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ABSTRACT

Genetic aberrations and immune escape are fundamental in MDS and CMML initiation and progression to
sAML. Therefore, quantitative and spatial immune cell organization, expression of immune checkpoints
(ICP), classical human leukocyte antigen class | (HLA-I) and the non-classical HLA-Ib antigens were
analyzed in 274 neoplastic and 50 non-neoplastic bone marrow (BM) biopsies using conventional and
multiplex immunohistochemistry and correlated to publicly available dataset. Higher numbers of tissue
infiltrating lymphocytes (TILs) were found in MDS/CMML (8.8%) compared to sAML (7.5%) and non-
neoplastic BM (5.3%). Higher T cell abundance, including the CD8" T cell subset, inversely correlated with
the number of pathogenic mutations and was associated with blast BM counts, ICP expression, spatial
T cell distribution and improved patients’ survival in MDS and CMML. In MDS/CMML, higher PD-1/PD-L1
/PD-L2 and HLA-I, but lower HLA-G expression correlated with a significantly better patients’ outcome.
Moreover, a closer spatial proximity of T cell subpopulations and their proximity to myeloid blasts showed
a stronger prognostic impact when compared to TIL numbers. In SAML - the continuum of MDS and
CMML - the number of TILs had no impact on prognosis, but higher CD28 and HLA-I expression correlated
with a better outcome of sAML patients. This study underlines the independent prognostic value of the
tumor microenvironment in MDS/CMML progression to sAML, which shows the most pronounced
immune escape. Moreover, new prognostic markers, like HLA-G expression and spatial T cell distribution,
were described for the first time, which might also serve as therapeutic targets.
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Introduction

Myeloid neoplasms (MN) comprise heterogeneous clonal
hematologic malignancies including among others, myelodys-
plastic neoplasms (MDS), myeloproliferative neoplasms
(MPN) and myelodysplastic/myeloproliferative neoplasms
(MDS/MPN) with chronic myelomonocytic leukemia
(CMML)."? These diseases greatly differ regarding clinical
features, morphology, immunophenotyping, blood para-
meters, cytogenetics, molecular genetics and can be grouped
a large number of subtypes," but share a variable probability
to progress to secondary acute myeloid leukemia (sAML),
which genetically differs from de-novo AML (dnAML).>*
During the last years, genomic profiling increased the under-
standing of initiation and progression of MN and has
improved the diagnostic accuracy and prognostic risk stratifi-
cation. In recent years, it has been shown that inflammation
plays a crucial role in MN pathophysiology,”® which can be
altered by genetic aberrations’ '* and influences therapy resis-
tance in AML.">""® Furthermore, immune-mediated cell death
and significant alterations in the expression of immune check-
point (ICP) molecules can occur throughout the course of

MN.'®!” The ICP expression can be influenced by therapeutic
interventions and its aberrant expression has been associated
with a poor survival.'® The treatment with hypomethylating
agents (HMA) resulted in improved outcomes and prolonged
survival of higher risk MDS, CMML and (s)AML patients,w’21
which was associated with the induction of tumor antigen
expression”” as well as ICPs.”>">*> Moreover, the ICP upregula-
tion upon HMA treatment provides a potential resistance
mechanism in MN** and further suggests a combination of
HMA with ICP inhibitors.*

Until now, there exists only limited information about
the prognostic impact of the local tumor microenvironment
(TME) in the bone marrow (BM) on the MN progression
to SAML and its interrelationship with the mutational
profile of MDS, CMML and sAML, respectively.
Therefore, this study addressed the prognostic relevance
of the quantity and spatial organization of the immune
cell repertoire in the BM as well as the expression of
immune response relevant molecules, which was analyzed
in 274 BM biopsies (BMB) of patients with proofed MDS,
CMML or sAML and 50 non-neoplastic BM (nnBM). The
HLA-I, HLA-Ib and ICP expression were correlated to
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a publicly available dataset of MDS samples and healthy
controls. Moreover, the HLA-I, HLA-Ib and ICP expression
of our cohort was correlated to the mutational profile,
therapy and patients’ outcome. These data provide infor-
mation for optimization of (immuno-oncological) treat-
ment strategies for MN.

Materials and methods
Patients’ samples and ethics approval

Formalin fixed and paraffin embedded (FFPE) BMBs were
collected between 2014 and 2022 and archived at the
Institute of Pathology of the University Hospital Halle,
Germany. The collective encompasses 50 nnBM, 106
MDS, 36 CMML and 132 sAML samples. The scientific
use of the FFPE BMBs was approved by the Ethical
Committee of the Medical Faculty, Martin-Luther
University Halle-Wittenberg, Germany (2017-81 and
2023-196). Clinical data from these patients were available,
such as age, sex, disease status, clinical risk score, therapy,
available genetic data and survival time (Table 1). The
following risk scores were applied: Revised International
Prognostic Scoring System (IPSS-R) in MDS patients,
CMML-specific Prognostic Scoring System (CPSS) in
CMML patients, European LeukemiaNet (ELN) score in
SAML patients. Progression-free survival (PFS) data of
MDS and CMML patients were obtained with 3-year fol-
low-up and referred to progression to SAML or disease-
related death. In SAML patients, the overall survival (OS)
was obtained.

Mutational analysis

20 ng DNA/sample was employed for next generation sequen-
cing (NGS) library preparation according to the manufac-
turer’s instructions. For NGS, three different NGS multigene
panels with a broad overlap of genes examined were used
(Supplementary Table S1) encompassing the most important
and most frequently mutated genes in myeloid neoplasms.
Samples from 2017 to 2019 were analyzed with the
NEOmyeloid Panel (New Oncology, Siemens Healthineers,
Erlangen, Germany), samples from 2019 to 2021 with the
TruSight Myeloid Sequencing Panel (Illumina, San Diego,
CA, USA) and cases from 2021 to 2022 with the VariantPlex
Myeloid Panel (ArcherDX, Boulder, CO, USA). NGS was per-
formed on a NextSeq/MiniSeq (Ilumina, San Diego, CA, USA)
and the subsequent bioinformatics evaluation was carried out
using the manufacturer’s NGS platforms or the Seamless NGS
platform (ecSeq Bioinformatics GmbH, Leipzig, Germany).
Genomic variants/mutations were identified by a sequence
homology comparison with the reference genome GRCh37/
hg19 (NCBI - https://www.ncbi.nlm.nih.gov/grc/human). The
nomenclature of variants/mutations is based on the recom-
mendations of the Human Genome Variation Society (http://
varnomen.hgvs.org/). All variants/mutations in the present
study were reevaluated in 2022.

Standard morphological evaluation of the bone marrow
and immunohistochemistry

Histopathological diagnosis was performed according to the
diagnostic criteria of the World Health Organization (WHO)
classification of Tumors of Hematopoietic and Lymphoid tis-
sues, fourth edition 2017 and 2022.”*® For immunohistochem-
istry (IHC), all BMBs were stained with antibodies directed
against the human leucocyte antigen (HLA) class I heavy chain
(HC), HLA-E, HLA-F, HLA-G, CD34, CD117, MPO, lysozyme
and CD71 according to the supplier’s instructions. Further diag-
nostic information for the establishment of the diagnosis of
a MN was taken from the Medical Records including cytology,
cytogenetics and peripheral blood parameters.

Multispectral imaging

In order to analyze the spatial immune cell distribution of differ-
ent immune cell subpopulations and the expression of ICP mole-
cules, multispectral imaging (MSI) was performed as recently
described® employing five different multiplex Ab panels as listed.
Panel-1: CD3, CD8, FoxP3, MUMIlp, CD34 and granzyme
B (GrB); panel-2: CD3, CD34, PD-1, PD-L1 and PD-L2; panel-
3: CD3, CD8, CDllg, cytotoxic T lymphocyte-associated protein
4 (CTLA-4), CD80 and CD86; panel-4: CD68, CD163, CD16,
CD56, T cell immunoglobulin and mucin-domain containing-3
(TIM3) and galectin 9 (Gal-9); panel 5: CD3, LAG3, T cell immu-
noreceptor with Ig and ITIM domains (TIGIT), CD28, CD69 and
CD33 (Supplementary Table S2). Briefly, after antigen retrieval
the tissues were incubated for 30 min with the primary Ab fol-
lowed by the secondary Ab (Akoya biosciences, Marlborough,
MA, USA, Opal Polymer HRP Ms + Rb) for 10 min. Tyramide
signal amplification (TSA) visualization was performed using the
Opal seven-color THC kit (Opal 520, Opal 540, Opal 570, Opal
620, Opal 650, Opal 690, Akoya biosciences) and DAPI. Stained
slides were imaged employing the Phenolmager HT platform
(Akoya biosciences, Marlborough, MA, USA). Cell segmentation
and phenotyping were performed using the inForm software
(PerkinElmer Inc.). The frequency of immune cell populations
and their cartographic coordinates were evaluated using the
R packages phenoptr and phenoptrReports packages (https://
github.com/akoyabio).

Analysis of inmune modulatory genes using publicly
available RNA data

In order to compare the ICP as well as classical and non-
classical HLA-I expression in MDS in comparison to healthy
donors, a publicly available dataset (GSE30195)*° containing
Affymetrix Human Genome U133 Plus 2.0 Array data of pur-
ified BM CD34" cells of untreated MDS patients and healthy
controls was used. The differentially gene expression (DGE) of
various ICP and HLA genes was determined by employing the
Gene Expression Omnibus (GEO) repository (https://www.
ncbi.nlm.nih.gov/geo/). DEG of MDS vs healthy controls was
analyzed and visualized using the GEO2R tool (https://www.
ncbi.nlm.nih.gov/geo/geo2r/).
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Table 1. Clinical and immunological parameters.

ONCOIMMUNOLOGY e 3

nnBM MDS CMML sAML total
number 50 106 36 132 324
age (mean) 20-87 (62) 25-86 (66) 31-86 (63) 26-80 (64) 20-87 (63)
sex (male/female) 29/21 58/48 19/17 80/52 186/138
diagnosis (n) - MDS-EBO (52) CMML-0 (11) - -

MDS-EB1 (33) CMML-1 (9)
MDS-EB2 (21) CMML-2 (16)

low clinical risk score - 22.1 8.3% 42.4% -
intermediate clinical risk score 40.0 66.7% 18.6%
high clinical risk score 37.9 25.0% 39.0%
HMA treatment (treated/untreated) - 23/83 6/30 13/119 -
alloSCT (treated/untreated) - 40/66 9/27 48/84 97/177
genetic data available - 63 12 45 120
survival data available - 80 25 m 216
HLA-I expression
HLA-A,B,C HC H-score 190-300 110-300 70-300 10-300 10-300
(mean) ) (238) (214) (184) (179) (197)
HLA-A,B,C HCi 98.0% 49.1% 55.6% 45.5% 54.5%
HLA-E H-score 90-220 70-200 0-280 10-260 0-280
(mean) (171) (132) (135) (108) (130)
HLA-F H-score 20-300 80-300 10-300 10-380 10-300
(mean) (175) (170) (160) (145) (158)
HLA-G H-score 0-6 0-20 0-150 0-250 0-250
(mean) (1.2) (4.6) (8.5) (20) (11.6)
immune cell infiltration (%)
TIICs [mean] 13.1 17.1 24.9 16.8 18.5
TILs [mean] 53 8.9 8.6 7.5 73
T cells 0.0-11.9 0.5-26.1 0.3-22.1 0.0-51.1 0.00-51.1 (5.6)
(mean) (4.9) (7.8) (6.9) (5.9)
CD3*CD8™ T cells 0.0-6.2 0.2-25.4 0.1-171 0.0-11.3 0.0-25.4 (4.5)
(mean) (1.9) 4.7) (4.4) (1.4)
GrB* T and NK cells 0.0-3.8 0.1-24.1 0.1-10.2 0.0-184 0.0-24.1 (2.8)
(mean) (1.4) (3.6) (2.9) (2.5)
CD3*FoxP3* Tregs 0.0-0.8 0.0-5.5 0.0-7.6 0.0-3.7 0.0-6.7
(mean) (0.18) (0.5) (0.5) (1.6) (1.4)
MUM1p* B/plasma cells 0.0-3.4 0.1-143 0.0-13.8 0.0-13.6 0.0-143 (1.7)
(mean) (0.4) (1.1) (1.7) (1.6)
CD37CD56%/CD16™ NK cells 0.0-5.1 0.0-6.1 0.0-3.9 0.0-6.9 0.0-6.2
(mean) (0.7) (0.9 (0.07) (2.4) 0.7)
CD11ct MCs 0.0-2.0 0.0-6.2 0.0-6.2) 0.0-0.8 0.0-4.2
(mean) (0.2) (0.3) (1.6) (0.9 0.7)
CD68*CD163~ macrophages 0.3-9.1 0.1-12.6 0.7-38.0) 0.0-18.7 0.0-18.7 (5.9)
(mean) (6.2) (4.4) (8.1) (3.6)
CD68*CD163 macrophages 0.0-5.8 0.0-40.2 0.0-28.1 0.0-16.9 0.0-16.9 (3.9)
(mean) (0.7) (3.7) (6.6) (2.4)
expression of immune checkpoint and immune cell activation marker (MFI & percentage of positive cells)
LAG3 MFI [mean] 0.41 1.53 1.47 1.01 1.27
% [range (mean)] 0-66(14.3%) 0-100(49.9%) 0-99(33.9%) 0-98(25.1%) 0-100(35.4%)
TIGIT MFI [mean] 0.18 0.21 0.24 0.17 0.22
% [range (mean)] 0-53(9.1%) 0-60(3.6%) 0-35(5.3%) 0-89(7.1%) 0-89(5.6%)
TIM3 MFI [mean] 0.48 0.43 0.82 0.69 0.57
% [range (mean)] 2-27(4.8%) 1-99(43%) 3-97(40.5%) 0-99(65%) 0-89(49.7%)
Gal-9 MFI [mean] 0.22 0.41 0.84 0.18 0.39
% [range (mean)] 0.7-26(31.1%) 1-93(43.9%) 2-97(34.6%) 0-99(34.9%) 0-99(36.9%)
PD-L1 MFI [mean] 0.67 1.86 0.57 0.98 134
% [range (mean)] 0-21(8.3%) 0-99(41.9%) 0-97(13.8%) 0-98(20.2%) 0-99(24.1%)
PD-L2 MFI [mean] 0.87 .1 1.24 1.39 0.84
% [range (mean)] 0-2(0.6%) 0-99(26.7%) 0-95(10.7%) 0-99(11.3%) 0-99(15.8%)
PD-1 MFI [mean] 1.22 2.25 1.22 248 0.58
% [range (mean)] 0-4(1.4%) 0-14(4.3%) 0-19(4.5%) 0-98(20.2%) 0-98(10.2%)
CTLA4 MFI [mean] 0.55 0.67 2.07 0.41 0.76
% [range (mean)] 5-9(7.5) 1-99(57.2%) 16-96(74.8%) 0-97(43.7%) 0-99(51.7%)
CD80 MFI [mean] 0.87 0.71 243 0.95 0.98
% [range (mean)] 0-9(7.7%) 1-99(56.2%) 14-96(74.8%) 0-98(53.7%) 0-99(56.6%)
CD86 MFI [mean] 0.09 0.16 0.28 0.26 0.19
% [range (mean)] 0-4.4(1.4%) 0-91(25.2%) 1-97(33.1%) 0-99(34.9%) 0-99(31.1%)
CD28 MFI [mean] 0.01 0.23 0.35 0.14 0.21

% [range (mean)]

0-2.4(0.8%)

0-53(13.9%)

0-63(14.8%)

0-52(8.1%) 0-63(11.6%)

Statistics

The Mann-Whitney U-test was employed to compare data.
Linear correlations were estimated using Pearson’s correlation.

All variables were compared with age and sex. Protein expres-
sion-based heat maps and unsupervised clustering was per-

formed by using the freely available Heatmapper online tool
http://www.heatmapper.ca)’' employing the average linkage
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clustering method. The seven most significant clusters accord-
ing to the hierarchical clustering analysis visualized by the
dendrogram were used for downstream analysis of the TME.
Survival analyses were performed on 216 patients (follow-up
time 36 months) using Kaplan-Meier estimators, log-rank tests
and univariate and multivariate cox regression models. p values
<0.05 were considered statistically significant. Figures were
generated using the GraphPad Prism 7.0 software, IBM SPSS
Statistics 28.0 and Heatmapper (http://www.heatmapper.ca).

Data availability statement

The data generated in this study are available upon request
from the corresponding author.

Results
Clinical characteristics and mutational profile

In this study, 106 MDS, 36 CMML and 132 sAML patients
were analyzed regarding their survival rate and the prognostic
value of genetic alterations. 29/142 MDS/CMML and 13/132
SAML patients were treated with HMA, respectively. Of 216
patients with known 3-year survival, the prognosis of the MN
subgroups differed with SAML (n=111) showing an inferior
survival when compared to MDS/CMML patients (n=105)
(HR = 1.3, Supplementary Figure S1A). All clinical and patho-
logic parameters of MN patients are summarized in Table 1.
The mutational profile and its prognostic impact was deter-
mined in 120 MN patients using NGS panel analyses and
summarized in Figure 1. Mutations and variants were detected
in 91.2% of all MN patients and varied from one to seven
alterations per patient. The most frequently mutated genes
were TET2 (21.8%), ASXL1 (15.1%), SRSF2 (15.1%) and TP53
(14.3%). The highest mean number of mutations within one
sample was detectable in CMML cases when compared to MDS
and sAML. While most genetic aberrations demonstrated no
association with patients’ age and sex, more frequent mutations
in SRSF2 (p = 0.044) and a slightly higher number of mutations
within one sample (p =0.072) were detected in patients older
than 60 years. In addition, the mutational profile was asso-
ciated with the survival of MDS/CMML and sAML patients
as shown in Supplementary Figure S1B-C. MDS/CMML
patients with multiple gene mutations in different genes as
well as patients with high-risk mutations in TP53, ASXLI,
EZH2 and RUNXI, which were selected based on the high
prevalence in our cohort, showed a significantly worse survival
when compared to patients without mutations in these genes
(HR = 3.46 and HR =2.77, respectively; Supplementary Figure
S1B). In contrast, no correlation between the mutational pro-
file and the survival of sAML patients was detected
(Supplementary Figure S1C).

Differences in the immune cell infiltration, ICP expression
and spatial immune cell organization between nnBM and
BM of MDS, CMML and sAML patients

The immune cell composition of the microenvironment was
analyzed in 324 BMBs using MSI. As representatively shown

in Figure 2a, both, the frequencies and the spatial distribu-
tion of CD3"CD8"™ T cells, CD3"CD8" T cells, CD3"FoxP3"
regulatory T cells (Tregs), CD3"MUMI1" B cells/plasma cells,
CD3" GrB™ T cells, CD3"GrB" cells, CD11c" myeloid cells
(MCs), CD68"CD163” M1 macrophages, CD68*CD163" M2
macrophages and CD3"CD56" (including CD56"CD16") NK
cells were determined. Moreover, the expression of different
ICP molecules was determined on consecutive tissue slides
for all cells, but also for cell subpopulations, including T cells
and macrophages (Figure 2a). The highest expression levels
of ICP molecules including PD-L1 and PD-L2 were found on
neoplastic hematopoietic cells, but also on different immune
cell subsets. The different tumor infiltrating immune cells
(TIIC), including tumor infiltrating lymphocytes (TILs;
T and B cell subpopulations), exhibited the highest mean
frequencies in MDS and CMML cases (Figure 2b, Table 1).
All CD3™ T cell subsets, but in particular CD3*CD8" and
CD3*GrB" T cells showed higher mean values in MDS and
CMML compared to sAML and non-neoplastic BM (nnBM)
(Figure 2c-d, Table 1). Moreover, the frequencies of B cells/
plasma cells (Figure 2e), NK cells, Tregs, MCs and macro-
phages were generally higher in MDS and CMML samples
when compared to nnBM, but showed equal frequencies in
sAML and nnBM cases (Table 1). The spatial immune cell
organization (Figure 2f) revealed a higher mean distance of
CD3"CD8” and CD3"CD8" in sAML (85.8 um) samples
when compared with nnBM and MDS/CMML (45.9 um;
45.2 pum, respectively, Figure 2g). In contrast, no significant
difference in the proximity of T cells and B/plasma cells was
found in the respective diseases (Figure 2h). Age and sex did
not significantly affect the frequency and composition of
TILs (Supplementary Figure S1D).

Heterogeneous expression of inmune modulatory
markers in MN

Next to the immune cell infiltration, the expression of HLA-I
HC and non-classical HLA-Ib molecules HLA-E, -F, and -G
were analyzed by IHC (Figure 3a, Table 1). In nnBM, 49/50
samples showed a high HLA-I HC expression (H-score > 200).
In contrast, in MDS, CMML and sAML cases the HLA-I HC
staining varied with an in average reduced HLA-I HC expres-
sion in all MN subtypes with the lowest mean value for sAML
cases (Figure 3b). Age and sex did not significantly affect the
expression of HLA-I HC (Supplementary Figure SIE).
However, while the mean HLA-E expression was lower in
MDS, CMML and sAML, the expression of HLA-G was higher
in some, but not all samples. Moreover, most ICP molecules
showed a higher expression in neoplastic diseases including
LAG3, PD-L1, TIM3, Gal-9, CTLA4, CD80, CD86, CD28 and
CD69, but not of PD-1. The PD-L2 expression was highly
variable in the BMB of the different MN tested (Table 1 and
Supplementary Figure S2A).

In order to compare these results with an independent
cohort, array data of CD34" BM cells of untreated MDS patients
and nnBM were analyzed. As shown in Supplementary Figure
S2B-C, the expression of classical HLA-I antigens, but also of
non-classical HLA-G, -E and - F was downregulated in MDS
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CMML MDS sAML age
<60a
>/=60a

7
number of 6 sex
mutations 5 I male

4 female

3

2 mutations

1 pathogeneic mutations
age L0 TR T ORI
sex AR R RN TERRRCRRRRROO IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII frequency
TET2 11T T i 21,8%
ASXL1 i i 151%
SRSF2 nm I |11 151%
TP53 | (Hm 1 14,3%
DNMT3A [[]]] nim 11,8%
RUNX1 Il [[]] || | | 11,8%
EZH2 | | [ || | 9,2%
NPM1 LI m 9,2%
BCOR [ i1 I B 7,6%
IDH2 111 1 I 11 7,6%
BCORL1 | | | || | 6,7%
SF3B1 (I | 1 1 ][] 6,7%
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Figure 1. Mutational profiling of myeloid neoplasms (MN). the mutational profile of MDS, CMML and sAML samples was analyzed by targeted NGS. The samples are
grouped by diagnosis made in comparison with clinical, genetic and histopathological features regarding the WHO classification of tumors of hematopoietic and
lymphoid tissues, 4™ and 5™ edition. The detected pathogenic mutations are marked with black rectangles, variants of uncertain significance (VUS) with blue rectangles
(nomenclature was given according to the recommendations of the Human Genome Variation Society). The age and sex of patients are marked with colored rectangles
and the frequency of the respective mutated genes are shown at the right side of the graph.

samples when compared with nnBM. In line with our protein
expression data, the ICP molecules analyzed showed a higher
gene expression in MDS samples when compared to nnBM
samples.

Influence of the distinct expression pattern on the
tissue-specific immune cell composition

An unsupervised clustering analysis of HC, MDS, CMML and
sAML was employed based on the expression of HLA-I, HLA-Ib
as well as ICP molecules and the presence of immune cells
(Figure 3c). The seven most significant clusters (C1 to C7)
were selected and showed no significant differences regarding

age and sex of the patients. However, the clusters with a lower
expression of HLA-I HC and HLA-Ib molecules comprised the
majority of SAML and MDS/CMML cases with excess of blasts
(C1 and C7). In contrast, the cluster C6, characterized by a high
expression of HLA-I HC, HLA-E, and HLA-F, but low HLA-G,
contains most samples of HC as well as MDS and CMML cases
with low blast counts. Although these clusters did not signifi-
cantly differ concerning the survival (Supplementary Figure
S3A), the survival analysis of SAML patients only revealed the
best outcome in cluster 6 comprising most nnBM and MDS/
CMML cases with low blast counts (Supplementary Figure S3B).
In order to understand the link between immune cell clusters
and patients’ survival, the presence of different mutations was
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Figure 2. Distinct composition of the bone marrow microenvironment in myeloid neoplasm. Representative pictures of a multiplex IHC (a) of bone marrow (BM) from
a patient with MDS with multi-lineage dysplasia (MLD) without excess of blast (EB-0) with a mutation in SRSF2. The amount and the composition of tissue infiltrating
lymphocytes (TILs) was analyzed by MSI with a six-color Ab panel directed against CD34 (red), CD3 (yellow), CD8 (magenta), FoxP3 (cyan), MUM1p (orange), GrB (green)
and counterstained with DAPI (blue). Pictures with a higher magnification of single markers combined with DAPI are shown at the right side of the picture. Consecutive
slides were stained with Abs directed against PD-L1, PD-L2, gal-9, TIM3, CTLA4, CD80, CD28 and LAG3 are presented in the lower row of figure A. The immune
subpopulation frequencies and intercellular distances as well as the MFI of ICP markers were assessed. Differences in the frequencies of immune cell subpopulations in
50 nnBM, 106 MDS, 36 CMML as well as 132 sAML are depicted as box plots: (b) TILs (%), (c) CD3*CD8™ T cells (%), (d) GrB* cells (%), and (e) CD3"MUM1* B/plasma cells
(%). (f) Representative MSI picture of a BM with CD3* (yellow) and CD3*CD8* (yellow + magenta) T cells and their spatial relation to each other are shown. Differences in
the mean spatial distance of (g) CD3*CD8~ and CD3*CD8™ T cells and (H) CD3* T cells and CD3"MUM1* B/plasma cells are shown in box plots. Significant differences are
marked with asterisks (*p < 0.05; **p < 0.001) and otherwise given with the exact p-value.



ONCOIMMUNOLOGY 7

a HLA-G
ns ns ns
b * % 0.067
- | 7 |
* ns
*% ns
| |
300 [ ]} 300 300 * = A ; 100
g i g T tvy g
@ 200 3 200 g 200 2
z : Z £
%100 uv'lmo |:.:":100 g%
g umm ; b o At ; 56
. 0 T T T ;TV 0 T # T T T T T Y o
nnBM MDS CMML sAML nnBM MDS CMML sAML nnBM MDS CMML sAML nnBM MDS CMML sAML
C
e i
Diagnosis [ 111 |
Sex
Age| 1 o 1[I} J0 L DRE T Diagnosis
Blast count LD AL I ||| ey
C1 C2 C3 C4 C5 C6 c7 CMML
HLA-A,B,C HC . e
HLAE sAML
HLA-F Sex
HLA-G
TiLs Male
T cells Female
T and B cells
CD3* T cells
CD3'CD8 T cells I Age
CD3*CD8"* T cells 30
GrB* T cells 60
Tregs | 90
B/plasma cells
M1 macrophages ‘ Blast count
M2 macrophages
CD11c* MC , 1
CD56* NK cells l 5
PD-L1 10
PD-L2 ﬂ 20
PD-1 I 50
CTLA4 90
CD80
CcD86 Heatmap
CD28
2
TIM3
Gal-9
TIGIT -10 0 10
CD69

Figure 3. The immune cell infiltration, HLA-I expression and immune checkpoint (ICP) expression in the tumor microenvironment. the surface expression of different
HLA-I antigens was determined by conventional IHC (a) and differences in the expression in the respective groups is depicted as box plots (b) showing HLA-A,B,C, HLA-E,
HLA-F, and HLA-G. Significant differences are marked with asterisks (*p < 0.05; **p < 0.001) and otherwise given with the exact p-value. Next, HLA-l HC, HLA-Ib, ICP
expression and immune cell frequencies are presented as a heat map. An unsupervised clustering of their expression was used for the TME classification. Red tiles
denote increased expression, while blue tiles correspond to decreased expression (see color scheme heat map). The four horizontal bars above the heat map indicate
the classification of age, sex, diagnosis (entity), and blast counts in the bone marrow.
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determined in the different clusters. The prognostic worst cluster
C7 showed the highest mean number of mutations per sample
with a high proportion of mutations in SRSF2, but also in TET2.
In contrast, the prognostic superior clusters C3 and C5 showed
lower mean numbers of mutations per sample with a high fre-
quency of RUNXI mutations in C3 (Supplementary Figure S3C).

Correlation of the immune landscape with the expression
of immune modulatory molecules

To determine the interrelationship between the immune cell
composition, HLA-Ia, HLA-Ib and ICP expression, the num-
ber of TIICs was correlated to the expression of the diverse
immune modulatory molecules and mutations in MDS/CMML
and sAML (Figure 4a). The frequency of TILs positively corre-
lated with the expression of HLA-I HC and HLA-G in MDS/
CMML, but inversely with LAG3 and CD28 expression.
Patients with a higher TIL density showed an increased expres-
sion of cytotoxic and T cell activation markers, like GrB and
CD69. However, a higher TIL density did not correlate with the
proximity of T cell subpopulations. A closer proximity of CD3"
and CD8" T cells was found in patients with higher HLA-1 HC,
CTLA4 and CD80, which was not statistically significant. In
contrast, in sSAML patients TILs positively correlated with
CD28, but inversely with CTLA4 and CD86.

Interplay of somatic alterations and treatment with the
TME

The T cell proximity was neither significantly influenced by the
number of mutations per individual sample nor by the presence of
high-risk mutations in MDS/CMML patients, but was associated
with HLA-G and CD86 expression as well as numbers of CD8"
T cells and GrB expression in sSAML. However, the mutational
profile inversely correlated with the number of TILs, whereby in
MDS/CMML, but not in sSAML patients the T cell numbers,
particularly of the CD8" T cell subset, correlated with higher
numbers of mutations per sample (Figure 4a,b). Furthermore,
also the expression of HLA-I HC and PD-L1, but not of other
molecules correlated with a higher number of mutations per
sample (Figure 4b).

Next, genetic abnormalities in frequently mutated genes
(TP53, TET2, SRSF2, and ASXL1) were correlated with factors
in the TME as summarized in Supplementary Figure S4. In
MDS/CMML patients with mutations in TET2, SRSF2, and
ASXL1I a significantly increased expression of HLA-I HC was
found. In contrast, higher TIL counts only showed an associa-
tion with TP53 mutations in sAML patients.

Since epigenetic drugs are known to alter the ICP
expression,” their influence on the expression of ICP mole-
cules was investigated in samples from our HMA-treated
patients. While in MDS, CMML and sAML patients the PD-
L1 expression levels were generally higher in untreated patients
when compared to HMA-treated patients, we found an upre-
gulation of this ICP molecule in individual patients with avail-
able sequential biopsies (in total, n=45 patients with
sequential biopsies were available, of which 14 patients were
treated with HMA before the second BMB was performed).

Individual HMA-treated patients showed a higher PD-L1
expression after HMA treatment when compared to the pre-
treatment BMBs (Supplementary Figure S5A-C). Additionally,
HMA-treated patients showed increased numbers of TILs
including CD8" T cells that were linked with a closer T cell
proximity in these patients (Supplementary Figure S3D-G).
The prognostic relevance of PD-L1 was not influenced by the
HMA treatment (Supplementary Figure S5H-I). Moreover,
some of the patients in our cohort were treated with allogeneic
stem cell transplantation (alloSCT). However, the numbers of
TILs and the HLA-I HC expression showed no significant
differences in patients with and without almost
(Supplementary Figure S5 J-K).

Entity specific differences in the prognostic value of the
TME in MDS/CMML and sAML

First, the prognostic impact of TILs was analyzed. As shown in
Figure 5a,b, in MDS/CMML patients with >10% TILs (all T and
B cell subsets) a significantly better survival was found when
compared to those with <10% TILs (HR =0.57). In contrast, in
sAML patients no significant influence of the density of all TIICs
and TILs was found (HR = 0.81). Moreover, a closer proximity of
CD3"CD8™ and CD3"CD8" T cell subsets was associated with an
improved survival in MDS/CMML (HR 0.37), while no effect was
found in SAML patients (Figure 5c,d). The same interrelationship
was found for a higher proximity of CD3"CD8" T cells and
CD3"FoxP3" Trigs with CD34" blasts in MDS/CMML patients,
but not in SAML. However, a closer proximity of CD3"FoxP3"
Tregs and CD3"CD8" T cells was not of clinical significance.
Moreover, univariate cox regression analysis revealed that the
number of mutations, presence of high-risk mutations, TIL and
CD8" T cell frequency, HLA-I HC, HLA-G, PD-1, PD-L2 and
CD69 expression are prognostic factors for MDS and CMML. In
contrast, the survival of sSAML patients was associated with HLA-I
HC, PD-L1, and PD-L2 expression (for detailed information and
HR see Figure 5d). Multivariate analysis demonstrated that
a higher TIL frequency, closer T cell proximity and high PD-L1
expression were independent prognostic factors in MDS and
CMML and correlated with superior patients’ survival. In SAML
patients, a higher HLA-I HC and CD28 expression were associated
with increased patients’ survival (Figure 5e).

Discussion

During the last decade, different genetic factors have been identi-
fied, which play a crucial role in the initiation and progression of
different subtypes of MN.**'* By including the mutational pro-
file, the predictive value of clinical risk stratification scores have
even been improved.*® In addition to tumor intrinsic factors, the
TME has been defined as an important hallmark of cancer.” In
this context, different immune cell subsets are involved in tumor-
igenesis by either antagonizing or promoting tumor
progression.”**> In many solid tumors, an interrelationship
between TMB and inflammation has been shown to predict the
response to ICP blockade.* In contrast, the relatively low TMB in
dnAML has been assumed to be responsible for the low efficiency
of ICP blockade in this disease.”””*® However, a link between
immune cell infiltration and patients’ outcome has been
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Figure 4. Complex interrelationship of immune cell composition, spatial immune cell organization, immune modulatory molecule expression, genetic aberrations and
therapeutic interventions in myeloid neoplasm within the tumor microenvironment. correlation map (a) of the interplay of factors of the TME. Pearson correlation
coefficients are displayed by different colors defined in the scale bar under the figure. Statistically significant correlations are highlighted with black frames. The
interrelationship of number of detected mutations in individual samples is depicted with boxplots (b) concerning HLA-I HC expression, TILs, T cells and ICP expression of
CTLA4 and PD-L1, was shown. Significant differences are given with the exact p-value.

demonstrated in AML cases,"” which was influenced by TP53
mutations.” So far, in MN, only limited studies investigated the
relevance of ICP molecules, HLA-I and HLA-Ib expression and
immune cell composition in correlation with molecular

aberrations.

Using multimeric IHC, the present study showed
a significant heterogeneity of the cellular immune microenvir-
onment in MN when compared to nnBM, as also recently
reported.”***’ Notably, the composition, frequency and spatial

distribution of different immune cell populations was
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Figure 5. The prognostic impact of the tumor microenvironment in MDS/CMML and sAML. Kaplan-Meier estimators illustrate the influence of TILs and T cell densities in
MDS/CMML (a-b) and sAML patients (c-d). Next, univariate cox regression analysis was performed (e) in MDS/CMML and sAML patients, respectively. Results are
depicted with Forrest plots. Significant prognostic factors were further analyzed with a multivariate cox regression analysis and results are shown with Forrest plots, too

(f). Significant differences are marked with asterisks (*p < 0.05; **p < 0.001).



associated with the patient’s outcome. This is in line with
several studies demonstrating a prognostic impact in many
human cancers*’ ™ and in some subgroups of MN."
However, this correlation was only found in MDS and
CMML patients, while in sSAML, representing a continuum of
these chronic myeloid neoplasms, the mean TIL frequency was
significantly lower and did not affect the patients’ outcome.
Moreover, a closer proximity of CD3" and CD8" T cell subsets
correlated with an improved survival in MDS and CMML, but
not in sAML patients. Furthermore, the downregulation of
HLA-I HC surface expression, which is a common immune
escape mechanism in many malignancies,** showed the highest
prevalence in sSAML samples and correlated with an inferior
survival in MDS, CMML and sAML patients. Moreover, in an
unsupervised clustering model a continuum of changes in the
TME composition and ICP expression was demonstrated.
MDS and CMML samples with low blast counts, but also
a few sAML immunologically clustered with nnBM, while
other MDS and CMML cases with excess of blasts clustered
with most of SAML cases. Of note, SAML patients that clus-
tered with nnBM had an improved OS. Together, these data
suggest a continuum of TME aberrations from nnBM and
MDS/CCML without excess of blast to samples with increased
blast counts with sAML exhibiting the most pronounced
immune escape that correlated with patients” survival
Moreover, these findings could be an explanation for the fail-
ure of ICP blockade in patients with AML,* Both, low TIL
counts and downregulation of HLA-I have been also associated
with treatment resistance in solid neoplasms.**™** While
patients with higher TIL counts showed improved treatment
effects of ICP blockade.* In this context, it is noteworthy that
the expression of HLA-Ib molecule HLA-G might also be of
prognostic relevance in MDS and CMML patients.

In order to get insights into the underlying mechanisms of the
altered immune cell infiltration, mutational profiling and expres-
sion analysis of immune modulatory surface molecules was per-
formed. The T cell infiltration and overall TIL density were
inversely correlated with the number of mutations detected by
NGS as described for other malignancies.9’50 Moreover, the T cell
proximity, which showed a stronger prognostic influence in multi-
variate cox regression when compared to TIL counts, was higher
in samples with high CTLA4, CD80, HLA-I HC and higher TIL
frequencies. In contrast, a higher spatial distance was found in
cases with high HLA-G, TIGIT, CD69 and GrB expression.

Next, the prognostic impact of ICP expression was tested.
The expression of PD-1/PD-L1/PD-L2 was associated with an
improved survival in MDS and CMML suggesting a clinical
relevance of this pathway. In sSAML patients, a higher CD28
expression was found to be an independent prognostic marker
that was associated with superior survival. These results
demonstrate a unique disease specific immunological land-
scape with a significant prognostic impact.

Moreover, ICPs are often epigenetically controlled and it can be
upregulated by HMA.*>*'">® Furthermore, HMA have been
shown to induce anti-tumor immune responses in solid tumors
and hematopoietic malignancies, including MDS and sAML.>**
Some patients of our cohort treated with HMA exhibit differences
in the expression level of several ICP molecules, with an upregula-
tion of PD-L1 in patients after HMA treatment when compared to
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untreated patients. Of note, the therapeutic interventions did not
change the disease-specific prognostic impact of different ICP
molecules. However, it has been suggested that combinations of
ICP blockade with these epigenetic drugs might be a potential
efficient therapies in the MDS/sAML patients.””’

Together, these data demonstrate that MDS, CMML and
sAML not only differ clinically and morphologically but also
regarding their immune cell composition and their expression
of immune-response relevant molecules in the BM TME. This
includes not only the frequency of immune cell (sub)popula-
tions but also their spatial distribution and function, which are
influenced by the mutational profile, have an impact on prog-
nosis and might serve as a target for immune-regulatory thera-
pies. Beyond this, in a subset of MDS and CMML patients,
a significant HLA-I downregulation was found and correlated
with an inferior patients’ survival, which was even more pro-
nounced in SAML, and which has already been linked to ICP
blockade resistance in solid tumors. Next to HLA-I this study
showed for the first time a prognostic impact of the expression
of non-classical HLA-G molecule. It is noteworthy that MDS
and CMML diseases are also very heterogeneous and can be
divided into a large number of subtypes, which cannot be fully
covered in this study. In general, a strong link between the
TME composition and ICP expression and the blast counts
underlying the interrelationship of the neoplastic cells and the
surrounding TME was reported. Despite the described inter-
connection of the mutational profile, the composition and
spatial organization of the BM TME and immune escape
mechanisms in MN, further challenges are the identification
of underlying disease-subtype specific immune regulatory
mechanisms in these malignancies, which yield the rational
for the design of more efficient therapies and for the stratifica-
tion of patients who might benefit from the respective
treatment.
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