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SUMMARY

Recent clinical trials revealed that immune checkpoint inhibitors and antiangiogenic reagent combination ther-
apy improved the prognosis of various cancers. We investigated the roles of fibrocytes, collagen-producing
monocyte-derived cells, in combination immunotherapy. Anti-VEGF (vascular endothelial growth factor) anti-
body increases tumor-infiltrating fibrocytes and enhances the antitumor effects of anti-PD-L1 (programmed
death ligand 1) antibody in vivo. Single-cell RNA sequencing of tumor-infiltrating CD45* cells identifies a
distinct “fibrocyte cluster” from “macrophage clusters” in vivo and in lung adenocarcinoma patients. A
sub-clustering analysis reveals a fibrocyte sub-cluster that highly expresses co-stimulatory molecules.
CD8* T cell-costimulatory activity of tumor-infiltrating CD45*CD34" fibrocytes is enhanced by anti-PD-L1 anti-
body. Peritumoral implantation of fibrocytes enhances the antitumor effect of PD-L1 blockade in vivo; CD86 '~
fibrocytes do not. Tumor-infiltrating fibrocytes acquire myofibroblast-like phenotypes through transforming
growth factor f (TGF-B)/small mothers against decapentaplegic (SMAD) signaling. Thus, TGF-BR/SMAD inhib-
itor enhances the antitumor effects of dual VEGF and PD-L1 blockade by regulating fibrocyte differentiation.
Fibrocytes are highlighted as regulators of the response to programmed death 1 (PD-1)/PD-L1 blockade.

INTRODUCTION

Immune checkpoint inhibitors (ICls), including monoclonal an-
tibodies targeting programmed death 1 (PD-1) and its ligand,
programmed death ligand 1 (PD-L1), provide clinical benefits
in different malignancies.”? Recently, various combination of
ICIs with other modalities, including cytotoxic agents, radio-
therapy, and molecular targeted agents, have been explored
to mediate synergistic antitumor effects in murine models
and humans.>* Notably, angiogenesis inhibitors targeting
vascular endothelial growth factor (VEGF) and VEGF receptor
(VEGFR) have been expected to enhance the antitumor effects
of ICIs.*® In fact, recent data from phase Il clinical trials
demonstrated the superiority of combination therapy with
anti-PD-L1 antibody (atezolizumab) and anti-VEGF antibody
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(bevacizumab) in non-squamous non-small cell lung cancer
(NSCLC), metastatic renal cell carcinoma, and hepatocellular
carcinoma.”™®

Several studies have reported the roles of VEGF in tumor im-
munity.>'>"" VEGF is known to recruit regulatory T cells (TregS)
and myeloid-derived suppressor cells (MDSCs) to inhibit the
maturation of dendritic cells (DCs) and to directly suppress
effector T cell activation.’®'" Given these immunosuppressive
functions of VEGF, blockade of VEGF/VEGFR signaling has
drawn attention for its potential to reinforce the antitumor immu-
nity. However, the immunological background showing additive
or synergistic effects of combinations of ICls and antiangiogenic
agents remains unclear.

Fibrocytes are bone marrow-derived cells that have the phe-
notypes of both fibroblasts and macrophages.'? Based on the
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extracellular matrix (ECM)-producing and pro-inflammatory
abilities, fibrocytes have long been proposed to contribute to
the pathogenesis of fibrotic diseases, including pulmonary
fibrosis, liver fibrosis, and cardiovascular disease.'?"'* Further-
more, we showed that fibrocytes promote tumor progression
via the induction of cancer stem cell-like properties'® and
mediate acquired resistance to anti-VEGF therapy.'® The mech-
anistic study indicated that VEGF blockade enhances tumor-
derived CXCL12 production and recruits fibrocytes into tumors,
where they produce an alternative angiogenic molecule: fibro-
blast growth factor 2.

Fibrocytes have also been demonstrated to have the features
of antigen-presenting cells (APCs).'>'” We recently revealed
that fibrocytes derived from human peripheral blood and mouse
lungs expressed costimulatory molecules (CD80"°", CD86"9")
and coinhibitory molecule (PD-L1"9") and induced CD8* T cell
proliferation via cross-presentation in vitro.'® Furthermore,
anti-PD-L1 antibody enhanced the antigen-presenting ability of
fibrocytes. Based on these results, we hypothesized that
tumor-infiltrating fibrocytes have the potential to enhance the
antitumor effects of PD-1/PD-L1 blockade, especially in fibro-
cyte-rich tumors, such as in bevacizumab-treated cases. How-
ever, the characteristics and function of fibrocytes in tumors
have not been analyzed because living fibrocytes are difficult
to harvest because of the lack of a specific cell surface marker.

In the present study, we demonstrate “fibrocyte clusters” in
tumors by performing single-cell RNA sequencing (scRNA-seq)
of tumor-infiltrating CD45"* hematopoietic cells in a syngeneic
mouse model treated with VEGF blockade and lung adenocarci-
noma patients. After analyzing the gene expression and
differentiation of fibrocyte clusters, we isolated tumor-infiltrating
fibrocytes as living cells and showed their T cell-costimulatory
function and potential synergistic effects of PD-L1 antibody
and anti-VEGF antibody.

RESULTS

Combination therapy with PD-L1 blockade and VEGF
blockade showed synergistic effects in mouse models
To investigate the efficacy of anti-VEGF antibody in tumor angio-
genesis, we subcutaneously injected syngeneic mice with
mouse mesothelioma cell line AB1-influenza haemagglutinin
gene (HA). Seven days after tumor injection, low-dose (0.5 mg/
kg) or high-dose (5 mg/kg) anti-VEGF antibody was administered
twice a week for 2 weeks. Low-dose anti-VEGF antibody failed to
suppress tumor progression, whereas high-dose anti-VEGF
antibody significantly inhibited tumor growth (Figure 1A). In
contrast, both low-dose and high-dose anti-VEGF antibody sup-
pressed tumor angiogenesis (Figure 1B). To evaluate the efficacy
of combination blockade of PD-L1 and VEGF, we administered
low-dose (0.5 mg/kg) anti-PD-L1 antibody and anti-VEGF
antibody in vivo from day 7 (combination treatment schedule).
Combination therapy with PD-L1 and VEGF blockade showed
superior antitumor effects to monotherapy (Figure 1C) (anti-
VEGF antibody versus combination, p = 0.014; anti-PD-L1 anti-
body versus combination, p = 0.035; day 21 tumor volume).
Furthermore, in tumors treated with combination therapy, tu-
mor-infiltrating CD8* T cells were increased more than 5-fold
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in comparison with the control group (Figure 1D). The antitumor
effect of combination blockade of VEGF and PD-1 was also
confirmed in AB1-HA-bearing mice (Figure 1E). Next, we inves-
tigated whether anti-VEGF antibody pretreatment could similarly
generate synergistic antitumor effects to anti-PD-L1 antibody
treatment, irrespective of the delayed administration, in order
to confirm the importance of changes of the tumor microenviron-
ment, including fibrocyte accumulation, induced by anti-VEGF
antibody, which we reported previously.'® As expected, pre-
treatment (from day 7) with low-dose anti-VEGF antibody was
sufficient to show the synergistic antitumor effects of combina-
tion therapy with delayed (from day 14) anti-PD-L1 antibody
treatment (sequential treatment schedule) (Figures 1F and 1G).
Notably, sequential treatment showed similar antitumor effects
to combination treatment. These findings imply the significance,
and further analyses are required to investigate modification of
the tumor microenvironment by anti-VEGF antibody in tumor
immunotherapy with PD-1/PD-L1 antibodies.

scRNA-seq identifies fibrocyte clusters as novel tumor-
related immune cells recruited by VEGF blockade

To analyze modification of the tumor microenvironment by VEGF
blockade, we performed scRNA-seq of CD45* tumor-infiltrating
immune cells from AB1-HA tumor tissues treated with control
IgG (11,567 cells sequenced) or anti-VEGF antibody (8,704 cells
sequenced). All 20,271 CD45" cells were clustered into cell-type
classifications annotated with canonical marker gene expression
levels using the Seurat package (Figures 2A-2C). We identified a
distinct cluster of CD45" and collageniai™ cells as tumor-infil-
trating fibrocytes. Fibrocytes also displayed the expression of
fibroblast activation-related genes, including SPARC and
EGR1 (Figure 2B). The population clustered as fibrocytes also
expressed known fibrocyte markers (e.g., S100A4, TM4SF1,
and CD11b) (Figure 2D). In contrast, tumor-infiltrating fibrocytes
expressed, to a lesser extent, other immune cell markers for
macrophages (Cd68, Adgrel, Lyz2), DCs (Ly75), and granulo-
cytes (Csf3r). The cluster analysis showed that fibrocyte clusters
were indisputably independent from large macrophage clusters
and had gene expression characteristics, although the broad
and unseparated distribution of classical subset markers of
macrophage clusters was observed, even in the case of M1- or
M2-macrophage markers (Figures 2D and S1).

Analyzing VEGF blockade-induced changes in the subpopula-
tion of tumor-infiltrating CD45™* cells, we found that M1-like mac-
rophages, granulocytes, and fibrocytes nearly doubled in tumor
tissues treated with anti-VEGF antibody (Figures 2E and 2F). To
confirm fibrocyte accumulation, we performed an immunohisto-
chemical analysis of tumor-infiltrating fibrocytes (Collagenial™
CD45%) in AB1-HA tumor tissue (Figure 2G). VEGF blockade
increased the tumor-infiltrating fibrocytes in a dose-dependent
manner. The antitumor and antiangiogenic effects of VEGF
blockade were also confirmed in mouse lung cancer cell line
Lewis lung carcinoma (LLC)-bearing mice (Figures S2A and
S2B). Dual blockade of VEGF and PD-L1 suppressed the tumor
progression and increased the tumor-infiltrating CD8" T cells in
LLC-bearing mice (Figures S2C and S2D). Anti-VEGF antibody
also increased the tumor-infiltrating fibrocytes in LLC-bearing
mice (Figure S2E). Because MDSCs and Tgs are also known
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Figure 1. Combination therapy with dual PD-L1 and VEGF blockade shows synergistic antitumor effects in vivo

(A) The evaluation of the tumor volume of AB1-HA tumor-bearing mice treated with anti-VEGF antibody («VEGF Ab) from 7 days after tumor cell injection (n =7 per
group). *p < 0.05 by one-way ANOVA.

(B) Representative images of sections from AB1-HA tumors stained for CD31 and the quantitative evaluation of the number of vessels per field (n = 15 field per
group). Tumors were harvested on day 21 from the control IgG and «VEGF Ab-treated groups. Scale bar, 200 um. *p < 0.05 by one-way ANOVA.

(C) The evaluation of the tumor volume of AB1-HA-bearing mice treated with low-dose «VEGF Ab and/or «PD-L1 Ab from 7 days after tumor cell injection (n =7
per group). *p < 0.05 by one-way ANOVA.

(D) Representative images and quantitative evaluation of sections from AB1-HA tumors stained for CD8a (n = 15 field per group). The tumors were harvested at
day 21 from each group in (C). Scale bar, 200 um. *p < 0.05 by one-way ANOVA.

(E) The evaluation of the tumor volume of AB1-HA-bearing mice treated with low-dose aVEGF Ab (0.5 mg/kg) and/or «PD-1 Ab (200 pg per mouse) twice a week
from 7 days after tumor cell injection (n = 7 per group). “p < 0.05 by one-way ANOVA.

(F) The evaluation of the tumor volume of AB1-HA-bearing mice treated with low-dose «VEGF Ab and/or «PD-L1 Ab from 7 (early) or 14 (late) days after tumor cell
injection (n = 7 per group). “p < 0.05 by one-way ANOVA.

(G) The tumor volume of each group at day 21 in (E). *p < 0.05 by one-way ANOVA. The evaluations of immunohistochemical analysis are shown as the mean + SD.
The other data are shown as the mean + SEM.
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as immune suppressor lineages that are regulated by VEGF, we
investigated the immunohistochemical analysis of their markers
(Gr-1 and Foxp3) in AB1-HA tumor tissue (Figure S3), because
both cells were minor populations and not detected as a cluster
in our scRNA-seq data. Anti-VEGF antibody decreased the tu-
mor-infiltrating MDCSs, whereas the number of T,.gs was not
affected by either treatment.

scRNA-seq identifies tumor-infiltrating fibrocyte in lung
adenocarcinoma cases

We also performed scRNA-seq of 38,145 CD45* tumor-infil-
trating immune cells in resected tumor tissue from four lung
adenocarcinoma patients (Figures S4A-S4C). We identified a
distinct cluster of collagen-expressing CD45" cells as tumor-
infiltrating fibrocytes in clinical cases (Figure S4D). Tumor-infil-
trating fibrocytes in clinical lung adenocarcinoma expressed
common markers (e.g., SPARC and TM4SF1) as fibrocytes iden-
tified in a preclinical model (Figures 2D and S4D). The frequency
of tumor-infiltrating fibrocytes was 0.30%-2.49% in CD45" cells
isolated from resected lung adenocarcinoma tissue (Figure S4A).
Our previous reports also have shown the increase of tumor-infil-
trating FSP-1"CD45" fibrocytes in immunohistochemical anal-
ysis of tumor tissue from lung carcinoma patients who received
neoadjuvant chemotherapy, including anti-VEGF blockade.'®
Besides, the number of tumor-infiltrating fibrocytes was lower
in untreated tissue. Considering the results of scRNA-seq in un-
treated AB1-HA tumor (Figure 2F) and immunohistochemical
analysis of human lung adenocarcinoma, we considered that
the frequency of human tumor-infiltrating fibrocytes identified
in the present scRNA-seq analysis was appropriate.

Subset clustering revealed a novel sub-population of
fibrocytes possessing immune-modulating features

We next investigated the immune-modulating properties of
tumor-infiltrating fibrocytes in more detail. The cluster of tu-
mor-infiltrating fibrocytes identified in scRNA-seq expressed
several immune-related molecules; however, the overall expres-
sion levels appeared lower than other APCs (e.g., macrophages
and DCs) (Figure S1). Based on these findings, we assumed the
existence of sub-populations among tumor-infiltrating fibrocytes
that were specialized in tumor immunity. To examine their fea-
tures, we performed a re-clustering analysis of tumor-infiltrating
fibrocytes. Sub-clustering and a Gene Ontology (GO) analysis of
fibrocytes revealed five sub-clusters, including fibroblastic
(FC1), proliferating (FC2), and immune-related (FC3) populations
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(Figures 3A-3C). Among them, VEGF blockade increased FC1
and FC83, as well as the sub-cluster of fibrocytes exposed to hyp-
oxia (FCO). Several studies revealed the potential of bone
marrow-derived fibrocytes to differentiate into fibroblasts/myofi-
broblasts in various organs.'>'®'® We considered that the
increase of FC1 and FC3 reflected the differentiation process
of recruited fibrocytes in tumor tissue. We therefore examined
the gene expression levels of costimulatory molecules (CD80,
CD86), MHC class Il (H2-Aa, H2-Ab1), and immune checkpoint
molecules (Cd274, Pdcdlg?2) in each sub-cluster (Figure 3D).
Interestingly, FC3 expressed high levels of CD86, but not
CD80, MHC class Il, and PD-L1, but not PD-L2, whereas FC2
(Ki67* proliferating fibrocytes) slightly expressed CD80 and
MHC class II.

Even though each fibrocyte sub-cluster expressed ECM-
associated genes (collagens and regulators of ECM), FC1
showed properties that were particularly close to fibroblasts
(Figures 3D and S5). FC1 also expressed FGF2, which induced
acquired resistance to VEGF blockade'® (Figure S5). Thus,
FC1 could have the potential to partially contribute to tumor pro-
gression as shown previously.'>'® In contrast, FC3 may play a
central role in tumor immunity as immune-related fibrocytes.

Fibrocytes enhanced antitumor effects of PD-1/PD-L1
blockade in vivo

To examine whether tumor-infiltrating fibrocytes contribute to
the antitumor effects of PD-L1 blockade, we performed combi-
nation therapy with an anti-PD-L1 antibody and implantation of
fibrocytes into AB1-HA tumors (Figure 4A). Mouse fibrocytes
were isolated from lung tissue through 1-week culture in fibro-
nectin-coated dishes and selection of CD45" cells.’®'® As
described previously, both lung fibrocyte and tumor-derived
fibrocyte enhanced the T cell proliferation in vitro. Our previous
study revealed that PD-L1 blockade augmented the co-stimula-
tory capacity of tumor-derived fibrocytes and lung-derived
fibrocytes."® We routinely confirmed that mouse lung-derived
fibrocytes express PD-L1 and CD86. Peritumoral implantation
of mouse lung fibrocytes enhanced the antitumor effects of
anti-PD-L1 antibody (Figure 4B) (control IgG versus anti-PD-L1
antibody; p = 0.246, control IgG versus combination; p =
0.008, day 21 tumor volume). Furthermore, mouse fibrocyte im-
plantation combined with anti-PD-L1 antibody increased tumor-
infiltrating CD8" T cells >3-fold in comparison with anti-PD-L1
antibody monotherapy (Figure 4C). Mouse lung fibrocytes also
potentiated the antitumor effects of anti-PD-1 antibody in vivo

Figure 2. Tumor-infiltrating fibrocyte was identified as the distinct cluster enriched in immune-related and fibrotic molecules
(A) Uniform manifold approximation and projection (UMAP) plots of single-cell RNA-seq (scRNA-seq) data generated from CD45™ cells in AB1-HA tumor tissue.

Data are representative of two experiments with similar results.
(B) UMAP plots of selected fibrocyte markers from a merged condition.

(C) An expression heatmap of the top five differentially expressed genes in each cluster.

(D) Violin plots of selected genes in each myeloid cell, including macrophages, osteoclast-like cells, granulocytes, dendritic cells, and fibrocytes. The normalized
expression levels were compared between mice treated with isotype control and mice treated with «VEGF Ab.

(E) Superimposed UMAP plot projections of scRNA-seq data from tumor-infiltrating CD45* cells in AB1-HA-bearing mice treated with isotype control and

oVEGF Ab.
(F) Cluster proportions in tumor-infiltrating CD45" cells.

(G) Double staining of collagen1al and CD45 in tumors from mice treated with or without «VEGF Ab (the mice studied in Figure 1A; n = 15 field per group). Scale
bar, 50 pm. The number of double-positive cells in the tumors was evaluated in each group. “p < 0.05 by one-way ANOVA.

The data are shown as the mean + SD. See also Figures S1-54.
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Figure 3. An immune-related subtype of tumor-infiltrating fibrocytes was detected by a single-cell analysis

(A) UMAP plots of fibrocyte clusters showing emergent sub-clusters.

(B) The comparison of each sub-cluster of fibrocytes in isotype control and «VEGF Ab-treated groups.

(C) Gene Ontology identifying pathway enrichment by each sub-group of

fibrocytes.

(D) Violin plots of selected genes, showing the normalized expression in each sub-cluster of fibrocytes.

See also Figure S5.
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(Figure 4D). Furthermore, based on the scRNA-seq results
showing increased macrophages in tumor tissue treated with
VEGF blockade, we examined the effects of implanting mouse
bone marrow-derived macrophages in AB1-HA tumor-bearing
mice (Figures 4E and 4F). In contrast with fibrocytes, peritumoral
implantation of macrophages tended to inhibit the antitumor ef-
fects of PD-L1 blockade (Figure 4E). Macrophage implantation
combined with anti-PD-L1 antibody did not increase the tu-
mor-infiltrating CD8" T cells (Figure 4F). These results suggest
that VEGF blockade enhances the antitumor effects of PD-1/
PD-L1 blockade, potentially via recruitment of tumor-infiltrating
fibrocytes, but not macrophages.

PD-L1 blockade enhanced costimulatory capacity of
CD34'CD45" fibrocytes in tumor tissue

Analyzing the results of scRNA-seq in AB1-HA tumor tissue re-
vealed the high and specific expression of CD34 in tumor-infil-
trating fibrocytes (Figure 5A). This discovery enabled the sorting
of tumor-infiltrating fibrocytes as living cells by flow cytometry.
For confirmation of the phenotypes of tumor-infiltrating fibro-
cytes and comparison with macrophages, we isolated
CD34*CD45" cells as fibrocytes and CD34~ CD45*F4/80™" cells
as macrophages from AB1-HA anti-VEGF antibody-treated tu-
mor tissues (Figure 5B). The frequency of tumor-infiltrating
CD34*CD45" fibrocytes was increased by VEGF blockade in
the flow cytometric analysis (Figure 5C). Considering the results
of sub-clustering analysis in tumor-infiltrating fibrocytes (Fig-
ure 3D), we identified immune-related FC3 fibrocytes as
CD34*CD45*CD86"9" cells. The flow cytometric analysis also
revealed that VEGF blockade enhanced the accumulation of
FC3 in tumor tissue (Figure 5D). The COL1A1 gene expression
of fibrocytes was several-fold higher than that of macrophages,
while the CD45 and F4/80 expression was the same (Figure 5E).
Furthermore, fibrocytes showed significantly higher expression
levels of CD274 (PD-L1) and CD86 in comparison with macro-
phages. We also isolated CD34*CD45" fibrocytes and CD34~
CD45*F4/80" macrophages from LLC tumor tissue (Figure S6A).
The LLC tumor-derived fibrocytes expressed higher levels of
COL1A1 and PD-L1 than macrophages (Figure S6B). We previ-
ously reported that lung or peripheral blood fibrocytes had an an-
tigen-presenting ability similar to macrophages and DCs."®
Thus, tumor-infiltrating fibrocytes and macrophages were iso-
lated by flow cytometry, and their T cell-costimulatory capacities
were examined in vitro. We performed an allogeneic carboxy-
fluorescein succinimidyl ester (CFSE) dye dilution mixed lympho-
cyte reaction assay (CFSE-MLR). CD8* T cells from C57BL/6
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mice were stimulated by tumor-infiltrating fibrocytes from
AB1-HA-bearing BALB/c mice treated with anti-VEGF antibody.
Tumor-infiltrating fibrocytes augmented the CD8* T cell prolifer-
ation (Figure 5F). Furthermore, PD-L1 blockade significantly
enhanced fibrocyte-induced growth of CD8* T cells (Figure 5G).
In contrast, PD-L1 blockade did not upregulate the CD8" T cell
proliferation induced by allogeneic tumor-associated macro-
phages (TAMs), while TAMs had costimulatory capacity equiva-
lent to or slightly lower than fibrocytes (Figures 5H and 5I).

To investigate whether tumor-infiltrating fibrocytes enhanced
T cell proliferation in tumor tissues or draining lymph nodes,
we peritumorally transplanted CFSE-labeled lung fibrocytes
and tracked their migration. Although bone marrow-derived
DCs transplanted in a peritumoral site migrated to draining
lymph nodes (subiliac lymph nodes), transplanted fibrocytes
were not observed in draining lymph nodes (Figure 5J). We
confirmed that both fibrocytes and DCs infiltrated tumor tissue
(Figure S7A). Moreover, Ki67* proliferating T cells were signifi-
cantly increased in AB1-HA tumor tissues treated with dual
VEGF and PD-L1 blockade (Figure 5K). The co-localization of tu-
mor-infiltrating FSP-1* fibrocyte-like cells and CD8* T cells was
observed in AB1-HA tumor tissue treated with combined VEGF
and PD-L1 blockade (Figure S7B). These results suggested
that PD-L1 blockade possibly enhanced the T cell-costimulatory
ability of fibrocytes at the local tumor site.

Enhancement of antitumor effects of fibrocytes by PD-
L1 blockade was CD86 dependent

We next assessed whether PD-L1 blockade-treated fibrocytes
suppressed tumor progression via costimulatory signals in tumor
tissue. We previously demonstrated that the antigen-presenting
capacity of fibrocytes was partially dependent on CD86
in vitro.'® In the present study, we confirmed that lung-derived fi-
brocytes expressed cell surface CD86 to the same extent as tu-
mor-infiltrating fibrocytes (Figure S7C). Thus, we peritumorally
transferred fibrocytes from the lungs of wild-type (WT) or
CD86~/~ BALB/c mice into anti-PD-L1 antibody-treated AB1-
HA tumor-bearing WT BALB/c mice (Figures 6A and 6B).
Although WT fibrocytes augmented the antitumor effects of
PD-L1 blockade, synergistic effects were not observed in mice
that received implantation of CD86~/~ fibrocytes (control IgG
versus anti-PD-L1 antibody + WT fibrocyte; p = 0.008, control
IgG versus anti-PD-L1 antibody + knockout [KO] fibrocyte; p =
0.309, day 21 tumor volume). Transplantation of CD86 /"~ fibro-
cytes did not affect the number of CD8* tumor-infiltrating lym-
phocytes (TILs) in AB1-HA-bearing mice treated with PD-L1

Figure 4. Fibrocyte enhances the antitumor effects of PD-L1 blockade

(A) A diagram showing the strategy of fibrocyte transplantation into tumor site.

(B) The evaluation of the tumor volume of AB1-HA-bearing mice treated with peritumoral fibrocyte transplantation and/or «PD-L1 Ab from 7 days after tumor cell
injection (n = 7 per group). *p < 0.05 by one-way ANOVA.

(C) The quantitative evaluation of the number of CD8* cells per field in each tumor of the mice studied in (B) (n = 15 field per group). Scale bar, 200 um. *p < 0.05 by
one-way ANOVA.

(D) The evaluation of the tumor volume of AB1-HA-bearing mice treated with peritumoral fibrocyte transplantation and/or «PD-1 Ab (200 pg per mouse) from
7 days after tumor cell injection (n = 7 per group). *p < 0.05 by one-way ANOVA.

(E) The evaluation of the tumor volume of AB1-HA-bearing mice treated with peritumoral macrophage transplantation and/or «PD-L1 Ab from 7 days after tumor
cell injection (n = 7 per group). *p < 0.05 by one-way ANOVA.

(F) The quantitative evaluation of the number of CD8* cells per field in each tumor of the mice studied in (E) (n = 12 field per group). Scale bar, 200 um. *p < 0.05 by
one-way ANOVA. The evaluations of immunohistochemical analysis are shown as the mean + SD. The other data are shown as the mean + SEM.
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blockade (Figure 6C). Both CD80 and CD86 have been known as
the main co-stimulatory molecules in APCs. To examine the
CD80 dependency in antitumor effects of fibrocytes, we trans-
planted fibrocytes derived from CD80~'~ BALB/c mice (Fig-
ure 6D). The implantation of CD80~/~ fibrocytes enhanced the
antitumor effect of PD-L1 blockade as with WT fibrocytes.
Together, these results suggested that the expression of costi-
mulatory molecule CD86, but not CD80, was essential for the
antitumor effects and T cell-costimulatory capacity of anti-PD-
L1 antibody-treated tumor-infiltrating fibrocytes.

TGF-B/SMAD inhibition enhanced antitumor effects of
combination therapy with VEGF and PD-L1 blockade via
regulation of fibrocyte differentiation

We next investigated another aspect of tumor-infiltrating fibro-
cytes as the precursor of fibroblasts. Fibrocytes have been
considered to contribute to the pathogenesis of various fibrotic
diseases via their differentiation into fibroblasts/myofibro-
blasts.’”">2?% However, the process of fibrocyte differentiation
in tumor tissue is unclear. We therefore analyzed the develop-
mental trajectory of tumor-infiltrating CD45" cells (10,142 cells
sequenced) in AB1-HA-bearing mice treated with anti-PD-L1
and anti-VEGF antibodies (Figures 7A-7C). A pseudotime anal-
ysis of scRNA-seq data revealed that the features of mono-
cytes/macrophages (CXCR4, MRC-1) decreased along the
trajectories, while fibrocyte/fibroblast markers (collagens,
CD34) increased. These results indicated that tumor-infiltrating
myeloid cells, including fibrocytes, had the capacity to acquire
fibroblastic phenotypes in tumor tissue, whereas they lost im-
mune cell phenotypes. Considering that CAF had a huge impact
on tumor progression,”'*? we hypothesized that the inhibition of
fibrocyte differentiation into fibroblasts enhanced the antitumor
effects of combined blockade of PD-L1 and VEGF. To preserve
the immune cell phenotypes of fibrocytes, we next explored the
key regulator in the differentiation of tumor-infiltrating fibrocytes.
We predicted the transcription regulators of tumor-infiltrating fi-
brocytes and macrophages by the weighted parametric gene set
analysis (WPGSA) method.>® Analyzing the differentially ex-
pressed genes in each cluster, the results of WPGSA predicted
that small mothers against decapentaplegic (SMAD) 1/4 activity
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in tumor-infiltrating fibrocytes was increased in comparison with
M1-like and M2-like TAMs (Figure 7D). The transforming growth
factor B (TGF-B)/SMAD pathway is reportedly a key regulator of
fibroblast activation and differentiation into myofibroblasts.”'
Furthermore, recent studies suggested that TGF-f induced hu-
man circulating fibrocytes to acquire myofibroblast-like pheno-
types (e.g., high ECM production and alpha-smooth muscle
actin [xSMA] expression).'>?° To confirm whether tumor-infil-
trating fibrocytes had the capacity to differentiate into the myofi-
broblast-like lineage via the TGF-B/SMAD signaling pathway, we
isolated CD45*CD34* tumor-infiltrating fibrocytes from AB1-HA-
bearing mice and treated them with 10 ng/mL TGF-f for 7 days
(Figures 7E and 7F). TGF- induced the morphological change of
spindle-shaped fibrocytes to well-spread/polygonal-shaped
cells known as myofibroblasts (Figure 7E),?'** whereas the
morphology of TAMs was unchanged. Furthermore, the gene
expression levels of COL1A1 and «SMA were increased by
TGF-B (Figure 7F). The present results revealed the capability
of tumor-infiltrating fibrocytes to differentiate into myofibro-
blast-like cells in response to TGF-B, which was distinct from
macrophages. Therefore, we next examined the antitumor effect
of combination therapy with anti-VEGF antibody, anti-PD-L1
antibody, and TGF-B/SMAD inhibitor in vivo (Figure 7G). We
orally administered a TGF-BR/SMAD inhibitor (SB525334) once
daily (6 days on/1 day off) to AB1-HA-bearing mice. TGF-BR/
SMAD inhibitor monotherapy did not suppress tumor progres-
sionin vivo (Figure 7G). However, TGF-BR/SMAD inhibitor signif-
icantly enhanced the antitumor effect of anti-VEGF antibody and
anti-PD-L1 antibody combination therapy. Furthermore, anti-
VEGF antibody/anti-PD-L1 antibody/SB525334 combination
therapy increased the tumor-infiltrating CD8" T cells in AB1-HA
tumors (Figure 7H). Based on the hypothesis that TGF-BR/
SMAD inhibitor suppresses the differentiation of fibrocytes into
myofibroblasts, we evaluated tumor-infiltrating fibrocytes (Fig-
ure 71) and aSMA* myofibroblasts (Figure 7J). The addition of
TGF-BR/SMAD inhibitor increased the accumulation of collage-
n1a1*CD45" fibrocytes that occurred with VEGF blockade,
whereas aSMA* myofibroblasts were decreased. Taken
together, the present results indicated that TGF-B/SMAD
signaling pathway inhibition augmented the antitumor effects

Figure 5. PD-L1 blockade augments the CD8" T cell costimulation of CD34*CD45" fibrocytes at the tumor site

(A) UMAP plots of CD34 in scRNA-seq data generated from CD45" cells in AB1-HA tumor tissue.

(B) The isolation of fibrocytes (CD34"CD45" cells) and macrophages (CD34~CD45*F4/80* cells) from AB1-HA tumor tissue treated with «VEGF Ab.

(C and D) Flow cytometry of CD34* CD45* fibrocytes (C) and CD34*CD45*CD86™ FC3 (D) in tumor tissue derived from AB1-HA tumor-bearing mice treated with

control IgG or VEGF blockade (5 mg/kg).

(E) The gene expression levels of fibrocyte markers, PD-L1, and CD86 in tumor-infiltrating fibrocytes and macrophages (n = 3 per group). “p < 0.05 by Student’s

t test.

(F) The mouse allogeneic mixed lymphocyte reaction assay (MLR) of CD8" T cells co-cultured with tumor-infiltrating fibrocytes (n = 4 per group).

(G) The effects of anti-PD-L1 antibody in mouse allogeneic MLR stimulated with tumor-infiltrating fibrocytes (n = 4 per group). *p < 0.05 by one-way ANOVA.
(H) The mouse allogeneic MLR of CD8* T cells co-cultured with tumor-associated macrophages isolated in (B). The proliferation of CFSE-labeled CD8* T cells
was determined based on CFSE dilution after 4 days of co-culture (n = 4 per group). *p < 0.05 by one-way ANOVA.

(I) The effects of anti-PD-L1 antibody in mouse allogeneic MLR stimulated with tumor-associated macrophages (n = 4 per group). *p < 0.05 by one-way ANOVA.
(J) The tracking of lung fibrocytes and bone marrow dendritic cells to tumor draining lymph nodes in vivo (n = 5 per group). CFSE-labeled antigen-presenting cells
were peritumorally transplanted in AB1-HA tumor-bearing mice, and the number of cells that migrated to the lymph nodes was evaluated 48 h later. “p < 0.05 by
the Mann-Whitney U test.

(K) Double staining of CD8a and Ki67 in tumors from mice treated with low-dose «VEGF Ab and/or «PD-L1 Ab (studied in Figure 1C). Scale bar, 50 um. White
arrows indicate the proliferating CD8" T cells. The number of double-positive cells in tumors was evaluated in each group. *p < 0.05 by one-way ANOVA. The
evaluations of immunohistochemical analysis are shown as the mean + SD. The other data are shown as the mean + SEM.

See also Figures S6 and S7.
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Figure 6. CD86 deficiency attenuates the antitumor function of fibrocytes in PD-L1 immunotherapy
(A) A representative flow cytometric analysis of the CD86 expression on lung fibrocytes from CD86-WT or CD86-KO mice.
(B) The evaluation of the tumor volume of AB1-HA-bearing mice treated with peritumoral transplantation of fibrocytes from CD86-WT or CD86-KO mice and/or an

«PD-L1 Ab from 7 days after tumor cell injection (n = 7 per group).

*p < 0.05 by one-way ANOVA.

(C) The quantitative evaluation of the number of CD8" cells per field in each tumor of mice studied in (B) (n = 15 field per group). Scale bar, 200 um. *p < 0.05 by

one-way ANOVA.

(D) The evaluation of the tumor volume of AB1-HA-bearing mice treated with peritumoral transplantation of fibrocytes from CD80-KO mice and/or an aPD-L1 Ab

from 7 days after tumor cell injection (n = 7 per group).
SD. The other data are shown as the mean + SEM.

of anti-VEGF antibody and anti-PD-L1 antibody combination
treatment by regulating fibrocyte differentiation.

DISCUSSION

For more than a decade, fibrocytes have attracted attention for
their roles as an ECM producer and fibroblast precursor in
wound healing and fibrotic diseases. In contrast, little is known
about their role in tumor sites and their other function as immune
cells. Furthermore, the scientific landscape of blurred outlines
regarding fibrocytes was due to difficulties in directly harvesting
fibrocytes from tissues as living cells and depleting them with
specific markers in mouse models. Instead, we used intracellular

*p < 0.05 by one-way ANOVA. The evaluations of immunohistochemical analysis are shown as the mean +

collagen staining of fixed fibrocytes, or culturing in a fibronectin-
coated dish with peripheral blood mononuclear cells. We herein
identified “fibrocyte clusters” in tumor tissues by scRNA-seq,
purified living fibrocytes, and analyzed the immunological func-
tion and roles in tumor immunity, particularly in combination ther-
apy with ICls and VEGF blockade.

Using scRNA-seq, we herein demonstrated, for the first time,
the “fibrocyte cluster,” which is fairly independent from other
clusters (including macrophages) in tumor tissues. The results
strongly indicate the existence of large numbers of fibrocytes
in tumors and a unique cell population that differs from other he-
matopoietic lineage cells. The data may have the potential to end
the debate on their difference from macrophages. Furthermore,
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directly purified fibrocytes from tumors, as CD45*CD34" cells,
showed a similar phenotype to fibrocytes that we and others
generated in vitro.'®?°

Chesney et al.” reported that the antigen-presenting capacity
of peripheral blood fibrocytes is close to that of DCs. Recently,
we showed that fibrocytes harvested by a culturing method
had antigen-presenting abilities and its augmentation by PD-1/
PD-L1 blockade.'® Consistent with our previous data, '® the pre-
sent data indicated that directly harvested tumor-infiltrating fi-
brocytes had T cell-costimulatory activities that were higher
than those of TAMs.

Several reports have shown that the PD-L1 expression in tu-
mor-associated APCs, including macrophages and DCs, gov-
erns the antitumor effects of PD-1/PD-L1 blockade. Liu et al.?®
showed that the colocalization of PD-L1 and TAM in NSCLC tu-
mor tissue was correlated with better clinical outcomes of ICI.
Gordon et al.’’ revealed that the PD-1 expression in TAMs
restricted their phagocytosis, and PD-1/PD-L1 blockade
enhanced the antitumor ability of TAMs. More recently, Petty
et al.?® demonstrated that the expression of PD-L1 on TAMs
suppressed the functions of CD8" TlLs in PDL1 conditional KO
mice crossed with LysM-cre and PDL1™" mice. However, this
was discordant with our data showing that PD-L1 blockade did
not enhance the T cell-costimulatory ability or antitumor effect
of tumor-derived F4/80*CD34~ macrophages in vitro or in vivo.
In addition to the report showing that the expression of lysozyme
M was not limited in macrophages,?® our scRNA-seq data
showed that the expression of Lyz2 gene in fibrocyte clusters,
particularly in sub-cluster FC3 (immune-related fibrocytes),
was comparable with that of macrophages (Figures 2D and
S5). Because tumor-infiltrating fibrocytes also expressed
macrophage markers (e.g., CD68 and F4/80), the cells widely
known as TAMs could contain fibrocytes. Therefore, the present
study proposed the importance of discriminating fibrocytes from
macrophages by CD34 expression to investigate the correct
phenotypes of each population. Further experiments are
required to explore the details of tumor-infiltrating fibrocytes.

On the other hand, previous reports have indicated that TAMs
have relatively weak effects on T cell priming in the tumor micro-
environment, but that the PD-L1 expression in DCs regulated the
antitumor CD8* T cell response.***? Our study demonstrated

¢ CellP’ress

that DCs transplanted into tumor sites showed the capacity to
migrate to draining lymph nodes, whereas fibrocytes did not.
These data suggest the different roles of DCs and fibrocytes
as APCs. DCs play arole in the priming of naive T cells in draining
lymph nodes, whereas fibrocytes may serve to re-stimulate
effector T cells in tumor sites. This hypothesis was supported
by scRNA-seq data indicating that, in tumor sites, DC clusters
were very small and the number of fibrocytes (1,491 cells) was
much higher than the number of DCs (115 cells). We also showed
that the antigen-presenting capacity of fibrocytes was CD86
dependent because CD86 "~ fibrocytes failed to show antitumor
effects in combination with anti-PD-L1 antibody. The expression
pattern with CD80'°" and CD86M9" seems to be characteristic of
APCs working in tumor sites, like fibrocytes, which differs from
CD80"9" DCs, to prevent PD-L1 signaling via cis-PD-L1/CD80
interactions on APCs.*%%*

A recent study identified sub-populations of cancer-associ-
ated fibroblasts (CAFs) that enhance antitumor immunity.
Ohlund et al.*® revealed the presence of aSMAMS" myofibroblas-
tic CAFs (myCAFs) and aSMA°"IL-6"9" inflammatory CAFs
(iCAFs) in pancreatic ductal adenocarcinoma. Furthermore,
Elyada et al.>® reported that antigen-presenting CAFs (apCAFs)
activated CD4* T cells via antigen presentation in tumor tissues.
Itis unclear whether apCAFs may be in the differentiation lineage
of tumor-infiltrating fibrocytes, particularly sub-cluster FC3 (im-
mune-related fibrocytes). Of course, tumor-infiltrating fibrocytes
expressed common CAF markers, including collagens, vimentin,
and podoplanin (Figure S5). In contrast, the majority did not
express markers of iCAF, myCAF, or apCAF. FC3 partially ex-
pressed iCAF (Col14al) and apCAF (Cd74) markers. However,
FC3 also expressed the macrophage markers (e.g., F4/80 and
CD68) in addition to CD45, which are not expressed in fibro-
blasts. A lineage tracing study and large-scale scRNA-seq with
all cells in tumor tissues will clarify this.

VEGF/VEGFR blockade has been reported to modify the tumor
microenvironment by inhibiting the recruitment and/or function of
tumor-infiltrating inhibitory immune cells, such as M2-macro-
phages, TS, and MDSCs."® In this study, VEGF blockade
increased the accumulation of M1-like macrophages and fibro-
cytes, but reduced MDSCs in tumors. Because tumor-infiltrating
fibrocytes showed higher levels of T cell-costimulatory activity

Figure 7. TGF-B/SMAD inhibitor enhanced the antitumor effects of dual VEGF and PD-L1 blockade via regulation of fibrocyte differentiation
(A and B) Monocle-generated plots presenting differentiation trajectory (A) and pseudotime ordering (B) of tumor-infiltrating CD45" cells from AB1-HA tumor
tissue treated with dual blockade of VEGF (1 mg/kg) and PD-L1 (5 mg/kg).

(C) Monocle-generated plots showing the pseudotime-ordered expression of selected marker genes. Lines show the relative expression of each marker in
pseudotime.

(D) A cluster map of relative transcription factor activities in tumor-infiltrating fibrocytes and macrophages clusters was estimated using wPGSA from the samples
studied in Figure 2.

(E) Representative images of tumor-infiltrating fibrocytes (CD34*CD45* cells) and macrophages (CD34~CD45%F4/80* cells) from AB1-HA tumor tissue treated
with «VEGF Ab.

(F) The gene expression levels of COL1A1 and ACTA2 in the tumor-infiltrating fibrocytes and macrophages (n = 3 per group). *p < 0.05 by Student’s t test.

(G) The evaluation of the tumor volume of AB1-HA-bearing mice treated with low-dose «VEGF Ab and oPD-L1 Ab and/or SB525334 (n = 7 per group). *p < 0.05 by
one-way ANOVA.

(H) Representative images and quantitative evaluation of sections from AB1-HA tumors stained for CD8a. The tumors were harvested from each group in (D) on
day 21. Scale bar, 200 um. *p < 0.05 by one-way ANOVA.

(I) Double staining of collagen1al and CD45 in AB1-HA tumors on day 21. Scale bar, 50 um. The number of double-positive cells in the tumors was evaluated (n=9
field per group).

(J) Representative images and quantitative evaluation of sections from AB1-HA tumors stained for «SMA (n = 12 field per group). Scale bar, 200 um. *p < 0.05 by
one-way ANOVA. The evaluations of immunohistochemical analysis are shown as the mean + SD. The other data are shown as the mean + SEM.
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than macrophages, particularly in combination with anti-PD-L1
antibody, and the number in tumor tissues was higher than those
DCs, they may centrally contribute in situ to the synergistic anti-
tumor effects of VEGF/VEGFR and PD-1/PD-L1 blockade, in
addition to MDSCs, Tegs, and TAMs.

To further develop more effective tumor immunotherapy, our
data remind us to increase immune-related fibrocytes in
tumors when PD-1/PD-L1 blockade is applied. For this pur-
pose, we searched for transcription regulators of tumor-infil-
trating fibrocytes, which are activated in tumor sites, and
identified SMAD1/4 activity. Several recent studies revealed
that TGF-B/SMAD signaling negatively affected antitumor im-
munity. Tumor-derived TGF-B is known to suppress the
expression of cytolytic gene products and upregulate PD-1 in
T cells.®’° Furthermore, Grauel et al.*® demonstrated that
TGF-B blockade regulated the plasticity of CAFs and
augmented the efficacy of anti-PD-1 antibody. Because dual-
target inhibition of the PD-1/PD-L1 and TGF-B/SMAD axis
has been considered as a promising antitumor strategy,
several clinical trials are ongoing.”' ™ This study prompted a
reevaluation of TGF-B/SMAD inhibitor, which enhanced the
antitumor effects of dual VEGF and PD-L1 blockade through
the regulation of fibrocyte differentiation. Furthermore, our
pseudotime analysis indicated that fibrocytes lost their immune
cell-like features as they differentiated into myofibroblast-like
populations. Taken together, triple-combination therapy with
anti-VEGF antibody, anti-PD-L1 antibody, and TGF-3/SMAD
inhibitor could optimize the antitumor effects of fibrocytes via
recruitment, supporting T cell priming, and maintaining the fea-
tures as immune cells, respectively.

The present study has potential clinical implications. First, our
clinical and preclinical data identified fibrocytes as a novel APC
in the tumor microenvironment. Moreover, tumor-infiltrating fi-
brocytes had distinct properties from known APCs (e.g., DCs
and TAMs). A novel concept, the control of tumor-infiltrating fi-
brocytes, could accelerate the development of immunotherapy.
Second, we revealed that VEGF blockade and TGF-B/SMAD
inhibitor regulated the accumulation and differentiation of fibro-
cytes, respectively. Thus, triple-combination therapy with anti-
PD-L1 antibody, anti-VEGF antibody, and TGF-B/SMAD inhibitor
could be a promising cancer treatment strategy. Third, fibro-
cytes, particularly FC3, may be a biomarker for the therapeutic
effect of PD-1/PD-L1 antibodies, although fibrocytes originally
have the potential to promote tumor progression.15

In conclusion, we identified fibrocytes as a novel tumor-asso-
ciated APC that governed the therapeutic effect of anti-PD-1/
PD-L1 antibodies. Our findings highlighted the control of tu-
mor-infiltrating fibrocytes as an important approach for the
advancement of combination immunotherapy.

Limitations of the study

In this study, we demonstrate that tumor-infiltrating fibrocytes
are an attractive immunotherapeutic target to determine the ef-
ficacy of combination immunotherapy. Some limitations of the
study include the detail characteristics of tumor-infiltrating fibro-
cytes compared with circulating fibrocytes. In particular, the
roles of sub-clusters in tumor-infiltrating fibrocytes were not fully
elucidated. The specific markers and the differentiation mecha-
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nisms of each sub-cluster should be addressed in a future study.
In addition, the studies of fibrocyte transplantation were per-
formed with lung-derived fibrocytes because of the limitation
of the available number of tumor-derived fibrocytes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse VEGF monoclonal antibody (B20-4.1.1) Genetech N/A

Anti-mouse PD-L1 monoclonal antibody (6E11) Genetech N/A

Anti-PD-1 monoclonal antibody (RMP1-14) BioXCell Cat#BE0146; RRID:AB_10949053
Mouse IgG1 isotype control, unknown specificity Bioxcell Cat#BE0083; RRID:AB_1107784
Rat IgG2a isotype control, anti-trinitrophenol Bioxcell Cat#BE0089; RRID:AB_1107769

Anti-CD45 antibody coupled to magnetic beads
CD8a* T cell isolation kit

PE-Cy7 conjugated anti-mouse CD45 antibody
FITC conjugated anti-mouse CD34 antibody
APC conjugated anti-mouse F4/80 antibody
PE conjugated anti-human CD45 antibody

Rat anti-CD31/PECAM-1 monoclonal antibody
Rat anti-Gr-1 monoclonal antibody

Rat anti-CD8a monoclonal antibody

Rabbit anti-COL1A1 polyclonal antibody

Rat anti-CD45 monoclonal antibody

Rabbit anti-Foxp3 polyclonal antibody

Rabbit anti-alpha smooth muscle actin
monoclonal antibody

Alexa 488-labeled secondary antibody
Alexa 594-labeled secondary antibody
Rabbit anti-Ki67polyclonal antibody
Rabbit anti-FSP-1 monoclonal antibody

Miltenyi Biotech
Miltenyi Biotech
eBioscience
BD Pharmingen
BioLegend
eBioscience
BD Pharmingen
BD Pharmingen
BD Pharmingen
Abcam

BD Pharmingen
Novus Biologicals
Abcam

Invitrogen

Invitrogen

Abcam

Cell Signaling Technology

Cat#130-052-301; RRID:AB_2877061
Cat#130-104-075

Cat#25-0451-82; RRID:AB_2734986
Cat#553733; RRID:AB_395017
Cat#123115; RRID:AB_893493
Cat#12-9459-42; RRID:AB_10718238
Cat#550274; RRID:AB_393571
Cat#550291; RRID:AB_393586
Cat#550281; RRID:AB_2275792
Cat#ab21286; RRID:AB_446161
Cat#553076; RRID:AB_394606
Cat#NB600-245; RRID:AB_10001076
Cat#ab124964; RRID:AB_11129103

Cat#A11008; RRID:AB_143165
Cat#A11007; RRID:AB_10561522
Cat#ab15580; RRID:AB_443209
Cat#13018; RRID:AB_2750896

PE conjugated anti-CD86 antibody eBioscience Cat#12-0862-81; RRID:AB_465767
Chemicals, peptides, and recombinant proteins

SB525334 selleck Cat#S1476

BSA Sigma Cat#A9418-5G
collagenase IV Roche Cat#17104019
DNase 1 Sigma Cat#11284932001
Bovine fibronectin R&D systems Cat#1030-FN
ReadiDrop PI staining Bio-Rad Cat#1351101
OCT compound Sakura Finetechnical Co. Cat#4583
Hematoxylin DAKO Cat#S3309
Mitomycin C Sigma Cat#M4287
Recombinant mouse M-CSF R&D Systems Cat# 416-ML-010
Recombinant mouse GM-CSF Peprotech Cat#315-03
Recombinant mouse IL-4 Peprotech Cat#214-14
Recombinant mouse TNF-a Peprotech Cat#315-01A

Recombinant mouse TGF-

R&D Systems

Cat#7666-MB

Critical commercial assays

RNeasy Mini Kit
High-Capacity cDNA Reverse Transcription Kit
SYBR® Premix Ex Tag™

Qiagen
Applied Biosystems
Takara

Cat#74004
Cat#4387406
Cat#RR820A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chromium Single-cell 3" Reagent kit v3.1 10x Genomics Cat#1000128
High Sensitivity DNA kit Agilent Cat#5067-4626
3,3'-diaminobenzidine tetrahydrochloride DAKO Cat#K3468

(DAB) Liquid System
Fluoro-KEEPER Antifade Reagent,
Non-Hardening Type with DAPI

Nacalai tesque

Cat#12745-74

CellTrace CFSE Cell Proliferation Kit Thermo Cat#C34554
96-well U-bottom plate Corning Cat#3799
Deposited data

Raw and analyzed scRNA-seq data (mouse) this paper GEO: GSE223998
Raw and analyzed scRNA-seq data (human) this paper GEO: GSE223923

Experimental models: Cell lines

AB1-HA
LLC

Public Health England
ATCC

Cat#12070506
Cat#CRL-1642™

Experimental models: Organisms/strains

BALB/c

C57BL/6

BALB/c: CD86 KO: BALB/cANNCrlj-Cd86™"
BALB/c: CD80 KO: BALB/CANNCHj-Cd80o™"

Charles River Japan Inc.
Charles River Japan Inc.
Setsurotech Inc.
Setsurotech Inc.

N/A
N/A
N/A
N/A

Oligonucleotides

Cd274 primer Eurofins (forward): TGTGGAGAAATGTGGCGTTG
(reverse):CAGACCACAAGCTGCCAATC
Cd86 primer Eurofins (forward): CACGGACTTGAACAACCAGAC
(reverse):CTCCACGGAAACAGCATCTGA
Adgre1 primer Eurofins (forward):AGCTCCCATTCCCAGACTTC
(reverse): TGCCATCAACTCATGATACCCT
Acta2 primer Eurofins (forward): TGGAGAAGCCCAGCCAGTCG
(reverse):ACATAGCTGGAGCAGCGTCT
Collal primer Eurofins (forward):CGCAAAGAGTCTACATGTCT
(reverse): TTAGGCCATTGTGTATGCAG
Cd45 primer Eurofins (forward):AGTGCAAAGGAGACCCTATT
(reverse):ATCACTGGGTGTAGGTGTTT
Rps29 primer Eurofins (forward): TCTGAAGGCAAGATGGGTCA
(reverse):CATTCAAGGTCGCTTAGTCC
Software and algorithms
2100 Expert version B.02.07.SI532 software program Agilent N/A
DNBSEQ-G400 PE150 platform MGI Tech Japan N/A

CellRanger

Seurat, R package, version 3.1.5
PanglaoDB database

DAVID webtool (david.ncifcrf.gov)
wWPGSA webtool

shinyheatmap webtool

Monocle 2

Imaged software program
FlowJo software program

10x Genomics
Stuart et al.**
Franzén et al.*®

Huang et al.*%"

Kawakami et al.?

Khomtchouk et al.*®

Trapnell et al.*®

National Institutes of Health
Treestar Inc

https://www.10xgenomics.com/
https://satijalab.org/seurat/
https://panglaodb.se/
https://david.ncifcrf.gov/
http://wpgsa.org/
http://shinyheatmap.com/

http://cole-trapnell-lab.github.io/
monocle-release/

https://imagej.nih.gov/ij/

https://www.flowjo.com/

Other

2100 Bioanalyzer
Auto MACS instrument
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Miltenyi Biotech

Cat#G2939BA
Cat#130-092-545
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REAGENT or RESOURCE SOURCE IDENTIFIER
LE-SH800BC Sony N/A

CFX96 real-time PCR system™ Takara Cat#184-5096J1
BZ-9000 microscope Keyence N/A

BX61 fluorescence light microscope Olympus N/A

BD LSRFortessa BD Bioscience N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yasuhiko
Nishioka (yasuhiko@tokushima-u.ac.jp).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers
are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

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

Cell lines

The mouse MPM cell line AB1-HA, a transfectant with the gene encoding influenza HA into AB1 cells, was purchased from Public Health
England (London, UK). The mouse lung cancer cell line Lewis lung carcinoma (LLC), was purchased from ATCC (Manassas, VA, USA).
AB1-HA was maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 U mI~") and strep-
tomycin (50 pg mL~"). LLC was maintained in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U mi~") and streptomycin
(50 ng mL™"). All cells were cultured at 37°C in a humidified atmosphere of 5% CO, in air.

Animals

Six-week-old male BALB/c mice and C57BL/6 mice were obtained from Charles River Japan Inc. (Shiga, Japan). CD86 KO mice and
CD80 KO mice were generated by Setsurotech Inc. (Tokushima, Japan) with a genome editing technique.*° Briefly, in vitro fertilized
zygotes (BALB/c x BALB/c) were electroporated with 100 ng uL~" Cas9 protein, 100 ng pL~! crRNAs, and 100 ng uL~" tracrRNA.
Two crRNAs targeting upstream and downstream of the CD86 or CD80 gene were used. We designed the target sequences of
crRNAs as follows: CD86 crRNA1 (5'-CTTTTTAAACTCCAGCACCA-3’), CD86 crBRNA2 (5 -GTGACAGTCTTGCTGATCTC-3'),
CD80 ex2 crRNA1 (5’- TACCTTATCTTTCACTGACTTGG-3'), CD80 ex3 crRNA2 (5'- ATGTTGCTTACGTTTTTCCCAGG-3'). Electro-
porated zygotes were transferred into the oviduct of pseudopregnant female mice, and the mutant mice were born on E19. Mice were
maintained under specific-pathogen-free conditions throughout this study. All experiments were performed in accordance with the
guidelines established by the Tokushima University Committee on Animal Care and Use. At the end of each in vivo experiment, mice
were anesthetized with isoflurane and euthanized humanely by cutting the subclavian artery. All experimental protocols were re-
viewed and approved by the animal research committee of The University of Tokushima, Japan (approved number T30-130).

Clinical sample

Surgically resected tumor tissue from four lung adenocarcinoma patients were used in the present study to isolate the tumor-infil-
tratingimmune cells. Informed consent was obtained from all patients, and the protocol was approved by the institutional review board
of Tokushima University Hospital (approved number 3882). Clinical characteristics of cases used in this study were shown in Figure S4.

METHOD DETAILS
Reagents

Anti-mouse VEGF monoclonal antibody (B20-4.1.1) and anti-mouse PD-L1 monoclonal antibody (6E11) were kindly provided by
Genetech (South San Francisco, CA, USA). Anti-PD-1 monoclonal antibody (RMP1-14) and Isotype control IgG (mouse IgG1, rat
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IgG2a) were purchased from BioXCell (West Lebanon, NH, USA). For in vivo studies, the neutralizing antibodies were diluted in phos-
phate-buffered saline (PBS). TGF-B/SMAD signal inhibitor, SB525334 was purchased form Selleck Chemicals (Houston, TX, USA).

Animal experiments

AB1-HA cells (1.0x10° cells per mouse) suspended in 0.1 mL PBS were subcutaneously inoculated to the right flank of BALB/c mice.
LLC cells (1.0x10° cells per mouse) were subcutaneously inoculated to C57BL/6 mice. The tumor size was measured twice a week
using vernier calipers, where volume = ab? 2~ (a, long diameter; b, short diameter). To determine the effect of PD-1/PD-L1 and VEGF
blockade on tumor growth, mice were treated twice a week with anti-PD-L1 antibody (0.5 mg kg~ per mouse), anti-PD-1 antibody
(200 pg per mouse) and anti-VEGF antibody (0.5 or 1 or 5 mg kg™~ per mouse) or isotype control IgG by intraperitoneal injection from
day 7, until they became moribund. The mice were killed humanely, and the tumors were resected for further analyses on day 21. To
examine the effect of fibrocytes and macrophages on the antitumor effects of PD-1/PD-L1 blockade, mouse lung fibrocytes or bone
marrow-derived macrophages (2.0x 10° cells per mouse, suspended in 100 uL PBS) were implanted adjacent to the surface of sub-
cutaneous tumor tissue twice a week from day 7. For the control group, we injected 100 uL PBS. To examine the effects of TGF-p/
SMAD signal inhibitor, SB525334 (10 mg per kg per mouse, orally) was administered from day 7. For oral administration, SB525334
diluted in 30% propylene glycol, 5% dimethyl sulfoxide, and 65% D5W (dextrose 5% in water).

Purification of mouse lung fibrocytes

Mouse fibrocytes were isolated according to previously published methods.'®'® Mouse lungs removed from BALB/c mice were
minced with scissors and incubated with DMEM including 1 mg mL~" BSA (Sigma, St Louis, MO), 1 mg mL~" collagenase IV (Roche,
Basel, Switzerland) and 100 ug mL~" DNase 1 (Sigma) for 1 h at 37°C. Single cell suspensions from whole lungs were incubated in
DMEM supplemented with 20% FBS in 200-mm fibronectin-coated dishes. After seven days, trypsinized cells were incubated with
anti-CD45 antibody coupled to magnetic beads (Miltenyi Biotech, Auburn, CA) for 15 min on ice. Labeled cells were separated into
CD45* (fibrocytes) and CD45™ (fibroblasts) populations using an Auto MACS instrument (Miltenyi Biotech) according to the manufac-
turer’s instructions.

Purification of mouse macrophages
Murine bone marrow cells were obtained from the femur and tibia of seven-week-old BALB/c mice. To generate murine macro-
phages, bone marrow cells were cultured with murine recombinant M-CSF (20 ng mL~", R&D Systems) for seven days.

Purification of tumor-infiltrating immune cells

The tumor tissues collected from AB1-HA tumor-bearing BALB/c mice or LLC-bearing C57BL/6 mice treated with anti-VEGF anti-
body (5 mg kg~") were minced and suspended to provide single cells on day 21 after inoculation, as described above. The number
of whole cells was counted using a hemocytometer, and 1x 107 suspended cells were labeled with PE-Cy7 conjugated anti-mouse
CD45 antibody (1:100 dilution, 30-F11, eBioscience, San Diego, CA, USA), FITC conjugated anti-mouse CD34 antibody (1:100 dilu-
tion, MEC 13.3; BD Pharmingen, Franklin Lakes, NJ, USA), and APC conjugated anti-mouse F4/80 antibody (1:100 dilution, BM8,
BioLegend, San Diego, CA, USA). Dead cells were removed by ReadiDrop Pl staining (Bio-Rad, Hercules, CA, USA). Tumor-infil-
trating fibrocytes (CD45*CD34* cells) and macrophages (CD45"F4/80"CD34" cells) were sorted by LE-SH800BC (Sony, Tokyo,
Japan). The numbers of fibrocytes and macrophages were counted using a hemocytometer, and total RNA was extracted. Tu-
mor-infiltrating APCs (5.0% 10 cells per well) were seeded in 24-well plates and incubated with 10% FBS DMEM with or without
mouse TGF-B (10 ng mL~", R&D Systems). After incubation for seven days, total RNA was extracted. Tumor-infiltrating immune cells
were also isolated from clinical lung adenocarcinoma patients. The tumor tissues surgically resected from lung adenocarcinoma pa-
tients were minced with scissors and incubated with RPMI including 1 mg mL~" BSA (Sigma), 1 mg mL~" collagenase A (Roche) and
10 U ml~! DNase 1 (Sigma) for 45 min at 37°C. The number of whole cells was counted using a hemocytometer, and the suspended
cells were labeled with PE conjugated anti-human CD45 antibody (1:100 dilution, 2D1, Invitrogen, Carlsbad, CA, USA). Dead cells
were removed by ReadiDrop Pl staining (Bio-Rad). Tumor-infiltrating CD45" immune cells were sorted by LE-SH800BC (Sony).

Purification of bone marrow-derived dendritic cells
Mouse bone marrow cells (4 x10° per well) were cultured in 68-well plates in 4 mL of RPMI 1640 supplemented with 10% heat-inacti-
vated fetal calf serum, GM-CSF (20 ng mL~", Peprotech, Cranbury, NJ, USA), and IL-4 (20 ng mL~", Peprotech). The medium was
removed on day 5 and new medium supplemented with GM-CSF (20 ng mL~", Peprotech), IL-4 (20 ng mL~", Peprotech), and TNF-a.
(20 ng mL~", Peprotech) was added. On day 7, non-adherent cells in the culture supernatant and loosely adherent cells were
harvested by gentle washing and used as dendritic cells.

In vivo tracking of fibrocytes and dendritic cells

Mouse lung fibrocytes and bone marrow-derived dendritic cells were labeled by CFSE as described above. CFSE-labeled APCs
(1.0x10°® cells per mouse) were peritumorally transplanted to AB1-HA tumor bearing mice. Two days later, tumor tissue, and axillary
and subiliac lymph nodes were collected and suspended to provide single cells. The number of tissue infiltrating-CFSE™ cells was
examined by flow cytometry.
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qRT-PCR

Total RNA was extracted from tumor-infiltrating fibrocytes and macrophages using an RNeasy Mini Kit (Qiagen, Hilden, Germany)
and reverse-transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA,
USA) according to the manufacturer’s instructions. RT-PCR was performed using a CFX96 real-time PCR system™ (BioRad, Her-
cules, CA, USA) or SYBR® Premix Ex Tagq™ (TAKARA, Kyoto, Japan). Mouse RPS29 mRNA was used as a housekeeping gene, and
quantification was performed using the AACt method. The specific PCR primer pairs used for each studied gene were Cd274 (for-
ward): 5-TGTGGAGAAATGTGGCGTTG-3'; Cd274 (reverse): 5-CAGACCACAAGCTGCCAATC-3’; Cd86 (forward): 5'-CACGGA
CTTGAACAACCAGAC-3'; Cd86 (reverse): 5'-CTCCACGGAAACAGCATCTGA-3'; Adgrel (forward): 5'-AGCTCCCATTCCCAGAC
TTC-3'; Adgrel (reverse): 5-TGCCATCAACTCATGATACCCT-3'; Acta2 (forward): 5-TGGAGAAGCCCAGCCAGTCG-3'; Acta2
(reverse): 5'-ACATAGCTGGAGCAGCGTCT-3'; Col1al (forward): 5'-CGCAAAGAGTCTACATGTCT-3’; Col1al (reverse): 5'-TTAGG
CCATTGTGTATGCAG-3'; Cd45 (forward): 5-AGTGCAAAGGAGACCCTATT-3'; Cd45 (reverse): 5'-ATCACTGGGTGTAGGTGTTT-
3’; RPS29 (forward): 5'-TCTGAAGGCAAGATGGGTCA-3'; RPS29 (reverse): 5'-CATTCAAGGTCGCTTAGTCC-3'.

Single-cell RNA sequencing

CD45* tumor-infiltrating immune cells from AB1-HA-bearing mice and human lung adenocarcinoma patients were loaded on a Chro-
mium 10x Instrument (10x Genomics, Pleasanton, CA, USA) to generate single-cell gel beads in emulsion. SCRNA-seq libraries were
prepared using the Chromium Single-cell 3' Reagent kit v3.1 (10x Genomics) according to the manufacturer’s protocol. The quality of
libraries was determined using an Agilent 2100 Bioanalyzer with the 2100 Expert version B.02.07.S1532 software program and a High
Sensitivity DNA kit (Agilent, Santa Clara, CA, USA). Libraries were sequenced on a DNBSEQ-G400 PE150 platform (MGl Tech Japan,
Tokyo, Japan), followed by computational alignment using CellRanger (version 3.0.2, 10x Genomics). Datasets were analyzed for
quality control using Seurat (R package, version 3.1.5), that included selecting cells with a library complexity of more than 200 fea-
tures.** Doublets and cells with high percentages of mitochondrial genes (>20%) were removed. A principal component analysis was
performed using Seurat’s RunPCA function, and the first seven principal components were used for cell clustering (resolution = 0.3)
and UMAP dimensional reduction. The cluster markers were detected using Seurat’s FindMarkers function, and cell types were an-
notated based on the cluster markers from the PanglaoDB database.”® Mouse tumor-infiltrating fibrocytes (cluster 5) were analyzed
for further sub-clustering. Scaling, a principal component analysis, clustering and UMAP dimensional reduction were performed as
described above. Differentially expressed genes (DEGs) were investigated in each fibrocyte sub-cluster using Seurat’s FindMarkers
function. DEGs were filtered based on a >2-fold change and a maximum p value of 0.01. A GO analysis was conducted using the
DAVID webtool (david.ncifcrf.gov) in order to investigate the functions of the DEGs.*®*” A pseudotime analysis was performed using
Monocle 2.® Responsible transcription regulators of fibrocytes, M1-like macrophages, and M2-like macrophages were predicted
using the WPGSA webtool.?® LogFC values of the top 100 DEGs of each cluster were loaded into a wPGSA analysis, and enrichment
scores were calculated. A clustermap was created based on the enrichment score of 412 TFs in each cluster using the shinyheatmap
webtool.*

Immunohistochemical studies

Excised tumor tissues from model mice were placed into OCT compound (Sakura Finetechnical Co., Tokyo, Japan) and snap-frozen.
Frozen tissue sections (thickness: 8 um) of tumors were fixed with 4% paraformaldehyde solution in PBS. To detect endothelial cells,
rat anti-CD31/PECAM-1 monoclonal antibody (1:100 dilution, MEC 13.3; BD Pharmingen) was used. Appropriate secondary anti-
bodies conjugated with peroxidase (ready to use, Nichirei, Tokyo, Japan) and the 3,3'-diaminobenzidine tetrahydrochloride (DAB)
Liquid System (DAKO, Carpinteria, CA, USA) were used for immunostaining. Nuclei were counter-stained with hematoxylin
(DAKOQ). The number of CD31* vessel structures per field was evaluated at x200 magnification. Images were acquired using a
Keyence BZ-9000 microscope (Keyence, Tokyo, Japan).

Immunofluorescence staining

Frozen tissue sections (thickness: 8 um) were fixed with 4% paraformaldehyde solution in PBS and used for the identification of CD8*
T cells using a rat anti-CD8a monoclonal antibody (1:150 dilution, 53-6.7; BD Pharmingen). To detect fibrocytes, a rabbit anti-
COL1A1 polyclonal antibody (1:100 dilution, Abcam, Cambridge, MA) and rat anti-CD45 monoclonal antibody (1:50 dilution,
30-F11, BD Pharmingen) were used. To identify MDSCs, a rat anti-Gr-1 monoclonal antibody (1:50 dilution, RB6-8C5, BD Pharmin-
gen) was used. To detect T,gs, a rabbit anti-Foxp3 polyclonal antibody (1:400 dilution, Novus Biologicals, Centennial, CO, USA) was
used. To identify myofibroblast, a rabbit anti-alpha smooth muscle actin monoclonal antibody (1:150 dilution, EPR5368, Abcam) was
used. Alexa 488-and Alexa 594-labeled secondary antibodies (1:250 dilution; Invitrogen) were used for immunofluorescent detection.
Nuclei were counterstained with DAPI. In each slide, the number of positive cells was counted under a fluorescence microscope at x
200 magnification. Proliferating CD8" T cells were determined by double staining for CD8 and Ki67 (rabbit polyclonal antibody,
1:1000 dilution, Abcam). The colocalization of fibrocytes and CD8" T cells were examined by double staining for CD8 and FSP-1
(1:100 dilution, D9F9D, Cell Signaling Technology, Danvers, MA, USA). These images were acquired using an Olympus BX61 fluo-
rescence light microscope (Olympus, Tokyo, Japan) and Keyence BZ-9000 microscope (Keyence). The aSMA-positive areas were
calculated using the Imaged software program (National Institutes of Health, Bethesda, MD, USA).
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Flow cytometry

To examine the surface expression of CD86 in mouse lung or AB1-HA tumor-derived fibrocytes, PE conjugated antibodies to CD86
(1:50, GL-1, eBioscience) were used. The percentage of tumor-infiltrating fibrocytes (CD45"CD34* cells) and FC3 (CD45"CD34*
CD86* cells) were examined in AB1-HA tumor tissue treated with anti-VEGF antibody (5 mg kg~ per mouse) or control IgG. The
stained cells were analyzed by flow cytometry using a BD LSRFortessa (BD Bioscience) for acquisition and the FlowJo software
program (Treestar Inc, Ashland, OR) for the analysis.

Proliferation assay of CD8* T cells

In murine allogenic MLR, CD8" splenic T cells were harvested from C57BL/6 mice with a CD8a* T cell isolation kit, as described (no.
130-104-075; Miltenyi Biotec). CD8a* T cells were labeled with a CellTrace CFSE Cell Proliferation Kit (Thermo, Waltham, MA, USA).
Cells were incubated with CFSE-dye (5 pM) at 37°C for 20 min, and then incubated with 10% FBS DMEM at 37°C for 5 min. Tumor-
infiltrating fibrocytes or macrophages were treated with mitomycin C (25 mg mL~", Sigma) at 37°C for 30 min. CFSE-labeled CD8*
T cells (2x10° cells per well) were stimulated with tumor-infiltrating fibrocytes or macrophages from BALB/c mice (1x10%-2x10*
cells per well) for 96 h in a 96-well U-bottom plate (Corning, NY, USA). T cell proliferation was determined as the percentage of
CFSE"" cells by flow cytometry. To investigate the effect of anit-PD-L1 antibody, CD8" splenic T cells (2x10° cells per well) were
stimulated with tumor-infiltrating APCs (2x 102 cells per well) with or without anti-PD-L1 antibody (20 pg mL™", Bioxcell).

QUANTIFICATION AND STATISTICAL ANALYSIS
The data are presented as the mean + standard error of the mean. The statistical analyses were performed using Student’s t-test for

unpaired samples, the Mann-Whitney-U test or a one-way analysis of variance, followed by Tukey’s multiple-comparison post-hoc
test, as appropriate. p values of <0.05 were considered to indicate statistical significance.
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