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IL-17–induced HIF1α drives resistance to anti–PD-L1
via fibroblast-mediated immune exclusion
Xing Chen1*, Junjie Zhao1*, Tomasz Herjan1*, Lingzi Hong1*, Yun Liao1, Caini Liu1, Kommireddy Vasu2, Han Wang1,6,7,8,
Austin Thompson3, Paul L. Fox2, Brian R. Gastman1,4,5, Xiao Li6,7,8, and Xiaoxia Li1

Increasing evidence suggests that intratumoral inflammation has an outsized influence on antitumor immunity. Here, we
report that IL-17, a proinflammatory cytokine widely associated with poor prognosis in solid tumors, drives the therapeutic
failure of anti–PD-L1. By timing the deletion of IL-17 signaling specifically in cancer-associated fibroblasts (CAFs) in late-stage
tumors, we show that IL-17 signaling drives immune exclusion by activating a collagen deposition program in murine models
of cutaneous squamous cell carcinoma (cSCC). Ablation of IL-17 signaling in CAFs increased the infiltration of cytotoxic T cells
into the tumor mass and sensitized otherwise resistant cSCC to anti–PD-L1 treatment. Mechanistically, the collagen
deposition program in CAFs was driven by IL-17–induced translation of HIF1α, which was mediated by direct binding of Act1,
the adaptor protein of IL-17 receptor, to a stem-loop structure in the 39 untranslated region (UTR) in Hif1αmRNA. Disruption of
Act1’s binding to Hif1α mRNA abolished IL-17–induced collagen deposition and enhanced anti–PD-L1–mediated tumor
regression.

Introduction
Studies from the past decade have uncovered compelling asso-
ciations between high levels of intratumoral or serum IL-17 and
poor prognosis in a variety of solid tumors, especially those of
mucosal origin such as cutaneous squamous cell carcinoma
(cSCC) and head and neck SCC (Chen and Chen, 2014;
Gopalakrishnan et al., 2018; Gu et al., 2012; He et al., 2011; Huang
et al., 2014; Punt et al., 2016; Punt et al., 2015; Tosolini et al., 2011;
Wu et al., 2012; Xu et al., 2014; Yan et al., 2014; Zhang et al., 2012;
Zhang et al., 2013; Zhang et al., 2018). These clinical correlations
have catalyzed a body of literature demonstrating a protumori-
genic role for IL-17 in multiple organs in early tumorigenesis.
However, the unmet medical need in cancer care primarily
stems from the therapy resistance in late-stage cancer patients,
whose tumor cells and tumor microenvironment (TME) are
considerably different from early-stage tumors. How IL-17 af-
fects the therapeutic response in late-stage tumors is poorly
understood.

Checkpoint inhibitors are gradually becoming the first-line
therapy for a variety of late cancers. By blocking the inhib-
itory signal (i.e., PD-1/PD-L1 axis), checkpoint inhibitors
rejuvenate so called dysfunctional tumor-reactive T cells, thereby

reinvigorating the antitumor immunity (Robert, 2020). How-
ever, despite its clinical success, a substantial fraction of patients
do not respond to the treatment (Binnewies et al., 2018; Kim
et al., 2018; Sharma et al., 2017). There is growing interest in
understanding how TME influences checkpoint inhibitor–
mediated antitumor immunity (Mariathasan et al., 2018; Peng
et al., 2020). Most notably, the inflammatory characteristics of
the TME are emerging as a critical determinant that affects the
antitumor immunity induced by checkpoint inhibitors.

As an evolving concept, available evidence suggests that in-
tratumoral inflammation can be either immunosupportive or
immunosuppressive. Immunosupportive inflammation is char-
acterized by the infiltration of CD8 T cells and dendritic cells,
which are believed to be required for checkpoint inhibitor–
mediated tumor regression. Immunosuppressive inflammation,
often associated with prolonged wound healing responses in
chronically inflamed tissues, features the presence of regulatory
immune cells and desmoplastic reaction that can blunt antitu-
mor immunity.While we have previously shown that IL-17 plays
a critical role in the wound healing process in the skin (Chen
et al., 2019), a number of studies have linked elevated IL-17 levels

.............................................................................................................................................................................
1Department of Inflammation and Immunity, Lerner Research Institute, Cleveland Clinic, Cleveland, OH; 2Department of Cardiovascular and Metabolic Sciences, Lerner
Research Institute, Cleveland Clinic, Cleveland, OH; 3School of Medicine, Case Western Reserve University, Cleveland, OH; 4Department of Dermatology, Cleveland Clinic,
Cleveland, OH; 5Department of Plastic Surgery, Cleveland Clinic, Cleveland, OH; 6Department of Biochemistry, School of Medicine, Case Western Reserve University,
Cleveland, OH; 7Center for RNA Science and Therapeutics, School of Medicine, Case Western Reserve University, Cleveland, OH; 8Department of Computer and Data
Sciences, School of Engineering, Case Western Reserve University, Cleveland, OH.

*X. Chen, J. Zhao, T. Herjan, and L. Hong contributed equally to this paper. Correspondence to Xiao Li: xiao.li9@case.edu; Xiaoxia Li: lix@ccf.org.

© 2022 Chen et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20210693 1 of 16

J. Exp. Med. 2022 Vol. 219 No. 6 e20210693

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/219/6/e20210693/1768265/jem
_20210693.pdf by guest on 04 D

ecem
ber 2025

https://orcid.org/0000-0001-9727-3598
https://orcid.org/0000-0002-0105-0531
https://orcid.org/0000-0003-2504-8572
https://orcid.org/0000-0002-9485-6445
https://orcid.org/0000-0002-0829-8986
https://orcid.org/0000-0002-9314-7145
https://orcid.org/0000-0002-7608-7566
https://orcid.org/0000-0002-1442-4539
https://orcid.org/0000-0002-1097-033X
https://orcid.org/0000-0002-6033-1528
https://orcid.org/0000-0003-2691-3409
https://orcid.org/0000-0003-2566-0796
https://orcid.org/0000-0002-4872-9525
mailto:xiao.li9@case.edu
mailto:lix@ccf.org
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20210693
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20210693&domain=pdf


with immunosuppressive TME (Han et al., 2014; Zhang et al.,
2020). In support of this, data from correlative analyses of
clinical specimens have implicated IL-17 in therapeutic resis-
tance against checkpoint inhibitors in lung, colorectal, mela-
noma, and breast cancer patients (Chen and Chen, 2014;
Gopalakrishnan et al., 2018; Gu et al., 2012; He et al., 2011;
Huang et al., 2014; Punt et al., 2016; Punt et al., 2015; Tosolini
et al., 2011; Wu et al., 2012; Xu et al., 2014; Yan et al., 2014; Zhang
et al., 2012; Zhang et al., 2013; Zhang et al., 2018). Nevertheless,
the mechanism underlying the immunosuppressive function of
IL-17 remains unclear.

Here, we describe a previously underappreciated mechanism
by which IL-17 drives the therapeutic failure of anti–PD-L1. We
found that IL-17 signaling in cancer-associated fibroblasts (CAFs)
activated a collagen deposition program in murine models of
cSCC. IL-17–activated CAFs formed thick layers of tumor stroma
that effectively trapped cytotoxic T cells, insulating the tumor
cells from antitumor immune response. Ablation of IL-17 sig-
naling in CAFs increased the infiltration of cytotoxic T cells into
the tumor mass and sensitized otherwise resistant cSCC to
anti–PD-L1 treatment. Mechanistically, we found that the col-
lagen deposition program in CAFs was driven by IL-17–induced
translation of HIF1α, which was mediated by direct binding of
Act1, the adaptor protein of IL-17 receptor, to a stem-loop
structure in the 39 UTR in the Hif1α mRNA. Lastly, we showed
that specific disruption of Act1’s binding to Hif1α mRNA abol-
ished IL-17–induced collagen deposition and enhanced anti–PD-
L1–mediated tumor regression.

Results
Fibroblast-specific deletion of IL-17RC enables anti–PD-L1–
mediated tumor regression
At late stage of the 7,12-dimethylbenz[a]anthracene (DMBA)/12-
O-tetradecanoylphorbol-13-acetate (TPA) model in established
skin tumors, tumor cells were encapsulated as islets by thick
layers of stroma comprised of fibronectin-positive CAFs (Fig. 1
Aa). Intriguingly, IL-17–producing cells were predominantly
found in the tumor stroma of the DMBA/TPA model (Fig. 1 Aa).
IL-17–producing cells were readily detectable in the tumors
treated with immune checkpoint inhibitors (e.g., anti–PD-L1;
Fig. 1 Ab). This observation prompted us to assess the role of
CAF-intrinsic IL-17 signaling in the DMBA/TPA model in the
context of immune therapy with checkpoint inhibitors.

To this end, we generated tamoxifen (TAM)-inducible
fibroblast-specific IL-17RC–deficient mice (IL-17RCf/f Col1a2CreERT2)
and control mice (IL-17RCf/+Col1a2CreERT2). To achieve IL-17RC de-
letion in CAFs, the experimentalmicewere subjected toDMBA/TPA
treatment for 18 wk followed by TAM exposure (Fig. 1 B), which led
to an ablation of IL-17 signaling in CAFs derived from the DMBA/
TPA-induced tumors (Fig. 1 C). Consistent with a profibrotic role for
IL-17, deletion of IL-17RC from the CAFs reduced collagen deposition
in the tumor (Fig. 1 D). The reduced collagen deposition did not halt
or hinder tumor growth (Fig. 1 E). However, ablation of IL-17 sig-
naling in CAFs sensitized DMBA/TPA-induced tumors to anti–PD-
L1–mediated tumor regression (Fig. 1 E), which were otherwise
resistant to the checkpoint inhibitor treatment (Fig. 1 E).

To further validate this finding, we implanted PDVC57 cells, a
murine SCC cell line (Buchmann et al., 1991; Quintanilla et al.,
1991), into the flanks of IL-17RCf/fCol1a2CreERT2 and control mice
to establish syngeneic tumors (Fig. 1 F). In this model, anti–PD-L1
treatment upregulated the expression of IL-17A (Fig. 1 I) in the
tumor and induced a dense layer of collagen-laden CAFs
(Fig. 1 G), which slightly retarded tumor growth (Fig. 1 H). To
abrogate IL-17 signaling in CAFs, we administered three doses of
TAM to each tumor-bearing mouse over the duration of
anti–PD-L1 treatment (Fig. 1 F). Deletion of IL-17RC in CAFs did
not alter the growth kinetics of the implanted tumors (Fig. 1 H),
but it allowed anti–PD-L1 treatment to substantially subdue tu-
mor growth and reduce tumor volume (Fig. 1 H). Of interest, IL-
17RC is used by both IL-17A and IL-17F. To define the specific
contribution of IL-17A, we tested the impact of IL-17A neutrali-
zation on anti–PD-L1–induced tumor regression in the PDVC57
model (Fig. S1). Consistent with prior reports, combined therapy
of IL-17A neutralization and anti–PD-L1 was able to contain the
growth of PDVC57 tumor, resulting in slight regression of the
tumor size, whereas tumors treated with anti–PD-L1 mono-
therapy continued to grow (Fig. S1 A). Importantly, IL-17A
neutralization was sufficient to suppress the expression of HIF1α
as well as collagen deposition and improved the infiltration of
CD8 T cells in the tumor (Fig. S1, B–D). Taken together, the data
indicated that ablation of IL-17A–induced signaling in CAFs
sensitized cutaneous SCCs to anti–PD-L1–mediated tumor
regression.

IL-17 signaling in CAFs establishes an immune exclusion zone
that insulates tumor cells
Intriguingly, despite the lack of response in the control mice IL-
17RCf/+Col1a2CreERT2 in the DMBA/TPA model, anti–PD-L1
treatment did increase the number of granzyme-producing
CD8 T cells in stroma of tumors (Fig. 2 A). However, the infil-
trating CD8 T cells appeared to be trapped in the tumor stroma,
as very few CD8 T cells could be found inside the tumor mass
(Fig. 2, A and B). CAF-specific deletion of IL-17 signaling led to a
pronounced increase in the number of infiltrations of CD8
T cells in the tumor mass in response to anti–PD-L1 in both the
DMBA/TPA model and PDVC57 tumors (Fig. 2, A–D), which was
accompanied by reduced collagen deposition (Figs. 1 D and 2 E).
Furthermore, flow cytometry analysis of dissociated whole tu-
mor also showed an increase in the total number of granzyme
B+ CD8 T cells in anti–PD-L1–treated tumors from IL-
17RCf/fCol1a2CreERT2 compared with control (Fig. 2 F). The fre-
quency of Ki67+ CD8 T cells was slightly increased upon IL-17RC
deletion, and was further elevated by anti–PD-L1 treatment (Fig.
S1 F). Imaging analysis revealed that tumor-infiltrating CD8
T cells in anti–PD-L1–treated IL-17RCf/fCol1a2CreERT2 mice were
redistributed to the tumor islets and exhibited a higher fre-
quency of Ki67 expression compared with those from the control
mice (Fig. 2 G). Of note, Gr1+ myeloid cells in the tumor tissue
were comparable in anti–PD-L1–treated IL-17RCf/f Col1a2CreERT2

and control mice (Fig. 2 H).
To test whether the increased infiltration of CD8 T cells

contributed to the improved therapeutic response, we depleted
CD8 T cells in IL-17RCf/fCol1a2CreERT2 mice before and during
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Figure 1. Ablation of IL-17 signaling in fibroblasts sensitizes cutaneous SCC to anti–PD-L1–mediated regression. (A) Representative images of IL-17A
expression (immunohistochemical staining) in established tumors induced by DMBA/TPA alone (a) or tumors induced by DMBA/TPA combinedwith anti–PD-L1
treatment (b). St, stroma area. (B) Treatment schedule of DMBA/TPA model for experiments in C–E. (C) CAFs of DMBA/TPA-induced tumors from IL-
17RCf/+Col1a2CreERT2 and IL-17RCf/fCol1a2CreERT2 mice (harvested and expanded at the endpoint of this model) were treated with IL-17A followed by Western
analysis of IL-17 response. (D) Representative images of Sirius Red staining to show the collagen deposition of the DMBA/TPA-induced tumors from indicated
mice. Bar graph shows relative intensity of Sirius Red–stained collagen from random area of five independent tumors. Error bars represent ± SEM. *, P < 0.05;
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anti–PD-L1 treatment. The efficiency of CD8 T cell depletion was
>90%, as shown by the frequency of splenic CD8 T cells (Fig. 3
A). CD8 T cell depletion abrogated the sensitivity to anti–PD-L1
in IL-17RCf/fCol1a2CreERT2 mice (Fig. 3, B–D). Interestingly, we
found that infiltrating CD8 T cells were also trapped in tumor
stroma in human SCC, and the entrapment of CD8 T cells cor-
related with intratumoral IL-17 levels (Fig. 3, E and F). Taken
together, our data show that IL-17 signaling in CAFs promotes
resistance to checkpoint inhibitors by hindering cytotoxic T cell
infiltration into tumor mass.

IL-17 induces a collagen deposition program in CAFs by
promoting the expression of HIF1α
Next, we sought to determine the mechanism by which IL-17
signaling in CAFs promotes the exclusion of CD8 T cells. While
IL-17 is well known for its ability to induce the expression of
chemokines and cytokines, we noticed that ablation of IL-17
signaling in CAFs led to a reduction in CAF proliferation and
collagen production (Figs. 1 D, 2 E, and S2 A). Intriguingly, while
IL-17 signaling has been shown to activate fibroblasts in sec-
ondary lymphoid tissues and drive their proliferation through
metabolic reprogramming (Majumder et al., 2019), the nexus
between IL-17 activity and collagen deposition is poorly under-
stood. The deposition of collagen requires not only the synthesis
of procollagen peptides but also also a series of posttranslational
modifications required for proper collagen deposition. Before
secretion into the extracellular space, procollagen-proline di-
oxygenase (P4Hs, including P4HA1-3 and P4HB) catalyzes the
hydroxylation of proline to facilitate the folding and assembly of
procollagen; secreted procollagen is then crosslinked by lysyl
oxidases (LOXs), giving rise to collagen fibers (Malhotra and
Erlmann, 2015; Myllyharju, 2003; Rossow et al., 2018; Vallet
and Ricard-Blum, 2019). Importantly, both the P4Hs and LOX
are transcriptional targets of HIF1α (Bentovim et al., 2012;
Myllyharju, 2008).

We found that fibroblast-specific deletion of IL-17RC mark-
edly reduced the expression of HIF1α, P4Hs, and LOX in the
tumors (Fig. 4 A). Consequently, there was a substantial re-
duction in hydroxylated collagen, and the activity of LOX was
also diminished in the IL-17RCf/f Col1a2CreERT2 mice compared
with control (Fig. 4, B and C). Because both the P4Hs and LOX
are transcriptional targets of HIF1α (Bentovim et al., 2012;
Myllyharju, 2008), we hypothesized that IL-17 signaling in CAFs
drives the collagen deposition program by inducing the ex-
pression of HIF1α. In support of our hypothesis, knockdown of
Hif1α in human CAFs isolated from primary SCC suppressed the

expression of P4H enzyme genes as well as LOX (Fig. 4 D). To
further test the hypothesis, we genetically ablated HIF1α ex-
pression by transducing Cre recombinase or GFP (control) into
primary dermal fibroblasts fromHIF1αf/f mice. Ablation of HIF1α
from skin fibroblasts abrogated IL-17–induced expression of P4H
enzymes and LOX (Fig. 4 E) and abolished IL-17–induced pro-
duction of hydroxylated collagen as well as LOX activity
(Fig. 4 F).

Importantly, treatment with IL-17A, and to a lesser extent, IL-
17F, induced the expression of HIF1α and P4Hs (Fig. S1 E). IL-17A
treatment increased the level of hydroxylated collagen and LOX
activity in three independent lines of primary CAFs from human
SCC (Fig. S3, A and B). Furthermore, HIF1α knockdown blocked
the induction of P4Hs and LOX in human primary CAFs in re-
sponse to IL-17 stimulation (Fig. 4 D). Additionally, immuno-
fluorescence staining of human SCC showed a positive correlation
between the presence of IL-17A+ cells and HIF1α nuclear locali-
zation in tumor stromal cells (Fig. S3 C), indicating that production
of IL-17 was associated with increased HIF1α activation in human
SCC. Taken together, the data indicate that IL-17 induces a collagen
deposition program in CAFs by promoting the expression of
HIF1α in mouse and human SCC.

Notably, DMBA/TPA-induced tumors harvested 20 wk after
the initiation of TPA treatment had noticeably higher levels of
hydroxyl collagen and LOX activity than those collected 16 wk
after treatment (Fig. S4 A), indicating that collagen continued to
accumulate in the TME over the course of tumor development.
Ablation of IL-17RC expression from fibroblasts diminished the
accrual of hydroxylated collagen and decreased the activity of
LOX compared with the 16-wk baseline (Fig. S4 A). Collectively,
the data suggest that the IL-17–HIF1α axis in CAFs is required for
the continued accumulation of collagen and maintenance of LOX
activity in fibrotic tumor.

The adaptor protein of IL-17 signaling Act1 binds to 39 UTR in
Hif1α mRNA to promote its translation in response to IL-17
stimulation
Interestingly, while IL-17 stimulation upregulated the expres-
sion of HIF1α protein in primary CAFs (Fig. 5 A), the induction at
protein level was not associated with a commensurate fold in-
crease inHif1a transcripts (Fig. 5 A). Notably, blockade of protein
synthesis using cycloheximide not only prevented IL-17–induced
HIF1α expression, but also led to a reduction of HIF1α protein,
indicating that IL-17 treatment did not inhibit HIF1α degradation
(Fig. 5 B). IL-17A failed to induce HIF1α expression in Act1-
deficient cells restored with an Act1 RNA binding mutant,

**, P < 0.01 by t test. (E) Total number of tumors (≥2.5 mm in diameter) per mouse fromDMBA/TPAmodel over the time course of DMBA/TPAmodel described
in B. Mice with similar tumor burden (six mice in each group) were selected and randomly grouped at week 18 for TAM induction and further anti–PD-L1
treatment. *, P < 0.05 by t test at indicated time points. Error bars represent ± SEM. Data are representative of two independent experiments. (F) Treatment
schedule for PDVC57 tumor model–based experiments in G–I. SQ inj., subcutaneously injected. (G) Control and anti–PD-L1 treated PDVC57 tumors from
endpoint of IL-17RCf/+Col1a2CreERT2 mice of F were characterized for extensive stroma using aniline blue staining. (H) Graph shows the tumor volumes of
PDVC57 model described in F. Mice with similar tumor size (∼150 mm3, five mice in each group) were selected for TAM induction and further anti–PD-L1
treatment. **, P < 0.01 by t test for the indicated groups at the endpoint. Error bars represent ± SEM. Data are representative of two independent experiments.
(I) Relative mRNA levels of indicated genes in PDVC57 tumors treated with or without anti–PD-L1 from IL-17RCf/+Col1a2CreERT2 mice. n = 4 biological samples
each group. Error bars represent ± SEM. Scale bars for A and G = 100 μm; D = 200 μm. α is used for “anti-” in bar graphs throughout. Dotted lines in A and G are
used to show the main boundary of tumor islets and stroma areas.
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Figure 2. Ablation of IL-17 signaling in fibroblast increases cytotoxic T cell activity in tumor islets. (A and B) Immune staining (A) and quantification (B)
of tumors for CD8 and granzyme B from indicated mice of DMBA/TPA model at week 26 (Fig. 1 E). Bar graph (B) represents CD8+ cell or GzmB+ cell ratio in the

Chen et al. Journal of Experimental Medicine 5 of 16

IL-17–HIF1α axis in CAFs https://doi.org/10.1084/jem.20210693

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/219/6/e20210693/1768265/jem
_20210693.pdf by guest on 04 D

ecem
ber 2025

https://doi.org/10.1084/jem.20210693


SEFIR1+5mt (Fig. 5 B; Herjan et al., 2018). These data pointed to
an IL-17–mediated enhanced translation of HIF1α. Indeed, ribo-
some fractionation revealed that Hif1a mRNA shifted from a
translationally inactive fraction into a translationally active
polyribosome fraction in response to IL-17 treatment (Fig. 5 C). A
hallmark outcome of IL-17 signaling, as shown by us and others,
is the activation of posttranscriptional regulation for a subset of
target genes (Amatya et al., 2018; Herjan et al., 2018). We have
recently reported that the SEFIR domain in Act1, the adaptor
molecule for the IL-17 receptor, can directly recognize and bind
to a unique stem-loop structure (termed SEFIR binding element
[SBE]) in select transcripts to promote their expression (Herjan
et al., 2018). By motif comparison and in vitro screening (data
not shown), we identified an SBE (Fig. 5 D) in the 39 UTR of
mouse Hif1α mRNA. RNA electrophoretic mobility shift assays
(REMSAs) confirmed that recombinant Act1 SEFIR directly
bound to the HIF1α 39 UTR SBE-containing region, whereas Act1
RNA binding mutant SEFIR1+5mt failed to bind (Fig. 5 E). In
addition, RNA immunoprecipitation (RIP) showed that Act1
binds to Hif1α transcript upon IL-17 stimulation (Fig. 5 F). To
further test the role of Act1 RNA binding in IL-17–mediated
HIF1α translation, we retrovirally restored Act1-deficient pri-
mary skin fibroblasts with either a Flag-tagged wild-type Act1 or
mutant Act1 that is defective in the ability to bind to mRNA
(referred to as 1+5mt; Herjan et al., 2018; Fig. 5 G). Consistent
with our hypothesis, IL-17–induced HIF1α protein expression as
well as the expression of P4H enzymes and LOXwas abolished in
dermal fibroblasts expressing Act1 SEFIR1+5mt (Fig. 5 H). This
was accompanied by a substantial reduction in the production of
hydroxylated collagens and LOX activity (Fig. 5 I). Taken to-
gether, the data showed that IL-17 promotes the translation of
HIF1α via the direct binding of Act1 to Hif1α mRNA.

Disruption of Act1 binding to Hif1α transcript sensitizes tumor
to anti–PD-L1 treatment
We previously demonstrated that the interaction between Act1
and its target transcripts can be disrupted by chemically modi-
fied RNA oligos (aptamers) that share the same sequence with
the SBEs in target transcripts (Herjan et al., 2018). SBE aptamers
can inhibit IL-17–mediated posttranscriptional regulation both
in vitro and in vivo. We generated a novel RNA aptamer (see
Materials andmethods) with the same sequence as that of the SBE
in the 39 UTR of Hif1α. This Hif1α-targeting aptamer displayed
potent inhibitory activity against Act1 SEFIR in the REMSA assay
against its binding to Hif1α transcript (Fig. 6 A). Transfection of
Hif1α aptamer dramatically inhibited IL-17–induced Act1 binding

to Hif1α mRNA (Fig. 6 B); abrogated IL-17–induced expression of
HIF1α, P4H enzymes, and LOX in dermal fibroblasts (Fig. 6 C); and
reduced the IL-17–induced increase in production of hydroxylated
collagen and LOX activity (Fig. 6 D).

This inhibitory activity of Hif1α aptamer provided us with a
unique tool to assess the role of the IL-17–induced collagen de-
position program in immune exclusion and resistance to
anti–PD-L1. Although the growth of tumors was only slightly
retarded compared with those that received control aptamer
without anti–PD-L1 (Fig. 6 E), combined treatment with Hif1α
aptamer and anti–PD-L1 completely halted tumor growth and
shrank the average tumor volume (Fig. 6 E). This was associated
with increased infiltration of granzyme B–producing T cells in
the tumor mass and reduced trapping of cytotoxic T cells in the
tumor stroma (Fig. 6 F). Injection of the Hif1α aptamer into
anti–PD-L1–treated PDVC57 tumors reduced intratumoral ex-
pression of HIF1α, P4H enzymes, and LOX (Fig. 6 G), which were
accompanied by reduced overall collagen deposition, as indi-
cated by hydroxylated collagen and LOX activity (Fig. 6 H). In-
terestingly, abrogation of HIF1α expression did not affect CAF
proliferation (Fig. S2 B), as that found in the fibroblast-specific
IL-17RC knockout mice (Fig. S2 A). In fact, HIF1α appeared to be
dispensable for IL-17–induced expression of CPT1a and HK2 in
skin fibroblasts (Fig. S4 B), a process previously shown to un-
derpin the proliferative effect of IL-17 in fibroblasts in secondary
lymphoid tissues (Majumder et al., 2019). In addition, the Hif1α
aptamer did not impact the expression of signature chemokines
and cytokines, such as Tnfa, Il6, Cxcl1, and Ccl2 (Fig. 6 I), indi-
cating the specific inhibitory activity of Hif1α aptamer against
the collagen deposition program. Taken together, the data sug-
gested that disruption of the IL-17–induced Hif1a-mediated col-
lagen deposition program sensitizes otherwise resistant tumors.

Discussion
A pathogenic role of IL-17 in mediating therapeutic resistance to
checkpoint inhibitors has beenwidely speculated and implicated
in the literature (Akbay et al., 2017; Gopalakrishnan et al., 2018;
Liu et al., 2021; Llosa et al., 2019; Zhang et al., 2020). However,
the majority of past studies, including our own, relied on neu-
tralizing antibody or global IL-17/IL-17 receptor–deficient mice
to ablate IL-17 activity. While those studies provided a highly
concrete scientific premise, due to the broad tissue spectrum of
IL-17 receptor expression, the precise impact of IL-17 on tumor
immunity had been elusive. Here, by timing the deletion of IL-17
receptor specifically in fibroblasts after tumor formation, we

tumor islets over total CD8+ or GzmB+ cells (in stroma and in tumor islets). Five specimens were used. Error bars represent ± SEM. *, P < 0.05; ***, P < 0.001 by
t test. (C and D) Immune staining (C) and quantification (D) for granzyme B from endpoint PDVC57 tumors of Fig. 1 H. Bar graph indicates GzmB+ cell ratio in
the tumor islets over total GzmB+ cells (in the stroma and in tumor islets). n = 5. Error bars represent ± SEM. **, P < 0.01 by t test. St, stroma; Tu, tumor islets.
(E) Tumor tissue from endpoint PDVC57 tumors of Fig. 1 H were subjected to hydroxyproline assay for relative hydroxylated collagen levels. n = 5. Error bars
represent ± SEM. **, P < 0.01 by t test. (F) Tumor tissues from endpoint of PDVC57model as described in Fig. 1 F were harvested, dissociated, and examined by
flow cytometry analysis for indicated markers. Bar graph indicates GzmB+CD8+ T cells/total cells ratio in the tumor from five independent specimens. Error
bars represent ± SEM. *, P < 0.05; ***, P < 0.001 by t test. SSC, side scatter. (G and H) Immunofluorescence staining for CD8/Ki67 (G) and Gr1 (H; frozen
sections) from endpoint of indicated tumors in Fig. 1 H. Bar graph indicates CD8+Ki67+/Total CD8 T cell ratio in the tumor. n = 5. Error bars represent ± SEM. *,
P < 0.05 by t test. Scale bars for A, C, G, and H = 100 μm. St, stroma; Tu, tumor islets. Dotted lines are used to show the main boundary of tumor islets and
stroma areas. All data in Fig. 2 are representative of two independent experiments.

Chen et al. Journal of Experimental Medicine 6 of 16

IL-17–HIF1α axis in CAFs https://doi.org/10.1084/jem.20210693

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/219/6/e20210693/1768265/jem
_20210693.pdf by guest on 04 D

ecem
ber 2025

https://doi.org/10.1084/jem.20210693


describe a previously unknown CAF-intrinsic activity of IL-17 in
remodeling the tumor stroma, which directly contributes to the
formation of a physical barrier that protected the tumor cells
from the attack of anti–PD-L1–induced cytotoxic T cells. These
findings highlight an underappreciated mechanism by which

IL-17–mediated chronic and immunosuppressive inflammation
interferes with therapeutic response to cancer immunother-
apeutics (Fig. 7).

Chronic IL-17 activity has long been shown to promote
pathological fibrosis in the intestine (Honzawa et al., 2014; Park

Figure 3. CD8 depletion abrogated the sensitivity to anti–PD-L1 in IL-17RCf/fCol1a2CreERT2 mice. (A) Flow cytometry analysis of splenic CD8 cells after
anti-CD8 depletion. (B) CD8 T cell depletion abrogated the sensitivity to anti–PD-L1 in IL-17RCf/f Col1a2CreERT2 mice. Graph presents tumor volumes from
PDVC57model over the time course. Mice with similar tumor size (∼150 mm3, five mice in each group) were selected for TAM induction and treatments of anti-
CD8 and anti–PD-L1. Error bars represent ± SEM. *, P < 0.05 by t test for the indicated groups at the endpoint. SQ inj., subcutaneously injected. (C) Tumor
tissue from indicated groups from B were subjected to hydroxyproline assay for relative hydroxylated collagen levels. n = 5 independent specimens. Error bars
represent ± SEM. *, P < 0.01 by t test. (D) Representative images of CD8 staining from in indicated groups of B. Scale bar = 100 μm. Data for A–D are
representative of two independent experiments. (E) Human cutaneous SCC sections were stained for CD8 and counterstained with aniline blue. Scale bar, 100
μm. St, stroma; Tu, tumor islets. Dotted lines in D and E are used to show the main boundary of tumor islets and stroma areas. (F) Graph shows correlation of
immune exclusion (measured by ratio values of CD8 T cells in tumor compartments) and levels of IL-17A (determined by RT-PCR) in 15 randomly selected
human cutaneous SCCs.
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et al., 2018) and liver (Meng et al., 2012; Tan et al., 2013) in
response to chronic tissue damage. Similar to our findings, IL-17
was shown to alter the cytokines released by tumor fibroblasts
(Mucciolo et al., 2021; Zhang et al., 2020), mediating resistance
to checkpoint blockade in pancreatic cancer (Zhang et al., 2020).
By delineating the IL-17–HIF1α axis in CAFs, our findings extend

these prior reports and provide a mechanistic link between IL-17
activity and pathological fibrosis. Of note, IL-17 enhances the
translation of Hif1αmRNA by directing Act1, the adaptor protein
of the IL-17 receptor, to bind to Hif1α transcript, which further
guides Hif1α mRNA to polyribosomes for its translation. This
mode of action potentially represents an intriguing paradigm by

Figure 4. IL-17–induced collagen deposition in fibroblasts through HIF1α cascade. (A) Western analysis of indicated proteins in tumor lysates from
indicated mice on DMBA/TPA model treated with anti–PD-L1 at week 26 as described in Fig. 1 B. Each lane indicates an individual sample. (B and C) Tumor
tissues from same experiment of A were subjected to hydroxyproline assay (B) and LOX assay (C). n = 5 tumors. Error bars represent ± SEM. *, P < 0.05 by
t test. Data are representative of two independent experiments for A–C. (D) Human SCC CAFs were subjected to Hif1α knockdown by transfection with si-Ctrl
or si-Hif1α. Cells were then treated with IL-17A for 24 h, followed by RT-PCR analysis. Bar graph represents related gene expression level of indicated genes. n =
3 technical repeats. Error bars represent ± SEM. *, P < 0.05; **, P < 0.01 by t test. (E and F) Dermal fibroblasts were isolated from HIF1αf/f mice, followed by
infection with adenovirus encoding GFP or Cre. Cells were then untreated or treated with IL-17A for indicated times, followed by Western analysis (E) or
hydroxyproline assay and LOX assay (F). n = 3 technical repeats. Error bars represent ± SEM. **, P < 0.01 by t test. Data are representative of three independent
experiments for D–F.
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Figure 5. IL-17 induced collagen deposition via Act1-mediated translational control of HIF1α in fibroblasts. (A) CAFs of DMBA/TPA-induced tumors
were treated with IL-17A for 8 h followed by RT-PCR and Western analysis of HIF1α expression. Numbers indicate fold-change of HIF1α protein. Bar graph
shows relative Hif1αmRNA level. n = 3. Error bars represent ± SEM. t test. (B) Dermal fibroblasts from Act1-deficient mice restored with Act1 WT and Act1 RNA
binding mutant (SEFIR1 + 5 mt, referred as 1+5mt) were then untreated or treated with IL-17A (with or without treatment with cycloheximide [CHX], 100 μg/
ml) for 6 and 8 h, followed byWestern analysis. Data are representative of at least three independent experiments for A and B. (C) CAFs of DMBA/TPA-induced
tumors were treated with IL-17A for 8 h followed by polysome fractionation and RT-PCR. Error bars represent ± SEM. **, P < 0.01 by t test. Data are rep-
resentative of two independent experiments. (D) Secondary-structure prediction of Hif1α-SEB from mouse Hif1α mRNA 39 UTR (RNAfold web server, http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). (E) REMSA of purified recombinant Act1 SEFIR and SEFIR RNA binding mutant (1+5mt) to the mouse
Hif1α 39 UTR SBE-containing region (transcript position: 3,113–3,200). (F) Dermal fibroblasts were treated with IL-17A for 8 h followed by anti-Act1 RIP and RT-
PCR for Hif1α mRNA. n = 3 technical repeats. Error bars represent ± SD. *, P < 0.05 by t test. (G and H) Dermal fibroblasts were isolated from Act1-deficient
mice and retrovirally restored with wild-type Act1 or mutant Act that is defective in the ability to bind to mRNA (referred as 1+5mt; G). HLH, helix-loop-helix.
Cells were then treated or not with IL-17A for indicated times followed by Western analysis (H). (I) Act1-deficient dermal fibroblasts restored with Act1 WT or
Act1(1+5mt) were left untreated or treated with IL-17A, then subjected to hydroxyproline assay and LOX assay. n = 3 technical repeats. Error bars represent ±
SEM. *, P < 0.05 by t test. Data are representative of at least three independent experiments for E–I.
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Figure 6. Targeting IL-17 induced Act1-Hif1α-SBE interaction and reconditioned the TME for improved responses to anti–PD-L1. (A) Competition
REMSA of recombinant Act1 SEFIR domain using the Hif1α mRNA 39 UTR SBE-containing region as a probe (Fig. 5 E) and either Hif1α aptamer or control
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which IL-17 may acquire versatile regulatory functions by di-
rectly activating diverse master transcription factors.

Of interest, IL-17 signaling was recently shown to promote
the metabolic reprogramming and proliferation of fibroblastic
reticular cells, a type of specialized fibroblasts found in sec-
ondary lymphoid tissues (Majumder et al., 2019). Our data show
that while IL-17–induced HIF1α expression may partially con-
tribute to some IL-17–induced metabolic changes, HIF1α is dis-
pensable for IL-17–induced CAF proliferation. Complementing
our observations, IL-17–induced IκBζ has been shown to play a
critical role in driving metabolic reprogramming (Majumder
et al., 2019). Collectively, the evidence implies that IL-17–
induced expression of HIF1α and IκBζ may synergistically reg-
ulate fibroblasts activation by stimulating their proliferation,
metabolic reprogramming, and collagen deposition.

A critical question raised by our finding is how collagen de-
position impedes the infiltration of cytotoxic T cells. The stromal
entrapment of T cells has been shown to independently predict
response to anti–PD-L1 in urothelial cancer (Mariathasan et al.,
2018). Mechanistically, it was suggested that the dense collagen
fiber in tumor stroma could override chemokine-directed T cell
migration, thus abrogating chemotaxis toward the tumor cells
(Hartmann et al., 2014). Additionally, mounting evidence shows
that the stiff tumor stroma is a physical barrier that impedes
normal T cell trafficking (Kuczek et al., 2019; Nicolas-Boluda
et al., 2021). Furthermore, collagen may also promote the “ex-
hausted phenotype” of cytotoxic T cells via the collagen receptor

LAIR1, which is expressed on activated CD8 T cells (Peng et al.,
2020). Taken together, collagen deposition can mediate immune
exclusion via a multitude of pathways.

Checkpoint blockade–mediated augment of Th17 response
has been reported in cancer patients (Dulos et al., 2012). Echoing
this observation, anti–PD-L1 treatment leads to an upregulation
of IL-17 in the tumor in our study. Furthermore, we show that
IL-17 signaling in CAFs is required for the continued accumu-
lation of collagen during tumor progression and for the main-
tenance of LOX activity in fibrotic tumor. Thus, IL-17 blockade
may represent a viable strategy to prevent therapy-induced
collagen deposition. A number of IL-17–targeting biologics are
currently approved by the U.S. Food and Drug Administration
for rheumatic diseases. These IL-17–targeting therapies exhibit a
relatively favorable safety profile, and in isolated cases, have
been prescribed to checkpoint blockade–treated cancer patients
for associated immunotoxicities (Johnson et al., 2019; Mazzarella
et al., 2020). Data from this study provide a strong rationale for
repurposing existing IL-17–targeting agents to be used in con-
junction with checkpoint blockade to prevent tumor fibrosis and
subsequent therapy failure.

Growing evidence suggests that the stiffness of tumor
stroma, a feature dependent on LOX-mediated crosslinking of
collagen, has an outsized influence on T cell trafficking. A recent
study showed that inhibition of LOX in human tumor explant
improved the ability of T cells to traverse the tumor stroma,with
similar levels of collagen in response to anti-PD1 (Nicolas-Boluda

aptamer. (B) CAFs of DMBA/TPA-induced tumors transfected with control or Hif1α aptamers were treated with IL-17A for 8 h followed by anti-Act1 RIP and RT-
PCR analysis for Hif1αmRNA. n = 3 technical repeats. Error bars represent ± SD. *, P < 0.05 by t test. (C) CAFs of DMBA/TPA-induced tumors transfected with
control or Hif1α aptamers were then untreated or treated with IL-17A for indicated times followed by Western analysis. (D) CAFs of DMBA/TPA-induced
tumors transfected with control or Hif1α aptamers were then untreated or treated with IL-17A, followed by hydroxyproline assay and LOX assay. n = 3 technical
repeats. Error bars represent ± SEM. *, P < 0.05; **, P < 0.01 by t test. Data are representative of at least three independent experiments for A–D. (E) Tumor
volumes from PDVC57 model over the time course of experiment with control or Hif1α aptamer. C57BL/6 mice with similar tumor size (five mice in each group)
were used for indicated treatments. Error bars represent ± SEM. *, P < 0.05 by t test. SQ inj., subcutaneously injected. (F) Representative images of CD8
staining of tumors from anti–PD-L1 + Ctrl aptamer or anti–PD-L1 + Hif1α aptamer treated tumors from E. Scale bar, 100 μm. Bar graph represents GzmB+ cell
ratio in the tumor islets over total GzmB+ cells (in stroma and in tumor islets). Dotted lines are used to show the main boundary of tumor islets and stroma
areas. n = 5 biological samples. Error bars represent ± SEM. **, P < 0.01 by t test. St, stroma; Tu, tumor islets. (G and H)Western analysis of indicated proteins
(G) and hydroxyproline assay and LOX assay (H) in tumor lysates from control aptamer or Hif1α aptamer treated tumors that had been under immunotherapy
(anti–PD-L1) from endpoint of E. n = 5. Error bars represent ± SEM. *, P < 0.05; **, P < 0.01 by t test. Each lane indicates an individual sample. (I) Relative mRNA
level of indicated gene expression in PDVC57 tumors treated with control or Hif1α aptamer together with anti–PD-L1. n = 5 biological samples. Error bars
represent ± SEM. t test. Data are representative of two independent experiments for E–I.

Figure 7. Model for the IL-17–induced, Act1-promoted, HIF1α-mediated collagen deposition program.
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et al., 2021). Collectively, our study advocates a potential strat-
egy to improve T cell infiltration in predeposited collagen fibers
by disrupting the maintenance of LOX activity via IL-17
blockade.

Lastly, perhaps the most exciting demonstration of this study
is the use of oligo-based agent to recondition TME. The RNA-
based therapeutic platform is witnessing a revolution in both
delivery and efficacy. We showed that Act1-targeting aptamer
with Hif1α SBE sequence could be used as an effective and
convenient tool to shut down the collagen-deposition program in
the tumor, which potentiated the efficacy of anti–PD-L1. These
data suggested that targeting mRNAmetabolismmay be a viable
strategy for cancer treatment. Considering the advantages of
manufacturing and the ease of reconfiguration with RNA-based
therapies compared with antibody- or small molecule–based
therapeutics, our data advocate a new approach to targeting
TME and cancer immunotherapy.

Materials and methods
Animals
All experiments were conducted in accordance with Institu-
tional Animal Care and Use Committee guidelines at the Cleve-
land Clinic Lerner Research Institute. The Col1a2-CreERT2
(Zheng et al., 2002) and HIF1α floxed mice (Ryan et al., 2000)
were purchased from The Jackson Laboratory. IL-17RC floxed
mice were generated by Cyagen Biosciences, with loxP sites
flanking exons 6–7 of Il17rc. Gender- and age-matched mice were
used for all experiments.

To induce transient Cre activity, tumor-bearing mice were
i.p. injected with TAM (∼5 mg/25 g weight for single dose or
∼1 mg/25 g weight, three doses as indicated, e.g., days 0, 7, and
14 of the syngeneic model) for each experiment.

DMBA/TPA skin cancer model and PDVC57 mouse
syngeneic model
For the DMBA/TPA model, each mouse was shaved and topically
applied with 200 μl of 100 μM DMBA (dissolved in acetone).
2 wk later, each mouse was topically treated with 30 μg TPA in
acetone twice a week up to 26 wk. Tumor incidence and num-
bers were monitored weekly. For PDVC57 syngeneic tumor
model, PDVC57 cells in Matrigel were subcutaneously injected
into the flanks of each mouse (0.5 million each tumor). Tumor
size was monitored. Anti–PD-L1 was injected i.p. (300 µg/mouse
for DMBA/TPA model, 200 µg/mouse for syngeneic model at
indicated frequency for each experiment). For CD8 depletion,
anti-CD8 treatment (300 µg/mouse) was started 3 d before
anti–PD-L1 treatment and then at one dose each week. Control
antibody of the same isotype was used (see Reagents below).
Aptamers (see sequences in REMSA below) generated by IDT
were given i.t. at 1 nmol/mouse (∼20 μl PBS per injection), 2×
per week.

Cell culture
Primary dermal fibroblast isolation has been described previ-
ously (Lichti et al., 2008). Briefly, the dermis side of newborn
mouse skin was floated on cold trypsin solution (0.25% without

EDTA) at 4°C overnight. The epidermis was then removed, and
the dermal fraction was further digested with 300 U/ml colla-
genase at 37°C for 30 min. Collected dermal fraction was minced
(diluted with 5× volume PBS), triturated (by pipetting up and
down), and further transferred to a 50-ml tube through 100-μm
nylon mesh strainers. Cell suspension was then centrifuged at
450 g for 5 min at 4°C. The pellet was washed with culture
medium once more and subjected to culture for further analysis
in the presence of penicillin (100 U/ml) and streptomycin (100
μg/ml).

For cancer-associated fibroblasts, fresh tumors were cut into
small pieces and dissociated with collagenase IV/hyaluronidase
(300 and 200 U/ml) solution in RPMI 1640 with penicillin (100
U/ml) and streptomycin (100 μg/ml) at 37°C. Dead cells were
removed by Ficoll-Paque. Sorted EpCAM-negative alive cells
were further cultured in DMEM/F12 medium with 10% FBS.
Medium was changed every other day until the fibroblasts ex-
panded and made up >95% adhesive cells. For human CAFs,
tumors were dissociated as described above, and dissociated
cells were cryopreserved in liquid nitrogen for later recovery
and CAF culture.

For Cre-mediated in vitro deletion, adenovirus expressing
GFP or GFP/Cre recombinase was purchased from Vector
Biolabs. Primary fibroblasts on day 1 (at low confluence) were
infected with adenovirus (1:10,000) for 2 d. On day 3, cells were
washed with PBS and cultured in fresh medium. Around day 5,
cells were passaged for further studies. Mycoplasma-free cell
culture was confirmed with a mycoplasma detection kit (My-
coStrip mycoplasma detection kit; InvivoGen) before use. Lip-
ofectamine RNAiMAX (Invitrogen; Thermo Fisher Scientific)
was used for siRNA and aptamer transfection.

Flow cytometry analysis
Fresh tumors were cut into small pieces and dissociated with
mouse tumor dissociation kit (Miltenyi). Dead cells were re-
moved by Ficoll-Paque, and live cells were analyzed with indi-
cated markers.

Western blot
Cell lysates were made as described previously (Chen et al.,
2019). Briefly, cells were washed with ice-cold PBS three times
and lysed in lysis buffer (1% Triton X-100, 50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 12.5 mM β-glycerophosphate, 1.5 mM MgCl2,
10 mM NaF, 2 mM dithiothreitol [DTT], 2 mM sodium ortho-
vanadate, 2 mM EGTA, and protease inhibitor cocktail [Roche]).
Cell extracts were centrifuged at 12,000 rpm for 10 min at 4°C.
Protein concentration was normalized with Bio-Rad Protein
Assay Kit (5000006) for further Western blot.

Immunohistochemistry and immunofluorescence staining
For paraffin sections, as described previously (Chen et al., 2019),
tissues were fixed with 10% formalin overnight and then kept in
70% ethanol at 4°C until processed into paraffin blocks at
Cleveland Clinic Imaging Core or AML Laboratories. Paraffin
sections were subjected to deparaffinization and epitope re-
trieval recommended by the antibody manufacturer. Sections
were further blocked for 2 h (PBS containing 2% donkey serum,
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0.5% BSA, 0.5% fish skin gelatin, 0.05% Tween 20, and 0.1%
Triton X-100, pH 7.2), followed by primary antibody incubation
overnight for further immunohistochemistry or immunofluo-
rescence staining. For immunohistochemistry staining, after
primary antibody incubation, sections were treated with 0.3%
H2O2, followed by incubation of biotinylated secondary anti-
bodies and peroxidase Streptavidin (Vector Laboratories). DAB
substrate kit from BD Pharmingen was used. For frozen tissue
embedded in optimal cutting temperature blocks, sections were
fixed with 4% paraformaldehyde for 20 min and washed with
PBST (PBS and 0.025% Tween 20), followed by blocking buffer
and antibody incubation. Unless otherwise specified, paraffin
sections were used for staining. Images were captured with a DP71
digital camera (Lumenera’s INFINITY1) attached to an Olympus
BX41 microscope or with Keyence BZ-X700 microscope.

LOX activity assay and hydroxyproline assay
For all LOX activity assays (Lysyl oxidase Activity Assay Kit,
ab112139; Abcam), products in the last step were incubated at
37°C extendedly up to 3 h and then measured at ∼OD576 with a
microplate reader (Molecular Devices). For hydroxylated colla-
gen measurement, we assumed the majority of total hydroxy-
proline was derived from collagen (Elia et al., 2019), therefore
hydroxyproline assay was performed for hydroxylated collagen
based on the chloramine T–dimethylaminobenzaldehyde (DMAB)
methods (Elia et al., 2019). Data are presented as relative fold-
change of LOX activity and hydroxylated collagen, or OD value
per milligram protein where necessary.

Reagents and related information
Aniline Blue was part of the Trichrome Stain Kit (ab150686;
Abcam). Picrosirius Red Stain Kit was from Polysciences, Inc.
(24901-500).

Antibodies for Western blot (WB) and staining: anti-HIF1α
for WB (36169, 1:1,000; Cell Signaling); anti-HIF1α for staining
(sc-13515, 1:100; Santa Cruz); anti-P4HA1for WB (ab244400, 1:
1,000; Abcam; or 12658-1-AP, 1:1,000; Proteintech); anti-P4HA2
for WB (CL0351, 1:1,000; Novus; or 66604-1-Ig, 1:1,000; Pro-
teintech); anti-LOX for WB (58135, 1:1,000; Cell Signaling); anti-
HK2 for WB (ab209847, 1:1,000; Abcam); anti-CPT1a for WB
(ab128568, 1:1,000; Abcam); Act1 antibody for RIP (sc-398161, 1:
100; Santa Cruz); anti-mouse CD8 for staining (ab217344, 1:200;
Abcam); anti-ki67 for staining (14-5698, SolA15, 1:150; In-
vitrogen); anti-human CD8 for staining (85336, 1:100; Cell Sig-
naling); anti-mouse IL-17A for staining (A00421-2, 1:150; Boster);
anti-human IL-17A for staining (AF-317, 1:50; R&D); anti-GzmB
for staining (NB100-684, validated inmouse, 1:150; Novus); anti-
CD45 for staining (AF114, 1:150; R&D); and anti-mouse Gr-1 for
staining (550291, clone RB6-8C5, 1:100; BD Pharmingen, frozen
section only).

Antibodies for flow cytometry were all used at ∼0.25 µg per
106 cells in each 100-μl volume: anti-CD8 for flow cytometry
(clone 53-6.7; BioLegend); anti-GzmB for flow cytometry (clone
QA16A02; BioLegend); anti-CD45 for flow cytometry (clone 30-
F11; BioLegend); anti-PD1 for flow cytometry (clone 29F.1A12;
BioLegend); and anti-Ki67 for flow cytometry (clone 11F6;
BioLegend).

In vivo antibodies: anti–PD-L1 for in vivo injection (10F.9G2;
BioXCell), controlled by rat IgG2b (LTF-2; BioXCell); anti-CD8
for depletion (2.43; BioXCell), controlled by rat IgG2b (LTF-2;
BioXCell); anti–IL-17A for in vivo injection (17F3; BioXCell),
controlled by mouse IgG1 (MOPC-21; BioXCell).

IL-17A and IL-17F used for comparison of IL-17 effects in fi-
broblast were obtained from Peprotech (210-17 and 210-17F);
recombinant mouse IL-17A protein (421-ML; R&D) and recom-
binant human IL-17A protein (317-ILB; R&D) were used for all
other stimulations.

siRNAs used for Hif1α knockdown were from Dharmacon
(Horizon); Si-Hif1α, used with a mixture of ON-TARGETplus
human Hif1α siRNA J-004018-07 and J-004018-08; and Si-ctrl,
ON-TARGETplus D-001810 (Doe et al., 2012).

RIP assay
The RIP assay for the ability of Act1 to bind to RNA was de-
scribed previously (Herjan et al., 2018). Briefly, 1 × 107 fibro-
blasts with indicated treatment were left untreated or treated
with IL-17A (50 ng/ml) for 10 h. Cells were then trypsinized,
washed twice, and resuspended in 10ml ice-cold PBS. Cells were
fixed in 0.1% formaldehyde for 15 min at room temperature,
whereupon the cross-linking reaction was stopped with glycine
(pH 7; 0.25 M). The cells were then washed twice with ice-cold
PBS, resuspended in 2 ml radioimmunoprecipitation assay
buffer (50 mM Tris-HCl, pH 7.5, 1% NP-40, 0.5% sodium deox-
ycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl, and protease
inhibitors), and sonicated. The lysate was centrifuged (15 min,
4°C, 16,000 g), and 1 ml of each supernatant was im-
munoprecipitated overnight at 4°C, using Dynabeads (In-
vitrogen) preincubated with anti-Act1 or IgG. The beads were
washed five times with 1 ml radioimmunoprecipitation assay
buffer and resuspended in 150 μl elution buffer (50 mM Tris-
HCl, pH 7, 5 mM EDTA, 10 mM DTT, and 1% SDS). Cross-linking
was reversed by incubation at 70°C for 45min, RNAwas purified
from immunoprecipitates with Trizol (Invitrogen) according to
the manufacturer’s instructions and treated with RNase-free
DNase. cDNAs were synthesized, and 10% (2 μl) of the
reverse transcriptase product was subjected to quantitative
real-time PCR.

REMSA
The methods for probe preparation, REMSA, and aptamer
competition were developed and described previously (Herjan et
al., 2018). Briefly, to prepare 39 UTR Hif1α probe, fragments
containing the mouse 39 UTR Hif1α were generated by PCR and
cloned into the pGEM-3ZF(+) vector (Promega) through the
EcoRI and BamHI sites. All mutations were introduced with a
QuikChange II Site Directed Mutagenesis Kit (Stratagene) ac-
cording to the manufacturer’s instructions. Purified protein at
indicated concentration and labeled probes (10 fmol) were
combined in the binding buffer for 30 min. The final REMSA
binding buffer concentrations were 140 mM KCl, 10 mM Hepes,
pH 7.9, 5% glycerol, 1 mM DTT, and 0.33 mg/ml tRNA. The re-
action was further supplemented with 15 μg salmon sperm DNA
to decrease nonspecific interactions from the lysate. Complexes
were resolved on either 4% or 6% nondenaturing polyacrylamide
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gels. The gels were dried, and the appearance of complexes was
visualized by exposure to BioMax MR film. For Hif1α aptamer
competition assay, the purified recombinant Act1 SEFIR was
incubated with the 32P-labeled mouse Hif1α 39 UTR probes for
15 min to form protein–RNA complexes. For aptamer competi-
tion assay, Hif1α aptamers or control aptamers were added at
indicated fold molar excess over the probe for an additional
10 min, then subjected to REMSA. The Hif1α aptamer (SBE) se-
quence used in this study was 59-UAAUGCUCUUUUUAAUAU
GUUCUUUUAAUGCCAGAUCACAGCACAUUCACAGCU-39; con-
trol aptamer, which does not bind to Act1 SEFIR, was described
previously (SBE mut C; Herjan et al., 2018).

Polysomal fractionation analysis
A total of 2 × 108 cells were left untreated or treated with IL-17A
(50 ng/ml) for 8 h. Cytoplasmic exacts were then subjected to
polysomal fractionation analysis as described previously (Herjan
et al., 2013).

Human specimens
Use of deidentified human cutaneous SCC specimens was ap-
proved by the Institutional Review Board of the Cleveland Clinic
Foundation with all necessary consents from patients. Speci-
mens were randomly selected from a cohort collected from
surgeries to remove skin tumors or skin tumor metastasis that
were diagnosed as SCCs from 2015 to 2019.

Quantification and statistical analysis
Statistical significance was determined as described for each
experiment. For all the t tests, P values were obtained from two-
tailed tests from two groups with assumed unequal variances.
All the data are representative of repeated experiments as de-
scribed separately.

Online supplemental material
Fig. S1 shows that IL-17A neutralization sensitizes cutaneous SCC
to anti–PD-L1–mediated regression. Fig. S2 shows the fibroblast
proliferation status in anti–PD-L1–treated tumors. Fig. S3 shows
that IL-17 induced HIF1α expression and collagen deposition in
human CAFs. Fig. S4 shows that ablation of IL-17 signaling in
fibroblasts compromised hydroxylated collagen accumulation
and LOX activity in the DMBA/TPA model. Primers used in the
study are listed in Table S1.
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Figure S1. IL-17A neutralization sensitizes cutaneous SCC to anti–PD-L1–mediated regression. (A) Tumor volumes from PDVC57 cell–derived syngeneic
model over the time course of anti–PD-L1 + isotype (Ctrl) or anti–PD-L1 + anti–IL-17A treatment. C57BL/6 mice with similar tumor size (seven mice in each
group) were used for indicated treatments. Error bars represent ± SEM. *, P < 0.05 by t test. (B)Western analysis of tumor pieces from four random biological
samples of A. (C) Hydroxyproline assay and LOX assay in tumor lysates (n = 7) from anti–PD-L1 + isotype (Ctrl) or anti–PD-L1 + anti–IL-17A neutralizing
antibody treated mice in A. Error bars represent ± SEM. *, P < 0.05 by t test. (D) Representative images of CD8 staining of tumors from anti–PD-L1 + isotype
(Ctrl) or anti–PD-L1 + anti–IL-17A neutralizing antibody treated mice in A. Bar graph represents the percentage of CD8+ T cells in the tumor islets over the total
CD8+ T cells (in stroma and in tumor islets). n = 7 biological samples. Error bars represent ± SEM. **, P < 0.01 by t test. St, stroma; Tu, tumor islets. Dotted lines
are used to show the main boundary of tumor islets and stroma areas. Scale bar = 100 μm. (E) Dermal fibroblasts were treated with IL-17A and IL-17F for
indicated times followed by Western analysis. Data are representative of at least three independent experiments. (F) Tumor tissues from endpoint of PDVC57
model as described in Fig. 1 F with IL-17RCf/+Col1a2CreERT2 or IL-17RCf/fCol1a2CreERT2 mice were harvested, dissociated, and examined by flow cytometry
analysis for indicated markers. Cells gated on CD8+ were subjected to Ki67 analysis in histograms. Bar graph indicates CD8+Ki67+/total CD8+ T cell ratio in the
whole tumor from three independent specimens. Error bars represent ± SEM. *, P < 0.05 by t test. Data are representative of two independent experiments.
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Figure S2. Fibroblast proliferation status in anti–PD-L1–treated tumors. (A) Paraffin sections of anti–PD-L1–treated PDVC57 tumors from indicated mice
of Fig. 1 H were stained for proliferative marker Ki67 (green) and hematopoietic marker CD45 (red) and counterstained with DAPI (blue). Major stroma areas are
demarcated with dotted lines. Bar graph shows percentages of CD45− cells with positive Ki67 nuclei staining in stromal areas from 10 fields of five biologically
independent tumors. Error bars represent ± SEM. *, P < 0.05 by t test. (B) Representative staining of Ki67 (green), CD45 (red), and DAPI (blue) in tumors from
Fig. 6E (mice treated with anti–PD-L1 and control [Ctrl] or Hif1α targeting aptamer). Major stroma areas are demarcated with dotted lines. Bar graph shows
percentages of CD45− cells with positive Ki67 nuclei staining in stromal areas from 10 fields of five biologically independent tumors. Error bars represent ± SEM.
t test.
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Figure S3. IL-17 induced HIF1α expression and collagen deposition in human CAFs. (A) Western blot analysis of IL-17A–treated CAFs for 24 and 48 h.
(B) Hydroxyproline assay and LOX assay for IL-17A–treated and untreated (Ctrl) human CAFs (48 h). n = 3 technical repeats. Error bars represent ± SEM; *, P <
0.05; **, P < 0.01; ***, P < 0.001 by t test. CAFs for A and B were from three independent human cutaneous SCCs, and data are representative of three
independent experiments. (C) Immunofluorescence analysis of IL-17A (green)–producing cells and HIF1α (red) expression in two representative cutaneous
SCCs. Scale bar, 100 μm. St, stroma; Tu, tumor islets. Dotted lines are used to show the main boundary of tumor islets and stroma areas. Graph shows
correlation of nuclear HIF1α-positive cells (nu-HIF1α+) and IL-17A–producing cells in random stroma areas (40× magnification) of 10 human cutaneous SCCs.
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Provided online is Table S1. Table S1 lists primers for gene expression analysis.

Figure S4. Ablation of IL-17 signaling in fibroblasts compromised hydroxylated collagen accumulation and LOX activity in the DMBA/TPA model.
(A) Tumor tissues harvested from DMBA/TPA model of indicated genotype at week 16 (TAM untreated) and week 20 (TAM treated at week 18) were subjected
to hydroxyproline assay and LOX assay. n = 7 independent specimens of three mice in each group. Error bars represent ± SEM. *, P < 0.05; **, P < 0.01 by t test.
(B) Primary skin fibroblasts from HIF1αf/f mice were infected with adenovirus carrying vectors for either GFP (AdGFP) or Cre recombinase (AdCre) to generate
control and HIF1α knockout fibroblasts. Infected cells were treated with IL-17A for indicated time and analyzed by Western blot. Western data are repre-
sentative of three independent experiments.
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