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ABSTRACT

n myelodysplastic syndromes (MDS) the immune system is involved

in pathogenesis as well as in disease progression. Dendritic cells (DC)

are key players of the immune system by serving as regulators of
immune responses. Their function has been scarcely studied in MDS and
most of the reported studies didn’t investigate naturally occurring DC
subsets. Therefore, we here examined the frequency and function of DC
subsets and slan+ non-classical monocytes in various MDS risk groups.
Frequencies of DC as well as of slan+ monocytes were decreased in
MDS bone marrow compared to normal bone marrow samples.
Transcriptional profiling revealed down-regulation of transcripts related
to pro-inflammatory pathways in MDS-derived cells as compared to nor-
mal bone marrow. Additionally, their capacity to induce T-cell prolifera-
tion was impaired. Multidimensional mass cytometry showed that
whereas healthy donor-derived slan+ monocytes supported
Th1/Th17/Treg differentiation/expansion their MDS-derived counter-
parts also mediated substantial Th2 expansion. Our findings point to a
role for an impaired ability of DC subsets to adequately respond to cel-
lular stress and DNA damage in the immune escape and progression of
MDS. As such, it paves the way toward potential novel immunothera-
peutic interventions.

Introduction

Development of human dendritic cells (DC) occurs in the bone marrow (BM),
where they originate from common precursor cells and differentiate into special-
ized subsets: plasmacytoid DC (pDC) and conventional myeloid DC (cDC)."?
These cDC are further separated in ¢cDC1 (CD141*) and cDC2 (CD1c*) DC.*¢
Initially, a fourth DC subset, slanDC, was identified based on the expression of
M-DC8 (6-sulfo LacNAc or slan) and CD16.” Recent studies by our own group
and others, showed that these cells are actually more closely related to monocytes
than to DC and they were renamed slan+ non-classical monocytes.'*"> DC act as
antigen presenting cells (APC) and orchestrate immune responses. Upon activa-
tion DC undergo a maturation process and up-regulate co-stimulatory molecules
and secrete different types of cytokines, leading to antigen presentation and sub-
sequent cellular immune responses.”® In several hematological malignancies
immune dysregulation affecting the DC compartment has been reported, which
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might contribute to the pathogenesis of these malignan-
cies and could be an important target for therapy.""'® In
MDS different types of immune cells are believed to play
a role in pathophysiology."® Low-risk disease is often
characterized by an activated immune system in which
pro-inflammatory cells are numerically increased.'*”’ In
contrast, it has been demonstrated in high-risk disease
that immunosuppressive cell types, e.g., Tregs and
myeloid derived suppressor cells (MDSC), are expanded
and eventually facilitate immune escape and disease pro-
gression.” Limited data is available on the role of DC in
different MDS risk groups. Thus far, the focus of most
studies has been on the frequencies and function of either
in vitro generated monocyte-derived DC (MoDC) or total
DC rather than functionally distinct DC subsets.***

In this study, we have investigated the frequencies of
pDC and myeloid subsets (cDC and slan+ non-classical
monocytes) in the BM and peripheral blood (PB) of differ-
ent MDS risk group patients (i.e., low- and high risk
based on the International Prognostic Scoring System
[IPSS] and Revised IPSS [IPSS-R] or using the 2016 World
Health Organization [WHO)] classification) and compared
them to normal BM (NBM) samples. Furthermore, we
performed fluorescence in situ hybridization (FISH)
analysis to demonstrate clonal involvement. A genome
wide transcriptional analysis was carried out to find dif-
ferences between healthy donor (HD) and MDS-derived
subsets. In functional assays, their maturation and
cytokine secreting capacity as well as their ability to
induce T-cell proliferation was assessed. Their reduced
frequencies and a selective functional impairment, related
to danger and tissue damage responsiveness, provide
clues as to the role of these myeloid APC subsets in MDS
progression.

Methods

Patient and control samples

In this study, 30 NBM samples and 187 BM and 26 PB samples
of newly diagnosed MDS patients were used. Risk scores accord-
ing to IPSS® and the IPSS-R”, were available for 150 and 136
patients, respectively. The 2016 WHO classification was available
for 163 patients (details are given in the Ounline Supplementary
Appendix and the Ounline Supplementary Table S1). NBM samples
were obtained after written informed consent from patients who
were undergoing cardiac surgery and were considered hematolog-
ically healthy (i.e., no cytopenia, normal morphology and normal
flow cytometric profile). The study was approved by the local
Institutional Review Board and was in accordance with the decla-
ration of Helsinki.

Enumeration of antigen presenting cells subsets and
fluorescence in situ hybridization

PB and BM cells were analyzed on a flow cytometer
(FACSCanto™, BD Biosciences) after incubation with a panel of
monoclonal antibodies (see the Omnline Supplementary Appendix
for details). After debris and doublet exclusion, cell subtypes
were identified in the CD45" compartment. CD141, CDlc,
CD303 and M-DC8/CD16 were used for the identification of
cDC1, ¢DC2, pDC and slan+ monocytes, respectively (Figure
1A). Frequencies of all populations were calculated as percent-
ages of CD45+ mononuclear cells.

Three MDS samples with a known cytogenetic aberrancy
were used for the isolation of cDC2 and slan+ monocytes and

subsequent FISH analysis (details are given in the Ounline
Supplementary Appendix).

Functional assays and multidimensional mass
cytometry

The maturation capacity, the secretion of cytokines and the abil-
ity to induce T-cell proliferation was tested for MDS BM- and
NBM-derived ¢cDC2 and slan+ non-classical monocytes. See the
Online Supplementary Table S1 for clinical data. A multi-parameter
deep-phenotyping strategy, known as cytometry by time-of-flight
(CyTOF), was used for T cells cultured in the presence of MDS-
derived or healthy PB-derived slan+ monocytes. DC subsets could
not be included in this experiment because of low cell numbers.

See the Online Supplementary Appendix file for technical details.

Microarray transcriptional analysis

RNA was isolated from MDS BM- and NBM-derived ¢cDC2
and slan+ monocytes (5.000-67.000 cells) and amplified using
the Ovation Pico WTA System V2 (NuGen, San Carlos, CA) as
previously described.11 RNA was labeled with the Encore Biotin
Module Kit (NuGEN) and 5 mg of cDNA from each sample was
hybridized to Human Transcriptome Arrays 2.0 microarrays
(Affymetrix) and signals were scanned by Affymetrix GeneChip
Scanner 3000 7G. See the Online Supplementary Appendix for
details on data analysis. The microarray data have been deposit-
ed in the GEO public database under the accession number:
GSE161058.

Statistical analysis

Graphpad Prism 6 software (San Diego, USA) was used for
flow cytometry and functional data analysis and graphic display.
For two-group comparisons, differences were assessed by apply-
ing a non-parametric Mann-Whitney U test. Multi-group com-
parisons were analyzed with a Kruskal-Wallis with Dunn’s mul-
tiple comparisons test. The non-parametric Spearman’s correla-
tion test was used for correlations. A P-value of <0.05 was con-
sidered significant.

Results

Dendritic cell frequencies are reduced in the bone
marrow of MDS patients

Frequencies of different DC subsets and slan+ mono-
cytes were analyzed in BM samples of 187 newly diag-
nosed myelodysplastic syndrome patients (detailed in
Table 1) and compared to 30 NBM samples. An eight-
colour flow cytometry panel was used for the detection of
CD303* pDC, CD141" cDC1, CDI1c* ¢DC2 and
M-DC8*/CD16" non-classical monocytes (Figure 1A).
Except for pDC, all subsets showed significantly lower
frequencies in MDS-derived BM compared to NBM
(Figure 1B; NBM vs. MDS BM: cDC1 0.048% vs. 0.030%,
cDC2 0.67% vs. 0.54% and slan+ 0.36% vs. 0.24%). pDC
rates were increased in MDS BM (NBM, 0.76%; MDS BM,
0.91%). This was mainly observed in cases that were
associated with low blast counts (Figure 1C; NBM, 0.76%;
(RS-)SLD/MLD, 1.11%; EB-1/EB-2, 0.63%). For cDC1 and
cDC2, frequencies gradually decreased in classification
groups associated with higher risk MDS (Figure 1C; NBM,
0.048%; (RS-)SLD/MLD, 0.038%; EB-1/EB-2, 0.015% and
NBM, 0.67%; (RS-)SLD/MLD, 0.59%; EB-1/EB-2, 0.44%,
respectively). Also, for slan+ monocytes lowest frequen-
cies were found in the EB-1/EB-2 classification group
(NBM, 0.36%; (RS-)SLD/MLD, 0.24%; EB-1/EB-2,



0.23%). Using the IPSS and IPSS-R risk stratification, sim-
ilar results were observed. Patients within higher risk
groups showed lower frequencies of cDC (Figure 1D and
E). Furthermore, MDS-derived paired BM and PB samples
showed strong correlations for frequencies of designated
subsets, except for cDC1 (Figure 1F).

In order to assess clonal involvement of isolated cDC2
and slan+ non-classical monocytes (due to limited cell
availability ¢cDC1 was not tested), three different MDS
samples with a known cytogenetic aberration (deldq, tri-
somy 8 and monosomy 7) were selected for FISH analysis.
In all tested cases, cDC2 were highly involved in the dys-
plastic clone. Due to the limited cell numbers of slan+
monocytes, a clear conclusion could only be drawn for the
del5q analysis. In this patient slan+ monocytes were also
highly involved in the dysplastic clone. As expected,
CD34* progenitor cells were also clonally involved where-
as B cells were not (Figure 2).

Immunological gene sets related to danger response
are under-represented in myelodysplastic
syndrome-derived antigen presenting cells

In order to screen for functional differences between
HD- and MDS-derived ¢DC and slan+ monocytes a
genome-wide transcriptional profiling study was per-
formed. ¢cDC2 and slan+ monocytes were sorted from
previously stored HD (n=3) and MDS (n=4) BM samples.
Because of low cell numbers, cDC1 were not included in
this study. Patient samples were selected based on their
2016 WHO classification group in order to create a more
homogenous set of samples. All patients were diagnosed
with RS-MLD, were in very low to intermediate IPSS-R
risk categories and, apart from one patient who had a
45X,-Y [3] / 46,XY [7] karyotype, showed normal cyto-
genetics. In total, 135.750 genes were found to be
expressed (including non-coding genes). Using ANOVA
testing the number of differentially expressing genes
(DEG) for coding transcripts between HD and MDS was
1.922 for ¢cDC2 and 2.415 for slan+ monocytes. In cDC2
1.075 genes were under-expressed in MDS compared to
HD and 847 genes were over-expressed. Slan+ mono-
cytes showed 1.655 under-expressed and 760 over-
expressed genes. Hierarchical clustering showed a clear
separation between HD- and MDS-derived samples for
both subsets (Figure 3A). Volcano plots were used to
show over- and under-expressed genes in HD compared
to MDS with fold change levels of <-2.5 or >2.5 and a
gene level P-value <0.05 (Figure 3B). Next, DEGs were
used for further pathway analysis in order to find biolog-
ically relevant differences between HD and MDS sub-
sets. Transcripts that were under-expressed in MDS were
imported in the STRING v10.5 database and a gene
ontology (GO) term enrichment analysis was performed.
Six of the most enriched pathways are shown for both
subsets (Figure 3C). Pathways highly involved in pro-
inflammatory processes and innate immune activation
were under-represented in MDS as compared to HD.
When uploading lists containing over-expressed genes in
MDS, hardly any immune response-related pathways
were enriched (not shown). Interestingly, for cDC2 path-
ways related to apoptosis were enriched in biological
processes as well as in KEGG pathways. For slan+ mono-
cytes this analysis mainly yielded pathways containing
metabolic- and general cell biology-related processes. In
order to confirm these analyses gene set enrichment
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analysis (GSEA) was executed. Twenty gene sets
involved in immunological processes were selected from
the Broad Institute database and tested for enrichment in
either HD samples or MDS samples. For cDC2 5 gene
sets were significantly enriched in HD (with a nominal P-
value <0.01) and none of them was enriched in MDS.
Slan+ monocytes showed five significantly enriched
gene sets in HD and two in MDS (Figure 3D and E). For
each cell subset an example enrichment plot is shown.
Genes that contribute to the core enrichment for this
specified gene set are displayed in a heatmap (67 genes
for cDC2,75 0f 280 are shown for slan+ monocytes). For
cDC2, a great part of these genes consisted of pattern
recognition receptors, such as the toll-like receptors (TLR
1,2, 3, 5,7, 8 and 10), C-type lectin receptors (CLEC4A,
E, C and CLEC6A) and CD180. For slan+ monocytes also
Fc-y receptors (FCGR1A, FCGR2A/B and FCGR3A) and

Table 1. Patient and control characteristics

Number 217 26
HD 30 -
MDS 187 26
Age - mean, y
HD 62 -
MDS 69 66
Sex
HD - male/female 20710 -
MDS - male/female 134/53 179
IPSS
Low risk 53 10
Intermediate-1 71 10
Intermediate-2 21 -
High risk 5 -
Missing IPSS score 37
IPSS-R
Very low risk 29 5
Low risk 48 8
Intermediate risk 32 4
High risk 15 -
Very high risk 12 1
Missing IPSS-R score 51 8
WHO
MDS-SLD 11 5
MDS-MLD 65 4
MDS-RS-SLD 8 2
MDS-RS-MLD 31 7
MDS-EB-1 24 3
MDS-EB-2 24 -
Missing WHO 2016 classification 24 5
% Blasts
<5% 116 13
=% 51 5

MDS: myelodysplastic syndromes; EB: excess blasts; HD: healthy donor; IPSS(-R):
(Revised) International Prognostic Scoring System; MLD: multilineage dysplasia; RS:
ring sideroblasts; SLD: single lineage dysplasia; WHO: World Health Organisation; y:
years.
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Figure 1. Legend on following page.
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Figure 1. Cell subset enumeration in myelodysplastic syndrome- and healthy-derived bone marrow and peripheral blood. (A) Gating strategy of dendritic cells
(DC) and slan+ non-classical monocytes in normal bone marrow (NBM) and myelodysplastic syndromes (MDS)-derived BM. After debris and doublet exclusion,
CD45" mononuclear cells were gated. Then plasmacytoid DC (pDC), myeloid DC (cDC1 and ¢cDC2) and slan+ monocytes were identified based on the expression
of CD141"¢", CD1c and M-DC8/CD186, respectively. (B) Frequencies of different cell subsets in normal bone marrow (NBM) compared to MDS BM. In total 30 NBM
samples and 187 MDS BM samples were used. Percentages were calculated from the mononuclear cell fraction. Mean frequencies + standard error of the mean
(SEM) are given (NBM vs. MDS BM: pDC 0.76% SEM + 0.09 vs. 0.91% SEM + 0.11, cDC1 0.048% SEM * 0.006 vs. 0.030% SEM + 0.003, cDC2 0.67% SEM +
0.05 vs. 0.54% SEM + 0.04 and slan+ 0.36% SEM + 0.07 vs. 0.24% SEM + 0.02). (C) Cell frequencies in different classification groups according to the 2016
World Health Organization (WHO) classification. Patients having a higher blast count-related 2016 WHO classification (EB-1/EB-2) show lower percentages of DC
and slan+ monocytes compared to NBM and lower risk groups (SLD/MLD/RS-SLD/RS-MLD). NBM (n=30) vs. (RS-)SLD/MLD (n=115) vs. EB-1/EB-2 (n=48): pDC
0.76% vs. 1.11% vs. 0.63%, cDC1 0.048% vs. 0.038% vs. 0.015%, cDC2 0.67% vs. 0.59% vs. 0.44%, slan+ 0.36% vs. 0.24% vs. 0.23%. (D) Cell frequencies in
different risk groups within the International Prognostic Scoring System (IPSS). The percentages of myeloid DC subsets decrease gradually in higher risk groups.
NBM (n=30) vs. low risk (n=49) vs. intermediate-1 (n=71) vs. intermediate-2 (n=21) vs. high risk (n=5): cDC1 0.048% vs. 0.035% vs. 0.031% vs. 0.010% vs.
0.005%, cDC2 0.67% vs. 0.57% vs. 0.52% vs. 0.42% vs. 0.26%. (E) Cell frequencies in different risk groups within the IPSS-R. Again, differences between sub-
groups are mainly seen in DC subsets. Higher risk groups show lower percentages of DC compared to NBM and lower risk groups. NBM (n=30) vs. very low/low
risk (n=77) vs. intermediate risk (n=32) vs. high/very high risk (n=27): cDC1 0.048% vs. 0.038% vs. 0.019% vs. 0.013%, cDC2 0.67% vs. 0.62% vs. 0.41% vs.
0.35%. (F) Correlation of cell frequencies in MDS-derived peripheral blood (PB) and BM samples. In total, 26 paired MDS samples were included. The non-para-
metric Spearman’s correlation test was used to find significant correlations between frequencies in PB and BM. *P<0.05, **P<0.01, ***P<0.001,
**%%P<0.0001. EB: excess blasts; MLD: multilineage dysplasia; RS-MLD: ring sideroblasts with multilineage dysplasia; RS-SLD: ring sideroblasts with single lin-
eage dysplasia; SLD: single lineage dysplasia.

e i B edly Cell type FISH results: number of cells
A Monosomy 7 Two chromosome 7
Whole bone marrow 57 43
cDC2 92 8
Slan+ 2 20
B cells 0 100
CD34+ blasts 96 4
CD34+ blasts Del 5q Normal chromosome 5§
Whole bone marrow 163 37
cDC2 20 0
2G2R Slan+ 9% 1
B cells 2 98
CD34+ blasts 96 4
Trisomy 8 Two chromosome 8
Whole bone marrow 56 44
cDC2 61 39
Slan+ 10 6
B cells 0 91
CD34+ blasts 77 23

Figure 2. Clonal involvement of dendritic cells subsets and slan+ monocytes. Fluorescence in situ hybridization (FISH) analysis of sorted cells, including B cells and
CD34" blast cells, with a known cytogenetic aberrancy. In three tested cases (monosomy 7, del 5q and trisomy 8), isolated cDC2 and CD34" blast cells were highly
involved in the dysplastic clone, whereas B cells were not involved. Slan+ monocytes showed clonal involvement in del5q. Interphase FISH on whole bone marrow
samples showed both an aberrant and a normal cell line. A representative FISH analysis is shown in which interphase cells are hybridized with the chromosome 5q
probe displayed in red and 5p probe displayed in green (LSI EGR1(5g31)/D5S23,D55721(5p15.2) Dual Colour Probe Set). Loss of 5q is seen in CD34" blasts, cDC2
and slan+ monocytes (2G1R), but not in B cells (2G2R).

complement receptors (C3AR1) are at the top of this list.
Further leading-edge analysis using all five gene sets was
performed to identify the genes that highly account for
the gene set’s enrichment signal (Figure 4A). There was a
great overlap of genes that formed the leading-edge sub-
set between all gene sets (Figure 4B). In total, 418 genes
were found to form the leading-edge subset for cDC2 of
which 32 were present in all five gene sets. For slan+
monocytes 353 genes formed the leading-edge subset. Of
them, 39 genes were found in all five gene sets. These
genes were considered most relevant because they form
the core of the enrichment (Figure 4C). Again, both lists
with lead targets consisted of multiple pattern recogni-
tion receptors, which suggests an overall diminished
capacity for sensing pathogen/damage associated molec-
ular patterns (PAMP/DAMP) by MDS-derived cells. This
was further confirmed by the fact that also genes that
were highly involved in subsequent down-stream cell
signaling, such as BTK, CARDY, IRAK4, IRF3/7, MyDS$S8,
SYK, and usually lead to activation of pro-inflammatory
processes, were down-regulated in MDS-derived APC.
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Myelodysplastic syndrome-derived cells show reduced
T-cell priming capacities and clear Th1/2-type T cell
skewing

Next, in order to confirm the hypothesis that was
formed from the gene expression profiling data, functional
capacities of cDC2 and slan+ monocytes were tested.
Upon stimulation with LPS and R848, a combination of
proven synergistically working TLR ligands,*® cDC2
showed upregulation of co-stimulatory molecules. In con-
trast, slan+ monocytes were unable to upregulate matura-
tion markers (Figure 5A). Again, cDC1 were not tested
because of low frequencies. There was no statistical differ-
ence in maturation capacity for cDC2 when they were
compared to NBM-derived ¢DC2. Slan+ monocytes
showed a significantly reduced ability to upregulate CD80
upon stimulation compared to their equivalents in NBM
(Figure 5B). In order to investigate their cytokine secreting
capacity, MDS-derived ¢cDC2 and slan+ monocytes were
isolated and either left non-stimulated or stimulated
overnight with TLR ligands. Culture supernatants were
tested for the presence of different cytokines. Compared
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Figure 3. Transcriptomic comparison between healthy
4s donor- and myelodysplastic syndrome-derived cell sub-
sets. Three healthy donor (HD)-derived samples and four
myelodysplastic syndromes (MDS)-derived samples were
4 used for the isolation of cDC2 and slan+ monocytes and
subsequent microarray analysis. (A) Hierarchical clustering,
based on differentially expressed genes, of replicate sam-
ples for cDC2 and slan+ monocytes. Heatmap visualization
is used to show transcript clustering for the two different
conditions (HD vs. MDS). (B) Volcano plots showing over-
and under-expressed genes in red and green, respectively,
in HD compared to MDS. A cut-off of -2.5 / 2.5 for fold-
change and a P-value < 0.05 were used to show results. (C)
Pathway analyses for transcripts that are under-expressed

in MDS compared to HD for cDC2 and slan+ monocytes.
Coding differentially expressed genes (774 genes for cDC2

® Slan+
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and 987 genes for slan+ monocytes) were selected and
imported into the STRING v10.5 bioinformatics tool. Six
enriched biological processes with lowest false discovery
rate (FDR) are shown for cDC2 and slan+ monocytes (in
total, eight enriched pathways were found for ¢cDC2 and
383 for slan+ monocytes). (D and E) Gene set enrichment
analysis for HD- and MDS-derived c¢DC2 (D) and slan+
monocytes (E). For both subsets five gene sets were
enriched in HD. An enrichment plot is displayed for each
subset. Heatmaps show the core enriched genes (67 for
cDC2 and the top 75 of 280 for slan+ monocytes) with
interesting genes highlighted by black stars. GO: gene
ontology; NES: normalized enrichment score; Nom P-value,
nominal P-value.
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Figure 4. Leading-Edge Analysis. (A) Leading-Edge Analysis using five gene sets for both cell subsets. The tables show total number of genes that are present in a
specified gene set and the number and percentage of genes that were considered to form the leading-edge subset of that gene set. (B) A set-to-set analysis for cDC2
and slan+ monocytes. Overlap in leading-edge genes between gene sets are displayed using a color intensity graph. A dark green cell indicates that sets have the
same leading-edge genes. (C) Heatmap of the leading-edge subset for cDC2 and slan+ monocytes. Genes displayed are present in the leading-edge subset of all five
gene sets. The heatmaps show relative expression levels per gene between healthy donor (HD) and myelodysplastic syndrome (MDS) samples. FDR: false discovery

rate; GO: gene ontology; NES: normalized enrichment score; Nom P-value: nominal P-value.
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Figure 5. Functional capacities of dendritic cell subsets and slan+ monocytes. (A) Maturation capacity of cDC2 and slan+ monocytes in myelodysplastic syndrome
(MDS) bone marrow (BM) upon toll-like receptor (TLR)-stimulation. Expression levels of CD80, CD86 and HLA-DR were assessed by flow cytometry at baseline (T=0)
and after overnight stimulation with LPS + R848 (+). Mean fluorescence intensity (MFI) values of these three markers were measured. Median values of 4-7 exper-
iments are shown. (B) Up-regulation of CD80, CD86 and HLA-DR after overnight TLR-stimulation in normal bone marrow (NBM)- (n=4) and MDS-derived (n=4-7) cDC2
and slan+ monocytes. Median values are shown. (C) Cytokine secretion assay. Culture supernatants of healthy (n=4) and MDS (n=10) BM-derived unstimulated and
stimulated cDC2 and slan+ monocytes were analyzed for the presence of different cytokines by cytometric bead array. Median values are shown. (D) Allogeneic mixed
leukocyte reaction (MLR). Peripheral blood lymphocytes (PBL) were labeled with carboxyfluorescein succinimidyl ester (CFSE) and co-cultured with healthy (n=2-4)
or MDS-derived (n=1-5) stimulated cDC1, cDC2 or slan+ monocytes. The percentage of CFSE-diluted T cells was determined by flow cytometry. Median values of dif-
ferent experiments are shown. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. pg: picogram.
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Figure 6. Mass cytometry of T cells co-cultured in the presence of healty donor- or myelodysplastic syndrome-derived slan+ monocytes. Healthy donor (HD)-derived
CD4+ T cells were co-cultured in the presence of slan+ non-classical monocytes from healthy donors (n=2) or from myelodysplastic syndrome (MDS) patients (n=2).
T cells at the start of the experiment (named “day 0”) as well as T cells co-cultured for 5 days with slan+ non-classical monocytes were stained with a panel consisting
of surface markers and intracellular markers, and markers for transcription factors and cytokines and analysed using mass cytometry (CyTOF). First, viable T cells
were identified for each experiment. Then the FlowSOM algorithm was used to identify 15 metaclusters containing cells that express the same set of markers. (A) T
cells are visualized using ViSNE plots. The expression of a selection of markers are shown in the ViSNE plots for cultures containing HD- or MDS-derived slan+ mono-
cytes at day O and day 5. T-cell subsets were identified based on the expression of IFN-y, Tbet, IL-4, GATA3, IL-17, CD25, CD127, IL-10 and FoxP3 (Th1 were considered
to be IFN-y and Thet", IL-17 and GATA3"; Th2 were GATA3" or IL-4"; Th17 were IL-17"; Tregs were CD127- and FoxP3"'CD25"). (B) FlowSOM-identified metaclusters were
laid over day O and day 5 viSNE maps. Percentages of identified T-cell subsets at the start of the experiment and at day 5 are shown. Compared to day O, HD-derived
slan+ non-classical monocytes mainly induced pro-inflammatory T cells (Th1 and Th17), as well as collateral Tregs. In contrast, T cells cultured in the presence of
slan+ non-classical monocytes from MDS patients showed Th1, and above all, Th2 skewing. In HD-derived cultures Th2 cells disappeared at day 5.
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to NBM-derived cells, no statistical differences, except for
IL-8 in ¢cDC2 cultures, were found in the ability to secrete
cytokines upon stimulation (Figure 5C). There was a wide
variability between individual experiments indicating that
cells from some MDS patients were able to secrete high
amounts of cytokines, whereas others secreted hardly
any. Next, isolated NBM- and MDS-derived ¢cDC1, cDC2
and slan+ monocytes were co-cultured with HD-derived
T cells. The capacity to induce CD4" and CD8* T-cell pro-
liferation was clearly reduced for all MDS-derived subsets
compared to NBM-derived subsets (Figure 5D).

In order to further investigate the T-cell skewing capac-
ity of slan+ monocytes, mass cytometry (CyTOF) was
used. Both healthy PB-derived as well as MDS-derived
slan+ monocytes were co-cultured with CD4* T cells.
Using the FlowSOM algorithm, 15 metaclusters were des-
ignated representing cells with similar marker expression
profiles. Then, distinct T-cell subsets were identified and
assigned to a specific metacluster using viSNE plots (Figure
6A and B). Compared to day 0 T cells co-cultured with
HD-derived slan+ monocytes showed an increase of Th1,
Th17 and Treg cells, whereas growth of Th2 cells was not
supported (Figure 6B). This was in contrast with MDS-
derived slan+ monocytes. They induced a mixed T-cell
response, including a clear Th2 cell differentiation, com-
pared to day 0.

Discussion

DC are important regulators of immune reactions and
form a crucial bridge between the innate and adaptive
immune system by directing T-cell responses. Alterations
in DC frequency and function have been widely reported
in the context of several diseases such as autoimmunity
and cancer.**** In hematological malignancies the number
of DC is often decreased and studies on their function
mainly show an impaired induction of type-I immune
responses.'**¥** Slan+ monocytes have also been inves-
tigated in the context of disease. They are recruited to the
site of inflammation in chronic inflammatory condi-
tions.**" In cancer, including hematological malignancies,
variable functional characteristics have been observed for
slan+ monocytes.”** Enhanced stimulation of tumor-spe-
cific T-cell responses as well as differentiation into a more
tolerogenic subtype have been described for this particular
subset. For MDS, so far most studies that have been pub-
lished describe DC in general without discriminating
between subsets, or they describe in vitro generated
MoDC.?*#5 No reports have been published on MDS-
derived slan+ monocytes. Since the immune system plays
an important role in MDS pathogenesis and is an attrac-
tive target for therapies, this study focused on i vivo cir-
culating ¢DC and slan+ monocytes. Of note, in part
because of their shared lineage ontogeny with MDS
blasts, we decided to focus mainly on myeloid cDC sub-
sets in this study and, hence, our data set lacks transcrip-
tional and functional findings for pDC. Moreover, at the
time of this study, the recently proposed subdivision of
cDC2 into DC2 and DC3 had not been recognized yet;
therefore, we did not analyze discriminating markers like
CD32b, CD36 and CD163. Frequencies of all studied APC
subsets, except for pDC, were lower in MDS BM com-
pared to NBM. This decrease was most prominent in
higher MDS risk groups (according to the IPSS(-R) or 2016

WHO classification). Rates of cell subsets strongly corre-
lated between the PB and BM compartment in MDS. The
finding of lower DC frequencies in MDS is important and
may partly explain the poor immune responses seen in a
subgroup of patients. Especially in high-risk groups, in
which the dysplastic clone evades immune surveillance,
restoration of the cDC lineage differentiation could be of
benefit. Intact DC frequency is also relevant in vaccination
strategies targeting in vivo circulating cDC. It was shown
in a phase-I trial that MDS patients with higher numbers
of ¢cDC1 showed a more robust immune response to vac-
cination with the NY-ESO-1 antigen.” Another relevant
question in this context is whether lower frequencies
result from clonal involvement of the DC compartment or
not. Previously, Ma et al. showed clonal involvement of
myeloid DC, which were characterized by the expression
of CD33 and HLA-DR.” Using the recommended pheno-
typic sub-division, we now clearly show that cDC2 are
clonally involved. Unfortunately, cDC1 could not be test-
ed because of low cell counts, but their shared lineage
ontogeny with cDC2 suggests that they likely would be
clonally involved as well.”" Although cell numbers were
also low for slan+ non-classical monocytes, we were able
to confirm mixed clonal involvement. Additional reasons
for decreased frequencies of DC in MDS, such as
increased apoptotic rates of hematopoietic stem cells,
should be investigated in future studies. Our transcription-
al profiling data showed enriched apoptotic pathways in
cDC2 from MDS patients and indeed underlines this
hypothesis. Very recently, Srivastava et al. showed that a
decrease in DC progenitor cells could partly explain the
decrease in DC frequency in MDS.* Furthermore, they
showed that higher frequencies of ¢DC1 in the BM of
MDS patients correlated with better overall survival inde-
pendent of risk categories whereas cDC2 frequencies did
not. Reduced IRFS$ expression, a crucial transcription fac-
tor for cDC1 differentiation, was associated with lower
cDC1 numbers. Inhibition of LSD1, using therapeutically
relevant compounds, enhanced the expression of IRF§ and
subsequent differentiation to cDC1 and could therefore be
of potential benefit in restoring DC frequencies. If this is
also the case for e.g., IRF4 in cDC2 remains to be investi-
gated.

In our transcriptional analysis of cDC2 and slan+ mono-
cytes, innate immunity and danger response-related tran-
scripts were prominently under-represented in MDS-
derived subsets as compared to their HD-derived counter-
parts. Under-represented transcripts included pattern
recognition receptors, Fc-y receptors and down-stream sig-
naling elements. Since these receptors and their signaling
pathways form a crucial basis for normal DC/monocyte
function, disruption of expression can lead to diminished
immune responsiveness and possibly immune escape of
dysplastic myeloid blasts and aberrant stem cells in the
BM microenvironment. A wide range of TLR was found
to be downregulated in MDS-derived APC. TLR are
important receptors for both PAMP/DAMP-derived dan-
ger signals, which upon binding of their ligands trigger
activation of downstream signaling pathways, involving,
amongst others, NF-xB, MyD88 or IRAK1/4 kinases. This
normally leads to the activation of pro-inflammatory tran-
scriptional programs. Our transcriptional finding of lower
PAMP/DAMP-sensing molecules and down-stream signal-
ing genes in MDS-derived APC is therefore striking. It sug-
gests a defective DC functionality in response to cellular



stress. And, in the context of MDS it could lead to higher
vulnerability for infections, which is often seen in this
patient group. Altered TLR profiles have been observed in
MDS CD34* hematopoietic stem cells (HSC) before. !0
Sustained TLR activation and constitutively activated
downstream molecules as well as a loss of TLR signaling
repressors have both been described in this context.
Furthermore, enhanced TLR-mediated signaling in CD14*
MDS BM cells has been shown.” It has been suggested
that together this would lead to chronic immune stimula-
tion and subsequent DNA damage and increased cell
death. In contrast, it has been shown in AML that TLR
stimulation of AML blasts with TLR agonists has a posi-
tive effect and leads to differentiation.®® Thus, on one
hand, increased TLR triggering can lead to excessive
immune activation in hematopoietic progenitor cells, but
on the other hand, decreased TLR function and defective
down-stream signaling in immune effector cells (such as
APC) can possibly lead to inadequate induction of
immune responses and immune escape. This is important
information for future studies that investigate the effect of
therapeutic inhibition (by for example TLR antagonists) of
these pathways in the complex MDS environment.
Additionally, our gene expression data could form the
basis for new research on expression levels of TLR on dif-
ferent MDS-derived immune cells. These expression lev-
els can be correlated to immune cell function and thera-
peutic agents (e.g., TLR agonists/antagonists) should be
tested in order to gain information on possible functional
restoration of these cells.

DC primarily function as APC and for effective DC
activity three signals are required for the interaction with
T cells (i) antigen presentation; ii) co-stimulation and iii)
cytokine secretion). MDS BM- and NBM-derived APC
were tested for their maturation, cytokine secretion and
induction of T-cell priming capacity. ¢<DC2 from MDS
patients were able to upregulate HLA-DR and co-stimula-
tory molecules to approximately the same extent as NBM
cDC2. In contrast, slan+ monocytes showed impaired
maturation capacity. For both subsets, the ability for
cytokine secretion seemed largely unaffected. Although
the capacity of upregulating co-stimulatory molecules and
secreting cytokines was intact, cDC2 were unable to
translate this into effective T-cell proliferation induction.
Also ¢cDC1 and slan+ monocytes showed a negatively
affected T-cell stimulatory function. These results are part-
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