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The challenge of eradicating leukemia in patients with acute myelogenous leukemia (AML)
. after initial cytoreduction has motivated modern efforts to combine synergistic active

® Response associates e . .
with higher T cell to modalities including immunotherapy. Recently, the ETCTN/CTEP 10026 study tested
AML ratio, whereas the combination of the DNA methyltransferase inhibitor decitabine together with the

resistance is marked by | jmmune checkpoint inhibitor ipilimumab for AML/myelodysplastic syndrome (MDS) either
insufficient clearing of
diseased progenitor

cells. setting. Integrative transcriptome-based analysis of 304 961 individual marrow-infiltrating

after allogeneic hematopoietic stem cell transplantation (HSCT) or in the HSCT-naive

cells for 18 of 48 subjects treated on study revealed the strong association of response
® Distinct T-cell

phenotypes of bone L. . . . .
marrow and by decitabine-induced cytoreduction. Evidence of immune activation was only apparent

extramedullary AML after ipilimumab exposure, which altered CD4* T-cell gene expression, in line with
are "“kef’ to ongoing T-cell differentiation and increased frequency of marrow-infiltrating regulatory
differential efficacy of N insuffici X £
ipilimumab treatment. T cells. For post-HSCT samples, relapse could be attributed to insufficient clearing o

malignant clones in progenitor cell populations. In contrast to AML/MDS bone marrow,

the transcriptomes of leukemia cutis samples from patients with durable remission after
ipilimumab monotherapy showed evidence of increased infiltration with antigen-experienced resident memory T cells
and higher expression of CTLA-4 and FOXP3. Altogether, activity of combined decitabine and ipilimumab is impacted
by cellular expression states within the microenvironmental niche of leukemic cells. The inadequate elimination of
leukemic progenitors mandates urgent development of novel approaches for targeting these cell populations to
generate long-lasting responses. This trial was registered at www.clinicaltrials.gov as #NCT02890329.

with a high baseline ratio of T to AML cells. Clinical responses were predominantly driven
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. achieve remissions in most patients, but relapse still occurs
Introduction frequently.” Newer agents for AML/MDS include epigenetic
Despite advances in the cancer therapeutic landscape, myeloid modifiers, Bcl-2 inhibitors and immune-checkpoint-blocking
neoplasms, ranging from myelodysplastic syndrome (MDS) to antibodies, each showing promising disease activity,”® suggest
acute myelogenous leukemia (AML), have remained difficult-to- combinatorial approaches incorporating different pharmaco-
treat.” Long-standing treatment approaches including alloge- logic classes may provide therapeutic synergy.” Indeed, pre-
neic hematopoietic stem cell transplantation (HSCT) can clinical ~ studies have demonstrated that the DNA

€ blood® 13 APRIL 2023 | VOLUME 141, NUMBER 15 1817


http://www.clinicaltrials.gov
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2022018246&domain=pdf&date_stamp=2023-04-13

methyltransferase inhibitor decitabine can increase CTLA-4
expression on AML cells,® thereby providing a rationale for
strategic partnering with the CTLA-4 blocking antibody
ipilimumab.

Based on this concept, we recently reported the clinical results
of the phase | ETCTN/CTEP 10026 study, which tested com-
bined decitabine with ipilimumab both in relapsed AML
following HSCT (arm A) and in transplant-naive AML/MDS (arm
B).”'% Arm A was motivated by clinical responses in extra-
medullary AML post-HSCT treated with ipilimumab mono-
therapy (ETCTN/CTEP 9204).5™" The objective response rates
of ETCTN/CTEP 10026 revealed 5 of 25 (arm A) and 12 of 23
(arm B) patients achieving CR/CRi. This was consistent with
other recent studies that reported encouraging response rates
with the combination of DNA methyltransferase inhibitors and
PD-1/PD-L1 inhibition,®'*"®  reinforcing interest in this
approach. Nevertheless, several questions remain including the
reasons for higher response rates in transplant-naive patients
and the short duration of most clinical responses, as well as
delineating the precise pharmacodynamics of decitabine or
ipilimumab and their contribution to therapeutic activity.'®"’
Based on our observations of CD8" T-cell recruitment to
extramedullary sites in posttransplant responders to CTLA-4
blockade,"” we hypothesized that bone marrow responses
would also be driven by reinvigorated T-cell responses.

Given the availability of longitudinally collected paired blood
and bone marrow samples from study subjects, we had an
opportunity to perform in-depth analyses of response deter-
minants and pharmacodynamics of combined decitabine and
ipilimumab. Through analysis of 304 961 single-cell tran-
scriptomes from 64 marrow samples and 18 patients before and
during therapy, we report the distinct biological characteristics
of responding patients (higher baseline T-to-myeloid cell ratios)
and of resistant patients (long-term persistence of malignant
progenitor populations despite treatment). Decitabine and ipi-
limumab exposure were associated with divergent effects on
leukemic and immune cell populations, including modulation of
cell metabolism and increased frequency of regulatory T cells
(Tregs), respectively. Our data support the notion that decita-
bine and ipilimumab provide an active combination for the
treatment of AML/MDS and a platform for further comple-
mentary antileukemic agents.

Methods
Bulk RNA sequencing

Sequencing was performed with a capture method utilizing
DNA oligonucleotide probes to enrich mRNA transcript frag-
ments as previously described.” RNA was extracted from
decalcified formalin-fixed paraffin-embedded (FFPE) bone
marrow core biopsies using the High Pure FFPET RNA Isolation
Kit (Roche; catalog number 06650775001). Paired-end
sequencing reads were imported and processed with a stan-
dardized RNA-seq Immune Analysis pipeline (https://liulab-dfci.
github.io/RIMA). Read pairs were aligned (hg38, NCI Genomic
Data Commons) by STAR1'® v2.6.1d. RSeQC'? was used for
quality control of aligned BAM files. Transcripts per million were
quantified by SALMON? v0.13.1. Differential expression anal-
ysis was performed by DESeq2?' v1.26.0 with FDR <0.05. Gene
set—enrichment analysis was processed using ClusterProfiler”
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v3.14.0 against Hallmark gene sets from Molecular Signature
Database (MSigDB).23 Immune cell composition was estimated
by Immunedeconv?®* v2.0.2.

Whole exome sequencing

After verification of matched tumor and germline samples using
95 common single nucleotide polymorphisms (SNPs) with Flu-
idigm genotyping, sequencing was performed at the Broad
Institute as previously described.”® A matched normal for post-
HSCT samples was created by merging reads from patient and
donor germline samples. Reads were aligned to the GDC
reference (GRCh38.d1.vd1, https://gdc.cancer.gov/about-data/
gdc-data-processing/gdc-reference-files) using bwa-mem.?®
Aligned reads were deduplicated and underwent base quality
score recalibration. Sequenza®’ was used to call CNV segments
on recalibrated bam files with a window size of 50bp. Resulting
CNV segments were filtered for regions >5MB and plotted
using a bin size of 5SMB.

Single cell RNA/T-cell receptor (TCR) sequencing

After resuspension at 1000 cells/pl, 17 000 cells per sample
were loaded onto a Chromium Chip K (10x Genomics, catalog
number 1000286). Single-cell gene expression was obtained
using the Chromium Next GEM Single Cell 5’ Kit v2 (catalog
number 1000263). For single cell-T-cell receptor sequencing
the V(D)J Chromium Single Cell Human TCR Amplification Kit
(catalog number 1000252) was used. Library preparations were
performed according to manufacturer's instructions. After
quality control with a Bioanalyzer High Sensitivity DNA Kit
(Agilent), pooled libraries were sequenced on an lllumina
NovaSeq 6000 with 26/28 bp read1, 90 bp read2, 10 bp for
index 1, and 10 bp for index 2.%® Demultiplexing of raw
sequencing reads was followed by alignment using CellRanger
v6.2.0 against GRCh38-2020-A. Low quality cells were excluded
from downstream analyses (RStudio with Seurat package v4.1.0.)
based on percentage of mitochondrial reads (<20), features per
cell (>200 and <4000), and number of reads per cell (<20 000).

Results

Baseline features predictive of response to
decitabine/ipilimumab

Treatment on ETCTN 10026 consisted of 1 year of planned
therapy including 1 priming cycle of decitabine monotherapy
(20 mg/m? on days 1-5) followed by treatment using a combi-
nation of decitabine and ipilimumab (3-10 mg/m? on day 1)
(Figure 1A). Patients were stratified in 2 cohorts based on
transplant status: arm A with morphologic AML/MDS relapse
post-HSCT and arm B with transplant-naive relapsed/refractory
AML/MDS. Overall, response rates (defined as CR/CRi at any
timepoint during the study) were 20% (5/25, arm A) vs 52% (12/
23, arm B).'° Longitudinal sampling of peripheral blood and
bone marrow was obtained at study entry (‘Screening’),
following decitabine priming (end of lead-in, ~day 30) after
introduction of ipilimumab (Cycle 1, ~day 60) and at predefined
later timepoints including at the end of treatment (days 48-531).

To identify predictive baseline characteristics of leukemic cells,
we evaluated the distribution of somatic mutations with ampli-
con sequencing (supplemental Figure 1A-B; available on Blood
website). Responders had lower variant allele frequencies of
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Figure 1. Study overview and predictive markers of response to decitabine and ipilimumab treatment. (A) The ETCTN/CTEP 10026 study consisted of a cohort of
relapsed AML after HSCT (arm A) and transplant-naive AML/MDS (arm B) with morphologic disease. Following baseline assessment at study entry (Screening), a priming cycle
of decitabine monotherapy (Lead-in) was administered. Subsequent cycles of therapy were given as a combination of decitabine and ipilimumab (C1, C2, ...). Biopsies were
also acquired at end of treatment. The swimmer plots indicate clinical course and duration of treatment for responders (blue) and nonresponders (red). Performed assays are
indicated. (B) Median variant allele frequency of recurrent somatic mutations in bone marrow aspirates at screening grouped by response status across both arms (response
[n = 16] and non-response [n = 25] according to study protocol) and study arm. Statistical testing using 2-sided t-test. (C) Changes of HSC score (van Galen et al®') throughout
the study. Blue indicates responders; red indicates nonresponders. Statistical testing using Wilcoxon rank-sum test. (D,E) Differential gene-expression analysis of bone marrow
core biopsies between responders (n = 6) and NRs (n = 18) across both arms according to study protocol (D) and gene set enrichment analysis (E) FDR, false discovery rate.

recurrent AML/MDS-associated somatic mutations (P < .05)
(Figure 1B), consistent with lower disease burden at study entry.
Recent studies have linked more primitive stem cell signatures
to poorer clinical outcomes.?’’*° We thus calculated a
hematopoietic stem cell (HSC) gene score from bulk RNA
sequencing (RNA-seq) based on published data of leukemia-
associated genes,®’ which was highly concordant with blast
counts obtained from clinical routine diagnostics (r = 0.53)

MECHANISMS OF DECITABINE AND IPILIMUMAB IN AML/MDS

(supplemental Figure 1C). Although responders did not have a
lower HSC score at study entry (P = .31), they saw greater
reduction after combined treatment with decitabine and ipili-
mumab (P = .019; Figure 1C). Differential gene expression
analysis of screening samples showed upregulation of pathways
associated with cell proliferation in non-responders (NRs),
consistent with higher disease activity (Figure 1D-E;
supplemental Table 1).
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Single cell map of longitudinally collected bone
marrow-derived cell populations

To define differences in cellular composition of marrow-
infiltrating cells of responders and nonresponders, we per-
formed single-cell RNA sequencing (scRNA-seq) on 64 samples
from 18 patients with AML/MDS, yielding a total of 304 961 cells
(supplemental Table 2). To ensure consistent annotation of
immune cell types, we mapped cells to a healthy human bone
marrow reference (Methods, Figure 2A, top).*” Compared with 8
healthy bone marrow samples, screening samples demonstrated
a left-shifed myeloid compartment consistent with AML
(Figure 2B-C). The cell annotation did not allow immediate
distinction of malignant from non-malignant myeloid cells, nor
did subclustering of myeloid cells. Nonetheless, subclustered
myeloid cell types segregated into the annotated myeloid cell
types of the reference map (Figure 2A, inset top), which was
highly concordant with previously reported AML subtypes
(supplemental Figure 1D).*>" Further differences in clustering
were driven by interindividual heterogeneity (Figure 2A, inset
bottom).

Donor and recipient SNPs provided us with an opportunity to
definitively distinguish malignant (recipient) from normal
(donor) myeloid cells in cohort A (total 145 595 cells).** By
applying souporcell®* (Figure 2D, left) on 62 673 myeloid cells
from the post-HSCT baseline time point from 8 patients
(median 296 days post-HSCT, range 151-1290), we identified
1422 cells (2.3%) as donor-derived. Donor-derived myeloid
cells were present at higher percentage in responders (7% to
73%) and consisted predominantly of differentiated monocytes
and dendritic cells, thereby linking higher myeloid engraftment
with improved response (Figure 2D, right). NRs had <7%
detectable donor myeloid cells, representing minimal normal
myelopoiesis, which was supported by an analysis of copy
number aberrations (inferCNW)*°, demonstrating that most
progenitor myeloid cells harbored malignancy-associated
genetic markers. For example, in AML1012, del(5) was detect-
able across all myeloid subsets and in AML1016 del(5q) was
detectable in HSC and LMPP cells but not in exclusively donor-
derived CD16™ monocytes (Figure 2E). Likewise, the transplant-
naive responders AML1002 and AML8007 had detectable
del(7q) or del(3p) across almost all progenitor cells at the time
of screening (supplemental Figure 2A-E).

The distribution of T-cell populations among patients was mark-
edly skewed: healthy donor bone marrow had more naive CD4™
and CD8" T cells whereas memory CD4" T cells, natural killer
(NK) cells, and Tregs were more abundant in AML/MDS
(Figure 2F). Although the distribution of T/NK cell types at
screening was not predictive of response (supplemental
Figure 2F), post-HSCT and transplant-naive cases showed sub-
tle differences, including lower numbers of naive and memory
CD4* and effector CD8 T cells posttransplant (P < .05;
Figure 2G). Analyses of clonal T-cell expansion (fraction of T cells
sharing the same TCR) for post-HSCT and transplant-naive
patients revealed effector and memory CD8" T cells to have the
highest levels of TCR skewing, whereas CD4" and naive T cells
had lower levels, consistent with previous re|oorts?"”40 (Figure 2H).
Altogether, both the myeloid and the immune cell compartment
in bone marrow of participants from the ETCTN 10026 study was
highly altered compared with that of healthy donors.
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Stably higher T cell-to-myeloid ratio in responders
To address whether CTLA-4 blockade reshaped T-cell clonality,
we investigated dynamics of T-cell chimerism and TCR reper-
toire. Single-cell donor chimerism for T/NK subsets was lowest
in CD4" and naive CD8* T cells and highest in NK cells,
reflecting known kinetics of T-cell reconstitution posttrans-
plant.*' The lower engraftment of CD4* and CD8" T cells
remained unaffected by ipilimumab treatment (Figure 3A).
Comparison of clonal T-cell expansion in both posttransplant
and transplant-naive patients at screening and after decitabine
priming or ipilimumab revealed only minimal changes (167/
29 268 [0.6%] and 250/38 678 clones [0.7%]), which were
equivalently distributed among responders and NRs
(Figure 3B), indicating overall stability of the TCR repertoire
throughout treatment. These results, within the confines of the
shallow TCR coverage provided by scTCR-seq, imply that most
detected BM-associated T-cell clones did not mediate clinical
activity of ipilimumab.

To define dynamics of immune cell subsets after therapy, we
deconvoluted the bulk RNA-seq data with quanTiseq”* which
estimates T-cell and myeloid fractions with reasonable cor-
relation to scRNA-seq data from the same biopsies
(supplemental Figure 3A-B). This revealed an increased ratio
of T cells relative to myeloid cells in responders (Figure 3C).
We confirmed these results with scRNA-seq data, in which we
observed increased T cell-to-myeloid ratios in responders
that persisted throughout the treatment (P = .027)
(Figure 3D).

Given potential crosstalk between leukemic and immune cells,
we evaluated soluble factors associated with response to ther-
apy. Plasma abundance from 13 responders and 25 NRs
revealed strikingly similar expression levels of most analytes
between peripheral blood and bone marrow (supplemental
Figure 3C). Patients who underwent a transplant had higher
expression of CXCL9, CXCL10, and PD-1 that have been
associated with  chronic  graft-versus-host  disease®***
(supplemental Figure 3D-E). Responders of both study arms
had higher circulating expression of CCL17, CXCL1, CXCLS5,
EGF, LAMP3, and PDGF subunit B at screening and after initi-
ation of treatment (Figure 3E-G), in agreement with findings
from our previous study of ipilimumab monotherapy (ETCTN/
CTEP 9204).>"" Expression of 4 of these cytokines (CCL17,
CXCL5, EGF, and PDGF subunit B) negatively correlated with
blast counts, suggesting reduced production or depletion by
malignant cell populations (supplemental Figure 4A-B).
Responding study subjects thus entered the study with lower
disease burden than NR and displayed distinct cytokine
expression profiles.

To explore how combined decitabine and ipilimumab treat-
ment could affect interactions within the bone marrow micro-
environment, we calculated predicted interactions for each cell
type (CellphoneDB).*> Although no differences in the number
of interactions were detected between responders and NRs at
screening, this number remained stable in NRs but decreased in
responders during treatment to a level similar to that in bone
marrow of healthy donors, suggesting that effective therapy led
to a normalization of interactions between AML and the
immune cell microenvironment (Figure 3H).
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Figure 2. Single cell bone marrow map of AML. (A) Uniform manifold approximation and projection (UMAP) embedding of single cell transcriptomic profiles of 64 AML
bone marrow samples of 18 AML patients (2-5 samples per patient) (refer to supplemental Figure 2-3 for details). The annotated cell types are indicated by the color code. The
inset UMAP embeddings show the subclustered myeloid cell compartment at screening colored by annotated cell types (top) and individual patients (bottom). (B-C) Dis-
tribution of cell types in screening samples of AML and healthy bone marrow. Differential abundance of myeloid cell types between AML and healthy donors (HD) (C).
Statistical testing using Wilcoxon rank-sum test. (D) Genetic deconvolution of 145,595 donor (29% total) and recipient-derived (71%) single cells determines donor chimerism
of individual cell types across baseline samples posttransplant (arm A). The bars above the heatmap indicate the total number of donor-derived cells across all myeloid subsets
per study subject. *Sample at Lead-in. (E) Copy number changes across myeloid cell types identified through inferCNV in AML1012 and AML1016. (F) Comparison of dis-
tribution of T/NK cell subsets in AML (n = 18) vs healthy donor (n = 8) bone marrow. Statistical testing using Wilcoxon rank-sum test. (G) Comparison of distribution of T/NK cell
subsets in AML posttransplant vs AML/MDS transplant-naive bone marrow. (H) Clonal T-cell expansion (fraction of T cells sharing the same TCR) across CD4* and CD8" T cell
subsets with most clonal expansion in effector and memory CD8" T cells.
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Figure 3. Stability of T cell compartment during combined decitabine and ipilimumab treatment. (A) Donor chimerism across T/NK cell subsets (left) and longitudinal
chimerism of CD4", CD8" and NK cells throughout treatment (right) for 8 posttransplant patients (arm A). Statistical testing using Wilcoxon rank-sum test. Shaded areas
indicate 95% confidence interval. (B) Changes in TCR repertoire in transplant-naive and posttransplant samples after decitabine (left) and ipilimumab treatment (right). Break-
down by responders (Rs) and NRs shown in inset. Statistical testing using Fisher exact test and FDR correction for individual T-cell clones and Wilcoxon rank-sum test between
responders and NRs (FDR < 0.05). (C) Ratio of CD8" T cell to myeloid cell infiltration in bone marrow core biopsies estimated using quanTiseq from available bulk RNA-seq
data of patients across both study arms. (D) Percentage of myeloid cells in screening bone marrow samples of NRs (n = 10) and responders (n = 8) using scRNA-seq data (left).
T/NK cell to myeloid ratio for the same patients detailed throughout treatment (right). (E) Differential expression analysis of screening bone marrow plasma profiles between
responders (n = 13) and NRs (n = 25) across both study arms. Statistical testing using Wilcoxon rank-sum test and FDR correction for multiple hypothesis testing (FDR < 0.05).
(F) Principal component analysis of bone marrow plasma profiles from all available samples (n = 185) colored by clinical response (top) and study arm (bottom). (G) Expression
of proteins associated with clinical response throughout treatment in responders and NRs. (H) Decrease in the number of cell-cell interactions detected using CellPhoneDB
from scRNA-seq data across different cell subsets following decitabine and ipilimumab in responders (n = 8) compared with NRs (n = 10) and healthy donors (n = 8).

Decitabine and ipilimumab preferentially act on (DCK), the inhibition of DNMT1 and subsequent DNA hypo-
myeloid and CD4" T cells, respectively methylation.'®*® The pyrimidine metabolism enzyme cytidine
The pharmacodynamics of decitabine has been intensely deaminase (CDA) inhibits decitabine activity through degrada-
studied, including its rate-limiting enzyme deoxycytidine kinase tion of intermediate metabolites and has been implicated in
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resistance to decitabine.*” Our single cell transcriptomic pro-
files revealed DCK as expressed by HSC, LMPP, and dendritic
cells, whereas DNMT1 expression was minimal in HSC but high
in LMPP, GMP, and progenitor dendritic cells. Expression of
CDA was undetectable in most cell types; differences between
responders and NRs were not detectable for all 3 genes
(supplemental Figure 5A-C). The high expression of DNMTT in
GMP and LMPP was consistent with their high proliferative
activity and was preserved throughout treatment (supplemental
Figure 5D-E). Although hypomethylating agents have been
implicated in upregulation of major histocompatibility complex
class | and Il expression,*®*? such changes at transcript level
across myeloid subsets after decitabine treatment were not
detected in our dataset (supplemental Figure 5F-G).

From unbiased analyses of the bulk RNA-seq data, we detected
global transcriptional changes after a single cycle of decitabine
(supplemental Figure 6A). By scRNA-seq, the most differentially
expressed genes were detected in myeloid populations and
were implicated in basic cellular mechanisms such as protein
translation, metabolism, and apoptosis (Figure 4A-B). Consis-
tent with gene expression changes in myeloid cells, soluble IL-8
(encoded by CXCL8) was upregulated, and IL-12 was down-
regulated in blood and bone marrow plasma (Figure 4C;
supplemental Figure 6B-D). CXCL8 was mainly expressed by
CD14" monocytes and in myeloid progenitor cell types
(Figure 4D). IL-12 is known to be secreted by myeloid cell
populations.*°

To evaluate the pharmacodynamics of ipilimumab, we
compared gene expression changes after 1 cycle of decitabine
with the next available sample following combined decitabine
and ipilimumab. We detected differentially expressed genes in
CD4" T cells enriched for pathways involved in T-cell differen-
tiation, activation, and adhesion (Figure 4E-F), consistent with
known effects of ipilimumab.®’ Addition of ipilimumab led to
increased circulating CD27 and CXCL13 (Figure A4G;
supplemental Figure 6E), which is produced by T follicular
helper cells and has been linked to immunosuppressive effects
of Tregs.***® Indeed, scRNA-seq revealed an increase in
marrow-infiltrating Tregs after infusion of ipilimumab (Treg-
specific markers shown in supplemental Figure 7). We used
multiplexed immunofluorescence (mIF) to validate this finding
on tissue biopsies collected before and after ipilimumab,
including from the ETCTN/CTEP 9204 study.'’ We indeed
detected increased density of CD3* FOXP3™ cells, a phenotype
associated with increased T-cell activation and infiltration by
Tregs (Figure 4H-J; supplemental Figure 6F). Altogether, the
effects of decitabine and ipilimumab were cell type—specific,
with decitabine preferentially acting on myeloid cells and ipili-
mumab acting on CD4" T cells.

Longitudinal persistence of malignant cell clones

Despite encouraging response rates of decitabine and ipili-
mumab in the ETCTN/CTEP 10026 study, most remissions only
lasted from a few weeks to a few months.” To determine
whether treatment would lead to emergence of resistant AML
subclones, we evaluated the genetic profiles of leukemic cells
during therapy. Most somatic mutations remained detectable at
the time of response (Figure 5A; supplemental Figure 8A-B).

MECHANISMS OF DECITABINE AND IPILIMUMAB IN AML/MDS

Similarly, cancer-cell fractions and copy number changes
calculated from whole-exome sequencing data showed overall
stability irrespective of response status (Figure 5B;
supplemental  Figure 9A-C). In 2 cases (AML1016
[nonresponder] and AML1019 [responder]), we tracked AML
subclones at single-cell resolution based on distinct copy-
number changes and gene-expression differences. In agree-
ment with the genetic analyses, both AMLs displayed subclonal
stability (Figure 5C; supplemental Figure 9D-E).

For post-HSCT samples, we used chimerism measurements to
track response dynamics. We did not detect conversion to
donor chimerism in HSC or LMPP cells in any of the patients,
reflecting the observations of disease stability from targeted
and whole-exome sequencing. Some differentiated myeloid
cells (GMP and CD14* monocytes) showed transient increase of
donor chimerism (AML1019 and AML1026), however all NRs
had near-complete absent donor myelopoiesis (Figure 5D).
Similarly, copy number changes continued to be detectable in
progenitor cell populations, including transplant-naive
responders AML1002 and AML8007 (Figure 5E). These results
demonstrate that combined treatment of decitabine and ipili-
mumab was cytoreductive but unable to restore physiologic
myelopoiesis.

Low frequency of exhausted T cells in AML bone

marrow suggests low immune pressure

Given the overall stable T-cell compartment after CTLA-4
blockade, we wondered whether phenotypes of CD8" T cells in
the bone marrow of AML differed from tumor-infiltrating T cells
(TILs) in solid tumor malignancies, in which ipilimumab mono-
therapy has displayed higher clinical activity. We calculated a
memory and an exhaustion gene score associated with tumor-
specific reactivity for CD8" T cells from our data set. Compared
with TILs from basal cell carcinoma, bladder cancer, and meta-
static melanoma, recently characterized by single-cell tran-
scriptome sequencing,®®** ¢ the single cell profiles of T cells
from healthy and leukemic human bone marrow®’**® demon-
strated dramatic differences. Only few (0.9%) CD8" T cells from
healthy bone marrow had a high exhaustion score, and this was
likewise low in people with AML (2%) and chronic myeloid
leukemia (2.8%) (Figure 6A). In contrast, 5.8% to 24% CD8"
tumor-infiltrating T cells had an exhausted phenotype. Further,
metastatic melanoma cases had high expression of CTLA-4,
PDCD1 (encoding PD-1), and ENTPD1 (CD39) on exhausted
T cells, whereas in AML bone marrow CTLA-4 and ENTPD1 were
mainly expressed by Tregs, and PDCD1 by a few effector mem-
ory CD8" T cells (Figure 6B). Nevertheless, CD8" T cells in AML
demonstrated TIGIT and LAG3 expression (supplemental
Figure 10A-B). CD4" T cells also had higher exhaustion gene
scores in solid tumors than bone marrow (supplemental
Figure 11A-B). In contrast to a chronic myeloid leukemia data-
set where shifts in T-cell exhaustion after weekly-dosed donor-
lymphocyte infusion (DLI) were detectable,”® demonstrating that
such dynamics are in principle detectable, no changes were
found in marrow-infiltrating T cells from AML subjects after dec-
itabine and ipilimumab treatment (supplemental Figure 12A-B).
These analyses show that AML bone marrow is characterized by
comparatively low levels of T-cell exhaustion, which were likely
insufficient for any measurable ipilimumab-induced modulation.
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Figure 4. Pharmacodynamics of decitabine and ipilimumab. (A) Number of differentially expressed genes across cell types between before decitabine treatment
(Screening) and after one cycle of decitabine (Decitabine, Lead-in) from scRNA-seq dataset shows predominantly myeloid-specific effect of decitabine (pink) (Log,FC > 0.25,
~log1oFDR > 10). (B) Gene set enrichment analysis of differentially expressed genes in myeloid cells. (C) Soluble IL8 in peripheral blood plasma quantified using Olink assay
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Figure 5. Longitudinal tracking of malignant cell clones reveals insufficient clearing from progenitor cell populations. (A) Median variant allele frequency of recurrent
somatic mutations in bone marrow aspirates of responders (blue) and NR (red) at screening, after 4 cycles of decitabine and ipilimumab (C4) and at end of treatment. Statistical
testing using Wilcoxon rank-sum test. (B) Cancer cell fractions calculated from whole exome sequencing of bone marrow aspirates at screening and C4 in AML1007, AML1008
and AML1019 (all responders). (C) Identification of 2 distinct AML subclones defined by amp(8) in pink and amp(21) in cyan using inferCNV. Longitudinal tracking of both
clones within the HSC-like compartment (right). (D) Longitudinal tracking of donor chimerism across myeloid cell subsets of responders (blue) and NRs (red). Disease burden
(% blasts) obtained from routine clinical diagnostics with 5% mark indicated by horizontal bar. Grey indicates no data available. (E) Longitudinal detection of copy number
changes across myeloid subsets. Grey indicates no data available or too few cells to perform analysis of copy number changes.

We previously reported that ipilimumab monotherapy (ETCTN/ on expression of KLRBT, mainly found in MAIT, NK, and y8 T

CTEP 9204°) led to durable remissions in cases of sole leukemia cells, and ZNF683, a marker of tissue-resident T cells (Figure 6C;
cutis. We compared previously acquired bulk RNA-seq data supplemental Figure 12C-E). Thus, while extramedullary sites
from 21 FFPE biopsies of extramedullary sites with expression harbored more antigen-experienced tissue-resident memory

profiles from 29 AML/MDS bone marrow samples (all ETCTN T cells, bone marrow was infiltrated by innate T/NK cells.
9204)."" Bone marrow samples segregated from eAML based Further, ratios of FOXP3, CTLA-4, HAVCR2 (encoding Tim-3),

Figure 4 (continued) throughout treatment. Statistical testing using Wilcoxon rank-sum test. NPX — Normalized protein expression. (D) Mean gene expression of CXCL8
(encoding IL8) across cell subsets shows preferential expression in CD14™ monocytes and other myeloid cells, while expression is absent in T and NK cells. (E) Number of
differentially expressed genes across cell types after 1 cycle of decitabine (Decitabine) and after combined treatment of decitabine and ipilimumab (Ipilimumab) shows
ipilimumab-specific effect on CD4" T cells (blue box) (log,FC > 0.25, —log;oFDR > 10). (F) Gene set enrichment analysis of differentially expressed genes in CD4" T cells. (G)
Soluble CXCL13 in peripheral blood plasma throughout treatment quantified using Olink assay. Statistical testing using Wilcoxon rank-sum test. (H-l) Percentage of Tregs in
bone marrow aspirates measured using single cell sequencing (H) and multiplexed immunofluorescence (I) shows ipilimumab-induced increase of Tregs. Data from ETCTN
9204 were obtained before (Pre-Ipi) and after (Post-Ipi) ipilimumab monotherapy. Tissue biopsies from ETCTN 9204 were obtained from bone marrow (n = 17) and extra-
medullary AML sites (skin n = 3; breast n = 2; soft tissue n = 1), while tissue biopsies from ETCTN 10026 were exclusively bone marrow (n = 36). Statistical testing using
Wilcoxon rank-sum test. (J) Validation of ipilimumab-induced increase in Tregs (CD3* FOXP3") in tissue biopsies from ETCTN/CTEP 10026 study using multiplexed immu-
nofluorescence staining at screening, after 1 cycle of decitabine monotherapy (Decitabine, Lead-in) and after combination treatment (Ipilimumab). NPX, normalized protein
expression.
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Figure 6. Comparative analysis of T-cell exhaustion in hematologic and solid malignancies. (4) T-cell exhaustion and memory scores calculated for CD8" T cells from healthy
bone marrow, AML and chronic myeloid leukemia bone marrow and different solid tumors including basal cell carcinoma, bladder cancer and metastatic melanoma. (B)
Expression of CTLA-4, PDCD1 (encoding PD-1) and ENTPD1 (encoding CD39) across T-cell subsets in AML bone marrow (top, n = 18 patients) and in metastatic melanoma
(bottom, n = 4 patients; Oliveira et al*). (C) Bulk RNA sequencing (RNA-seq) expression of ZNF683 and KLRB1 across 29 AML/MDS bone marrow biopsies with disease
involvement and 21 extramedullary AML (eAML) biopsies from patients with sole extramedullary relapse. (D) Ratio of CTLA4 and KLRB1 to CD3 expression obtained from bulk
RNA-seq data across AML/MDS and eAML. Statistical testing using 2-sided t-test. (E) Percentage of CD3" T-cell infiltrate (left), CD103" T cells (middle) and FOXP3* CTLA-4™ T cells
(right) compared between bone marrow (BM; n = 10) and leukemia cutis (€AML; n = 10) before treatment. The exceptional responder with ongoing complete remission >3 years
after treatment with decitabine and ipilimumab is indicated by the blue arrow. Statistical testing with 2-sided t-test. Medians are indicated for each group by the horizontal bar. (F)
Representative single stains of CD3 (white), CD103 (red), CTLA-4 (cyan) and FOXP3 (yellow) for bone marrow (BM) and leukemia cutis (€AML) (top). Integrated staining of CD3,
FOXP3 and CTLA-4 is shown for BM and eAML (bottom). The images were captured with 20x optical magnification and 250% zoom. Yellow bars indicate a distance of 50 pm.

and PDCD1 to CD3 expression in eAML were higher than in
bone marrow, suggesting a higher infiltration with Tregs and
potential susceptibility to ICB (Figure 6D; supplemental
Figure 12F).

We validated these findings using mlF staining on a series of
bone marrow and leukemia cutis cases (both n = 10), which
revealed that although eAML had similar amount of overall
T-cell infiltration, the fraction of CD103" (tissue-residency),
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FOXP3*, and CTLA-4" T cells was markedly higher (P < .05;
Figure 6E,F). In contrast, PD-1 expression was not consistently
higher in eAML (supplemental Figure 13A-B). These data sup-
port CTLA-4 expression as predictive of response to
ipilimumab-based therapy. Consistent with this finding, we
observed that 1 exceptional responder with bone marrow dis-
ease and remission >3 years following decitabine and ipilimu-
mab harbored a baseline T-cell infiltrate with high expression of
FOXP3, CTLA-4, and PD-1 (supplemental Figure 13C).
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Discussion

The clinical testing of combined decitabine and ipilimumab has
been a logical next step for the treatment of AML given that
prior in vitro and ex-vivo studies suggested immunomodulatory
effects of hypomethylating agents® and durable remissions
after ipilimumab monotherapy in the setting of relapsed leu-
kemia cutis after stem cell transplantation.®® Indeed, our current
single-cell sequencing analysis of serially collected marrows
from AML participants enrolled on the ETCTN/CTEP 10026
study showed evidence of decitabine-mediated myeloid
cytoreduction.®’ We further detected evidence of the pharma-
codynamic impact of ipilimumab such as increase in marrow-
infiltrating Tregs, in line with previous studies."’" Our
analyses support the notion that decitabine and ipilimumab act
on distinct cell types and modulate leukemic cell-immune cell
interactions in responding patients.

Our in-depth transcriptomic characterization enabled us to
address several outstanding questions regarding the treatment
of AML. First, we wondered if determinants of response to
combined decitabine and ipilimumab could be identified.
Although we did not discover predictive T-cell subsets and did
not detect CD8" T-cell recruitment into bone marrow of
responders, an increased T cells-to-AML ratio was associated
with a more favorable response. Among posttransplant relapse
cases, responding patients demonstrated greater donor-
derived myelopoiesis before therapy, in line with observations
that conditions of low disease burden provide the highest
chance of long-term disease control through immunothera-
peutic approaches and indicate that the local quantity of T cells
relative to AML is a major determinant for response to
ipilimumab-based therapy.®

Second, we explored the impact of alloreactivity given the
dramatic responses previously reported for ipilimumalb mono-
therapy post-HSCT.>"" In the current study, we found a greater
proportion of complete responses in transplant-naive disease.’
Among posttransplant samples, we leveraged the repertoire of
expressed germline SNPs to track donor- and recipient-derived
single cells, which enabled us to dissect cellular composition
and engraftment dynamics. Among T/NK cells, CD4™ T cells
had the lowest engraftment consistent with flow cytometry-
based studies of posttransplant immune reconstitution,”’ fol-
lowed by CD8" and NK cells. These differences persisted
throughout ipilimumab treatment, indicating that although
CTLA-4 blockade drives T-cell differentiation,’" it was unable to
convert T-cell subsets to full-donor chimerism. Our differential
gene expression analysis of eAML vs bone marrow biopsies
intriguingly indicated the higher infiltration of eAML with tissue-
resident memory and CTLA-4™ T cells, raising a possible
explanation for previously reported responses to ipilimumab
monotherapy. Together with the higher response rate among
transplant-naive patients, our results suggest that combined
decitabine and ipilimumab is unlikely to require an alloreactive
environment for clinical activity. Rather, local microenviron-
mental niches, with their differences in expression states, seem
to contribute to responses. Of note, host tissue-resident
memory T cells survive to a substantial degree after alloge-
neic stem cell transplantation,®*** but whether they were
involved in responses of post-HSCT relapsed leukemia cutis
cases to ipilimumab is unresolved.

MECHANISMS OF DECITABINE AND IPILIMUMAB IN AML/MDS

Third, we evaluated potential mechanisms of escape from long-
term responses to combined decitabine-ipilimumab. Notably,
treatment failed to eradicate AML as our detailed tracking of
donor- vs recipient-derived stem and progenitor-like cells
revealed persistence of host cells and retained copy number
changes, consistent with a lack of conversion to physiologic
myelopoiesis. We also observed a reduced percentage of naive
CD4" and CD8™ T cells in bone marrow of AML/MDS compared
with healthy donors, which could impede ipilimumab-induced
T-cell differentiation and proliferation. Counterintuitively, ipili-
mumab was associated with increases in Tregs and soluble
CXCL13, intriguingly suggesting that CTLA-4 blockade can lead
to longer term enhanced immunosuppression. These findings
support its combination with Treg-depleting strategies,
currently under investigation (NCT03912064).

Finally, the percentage of exhausted T cells in bone marrow of
AML/MDS, a phenotype associated with tumor-reactive T cells
in solid tumor malignancies, was dramatically lower than in
tumor-infiltrating lymphocytes from external datasets. Although
far more remains to be elucidated, we speculate that this relates
in part to lower mutational burden in blood malignancies, and
hence fewer opportunities for interactions with neoantigens
that might elicit leukemia-reactive T cells.®® It may also relate to
hemodilution and relatively high percentages of circulating
T cells within bone marrow as opposed to more stationary
tissue-resident memory T cells that likely have greater oppor-
tunities for sustained exposure to tumor antigens.®®

Altogether, our analysis reveals that the activity of combined
decitabine and ipilimumab in marrow-involved MDS/AML is
determined by the quality and quantity of bone marrow-
infiltrating T cells, suggesting that ipilimumab-based therapy
may be most active in cases of low disease burden or in the
setting of extramedullary niches (leukemia cutis). Our study
opens numerous questions regarding immune phenotypes that
characterize the marrow vs the extramedullary AML niches and
the target antigens of ipilimumab-induced AML T-cell
responses.’” Our findings further motivate continued thera-
peutic innovation to eradicate leukemic progenitor cells more
durably. For example, as myeloid donor engraftment at
relapse appears to impact the efficacy of immunotherapeutic
salvage therapies, our findings support considerations for
earlier post-HSCT treatment strategies before morphologic
relapse.®®*7
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