. Relative TL were obtained by comparison to a control cell line (GM03671C;
Coriell Institute, Camden, NJ), which was assigned a TL of 100%. TL were normalized to
the clinical lab TL measurement, and were compared to age-matched normal controls
(Repeat Diagnostics).

T Cell Receptor (TCR)-y Gene Rearrangement

TCR vy gene rearrangement analysis was performed by the Penn CLIA-approved Molecular
Diagnostics Laboratory, using fluorescent-based amplification of the consensus V and J
regions of TCR v, as previously described.[20]

Cell Sorting

Lymphoid- and myeloid-enriched cell fractions were obtained from peripheral blood by
immunomagnetic selection for CD3 and CD19-positive cells. Briefly, peripheral blood was
subjected to red cell lysis, incubated with anti-CD3 and anti-CD19 microbeads (Miltenyi
Biotec, San Diego, CA), and separated using “LS” columns into the myeloid-enriched
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(CD3- and CD19-depleted) and lymphocyte (CD3+ and CD19+ selected) fractions. Purity
was verified by flow cytometry.

GO Pathway Analysis

Statistics

Results

Gene Ontology (GO) enrichment analysis was performed using WebGestalt Gene Analysis
Toolkit[21], using a Benjamini-Hochberg adjustment for multiple testing[22], and a
significant p-value <0.05.

Association analysis of clinical characteristics and presence of detectable clonal
hematopoiesis was performed using Fisher’s exact test for categorical variables, and Mann-
Whitney U Test for continuous variables, with a two-tailed significance level of 0.05.
Multivariate logistic regression was also performed.

Patient Population

We analyzed a cohort of 22 patients with aAA; 18 had pediatric-onset aAA, and 4 had adult-
onset aAA (Table 1). Median age at diagnosis was 14.5 years (range 1.5-61). The majority
of patients (21 of 22) were diagnosed with severe or very severe aAA,; one patient had
moderate aAA. Nineteen patients (86.4%) were treated with immunosuppressive therapy
(IST) prior to analysis, and two had a history of eltrombopag therapy. Consistent with the
known high frequency of PNH in aAA, 45.5% of patients had a PNH clone of over 1% by
flow cytometry. 25% of patients (5 of 20 patients with available telomere length
measurement) had telomeres under the 10™ percentile. The majority of patients (21 of 22)
lacked acquired karyotypic abnormalities; one patient had an acquired deletion of
chromosome arm 13g. None of the patients had morphologic evidence of dysplasia by bone
marrow histopathology.

The Majority of Pediatric and Adult aAA Patients Have Clonal Hematopoiesis

We used a combination of metaphase cytogenetics, whole genome SNP-A analysis, and
WES to comprehensively evaluate the bone marrow of aAA patients for evidence of clonal
hematopoiesis (Table 1-Table 3). To ensure accurate identification of somatic mutations, we
identified de novo mutations in the patients” bone marrow DNA, which were absent in the
patients’ constitutional DNA (skin fibroblasts). Identified somatic mutations were classified
into Tiers as described previously [17], where non-synonymous coding, consensus splice
site, or RNA genes were classified as Tier 1, and regions with regulatory potential, such as
5 and 3’ untranslated regions (UTR) were classified as Tier 2. All putative Tier 1 and 2
somatic mutations identified by WES were confirmed by bi-directional Sanger sequencing,
and, for the HLA alleles, by targeted next-generation deep sequencing.

Six patients (27.3%) were found to have clones with acquired CN-LOH; CN-LOH for four
patients was reported previously [6]. The most common region affected by acquired CN-
LOH was chromosome arm 6p, seen in three patients (13.6%). Sixteen patients (72.7%) had
evidence of clonal hematopoiesis with confirmed somatic mutations in the bone marrow.
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Independent evidence of clonal hematopoiesis was present in all sixteen patients even after
exclusion of PIGA mutations. The median number of Tier 1 and 2 mutations per patient was
2 (range 0-11). Twelve of 18 patients (66.7%) with pediatric-onset aAA had somatic
mutations, with a median of 1 (range 0-6) Tier 1 and 2 mutations per patient; one patient
had a single identified somatic mutation in an upstream region of the CHPF2 gene. Six
patients (27.3%), all with pediatric-onset aAA, had no detectable clonal hematopoiesis even
after expanding analysis to include synonymous, intronic and intergenic mutations.

Six of 16 patients with detectable somatic mutations had peripheral blood material available
for cell sorting; in these patients, mutations were evaluated by Sanger sequencing in the
immunomagnetically-sorted myeloid and lymphoid cell lineages at a later time point
(median interval between two analyses of 1.1 years, range 0.4-2.4 years). In four of the six
patients (66.7%), somatic mutations were detected only in the CD3- and CD19-depleted
myeloid cell fraction, but not in the lymphoid fraction, indicating that the mutation most
likely occurred in a progenitor population with predominant contribution to the myeloid
lineage. Two patients had mutations detectable in both myeloid and lymphoid lineages,
suggesting that the mutation likely occurred at a stem cell or a multipotent progenitor level,
with a potential to contribute to both lineages.

Association analysis of clinical characteristics of the 16 patients with detectable clonal
hematopoiesis compared to the 6 patients without detectable clonal hematopoiesis (Figure 1)
revealed that patients with clonal hematopoiesis were more likely to be older at diagnosis,
with a median age of 16.5 years (range 3-61), as compared to 3.5 years (range 1.5-15)
(p=0.012); similarly, they were more likely to be older at the time of WES (median 20 years
(range 4-61) compared to 4.5 years (range 2-20)) (p=0.011). Clonal hematopoiesis was
detected early in disease, with a median time from diagnosis of 1 year (range 0.08-29).
There was no significant association with disease duration, time from immunosuppression,
disease severity or telomere lengths. In the multivariate logistic regression including age at
diagnosis, disease duration and telomere length simultaneously, age at diagnosis showed a
trend toward significant association with clonal hematopoiesis (p=0.0752).

Acquired Mutations in aAA Carry Signatures of Imnmune Escape and Proliferative
Signaling, and Are Distinct from Mutations in MDS

A total of 58 Tier 1 (n=35) and Tier 2 mutations (n=23) in 51 unique genes were identified
(Tables 3-4). Excluding PIGA mutations, previously reported to be associated with aAA[3-
4] and recently reported to arise both as early or late subclonal events in classical PNH[23],
there were a total of 50 non-PIGA unique gene mutations. Other recurrent mutations were
loss-of-function mutations in HLA class | genes (n=2), and mutations in ERCC6L (n=2).
Two patients had mutations in genes recurrently affected in MDS, ASXL1 (n=1) and BCOR
(n=1); neither patient had evidence of myelodysplasia at the time of analysis.

Activating Mutations in Signaling Pathways

Although none of the other mutations were recurrent within our cohort, several mutations
affected functional domains and would be predicted to serve as drivers. Two such mutations
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involved critical residues in cellular signaling proteins, both previously reported to be
activating [24-25](Figure 2).

Patient 364.01 (diagnosed with aAA in young adulthood, with refractory disease despite IST
and a trial of eltrombopag) was found to have 11 Tier 1 and Tier 2 somatic mutations, with a
median clone size of 16% (range 11-23%)(Table 3). There was no evidence of
myelodysplasia, and no acquired abnormalities detected by metaphase cytogenetics and
SNP-A. A somatic p.N642H mutation in the exon 16 SH2 domain of the signal transducer
and activator of transcription 5B (STAT5B) gene was identified in the patient’s bone
marrow, with the dominant clone size (calculated as a ratio of mutated to reference allele) of
23%, roughly corresponding to half of the patient’s cells carrying a heterozygous mutation
(Fig 2A). The STAT5B p.N642H mutation is a recurrent, activating mutation found in some
large granular lymphocyte leukemias [24]. In contrast, this patient had no lymphocytosis,
and no clonal T cell receptor rearrangement. Sanger sequencing of the mutated STAT5B
region in immunomagnetically-sorted peripheral blood revealed that the p.N642H STAT5B
mutation was restricted to the myeloid lineage, and was not detected in lymphocytes (Fig
2B).

Patient 20.01 (diagnosed with aAA in adolescence, with partial response to IST, analyzed at
relapse while on cyclosporine therapy) was found to have 6 somatic mutations with a
median clone size of 12% (range 8-16%), as well as acquired CN-LOH in chromosome arm
5q with an estimated clone size of 15-20%. A somatic p.T306M mutation in the calcium2*/
calmodulin-dependent protein kinase 1l y (CAMK2G) gene in chromosome band 10922.2
comprised a 12% clone, corresponding to ~25% of cells carrying this heterozygous
mutation (Fig 2B). T306 of CAMK2G is a known phosphorylation site within the
autoregulatory domain, loss of which was previously shown to be activating [26].

Oligoclonal Hematopoiesis with Loss of HLA Class | Alleles

Fourteen percent of patients (3 of 22) had acquired CN-LOH for chromosome arm 6p
encompassing the HLA locus (Table 3); CN-LOH for two patients was reported previously
[6]. All three patients had evidence of multiple breakpoints for the CN-LOH within the 6p
region, indicating emergence of different CN-LOH clones within the same patient.
Importantly, two patients with acquired CN-LOH were also found to have somatic loss-of-
function mutations within HLA class I genes (Figure 3).

SNP-A analysis of patient 281.01 revealed two dominant 6p CN-LOH clones, both
encompassing the HLA-A gene (Fig 3). HLA-typing by targeted deep sequencing of patient’s
peripheral blood and skin DNA revealed a bias towards the HLA*A 24:02 allele (60%) in
the blood, consistent with the loss of the HLA*A 33:03 locus due to LOH (Fig 3A, 3G).
Additionally, WES uncovered a somatic nonsense p.Tyr142* mutation in the HLA-A gene
in the patient’s bone marrow (Fig 3B). Targeted deep sequencing and HLA typing
confirmed that the p.Tyr142* mutation occurred on the HLA*A 33:03 allele, leading to an
additional 7% loss of HLA*A 33:03 due to mutational inactivation (Fig 3C).

Similarly, patient 54.01 had two 6p CN-LOH clones detected by SNP-A analysis; the
homozygous region encompassed the HLA-B gene (Fig 3D). HLA typing of peripheral blood

Cancer Genet. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Babushok et al.

Page 8

and skin DNA indicated a bias toward the HLA*B 44:03 allele in the blood (57%),
consistent with the loss of the HLA*B 14:02 allele due to LOH (Fig 3F-G). WES revealed a
somatic frameshift mutation p.L294fs (Fig 3D), causing an additional 13% loss of the
HLA*B 14:02 allele by mutational inactivation (Fig 3D-H).

Significant Enrichment in Pathways Regulating Immunity and Transcription

Gene Ontology (GO) pathway analysis of the 28 genes disrupted by Tier 1 mutations
revealed a significant enrichment in pathways regulating immunity and transcription (Table
4). GO categories with significant enrichment included antigen processing and presentation
via MHC class | and MHC class | receptor activity, interferon-gamma-mediated signaling
and cellular response to interferon-gamma, response to and detection of bacterium, innate
immune response, detection of biotic stimulus, as well as transcription and regulatory
region, DNA and nucleic acid binding.

Discussion

Using comparative WES and genome-wide SNP-A analysis, we have identified clonal
hematopoiesis in the majority of aAA patients, including 67% of patients with pediatric-
onset aAA. Our results demonstrate that clonal hematopoiesis in aAA is much more
common than previously described, and can emerge early in the disease course—half of the
patients with mutations in our cohort were within 1 year of diagnosis. Our data indicate that
in the younger patient population, somatic mutations in aAA overlap only to a small degree
with mutations typical of MDS. Instead, mutations in aAA are enriched in genes regulating
immunity and transcription, with immune escape and proliferative signaling emerging as the
main drivers of clonal hematopoiesis.

The finding of early emergence of clonal hematopoiesis in the majority of young aAA
patients is likely to redefine how we view aAA, and helps put into context results of
candidate gene sequencing in aAA [8-9, 27]. Our data indicate that a large proportion of
blood production in aAA patients comes from clonal or oligoclonal hematopoiesis. It is
important to note that a haploid mutant allele frequency of 15% as measured by WES
corresponds to a 30% diploid clone harboring a heterozygous mutation, and to an even
larger proportion when accounting for cellular heterogeneity of bone marrow aspirates.
Using an unbiased approach of WES in a young patient cohort, we found mutations in
MDS-associated genes only in a small subset of patients (n=2 (9%), one of whom was a 52-
year-old adult). The high prevalence and diversity of somatic mutations in aAA patients in
our study is similar to findings from WES of thirteen patients with PNH [23], which reflects
the overlap in the underlying immune pathogenesis and selective pressure in these disorders,
and highlights the role of PIGA as one of a number of drivers of clonal evolution in aAA
and PNH. Another important corollary of our findings is that, in the absence of morphologic
dysplasia, the presence of somatic mutations cannot be used as a diagnostic tool to
distinguish hypoplastic MDS from aAA. Although it is possible that some clones in aAA
may be transient, as was previously described for chromosomal abnormalities in aAA [28],
our data show that somatic mutations can persist overtime contributing to a significant
portion of the patients’ hematopoiesis. Taken together, our results suggest that an individual
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patient’s clinical course is likely to be influenced by their unique somatic alterations, which,
for most patients, differ from mutations of hematologic malignancies.

The diversity of mutations in aAA presents a challenge in distinguishing driver from
passenger mutations; driver mutations are expected to involve recurrently-mutated genes or
pathways, and to confer a proliferative advantage on the mutant clone. Aside from mutations
previously implicated in clonal hematopoiesis, MDS, and leukemia (PIGA, BCOR and
ASXL1), only one gene (ERCC6L) was recurrently affected in our cohort. Among the other
mutations, those with translational consequences in pathways of hematopoietic growth and
immunity were considered potential drivers: the strongest candidates were mutations in
HLA alleles, STAT5B, and CAMK2G.

Although selection against specific HLA alleles has been proposed to drive 6p CN-LOH
emergence[5-7], it has been difficult to exonerate other genes that are in linkage
disequilibrium with the HLA locus and are also relevant to hematopoiesis and immunity
(e.g. TNF or complement)[29]. Our finding of two patients with oligoclonal loss of HLA
class I alleles, in whom specific HLA alleles were lost by two different mechanisms—Iloss-
of-function mutation and 6p CN-LOH—strongly argues that in these patients loss of HLA
alleles drives oligoclonal hematopoiesis (Figure 3). The recently reported nonsense mutation
in the HLA*B 40:02 allele in a 7-year-old aAA patient [30] supports our findings, and
provides further evidence that HLA class I loss may be a common and previously
underappreciated mechanism behind clonal hematopoiesis in aAA. It is intriguing that
oligoclonal hematopoiesis has also been observed with PIGA mutations, where multiple
inactivating mutations can co-occur [23, 31]; this may be another instance of a more general
phenomenon of immune selection leading to oligoclonal hematopoiesis. Future studies using
targeted deep sequencing of HLA alleles will help to define the frequency of HLA loss and
its prognostic implications [32].

Two other candidate driver mutations in our studly—CAMK2G p.T306M and STAT5B
p.N642H—affected key proliferative pathways. The first, CAMK2G p.T306M, involves a
multifunctional serine-threonine protein kinase critical for Ca2*-based second messenger
signaling and for proliferation of myeloid leukemias[33-34]. CAMKZ2G is inactivated by
autophosphorylation of regulatory residues T306 and T307 (numbered T305 and T306 in the
a-isoform), which greatly lower its affinity for Ca2*/calmodulin. Mutagenesis of T306 and
T307 residues has been shown to abrogate kinase inhibition and increase its activity [26]. It
is of interest that this mutation occurred in a patient on long-term cyclosporine therapy; a
possible explanation could be that the mutation was selected for by cyclosporine, which
activates CAMK2 though inhibition of calcineurin, a Ca2*/Calmodulin-dependent protein
phosphatase [35]. The second mutation, STAT5B p.N642H, was previously demonstrated to
increase activation of transcriptional activity by the STAT5B gene [24]. Although the lack of
historical banked tissue from this patient precludes the evaluation of the timeline of clone
emergence, it is intriguing to consider its potential relationship to the patient’s eltrombopag
therapy. Enhanced STATSB signaling conferred by the p.N642H mutation could render
STAT5B-mutant cells hypersensitive to thrombopoietin, leading to clonal expansion.
Longitudinal studies of aAA patients treated with thrombopoietin agonists and other
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therapies will be important to define effects of therapy on clonal emergence and its
prognostic implications.

Our study has limitations. This is a cross-sectional study of a relatively small patient
population with limited follow-up and, thus, cannot assess the prognostic implications of
specific mutations. However, aAA is a rare disease; and at a median follow-up of 15 months
(range 0-38), none of the patients had neoplastic transformation. Due to material
availability, clonal architecture analysis was only performed for two patients with
oligoclonal loss of HLA | alleles. Future longitudinal studies of multi-institutional patient
cohorts, incorporating clonogenic assays and deep sequencing will be needed to determine
the frequency and recurrence of mutations, to correlate mutational spectrum with treatment
response and disease outcomes, and to evaluate clonal architecture and clonal dynamics. Our
study does not include comparative WES of healthy controls. However, recent studies using
WES of control populations have shown that only 2—-3% of individuals and up to 10% of
people over 65 years have clonal mutations; in contrast, healthy children and young adults
have none or only rare and non-clonal somatic mutations[36-43]. Thus, clonal
hematopoietic expansion in pediatric and young adult aAA patients is strikingly different
from healthy hematopoiesis. It is intriguing to consider potential differences in the
mutational spectrum between the pediatric patients and older adults, who are more likely to
carry age-related somatic mutations associated with malignancy; future longitudinal studies
comparing the mutational profiles and disease outcomes in patients of different age groups
will help to better understand the prognostic implications of clonal hematopoiesis and its
interaction with age. Finally, the low background mutation rate in younger patients may
have caused us to underestimate the frequency of clonal hematopoiesis in children. Our
study did not identify subclonal mutations with haploid allele frequencies below ~10% as
measured by WES (which corresponds to a ~20% diploid clone size). Importantly, all of the
identified somatic mutations comprise a large (>20%) fraction of patients’ hematopoietic
production, and are thus likely to influence their hematologic presentation, response to
therapy, and disease course.

In conclusion, we have shown that clonal hematopoiesis is present in the majority of aAA
patients, including two thirds of patients with pediatric-onset aAA, and can occur early in
disease. Our data demonstrate that in the younger patient population somatic mutations in
aAA have only a partial overlap with mutations of MDS, and instead bear signatures of
immune escape and proliferative signaling. Our finding of frequent clonal hematopoiesis in
aAA expands the conceptual understanding of the pathophysiology of this non-neoplastic
blood disorder, and demonstrates that clonal hematopoiesis in aAA extends beyond the
known association with PIGA mutations. Prospective studies of clonal hematopoiesis in
aAA and its relationship to aAA therapies and patient outcomes will be critical for
understanding the determinants of disease response and transformation, and for designing
personalized treatment strategies in aAA.
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Clonal No Clonal
Clinical Characteristic Hematopoiesis |Hematopoiesis | p-value
(n=16) (n=6)
Age at diagnosis (years) 16.5 (3-61) 3.5 (1.5-15) 0.012
Disease onset (n)
Pediatric-onset 12 6 0.541
Adult-onset 4 6]
Age at WES (years) 20 (4-61) 4.5 (2-20) 0.011
Use of Immunosuppressive
Therapy (IST)
Yes 13 6 0.533
No 3 6]
Time from IST (years) 1 (0-18) 0.75 (0.3-6) 0.803
Duration of disease (years) 1 (0.08-29) 0.88 (0.5-6) 0.682
AA severity (n)
NSAA 1 6] 0.341
SAA 10 6
VSAA 5 6]
Telomere length (n)
<10th Percent!Ie 4 1 1.000
>10th Percentile 10 5
n/a 2 6]

Figure 1. Clinical Characteristics Associated with Presence or Absence of Clonal Hematopoiesis

in aAA

A. The distribution of the total number of identified somatic mutations per patient as it
relates to the patients’ age and disease duration. For each patient, listed on the X-axis, the
age is plotted as a vertical line, with the beginning of the line corresponding to age at
diagnosis and an arrowhead depicting age at WES. The number above the line corresponds
to the total number of somatic mutations. B. Association analysis of clinical characteristics
with presence or absence of clonal hematopoiesis in aAA.
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A. IGV screenshots of WES of bone marrow(BM) and constitutional DNA (skin biopsy, SB)

showing a g.40359729T>G (p.N642H) mutation in STAT5B gene present in the bone

marrow but not in the paired constitutional DNA. B. Sanger sequencing chromatograph
showing that the acquired g.40359729T>G (p.N642H) mutation is detected in the

immunomagnetically sorted myeloid cell fraction of peripheral blood, PB (M), but is absent

from the lymphocyte fraction, PB (L), and skin fibroblast DNA (SB); the chromatograph
shows reverse complement sequence. C. IGV screenshots of WES of bone marrow (BM)
and constitutional DNA (skin biopsy, SB) showing a g.75601956G>A (p.T306M) mutation
in CAMK2G present in the bone marrow but not in the paired constitutional DNA. D. Sanger

sequencing chromatograph validating that the acquired g.75601956G>A (p.T306M)
mutation in CAMK2G is detected in the bone marrow (BM), but is absent in the skin

fibroblast DNA (SB). E. A schematic of the STAT5B protein illustrating the location of

previously reported activating mutations in the SH2 domain. F. A schematic of the

CAMK2G protein showing the locations of regulatory phosphorylation sites.
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A
7% HLA-A 8.29911127C>G (p.Tyr142%)
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A
13% HLA-B g.31323108delA (p.Leu294fs)
H Patient [HLA Allele Frequency
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p.Leu294fg 13%
54.01 B*44.03 57.50%

Figure 3. Oligoclonal Loss of HLA class | alleles in aAA
A. SNP-A genotyping of patient 281.01 depicted as two scatter plots. The top plot shows B-

allele Frequency (BAF, a relative frequency of the minor allele); the bottom plot shows Log
R Ratio (LRR, a measure of normalized total signal intensity for both alleles). The
chromosomal location is depicted on the X-axis. In a region with acquired CN-LOH, the
copy number (indicated by the LRR) remains constant, while there is a decreased frequency
of the heterozygous alleles (indicated by the change in the left part of the BAF plot). The
location of the HLA-A gene is shown by the arrowhead. B) IGV screenshots of WES of bone
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marrow (BM) and constitutional DNA (skin biopsy, SB) showing the HLA-A g.
29911127C>G (p.Tyrl42X) mutation in the bone marrow but not in the paired constitutional
DNA. C. Next generation sequencing of the HLA locus, showing the location of the
nonsense HLA-A ¢.29911127C>G (p.Tyr142*) mutation (arrow) occurring in cis to the
HLA-A*33:03:01 allele. D. SNP-A genotyping of patient 54.01. The top plot shows B-allele
Frequency (BAF, a relative frequency of the minor allele); the bottom plot shows Log R
Ratio (LRR, a measure of normalized total signal intensity for both alleles). In a region with
acquired CN-LOH, the copy number (indicated by the LRR) remains constant, while there is
a decreased frequency of the heterozygous alleles (indicated by the change in the left part of
the BAF plot). The location of the HLA-B gene is shown by the arrowhead. E. IGV
screenshots of WES of bone marrow (BM) and constitutional DNA (skin biopsy, SB)
showing the frameshift HLA-A g.31323108delA (p.Leu294fs) mutation in the bone marrow
but not in the paired constitutional DNA. F. Next generation sequencing of the HLA locus,
showing the location of the HLA-B ¢.31323108delA (p.Leu294fs) mutation (arrow)
occurring in cis to the HLA-B*14:02:01 allele. G. A model schematic depicting recurrent
loss of HLA class I alleles in patients with aAA. Cytotoxic T lymphocytes (CTL) cause
autoimmune depletion of hematopoietic stem and progenitor cells (HSPC) due auto-antigen
presentation in the context of particular HLA class | alleles. Thus, cells with loss of
particular HLA class I alleles either via an inactivating mutation, or by loss of
heterozygosity favoring the opposite allele, lead to a growth advantage and resultant clonal
expansion of the mutant hematopoietic cells. H. Table showing HLA typing results of the
peripheral blood for patients 281.01 and 54.01.
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Patient Characteristics

Table 1

Overall (n=22)

Pediatric-Onset (n=18)

Adult-Onset (n=4)

Patient Characteristics

Gender, female (%)/male (%) 13 (59) /9 (41) 9 (50) /9 (50) 4 (100) /0 (0)
Age at diagnosis (years), median (range) 14,5 (1.5-61) 12 (1.5-19) 45.5 (33-61)
Age at sequencing (years), median (range) 18.5 (2-61) 17 (2-34) 48.5 (36-61)
Disease duration (years), median (range) 1(0.1-29) 1(0.1-29) 1.7 (0.25-6)
Duration of follow-up (months), median (range) 14.8 (0-38.2) 13.3(0-38.2) 20.3 (0-25.6)
Disease severity (n)
Moderate 1 0 1
Severe 16 15 1
Very Severe 5 3 2
Post-immunosuppression (IST), n (%) 19 (86.4) 16 (88.9) 3(75.0)
Time from IST (years), median (range) 1(0-18) 1(0-18) 0.25 (0.25-3)
Eltrombopag use (n) 2 1 1
Transformation to MDS (n) 0 0 0
Telomere length
> 10th Percentile of Age-Matched Controls 15 11 4
< 10th Percentile of Age-Matched Controls 5 5 0
N/A 2 2 0
% of patients with PNH clone (>1%0) 455 44.4 50.0
Summary of Acquired Genetic Changes
Acquired CN-LOH, n (%) 6(27.3) 5(27.8) 1(25.0)
6pLOH, n (%) 3(13.6) 3(16.7) 0(0.0)
Patients with somatic mutations, n (%) 16 (72.7) 12 (66.7) 4 (100.0)
Tier 1 and 2 gene mutations per patient, median (range) 2(0-11) 1 (0-6) 8.5 (1-11)
Acquired cytogenetic abnormality, n 1 0 1

Pediatric-Onset aAA: diagnosis under 22 years of age; Adult-onset aAA: diagnosis at 22 years and older.

Page 19

Tier 1: nonsynonymous coding, consensus splice site, or RNA genes; Tier 2: regions with regulatory potential, such as 5’ and 3’ untranslated

regions (UTR).
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