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Abstract

Purpose Hypoxia-inducible factor 2a (HIF-2a) overexpression leads to activation of angiogenic pathways. However, little is
known about the association between HIF-2a expression and anti-tumor immunity in clear cell renal cell carcinoma (ccRCC).
We aimed to explore how HIF-2a influenced the microenvironment and the underlying mechanisms.

Experimental design We immunohistochemically evaluated immune cells infiltrations and prognostic value of HIF-2a
expression in a retrospective Zhongshan Hospital cohort of 280 ccRCC patients. Fresh tumor samples, non-tumor tissues and
autologous peripheral blood for RT-PCR, ELISA and flow cytometry analyses were collected from patients who underwent
nephrectomy in Zhongshan Hospital from September 2017 to April 2018. The TCGA KIRC cohort and SATO cohort were
assessed to support our findings.

Results We demonstrated that ccRCC patients with HIF-2a™&" tumors exhibited reduced overall survival (p =0.025) and
recurrence-free survival (p <0.001). Functions of CD8* T cells were impaired in HIF-2a"e" patients. In ccRCC patients,
HIF-2a induced the expression of stem cell factor (SCF), which served as chemoattractant for mast cells. Tumor infiltrating
mast cells impaired anti-tumor immunity partly by secreting IL-10 and TGF-f. HIF-2a mRNA level adversely associated
with immunostimulatory genes expression in KIRC and SATO cohorts.

Conclusions HIF-2a contributed to evasion of anti-tumor immunity via SCF secretion and subsequent recruitment of mast
cells in ccRCC patients.

Keywords Clear cell renal cell carcinoma - Hypoxia-inducible factor 2o - Immune evasion - Tumor infiltrating mast cells -
Stem cell factor

Abbreviations KIRC Kidney clear cell carcinoma
ccRCC  Clear cell renal cell carcinoma pVHL Von Hippel-Lindau (VHL) protein
GAPDH Glyceraldehyde-3-phosphate dehydrogenase RCC Renal cell carcinoma

GO Gene ontology SCF Stem cell factor

GSEA Gene set enrichment analyses TCGA The Cancer Genome Atlas

HIF Hypoxia-inducible factors TIM Tumor infiltrating mast cell

VHL Von Hippel-Lindau
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Electronic supplementary material The online version of this Introduction
article (https://doi.org/10.1007/s00262-019-02314-y) contains
supplementary material, which is available to authorized users. Renal cell carcinoma (RCC) represents 2-3% of all malig-
nancies in adults with around 271,000 newly diagnosed cases
estimated worldwide annually [1, 2]. The most common his-
tological subtype is clear cell renal cell carcinoma (ccRCC),
accounting for 70-80% of all RCC [3]. Approximately one-

third of the patients develop recurrences or metastases after

P< Jianming Guo
guo.jianming @zs-hospital.sh.cn
4 Jiejie Xu
jixufdu@fudan.edu.cn

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-7431-9063
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-019-02314-y&domain=pdf
https://doi.org/10.1007/s00262-019-02314-y

732

Cancer Immunology, Immunotherapy (2019) 68:731-741

curative surgeries [4]. Additionally, ccRCC is historically
one of the first malignancies to respond to immunotherapy
and continues to be among the most responsive [3, 6].

The lack of functional Von Hippel-Lindau (VHL) protein
(pVHL) is a key oncogenic event in majority of patients
with ccRCC [7]. As a component of the ubiquitin-mediated
proteolysis pathway, pVHL is important for degradation
of hypoxia-inducible factors (HIFs; HIF-1a and HIF-2a)
[8]. In ccRCCs, hypoxia-inducible factor 2o (HIF-2a) is
tumorigenic while HIF-1a has anti-tumorigenic functions
[9]. Genome-wide analysis reveals that at least 500-1000
genes regulating angiogenesis and metabolism are under the
control of HIF [10, 11]. There is an upregulation of HIFs
when VHL is inactivated, resulting in a metabolic shift to
anaerobic glycolysis, increased secretion of pro-angiogenic
factors, remodeling of the extracellular matrix, resistance to
apoptosis and increased mobility. The tumorigenic role of
HIF-2a was exhibited in a mouse ccRCC-xenograft model,
wherein HIF-2a overexpression led to an increased tumor
burden [12]. Knockdown of HIF-2a reduced tumor burden
in the same model. HIF-2a expression associated with worse
ccRCC patient survival in two independent studies [13, 14].
Two specific antagonists of HIF-2a, PT2385 and PT2399
are under preclinical development [15, 16].

Tumors are organized tissues with reciprocal local and
systemic connections with immune cell populations of
both the myeloid and lymphoid lineages [17]. The inter-
play between tumor cells and tumor microenvironment
plays profound roles in tumor progression [18]. However,
although the contribution of VHL-HIF-2« signaling pathway
is well defined, the signaling cross talk between high HIF-
2a-expressing RCC cells and the tumor microenvironment
is just beginning to be investigated [19-21]. Specifically,
whether HIF-2a expression in ccRCC can initiate signaling
pathways that facilitate an immunosuppressive microenvi-
ronment remains unknown. Here, we sought to identify the
mechanism by which high HIF-2a-expressing ccRCC cells
interacted with the microenvironment.

Methods
Patients and specimens

A cohort of 280 ccRCC patients who received partial
or radical nephrectomy at the Department of Urology,
Zhongshan Hospital, Fudan University (Shanghai, China)
between Jan 2005 and June 2007 were studied. Patients
with former malignant tumors, perioperative mortalities
or multi-primary cancers were excluded. Formalin-fixed,
paraffin-embedded tissue samples were constructed into
tissue microarrays. Fresh tumor tissues, non-tumor tissues
and autologous peripheral blood for RT-PCR, ELISA, flow
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cytometry analyses were collected from patients who under-
went nephrectomy in Zhongshan Hospital from September
2017 to April 2018.

Data sets

The RNA-seq data for The Cancer Genome Atlas (TCGA)
kidney clear cell carcinoma (KIRC) cohort was downloaded
from the UCSC Xena (https://xenabrowser.net/heatmap/).
The Sato et al. Agilent microarray gene expression dataset
was downloaded from ArrayExpress (http://www.ebi.ac.uk/
arrayexpress/experiments/E-MTAB-1980/) [22]. We referred
to this cohort of 101 Japanese ccRCC samples as the SATO
dataset from here on. To estimate the immune cell composi-
tions for KIRC and SATO cohort, we used analytical plat-
form CBERSORT (https://cibersort.stanford.edu/) that can
quantify relative levels of distinct cell types in a mixed cell
populations [23]. Analyses were performed with 100 per-
mutations with default statistical parameters. The activated
and resting statuses of the same type of immune cells were
analyzed as a whole. Differential gene expression between
groups of samples was determined using limma package
with R software. The protein—protein interaction network
was identified by the STRING database and visualized by
Cytoscape [24, 25]. Funrich version 3.0 was applied for gene
ontology (GO) analyses [26]. Gene set enrichment analyses
(GSEA) were carried out to identify significant gene sets
down regulated in high tumor infiltrating mast cells (TIMs)
patients, with FDR <0.25 and P value < 0.05 [27]. Gene sets
were downloaded from the Broad Institute’s MSigDB (http://
www.broadinstitute.org/gsea/index.jsp).

Tissue microarrays and Inmunohistochemistry

Formalin-fixed paraffin-embedded tissue block were sliced
and stained with hematoxylin-eosin for pathologic and diag-
nostic confirmation. Representative area was selected before
construction of tissue microarrays. Tissue microarrays were
constructed as previously described [28]. Mouse monoclo-
nal antibodies for HIF-2a (NB100-122, Novus), IgG iso-
type control (NBP2-45266, Novus), CD8 (clone C8/144B,
DAKO), tryptase (ab2378, Abcam), FOXP3 (ab20034,
Abcam), CD68 (clone KP1, DAKO), and CD66b (clone
G10F5, BD) were used for immunohistochemistry (IHC).
IHC staining was conducted as previously described [29].
Staining results were recorded with Olympus CDD camera,
Nikon eclipse Ti-s microscope (200X magnification) and
NIS-Elements F3.2 software. Scores (0 =negative, 1 =weak
staining, 2=moderate staining, and 3 =strong staining) were
assigned for cytoplasmic staining by two pathologists who
were blinded to patient statistics. CD8" T cells, mast cells,
macrophages and Tregs were calculated as cells/mm?. Neu-
trophils were recorded as presence or absence. The slides
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were reviewed by the two observers until a consensus was
reached in case of disagreement.

Quantitative RT-PCR

Extraction of RNA of fresh tumor tissues was performed
using TRIzol (Invitrogen) according to the manufacturer’s
instructions. Reverse transcription was done by QuantiTect
reverse transcription kits (QIAGEN). Primers used were:
HIF-2a primers ACCTGAAGATTGAAGTGATTGAG and
GTGGCTGGAAGATGTTTGTC; Glyceraldehyde-3-phos-
phate dehydrogenase (GADPH) primers AAGGTCGGA
GTCAACGGATT and TGGTGGCTGGAAGATGTTTGTC.
The mRNA level of HIF-2a was normalized by GADPH.

ELISA

Supernatants of tumor tissue conditioned media were col-
lected. ELISA assays to quantify stem-cell factor (SCF) in
tumor tissue supernatants with or without PT2385 (HY-
12867, MCE), a HIF-2a specific antagonist, were performed
using human SCF ELISA kit (ab100636, Abcam) according
to the manufacturer’s instructions.

Flow cytometry

Single cells were isolated from fresh tumor tissues or normal
tissues with collagenase IV and then stained with appro-
priate monoclonal antibodies for 30 min at 4 degree cen-
tigrade. Intracellular protein was performed with Fixation/
Permeabilization Solution Kit (BD Biosciences). Cell sus-
pensions from tumor and non-tumor tissues were stained
with fluorochrome-labeled antibodies specific for human
CD45 (557748, BD), CD8 (555366, BD), IFNG (562988,
BD), GZMB (560212, BD), CD117 (562094, BD), IL-10
(556013, BD), TGF-p (562962, BD) and Fc epsilon RI alpha
(FAB6678A, R&D). Flow cytometry was performed with
a BD FACScelesta and cells were analyzed using Flowjo
Software (Tree Star).

Statistical analysis

The differences between two groups were analyzed by
Student’s ¢ test, paired 7 test or Mann—Whitney U test.
Correlations between HIF-2a expression and patient char-
acteristics were assessed by Pearson’s Chi-square test or
Cochran-Mantel-Haenszel x 2 test. Pearson correlation
coefficient and linear regression analysis were used to
determine the correlation between two parameters. We
used Kaplan—Meier analysis and log rank test to demon-
strate survival curves between different groups. Overall
survival and recurrence-free survival were calculated

from the date of surgery to time of death and recurrence,
respectively. Data analyses were performed using SPSS
Statistics 21.0 (SPSS Inc., IL, Chicago, USA) and R 3.2.3
(R Foundation for Statistical Computing). All statistical
tests were two-sided and P < 0.05 was considered statisti-
cally significant.

Results

HIF-2a expression associates with worse prognosis
and impaired anti-tumor immunity in ccRCC
patients

Baseline clinicopathological characteristics of 280 ccRCC
patients were exhibited in Table S1. For further analysis
and easier clinical use, there were 155 patients grouped as
low HIF-2a expression (score =0 or 1) and 125 patients
grouped as high HIF-2a expression (score=2 or 3)
(Fig. la, Figure Sla). Representative images of HIF-2«
expression and corresponding negative control as well as
isotype control were shown in Fig. 1a. HIF-2a expression
was spilt at median in KIRC and SATO cohort (Figure
S1b, Slc). HIF-2a expression was positively correlated
with HIF-2a expression (P =0.048) (Fig. 1b). Other clin-
icopathological characteristics listed in table S1 did not
show a clear association (Table S1). Kaplan—Meier analy-
ses demonstrated that patients with HIF-2a"#" tumors had
significantly worse overall survival (P =0.025) (Fig. 1c¢).
A total of 248 localized ccRCC patients with detailed
follow-up information were evaluated for recurrence-
free survival. Patients with HIF-2a"2" tumors exhibited
reduced recurrence-free survival as well (P <0.001)
(Fig. 1d). Interestingly, we noticed that the number of
tumor infiltrating CD8* T cells was significantly lower in
HIF-2aMe" tumors (P =0.016) (Fig. le). We then evaluated
CD8™ T-cell infiltration in KIRC and SATO cohorts with
CIBERSORT, a computational approach for inferring leu-
kocyte representation in bulk tumor transcriptomes [23].
There was an inverse correlation between HIF-2a expres-
sion and CD8* T-cell infiltration in both KIRC cohort
(P <0.001) and SATO cohort (P=0.058) (Fig. 1f). Since
CD8* T-cell infiltration alone was not informative enough
about the anti-tumor immunity of CD8" T cells, we next
investigated the functions of CD8* T cells in fresh tumor
samples. HIF-2a mRNA expression of fresh tumor tis-
sues was split at median as well. CD8" T cells in HIF-
2a°" tumors exhibited heightened expression of IFN-y and
GZMB, effector molecules prominently associated with
T-cell response (Fig. 1g, h). These results suggested that
HIF-2a was implicated in establishment of an immune-
suppressive microenvironment.
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Fig.1 HIF-2a expression associates with worse prognosis and
impaired anti-tumor immunity in ccRCC patients. a Representa-
tive immunohistochemistry images of hypoxia-inducible factor 2«
(HIF-2a) expression. b Percentage of patients with HIF-2a high
expression in different tumor nucleus grades. ¢ Kaplan—-Meier plots of
overall survival in Zhongshan cohort. d Kaplan—-Meier plots of recur-
rence-free survival in Zhongshan cohort. e Quantification of CD8*

Mast cells accumulate in HIF-2a"9" tumors
and correlate with reduced immunosurveillance

in ccRCC patients

Next, we sought to explore whether the tumor microenvi-
ronment imparted different features on the composition of
immune cells in HIF-2o"#" and HIF-2a'°" tumors. We ana-
lyzed macrophages, regulatory T cells, neutrophils and mast
cells infiltrations with immunohistochemistry in Zhongshan
cohort (Fig. 2a, Figure S2a, S2b, S2c). We observed sig-
nificantly elevated number of TIMs in HIF-2a"&" tumors
(Fig. 2b, Figure S2d). CIBERSORT analysis also revealed
that among all the 18 types of immune cells, only mast cells
accumulated in HIF-2a™&" tumors (KIRC: P <0.001, fold
change =1.67; SATO: P=0.005, fold change=1.85) and
moderately associated with HIF-2a expression in both KIRC
(P<0.001, r=0.309) and SATO (P=0.001, r=0.325)
cohorts (Fig. 2¢). Mast cells have been associated with the
promotion of immune tolerance. We identified some differ-
entially expressed genes in tumors with high TIMs versus
tumors with low TIMs. In particular, genes encoding com-
ponents of CD8" T receptor (CDSA, CD8B, CD27), related
to cytotoxic activities mediated by CD8* T (IFNG, GZMK)
and suggesting a cytokine-rich microenvironment (CXCL9,
CXCL13) were among the top 30 down-regulated genes in
two cohorts (Fig. 2d). We then performed protein—protein
interaction analysis with top 200 down-regulated genes in
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T cells in HIF-20®" tumors and HIF-2a"€" tumors in Zhognshan
cohort. f CD8* T-cell fraction in HIF-2a'" tumors and HIF-2q"&"
tumors in KIRC and SATO cohorts. g Representative images of flow
cytometry analysis and IFN-y expression in CD8" T cells. h Repre-
sentative images of flow cytometry analysis and GZMB expression in
CDS8* T cells. *P<0.05, **P<0.01, ***P <0.001

high TIMs group. Genes related to anti-tumor immunity
(IFNG, GZMA, GZMK, CCLS5, CD8A, CD3E, CD3D,
CXCL9, CCRS5, IL2RG) were in center of both KIRC and
SATO protein—protein interaction network (Fig. 2e). In short,
expressions of genes characteristic of adaptive immune sys-
tem and cytotoxic functions were markedly down-regulated
in tumors with high TIMs.

IL-10 and TGF-f contribute to immunosuppressive
properties of tumor infiltrating mast cells in ccRCC
patients

Biological pathways of immune system, TCR signaling
in naive CD8* T cells, IL-12 mediated signaling events
in both cohorts were significantly down-regulated in
tumor with high TIMs (Fig. 2f). Additional comparison
of gene expression profile of tumors with high TIMs and
low TIMs was performed by GSEA. Most of the down-
regulated gene sets associated with immune parameters
reached statistical significance in KIRC cohort (Fig. 3a).
Allograft rejection [Normalized enrichment score (NES)
= — 1.798], interferon gamma response (NES = —1.779),
interferon gamma response (NES = —1.717) and inflam-
matory response (NES = —1.684) were among the top
five down-regulated HALLMARK pathways. Analyses
of KEGG and PID pathways revealed down-regulation of
pathways related to anti-tumor immunity including IL-2
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Fig.2 Mast cells accumulate in HIF-2a™&" tumors and correlate with

reduced immunosurveillance in ccRCC patients. a Quantification
of macrophages, Tregs and neutrophils in HIF-2a/®" and HIF-2q"¢"
tumors in Zhongshan cohort. b Quantification of mast cells in HIF-
20" and HIF-20Me" tumors in Zhongshan cohort. ¢ Mast-cell frac-
tion in HIF-2a/*" tumors and HIF-2a™¢" tumors in KIRC and SATO
cohorts. d Volcano plots of differentially expressed genes between
tumors with high tumor infiltrating mast cells (TIM) and low TIMs in

pathway, IL-12 pathway, CD8-TCR pathway, natural killer
cell-mediated cytotoxicity, etc (Fig. 3b). Similar results
were observed in SATO cohort (Figure S1d). These down-
regulated pathways demonstrated an association between
TIMs and immune suppression. Both IL-10 and TGF-$
levels were found to be significantly up-regulated in TIMs
as compared to mast cells from normal tissues, thus TIMs
could at least partly suppress T-cell immunity via secre-
tion of IL-10 and TGF-p in ccRCC patients (Fig. 3c, d).
Concomitantly, IL-10 and TGF-p expressions in TIMs
significantly elevated in HIF-2a"#" tumors, hinting that
HIF-2a high expression contributed to mast-cell activa-
tion (Fig. 3e, f).

-log10 p-value

KIRC (adjusted p <0.05, log, fold change>1.5) and SATO (p <0.05,
log, fold change> 1) cohorts. e Protein—protein interaction networks
of the top 200 down-regulated genes in tumors with high TIMs in
KIRC and SATO cohorts (interaction score > 0.4, node degree > 10).
f Gene ontology analysis of top 200 down-regulated genes in tumors
with high TIMs versus tumors with low TIMs in KIRC and SATO
cohorts. ***P <0.001

HIF-2a expression induces SCF secretion in ccRCC
patients

To pursue mechanism underlying increased mast-cell
infiltration, we analyzed KIRC and SATO RNA-seq data
focusing on chemokines implicated in mast cells traffick-
ing to tumors. Significance Analysis for Microarray iden-
tified three differentially expressed genes (delta value >2)
in KIRC cohort and one gene in SATO cohort. Significant
up-regulation of SCF in HIF-2a"2" tumors was observed in
KIRC and SATO cohorts (Fig. 4a, b). In KIRC cohort, SCF
mRNA levels moderately correlated with HIF-2a expres-
sion while in SATO cohort, they had a strong correlation
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Fig.3 IL-10 and TGF-p contribute to immunosuppressive properties
of tumor infiltrating mast cells in ccRCC patients. a Gene set enrich-
ment analysis (GSEA) (HALLMARK, KEGG and PID) pathway dis-
tribution for tumors with high TIMs versus tumors with low TIMs in
KIRC cohort. Horizontal line denotes FDR significance. b Immune-
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(Fig. 4c). Similar to data at the mRNA levels, analysis of
supernatants of fresh tumor tissue from ccRCC patients
revealed that SCF increased greatly in HIF-2a
(Fig. 4c). Analysis of circulating SCF with blood samples

Normal tissue  Tumor

——TGFp——

high

tumors

Normal tissue  Tumor

showed that there was also a systemic increase in the level

of SCF (Fig. 4e). The identification of SCF as a product
of HIF-2a expression was consistent with the finding that
the secretion of SCF was regulated in a HIF-2a-dependent

patients

manner [30]. To determine the role of HIF-2a expression

in production of SCF, we treated ccRCC suspensions with
PT2385, a selective HIF-2a antagonist. The antagonist sig-

nificantly down-regulated SCF secretion (Fig. 4f).

SCF recruits tumor infiltrating mast cells
and associates with increased IL-10 and TGF-f8
secretion in ccRCC patients

SCF plays a major role in recruitment of mast cells to the
tumor site [31]. The receptor of SCF, c-Kit, was up-regu-
lated in HIF-2a™&" tumors as well in both KIRC and SATO
cohorts (Fig. 5a, Figure Sle). In this study, SCF levels were
positively correlated with mast-cell infiltrations in all three
cohorts (Fig. 5b, c¢). Together, these results indicated that
increased mast-cell recruitment into the microenvironment
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HIF-2¢"

HIF-200e

cohort. ¢ Flow cytometric detection of IL-10 on mast cells in tumor
tissues and normal tissues. d Flow cytometric detection of TGF-f on
mast cells in tumor tissues and normal tissues. e Protein expression of
IL-10 on mast cells from HIF-2a'*" and HIF-2a"#" tumors. f Protein
expression of TGF-p on mast cells from HIF-2o/°" and HIF-20ohieh
tumors. *P <0.05, **P <0.01, ***P <0.001

of HIF-2aMe" tumors was at least in part, due to increased
production of SCF. We found that SCF protein levels were
positively correlated with IL-10 and TGF-f expression in
TIMs (Fig. 5d, e).

HIF-2a mRNA levels adversely associate

with immune-stimulatory genes expression in ccRCC

To confirm the immunosuppressive roles of HIF-2a,we
performed a correlation analysis across the TCGA KIRC

tumors for HIF-2a expression and immune gene signatures
including CD8* T-cell cytotoxicity, Ty 1 orientation, homing
of T cells and angiogenesis. Heat-maps showed that high
HIF-2a expression was associated with the downregulation
of the clusters referring to CD8" T-cell cytotoxicity, Tyl
orientation and homing of T cells (Fig. 6a—c). Nine genes of

the CD8 cytotoxicity cluster (CDSA, CD8B, CD2, ZAP70,
GZMA, GZMK, LTB, IL15, IL18), seven genes of the Ty1
orientation cluster (CD2, IFNG, IL12B, IL18, IL12RBI1,
BTLA, STAT1) and six homing of T-cell cluster genes
(CXCL10, CXCR3, CCL3, CCL4, CCLS, CCRS5) were sig-
nificantly differentially expressed between patient groups.
The dominant angiogenesis-promoting role of HIF-2a was
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Fig.4 HIF-2a expression induces SCF secretion in ccRCC patients.
a Heat-maps displaying cytokines able to recruit mast cells in
KIRC and SATO cohorts. b Significance analysis for Microarray of
cytokines in heat-maps in KIRC and SATO cohorts. ¢ Correlations
between stem cell factor (SCF) and HIF-2a mRNA levels in KIRC
and SATO cohorts. d Stem cell factor (SCF) protein levels in super-

reflected in angiogenesis gene cluster, with ten signature
genes (CEACAM1, CTNNB1, EDNI1, EGFR, ENG, ENPEP,
FOXO1, REN, VCAM1, VEGFA) significantly upregulated
in HIF-2a"" tumors (Fig. 6d). Meanwhile, we observed
similar trends for gene clusters representing CD8" T-cell
cytotoxicity, Tyl orientation and angiogenesis in SATO
cohort, but few genes reached statistical significance, prob-
ably due to limited sample size. These data further con-
firmed the immunosuppressed state in HIF-2a™&" tumors.
HIF-2a linked oncogenic activation to the evasion of anti-
tumor immunity.

Discussion

It is increasingly recognized that host immunity plays a criti-
cal role in regulating tumor progression [32]. The efforts of
immune cells that populate the tumor microenvironment to

i 16
DMSO PT2385 HIF-20 mRNA

natants of HIF-2/®" tumors and HIF-2a™#" tumors. e SCF protein
levels in serum of patients with HIF-20/°" tumors and HIF-2qM¢
tumors. (f) SCF protein levels in suspensions of ccRCC treated with
PT2385 (10 pmol/ml) for 12 h and DMSO (paired t test). *P <0.05,
**P<0.01

mount an effective anti-tumor response usually fail, partly
due to the immune-suppressing cells [33]. The current
understanding is that HIF-2a promotes tumor progression
by regulating metabolism, angiogenesis, extracellular matrix
and apoptosis [34]. However, the immune-modulating capa-
bilities of HIF-2a are poorly understood. In this study, we
implicated that HIF-2« high expression restrained anti-tumor
immunity through recruitment of mast cells and the subse-
quent suppression of CD8" T-cell function. We reported that
HIF-2a expression in ccRCC cells induced the expression
of SCF and HIF-2a antagonist significantly inhibited SCF
secretion. SCF acted as a chemoattractant for mast cells.
Recruited TIMs were immunosuppressive and blunted
immunosurveillance via secretion of IL-10 and TGF-p.
The increase in SCF protein level was corroborated by
an increase in SCF transcripts level. Chromatin immuno-
precipitation and luciferase assay have proved that HIF-2«
induces the transcription of SCF gene through the hypoxia
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Fig.5 SCF recruits tumor infiltrating mast cells and associates with
IL-10 and TGF-p secretion in ccRCC patients. a Interaction network
analysis of chemokine ligand gene expression and corresponding
receptor gene expression detected in HIF-2aM&" versus HIF-2a%
tumors in KIRC cohort. Genes are ordered vertically by fold change.
Black lines connect up-regulated pairs. b Correlations between SCF

response element in SCF promoter [30]. SCF is a major che-
moattractant for mast cells and mast-cell progenitors [31].
In accordance with this, SCF protein level is positively cor-
related with the number of TIMs in our study. SCF promotes
not only recruitment of mast cells into tumors, but also their
maturation and activation. Growing evidence has indicated
a more regulatory role for mast cells in immune system.
Mast cells are able to produce a long list of cytokines,
among which IL-10 and TGF-f receive particular attention
due to their known role as immunosuppressive mediators
[35]. Several lines of evidence in our study proved that mast
cells accumulated in response to SCF production by high
HIF-2a-expressing ccRCC cells had immunosuppressive
properties. Thus we observed reduced CD8" T-cell infil-
tration and impaired CD8" T-cell function in fresh tumor
samples with high HIF-2a expression. In accordance with
this, HIF-2a mRNA expression inversely correlated with
gene clusters reflective of CD8 cytotoxicity, Ty 1 orientation
and homing of T cells. Taken together, these findings sug-
gested that HIF-2a was an important regulator of immune

@ Springer

and HIF-2a mRNA levels in KIRC and SATO cohorts. ¢ Correla-
tion between SCF protein levels in tumor supernatants and number
of TIMs. d Correlation between SCF protein levels and IL-10 expres-
sion in TIMs. e Correlation between SCF protein levels and TGF-
expression in TIMs

suppression within the ccRCC tumor microenvironment.
The roles of mast cells and SCF in tumor immunosuppres-
sion have already been elucidated [36]. However, the role
of HIF-2a-SCF-mast cell cascade has not been reported and
these results extend the oncogenic functions of the HIF-2a
from a cancer cell-intrinsic to a systemic level.

Two HIF-2a selective inhibitors both show greater anti-
tumor activity than sunitinib in mouse models [15, 31].
HIF-2a has been mainly implicated in angiogenesis while
our work provides another rationale for the development
of HIF-2a inhibitors. Targeting a molecular pathway that
is upregulated in cancer cells may provide tumor specific-
ity and help to overcome some of the potential issues with
severe autoimmunity. Besides, the tight link between HIF-2a
expression, mast-cell accumulation and impaired immuno-
surveillance highlight the opportunities for immunotherapy
in ccRCC patients with HIF-2a"&" tumors. The use of neu-
tralizing antibodies of SCF or pharmacological agents mod-
ulating mast cells functions might be a new way to prevent
progression of ccRCC. Effective and safe antagonists that
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Fig. 6 HIF-2a mRNA levels
adversely associate with
immune-stimulatory genes
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target SCF/c-kit axis or mast cells are in development, which
might be repurposed for treatment of HIF-2a™&" ccRCC
patients [38].

Conclusions

Disruption of CD8% T-cell immunity by elements of the
tumor microenvironment is thought to be a major mecha-
nism of tumor immune evasion [39]. Mast cells accumulated
in ccRCC with high HIF-2a expression. Our data for the
first time demonstrated that HIF-2a induced expression of
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SCF, which promote the formation of an immunosuppres-
sive, tumorigenic microenvironment by inducing mast-cell
accumulation and subsequent suppression of CD8* T-cell
function.
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