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Abstract

Background: Endogenous retrovirus (ERV) elements are genomic footprints of ancestral
retroviral infections within the human genome. Previous studies have demonstrated that
dysregulated ERV transcription level is associated with immune cell infiltration in cancers,
but the association between ERV expression and programmed cell death protein 1 (PD-1)
blockade response is currently unraveled for solid cancers, such as advanced clear cell renal
cell carcinoma (ccRCC].

Methods: ERV mRNA profiles were obtained from three clinical trials of ccRCC where the
patients were treated with anti-PD-1 (CM-009, CM-010, CM-025, and TCGA-KIRC data).
Patients treated with nivolumab were divided into training and test cohort, while the TCGA-
KIRC cohort was used as an external validation. Univariate Cox regression analysis and least
absolute shrinkage and selection operator regression were used to establish the signature.
Immune cell infiltration analysis and gene set enrichment analysis were performed to explore
potential biological mechanisms.

Results: An ERV signature was established based on nine ERV expression patterns. In the
training cohort, the median overall survival in the low- and high-risk group was 45.2 and

19.6 months [hazard ratio (HR)=0.49, 0.32-0.75, p <0.001], respectively. The results were
confirmed in the test (HR=0.41, 0.20-0.83, p=0.013), and in the TCGA-KIRC cohort (HR=0.55,
0.34-0.90, p=0.017]). Moreover, in the CM-025 cohort, the low-risk group that received
nivolumab had a more favorable survival compared with those that received the mTOR
inhibitor everolimus, while no significant differences were observed in the high-risk group.
CD8+ T cells were enriched in the low-risk group, while immune suppressive pathways were
suppressed.

Conclusion: The newly identified ERV signature is not only a prognostic, but also a predictive
biomarker for advanced ccRCC patients who received anti-PD-1 therapy, which can guide
personalized treatment in cancer patients in the future.
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Introduction

Endogenous retroviruses (ERVs) are a specific
type of transposable elements which are the rem-
nants of exogenous retroviruses incorporated into

the host genome over evolutionary time, charac-
terized by 5’ and 3’ long terminal repeats (L'TRs),
a primer binding site, a polypurine tract, as well
as Gag, Pro, Pol, and Env genes.!»> Human ERVs
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could be further divided into eight families based
on the subtypes of L TRs.3 Although ERVs consti-
tute nearly 8% of the human genome, the majority
of ERVs are epigenetic repressed and functionally
inactivated,* while loss of epigenetic repression
leads to dysregulated expression of a subset of
ERVs, which could affect the splicing and
expression of nearby genes that are involved in
embryogenesis, immune cell maturation, and
tumorigenesis.>® Induced ERV expression by
inhibition of DNA methylation could modulate
T-cell action” and inhibit cancer-initiating cells in
colorectal cancer.® Furthermore, latest evidence
showed that ERVs are involved in antitumor
response.®

As one of common malignancies of kidney, clear
cell renal cell carcinoma (ccRCC) is innately
resistant to traditional therapies, and recently
immune checkpoint inhibitors (ICIs) have
achieved remarkable success in metastatic ccRCC
patients.!® Nevertheless, only a minority of
ccRCC patients respond to ICIs. Therefore,
establishment of a predictor to identify the immu-
notherapy responders is a challenge and has a
high priority. The Cancer Genome Atlas (TCGA)
pan-cancer analysis found that ERV expression
was significantly prognostic in ccRCC.° Another
study stratified ccRCC patients into three groups
based on immunogenic ERV expression profiles,
indicating ERV expression profile may be a
potential biomarker to predict response to ICI
therapy.!! In a more recent study, Braun and col-
leagues quantified the ERVs expression with
RNA sequencing data from advanced ccRCC
cohorts receiving anti-PD1 therapy and found
two ERVs out of 3173 were weakly associated
with response to PD1 blockade.!? Nevertheless,
there is still lack of validation of the predictive
value of ERV in immunotherapy cancer patients.

Here, we analyzed the ERV expression data of
patients from three different clinical trial cohorts
that received anti-programmed cell death protein
1 (PD1) therapy. A prognostic ERV signature for
overall survival (OS) was first established and
then validated in an external cohort. The ERV
signature could successfully stratify advanced
ccRCC patients into two groups that differ in OS
and response to anti-PD1. Our results not only
provide solid evidence for ERV signature as both
a prognostic and predictive marker for immuno-
therapy, but also bring new insight into the poten-
tial crosstalk between ERVs and the tumor
immune microenvironment.

Methods

Patient data

ERYV expression data and corresponding clinical
data of CheckMate-009 (CM-009) (n=16),
CheckMate-010 (CM-010) (n=45),
CheckMate-025 (CM-025) (n=250), and
TCGA-KIRC (n=83) cohorts were obtained
from Braun’s work!? and Smith’s work,® respec-
tively. Patients, who received nivolumab in the
CM-009, CM-010, and CM-025 trials, were
divided into training and test cohort with the ratio
of 7:3. The training cohort was used to establish
the ERV signature. Among the three cohorts,
CM-025 is a two-arm cohort, with subjects ran-
domly assigned to nivolumab (PD-1 inhibition)
arm or everolimus (mTOR inhibitor) arm. To
validate the predictive value of the ERV signa-
ture, patients in the nivolumab arm and everoli-
mus arm of the CM-025 cohort were divided into
low- and high-risk group, respectively.

Cox proportional hazard regression and

least absolute shrinkage and selection

operator regression analysis

A univariate Cox proportional hazard regression
analysis and least absolute shrinkage and selec-
tion operator (LASSO) regression analysis were
subsequently performed in the training cohort on
the ERV expression to establish the ERVs signa-
ture. Briefly, univariate Cox proportional hazard
regression analysis was first applied to examine
the association between ERVs expression and
patients’ OS, and ERVs with p < 0.2 were selected
as candidates for subsequent analysis. LASSO
was then applied to establish an ERV-based prog-
nostic signature for OS in the training cohort with
the time steps set as 200,000. The model with
best C-index was selected as the final ERVs signa-
ture. Based on the expression of ERVs and the
correlation coefficient, the risk score was then cal-
culated for each patient in training and validation
cohorts, respectively, with the optimal cutoff
value that was determined by surv_cuzpoint func-
tion in R package survminer (v0.4.9). Survival
curve was also plotted for both OS and progres-
sion-free survival (PFS) by survminer.

Gene set enrichment analysis

Differential expressed genes (DEGs) were ana-
lyzed between low- and high-risk group in patients
received anti-PD1 therapy in Checkmate cohort
using the R package Limma (v3.52.2). Gene set
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enrichment analysis (GSEA) was then conducted
using the R package clusterProfiler (v4.4.4) to
explore the potential molecular mechanisms
underlying the distinct immunotherapy response.
Normalized enrichment score (NES) was calcu-
lated with gene set permutations set as 1000
times. Gene sets with |NES|>1, adjusted
p»<0.05, ¢<0.05 were considered as significant
enrichment.

Immune cell infiltration and immune

checkpoint analysis

Immune cell infiltration was analyzed with the
TIMER algorithm wusing the R package
Immunedeconv.'> The tumor purity, stromal score,
and ESTIMATE score were calculated with the
ESTIMATE package in R.1* The mRNA expres-
sion of CD8A, a cytotoxic T-cell marker, and a
set of immune checkpoints including PD1, pro-
grammed death-ligand 1 (PDLI1), and cytotoxic
T lymphocyte antigen 4 (CTLA-4) was also ana-
lyzed. All these parameters were compared
between the subgroups using Wilcoxon signed-
rank test.

Statistical analysis

All statistical analyses were performed using the
software R (v4.2.0) with corresponding packages.
Continuous variables were presented as
means = SD, and categorical variables were pre-
sented as percentage. Kaplan—Meier survival anal-
ysis and the log-rank test were conducted to
compare OS and PFS between the low- and high-
risk groups in the training and validation cohorts,
respectively. The area under the curve (AUC) was
calculated using the R package pROC [15].
p<0.05 was considered as statistically significant.

All statistical analyses were carried out in R
V.3.6.1 (R Foundation for Statistical Computing).
p<0.05 was considered as statistically significant.
In multivariate analysis, the ERV signature, PD1,
PDL1, and CTLA4 mRNA level were included.

Results

Clinical characteristics of patients

Advanced ccRCC patients treated with nivolumab
from three prospective clinical trials (CheckMate
(CM)-009, CM-010, and CM-025) were ran-
domly divided into the training cohort (z=129)
and the test cohort (r=52), while patients treated

with everolimus (mTOR inhibitor) in CM-025
was administered to the controlarm (Supplemental
Table 1). The clinicopathological characteristics
of training and test cohorts are shown in Table 1.

Derivation of the prognostic ERV signature

A schematic diagram of the analysis workflow of
our study is shown in Figure 1. Univariate Cox
proportional hazard regression was first applied
to explore the OS-associated ERV in training
cohorts. In all, 61 ERVs are selected as prognostic
biomarker candidates (p <0.2) for further analy-
sis (Supplemental Table 2). The Cox-LASSO
regression model was applied to develop an ERV-
based prognostic signature for OS in the training
cohort. After 200,000 time steps for LASSO, the
one with the best C-index was selected as the
prognostic ERV signature, and nine ERVs were
selected into the final prognostic model
(Supplemental Table 3). Subsequently, we ana-
lyzed the ERV signature in a test cohort for this
model, to assess its feasibility and reliability in
patients treated with nivolumab.

Using the optimal cutoff value of risk score,
patients were divided into low- and high-risk
group in the training and test cohorts, respec-
tively (Figure 2(a) and (b)). Among the nine
selected ERVs, higher herv_3771, herv_1992,
herv_3511, and herv_806 expressions were
observed in low-risk group, while high-risk group
is characterized by a higher expression of
herv_4755, herv_5346, and herv_6068 (Figure
2(c) and (d)).

For the training cohort, the median OS in low-
risk group is 45.2 [95% confidence interval (CI):
31.3-NA] months, while the median OS in high-
risk group is 19.6 months [95% CI: 13.3
months—28.3 months; hazard ratio (HR)=0.49,
95% CI: 0.32-0.75, p<0.001; Figure 3(a)]. The
receiver operating characteristic (ROC) curve
analysis showed that the ERV signature results in
acceptable prediction values at 12-month
(AUC=0.721), 36-month (AUC=0.722), and
60-month survival (AUC=0.750) (Figure 3(b)).
Similarly, for the test cohort, median OS was sig-
nificantly longer in the low-risk group than the
high-risk group [37.0 (22.9-NA) months ver-
sus 16.4 (10.2-31.2) months in low- and high-
risk group, respectively; HR=0.41, 95% CI:
0.20-0.83, p=0.013; Figure 3(d)]. In the test
cohort, the 12-month, 36-month, and
60-month AUC is 0.607, 0.638, and 0.606,
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Table 1. Clinical characteristics of training, test and validation cohort.
Characteristics Training cohort (N=129) Test cohort (N=52) Validation cohort (N=83) p Value
Sex
Male 106 31 58 0.005
Female 23 21 25
Age (year), mean=SD 61.55+10.98 60.77 £11.06 60.08 +10.09 0.619
MSKCC 0.983
Favorable 37 15 /
Intermediate 55 22 /
Poor 25 11 /
NA 12 4 /
Prior therapy 0.859
Yes 127 51 /
No 2 1 /
Metastasis 0.541
Yes 31 16 /
No 97 36 /
NA 1 0 /
ORR 0.401
CR/PR 24 15 /
SD 46 18 /
PD 53 16 /
NE 6 3 /
Benefit
CB 34 23 / 0.064
ICB L4 13 /
NCB 51 16 /
0S (months]), 27.94+21.61 29.95+21.28 34.97+33.27 0.153
mean = SD
PFS (months), 7.95+11.92 9.80+13.47 17.48+22.58 <0.001
mean = SD

CB, clinical benefit; CR, complete response; ICB, intermediate clinical benefit; MSKCC, Memorial Sloan-Kettering Cancer
Center (MSKCC/Motzer) Score; NA, not applicable; NCB, no clinical benefit; NE, not evaluable; ORR, objective repose rate;
0S, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD, stable disease.
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Figure 1. Schematic diagram of the analysis workflow of the study.
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Figure 2. Establishment of a prognostic ERV signature in advanced ccRCC cohorts. (a) The ERV signature stratified training cohort
(n=119) into two groups with distinct survival status. (b) The ERV signature stratified test cohort (n=52) into two groups with distinct
survival status. (c] The expression pattern of the ERV signature in the training cohort. The expression pattern of the ERV signature in

the test cohort.

ccRCC, clear cell renal cell carcinoma; ERV, endogenous retrovirus.

respectively (Figure 3(e)). Moreover, the low-
risk group in both training and test cohort showed
improved PFS (Supplemental Figure 1). Of note,
more responders were observed in the low-risk
group in both training and test cohorts (Figure
3(c) and (f)). In conclusion, the ERV signature is
a prognostic biomarker for OS in advanced
ccRCC patients.

External validation of the prognostic

ERV signature

The TCGA Stage IV ccRCC patient cohort was
further used to validate the robustness and the
predictive ability of the ERV signature. For OS,
significantly longer OS time was observed in the
low-risk group [median OS is 30.6 (21.24-65.1)

months versus 12.7 (7.96-39.5) months in low-
and high-risk group, respectively; HR=0.55,
95% CI: 0.34-0.90; p=0.017; Figure 4(a)]. This
ERV signature showed moderate prediction
accuracy (Figure 4(b)). Nevertheless, no signifi-
cant difference was observed considering PFS
between low- and high-risk group (Supplemental
Figure 2).

The ERV signature is a predictive marker for
anti-PD1 response in advanced ccRCC patients

To validate whether the ERV signature could
serve as a predictive biomarker for anti-PD1 ther-
apy, we further performed survival analysis in the
CM-025 cohort, in which nivolumab or everoli-
mus was administered to two arms, respectively

journals.sagepub.com/home/tam
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Figure 3. The ERV signature is a prognostic biomarker for 0S in advanced ccRCC cohort. (a) Kaplan-Meier curve of 0S between the
ERV low- and high-risk advanced ccRCC patients in the training cohort. (b) ROC curve showed the performance of the ERV signature
for OS in the training cohort. (c) Analysis of ORR in the training cohort. (d] Kaplan-Meier curve of 0S between the ERV low- and

high-risk advanced ccRCC patients in the test cohort. (e) ROC curve showed the performance of the ERV signature for 0S in the test
cohort. (f] Analysis of ORR in the test cohort.
ccRCC, clear cell renal cell carcinoma; ERV, endogenous retrovirus; ORR, objective response rate; 0S, overall survival; ROC, receiver operating

characteristic.

(Table 2). The same cutoff value was applied to
stratify patients into low- and high-risk group in
each arm, respectively. In the high-risk group, no
significant benefit in either OS or PFS was
observed in patients received nivolumab com-
pared with those received everolimus [median
0OS, 17.1 (13.4-26.0) months versus 19.7 (14.9—
34.8) months, p=0.87; median PFS is 3.8 (1.91—
5.85) months versus 5.4 (3.52-7.49) months,
p»=0.36 in nivolumab and everolimus arm,
respectively] (Figure 5(a) and (b)). However, in
the low-risk group, patient who received
nivolumab had a significantly longer survival
compared with those who received everolimus
[median OS is 37.8 (25.3-NA) months versus
21.0 (12.9-25.5) months, p=0. 005; median PFS
is 5.4 (3.84-9.56) months versus 3.7 (2.14-5.65)

months, p=0.01 in nivolumab and everolimus
arm, respectively; Figure 5(a) and (b)], indicating
nivolumab could yield greater survival benefits
compared with everolimus in advanced ccRCC
patients with lower ERV-signature risk.

Considering objective response rate, while low-
risk patients received nivolumab could achieve a
complete response/partial response (CR/PR) rate
of 30%, the CR/PR rate is only 5.56% in low-risk
patients who received everolimus (p<<0.001,
Figure 5(c)). A similar tendency was observed in
the high-risk group, but no significant difference
of CR/PR rate between patients who received
nivolumab and everolimus was observed
(p=0.063, Figure 5(c)). Taken together, our
results indicate that the ERV signature is a

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

J-G Zhou, Y Zeng et al.

(a) TCGA-KIRC IV cohort
1.00 + High risk + Low risk
0.75
g Log-rank
5 p=0.017
8 050] ----lq---k
Q
(73]
© 025
0.00 ' '
0 30 60 90 120
Month
Number at risk
T Highrisk| 42 15 6 2 0
o Lowrisk] 41 21 11 5 1
0 30 60 90 120
Month

(b)

100/
0.75.
z
z
Z 050
c
JF]
w
0.25/ AUC
~12 month AUC: 0.609
7 ~ 36 month AUG: 0.537
60 month AUG: 0.554
0.00 /

0.25 0.50

1-Specificity

0.75 1.00

Figure 4. External validation of the prognostic ERV signature for 0S in the TCGA-KIRC IV cohort. (a) Kaplan-
Meier curve of 0S between the low- and high-risk advanced ccRCC patients in the TCGA-KIRC IV cohort. (b)
ROC curve showed the performance of the ERV signature for 0S in the TCGA-KIRC IV cohort.

ccRCC, clear cell renal cell carcinoma; ERV, endogenous retrovirus; 0S, overall survival; ROC, receiver operating

characteristic; TGCA, The Cancer Genome Atlas.

well-performed predictive biomarker for anti-PD1
therapy response in advanced ccRCC patients.

Low ERV risk group had a higher

immune cell infiltration

Immune cell infiltration analysis was performed to
uncover the potential players in immune response
that led to the different survival benefit observed
between low- and high-risk group. Higher
ESTIMATE and stromal score and lower tumor
purity in low-risk group indicated that ccRCC
tumors with low ERV risk may constitute of higher
fraction of immune cells and stromal cells (Figure
6(a)—(c)). Specifically, a significantly higher frac-
tion of CD8+ T cells was found in the low-risk
group compared with the high-risk group, while
no significant difference was found in neutrophils,
CD4+ T cells, B cells, dendritic cells, and mac-
rophages (Figure 6(d)—(i)). Consistently, the
expression of the cytotoxic T-cell marker CD8A
tended to be higher in the low-risk group com-
pared with the high ERV risk group (Figure 6(j)).

GSEA to get first hints about the specific

pathways involved in the identified ERV

signature

To further explore the potential biological mecha-
nisms underlying survival benefits from nivolumab
observed in low-risk group, DEGs were analyzed

between low- and high-risk group in patients
received nivolumab, and GSEA was then per-
formed to characterize the specific pathways that
may be involved in the ERV signature. The most
positively enriched gene sets in the low-risk group
included starch and sucrose metabolism, ascor-
bate and aldarate metabolism, glucuronidation,
pentose and glucuronate interconversions, por-
phyrin and chlorophyll metabolism, estrogen
metabolism, and heme degradation (Figure 7).
On the other hand, several immune suppressive
pathways were negatively enriched in the low
ERV risk group, including cytokines and inflam-
matory response, CD22-mediated B-cell recep-
tor regulation, interleukin 10 (IL-10) signaling
pathways, IL-18 signaling pathway, mitogen-
activated protein kinase (MAPK) pathway, vas-
cular endothelial growth factor A/vascular
endothelial growth factor receptor 2 signaling,
and WNT signaling pathway (Figure 7). The
expression of immune checkpoint including
PD1, PDL1, and CTLA4 was also examined,
and no significant difference was found between
the low- and high-risk group (Supplemental
Figure 3). Moreover, multivariate Cox regression
analysis showed that low ERV signature, not
PDI1, PDL1, or CTLA4, is the only independent
predictor for OS and PFS in patients received
nivolumab therapy, while all these four factors
are not independent prognosis predictor in
everolimus arm (Supplemental Figure 4).
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Table 2. Clinical characteristics of Checkmate-025 cohort.
Characteristics Nivolumab (N=120) Everolimus (N=130) p Value
Sex
Male 94 92 0.22
Female 26 38
Age (year), mean +SD 60.94+12.02 62.54+9.51 0.24
MSKCC 0.51
Favorable 36 48
Intermediate 60 58
Poor 24 24
IMDC 0.17
Favorable 20 25
Intermediate 67 78
Poor 29 27
Not reported 4 0
Metastasis 0.9
Yes 31 37
No 88 92
NA 1 1
ORR 5.70E-05
CR/PR 25 5
PD 41 37
SD 45 67
NE 9 21
0S (months), mean +SD 29.71+20.66 23.81=18.49 0.02
PFS (months), mean = SD 8.89+12.69 6.15%7.12 0.04

CB, clinical benefit; CR, complete response; ICB, intermediate clinical benefit; IMDC, IMDC (International Metastatic RCC
Database Consortium) Risk Model; NA, not applicable; NCB, no clinical benefit; NE, not evaluable; ORR, objective repose
rate; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD, stable disease.

Discussion

ccRCC represents 70-80% of malignancy in kid-
ney, and it rarely responds to chemotherapy and
is usually treated with radical nephrectomy.!®
However, recurrence and metastasis are rather
common, which result in 5-year OS rate ranging
from 0 to 20%.17 As one of most common immu-
notherapies, immune checkpoint inhibition is a

promising alternative and increases OS of
advanced ccRCC patients.18:19 However, only a
small fraction of patients can benefit from immu-
notherapy, indicating the urgent need for an
appropriate patient selection.2? Recent studies
have shown that ERV expression signature may
be associated with the immune landscape and
anti-PD1/PDL1 response in 24 advanced ccRCC
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Figure 5. The ERV signature is a predictive biomarker for anti-PD1 therapy in advanced ccRCC cohort. (a) Kaplan-Meier curve of 0S
for advanced ccRCC patients received nivolumab against those received everolimus in the low- and high-risk group, respectively. (b)
Kaplan-Meier curve of PFS for advanced ccRCC patients received nivolumab against those received everolimus in the low- and high-
risk group, respectively. (c] Analysis of the ORR for advanced ccRCC patients received nivolumab against those received everolimus

in the low- and high-risk group, respectively.

ccRCC, clear cell renal cell carcinoma; ERV, endogenous retrovirus; 0S, overall survival; PD1, programmed cell death protein 1.

patients.%!! However, the association between
ERYV expression signature and anti-PD-1 therapy
response has not yet been deeply investigated.
Based on three recent clinical trials, our study
established a prognostic and predictive ERV sig-
nature, which provided further evidence that
advanced ccRCC patients with lower ERV-
signature score present with favorable prognosis,
while these patients could benefit more from ICB
therapy compared to those with high-risk ERV.
We also started to uncover the potential immune
player and signaling pathways underlying this
benefit and found that CD8" T cells were highly
enriched in low-risk group, while no significant
difference was found in neutrophils and CD4" T
cells. Also, several immunosuppressive pathways
were found to be negatively enriched in the low-
risk group, while immune checkpoint levels were
comparable in the low- and high-risk group,
which partially explained that the survival benefit
from immunotherapy observed in the low-risk
group may be PD1/PD-L1 independent.

Though most ERVs are epigenetic silenced, dys-
regulated ERVs expression could involve in regu-
lation in multiple cancers. For example, three
tumor-specific = ERVs  including ERVH-5
(herv_3215), ERVH48-1 (herv_4906), and
ERVE-4 (herv_2256) were hardly detectable in
normal tissues but highly expressed in tumor tis-
sues.2! Though their precise role is unclear, they
may yield tumor-specific antigens or activate local

immunity as immunological adjuvants. Rathmell
et al. confirmed that ERV3-2 (herv_2637) was
associated with immune checkpoint activation in
11 solid tumors, and metastatic ccRCC patients
with higher herv_2637 expression in tumor
showed better response to PD-1/PD-L1 blockade
compared with those with low expression.!!
Intriguingly, Braun ez al.!? failed to reliably infer
herv_2637 expression in formalin-fixed tissues
but found herv_2282 and herv_3382 to be weakly
associated with clinical outcomes in Checkmate
cohorts.12 Nevertheless, only limited set of ERV
loci was analyzed in previous study and compre-
hensive analysis may improve the prognostic per-
formance. In the present study, a total of 1717
ERVs was involved in the analysis, and we estab-
lished the nine-ERV signature. This is the first
signature based on ERV which could successfully
distinguish responders to nivolumab from
advanced ccRCC patients. Thus, our results pro-
vide a distinct pattern of ERV association with the
OS and response of patients with advanced
ccRCC who received PD-1 blockade.

ccRCC represents a highly immune infiltrated
tumor type. It is suggested that T cells are the
dominant population of tumor-infiltrating lym-
phocytes (TILs) in most ccRCC cases.??
Nevertheless, distinct CD8* subpopulations may
be correlated with different prognosis in patients
receiving checkpoint immunotherapy.??> A study
based on CM-025 cohort found that higher
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Figure 6. Low ERV risk group had a higher immune infiltration. (a-c) The tumor purity, stromal score, and ESTIMATE score were
calculated in the low- and high-risk group, respectively. (d-i) The proportion of neutrophils, CD4+ T cells, CD8+ T cells, B cells, DC,
and macrophages was analyzed in the low- and high-risk group, respectively. (j] The expression of CD8A was analyzed in the low-

and high-risk group,
DC, dendritic cell; ERV,

respectively.
endogenous retrovirus.

infiltration of CD8" TILs expressing PD-1 could
predict response to nivolumab, but no to everoli-
mus in advanced ccRCC patients.2* Moreover, in
ADAPTEeR, a recent phase II study of nivolumab
in treatment-naive patients with advanced
ccRCC, higher fraction of pre-treatment CD8+
T cells were found in responders.2> Though T-cell
infiltration increased on-treatment irrespective of
nivolumab response, hyperexpanded nivolumab-
bound CD8+ clones and upregulated granzyme
B and CD8A in nivolumab-bound CD8+ T cells
were only observed in responders.?> Consistent
with these findings, our results showed higher

CD8+ T-cell infiltration along with higher CD8A
mRNA expression in the low ERV risk group,
indicating ERV expression patterns are associated
with the immune microenvironment of ccRCC.
This might lead to the distinct response to
nivolumab in ccRCC patients.

Several immunosuppressive gene sets, including
cytokines and inflammatory response,26:27
11.-10,282° MAPK,?° and WNT signaling path-
ways,>1:32 were negatively enriched in the low-risk
group. IL signaling pathways are critical regulator
of immunotherapy response. For example, serum
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GSEA, gene set enrichment analysis.

level of IL-10 could significantly reduce after
nivolumab treatment in advanced lung cancer
patients,>®> and addition of IL-10 might even
potentially suppress T-cell responses in some
cases.?? HERV-W family envelope protein could
significantly increase both mRNA and protein
levels of tumor necrosis factor  (TNF-a) and
IL-10 in glioblastoma cells and human peripheral
blood mononuclear cells (PBMCs).3435 Of note,
in activated PBMCs, the envelope proteins of
HERV-W and HERV-FDR have also been found
to activate the MAPK pathway leading to reduced
production of Thl cytokines including IL-2,
TNF-a, and interferon y, supporting the poten-
tial immunosuppressive role of these two ERVs.36
Moreover, Np9, an HERV-K-derived protein
could interact with promyelocytic leukemia zinc
finger protein and activate the immunosuppres-
sive Wnt/B-catenin signaling pathway in chronic
lymphocytic ~ leukemia.?”  Intriguingly, in
ADAPTeR cohort, upregulated genes found in
nivolumab responders were significantly enriched
in ‘immune activation’ and “TCR signaling’ gene
sets.?> Consistently, the low ERV risk group was
also found to have a less immunosuppressive
microenvironment, which may, to some extent,
explain the survival benefit and response to
nivolumab observed in these patients.

Of note, differences of treatment strategy among
the cohorts should be taken into consideration.
Most patients in TCGA-KIRC IV cohort have

received combination of chemotherapy (gemcit-
abine or/and 5-fluorouracil) or/and targeted
molecular therapy (temsirolimus, everolimus,
sunitinib, sorafenib, pazopanib, vandetanib, bev-
acizumab, and perifosine); 21 patients have
received immunotherapy (interferon alpha, onco-
phage vaccine, or IL-2). Nevertheless, ERV sig-
nature is still prognostic even in this population
with different treatment strategy. Moreover, par-
ticipants in the everolimus arm in CM-025 cohort
could be assessed for a crossover to nivolumab
treatment if they met all inclusion criteria. In this
case, the OS of everolimus arm may be longer
than it actually was. However, we still observed
significantly longer survival in low ERV-risk
patients received nivolumab compared with those
received everolimus. Collectively, this evidence
supported that ERV is a satisfactory tool to pre-
dict anti-PD1 therapy response in advanced
ccRCC patients.

In summary, our study for the first time demon-
strated that the ERV signature is a prognostic and
predictive biomarker for advanced c¢cRCC
patients treated with anti-PD1 therapy. The reli-
ability of the signature was verified in two inde-
pendent cohorts and the interpretability of the
model was illustrated by exploring the correlation
between the immune infiltration and immune-
related pathways. Future prospective studies are
warranted to validate the ERV signature in
advanced ccRCC and other malignancies.
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