BBRIEMKFFMEAR)FIH)

FUKUSHIM A
MEDICAL
UNIVERSITY

Interleukin-6 induces drug resistance in renal cell
carcinoma

&&2: English

H ik : The Fukushima Society of Medical Science
~FHHE:2018-12-18

*F—7— K (Ja):

F—7— K (En): renal cell carcinoma, IFN, IL-6, SOCS
3, TKI

YERZE: Ishibashi, Kei, Koguchi, Tomoyuki, Matsuoka,
Kanako, Onagi, Akifumi, Tanji, Ryo, Takinami-Honda,
Ruriko, Hoshi, Seiji, Onoda, Mitsutaka, Kurimura,
Yoshimasa, Hata, Junya, Sato, Yuichi, Kataoka, Masao,
Ogawa, Soichiro, Haga, Nobuhiro, Kojima, Yoshiyuki
X=ILT7 KL AR:

FiTI:

https://fmu.repo.nii.ac.jp/records/2001962




Fukushima J. Med. Sci.,
Vol. 64, No. 3, 2018

[Review]

Interleukin-6 induces drug resistance in renal cell carcinoma

Kei Ishibashi, Tomoyuki Koguchi, Kanako Matsuoka, Akifumi Onagi,
Ryo Tanji, Ruriko Takinami-Honda, Seiji Hoshi, Mitsutaka Onoda,
Yoshimasa Kurimura, Junya Hata, Yuichi Sato, Masao Kataoka,
Soichiro Ogawsa, Nobuhiro Haga and Yoshiyuki Kojima

Department of Urology, Fukushima Medical University School of Medicine, Fukushima, Japan
(Received August 7, 2018, accepted September 6, 2018)

Abstract

Metastatic renal cell carcinoma (mRCC) is a tumor entity with poor prognosis due to limited therapy
options. Tyrosine kinase inhibitors (TKIs), the novel targeted agents have been used for the treat-
ment of mRCC and have shown efficacy. Interferon (IFN)-a is also one of the most frequently used
agents in immunotherapy. However, drug resistance needs to be overcome to achieve a sufficiently
positive effect. Interleukin-6 (IL-6), which induce suppressor of cytokine signaling-3 (SOCS3) ex-
pression, is one of the factors associated with poor prognosis of patients with renal cell carcinoma
(RCC). To analyze the influence of IL-6 in drug resistance of RCC, anti-IL-6 receptor antibody was
used in combination with IFN or TKIs. The SOCS3 mRNA expression level was significantly in-
creased by IFN-a stimulation in 786-O RCC cells which were resistant to IFN, but not in ACHN
cells that were sensitive to IFN. The overexpression of SOCS3 by gene transfection in ACHN sig-
nificantly inhibited the growth-inhibitory effect of IFN-a. An iz vivo study demonstrated that co-
administration of SOCS3-targeted siRNA promoted INF-o-induced cell death and growth suppres-
sion in 786-0 cell xenograft. SOCS3 could be a key component in the resistance to interferon
treatment of renal cell carcinoma. Because SOCS3 is rapidly up-regulated by IL-6 and a negative
regulator of cytokine signaling, IL-6 expression on RCC cells was also analyzed and the 786-0 cells
showed the high level of IL-6 mRNA expression under the condition of interferon stimulation. IL-
6R antibody, tocilizumab, significantly suppressed cell proliferation in 786-0 cells by interferon stim-
ulation accompanied with phosphorylation of STAT1 and inhibited SOCS3 expression. The in vivo
effects of combination therapy with tocilizumab and interferon showed significant suppression of
786-0 tumor growth in a xenograft model. We also hypothesized that TKI resistance and IL-6 se-
cretion are causally connected. And we found that 786-O RCC cells secrete high IL-6 levels after
low dose stimulation with the TKIs sorafenib, sunitinib and pazopanib, inducing activation of AKT-
mTOR pathway, NF«xB, HIF-2a and VEGF expression. Tocilizumab neutralizes the AKT-mTOR
pathway activation and results in reduced proliferation. A combination therapy with tocilizumab
and TKI suppresses 786-0 tumor growth and inhibits angiogenesis iz vivo more efficient than TKI
alone. Our findings suggest that IL-6 could induce drug resistance on RCC, and combination thera-
py of IL-6R inhibitors and IFN/TKIs may represent a novel therapeutic approach for RCC treatment.
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Introduction

Renal cell carcinomas (RCC) account for about
85 percent of renal cancers and a quarter of the pa-
tients present with advanced disease, including lo-
cally invasive or metastatic renal cell carcinoma®.
As a therapeutic strategy against RCC, surgery is
the standard treatment for localized disease. How-
ever, its role in the presence of distant metastases is
limited. Molecular targeted agents, vascular endo-
thelial growth factor receptor tyrosine kinase inhibi-
tors (TKIs), is a standard care for advanced RCC.
TKIs have been used for the treatment of advanced
RCC and have shown efficacy against metastatic
RCC*?. Recently, nivolumab, a programmed death
1 (PD-1) checkpoint inhibitor, was approved for pre-
viously treated patients with advanced RCC, based
on the superior overall survival of nivolumab versus
everolimus®. In the era of the recent progression
for the treatment option, immunotherapy seems to
have a minimal role in the management of advanced
RCC. However, the value of immune-therapy for
RCC is supported by reports of infrequent complete
regression of metastatic disease with cytokine ther-
apies and about 14 percent of cases of metastatic
clear-cell renal carcinoma respond to interferon
(IFN)-o alone. Thus, IFN-a is still one of the most
frequency used agents in immunotherapy against
metastatic or recurrent RCC, especially for lung me-
tastasis”. Many reports have indicated that IFN-a
therapy improved the survival of RCC patients and
can lead to a complete response®”. Although
IFN-a can be used as an alternative in non-respond-
ers to targeted therapy, its benefits are limited due
to drug resistance. Studies of drug resistance on
RCC will provide clues for future strategies in treat-
ment of advanced RCC.

Systemic treatment in advanced
renal cell carcinoma

RCC is characterized by its poor response to
conventional chemotherapy and radiation therapy
because of its unique biology. However, under-
standing biologic feature of RCC has made it possi-
ble to advance in systemic therapy against advanced
RCC.

Cytokines, including IFN-a and interleukin 2
(IL-2), has been the standard treatment as non-spe-
cific immunotherapy. They were established as the
first effective immunotherapy and were used in
combinations as well as monotherapy. As for
IFN-a, the efficacy and safety were established in

several studies and its response rate varies of 5 to
27%"%. Combination therapy with IFN-o and IL-2
was confirmed to be effective for renal cell carcino-
ma patients with lung metastasis'®'”. The median
survival time of advanced RCC patients in Japanese
population was longer than that of previous studies
and cytokine-based therapy might be one of the fac-
tors that improve the prognosis of RCC patients'?.

Therapy targets the vascular endothelial growth
factor (VEGF) and the mammalian target of rapamy-
cin (mTOR) pathways represents the standard of
care in metastatic RCC. The multi-targeted tyro-
sine kinase inhibitors (TKI) lead to clearly prolonged
overall and progression-free survival™. Sorafenib
inhibits vascular endothelial growth factor (VEGF)
receptors VEGFR-2, VEGFR-3, the platelet-derived
growth factor receptor family which play key roles in
tumor progression and angiogenesis'”.  Sunitinib is
a selective inhibitor of VEGF-R types 1 to 3, PDGF-
Ra, and PDGFR-B™.  Pazopanib also inhibits all the
VEGFR subtypes and the PDGFR subtypes'®. Ax-
itinib is an oral, potent, and selective inhibitor of
VEGF receptors 1, 2, and 3'” and showed promising
effect against advanced RCC'™®. However, despite
the development of many types of TKIs, their ef-
fects are still limited and have been shown to be not
curative'®, The treatment has been associated with
the development of resistance after a median of 6-15
months?”. Mammalian target of rapamycin
(mTOR) regulates cell growth and proliferation.
Akt-mTOR pathway is another target for the treat-
ment against advenced RCC. The mTOR inhibi-
tors, everolimus and temsirolimus, interfere directly
with it by acting on mTOR, reducing the activity of
the effector molecules S6K1 and 4EBP1. As a con-
sequence, they inhibit cell proliferation, growth and
survival**#?,

Nivolumab, a programmed death 1 (PD-1)
checkpoint inhibitor, restores T-cell immune activi-
ty. Nivolumab demonstrated promissing antitumor
activity with a manageable safety profile®. Patients
with 1 or 2 prior anti-angiogenic therapies, which is
defined as prior VEGFR-targeted therapy, were ran-
domized to receive either nivolumab or mTOR in-
hibitor everolimus. As consequent, overall survival
was longer with nivolumab than with everolimus
(25.0 vs. 19.6 months, HR 0.73; p = 0.002)%.
These results implies the importance of anti-tumor
immunity in RCC treatment.

Interleukin-6 (IL-6) signaling and cancer

IL-6-STAT3 pathway has a key role in the
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growth and development of many human cancers.
The IL-6-STAT3 axis activates target genes in-
volved in cell survival, and proliferation. IL-6 is
produced by many types of cells which located with-
in the tumour microenvironment, including the tu-
mour cells themselves®”. IL-6 binds to the mem-
brane-bound IL-6 receptor (IL-6R) on tumour cells
to induce the expression of STAT3 target genes.
The STAT3 promote angiogenesis and tumor inva-
sion through VEGF and matrix metalloproteinases
expression®?”,  The IL-6 can also activate the
PI3BK/AKT/mTOR and RAS/RAF/MEK/ERK path-
ways?®?, IL-6-induced activation of Akt/mTOR
consequently activates its downstream targets
p70S6 kinase (p70S6K), 40S ribosomal protein S6
(S6RP) and the eukaryotic initiation factor 4E bind-
ing protein-1 (4EBP1), that control mRNA transla-
tion and protein synthesis®”. IL-6-induced activa-
tion of AKT/mTOR is involved in protection against
apoptosis and in enhanced proliferation in cancer
cells®*”.  Furthermore, STAT3 promote IL-6 ex-
pression. Thus, the IL-6 gene expression then re-
sults in a feedforward autocrine feedback loop®=?.
Hyperactivation of STAT3 signalling occurs in many
type of human cancers and correlates with a poor
patient outcomes®?®, Multiple studies have docu-
mented high levels of IL-6 in the serum of patients
with renal cell carcinomas and that it is associated
with a poor prognosis®***”. Moreover, there is a
study which reported a trend for a higher IL-6 level
to be associated with the failure to complete immu-
notherapy and with poorer cancer-specific survival
in the patients with pretreatment systemic inflam-
matory response’”. These results of the studies
imply that treatments that target the IL-6/STAT3
pathway in patients with cancer are poised to pro-
vide therapeutic benefit.

SOCS3 affects susceptibility of renal cell
carcinoma to IFN-a

IFN-a is historically one of the most frequently
used agents in immunotherapy against metastatic or
recurrent RCC. Although this agent can lead to a
complete response” and can be used as an alterna-
tive in non-responders to targeted therapy, its bene-
fits are limited due to drug resistance. IFN-a can
exert a direct antiproliferative response by modulat-
ing the expression of proteins that control cell cy-
cle. JAK/STAT pathway is one of the most impor-
tant signal transduction cascades in IFN signaling. On
the other hand, suppressor of cytokine signaling
(SOCS) protein family is known to act as negative

regulators of IFN-a signaling by inhibiting the JAK/
STAT pathway*®. Some RNA virus escapes the in-
nate antiviral response, generally type I IFN re-
sponse, by inducing SOCS expression in epithelial
cells”. IFN-gamma-induced high SOCS gene ex-
pression in murine colon carcinoma cells significant-
ly interferes with the antiproliferative effect of IFN-
gamma®”. Eight SOCS family proteins have been
described, CIS (cytokine-inducible SH2 domain-
containing protein) and SOCS1 to SOCS7*”.  Among
the SOCS family, SOCS1 and SOCS3 have been
identified as inhibitors of the IFN-mediated JAK-
STAT signaling pathways*”. Thus, we quantified
the mRNA expression levels of the SOCS family in-
cluding CIS, SOCS1 and SOCSS3, in the RCC cell
lines after IFN treatment. After stimulation with
IFN-a, CIS, SOCS1 and SOCS3 mRNA expression
increased in RCC cells, ACHN and 786-0, compared
with that in pre-treated cells. Among the SOCS-
mRNA, SOCS3-mRNA was significantly higher in
786-0 than in ACHN cells (p<0.01), although no
significant differences in CIS and SOCS1 mRNA ex-
pression level were observed. To determine the
role of SOCS3 in IFN-a susceptibility, siRNA target-
ing SOCS3 was used for knock-down of the SOCS3
expression. As a result, the knock down of SOCS3
in 786-0 cells, which did not show susceptibility to
IFN, induced a growth inhibitory effect of IFN-a,
whereas no effect was observed on transfection with
the negative control siRNA (»<0.01). On the con-
trary, transfection of SOCS3 using pCl-neo expres-
sion vector to ACHN cells, which showed suscepti-
bility to IFN, induced decreased growth inhibitory
effect of INF compared with mock transfectant and
non-treated ACHN cells (p<0.01). Western blot
analysis revealed that phosphorylation level of
STAT-1 was higher in 786-0 cells treated with
SOCS3 siRNA than in the control siRNA-treated
cells. The effect of SOCS3 knockdown on IFN-a
sensitivity was also observed in i vivo xenograft
athymic mouse model. The growth of the SOCS3
siRNA-treated tumors was retarded in comparison
with those in the negative control-siRNA group and
non-treated mice. Immunohistochemical examina-
tion showed an increased number of apoptotic cells,
lymphocyte infiltration and focal fibrosis in the tu-
mor treated with SOCS3 siRNA and IFN. Taken
together, the inhibition of SOCS3 expression en-
hanced STAT1 activation and anti-tumor activity of
IFN-alpha, both % vitro and in vivo, in a human IFN-
a-resistant RCC cell line in which SOCS3 mRNA 1is
over-expressed’®.
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Impact of IL-6 on susceptibility of renal
cell carcinoma to IFN-a

IL-6 is one of the factors associated with poor
prognosis of patients with RCC. IL-6 has wide-
spread effects on hematopoietic lineages and is con-
sidered to be a key mediator of anemia of inflamma-
tion’”. Low serum hemoglobin is a known risk
factors for short survival in RCC patients®. IL-6
is produced by multiple cell types including tumor-
infiltrating immune cells, stromal cells, and the tu-
mor cells themselves®?®, In response to IL-6
stimulation, phosphorylated STAT3 molecules di-
merize and enter the nucleus. SOCS3 is also rap-
1dly up-regulated by IL-6 and acts as a classical
feedback inhibitor of cytokine signaling”*”. The
silencing of SOCS3 expression is one possible strat-
egy to restore sensitivity to IFN-a-resistant
cells. We therefore investigated the role of IL-6 on
the IFN resistance in RCC cells. First, we analyzed
whether IFN-a altered IL-6 and SOCS3 expression
in RCC cells by IFN stimulation. Five human RCC
cell lines including ACHN and 786-0O were used for
the experiment. Consequently, we found that all
RCC cell lines induce both IL-6 and SOCS3 mRNA
expression by IFN treatment. Among them, the
increases in SOCS3 and IL-6 expression were high-
est in 786-0 cells which is IFN resistance cells and
lowest in IFN sensitive ACHN cells. The expres-
sion levels of IL-6 and SOCS3 were significantly
higher in 786-0 than in ACHN cells. Likewise,
[FN-o-induced IL-6 secretion into the culture medi-
um was highest in 786-0 cells and lowest in ACHN
cells, as observed for mRNA expression levels. To
confirm that the secretion of IL-6 and SOCS3 up-
regulation were due to IFN-a stimulation, we used
siRNAs targeting IFN alpha receptor IFNAR), IL-6
and IL-6 receptor (IL-6R). The mRNA expression
of IL-6 and SOCS3 after IFN-a treatment was sig-
nificantly decreased when the IFNAR was knocked
down by siRNA. SOCS3 mRNA expression was
decreased when IL-6 signaling was knocked down
by IL-6-siRNA or IL-6R-siRNA. RCC cells, espe-
cially IFN resistance 786-0 cells, secreted IL-6 by
IFN stimulation which lead SOCS3 expression. Ac-
cordingly, we determined the growth inhibitory ef-
fect of IFN-o under the blockade of IL-6 signaling
by the antihuman IL-6R antibody, tocilizumab, in
786-0 cells. Tocilizumab is a humanized antihu-
man IL-6R antibody that binds to the IL-6-binding
site of human IL-6R and inhibits IL-6 signal-
ing. Tocilizumab is therapeutically effective against
chronic inflammatory diseases like rheumatoid ar-

thritis and Crohn’s disease®”. Consequently, we

found that antihuman IL-6R antibody inhibits activa-
tion of STAT3 in 786-0 renal cell carcinoma cells.
Phosphorylation level of STAT1 was increased with
the simultaneous use of tocilizumab in 786-0 cells.
A significant IFN-a-induced growth inhibitory effect
was observed when the tocilizumab was added to
786-0 cells. Contrary, in ACHN cells, the growth
inhibitory effect of IFN-o was significantly de-
creased with reduced phosphorylation of STAT1
when IL-6 and IFN-a were given simultaneously.
In vivo effect of combination therapy with tocilizum-
ab and IFN-o was confirmed using nude mice xeno-
graft model in 786-0 cells which were IFN resis-
tant. Taken together, IL-6 is induced by IFN-o in
RCC cells, consequently up-regulating SOCS3 ex-
pression which leads to resistance to antiprolifera-
tive effect of IFN-a through inhibiting phosphoryla-
tion of STAT1. Inhibition of IL-6 signaling by IL-
6R antibody tocilizumab enhanced the anti-tumor
activity of IFN-a in a human IFN-a-resistant RCC
cell line in which IL-6 was induced by IFN-a°".

Overriding TKI resistance of renal cell
carcinoma by combination therapy
with tocilizumab

Currently, therapy targets the vascular endo-
thelial growth factor (VEGF) and the mammalian
target of rapamycin (mTOR) pathways represents
the standard of care in metastatic RCC. Each of
these drugs offers significant benefit compared with
previous therapeutic standards. Multitargeted ty-
rosine kinase inhibitors (TKIs) lead to clearly pro-
longed overall and progression-free survival®.
Sorafenib inhibits VEGFR-2, VEGFR-3, the plate-
let-derived growth factor receptor (PDGFR) family
as well as both C-RAF and B-RAF". Sunitinib
which is employed in first-line treatment of ad-
vanced RCC* inhibits VEGF-R types 1 to 3, PDGF-
Ra, and PDGFR-BY. Pazopanib is also used in
first-line therapy®” and inhibits all the VEGFR sub-
types and the PDGFR subtypes. However, despite
the development of many types of TKIs, unfortu-
nately, their effects are still limited and have been
shown to be not curative’”. Although the mecha-
nism of TKI resistance is not clear as yet, the find-
ing that IL-6 seems to be involved in the develop-
ment of resistance®™®¥ suggests that cytokines are
important in this process. The IL-6/JAK/STAT3
pathway has a key role in the growth and develop-
ment of many human cancers, and these molecules
are associated with angiogenesis through VEGF ex-
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pression®®”.  We therefore analyzed the impact of

IL-6 during TKI treatment of RCC cells. The hu-
man RCC cell lines 786-0, A489, Cakil and Caki2
were used for this study. The RCC cells were
treated by three kinds of TKIs, sorafenib, sunitinib
and pazopanib. Final concentrations of TKIs were
0.5, 1.0, 5.0, 10.0 uM for sorafenib and sunitinib and
1.0, 5.0, 10.0, 50.0 uM for pazopanib. The superna-
tant was collected 1, 2, and 24 hours after TKIs
stimulation, and the amount of cytokine production
(IL-6, VEGE IL-1ra, IL-17, IL-19, IL-23, IL-18BPa,
Leptin, HGE Cript-1, HB-EGE EGF) was measured
by VersaMAP Development System (R&D systems,
Minneapolis, MN, USA). Consequently, we found
that IL-6 and VEGF secretion by 786-0 cells were
remarkably enhanced after TKI treatment even at a
low concentration. Because all the TKIs induced
IL-6 expression in 786-0 cells, we studied the im-
pact of TKI stimulation on the associated IL-6 sig-
naling pathway. Western blot analysis revealed that
a concentration dependent enhanced phosphoryla-
tion of AKT, mTOR, 4EBP1, S6RP, p70S6, NF«kB
and STAT3 was observed after treatment with all of
the TKIs tested, with exception of 4EBP1 and S6RP
after pazopanib treatment. We also found that,
among the TKIs, pazopanib treatment lead less
phosphorylation of NFxB, STAT3 and mTOR as well
as HIF expression compared with sunitinib and
sorafenib treatment. This might contribute that
the safety and quality-of-life profiles favor pazopanib
compared with sunitinib®®. Treatment with the IL-
6R blocking tocilizumab abolished the effect of the
TKIs on the activation of those molecules, arguing
that the observed TKI effects depend on the en-
hanced IL-6 signaling in 786-0 cells. To study the
impact of IL-6 on cell proliferation, we determined
the effect of TKIs on 786-0 cells under the blockade
of IL-6R signaling by tocilizumab in a MTT as-
say. As a result, the addition of IL-6R antibody to-
cilizumab to TKIs results in a significant reduction
of the 786-0 cell count accompanied with decreased
VEGEF secretion. To confirm that tocilizumab im-
proves the effect of low dose TKIs in the MTT as-
say, we employed a nude mice xenograft model.
Consequently, the growth of tumors in athymic mice
receiving combination therapy with tocilizumab and
TKI was retarded in comparison with those in the
tocilizumab, TKI and non-treated (PBS) groups.
The vascularization of the xenograft tumors was also
dependent on the treatment. Tumors of mice treat-
ed with TKI or tocilizumab alone showed a slightly
reduced vascularization of the tumor, determined by
CD31 staining. On the other hand, a remarkable

reduction of angiogenesis was observed when mice
were treated with tocilizumab in combination with
TKI. To confirm the possibility of prevention of
TKI-resistance by combination therapy with TKI
and tocilizumab i vivo, we employed FDG-PET im-
aging and evaluated during a time course of 3 and 21
days of challenge in nude mice xenograft model of
786-0 cells. We found that SUVmax was signifi-
cantly decreased in the tumor in the combination
therapy compared with TKI alone at day 3 and it re-
mained low at day 21 which means decreased tumor
viability. Immunohistochemical examinations re-
vealed that decreased CD31 positive cells at day 3,
however, the CD31 positive cells increased again in
the tumor region treated with TKI alone on the day
21 which would indicate the TKI-resistance. In
contrast, when TKI was given in combination with
tocilizumab, the tumors showed extensive central
necrosis with absence of CD31 positive cells. Our
findings suggest that a combination therapy using an
antihuman IL-6R antibody with TKIs may represent
a novel therapeutic approach for the antiangiogenic
treatment of RCC*. In addition, heparan sulfate-
specific endosulfatase-2 (SULF-2) can modulate the
signaling of heparan sulfate proteoglycan-binding
proteins like VEGE SULF-2 negatively regulates
VEGF in several cell lines through modification of
heparan sulfate proteoglycan (HSPG)*”. Among
the RCC cell lines, 786-0O showed a lower level of
SULF-2 expression compared with ACHN cells.
The RCC with low SULF-2 expression might have a
higher potential for cell invasion and proliferation
leading to a poorer prognosis for the RCC pa-
tients®”. It would be interesting to investigate the
role of SULF-2 in TKI resistance. These experi-
ments are underway.

Conclusions

RCC cells secret IL-6 by treatment with IFN as
well as TKIs, and activates STAT3, consequently re-
sulting in a secretion of IL-6 and VEGF which lead
drug resistance (Figure). The clinical use of IL-6/
JAK/STAT3-targeting agents will be beneficial in the
treatment of certain cancers and IL-6/STAT3 inhibi-
tors reached phase I/II clinical trials®”. Inhibition of
the IL-6 signaling by IL-6R antibody tocilizumab
may re-activate the anti-tumor activity of anti RCC
drugs i.e IFN and TKIs. Clinical trial for the com-
bination therapy with anti-RCC drugs and IL-6R an-
tibody might be needed.
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transcription of STAT3 target genes, i.e. VEGF or SOCS3. SOCS3 suppresses STAT1 activation.

TKI resistance

Following anti-RCC drug stimulation, IL-6 is secreted by RCC
It then binds IL-6 receptor and results in activation of the JAK/STATS signaling pathway, leading to the

STAT3 and

NF-«B interact at multiple levels, and promote inflammation, increasing tumor cell proliferation and survival as

well as tumor angiogenesis and metastasis®”.
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