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SUMMARY

Myeloid suppressor cells promote tumor growth by a variety of mechanisms
which are not fully characterized. We identified myeloid cells (MCs) expressing
the latency-associated peptide (LAP) of TGF-B on their surface and LAP" MCs
that stimulate Foxp3* Tregs while inhibiting effector T cell proliferation and func-
tion. Blocking TGF-B inhibits the tolerogenic ability of LAP" MCs. Furthermore,
adoptive transfer of LAP" MCs promotes Treg accumulation and tumor growth
in vivo. Conversely, anti-LAP antibody, which reduces LAP" MCs, slows cancer
progression. Single-cell RNA-Seq analysis on tumor-derived immune cells re-
vealed LAP" dominated cell subsets with distinctimmunosuppressive signatures,
including those with high levels of MHCII and PD-L1 genes. Analogous to mice,
LAP is expressed on myeloid suppressor cells in humans, and these cells are
increased in glioma patients. Thus, our results identify a previously unknown func-
tion by which LAP" MCs promote tumor growth and offer therapeutic interven-
tion to target these cells in cancer.

INTRODUCTION

Myeloid cells (MCs) play a key role in priming and shaping the immune response and can either inhibit or
promote tumor growth depending on theirimmunological status (Poh and Ernst, 2018; Sica and Massarotti,
2017). MCs represent a highly heterogeneous population of immune cells that includes myeloid suppressor
cells (MSCs) or myeloid-derived suppressor cells (MDSCs) (Gabrilovich and Nagaraj, 2009; Marvel and Ga-
brilovich, 2015; Qian and Pollard, 2010). MSCs infiltrate tumor tissue and significantly contribute to tumor
growth by attenuating anti-tumor immune responses (Gabrilovich et al., 2012; Tcyganov et al., 2018), but
their diversity and mechanisms of function in the context of cancer remain largely unexplored. Two major
populations of MDSCs, monocytic and granulocytic/polymorphonuclear MDCSs have been described in
mice and humans (Marvel and Gabrilovich, 2015; Tcyganov et al., 2018). Murine monocytic MDSCs
(mMDSCs) express high levels of Ly6C and CCR2 but are negative for Ly6G (CD11b*Ly6C™'Ly6G ™), whereas
granulocytic MDCSs (gMDSCs) are CD11b+Ly6C"°Ly66+ (Peranzoni et al., 2010; Tcyganov et al., 2018). Of
note, Ly6C and CCR2 are also present on inflammatory monocytes. The recruitment of myeloid cells ex-
pressing high levels of Ly4C to injured tissue is dependent on the CCR2-CCL2 signaling (Qian et al.,
2011; Serbina and Pamer, 2006). Cancer cells, secreting CCL2, are known to attract CCR2 expressing
myeloid cells to the tumor site, thereby promoting their accumulation in the tumor microenvironment
(Chang et al., 2016; Qian et al., 2011; Zhao et al., 2013). The phenotypic markers that define human MDSCs
are different from those in mice. Human mMDSCs are defined as CD11b"CD33*CD14"HLA-DR'® and
gMDSCs are CD11b*CD33*CD14~CD15" (Gabrilovich and Nagaraj, 2009; Peranzoni et al., 2010).

One of the mechanisms by which MSCs suppress the immune response is by secreting TGF-B, a highly
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immunosuppressive cytokine implicated in tumor growth (Batlle and Massague, 2019). TGF-B can be hweiner@rics.bwh.harvard.
anchored on the surface of immune cells via its latency-associated peptide (LAP) bound to one of its edu (H.LW),
trans-membrane receptors (Shi et al., 2011). Importantly, TGF-B and LAP are products of the same gene,
associated as dimers in one tetrameric protein complex. Various immune cells, such as T cells, B cells, Continued
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myeloid cells and platelets that express LAP on their surface membrane possess immunosuppressive prop-
erties in mice and humans (Gabriely et al., 2017; Gandhi et al., 2007; Scurr et al., 2014; Zhang et al., 2016). In
fact, our group has shown that LAP*CD4" T cells promote cancer progression in different mouse models
(Gabriely et al., 2017). Although LAP-expressing myeloid cells have been identified in mice (Gabriely et al.,
2017; Ma et al., 2019; Qin et al., 2018) and humans (Gandhi et al., 2007; Hanada et al., 2018; Qosterlynck
et al., 1994; Slobodin et al., 2012, 2013; Tadmor et al., 2018), their role in cancer is not well understood.

In this study, we investigated the role that LAP-expressing myeloid cells play in cancer. For this, we em-
ployed mouse models of MC38 and CT26 colorectal cancer (CRC), and GL261 glioblastoma (GBM) and
in vitro suppression assays to measure the effect of LAP-expressing MCs on T cell proliferation and stim-
ulation of Tregs. In addition, we assessed the ability of LAP-expressing MCs to promote tumor growth
and induce immune suppression in vivo. We also performed single-cell RNA sequencing (scRNA-Seq)
on immune cells derived from CT26 tumor to characterize subtypes of LAP-expressing MCs in the tumor
tissue. Finally, we analyzed circulating MDSCs that express surface LAP in glioma patients. We found
that LAPH MCs, via mature TGF-B, can orchestrate immunosuppression and cancer progression in the tu-
mor micro-environment and macro-environment.

RESULTS
LAPH myeloid cells have a tolerogenic phenotype

To investigate the role of LAP-expressing myeloid cells in cancer, we first analyzed their phenotype in the
spleen andtumortissue of CT26 CRC and GL261 GBM mice. We found that LAP expressionon CD11b*CD3~
live cellsin the tumortissue ranges from high to negative without creating a distinctly separate population of
LAP positive cells (Figure 1A). Therefore, we defined the cells gated above the fluorescence-minus one
(FMO) control as LAPH and the remaining myeloid cell population as LAP-° MCs. We found that LAP™
MCs express high levels of Ly6C but do not express Ly6G in the spleen (Figures 1A, 1B, and S1A), thereby
sharing their markers with monocytic myeloid-derived suppressor cells (MMDSCs). We also found a similar
population of mMMDSCs that express LAP on their surface in the subcutaneous CT26 CRC and intracranial
GL261 GBM tumors (Figure 1A). We then analyzed LAP expression on microglia, an important myeloid
cell population known to express TGF-f and be associated with GBM (Butovsky et al., 2014; Geribaldi-Dol-
danetal., 2020; Wei et al., 2020). However, we did not find LAP expression on microglia (Figures 1A and S1B)
and thus focused our investigation on the peripheral myeloid cells. Flow cytometry analysis revealed that
LAPM MCs express elevated levels of CD115/CSF-1R (M-CSF-R), which is associated with immunosuppres-
sion (Huang et al., 2006; Pyonteck et al., 2013), as compared to LAP'° MCs in the spleen of naive mice (Fig-
ures 1B and S1C) indicating that LAP" MCs are more tolerogenic than LAP~° MCs. We also measured mRNA
expression of various immunological markers in LAP™ and LAP*° MCs isolated from spleen, bone marrow
(BM) and tumor tissue of CT26 tumor-bearing mice. We found that both Lrrc33/Nrros, a receptor that me-
diates LAP surface expression on myeloid cells (Qin et al., 2018), and Ccr2, a marker of Ly6C™ myeloid cells
(Serbina and Pamer, 2006) were highly expressedin LAP""MCs isolated from all these sites (Figure 1C). Inter-
estingly, we found elevated levels of several tolerogenic markers on LAPM MCs compared to LAP-> MCs.
Although the LAP"" MCs isolated from the spleen and BM expressed higher levels of Msr1, within the tumor
tissue, we found upregulation of several additional tolerogenic markers including Msr1, Mcr1, Stat3, and 1110
on LAPH MCs (Figure 1C). On the other hand, markers that support the anti-tumor immunity were downre-
gulated in LAP""MCs as compared to LAP-° MCs. Specifically, we found that LAP"" MCs exhibited reduced
levels of Ccl5 in the periphery and Ccl5, Ifng, and 1112 in the tumor (Figure 1C). We and others have shown
that TGF-B can induce its own expression in an autocrine manner in myeloid cells (Garo et al., 2019; Kashi-
wagietal., 2015). To assess whether TGF-B can regulate MCs in an autocrine manner, we measured the levels
of Tgfb1 and its receptors, Tgfbr1 and Tgfbr2, in LAP™ MCs isolated from MC38 tumor. Although Tgfb1
expression was increased in LAP™ MCs, the levels of TGF-B receptors were comparable between LAP™
MCs and LAP“° MCs (Figure S1D). This increase in TGF-B expression in LAP™ MCs was associated with
reduced inflammatory cytokines such as IFN-y and IL-12 (Figure 1C), which are known to be suppressed
by TGF-B suggesting that enhanced autocrine TGF-B signaling could be linked to the immunoregulatory
phenotype of LAPH MCs. Taken together, LAP expression is associated with the tolerogenic phenotype
of LAPH MCs, and these cells share markers with mMDSCs.

The tumor environment induces LAP" myeloid cells

We then examined whether LAP"" MCs are induced during tumor development to support its growth. For
this, we compared LAP" MCs in the spleen and BM of naive and tumor-bearing mice. We found that LAP
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Figure 1. LAP expressing myeloid cells have a tolerogenic phenotype
(A) LAP expression on MDSCs. Spleens of CT26 tumor-bearing mice and tumor tissues were dissociated, and cells were analyzed by flow cytometry.

Representative FACS plots and calculations of frequencies of LAP expressing cells are presented (n = 5). MG, microglia.
(B) Expression of indicated immune markers on LAP"™ and LAP"° MCs in the spleen of naive wild-type (WT) mice by flow cytometry (n = 5).
(C) Analysis of mRNA expression in LAP™ vs LAP-° MCs in the spleen of CT26 tumor-bearing mice and tumors by gPCR (n = 4).
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Figure 1. Continued

(D) Modulation of LAP" vs LAPY® MCs in the spleen and BM of tumor-bearing mice. Frequency (left panels) and mean fluorescent intensity (MFI, right panels)
of LAP™ vs LAP-> MCs were measured in the spleen and BM of naive (n = 5) and MC38 tumor-bearing (n = 7) mice.

(E) Migration of LAP" vs LAP~> MCs toward cancer cells. LAP" vs LAP=> MCs were isolated from the spleen of tumor-bearing mice and migration toward
CCL2 and tumor-conditioned media from MC38 and GL261 cancer cells measured in a migration assay described in the Materials and Methods section (n =
4). Data shown as mean + SEM. Two-tailed t test (A, left and middle panels; (B-E) and one-way ANOVA (A, right panel) were used for p value calculations.
***% < 0.0001. See also Figure S1.

expression on myeloid cells (measured by mean fluorescent intensity, MFl) isolated from either the spleen
or BM was higher in the tumor-bearing mice than in naive mice (Figures 1D and S1E). However, when we
measured cell frequencies, we found decreased frequencies of LAPH MCs in the BM but increased fre-
quencies in the spleen from tumor-bearing mice compared to naive mice (Figures 1D and S1E). These ob-
servations suggest that LAP expression is induced on myeloid cells during tumor development and that
LAP" MCs may migrate from the BM to the tumor tissue and spleen. Because the chemokine receptor
CCR2 is known to drive myeloid cells from the BM toward its ligand CCL2 produced by injured tissue (Swir-
skietal., 2009; Zhao et al., 2013), we investigated whether CCR2 is expressed on LAPHMCs. We found that
LAPT MCs express higher levels of surface CCR2 than LAP-° MCs (Figure 1C). Consistent with this, LAPH
MCs migrated better toward CCL2 than LAP™ cells in an in vitro migration assay (Figure 1E). In addition,
LAPH MCs were strongly attracted by tumor-conditioned media from MC38 and GL261 cancer cells, which
are known to secrete CCL2 (Figure 1E) (Zhao et al., 2013; Zhu et al., 2011). These findings suggest that tumor
cells recruit LAPY MCs via the CCL2-CCR2 axis to promote their growth.

LAPHi MCs suppress immune responses in vitro

To determine whether LAPH MCs can suppress the anti-tumor T cell responses, we performed proliferation
assays by culturing naive CD4" T cells with either LAP™ or LAP° MCs isolated from the tumor-bearing mice
and measured T cell proliferation (Figures S1F and S2A). We found that LAPH MCs isolated from either tu-
mor or spleen of tumor-bearing mice (Figures 2A and 2B) and from spleen and BM of naive mice (Fig-
ure S2B) are more effective in preventing T cell proliferation compared to LAP~> MCs. Because previous
studies have suggested that myeloid suppressor cells can induce regulatory T cells (Tregs) to promote tu-
mor growth (Huang et al., 2006), we tested whether LAPT MCs induce Tregs. We found that LAP™ MCs
induced higher frequencies of Foxp3" CD4" Tregs than LAP-° MCs (Figures 2C, 2D, and S2C). As LAP"
MCs express TGF-B on their cell membrane, we investigated whether TGF-B is responsible for suppressing
T cell proliferation and inducing Tregs. We found that treatment with either anti-TGF-B or anti-LAP anti-
bodies abrogated the ability of LAP"" MCs to suppress T cell proliferation or induce Tregs (Figures 2E,
2F, and S2D), indicating that TGF-B plays a major role in the suppressive function of LAP™ MCs. In addition,
we analyzed the ability of LAP"" MCs to modulate CD8" T cell proliferation. Similar to our findings with
CDA4* T cells, LAP"" MCs suppressed the proliferation of CD8" T cells in a TGF-B-dependent manner (Fig-
ure S2E). Furthermore, we found that IFN-y expression by CD4 T cells was diminished after exposure to
LAP"" MCs (Figures 2G and 2H). In summary, our ex vivo studies revealed that LAPY' MCs can suppress
the immune response by inhibiting T cell proliferation and inducing Tregs, and their function is mediated
by TGF-B.

LAPHi MCs promote tumor growth in vivo

We then asked whether LAP™ MCs can facilitate tumor growth in mouse models. First, we tested whether
the administration of anti-LAP antibodies, known to slow down tumor growth (Gabriely et al., 2017), also
reduces LAP™ MCs in vivo in the subcutaneous models of MC38 or CT26 CRC. We found anti-LAP treat-
ment slowed tumor growth, and the reduction in tumor growth was associated with decreased frequencies
of LAPY MCs in the spleen (Figures 3A-3D, S2F, and S2G). We then adoptively transferred LAPH or LAP®
MCs to mice implanted with MC38 tumors and found that animals that received LAPH MCs had increased
tumor growth compared to mice transferred with LAP-° MCs (Figure 3E), indicating that LAP™ MCs can pro-
mote tumor growth. Importantly, we found higher frequencies of Foxp3™ Tregs in the spleens of animals
that received LAPH MCs compared to mice that received LAP-> MCs (Figure 3F). This is consistent with
our in vitro findings that LAP"" MCs exhibit enhanced ability to promote Treg development. Moreover,
CD103"Foxp3™ and LAP" Tregs, both known for their superior regulatory function (Anz et al., 2011; Ga-
briely et al., 2017) were also increased after the LAP™ MCs transfer (Figures 3G and 3H), supporting the
immunosuppressive role of LAP™" MCs in vivo. However, Foxp3" Tregs were not significantly different in
tumors of mice transferred with LAP™" MCs compared to mice that received LAP"°> MCs suggesting that
the main mechanism by which adoptively transferred LAPH MCs function is through the induction of Tregs
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Figure 2. LAP" MCs have tolerogenic functions in vitro
(A and B) T cell proliferation assay of naive CD4" T cells from OTII-Foxp3/GFP mice in the presence of LAPH vs LAP-® MCs from MC38 tumors (A) and spleens
of tumor-bearing mice (B). Fixed number of T cells was used in the culture. Myeloid:T cell ratio reflects relative numbers of each cell type. T cells were

stimulated with OVA3,3 330 peptide. Percent of proliferation (left panels) and representative histograms (right panels) of responder CD4" T cells are shown

(n=4).

¢? CellPress

OPEN ACCESS

B Spleen o LAPHI
A LAPLO
100 PP
é Fkkk * ‘ LAPHI
g 80 —
< &
a 60
. 2
. © 60- LAPLO
[
- O 40-
g 20 E
[&]
5 P4
o
0 S
1:10 15 125
Myeloid:T cell ratio Celilrace™ Ylolet
D ~
Spleen E
45.96%
] LapHi
Kkkk E '&,1 ¥4 &
+ 8 3
™ LLARE | | RRSIL. IEEA L
S0 ¢ -
0 °|8=
B 4 Q 11.69% LapLo
- < 3
80 2 ﬁ I e 1
o 3
O._'._'_ CLLRE | RAE L, EREE . B
LAPHI LAPLe
CellTrace™ Violet
H
7.02% *kkk
LAPHi g 254 1
] (m]
= 201
o} Os
c [u]
— 151
a
104
&
18:3% Laplo  * g °g°
pa
L 0-

r IFN-y

CDh4

—I__I—
LAPHILAPLe
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Quantification (left panels) and representative dot plots (right panels) are shown (n = 4).
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Figure 2. Continued

(E) CD4 T cell proliferation assay in the presence of LAPH vs LAP'° MCs isolated from spleen; non-treated (NT) or treated with anti-TGF-B, anti-LAP, or IgG1
control antibodies. Percent of proliferation is shown (n = 3).

(F) Foxp3* Treg induction was measured in the assay described in (E). Percent of Foxp3™ T cells is shown (n = 3).

(G and H) IFN-y was measured on CD4 T cells after co-culture with LAP™ or LAP® MCs. Representative dot plots (G) and quantification (H) are shown (n = 4).
Data shown as mean + SEM. Two-tailed t test (A-D, H), two-way ANOVA (E) and one-way ANOVA (F) were used for p value calculations. ****, p < 0.0001. See
also Figure S2.

in the periphery thereby promoting systemic immunosuppression and tumor growth (Figure S2H). In sum-
mary, LAP"" MCs can facilitate tumor growth by promoting the generation of Tregs.

Single-cell analysis of LAP" cells reveals distinct myeloid cell subsets in the CT26 tumor
model

To better characterize LAP-expressing myeloid cell subtypes, we examined LAP™ immune cells that infil-
trate CT26 tumors by single-cell RNA sequencing (scRNA-Seq). We isolated LAP™ and LAP-® CD45" live
cells from CT26 tumor tissue and performed scRNA-Seq using a Seqg-Well approach (Gierahn et al.,
2017) (Figure 4A). Combined gene expression analysis revealed upregulation of several tolerogenic
myeloid cell genes, including Arg1/2, Csf1r (CD115), Mmp14 (MT1-MMP), Mrc1 (CD206), Msr1 (CD204),
and Fn1in LAPY cells compared to LAP'° cells (Figure 4B). On the other hand, proinflammatory genes
including Ccl5, Cer7, Ifng, and Gzmb were downregulated in LAPH cells. MHCII genes that mediate antigen
presentation (e.g., H2-Aa, H2-Ab1, H2-Eb1, and CD74) were increased in LAPM cells. In addition, we found
that the number of cells that express markers of myeloid cells, Lyz2 (LysM) and Itgam (CD11b), was signif-
icantly higher among LAPH cells (Figure 4C), indicating that LAP™ cells in the CT26 tumor are predomi-
nantly represented by myeloid cells.

To identify cell subsets, we performed unsupervised clustering and dimension reduction using a uniform mani-
fold approximation and projection (UMAP) based on cells from all samples (Figure 4D). This procedure group-
ed cells into distinct clusters that included populations of myeloid cells, T cells, B cells, and NK cells. Using the
key myeloid cell marker, ltgam, we identified clusters enriched with myeloid cells (e.g., Clusters 2, 5, 15, 18, and
20). Analysis of LAP™ and LAP" samples on the UMAP projection revealed that myeloid cell clusters were
mostly represented by the LAP™ cells (Figure 4E) that express tolerogenic markers including Msr1 and Arg1
(Figure 4F). We then calculated the number of LAP™ and LAP™® cells in each cluster and found that LAP™ cells
significantly outnumbered LAP™ cells in Clusters 2, 5, 15, and 18 (Figure 4G). Analysis of various tolerogenic
markers helped define the identity and phenotype of the clusters (Figures 5A and S3). All four of these clusters
expressed relatively high levels of Csf1r, Msr1, and Il1b, the myeloid cell genes which have been associated with
cancer (Figure 5A) (MclLoed et al., 2016; Miyasato et al., 2017; Pyonteck et al., 2013), indicating that these cell
subpopulations acquire tumor supportive properties. Other pro-tumorigenic markers were predominantly ex-
pressed in specific clusters as follows. Cluster 2: Arg1, Cd274 (PD-L1), Mrc1, and Mmp14; Cluster 5: moderate
expression of Arg1; Cluster 15: Chil3(Ym1); Cluster 18: Arg1, Cd274, Mrc1, and Mmp12 (Figures 5A and S3). Of
note, LAP™ cells were also prevalent in Clusters 20 and 21 indicated by borderline statistical significance (Fig-
ure 4G). Similarto Clusters 2,5, 15 and 18, Cluster 20 expressed high levels of Csf1r, Msr1, and ll1b (Figure 5A). In
addition, Cluster 20 expressed a unique signature of C1ga, C1gb, Mrc1, Arg1, and Mmp14 genes (Figures 5A
and S3). Interestingly, the complement component C1q genes (C1ga and C1gb) have been previously linked to
an anti-inflammatory macrophage phenotype, cancer metastasis and angiogenesis (Benoit et al., 2012; Bulla
et al., 2016; Roumenina et al., 2019; Son et al., 2016), indicating that MCs from Cluster 20 may be involved in
these processes. Conversely, Cluster 21, as we detail below, is mostly represented by CD11b negative tolero-
genic dendritic cells (DCs) expressing high levels of H2-Ab1, Ccr7, Cd274, Flt3, and Itgax (Figures 5A and S3).
Thus, we identified LAPM MCs dominated clusters with different tolerogenic signatures suggesting that they
contribute to cancer-promoting immune suppression.

Interestingly, Clusters 2, 18, and 20 expressed ArgT and MrcT (Figures 5A and S3), genes associated with
alternatively activated/M2-like macrophages or tumor associated macrophages (TAMs) (Gabrilovich et al.,
2012; Murray et al., 2014; Schmieder et al., 2012), indicating that LAP" MCs differentiate into TAMs in the
tumor microenvironment. In addition, Clusters 2, 18, and 20 expressed matrix metalloproteinases (MMPs),
including Mmp 12 and Mmp 14 (Figure S3), suggesting that they may be involved in the remodeling of the
ECM to facilitate cancer cell tissue invasion and metastasis (Chou et al., 2016; Markovic et al., 2009). These
clusters are presumably regulated by a positive feedback mechanism as MMPs can activate latent TGF-B,
which in turn upregulates MMPs expression (Krstic and Santibanez, 2014). Tgfb1 was expressed in most
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Figure 3. LAP" myeloid cells dampen tumor-specific immunity in vivo

(A) CT26 CRC tumor volume over time in WT mice treated with either anti-LAP or isotype control (IC) antibodies (n = 11).

(B) Effect of anti-LAP antibody treatment on myeloid cells (CT26 model). Mice were treated with anti-LAP or IC antibodies and frequencies of cells in the
spleen measured by flow cytometry.

(C) MC38 CRC tumor volume over time in WT mice treated with either anti-LAP or IC antibodies (n = 5).

(D) Effect of anti-LAP antibody treatment on myeloid cells (MC38 model). Mice were treated with anti-LAP or IC antibodies and frequencies of cells in the
spleen measured by flow cytometry.

(E) MC38 tumor volumes over time in WT mice adoptively transferred with LAP™ and LAP° MCs (n = 5).
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Figure 3. Continued

(F) Foxp3* Tregs measured in the spleen of mice transferred with LAP™° or LAPY MCs. Representative FACS plots (right panel) and quantification (left panel)
are shown (n = 4).

(G) CD103*Foxp3" Tregs measured in the spleen of mice adoptively transferred with LAPH or LAP-> MCs. Representative FACS plots (right panel) and
quantification (left panel) are presented (n = 4).

(H) LAP* CD4 Tregs measured in the spleen of mice adoptively transferred with LAP™ or LAPY® MCs. Representative FACS plots (right panel) and
quantification (left panel) are shown (n = 4). Data shown as mean + SEM. Two-way ANOVA (A, C, and E) and two-tailed t test (B, D, and F-H) were used for p
value calculations. ****, p < 0.0001. See also Figure S2.

clusters at moderate levels, with the highest expression in Cluster 15 (Figure S3), suggesting that TGF-B
may be involved in the regulation of these clusters. Cancer is known for its ability to exploit different
myeloid cell functions to promote its growth but how these multiple mechanisms are simultaneously regu-
lated is not known. Our findings indicate that different LAP™ MCs predominated clusters contribute to can-
cer malignancy by involving unique mechanisms including cancer cell invasion, metastasis, angiogenesis
and tumor-specific immunosuppression. The outcome of the combined actions of these cell subpopula-
tions most likely leads to cancer progression, which is further promoted by the supply of mature TGF-B
as a key component that maintains immunosuppression. Accordingly, we conclude that active TGF-B sup-
plied by LAPH MCs orchestrates the pro-tumorigenic mechanisms of MCs, suggesting that targeting these
cells will be critical to restrict cancer progression.

Tumor-derived LAP" MCs have tolerogenic and antigen presentation properties

Our scRNA-Seq analysis showed that H2-Ab1, the gene encoding MHCII, was not only upregulated in the
clusters of DCs (Cluster 16) and B cells (Cluster 9) but also in the majority of the tolerogenic myeloid cell
clusters including Clusters 2, 15, 20, 21 with the highest expression levels in Cluster 21 (Figures 5A and
5B). Cluster 21 also expressed markers of migratory DCs (such as Ccr7, Flt3, and Itgax) (Figure S3). More-
over, cells in this cluster are enriched with Cd274 (PD-L1) (Figure S3), a tolerogenic factor that contributes to
tumor growth. Thus, Cluster 21 likely represents recently identified mregDCs (mature DCs enriched in
immunoregulatory molecules) expressing Flt3, Ccr7, and Cd274 but negative for CD11b (Maier et al.,
2020). We validated the increased expression of MHCII in LAP™ cells isolated from the CT26 tumor tissue
by gPCR and flow cytometry (Figures 5C-5E). We also identified tumor-derived LAP-expressing myeloid
cell subsets positive for MHCIl and PD-L1 by flow cytometry (Figure S4). We then examined whether LAPH
MCs can induce tumor-specific tolerance by presenting tumor antigens to CD4 T cells and favoring their
differentiation to Tregs. Accordingly, we found that MHCII™ LAPY cells loaded with OVA3,3.330 peptide,
which is presented by MHCII, effectively induce Foxp3™ Tregs compared to LAP™® cells (Figure 5F) while
suppressing the proliferation of non-Treg CD4 T cells (Figure 5G).

To further understand differences in gene expression between LAP™ and LAP™ cells, we performed differ-
ential gene expression analysis within each cluster. For an unbiased analysis, we filtered out non-expressing
cells and performed the conventional differential expression analysis on the expressing LAP™ vs LAP'° cells
in each cluster. Consistent with our prior observations (Figures 5A and S3), we found a higher expression of
tolerogenic markers in LAPM than LAP" cells across clusters (Figures 5H, 51, and S5A). In addition, because
certain genes were not detected in many cells, we analyzed the proportion of cells with detectable tran-
scripts for each gene in each cluster using the binomial Generalized Linear Model test. With this approach,
we found that the percentage of cells that expressed key tolerogenic markers was higher among LAP" cells
than LAP'° cells across all myeloid cell clusters (Figures 5J and S5B). Thus, this complementary analysis
strongly supports the tolerogenic phenotype of LAPH cells in each of the myeloid cell clusters. Finally, we
found that the MHCII genes (e.g., H2-Aa, H2-Ab1, H2-Eb1, and CD74) were expressed at higher levels in
LAP™" cells as compared to LAP™ cells in specific clusters, such as Cluster 2, 15, and 21 (Figures 5H-5J
and S5). Taken together, our findings suggest that, while employing distinctive strategies to promote tumor
growth, different subtypes of LAP""MCs share common tolerogenic mechanisms sustained by active TGF-B.

LAP" MCs are associated with cancer in humans

To explore the relevance of our findings in human cancer, we analyzed circulating MDSCs isolated from
PBMCs of glioma patients. Analogous to mice, we found that LAP is expressed on mMDSCs (CD11b"CD33"
CD14"HLA-DR""), but not on gMDSCs (CD11b*CD33*CD15") (Figures A and 6B). Interestingly, within the
CD11b"CD33"CD14" cell population, which partially identifies mMDSCs, MHCII™ (HLA-DR™) cells expressed
LAP on their surface (Figures 6C, 6D, and S6A). Yet, most of circulating cells that express MHCIl were LAP~
(Figures 6C and 6D), indicating that not all human antigen-presenting cells express LAP. We found that
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Figure 4. Single-cell RNA-seq reveals increased numbers of LAP-expressing myeloid cells within tolerogenic subsets in tumor

(A) Schematic workflow of the scRNA-Seq procedure. Created with BioRender.com.

(B) Fold change and adjusted p value plot demonstrating differential gene expression between LAP™ vs LAP'® cells.

(C) Number of Itgam+ (left panel) and Lyz2+ (right panel) cells in LAP"" and LAP™° samples.

(D) Graph showing unsupervised clustering of scRNA-Seq data using uniform manifold approximation and projection (UMAP). Each point represents a single
cell. Clusters are marked by numbers and names of identified cell clusters are indicated.

(E) UMAP plots of representative LAP" and LAP"° samples are shown. The area of myeloid cell clusters is marked by a dashed circle.

iScience 24, 103347, November 19, 2021 9


http://BioRender.com

¢? CellPress iScience
OPEN ACCESS

Figure 4. Continued

(F) Gene expression of key myeloid cells markers (Msr1 and Arg1) overlaid on the UMAP plots.

(G) Stacked bar chart shows percent of LAPH and LAP cells in each cluster. Dashed line indicates the level where cell number in clusters reaches 50%. Data
shown as mean + SEM. Mann-Whitney test was used for p value calculations (C and G).

LAP" mMDSCs were increased in the blood of glioma patients as compared to healthy donors (Figure 6E, left
panel), whereas LAP"HLA-DR" myeloid cells were reduced (Figure 6E, right panel) suggesting that these cells
may be recruited by the tumor tissue in the brain. To test this possibility, we measured CCR2 expression
which enables migration of myeloid cells toward CCL2 secreted by gliomas (Chang et al., 2016) and found
that LAP*HLA-DR" MCs indeed express CCR2 (Figure 6F). Importantly, based on the TCGA data, the relatively
high expression of human MHCII genes (e.g., HLA-DPB1, HLA-DMB, HLA-DRB1, HLA-DQBT) in the tumor tis-
sue is strongly associated with poorer survival of low-grade glioma (LGG) patients (Figures 6G, left panel, and
S6B, upper panels). We also found a positive correlation between the expression of MHCII genes (HLA-DPB1
and HLA-DMB) and TGFB1 (which encodes both LAP and TGF-B) in glioma samples (Figures é6H, upper panel,
and S6C, left panel), and a combined high expression of the MHCII and LAP/TGF-B genes is associated with a
worse prognosis for patients with LGG and GBM (Figures 6G, middle left panel, and S6B, lower left panels).
Based on the Oncolnc algorithms (Anaya, 2016), the MHCII genes exhibit positive Cox coefficients, indicating
a worse prognosis for patients in some types of cancer, including gliomas, and, to a lower extent, colon ade-
nocarcinomas (COAD) (Figure S6D), thus supporting our findings that LAP-expressing antigen-presenting
cells promote cancer. Furthermore, combined expression of either CD274 (PD-L1) and TGFB1, CD274 and
HLA-DPB1 (Figure SéB, two lower right panels); or CD274, HLA-DPB1, and TGFB1 (Figure 6G, right panels)
is associated with poor survival in glioma patients. Finally, the expression of CD274 positively correlates
with HLA-DPB1 as well as TGFBT expression in GBM and LGG patients (Figures 6H, lower panels and S6C,
right panels). In summary, LAP is expressed on human mMDSCs and MHCII™ MCs which are associated
with cancer in humans.

DISCUSSION

Myeloid cells play a critical role inimmune suppression in cancer, thus being a major obstacle for successful
immunotherapy. Our study investigated LAP"" MCs producing a highly suppressive cytokine, TGF-B, which
is primarily responsible for mediating their tolerogenic effects. We found LAP expression on different types
of MCs including mMDSCs, TAMs and tolerogenic DCs in the context of cancer. We also identified subsets
of LAP"" MCs with distinct genomic signatures that can contribute to the tumor promoting immune toler-
ance by different mechanisms. LAPH MCs infiltrate the tumor tissue from the periphery, where they are
likely involved in systemic tolerance. These cells can be targeted with anti-LAP antibodies resulting in
reduced cancer-associated immune suppression. Some highly malignant and aggressive types of cancer,
such as GBM, do not benefit from current immunotherapies aiming to restore the activity of exhausted
T cells. This is likely because of cancer-established immune suppression largely driven by tolerogenic
myeloid cells. Thus, inhibiting the function of LAP" MCs in the context of cancer is of high importance.

Immune suppression within the tumor depends on the recruitment of tolerogenic cells including MCs to the
tumor microenvironment. Our findings indicate that LAP™ MCs are recruited from the BM to the tumor tissue,
which secretes CCL2 to attract leukocytes expressing CCR2, similar to what was previously reported (Swirski
etal., 2009; Zhao et al., 2013). Within the tumor microenvironment, LAP™ MCs acquire tumor-promoting func-
tions including the ability to suppress the proliferation of effector T cells and induce tumor antigen-specific
Tregs, as we demonstrated by ex vivo assays. Both effects are likely to be mediated by mature TGF-B present
on the cell surface of LAP"" MCs and thus bioavailable for a rapid response. Interestingly, it has been reported
that normal monocytes acquire immunosuppressive properties after exposure to human glioma cells (Ro-
drigues et al., 2010), suggesting that LAP™ MCs are further modulated after recruitment to the brain tumor
to promote cancer growth. In support of this idea, we found that LAP"" MCs isolated from the tumor tissue
possess a stronger tolerogenic phenotype than their peripheral counterparts. Tumor-derived LAP™ MCs
express high levels of 1170 and low levels of Ifng and 1112, further highlighting their tolerogenic properties.
In addition, we found that LAP™ MCs express CSF-1R/CD115, which is consistent with a previously reported
tolerogenic function of Gr-1* CD115" MSCs that share markers with LAP™ MCs, including CSF-1R (Huang
et al., 2006). Inhibition of CSF-1R has anti-tumor effects in GBM models (Pyonteck et al., 2013), and CSF-1R
is currently a target for clinical trials in glioma patients (Akkari et al., 2020). Thus, we propose that anti-LAP an-
tibodies, which decrease LAP™ MCs in animal cancer models, will also be therapeutically beneficial for human
cancer. Of note, it has been postulated that LAP is expressed on the surface of microglia, the brain’s resident
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Figure 5. LAP-enriched myeloid cell subsets derived from tumor possess distinct tolerogenic signatures

(A) Violin plots showing expression of various markers in all clusters.

(B) MHCII/H2-Ab1 expressing cells marked in red overlaid on the UMAP plots. Localization of Cluster 21 is indicated by arrow.

(C) Analysis of MHCII mRNA expression in LAPH vs LAP® MCs in the tumor tissue in the CT26 model by gPCR (n = 4).

(D and E) Expression of MHCIl in LAP™ and LAP“° MCs in the CT26 tumor tissue by flow cytometry (n = 5). Representative dot plots (D) and quantification (E)
are shown.

(F) Foxp3™" Treg induction was measured after co-culture of naive CD4" T cells from OTII-Foxp3/GFP mice with MHCII*LAP™ or MHCIITLAP"® MCs from the
spleen of MC38 tumor-bearing mice. T cells were stimulated with OVAg3,3_ 339. Quantification is shown (n = 4).

(G) T cell proliferation assay of naive CD4" T cells from OTII-Foxp3/GFP mice in the presence of MHCII* LAP" vs MHCII*LAP"® MCs from the spleen of MC38
tumor-bearing mice. T cells were stimulated with OVAsp3.33¢. Percent of proliferation of responder CD4" T cells is shown (n = 4).

(H) Heatmap of the differential expression data for the key tolerogenic genes restricted to expressing cells in Cluster 2.

(I) Volcano plot demonstrating differential gene expression in LAP™ and LAP“° cells in Cluster 2.

(J) Percent of cells expressing genes which is significantly higher in LAP™ and LAP'® cells in Cluster 2. Key genes are highlighted. Data shown as mean +
SEM. Two-tailed t test (C, E, F, and G) was used for p value calculations. ****, p < 0.0001. See also Figures S3 and S5.

myeloid cells (Qin et al., 2018). However, our results, based on well-established tools for detecting surface LAP
by flow cytometry, do not support this hypothesis. We found LAP expression on peripherally derived MCs infil-
trating intracranial GL261 GBM but not on microglia.

We found that LAP MCs are increased in the periphery of both tumor-bearing mice and GBM patients.
The accumulation of LAPH MCs may account for the lymphopenia reported in the blood of glioma patients
(Chongsathidkiet et al., 2019; Dix et al., 1999; Roszman et al., 1985) and be associated with systemic immu-
nosuppression (Brooks et al., 1972; Dix et al., 1999; Gustafson et al., 2010). LAP-expressing monocytes may
have beneficial roles in autoimmune diseases, such as rheumatoid arthritis (Slobodin et al., 2013). Further-
more, changes in macrophages that express LAP were identified in the peritoneal fluid of patients with
endometriosis (Hanada et al., 2018), and monocytes expressing LAP are associated with plasma cell dys-
crasias (Tadmor et al., 2018). Finally, LAP positive DCs isolated from human blood inhibit T cell activation
in an in vitro assay and this effect is mediated by TGF-B (Gandhi et al., 2007). Owing to the production of
mature TGF-B, LAP™ MCs can potentially contribute to lung fibrosis, as it was reported for CCR2* mMDSCs
(Lebrun etal., 2017). Thus, LAPY MCs may be important modulators of immunological responses not only in
cancer but also in other disorders where immune tolerance may promote disease.

For detailed characterization of LAP™ MCs, we performed scRNA-Seq on immune cells isolated from the
tumor tissue and identified tolerogenic myeloid cell clusters enriched with LAP™ MCs. Although these clus-
ters share common tolerogenic markers, each of them possesses a unique signature, suggesting that these
sub-populations of cells use different mechanisms to support tumor growth. This is consistent with the mul-
tiple mechanisms MDSCs known to use for immunosuppression (Gabrilovich et al., 2012; Veglia et al.,
2021). Of note, LAPH cells outnumber LAP'° cells in these clusters, demonstrating that the majority of tol-
erogenic myeloid cells in tumor express surface LAP. Myeloid cells are known to promote cancer by sup-
porting multiple pro-tumorigenic pathways, including extracellular matrix (ECM) remodeling to facilitate
metastasis (MMPs), recruiting immune cells to the tumor (CCR2/CCL2), depriving effector T cells of essen-
tial metabolites (Arg1), and immune suppression (TGF-B, IL-10, PD-L1) (Veglia et al., 2021). As mentioned
earlier, unique tolerogenic signatures of the clusters dominated by LAP"" MCs suggest that each of the
clusters employs a different mechanism to promote tumor growth. For example, the tolerogenic function
of Clusters 2, 5 18, and 20 may be primarily driven by depriving effector T cells from arginine, as they ex-
press Argl (Gabrilovich et al., 2012). Clusters 2, 18 and 20 can also facilitate invasion and metastasis via
MMPs, as they express Mmp12 and Mmp 14 (Markovic et al., 2009). Cluster 20 has additional tools to drive
metastasis and angiogenesis by complement activation (Benoit et al., 2012; Bulla et al., 2016; Roumenina
etal., 2019; Son etal., 2016). Cluster 15 can contribute by involving Chil3/Ym1, a marker of alternatively acti-
vated macrophages promoting tissue remodeling (Gensel and Zhang, 2015; Murray et al., 2014). On the
other hand, Cluster 21, most likely represented by mregDCs expressing Cd274 (PD-L1) and Ccr7 (Maier
et al., 2020), can induce tumor-specific Tregs in the draining lymph nodes. We demonstrate that LAPH
MCs can play a key role in this process by supplying mature TGF-B. Thus, single cell analysis revealed
unique tolerogenic features of LAP-associated myeloid sub-groups indicating that, through LAPH MCs,
cancer employs diverse immunity inhibition strategies.

Unexpectedly, we found that LAP is not only expressed on the conventionally defined human mMDSCs,

which, by definition, do not include MHCII" cells, but also on the MHCII* MCs in both mice and humans.
In fact, the Gabrilovich group demonstrated that MDSCs require MHCII to induce CD4 T cell-specific
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Figure 6. LAP expressing myeloid cell subsets are modulated in glioma patients

(A and B) Expression of LAP on MDSCs derived from glioma patients (n = 6-18). Representative flow cytometry dot plots including fluorescence minus one
(FMO-LAP) controls and gating strategy (A) and quantification of cell frequencies (B) are shown.

(C and D) LAP expression on MHCII™ cells in glioblastoma patients (GBM) and healthy donors (HC) (n = 18). Representative flow cytometry dot plots including
FMO controls (C) and quantification of cell frequencies (D) are shown.

(E) Changes in MHCII~ and MHCII* MCs expressing LAP in the blood of GBM patients (n = 18). Frequencies of LAP expressing MHCII~ and MHCII* MCs in
GBM patients and healthy controls are shown.

(F) CCR2 expression on LAP*MHCII™ MCs. Representative flow cytometry dot plots in two GBM patients and a healthy donor (HC), including FMO-LAP
control are shown.

(G) Percent survival of patients with relatively high or low mRNA expression of indicated genes, including MHCII (HLA-DPB1), combined expression of MHCII
and LAP genes (HLA-DPB1/TGFB1) and PD-L1, MHCII and LAP (CD274/HLA-DPB1/TGFB1) in the tumor tissue of glioma patients (low grade glioma, LGG
and GBM). Graphs and p values were downloaded from the TCGA dataset via cBioPortal (https://www.cbioportal.org; (Cerami et al., 2012; Gao et al., 2013)).
(H) Correlation between TGFB1 and HLA-DPB1, TGFB1 and CD274, HLA-DPB1 and CD274 expression in the tumor tissue of GBM patients. Graphs and p
values were downloaded from TCGA dataset via cBioPortal (Cerami et al., 2012; Gao et al., 2013). Data shown as mean + SEM. Mann-Whitney test (B) and
two-tailed t test (D and E) were used for p value calculations. ****, p < 0.0001. See also Figure Sé.

tolerance in the MC38 cancer model (Nagaraj et al., 2012), and, as mentioned earlier, intratumoral MHCII*
DCs can contribute to cancer in humans (Maier et al., 2020). The immunosuppressive function of LAP™
MHCII™ MCs is explained by the expression of mature TGF-B on the cell surface, readily available for acti-
vation. Indeed, our group has previously demonstrated that LAP* DCs inhibit T cell proliferation in a TGF-
B-dependent manner (Gandhi et al., 2007), and tolerogenic MHCII™ MCs have been described in humans
(Costa et al., 2017). Interestingly, we observed lower frequencies of LAPHY MHCII* MCs in GBM patients’
blood, which could be because of their migration to the brain tumor where they are presumably involved
in the production of tumor-specific Tregs. As such, LAP™ MHCII™ and LAP" MHCII* MCs likely play
spatially distributed roles. Although circulating LAPH MHCII, representing classical mMDSCs, may sup-
press the immune response systemically by inhibiting the proliferation of T cells, LAP"" MHCII* cells are re-
cruited by the tumor to suppress the anti-tumor immune response in the brain via Treg stimulation. This
hypothesis would have to be further validated by investigating the local functions of LAP expressing
MCs. In summary, we identified a subset of MHCII" MCs that express surface LAP/TGF-B and can
contribute to immune suppression within the tumor microenvironment.

Notably, LAP™ MCs are not only found in tumor-bearing hosts but also in healthy human donors and naive
mice, demonstrating that LAP-expressing myeloid cells are present in normal biological conditions. This
suggests that LAP™ MCs play a role in supporting homeostasis in non-pathological settings. Cancer, how-
ever, utilizes the tolerogenic features of these cells to create an immunosuppressive environment for
fostering tumor growth. Thus, our findings suggest that LAP can be a marker of pro-tumorigenic monocyte
precursors, including MDSCs, TAMs, mregDCs, which have the potential to become immunosuppressive in
the presence of tumor. In summary, we identified LAP-expressing myeloid cells that play a critical role in
promoting tumor growth by favoring tolerance through multiple mechanisms involving TGF-B. Targeting
these cells may constitute a potential therapy for cancer types in which LAP"" MCs play a major role.

Limitations of the study

Our study reveals a previously unknown function by which LAP expressing myeloid cells mediate immune toler-
ance in cancer. Conclusions of this study are based primarily on data obtained from subcutaneous mouse
models of colorectal cancer. Follow up studies using additional cancer models are necessary to inform whether
LAP expressing myeloid cells also play a similar tumor-promoting role in other cancer settings. Although we
found LAP expressing myeloid cells are increased in the blood of GBM patients, the precise function of these
cells is not explored in the current study. Further studies are required to investigate the immune suppressive
role of LAP-expressing myeloid cells in patients with GBM and other forms of cancer.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-B220 (RA3-6B2); APC eBioscience Cat# 17-0452-82; RRID: AB_469395

anti-CD103 (M290); PE-CF594
anti-LAP (TW7-16B4); PE
anti-CD115 (AFS98); Brv421
anti-CD11b (M1/70); BB515
anti-CD11c¢ (HL3); BrV711
anti-CD19 (1D3); PE-Cy7
anti-CD3 (17A2); APC
anti-CD3e (145-2C11); BUV650
anti-CD4 (GK1.5); Brv421
anti-CD4 (GK1.5); BUV496
anti-CD8a (53-6.7); Brv421
anti-CD44 (IM7); PE

anti-CD45 (30-F11); BUV661
anti-IFN-y (XMG1.2); eFluoré60
anti-FOXP3 (FJK-16s); FITC
anti-PDL1 (MIH5); APC
anti-CD41 (MWReg30); PE-Cy7
anti-Ly6A/E (Sca-1; D7); PE-Cy7
anti-TER-119 (TER-119); PE-Cy7
anti-MHC Class Il (I-A/I-E); Brv605
anti-CD49%b (DX5); APC
anti-CD62L (MEL-14); APC
anti-CD8 (53-6.7); BUV805
anti-Ly6C (HK1.4); APC-Fire750
anti-Ly6G (1A8-Lyég); APC
anti-Ly6G (1A8); BUV563
anti-CCR2 (K036C2); APC
anti-CD103 (2E7); APC
anti-CD11b (M1/70); BUV650
anti-CD14 (M@P9); BrV711
anti-CD15 (W6D3); APC-Cy7
anti-CD3 (SK7); Brv421
anti-CD33 (WM-35); PE-Cy7
anti-CD4 (SK3); BUV395
anti-CD61 (VI-PL2); PerCP
anti-CD8 (SK1); BUV805
anti-HLA-DR (G46-6); Brv785
anti-LAP (TW7-28G11); PE
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BD Biosciences
Biolegend
Biolegend

BD Biosciences
BD Biosciences
eBioscience
Biolegend

BD Biosciences
Biolegend

BD Biosciences
Biolegend
Biolegend

BD Biosciences
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
BD Biosciences
eBioscience
Biolegend

BD Biosciences
Biolegend
eBioscience
BD Biosciences
Biolegend
eBioscience
BD Biosciences
BD Biosciences
Biolegend

BD Biosciences
eBioscience
BD Biosciences
Biolegend

BD Biosciences
BD Biosciences

Purified by Cell Essentials

Cat# 565849; RRID: AB_2739377
Cat# 141404; RRID: AB_10720867
Cat# 135513; RRID: AB_2562667
Cat# 564454; RRID: AB_2665392
Cat# 563048; RRID: AB_2734778
Cat# 25-0193-82; RRID: AB_657663
Cat# 100236; RRID:AB_2561456
Cat# 564378; RRID: AB_2738779
Cat# 100437; RRID: AB_10900241
Cat# 564667; RRID: AB_2722549
Cat# 100737; RRID: AB_10897101
Cat# 103008; RRID: AB_312959
Cat# 565079; RRID: AB_2739057
Cat# 50-7311-82; RRID: AB_11217680
Cat# 11-5773-82; RRID: AB_465243
Cat# 17-5982-80; RRID: AB_2688091
Cat# 25-0411-82; RRID: AB_1234970
Cat# 25-5981-82; RRID: AB_469669
Cat# 25-5921-82; RRID: AB_469661
Cat# 563413; RRID: AB_2738190
Cat# 17-5971-82; RRID: AB_469485
Cat# 104412; RRID: AB_313099
Cat# 564920; RRID: AB_2716856
Cat# 128046; RRID: AB_2616731
Cat# 17-0452-82; RRID: AB_2573307
Cat# 565707; RRID: AB_2739334
Cat# 357207; RRID: AB_2562238
Cat# 17-1031-82; RRID: AB_1106992
Cat# 563402; RRID: AB_2738184
Cat# 563373; RRID: AB_2744290
Cat# 323048; RRID: AB_2750190
Cat# 563798; RRID: AB_2744383
Cat# 25-0338-42; RRID: AB_1907380
Cat# 563552; RRID: AB_2738275
Cat# 336409; RRID: AB_2561306
Cat# 612890; RRID: AB_2870178
Cat# 564041; RRID: AB_2738559

Custom conjugation to PE

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Lineage Cocktail 1 (CD3/M¢P9, CD14/
NCAM16.2, CD16/3G8, CD19/SK7,
CD20/L27, CD56/5J25C1); FITC

IC MPC-11 (IgG2b)

IC MG1-45 (IgG1)

anti-CD3e (KT3)

anti-TGF-B (1D11.16.8)
anti-LAP (TW7-16B4, IgG1)
anti-LAP (TW7-28G11, IgG2b)

BD Biosciences

BioXCell

Biolegend

BioXCell

BioXCell

Purified by Cell Essentials
Purified by Cell Essentials

Cat# 340546; RRID: AB_400053

Cat# BE0086; RRID: AB_1107791
Cat# 401408; RRID: AB_11148942
Cat# BE0261; RRID: AB_2687740
Cat# BEOO57; RRID: AB_1107757
Custom order purification

Custom order purification

Chemicals, peptides, and recombinant proteins

CellTrace Violet

RNase-Free DNase

Fixable Viability Dye; e-Fluor506
Brilliant Stain Buffer

Percoll

DAPI

DNase |

Collagenase D

MCP-1, RECOMBINANT MOUSE
OVA 323-339

Phorbol 12-myristate 13-acetate
lonomycin

GolgiStop (v/v) containing monensin

Bovine Albumin Fraction V Low Endotoxin

Invitrogen
Qiagen
eBioscience
BD Biosciences
Sigma
Biolegend
Roche

Roche

BD Biosciences
InvivoGen
Sigma

Sigma

BD Biosciences

MP Biomedicals

Cat# C34557

Cat# 79254

Cat# 65-0866-14
Cat# 566349; RRID: AB_2869750
Cat# GE17-0891-02
Cat# 422801

Cat# 10104159001
Cat# 11088882001
Cat# 554590

Cat# vac-isq

Cat# P8139

Cat# 13909

Cat# 554724

Cat# 1C810683

TagMan® Universal PCR Master Mix ThermoFisher Cat# 4304437
Critical commercial assays

EasySep Mouse Monocyte Isolation Kit STEMCELL Technologies Cat# 19861
EasySep Mouse Naive CD4+ T Cell Isolation Kit STEMCELL Technologies Cat# 19765
EasySep Mouse Naive CD8+ T Cell Isolation Kit STEMCELL Technologies Cat# 19858
High Capacity cDNA Reverse Transcription Kit ThermoFisher Cat# 4368814

Foxp3 Fixation/Permeabilization kit eBiosceince Cat# 00-5523-00

miRNeasy Mini Kit (50) Qiagen Cat# 217004

Deposited data

Raw scRNA-seq data This paper GEO: GSE174077

Experimental models: Cell lines

CT26 ATCC CRL-2638; RRID: CVCL_7256

MC38 Lab of Ana Anderson RRID: CVCL_B288

MC38-OVA Lab of Ana Anderson RRID: CVCL_XJ96

GL261 NIH NCI Cat# Glioma 261; RRID: CVCL_Y003

Experimental models: Organisms/strains

Mouse; B6.SJL-Ptprc<a> Pepc/BoyJ
Mouse; Balb/cJ

Mouse; C57BL/6J

Mouse; GFP-FoxP3 knockin

Mouse; OT-II/GFP-FoxP3 knockin

Jackson Laboratories

Jackson Laboratories
Jackson Laboratories
Lab of Vijay Kuchroo

Bred in house

Cat# JAX: 002014; RRID: IMSR_JAX:002014
Cat# JAX: 000651; RRID: IMSR_JAX:000651
Cat# JAX: 000664; RRID: IMSR_JAX:000664
N/A
N/A

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oligonucleotides

See Table S1 for TagMan qPCR
Oligonucleotides

Software and algorithms

Prism 9.0
FlowJo v10
BD FACSDiva 8.0.1

GraphPad Software
Tree Star

BD Biosciences

https://www.graphpad.com
https://www.flowjo.com
https://www.bdbiosciences.com/en-eu/
products/software/instrument-software/bd-

facsdiva-software#Overview

ViSNE Cytobank https://cytobank.org/
Drop-seq tools 1.12 Dropseq http://mccarrolllab.com/dropseq
STAR 2.5.3a

Seurat v3.0 Seurat https://www.cell.com/cell/fulltext/S0092-
8674(19)30559-8

R/3.5.1 Binomial Generalized Linear Model https://www.rdocumentation.org/packages/
stats/versions/3.6.2/topics/glm

Other

ViiA 7 Real-Time PCR System
FACSymphony

BD FACS Arialllu

UltraComp eBeads™ Compensation Beads

FcR Blocking Reagent, human

Applied Biosystems
BD Biosciences

BD Biosciences
ThermoFisher

Miltenyi Biotec

N/A

N/A

N/A

Cat# 01-2222-42
Cat# 130-059-901

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Howard Weiner (hweiner@rics.bwh.harvard.edu).

Materials availability

This study did not generate new unique reagents. Reagents generated in our laboratory in previous studies

are commercially available.

Data and code availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publi-
cation. Accession number is GEO: GSE174077.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human studies

Human blood samples were obtained at BWH from 18 healthy donors (41-68 years of age) and 18 glioblastoma
patients (47-85 years of age) of both genders prior to tumor resection. The study and procedures were
approved by the institutional review board (IRB). Blood samples from healthy donors were obtained under
the IRB Protocol 2017P000717 and from glioma patients under DF/HCC Protocol 10-417. All participants had
given informed written consent for the use of their blood samples. Periphery blood mononuclear cells (PBMCs)
were isolated by using Ficoll-Paque® density gradient centrifugation, frozen in freezing media (80% FBS; 20%
DMSOQ) and stored in LN,. An equal number of thawed cells from healthy donors and glioma patients were
analyzed by multicolor flow cytometry on two different days and data was combined for presentation.
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Animal studies

C57BL/6J, B6.SJL, and Balb/cJ 6-8 weeks old male mice were purchased from the Jackson Laboratories.
Foxp3-green fluorescent protein (GFP) and OTII-FoxP3-GFP reporter mice were housed in a conventional
specific pathogen-free facility at the Building of Transformative Medicine. All experiments were carried
out in accordance with guidelines prescribed by the Institutional Animal Care and Use Committee at
Brigham and Women'’s Hospital (BWH). Subcutaneous tumor models included MC38, MC38-OVA, and
CT26. In preparation for subcutaneous implantation, cell lines were cultured in complete media until
reached 80% confluence. MC38 tumors were implanted in WT male C57BL/6J mice at the age of
8-10 weeks and CT26 tumors were implanted in WT BALB/cJ male mice at the age of 8-10 weeks.
Each mouse was implanted with 5 X 10* (MC38-OVA), 5 x 10° (MC38), or 2 x 10° (CT26) cells in 50 pl
PBS by subcutaneous injections into the animal’s right flanks. Subcutaneous tumors were monitored
every other day for total volume and integrity. Tumor volume was obtained through measurements in
two dimensions (length, L and width, W) by caliper and calculated with the following formula: Tumor
volume = 0.5 x (L x W?). For intracranial tumor implantation, mice were fixed on the stereotaxis frame
under general anesthesia with 1-3% isoflurane, and 1 x 10° GL261 cells were implanted into the right
striatum; coordinates were 1.8 mm lateral, 0.5 mm anterior to the bregma and 3.0 mm deep from the
cortical surface of the brain.

Cell lines

CT26 cell line (RRID: CVCL_7256) was purchased from ATCC. GL261 (RRID: CVCL_Y003) cell line was
purchased from NIH. MC38 (RRID: CVCL_B288) and MC38-OVA (RRID: CVCL_XJ96) cell lines were ob-
tained from Dr. Ana Anderson. Cells were cultured in complete media as the following: DMEM (Gibco)
supplemented with 10% FBS (Gibco), and 100 U/mL penicillin-streptomycin (Lonza) for culturing MC38,
MC38-OVA, and GL261 cells; RPMI (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, T mM sodium pyruvate (Lonza), and 10 mM HEPES (Lonza) for culturing CT26 cells. In addi-
tion, for culturing MC38-OVA, 50 pg/mL geneticin selective antibiotic (Gibco) was added freshly into each
culture. All cells were cultured at 37°C with 5% CO,.

METHOD DETAILS

Antibody treatments

Mice were treated with either anti-LAP (TW7-28G11) or IC (MPC-11) monoclonal antibodies diluted in PBS.
Mouse anti-LAP antibodies were isolated from hybridoma generated in-house and purified by Cell Essen-
tials. IC antibodies were purchased from BioXCell. As a standard treatment, antibodies were administered
intraperitoneally (i.p.), 8 mg/kg on Mondays and Wednesdays and 10 mg/kg on Fridays. The initial dose of
antibodies was administrated within seven days post tumor implantation.

FACS sorting of LAP" and LAP"° MCs

For in vitro Proliferation Assay, Migration Assay, qRT-PCR and Adoptive Transfer, LAP" and LAP*® MCs
were isolated according to following protocols. For isolation of cells from spleen and BM, monocytes
were enriched using EasySep Mouse Monocyte Isolation Kit (STEMCELL Technologies) according to the
manufacturer’s instruction. For isolation of cells from tumor tissue, mononuclear immune cells were en-
riched using Percoll gradient, as described below. Following pre-enrichment, cells were stained with
anti-LAP-PE, anti-CD11b-BB515, DUMP channel antibodies (anti-Ly6G, anti-CD49b, anti-B220, anti-CD3,
conjugated to APC) and DAPI. Aggregated cells, dead cells, and DUMP+ cells were excluded by flow cy-
tometry gating strategy (Figure S1F) and equal number of CD11b+ LAP" and LAP-° MCs was sorted and
used in corresponding assays. Cell sorting was performed on an BD FACS Arialllu (BD Biosciences) using
BD FACSDiva 8.0.1. software (BD Biosciences).

Adoptive transfer

Wild type (WT) C57BL/6J mice were adoptively transferred with LAP™ and LAP° MCs isolated from MC38-
OVA tumor-bearing B6.SJL mice on days -1 and 8. LAP" and LAP-° MCs were obtained through flow cy-
tometry cell sorting after monocytes were isolated from lymphoid organs using EasySep Mouse Monocyte
Isolation Kit (STEMCELL Technologies) according to the manufacturer’s instruction. A total of 3-5 x
10° cells were diluted in serum-free medium and injected intravenous (i.v.) through tail veins. One day after
the first cell transfer, mice were implanted with MC38-OVA cells as described in the Animal studies section,
and tumor growth was monitored by caliper measurements.

¢? CellPress

OPEN ACCESS

iScience 24, 103347, November 19, 2021 21




¢? CellPress

OPEN ACCESS

Isolation of cells from tumor

Subcutaneous CT26 and MC38 colorectal cancer model. Tumors were removed, minced and enzymatically
dissociated with 2 mg/ml Collagenase D (Roche), 10% FBS and 100 pg/ml DNAse | (Roche) in HBSS by in-
cubation with rotation for 20 min at 37°C. The digested tissue was triturated and passed through a 40-um
cell strainer. Cells were washed in M199 medium supplemented with 10% FBS, centrifuged and resus-
pended in 30% isotonic Percoll (Sigma) underlaid by 70% isotonic Percoll, and overlaid with HBSS. Then,
cells were centrifuged at 700g at RT for 20 min and collected from the 70/30% Percoll interphase, washed
and used for FACS analysis or sorting.

Intracranial GL261 GBM model. Brains were triturated in cold HBSS using a homogenizer and passed
through a 70-pm cell strainer. Cells were centrifuged, resuspended in 30% isotonic Percoll (Sigma), under-
laid by 70% isotonic Percoll, and centrifuged at 900g at RT for 25 min. Immune cells were collected from the
70/30% interphase, washed and analyzed by FACS.

In vitro proliferation assay

Naive CD4" T cells (CD4"CD44'°CD62L"Foxp3?) were isolated from the spleen and lymph nodes of OT-II/
GFP-Foxp3 mice, GFP-Foxp3 mice using EasySep Mouse Naive CD4" T cell Isolation kit (STEMCELL Tech-
nologies) and sorted by flow cytometry. Naive CD8" T cells (CD8*CD44'°CD62LM) were isolated from the
spleen and lymph nodes of WT mice using EasySep Mouse Naive CD8" T cell Isolation kit (STEMCELL Tech-
nologies). Cells were labeled with CellTrace Violet according to the manufacturer’s instructions (CellTrace
Violet proliferation kit, Invitrogen) and used as responder cells. The LAP" and LAP-° MCs were isolated and
sorted from spleens, bone marrows (BM) or tumors (as applicable) from naive or tumor-bearing C57BL/6J
mice. From lymphoid organs, monocytes were enriched using EasySep Mouse Monocyte Isolation Kit
(STEMCELL Technologies) according to the manufacturer’s instruction, stained and FACS-sorted, and
LAP and LAP“° MCs were isolated as described above. From tumor, cells were enriched using Percoll
gradient and LAP"" and LAP"°> MCs were isolated as described above. The sorted myeloid cells and
responder naive T cells were diluted and cultured in complete medium at different ratios, as indicated.
For non-specific stimulation, anti-CD3 (0.5 pg/ml for CD4"* T cells or 0.25 ug/ml for CD8" T cell) was added.
For antigen-specific stimulation of CD4™ T cells isolated from OT-1I/GFP-Foxp3 mice, myeloid cells were
preloaded with OVAs,3 339 peptides (30 pg/mL, InvivoGen) for 3.5 hours, and unbound peptides were
washed off before addition of responder cells. When indicated, blocking antibodies anti-TGF-B, anti-
LAP TW7-16B4, anti-LAP TW7-28G11 or control antibodies (IC MPC-11, IC MG1-45) were added at
0.25 mg/mL. T cell proliferation was assessed after 48 hours (CD8" T cells) or 72 hours (CD4" T cells) by
flow cytometry.

Migration assay

LAPH and LAP"® MCs were isolated from spleens of MC38 tumor-bearing C57BL/6J mice as described
above and 3 x 10° cells in100 pL complete IMDM medium seeded in the upper chambers of a 24-well tissue
culture plates with 5 um pore-size inserts (Corning). The lower chambers were loaded with 600 pL chemo-
taxis medium (IMDM medium containing 0.5% endotoxin-free BSA (MP Biomedicals), 10% FBS, 0.01M
HEPES) with or without 0.1 pg/mL CCL2/MCP-1 (BD Biosciences). Cancer cell lines (MC38 or GL2641)
were cultured until they reached 80%-confluence and 600ul tumor-conditioned media transferred to the
lower chambers of 24-well tissue culture plates. Migrating cells were collected from the lower chambers
and the bottom of cell inserts after 3 hours incubation at 37°C and quantified by flow cytometry.

Flow cytometry staining and acquisition

Analysis of mouse cells: Immune cells were isolated from spleens, BMs, lymph nodes, and tumors were resus-
pended in FACS buffer (HBSS containing 2% FBS, 2 mM EDTA, and 25 mM HEPES) and blocked with anti-
mouse CD16/CD32 before staining. Cells were stained with fluorochrome-labeled antibodies purchased
from eBioscience, BioLegend, or BD Pharmingen in Brilliant Stain Buffer (BD Biosciences). For intracellular cyto-
kine staining, cells were stimulated for 4 hours at 37°C with 500 ng/ml PMA (phorbol 12-myristate 13-acetate;
Sigma), 0.67 pM ionomycin (Sigma), and 1.3% GolgiStop (v/v) containing monensin (BD Biosciences) diluted in
complete IMDM (Gibco). Cells were fixed and permeabilized with Foxp3 Fixation/Permeabilization kit
(eBiosceince) according to the manufacturer’s instructions. The fixed cells were then stained for intracellular
proteins. The following surface and intracellular antibodies were used: CD103-PE-CF594 (clone M290),
CD115-Brv421 (clone AFS98), CD11b-BB515 (clone M1/70), CD11¢c-BrV711 (clone HL3), CD3e-BUV650 (clone
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145-2C11), CD4-BUV496 (clone GK1.5), CD45-BUV661 (clone 30-F11), CD8-BUV805 (clone 53-6.7), Ly6C-APC-
Fire750 (clone HK1.4), Ly6G-BUV563 (clone 1A8), MHC Class II-BrV605 (clone I-A/I-E), PDL1-APC (clone MIH5),
CD41-PE-Cy7 (clone MWReg30), Ly6A/E-PE-Cy7 (Sca-1; clone D7), CD19-PE-Cy7 (clone 1D3), TER-119-PE-Cy7
(clone TER-119), LAP-PE (clone TW7-16B4), FOXP3-FITC (clone FJK-16s), IFN-y-eFluoré660 (clone XMG1.2).
DUMP channel included: CD41-PE-Cy7, Ly6A/E-PE-Cy7, CD19-PE-Cy7, TER-119-PE-Cy7 antibodies. Fixable
viability dye e-Fluor506 (eBioscience) was used to exclude dead cells. Compensation was performed by using
UltraComp eBeads™ Compensation Beads (ThermoFisher). Data acquisition and analysis were performed on a
FACSymphony (BD Biosciences) and FlowJo version 10 (Tree Star). For viSNE analysis, 100,000 cells were sub-
sampled from three tumor-derived immune cells and analyzed using multicolor flow cytometry. Gating was per-
formed manually to exclude platelets, erythrocytes, undifferentiated cells, B cells, and dead cells; and the viSNE
algorithm was run on concatenated samples by Cytobank (Amir el et al., 2013; Kotecha et al., 2010).

Analysis of human PBMCs: A small amount of gMDCSs was detected from frozen samples due to cryopres-
ervation that compromises the viability of gMDSCs (Trellakis et al., 2013). For sufficient presentation, we
chose to show results for samples with a minimum of 200 detected gMDSCs which we found in a total of
six GBM patients’ samples. PBMCs were washed in FACS buffer (HBSS containing 2% FBS, 2 mM EDTA,
and 25 mM HEPES) and blocked with human FcR Blocking Reagent (Miltenyi Biotec) before staining. Cells
were stained in Brilliant Stain Buffer (BD Biosciences). The following surface Abs were used: Lineage Cock-
tail 1-FITC (CD3, CD14, CD16, CD19, CD20, CD56), CD61-PerCP (clone VI-PL2), CD103-APC (clone 2E7),
CD15-APC-Cy7 (clone W6D3), CD3-BV421 (clone SK7), CD11b-BV650 (clone M1/70), CD14-BV711 (clone
MeP9), HLA-DR-BV785 (clone G46-6), CD4-UV395 (clone SK3), CD8-BUV8B05 (clone SK1), LAP-PE (clone
28G11), CD33-PE-Cy7 (clone WM-35). Samples were analyzed on the FACSymphony (BD Biosciences)
and FlowJo version 10 (Tree Star). Fixable viability dye e-Fluor506 was used to exclude dead cells. Data
acquisition and analysis were performed on a FACSymphony (BD Biosciences) and FlowJo version 10
(Tree Star).

qRT-PCR

LAP" and LAP'° cells were isolated and sorted from spleens and bone marrows of naive and tumor-bearing
mice or MC38-OVA and CT26 subcutaneous tumors, as described above. mRNA was isolated with
miRNAeasy kit (Qiagen) according to manufacturer’s protocol, including an on-column DNase Digestion
step (RNase-Free DNase, Qiagen). cDNA was generated using the Reverse-Transcription PCR Kit following
the manufacturer’s instructions (ThermoFisher). gPCR was performed with the TagMan® Universal PCR
Master Mix on the ViiA 7 Real-Time PCR System (ThermoFisher), and the results were normalized to Gapdh
or B2m. All TagMan primers were provided by ThermoFisher (Table S1).

Single cell RNA sequencing analysis

CT26 tumors were implanted in WT Balb/cJ male mice at the age of 8 weeks with 2 x 10° CT26 cells in 50 pL
PBS by subcutaneous injections into the animal’s flanks. When tumor sizes reached approximately 10mm in
diameter, tumor tissue was removed, immune cells isolated by Percoll gradient, as described in the isola-
tion of cells from tumor section. Live LAP™ and LAP"® CD45+ cells were sorted by FACS and processed for
single-cell sequencing analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell RNA sequencing data processing

Mapping, QC, and counting. Single-cell transcriptomic data was processed using Drop-seq tools 1.12
(http://mccarrolllab.com/dropseq) as previously described (Gierahn et al., 2017; Macosko et al., 2015). In
summary, cell barcodes and molecular barcodes were tagged, and the 5’ primer sequence and the 3’/ polyA
sequence were trimmed. The transcriptome sequences were then mapped to the GRCm38 reference
genome using STAR 2.5.3a. The alignment files were sorted in queryname order and merged with cell/mo-
lecular barcodes. Gene/exon and other annotation tags were added. Bead synthesis errors were detected,
fixed, or filtered if no straightforward fixation solution. A matrix of sequencing counts per gene per cell was
output with each gene per row and each cell per column. Total sequence count, mapped sequence count,
and exon sequence count per cell were then reported.

Single-cell clustering and LAP" versus LAP"° cell comparison. Single-cell clustering and differential expres-
sion analyses were performed by Seurat v3.0. Cells with more than 200 sequencing reads were selected,
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and genes with more than two reads across all samples entered downstream analyses. Expression counts
were normalized by the “LogNormalize” method, and the top 2000 most variable genes were selected. The
data from different samples were integrated by common anchors selected by Seurat. A linear transforma-
tion step was then applied by scaling the expression per gene to be mean 0 and variance 1. PCA was
performed on the variable genes using the RunPCA function in Seurat. UMAP was created by the top 30
principal components. The differentially expressed genes in each cluster were output by FindAllMarkers.
The clusters were identified basing on cell-type-specific key signature genes. The differentially expressed
genes in LAP and LAP-° sample comparison were output in each cluster basing on cells with expression by
FindMarkers. In addition to comparing the gene expression levels, the proportion of cells with detectable
transcripts for each gene was compared between LAP" and LAP" samples in each cluster using binomial
Generalized Linear Model in R/3.5.1.

Statistical analysis

Prism 9.0 (GraphPad Software) was used for statistical analysis. For comparison of two groups, an unpaired,
two-tailed Student’s t-test was used. For comparison of three or more groups, one-way ANOVA or two-way
ANOVA with pairwise group comparisons using Tukey's approach were used. Two-way ANOVA was used
to determine the significance of the differences between tumor growth curves. Statistical differences be-
tween survival curves were calculated by log-rank (Mantel-Cox) test. Values of P < 0.05 were considered
statistically significant. **** P < 0.0001.
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