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Abstract

Idiopathic aplastic anemia (IAA) pathophysiology is dominated by autoreactivity of human
leukocyte antigen (HLA)-restricted T-cells against antigens presented by hematopoietic stem and
progenitor cells (HSPCs). Expansion of PIGA and HLA class | mutant HSPCs have been linked to
immune evasion from T-cell mediated pressures. We hypothesized that, in analogy with anti-tumor
immunity, the pathophysiological cascade of immune escape in I1AA is initiated by immunoediting
pressures and culminates with mechanisms of clonal evolution characterized by hits in immune
recognition and response genes. To that end, we studied the genetic and transcriptomic make-up
of the antigen presentation complexes in a large cohort of patients with IAA and paroxysmal
nocturnal hemoglobinuria (PNH) by using single-cell RNA, high throughput DNA sequencing
and single nucleotide polymorphism (SNP)-array platforms. At disease onset HSPCs displayed
activation of selected HLA class | and Il restricted mechanisms, without extensive inhibition of
immune checkpoint apparatus. Using a newly implemented bioinformatic framework we found
that not only class | but also class Il genes were often impaired by acquisition of genetic
aberrations. We also demonstrated the presence of novel somatic alterations in immune genes
possibly contributing to the evasion from the autoimmune T-cells. In contrast, these hits were
absent in myeloid neoplasia. These aberrations were not mutually exclusive with PNH and did not
correlate with the accumulation of myeloid-driver hits. Our findings shed light on the mechanisms
of immune activation and escape in IAA and define alternative modes of clonal hematopoiesis.

Introduction

Idiopathic aplastic anemia (IAA) results from the destruction of hematopoietic stem and
progenitor cells (HSPCs) by autoreactive T-lymphocytes recognizing peptides derived

from yet unknown antigenic proteins.? The reversion of the pathologic process by
immunosuppressive therapy (IST) parallels laboratory observations indicating that aberrant
T-cell responses, likely involving both CD4+ and CD8+ cells and their inflammatory
cytokines, mediate damage to the HSPC compartment.2:34:5.6 Moreover, aberrant
oligoclonal T-cell expansion demonstrates that a limited number of dominant clones are
responsible for the HSPCs’ destruction either directly via HLA-restricted Killing or through
their inhibitory cytokines.27:8,9.10

Compelling evidence exists that the immunological pressure exerted by T-cells leads to
selection of mutant escaping clones in HSPC pool, of which some may lead to adaptive (i.e.,
non-malignant) clonal recovery, while others initiate maladaptive (i.e., malignant) clonal
evolution.11:12 For instance, the emergence of immune-privileged paroxysmal nocturnal
hemoglobinuria (PNH) clones may represent a tentative of adaptive recovery. This is
reflected by secondary PNH evolution, observed in about 10% of 1AA patients during

their follow up.13 Conversely, the occurrence of somatic leukemogenic mutations and
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chromosomal defects (chiefly monosomy 7) may enable selective expansion of immune-
resistant malignant clones initiating the progression to myelodysplastic syndrome (MDS) or
acute myeloid leukemia (AML).13:14.1516,17

Loss of expression of HLA molecules on the surface of HSPCs via genetic lesions

can enable establishment of immune-privileged hematopoiesis.18:19.20.21 Similar to the
mechanisms of immune escape in solid tumors and after allogeneic hematopoietic cell
transplantation (HCT), these molecular defects may impair the presentation of immunogenic
peptides, evading T-cell adaptive responses.22:23.24.25 Qur group and others have previously
shown that clonal microdeletions or copy neutral loss of heterozygosity of HLA region

are present in IAA and hypoplastic MDS as indicators of immune selection.26:18 Somatic
mutations in the coding region of certain class | HLA alleles were later found in IAA
patients, generating the hypothesis that a risk allele targeted by these hits, especially in B
locus, may be involved in the presentation of immunodominant peptides.18:20.27

In the context of immune evasion from cellular anti-tumor immune surveillance, dysfunction
of HLA peptide/T-cell synapsis has been demonstrated to occur at multiple levels via class

I and Il HLA-restricted mechanisms resulting from a complex process of immunoediting of
tumor genome.28:29.30.31,29,32 \\je hypothesized that under a T-cell mediated autoimmunity
able to generate immune pressure on specific hematopoietic compartments, both class |

and Il HLA genes, together with other immunological components involved in antigen
presentation processes and regulation of T-cell effector functions may be targets of a broad
immunogenomic dysfunction in IAA, featuring clonal immune escape. Consequently, we
first analyzed single-cell RNA transcriptomic profiles of HSPCs in treatment-naive patients
to dissect early and subsequent signatures of immune pressure. We then performed a large-
scale genomic study encompassing granular analysis of mutational/copy number events in
HLA region and in immune genes, whose dysfunction could have a role in reducing the
threshold of antigen presentation and T-cell activation as a mechanism of immune evasion
from both class | and class Il restricted processes. We further investigated the topography of
HLA disruption with gold standard SNP-array methods in an independent multicenter cohort
of 1AA patients and explored the frequency of non-HLA immune somatic hits in a large
cohort of primary myeloid diseases.

Sample and patient overview, study design and IRB approval

This is a non-interventional multi-institutional prospective study exploiting biospecimens
collected from multiple cohorts of bone marrow failure (BMF) patients. In total, 875
patients were included in this study: N=197 from Cleveland Clinic Foundation (CCF),

with sequencing support from Munich Leukemia Laboratory (MLL) of Munich (Germany);
N=15 from the Institute of Hematology and Blood Diseases Hospital (IHBDH) of Tianjin,
(China);33 and N=663 from the Center for International Blood and Marrow Transplant
Research (CIBMTR). Genomic data collected from 137 healthy controls, 733 AML and 942
MDS patients were used for validation purposes.
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A total 295 samples from 212 patients were analyzed (Table 1, Figure 1, Tables

S1-S2), exploring: i) single HSPCs immunologic signatures before treatment (N=15)33
compared to healthy individuals (HC; N=4), or serially in patients responding to
immunosuppression (N=4); ii) granular genetic aberrations in HLA (somatic mutations and
loss of heterozygosity, N=177); iii) myeloid (N=132) and iv) non-HLA immune-related
genes (N=53). Finally, cohorts of 733 AML and 942 MDS patients and 137 HC were used
as a disease control population for a comparative study of somatic immune alterations and
confirmation of the accuracy of HLA genotyping and mutational analysis (Figure 1). The
topography of HLA disruption was further studied using SNP arrays copy number variation
(CNV) of HLA loci in a separate cohort of 663 patients from the CIBMTR registry.

HLA genomic data from 137 HC were used to assess the accuracy of our typing and
mutational algorithm (see Supplementary methods).

This research was conducted under the Institutional Review Board (IRB) of CCF, (IRB
#5024) and local ethics committees of IHBDH, MLL and all the centers involved in
CIBMTR registry. All the procedures involving human subjects were carried out under the
legacy and the ethical principles of the Helsinki Declaration.

Genotyping studies

HLA sequencing, myeloid targeted and whole genome sequencing (WGS) were performed
on patient samples included in the biorepository of the Translational Hematology and
Oncology Research Department of CCF. MLL provided support for the WGS. For IAA
patients undergoing allogeneic HCT from an unrelated donor from CIBMTR registry, DNA
samples were collected prior to HCT between 1989 and 2015, and SNP-Array genotyping
was performed at the Cancer Genomics Research Laboratory (CGR) in the Division of
Cancer Epidemiology and Genetics (DCEG) at the National Cancer Institute (NCI). Patient
characteristics and genotyping methods for this last cohort were previously reported.34:35
See Supplementary methods for further details on DNA extraction, library preparation, SNP-
array, sequencing platforms and bioanalytical pipelines.

HLA mutational platform

Details of the bioinformatic approach to investigate somatic HLA mutational status are
also provided within the supplementary appendix. In brief, after obtaining a confident full
8-digit typing from both targeted and WGS samples with a new implemented algorithm
(NovoHLA), paired-end reads from either targeting sequencing or WGS (in this last case
after MHC region isolation from aligned and sorted BAM files and conversion to FASTQ
files) were directly aligned on a per-patient HLA reference using Novoalign (Novocraft
Technologies Sdn Bhd). After sorting, marking duplicates and indexing, variant calling
was performed through Varscan v2.4 in tumor-only mode.36 A further filter was applied
to prioritize high quality calls present in both read mates. A minimum coverage of 30
reads (>10 reads for the variant allele) was used as a threshold for the detection in the
targeted platform while a minimum coverage of 10 reads (>4 for the variant allele) was
used for WGS samples. This generated a list of variants with false positive events being
still potentially present among true calls. To avoid this background noise, we developed a
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java tool built on the multi-alignment files provided by the HLA-IPD/IMGT database,3’ to
retain only non-polymorphic calls (see supplementary appendix, Figure S1). The typing and
variant calling platforms were validated in a cohort of 133 healthy subjects and 109 different
cell lines, with known HLA typing (Figure S2).

Single-cell RNA sequencing and analysis

Single-cell RNA libraries from bone marrow (BM) specimens of IAA patients and healthy
controls were prepared and sequenced at the Institute of Hematology and Blood Diseases
Hospital of Tianjin as previously described.33 Briefly, after a flow-based single-cell
sorting, HSPCs (Lin—-CD34+) and T-cells were separated. A 3’-Biased single-cell tagged
reverse transcription sequencing (STRT-seq)383? was deployed for the samples in study,
as previously published.33 After pooling of barcoded single cells, cleaning, amplification
and tagmentation, polyA-tailing, adaptor ligation and library construction, 150bp paired-
end reads were generated from Illumina HiSeq Ten X platform. After quality controls
and filtering processes, high quality reads were aligned to human genome (GRCh38)
with HISAT2. Seurat suite was used for data processing, normalization, analysis and
visualization.40

Statistical analysis

Results

Median, interquartile ranges (IQR), mean and 95%CI intervals were used where appropriate.
Frequency and distribution of categorical variables were expressed as percentage. For all
relevant comparisons, after testing for normal distribution, comparative analyses between
two groups were performed, by two-sided paired or unpaired Student’s t-tests at 95% CI.

In the case of not normally distributed data, the Wilcoxon matched-pair signed rank test

at 95% CI was used. Fisher’s exact test or Chi-square were applied for independent group
comparisons. Cox regression and proportional hazard models for the competing risk sub
distributions were used to assess the impact of mutational burden on cumulative incidence of
progression, in univariable setting.*! Death at any time and HCT were used as competitive
events for the cumulative incidence of progression to MDS. Generalized linear models were
used to evaluate the associations between HLA and myeloid or P/GA burden. All statistical
tests were two-sided, and a P-value <0.05 was considered statistically significant.

Signatures of immune pressure in hematopoietic stem cells and multipotent progenitors in

IAA

First, we sought to understand whether HSPC transcriptional phenotype in IAA before
treatment could reflect the effects of immune pressure. Therefore, we investigated the
immune signatures in HSPC pool of bone marrows from 15 treatment-naive patients (12
moderate and 3 severe IAA) and compared them to those of 4 HC using single cell
transcriptome analysis. This particular workflow did not include infiltrating lymphocytes.
HLA and immune checkpoint expression on each HSPC subtype was first explored in a
subset of HC (Supplementary results, Figure S3 and S4). After quality control steps (Figure
S5), filtering and normalization of raw single cell counts, uniform manifold approximation
and projection (UMAP) for dimension reduction of the merged transcripts of single
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cell samples confirmed that all the cells belonging to the same differentiation subtype,
even if from different individuals, clustered together, therefore enabling statistically valid
comparisons (Figure 2A-B).

The initial unbiased differential analysis comparing all the HSPC clusters from treatment-
naive patients with those from HCs showed important dysregulation of genes involved

in signaling mediated by interleukins, cell cycle, regulation of apoptosis and myeloid
differentiation (Table S3). However, in this study we focused on target cells among players
of the immune attack in AA. Therefore, to avoid the bias of different cell compositions
among IAA and healthy BM, we also studied the gene expression in comparable,
phenotypically defined clusters of hematopoietic stem cells (HSCs/multipotent progenitors
(MPPs) (Figure 2A-C) to define gene signatures resultant from/or modulating efficacy of
immune response (Table S4).

Results of this differential analysis (Table S5, Figure S6, S7) highlighted the up-regulation
of many immune-related genes, involved in both class | and class Il HLA antigen
presentation machinery, processing and regulation (B2-microglobulin, proteasome subunits,
and genes involved in endoplasmic reticulum (ER)-mediated exocytosis; Figure 2D,), and

of genes involved in cytokine-signaling pathways, regulation of cell adhesion and leukocyte
differentiation. No significant dysregulation was seen for components of immune checkpoint
genes (including VSIR, CD70, PD-L1), except for the non-conventional negative checkpoint
regulator LGALSZ, which was one of the top overexpressed genes in HSC/MPP of IAA
patients, Figure 2C and Figure S6-S10). We then focused specifically on HLA loci and
noticed that HLA-DRB1 (p=1.8 x 10715), HLA-DRA (p=0.012) and HLA-B (p=2.2 x 1079)
were up-regulated in this cell subset, while HLA-A (p=1.1 x 107°), HLA-DQB1 (p=0.029)
and HLA-DQA1 (p=2.7 x 107%) were slightly down-modulated (Figure 2E). When we
analyzed density (intensity) of HLA transcripts distribution in HSC/MPPs in representative
patients, the overexpression of HLA-DRB1 occurred in almost all the samples. Conversely,
a transcript density distribution for HLA-A, HLA-B and HLA-DQBL loci showed decrease
in some but not all patients (Figure 2F) consistent with early clonal escape. DRB1, besides
being one of the most upregulated genes in HPC/MPP cells of IAA patients, appeared also
to be overexpressed in all other HSPC subpopulations, from multipotent to more committed
stages (Figure S8-S9). When locus-specific HLA expression in HSCs/MPPs cells before and
after IST was analyzed, in 4/4 responder patients, down-modulation of at least one HLA
gene was detected in post-treatment samples (Figure 2G).

Characterization of HLA somatic mutational landscape

We then studied whether immune pressure led to the acquisition of immune escape hits

in HLA in target cells, deploying high throughput HLA genotyping of 177 patients (31 at
diagnosis, 137 after treatment, 20 at the moment of evolution). We developed a high-fidelity
bioanalytic pipeline enabling the capture of HLA point mutations, microdeletions, insertions
and unbalanced CNV from sequencing data (see supplementary methods, Figure S1-S2).
Overall, this analysis yielded 122 somatic HLA aberrations in 64 patients (36%, Table

S6). At least one HLA aberration was found at diagnosis in 13/31 (42%), at follow-up in
47/137 (34%) and at the time of progression in 4/20 (20%) patients. PNH clones were
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present in almost half of the cases (N=29, 45%) with HLA abnormalities (Figure 3A-C).
HLA mutations involved all HLA loci, both in coding and non-coding regions. However,
the most affected genomic locations were exon 1, exon 4, and the 5’ and 3’ untranslated
regions (UTR, Figure S11A). Most mutated class | alleles were A*02:01 and B*14:02,
while the most affected class 11 locus was DQB1 (Figure 3A). We confirmed a previously
identified hotspot in exon 1 involving class | alleles (particularly B*14:02), characterized
by a truncating mutation in codon 19 (c.19C>T, p.R7X or p.R7Efs13) (Figure 3B, Figure
S11A, Table S6). This hotspot was mutated in 8 patients (12.5% of all mutant cases) at

a median variant allele frequency (VAF) of 9.5% (range: 4.3-20%). The most commonly
affected alleles were DQB1*06:02, DPA1*01:03, B*14:02, DQB1*06:03, A*02:01 and
DRB1*04:01. Particularly, lesions in DQB1 and DRB1 alleles were more commonly losses.
While no recurrent hotspots were identified in class Il genes, point mutations or small
indels in this group of alleles tended to occur mostly in UTR regions, possibly altering
transcriptional regulation. Median VAF of all the somatic events was 5.0% (range 2—-97%)
and no significant difference in clonal size was noticed according to the timing of sampling
(4.3% [range 2—-28%] at diagnosis, 6% [range 2—-97%] at follow-up, and 3.2% [range
2.0-6%] at MDS/AML evolution, Figure 3D). Allelic loss events (intended as deletions

or microdeletions affecting part of specific alleles and detected through a hypersensitive
genomic alignment- see supplementary methods) were more frequently seen in class Il loci
(Figure 3A-C), chiefly DRB1 and DQBJ1. Specifically, allelic loss was found in 14 patients
carrying also HLA mutations, indicating a non-mutual exclusivity (at least at a patient level,
Figure 3E). We did not find any differences in HLA expression or frequency of somatic
HLA mutations and disease severity at diagnosis (Figure S11B). For validation purposes
using a different platform (SNP-arrays), we also studied the localization of copy neutral and
unbalanced genomic losses of HLA locus in a historical series of IAA patients (Transplant
Outcomes in Aplastic Anemia (TOAA) project).=3° In 102/663 patients (15%) 115 chr6
events of large CN-LOH or deletions (involving>=2Mb) covering HLA region were found
with a majority of aberrations (101/115, 88%) covering large portions of 6p and mostly
involving both class | and 11 genes (on average 39.3 Mb in size) and in a minor fraction
(14/115) including interstitial portion of HLA region (average of 15.5 Mb), principally as
secondary events (Figure S12). This last type of aberrations affected almost uniquely class
Il genes (chiefly DRB1 and DQBL loci). Similarly to the epidemiology of HLA disruption
seen in our original cohort, carriers of these CNV events frequently harbored alleles such
as A*02:01, B*14:02, C*07:02, DRB1*15:01, DQB1*06:02, DPB1*04:01, DPA1*03:01
(Figure S12).

Clonal evolution to MDS and PNH and HLA aberrations

Malignant clonal progression of IAA with evolution to MDS poses a question as to whether
this complication is due to or associated with the acquisition of immune escape hits.
Similarly, the speed of PNH expansion may be related to the acquisition of subclonal

HLA or other immune mutations in P/IGA mutant clones. When patients with and without
HLA aberrations at diagnosis and during the course of the disease were analyzed, no
significant difference was found in terms of cumulative incidence (CI) of malignant
progression (HR: 0.45 [95%CI 0.15-1.34], p=0.1350; Figure S11C). When we examined
the myeloid mutational landscape (on 132 samples, Table S7), 15% (N=7/47) of patients
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with HLA aberrations had =1 myeloid driver lesions as opposed to 32% (N=27/85) of cases
without somatic HLA alterations (Figure 4A, p=.0331). HLA aberrant cases were generally
associated with lower myeloid burden (number of mutations in myeloid genes, OR=0.44
[95%CI 0.2-0.8], p=0.0262, Figure 4B) and a trend for a lower VAF of myeloid mutations
compared to HLA wild-type patients (median 33% [IQR: 20-48%] vs. 43% [IQR: 16-51%],
Figure S13A). Of note is that only 3% of the patients in our cohort harbored >2 myeloid hits
(Figure 4E).

Median granulocytic PNH clone size was 1.6% (IQR: 0.4-6.3%) in AA patients and 81.5%
(IQR: 50.5-93.7%) in PNH cases. Although both HLA mutant and wild type groups had
similar frequencies of PNH clones of size >1% at diagnosis, a higher burden of PIGA
mutations (mosaicism) was observed in the first group (Figure 4B, OR: 1.55 [95%CI 1 -4],
p=0.0201), underling that myeloid and P/GA mutational acquisition could be functionally
linked to the type or strength of immune selection pressure. Furthermore, analysis of
available sequential samples at the time of malignant progression showed a disappearance
or decrease of HLA mutant clones present prior to evolution. For instance, in an illustrative
case (UPN 227) we longitudinally tracked the disappearance of HLA hits (3 HLA mutations,
with a dominant clone in B*14:02) at malignant progression 4 years later (when the HLA
dominant clone decreased below the sensitivity threshold, <2%), and subsequently after
transplant (Figure S13B).

Genomic dysfunction of antigen presentation and processing machinery

Next, we investigated whether T-cell mediated pressure can also, in addition to HLA, affect
other immune response elements involved in the antigen presenting machinery. We thus
analyzed patients’ specimens for possible pathogenic somatic hits in a curated selection

of immune genes (Table S4) in 53 patients through WGS (Figure 1, Table S1). While
characterizing the somatic HLA landscape (Table S8), we identified 18 pathogenic or likely
pathogenic somatic hits in 14 patients (26%), involving 8 genes (Figure 4F median VAF

of ~10.22% [range 4.9-49.4%]). The pathogenicity of these events was predicted using 10
different bioinformatics tools (Table S9 and Supplementary methods). The most frequently
mutated family of immune genes included proteasome machinery (PSMC5) and vesicle
transportation (KLC2), potentially affecting HLA class | antigen assembly, together with
class Il HLA transcriptional regulators (i.e., C//TA, Figure 4F). Somatic hits in these

genes were not mutually exclusive with HLA mutations (35% - 5/14 of the patients had
co-occurring mutations) or P/GA aberrations (detected in 3 out of 14 cases with somatic
hits in immune genes, Figure 4F, Figure S12C). About 26% of patients presented at least
one myeloid driver mutation in absence of any PIGA, HLA or immune hit. As occurring
with HLA mutations, again 2/GA clonal burden was significantly higher comparing to the
additional immune mutational events, possibly suggesting a major fitness advantage of PNH
clones over those harboring immune-regulatory gene aberrations (Figure 4F). Interestingly,
when we explored the presence of these aberrations in an independent cohort of primary
AML (N=733) and MDS (N=942), we observed that these events were extremely rare as
compared to IAA patients (p<0.0001, Figure 4G).

Leukemia. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pagliuca et al.

Page 9

Discussion

In tumor biology, T-cell mediated recognition and elimination of cancer cells trigger a
dynamic process of immunoediting, which may finally result in the immune escape of
less immunogenic clones.*2 This process may involve transcriptional down-modulation or
genetic selection characterized by acquisition of specific features of resistance to immune
attack. Here, we suggest that a similar mechanism may be part of the pathophysiology of
IAA, wherein immune-mediated selection of HSPCs leads to a heterogeneous assortment
of more or less immune-resistant clones consistent with the theoretical notion that T-cell
mediated destruction operates at the base of clonal selection.

To highlight the molecular consequences of this pressure on HSCs and progenitors,

we deployed single-cell transcriptomics, which demonstrated upregulation of transcripts
involved in antigen presentation including HLA DRBL. Our recent findings showing the role
of specific HLA DRB1 allelic configurations in initiation of IAA7 is in agreement with this
result. A possible hypothesis is that the described upregulation of effector proteins on target
cells creates the impetus for the clonal selection operating in the opposite direction e.g.,
acquisition of somatic class Il mutations described in our study.

Previous work stressed the role of class I HLA somatic mutations as a consequence of the
immunological pressure exerted by the dysfunctional cytotoxic T-cell responses.18:20.27 The
present study not only confirms this evidence, but further expands the current knowledge
pinpointing the occurrence of a broader immunogenomic dysfunction of the antigen
presentation machinery, encompassing most of the expressed classical HLA loci as well

as genes regulating T-cell activation. Specifically, we have identified multiple HLA-A

hits and a much wider assortment of HLA-B beyond B14 allele, further expanding the
class | mutational repertoire.18:19.20.21 Moreover, we demonstrated for the first time that
mutational selection events can occur also in HLA class Il genes. This is consistent with
the pressure generated by their up-modulation at disease onset possibly related to the
effects of the BM inflammatory milieu and exaggerated in carriers of specific class Il
alleles e.g., DRB1*15:01.743 The fact that HLA mutations are spread across different loci
is also in line with prior findings describing multiple T-cell clones with different HLA
restriction elements.#44%:8 The subsequent down-modulation of HLA molecules in HSPCs
may be due to genetic events (mutations or losses), transcriptional downregulation (e.g.
deactivation of HLA transactivators, such as CIITA), or epigenetic modifications.*® Finally,
it is also possible that clones expressing high levels of certain HLA alleles are eliminated
resulting in overall decreased expression. HLA genomic and transcriptomic deficiency may
share similarities with the loss/downregulation of targets after treatment with monoclonal
antibodies or immunotherapies (e.g. loss of CD19 or CD20 after blinatumomab, rituximab
and CAR-T+7 or loss of CD52 after alemtuzumab-based regimens).*8:49 Higher frequency
of allelic losses seen in DQB1 and DRB1 genes appears consistent with our observations
of DRB1 overexpression in treatment-naive patients, while low expression could be due to
various early mechanism described above.

Mutational landscape analysis of HLA region is challenging. So far, no tools capable of
simultaneous detection of mutations and unbalanced CNV in class | and 1l HLA genes
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have been available. For the purpose of this study, we developed a new bioanalytic strategy
enabling the analysis of such highly polymorphic alleles from various sequencing platforms,
theoretically deployable as mutational calling algorithm also for other highly polymorphic
immune loci (e.g., KIR, TAP1, MICA, MICB, etc.).

Another concordant finding of our study was the identification of other possible targets of
immune escape, such as PSMC5, CIITA, KLCZ2, most of them already described in solid or
hematological malignancies as associated with tumor surveillance reactions but to date not
found in 1AA.50:51.52 One could speculate that such an immune clonal mosaicism involving
multiple modes of immune escape, may be similar to that operative in other conditions
including for instance cancer immunotherapy or allogeneic HCT. In both clinical scenarios,
cells harboring somatic hits conferring immune resistance are selected under evolutionary
forces. Indeed, in IAA we also noticed the co-occurrence of HLA-mutated and PNH clones
rather than their mutual exclusivity. To that end, P/IGA mutated immune-privileged HSPCs
could also be reflection of such an immunoediting process, albeit £/GA mutant-facilitated
escape is so far unique to I1AA.

Our study underscores the complex relationship existing between HLA-mediated escape and
clonal evolution. At the time of the preparation of this manuscript, two studies, respectively
reporting on outcomes of a Japanese and a North American population of IAA and PNH
patients, showed two opposite trends in terms of HLA correlations.5354 Hosokawa et al.
demonstrated in a cohort of 633 patients that the presence of HLA lacking clones was an
independent negative predictor of AML/MDS evolution.>3 However, in the second study
from the NIH,> specific class | HLA abnormalities and the presence of B*14:02 genotype
were associated with malignant progression as previously suggested by Babushok et a,18
although the initially proposed correlation was not found in a long term updated study
focused on clonal evolution.®® The composition of our cohort precluded a conclusive
determination of the role of HLA aberrations as to the risk of MDS/AML evolution, that
was instead object of a separate study from our group.1® Nevertheless, our analysis of

clonal architecture and dynamics was in line with the initial Japanese findings. Indeed,

in our cohort HLA aberrant clones showed a weaker transformation propensity and a

lower leukemogenic mutational burden. It is also noteworthy that in a recent pan-cancer
study the prevalence of class | HLA losses in solid cancers has been reported to follow

a “Goldilocks” pattern, whereby tumors with the highest and lowest mutational burden
(TMB) were characterized by the lowest number of HLA-related events. Conversely, cancers
with an intermediate TMB harbored the highest number of HLA aberrations.>® Translating
these considerations in IAA, one could speculate that HSPCs are inherently different from
intrinsically genetically unstable malignant cells. Under the immune attack, HLA mutant
cells are less effectively eliminated. This behavior, in a way similar to PNH escape, may
denote a feature of immune resistance uniquely associated with |AA rather than a propensity
to accumulate leukemia-associated mutations.

Finally, our study sheds light onto the types of HLA aberrations, their genomic regions
and affected alleles. The non-sense mutation commonly found in class I genes confirms
the previously suggested selective pressure exerted by specific CD8 T-cells. The evidence
of a hotspot mutation in exon 1 and the recurrence of other mutational events outside
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the region encoding for the antigen binding groove (exon 2 and 3 for class | and exon

2 for class Il) represents an interesting element dictating the HLA-loss escape. Indeed,
dysfunctions in HLA transcripts may occur more frequently via aberrations of exon 1,
altering the translation of the entire protein, or sites of TCR binding (exon 4) or deregulation
of splice, transcription factor or microRNA binding sites (intronic or UTR regions),

rather than via mutations of the more polymorphic antigen binding sites. This finding

is in accordance with the pattern of somatic mutations of class | HLA genes found in

solid tumors, highlighting how such a mechanism could encompass benign and malignant
pathophysiology.5” Intriguingly, complete allelic losses were more prevalent in class 11
alleles (especially in DRB1 and DQBL loci), perhaps as a result of the pressure exerted

by aberrant T-helper responses. The occurrence of class Il related losses was independently
validated in a large cohort of IAA patients genotyped with SNP-array platforms. In this
cohort, we were able to describe an epidemiology of HLA aberrations similar to the one
showed at higher resolution with high throughput sequencing experiments.

Our study expands the previous understanding of immunoediting in IAA and PNH, unveils a
more complete landscape of molecular events underpinning the immune escape and provides
the first comprehensive bioinformatic pipeline for the detection of somatic events in HLA
locus. Our results are consistent with the theory that following an initial immune insult,

the clonal architecture of residual hematopoiesis can be dominated by multiple modes

of immune escape, agonistically participating to a mechanism of “semi-adaptive” clonal
recovery (HLA/P/GA mutational acquisition) versus “maladaptive”, malignant progression.
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Key points:

In idiopathic bone marrow failure, as in tumor biology, both CD8+ and CD4+
T-cell selective pressures modify the patterns of antigen presentation and
promote the emergence of immune escape phenotypes.

Hematopoietic stem cell evasion from immune selection may dictate the
trajectories of clonal hematopoiesis and evolution.
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Figure 1: Study design.
A) Sample and patient overview. HC: Healthy controls; IAA: idiopathic aplastic anemia;

AML.: acute myeloid leukemia; sScRNAseq: single-cell RNA sequencing; MT:mutations;
CNV: copy number variation. WGS: whole genome sequencing. Number of patients are
indicated on the left of the gray box and number of specimens within the gray box. B)
Integrative genomic viewer (IGV) example of a HLA mutation in a representative IAA
patient and example of oncoplot showing the results of the myeloid, PIGA and HLA
analysis. C) Scatter plot describing the normalized read number ratio of each allele in IAA
cohort (data from N=203 specimens analyzed with HLA targeted sequencing). Each dot
represents one allele per patient and its position captures the Log2 normalized read ratio

(- NRR - number of reads explaining the coverage divided by the mean of the coverage
for both alleles of a given locus -see supplementary methods-). The dotted gray line
indicates the threshold set up for the allelic loss (Log2 NRR < -1.5). The rug represents
the density of alleles reported for a given locus. D) Uniform Manifold Approximation

and Projection (UMAP) distribution of hematopoietic stem cells and progenitors (HSPC)
from IAA treatment-naive patients and healthy controls. The colors of the clusters

indicate all the CD34+ cell populations identified according the following annotation

(see 33). Hematopoietic stem cells and multipotent progenitors (HSCs/MPPs); lymphoid-
primed multipotent progenitors (LMPPs); megakaryocyte and erythroid progenitors (MEPS);
multipotent lymphoid progenitors (MLPs); eosinophil, basophil, and mast cell progenitors
(EBMs); Neutrophil progenitors (Neu); monocyte/dendritic progenitors (MD).
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Figure 2: Single-cell RNAseq analysis of antigen presentation machinery genes in HSPCs in

aplastic anemia patients and healthy controls.

A) Spatial distribution based on the Uniform Manifold Approximation and Projection
(UMAP) algorithm of bone marrow hematopoietic stem cells and progenitors (HSPCs)
in idiopathic aplastic anemia (IAA) patients and healthy controls (HC). B) Cell
population annotation based on HSPC clusters (see 33). Hematopoietic stem cells and
multipotent progenitors (HSCs/MPPs); lymphoid-primed multipotent progenitors (LMPPs);
megakaryocyte and erythroid progenitors (MEPS); multipotent lymphoid progenitors
(MLPs); eosinophil, basophil, and mast cell progenitors (EBMSs); Neutrophil progenitors
(Neu); monocyte/dendritic progenitors (MD). C) Volcano plot showing the results of the
differential analysis IAA and HC in HSC/MPP subset. X-axis depicts the single-cell average
logarithmic fold change [Average log2(FC)] for each gene, while Y-axis indicates the
negative logarithm of the adjusted p-value (g-value - calculated applying the Bonferroni
correction). The labels highlight the genes differentially expressed at statistical significant
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levels. D) Bar plot indicating the average log (FC) derived from the differential analysis IAA
vs HC in HSC/MPP subset (only average log FC> 0.2 are displayed). E) Boxplots showing
at single-cell level the differences in expression of HLA genes in HSC/MPP subset in
controls (Blue) and 1AA patients (red). F) Density plots indicating the density of expression
of A, B, DRB1 and DQB1 loci in HSC/MPP cell population across controls and untreated
patients. G) Boxplots showing pre- and post-treatment distribution of expression of A, B,
DRB1 and DQBL loci in representative cases for which a sample at the moment of response
after treatment was available.
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Figure 3: Landscape of HLA aberrations.
A) Barplot depicting the frequency of aberrant alleles (harboring HLA mutations -red — or

losses -blue -) B) Stacked bar plots showing the distribution of the number of aberrations
per locus according to their functional consequence and disease phase. C) Distribution of
HLA mutations and losses across the disease course. On the right, pie charts capturing the
distribution and number of patients presenting with a PNH clone in each group. D) Boxplot
showing the VAF of HLA mutations (each dot represents a mutated sample). P-value
assessed with wilcoxon rank sum test. E) Circle plot showing the number of HLA mutations
and allelic loss per patient and their co-occurrence. This mode of visualization has been
produced by means of Circos table viewer (http://mkweb.bcgsc.ca/tableviewer/visualize/).
Abbreviations: Fup: Fullow-up; PNH: paroxysmal nocturnal hemoglobinuria; ns: non-
significant p-value; VAF: variant allele frequency.
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Figure 4: Landscape of HLA aberrations and myeloid molecular lesions.
A) Bar plot representing the frequency of myeloid alterations within HLA-mutated and

HLA wild type group, with pie charts depicting the distribution and the total number of
myeloid mutations. p-value calculated using chi-square test. B) Bar plot indicating the odd
ratio (position of the box on x-axis) and the 95% confident interval (positions of error
bars) for associations with HLA aberrations and respectively the myeloid burden (number
of mutations in myeloid genes, blue box) or PIGA burden (number of mutations in PIGA
gene, green box). Odd ratio calculated with a general linear regression model using Poisson
distribution C) Circle plot showing the number and reciprocal distribution of the pattern of
co-mutations within HLA aberrant samples. D) Waterfall plot showing the distribution of
HLA and myeloid lesions (clustered for HLA mutations). Each colored spot indicates the
presence of the lesion while gray spots its absence. The bar plot on the right captures the
frequency of each aberrant entity. E) Barplots showing the rank of myeloid somatic hits
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in patients undergone a targeted myeloid and PIGA gene panel sequencing (N=132). F)
Boxplots showing the distribution of VAF in HLA, myeloid, PIGA and non-HLA immune
genes. G) Barplots representing the distribution of mutated immune genes across different
cohorts of patients identified through WGS (IAA: idiopathic aplastic anemia; AML: acute
myeloid leukemia: MDS: myelodysplastic syndromes) Numbers indicate number of patients
in each group (light blue: mutated; gray: non mutated).
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Table 1:
Patient characteristics
Variable N/median (%/1QR)
All 212
Cohort CCF 197
IHBDH 15
Age (years) median (IQR) 49.4 (28.7-64.2)
Female 119 (56%)
Gender
Male 94 (44%)
IAA +/- non-hemolytic PNH clone 171 (80%)
Disease phenotype at diagnosis IAA + hemolytic PNH clone 8 (4%)
Primary hemolytic PNH 34 (16%)
N Presence (%) 87 (44%)
PNH clone median size at diagnosis (IQR) 5.7 (1-43.19)
Severe 106 (63%)
Severity IAA
Moderate 72 (37%)
Normal 161 (75%)
Cytogenetics at diagnosis Abnormal 2 (1%)
No growth/Not available 49 (23%)
ATG/CSA+ eltrombopag 92 (44%)
CSA alone 21 (10%)
First-line treatment Other IST 52 (25%)
HCT 4 (2%)
No IST/No HCT *** 39 (19%)
Anti-complement therapy N (%) 26 (14%)

Abbreviations: IQR: Interquartile range, IAA: Idiopathic aplastic anemia ; PNH: Paroxysmal Nocturnal Hemoglobinuria; MN: Myeloid
Neoplasia; IST: Immunosuppressive treatment ; HCT Hematopoietic cell transplantation; ATG: Anti-thymocyte globulin; CSA: Cyclosporine;
CCF: Cleveland Clinic Foundation, Cleveland, Ohio; IHBDH: Institute of Hematology and Blood Diseases Hospital, Tianjin, China.

*
Missing data on PNH clones, N=32.

Hok

Missing data on First-line treatment, N=4.

Ak
This category includes also patients receiving anti-complement therapy as only treatment
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