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BACKGROUND: The study aimed to examine the significance of insulin receptor (INSR) expression in predicting resistance to

axitinib in clear cell renal cell carcinoma (ccRCC).

METHODS: Clinicopathological data were collected from 36 consecutive patients with metastatic RCC who received axitinib. Thirty-
three primary tumours were obtained for immunohistochemistry. Patient-derived xenograft (PDX) models were created by
transplanting primary tumours into immunodeficient mice, establishing axitinib-resistant PDX models. RCC cell lines were co-
cultured with human renal glomerular endothelial cells (HGECs) treated with siRNA of INSR (HGEC-siINSR). Gene expression

alteration was analysed using microarray.

RESULTS: The patients with low INSR expression who received axitinib had a poorer outcome. Multivariate analysis showed that
INSR expression was the independent predictor of progression-free survival. INSR expression decreased in axitinib-resistant PDX
tumours. RCC cell lines showed upregulated interferon responses and highly increased interferon-f levels by co-culturing with
HGEC-siINSR. HGECs showed decreased INSR and increased interferon-f3 after axitinib administration. RCC cell lines co-cultured with
HGEC-siINSR showed high programmed death-ligand 1 (PD-L1) expression, which increased after interferon-f administration.
CONCLUSIONS: Decreased INSR in RCC could be a biomarker to predict axitinib resistance. Regarding the resistant mechanism,
vascular endothelial cells with decreased INSR in RCC may secrete interferon-f and induce PD-L1.
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BACKGROUND
The management of metastatic renal cell carcinoma (mRCC) has
changed after introducing immune-oncology (I0) drugs, such as
anti-programmed death-1 (PD1) antibodies [1]. Furthermore, the
combination therapy of anti-PD-1 and anti-cytotoxic T-lymphocyte-
associated antigen-4 (CTLA-4) antibodies [2] and recently, the
several combination therapies of VEGFR-TKI and anti-PD1 antibody
[3-5] or anti-programmed death-ligand 1 (PD-L1) antibody [6]
showed significantly higher objective response rate (ORR) and
longer progression-free survival (PFS) and overall survival (OS) than
sunitinib and are recommended as first-line systemic therapies for
mRCC. Therefore, monotherapy with VEGFR-TKIs is rarely used as
the first-line therapy presently. However, VEGFR-TKIs, including
axitinib, are combined with 10-drug as the first-line therapy and are
mostly used as subsequent therapy after |0 combination therapy.
Furthermore, VEGFR-TKI monotherapy should be selected as the
first-line treatment in patients with mRCC with contraindication for
I0 drugs [7]. Therefore, it is important to identify the factors
predicting the efficacy or resistance of VEGFR-TKIs.

Molecular targeted agents, particularly VEGFR-TKIs, provided
longer PFS for patients with mRCC in several pivotal clinical trials

[8-11] and longer OS than those with cytokine therapy in
retrospective studies [12, 13]. Thus, molecular targeted agents
have made a substantial impact by providing longer survival to
patients with mRCC. However, a certain number of patients with
mRCC do not respond to these agents at all, leading to poor
outcomes irrespective of subsequent therapies, called primary
refractory diseases [14, 15].

Several established risk models are used to predict prognosis
and help choose systemic therapy for patients with mRCC,
including the Memorial Sloan Kettering Cancer Center (MSKCC)
risk model and the International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) risk model. However, few biomarkers
to predict the effectiveness of molecular targeted agents for
patients with mRCC have been reported [16]. The mechanisms of
resistance to VEGFR-TKIs are unclear.

We previously identified the prognostic gene set of patients
with clear cell RCC using a cDNA microarray [17]. The results of an
additional microarray study with an increased number of patients
(data not shown) prompted us to examine further the role of
insulin receptor (INSR) expression in the prognostic gene set. After,
we sought to elucidate the underlying molecular mechanisms

"Department of Urology, Tokushima University Graduate School of Biomedical Sciences, Tokushima, Japan. *Division of Pathology, Tokushima University Hospital, Tokushima,

Japan. ®email: takahashi.masayuki@tokushima-u.ac.jp

Received: 11 August 2020 Revised: 27 May 2023 Accepted: 13 June 2023

Published online: 24 June 2023


http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02325-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02325-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02325-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02325-8&domain=pdf
http://orcid.org/0000-0003-2449-3148
http://orcid.org/0000-0003-2449-3148
http://orcid.org/0000-0003-2449-3148
http://orcid.org/0000-0003-2449-3148
http://orcid.org/0000-0003-2449-3148
https://doi.org/10.1038/s41416-023-02325-8
mailto:takahashi.masayuki@tokushima-u.ac.jp
www.nature.com/bjc

M. Takahashi et al.

522

with which the low expression of INSR induces resistance to
axitinib using patient-derived xenograft (PDX) mouse models and
RCC cell lines. This was because it is essential to observe the
interaction between tumour cells and the surrounding stromal
tissues, including tumour vessels, in vivo. In addition, we discussed
the association between INSR and the inflammatory process since
insulin has anti-inflammatory effects [18].

METHODS

Bioinformatics analyses

Data on INSR expression and OS of 520 patients with RCC were extracted
from publicly available gene expression data sets of The Cancer Genome
Atlas (TCGA) (https:/portal.gdc.cancergov/) and cBioportal (https://
www.cbioportal.org/). The study followed the publication guidelines provided
by TCGA (http://cancergenome.nih.gov/publications/publicationguidelines).
The patients were divided based on the median INSR expression into low-
and high-expression groups; OS was compared between the two groups.

Patients’ characteristics

Clinicopathological data were retrospectively collected from the medical
records of 36 consecutive patients with metastatic RCC who started to
receive axitinib from January 2008 to April 2015 at Tokushima University
Hospital (Tokushima, Japan) (Table 1). Tissues were obtained by radical
nephrectomy (n=28) or percutaneous biopsy (n=15) from 33 primary
tumours before administering axitinib. Written informed consent was
obtained from all patients. The ethical review board of Tokushima
University Hospital (permission number 709) approved the study, which
was conducted according to the ethical standards of the Declaration of
Helsinki.

Cell lines
Considering the mechanism of action of axitinib, a selective VEGFR-TKI,
various RCC cell lines originating from clear cell RCC were chosen. Caki-1

Table 1. Patients’ characteristics.

Patient age, years, median (range) 70 (36-84)
Sex (n, %) Male 22 (61.1%)
Female 14 (38.9%)
Nephrectomy (n, %) Yes 29 (80.6%)
No 7 (19.4%)
Histology (n, %) Clear cell 27 (75.0%)
Clear cell 4+ sarcomatoid 3 (8.3%)
Collecting duct 2 (5.6%)
Papillary 1 (2.8%)
Sarcomatoid 1 (2.8%)
MTSCC 1 (2.8%)
Unknown 1 (2.8%)
Treatment line (n, %) First line 2 (5.6%)
Second line 21 (56.8%)
Third line 10 (27.8%)
>Fourth line 3 (8.3%)
Prior therapy (n, %) Sunitinib 16 (44.4%)

Interferon-a 12 (33.3%)

Sorafenib 8 (22.2%)
Temsirolimus 7 (19.4%)
Everolimus 7 (19.4%)
Interferon-o + IL-2 1 (2.8%)
Gemcitabine + Carboplatin 1 (2.8%)

MTSCC mucinous tubular and spindle cell carcinoma, Treatment line
treatment line of axitinib.

(RRID: CVCL_0234) and 769-P (RRID: CVCL_1050) cell lines were purchased
from American Type Culture Collection (ATCC, Manassas, VA). The A704
(RRID: CVCL_1065), KMRC-1 (RRID: CVCL_2983), and KMRC-20 (RRID:
CVCL_2986) cell lines were purchased from the JCRB cell bank (Osaka,
Japan). Human glomerular microvascular endothelial cells (HGECs) were
purchased from Cell Systems (Kirkland, WA). All cells were cultured as
recommended by the respective sources.

Establishment of a patient-derived xenograft model

Tumour tissues obtained by radical nephrectomy were immediately
minced and directly inoculated subcutaneously into the 6-8-week-old
SCID male mice (Charles River Laboratories, Yokohama, Japan) in the
animal facility at the University of Tokushima. The body weight of the mice
used for the experiment was 24.8+1.6g (mean+SD). Five mice were
housed in one cage under a strict light-dark cycle (light on at 9:00 and off
at 21:00 automatically). The animal room was maintained at a constant
temperature (22+1°C) and humidity (50 + 15%). The mice were fed a
standard diet as needed, including filtered tap water using an automatic
water supply system. PDX tumours were serially transplanted for tumour
expansion. After tumour size on the mice was increased to approximately
200mm?® [calculated as 1/2 x (length x width?)], 30mg/kg of axitinib,
determined by referring to the previous report [19], were orally
administered twice daily. According to a previous report [20], the PDX
tumours were resected, showing resistance to axitinib by re-growing after
shrinkage, and administered a mixture of medetomidine (0.75 mg/kg body
weight), midazolam (4 mg/kg body weight) and butorphanol (5 mg/kg
body weight), to relieve the associated pain. The mice were euthanised by
cervical dislocation. To establish axitinib-resistant PDX tumour models, five
mice were used. INSR expression was compared between axitinib-resistant
and axitinib-sensitive PDX tumours using Western blotting.

The ethical review board of Tokushima University Hospital (permission
number: 1841) and the Institutional Animal Care and Use Committee
(Permission number: T2019-56) of Tokushima University approved the
animal experiments. All animal experiments were performed according to
the guidelines of the animal facility at the University of Tokushima, which
conforms to the Fundamental Guidelines for Proper Conduct of Animal
Experiments and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture, Sports, Science
and Technology in Japan.

Immunohistochemistry (IHC)

Sections of paraffin-embedded RCC specimens and PDX tissues were
deparaffinised in xylene and rehydrated in a graded ethyl alcohol series
(100%, 95%, and 90%). Endogenous peroxide activity was blocked with
0.3% hydrogen peroxide solution in 50% methanol at room temperature
for 10 min. Antigen retrieval was performed with the recommended buffer
using an autoclave at 120 °C for 10 min followed by cooling down at room
temperature for 30 min. After cooling, the slides were rinsed in distilled
water and 0.01 mol/l phosphate-buffered saline (PBS, pH 7.4) and
incubated with a protein-blocking solution for 5 min. Sections were
incubated with primary antibodies against INSR (ab69508, Abcam,
Cambridge, MA; diluted 1:1000 in PBS) and CD31 (anti-human: clone
JC70A, Agilent Dako Glostrup, Denmark; diluted 1:100 in PBS for human
specimens, anti-mouse: clone MEC 13.3, BD Biosciences, Franklin Lakes, NJ;
diluted 1:100 in PBS for PDX tumours) overnight at 4 °C. After, they were
washed three times in PBS and incubated with 1-2 drops of Dako REAL™
EnVision™/HRP, Rabbit/Mouse (ENV) reagent (DAKO) for 60 min at room
temperature. They were then washed again with PBS and incubated with
diaminobenzidine (DAB) and substrate chromogen system for 5min at
room temperature, resulting in brown-coloured precipitates at the antigen
site. Sections were then counterstained with haematoxylin for 1 min and
mounted.

Immunofluorescence

Sections of PDX tumours were fixed with 2% paraformaldehyde
phosphate-buffered saline (PBS) solution (Wako, Osaka, Japan) at 4 °C for
10 min.

The sections were then incubated in 0.1% Triton X-100 in PBS at 4 °C for
2min and blocked with 5% goat serum. Blocked sections were then
incubated with primary antibody at 4 °C overnight and then with Alexa
568- and 488-conjugated secondary antibody (Thermo Fisher Scientific,
Waltham, MA) at room temperature for 60 min. Fluorescent images were
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acquired using a Keyence BZ-9000 fluorescence microscope (Keyence
Corporation, Osaka, Japan).

Evaluation of IHC

Two certified pathologists, blinded to clinical features and outcomes,
evaluated each slide independently. The IHC expression intensity of INSR
was scored on a scale of 0 (no staining), 1 (low), and 2 (high). The INSR
staining pattern was scored on a scale of 0-2 (0: focal, 1: intermediate, and
2: diffuse). Specimens analysed using immunohistochemical staining were
divided according to the sum of the INSR intensity and the staining pattern
score into low (sum score <2) or high expression (sum score >3).

Quantitative and semi-quantitative reverse transcription-
polymerase chain reaction

Total RNA was extracted from cultured cells using the RNeasy Mini Kit
(QIAGEN, Valencia, CA), according to the manufacturer’s instructions. The
appropriate dilutions of each single-stranded ¢cDNA were prepared for
subsequent polymerase chain reaction amplification, and reactions were
monitored using B-actin as a quantitative control. Each sample was
analysed in triplicate for each primer pair. Quantitative RT-PCR was carried
out with a Light Cycler 350S Real-Time PCR System (Roche Diagnostics,
Madison, WI). The total volume of the reaction mixture was 20 pl, and it
contained 10 ul of 2x SYBR Green Buffer, 0.2 ul of RT Mix, 1l of each
primer (10 pM) and 1 pl of total RNA (0.01 pg/ul). The reaction mixture was
first incubated at 50 °C for 15 min to allow for reverse transcription. PCR
was then initiated at 95 °C for 10 min to activate modified Taq polymerase,
followed by a 45-cycle amplification (95 °C for 15's, 55 °C for 20 s and 72°C
for 10s) and 1 cycle (95 °C for 0, 65°C for 155 and 0.1 °C/s to 95 °C) for
melting analysis. The relative expression levels of the target genes
including INSR, INF-a, IFN-3, IFN-y and PD-L1 to B-actin were obtained using
Light Cycler Software Ver.3.5 (Roche Diagnostics, Madison, WI) and
calculated using the 2 — AACt method. The sequences of each primer
set are shown in Supplementary Table 2.

Western blot analysis

Cells were lysed using a Mammalian Cell Extraction kit (Bio Vision,
Mountain View, CA). After centrifuging 14,000 x g for 10 min, the super-
natant was collected as the total protein extract and stored at -80 °C until
use. Equal amounts of protein were separated using SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. The membrane was
then blocked with Block Ace (KAC, Kyoto, Japan) for 60 min and incubated
with anti-INSR (Abcam, ab69508; dilution 1:200), anti-B-actin (Sigma-
Aldrich Japan KK, A5441, dilution 1:1000), anti-PD-L1 (Cell Signalling
Technology, #13684, dilution 1:1000), anti-STAT1 (Cell Signalling Technol-
ogy, #14994, dilution 1:1000), anti-STAT3 (Cell Signalling Technology,
#8768, dilution 1:1000), anti-p-STAT1 (Ser727) (Cell Signalling Technology,
#8826, dilution 1:1000), and anti-p-STAT3 (Tyr705) (Cell Signalling
Technology, #9145, dilution 1:1000) primary antibodies at 4 °C overnight.
After incubating with HRP-conjugated secondary antibodies (Thermo
Fisher Scientificc, Waltham, MA; dilution 1:1000) for 60 min, blots were
developed with an enhanced ECL Prime Kit (GE Healthcare, Piscataway, NJ)
and scanned using an Image Reader LAS-500 (Fujifilm, Tokyo, Japan).

RNA interference and co-culture

Small interfering RNA oligonucleotides were used to knock down INSR in
HGECs. Non-silencing RNA duplex was used as a negative control.
Transfection with 10 nM of two different small interfering RNA (siRNA1:
5072001002F #831, siRNA2: 6157001002F #852, Sigma-Aldrich Japan KK) of
INSR to HGECs was performed using Lipofectamine RNAIMAX (Thermo
Fisher Scientific) with the forward transfection method. The sequences of
siRNAs were shown in Supplementary Table 3. The knockdown effect of
siRNA at 72 h after transfection was evaluated by quantitative RT-PCR and
Western blot analysis. After transfection, HGECs were seeded into 6-well
ThinCert™ cell culture inserts, and 2.5ml of Caki-1 cell suspension
containing 8 x 10* cells/ml in CS-C Complete Medium was placed into a
6-well plate. The inserts were placed in each well of the 6-well plate, and
co-cultures were maintained for 24 h.

Microarray analysis

Cyanine-3 (Cy3)-labelled cRNA was prepared from 150 ng RNA using the
One-Color Low Input Quick Amp Labeling kit (Agilent, Santa Clara, CA)
according to the manufacturer’s instructions; this was followed by RNAeasy
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column purification (QIAGEN). Dye incorporation and cRNA yield were
checked using the NanoDrop ND-1000 Spectrophotometer.

After, 600 ng of Cy3-labelled cRNA (specific activity >6 pmol Cy3/ug
cRNA) were fragmented at 60 °C for 30 min in a 25 pl reaction volume
containing 25x Agilent fragmentation buffer and 10x Agilent blocking
agent according to the manufacturer’s instructions. On completion of the
fragmentation reaction, 25 pl of 2x Agilent hybridisation buffer was added
and hybridised to Agilent SurePrint GE Unrestricted Microarrays (G2519F)
for 17h at 65°C in a rotating Agilent hybridisation oven. After
hybridisation, microarrays were washed for 1 min at room temperature
with GE Wash Buffer 1 (Agilent) and 1 min with GE Wash buffer 2 (Agilent)
at 37 °C; they were then dried immediately.

The slides were scanned immediately after washing on the Agilent DNA
Microarray Scanner (G2505C) using the one colour scan setting for 8x60K
array slides (scan area 61x21.6 mm?, scan resolution 3 um, dye channel
set to Green, and Green PMT was set to 100%).

The scanned images were analysed using Feature Extraction Software
10.7.1.1 (Agilent) using default parameters (protocol GE1_107_Sep09 and
Grid:  028282_D_F_20110531) to obtain background-subtracted and
spatially detrended processed signal intensities. Features flagged in
Feature Extraction as Feature Non-uniform outliers were excluded.

Gene set enrichment analysis (GSEA)

The gene set enrichment analysis (GSEA; Broad Institute) was conducted
by comparing the observed expression profiles to an a priori gene set with
well-defined biological processes (Hallmark gene set) from the Molecular
Signatures Database (MSigDB version 6.1) (https://www.ncbi.nlm.nih.gov/
pubmed/26771021), using GSEA software version 2.2.3. An enrichment
score (ES) was calculated that reflects the degree to which the predefined
gene set is overrepresented at the extremes of the entire ranked list of
transcripts in the sample. The reported false discovery rate (FDR) is the
estimated probability that the observed normalised enrichment score
(NES) constitutes a false positive result (https://www.ncbi.nlm.nih.gov/
pubmed/16199517).

Statistical analysis

PFS and OS curves in patients with mRCC treated with axitinib were
estimated using the Kaplan-Meier method, with significance assessed
using the log-rank test. Multivariate Cox regression models were used to
examine the significant factors to predict PFS and OS in patients with
mRCC administered axitinib. Statistical significance was calculated using
two-tailed Welch's t test to compare interferon or PD-L1 expression
between the two groups. Statistical analysis was performed using SPSS
Statistics 25 (SPSS, IBM Corp, Armonk, NY). p<0.05 was considered
significant. Regarding the experiments with the PDX tumours, the
minimum number of mice was used to confirm the correlation of INSR
expression with axitinib resistance; therefore, statistical analysis could not
be performed.

RESULTS

Correlation of INSR expression and overall survival using
TCGA data

OS was analysed according to INSR expression with the data of
520 patients with RCC who underwent radical nephrectomy in the
TCGA data set. The patients with higher INSR expression (n = 260)
had significantly longer OS than those with lower INSR expression
(n = 260) (median OS 90.8 vs. 62.9 months, p < 0.001) (Fig. 1a).

Immunohistochemical evaluation of INSR in mRCC patients
with axitinib

INSR expression in the primary tumours (nephrectomy; n =28,
percutaneous biopsy; n=5) obtained from patients with mRCC
who received axitinib was evaluated using IHC. INSR was
expressed in vascular endothelial cells inside a tumour, confirmed
by the corresponding CD31 positive staining by using human
nephrectomy specimens and merged images with immunofluor-
escence in PDX tumours (Fig. S1). Regarding clinicopathological
factors, histology was significantly different between the two
groups with low- or high-INSR expression, while other factors are
similar (Supplementary Table 1). The group with low-INSR
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Fig. 1

Survival of patients with RCC according to INSR expression. a Survival outcome related with INSR expression according to TCGA data.

According to TCGA data, patients with RCC with higher INSR expression (n = 260) have significantly longer overall survival than those with
lower INSR expression (n=260) (median OS 92.1 months vs. 63.8 months, p <0.001). Kaplan-Meier analysis shows that patients with
metastatic renal cell carcinoma (mRCC) with low insulin receptor (INSR) expression who received axitinib have significantly worse progression-
free survival (PFS) (median PFS 2.4 vs. 19.3 months, p < 0.0001) (b) and overall survival (OS) (median OS 5.6 vs. 33.7 months, p = 0.001) (c) than

those with high INSR expression.

expression consisted of 6 clear cell RCC and 4 non-clear cell RCC
(collecting duct carcinoma; n=2, papillary RCC; n=1, unclassi-
fied; n = 1), while that with high-INSR expression consisted of only
clear cell RCC. Kaplan—-Meier analysis showed that patients with
mRCC with low INSR expression who received axitinib had
significantly shorter PFS (median PFS 2.4 vs. 19.3 months,
p <0.0001) (Fig. 1b) and OS (median OS 5.6 vs. 33.7 months,
p=0.001) (Fig. 1c) than those with high INSR expression.
Univariate analysis demonstrated that histology (p=0.034),
tumour shrinkage rate by axitinib (p<0.001), MSKCC risk
classification (p =0.003), IMDC risk classification (p =0.002), and
INSR expression (p < 0.001) were the significant predictors for PFS.

Multivariate analysis showed that INSR expression (p =0.006, HR
6.689, 95% Cl: 1.726-25.923) was the only significant independent
predictor for PFS (Table 2). Regarding OS, prior nephrectomy
(p =0.006), histology (p=0.003), tumour shrinkage rate by
axitinib (p < 0.001), MSKCC risk classification (p < 0.001), IMDC risk
classification (p = 0.004), and INSR expression (p = 0.001) were the
significant prognostic factors on univariate analysis. On multi-
variate analysis, prior nephrectomy (p =0.04, HR 4.464, 95% Cl:
1.072-18.591), histology (p=0.008, HR 15.809, 95% Cl:
2.057-121.510), and MSKCC risk classification (p=0.029, HR
9.404, 95% Cl: 1.262-70.048) were the significant predictors for
OS (Table 2).
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Table 2. Univariate and multivariate analyses for progression-free survival and overall survival.
Univariate
p value

Progression-free survival
Age (270 vs. <70 years) 0.835
Sex 0.393
Prior nephrectomy 0.426
Histology (non-clear vs. clear) 0.034
No. of metastatic organs (23 vs. <2) 0.571
Treatment line (>third vs. first + second) 0.198
MSKCC risk classification 0.003
IMDC risk classification 0.002
Insulin receptor (low vs. high) <0.001

Overall survival
Age (270 vs. <70 years) 0.890
Sex 0.497
Prior nephrectomy 0.006
Histology (non-clear vs. clear) 0.003
No. of metastatic organs (23 vs. <2) 0.289
Treatment line (>third vs. first + second) 0.139
MSKCC risk classification <0.001
IMDC risk classification 0.004
Insulin receptor (low vs. high) 0.001

Multivariate

p value HR (95% Cl)

0.196 3.086 (0.560-17.007)
0.983 1.107 (0.208-4.983)
0.188 2.430 (0.649-9.105)
0.006 6.689 (1.726-25.923)
0.040 4.464 (1.07-218.591)
0.008 15.809 (2.057-121.510)
0.029 9.404 (1-26,270.048)
0.658 0.702 (0.147-3.363)
0.311 1.857 (0.561-6.151)

MSKCC Memorial Sloan Kettering Cancer Center, IMDC International Metastatic Renal Cell Carcinoma Database Consortium.

INSR expression in the PDX tumour model

The rate of RCC specimens that could be engrafted and
passaged at least once on SCID mice was 34.5% (data not
shown). Using locally advanced clear cell RCC specimen
(T3bNOMO), we established axitinib-resistant RCC PDX tumours.
The growth curves for each PDX tumour are plotted and the
axitinib-resistant (a, ¢, d) and -sensitive (b, e) PDX tumours are
demonstrated in Fig. 2a. After, we compared INSR expression
between axitinib-resistant and axitinib-sensitive PDX tumours.
Axitinib-resistant tumours showed decreased INSR expression,
whereas axitinib-sensitive tumours demonstrated substantial
INSR expression using Western blot analysis (Fig. 2b). INSR
immunohistochemistry showed very weak staining in tumour-a
and tumour-d with rapid re-growth with axitinib administration,
weak staining in tumour-c with moderate re-growth, and
positive staining in tumour-b without re-growth (Fig. 2c).
Tumour-e reduced greatly with axitinib and was not available
for immunohistochemistry after usage for Western blot analysis.
Adverse events associated with axitinib administration were not
observed.

Alteration of gene expression levels in RCC cell lines co-
cultured with HGECs with down-regulated INSR

Suppression of MRNA and protein INSR expression in HGECs
transfected with siRNA1 of INSR was confirmed by RT-PCR (Fig.
S2A) and Western blot analysis (Fig. S2B). A Caki-1 cell line was co-
cultured with HGECs with down-regulated INSR (Fig. 3a). Micro-
array and GSEA analyses showed that several important signalling
pathways were up-regulated in the Caki-1 cell line, including
inflammation-related signalling pathways such as interferon-a and
interferon-y response, transforming growth factor-B (TGF-B)
signalling, and phosphoinositide 3-kinase (PI3K)-AKT-mTOR signal-
ling (Fig. 3b). Microarray profiles (GSE230698) have been
registered in the GEO database (Gene Expression Omnibus,
http://www.ncbi.nlm.nih.gov/geo/).
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Interferon production by HGECs with down-regulated INSR
Based on the results of the above co-culture experiments,
interferon expression of HGECs with down-regulated INSR were
further examined. Among interferons, mRNA interferon-$3 expres-
sion in HGECs with down-regulated INSR was significantly
increased by approximately 1200-fold, while mRNA interferon-a
and y expression was not increased (Fig. 4a). This phenomenon
was confirmed by additional experiments with another siRNA of
INSR (siRNA2), showing that this is not an off-target effect (Fig.
S2C-E). Protein secretion of interferon-f in the HGECs supernatant
with down-regulated INSR was also increased compared to control
(Fig. 4b).

INSR and interferon-p expression of HGECs treated with
axitinib

In axitinib-administered HGEC, INSR protein on Western blot
analysis (Fig. 4c) and mRNA interferon-f3 (Fig. 4d) expression levels
were decreased and increased concentration-dependently,
respectively.

PD-L1 expression in RCC cell lines co-cultured with HGECs with
down-regulated INSR or by direct interferon-B administration
In a Caki-1 cell line co-cultured with HGECs with down-regulated
INSR, PD-L1 protein expression was increased by more than ten
times (p=0.01) (Fig. 4e). In addition, when recombinant
interferon-B was directly administered to a Caki-1 cell line, mRNA
PD-L1 expression in the Caki-1 cell line was increased in a
concentration-dependent manner (Fig. 4f). Increased mRNA PD-L1
expression by recombinant interferon-3 was also observed in
other clear cell RCC cell lines, including KMRC1, KMRC20, A704,
and 769-P (Fig. S3). Increased phosphorylation of STAT1 and
STAT3, which are key molecules in the interferon-induced PD-L1
expression pathway, was also observed in a Caki-1 cell line after
administering recombinant interferon-f (Fig. S4). Increased STAT1
and STAT3 phosphorylation were also observed in other clear cell
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Fig. 2

INSR expression in axitinib-resistant or -sensitve PDX tumours. a Growth curves of PDX tumours treated with axitinib. The growth

curves for each PDX tumour are plotted and the axitinib-resistant and -sensitive PDX tumours are demonstrated. b INSR Western blot analysis.
Axitinib-resistant PDX tumours (a, ¢, d) show decreased INSR expression, whereas axitinib-sensitive PDX tumours (b, ) maintain substantial
INSR expression on Western blot analysis. Data represents the relative protein expression of INSR/p-actin. ¢ INSR immunohistochemistry. INSR
immunohistochemistry showed very weak staining in tumour-a and tumour-d with rapid re-growth with axitinib administration, weak
staining in tumour-c with moderate re-growth, and positive staining in tumour-b without re-growth. Tumour-e reduced greatly with axitinib
and was not available for immunohistochemistry after usage for Western blot analysis.

RCC cell lines, including KMRC1, KMRC20, A704, and 769P,
although STAT1 phosphorylation in 769P was slightly increased
(Fig. S5).

DISCUSSION

The mainstay of systemic therapy has shifted from molecular
targeted therapy, including VEGFR-TKI, to 10 drug combination
therapy, leading to higher ORR and longer PFS and OS [2-6].
However, VEGFR-TKIs, including axitinib, are combined with an 10-
drug as the first-line therapy, and playing a central role as the
subsequent therapy after |10 combination therapy. Furthermore,
patients with mRCC with a contraindication for IO drugs should be
administered VEGFR-TKI monotherapy [7]. VEGFR-TKIs monother-
apy has several disadvantages, including a low complete response
(CR) rate owing to an inability to eradicate tumour cells by their
mechanism of action, primary refractory disease, and acquired
resistance. Therefore, it is essential to determine the factors
predicting the efficacy or resistance of VEGFR-TKIs.

Few biomarkers to predict the effectiveness of molecular
targeted agents for patients with mRCC have been reported
[16]. High expression levels of hypoxia-inducible factor 2a (HIF2a),
platelet-derived growth factor 3 (PDGFR), and VEGF receptor 3
(VEGFR3) as hypoxia markers on IHC were associated with better
objective response or longer PFS in patients with clear cell RCC
after administering sunitinib. In contrast, PD-L1 expression,
reported to predict a worse prognosis in patients with mRCC
[21-23], may predict less treatment efficacy by sunitinib,
confirmed by the randomised phase 3 clinical trial, which
compared nivolumab plus ipilimumab with sunitinib for previously
untreated advanced clear cell RCC (CheckMate214) [2]. In this

pivotal clinical trial, in patients with mRCC who received sunitinib,
those with higher PD-L1 expression (=1%) had worse OS than
those with lower PD-L1 expression (<1%). However, resistance
mechanisms to VEGFR-TKIs remain unclear.

Our previous microarray study [17] shows that decreased INSR
expression in the prognostic gene set could predict poor
outcomes in patients with RCC. This was confirmed by the
analyses with the TCGA data; therefore, further examination of the
role of INSR in patients with mRCC was necessary.

First, to examine the correlation of INSR expression and efficacy
of axitinib, the specimens from patients with RCC who received
axitinib for metastasis or recurrence after nephrectomy was
examined immunohistochemically. Patients with RCC with low
INSR expression who received axitinib had poorer PFS and OS
than those with high INSR expression. INSR expression was an
independently significant prognostic factor for PFS, but not for OS
by multivariate analyses. It may be plausible that INSR expression
in the primary tumour before systemic therapy could not predict
OS because of sequential therapy with various drugs and other
confounding factors, such as age, performance status, and co-
morbidity.

To further examine the association of RCC resistance to
axitinib and INSR expression, PDX mouse models were estab-
lished with locally advanced clear cell RCC specimens. Unlike the
experiments with cell lines, the PDX model, including tumour
stroma, reflects the real tumour environment, representing a
faithful modelling system [24]. The principle of using mice to
understand human biology is based on the physiological
similarities between the species. The PDX models also supported
the findings that decreased INSR expression in RCC indicates
resistance to axitinib.
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Fig. 3 Alteration of gene expression in RCC cell lines cocultured with HGECs with down-regulated INSR. a Co-culture model with HGECs
and RCC cell line. HGECs transfected with siRNA of INSR and those with non-silencing RNA duplex as controls were seeded into 6-well
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signalling, and PI3K-AKT-mTOR signalling, are up-regulated in a Caki-1 cell line co-cultured with human renal glomerular endothelial cells

(HGECs) with down-regulated INSR.

After, we sought to elucidate the underlying mechanism of INSR
in axitinib resistance. On IHC, INSR was expressed in vascular
endothelial cells inside renal tumours but not in the tumour cells.
Since VEGFR-TKIs, including axitinib or sunitinib, act on VEGFR of
vascular endothelial cells in renal tumours [25], the association of
INSR expression in vascular endothelial cells with RCC cells was
examined. Co-culture experiments with HGECs whose INSR were
knocked down and the RCC cell lines to mimic tumour
microenvironment showed that important signalling pathways,
including interferon-a and interferon-y response-related genes, as
well as E2F target, TGF-f signalling, and PI3K-AKT-mTOR signalling,
were up-regulated in the RCC cell lines.

Furthermore, we focused on the association between INSR and
the interferons in HGECs. We newly found that mRNA and the
secreted protein interferon-f level in HGECs with down-
regulated INSR were greatly increased among the interferons.
When axitinib was administered to HGECs, the same phenom-
enon of decreased INSR expression with increased interferon-f3
expression in HGECs was reproduced in a concentration-
dependent manner. Several reports have described the associa-
tion of interferon-f and AKT, a downstream molecule of the
INSR. Seo et al. reported that interferon-B production was
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augmented when AKT was inhibited, indirectly supporting our
findings [26].

Finally, we sought to figure out the correlation of interferon-§
with PD-L1 expression, which is regarded as a predictor of poor
response to VEGFR-TKIs in patients with mRCC. It is known that
interferon-y, secreted by T cells, induces PD-L1 expression in
cancer cells and tumour-infiltrating macrophages [27, 28]. In
addition, PD-L1 expression is induced by interferon-q, interferon-f3,
and interferon-y exposure in melanoma cells. Importantly, we
have shown that the increased interferon-3 secretion by HGECs
with down-regulated INSR induced RCC PD-L1 expression. This
significant finding may help us understand axitinib’s resistance
mechanism in RCC. Furthermore, insulin may have anti-
inflammatory effects, and interference with insulin signalling
may promote inflammation. Increased inflammatory mediators,
including tumour necrosis factor-a and interleukin-6, reported to
be poor prognostic factors in patients with RCC, may also be
related to axitinib’s resistance mechanism [18].

This study had several limitations. First, the clinical data were
retrospectively collected with possible selection biases; a small
number of patients with mRCC treated with axitinib were analysed
for survival outcomes according to INSR expression. Most tissues
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Fig. 4 Interferon-B and PD-L1 expressions associated with HGECs with down-regulated INSR or axitinib administration. a Among

interferons, mRNA interferon-f§ expression in HGECs with down-regulated INSR is greatly elevated by approximately 1200-fold more than the
control. b Protein secretion of interferon-p in HGEC supernatant with down-regulated INSR is remarkably elevated than in the control. ¢ In
HGECs with axitinib, INSR protein expression of HGECs is decreased in a concentration-dependent manner on Western blot analysis. d In
HGECs with axitinib, mRNA interferon-p expression of HGECs is increased concentration-dependently. e When a Caki-1 cell line is co-cultured
with HGECs with down-regulated INSR, mRNA PD-L1 expression of the Caki-1 cell line is increased by more than ten times compared to the
control along with increased protein PD-L1 expression. f When recombinant interferon-f is directly administered to a Caki-1 cell line, mRNA
expression of PD-L1 in the Caki-1 cell line is increased concentration-dependently.

were obtained from nephrectomy (84.8%), while some were
obtained from percutaneous biopsy (5.2%). Since it was reported
that significant intra-tumour heterogeneity exists in RCC tumours
[29], the examined tissue may not be representative of the whole
tumour, particularly in the tissues obtained from a biopsy. The
group of low-INSR expression included four patients with non-
clear cell RCC who usually demonstrate poorer response to VEGFR-
TKIs such as axitinib than those with clear cell RCC [30], while there
were no patients with non-clear cell RCC in that of high-INSR
expression. That may have affected the difference of PFS between
the two groups although histological subtype was not a significant
factor for PFS by multivariate analyses. Second, results on PDX
models were not statistically evaluated because the number of
axitinib-resistant and -sensitive PDX tumours was small. However,
as the PDX models were only used to confirm our assumption that
decreased INSR expression correlates with axitinib resistance
in vivo, the number of mice was minimised for experiments. Third,
HGECs were used in the co-culture experiment; however, they
may not act like vascular endothelial cells in a renal tumour.
Fourth, we have shown that interferon-p induced the increased
PD-L1 expression through increased STAT1 and STAT3 phosphor-
ylation. However, the experiment to confirm that interferon-f
blocking should decrease STAT1 and STAT3 phosphorylation and
PD-L1 expression will be required. Fifth, we did not conduct the
study to examine the correlation of INSR expression with vessel
density to show that INSR is not a surrogate marker of tumour
angiogenesis. However, we observed the decreased INSR expres-
sion in RCC tumours with maintained vessel density. Sixth, axitinib
was used for the experiments in this study, but the results may not
apply to other multi-kinase inhibitors, including sunitinib,

pazopanib or cabozantinib. However, since axitinib selectively
targets VEGFR, it is an appropriate drug to examine the effect of
VEGFR inhibition exclusively. Recently, the combination of 10
drugs and VEGFR-TKIs, including axitinib, cabozantinib, and
lenvatinib, has shown significant superiority to sunitinib regarding
ORR, PFS and OS and has been approved as the first-line therapy
for metastatic RCC. This combination therapy may overcome the
resistance to axitinib induced by decreased INSR expression. In the
subsequent therapy, cabozantinib, which inhibits Met, AXL, and
VEGFR [31]; and the combination of lenvatinib and everolimus [32]
demonstrated better improvement in OS than everolimus.
Cabozantinib or lenvatinib and everolimus combination may be
less associated with the resistant mechanism by decreased INSR
expression. Conversely, as nivolumab and ipilimumab combina-
tion therapy is reported to be more effective in patients with PD-
L1-positive mRCC [2], decreased INSR expression may be a
predictive marker for those who receive nivolumab and ipilimu-
mab combination therapy if it is confirmed that decreased INSR
expression may induce PD-L1 expression. The above issues should
be further examined and clarified.

Irrespective of the limitations mentioned above, in the present
circumstance, where few biomarkers are available to predict
resistance to VEGFR-TKIs, and VEGFR-TKIs still play an important
role as a part of the first-line combination therapy or as the
subsequent therapy after 10 combination therapy; the findings
that INSR might be a predictive marker for axitinib resistance, and
interferon-@, secreted from vascular endothelial cells with down-
regulated INSR inside renal tumours, may play a key role in the
mechanism of axitinib resistance by inducing PD-L1 expression are
novel and significant.
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For clinical applications, two treatment strategies can be
considered although it should be difficult to restore the decreased
INSR. We have shown the upregulation of PI3K-AKT-mTOR
signalling in a RCC cell line cocultured with HGECs with down-
regulated INSR. Temsirolimus and everolimus are a mTOR
inhibitor, already approved drugs for patients with mRCC and
may be chosen for patients with mRCC with decreased INSR
expression. In addition, we observed increased STAT-3 phosphor-
ylation after administering recombinant interferon-f3 in RCC cell
lines. As STAT-3 is central in regulating the anti-tumour immune
response and plays important roles in inhibiting the expression of
crucial immune activation regulators and promoting the produc-
tion of immunosuppressive factors [33], combination of existing 10
drugs and STAT-3 inhibitors may be considered for those patients
with mRCC with decreased INSR expression.

In conclusion, decreased INSR expression in RCC may predict
resistance to axitinib, resulting from increased PD-L1 expression
induced by interferon-f secreted by vascular endothelial cells with
down-regulated INSR in the RCC. Further examination of the role
of INSR expression in RCC is warranted in the 10 combination
therapy era.
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