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tumor infiltration of stem-like exhausted CD8™ T
cells to demote the antitumor immunity

Ruochan Zhang'?, Kun Chen'?", Caifeng Gong?, Zhiyuan Wu?, Chungui Xu', Xing-Ning Li?, Fei Zhao?,
Dongmei Wang?, Jiangiang Cai'#, Aiping Zhou'*" and Chunfeng Qu'*

Abstract

Background Variated anti-cancer therapies are combined with immune checkpoint blockades (ICBs) for improv-
ing ICB therapeutic efficacy. Occurrence of tissue damage is common that triggers multiple inflammatory cytokine
generation. Gastrointestinal organs are the commonly affected. We investigated the impact of acute colitis on tumor
infiltration of antigen-specific CD8" cytotoxic T lymphocytes (CTLs) for controlling tumor growth and responding

to antibody against PD-1 (anti-PD-1).

Methods Several tumor cell lines were inoculated into syngeneic mice subcutaneously or intra-hepatically.

When tumor mass formed, activated CTLs were intravenously transferred into the tumor-bearing mice, that were
given the drinking water containing 2% dextran sulfate sodium (DSS) for acute colitis induction. Tumor growth, infil-
tration of two exhausted CTL subsets, and the CTL interaction with tumor vascular endothelium were examined.

Results Acute colitis dampened CTL-mediated antitumor effects, correlating with IL-17A elevation in the inflamed
intestine. In the tumor bed, stem-like exhausted CTLs, which were defined as PD-1*Slamf6*Tim3™~, expressed higher
IL.-17A receptor heterodimers and lower leukocyte function-associated antigen-1 (LFA-1) than terminally exhausted
CTLs did, that were defined as PD-1*Slamf6 Tim3*. IL-17A stimulation reduced LFA-1 surface expression on stem-like
exhausted CTLs and the counterpart ICAM-1 (intracellular adhesion molecule-1) on tumor vascular endothelium.
IL-17A stimulation suppressed the extravasation across tumor vascular endothelium and self-renewal of stem-like,
not the terminally exhausted CTLs. Administration of anti-IL-17A neutralizing antibody to the colitis mice restored
the CTL tumor infiltration and enhanced anti-PD-1 treatment efficacy against tumors. In 33 hepatocellular carcinoma
patients being treated with anti-PD-1 plus antibody against vascular endothelial growth factor, disease progression
of 15 patients, that exhibited serum IL-17A increase 24 h post-therapy as compared to pre-therapy level, was poorer
than that of 18 patients that exhibited serum IL-17A no-increase.

Conclusions Abnormal generation of IL-17A mainly repressed tumor infiltration of stem-like exhausted CTLs. ICB-
based immunotherapeutic efficacy could be upgraded with administration of anti-IL-17A, when treatment-related
IL-17A elevation occurred due to tissue damage, such as acute colitis.
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Background
Immunotherapy with immune checkpoint blockades
(ICBs) which target the programmed death-1 (PD-1), or
PD-1 ligand (PD-L1), or cytotoxic T-lymphocyte-asso-
ciated protein-4 (CTLA-4) has revolutionized the man-
agement of multiple cancers. Due to non-response or
resistance to mono-therapy in some patients, ICB com-
binations with other anti-cancer therapies are developed,
including chemotherapy, radiation therapy, and targeted
therapy. While patients benefit from the combined ICB
immunotherapies, adverse event rates increased [1]. The
damage can be caused by immunotoxicity, and also by
chemotherapeutic regimens or irradiation. Gastrointesti-
nal organs are involved commonly, with high incidence of
gastrointestinal toxicities including diarrhea and mucosi-
tis [2]. Generally, interventional treatment was not rec-
ommended when low grade of adverse events occurred
[3]. It is uncertain whether ICB-mediated anticancer effi-
cacy is compromised in the patients experiencing acute
damage of mucosal barrier, such as acute colitis.
Interleukin 17A (IL-17A) and Th17 cells critically par-
ticipate in the pathogenesis of gut inflammation [4, 5].
Generally, IL-17A is expressed in the barrier surface tis-
sues to maintain a healthy microbial population for pro-
tection. When the tissue barrier is damaged, abnormally
generated IL-17A modulates and amplifies signals locally
in a context-dependent manner in the pathogenesis
of diseases and promotes disease progression through
IL-17A receptor (IL-17R) heterodimers, IL-17RA, and
IL-17RC. IL-17R is expressed ubiquitously and non-
hematopoietic cells are generally the primary respond-
ers to IL-17. IL-17R expression was also identified in the
immune cells [5, 6]. In cancers, abnormally generated
IL-17A through the IL-17R signaling in multiple types
of cells promotes disease development. It was demon-
strated that IL-17A activates certain immune cell types,
such as myeloid-derived suppressor cells (MDSCs) and
neutrophils to suppress antitumor immunity and pro-
mote cancer development [5, 7-10]. IL-17A also promote
tumor angiogenesis independent of the conventional
vascular endothelial growth factor (VEGF) [5, 7, 11-14].
Elevation of IL-17A level was observed in some ICB-
treated patients with immune-related adverse events [3,
15], and also in the patients treated with irradiation or
chemotherapeutic agents [16, 17]. Compelling evidences
demonstrate that the ICB immunotherapeutic efficacy
depends significantly on the intra-tumoral, stromal, or
invasive marginal CD8" cytotoxic T lymphocytes (CTLs)

but not the circulating CD8% T cells [18]. IL-17A acts
directly on CTLs in tumor microenvironment remains
ambiguous.

Both in cancers and in chronic viral infections, two
subsets of PD-17 CTLs were identified that displayed
distinct responses to anti-PD-1/PD-L1 [19-22]. Pheno-
typically, “terminally exhausted” CTL subsets express
high levels of PD-1 and Tim3. The subset of “stem-like
exhausted” CTLs express Slamf6 or CXCR5, and PD-1 at
an intermediate level, but no Tim3. Functionally, “stem-
like exhausted” CTLs expand vigorously upon inhibi-
tory receptor blockade or specific antigen stimulation,
exhibiting features of central memory and exhausted T
cells. The “stem-like” subset persists long term and can
differentiate into the subset of “terminally exhausted”
CTLs which are prone to undergo apoptosis. Transcrip-
tion factor Tcfl, encoded by the Tcf7 gene, is essential
for the stem-like functions of these cells. The “stem-like
exhausted” CTL subset confers the capacity for control-
ling tumor growth in response to ICBs and vaccination
[21, 22]. To kill the tumor cells, CTLs require to trans-
migrate across the tumor vasculature from bloods.
Tumor blood vessels are abnormal, both structurally and
functionally relative to those of nonmalignant tissues,
restraining the effector T cell infiltration [23, 24]. Anti-
angiogenesis by inhibiting proangiogenic signaling was
combined with ICBs for enhancing antitumor immunity
[1, 23, 25]. ICB-immunotherapy efficacy relies on the
presence of intra-tumoral “stem-like exhausted” CTLs
rather than on the lone reversal of T cell exhaustion pro-
grams [19, 21, 22]. To achieve better ICB-immunothera-
peutic efficacy, it is required to understand the impacts of
intestinal inflammation-related IL-17A generation on the
tumor infiltration of two CTL subsets.

Methods

Cell lines and reagents

Murine melanoma B16F10 and B16-OVA, and human
umbilical vein endothelial cells (HUVECs) were pur-
chased from the National Infrastructure of Cell Line
Resource (Beijing, China). Murine hepatoma Hepal-
6, colon carcinoma CT26.CL25, endothelial cell C166,
and human hepatocellular carcinoma (HCC) cell lines
(HepG2, Hep3B) were purchased from the Ameri-
can Type Culture Collection (ATCC). We transfected
Hepal-6 with a pcDNA3.1-OVA [26] to generate Hepal-
6-OVA. Cells were cultured following the suppliers’
instructions.
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The information of used reagents including antibod-
ies and primers is listed in Additional file 1: Table S1,
Table S2.

Mice and tumor models

C57BL/6 mice and BALB/c mice were purchased from
Beijing HFK Bioscience Company. C57BL/6 back-
ground CD45.1 mice, OT-I mice (OVA,s; 5. PEP-
tide-specific CD8 TCR-transgene), and Pmel-1 mice
(gp100y5_33 peptide-specific CD8 TCR-transgene) were
purchased from Aniphe Biolaboratory (Jiangsu, China).
Study protocols (NCC2021A037) involving mice were
approved by the Institutional Animal Care and Use
Committee of the National Cancer Center/Cancer Hos-
pital, Chinese Academy of Medical Sciences (NCC/CH,
CAMS).

In each female C57BL/6 mouse, 5x 10° B16-OVA or
B16F10, or 3x10° Hepal-6-OVA cells in 100-ul PBS
were injected subcutaneously. In some experiments,
B16-OVA cells in 20-pul PBS were inoculated into a
mouse liver. Five days after tumor cell inoculation (D5),
each mouse received 1x 10° activated peptide-specific
CDS8™ T cells via tail vein injection. Before cell transfer,
CD8" T cells were purified from splenocytes of OT-I
mice or Pmel-1 mice using a mouse CD8" T cell Iso-
lation Kit (Miltenyi, Germany) with>95% purity and
stimulated with 200 ng/ml of OVA,,_,4, or gp100,; s,
peptides for 4 days. After cell transfer, acute colitis was
induced in some mice by providing drinking water con-
taining 2% dextran-sulfate-sodium (DSS, 36-50 kDa)
between D5 and D12 as reported [27]. In some experi-
ments, 4 doses of neutralizing anti-IL-17A antibody
(aIL-17A, Clone#17F3) were injected intraperitoneally
into the mice that were given DSS drinking water. To
test the combined effect of anti-PD-1 (aPD-1, Clone#
29F.1A12) and alL-17A, BALB/c mice were inocu-
lated with 2.5x10° CT26.CL25 cells subcutaneously,
given 2% DSS drinking water from D5 to D12. One
group of the mice received 4 doses of alL-17A, one
group received 4 doses of aPD-1, one group received 4
doses of aIL-17A plus 4 doses of aPD-1, and one group
received isotype IgG. Each dose contained 150-pug pro-
tein. Tumor growth was measured every 2—3 days and
tumor volume was calculated as (width? x length X 0.5).

Flow cytometry (FCM)

Tumor tissues were treated as we reported previously
[26]. FCM analysis was performed using standard labo-
ratory protocols. Data were acquired in LSR-II (BD Bio-
sciences, USA) and analyzed using Flowjo software (Tree
Star, USA).
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CD8™ T cell proliferation, adhesion, and trans-endothelium
migration

CD8* T cells were isolated from OT-I mice, stimulated
with 200 ng/ml of OVA,s, ,c, peptides in the pres-
ence of 0, 2, and 20 ng/ml of recombinant mouse IL-
17A (rmlIL-17A, Peprotech, USA). Cell numbers were
counted at different time points. In some experiments,
the purified CD8" T cells were labeled with 2.5 uM
CFSE (eBioscience, USA) before stimulation.

CD8™" T cell transmigration across vascular endothe-
lium was assayed according to the literature [28]. C166
cells were pre-treated with B16-OVA cell medium
(B16-OVA/CM) with or without a supplement of 20 ng/
ml of rmIL-17A for 48 h. Transwell inserts (5 pm in
pore size) were coated with 0.1% gelatin, 7.5 x 10> C166
cells were seeded onto the upper surface of each insert
and cultured overnight to form confluent monolayers.
After removal of the medium, 3 x 10° activated CD8* T
cells were added into each upper chamber and contin-
ued to culture for 4 h. The cells migrated into the lower
chamber were collected, counted, and analyzed with
FCM. In some experiments, 2 pg/ml of neutralizing
antibody against IL-17RA, or IL17RC (R&D, USA) was
included in the medium.

CD8* T cell adhesion to vascular endothelium was
analyzed according to the report [29]. In each well of
6-well plates, 1x10° C166 cells were seeded and treated
with B16-OVA/CM with or without a supplement of
20 ng/ml of rmIL-17A for 48 h. Activated CD8* T cells
(2x10° cells/well) were added for another 16 h. Nonat-
tached CD8" T cells were washed out using 37°C pre-
warmed PBS three times. All cells were then recovered
with trypsin, and CD8" T cells adhered to C166 cells
were analyzed with FCM.

Multiplex immunohistochemistry (mIHC)

Opal Multiplex IHC assay kit (PerkinElmer, USA) was
used for mIHC staining according to the literature [30].
Slides were scanned with a Pannoramic MIDI slide scan-
ner (3DHISTECH, Hungary) at 20X magnification and
analyzed with HALO image analysis platform (Indica,
USA). The relationship of CD8" T cells with tumor vas-
culature was analyzed as reported [31].

Determination of nitric oxide (NO) and endothelial

NO synthase (eNOS)

In 6-well plates, 1.5x10* C166 cells/well were treated
with B16-OVA/CM with or without a supplement of
20 ng/ml of rmIL-17A. NO assay kit (Beyotime, China)
was used to determine NO generation following the man-
ufacturer’s specifications. Inmunoblot was performed to
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determine the expression levels of total eNOS, phospho-
rylated-eNOS at Ser1177.

Patients

Fifty patients with advanced HCC were treated with anti-
PD-1 (sintilimab) plus anti-VEGF (IBI305) every 3 weeks
in a phase Ib clinical study conducted at NCC/CH. The
therapeutic efficacy was reported previously [32]. From
33 patients, we obtained the paired serum samples before
therapy and 24 h post-therapy, and their demographics
and baseline characteristics are listed in Additional file 1:
Table S4. ProcartaPlex Human Cytokine/Chemokine/
Growth Factor Panel (Affymetrix, USA) was used to
determine serum levels of multiple cytokines, including
IL-17A.
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Statistical analysis

Version 8.0 GraphPad Prism was used for statistical anal-
ysis. Continuous variables were compared with unpaired
Student’s ¢-test between two groups, One-way ANOVA
between more than two groups. Fisher’s exact test was
used to compare categorical variables. Survival curves
of treated patients were generated using the Kaplan—
Meier method and compared with the log-rank test.
P-value of less than 0.05 was considered to be statistically
significant.

Results

Acute colitis dampened CTL-mediated antitumor effects
To mimic an acute damage to gastrointestinal organs
in humans, we induced an acute colitis in several
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Fig. 1 CTl-mediated antitumor effect in mice models with acute colitis and IL.-17A generation. A Experimental scheme, all mice were sacrificed

on D18 when tumors in sham-treated mice reached > 2.0 cm in length. B Tumor growth curve, and the weight and images of tumors removed

on D18, one of three independent experiments. C Representative histology (HE) and IL-17A immunochemistry staining of the mouse intestine
detected on D18. Scale bars, 100 um. D Folds of indicated cytokines in the colons of DSS-water-fed mice (n=4) relative to the normal-water-fed
mice (n=4) determined on D18. E Serum IL.-17A on D18 in the indicated group of mice. F Treatment of all-17A, each group included 5 mice
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tumor-bearing mice models by providing 2% DSS drink-
ing water [27] (Fig. 1A). Tumor growth and tumor weight
in the CTL-transferred mice, that received OT-I cells and
fed normal drinking water consistently (OT-I & Norm),
was significantly slower than that in the sham-treated
mice, that received no OT-I cells and fed normal drinking
water (Fig. 1B). These results confirmed the potent anti-
tumor effects mediated by CTLs. However, tumor grew
rapidly in the CTL-transferred mice when DSS water
was given for one week (OT-I & DSS), exhibiting failure
of tumor control (Fig. 1B). Tumor growth in mice that
were inoculated subcutaneously with Hepal-6-OVA and
in those with B16-OVA cells in livers (Additional file 2:
Fig. S1A, S1B) showed similar to that in the mice bearing
B16-OVA subcutaneously.

To validate the finding with model OVA-engineered
tumor cell lines, we inoculated C57BL/6 mice with
B16F10 cells that constitutively express the tumor-asso-
ciated antigen gpl00. The mice received intravenously
gp100-specific T cells on D5, treated as in the B16-OVA-
bearing mice. Tumor growth in the DSS-water-fed mice
was significantly faster than that in the normal-water-
fed mice (Additional file 2: Fig. S1IC). All these results
indicated that CTL-mediated antitumor immunity was
dampened when acute colitis occurred.

Impairment of CTL-mediated antitumor effects was related
to IL-17A elevation in the inflamed intestine

We collected the colons when mice were sacrificed on
D18. The mice fed DSS water displayed colitis changes in
morphology (named colitis mice) (Fig. 1C). We prepared
the interstitial fluid of colon tissues to quantify the gen-
eration of multiple cytokines that represent Thl-, Th2-
and Thl7-related responses to the damage. All tested
cytokines increased in the colons of colitis mice. Notably,
compared with the normal-water-fed mice (named nor-
mal mice), IL-17A increased mostly (14-folds), followed
by IL-6 and GM-CSF (Fig. 1D), which are all related to
Th17 [5]. More IL-17A-producing cell numbers were
detected in the colons of colitis mice, with about 3.2-folds
of increase as a comparison to normal mice (Fig. 1C,
Additional file 2: Fig. S2). CD37CD4* Th17 cells were
identified as the major IL-17A-producing cells, followed
by CD3*CD8* Tc17 cells (Additional file 2: Fig. S2). Coli-
tis mice also displayed IL-17A elevation in blood, but
increased 2-folds only (Fig. 1E). When the colitis mice
were treated with a neutralizing antibody against IL-17A
(aIL-17A), tumor growth was significantly inhibited com-
pared with the mice that were treated with isotype IgG
(Fig. 1F). These data indicated that colitis could dampen
the CTL-mediated antitumor effects, relating to elevated
generation of IL-17A in inflamed intestine.
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Acute colitis-induced IL-17A reduced the CD8* T cells

in tumor tissues

In tumor tissues of colitis mice (DSS+IgG), the num-
bers of total immune cells (CD45%), CD3" T cells,
and CD37CD8*" T cells reduced by 1.6-, 1.8-, and 2.1-
folds, respectively, compared with that of the normal
mice (Norm+IgG). More proportion of PD-1tTim3"
exhausted CD8' T cells presented in the tumors of
colitis mice. When the colitis mice received alL-17A
(DSS+alL-17A), infiltration of CD45%, CD3*, and
CD3%CD8" cells restored, while PD-1"Tim3* exhausted
CD8™ T cells reduced in the tumor tissues (Fig. 2A). Mul-
tiplex staining of tumor tissues from differently treated
mice confirmed the CD8* T cell reduction of colitis mice.
Notably, the density of proliferative Ki67"CD8' T cells
reduced more profoundly in the tumor bed of colitis mice
than in that of normal mice, associated with IL-17A ele-
vation (Fig. 2B).

To understand the effects of colitis-related IL-17A on
reducing CD8" T cell numbers in the tumor bed, we
transferred the activated OT-I cells from CD45.2 mice
(donor) into B16-OVA-bearing CD45.1 mice (recipient)
and treated the mice as did in Fig. 1F. The numbers of
donor-derived CD8" T cells (CD45.2%) in the tumors of
colitis mice reduced more significantly (Fig. 2C). Par-
ticularly, the percentage of donor-derived proliferating
CDS™T cells (Ki67tCD8™) decreased more profoundly
in the tumors of colitis mice. While the colitis-induced
IL-17A showed minor effects on the recipient-derived
CDS8™ T cells (Fig. 2D).

Stem-like exhausted CTLs expressed higher IL-17R
heterodimers

IL-17 signals through the IL-17RA and IL-17RC
[6]. We then examined the surface expression lev-
els of IL-17RA and IL-17RC on two CTL subsets of
tumor-infiltrated lymphocytes (TILs) based on the
surface markers of Slamf6 and Tim3 [21]. The PD-
17Slamf6*Tim3~ stem-like CTLs were recognized to
express higher levels of both IL-17RA and IL-17RC
than the PD-1*Slamf6 Tim3* terminally exhausted
CTLs did (Fig. 3A). For validation, we retrieved two
public data (GSE84105, GSE123235), that performed
RNA-seq on two purified murine CTL subsets [19, 22],
and confirmed the higher transcriptional levels of both
IL-17RA and IL-17RC in the stem-like exhausted CTLs
(Additional file 2: Fig. S3A, S3B). Transcription levels
of IL-17RD, which serves as an alternate receptor subu-
nit for IL-17A [33], showed no difference between the
two CTL subsets (Additional file 2: Fig. S3C).
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Colitis-induced IL-17A suppressed the tumor infiltration
and self-renewal of stem-like exhausted CTLs

Due to the significant reduction of effector CD8" T
cells in the tumor bed (Fig. 2C), we analyzed the surface
expression of leukocyte function-associated antigen-1
(LFA-1) and very late antigen (VLA-4), which are typical
integrins for T cell extravasation from blood into periph-
eral tissues [24]. Analysis of two public data (GSE84105,
GSE123235) indicated that the “stem-like exhausted”
CTLs expressed a lower level of both Itgal (CD11a) and
Itgh2 (CD18), two LFA-1 subunits, than the “terminally
exhausted” CTL subset did (Additional file 2: Fig. S4A).
Transcription of Itghl (CD29), one VLA-4 subunit, dis-
played higher in the stem-like subset than in the terminal
subset. However, Itga4 (CD49d), another VLA-4 subu-
nit, showed no difference in transcription between the
two subsets (Additional file 2: Fig. S4B). We therefore
mainly examined the LFA-1 expression on CD8% T cell
infiltration into the tumor bed of the current study. In
the TILs of normal mice, the stem-like CTLs displayed
lower surface expression of LFA-1 than the terminally
exhausted CTLs did (Fig. 3B). Colitis-induced IL-17A
profoundly reduced LFA-1 expression on the stem-like
subset, but minorly affected LFA-1 on the terminally
exhausted CTLs. After injection of alL-17A into the coli-
tis mice, LFA-1 surface expression was partially restored
on the stem-like subset (Fig. 3B). Quantifying total CD8"
T cells in the tumors of colitis mice, the numbers of
stem-like subset reduced significantly, associating with
the IL-17A generation. No reduction of the terminally
exhausted CTL numbers was observed (Fig. 3C). We
used CXCR5"Tim3™ to recognize the stem-like subset
[19] in some experiments and obtained the same results
(Additional file 2: Fig. S5).

IL-17A on CTL proliferation was also examined by
stimulating the OT-I cells with OVA,,_,., peptides in
the presence of rmIL-17A. Cell numbers reduced signifi-
cantly after being treated for 72 h and 120 h when 20 ng/
ml of rmIL-17A was included in the medium (Fig. 3D).
Analysis of the CFSE-labeled OT-I cells showed that
the IL-17A significantly suppressed the proliferation of
PD-1*Slamf6"Tim3~ stem-like population but minorly

(See figure on next page.)
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inhibited the PD-1"Slamf6~ population (Fig. 3E, Addi-
tional file 2: Fig. S6). No difference in cell apoptosis, cyto-
toxicity on target tumor cells, and specified cytokines
release were observed when IL-17A was included in the
cultures (Additional file 2: Fig. S7).

Colitis-induced IL-17A exaggerated tumor vascular
endothelium dysfunction to reduce stem-like exhausted
CTL extravasation

We next examined the expression of intracellular adhe-
sion molecule-1 (ICAM-1) on vascular endothelium, that
interacts with LFA-1 on CD8" T cells to facilitate the T
cell extravasation [24]. In the tumors of colitis mice, sur-
face expression of ICAM-1 on CD31% vascular endothe-
lial cells reduced significantly as comparison to that of
normal mice. The decrease of ICAM-1 expression was
associated with elevated IL-17A (Fig. 4A). Indeed, we
observed the positive correlation between CD8" T-cell
infiltration and the expression levels of LFA-1 or ICAM-1
in certain types of human cancers in TCGA (Additional
file 2: Fig. S8). The local generation of certain chemokines
which regulate CD8% T-cell extravasation and integ-
rin expression was also examined. Transcription levels
of Cxcl9, Ccl3, Ccl4, and Ccl5, which facilitate effector
CD8* T-cell extravasation into tissues [24], were signifi-
cantly lower in the tumors of colitis mice than in that of
normal mice (Fig. 4B). Multiplex staining validated the
reduced ICAM-1 expression on tumor vascular endothe-
lium of colitis mice (Fig. 4C). The density of CD31% blood
vessels was higher, but perivascular CD8" T cells was less
in the tumors of colitis mice than in that of normal mice
(Fig. 4D). The reduction of CD8* T cells mainly occurred
in those within the 25 um from the vasculature (Fig. 4E).

IL-17A suppressed the stem-like exhausted CTL
transmigration across vascular endothelium

We next examined IL-17A effects on the interaction of
CD8* T cells with tumor vascular endothelium by using
mouse C166 cells, that carry vascular endothelium char-
acteristics [34] (depicted in Fig. 5A). CD8* T cell adhe-
sion to C166 cell monolayers treated with B16-OVA/CM
displayed distinctly from the monolayers treated with

Fig. 3 Expression of IL-17A receptor heterodimers and IL-17A effects on tumor infiltration and proliferation of two exhausted CD8" T cell subsets.
A Surface expression of IL-17RA and IL-17RC on two exhausted CTL subsets was examined in the B16-OVA tumor tissues of normal CD45.1 mice
that received CD45.2 mouse OT-l cells. One representative of four independent experiments. B Surface expression of LFA-1 on two CTL subsets.
The up one shows LFA-1 on specified cells isolated from normal mice tumors (one of two independent experiments); the low one shows those
isolated from differently treated mice tumors (one of three independent experiments). Bar graphs show the average mean fluorescent intensity
(MFI) of LFA-1. C Infiltration of two CTL subsets in the tumors of differently treated mice (bar graphs). FCM profiles show one representative of three
independent experiments. D Purified OT-I cells were stimulated with 200 ng/ml of OVA,s,_,s, peptides plus indicated concentration of rmlIL-17A.
Changed folds at the indicated time points relative to the baseline cell numbers. E Proliferation of CFSE-labeled OT-I cells after being stimulated
for 48 with OVA,5,_,6. peptides alone (medium) or supplement of 20 ng/ml of rmIL-17A. One representative of three independent experiments
which are shown in Additional file 2: Fig. S6. Data in bar graphs are presented as mean +SD and analyzed with Student’s t-test (two groups),
One-way ANOVA (three groups). Each dot represents one independent repeat. *, P<0.05; **, P<0.01; ***, P<0.001
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regular medium after IL-17A was included (Additional
file 2: Fig. S9A). Analysis on the public GSE51401 dataset,
which examined the gene expression of CD31" paired
tumor endothelial cells (TECs) and non-tumor endothe-
lial cells (NECs) from 16 HCC patients, indicated that
the genes related to leukocyte trans-endothelial migra-
tion in TECs was suppressed as comparison with NECs
(Additional file 2: Fig. S9B). When IL-17A was included
into B16-OVA/CM, the CD8" T cell transmigration was
significantly inhibited. The inhibition on Slamf6' T cell
transmigration was more profound. Blocking IL-17A
signaling through neutralizing IL-17RA (aIL-17RA) or
neutralizing IL-17RC (aIL-17RC) restored the transmi-
gration of total CD8* T cells and the stem-like subset
(Fig. 5A).

We then examined the effects of IL-17A on ICAM-1
expression in vascular endothelial cells. IL-17A addition
into tumor cell-derived medium significantly reduced the
ICAM-1 expression of both murine (C166 cells, Fig. 5B)
and human (HUVECs, Fig. 5C) vascularly endothelial
cells. Indeed, in the GSE51401 dataset, [CAM 1 transcrip-
tion level was negatively correlated with IL-17A level of
tumor tissues and with ILI17RC in TECs but not in NECs
(Additional file 2: Fig. S9C).

In addition to LFA-1 integrins, the extravasation of
effector T cells from the blood into peripheral tissues
depends on the normal function of vascular endothe-
lium, which is crucially controlled by local generation of
nitric oxide (NO) by endothelial cells [35]. As the reports
of local NO generation in improving ICB-immunother-
apy [36, 37], we examined the IL-17A on NO production
from endothelial cells. Addition of IL-17A into the B16-
OVA/CM significantly reduced the NO generation from
C166 cells, and blocking the IL-17A signaling recovered
the NO generation (Fig. 5D). Addition of IL-17A to the
B16-OVA/CM reduced the production of stimulatory
eNOS at serine 1177 phosphorylation (p-eNOS-Ser1177)
to limit the NO production from C166 cells (Fig. 5E, the
original images are shown in Additional file 3).

Neutralizing IL-17A improved anti-PD-1 antitumor efficacy
in a murine model

We inoculated CT26.CL25 cells into female BALB/c
mice, induced colitis, and administrated neutraliz-
ing antibody against PD-1 (aPD-1), against IL-17A

(See figure on next page.)
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(alL-17A), or against both (aPD-1+alL-17A) (Fig. 6A).
Compared with the isotype-treated mice (IgG), tumor
growth in the aPD-1-treated mice or the aIL-17A-treated
mice was slower. Notably, tumor growth in the mice
that received two antibodies (aPD-1 plus oIL-17A) was
mostly inhibited (Fig. 6B and C). In formalin-fixed tumor
tissues, the tumor angiogenesis indicated by CD317 cell
density reduced, and CD8* T cell infiltration increased
in the mice treated with aPD-1 alone or alL-17A alone.
Remarkably, the density of CD317 vessel was profoundly
lower, and CD8* T cells were markedly increased in
the tumors of mice that received aPD-1 plus alL-17A
(Fig. 6D and E). FCM analysis of the freshly-removed
tumor tissues showed that the numbers of CD8" T cells
in the aPD-1 plus aIL-17A-treated mice enhanced most
significantly. The proportion of Slamf6*Tim3~ stem-like
subset displayed significantly higher in the tumors of
mice that received aPD-1 plus alL-17A than in the mice
that received IgG (Fig. 6F).

Post-therapy elevation of serum IL-17A in HCC patients
resisted to anti-PD-1 plus anti-VEGF combined therapy

We extended our observation to a cohort of advanced
HCC patients that received the anti-PD-1 and anti-
VEGF combined therapy [32]. In comparison to the
pre-therapy serum IL-17A, 15 of 33 tested patients
exhibited serum IL-17A increase, 18 patients no-increase
(decrease or stable) 24 h post-therapy. The median pro-
gression-free survival (mPFS), time from the treatment
initiation to disease progression, was only 3.4 months
in the 15 patients, significantly shorter than the mPFS
(11.3 months) of the other 18 patients (Fig. 7A). Only one
of the 15 patients (6.7%) with IL-17A increase post-ther-
apy exhibited disease partial response (PR), while 8/18
(44.4%) of the patients with IL-17A no-increase post-
therapy demonstrated PR (Fig. 7B). All grades of gastro-
intestinal adverse events were reported by 6 patients, and
only one of them experienced grade III diarrhea. All the
patients with progressive disease (PD) tended to IL-17A
elevation, while 8 of 9 patients (88.9%) with PR tended to
IL-17A reduction 24 h post-therapy (Fig. 7C).

Fig.4 CTLs in relation to blood vessels in the tumor bed. A Surface ICAM-1 expression on tumor vascular endothelial cells (ECs) of differently
treated mice, one representative of three independent experiments. Bar graph shows the ICAM-1 average mean fluorescent intensity (MFI) relative
to normal mice. B Cxcl9, Ccl3, Ccl4, and Ccl5 transcriptional levels in B16-OVA tumors of indicated mice. C, D Representative images of tumor
tissues as indicated. Nuclear was stained with DAPI (blue). Scale bars, 100 um. C Staining of CD31 (yellow) and ICAM-1 (magenta). Bar graph shows
the percentage of ICAM-1+CD31+double-positive cells in total CD31+ vessels. D Staining of CD31 (yellow) and CD8 (white). Bar graph shows

the average density of CD31 +vessels. E Perivascular CD8* T cell density in variated distances from the vessels. Data in bar graphs are presented

as mean £ SD, analyzed by One-way ANOVA. Each dot represents one mouse. *, P<0.05; **, P<0.01; ***, P<0.001
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Fig. 5 Effect of IL-17A on tumor-conditioned endothelial cells. A Experimental scheme for examining T cell transmigration across vascular
endothelium. FCM profiles show one representative of three independent experiments. Bar graphs show the migrated numbers of total CD8*T
cells (left) and Slamf6™ stem-like subset (right) with indicated treatment. B, C ICAM-1 expression in differently treated C166 cells (B), HUVECs (C),

for 48 h. D NO generation by C166 cells at indicated period. E Immunoblot images show the generation of eNOS, phosphorylated eNOS at Ser1177
in differently treated C166 cells for 48 h, 3-actin as loading control. Data in bar graphs are presented as mean + SD, compared with t-test (two
groups) or One-way ANOVA (more than two groups). *, P< 0.05; **, P<0.01; *** P<0.001

Discussion
In this study, we uncovered a novel role of abnormally
generated IL-17A on tumor infiltration of two exhausted

CTL subsets (Additional file 2: Fig. S10). Stem-like CTLs
were recognized to express higher IL-17RA and IL-
17RC but lower LFA-1, as compared to the terminally
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exhausted CTLs. In tumor-bearing mice, colitis-related
IL-17A significantly suppressed the extravasation and
self-renewal of the stem-like subset, dampening CTL-
conferred antitumor immunity. Neutralizing IL-17A
improved tumor infiltration of “stem-like exhausted”
CTLs and enhanced the anti-PD-1-mediated antitumor
efficacy. The HCC patients with serum IL-17A elevation
24 h post-therapy displayed resistance to the combined
therapy of anti-PD-1 plus anti-VEGEF, displaying worse
disease progression. ICB-immunotherapy relies on the
intra-tumoral stem-like exhausted CTLs rather than the
lone reversal of the exhausted program [21, 22]. Our
current study indicated that IL-17A stimulation mainly
suppressed the tumor infiltration of stem-like CTLs.
Therefore, ICB-based immunotherapeutic efficacy could
be upgraded by blocking IL-17A activities when treat-
ment-related colitis occurred, even the adverse events
were minor.

IL-17A carry out the function via signals through
the IL-17RA and IL-17RC/ IL-17RD receptor subu-
nits and the acts of IL-17A were well recognized in
non-hematopoietic cells and innate immune cells [6,
33]. Recent investigation of IL-17A directly on T cells
by using Il17a~'~ mice reported that IL-17A can pro-
mote terminal exhaustion of CD8" T cells and tumor
progression [38]. However, the exhausted CD8" T cell
population in the tumor tissues is heterogenous, and the
stem-like exhausted CTL subset control tumor growth
better than the terminally exhausted CTL subset does
[21, 22]. Restricted expression of IL-17RC/IL-17RD in
non-hematopoietic cells limits IL-17A signaling down-
stream [6, 33]. In this study, we detected higher sur-
face expression of both IL-17RA and IL-17RC in the
“stem-like exhausted” CTLs than that in the “termi-
nally exhausted” CTLs, and validated by two public data
GSEB4105 and GSE123235 which quantified various gene
transcription levels of in two exhausted CTL subsets [19,
22]. Our results indicated that the “stem-like exhausted”
CTLs are more susceptible to IL-17A stimulation.
Indeed, the tumor infiltration of the stem-like subset,
not the terminal subset, reduced significantly in the coli-
tis mice with abnormal IL-17A generation. Nevertheless,
downstream molecular events after IL-17R heterodimer
signaling in the specified CTLs need to be identified.

LFA-1 interaction with ICAM-1 on vascular endothe-
lium is essential for effector T cell extravasation

(See figure on next page.)
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into peripheral tissues [24]. In the tumors of colitis
mice, ICAM-I expression on the tumor blood vessels
decreased, and perivascular CD8" T cell density reduced,
particularly those within 25 pm of the vasculature. In the
cell culture system, IL-17A addition profoundly inhib-
ited ICAM-I expression on endothelial cells and sup-
pressed the transmigration of CTLs, particularly the
stem-like subset, across the tumor vascular endothe-
lium. On the stem-like CTLs, we detected lower levels
of LFA-1 expression, and the surface LFA-1 expression
was further reduced by colitis-induced IL-17A. While IL-
17A showed minor effects on LFA-1 surface expression
on the “terminally exhausted” CTLs. Tumor-associated
high endothelial venules (TA-HEVs) were recognized
as major sites of lymphocyte extravasation into tumors
both at baseline and upon ICB treatment. MECA-797
TA-HEVs display a unique phenotype, expressing certain
adhesion molecules to facilitate the entry of some types
of T cells via interacting with the counterpart molecules
on the T cells [39]. Two exhausted CTL subsets express
distinct cytokine receptors and adhesion molecules [19,
21, 22], implying that the two CTL subsets might have
different entry gates into tumors. Our current results
indicated that the cell-surface molecule LFA-1 is an
important molecule regulated by IL-17A. The entry of
stem-like CTLs into tumors was particularly restrained
in response to the instigated cytokine IL-17A from the
inflamed intestine. In addition to LFA-1, integrin VLA-4
(a4P1 integrin) expression of T cells, which binds to vas-
cular cell adhesion molecule-1 (VCAM1) on endothelial
cells, also controls effector T cell tumor infiltration [24].
It was reported that LFA-1 activation by a small-molecule
activator of LFA-1 and VLA-4 improved ICB therapeu-
tic efficacy by promoting T cell infiltration into the tumor
microenvironment [40]. We observed no difference in
a4 subunit transcription between two CTL subsets, but
higher 1 subunit transcription in the stem-like subset.
The impacts of IL-17A on VLA-4 in CD8" T cell tumor
infiltration require our further investigation.

To improve ICB-immunotherapy, targeting angio-
genesis such as anti-VEGE, which was considered to
inhibit the sprouting of new vessels and also “normal-
ize” the tumor vasculature to improve immune cell
infiltration, was combined with anti-PD-1/PD-L1 for
the cancer treatment and obtained efficacious effects
in HCC treatment [23, 25, 41]. Nevertheless, the effect

Fig. 6 Blocking IL.-17A on anti-PD-1 treatment effect in mice with colitis. A Experimental scheme, 5 mice were included in each group and repeated
twice. All mice were sacrificed on D21. B Tumor growth as indicated. C Tumor weight on D21. Representative images for staining (brown) of CD31*
cells (D), CD8* cells (E) in the tumors of indicated mice, scale bars, 100 um. Specified cell density calculated from 2 fields/slide of each tumor are
presented in bar graphs. F Infiltration of two CD8™ T cell subsets in the tumors of differently treated mice. FCM profiles show one representative

of five independent repeats. Bar graphs show the average of the indicated group of mice. Data in bar graphs are presented as mean +SD, compared
with One-way ANOVA. Each dot represents one mouse. *, P<0.05; **, P<0.01; ***, P<0.001
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of blocking VEGF alone displayed less efficacious than
double-blocking VEGF and ANG?2 for improving T cell
tumor infiltration [31]. IL-17A is able to activate mul-
tiple IL-17R-expressing cell types to repress CD8*T
cells mediated antitumor immunity [5, 7-14, 42]. IL-
17A could activate myeloid-derived suppressor cells,
recruit neutrophils, and induce the nuclear transloca-
tion of hypoxia-inducible factor-la in cancer-associ-
ated fibroblasts to exclude CD8+ T cell infiltration [5,
7,9, 42, 43]. IL-17A has also been demonstrated to pro-
mote tumor angiogenesis through promoting the gen-
eration of conventional VEGF or directly acting on the
endothelial cells [7, 11-14, 23]. IL-17 was found directly
acts on endothelial cells of the vasculature to decrease
the NO production by inducing the phosphorylation
of eNOS at the inhibitory site threonine 495 [44] and
to participate in hypertension [45]. In our cell culture
system, we detected that the production of stimulatory
eNOS at serine 1177 from endothelial cells was reduced

after IL-17A stimulation, resulting in decreased NO
generation. The transmigration of stem-like CD8" T
cells was significantly inhibited. Results from our cur-
rent study indicated that IL-17A stimulation exag-
gerates tumor vasculature dysfunction to restrain the
extraversion of CTLs, particularly the stem-like CTLs,
leading to uncontrol of tumor growth. Therefore, neu-
tralizing IL-17A could recover the interaction of effec-
tor CD8" T cells and tumor vascular endothelium via
the LFA-1/ICAM-1, and also restore the NO produc-
tion from endothelial cells, facilitating the infiltration of
CD8* T cells, particularly the stem-like subset, into the
tumor bed. Local delivery of NO proves to improve the
ICB-immunotherapy efficacy [35-37]. Clinical studies
have reported that the use of angiotensin system inhibi-
tors could improve immunotherapy [46].

Clinical studies pointed out the association between
the onset of immune-related adverse events and bet-
ter overall survival and overall response to ICB
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immunotherapy [47]. The hypothesis is being challenged.
A study reported recently that colitis tissues of ICB-
treated patients with immune-related enterocolitis (irEC)
displayed significantly higher Th17 cell gene expression
scores, compared to the paired normal intestinal tissues.
Transcription of IL-6 cytokine increased by 11.7-folds,
and IL-17A increased by 6.3-folds in the colitis tissues
of ICB-treated patients with irEC. Their tumor-bearing
mice models showed that IL-6 blockade improves ICB-
induced antitumor efficacy. Clinical data indicated that
targeting IL-6 can mitigate the immune-related adverse
event without compromising the overall tumor response
to ICB [15]. IL-6 is required for the retaining transcrip-
tional and functional identity of Th17 cells [48]. In addi-
tion, IL-17A elevation also occurs in patients receiving
chemotherapy of irradiation [16, 17]. Our current study
indicated that abnormally generated IL-17A conferred
more suppressive effects on the extravasation of ”stem-
like” CTLs to dampen the CD8" T cell-mediated anti-
tumor activity. Neutralizing IL-17A could restore the
tumor infiltration of “stem-like exhausted” CTLs and
enhance the anti-PD-1-mediated antitumor efficacy. We
provided an option by neutralizing IL-17A to improve
ICB-based therapeutic efficacy when abnormal IL-17A
generation in the setting, such as colitis, occurred during
cancer treatment.

Conclusions

Stem-like exhausted CTLs express higher IL-17A rec-
tor heterodimers, susceptible to abnormally generated
IL-17A. Stimulation of IL-17A diminishes the stem-like
exhausted CTL interaction with tumor endothelium to
repress the CTL extravasation and inhibited the CTL
self-renewal in the tumor bed. An intervention approach
for blocking abnormally generated IL-17A could upgrade
the therapeutic efficacy conferred by immune checkpoint
blockades.
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