Cancer Immunology, Immunotherapy (2019) 68:2015-2027
https://doi.org/10.1007/500262-019-02420-x

ORIGINAL ARTICLE q

Check for
updates

Tumor genetic alterations and features of the immune
microenvironment drive myelodysplastic syndrome escape
and progression

Paola Montes' - Ménica Bernal® - Laura N. Campo' - Amanda Rocio Gonzalez-Ramirez*>% - Pilar Jiménez' -
Pilar Garrido® - Manuel Jurado® - Federico Garrido">’ - Francisco Ruiz-Cabello’” - Francisca Hernandez®

Received: 20 May 2019 / Accepted: 18 October 2019/ Published online: 8 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The transformation and progression of myelodysplastic syndromes (MDS) to secondary acute myeloid leukemia (sAML)
involve genetic, epigenetic, and microenvironmental factors. Driver mutations have emerged as valuable markers for defining
risk groups and as candidates for targeted treatment approaches in MDS. It is also evident that the risk of transformation to
SAML is increased by evasion of adaptive immune surveillance. This study was designed to explore the immune microen-
vironment, immunogenic tumor-intrinsic mechanisms (HLA and PD-L1 expression), and tumor genetic features (somatic
mutations and altered karyotypes) in MDS patients and to determine their influence on the progression of the disease. We
detected major alterations of the immune microenvironment in MDS patients, with a reduced count of CD4* T cells, a more
frequent presence of markers related to T cell exhaustion, a more frequent presence of myeloid-derived suppressor cells
(MDSCs), and changes in the functional phenotype of NK cells. HLA Class I (HLA-I) expression was normally expressed
in CD34" blasts and during myeloid differentiation. Only two out of thirty-six patients with homozygosity for HLA-C
groups acquired complete copy-neutral loss of heterozygosity in the HLA region. PD-L1 expression on the leukemic clone
was also increased in MDS patients. Finally, no interplay was observed between the anti-tumor immune microenvironment
and mutational genomic features. In summary, extrinsic and intrinsic immunological factors might severely impair immune
surveillance and contribute to clonal immune escape. Genomic alterations appear to make an independent contribution to
the clonal evolution and progression of MDS.
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MDS EB MDS with excess blasts

MDS Myelodysplastic syndromes
MDSCs Myeloid derived suppressor cells
MDS-MLD  MDS with multilineage dysplasia
MDS-RS MLD and ring sideroblasts
MDS-SLD MDS with single lineage dysplasia
MoAbs Monoclonal antibodies

NGS Next-generation sequencing

PB Peripheral blood
sAML Secondary acute myeloid leukemia

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous
group of clonal stem-cell disorders characterized by inef-
fective hematopoiesis, abnormal cellular morphology, and a
propensity for progression to acute myeloid leukemia (AML)
[1]. The annual incidence of MDS is 4-5 cases/100,000
inhabitants and its prevalence is 7/100,000 inhabitance [2].
Its clinical course is very heterogeneous, and the survival
rate is, therefore, highly variable [2]. This has led to the
development of several classification systems, most recently
WHO-2016 [3], and various prognostic systems such as the
International Prognostic Scoring System (IPSS) [4] and its
revision (IPSS-R) [5].

Factors determining the pathogenesis and progression
of MDS have not been fully elucidated. Cytogenetic altera-
tions are detected in only 50% of MDS patients at diagno-
sis [6], whereas next-generation sequencing (NGS) studies
have identified at least one recurrent somatic mutation in
85-90% of these patients [7]. Specifically, mutations in high
molecular risk (HMR) genes (TP53, ETV6, ASXLI, RUNXI,
EZH?2) have been associated with an unfavorable prognosis
and are considered an independent risk factor of progres-
sion to AML, regardless of the results of current prognostic
score systems [8, 9]. However, independently of the selective
advantage conferred by mutations (increase in proliferative
and anti-apoptotic capacities, etc.), there is considerable evi-
dence that deregulation of the immune system in the tumor
microenvironment favors immunosurveillance evasion by
the tumor cell, allowing progression and/or expansion of the
malignant clone [10, 11]. In this regard, increased apoptosis
is the hallmark of low-risk MDS and is associated with auto-
immune disease-like characteristics, including activation of
cytotoxic T CD8* lymphocytes (CTLs), reduced regulatory
T cell (Treg) count, and increased type 17 T-helper (Th17)
cell count [12-14]. By contrast, immunodeficiency and
immune exhaustion indicate high-risk MDS, characterized
by a microenvironment that may favor immune evasion by
the malignant clone [15, 16].

The immunogenicity of many types of cancer is known
to be impacted by alterations in the PD-1/PD-L1 pathway
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or in antigen presentation, due to the abnormal expression
of human leukocyte antigen (HLA) molecules [17-19]. Our
group recently identified a loss of heterozygosity in the HLA
region (LOH HLA) as a possible immunoevasion mecha-
nism in advanced cases of MDS, which may explain its pro-
gression and leukemic transformation in patients with no
risk factors, i.e., HMR mutations or complex karyotypes.
However, besides mechanisms affecting the immunogenic-
ity of the tumor cell, the progression to secondary AML
(sAML) may also be explained by high-risk genetic altera-
tions and/or the dysregulation of cellular immune responses
[19], factors that have been separately analyzed in numer-
ous studies [9, 15]. In the present investigation, we conduct
simultaneous analyzes of the genetic and immunogenic char-
acteristics of the malignant clone alongside analysis of the
immune microenvironment to explore a possible interplay
between them in MDS and sAML patients.

Materials and methods
Patient samples and controls

The study included 130 patients from hospitals in Anda-
lusia (Southern Spain) and on the Spanish MDS Registry
(RESMD) diagnosed with MDS between December 2016
and November 2018. The patients (87 males, 43 females;
mean age of 72 years) were categorized according to the
WHO-2016 classification [3] as (1) early-stage disease: 5
with single lineage dysplasia (MDS-SLD), 71 with multilin-
eage dysplasia (MDS-MLD), 10 with MLD and ring sidero-
blasts (MDS-RS), 13 with isolated del(5q) MDS del(5q), and
1 unclassifiable (MDS-U); or (2) advanced-stage disease: 30
with excess blasts: 14 with excess blasts-1 (MDS EB-1) and
16 with excess blasts-2 (MDS EB-2). MDS patients were
categorized according to the IPSS and IPSS-R score prog-
nosis systems as IPSS: low risk (low risk (LR)/intermedi-
ate-1 risk (INT-1); high risk (intermediate-2 risk (INT-2)/
high risk (HR)) and IPSS-R: low risk (very low risk (VLR)/
low risk (LR); high risk (intermediate risk (INT)/high risk
(HR)/very high risk (VHR). Cytogenetic data were available
for 111 of the 130 patients. MDS patients were classified
according to their cytogenetic risk as: favorable [very good
(-Y, del(11q), good (normal, del(20q), del(5q) alone or with
1 other anomaly and del(12p)], poor [poor (complex with
3 abnormalities, der(3q) or chromosome 7 abnormalities),
very poor (complex with >3 abnormalities)], or intermedi-
ate (all other single or double abnormalities not listed). In
addition, 23 patients (12 males, 11 females; mean age of
72 years) were diagnosed with sSAML. The characteristics of
all patients in the study are displayed in Table 1.

The tumor microenvironment in MDS patients was
separately studied in bone marrow (BM) (n=61) and
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Table 1 Characteristics of patients included in the study

MDS patients

No 130
Mean age (years) 72 (24-95)
Sex 87 male/43 female
Classification of WHO 2016
MDS-SLD 5(3.8%)
MDS-MLD 71 (54.6%)
MDS-RS 10 (7.7%)
MDS del(5q) 13 (10%)
SMD-U 1(0.8%)
MDS EB-1 14 (10.8%)
MDS EB-2 16 (12.3%)
IPSS group
Low risk 92 (78.6%)
Low 65
Intermediate- 1 27
High risk 25 (21.4%)
Intermediate-2 22
High 3
IPSS-R group
Low risk 68 (57.6%)
Very low 20
Low 48
High risk 50 (42.4%)
Intermediate 31
High 7
Very high 12
Cytogenetic risk
Poor 10 (9%)
Intermediate 30 27%)
Favorable 71 (64%)
SAML patients
No 23
Mean age (years) 71 (56-85)

Sex

12 male/11 female

Cytogenetic risk: favorable [very good (-Y, del(11q), good (nor-
mal, del(20q), del(5q) alone or with 1 other anomaly and del(12p)],
poor [poor (complex with 3 abnormalities, der(3q) or chromosome 7
abnormalities), very poor (complex with >3 abnormalities)], or Inter-
mediate (all other single or double abnormalities not listed)

MDS-SLD myelodysplastic syndrome with single-lineage dysplasia,
MDS-MLD MDS with multilineage dysplasia, MDS-RS MLD and
ring sideroblasts, MDS del(5q) MDS with isolated del(5q), MDS-U
MDS unclassifiable, MDS EB-1, -2 myelodysplastic syndrome with
excess blasts-1, -2, SAML acute myeloid leukemia secondary to MDS,
IPSS prognostic scoring system, /PSS-R revised international prog-
nostic scoring system, VHR very high risk, HR high risk, INT inter-
mediate, LR low risk, VL very low risk

peripheral blood (PB) (n=69) samples, while PB sam-
ples from 40 healthy donors (median age 70 years; range
50-91 years) served as controls.

Multiparameter flow cytometry analysis

Flow cytometry studies and characterization of the func-
tional subset of T-cells and NK cells on BM and PB samples
used fluorescent-labeled monoclonal antibodies (moAbs)
described elsewhere [20]. A human regulatory T cell cock-
tail was used to identify Tregs defined as CD4" CD127'°%
CD25#" The amount of Tregs was expressed as a per-
centage of total CD4 cells. NK cells were expressed as a
percentage of the total T lymphocyte pool. NK cell sub-
populations were determined by the selection of CD45™,
CD37, CD20™ cells in the lymphocyte gate. The following
subpopulations were detected in the plot, based on CD56
and CD16 markers: CD56™¢" (CD16%™~), CD56%™CD167,
double-positive CD564™CD16 8" mature NK cells, and
low cytolytic CD56-CD16"#" NK cells. NK receptors
were expressed as a percentage of CD56" NK cells. The
following moAbs against NK cell receptors were also used:
CD158a (KIR2DL1)-FITC, anti-CD158b (KIR2DL3)-APC
from RyD Systems (Abingdon, UK); and anti-CD158b1/
b2/j-PercP-Cy5.5, anti-CD158a/h-PE from Beckman Coulter
(CA, USA).

Myeloid-derived suppressor cells (MDSCs) were
expressed as a percentage of total PB cellularity. For
polymorphonuclear (PMN-MDSC) cells, Lin"/HLA
DR"Y/~ cells were gated after the exclusion of eosinophils
(FSC/SSC). In this gate, double-positive CD11bTCD33*
cells were selected, and the fraction of these cells express-
ing CD15 was then determined. For monocytic (Mo-MDSC)
cells, monocyte populations were first gated in the SSC/
CD14 plot, followed by the selection of HLA-DR'*Y'~ cells
in this gate [21].

PD-L1 expression was evaluated on blast cells, which
were identified using the CD347/SSC'*¥ gate. Next, the frac-
tion of these cells expressing PD-L1 was determined.

Automated CD34" cell isolation

CD34% cells of patients were isolated from fresh BM or
PB samples using an automatic immunomagnetic cell pro-
cessing system (autoMACS Pro, Miltenyi Biotec), and the
genomic DNA obtained was stored at —40 °C for genetic
studies.

Molecular and cytogenetic analysis

The NGS techniques, single nucleotide polymorphism (SNP)
array studies, and cytogenetic analysis used were previously
reported [19].

NGS analysis of genes related to myeloid neoplasms
detected mutations in MDS predictive genes (TP53, ASXLI,
ETV6, EZH2, RUNXI), which were previously described as
high molecular risk (HMR) mutations [9].

@ Springer



2018

Cancer Immunology, Immunotherapy (2019) 68:2015-2027

Statistical analysis

Variables with normal distribution (as checked by the Kol-
mogorov—Smirnov test) were expressed as means + stand-
ard deviation and non-normally distributed variables as
medians (range). The parametric Student’s ¢ test was used
to compare between groups when the distribution was nor-
mal and the non-parametric Mann—Whitney U test when it
was not. Spearman analysis was used to evaluate correla-
tions between quantitative variables. IBM-SPSS Statistics
Ver.21.0. was used for all statistical analyses, and P <0.05
was considered significant.

Results

Changes in leukocyte populations in PB from MDS
patients

A significantly lower absolute T lymphocyte count
(P=0.0001) and CD4:CDS8 ratio were observed in MDS
patients than in healthy controls. The reduced CD4:CD8
ratio was attributable to changes in the CD4" lymphocyte
pool. The absolute CD4* T cell count was markedly lower in
MDS patients than in controls (P =0.0001) (Fig. 1a), while
the CD8* T cell count was slightly lower than in controls
(P=0.007) (Table 2).

Significantly lower absolute B lymphocyte (P =0.045)
and absolute NK (P =0.004) counts were also recorded in
MBDS patients than in controls (Fig. 1b; Table 2).

PB leukocyte subpopulations

evolve to an immunosuppressive
microenvironment from low to high-risk
MDS

Immunophenotypic characterization of the functional popu-
lations of T cells, NK cells, and other cell populations of the
innate immune system (e.g., MDSCs) was carried out in PB
from 69 MDS and 11 sAML patients.

Treg, Thl, and Th17 cell frequencies were similar
between MDS patients and controls, as were Th1/Th17,
Treg/Th17, and CD8/Treg ratios (P> 0.05). However, we
found a higher frequency of Th22 cells (subset of Th17
cells) in MDS patients than in controls (P=0.004) and a
higher frequency of CD4*CD39* T cells in sAML patients
(P=0.01) and of CD8" CD39* T cells in both sAML
(P=0.022) and MDS patients (P =0.006) than in controls
(Table 2).

We found major phenotypic changes in the PB
immune microenvironment of NK cells, with a signifi-
cantly higher frequency of NK CD56"€ht cells in MDS
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patients (P=0.0001) and sAML patients (P =0.006) than
in controls (Fig. 1d). MDS patients also showed a higher
frequency of NK cells with CD56* CD16~ phenotype
(P=0.043) and a lower frequency of mature cytotoxic
effector NK cells (CD56%™CD16"1¢") (P =0.023) and
CD56"CD16" NK cells (P =0.035) in MDS patients than
in controls (Table 2).

A marked reduction was observed in NK activating
receptors on CD56" expressing NK cells (CD56°1ight
and CD56%™) such as NKG2D, NKp46, and CD161.
The expression in PB of all these activating receptors
was lower in MDS patients than in controls (NKG2D,
P=0.002; NKp46, P=0.013; CD161, P=0.025). In addi-
tion, the expression of NKG2D (P=0.001) and CD161
(P=0.01) receptors was lower in sSAML patients than in
healthy controls (Fig. le, f; Table 2). NKG2D expression
was significantly lower in MDS patients with excess of
blasts I/II, who were at higher risk to progression to sAML
than in MDS patients with a lower risk profile (no excess
of blasts) (P =0.007). Additionally, NKG2D expression
was higher in the low-risk versus high-risk groups as clas-
sified by IPSS score (high risk vs. low risk, P =0.009).
Finally, the percentage of NKG2D receptors was higher
in the favorable cytogenetic group than in those with poor
karyotypes (P =0.025).

Analysis of the expression of killer-cell immunoglobulin-
like receptors (KIRs), both those with activating (KIR2DS1,
KIR2DS2) and inhibitory (KIR2DL1, KIR2DL2 and
KIR2DL3) activity on CD56% NK cells, showed no sig-
nificant differences between MDS and sAML patients or
between these two patient groups and controls (P >0.05).

Finally, immunophenotypic study of the suppressive
myeloid subset of polymorphonuclear and monocytic lin-
eage in PB revealed a higher PMN-MDSCs frequency in
MDS (P=0.001) and sAML patients than in healthy controls
(P=0.0001) and a higher Mo-MDSCs frequency in SAML
patients (P=0.003) but not in MDS patients (P> 0.05) with
respect to controls (Fig. 1c; Table 2).

Significantly higher PMN-MDSCs (P=0.011) and Mo-
MDSCs (P=0.002) frequencies were observed in patients
with excess blasts according to the WHO classification
than in those without. A positive correlation was observed
between the percentage of Mo-MDSCs and percentage of
blasts in the PB of MDS patients (Spearman R =0.564,
P=0.00001). The frequency of MDSCs also differed accord-
ing to IPSS/IPSS-R and cytogenetic risk categories. Higher
percentages of PMN-MDSCs (P=0.015) and Mo-MDSCs
(P=0.004) were found in high-risk versus low-risk groups
as classified by IPSS-R, and higher percentages of Mo-
MDSCs were observed in the intermediate versus favorable
cytogenetic risk group (P =0.05). Similar results to those
obtained with IPSS-R were obtained in the comparison of
IPSS groups (data not shown).
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Table 2 Absolute count and
percentages (mean + SEM) of
the different cells populations
and immunogenic intrinsic
characteristics (PD-L1 and
HLA-I) in peripheral blood
samples of healthy controls and
MDS and sAML patients
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Control MDS P, sAML P,*

Lymphocyte pool (x 1073/mL)  1658.2+690.7 1301.8+593.4  0.028 1590.0+804.5 0.641
T cells (x 103/mL) 1446.6 £608.4  894.4+482.2 0.0001 1185.1+7753  0.569

T-CD4* 996.5 +320.6 471.9+277.3 0.0001 633.2+496.2 0.026

T-CD8* 530.8 +296.2 365.6+242.0 0.007 408.3+203.8 0.400
B cells (x 1073/mL) 174.6 +144.4 106.0+143.4 0.0001* 107.5+103.9 0.110
NK cells (x 1073/mL) 364.3+271.2 229.5+195.5 0.004 172.2+150.5 0.037
T lymphocytes (%)

CD3 73.9+9.5 68.7+14.8 0.093 72.1+19.6 0.569

CD4 43.0+9.2 357114 0.001 36.7+13.1 0.251

CD8 23.1+8.1 284+11.2 0.007 31.1+14.3 0.083
CD4 T lymphocytes (%)

Thl 242+6.2 22.4+10.0 0.447 19.9+7.8 0.345

Th17 11.9+5.2 14.1+9.5 0.299 10.2+3.3 0.395

Th22 3.6+2.2 7.0+5.2 0.004 55+35 0.143

Treg 63+1.7 7.1+3.1 0.190 8.8+4.2 0.058

CD4* CD39* 33+22 5.3+4.0 0.273 7.5+4.1 0.010
CD8 T lymphocytes

CD8* CD39"(%) 1.3+1.2 4.8+8.5 0.006 33+29 0.022
Ratio T cells

CD4/CDS8 22+1.2 1.3+0.6 0.001 1.4+0.8 0.025

CD8/Treg 43+19 4.7+3.5 0.747 6.4+7.1 0.698

Th1/Th17 25+1.6 2.6+2.0 0.334 23+1.6 0.620

Th1/Treg 42+1.3 43+32 0.884 4.7+6.5 0.124
NK cells (%)

CD56Prien 3.0£3.0 8.3+£10.0 0.0001*  10.9+10.7 0.006

CD56*CD16% 80.9+9.1 73.3+18.5 0.023 709+17.3 0.111

CD56"CD16~ 34+2.0 8.7+13.6 0.043* 5.6+7.0 0.781

CD56 CD16% 12.3+7.7 8.7+7.5 0.035 12.4+7.7 0.489
CD56"% NK cells (%)

NKG2D 79.02+9.9 61.9+21.0 0.002 55.5+16.3 0.001

NKp46 80.7+13.6 71.02+19.9 0.013 75.8+19.8 0.520

CD161 779+14.2 68.2+23.1 0.025 60.4+12.5 0.010
MDSCs (%)

PMN-MDSCs 0.04+0.02 0.13+0.1 0.001 1.3+0.9 0.0001
Mo-MDSCs 6.6+6.5 142+21.8 0.483%* 30.4+32.6 0.003
CD34" cells (%) 0.05+0.02 1.6+3.6 0.009 27.4+11.7 0.0001
PD-L1 (%) ND 30.5+26.2 NA 3.1+39 NA
HLA-T (MFI) 35765+ 18576 14837 +9356 0.002 16933+19929  0.025

P values indicated in bold are statistically significant

P, value: stadistic comparison between MDS and the control goup. P, value: stadistic comparison between
SAML and the control group. Student’s ¢ test are displayed

MDS myelodysplastic syndrome, sAML acute myeloid leukemia secondary to MDS, PMN-MDSCs poly-
morphonuclear-myeloid derived suppressor cells, Mo-MDSCs monocytic-myeloid derived suppressor cells,
HLA-I HLA class I, MFI mean fluorescence intensity, ND not done, NA not applicable

*Statistical analysis was evaluated by Mann—Whitney U test
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Changes in the BM immune
microenvironment reproduce those
in the PB of MDS patients

The study of changes in lymphocyte subpopulations in MDS
patients (BM =61, PB=69) and sAML patients (BM =12,
PB=11) also included the simultaneous analysis of six
paired BM and PB samples from MDS patients.

The microenvironment of both PB and BM largely com-
prised CD3* T cells, with a higher frequency of CD8% T
lymphocytes and an inversion of the CD4:CD8 ratio. The
same results were obtained in the study of the BM and PB
microenvironment in the paired samples group.

Likewise, analysis of the functional composition of T
lymphocyte subpopulations (Thl, Th17, Th22, Treg) and
their ratio (Th1/Treg, Th1/Th17 and CD8/Treg) showed
no significant differences between BM and PB samples
(P>0.05).

Finally, we observed an increase in the frequency of
markers associated with suppression and/or exhausted
T cells (CD39) in the immune microenvironment of BM
than in that of PB (CD47CD39*, P=0.004; CD8*CD309,
P =0.00002). We also found differences in relation to the
NK component, observing a higher frequency of the non-
cytotoxic phenotype (CD568M) (P =0.036) and a higher
frequency of the activating receptor NKG2D in BM than in
PB (P=0.004).

HLA and PD-L1 expression in MDS patients

Loss of tumor HLA and positive PD-L1 expression are natu-
ral adaptive immune evasion mechanisms that may contrib-
ute to resistance to anti-tumor immunity [18, 22, 23]. We
analyzed HLA Class I (HLA-I) expression on CD34" blasts
and during myeloid-cell maturation in 45 BM samples from
MDS (n=32) and SAML (n=13) patients, finding no asyn-
chronous or aberrant expression. In fact, the gradual down-
regulation of these molecules during myeloid maturation
was identical to that observed in control samples (Fig. 2).
No patient in the study showed total loss of HLA-I
expression on CD34% cells. However, the mean HLA-I
expression on dysplastic CD34* cells was significantly lower
in MDS and AMLs patents than in controls (SMD vs. Con-
trol, P=0.003; sAML vs. Control, P=0.025). No signifi-
cant differences in HLA-I expression on CD34" were found
between MDS and sAML patients (P > 0.05) (Table 2). We
also investigate the possibility of the disruption of antigen
presentation through LOH HLA at 6p21 locus. We detected
acquired copy neutral-loss of heterozygosity (CN-LOH) at
6p21 HLA locus in only 2 out of 36 cases analyzed (data
not shown). In another three patients, we observed LOH
outside the 6p21 locus in a proportion of tumor cells (SNP

distribution was shifted away from the heterozygous line in
the BAF plot) (Supplementary Figure 1). Interestingly, both
cases with LOH at chromosome 6 were homozygous for
the HLA-C group (HLA-C1 or HLA-C2) (Supplementary
Table 1). There were no cases of copy number alteration in
chromosome 6 in heterozygous HLA-C1/C2 patients.

PD-L1 expression on CD34" cells was higher in MDS
patients than in sAML patients (P =0.0001) (Table 2) but
did not significantly differ between early and advanced
stages of MDS (P >0.05).

Relationship between tumor
microenvironment and somatic mutations
in MDS patients

The mutational study was performed in 50 MDS patients
with flow cytometry results available on their tumor com-
position microenvironment. The classification obtained
was early-stage disease in 33 patients [MDS-SLD in 1,
MDS-MLD in 22, MDS del(5q) in 8, and MDS-RS in 2]
and advanced-stage disease in 17 patients (MDS EB-1 in
11, and MDS EB-2 in 6).

Somatic mutations in the studied genes were observed
in 40 out of the 50 patients studied (80%), with no muta-
tions detected in the remaining 10 patients (20%) (Sup-
plementary Table 2).

Somatic mutations in these genes were observed in
23 out of 29 patients (79.3%) in the early-stage MDS
group. Mutations in non-high molecular risk (N-HMR)
genes, mainly those involved in DNA methylation (TET2,
DNMT3A, IDH1/2) and RNA splicing (SF3BI, ZRSR2,
U2AF1, SRSF2), were observed in 16 out of 23 patients in
this group (69.6%). In contrast, a N-HMR mutational pro-
file was found in only 3 out of 16 patients in the advanced-
stage group (18.7%).

Somatic mutations in these genes were observed in 16
out of 20 patients (80%) in the advanced-stage group. A
much higher proportion of patients had somatic mutations
in HMR genes (TP53, ETV6, ASXLI, RUNXI, EZH?2) in
this group (13/16, 81%) than in the early stage-MDS group
(7/23, 30.4%) (Fig. 3a, b). Mutations in TP53 were espe-
cially frequent among patients in the advanced-stage group
with HMR gene mutations (9/13 patients), and 8 of these 9
patients showed no other alterations in the genes under study.

In addition, the allele frequency of HMR gene muta-
tions differed between the early-stage and advanced-
stage MDS patients, observing that VAFs in HMR genes
were >40% in the advanced-stage group (10/13 patients)
and <40% in 5 out of 8 patients in the early stage-MDS
group (Fig. 3c, d). We also found an increase in poor kar-
yotypes in the advanced-stage group, whereas none were
observed in the early-stage group (Fig. 3e, f).
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Fig.2 Histograms with examples of HLA expression on CD34 cells
and during the myelopoiesis process in healthy control (left column)
and MDS patient (right column). Blast cells (blue dots) and granulo-
cytes are gated based on CD11b and CD13 markers, and their immu-
nophenotype is shown in a multiparameter histogram plot in a healthy
control and b MDS patient. We have established four stages of gran-
ulocyte differentiation: stage I, II, III and IV, based on the gradual

The composition of the tumor microenvironment was
evaluated according to the total number of mutations (<2
or >3 mutations), allele frequency (VAF <30% or>30%),
and the absence/presence of mutations in HMR genes.

We compared cellular populations between MDS
patients divided as follows: 38 MDS patients with <2
total mutations and 12 patients with > 3 total mutations;
18 MDS patients with VAFs <30% and 22 patients with
VAFs >30%. Our results did not reveal any significant dif-
ferences in the composition of immune populations in the
tumor microenvironment based on the mutational allele
burden (P> 0.05).
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increase in CD11b and dynamic CD13 expression and correspond-
ing to a predominance of promyelocytic (CD13*¢" CD11b~), myelo-
cytic (CD13*~ CD11b7), metamyelocytic (CD13*~ CD11b*"), and
mature neutrophils (CD13%%¢ CD11b"2Y), respectively. Histograms
representing HLA expression patterns during myeloid differentiation
in healthy control (¢) and MDS patient (d)

We analyzed the possible relationship between the pres-
ence of HMR mutations affecting TP53, RUNXI, ASXLI,
EZH?2, and ETV6 genes and the cellular tumor microenviron-
ment in both BM and PB samples. For this purpose, MDS
patients were divided into two groups: high risk (presence
of at least one mutation in any of HMR genes) (n=32) and
low risk (absence of mutations in HMR genes) (n=18). A
higher percentage of blast cells were observed in BM sam-
ples from the high-risk versus low-risk groups (7% vs. 2.9%,
P=0.029). No significant differences between these groups
were found in other components of the microenvironment
(P>0.05) (Fig. 3g).
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Fig. 3 Distribution of 50 MDS patients previously classified accord-
ing to the progression of the disease (early vs. advanced stages) as a
function of mutational profile characteristics. a, b Presence/absence
of high molecular risk (HMR) mutations; ¢, d <40%/>40% of the
variant allele frequency (VAF) in HMR genes. e, f Karyotype risk
(poor, intermediate, good). g-i Graphs representing different cell pop-

Discussion

MDS are characterized by major genetic heterogeneity in
somatic mutations, chromosomal alterations, and epigenetic
changes, which can participate as drivers of the development

ulations in the microenvironment as a function of mutational profile
characteristics. g Presence/absence of HMR mutations, h poor, inter-
mediate, or good karyotype risk; i IPSS-R score (high risk vs. low
risk). No significant differences were observed in any of the statistical
analyses performed

and progression of this disease [8, 9]. On the other hand,
the role of the immune response is complex and can even
be ambiguous or contradictory, as demonstrated by the
proposal of both immunosuppressive and immunostimu-
latory approaches in these cases [24]. In this study, we
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simultaneously analyzed the immune microenvironment,
immunogenic characteristics, and genetic profile of the
malignant blast in MDS patients.

In general, we observed a dysregulation of the immune
response, which was maintained until advanced stages
of the disease, creating an immune environment that
enhances and promotes immunoevasion and transforma-
tion to AML. In MDS, the CD4 cell count was markedly
reduced, CDS8-T cells showed markers related to T-cell
exhaustion, NK cells exhibited altered functional pheno-
types associated with reduced cytotoxic capacity, and the
immune microenvironment was enriched in MDSCs.

Our analysis of Th subpopulations found no significant
differences between their proportions in MDS patients
and in healthy controls with the exception of Th22 cells,
inflammatory CD4" T cells that secrete IL-22 but do not
express IL-17 or interferon-gamma (IFN-y). The per-
centage of Th22 cells in PB was higher in the patients,
as observed in other hematological malignancies such
as AML or ALL [25, 26]. We also highlight the greater
presence of T cells, mainly CD8, that express the CD39
marker, associated with T-cell exhaustion. CD39-express-
ing T cells may contribute to an inhibitory immune micro-
environment in sSAML patients by inhibiting the activation
of T cells, as observed in solid tumors and chronic lym-
phocytic leukemia [27, 28].

The main study findings are related to NK cells and
MDSCs. We observed a major reduction in the expression of
NK activating receptors and an increase in NK cells with a
non-cytotoxic phenotype (CD56€"), which play an immu-
nomodulatory role [29] during both early and advanced
stages of the disease and appear to be a characteristic of
other hematological malignancies [30]. These changes have
also been observed in melanomas, in which NK cells dis-
played a marked downregulation of NKp30, NKp44 and
NKG2D activating receptors, with an important reduction
in cytolytic granule content and NK cytotoxicity [31]. By
contrast, no major changes were observed in the family of
activating or inhibitory killer-cell immunoglobulin recep-
tors. MDSC analysis revealed an increase in MDS patients
with a high risk of progression. These results are consistent
with previous reports associating MDSCs with advanced
stages and a poor prognosis [21, 32].

Analysis of the mutational profile of MDS patients found
somatic mutations in the genes of interest in 80% of the
patients [8, 9]. Specifically, mutations in HMR genes were
more frequently observed in patients in more advanced
stages of the disease (in 81.3% of patients in pre-leukemic-
MDS group vs 30.4% of those in early-stage MDS group).
However, neither the number of mutations, their category
(low or high molecular risk) nor the allelic frequencies were
associated with relevant changes in the composition of the
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immune microenvironment, indicating that somatic muta-
tions per se may have independent prognostic value [9].

With regard to the immunogenic characteristics of the
tumor cell blast, we analyzed PDL-1 and HLA cell surface
expression. PD-L1 is expressed by solid tumors and hemato-
logical neoplasms [17, 18] and appears to play an active role
in immunosurveillance evasion in MDS. Our results confirm
the higher PD-L1 expression on CD34" stem cells in MDS
patients than in SAML patients [33].

Finally, we explored the possible role of HLA cell surface
alterations in immunoediting and evasion in MDS patients.
Most investigations of HLA expression have been per-
formed in solid tumors [34-36], finding a higher frequency
of HLA loss in comparison to hematological neoplasms
[37, 38]. No case in the present series showed total loss
of HLA expression. Our results indicate that mutations in
B2-microglobuline gene (f2m) or in other components of the
antigenic presentation machinery that produce the absence
of cell surface HLA expression are not positively selected
by the malignant clone of MDS. Few studies have reported
HLA alterations in acute leukemias and only mutations that
affect alleles have been described [39]. Paradoxically, how-
ever, data have been published supporting the relevance of
f2m mutations in the pathogenesis of DLBCL and other
lymphomas [40]. It is likely that HLA-negative cells are
present in lymphomas, as in some solid tumors [35, 41]. We
speculate that the total absence of HLA antigen expression
and the presence of f2m gene mutations are not permissive
in myeloblastic or lymphoblastic leukemia because of the
direct contact and control of NK cells. We also detected
loss of heterozygosity involving the whole HLA region. This
genomic loss of HLA alleles affects the clinical outcome in
low-risk myelodysplastic syndrome patients, allowing sub-
clonal expansions to evade cytotoxic-T and NK cell attack
[19]. However, the present findings demonstrate that this
gene alteration is infrequent (2/36 cases) in MDS in com-
parison to other neoplasms [34, 35]. There are also likely to
be restrictions in some hematological malignancies against
the generation of LOH HLA, which probably occur preferen-
tially in homozygous HLA-C patients [19, 42]. In fact, LOH
HLA was not observed in the present HLA-C1/C2 individu-
als, probably because blast cells with haplotype loss would
be targeted by NK cells (Supplemental Table 1). Further-
more, the mechanism of LOH HLA must be a CN-LOH
[19, 42]; if not, LOH at 6p21 would lead to lesser inhibition
and greater NK recognition and clearance of the tumor cell.
This would explain the finding of LOH in chromosome 6
but outside the HLA region in three cases (Supplemental
Figure 1). Finally, LOH HLA appears to be more frequent
in lymphomas than in other hematological malignancies [43,
44], and the explanation would be the same as for f2 m gene
mutations: the exclusion and homing difficulties of NK cells,
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preventing their direct contact with the tumor cell [34, 41,
45].

Conclusions

MDS progression appears to be associated with changes in
the immune microenvironment that inhibit effective anti-
tumor responses. Immunoevasion can be produced by the
functional impairment of T and NK cells and by the presence
of myeloid suppressor cells rather than by an immunoedit-
ing effect on antigenic recognition of the blast cells, which
is limited to very specific cases. Finally, somatic mutations
represent driving events that can themselves independently
provide selective survival and proliferative advantages in the
tumor microenvironment of MDS patients.
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