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Original research

Targeting cancer-associated fibroblast-secreted WNT2
restores dendritic cell-mediated antitumour immunity

Tu-Xiong Huang,"* Xiang-Yu Tan," Hui-Si Huang," Yu-Ting Li," Bei-Lei Liu,?
Kai-Sheng Liu,” Xinchun Chen," Zhe Chen,” Xin-Yuan Guan,? Chang Zou,” Li Fu @'

ABSTRACT

Objective Solid tumours respond poorly to immune
checkpoint inhibitor (ICl) therapies. One major
therapeutic obstacle is the immunosuppressive tumour
microenvironment (TME). Cancer-associated fibroblasts
(CAFs) are a key component of the TME and negatively
regulate antitumour T-cell response. Here, we aimed

to uncover the mechanism underlying CAFs-mediated
tumour immune evasion and to develop novel
therapeutic strategies targeting CAFs for enhancing ICl
efficacy in oesophageal squamous cell carcinoma (0SCC)
and colorectal cancer (CRC).

Design Anti-WNT2 monoclonal antibody (mAb) was
used to treat immunocompetent C57BL/6 mice bearing
subcutaneously grafted mEC25 or CMT93 alone or
combined with anti-programmed cell death protein

1 (PD-1), and the antitumour efficiency and immune
response were assessed. CAFs-induced suppression

of dendritic cell (DC)-differentiation and DC-mediated
antitumour immunity were analysed by interfering with
CAFs-derived WNT?2, either by anti-WNT2 mAb or with
short hairpin RNA-mediated knockdown. The molecular
mechanism underlying CAFs-induced DC suppression
was further explored by RNA-sequencing and western
blot analyses.

Results A negative correlation between WNT2*

CAFs and active CD8 T cells was detected in primary
0SCC tumours. Anti-WNT2 mAb significantly restored
antitumour T-cell responses within tumours and
enhanced the efficacy of anti-PD-1 by increasing

active DC in both mouse OSCC and CRC syngeneic
tumour models. Directly interfering with CAFs-derived
WNT?2 restored DC differentiation and DC-mediated
antitumour T-cell responses. Mechanistic analyses further
demonstrated that CAFs-secreted WNT2 suppresses
the DC-mediated antitumour T-cell response via the
SOCS3/p-JAK2/p-STAT3 signalling cascades.
Conclusions CAFs could suppress antitumour immunity
through WNT2 secretion. Targeting WNT2 might
enhance the ICl efficacy and represent a new anticancer
immunotherapy.

INTRODUCTION

Programmed cell death protein 1 (PD-1)/pro-
grammed death-ligand 1 (PD-L1) immune check-
point inhibitors have shown encouraging results
since they were approved in 2014 for treating
various solid tumours and haematological malig-
nancies.’ > Nevertheless, many patients with solid
malignancies do not respond to PD-1/PD-L1

Significance of this study

What is already known on this subject?

» Immunomodulatory interactions between
tumour cells and the immunosuppressive
tumour microenvironment (TME) skew the
positive response to immunotherapy in solid
tumours.

» Cancer-associated fibroblasts (CAFs) are an
abundant and critical component of the TME
and negatively regulate antitumour immunity.

» CAFs-secreted WNT2 has a critical role in
the malignant progression of oesophageal
squamous cell carcinoma (0SCC) and colorectal
cancer (CRC). Further exploration of the role of
CAFs-derived WNT2 in regulating antitumour
immunity is merited.

What are the new findings?

» The density of WNT2* CAFs is negatively
correlates with the percentage of active CD8" T
cells in primary OSCC tumours.

» An anti-WNT2 monoclonal antibody (mAb)
newly developed in our group significantly
enhances the therapeutic efficacy of anti-
programmed cell death protein 1 (PD-1) mAb
by increasing active dendritic cells (DCs) in both
0SCC and CRC allograft tumours and improves
the tumour-killing activity of splenic T cells.

» Directly targeting CAF-derived WNT2 restores
DC differentiation and DC-mediated antitumour
T-cell responses both in vitro and in vivo.

» CAFs-secreted WNT2 suppresses the DC-
mediated antitumour T-cell response via the
SOCS3/p-JAK2/p-STAT3 signalling cascades.

How might it impact on clinical practice in the

foreseeable future?

» Our findings open up a new therapeutic
strategy to enhance the efficacy of PD-
1/programmed death-ligand 1 immune
checkpoint treatment by targeting CAFs-
secreted WNT2 or other CAFs-induced
immunosuppressive factors, not only in 0SCC
and CRC but more broadly.

checkpoint inhibitor treatment.’* The hindrance to
achieving long-lasting therapeutic responses in solid
tumours is, in part, mediated by the dynamic nature
of these tumours and their complex microenviron-
ment.’ Cancer-associated fibroblasts (CAFs) are the
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most abundant stromal cells in the tumour microenvironment
(TME) and are thought to suppress antitumour immunity in a
variety of solid tumours.”” However, the mechanisms by which
CAFs regulate antitumour immune responses in solid tumours
remain unclear.

Our previous study identified FGFR2 as a specific marker of
pro-tumourigenic CAFs in oesophageal squamous cell carcinoma
(OSCC).!"” FGFR2* CAFs can secrete WNT2 and thus activate
the Wnt/B-catenin signalling pathway to promote the malignant
progression of OSCC."! WNT?2 is a glycoprotein ligand secreted
by the Wnt signalling pathways it can initiate intracellular signal-
ling and participates in different processes involved in the regu-
lation of development.'* WNT2 also promotes the malignant
progression of other solid tumours, including colorectal cancer
(CRC), gastric cancer (GC) and breast cancer (BC)."*™" The
expression pattern of WNT2 varies among different cancers. In
OSCC and CRC, WNT2 is mainly expressed by CAFs rather
than tumour cells,"" * but is expressed by both CAFs and tumour
cells in BC'® and GC."” WNT proteins also play an important
role in the development of effector T cells, activation of regula-
tory T cells (Tregs), and dendritic cell (DC) differentiation and
maturation.'® It has been reported that the overexpression of
WntSa can suppress the differentiation of plasma-like DCs and
classical DCs through non-canonical Wnt signalling pathways."
The canonical Wnt/B-catenin pathway in DCs is also involved in
the regulation of DC differentiation and migration.”” *' Recent
studies have shown that endogenous Wnt5a or B-catenin in
melanoma cells can regulate immune-evasion by tumour cells
via influencing the tumour infiltration or biological functions
of DCs.”* 2 However, to the best of our knowledge, specific
targeting of WNTSA and its downstream effectors for immuno-
therapy has not been reported yet.

CAFs-derived WNT2 is commonly expressed in GI
cancers,' * ™ but its role in the regulation of antitumour
immunity is still largely unknown. To date, most studies have
focused on the development of combination immunotherapies
by blocking different immune checkpoints of immune cells to
enhance the efficacy of PD-L1/PD-1 blockade. New strategies
by targeting CAFs-induced immunosuppressive signalling may
provide an alternative for effective combination immunothera-
pies in solid tumours. In this study, we sought to investigate the
role of CAFs-secreted WNT?2 in regulating antitumour immunity
and explore a new way to develop more efficient immunothera-
pies for patients with GI cancer with high expression of WNT2.

MATERIALS AND METHODS

Mice and in vivo treatments

Four to six-week-old female C57BL/6 mice were purchased from
Charles River Laboratories (Beijing, China) and maintained
under specific pathogen-free conditions. All animal procedures
were performed in accordance with guidelines approved by
the Institutional Animal Care and Use Committee at Shenzhen
University Health and Science Center. mEC25 cells (4x10°
cells/mouse) or CMT93 cells (1x10° cells/mouse) were subcu-
taneously injected into the right flanks of the mice. Mice were
randomly assigned to treatment groups when they had devel-
oped tumours of about 5 mm in diameter. Mice were intraperito-
neally injected every 3 days for 2 weeks with 200 pg control IgG
(MOPC-21; Bio X cell), 200 pg anti-WNT2 (3C4; custom-made
at Kexing Biotech, Hangzhou, China) and 10 mg/kg anti-PD-1
(29F.1A12; Bio X cell) or anti-WNT2 combined with anti-PD-1.
The tumour volume was calculated using the formula: Volume=
7 Xlength x width X height/6.

In vivo tumour growth assay

mEC25 cells (4x10° cells/mouse), combined with mCAF-
shWnt2 (1.3 x10° cells/mouse) or mCAF-shNTC (1.3 x10° cells/
mouse) cells were subcutaneously injected into the right flanks of
the mice. The tumour volume was calculated using the formula:
Volume =1 xlength X width X height/6.

Flow cytometry analysis
For the in vitro DC differentiation analysis, mouse bone marrow
DCs were generated, as previously described.** Briefly, bone
marrow cells of C57BL/6 mice were cultured in RPMI 1640
medium containing 10% FBS with granulocyte/macrophage
colony-stimulating factor (GM-CSF) (10ng/mL)+interleukin
(IL)-4 (10ng/mL) for 7 days to induce the cells to differentiate
into DCs. The culture medium (CM) from wild-type (WT)
mCAFs, mCAF-shNTC or mCAF-shWnt2 was used to treat the
cells during DC induction. In some experiments, WT CAF.CM
was preincubated with control IgG (MOPC-21; 100 pg/mL) or
anti-WNT2 (3C4; 100 pg/mL) before DC induction. The DCs
were stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD11c (HL3; BD PharMingen) and/or allophycocyanin
(APC)-conjugated anti-IDO (mIDO-48; eBioscience) or anti-
IL-10 (JES5-16E3; Biolegend), followed by flow cytometry anal-
ysis using the CytoFLEX system and Kaluza software (Beckman
Coulter). To evaluate the activities of DCs after being cultured
for 7days, as described earlier, DCs were stimulated with
lipopolysaccharide (LPS) (200ng/mL; 24 hours) followed by
counter-staining with FITC-conjugated anti-CD11¢ (HL3) and
phycoerythrin (PE)-conjugated anti-TNFo. (MP6-XT22; eBio-
science), anti-IL12 (C17.8; eBioscience), anti-CD80 (16-10A1;
eBioscience) or anti-CD86 m(GL1; eBioscience). DCs were also
stimulated with mEC235 cell lysate (1:1; 12 hours), followed by
coincubation with CD8™ T cells for 5 days. The co-cultured cells
were then stained with FITC-conjugated anti-CD8 (53-6.7; BD
Biosciences) and APC-conjugated anti-interferon (IFN)-y anti-
body (XMG1.2; eBioscience). For the analysis of mouse tumour-
derived DCs or T cells, tumour tissues were cut into small pieces,
digested with 1 mg/mL collagenase IV (Sigma), and homogenised
through a 100um mesh filter. After washing, the isolated
single cells were blocked with anti-CD16/32 (93; eBioscience),
followed by staining with antibodies against CD11c+TNFa,
CD11c+IL12, CD11c+CD80, CD11c+CD86 or CD8+IFN-y.
For the analysis of mouse splenic T cells, the spleen was cut into
small pieces and homogenised through a 100 um mesh filter.
After washing, the cell pellet was resuspended in 40% Percoll
(Sigma) and the lymphocytes were isolated according to the
manufacturer’s instructions. Splenic lymphocytes were blocked
with anti-CD16/CD32 and counterstained with anti-CD8 and
anti-IFN-y, followed by flow cytometry analysis using the Cyto-
FLEX system and Kaluza software (Beckman Coulter).
Additional methodology is provided as online supplemental
information.

RESULTS

WNT2" CAFs negatively correlate with effector T cells in 0SCC
tumours

We first investigated whether there was a correlation between
WNT2* CAFs and effector T cells within the TME. Our
previous studies showed that FGFR2* CAFs could provide a
suitable microenvironment for tumour development through
WNT2 secretion.'” ' Thus, WNT2*FGFR2" CAFs were
considered to be pro-tumourigenic CAFs, and their regula-
tion of antitumour immunity was investigated in the present
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study. Paraffin-embedded tumour sections from 47 primary
OSCC cases were double immunostained with markers for
pro-tumourigenic CAFs (WNT2*FGFR2"), Tregs (Foxp3™*
CD47") and active CD8™ T cells (IFN-y"CD87). The expres-
sion of WNT2*FGFR2" CAFs, Foxp3*CD4" Tregs and
IFN-y"CD8" effector T cells was quantified and analysed
by Tissue FAXSFluo. The number of WNT2*FGFR2" CAFs
was positively correlated with the ratio of Foxp3*CD4* T
cells/CD4* T cells (figure 1A) and negatively correlated with
the ratio of IFN-y*CD8* T cells/CD8* T cells (figure 1B).
OSCC cases with <37 WNT2*FGFR2" CAFs per 1 mm’
of tumour tissue were defined as low-WNT2" cases, while
cases with =37 WNT2*FGFR2* CAFs were defined as
high-WNT2* cases. Compared with the ratio in low-
WNT2" cases, high-WNT2" cases with a high density of
WNT2*FGFR2" CAFs had a higher ratio of Foxp3"CD4"
T cells/CD4™ T cells (figure 1C,D) and a lower ratio of
IFN-y"CD8" T cells/CD8™ T cells (figure 1C,E) in the TME.
These results indicate that WNT2TFGFR2* CAFs might
confer potent immunosuppressive effects in the oesophageal
cancer microenvironment.

Anti-WNT2 monoclonal antibody treatment effectively
enhances antitumour immunity in 0SCC and CRC

To evaluate the potential of a WNT2* CAF-targeting strategy
for enhancing antitumour responses, an anti-WNT2 mono-
clonal antibody (designated anti-WINT2) recently developed
in our group was used alone or in combination with anti-
PD-1 antibody to study its antitumour effects in syngeneic
mouse OSCC and CRC models. The anti-WNT2 antibody
used in this study was highly specific. It did not recog-
nise other human WNT proteins (eg, WNT2B, WNT3A,
WNTSA, WNTSB, WNT7B and WNT11), which have more
than 40% homology with WNT2 (online supplemental
figure 1A), but it was able to recognise both human WNT2
(hWNT2) (online supplemental figure 1A) and mouse Wnt2
(online supplemental figure 1B). Mice bearing syngeneic
mEC25 tumours (figure 2A) or CMT93 tumours (online
supplemental figure 2A) were treated with anti-WNT2
(200 pg/mouse) or/and anti-PD-1 (10 mg/kg/mouse) intra-
peritoneally every 3 days for five times. Anti-WNT2 treat-
ment significantly suppressed the tumour growth in both
OSCC (figure 2B,C) and CRC (online supplemental figure
2B,C) models. A combination of anti-WNT2 and anti-PD-1
produced more effective inhibition than anti-WNT2 or anti-
PD-1 when they were used individually.

Antitumour T-cell responses were also measured in freshly
resected tumours by flow cytometry. The ratio of IFN-y"CD8™*
T cells/CD8* T cells in mEC25 tumours (figure 2D) were
enhanced by anti-WNT2 or anti-PD-1 treatment, compared
with these values in the control. Combination treatment with
anti-WNT2 and anti-PD-1 induced more activated CD8* T
cells in tumours than individual treatment with anti-WNT2
or anti-PD-1. The enhanced T-cell responses within tumours
induced by anti-WNT2 or/and anti-PD-1 treatment are
consistent with their growth-suppressing effects. Anti-WNT2
treatment also effectively improved the tumour-killing
activity of CD8* T cells in spleens obtained from mEC2$
tumour-bearing mice (figure 2E), suggesting that anti-WNT2
may improve the initiation of adoptive antitumour immunity.
DCs always play a critical role in initiation of tumour-killing
T-cell responses.” To determine whether anti-WNT2 treat-
ment has an impact on the immune-stimulating activity of

DCs, the percentage of DCs and their maturation in mEC25
tumours were examined. The percentage of CD11c* DCs
(figure 2F) or of CD103" DCs (figure 2G) was significantly
enhanced in the anti-WNT2-treated tumours compared with
the percentage in the control IgG-treated tumours. Addi-
tionally, the percentage of matured DCs (CD80"CD11c*
DCs and CD86"CD11c* DCs) in tumours were enhanced by
anti-WNT2 treatment (figure 2H,I). Similarly, anti-WNT2
treatment also enhanced antitumour T-cell responses (online
supplemental figure 2D,E) and activated DCs (online supple-
mental figure 2F-I) in syngeneic mouse CRC model. Notably,
although anti-PD-1 enhanced more activated CD8* T cells
than anti-WNT2 in CMT93 tumours (p=0.0481; online
supplemental figure 2D), it’s improvement of systemic anti-
tumour immunity in CMT93 tumour-bearing mice is signifi-
cantly lower than that of anti-WNT2 (p=0.0012; online
supplemental figure 2E), suggesting that anti-WNT2 may
have advantages in improving initiation of adoptive antitu-
mour immunity. These findings suggested that combination
immunotherapy with anti-WNT2 and anti-PD-1 not only
enhanced the systemic antitumour T-cell response but also
restored the tumour-killing activity of tumour-derived CD8™*
T cells, which had been suppressed by PD-L1/PD-1 signal-
ling within the TME. Notably, anti-WNT2 treatment showed
its safety in mouse tumour model since anti-WNT2 preferred
to bind to tumour area rather than normal tissues including
heart, liver, spleen, lung and kidney (online supplemental
figure 3A,B). Moreover, no significant histological changes
were detected in the above normal vital organs by anti-WNT2
treatment (online supplemental figure 3C).

CAFs-secreted WNT2 suppresses the differentiation and
immune-stimulating activities of DCs in vitro

To further explore the role of WNT2 in regulating DC-medi-
ated antitumour T-cell responses, we investigated the ability
of recombinant WNT2 to suppress DC differentiation and
activation by flow cytometry analyses based on the gating
strategy shown in online supplemental figure 4. Compared
with the control results, recombinant mouse-Wnt2 protein
(mWnt2) could effectively suppress the differentiation of
mouse CD11c* DCs (online supplemental figure 5SA) and
CD103%* DCs (online supplemental figure 5B) in vitro.
Treatment with mWnt2 also inhibited the activated pheno-
types (TNFo"CD11c* DCs and IL12*CD11c* DCs; online
supplemental figure 5C,D) and the matured phenotypes
(CD80*CD11c* DCs and CD86'CD11c* DCs; online
supplemental figure SE,F) of DCs on simulation with LPS.
WNT2 is therefore able to suppress DC differentiation and
their activated phenotypes. Importantly, mWnt2 treatment
suppressed the activity of CD11c¢* DCs for priming CD8"*
T cells when pulsed with tumour antigens (online supple-
mental figure 5G). Consistently, ELISA results showed that
mWnt2 treatment could inhibit the secretion of TNFo and
IL12 by DCs on LPS stimulation (online supplemental figure
5H1) and the secretion of IFN-y by CD8" T cells which were
primed by tumour antigen-loaded DCs (online supplemental
figure 5J). Blockade with anti-WINT2 IgG or anti-WNT2
Fab significantly attenuated all immunosuppressive effects
induced by the mWnt2 protein in vitro (online supplemental
figure 5). Furthermore, we investigated whether hWNT2
protein possesses similar activity for suppressing DC function
compared with that of mWnt2. Recombinant hWNT2 also
suppressed the differentiation of DCs (online supplemental
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Figure 1  Correlation between WNT2* cancer-associated fibroblasts (CAFs) and T-cell immune-stimulating activities in patients with oesophageal
squamous cell carcinoma (0SCC). (A) Positive correlation between the density of WNT2* CAFs and the ratio of Tregs/CD4" T cells in OSCC tissue
sections (n=47), expressed using Pearson'’s correlation coefficient. The solid line shows the linear regression; dotted lines indicate the 95% Cls. (B)
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(C) Representative immunofluorescence (IF) images of WNT2* CAFs, Tregs and effector CD8" T cells (upper) and their matched H&E images (lower)
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in 1 mm? tumour tissue. (D, E) The ratios of Tregs/CD4* T cells (D) or IFN-y" CD8" T cells/CD8* T cells (E) between low-WNT2* and high-WNT2" cases
were compared. The values are shown as means+SEM. **p<0.01, ****p<0.0001, using the Student’s t-test.
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figure 6A,B) and the generation of their matured population
(online supplemental figure 6C,D) while anti-WNT2 IgG or
anti-WNT2 Fab significantly attenuated all immunosuppres-
sive effects induced by the hWnt2 protein in vitro (online
supplemental figure 6).

We next explored whether WNT2 mediates the regula-
tion by CAFs of DC differentiation and function. Mouse
FGFR2" CAFs (mCAFs) were isolated from primary mouse
OSCC tumours which were established as previously”®;
WNT?2 is primarily expressed and secreted by CAFs rather
than tumour cells in mouse OSCC tumours (online supple-
mental figure 7A,B). The CM of mCAFs (mCAF.CM) was
used to treat DC precursors, and the differentiation and
immune-stimulating activity was measured. Similar to the
mWnt2 protein treatment, mCAFs showed good activity
for suppressing DC differentiation (figure 3A), enhancing
CD11c* DC inhibitory phenotypes (figure 3B,C), and inhib-
iting DC maturation (figure 3D,E), activation (figure 3F) and
priming CD8* T cells (figure 3G). Treating mCAF.CM with
anti-WNT2 could significantly overcome all the immunosup-
pressive effects induced by mCAF.CM (figure 3), suggesting
that WNT2 secretion is a critical mediator for the regulation
of DC differentiation and functioning by CAFs.

Additionally, mCAFs were transfected with a lentivirus
plasmid expressing control shRNA or Wnt2-targeting
shRNA to construct mCAF-shNTC and mCAF-shWnt2,
respectively (figure 4A,B). The mCAF-shNTC.CM showed
similar activity to mCAF.CM, suppressing DC differentia-
tion (figure 4C,D), activation (figure 4E) and maturation
(figure 4F,G). The reduction in Wnt2 induced by specific
shRNA significantly restored the differentiation and
immune-stimulating activity of DCs (figure 4), showing a
consistent trend with anti-WNT2 treatment. Taken together,
either recombinant mWnt2/hWNT2 protein or mCAF.CM
suppressed DC differentiation and function. Blocking WNT2
activities with anti-WNT2 or interfering Wnt2 expression in
CAFs with Wnt2-targeting shRNA could overcome these
suppressions, indicating that CAF-secreted WNT2 may play
a critical role in regulating DC differentiation and function.

Knockdown of Wnt2 in mCAFs inhibits mEC25 tumour growth
by enhancing the DC-mediated antitumour T-cell response

We further explored the role of CAFs-secreted WNT2 in
regulating DC-mediated antitumour immunity within the
TME of solid tumours in animal model. Importantly, in a
syngeneic mouse tumour model established by subcuta-
neous injection of mEC25 cells and mCAFs (ratio: 3:1), the
reduction in Wnt2 expression in mCAFs significantly atten-
uated their activity in promoting mEC25 tumour progres-
sion (figure SA,B) and suppressing the activity of CD8" T
cells (figure 5C). Compared with the results in the mCAF-
shNTC+mEC2S group, the mCAF-shWnt2+mEC25 group
had more CD8" T cells producing IFN-y (figure 5D) in
the spleen. The ratio of CD45" cells had not significantly
changed (figure SE), while an enhanced ratio of CD11c”*
DCs (figure SF) and CD103* DCs (figure 5G) in CD45™*
leucocytes of mEC25 tumours was detected in the mCAF-
shWnt2 group compared with that in the control group.
Additionally, an enhanced ratio of CD11c™ DCs (figure SH)
or CD103* DCs (figure SI) to CD11b* cells and fewer
inhibitory DCs (figure 5]) were induced by interfering with
Wnt2 expression in mCAFs. The suppression of DC differ-
entiation by CAF-secreted WNT2 would lead to a reduction

in the number of activated DCs, which are responsible for
priming CD8" T cells. A reduction in Wnt2 expression in
mCAFs restored the ratio of activated DCs with increased
TNFo or IL12 expression and the ratio of mature DCs with
CD80 or CD86 expression (figure SK-N). These in vivo data
suggest that CAFs-secreted WNT2 has an important role in
suppressing DC-mediated antitumour T-cell responses by
inhibiting DC immune-stimulating functions.

WNT2 suppresses the differentiation and immune-stimulating
activities of DCs by upregulating SOCS3

We next explored the molecular pathway via which WNT2
regulates DC differentiation and activation. RNA sequencing
analysis was performed in DCs subjected to four different
treatment methods, including control CM, mWnt2, mCAF.
CM and mCAF.CM+0oWNT2 treatment. mCAF.CM treat-
ment versus control and mCAF.CM+oWNT2 versus mCAF.
CM treatment displayed common changes in 223 (10.6%)
genes (online supplemental figure 8A). Gene ontology
functional annotation analysis further showed that these
common differentially expressed genes were associated
with immune signalling pathways, including the TNEF, JAK-
STAT and NF-xB signalling pathways (online supplemental
figure 8B). Of the 223 common genes, suppressor of cyto-
kine signalling 3 (Socs3) was identified as one of the most
significantly upregulated genes in both mWnt2-treated and
mCAF CM-treated DCs (figure 6A). SOCS3 is involved in
the regulation of DC differentiation and functions.”” *® The
upregulation of SOCS3 induced by mCAF.CM or mWnt2 in
DCs was confirmed by both qPCR (figure 6B) and western
blotting (figure 6C). Anti-WNT2 treatment blocked the
upregulation of SOCS3 induced by mCAF.CM or mWnt2
in DCs (figure 6B,C). SOCS3 is an endogenous inhibitor of
JAK-STAT signalling, which is critical for GM-CSF-mediated
CD103* DC differentiation.?” Thus, the inhibition of JAK-
STAT signalling could be a downstream target of WNT2-
induced SOCS3 for the regulation of DC differentiation
and function. The phosphorylation of JAK2 and STAT3 (Tyr
705) was inhibited by the mWnt2 protein, while anti-WNT2
treatment abolished this inhibition (figure 6C). Importantly,
the reduction in SOCS3 (figure 6D) in DC precursors or DCs
improved their differentiation ability (figure 6E,F) and acti-
vation (figure 6G), respectively, thereby overcoming WINT2-
induced suppression of DC differentiation and activation
(figure 6E-G). SOCS3 reduction in DC precursors also
attenuated WNT2-induced inhibition of JAK2/STAT3 phos-
phorylation (figure 6H), suggesting the inhibition of JAK2/
STAT3 phosphorylation induced by WNT2 is mediated by
the upregulation of SOCS3. Moreover, inhibiting the phos-
phorylation of STAT3 (Tyr 705) using Napabucasin (2 uM)
showed a similar effect on suppressing DC differentiation
and function compared with the results using the mWnt2
protein (online supplemental figure 9). Consistent with the
in vitro data, in the animal model established by subcuta-
neous injection of mEC235 cells and mCAFs, a reduced level
of SOCS3 (figure 61) and enhanced STAT3 phosphorylation
of CD45™ leucocytes (figure 6]) were detected in tumour
tissue of the mCAF-shWnt2 group compared with these
values in the control group. Taken together, these findings
suggest WNT2 can suppress DC differentiation by upreg-
ulating SOCS3 expression and inhibiting JAK2/STAT3
signalling.
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Figure 3  Anti-WNT2 treatment blocked the ability of cancer-associated fibroblasts (CAFs) to suppress dendritic cell (DC) differentiation. (A—C) Flow
cytometry was used to quantify the percentage of CD11c* cells (A), the ratios of inhibitory IDO*CD11c¢* DCs (B) and IL10"CD11c¢* DCs (C) in mCAF.
CM-treated, mCAF.CM+IgG-treated or mCAF.CM+0-WNT2-treated C57BL/6 bone marrow cells when they were induced to DCs with interleukin
(IL)-4+granulocyte/macrophage colony-stimulating factor (GM-CSF). Control: RPMI 1640 medium containing 10% FBS with GM-CSF (10 ng/mL)+IL-4
(10ng/mL); mCAF.CM: culture medium (CM) of CAFs from primary mouse OSCC tumours mixed with control medium (ratio: 1:1). (D—F) Flow cytometry
was used to quantify the ratio of CD80*CD11c* cells (D), CD86"CD11c" cells (E) and the percentage of TNFor"CD11¢* cells (F) to examine the
stimulating activity of DCs. (G) Flow cytometry was used to evaluate the percentage of interferon (IFN)-y" CD8" T cells after coincubation with mEC25
cell lysate-stimulated DCs for 5 days. For the flow cytometry analyses (A—G), the acquired events were gated based on the strategy shown in online
supplemental figure 4. In (B) and (C), CD11c" cells were further gated based on the SSC-A and CD11¢c-FITC plots, and analysed for percentage of
IDO*CD11c* DCs (B) and IL10¥CD11c¢* DCs (C). Data are shown as means+SEM. **p<0.01, ***p<0.001, ****p<0.0001, using the Student’s t-test.
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Figure 4 Wnt2 interference in mCAFs attenuated its inhibition of dendritic cell (DC) differentiation in vitro. (A) Relative expression levels of Wnt2
in mCAF-shNTC or mCAF-shWnt2 were detected using qPCR (left) and western blotting (right). GAPDH was used as an internal control. (B) Wnt2
protein levels in the culture medium of mCAF-shNTC or mCAF-shWnt2 was measured by ELISA. (C and D) Flow cytometry was used to quantify the
percentage of CD11c¢* cells (C) or CD103" cells (D) in the mCAF-shNTC.CM-treated or mCAF-shWnt2.CM-treated C57BL/6 bone marrow cells during
their induction with interleukin 4+granulocyte/macrophage colony-stimulating factor. (E-G) Flow cytometry was used to quantify the ratios of
TNFor'CD11c” cells (E), CD80*CD11c™ cells (F) and CD86"CD11c” cells (G) to examine the stimulating activity of DCs. For the flow cytometry analyses
(C-G), the acquired events were gated based on the strategy shown in online supplemental figure 4. Data are shown as means+SEM. **p<0.01,
***p<0.001, ****p<0.0001, using the Student's t-test.
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Figure 5 Wnt2 interference in mCAFs attenuated its in vivo tumour-promoting ability. (A) Average tumour growth curves in mice implanted with
mEC25 cells and mCAF-shNTC or mCAF-shWnt2 clones (ratio: 3:1). (B) Tumour weights were presented as means+SEM from five mice per group. (C,
D) Flow cytometry was used to quantify the ratio of interferon-y"CD8" T cells in lymphocytes isolated from tumour or splenic tissues in (A). (E-G) Flow
cytometry was used to evaluate the percentage of CD45" cells (E) and the ratios of CD11¢*CD45* cells (F) and CD1037CD45™ cells (G) in lymphocytes
isolated from mouse tumour tissues in (A). (H-J) Flow cytometry was used to quantify the ratio of CD11c* dendritic cells (DCs) (H) or CD103* DCs

(I) to CD11b* cells and inhibitory DCs (J) in tumour tissues. (K—N) Flow cytometry was used to evaluate the percentage of TNFor* CD11¢* cells (K),
IL12* CD11c* cells (L), CD80* CD11c* cells (M) or CD86™ CD11c¢* cells (N) in tumour tissues. Data are shown as means+SEM. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 by two-way analysis of variance (ANOVA) in (A) or the Student's t-test in (B—N).

DISCUSSION

Our current study revealed that CAFs-secreted WNT2
has a critical role in regulating tumour immune evasion
by suppressing DC differentiation. Anti-WNT2 therapy
enhanced the level of antigen-presenting DCs within
tumours and thus improved the DC-mediated specific CD§*
T-cell response to tumours, leading to the suppression of
tumour progression. Interestingly, anti-WNT2 therapy
significantly enhanced the treatment efficacy of anti-PD-1
in syngeneic mouse tumour models. Although anti-PD-1
therapy has shown promising results in the treatment of
various cancers, the objective response rate of anti-PD-1
therapy in these cancers remained relatively low.! > The
blockade of other signalling pathways that directly suppress
the tumour-killing functions of effective CD8* T cells, such

as inhibition of the CTLA-4 pathway, has been used to
improve the results of treatments that use immune check-
point inhibition.” However, the low level of effective CD8"
T cells in tumours negatively affects the efficacy of these
therapies.>® Effective synergy for killing tumour cells could
be gained by enhancing the level of intratumoural effective
CDS8* T cells and blocking immune checkpoints that nega-
tively regulate the activation of effector T cells. In addition
to enhancing the infiltration of CD8" T cells into tumours,
promoting the generation of effective cytotoxic T lympho-
cytes could be an alternative way to increase intratumoural
effective CD8" T cells. Based on our findings, combined
therapy using both anti-WNT2 and anti-PD-1 antibodies has
the advantage of simultaneously rescuing the initiation of
tumour-specific effective CD8" T cells and activating these
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Figure 6 WNT?2 regulates dendritic cell (DC) differentiation by upregulating SOCS3 expression. (A) A heatmap of nine genes which were commonly
upregulated in mWnt2-treated and mCAF.CM-treated DCs compared with their expression in control culture medium (CM)-treated DCs, and
downregulated in mCAF.CM+0WNT2-treated DCs compared with their expression in mCAF.CM-treated DCs. (B) The relative expression levels of
SOCS3 in control CM-treated, mCAF.CM-treated, mCAF.CM+IgG-treated and mCAF.CM+cWNT2-treated DCs were detected by gPCR. (C) SOCS3
protein expression and the activation of JAK2/STAT3 signalling in control CM-treated, mWnt2-treated, mWnt2+1gG-treated and mWnt2+o/WNT2-
treated DCs were assessed by western blotting. (D) The relative expression level of SOCS3 was detected by qPCR with or without mWnt2 (100 ng/mL)
treatment in si-SOCS3 or si-Control (Ctrl) transfected DC precursors during DC induction. (E-G) Flow cytometry was used to evaluate the percentage
of CD11¢* cells (E) or CD103 cells (F) and the ratio of TNFo:*CD11c¢* cells (G) in DCs treated as described in (D). (H) Western blotting showed JAK2/

STAT3 activation in DC precursors treated as described in (D). (I, J) Flow cytometry was used to evaluate the ratios of SOCS3*CD45" cells (I) and
p-STAT3*CD45" cells (J) in lymphocytes isolated from mouse tumour tissues as described in figure 5. Data are shown as means+SEM. *p<0.05,

**p<0.01, ***p<0.001, using the Student's t-test.

effector T cells, both of which are inhibited by TME-derived
factors (figure 7).

WNT?2 is highly expressed in various cancers, including oesoph-
ageal cancer,'" colon cancer'® and GC." ' Therefore, anti-WNT2
therapy could be used alone or in combination with other immuno-
therapeutic approaches to treat these GI cancers, by enhancing the
antitumour immune response. It is worth noting that WINT2 is gener-
ally absent in healthy human tissues, except the placenta® and endo-
metrium.** No obvious toxicity was induced in mice by anti-WNT2
treatment in our study, suggesting WNT2-targeted therapy would
be safe for cancer treatment. Pan-inhibitors of the Wnt/B-catenin
pathway have been used to treat different cancers in several clinical
trials.”® ** However, some members of the WNT family and their
downstream effectors are essential for the normal functioning of vital
organs, and may not therefore represent a good therapeutic target

for cancer treatment. For example, WNTS5A is highly expressed in
the lungs and plays an important role in regulating their biological
function.”® *® Therefore, a specific anti-WNT?2 antibody may be safer
and more effective than pan-inhibitors of the Wnt/B-catenin pathway
in the treatment of GI tumours with WNT2 overexpression.

Due to the lack of mouse OSCC cell line, studies for
CAFs-regulated antitumour immunity in OSCC is scanty.
Taking advantage of a mouse OSCC cell line mEC25 gener-
ated in our group, we are able to reveal a novel mecha-
nism in which CAFs regulate the antitumour immunity
in OSCC. CAFs from oesophageal and colon cancers can
use their secreted WNT2 to suppress antitumour immune
responses. Depletion of WNT2-secreting CAFs would there-
fore improve the antitumour immune response in the TME
and suppress tumour progression. It has been suggested that
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Figure 7 Proposed mechanism of cancer-associated fibroblasts (CAFs)-derived WNT2 in regulating antitumour immunity. CAFs secreted WNT2
inhibited the dendriticcell (DC) differentiation and DC-mediated antitumour T-cell responses in tumour microenvironment (TME). Anti-WNT2 therapy
significantly restored antitumour T-cell responses within tumours and enhanced the efficacy of anti-programmed cell death protein 1 (PD-1) by

increasing active DC.

CAF depletion may attenuate the generation of matrix and
impair the tumour barrier, thus enhancing the infiltration
of antitumour drugs.’” Therefore, employing a strategy of
depleting WNT2-secreting CAFs in combination with PD-1
antibodies could not only work to improve antitumour
immune responses but also enhance the infiltration of PD-1
antibodies into tumours. In oesophageal cancer, WNT2 is
mainly secreted by FGFR2" CAFs.'” However, FGFR2 is also
highly expressed in healthy tissues, including the brain,*®
skin®’ and bone marrow.*® Therefore, the identification of
more specific surface markers of WNT2-secreting CAFs will
be required to develop novel CAF-depletion strategies that
can be used to improve the efficiency of anti-PD-1 therapy
in OC (oesophageal cancer) and CRC.

DC differentiation is suppressed by tumour-derived or
TME-derived factors, such as fibrinogen-like protein 2,
which is highly expressed in glioma stem cells, and this
suppression of DC differentiation plays a critical role in
promoting tumour progression.”” Our data suggested CAF-
derived WNT2 inhibited the differentiation of CD11c*
DCs and CD103* DCs in tumours and thus attenuated
the level of tumour-antigen presentation and CD8™ T-cell
priming, without affecting the intratumoural infiltration
of CD45™ cells. The activation of JAK2/STAT signalling is
important for maintaining the differentiation of CD103"
DCs.”” Our results confirmed that the p-JAK2/p-STAT3
(Tyr705) pathway plays an essential role in maintaining
the differentiation of DCs. WNT2 inhibited the activation
of JAK2/STAT3 through the upregulation of SOCS3 in DC
precursors. Previous studies have shown that SOCS3 is crit-
ical for regulating the function of immune cells,”” ** but it
remains unclear whether SOCS3 is involved in the regula-
tion of tumour immune-evasion. In the present study, we
provide the first evidence that the expression of SOCS3 in
DC precursors mediates the regulation of DC differentia-
tion in tumours, indicating it may serve as a novel target
for cancer therapy. In the future, however, it will be critical
to develop an appropriate therapeutic strategy by targeting

DC-derived SOCS3. Different studies have produced contra-
dictory results with regard to the role played by JAK2/STAT
signalling in the regulation of immune-cell functions. While
some studies have shown that activation of the JAK2/STAT
pathway is required for the differentiation of DCs and thus
the maintenance of the DC-mediated T-cell response,” *!
others have shown that tumour-derived factors can impair
the antitumour activities of DCs by activating JAK2/STAT
signalling.*** This inconsistency might reflect the different
roles played by JAK2/STAT signalling in regulating antitu-
mour immune responses within different TMEs.

Taken together, our findings revealed a novel mechanism in
which CAFs-secreted WINT2 regulates immune-evasion processes
of tumour cells and showed that anti-WNT?2 therapy could effec-
tively improve the treatment efficacy of anti-PD-1. These findings
may open a new window on our understanding of the role played
by CAFs in regulating antitumour immunity and provide new direc-
tions for developing more efficient immunotherapy strategies for GI
cancers.
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