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ABSTRACT

Immune checkpoint inhibitors in combination with tyrosine kinase inhibitors (TKIs) are improving the
response rates of advanced renal cancer patients. However, many treated patients do not respond,
making novel immune checkpoint-based immunotherapies potentially clinically beneficial only for spe-
cific groups of patients. We detected high expression of the immune checkpoint protein B7-H3 in clear cell
renal cell carcinomas (ccRCCs) and evaluated B7-H3 immunohistochemistry staining in tissue microarray
samples from two distinct renal cancer cohorts. B7-H3 was highly expressed in approximately 50% of
primary tumors and in 30% of metastatic lesions. B7-H3 expression in primary tumors correlated with
tumor necrosis, sarcomatoid transformation, disease-free survival, and synchronous metastasis, while B7-
H3 expression in metastasis correlated with metastases to the lymph nodes. Gene expression analysis
revealed the association of B7-H3 expression with gene expression scores involved in T cell exhaustion
and myeloid immune evasion, as well as with PI3K/AKT and JAK/STAT pathways. Furthermore, knocking
down B7-H3 expression in renal cancer cells by siRNA and CRISPR/Cas resulted in lower 2D and 3D cell
proliferation and viability as well as increased sensitivity to TKI axitinib. Together, our findings suggest
a pro-oncogenic and immune evasive role for B7-H3 in ccRCC and highlight B7-H3 as an actionable novel
immune checkpoint protein in combination with TKI in advanced renal cancer.
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include CPIs blocking the protein-protein binding between
PD-1 and its ligands PD-L1 (B7-H1) and PD-L2 (B7-DC)
(anti-PD-1 (nivolumab and pembrolizumab) and anti-PD-L1
(avelumab)) and between CTLA-4 and its ligands B7-1, B7-2
and B7-H2 (anti-CTLA-4 ipilimumab).” The CPIs are

Introduction

Human renal cancers, including clear cell renal cell carcinoma
(ccRCC), chromophobe renal cell carcinomas (ChRCCs), and
papillary renal cell carcinomas (PRCCs), are of relatively high

incidence in the population." Immunotherapy using immune
checkpoint inhibitory monoclonal antibodies is an approach
that has increased the survival of renal cancer patients over the
past decade. The therapeutic landscape in renal cancer is a field
in progress, with several clinical trials testing immune check-
point inhibitors (CPIs) targeting PD-1/PD-L1 in combination
with targeted therapies, and there is still an urgent need for
novel and efficient anti-cancer targets. In this context, deeper
biological and clinical knowledge of alternative immune check-
point proteins might be exploited in the therapeutic landscape
of renal cancer.”

Renal cancer is considered an immunogenic cancer form
and it shows relative high response rates upon treatment with
CPIs. However, this response has not been linked to either the
accumulation of neo-antigens no tumor mutational burden.”*
Current approved CPIs in the treatment of advanced RCC

approved in combination (nivolumab and ipilimumab) or
combined with tyrosine kinase inhibitors (TKI) (axitinib and
lenvantinib) or with mTOR inhibitors (everolimus and
temsirolimus).® The response rate of CPI-alone treated patients
is around 25-40%,”® while the combination with TKIs
increases the response rate to 50-60%.°"'* Despite these
improvements, still around 40% of patients experience little
benefit, high toxicity, or develop resistance to therapy, empha-
sizing the need for finding novel and effective treatments
alternative to the current PD-1/PD-L1 and CTLA-4 based
therapies.'” Synergistic or compensatory functions from other
related co-immunoregulatory B7-family proteins could
account for the non-durable benefits obtained from current
CPIs.

B7-family proteins consist of 10 structurally related proteins
with immune-regulatory and pro-oncogenic functions,"*
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including several good candidates for therapeutic targeting and
as biomarkers in ccRCC.">"'® B7-H3 is considered a pan-
cancer antigen and it is highly overexpressed in many cancers,
including renal cancer.'®"” B7-H3 has been proposed as a renal
cancer marker'” and as an enhancer of cell invasion and
metastasis in renal cancer.’® Overexpression of B7-H3 in
monocytes is associated with renal cell carcinoma
progression.”' In ccRCC, lower microRNA-187 expression is
associated with lower patient survival, and this mRNA inhibits
cell growth and migration in association with regulating B7-
H3.>* Expression of B7-H3 in tumor and tumor vasculature is
associated with higher grade and poorer survival outcomes in
patients with ccRCC and metastatic ccRCC.”>"*” B7-H3 target-
ing of renal cancers has been validated in preclinical studies
using B7-H3 monoclonal and drug-conjugated antibodies,***’
and it is currently in clinical trials as a novel immune check-
point inhibitor for renal cancer treatment.

Here, we have performed molecular studies on the role of
B7-H3 in c¢cRCC using renal cells and ccRCC tumor samples.
Our results unveil high expression of B7-H3 mRNA and pro-
tein in ccRCC, in correlation with poor prognosis, synchro-
nous and lymph node metastasis, T cell exhaustion and
myeloid immune evasion pathways. We propose a pro-
oncogenic and metastatic role for B7-H3 in ccRCC modulated
through JAK/STAT and PI3K/AKT signaling pathways.

Material and methods
mRNA expression analysis

In silico mRNA expression analysis of B7-family genes: normal
kidney tissue expression was from publicly available data sets at
NCBI Gene Resource™ (https://www.ncbi.nlm.nih.gov/gene/),
and ccRCC expression was from the publicly available TCGA
dataset retrieved from the Protein Atlas® (https://www.protei
natlas.org/). Validation of B7-H3 (CD276) co-expression ana-
lysis was retrieved from the ccRCC dataset from TCGA
(mRNA expression (log2); RNA Seq V2 RSEM (417
samples)** using cBioportal (https://www.cbioportal.org/);
and GEPIA (http://gepia.cancer-pku.cn).”

Immunohistochemical staining and scoring

The anti-B7-H3 antibody used for immunohistochemistry was
AF1027 (1:1000, R&D). Antigen retrieval was performed by PT
link (Agilent Technologies, Santa Clara, CA). Immunostaining
of B7-H3 was performed with EnVision FLEX and Dako
Autostainer Link 48 (Agilent) as previously described.>* The B7-
H3 antibody was incubated for 30 min, followed by secondary
antibody incubation for 15 min using secondary polyclonal rab-
bit anti-goat Ig/HRP (1:200; in EnVision FLEX Antibody diluent
Dako), EnVision FLEX/HPR for 20 min, and EnVision FLEX
DAB/Sub Chromo for 10 min and finally counterstaining with
EnVision FLEX hematoxylin. Slides were dehydrated through
incubations with sequentially increasing alcohol concentration,
followed by xylene incubation and cover-slipping. TMAs were
evaluated by an experienced uropathologist (JIL). Scoring of B7-
H3 immunostaining was made following the immunoreactivity
scoring system (IRS). Immunostaining for the tumor cells:

low/no: <10% positive cells and 0-1 intensity; and high: >10%
positive cells and 2-4 moderate to strong intensity.

Clinical samples

Two separate cohorts with renal cancers and with metastatic
ccRCCs were analyzed, consisting of 129 renal cancer patients
and 52 metastatic ccRCC patients, respectively, treated with
surgery at the Cruces University Hospital (Spain) between 1997
and 2001. The first cohort included 96 ccRCC, 17 ChRCC, and
16 PRCC. The second metastatic ccRCC cohort included pri-
mary and matching metastasis tissue samples. 29% of the
patients had synchronous metastasis at the time of surgery,
while the rest developed metastasis in a time range between 6
and 204 months. The median diameter of the tumors in the
first cohort was 6.8 mm and in the second cohort was 8.5 mm.
An experienced pathologist (JIL) selected tumor areas with
well-preserved tissue representative of the whole tumor from
formalin-fixed and paraffin-embedded tissue blocks from these
patients, and TMA blocks were made from these areas. 4 um
sections were made from the TMA blocks, one of which was
stained with hematoxylin and eosin to verify the presence of
tumor content. Both renal cancer cohorts have been previously
described.?”?° Ethical approvals have been obtained for clinical
material (CEIC 2015/060, CEIC PI2022116, and CEIC
P12022085).

Gene expression analysis

Total RNA was isolated from twelve 10 pM-thick ccRCC whole
tissue sections from the ccRCCs that were selected from 6
whole tumor tissue sections with high B7-H3 immunostaining
and from 6 whole tumor tissue sections with low B7-H3
immunostaining. The adjacent 4 -uM whole tissue section
was hematoxylin- and eosin-stained, and tumor areas were
marked by an uropathologist (JIL). Tumor tissue was scraped
off and deparaffinized with deparaffinization solution
(Qiagen), and RNA was isolated with an AllPrep DNA/RNA
FFPE kit (Qiagen). RNA concentration and quality were deter-
mined by NanoDrop (Thermo Scientific) and BioAnalyzer
(Agilent), respectively. Gene expression was analyzed on the
Immune Exhaustion Panel and PanCancer Pathways Panel
(NanoString Technologies, covering 785 genes involved in
immune exhaustion (previously described by Nunes-Xavier
et al.”’) and 770 genes involved in canonical cancer pathways).
Analysis and quality check were performed at the Genomics
Core Facility at the Oslo University Hospital (Norway).

Cell lines, transfection and luciferase assay

The 786-O human renal cancer cell line and nonmalignant RC-
124 renal cells were grown in RPMI, and A498 and Caki-
1 human renal cancer cell lines were grown in EMEM and
McCoy-5A medium, respectively. HEK293 cell line (human
embryonic kidney) was cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium). All media were supplemented
with 10% FBS, 1% L-glutamine and 1% penicillin-streptomy-
cin. PMA (phorbol 12-myristate 13-acetate, Sigma-Aldrich).
Plasmids were pcDNA6 B7-H3 cDNA and pSG5 HA-AKT1.”
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The GenJet™ DNA In Vitro Transfection Reagent (SignaGen
Laboratories) protocol was used to transfect HEK293 cells, as
described previously,” with pcDNA6 B7-H3, and pSG5 HA-
AKT1 cDNA, and STAT3 Cignal Reporter Assay (CCS-9028L,
Qiagen). STAT3 Reporter Assay was measured using the Dual-
Luciferase® Reporter Assay System (Promega), and the lumines-
cence signal was measured immediately after the addition of the
substrate solution using an Infinite® M plex (TECAN) plate
reader.

RNA interference and CRISPR/Cas

B7-H3 knockdown in Caki-1 and 786-O cells was performed
using the transfection reagents Lipofectamine RNAIMAX
(Invitrogen) and PepMute (SignaGen Laboratories) accord-
ing to the manufacturer protocol. siRNAs for the human B7-
H3 gene were from FlexiTube GeneSolution (GeneGlobe ID:
SI03113341 and S102645944; Qiagen), and nonspecific (siNS)
RNAs were from AllStars Neg. siRNA (Qiagen). Cells were
transfected with 20 nM siRNAs. For CRISPR/Cas knockout
experiments, 786-O cells were transfected with the p01 U6-
gRNA:CMV-Cas9-2a-tGFP plasmid using Lipofectamine
2000 (Thermo Fisher Scientific). 48 h post transfection,
cells were GFP-sorted, using a FACS Aria II cell sorter (BD
Biosciences) at the Flow Cytometry Core Facility at the Oslo
University Hospital (Norway). CRISPR/Cas knockout was
verified by DNA sequencing at the Genetics-Genomics
Core Facility at the Biobizkaia Health Research Institute
(Spain).

Western blot

Total cell lysates were obtained lysing cells in the M-PER
mammalian protein extraction reagent (Thermo Fisher
Scientific) supplemented with phosphatase and protease inhi-
bitor cocktails (PhosSTOP and cOmplete; Roche).
Immunoblot analysis of B7-H3 (anti-B7-H3 AF1027, 1:500,
R&D systems), pAKT (anti-pAKT #9271, 1:1000, Cell
Signaling), a-tubulin (anti-a-tubulin DM1A, 1:5000, Merck
Millipore), and GAPDH (anti-GAPDH 6C5, sc-32233, 1:500,
Santa Cruz Biotechnology) was performed in 10% SDS-PAGE
gels as previously described.*!

2D and 3D cell proliferation and viability assay

Caki-1 and 786-O cells were plated in 96 well plates (Corning),
transfected with siRNAs, and treated the following day with the
TKI axitinib (10 pM, Selleck Chemicals). For 3D-spheroid via-
bility, cells were plated in low-attachment 96 well plates
(Corning). Cells were treated for 72 h before cell proliferation
was measured using a CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega) for 2D cell growth and
a CellTiter-Glo® 3D Cell Viability Assay (Promega) for 3D-
spheroid viability according to manufacturer’s protocols.
Absorbance was measured for 2D assays at 490 nm using
a Mark™ Microplate Absorbance Reader (Bio-Rad), and lumi-
nescent signals in 3D-spheroid assays were measured using the
Infinite® M plex (TECAN) plate reader. 2D and 3D data are
represented as the mean from at least two biological replicates,
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each one with at least three technical replicates. Statistically
significant results (p < 0.05) are marked with an asterisk.

Statistical analysis

Statistical analyses were performed using the statistical software
SPSS Statistics (IBM, version 23). Spearman’s rho (R) test was
used to correlate B7-H3 expression with clinicopathologic para-
meters. The estimated survival curves were compared using the
log-rank test. Univariate and multivariate Cox correlation ana-
lyses were used to test the independent effects of variables of
interest on survival. A stepwise variable selection for a Cox
proportional hazards predictive model was used with an entry
criterion of p=0.05 and a stay value of p=0.20. All statistical
analyses were performed using patients with non-missing
values. Viability analysis and gene expression analysis in box
plot were calculated using the Graphpad Prism t test calculator,
and significance was calculated using a two-tailed student t-test.
In the viability analysis, significant viability differences are indi-
cated with an asterisk (*), and error bars represent +standard
deviation (S.D.). All experiments were performed at least twice,
and the results shown are from one representative experiment.
A two-sided p value of less than 0.05 was considered significant.
Gene expression analyses was made with nSolver Analysis
Software 4.0 (nanoString technologies), R (3.3.2), and XQuartz
(2.8.1) using the code set name NS_HS_EXHAUSTION_V1.0.
Pathway scores, cell type score, and differential expression were
performed with nCounter Advanced Analysis (version 2.0.134).
Volcano plot analysis was performed with the p-value adjusted
to Benjamini-Yekutieli.

Results

B7-H3 is highly expressed in renal cancer and correlates
with poor outcome in ccRCC

In silico analysis illustrates that B7-H3 is amongst the most
abundant B7-family immune checkpoint gene expressed,
together with B7-H5 and B7-H7, in ccRCC relative to normal
kidney expression (Figure 1a). TCGA data showed statistically
higher expression of B7-H3 in ccRCC/KIRC and PRCC/KIRP
but not in ChRCC/KICH (Figure 1b). IHC analysis of B7-H3
expression in human renal tumor samples revealed the pre-
sence of B7-H3 on tumor and tumor-associated stroma, with
a cytosolic/membranous staining. Representative examples of
B7-H3 low and high expression in ¢cRCC are shown in
Figure 2a. In a first renal cohort consisting of 96 ccRCC, 17
ChRCC, and 16 PRCC specimens, we explored the correlations
between B7-H3 expression, renal cancer subtype, and patholo-
gical parameters. In our ccRCC cohort, B7-H3 immunostain-
ing correlated positively with sex (p =0.038), stage (p = 0.041),
diameter (p =0.012) and overall survival (OS) (p =0.009). In
ChRCCs, B7-H3 expression was only observed in 1 case, which
correlated with the stage (p=0.025) and OS (p =0.002). In
PRCC, B7-H3 expression did not correlate with any clinico-
pathological variables (Table 1). Kaplan-Meier plots show the
significant association between B7-H3 expression and
decreased OS in ccRCC (p =0.044) (Figure 2b), but not in
PRCC (p = 0.863) (Supplementary Figure S1) . Cox univariate
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Figure 1. Expression of B7 family genes in normal kidney and kidney cancer. a) B7 mRNA expression in kidney cells and ccRCCs. Mean mRNA expression of B7 family
genes in normal kidney tissue and ccRCC (from KIRC study), as retrieved from https://www.ncbi.nlm.nih.gov/gene/ and https://www.proteinatlas.org/. RNA sequencing
data are reported as median expression. RPKM: reads per kilo base per million mapped reads; FPKM: number fragments per kilobase of exon per million reads. Official
gene names; PD-L1: CD274, PD-L2: PDCD1LG2, B7-H2: ICOSLG, B7-H3: CD276, B7-H4: VTCN1, B7-H5: VSIR, B7-H6: NCR3LG1, and B7-H7: HHLA2. b) mRNA expression of B7-
H3 in normal kidney and kidney cancer. Box plots for B7-H3 in TCGA data sets: ccRCC/KIRC (n = 523) and normal kidney tissue (n = 72), kidney renal clear cell carcinoma;
PRCC/KIRP (n = 286) and normal kidney tissue (n = 32), kidney renal papillary cell carcinoma; and chRCC/KICH, kidney chromophobe (n = 66) and normal kidney tissue
(n = 25). Plots show mRNA expression in tumor tissue (shown in light gray) in comparison to normal kidney tissue (in dark gray). Data are represented in a logarithmic
scale (Log2) and obtained from tumor samples and normal tissue samples. Statistically significant results (p < 0.01) are marked with an asterisk.

and multivariate regression analyses showed that stage
(p=0.019) and grade (p = 0.031) were independent prognostic
parameters for the survival of this cohort, but not B7-H3
expression (Table 2).

B7-H3 expression associates with synchronous metastases
and metastases to lymph nodes in ccRCC

In a second cohort of 52 metastatic ccRCC cases, we analyzed
B7-H3 expression in both primary and matching metastatic
tumor samples (Table 3 and Figure 3a). Approximately half of
primary tumors with metastasis expressed B7-H3 at the primary
site, whereas 30% of the metastatic tumors were positive for B7-
H3 expression (Table 3). B7-H3 expression in primary tumors
correlated positively with higher histological grade (p =0.026),
tumor necrosis (p=0.009), sarcomatoid transformation
(p=0.021), and synchronous metastasis (p =0.039) (Table 3),
while B7-H3 expression at the metastatic lesion correlated with
metastases to the lymph nodes (p=0.009) (Table 3).

Kaplan—Meier plots were performed to study the 10-year overall
survival of metastatic ccRCC patients. The curves showed
a significant correlation between B7-H3 and overall survival in
ten years (p = 0.020) (Figure 3b). Cox regression univariate and
multivariate analysis, including statistically significant variables
and variables previously shown to be clinically relevant, revealed
that the temporal development of metastasis was the only inde-
pendent prognostic parameter for the ten-year survival of
patients in this cohort (p=0.002) (Table 4). The sarcomatoid
transformation variable was excluded from the analysis due to
the lack of effect in the predictive model, and B7-H3 expression
(p =0.140) and tumor necrosis (p = 0.127) were shown as deter-
minant factors for overall survival prognosis (Table 4).

Gene expression profiling of B7-H3 low and high in ccRCC

Next, we performed pilot experiments of molecular gene profiling
analysis by the immune exhaustion pathway panel and pan cancer
pathway panel (NanoString) from whole tissue sections from 12
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Figure 2. B7-H3 protein expression and Kaplan—Meier survival curves of ccRCC patients. a) Expression of B7-H3 in ccRCC specimens. Representative immunohisto-
chemical staining of B7-H3 expression in positive (B) and low/no (D) specimens. Hematoxylin and eosin staining (A and C). Magnification in all pictures X250; scale bar
represents 100 um. b) Overall survival of ccRCC patients related to B7-H3 expression. Kaplan—Meier curves for B7-H3 expression and overall survival in ccRCC (p = 0.044).

Table 1. Correlation between clinical and pathological variables and B7-H3 protein expression in renal cancers.

Renal cancers ccRCC chRCC PRCC
B7-H3 B7-H3 B7-H3 B7-H3 B7-H3 B7-H3
Characteristic low/no high low/no high low/no high
Patients N=96 | (N=56) (N=40) | N=17 [ (N=16) (N=1) N=16 (N=5) (N=11)
Median follow-up timg p =- 0.003 / P = 0.976 p=-0.204/P=0.432 p=0.278/P=0.297
months |111.17 113.05 108.55 |142.70 145 96 126.12| 99.60 138.18
Median age at surger|p =- 0.022 /P = 0.831 p=0.333/P=0.192 =-0.250/P =0.351
years 70 70 70 73 72 85 77 81 75
Sex p=0.213/P=0.038 p=0.185/P=0.478 p=0.234/P=0.384
Female 25 19 6 6 6 0 4 2 2
Male 71 37 34 11 10 1 12 3 9
Age at surgery p=0.004/P=0.973 p=0.185/P=0.478 p=-0.164 /P =0.545
<70 years 41 24 17 6 6 0 5 1 4
> 70 years 55 32 23 11 10 1 11 4 7
Grade* p=0.188/P =0.067 n/a p=-0.493/P=0.053
Low 60 39 21 9 1 8
High 35 16 19 7 4 3
Stage** p=0.209/P =0.041 p=0.540/P =0.025 p=-0.022/P=0.937
Low 64 42 22 14 14 0 13 4 9
High 32 14 18 3 2 1 3 1 2
Diameter** p=0.256/P=0.012 p=-0.299/P=0.244 p=-0.135/P=0.619
<4 cm 33 25 8 7 6 1 8 2 6
>4 cm 63 31 32 10 10 0 8 3 5
Survival p= 0.266/P =0.009 p=0.685/P =0.002 p=-0.022/P=0.937
Alive 58 40 18 15 15 0 13 4 9
Dead 38 16 22 2 1 1 3 1 2

* Fuhrman’s grade, low (G1/2) vs. high (G3/4); ** AJCC 2010 staging low (pT1/2) vs. high (=pT3); *** Tumor
Spearman correlation p / P value; n/a = not applicable. Note that grade has 1 missing value.

ccRCC patient samples from the first cohort: 5 tumors with low
B7-H3 expression and 7 with high B7-H3 expression. Gene
expression of B7-H3 demonstrated good correlation between B7-
H3 mRNA expression from whole tissue sections and the

matching B7-H3 protein expression from TMA sections
(Figure 4a). Differentially expressed genes from the immune
exhaustion panel in B7-H3 high tumors as compared to the base-
line B7-H3 low are shown in the volcano plot (Figure 4b), and



6 (&) M.EMALDIETAL.

Table 2. Univariate and Multivariate analyses to predict overall survival of ccRCC patients.

Univariate Analysis ccRCC

Variable Description Point Estimate 95% Wald Confidence Limits P-value Log-rank
Grade Low vs high 5.929 2934 11.980 <0.0001
Stage Low vs high 6.632 3.309 13.293 <0.0001
Diameter <4cm 4.528 1.760 11.654 0.002
>4cm
B7-H3 Low/no vs high 1.927 1.005 3.695 0.048
Multivariate Analysis
Variable Description Point Estimate 95% Wald Confidence Limits P-value Cox
Stage Low vs high 2.930 1.191 7.204 0.019
Grade Low vs high 2.607 1.091 6.226 0.031
Diameter <4cm 1.639 0.551 4.881 0.375
>4 cm
B7-H3 Low/no vs high 1.482 0.765 2.872 0.261

Univariate and multivariate Cox proportional hazards test/point estimate = hazard ratio.

Table 3. Correlation between clinical and pathological variables and B7-H3 protein expression in primary tumor and metastatic lesion in ccRCC.

Metastatic ccRCC Primary Tumor Metastatic Lesion

Characteristic B7-H3 low/no B7-H3 high B7-H3 low/no B7-H3 high
Patients N=52 (N=29) (N=23) N=52 (N=37) (N=15)

Median follow-up time p =-0.320/p =0.021 p=-0.030/p =0.834

months 47.5 78 315 475 59.5 36

Median age at surgery p =-0.150 / p = 0.289 p=0.140/ p = 0.322

years 59 61 55 59 555 61
Sex p=-0112/p = 0430 p=0.074/p = 0.604

Female 13 6 7 13 10 3

Male 39 23 16 39 27 12
Age at surgery p =-0.086 / p = 0.547 p=-0.102/p =0476

<70 years 45 24 21 44 30 14

> 70 years 6 4 2 6 5 1
Grade* p=0312/p = 0026 p=0215/p=0.130

Low 22 16 22 18 4

High 29 12 17 29 18 1"
Stage** p=0.151/p=0.287 p=0.067/p=0.637

Low 27 17 10 27 20 7

High 25 12 13 25 17 8
Diameter*** p=0124/p=0380 p=-0.122/p=0389

<4cm 7 5 2 7 4 3

>4cm 45 24 21 45 33 12
Tumor necrosis p =0.358/p =0.009 p=0.164/p =0.246

No 24 18 24 19 5

Yes 28 1 17 28 18 10
Sarcomatoid transformation p=0.322/p=0.021 p=-0.016/p=0911

No 47 28 19 47 34 13

Yes 4 0 4 3 1
Disease free survival p=0272/p =0.051 p=-0.122/p=0.389

Yes 1" 9 2 1 9 2

No 4 20 21 41 28 13
Survival p=0.78/p =0.581 p=0.017 / p = 0.904

Alive 18 " 7 18 13 5

Dead 34 18 16 34 24 10
Metastasis p=0.288/p=0.039 p=0.031/p=0.829

Metachronous 37 24 13 37 26 1"

Synchronous 15 5 10 15 1 4
Metastatic site
Lymph node p =0.064/ p = 0.654 p=0.356/p =0.009

No 40 23 17 40 32 8

Yes 12 6 12 5 7
Endothelial tissue p=-0.194/p=0.169 p=-0212/p=0.131

No 26 12 14 26 16 10

Yes 26 17 9 26 21 5
Soft tissue and sarcoma p=0.158/p = 0.264 p=-0.099/p=0483

No 38 23 15 38 26 12

Yes 14 6 8 14 1 3

* Fuhrman'’s grade, low (G1/2) vs. high (G3/4); ** AJCC 2010 staging low (pT1/2) vs. high (=pT3); *** tumor diameter, small (<4 cm) vs. large (>4 cm).
Spearman correlation p/p = p value. Note that age, grade, and sarcomatoid transformation have 1 missing value.
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Figure 3. B7-H3 protein expression and Kaplan-Meier survival curves of metastatic ccRCC patients. a) Expression of B7-H3 in ccRCC specimens. Representative
immunohistochemical staining of B7-H3 expression in positive tumor site (B) and matching lymph node metastasis (D). Hematoxylin and eosin staining (A and C).
Magpnification in all pictures x250; scale bar represents 100 um. b) 10-year overall survival in metastatic ccRCC patients related to B7-H3 expression. Kaplan—-Meier curves
for B7-H3 expression and 10-year overall survival in metastatic ccRCC (p = 0.020).

Table 4. Univariate and Multivariate analyses to predict overall survival of metastatic ccRCC patients.

Univariate Analysis metastatic ccRCC

Variable Description Point Estimate 95% Wald Confidence Limits P-value Log-rank
Grade Low vs high 1.241 0.578 2.666 0.580
Stage Low vs high 1.080 0.507 2.301 0.842
Diameter <4cm 1.359 0.410 4.503 0.616
>4cm
Tumor necrosis No vs yes 2424 1.109 5.295 0.026
Sarcomatoid transformation No vs yes 2.547 0.573 11.315 0.219
Metastasis synchronicity Metachronous vs Synchronous 0.228 0.099 0.522 <0.0005
Metastatic site Lymph node No vs yes 1.291 0.520 3.207 0.582
Metastatic site Endothelial tissue No vs yes 0.666 0.313 1.417 0.291
Metastatic site Soft tissue, sarcoma No vs yes 1.337 0.600 2.978 0.478
B7-H3 primary No vs yes 2.373 1.113 5.060 0.025
Multivariate Analysis
Variable Description Point Estimate 95% Wald Confidence Limits P-value Cox
Tumor necrosis No vs yes 1.876 0.791 4451 0.154
Sarcomatoid transformation No vs yes 0.459 0.092 2.300 0.344
Metastasis synchronicity Metachronous vs Synchronous 0.217 0.084 0.563 0.002
B7-H3 primary No vs yes 2.205 0.949 5.124 0.066
Multivariate Analysis (excluding sarcomatoid transformation)
Variable Description Point Estimate 95% Wald Confidence Limits P-value Cox
Tumor necrosis No vs yes 1.926 0.829 4474 0.127
Metastasis Metachronous vs Synchronous 0.270 0.111 0.658 0.004
synchronicity
B7-H3 primary No vs yes 1.854 0.817 4.205 0.140

Univariate and multivariate stepwise Cox proportional hazards test/point estimate = hazard ratio.

significantly differentially expressed genes are listed in
Supplementary Table S1. Genes showing significantly higher
expression in B7-H3 high tumor samples were insulin receptor
substrate 1 (IRS1, p=0.0026), matrix metalloproteinase-14
(MMP14, p=0.00882), colony stimulating factor 1 receptor
(CSFIR, p=0.0294), and janus activated kinase 3 (JAK3,

p=0.0315). Among the top lower expressed genes were glycerol
kinase (GK, p = 0.013), aldehyde dehydrogenase 1 family member
Al (ALDHIALI, p=0.0177), bone morphogenetic protein 2
(BMP2, p=0.013) and hepatitis A virus cellular receptor 2
(HAVCR?2, also known as T-cell immunoglobulin and mucin-
domain containing-3 TIM3, p=0.0382) (Figure 4c). All the
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Figure 4. Gene expression of B7-H3 in a panel of ccRCC samples. a) Gene expression of B7-H3 in a panel of ccRCC samples showed higher B7-H3 mRNA expression in
IHC-scored B7-H3 high tumors vs. B7-H3 low tumors. No differences were observed in negative and positive controls. b) Volcano plot of B7-H3 differential expression in
positive vs. baseline negative. Volcano plot displaying each gene’s —log10 (p-value) and log2 fold change with the selected covariate. The 40 most statistically
significant genes are labeled in the plot. Genes also showed in Figure 4c are colored: top 4 higher expression in B7-H3 high tumor samples (IRS1, MMP14, CSF1R and
JAK3) in red and top 4 lower in B7-H3 high tumor samples (GK, ALDH1A1, BMP2, and HAVCR2/TIM3) in blue. c) Gene expression of up- and down-regulated genes. Up-
regulated genes in B7-H3 high tumors are shown in red box: IRS1, MMP14, CSF1R and JAK3; and downregulated genes in blue box: GK, ALDH1A1, BMP2 and HAVCR2/
TIM3. Values are in log2 scale. d) B7-H3 co-expression analysis was identified from the ccRCC dataset from TCGA (Nature 2013; mRNA expression (log2); RNA Seq V2
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above mentioned differentially expressed genes were validated and
verified in the TCGA dataset containing 417 ¢ccRCC samples
(Figure 4d).»?

B7-H3 expression associates with different immune
populations and signaling pathways

Immune exhaustion pathway analysis unveiled differences in
several immune cells and immune states (Figure 5a). Pathway
and cell type score unveiled a higher immune exhausted score
in the B7-H3 high tumors. In pathway score analysis, we
observed that alterations in the T cell exhaustion (Figure 5b),
myeloid immune evasion (Figure 5¢), tumor necrosis factor
(TNF) signaling (Figure 5d), interleukin-2 (IL-2) signaling
(Figure 5e), and NK-«B signaling score (Figure 5f) are higher
in B7-H3 high vs B7-H3 low samples. Furthermore, cell type
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analysis showed a higher macrophage score in B7-H3 high
tumors (Figure 5g), indicating a positive correlation between
B7-H3 expression and intratumor macrophage (TAM)
infiltration.

B7-H3 expression impacts PI3K/AKT and JAK/STAT
signaling pathways

PanCancer pathway analysis showed differentially
expressed signaling pathways in B7-H3 high and B7-H3
low samples (Figure 6a). In particular, higher pathway
scores were observed in pathways JAK/STAT and PI3K
signaling scores (Figure 6b,c). Next, we validated the B7-
H3-related modulations in these pathways in renal cells.
Due to low transfection efficiency of renal cancer cells, we
validated B7-H3 implication in STAT3 and AKT activation
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Figure 5. Molecular immune exhaustion panel analysis of ccRCC patients according to B7-H3 expression. a) Relative cell type measurements vs. B7-H3. Plots show the
relative cell type abundance measurements against B7-H3 expression. Pathway analysis of the different cell types: b) T cell exhaustion, c) myeloid immune evasion, d)
TNF signaling, e) IL-2 signaling, f) NF-kB signaling, and g) macrophages scores. Data are represented in a logarithmic scale (Log2) and obtained from 12 ccRCC tumor

samples. Plots pathway scores are represented against B7-H3 expression.
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Figure 6. Molecular pan cancer pathway panel analysis of ccRCC tumor samples according to B7-H3 expression. a) PanCancer Pathway signature in ccRCC tumor
samples. b, ¢) Pan Cancer pathway analysis JAK/STAT and PI3K signaling score. Box plots of the JAK/STAT and PI3K pathway score are shown in high B7-H3 protein
expression vs low B7-H3 protein expression tumors. d) B7-H3-dependent STAT3 functional activity in kidney cells. B7-H3 and STAT3 luciferase-based activation assay
reporter were co-transfected, and luminescence is shown in arbitrary units (A.U.) from three independent experiments. Statistically significant results (p < 0.05) are
marked with *. EV, empty vector. e) B7-H3-dependent AKT functional activity in kidney cells. HEK293 cells were co-transfected with plasmids encoding B7-H3 and HA-
AKT1, and the phosphorylation of AKT was monitored by immunoblotting using the anti-pAKT (Ser473) antibody. The expression of B7-H3 and GAPDH (as a loading
control) was also monitored using specific antibodies. Cells were either left untreated, serum-starved, or treated with PMA (100 nM for 30 min). Quantifications of pAKT/

GAPDH are shown in the right panel.

by co-transfecting HEK293-immortalized human embryo-
nic kidney cells. Co-transfection of B7-H3 with the STAT3
reporter assay, or with HA-AKT1, confirmed an increase in
STAT3 activation and phospho-AKT (pAKT) levels when
B7-H3 was co-transfected with Cignal STAT3 Reporter kit
assay (Figure 6d) and with HA-AKT1 (Figure 6e), respec-
tively, as measured by Luciferase and Western blot.

B7-H3 expression affects cell proliferation/viability and
TKI sensitivity in ccRCC

We monitored the expression of B7-H3 in human renal
cancer cell lines by immunoblot, and we detected high

B7-H3 protein expression in Caki-1, A498 and 786-O
renal cancer cell lysates, as compared to nonmalignant
RC-124 renal cells (Figure 7a). Knocking down of B7-H3
by siRNA in Caki-1 and 786-O renal cancer cells, as
confirmed by Western blot (Figure 7b), decreased the
cell proliferation in both 2D (Figure 7c) and 3D cell
growth cultures (Figure 7d). B7-H3 knockout by
CRISPR/Cas in 786-O cells, as confirmed by Western
blot (Figure 7e), also decreased 2D and 3D cell prolifera-
tion (Figure 7f). Furthermore, silencing or CRISPR/Cas
knockout of B7-H3 increased sensitivity to TKI axitinib in
Caki-1 and 786-O cells in both 2D and 3D growth assays
(Figure 7¢,d,f).
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Figure 7. Expression of B7-H3 in renal cancer cells affects 2D and 3D viability. a) B7-H3 protein expression in renal cancer cell lines. Immunoblot of cell lysates from 786-
0, A498 and Caki-1 human renal cancer cells and RC-124 benign human renal cells. b) B7-H3 protein expression in renal cancer cell lines upon B7-H3 knockdown.
Immunoblot of cell lysates from Caki-1 and 786-O human renal cancer cells upon B7-H3 knockdown using two different siRNAs. Quantifications of B7-H3/GAPDH are
shown in the bottom panel. ¢, d) Viability of renal cancer cells upon knockdown of B7-H3. c) 2D and d) 3D-spheroid cell viability of Caki-1 and 786-O renal cancer cells
upon knockdown of B7-H3 and upon treatment with tyrosine kinase inhibitor axitinib. e) B7-H3 protein expression in 786-O renal cancer cell line upon B7-H3 CRISPR/Cas
knockout. Immunoblot of cell lysates from 786-O human renal cancer cells upon scramble (SCR) or B7-H3 CRISPR/Cas knockout (B7-H3 KO). Quantifications of B7-H3/
GAPDH are shown in the bottom panel. ) Viability of renal cancer cells upon CRISPR/Cas knockout of B7-H3. 2D (upper panel) and 3D-spheroid (bottom panel) cell
viability of 786-0 renal cancer cells upon CRISPR/Cas knockout of B7-H3 and upon treatment with axitinib. Data are represented as the mean from at least two biological

replicates, each one with at least three technical replicates.

Discussion

Our in vitro and in silico analysis of renal cancer cells, kidney
tissue and renal carcinoma, revealed that high expression of B7-
H3 was associated with poor outcome, suggesting a potential
involvement of B7-H3 in renal cancer progression. We used two
separate cohorts of renal cancer, mainly consisting of ccRCC
cancers, where B7-H3 expression significantly correlated to var-
ious parameters and poor prognosis. In consistence with the
prevalence of non-ccRCC cancers to occur,” in our cohort,
25% cases were non-ccRCC, including 13% ChRCC and 12%
PRCC. In PRCC, B7-H3 expression did not correlate with over-
all survival. This suggests that the pro-oncogenic role of B7-H3 is
not the same across all subtypes of renal cancer. In the 17 cases of
ChRCC, only one sample was found positive for high B7-H3

expression yet showed significant correlations, making necessary
the confirmation of these findings in a larger cohort.

Further, in our analyses, we disclosed correlation between
high B7-H3 expression and worse renal cancer patient out-
come, specifically with stage and overall survival in ccRCC.
Furthermore, B7-H3 correlated with the synchronous metas-
tasis and with lymph node metastasis. Together, these findings
support a pro-oncogenic role of B7-H3 in ccRCC and that B7-
H3 might have a role in the metastatic potential of ccRCC.
Soluble B7-H3 (sB7-H3) in the serum of ccRCC patients has
been found to correlate with the clinical stage, as well as with
the expression of the soluble interleukin-2 receptor.*’ This
implies that sB7-H3 from serum could be a biomarker in
ccRCC. Whether sB7-H3 plays a potential role in the meta-
static niche formation in ccRCC deserves exploration.
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Gene expression analysis from a sub-group of patients
showed a similar correlation between B7-H3 protein
expression evaluated from TMA sections and the B7-H3
mRNA expression from matching whole tissue sections. We
also observed a good correlation of top differentially
expressed genes in our pilot experiment with bigger data-
sets, such as the TCGA dataset. Of the top differentially
expressed genes in B7-H3 high tumors, we observed higher
expression of JAK3 and IRS1 genes involved in signaling
pathways JAK/STAT and PI3K/AKT, respectively. We and
others have previously linked these two pathways to the
pro-oncogenic role of B7-H3.’®** We also observed
increased expression of MMP14, which is also associated
with tumor prognosis and immune invasion.*” This is in
consistence with other reports associating the expression of
B7-H3 and MMP14 in other cancer forms.***® CSF1R, also
known as the macrophage colony-stimulating factor recep-
tor (M-CSFR), was found highly expressed in the B7-H3
high tumor group. M-CSFR is a tyrosine kinase and has
previously been linked to ccRCC progression, and it is
considered a potential therapeutic target.*”** Whether B7-
H3 recruits TAMs to the tumor microenvironment in
ccRCC by upregulation of CSFIR, deserves dedicated stu-
dies. The biological relevance of downregulation of GK and
ALDHI1A1 metabolic enzymes, BMP2, and HAVCR2/TIM3
in B7-H3 high tumors also needs further elucidation. In
this regard, B7-H3 has been linked with the glycolytic
capacity of tumor cells.’® HAVCR2/TIM3 is an immune
checkpoint protein whose low expression has been found
associated with poor outcome of ccRCC,* which is in line
with the B7-H3 pro-oncogenic role.

Pathway analysis showed an increased myeloid immune
evasion score and macrophage cell type score in B7-H3 high
tumors. This is in consistence with recently published results
from CRISPR/Cas knockout of B7-H3 in colorectal cancer
spheroids that resulted in lower macrophage recruitment
into the tumor spheroid.”® We also observed a significant
correlation between high protein levels of B7-H3 and a T cell
exhaustion score and higher exhausted CD8 cells. Advanced
ccRCC was recently linked to progressive immune dysfunc-
tion, with increased populations of terminally exhausted CD8
T cells and M2-like macrophages.”’ Spatial expression analy-
sis of different immune cell populations would provide addi-
tional insights into the immune-tumor cell interactions in
ccRCC.>*> The immune evasive role of B7-H3 in ccRCC
deserves further studies.

Our in vitro results suggest that inhibition of the immune
checkpoint protein B7-H3 could have therapeutic benefits in
ccRCC in combination with tyrosine kinase inhibitors, which
deserves further investigation. Additional studies in cocultures
or immune competent mouse models would be necessary to
assess the potential of B7-H3 inhibition to promote both the anti-
tumor immune response and sensitivity to VEGF inhibition in
ccRCC.

Together, our findings highlight B7-H3 as an actionable
novel immune checkpoint protein in advanced and metastatic

ccRCC and suggest the involvement of B7-H3 in JAK/STAT
and PI3K/AKT signaling pathways, as well as in T cell and
myeloid immune evasion in ccRCC.

Highlights

® B7-H3 expression associates with synchronous metastasis and poor
outcomes in clear cell renal cell carcinoma (ccRCC).

® Molecular studies suggest B7-H3 involvement in JAK/STAT and PI3K/
AKT pro-oncogenic pathways, T cell exhaustion and myeloid immune
evasion in ccRCC.

® Our findings highlight B7-H3 as an actionable novel immune check-
point protein in ccRCC in combination with the tyrosine kinase
inhibitor axitinib.
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