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I M M U N O L O G Y

Cancer-associated MSC drive tumor immune exclusion 
and resistance to immunotherapy, which can 
be overcome by Hedgehog inhibition
Sandra Cascio1,2, Chelsea Chandler1,2, Linan Zhang3, Sarah Sinno1,2, Bingsi Gao1,2, Sayali Onkar4,5, 
Tullia C. Bruno4,5,6, Dario A. A. Vignali4,5,6, Haider Mahdi1,2, Hatice U. Osmanbeyoglu3,7,  
Anda M. Vlad1,2†, Lan G. Coffman1,2,8†, Ronald J. Buckanovich1,2,8*†

We investigated the impact of cancer-associated mesenchymal stem cells (CA-MSCs) on ovarian tumor immunity. 
In patient samples, CA-MSC presence inversely correlates with the presence of intratumoral CD8+ T cells. Using an 
immune “hot” mouse ovarian cancer model, we found that CA-MSCs drive CD8+ T cell tumor immune exclusion 
and reduce response to anti–PD-L1 immune checkpoint inhibitor (ICI) via secretion of numerous chemokines 
(Ccl2, Cx3cl1, and Tgf-1), which recruit immune-suppressive CD14+Ly6C+Cx3cr1+ monocytic cells and polarize 
macrophages to an immune suppressive Ccr2hiF4/80+Cx3cr1+CD206+ phenotype. Both monocytes and macro-
phages express high levels of transforming growth factor –induced (Tgfbi) protein, which suppresses NK cell 
activity. Hedgehog inhibitor (HHi) therapy reversed CA-MSC effects, reducing myeloid cell presence and expression 
of Tgfbi, increasing intratumoral NK cell numbers, and restoring response to ICI therapy. Thus, CA-MSCs regulate 
antitumor immunity, and CA-MSC hedgehog signaling is an important target for cancer immunotherapy.

INTRODUCTION
The introduction of immune checkpoint inhibitor (ICI) therapy to 
the clinic has revolutionized cancer care. However, even in the most 
responsive of tumor types, such as melanoma and lung cancer, only 
a minority (20 to 40%) of patients respond to single-agent ICIs (1). 
In epithelial ovarian cancer, there is strong evidence of naturally 
occurring, antitumor immune responses. Tumor-reactive T cells 
can be found in the circulation of patients with ovarian cancer (2). 
Many tumors having tumor-infiltrating lymphocytes (TILs), with 
patients whose TILs can penetrate into tumor islets (immune “hot”), 
have a better prognosis than patients whose tumors either lack TILs 
or have TILs that are restricted to the tumor stroma surrounding tumor 
islets (tumor immune excluded) (3). Despite this, ICI response rates 
in ovarian cancer remain disappointingly low, with only 10 to 15% 
of patients treated with single-agent ICI showing a favorable clinical 
outcome (4, 5).

The tumor microenvironment (TME) likely dictates response to 
ICI. In ovarian cancer, patients with an immune-infiltrated molec-
ular signature have a better prognosis compared to patients with a 
desmoplastic/mesenchymal signature (6). Desmoplasia and intra-
tumoral fibrosis drive resistance to chemotherapy in ovarian, breast, 
lung, pancreas, and head and neck cancers (7–12). Transcriptional 
profiling of ICI-responsive and ICI-nonresponsive tumors has linked 

genes suggestive of a mesenchymal signature, monocyte and mac-
rophage chemotaxis, and activation of the hedgehog (HH) pathway 
with ICI resistance (5).

Mesenchymal stem cells (MSCs) are multipotent stromal stem 
cells known to be involved in the desmoplastic response and im-
mune modulation. MSCs are critical for wound healing and immu-
nomodulation (13, 14). In cancer, their role remains controversial, 
with evidence for both protumorigenic and tumor-suppressive roles 
previously reported (15–17). Our studies suggest that these con-
trasting findings may relate to the source of the MSCs being used 
[cell line, bone marrow (BM), adipose, or tumor derived] and the 
degree of “cancer education,” as we found that local tissue MSCs can 
be epigenetically reprogrammed by the TME into cancer-associated 
MSCs (CA-MSCs) (18).

Our group and others have demonstrated that CA-MSCs can 
differentiate into cancer-associated fibroblasts (CAFs) and myofi-
broblasts to increase tumor desmoplasia (8, 17, 19, 20). Ovarian 
CA-MSCs are strongly protumorigenic and induce chemotherapy 
resistance when co-engrafted with ovarian cancer cell lines and pri-
mary ovarian tumor cells (8, 17).

The role of the CA-MSCs in the modulation of antitumor im-
munity in epithelial tumors is less defined. Studies in pancreatic cancer 
have suggested that CA-MSCs and CAFs can recruit monocytes and 
macrophages and induce their differentiation to a protumorigenic 
phenotype through secretion of interleukin-1 receptor (IL-1R) 
antagonist (21), transforming growth factor–1 (TGF-1) (22), and 
IL-6 (23). In addition, CA-MSCs block the cytotoxic activity of nat-
ural killer (NK) cells in lung cancer and melanoma (24, 25). These 
events result in a CA-MSC–dependent immunosuppression and 
inhibition of the functional activities of antitumor cytotoxic cells in 
many types of cancer (26, 27).

In this study, using an immune hot, anti–PD-L1 (Programmed death-
ligand 1)–responsive model of ovarian cancer, we explored the mech-
anisms by which CA-MSCs and HH signaling modulate tumor 
immune surveillance and response to ICI. Our results demonstrate 
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that CA-MSCs induce CD8+ T cell tumor immune exclusion and 
inhibit response to ICI. The effect was mediated by recruitment of 
myeloid cells that expressed high levels of TGF- induced (Tgfbi). 
We find that, by inhibiting HH signaling, which we previously 
demonstrated plays a role in desmoplasia-associated chemothera-
py resistance (8), we were able to reduce the number of tumor-
associated monocytes and macrophages, reverse the CD8+ T cell 
tumor immune exclusion, and increase the influx of NK cells into 
the TME, ultimately restoring the anti–PD-L1 response. Togeth-
er, our data demonstrate that CA-MSCs are a critical driver of the 
immune-suppressive TME and an important therapeutic target to 
overcome resistance to ICI therapy in ovarian cancer.

RESULTS
CA-MSCs induce an immune-suppressive TME
In ovarian cancer, CA-MSCs induce tumor desmoplasia and drive 
chemotherapy resistance (8, 28). Here, we assessed the impact of 
CA-MSCs on the tumor immune microenvironment, using the 
murine cisplatin-resistant 2F8 (2F8cis) ovarian cancer model. In 
immune-competent syngeneic mice, 2F8cis cells generate tumors 
abundantly infiltrated by CD3+ T cells and CD8+ T cells (29). To 
generate murine CA-MSCs, murine adipose-derived MSCs (a-MSCs) 
were cocultured with 2F8cis mouse ovarian cancer cells at 1:1 ratio 
for 7 days to allow MSC reprogramming (18). Flow cytometry analysis 
at day 7 indicated that MSCs represented 10 to 15% of the mixed 
population. A total of 1 × 106 2F8cis/CA-MSC mixed cells or 1 × 106 
of 2F8cis cells alone were then subcutaneously injected into synge-
neic mice. Masson’s trichrome staining indicated that, as we previously 
reported (8), the presence of CA-MSCs induces significant increases 
in tumor desmoplasia (Fig. 1A). Real-time quantitative polymerase 
chain reaction (RT-qPCR) showed that the addition of CA-MSCs 
significantly increases the gene expression of the mesenchymal 
stromal cell marker –smooth muscle actin (-Sma) (Fig. 1A). Flow 
cytometric evaluation of the abundance of tumor-isolated T lym-
phocytes showed that the absolute number of CD45+CD3+CD8+ 
T cells was not significantly different between 2F8cis and 2F8cis/CA-
MSC tumors (Fig. 1B). However, immunohistochemical evaluation 
of the spatial distribution of CD8+ T cells within the tumor tissue 
demonstrated that, while the control 2F8cis tumors were highly in-
filtrated by CD8+ T cells, the 2F8cis/CA-MSC tumors showed im-
mune exclusion, with T cells restricted to areas of peritumoral 
desmoplasia (Fig. 1C).

Tumor-resident MSCs have been reported to promote an M2-like 
tumor-associated macrophage (TAM) phenotype in lymphoma (30), 
and in lung cancer, M2-like TAMs can reduce CD8+ T cell motility 
and limit their trafficking into the tumor islets (31). We therefore 
evaluated the abundance and localization of TAMs in control and 
CA-MSC–containing tumors. The total number of infiltrating mac-
rophages, defined as CD45+CD11c−CD11b+F4/80+ cells, was increased 
in the CA-MSC+ tumors (Fig. 1D, top). Of these, the percentage of 
CD11b+F4/80+CD206+ (M2-like) macrophages was significantly higher 
in 2F8cis/CA-MSC tumors versus control tumors (Fig. 1D, bottom). 
Similarly to T cell localization, immunohistochemistry (IHC) revealed 
that macrophages were mainly distributed in the desmoplastic tumor 
stroma (Fig. 1E). These data indicate that CA-MSCs increase the pres-
ence of stromal TAMs and drive CD8+ T cell tumor immune exclusion.

To determine whether CA-MSCs could be driving tumor 
immune exclusion in human tumors, we performed multiplex 

immunofluorescence for CA-MSCs [CD73+, CD90+, and WT1+ 
(Wilms tumor 1)] and T cells (CD8) in serial sections (Fig. 1F). Using 
a tissue microarray (TMA) of 18 therapy-naïve high-grade serous 
ovarian cancer, we evaluated the correlation between the presence 
of CA-MSC and CD8+ T cells. Using a modified H-score based on 
the expression of WT1 (which histologically distinguishes CA-MSC 
from a-MSC), T cell–excluded tumors had a CA-MSC H-score of 
250 (SEM, 7.3) versus 50.6 (SEM, 13) in tumors with intratumoral 
T cells (P < 0.001). The presence of CA-MSCs was strongly inversely 
correlated with the presence of intratumoral T cells, with T cell–
excluded tumors demonstrating a significantly higher abundance of 
CA-MSCs (Fig. 1, G and H).

CA-MSCs inhibit response to anti–PD-L1 checkpoint 
immunotherapy
The 2F8cis tumor model is greatly infiltrated by CD8+ T cells, and 
~40% of tumors can be eradicated with anti–PD-L1 treatment (29). 
We used this model to evaluate the impact of CA-MSCs on the ther-
apeutic efficacy of anti–PD-L1 immune therapy. The 2F8cis cells 
and 2F8cis/CA-MSCs were engrafted and allowed to establish for 
19 days before tumor-bearing mice were treated with three intra-
peritoneal anti–PD-L1 injections as illustrated (Fig. 2A). Control 
mice received isotype control immunoglobulin (rat IgG2b). Consis-
tently with our previous study (29), while control animals all 
succumbed to cancer, ~50% of 2F8cis tumor-bearing mice had their 
tumors eradicated by anti–PD-L1 treatment (Fig. 2B). Notably, 
for tumors co-inject with CA-MSCs, anti–PD-L1 treatment had no 
impact on increasing overall survival (Fig. 2B).

As expected, analysis of the immune cell composition in anti–
PD-L1–treated 2F8cis tumors versus IgG-treated 2F8cis or 2F8cis/
CA-MSC tumor controls showed an increased number of CD8+ 
T cells. 2F8cis/CA-MSC tumors treated with anti–PD-L1 also had 
an increased total number of CD8+ T cells compared to the 2F8cis/
CA-MSC control tumors (Fig. 2C). We similarly evaluated the ef-
fect of anti–PD-L1 treatment on the abundance of protumorigenic 
F4/80+CD206+ TAMs. While the number of TAMs was reduced 
in anti–PD-L1–treated versus control-treated 2F8cis tumors, the 
TAM numbers did not change in anti–PD-L1–treated 2F8cis/CA-
MSC tumors compared to their untreated control group (Fig. 2D). 
Comparing anti–PD-L1–treated 2F8cis and anti–PD-L1–treated 
2F8cis/CA-MSC tumors, the number of TAMs was higher in the 
2F8cis/CA-MSC tumors (Fig. 2D).

IHC analysis of CD8 immune cells demonstrated that 2F8cis hot 
tumors treated with anti–PD-L1 became even more densely infil-
trated with T cells throughout the tumor. In contrast, CD8+ T cells 
in the anti–PD-L1–treated 2F8cis/CA-MSC tumors predominantly 
remained in desmoplastic peritumoral areas and were rarely found 
in tumor islets (Fig. 2, E and F). A similar trend was observed for 
CD206+ TAMs (Fig. 2, G and H), which were rare in anti–PD-L1–
treated control tumors yet highly abundant in the peritumoral stroma 
of anti–PD-L1 2F8cis/CA-MSC tumors. These results suggest that, 
while anti–PD-L1 increases the frequency of CD8 T cells in both 
tumor models, the presence of CA-MSCs restricts T cells to the per-
itumoral stroma and inhibits response to anti–PD-L1 treatment.

CA-MSCs induce a protumorigenic macrophage phenotype 
via secretion of inflammatory cytokines
To address the potential mechanism by which CA-MSCs promote tumor 
immune exclusion and increase protumorigenic/immunosuppressive 
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macrophages, we evaluated a 62-panel array that measured cytokine 
and chemokine proteins with important functions across several 
immune pathways. The array was conducted using the conditioned 
medium (CM) of 2F8cis/a-MSC cocultures to generate CA-MSCs 

and is subsequently referred to as 2F8cis/CA-MSC. As references, we 
used the CM from a-MSC and 2F8cis cells cultured alone (Fig. 3A). 
Cxcl16 and Cx3cl1 emerged as the most up-regulated proteins in 
the CM of 2F8cis/CA-MSC cocultures versus a-2F8cis and a-MSC 
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Fig. 1. The presence of CA-MSCs induces tumor immune cell exclusion. (A) Representative images of Masson’s trichrome staining in 2F8cis and 2F8cis/CA-MSC tumor 
tissue sections and RT-qPCR analysis of Sma-1 (a marker associated with desmoplasia) mRNA expression in the indicated tumor groups. Gapdh was used as housekeeping 
gene. (B) Flow cytometric evaluation and summary of CD3+CD8+ T cells in 2F8cis (a) and 2F8cis/CA-MSC (b) tumors (n = 6 tumors per group). ns, not significant. 
(C) Representative IHC images and quantification of CD8+ T cells in 2F8cis and 2F8cis/CA-MSC tumor tissue sections. (D) Flow cytometric evaluation of CD11b+F4/80+ 
(top) and F4/80+CD206+ macrophages (bottom) in 2F8cis (a) and 2F8cis/CA-MSC (b). (E) Representative IHC images and quantification of anti-CD206 immunostaining in 
2F8cis and 2F8cis/CA-MSC tumor tissue sections. (F) Representative multispectral imaging of the indicated cell markers in primary tumor samples from patients with 
high-grade serous ovarian cancer. (G) Percent of CA-MSCs present in patient tissue samples and scoring for intratumoral CD8+ T cells versus CD8+ T cell–excluded tissues. 
(H) The proportion of CA-MSCs plotted against the proportion of intratumoral CD8+ T cells (n = 18 patients evaluated). A close correlation was noted (R2 = 0.66). Error bars, 
SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001. All results are representative of three independent experiments. Scale bars, 100 m.
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cultured alone (Fig. 3, A and B). Both Cxcl16 and Cx3cl1 have been 
shown to induce macrophage polarization toward an M2-like 
phenotype (32, 33). In addition, Axl and Cd106 (vascular cell adhe-
sion molecule–1), Ccl2 (C-C Motif Chemokine Ligand 2), and Ccl3 factors, 
known to recruit monocytes and macrophages; Ccl5, a chemotactic 
cytokine; and macrophage colony-stimulating factor (M-CSF), which 
can promote monocyte and macrophage differentiation and activation, 
were highly secreted in both a-MSC and 2F8cis/CA-MSC cultures 
(Fig. 3, A and B). These findings are consistent with the increase 
in macrophage accumulation seen with addition of CA-MSCs in vivo 
(Fig 1D). To determine which cell type secreted these cytokines, we 
repeated the assay using CellTrace Violet (CTV)–labeled CA-MSCs. 
RT-qPCR of fluorescence-activated cell sorting (FACS)–isolated 

CA-MSCs indicated that Ccl2, Cx3cl1, and Cxcl16 were mainly 
expressed by CA-MSCs (Fig. 3C).

To confirm the in vitro findings and to evaluate the expression 
of immune modulatory cytokines and chemokines in the TME, 
we performed RT-qPCR, which confirmed the increased expres-
sion for Axl, Ccl5, Cxcl1, and Cx3cl1 in 2F8cis/CA-MSC and 2F8cis 
tumor tissues. In addition, we evaluated the expression of Il10 and 
Tgf1, both of which can promote the recruitment of monocytes 
and macrophages into the tumor and/or enhance the immunosup-
pressive phenotype of macrophages (34–37). CA-MSC–containing 
tumors displayed higher levels of Ccl2, Cxcl16, and Tgf1 (Fig. 3D).

To further understand whether and how the presence of CA-MSCs 
affects macrophage biology, we used freshly isolated BM cells, 
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which were differentiated into mature myeloid cells with M-CSF, 
granulocyte G-CSF, and granulocyte-macrophage CSF (GM-CSF) for 
4 days. The cells were then washed and cultured with the CM of 2F8cis 
or 2F8cis/CA-MSCs for 48 hours and evaluated by flow cytometry 
for F4/80 and CD206. As a positive control, macrophages were 
stimulated with IL-4 and GM-CSF. Compared to CM from the 
2F8cis monoculture, the CM from the 2F8cis/CA-MSC coculture 
significantly increased the number of F4/80+CD206+ cells (Fig. 3E). 
Suggesting a critical role for both Ccl2 and Cx3cl1, neutralizing an-
tibodies (versus IgG control) blocked 2F8cis/CA-MSC CM-mediated 
increase in CD11b+F4/80+CD206+ cells (Fig. 3E). To characterize 
the phenotype of macrophages cultured with 2F8cis/CA-MSC CM, 
we evaluated the expression of genes associated with macrophage 
immunosuppressive activities, including Il6, macrophage receptor 
with collagenous structure (Marco), and Tgf1 (38). CA-MSCs 
enhanced the expression of Marco and Tgf1 in macrophages, and 
this activity was inhibited in the presence of Cx3cl1-neutralizing 
antibody (Fig. 3F).

CA-MSC–enriched tumors displayed an increased number 
of Ccr2+, Tgfbi-expressing monocytes and macrophages
For a comprehensive assessment of the immune cell composition of 
the TME in anti–PD-L1–treated 2F8cis and 2F8cis/CA-MSC tumors, 
we performed single-cell RNA sequencing (scRNA-seq) on CD45+ 
cells isolated from each tumor type (n = 3, each). Clustering (39, 40) 
revealed numerous distinct cell populations (Fig. 4A). Comparison 
with the Immunological Genome Project database and assessment 
of known cell type markers resulted in elaboration of eight distinct 
immune cell clusters: B lymphocytes [Cd19, Ms4a1 (Membrane 
Spanning 4-Domains A1), and Cd79b], CD4 T cells, (Cd3d and Cd4), 
CD8 T cells (Cd3d and Cd8a), dendritic cells [DCs; Itgax (Integrin 
Subunit Alpha X), Cd209a, Cd40,and Cd83], NK cells [Fcgr4 
(Fc receptor, IgG, low affinity IV)], monocytes [Mono; Fcgr1, Cd14, 
and Ccr2 (C-C Motif Chemokine Receptor 2)], TAMs [Cx3cr1, Mrc1, 
Cd68, and Adgre (Adhesion G Protein-Coupled Receptor)], and tumor-
associated neutrophils (TANs; Itgam, S100a8, S100a9, and matrix 
metalloproteinase 9). The relative expression of the 10 most highly 
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expressed genes across each population cluster is presented in fig. 
S1. scRNA-seq analysis revealed that, compared to anti–PD-L1–treated 
2F8cis tumors, anti–PD-L1–treated 2F8cis/CA-MSC tumors demon-
strated a trend toward an increase in the number of infiltrating 
monocytes (Fig. 4B). Specifically, the average monocyte cell fraction 

was 0.25 and 0.32 in anti–PD-L1–treated 2F8cis and 2F8cis/
CA-MSC tumors, respectively. Differential gene expression anal-
ysis indicated that the monocytes in CA-MSC–enriched tumors 
overexpress multiple factors, including Tgfbi and Ccr2 genes 
(Fig. 4C).

A C

E

B

F
G

D

Fig. 4. Anti–PD-L1–treated CA-MSC–enriched tumors displayed a high number of monocytes and immature macrophages. (A) tSNE (t-distributed stochastic 
neighbor embedding) plot of tumor-derived CD45+ cells from merged data of a-PD-L1–treated 2F8cis and 2F8cis/CA-MSC tumors. (B) Stacked bar graphs showing the 
proportion of cell types in each tumor sample. (C) Volcano plot showing differentially expressed genes (DEGs) between monocytes of a-PD-L1–treated 2F8cis/CA-MSC 
versus 2F8cis tumors. The average log2 fold change of gene expression between a-PD-L1–treated 2F8cis/CA-MSC and 2F8cis tumors is plotted on the x axis, and −log10 
FDR–adjusted P values using t test are plotted on the y axis. DEGs are colored in red. (D) Flow cytometry showing the abundance of F4/80+Ly6C+ cells in BM-derived 
monocytes cultured with the indicated CMs. (E) tSNE scRNA-seq plot of monocyte- and macrophage-specific data from a-PD-L1–treated 2F8cis and 2F8cis/CA-MSC tu-
mors. (F) Violin plots showing the expression of Ccr2 and Tgfbi genes in monocytes and TAM clusters. (G) Violin plots showing the expression of Lag3, Pdcd1, Tox, Erg1, 
Cd44, and Ifng in each CD8 T cell cluster of the indicated a-PD-L1–treated tumors. Results were analyzed using two-way ANOVA or Wilcoxon signed-rank test. Error bars, 
SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Ccr2 is a receptor for Ccl2, which is highly expressed by CA-MSCs 
(Fig 3, A and B). Ccl2 recruits Ccr2+ monocytes to tumor sites and 
promotes their differentiation into immunosuppressive TAMs (41). 
To confirm a direct effect of CA-MSCs on monocytes, we cultured 
freshly isolated BM cells in the presence of the CM of 2F8cis or 
2F8cis/CA-MSC cultures for 3 days. The CA-MSC CM enhanced 
the proliferation of monocytes, defined as F4/80+Ly6C+ cells (Fig. 4D). 
Directly implicating the Ccl2/Ccr2 axis, the number of monocytes 
was markedly reduced when Ccl2-neutralizing antibody was added 
in the CM of 2F8cis/CA-MSCs, pointing to the significant role of 
Ccl2  in meditating monocyte/macrophage accumulation in our 
model (Fig. 4D).

Little is known about the role of Tgfbi in ovarian cancer immu-
nity. Tgfbi is normally up-regulated by Tgf-1 (42). Consistent with 
Tgfbi induction, Tgf1 is up-regulated both in 2F8cis cells and CA-
MSCs from coculture (fig. S2A) and in 2F8cis/CA-MSC tumors 
(Fig. 3D). Higher-resolution analysis of monocyte and macrophage 
subpopulations, using the scRNA-seq data of anti–PD-L1–treated 
2F8cis and 2F8cis/CA-MSC tumors, identified five distinct mono-
cyte subclusters (Fig. 4E and fig. S2B). Monocyte subclusters 1 and 
5 expressed Ly6c2 (Lymphocyte antigen 6C2), whereas Mono 2, Mono 3, 
and Mono 4 were Ly6c2 negative. Compared to anti–PD-L1–
responsive 2F8cis tumors, the monocyte populations 1, 2, and 4 in 
anti–PD-L1–nonresponsive 2F8cis/CA-MSC tumors showed sig-
nificantly increased expression of Ccr2, while populations 1, 2, and 
3 overexpressed Tgfbi (Fig. 4F). Since Ccr2 and Tgfbi have been re-
ported to be expressed not only by monocytes but also by macro-
phages (43, 44), we evaluated their expression in macrophage clusters. 
Two distinct TAM subpopulations were identified: TAM1 (H2-
Aa+ and Nos2+) and TAM2 (Cx3cr1Hi and Mrc+), both of which 
expressed Ccr2 and Tgfbi (Fig. 4F). The expression levels were higher in 
TAM2 from anti–PD-L1–treated 2F8cis/CA-MSC tumors (Fig. 4F).

We similarly evaluated the characteristics of CD8+ T cells in the 
anti–PD-L1–treated tumors. High-resolution analyses of gene ex-
pression levels revealed three subclusters of CD8+ T cells (Fig. 4G). 
Consistent with the poor treatment response rates, immunosuppressive 
genes Pdcd, Lag3, and Tox were overexpressed in 2F8cis/CA-MSC 
tumors, while genes associated with CD8+ T cell activation, includ-
ing Erg1, Cd44, and Infg, were down-regulated in 2F8cis/CA-MSC 
tumors (Fig. 4G). Together with the above scRNA-seq data, these 
results point to a tumor environment characterized by monocyte/
macrophage chemoattraction, enriched in immune-suppressive Tgfbi- 
secreting M2-dominant TAMs, with depletion in T cell activation.

HH inhibition reverses CA-MSC–driven tumor immune 
exclusion and restores response to anti–PD-L1 therapy
We previously demonstrated that HH inhibitors (HHis) could re-
verse CA-MSC–driven desmoplasia and resistance to chemothera-
py (8). To determine whether HHi could similarly affect CA-MSC 
immune function, we evaluated the impact of IPI-926, a HHi, on 
CA-MSC–driven cytokine secretion. We repeated the cytokine ar-
ray assay using the CM of 2F8cis + A-MSC cocultured for 7 days 
(2F8cis/CA-MSC) with and without HHi. HHi treatment reduced 
the secretion of numerous chemokines induced in CA-MSC by 
tumor cells (Fig. 3, B to D), including Ccl27, Cxcl16, Ccl11, and 
Cx3cl1 (Fig. 5, A and B). We then tested whether HHi treatment 
could modulate the activity of 2F8cis/CA-MSC–dependent BM-
derived myeloid cell differentiation toward an immunosuppressive 
phenotype. HHi treatment of 2F8cis/CA-MSCs markedly reduced 

the 2F8cis/CA-MSC–CM induction of Tgfb1, Cx3cr1, and Marco in 
myeloid cells (Fig. 5C), suggesting that HHi may reduce some of the 
observed immune-suppressive phenotype of CA-MSCs.

We therefore explored the impact of HHi on CA-MSC–driven 
resistance to ICI. We repeated the tumor treatment study above 
with and without HHi as outlined (Fig. 5D). While treatment with 
HHi or anti–PD-L1 alone had no significant effect, the HHi/anti–
PD-L1 combination significantly improved overall survival, with 40% 
of the animals demonstrating tumor eradication (Fig. 5D). Con-
firming that mice treated with HHi and anti–PD-L1 had developed 
antitumor immune memory, the animals that appeared tumor-free 
at 100 days were rechallenged with 1 × 106 2F8cis tumor cells, and 
no tumors developed within 6 months of tumor cell rechallenge.

To further validate the effect of HHi on the growth of CA-MSC+ 
tumors, we tested the effect of the U.S. Food and Drug Administration–
approved agent GDC-0449 (vismodegib) in 2F8cis tumors with and 
without CA-MSCs. Similar to IPI-926, GDC-0449 overcame the 
resistance to anti–PD-L1 therapy in 2F8cis/CA-MSC tumors (fig. 
S3A). Indicating that the HHi is specifically affecting CA-MSCs, (i) 
HHi alone had no impact on tumor growth, and (ii) HHi did not 
enhance the response to anti–PD-L1 treatment in tumors lacking 
CA-MSCs (fig. S3B).

Next, we assessed whether HHis modulate the phenotype and 
distribution of tumor immune cells in CA-MSC–enriched tumors. 
Flow cytometry analyses indicated that the dual HHi–anti–PD-L1 
therapy increased the number of CD8+ T cells and their expression 
of ICOS (Inducible T Cell Costimulator), a marker of T cell activation 
(Fig. 5, E and F), and decreased the number of CD206+ TAMs 
(Fig. 5G). Histological analysis of tumor tissue demonstrated that 
HHis significantly reduce CA-MSC–associated desmoplasia (Fig. 5H). 
IHC confirmed that HHi restored CD8+ T cell infiltration in tumors 
and suppressed CA-MSC–driven increases in CD206+ TAMs (Fig. 5H). 
Together, these results demonstrate that HHi treatment inhibits the 
secretion of cytokines involved in the induction of a TAM pheno-
type, reduces tumor desmoplasia, and prevents T cell tumor 
immune exclusion.

HH inhibition combined with anti–PD-L1 reduces 
Ccr2+Tgfbi+ myeloid cells and increases NK cell 
presence in tumors
To identify the tumor-infiltrating immune cells potentially respon-
sible for the improved antitumor response observed in mice receiv-
ing the anti–PD-L1/HHi combination, we once again performed 
scRNA-seq. We compared the immune profile of CD45+ cells in-
filtrating 2F8cis/CA-MSC tumors treated with anti–PD-L1 alone 
or anti–PD-L1/HHi. Analysis of CD8+ T cell phenotype suggested 
that, while T cell exhaustion markers Lag3 and Pdcd1 were only 
minimally decreased (fig. S4), T cells were not significantly different 
in the two treatment groups. We therefore evaluated other cell types.

In contrast to T cells, myeloid cell populations differed sig-
nificantly in the treatment groups. While 2F8cis-CA-MSC tumors 
treated with anti-PD-L1 alone had a high percentage of monocytes 
(31.6%) and macrophages (32.6%), the addition of HHi resulted in 
a significant reduction in the percentage of monocytes (16.3%) and 
macrophages (23.6%) (Fig. 6A). Flow cytometry confirmed a signif-
icant reduction in F4/80+Ly6C+ monocytes when HHi was admin-
istered alone and further when in combination with anti–PD-L1 
(Fig. 6B). Similarly, dual therapy was associated with a significant 
decrease in the abundance of CD206+ TAMs (Figs. 5G and 6A) and 
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Fig. 5. IPI-926 reduces CA-MSC–associated desmoplasia and restores anti–PD-L1 therapy response. (A and B) Cytokine array and densitometry of the CM of a-MSCs 
stimulated with IPI-926 or left untreated and then cultured for 7 days with tumor 2F8cis cells. Spot intensities were calculated using ImageJ software. (C) RT-qPCR analysis 
of the mRNA expression of the indicated genes in BM-derived macrophages cultured with the CM of 2F8cis, a-MSC monoculture, and 2F8cis/CA-MSC coculture, with and 
without IPI-926. (D) Schematic representation of the treatment schedule in 2F8cis/CA-MSC tumors and Kaplan-Meier survival analysis for the indicated treatment groups. 
***P = 0.0003, a-PD-L1 + IPI-926 versus IgG + DMSO (dimethyl sulfoxide); *P = 0.02, a-PD-L1 + IPI-926 versus IgG + IPI-926; *P = 0.013, a-PD-L1 + IPI-926 versus a-PD-L1 + DMSO. Surviv-
al statistics were calculated using log-rank analysis from Kaplan-Meier survival plots. (E to G) Graph showing the abundance of CD45+CD3+CD8+ (E) CD3+CD8+ ICOS+ 
T cells (F) and CD11b+F4/80+CD206+ macrophages (G), determined by flow cytometry, in the indicated treatments of 2F8cis/CA-MSC tumors (n = 6 tumors per group). 
(H) Representative images of Masson’s trichrome and IHC staining, showing CD8+ T cell and CD206+ macrophage localization in control and IPI-926–treated 2F8cis/
CA-MSC tumor tissue sections. Graphs represent the abundance of intratumor and peritumoral CD8+ and CD206+ immune cells in control or IPI-926–treated 2F8cis/
CA-MSC tumors. Scale bars, 100 m. Results were analyzed using two-way ANOVA. Error bars, SEMs. *P < 0.05, **P < 0.01, ***P < 0.001.
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an increase of F4/80+major histocompatibility complex II–positive 
(MHCII+) macrophages (Fig. 6C).

As CA-MSC–driven desmoplasia was associated with an increase 
in monocyte and macrophage expression of Ccr2 and Tgfbi, we also 
analyzed changes in these two markers following HHi/anti–PD-L1 
combination. The addition of HHi therapy down-regulated Ccr2 
expression in Mono 2 and Mono 3 subpopulations and Tgfbi in 
Mono 2, Mono 3, and Mono 4 subsets and both macrophage sub-
populations (Fig. 6D). As monocyte-chemoattracting Ccl2 and 
immune-modulatory Tgf-1 are both produced by CA-MSCs (Fig. 3C 
and fig. 2A) and Ccl2 binds Ccr2 while Tgf-1 induces Tgfbi, we 
evaluated Ccl2 and Tgf-1 levels in tumors in the treatment groups. 
RT-qPCR of tumors confirmed that the dual HHi/anti–PD-L1 
treatment was associated with down-regulation of Ccl2 and Tgf1, 
with Tgf1 being most affected by HHi (Fig. 6E).

To better understand the induction of Tgfbi in TAMs and 
monocytes and the effect of HHi on this expression, BM-derived 
macrophages were cultured with the CM of 2F8cis/CA-MSCs or 
IPI-926–treated 2F8cis/CA-MSCs. Indicating that a secreted factor 
induces Tgfbi expression, the expression of Tgfbi was up-regulated 
in macrophages cultured with the CM of 2F8cis/CA-MSCs. Demon-
strating that secretion of this factor is regulated by HH signaling, 
the effect was abrogated when 2F8cis/CA-MSCs were treated with 
the HHi (fig. S5A). Indicating that Tgf-1 is at least partly responsi-
ble for the induction of Tgfbi, the addition of Tgf-1–neutralizing 
antibody to the CM abrogated Tgfbi induction (fig. S5B). Further-
more, using a MotifMaps system, we have found that Tgfbi promoter 
contains the consensus site for Smad3, one of the downstream me-
diators of the Tgf-1 signaling pathway (fig. S5C).

The most notably distinct antitumor immune effector cell popu-
lation between treatment groups was the NK cell population. Dual 
therapy was associated with a significant increase in the overall 
abundance of NK cells (33.1% versus 18.73%) (Fig. 6A). Using flow 
cytometry, we confirmed that the combined HHi/anti–PD-L1 treat-
ment increased the number of CD45+NK1.1+ cells and their expres-
sion of the NK cell activation marker CD107 (Fig. 6F).

Tgfbi suppresses NK cell functions and correlates with poor 
prognosis in patients with ovarian cancer
scRNA-seq data indicated that Tgfbi is up-regulated in anti–PD-
L1–resistant CA-MSC–containing tumors and reduced by HHi, which 
is associated with a concomitant increase in NK cells. We therefore 
evaluated the ability of Tgfbi to directly modulate NK functions. 
Splenic NK cells were stimulated for 72 hours with IL-2 (20 ng/ml) 
and IL-15 (50 ng/ml) with or without recombinant Tgfbi (rTgfbi; 
100 and 200 ng/ml) protein. Using an enzyme-linked immunosorbent 
assay (ELISA), we observed that treatments with rTgfbi reduced NK 
cell production of both interferon- (IFN-) and granzyme B, two 
known effectors of NK cell cytotoxic function (Fig. 7A). To test the 
role of Tgfbi in inhibiting NK cytotoxicity, we evaluated the impact 
of Tgfbi on NK target cell killing. Activated splenic NK cells were 
cultured with CTV-stained YAC-1 lymphoma cells at effector-to- 
target ratios of 2:1, 5:1, and 10:1 for 4 hours. Tgfbi reduced NK cell 
killing at all effector/target ratios, with a 60% reduction in YAC-1 
cell killing at the highest effector:target cell ratio (Fig. 7B).

Combined, these data indicate a direct inhibitory role of Tgfbi 
on NK cytolytic function. To analyze the expression and spatial dis-
tribution of Tgfbi and NK cells in vivo, we performed tissue im-
munofluorescence staining of control and treated 2F8cis/CA-MSC 

tumors. We observed that, in control and anti–PD-L1–treated 
tumors, Tgfbi was highly expressed and NK cells were limited in the 
peritumoral area (Fig. 7, C to E). In HHi-treated tumors, the expres-
sion of Tgfbi was reduced compared to control tumors, whereas the 
number of tumor-infiltrating NK cells was increased. However, the 
combined HHi/anti–PD-L1 treatment abrogated the expression of 
Tgfbi and further increased NK cell tumor trafficking (Fig. 7, C to E).

Consistent with our murine studies, evaluation of TGFBI in The 
Human Protein Atlas shows that the protein is commonly restricted 
to the human desmoplastic tumor stroma (Fig. 7F). Furthermore, 
increased TGFBI expression is linked with a poor prognosis in ovarian 
cancer (Fig.  7G) (www.proteinatlas.org/ENSG00000120708-TGFBI/
pathology/ovarian+cancer). Last, we analyzed TGFBI mRNA ex-
pression in a small dataset of patients with ovarian cancer treated 
with ICI therapy. We observed a trend toward TGFBI mRNA ex-
pression level being inversely correlated with progression-free 
survival in patients with ovarian cancer following ICI treatment 
(Fig. 7H). Together, our results show that Tgfbi secreted by mono-
cytes and macrophages localizes in stromal tumor tissues and criti-
cally impairs NK cell cytotoxicity.

DISCUSSION
In this study, we demonstrate the critical role of CA-MSCs in driv-
ing tumor immune exclusion and resultant resistance to anti–PD-
L1 ICI. We find that (i) CA-MSCs produce numerous factors, such 
as Ccl2, Cx3cl1, and Tgf-1, that can recruit Ccr2+ monocytes to the 
TME and promote their differentiation toward a protumorigenic 
M2-like phenotype; (ii) CA-MSC–exposed monocytes and TAMs 
overexpress Tgfbi, which, in turn, inhibits NK cell cytolytic func-
tion; and (iii) CA-MSC–mediated immunosuppressive effects can 
be overcome via inhibition of the HH pathway.

Our findings linking CA-MSC–driven desmoplasia to tumor 
immune exclusion and resistance to ICI therapy are consistent with 
human studies demonstrating that highly fibrotic cancers, in which 
CD8+ T cells are primarily localized to the peritumoral stroma, re-
spond poorly to anti–PD1/PD-L1 immunotherapy (45–47). We 
found that, in human ovarian tumors, the presence of CA-MSCs 
was inversely correlated with the presence of intratumoral CD8+ 
T cells, with T cells primarily relegated to peritumoral stroma, where 
they colocalized with immunosuppressive myeloid cells. scRNA-
seq data revealed that, in CA-MSC–enriched tumors, both mono-
cytes and macrophages overexpress Ccr2 and Tgfbi. This is in line 
with work in lymphoma showing that MSCs recruit Ccr2+ myeloid 
cells (30) and that the Ccl2/Ccr2 signaling axis promotes monocyte 
recruitment to the tumor and enhances M2-like macrophage differ-
entiation (48, 49). Similarly, studies from pancreatic cancer suggest 
that CA-MSCs increase recruitment of protumorigenic myeloid cells 
(50, 51). While our studies indicate an important role for CA-MSC–
produced chemokines in creating an immunosuppressive TME, we 
cannot rule out a role for CA-MSC–produced exosomes. Recent work 
suggests that exosomes produced from tumor-associated MSCs 
drive macrophage reprogramming, enhancing their immunosup-
pressive activity via expression of Tgf-1 (52).

One of the factors that Tgf-1 regulates is Tgfbi. We show 
here that Tgfbi was up-regulated in monocytes and TAMs in the 
presence of CA-MSCs and down-regulated by combination HHi/
anti–PD-L1 treatment. Tgfbi is an extracellular matrix–interacting 
protein that contains an arginine-glycine-aspartic acid motif. Tgfbi 

http://www.proteinatlas.org/ENSG00000120708-TGFBI/pathology/ovarian+cancer
http://www.proteinatlas.org/ENSG00000120708-TGFBI/pathology/ovarian+cancer
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stimulation of tumor cells promotes the activation of AKT and focal 
adhesion kinase signaling pathways, consequently enhancing tumor 
cell migration, invasion, and metastatic spread (42, 44, 53). The role 
of Tgfbi in tumor immune surveillance is essentially unstudied. However, 
Tgfbi has been inversely correlated with response to ICI therapy in 
lung cancer (54). We similarly find Tgfbi to be inversely correlated 
with both overall survival in all patients and in patients treated with 
ICI therapy. This can be partly explained by our results showing 

that Tgfbi can directly lower the cytolytic activity of NK cells and 
inhibit their intratumoral trafficking. Whether NK cells are the 
main effectors responsible for the tumor rejection or whether they 
serve to promote CD8+ T cell activity (55) remains to be determined.

The main inducer of Tgfbi is Tgf-1, an immunosuppressive fac-
tor that inhibits the cytolytic function and impairs expression of 
activating receptors of CD8+ T and NK cells (56–59). We found that 
both ovarian tumor cells and CA-MSCs express Tgf-1, which can 
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drive Tgfbi expression in monocytes and macrophages, thus con-
tributing to resistance to anti–PD-L1 therapy. Further supporting a 
potential role for this signaling pathway, data from a murine breast 
cancer model showed that coadministration of neutralizing antibodies 
against TGF-1 and PD-L1 reduced TGF-1 signaling in stromal 
cells, facilitated intratumoral T cell penetration, and induced anti-
tumor immunity (47). In light of our data, further studies, focused 
on the interplay between TGF-1 and TGFBI in solid tumors with 
various levels of immune infiltration, will further our understand-
ing of tumor immune surveillance and the development of future 
immune therapies.

HH inhibition effectively reversed tumor desmoplasia and 
tumor immune exclusion in our model. HH inhibition also re-
programmed macrophage phenotype, favoring a proinflammatory 
CD206LowMHCIIHi M1-like phenotype. High expression of MHCII 
on the surface of macrophages is associated with T cell proliferation 
and activation (60). Thus, HHi overcome CA-MSC–driven resistance 
to ICI therapy. This is supported by a recent report that HHi could 
increase ICI response in models of lung cancer and liver cancer 
(61). While HH signaling and desmoplasia have a controversial role 
in other cancers (62, 63), in ovarian cancer, numerous studies have 
linked desmoplasia with poor prognosis and chemotherapy resist
ance, with HHi reversing chemotherapy resistance in a stroma-
dependent manner (8, 64, 65).

In animal models, Smo (Smoothened, Frizzled Class Receptor) 
deletion to block HH signaling has been linked with a loss of desmoplasia 
but increased rates of metastasis (62). This points to a potentially 
biphasic role for HH signaling during cancer initiation as opposed 
to established cancers (15). In addition, these studies have not as-
sessed the impact of Smo deletion on the quality and quantity of the 
immune response in these tumors. We show here that reducing 
desmoplasia increases intratumoral immune effector cell infiltration, 
an independent prognostic marker in ovarian cancer. Several HHi have 
received approval for treatment of conditions such as metastatic 
basal cell carcinoma and acute myeloid leukemia, although clinical 
activity remains relatively modest. Evidence from ovarian cancer 
shows that vismodegib, administered to patients in second or third 
complete remission, showed no effect on progression-free survival 
(66). Similarly, our studies demonstrate that single-agent HHi fail to 
control tumor growth. However, when combined with ICI, the HHi 
compound rendered the tumors responsive to immunotherapy, 
supporting their use in combination treatment regimens (67).

In summary, we find that CA-MSCs promote tumor desmoplasia 
and tumor immune exclusion. This is associated with (i) an increase 
in Ccr2+ monocytes and TAMs that express high levels of Tgfbi and 
(ii) resistance to ICI therapy. All of these CA-MSC–driven immune-
suppressive effects could be reversed by HHi, thereby increasing 
response to ICI therapy. This work points to previously unknown 
mechanisms behind desmoplasia-induced immune exclusion and sup-
ports the use of a combination of HH signaling inhibitor and anti–PD-L1 
immunotherapy to improve the clinical outcome of ovarian cancer.

MATERIALS AND METHODS
Cell culture
The 2F8 mouse ovarian cancer cell line was derived in-house, from 
Cre-encoding adenovirus-induced orthotopic ovarian tumors (29, 68). 
The 2F8cis cells were initially obtained by exposing 2F8 cells in vitro 
to increasing concentrations (up to 10 M) of cisplatin (Sigma-Aldrich). 

The 2F8cis cells were then maintained in cultured Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated 
fetal bovine serum, penicillin (100 U/ml), streptomycin (100 mg/ml), 
2 mM l-glutamine (Corning Life Sciences), and 1 M cisplatin. Cells 
were regularly tested for Mycoplasma contamination. Mouse adipose-
derived MSCs (a-MSC) were purchased from Cyagen and frozen 
upon initial expansion (typically up to three passages). Cells were 
cultured for a maximum of six passages in OriCell Mouse Adipose-
Derived Mesenchymal Stem Cell Growth Medium (Cyagen). In the 
coculture experiments, 2F8cis cells were plated with a-MSCs at a 
1:1 ratio (1 × 106 cells) and maintained in culture for 7 days. Cells 
were cultured in DMEM and mouse adipocyte-derived stem cell 
medium at a 1:1 ratio. In some experiments, cells were treated with 
IPI-926 (10 nM) or DMSO (dimethyl sulfoxide) as control for 72 hours 
and then processed for qPCR or immunoblotting.

Isolation and differentiation of murine  
BM-derived macrophages
BM cell suspensions were isolated by flushing femurs and tibias of 
8- to 10-week-old C57BL/6 mice (the Jackson Laboratory) with com-
plete DMEM. Cell debris was removed by passaging the suspension 
through a 70-m nylon sterile strainer (Greiner Bio-One). After two washes 
with medium, 2 × 106 cells were seeded on six-well plates (Corning 
Costar). Cells were supplemented with recombinant mouse GM-CSF 
(50 ng/ml) and mouse M-CSF (R&D Systems) and cultured for 3 days 
in a humidified incubator at 37°C and 5% CO2. Following this initial 
differentiation, cells were washed with phosphate-buffered saline (PBS) 
and incubated with the CM of 2F8cis, a-MSC cultured alone, or 2F8cis 
cocultured with a-MSC (2F8cis/CA-MSC) for two additional days. 
Positive control cells were cultured with GM-CSF and IL-4 (R&D 
Systems) cytokines. In certain experiments, Cx3cl1-, Tgf-1–, and Ccl2-
neutralizing antibodies (R&D Systems) were added at 2 g/ml.

NK cell culture and cytotoxicity assays
Murine NK cells were isolated from red blood cell–depleted spleens, 
using NK cell microbeads (Miltenyi Biotec). In the proliferation as-
say, NK cells were labeled with CTV and stimulated with IL-2 
(20 ng/ml), IL-15 (20 ng/ml), and rTgfbi (200 ng/ml) for 3 to 5 days. 
NK cells stimulated only with IL-2/IL-15 were used as control. Fol-
lowing stimulation, NK cell supernatants were collected and analyzed 
for cytokine production by ELISA as described below. For the cyto-
toxicity assays, 3 × 105 CTV-labeled YAC-1 (American Type Culture 
Collection) target cells were plated in 24-well microplates. IL-2/IL-
15–stimulated splenic effector NK cells, treated with and without rTgfbi, 
were added to YAC-1 cells at 2:1, 5:1, and 10:1 effector/target ratios 
and incubated at 37°C for 4 hours. Cells were stained with 7-AAD 
(7-aminoactinomycin D) (BD Biosciences) and analyzed by flow cytometry.

Enzyme-linked immunosorbent assay
IFN- and granzyme B concentrations in the supernatants of NK 
cells were measured using a mouse ELISA kit (BioLegend) follow-
ing the manufacturer’s protocol. IFN- and granzyme B concentra-
tions were within the range of the standard curve. All points were 
done in triplicate, and the experiments were repeated three times. 
Samples were read in a microplate reader (Infinite 200 PRO, Tecan).

Ovarian cancer mouse model
C57BL/6 female mice were purchased from the Jackson Laboratory. 
Mice (8 to 10 weeks old) were subcutaneously injected with 2 to 5 × 
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106 2F8cis cells or 2F8cis/CA-MSCs. Mice were sacrificed when tumor 
burden exceeded 2000 mm3. Animals were monitored for weight 
gain and body conditioning every 2 to 3 days and were maintained 
in accordance with institutional policies. All studies were performed 
with approval of the University Committee on Use and Care of An-
imals of the University of Pittsburgh.

In vivo treatment protocols
Tumor-bearing mice were randomly divided into groups (10 mice 
per group) and treated intraperitoneally with 150 g of anti–PD-L1 
monoclonal antibody (10F.9G2, Bio X Cell, Japan) or IPI-926 (20 mg/kg; 
Active Biochem), used alone or in combination. Control mice re-
ceived isotype rat IgG2b (Bio X Cell) or vehicle control (DMSO for 
IPI-926). Anti–PD-L1 and isotype control antibodies were admin-
istered three times every 2 days, starting at day 19 after tumor cell 
injection. IPI-926 and vehicle control were administered for 21 days, 
starting at day 14 after tumor cell injection, as previously described 
by Lee et al. (69). GDC-0449 (20 mg/kg; Selleckchem), alone or in 
combination with anti–PD-L1, was administered for 7 days, start-
ing when the tumor size was approximately 70 to 100 mm3.

Patients and tissue samples
Multispectral IHC staining
Eighteen biopsies of patients with high-grade serous ovarian cancer 
were selected and collected at the Department of Obstetrics, Gyne-
cology, and Reproductive Science, University of Pittsburgh. The 
study was approved by the institutional review board of the Univer-
sity. Fresh tissues were fixed in formalin and embedded in paraffin. 
TMA was created using formalin-fixed paraffin-embedded (FFPE) 
tissue sections from selected patient samples. Slides were deparaf-
finized using xylene and ethanol. Tissues were then fixed in neutral 
buffered formalin for 15 min before antigen retrieval. Briefly, the 
TMA was subjected to heat-induced epitope retrieval cycles in AR6 
or AR9 citrate buffers (Akoya Biosciences), followed by blocking for 
10 min before incubation with primary antibody for 30 min. Secondary 
horseradish peroxidase (HRP) antibody was added after washing 
off excess primary and incubated for 10 min. Opal 570 was used to 
detect CD8 T cells. A final round of antigen retrieval was carried out 
for counterstaining nuclei with spectral 4′,6-diamidino-2-phenylindole 
(DAPI). Tissues were then sealed using Diamond Antifade mountant 
(Thermo Fisher Scientific, catalog no. P36970). Imaging was per-
formed using the Vectra platform and unmixed using Akoya Biosciences 
Inform software. To detect CA-MSCs, FFPE TMA slides were depa-
raffinized, rehydrated, and processed for heat-induced antigen 
retrieval. Samples were then washed with PBS and blocked against 
nonspecific binding using universal blocking buffer for 1 hour at room 
temperature. Conjugated antibodies CD73 (BD Pharmingen), CD90 
(BD Pharmingen), and WT1 (R&D Systems) were diluted in 10% 
universal blocking buffer (5 g/ml) and applied for 1 hour at room 
temperature. Samples were then washed with PBS, mounted with 
antifade media, and left to dry overnight at 4°C. All images were 
acquired on a Nikon A1 confocal microscope and analyzed using 
Nikon elements NIS.

Cancer-associated MSCs
ImageJ was used to quantify the proportion of CA-MSCs (coexpression 
of CD73/CD90/WT1+) versus total cellularity per image. A modified 
H-score was also calculated on the basis of the expression of 
WT1 in MSCs within each image. MSCs were identified by coexpression 

of CD73/CD90, and WT1 expression within the MSCs was divided 
into “negative expression,” “weak expression,” “moderate expression,” 
and “strong expression.” The modified H-score was calculated as 
[0 × percentage of WT1 negative expression MSCs] + [1 × percentage of 
WT1 weak expression MSCs] + [2 × percentage of WT1 mod-
erate expression MSCs] + [3 × percentage of WT1 strong expression 
MSCs], ranging from 0 to 300. T cells were counted in 10 to 15 
high-power fields. T cell exclusion was defined as ≤3 intra-islet CD8 
T cells (3).

Next-generation sequencing
Fourteen patients with epithelial ovarian cancer who received 
ICI therapy in recurrent setting were included. Baseline patients’ 
characteristics are summarized in table S1. FFPE tumor samples were 
collected in this retrospective study with Cleveland Clinic institu-
tional review board approval. FFPE specimens were processed and 
sequenced by MedGenome only when there was sufficient tumor 
for sequencing. Samples were included only if they passed RNA ex-
traction QC and RNA library prep QC and proceeded for mRNA 
sequencing. Data quality check was performed using FastQC (v0.11.8). 
Alignment was performed using STAR (v2.7.3a). Read count data 
were normalized, and gene expression analysis was performed 
using R/Bioconductor package DESeq2 (v1.28.1). Overall survival 
was calculated from initiation of immunotherapy to last follow-up or 
death. Progression-free survival was calculated from initiation of 
immunotherapy to disease progression or last follow-up or death. 
Survival analyses were estimated using Kaplan-Meier survival curves 
with log-rank tests. Kaplan-Meier estimator was used for time-to-
event analyses comparing between two groups based on the TGFBI 
gene expression with median as cut-off.

Mouse cytokine array
The supernatants of 2F8cis cells and a-MSCs and the CM of 2F8cis 
cocultured with a-MSC for 7 days (2F8cis/CA-MSC) were tested for 
cytokines and chemokines using a cytokine array (RayBiotech, AAH-
CYT-C3). The procedure was performed according to the manufac-
turer’s instructions. Then, the membranes were developed, and the 
dots were quantified using ImageJ.

Isolation of single cells from murine tumors and flow 
cytometry analysis
Fresh tumors were isolated, minced in a petri dish on ice, and then 
enzymatically dissociated into a single-cell suspension according to 
the protocol for the mouse Tumor Dissociation Kit (Miltenyi Biotec), 
followed by mechanical dissociation using gentleMACS Dissociator. 
Cell suspensions were filtered through a 70-m cell strainer. The 
ACK (Ammonium-Chloride-Potassium) lysing buffer (Gibco) was 
used for the lysis of red blood cells, and the resulting suspension was 
refiltered through a cell strainer to produce a single-cell suspension. 
Cells were washed with PBS and then stained for flow cytometry anal-
ysis. Single cells were stained with fluorescently labeled antibodies and 
incubated at 4°C for 40 min. The primary antibodies were as fol-
lows: Pe-Cy7–F4/80 (clone BM8, eBioscience), Pacific Blue–CD45 
(clone 30-F11, BioLegend), APC/Fire750-CD11b (clone M1/70, Bio-
Legend), fluorescein isothiocyanate–CD206 (clone MMR, BioLegend), 
APC/Fire750-CD3 (clone 17-A2, BioLegend), PE-MHCII (clone 
M5/114.15.2, BioLegend), BV-510-NK1.1 (clone PK136, BioLegend), 
APC/Fire 750-CD107 (clone 1D4B, BioLegend), BV510-CD8 (clone 
53-6.7, BioLegend), and BV510-Ly6C (clone HK 1.4, BioLegend). 
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Multicolor FACS analysis was performed on a BD LSRII analyzer. All 
data analysis was performed using the flow cytometry analysis pro-
gram FlowJo (Tree Star).

Immunohistochemistry
Slides were deparaffinized by baking overnight at 59°C. Endogenous 
peroxidase activity was eliminated by treatment with 30% H2O2 for 
15 min at room temperature. Antigen retrieval was performed by 
microwave heating in 0.1% citrate buffer (pH 6), for 10 min at 850 V.  
Nonspecific binding sites were blocked with 2% bovine serum al-
bumin (BSA). Reaction with anti-CD206 (Abcam) anti-CD8 
(eBioscience) was for 16 hours at 4°C. Staining was performed by 
the avidin-biotin-peroxidase complex method with a commercial 
kit (VECTASTAIN ABC HRP; Vector Laboratories), according to 
the manufacturer’s protocol. Positive signals were visualized by a 
DAB Substrate Kit (BD Pharmingen) according to the manufacturer’s 
protocol. Masson’s trichrome staining was conducted using a ready-to-
use kit from Abcam, following the manufacturer’s protocol. Histology 
sections were observed using a Leica DM4 microscope. Images were 
acquired using a Leica DFC7000T camera and Leica Application Suite X.

Immunofluorescence
Murine frozen tissue sections were fixed in 4% paraformaldehyde 
for 20 min and permeabilized in 0.5% Triton X-100 for 20 min. The 
fixed tissues were incubated with NK1.1 (Tonbo Biosciences), Ly6C 
(Abcam), or Tgfbi (Novus Biologicals) antibodies overnight at 4°C, 
followed by secondary anti-mouse Alexa Fluor 598, anti-rat Alexa 
Fluor 488, or anti-rabbit Alexa Fluor 488 antibodies (Invitrogen Life 
Technologies) for 1 hour at room temperature. Antibodies were di-
luted in 1% BSA. Nuclei were stained with mounting medium con-
taining DAPI (Vector). Confocal images were captured on a Leica 
microscope.

Real-time quantitative polymerase chain reaction
Total RNA was extracted from BM-derived macrophages and murine 
frozen tumor tissues, using a QIAshredder and RNeasy mini kit 
(QIAGEN) according to the manufacturer’s instructions. A total of 
500 to 1000 g of RNA were reverse-transcribed (70) using the 
SuperScript III First-Strand Synthesis System from Invitrogen. A 
total of 2 l of RT products were used to amplify Axl, Cxcl16, Ccl2, 
Ccl5, Il6, Tgfb1, and Tgfbi. Gapdh was used as an internal control. 
RT-qPCR was performed using a SYBR Green PCR kit (Bio-Rad) 
and a CFX384 Real PCR system (Bio-Rad).

scRNA-seq library generation
Anti–PD-L1–treated 2F8cis (n = 3), a-PD-L1–treated 2F8cis/CA-MSC 
(n = 3), and a-PD-L1 + IPI-926–treated 2F8cis/CA-MSC (n = 3) 
tumor-bearing C57BL/6 mice were sacrificed 2 days after the last 
treatment. CD45+ cells were isolated from fresh tumors as indicated 
above. Dead cells were removed using the Dead Cell Removal Kit 
(Miltenyi). Samples were labeled with different TotalSeq oligo-con-
jugated antibodies (BioLegend) and then resuspended in 1× PBS 
containing 0.04% BSA. Two thousand cells per sample were loaded 
into the Chromium instrument (10x Genomics), and the resulting 
barcoded cDNAs were used to construct libraries according to the 
manufacturer’s instructions. Single-cell cDNA libraries were then 
processed for RNA sequencing, which was performed at the Uni-
versity of Pittsburgh Genomics Core, using an Illumina NovaSeq 
6000 platform.

scRNA-seq data analysis
Raw sequence data were processed via Cell Ranger 3.1.0 (10x Genomics) 
and aligned to mm10 to generate a unique molecular identifier matrix 
for the downstream analysis. Normalization and explanatory analy-
sis of scRNA-seq data were performed using the Seurat R package 
(71). During quality control, we excluded cells with <400 expressed 
genes and genes expressed in <3 cells. Then, cells were demultiplexed 
to their original samples of origin, and only singlet cells were kept. 
A basic filtering was performed on the singlets, which removed those 
with fewer than 500 expressed genes or a mitochondrial percentage 
higher than 35%. The filtered data contained 7896 singlets, normal-
ized with a scale factor of 1 × 104, scaled, and centered on the basis 
of 2000 variable features.

For dimensionality reduction and visualization, principal com-
ponents analysis was run for the normalized counts of variable fea-
tures, excluding genes related to hemoglobin, mitochondria, and 
ribosomes. The first 40 principal components were selected. The 
data were visualized with t-distributed stochastic neighbor embed-
ding (40). Seurat “FindClusters” was applied to the first 40 principal 
components, with the resolution parameter set to 6.5. Cell labels 
were assigned using marker gene expression levels.

Statistical analysis
Differences between two conditions were analyzed by Student’s t test 
and one-way or two-way analysis of variance (ANOVA), with Tukey 
posttests for multiple pairwise comparisons. All survival statistics 
were calculated using log-rank analysis from Kaplan-Meier survival 
plots. In all cases, P < 0.05 was considered statistically significant. 
Statistics were calculated using Prism software (GraphPad). For the 
modified CA-MSC H-score, with a sample size of 18 (nine per group), 
we calculate a >90% power to detect an H-score difference of at least 
100 with an SD of 20 (PS Power and Sample Size Calculations, 
version 3.0).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5790

View/request a protocol for this paper from Bio-protocol.
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