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Expanded tumor-associated polymorphonuclear myeloid-
derived suppressor cells in Waldenstrom macroglobulinemia
display immune suppressive activity
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The role of the bone marrow (BM) microenvironment in regulating the antitumor immune response in Waldenstrom
macroglobulinemia (WM) remains poorly understood. Here we transcriptionally and phenotypically profiled non-malignant (CD19
CD138’) BM cells from WM patients with a focus on myeloid derived suppressive cells (MDSCs) to provide a deeper understanding
of their role in WM. We found that HLA-DR®CD11b*CD33" MDSCs were significantly increased in WM patients as compared to
normal controls, with an expansion of predominantly polymorphonuclear (PMN)-MDSCs. Single-cell immunogenomic profiling of
WM MDSCs identified an immune-suppressive gene signature with upregulated inflammatory pathways associated with interferon
and tumor necrosis factor (TNF) signaling. Gene signatures associated with an inflammatory and immune suppressive environment
were predominately expressed in PMN-MDSCs. In vitro, WM PMN-MDSCs demonstrated robust T-cell suppression and their viability
and expansion was notably enhanced by granulocyte colony stimulating factor (G-CSF) and TNFa. Furthermore, BM malignant
B-cells attracted PMN-MDSCs to a greater degree than monocytic MDSCs. Collectively, these data suggest that malignant WM

B cells actively recruit PMN-MDSCs which promote an immunosuppressive BM microenvironment through a direct T cell inhibition,
while release of G-CSF/TNFa in the microenvironment further promotes PMN-MDSC expansion and in turn immune suppression.
Targeting PMN-MDSCs may therefore represent a potential therapeutic strategy in patients with WM.
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BACKGROUND

Waldenstrom macroglobulinemia (WM) is a rare hematologic
malignancy characterized by the accumulation of lymphoplasma-
cytic lymphoma (LPL) cells in the bone marrow (BM) and increased
production of immunoglobulin M (IgM) [1]. Some patients may be
asymptomatic or ‘smoldering’ (SMW) at the time of diagnosis,
while others present with clinical symptoms due to the elevated
IgM serum levels and lymphoplasmacytic cell infiltration in the
BM, lymph nodes and spleen (symptomatic WM). Genetic studies
have found mutations in MYD88 (86-97%) and CXCR4 (24%)
frequently associated with WM patients [2, 3], however having
MYD88-%°>" mutation is insufficient since this alteration can also
be detected in other B cell malignancies such as diffuse large b
cell lymphoma [4], central nervous system (CNS) [5] and testicular
lymphomas [6]. Despite extensive genetic studies on WM tumor
cells, the mechanistic basis of tumor development and growth
remains incompletely understood.

In the last decade, there has been an increased attention to the
role of the microenvironment which can profoundly affect the
tumor cells, favoring their growth and survival. Using a multiomics
approach, we previously identified three molecular clusters in the

spectrum of WM and IgM-monoclonal gammopathy of undeter-
mined significance (MGUS), each characterized by a distinct
transcriptional, immune and metabolic profile. Specifically, we
found that the group with worse prognosis displayed an immune
suppressive transcriptional and phenotypic profile [7]. These
findings are in line with prior studies that associated disease
progression from IgM-MGUS to WM with myeloid inflammation,
resulting in immune dysfunction, and immunosuppression [8].
The process of myeloid formation, or myelopoiesis, is vital for
generating various immune cells like monocytes, granulocytes,
and dendritic cells. However, conditions such as chronic infection
or cancer can impair this process, leading to reduced peripheral
myeloid cell levels. This reduction triggers an emergency response
called “emergency myelopoiesis,” characterized by increased
production and migration of myeloid cells, even in their immature
state. This rushed replenishment can cause the accumulation of
immature or dysfunctional myeloid cells with strong immunosup-
pressive traits, contributing to an immunosuppressive microenvir-
onment and worsening immune dysfunction in these conditions
[9, 10]. The immunosuppressive activity of monocytes was first
reported 30 years ago and these cells were later named MDSCs
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[11]. Generally, healthy individuals have very low numbers of
MDSCs which regulate immune responses and tissue repair [12].
MDSCs in humans are divided into two categories - monocytic-
MDSCs (M-MDSCs) that are CD11b* CD33" HLA-DR '*“CD14*
CD15 and polymorphonuclear MDSCs (PMN-MDSCs) character-
ized by a CD11b" CD33" HLA-DR '°“CD14" CD15"/CD66b"
phenotype. The MDSCs have shown tumor promoting and
immune-suppressive activity in various cancers including different
hematological malignancies [9, 13-16]. In this study, we found
that the immunosuppressive environment in WM is associated
with the presence of increased numbers of MDSCs. To then
understand the interactions better between MDSCs, T-cells, and
malignant lymphoplasmacytic cells (CD19+ CD138+) in WM, we
employed single-cell genomic tools, in combination with func-
tional studies, to define the gene signature of MDSCs in WM and
determine the MDSC subset likely responsible for T-cell inhibition.

MATERIALS AND METHODS

Patients

BM specimens from 24 patients with newly diagnosed, untreated WM were
included in the study. All patients were diagnosed with WM based on the
diagnostic criteria from the 11th International Workshop on Waldenstrom'’s
macroglobulinemia [17]. Seven patients were asymptomatic, consistent
with SWM. Seventeen normal controls provided BM specimens at the time
of having a hip replacement. BM specimens from 3 additional WM patients
were obtained at the time of achieving a complete remission post therapy
to serve as further controls. To ensure that the effect of malignant B-cells
on the immune cells in the BM could be adequately evaluated, all patients
had at least 10% involvement of the BM by LPL. Written informed consent
was obtained from all patients as per the Mayo Clinic Institutional Review
Board (IRB), IRB-118-01 requirements and the study was conducted in
accordance with the Declaration of Helsinki. Clinical details of the patients
are provided in Supplementary Table 1. WM patients were characterized
based on their clinicopathological diagnosis that included serum IgM and
32 microglobulin levels, treatment, and the International Prognostic
Scoring System for Waldenstrom Macroglobulinemia.

BM Cell isolation and purification

BM tissue biopsy aspirates from patients with WM, SWM, and NBM were
gently minced over a wire mesh screen to obtain a cell suspension. ACK
lysis was performed to remove the red blood cells. CD19" B cells and
CD138" plasma cells were isolated using positive selection with Human
CD19 B-cell Enrichment Kit (StemCell Technologies, cat no. 17854) and
Human CD138" cell enrichment Kit (StemCell Technologies, cat no. 17877),
respectively. For the G-CSF/TNF and T-cell suppression studies CD3+ T cells
were removed from the samples, using Human CD3 positive selection kit
(Stem cell technologies,17951). For the phenotypic studies, after removal
of CD19", CD138™, and CD3+ cells from the BM, CD66b -+ cells were then
isolated by EasySep™ HLA Chimerism Whole Blood CD66b Positive
Selection Kit (Stem cell technologies,17882). The migration study focused
on CD11b™CD33" cells isolated from WM bone marrow. These cells were
sorted using MACS Quant Tyto for transwell assay.

Cell lines

BCWM.T and MWCL-1 cell lines were utilized as well-established WM
models [18, 19]. These cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum with 2mM L-glutamine
(Mediatech), 100 U/mL penicillin and 10 ug streptomycin.

Flow cytometry analysis

BM mononuclear cells from WM patients, depleted of LPL cells (CD19/
CD138" cells; n = 11), and normal controls (n = 13) were stained to identify
the monocytic- or granulocytic/polymorphonuclear- MDSCs (Mono-MDSC
or Gr/PMN-MDSC). The markers used included anti-human HLA-DR-v500
(Biolegend,307646), anti-human Lineage markers-APC (CD3, CD56, CD19),
anti-humanCD11b-BV410 (Biolegend, 393114), anti-humanCD33-Percp 5.5
(Biolegend,303414), anti-humanCD14-PE-Cy7 (Biolegend,325618), anti-
human CD66b PE (Biolegend,305106) and anti-humanCD15-FITC (Biole-
gend, 323004). Cells were also stained with fixable viability dye eFlourTM
780 (eBiosciences, 65-0865-14). Stained cells were analyzed on a Becton
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Dickinson (BD) FACS CANTO Il, and data were processed by FlowJo
software (V10.4).

For cytokine stimulation studies, CD19- CD138-CD3- cells from WM BM*
were treated with G-CSF (10 ng/ml) and TNF (10 ng/ml) for 24 h and 48 h
and flow cytometry was performed. This study investigated three
experimental groups namely: 1. CD19" CD138" CD3" cells alone, 2. CD19
CD138  CD3 cells treated with 10 ng G-CSF, and 3. CD19 CD138™ CD3" cells
treated with 10 ng TNF-a. The study involved assessments at three time
points: 0 h, 24 h, and 48 h. Flow cytometry analysis utilized markers for
viability, lineage (Lin), HLA-DR, CD11b, CD33, CD15, and CD66b. PMN-
MDSCs (Lin” HLA-DR CD11b* CD33" CD15" CD66b™) were selected, and
their percentages calculated. Due to a potential decrease in viability of
PMN-MDSCs between 24 and 48 h (n =4), we used the 0-h time point as
the control. The objective was to investigate whether treatment with
G-CSF and TNF-a could promote expansion and enhance survival of PMN-
MDSCs and treated cells were compared to the 0-h baseline.

To evaluate the immunosuppressive nature of the cells, CD66b" PMN-
MDSCs were co-cultured with CD3" T-cells (enriched from the healthy
PBMCs) after CD3 and CD28 T cell activation. The ratio of CD66b* MDSCs
and CD3+ T cell was 1:1 for this study. CD69 expression was measured to
monitor the T cell activation [20]. Also, IFNy and TNFa expression were
measured in CD4" and CD8™ T cells.

Mass cytometry (CyTOF)

CyTOF was performed on 10 WM patients as previously described by
Mondello et al. [21]. Patients’ samples were grouped according to their
disease status (NBM, SWM, symptomatic WM and WM patients in remission
post treatment). Briefly, the normalized FCS files belonging to each patient
group were first concatenated using Cytobank v10.4 (cytobank.org).
Concatenated files, separate for each group NBM (n=3), SWM (n=3),
symptomatic WM (n=7) were analyzed. Further, an additional 3 BM
specimens from WM patients were analyzed at the time of achieving a
complete remission post therapy. The gating strategy first removed cells
with lineage markers for T-, B- and NK cells, and then focused on MDSC
(CD11b"CD33™) subtypes. ViSNE maps were plotted to study the different
subtypes of MDSCs.

CITE-sequencing and analysis

Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-Seq)
was performed on freshly digested NBM and WM BM cells using the
Chromium Single Cell 5’ Reagent and Gel Bead Kits (10x Genomics, USA).
Cells were isolated and resuspended in labeling buffer, incubated with a
cocktail of 24 TotalSeqg-C antibodies (BioLegend) (Supplementary Table 2),
and washed before submission for single-cell partitioning. Barcoded Gel
Beads were used to create Gel Beads-In-Emulsion (GEMs), which under-
went various steps to generate uniquely barcoded molecules for gene
expression and cell surface protein libraries. Sequencing was performed on
the HiSeq 4000 platform. Gene expression and cell-surface libraries were
prepared using 10x Genomics protocols and sequenced on lllumina
NovaSeq 6000. Data were analyzed using CellRanger software, Seurat, and
clusterProfiler package, resulting in 15 clusters spanning healthy and
diseased samples. Subclustering of MDSC cells identified two major
subtypes (CD66b+ and CD66b-) for further analysis.

MDSCs sorting and transwell assay

For the migration assay, MDSCs were placed in the upper chamber of the
transwell. We utilized MCP-1 or 10% FBS in RPMI in the lower chamber of
the transwell as positive controls. BCWM.1 cells and BCWM.1 supernatant.
The supernatant from BCWM.1 cells was obtained after a 24-h culture, and
this cultured medium was utilized in a 1:1 ratio with RPMI. Healthy B cells
and RPMI without FBS were considered as negative controls.

MDSCs sorting and qPCR

For real-time gPCR analysis, we conducted two sets of validations: 1.
Comparing WM vs NBM MDSCs (n=3 WM and n=3 NBM) and 2.
Comparing PMN vs M-MDSCs (n = 2 WM). Sorting was performed using the
MACS Quant Tyto Cell Sorter. Initially, WM bone marrow cells were sorted
for CD19 and CD138 cells (Stem cell, positive isolation kit), followed by
staining of the negative fraction with CD11b (BV421, Biolegend), CD33
(APC, Biolegend), CD14 (PeCy7, biolegend), and CD15 (FITC, biolegend) for
30 min on ice, with subsequent washing. The washed cells were loaded
into high-speed cartridges (MACS Quant® Tyto® Cartridges HS), and
CD11b* CD33* cells, CD11b™ CD33" CD14" cells, and CD11b" CD33™

Blood Cancer Journal (2024)14:217



V. Bhardwaj et al.

A Lin- HLA-DR 'ow CD11b* CD33" PMN- and M-MDSC
Normal Bone . 1054 0]
Marrow . o 1.7% o T
Te]
5 10° E 10°1 8 1°z: =5
102 O 1? 1: i 76%
0 HLAo_Dﬁ 10 o , CB3§ 10 -10° o cl;oDi]o4 10" 10
Lin- HLA-DR v CD11b* CD33* PMN- and M-MDSC
WM Bone 1054 10°4 ]
Marrow Ll 72.2% ol 90.2%
- o
5 8 10 j
O 102 %
0d - "5.63%
10 0 CD3|04 10
100 p=0.09 100 p=0.03
B p=0.02 C » — _
80 . - O 8 1
. N
i 60 . 8 - 1 g, 60 ¥
(é 40 1 . g o 4 é 40
2 __ = 40 : Q5
: e 'E . .
T WM NBM T wm T WM NBM

Fig. 1 Expansion of PMN-MDSCs in WM patients. A Gating strategy of PMN-MDSCs and M-MDSCs in NBM and WM bone marrow by flow
cytometry analysis. HLA-DR”"®" and Lineage™ (CD3 CD19 CD138 CD56) cells were first selected, and then CD11b™ CD33" population was
further gated as CD15 (PMN-MDSCs) and CD14 (M-MDSCs). B Statistical analysis of total MDSCs (CD11b™ CD33™) in WM (n = 13) and NBM
(n=11). C Statistical analysis of PMN-MDSCs (Right side) and M-MDSCs (Left side) in NBM (n=11) and WM (n = 13). ¥, P<0.01.

CD15" cells were sorted. RNA (Qiagen) and cDNA were prepared (Thermo
Fisher) according to the user manual instructions. Primers targeting HIF-1q,
CXCR4, MPO, and AZU1 (OriGene) were used for the qPCR analysis with
SYBR Green (Thermo Fisher).

Statistical analysis
Comparison of quantitative data between groups was done by Student’s
t test or one-way.

ANOVA test (assuming normal distribution). Statistical analysis was
done in GraphPad Prism (version 8.0.0 for Windows, GraphPad Software,
San Diego, California USA). All reported P-values were two-sided, and
P <0.05 were considered statistically significant (* p <0.05; ** p<0.01;
*** p<0.001).

RESULTS

PMN-MDSCs are significantly enriched in the WM bone
marrow microenvironment

To determine the prevalence of MDSCs in the BM microenviron-
ment of WM patients, we first performed flow cytometry (Fig. 1A)
on negatively sorted CD19° CD138 BM cells from patients with
WM (n=11) and from NBM (n = 13). We analyzed the percentage
of MDSCs (Lin™ HLA-DR"CD11b*CD33%) and found that MDSCs
were significantly expanded in the BM of WM patients as
compared to NBM (p = 0.02; Fig. 1B). CD11b"CD33™" cells were

Blood Cancer Journal (2024)14:217

further classified by CD14 and CD15 expression to define
M-MDSCs (CD14%) and PMN-MDSCs (CD15%) (Fig. 1A). We
observed that both PMN-MDSCs (p=0.03) and M-MDSCs
(p=0.09) were increased in WM-BM samples as opposed to
NBM samples (Fig. 1C). The median percentage of PMN-MDSCs,
relative to the total MDSCs population (i.e., CD11b" CD33™), in
WM patients was 36.2% (range:0.66-93.50%) as compared to NBM
patients which was 9.3% (range:0.66-84.10%). Further, M-MDSCs,
the median percentage and range in WM and NBM was 34.3%
(range:1.22-93.3%) and 15% (range:1.31-28.9%) respectively
(Fig. 1Q).

Three phenotypically distinct subsets of MDSCs are identified
in the WM bone marrow

Next, we explored the phenotype of BM MDSCs using mass
cytometry (CyTOF) in NBM (n = 3), SWM (n = 3), symptomatic WM
(n=7), as well as WM patients in remission post treatment (n = 3).
Interestingly, 3 phenotypically distinct subsets of CD11b"CD33™
MDSCs were identified (Fig. 2A, B). One subset expressed high
levels of CD66b, were CD15" and CD16™, but lacked expression of
CD68. These CD66b™" cells had a phenotype consistent with PMN-
MDSCs and were more expanded in symptomatic WM patients
(62.55%) compared to NBM (8.23%), SWM (2.78%) and WM
patients in remission (26.13%) (Fig. 2A, B). A second MDSC subset

SPRINGER NATURE
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Fig. 2 ldentification of PMN-MDSC subtypes in the WM bone marrow. A t-SNE plots showing the expression of three subsets of MDSCs in
NBM (n = 3), Smoldering (n = 3), symptomatic (n=5), and Remission (n=3), namely CD66b, CD68, and CD11c. B Heatmap showing the
expression of CD66b, CD15, CD68, CD11c, CD16, Arginase, CD45R0 and CD14. C CD66b ™ cells sorted from the WM BM showing its PMN-MDSC
phenotype expressing CD15 co-expression with CD66b. D CD66b" cells sorted from the WM BM showing its M-MDSC phenotype expressing
CD14.

SPRINGER NATURE Blood Cancer Journal (2024)14:217



V. Bhardwaj et al.

A B oiw:ub@«%%@'\?@w{?\?
&
o <
< =
s 5
-}
UMAP1 CIMAR
60
WM vs NBM Differential gene expression in MDSCs
C
Tr{BS’\
40
DEG
3 . a DOWN
= PLACS Foc < 53
Y €rsD e, TYROBP
\Q_/ CDS.Z' S.TABW
o 2 MPO S100A10 o NFE2 HiF1A JUNB‘.N;-;m
> ENO?GE(’M IL13RAY, . + 4 MLI0RA
_c') FBPL](—:F?;\?C;',.M%M%D&? \?GFBW
ATPSME  *°
0 o ot
D avg IogZFOC ’
o TNF Signaling Interferon gamma response L
§‘j NES=2.02 g » NES=2.02
= P E=0.03 a0 p VALUE= 0.03
.
S MLLLLLN T Ty EWW“HIW L0 o
& ‘ 2 ] CSF3R——
Gene Rank w Gene Rank
o Inflammatory response
8- NES= 1.79
= p V. E= 0.005 Fatty acid metabolism °
= TR Oxidative phosphorylation 1 ®
5 ‘ . Interferon Gammaresponse ° -
c- | | MYC targets e} 5
L - : A -
Gene Rank Allograft rejection ° .-
oy : Adipogenesis i N
9OX|dat|ve PhosphorylatlonE Fatty acid response UM fesponse o m
§j} NES— _2 1 g‘\\ NES=-1.98 | E2F targets . b
= 05 = } p UE=0.0053 TNFA Signaling o
[0 [} .
, Inflamat
E w \ IHHHIHH !HHIHHHWWMUW E L n ar.nalory respo.nse |
2 ' 2 Xenobiotic Metabolism —s———w'w—w v
g1 111 1] gt Ll 1] 1] Gene Ratio
Gene Rank Gene Rank

had bright expression of CD15 and CD68, with some expression of
CD45R0, but had low expression of CD66b. This subset remained
quantitatively constant in NBM (8.23%), SWM (11.76%), and
symptomatic WM samples (24.66%), but was less frequent in
previously treated patients (1.64%). A third subset had high
expression of CD11c maker (CD11c is a type | transmembrane
protein that is expressed on monocytes, granulocytes, dendritic

Blood Cancer Journal (2024)14:217

cells, and macrophages) and moderate expression of CD66b,
CD15, and CD68 (CD68 is associated with inflammation with its
involvement of monocytes/macrophages). This subset was highly
represented in NBM (78.24%), SWM (81.44%), and WM patients in
remission (69.61%), but was decreased in symptomatic WM
patients (9.23%) (Fig. 2B). We then isolated CD66b* and CD66b”
cells to further define their phenotypes. The CD66b" subset

SPRINGER NATURE
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Fig.3 Multi-omic analysis of CD11b*CD33* MDSCs in WM bone marrow. A. UMAP plot visualization of intratumoral bone marrow (left side)
and CD11b* CD33" MDSCs (Right side) detected in NBM (n = 2) and WM (n = 3). The clusters are colored and distinctly labeled. B Heatmap
showing a relative expression of marker genes of each cluster. Cluster 2, 3, and 9 represents MDSCs (CD11b*CD33™) cells. C Volcano plot of
CITE-seq transcriptome data displaying the gene expression pattern for MDSCs i.e.,, CD11b™ CD33" cells in NBM (n =2) and WM (n = 3).
Significant differentially expressed genes (log2 fold change > 0.25, adjusted p > 10e-6) in WM vs NBM MDSCs. The highly upregulated and
downregulated genes are shown in red and blue respectively. D The enrichment score curve shows alteration of pathways involving TNF
signaling, Interferon-gamma response, Inflammatory response, allograft rejection, oxidative phosphorylation, and fatty acid response in
MDSCs. The enrichment score normalized (NES) greater or less than zero signifies upregulation and downregulation respectively. The plots
were generated using GSEA analysis. E Scatter plot of enrichment GSEA pathways. The Y-axis represents the name of the pathways and X-axis

represents the gene ratio.

demonstrated characteristics of PMN-MDSCs with elevated CD15
expression (Fig. 2C). Conversely, the CD66b™ population exhibited
traits consistent with M-MDSCs exhibiting increased expression of
CD14 (Fig. 2D).

MDSCs exhibited upregulated inflammation and metabolic
signatures

To further characterize MDSCs, we performed CITE-seq analysis on
BM cells from patients with WM (n = 3) or NBM (n = 2). After B-cell
and plasma cell exclusion, all mononuclear cells underwent
unsupervised clustering and uniform manifold approximation
and projection (UMAP) analysis [22] that identified 15 distinct
clusters (Fig. 3A, B). Each cluster then underwent meticulous
annotation based on their discernible phenotypes. Notably,
Clusters 2, 3, and 9 displayed CD11b and CD33 expression,
characteristic of the MDSCs phenotype. Further exploration
highlighted a shared gene signature abundant in S100 Calcium
Binding Protein A8 (S100A8), ST00A9, Transforming Growth Factor
Beta 1 (TGFB1), Colony Stimulating Factor 3 Receptor (CSF3R),
Lysozyme (LYZ), Fos Proto-Oncogene, AP-1 Transcription Factor
Subunit (FOS), and C-C Motif Chemokine Ligand 2 (CCL2) across
these clusters (Fig. 3B and Supplementary Fig. 2). The detailed
gene signatures within these clusters further elucidate their
distinctive molecular profiles: Cluster 2 exhibited prominent
expression of IL13RA1, IL17RA, IL1B, IL10RB, STAT1, STAT6, CSF1R,
CSF3R. Cluster 3 displayed a distinct gene signature, including
STAT2, STAT6, CSF1R, CSF3R, SOD2, and CD84. Cluster 9 expressed
AZU1, MPO, CD163, FOS, CD36, LYZ, and CCL2 as part of its gene
signature (Supplementary Fig. 2).

Differential gene expression analysis of WM MDSCs as
compared to NBM MDSCs identified 146 upregulated and 94
downregulated genes (p<0.05). A detailed list of genes is
provided in Supplementary Data 3. Briefly, THBS1, FOS, HIF1A,
JunB, CD86, IL13RA1 and TGFBI, were significantly upregulated in
WM-MDSCs. These genes have been associated with the
development of MDSCs [23-27]. On the other hand, glycolysis
related genes including fructose-bisphosphatase 1(FBP1) and
enolase 1(ENO1), and genes regulating the citric acid cycle
namely, ATP synthase membrane subunit ¢ locus 2(ATP5MC2),
ATP synthase membrane subunit e (ATP5ME) and f (ATP5MF)
were downregulated, indicating inhibition of metabolic pathways
[28]. Additionally, gene set enrichment analysis (GSEA) showed
positive enrichment for interfferon gamma signaling, TNFA
signaling, and an inflammatory response in WM (Fig. 3D, E). All
these pathways may promote MDSC generation and expansion
[29]. On the other hand, we observed downregulation of cell
metabolism signature, namely oxidative phosphorylation, and
fatty acid metabolism in WM patients, which may promote tumor
growth.

PMN- MDSCs exhibit distinct immune signature associated
with poor outcome

Given that PMN-MDSCs (CD66b*/CD15%) are expanded in
symptomatic WM patients, we focused our analysis to better
characterize the CD66b" PMN-MDSCs cluster. Differential gene
expression between CD66b™ PMN-MDSCs and CD66b” M-MDSCs

SPRINGER NATURE

identified 249 upregulated and 100 downregulated genes.
CD66b" MDSCs were characterized by genes involved in
inflammation and growth, such as proteinase 3 (PRTN3), CXCR4,
SOX4, IL2RG, and insulin-like growth factor-binding protein 7
(IGFBP7) (Fig. 4A). We also found upregulation of nuclear
proliferative markers including MKI67, cell cycle and antiapop-
totic genes including survivin, HMGB1, HMGB2, and immune
suppressive markers such as myeloperoxidase (MPO), azurocidin
1 (AZU1), elastase, neutrophil elastase (ELANE) and centromere
protein F (CENPF). Additionally, CD59 (an inhibitory gene for the
complement system) and Lactate Dehydrogenase B (LDHB) were
also significantly upregulated (Fig. 4A). Notably, these genes
have been previously associated with MDSC growth and
expansion [30-32]. GSEA showed a positive enrichment for
gene sets related to cell cycle, mitotic spindle, and DNA
replication, suggesting a growth pressure. In contrast, there
was a negative correlation for antigen presentation, genes
involved in cytoskeleton structure and oxidative phosphoryla-
tion, supporting putative immune escape mechanisms. Alto-
gether, this data shows that CD66b™" PMN-MDSCs have a distinct
transcriptomic profile with significant enrichment for genes
associated with cell growth and proliferation, suppression of
antigen presentation, and oxidative phosphorylation, all of
which may collectively be part of the immune suppressive
mechanisms of PMN-MDSCs.

WM MDSCs express high amounts of HIF-1a, CXCR4, MPO,
and AZU1

To validate our CITEseq data, we sorted MDSCs from WM patients
(h=3) and healthy BM donors (n=2) and performed qPCR
analysis. The expression of HIF1-a was calculated in WM-MDSCs vs
NBM-MDSCs. The WM MDSCs exhibited a 2.87 log fold increase
(p =0.014) as compared to NBM (Fig. 4D). We also isolated PMN-
MDSCs and M-MDSCs from WM patients (n=2) and observed
upregulation of CXCR4, MPO, and AZU1 compared to controls. In
the first WM patient (WM1) compared to control, fold changes for
MPO, CXCR4, and AZU1 were 541 (p=0.0003), 12.99
(p =0.00001), and 13.82 (p=0.0004), respectively (Fig. 4E).
Similarly, in the second WM patient (WM2), fold changes were
8.26 (p =0.0001) for MPO, 10.13 (p =0.087) for CXCR4, and 5.6
(p = 0.002) for AZU1 (Fig. 4E).

CD66b + PMN-MDSCs mediated T-cell suppression inhibits
TNFa and IFN-y production

To investigate the immunosuppressive role of CD66b™ PMN-
MDSCs compared to CD66b" M-MDSCs in WM patients, we
enriched the MDSCs extracted from 3 representative WM patients
and separated them into CD66b" PMN and CD66b~ M-MDSCs.
These cells were then co-cultured with sorted T-cells from healthy
donors. After 24 h of co-culture with CD66b+ PMN-MDSCs, we
found a substantial decrease in CD69 expression on T cells from
94.03% to 60.16% (67.74% median decrease, range 44.4-68.3%
n = 3) consistent with decreased activation. While co-culture of
T-cells with CD66b™ MDSCs also downregulated CD69 expression,
the extent of immune suppression (median: 84.85%) was less than
seen with CD66b™ MDSC (p < 0.0001 - Fig. 5A).

Blood Cancer Journal (2024)14:217



V. Bhardwaj et al.

o PMN vs M- MDSCs Differential gene expression

CENPF
A PRTMIKIET GATA2
50 HMG.B2
CXCR'A LDHB
T;ggspks.sw
— 2 HDC
3 e
g “ Y P ce ano
a FTL AN L uP
g TYROEP
o STAB1  pipq
5 ongSEE o
_| FUCAT s * * “si00at1 o,
CCL2 23308 oo pR:Yd
" Hac3
0
2 0 2 4 6
c avg log2FC
B o E2F Targets G2M checkpoints Reactome Cell Cycle 3
8 NES=2.8 NES=2.7 h Cell Cycle Mitotic [rr——
@ =0.01 = 0.01 pathway :
< / ) / ) analysis Mitotic Prometaphase — 3
[}
_g 11T . (|] . MHC Classll antigen 1 o p—m
© presentation
= ! Transcriptional Regulation I 202
w of Granulopoiesis
Gene Rank Regulati%n of Actjn -1-5 —
Mitotic spindle MYC Targets KEGG  Cytoskeleton {4 pmm
g NES= 1.8 NES=1.9 pathwa_y Oxidative phosphor.ylatfon L g
® =0.01 =0.01 analysis DNA replication
€ [ Cell Cycle 1.8
©
g I (L0l LD e L 2 0 5
S NES value
c
w Gene Rank
E WM-1 WM-2
D HIF-1alpha expression Ba ]
NBM vs WM MDSCs
g Q
¢ . D 101
©
<
z: 5
g 2
O? s
i)
o
° B — E—I , Ig—:_l .
NBM  wMm C|§/|ch) AZUT CXCR4 WMPQ ~— AZU1 CXCCR)4
O O O OO0 O
9 9 9 9P oo &9
SESTSF TS
N N
& T ¢ ¢ 8 e

Fig. 4 Transcriptomic profile of PMN-MDSCs and M-MDSCs. A Volcano plot of the transcriptome profile displaying the pattern of
differentially expressed genes in PMN (CD11b"CD33* HLADR”°" CD15%/CD66b™) vs M-MDSCs (CD11b*CD33* HLADR"°" CD14").
Significantly expressed genes (log2 fold change > 0.25, adjusted p > 10e-6) are shown in the plot, where red and blue represents upregulated
and downregulated genes respectively. B The enrichment score curve shows alteration of pathways involving E2F Targets, G2M checkpoints,
Mitotic spindle, and MYC targets. The enrichment score normalized (NES) greater or less than zero shows upregulation and downregulation
respectively. The plots were generated using Hallmark GSEA analysis. C Reactome and KEGG GSEA analysis showing significant pathways up
and downregulated in PMN vs M-MDSCs. The red bar signifies highly upregulated pathways with high NES values and the green bars show
low NES values with downregulated pathways. D gPCR analysis of H1F-a expression in WM vs NBM. E gPCR analysis of MPO, AZU1 and CXCR4
expression in PMN-MDSCs vs M-MDSCs.

We analyzed cytokine production (IFN-y and TNF-a) by CD4+ CD4+ T cells decreased from 24.6% to 1.04% (median decrease of
and CD8+ T cells when cocultured with either CD66b+ or CD66b- 1.06%, range 0.72-1.3%, n=3, p=10.0001) (Fig. 5F). Similarly, in
MDSCs. Our results showed that CD66b+ MDSCs significantly CD8+ T cells, IFN-y expression was reduced from 33.6% to 4.99%
downregulated IFN-y (Fig. 5B, C) and TNF-a (Fig. 5D, E) expression (median decrease of 3.15%, range 2.5-9.2%, n =3, p=0.0001)
in both CD4+ and CD8+ T cells. Specifically, IFN-y expression in (Fig. 5F).
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Fig.5 PMN-MDSCs exhibit increased T-cell suppression. The PMN and M-MDSCs were sorted by removing CD19 + CD138 + CD3+ cells first,
then the negative fraction was sorted for CD66b. Here we considered the CD66b™ fraction as PMN-MDSCs and CD66b" cells as M-MDSCs.
T-cells were isolated from the healthy donors. Also, the CD3/CD28 dynabeads were added to the culture for the activation of T-cells. In the
experiment, activated and non-activated T cells were cultured alone for 24 h as controls. We observed a significant decrease in the viability of
PMN-MDSCs between 24 and 48 h (n = 3). Thus, we used the 0-h time point as the control for the experiment. A The representative plot shows
the suppressive effect of PMN-MDSCs when cultured with T-cells from healthy donors (1:1 ratio for 24 h). CD69 expression was calculated as
the mean MFI which is shown on the bar graph. B Representative plots for INF-y suppression on CD4 T-cells by PMN-MDSCs. The activated
CD4-Tcells co-cultured with PMN-MDSCs showed higher suppression. C Representative plots showing the TNF-a cytokine expression in T-cells
with the PMN-MDSCs and M-MDSCs coculture; paired t-test was used here, and MFI was plotted on the bar graph. D Representative plots
showing the INF-y expression by CD8 T-cells with the co-culture with PMN and M-MDSCs. E Representative plot showing TNF-a cytokine
expression by CD8 T-cells when co-cultured with PMN and M-MDSCs. F Paired t-test for INF-y was calculated, and MFI was plotted on the bar
graph was plotted. G Paired t-test for TNF-a was calculated, and MFI was plotted on the bar graph was plotted.
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Furthermore, TNF-a expression in CD4+ T cells decreased from
36.12 to 6.29% (median decrease of 5.2%, range 4.65-9%, n =3,
p=0.0001) (Fig. 5G). In CD8+ T cells, TNF-a expression was
downregulated from 28 to 8.5% (median decrease of 6.93%, range
3.18-6.93%, n =3, p =0.001) (Fig. 5G).” A similar pattern of TNFa
downregulation in CD4" (Fig. 5D) and CD8" (Fig. 5E) T cells was
observed with the co-culture of CD66b* MDSCs. As summarized in
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Fig. 5F, G, these results suggest that CD66b * PMN-MDSCs possess
profound immunosuppressive properties in WM patients.

G-CSF and TNF -alpha promotes growth of CD66b" PMN-
MDSCs

We then evaluated potential cytokines that may account for the
expansion of the CD66b"t PMN-MDSC population. We had
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10

Fig. 6 PMN-MDSCs expand in response to cytokine stimulation and are attracted to malignant B-cells. A PMN-MDSCs gated from the WM
patient BM (CD19°CD138°CD3" CD56 HLADR'CD11b™ CD157CD66b™). The cells isolated from the WM patient’s bone marrow at the time of
processing was considered as 0 h control. (i) Representation plots showing PMN-MDSCs expansion in the presence of G-CSF (20 ng/ml) and
TNF (10 ng/ml) and cultured for 24 h. (i) Expansion was calculated (% of CD15" CD66b™ cells) and was higher with PMN-MDSCs culture with
G-CSF growth factor (B) Representation plots showing PMN-MDSCs expansion in 24 h of G-CSF and TNF culture with MDSCs from WM bone
marrow. A significant expansion was observed with both the G-CSF growth factor and TNF cytokine. C Representation plots showing PMN-
MDSCs expansion in 48 h of G-CSF and TNF culture with MDSCs from WM bone marrow. A significant expansion at 24 h and 48 h was
observed with both the G-CSF growth factor and TNF cytokine. Expansion of MDSCs was calculated in a similar pattern with the number of
CD15" CD66b™ cells. D Transwell assay showing migration of MDSCs (CD11b"CD33™ cells) in the presence of BCWM.1 cells. (E) Transwell assay
showing high migration of PMN-MDSCs in the presence of BCWM.1 cells. In the GCSF/TNF and migration analysis, paired t-test was calculated
(n=3 WM patients) and p<0.01, p<0.001, and p<0.0001 are represented by *, ** *** and **** F Comparison of overall time to next
treatment (TTNT) in WM patients with high and low CD66b+ cells in the bone marrow [7 months (95% Cl: 2.3-49 months) compared to

40 months (95% Cl: 4.3-140 months) p = 0.01].

previously shown that granulocyte colony-stimulating factor
(G-CSF) is increased in WM BM serum compared to that in healthy
individuals [33]. Based on this finding and on our identified
upregulation of TNF signaling in PMN-MDSCs, we investigated the
potential role of G-CSF and TNFa in expanding CD66b™ MDSCs in
the WM BM microenvironment. To do this, we enriched CD66b *
cells from WM patients (n = 3), and one NBM, treated them with
G-CSF and TNFa for 24 and 48 h and then measured the numbers
of CD15%/CD66b™ (Lin® CD11b* CD33THLADR?) PMN-MDSCs by
flow cytometry. After treatment with G-CSF (10 ng/ml) for 24 h, we
found that the PMN-MDSCs population expanded by 38.08%
(p < 0.001) (Fig. 6A, B). This population further increased by 58.95%
after 48 h (p < 0.001). Similarly, TNFa treatment also increased the
CD66b + PMN-MDSC population by 57.57% (p < 0.001) after 24 h,
but this percentage remained about the same after 48h of
treatment (66.97%, p < 0.001; Fig. 6A, B). These findings suggests
that G-CSF and TNFa promote PMN-MDSCs expansion and
survival.

Lymphoplasmacytic cells of WM patients recruit PMN-MDSCs
in the bone marrow

While we found that GCSF and TNFa promote the expansion of
PMN-MDSCs, we also evaluated whether WM B-cells play a role in
attracting PMN-MDSCs to the BM. Therefore, to investigate
whether WM cells recruit MDSCs to the BM, we conducted a
transwell migration assay of MDSCs in response to the presence of
malignant BCWM.1 cells. Our results showed that BCWM.1 cells
exhibited a greater capacity to attract MDSCs when compared to
normal B-cells or control chemoattractants including 10% FBS and
MCP-1 (p=0.04; Fig. 6D). Notably, the physical presence of
malignant B-cells had a greater capacity to recruit MDSCs than the
supernatants from these cells. Additionally, we sought to
determine which subtype of MDSCs was predominantly attracted
by malignant B-cells. To address this, we assessed the expression
of CD14 and CD15 on migrating MDSCs to delineate PMN-MDSCs
and M-MDSCs. We found that BCWM.1 (p =0.001) and MWCL-1
cells attracted PMN-MDSCs to a greater degree than M-MDSCs
(Fig. 6E). These findings indicate that WM cells exhibit robust
chemotactic properties for MDSCs, with a significant preference
for attracting PMN-MDSCs. These observations suggest that the
high prevalence of PMN-MDSCs within the BM of WM patients is in
part due to recruitment of these cells to the BM by malignant
B-cells.

Increased PMN-MDSCs are associated poor prognostic factors
In addition to the biological effect, the increased prevalence of
CD66" PMN-MDSCs showed clinical relevance. Clinical data from
10 WM patients was analyzed to assess the correlation of CD66b™*
PMN-MDSCs with clinical features. The average percentage of
CD66b™ PMN-MDSCs was employed to establish parameters for
low and high levels. The median TTNT of patients with high CD66b
expression was 7 months (95% Cl: 2.3-49 months) compared to
40 months (95% Cl: 4.3-140 months) for patients with low CD66b
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expression, p=0.1. Only a 14% of patients with high CD66b
expression achieved a TTNT > 12 months, compared to 71% of
patients with low CD66b expression, p =0.01.

DISCUSSION

Our study demonstrate that the BM of symptomatic WM patients
is characterized by the expansion of PMN-MDSCs and that PMN-
MDSCs play a significant role in promoting an immunosuppressive
microenvironment. We show that the population of PMN-MDSCs
increases as the disease progresses and conclude that increased
numbers of PMN-MDSCs in the BM are associated with poor
prognostic clinical factors and are associated with a shorter time
to the next treatment in WM patients. Overall, MDSCs are
increased in WM but PMN-MDSCs are particularly expanded in
BM of WM patients as confirmed by both flow cytometry and
CyTOF analysis. Others have shown that the expansion of PMN-
MDSCs is more pronounced in cancer as compared to infection
and inflammation [34, 35] and previous studies have demon-
strated the expansion of MDSCs in other hematological malig-
nancies [9, 36-38]. However, the role and impact of MDSCs in
promoting tumor development and immune suppression in WM
has not been evaluated. Our findings identify the dominant
presence of PMN-MDSCs expressing CD66b in the BM of WM
patients and confirms their pivotal role in driving immune
suppression.

We further show that the presence of malignant B-cells, as well
as the cytokines secreted in the BM, both favor the expansion of
PMN-MDSCs. We found that WM cells (BCWM.1 and MWCL-1)
attract MDSCs to the tumor site, with PMN-MDSCs being attracted
to a greater degree compared to M-MDSCs. We observed a
significantly higher attraction by BCWM.1/MWCL-1 cells compared
to their respective supernatants. This suggests that the physical
presence of WM cells plays a pivotal role in attracting PMN-MDSCs
to the tumor microenvironment. While our previous analysis of
WM BM cytokines identified substantial elevations of CCL5, G-CSF,
and IL-2 receptor [33], here we show the critical role of G-CSF and
TNFa in promoting the expansion of CD66b™* PMN-MDSCs. Others
have reported that G-CSF expands MDSCs via c-kit oncogene
regulation and this results in MDSC-mediated T-cell suppression
[39]. Also, tumor-derived G-CSF plays an important role in
developing chemoresistance and is associated with a poor
prognosis in cancer patients [40]. G-CSF, GM-CSF, and TNFa
regulate the process of myelopoiesis [41] and may also facilitate
the substantial accumulation of myeloid cells at tumor sites
[42, 43]. The elevated levels of G-CSF in WM patient’s serum [33]
and expansion of PMN-MDSCs after treatment with G-CSF
underscore the crucial role of G-CSF and TNFa in promoting
PMN-MDSC expansion in WM patients. Numerous chemokines
secreted by cancer cells, including CXCL5, CXCL2, and CXCL1, are
recognized for their ability to attract PMN-MDSCs to tumor sites
[44]. Chemokine receptor-ligand interaction (such as CCL2-CCR5
interaction) are a key driving force for MDSCs migration, therefore
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blocking their interaction may be a rational approach to inhibit
MDSC accumulation at the tumor site [45].

There is growing interest in targeting MDSCs to improve T-cell
function and immunotherapy efficiency in WM. The activation of
MDSCs is one of the major causes of an immune suppressive BM
microenvironment due to their inhibition on T-cell function
[46, 47]. However, due to the absence of specific cell markers on
MDSCs, the ability to specifically target them remains a challenge.
Also, MDSCs sense the changes in the environment and survive by
selecting metabolic pathways to perform pro-tumorigenic and
suppressive functions [48]. Our findings highlight the suppressive
effects of CD66b* PMN-MDSCs on CD4 and CD8 T-cells, resulting
in decreased proliferation and suppressed secretion of TNFa and
IFNy within the T-cell population. We showed that CD66b™ PMN-
MDSCs enriched from WM BM suppressed T cell activity mediated
by both CD4* and CD8™ T cells, consistent with the finding that
BM PMN-MDSCs isolated from late-stage cancer patients were
highly immune suppressive [49].

The distinct phenotypic and transcriptomic attributes of
MDSCs are delineated within clusters 2, 3, and 9 defined by
CITE-seq analysis, and express TGFB1, IL13RA1, IL17RA, IL1B,
IL10RB, IL18, STAT2, STAT1, STAT6, CSF1R, CSF3R, CD84, TGFB1,
and SOD2. These characteristics correlate with increased T-cell
immune suppression and elevated levels of inflammatory
cytokines. The changes in the MDSC subsets in WM patients
are due to the overall expansion of the MDSCs population with a
gene signature characterized by expression of ST00A8, ST100A9,
S100A4, TGFB1, CSF3R, LYZ, FOS, and CCL2 [10]. These expanded
MDSCs exhibited notable expression of immune regulatory
genes, including CD86 [43], HIF1-a, IL13RA1 [44, 45], IL10RA [46],
TGFBI [47], and CD74 [48] signifying their role in immune
suppressive tumor microenvironment (TME) niche formation
[12, 50, 51]. The high expression of HIF-1a in WM MDSCs
compared to NBM controls was further confirmed by PCR
analysis, thereby validating the CITEseq results. This increase in
HIF-1a suggests that hypoxic conditions in the WM BM may
induce HIF-1a expression in MDSCs, contributing in part to the
suppressive phenotype [24, 52].

Further, we identified the gene signature of CD66b™ PMN-
MDSCs in WM. In recent studies, the unique plasticity and
heterogeneity of PMN-MDSCs in cancer and other inflammatory
diseases is emerging, with a focus on diverse phenotypes and
functions [53, 54]. The transcriptomic analysis by others has
identified IL2RG, FOXM1, and CXCR4 as important markers for
PMN- MDSCs indicating tumor promotion and suppressive activity
[55]. Our findings highlight IL2RG, FOXM1, PRTN3, SOX4, IGFBP7,
and CXCR4 as hallmark genes specific to CD66b™ PMN-MDSCs,
signifying their distinct nature within the tumor microenviron-
ment. This subset of MDSCs stands out due to pro-tumor growth
signaling and demonstrates more pronounced suppressive
features compared to other MDSC populations in the BM. This
population expresses higher levels of MPO, AZU, ELANE, and
LDHB, which may explain increased myelopoiesis (increasing the
uncontrolled production of myeloid cells), cell proliferation
[30, 56], and poorer clinical outcomes [31, 57]. Additionally, the
CD66b* PMN-MDSCs population expressed higher levels of cell
cycle genes namely, CDK1, CENPF, PLK1, MKI67, and HMGN2,
when compared to other MDSCs, consistent with increased
proliferation. Moreover, PMN-MDSCs also showed upregulation
of numerous pathways associated with DNA damage responses,
apoptosis, MAPK signaling, TGFP signaling, and several myeloid
differentiation- transcripts [58]. The qPCR analysis of CXCR4, MPO,
and AZU1 expression in PMN-MDSCs compared to M-MDSCs from
WM patients corroborated the CITEseq findings (Fig. 4E), and
further suggested that PMN-MDSCs have profoundly immuno-
suppressive properties.

Our study therefore provides the first evidence of a transcrip-
tomic profile of BM-derived PMN-MDSCs from WM patients. PMN-
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MDSCs promote an immune suppressive BM microenvironment
by inhibiting T cell activity and fostering tumor progression,
particularly in the presence of G-CSF and TNF-a [39, 41, 59].
Therefore, this study provides a rationale for the development of
therapeutic interventions targeting MDSCs.
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