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Abstract

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of leukocytes that

are important for tumorigenesis and tumor immunotherapy. They comprise up to 10% of
leukocytes in the blood of tumor patients and their depletion may be required for successful
tumor immunotherapy. However, the identity of MDSCs remains obscure, primarily due to

their heterogeneity and lack of a known lineage-specific transcription factor specifying their
differentiation. Using single-cell transcriptomics and gene knockout approaches, we now describe
a subset of murine and human myeloid suppressor cells, named rel-dependent monocytes

(rMos), which are programmed by the transcription factor c-Rel of the NF-xB family. Unlike
MDSCs described previously, the c-Rel-dependent monocytes expressed a high amount of the
proinflammatory cytokine IL-1p together with a low level of suppressive molecule arginase 1.
Both /n vitroand in tumor-bearing mice, these c-Rel*1L-1p"Arg1~ monocytes promoted tumor
growth by potently suppressing T cell function and showed a strong migratory phenotype, all

of which were impaired by c-Rel deficiency or inhibition. Mechanistic studies revealed that

c-Rel controlled the expression of monocyte signature genes through a unique transcriptional
complex called the c-Rel enhanceosome, and IL-13:CCL2 crosstalk between tumor cells and

the rel-dependent monocytes maintained the suppressive tumor microenvironment. Thus, c-Rel
specifies the development of a suppressive monocyte population and could be selectively targeted
for treating cancer.
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INTRODUCTION

Immunotherapy that targets lymphocyte checkpoints to restore anti-cancer immunity has
revolutionized cancer therapyl. For most cancer patients, however, little clinical efficacy has
been observed? 3: 4. A significant roadblock to successful immunotherapy is the profoundly
immunosuppressive tumor microenvironment (TME)3: . High levels of immunosuppressive
factors secreted by immunosuppressive cells that are induced and recruited by tumors
directly impede anti-tumor immunity leading to poor clinical outcomes. We and several
others have described myeloid-derived suppressor cell (MDSC) populations within the TME
as preeminent mediators of immunosuppression, which potently inhibit anti-tumor immunity
and promote tumorigenesis3 5 6. 7.

MDSCs are a heterogeneous population of immature leukocytes that arise in the bone
marrow as a result of sustained pathological inflammation®. Myeloid differentiation

is a tightly regulated process that controls and limits inflammatory responses. Under

normal physiological conditions, myeloid progenitors differentiate into effector myeloid
cells including monocytes, macrophages, dendritic cells, and granulocytes® 1011, Under
pathological conditions such as cancer, sustained inflammation induced by tumor-secreted
molecules, subverts normal myelopoietic processes, allowing the accumulation of aberrant
myeloid cell types including granulocytic and monocytic MDSCs (G-MDSCs and M-
MDSCs, respectively). Although present in low numbers in healthy individuals, MDSCs
accumulate in patients with a variety of solid and hematologic cancers (comprising up

to 10% of blood and splenic leukocytes)12: 13. 14 Expansion of MDSC populations

within circulating and tumor-infiltrating leukocytes is observed in patients who fail to
respond to lymphoid checkpoint blockade®. MDSCs represent a heterogeneous population
of immature myeloid cells capable of modulating immune responses’®: 16. 17, Few specific
markers have been described that identify individual MDSC populations, and the underlying
mechanisms of how MDSCs suppress T cells remain to be explored. As such, dissecting the
nature of MDSCs is paramount for identifying new clinical targets and devising effective
combinatorial therapeutic approaches.

Emerging work suggests that the TME reprograms transcription factor (TF) activity within
myeloid precursors to generate and expand suppressive myeloid cells!® 18 c-Rel is a
member of the Rel/nuclear factor-xB (NF-xB) family that is implicated in human lymphoid
malignancies® 20: 21, We recently showed that c-Rel is a myeloid checkpoint of anti-tumor
immunity that specifies the differentiation of myeloid precursors into pro-tumoral suppressor
cells®. The specific MDSC subpopulations induced and regulated by c-Rel, however, are not
known.

Here using single-cell transcriptomic techniques, we delineate the landscape of intra-tumoral
leukocytes at single-cell resolution, and in doing so, we identify a subset of c-Rel dependent
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monocytes termed “rel-dependent monocytes” (rMos). These rMos are likely induced in the
bone marrow by tumor-secreted cytokines and traffic to tumor sites via an IL-1p:Ccl2 axis.
In culture, rMos markedly suppress T-cell proliferation and function with greater potency
than the Argl-expressing myeloid suppressor cells. Overall, these results describe a new
subset of MDSCs, regulated by c-Rel, which can be targeted to abrogate immunosuppression
and restore anti-tumor immunity.

Identification of a c-Rel-dependent intra-tumoral MDSC subset at single-cell resolution.

We previously showed that c-Rel deficiency significantly reduced the frequency of MDSCs,
and markedly inhibited tumor growth in mice®. To understand the effect of c-Rel in MDSC
development in the TME, we injected wild-type (WT) (LysM-cre x Re/*’*) and myeloid
conditional Re/knockout mice (LysM-cre x RelloxP/loxP) with B16F10 melanoma tumor
cells. At 2 weeks post tumor cells injection, viable CD45" cells from similarly-sized
tumors were collected for single-cell RNA sequencing (Fig. 1a). The cell clusters were
characterized based on the expression of specific markers (e.g., Mc1r for cancer cells)
(Supplementary Fig. 1a) and by using the Sing/eR package in R (Supplementary Fig. 1a,b).
The analysis of the myeloid population (CD45.2* CD11b*) identified a F4/80* Arg1hi
macrophage population and a CD11b*CCR2™ monocyte population. Importantly, we also
identified a CD11b*CCR2*IL-18"Arg1~ myeloid population that expressed the highest
amounts of c-Rel and whose percentage dropped by 2-fold in LysM-cre x RelloxP/loxP

mice, which we refer to as “rel-dependent monocytes (rMos)” (Fig. 1b—d). The rMo

subset expressed specific combinations of markers (Fig. 1d and Supplementary Fig. 2a)
and when compared to tumor-associated macrophages (TAMs), which are a key component
of the immunosuppressive TME, or the CCR2™ monocytes, rMos preferentially expressed
genes that are highly enriched for immune and inflammatory responses, chemokines, and
cytokine signaling pathways (Supplementary Fig. 2b,c). This suggests that rMos are a
unique activated myeloid subset that may modulate innate immunity in cancer.

To further validate these findings, we profiled and isolated CD11b*CCR2* cells from

naive and tumor-bearing mice. Our data show that rMos mostly accumulate in the tumor
microenvironment of tumor-bearing mice, with a significantly higher percentage in WT
mice when compared with Re/”~ mice that are wholly deficient in c-Rel (Fig. 1e and
Supplementary Fig. 2d,e). In addition, the presence of CD11b*CCR2" cells in naive mice
was still significantly higher in WT compared to c-Rel-deficient mice (Fig. 1e). Our findings
were also confirmed in a lung cancer model (Supplementary Fig. 2f,g). These data indicate
that the generation and development of rMos are c-Rel dependent.

Monocytes similar to rMos could also be generated from bone marrow cultures in vitro in
the presence of tumor-related cytokines such as GM-CSF and IL-6. Thus, sorted CCR2*
(rMo) and CCR2™ monocytes were s.c. co-injected with B16F10 cells into WT recipient
mice. Mice injected with CCR2™ monocytes and B16F10 cells had smaller tumors compared
with the CCR2* group (Fig. 1f and Supplementary Fig. 2h). Consistent with this finding, the
percentages of activated CD8* effector T cells in the tumor were significantly increased in
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the group that was injected with CCR2™ monocytes, while the percentages of total CD8* T
cells in the tumor were unchanged (Fig. 1g and Supplementary Fig. 2i).

To test rMos functions /n vitro, we isolated them from either tumor or bone marrow cultures
and added them to T cell cultures. Compared to tumor-associated macrophages (TAMSs)

and CCR2™ monocytes, rMos displayed stronger immunosuppressive activities in the T cell
proliferation assay, which was markedly weaker in the absence of c-Rel (Fig. 2a,b and
Supplementary Fig. 3a—d). The level of reactive oxygen species (ROS) and IFNy were
consistent with this observation (Supplementary Fig. 3e,f). Interestingly, Re/deficiency also
decreased the suppressive ability of TAMs and CCR2™ monocytes (Fig. 2a,b). These results
held true for both CD4* and CD8™ T cells (Fig. 2a,b and Supplementary Fig. 3c,d).

To further validate the c-Rel-driven phenotype described above, we tested the effect of
R96A, a small molecule c-Rel inhibitor compound®: 22, Consistent with the results from the
Rel KO system, R96A treatment effectively blocked the function of bone marrow-derived
rMos (Fig. 2¢ and Supplementary Fig. 3g).

We also tested the migratory ability of rMos. Compared to CCR2™ cells, an increased
percentage of rMos migrated, which was significantly decreased by c-Rel deficiency or
pharmaceutical inhibition of c-Rel (Fig. 2d,e). Taken together, our data suggest that rMos are
a unique immune population that potently suppresses T cells and actively migrates through
the CCR2:CCL2 axis; both of these activities are significantly reduced when c-Rel is absent
or inhibited.

c-Rel enhanceosome programs the gene signature of rMos.

The bone marrow is the predominant site for aberrant myelopoiesis during tumor
development!8, We observed an accumulation of rMos in the bone marrow of tumor-bearing
mice when compared to naive mice (Fig. 1e). Similarly, bone marrow cells cultured with
cytokines (GM-CSF and IL-6) expressed rMo signature genes such as Ccr2and //1b6, which
were significantly reduced in the Re/"'~ group (2.5-fold and 6-fold reductions, respectively)
by Day 5 (Fig. 3a,b). However, by Day 7, Re/'~ cells showed increased expression of //16
as compared to the WT group, suggesting that non-rMos cells prevailed at later time points
of the Re/~ culture, which is in line with our previous report®.

Next, we investigated how CCR2 and IL-1p gene expression was regulated by c-Rel. Using
Chromatin Immunoprecipitation (ChlP), we found that c-Rel binds to the regulatory sites of
both Ccr2and /116 genes (Fig. 3c,d). We previously described an enhanceosome consisting
of c-Rel, C/EBPR, p65, and pSTAT3 in MDSCs®. To investigate whether CCR2 and IL-18
expressions were driven by this c-Rel enhanceosome, we performed a kinetic ChIP analysis
for these transcription factors. We found that c-Rel binding to the Ccr2and //16loci was
followed by the recruitment of the transcription factors C/EBP and p65 after cytokine
stimulation (Fig. 3e,f).

To validate our findings that both Ccr2and //1b6 are regulated by the c-Rel enhanceosome
factors, we evaluated publicly available ChlP-seq data from myeloid bone-marrow cells
(CistromeDB, Accession numbers: p65: 94578, Cebpb: 71767, c-Rel: 39585). Peak
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visualization in the UCSC browser suggests enrichment of all the enhanceosome factors
mentioned above at the enhancer sites within loci of both Ccr2and //16in bone marrow
cells ((Supplementary Fig. 4a,b). Corroborating our findings, we observed a decrease in
CCR2 protein expression in tumor-infiltrating myeloid Gr1* cells that were isolated from
Rel”"~ mice when compared with those of WT mice (Fig. 3g). Moreover, we found
significantly increased amounts of 1L-1p protein in the culture media of Re/”~ bone
marrow-derived MDSCs (BM-MDSC) as compared to the WT group by ELISA (Fig.

3h). Altogether, these findings suggest that c-Rel initiates enhanceosome formation, which
functions to induce rMo signature gene expression.

IL-1B—CCL2 crosstalk between rMos and tumor cells sustains immune tolerance.

CCR2-expressing monocytes usually traffic out of the bone marrow in response to CCL2
cues from distant sites23: 24, As described above, rMos preferentially accumulated in the
tumor microenvironment of tumor-bearing mice (Fig. 1e). To investigate which cell types
in the TME secrete CCL2 to sustain rMo recruitment, we examined Cc/2 expression in

our scRNA-seq dataset. Using the V/nPlot function to visualize Cc/2 expression in our
expanded data (including all the immune and tumor cells sequenced), we observed high
Ccl2 expression in intra-tumoral myeloid cells (rMos, CCR2™ MDSCs, and TAMs) (Fig.
4a). Intriguingly, one tumor cell cluster also expressed Cc/2 (Fig. 4a). To independently
study this tumor cluster and overall tumor cell heterogeneity, we re-clustered all tumor cells
into six distinct cell clusters (Fig. 4b). Interestingly, tumor cluster-6 had high expression

of chemokines Cxc/10, Cxcl2, Ccl2, and Cc/8when compared to the bulk tumor cell
population (Fig. 4b). Using the FindAllMarkers function, we identified Cd74, Nfkbia, and
Ifitm3 as distinguishing markers for this tumor cell cluster (Fig. 4b). Interestingly, Tumor
cluster-6 also expressed IL-1-receptor family genes //1r1, Il1rap, I/1r2, and //1rn (Fig. 4c).
//1r1 and //1rap are the genes expressing the receptor subunits for IL-12°. Since rMos
expressed high levels of IL-1p in the TME, we wondered if IL-1R1* IL-1Rap*™ CD74N
tumor cells could respond to IL-1B signals to promote CCL2 production and sustain rMo
recruitment. First, we sorted CD74" B16F10 tumor cells from B6 tumor-bearing mice. We
confirmed increased expression of Cc/2, //1r1, and //1rapin CD74M tumor cells, when
compared with the bulk of the tumor cells (Fig. 4d, e). To assess the role of IL-1f

in regulating CCL2 expression, we generated IL-1pB-rich conditioned media by culturing
BM-MDSCs (generated with GM-CSF and IL-6 as in Fig. 2) for 24 hours. By ELISA we
confirmed the markedly increased amounts of IL-1p in MDSC-conditioned media when
compared with control media (Fig. 4f). We then assessed if the treatment with recombinant
IL-1p or IL-1B-rich conditioned media could elicit Cc/2expression in B16F10 cells. We
observed a similar increase in Cc/2 expression following treatment with either recombinant
IL-1B or MDSC-conditioned media (Fig. 4g). Co-treatment with the IL-1p-specific inhibitor,
Diacerein, abrogated the conditioned media-induced Cc/2 expression, suggesting the effect
was IL-1B-mediated (Fig. 49).

c-Rel is an important transcriptional regulator for Cc/2in cancer and immune cells26: 27. 28,
Therefore, we performed ChIP analyses of B16F10 cells treated similarly as in Fig.

4g and confirmed increased binding of c-Rel to Cc/2regulatory sites upon stimulation
with conditioned media (Fig. 4h). Collectively, the data reported here suggest that tumor

J Leukoc Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 6

cells secret chemokine CCL2 via c-Rel to recruit rMos to the TME, and that IL-18
secretion by rMos, in turn, enhances the expression of CCL2, forming an immune tolerant
microenvironment conducive to tumor growth.

rMos can differentiate into Argl-expressing macrophages within the TME.

To investigate myeloid maturation and differentiation patterns, we performed a pseudotime
analysis on the myeloid clusters, using the Monocle package in R. The analysis suggested
that some rMos differentiated into CCR2™ monocytes, some of which could then become
Argl* F4/80* TAMs (Fig. 5a—c). As shown in the dendrogram, rMos, CCR2™ monocytes,
and TAMs are clearly separated within the myeloid clusters, suggesting that the CCR2™
monocytes represented an intermediate population between rMos and TAMs (Fig. 5d).

To validate these findings experimentally, we applied culture supernatant of B16F10

cells (to mimic the TME) to BM-MDSCs in culture. Flow cytometry results showed a
decrease (25.5% to 15.1%) in CCR2*F4/80™ cells treated with tumor-conditioned media
when compared to non-conditioned media, whereas the F4/80"CCR2~ cells increased from
14.2% in the control to 21.4% in the group treated with tumor cell-conditioned media

(Fig. 5e). To confirm these results, we performed an adoptive transfer experiment where

we generated CD45.1 BM-MDSCs, sorted out CCR2* rMos, and injected the latter cells
intravenously into CD45.2 tumor-bearing mice. We observed decreased CCR2 and increased
F4/80 expression in CD45.1 cells in the tumors of recipient mice (Fig. 5f). Altogether, our
findings suggest that rMos, CCR2™ monocytes, and TAMs are developmentally linked, with
some rMos transitioning into Argl* TAMs in the TME via an intermediary CCR2" state.

rMos are conserved in human melanoma TME.

To evaluate if rMos are conserved in humans, we explored published single-cell RNA
sequencing data of human melanoma samples (GSE123139)2°. Li et a/. performed single-
cell transcriptional profiling of immune cells from tumors of several melanoma patients.
We performed clustering of this dataset and identified six distinct immune cell populations
(Fig. 6a). Within the monocytic/macrophage-like clusters (CD14*, Clusters 1-3, 5, 6), there
were two distinct IL-1B* populations (Fig. 6b): One CCR2™REL" cluster (Cluster 2) and
one CCR2*REL™ cluster (cluster 5) (Fig. 6b). Clusters 1-3 had high expression of the
mature macrophage marker CD163 (Fig. 6¢). We also assessed the expression of several
immunosuppressive factors. NOX2 (CYBB) was highly expressed in all CD14* clusters
except for cluster 6 (Fig. 6¢). TGF-B (TGFB1) was expressed in Clusters 3 and 5, whereas
COX2 (PTGS2) was specific to Cluster 5 (Fig. 6d). In fact, Cluster 5 was the only cluster
that expressed all immunosuppressive factors examined.

Highly suppressive human MDSCs can be generated by treating PBMCs isolated from
healthy donors with GM-CSF and IL-6 for seven days!®. To assess if this would induce

an rMo subpopulation within MDSCs, we treated PBMCs from a healthy donor with GM-
CSF and IL-6, and monitored CCR2 and IL-1p expression. Cytokine treatment markedly
increased CCR2 and IL-18 mRNA (Fig. 6e). Co-treatment with the c-Rel inhibitor (R96A)°,
inhibited the cytokine-driven increase in CCR2 and IL-1f, suggesting that the effect was
partially c-Rel-mediated (Fig. 6€). We also monitored the accumulation of CD14*CCR2*
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monocytes by flow cytometry following cytokine treatment with or without the c-Rel
inhibitor. Cytokine treatment induced a 2-fold increase in CCR2-expressing CD14™ cells
in human PBMCs (Fig. 6f). Co-treatment with R96A abrogated the induction and immune
suppression, suggesting that similar to the mouse, a population of Rel-dependent MDSCs
is present in humans (Fig. 6f,g). We then performed pseudo time trajectory analysis on

the human scRNAseq dataset to evaluate whether rMos (CD14*CCR2*) would transition
into mature macrophage subsets (CD14"CD163M). We found that IL-1p* CCR2* cells
transitioned into CD163™ cells (Fig. 6h,i). These results corroborated our findings in Fig. 5
and suggested that human rMos could differentiate into TAMs.

DISCUSSION

Expanded, heterogenous MDSC populations in the TME are significant impediments to
immunotherapy such as checkpoint blockade?: 3 4 5. Deconstructing MDSC heterogeneity
within different tumor contexts is essential to devising targeted approaches to improve
immunotherapy. Here we use single-cell RNA sequencing to dissect intratumoral

MDSC heterogeneity and investigate myeloid suppressive populations. We identified a
subset of strongly suppressive CCR2*Arg1~1L-1g" monocytic MDSCs, rMos, which are
developmentally and functionally dependent on c-Rel. We show that rMos are a product
of tumor-induced inflammation in the bone marrow and are recruited to the TME by a
CCR2:CCL2 axis. Crucially, in the TME, they are potent immunosuppressors, inhibiting
T-cell proliferation and activity, before transitioning into Argl-expressing macrophages
(Supplementary Fig. 5).

Depletion of environmental arginine by Argl has long been thought to be the predominant
mechanism of T-cell suppression in MDSCs3%: 31, Qur data indicates rMos, which were

a more suppressive MDSC subset, suppress T-cell function without high Argl expression.
These results suggest that Argl may not be crucial to the function of this MDSC subset,
and Argl-targeted therapeutic approaches, which have been recently reported32 33 may not
suffice to ablate MDSC-driven immunosuppression. In the absence of arginase expression,
we posit ROS as a significant mechanism of immunosuppression for rMos. rMos produced
much higher levels of ROS than TAMs.

rMos likely develop in the bone marrow as a result of sustained tumor-induced
inflammation. This is mediated by a c-Rel enhanceosome that directly binds and transcribes
signature genes such as Ccr2and //1bin response to cytokine stimulation. We and several
others have proposed that enhanceosomes are key drivers of altered myelopoiesis during
pro-tumor immune cell development®: 34. 35. 36,37 Here we showed that a c-Rel-specific
inhibitor, R96A, inhibited rMo differentiation, with no significant toxicity observed®.
Therapeutic approaches targeting enhanceosome complexes that specify the development of
rMos could thus be crucial to potentiate immunotherapy. We previously showed that the c-
Rel inhibitor R96A could block tumor growth in melanoma and lymphoma mouse modelsS.
Crucially, R96A synergized with lymphocyte checkpoint blockade (anti-PD-1 antibodies),
presumably by inhibiting rMo development and immunosuppression. Our results suggest
that the combination of c-Rel pharmaceutical inhibition with checkpoint blockade would be
a viable clinical strategy.
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rMos, which express a high level of CCR2, are chemotactically recruited to the tumor-
microenvironment via CCL2. We show that CCL2 in the tumor-microenvironment is
secreted by myeloid cells (TAMs and CCR2~ MDSCs) and CD74M tumor cells. This tumor
cluster had high expression of chemokines Cxcl10, Cxcl2, Ccl2, and Ccl8, which are known
to be the regulators of immune cell recruitment38. Melanomas have previously been shown
to express a number of chemokines3?; in one instance, the CCL21 production by melanomas
sustained regulatory T cells and MDSC recruitment to the TME with concomitant
immunosuppression9. CCL3, CCL4, and CCLS5 are also enriched in melanoma, promoting
the recruitment of CCR5" MDSCs*L. Our data suggest that chemokines are not secreted by
the bulk of the tumor but rather by a small immunomodulatory tumor subset marked by
CD74. Interestingly, CD74 is associated with increased immune cell infiltration and poor
clinical outcomes in melanoma“2. Our data suggest a hitherto unknown regulatory axis and
a potential mechanism for this phenomenon where CD74" melanoma cells respond to IL-1
secreted by rMos to produce more Ccl2 and sustain rMo recruitment. CD74 could thus
represent an intriguing therapeutic candidate to reduce the infiltration of immunosuppressive
cells. Inflammasomes are one of the most important mediators of innate immunity and are
known to drive various inflammatory disorders via processing the cytokine I1L-1p. NIrp3,

an important component of the inflammasome, plays a key role in the processing and
secretion of IL-1p. In this study, we found a markedly increased amount of NIrp3 mRNA in
rMos as compared to macrophages and CCR2™ monocytes (Supplementary Fig. 2a). These
results indicate that there might be an enhanced inflammasome activation to promote IL-1p
maturation and secretion in rMos.

In the TME, tumor-derived factors reprogram infiltrating myeloid cells to change their
phenotype and immunosuppressive functions#3 44. 45, Specifically, the activation of HIF-1a
under hypoxic conditions can drive the differentiation of M-MDSCs into macrophages and
induce their expression of Arg146. Here we show that some of the rMos that traffic to

the TME through the CCR2:CCL2 axis, lose CCR2 and IL-1p expression and mature into
Argl-expressing TAMs. Interestingly, the TAM population is an abundant source of CCL2 in
the TME, suggesting that the trafficking of rMos may also be regulated by a feedback loop
through mature Argl-expressing TAMSs.

Whether tissue-resident macrophages, tissue-infiltrating monocytes, or M-MDSCs
contribute to the TAM pool is the subject of debate*®. Our study shows several distinctive
subsets of myeloid cells within the TME. Unlike the CCR2™ monocytic population, rMos
are characterized by their high expression of genes that regulate immune response and
response to cytokines and chemokines, suggesting that they are critical players in the innate
immune response. Consistent with this idea, our functional studies show that the suppressive
function of rMos exceeds that of the Argl-expressing TAMs. Consistent with previous
studies, our pseudotime analysis shows that some Argl-expressing TAMs derive from rMos,
whereas others derive from other macrophage precursor cells, potentially tissue-resident
macrophages?6: 47. 48,49,

In summary, our study identified a suppressive, c-Rel-dependent monocyte (rMo) subset
that is induced by tumor-sustained inflammation. rMos are likely generated in the bone
marrow and migrate to the TME through a CCR2:CCL2 axis. Defining the phenotypic,
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developmental, and functional characteristics of rMos as described here is a cornerstone for
clarifying MDSC heterogeneity and may open up new avenues for cancer immunotherapy.

Global Rel gene knockout (Re/”~) C57BL/6 (B6) mice (a gift from Dr. Hsiou-chi

Liou, Cornell University) and floxed Re/gene (Rel!oxP/1oxPy B6 mice (a gift from Dr.
Sankar Ghosh, Columbia University) were generated as described previously®. LysM-cre
(B6.129P2-Lyz2tm1(cre)lfo/J) and C57BL/6J mice were originally purchased from The
Jackson Laboratory. Male and female mice between the ages of 5 and 8 weeks were used
in the study. All mice were housed at the University of Pennsylvania animal care facilities
under pathogen-free conditions and all procedures were preapproved by the institutional
animal care and use committee.

Human samples

Cells

Blood samples from human healthy donors were collected by the Human Immunology
Core at the University of Pennsylvania with approval from the ethics committee and
institutional review board. Written consent was obtained from each healthy donor before
blood collection. All experiments involving blood samples from healthy donors were
performed in accordance with relevant ethical regulations.

B16F10 cells were obtained from the ATCC and cultured in Roswell Park Memorial
Institute (RPMI) medium supplemented with 0.1mM non-essential amino acids, 1mM
sodium pyruvate, 2mM I-glutamine, 25mM HEPES, 55uM 2-mercaptoethanol, 10% FCS
and 1% penicillin-streptomycin (100U/ml penicillin, 100ug/ml streptomycin). RAW264.7
cells were obtained from the ATCC and cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 0.1mM nonessential amino acids, 1mM sodium pyruvate,
2mM I-glutamine, 25mM HEPES, 55uM 2-mercaptoethanol, 10% FCS and 1% penicillin-
streptomycin (100U/ml penicillin, 100ug/ml streptomycin). All cultures were maintained in
a humidified 5% CO, incubator at 37°C.

Tumor models and tissue collection

To generate subcutaneous tumors, 0.5 x 10° (Fig. 1a)or 0.3 x 108 (Fig. 1f) B16F10 and 0.3 x
108 sorted CCR2* or CCR2™ cells were injected subcutaneously into each mouse. Mice with
comparable tumor sizes were sacked and tissues were collected.

Blood was collected from the heart using a 24-gauge needle and syringe. Blood was
suspended in 5 ml of red blood cell lysis buffer and incubated at RT for 15 min. Cells

were quenched in 5 ml of RPMI with 3% FBS. Cells were then resuspended in FACS buffer
and stained for flow cytometry. After the right atrium and left ventricles were punctured,
mice were perfused with 15 ml of PBS before the tumor, spleen, and bone marrow were
collected.
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To obtain tumor-infiltrating cells, tumors were digested in RPMI 1640 (Gibco)
supplemented with 0.5 mg/ml collagenase type IV (Gibco) and 0.1 mg/ml DNase |
(Sigma-Aldrich) for 20 min at 37°C. Tumors were then treated with Percoll(GE Healthcare
Lifesciences, 17089101) and immune cells were isolated for flow cytometry and sorting.
Spleens were homogenized and treated with RBC lysis buffer (eBioscience, 00-4300-54)
before staining.

Single-cell RNA-sequencing

FACS-isolated CD45* cells from the 5 pooled tumors from WT (LysM-cre x Re/*!*)

or myeloid Rel knockout mice (LysM-cre x Rel!0xP/1oxP) vere washed once in PBS
(calcium- and magnesium-free) containing 0.04% BSA and resuspended to a concentration
of 700-1200 cells/ul. The DNA libraries were prepared using the Chromium Single Cell

3’ Reagents Kits and 10x Genomics Chromium platform for droplet-enabled sScRNAseq
according to the manufacturer’s instructions. Each library was sequenced on the Illumina
HiSeq 4000 platform to achieve an average of 10000 reads per cell. Alignment of 3’

end counting libraries from scRNAseq analyses was completed using 10x Genomics Cell
Ranger. The “Cell Ranger Aggr” function was used to normalize the number of confidently
mapped reads per cell across the two libraries.

Analysis of single-cell RNA sequencing

Seurat version 3.2.2 was used for cluster identification in ScRNAseq datasets®?: 51, The

raw counts data were read in R and normalized by log transformation. Cells with a
mitochondrial ratio above 0.2 were removed. Using Seurat’s “FindIntegrationAnchors”

and “IntegrateData” functions, cells from WT and Rel™~ mice were integrated into a

single analysis. For analysis of human melanoma data (GSE123139), counts matrix files
from samples GSM3496287_AB1891, GSM3496288_AB1892, GSM3496289_AB2093,
GSM3496292_AB2096, GSM3496293_AB2097, GSM3496294_AB2098,

GSM3496295 AB2099 and GSM3496299 AB2103 were read into Seurat and integrated
using both “FindintegrationAnchors” and “IntegrateData” functions. For UMAP (Uniform
Manifold Approximation and Projection) dimension reduction and clustering analysis, we
used the first 30 principal components. Mc1rand S100al were used to identify tumor
clusters and SingleRP2 was used to identify the cell types for the other clusters. Specific
markers were determined using the “FindAllMarkers” function and used in GProfiler3 for
enrichment analysis and visualization using the “DoHeatMap” function in Seurat. Violin
plots were generated using Seurat’s “VInPlot” function. Monocle3 was used for pseudotime
analysis and to generate the pseudotime expression graphs®* ®°. The integrated preprocessed
Seurat object was normalized, clustered, and visualized using UMAP for dimensionality
reduction. TooManyCells was used to visualize transcriptionally similar cells and generate
dendrograms®®.

Generation of murine and human MDSCs

Bone marrow-derived MDSCs were generated from the bone marrow of naive WT or
Rel!~ mice using GM-CSF and IL-6 as previously described®. Briefly, following red blood
cell lysis, freshly isolated bone marrow cells were cultured in a complete RPMI medium
containing GM-CSF (100 ng/ml) (BioLegend, 576306) and IL-6 (100 ng/ml) (BioLegend,
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575706), at a density of 5 x 10° cells/ml for seven days. Human MDSCs were similarly
generated by treating PBMCs from healthy donors with GM-CSF (100 ng/ml) and IL-6 (100
ng/ml) in a complete RPMI medium, at a density of 5 x 106 cells per ml, for seven days. The
c-Rel inhibitor R96A (5uM final concentration) was added to select cultures once per day.

Flow cytometry and sorting

Single-cell suspensions from isolated tissues and cultured BM-MDSC cells were suspended
in FACS buffer and incubated for 20 min with fluorescence-labeled antibodies with the
different combinations of the following antibodies: CD45.1 (BioLegend, 110743), CD45.2
(BioLegend, 109828), CD11b (BioLegend, 101208), F4/80 (BioLegend, 123115), CCR2
(BioLegend, 150611), CD8 (BioLegend, 100714), CD4 (Invitrogen, MCD0404-3), Ghost
Dye™ UV 450 Viability Dye (Cell Signaling, 80862S) and Ghost Dye™ Red 450 Viability
Dye (Cell Signaling, 18452S).

Flow cytometry was conducted using FACS Canto and LSR |1 flow cytometry systems
(BD Biosciences). Sorting was done by the Flow Cytometry and Cell Sorting Resource
Laboratory at the University of Pennsylvania using BD FACS Aria and Influx sorters (BD
Biosciences). Gating for rMo: live, CD45+, CD11b+, CCR2+, F4/80-; gating for tumor-
associated macrophages: live, CD45+, CD11b+, CCR2-, F4/80+. All data were analyzed
with the FlowJo software (FlowJo LLC, version 10.0.7).

T-cell suppression assay

Murine T cells labeled with 1 uM carboxyfluorescein succinimidyl ester (CFSE)
(Thermofisher Scientific, C34554) were activated with plate-bound anti-mouse CD3 (250
ng/ml) (Invitrogen, 16-0031-85) and soluble anti-mouse CD28 (250 ng/ml) (BioLegend,
102102), and co-cultured at different ratios with murine MDSCs for 72 h. Human PBMCs
from healthy donors were labeled with 1 pM CFSE, activated with plate-bound anti-human
CD3 (1 pg/ml) and soluble anti-human CD28 (5 ug/ml), and cocultured at different ratios
with human MDSCs generated in vitro for 72 h. Cells were washed with FACS buffer

and stained for 20 min with preconjugated fluorescence-labeled antibodies for CD3, CD4,
and CD8. CD8" and CD4™ T-cell proliferation was measured by flow cytometry using the
decrease in CFSE fluorescence in CD8" and CD4* T cells compared with unstimulated T
cells. The percentage of T-cell suppression was calculated as follows: ((percentage of T-cell
proliferation of cultures with anti-CD3 and anti-CD28 - percentage of T-cell proliferation
of cultures with anti-CD3, anti-CD28 and MDSCs) / percentage of T-cell proliferation of
cultures with anti-CD3 and anti-CD28) x 100.

Migration assay

Transmigration was assessed using a 5.0-um pore size 96-well ChemoTx transwell system
(Neuro Probe). First, 30uL migration buffer with or without 100 ng/ml MCP-1/CCL2
(Biolegend, 578404) was added to the lower chamber. Then, 5 x 104 sorted cells were
seeded in the upper chamber. After 6 hours of incubation at 37 °C, the transmigrated cells
were collected and counted.
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ROS detection assay

A total of 15x103 cells were incubated with 0.5 uM DCFDA (Thermo Fisher Scientific,
D399) dye in Hank’s Balanced Salt Solution for 20 minutes (Thermo Fisher Scientific).
Fluorescence intensity was measured using a plate reader (at 485/535 nm) and the signal was
subtracted from background fluorescence and normalized to the total number of cells.

Enzyme-linked immunosorbent assay

IFN-y and IL-1B in the culture supernatant were measured by sandwich ELISA (Invitrogen,
M421B) according to the manufacturer’s protocol.

Quantitative real-time PCR

RNA was isolated from cells and tissues using Qiagen’s RNeasy kit (Qiagen, Cat. No.
74104) according to the manufacturer’s protocol. cDNA synthesis reaction was performed
using the SuperScript™ 111 First-Strand Synthesis System (Thermo Fisher, 18080051). Real-
time quantitative PCR of target sequences was performed using an ABI 7500 Fast Real-Time
PCR System (Applied Biosystems). Relative mMRNA levels were calculated using the ACt
method using internal controls (18s ribosomal RNA for mice, GAPDH for humans). For
primer information please see Supplementary Table 1.

Chromatin Immunoprecipitation

ChIP was performed using the ChIP-IT Express Enzymatic kit (Active Motif), according

to the manufacturer’s protocol. Briefly, following culture and treatment with appropriate
treatment media, BM-MDSCs, B16F10, RAW264.7, or bone marrow cells were fixed

with 1% formaldehyde, then lysed with ice-cold lysis buffer. Chromatin was sheared by
enzymatic digestion, input DNA set aside, and protein/DNA complexes immunoprecipitated
overnight at 4°C using 2ug of the following antibodies: c-Rel (SCBT, sc-365720, clone
G-7), C/EBPR (SCBT, sc-7962, clone H-7), p65 (SCBT, sc-372, clone c-20), pSTAT3 (Cell
Signaling Technologies, 91455, D3A7) or control mouse 1gG. Reverse crosslinking was then
performed at 95°C followed by proteinase K digestion. Identification of genes of interest

in bound chromatin was performed by PCR/gPCR using the same primers listed for other
gPCR experiments. Transcription factor occupancy of target genes was computed using the
percent input method.

Western blot

Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer in the presence

of a protease inhibitor cocktail (Roche). Cell lysates were then subjected to 10% SDS—
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes
(Bio-Rad Laboratories). The membranes were probed overnight at 4 °C with antibodies
specific for CCR2 (Cell Signaling, 12199) and GAPDH (Cell Signaling, 2118s) according
to the manufacturer protocol, followed by incubation for 1 h at room temperature with
secondary antibodies conjugated with peroxidase. Membrane-bound immune complexes
were detected with the Super ECL Detection Reagent (Thermo Fisher Scientific) on an
Amersham Imager 600.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of c-Rel-dependent monocytes by single-cell RNA sequencing.

a, Workflow for scRNA-seq of viable CD45.2* cells isolated by FACS from LysM-cre x
Rel** and LysM-cre x Rel!oXP/1oxP mice harboring similarly sized B16F10 tumors (n=5
mice/group).

b, UMAP plots of 2830 intratumor myeloid cells that were selected for subsequent analyses.
Each dot of the UMAP plot represents a single cell. Cell clusters are color-coded by
associated cell types. ¢, Percentages of myeloid cell types inferred by Panel b.

d, Heatmap showing indicated gene expression across myeloid clusters.

e, Percentages of CD11b*CCR2* cells in the indicated tissues of naive and B16F10 tumor-
bearing WT and Re/”~ mice, as determined by flow cytometry; for naive mice: WT, n=6
mice, Re/’~, n=7 mice; for tumor-bearing mice: WT, n=7 mice, Re/~, n=8 mice.

f, Tumor growth in WT mice injected s.c. with B16F10 tumor cells plus CCR2*(rMo)/
CCR2™ monocytes (n = 10 mice/group).
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g, Percentages of CD44N9N cells in intratumor CD8* cells in f, as determined by flow
cytometry. Statistical significance was determined by a two-tailed unpaired t-test. Data are
presented as means + s.e.m. (e-f), and pooled from two independent experiments (e) (*,
P<0.05; **, P<0.01).
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Fig. 2. rMos are potent suppressorsof T cells.
a-c, The degree of suppression, at the indicated effector:T cell ratio, of CD8 (left) and

CDA4 (right) T cell proliferation by purified WT or Re/"~ CD11b*CCR2* cells (rMos)

and CD11b*CCR2" cells from i) cytokine-treated bone marrow cultures of naive mice

(a, n=3 /group); ii) mice that had similarly sized B16F10 tumors (b, n=3 /group); o iii)
cytokine-treated bone marrow cultures of naive mice, with or without R96A (c, n=3 /group),
(*, P<0.05; **, P<0.01; ***, P<0.001).

d, e, Transmigration of CD11b*CCR2* and CD11b*CCR2™ cells, isolated as described in a
(d) and c (e), (*, P<0.05; **, P<0.01).

Statistical significance was determined by two-way ANOVA with Tukey post-hoc test (a-c)
and one-way ANOVA with Tukey post-hoc test (d,e). For all panels, technical replicates

of pooled samples (5 mice per group) were tested; data are presented as means + s.e.m.,
and experiments were repeated 2 times independently with similar results; data from one
representative experiment are shown.
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Fig. 3. Regulation of rM o signature genes by the c-Rel enhanceosome.
a, b, Relative mRNA levels of Ccr2(a) and //16 (b) in bone marrow-derived MDSCs of WT

and Ref'~ mice, determined by real-time RT-PCR. (n=3 /group; ***, P<0.001).

¢, d, c-Rel binding to the Ccr2(c) and //1b(d) gene promoter regions in bone marrow-
derived MDSCs as determined by chromatin immunoprecipitation assays (ChIP). Control
IgG and input DNA are shown as controls. The bar graph shows the relative c-Rel binding to
the Ccr2gene promoter region compared with input. (*, P<0.05; **, P<0.01)

e, f, The binding kinetics of c-Rel, C/EBP, and p65 to the Ccr2 (e) and //1b () gene
promoters in cultured bone marrow cells treated with GM-CSF and IL-6 for up to 18 hours
as determined by ChlP.

g, CCR2 protein expression in splenic Gr-1* cells isolated from Re/”~ and WT B16F10
tumor-bearing mice as determined by Western blot (n=3/group) (g). The bar graph shows the
relative quantities of the CCR2 protein in the corresponding lane shown left (**, P<0.01;).
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h, IL-1p protein in the media of bone marrow-derived MDSCs of WT and Re/”~ mice as
determined by ELISA. Statistical significance was determined by two-tailed unpaired t-test
(a-d, g,h). Data are presented as means * s.e.m. (a-d, g,h), and experiments were repeated 2
times independently with similar results; data of one representative experiment are shown.
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Fig. 4. 1L-1B and Ccl2 crosstalk between rMos and tumor cells.
a, Violin plots showing Cc/2 gene expression in tumor clusters and immune clusters.

b, c, Bubble plot showing the expression of indicated chemokines (b) and I11-receptor
family proteins (c) across different tumor clusters.

d, e, Relative mRNA levels of Cd74, Ccl2(d) and //1r1, //1rap (e) between CD74M and
CD74!° tumor cells as determined by real-time RT-PCR.

f, IL-1P secreted in the conditioned media of MDSC cultures compare with control media as
determined by ELISA.

0, h, Relative Cc/ZmRNA level of B16F10 cells (g) and Raw264.7 cells (h) with indicated
treatments as determined by real-time RT-PCR.

i, j, Bar graphs show the relative c-Rel binding to the Cc/2gene promoter region in B16F10
cells (i) and Raw264.7 cells (j) with indicated treatments compared with input as determined
by ChlP. Statistical significance was determined by two-tailed unpaired t-test (d-f) and
one-way ANOVA with Tukey post-hoc test (g-j). For panel d-j, data are presented as means
+ s.e.m., and experiments were repeated 2 times independently with similar results; data of
one representative experiment are shown.

J Leukoc Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal.

Page 23
a pseudotime
A
o
<
=
= R log10(Expression)
A B 15
Arg1 0
05
* 00
3 05
N %
C
A Ccer2
10 @ Arg1 high Ccr2 high
o ’ + @ Arg1 high Ccr2 low
§ s apeTEl @ Searn @ Arg1 low Ccr2 high
g PV ot Barw A M o AL .Arg1 |0W CCr2 |OW
o .- @B sy
20| — o .
u’j S N
N .
0 1 2 3 4 5
Pseudotime
A Arg1
30 - &
[ =4
S 10
I3 .
]
g 3|
x A
w W
1
0o 1 2 3 4 5
Pseudotime
e f Generate R
i o ; CD45.1 g [CCR2 CCR2 FaB0-  [F4/8O
5 = control media © 10% tumor media BM-MDSCs s M £ A
= 30 *% =) I\ i /|
© o} [\ o [— — [
3 : b 1 /1|8 \
© 220 T 1 /7 \|» o X
29 T
89, 4 CCR2 Fa/80
= % Sort
go CD11b*CCR2"
= @ .
CCR2F4/80°  CCR2F4/80* cells 8 2 8000
/g 100 i < 6000 "
= w
Control media 10% tumor media 5 ﬁ 50 5 4000:
28 I 2000
Inject tumor bearing S 2 =
CD452mice X< 0 0
Moniter CCR2 o Sorted O Intratumor
peak shift CD45.1* rMos CD45.1* cells

Fig. 5. Therelationship between rMosand TAMsin TME.
a, Monocle analysis on Myeloid populations resulted in branched trajectory with 6 distinct

Monocle states (color code for each state is indicated).

b, Ccr2and Arg1 expression levels along the branched trajectory.
¢, Pseudotime plot illustrating expression of Ccr2and ArgZ genes over pseudotime.

d, Color-coded tree with the expression level of Ccr2and Arg1 by TooManyCells analysis.
e, Percentages of indicated cell subsets in BM-MDSCs cultured with control media or 10%
tumor cell-conditioned media as determined by flow cytometry (n=3 samples/group).

f, Adoptive transfer experiment flowchart (left), stacked histograms (upper right), and bar
graph (lower right) showing CCR2 and F4/80 levels in sorted CD45.1* cells (pooled from 8
donor mice) and CD45.1* cells in the tumors of recipient mice (n=5 mice).

Statistical significance was determined by two-tailed unpaired t-test (e and f). Data are
presented as means + s.e.m. For panel e, experiments were repeated 2 times independently
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with similar results, and data of one representative experiment are shown. For panel f, data
are pooled from two independent experiments.
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Fig. 6. rMosare present in human melanoma TME.

a, UMAP plots of single-cell RNA sequencing data of human melanoma samples
(GSE123139).

b-d, Violin plots showing indicated gene expression.

e, Relative mRNA levels of CCR2 and IL1B in human MDSCs as compared to PBMC cells,
determined by real-time RT-PCR. (n=3 samples/group; ***, P<0.001)

f, Stacked histograms showing CCR2 levels in human MDSCs with indicated treatment.

0, The degree of suppression, at the indicated effector: T cell ratio, of CD8 T cell
proliferation by purified CD11b*CCR2* cells (rMos) and CD11b*CCR2~ cells from
cytokine-treated human PBMC cultures with or without R96A. (n = 3 biologically
independent cultures per group; **, P<0.01***, P<0.001)

h, Monocle analysis on human myeloid populations resulted in a branched trajectory with 4
distinct Monocle states (color code for each state is indicated).
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i, IL1B, CCR2, CD14, and CD163 expression levels along the branched trajectory.

Statistical significance was determined by two-tailed unpaired t-test (e) and two-way
ANOVA with Tukey post-hoc test (g). For panels e and f, data are presented as means *
s.e.m., and experiments were repeated 2 times independently with similar results, and data of
one representative experiment are shown.

J Leukoc Biol. Author manuscript; available in PMC 2023 April 01.



	Abstract
	INTRODUCTION
	RESULTS
	Identification of a c-Rel-dependent intra-tumoral MDSC subset at single-cell resolution.
	c-Rel enhanceosome programs the gene signature of rMos.
	IL-1β−CCL2 crosstalk between rMos and tumor cells sustains immune tolerance.
	rMos can differentiate into Arg1-expressing macrophages within the TME.
	rMos are conserved in human melanoma TME.

	DISCUSSION
	METHODS
	Mice
	Human samples
	Cells
	Tumor models and tissue collection
	Single-cell RNA-sequencing
	Analysis of single-cell RNA sequencing
	Generation of murine and human MDSCs
	Flow cytometry and sorting
	T-cell suppression assay
	Migration assay
	ROS detection assay
	Enzyme-linked immunosorbent assay
	Quantitative real-time PCR
	Chromatin Immunoprecipitation
	Western blot

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

