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ABSTRACT

Immunotherapy’s effect against hepatocellular carcinoma (HCC) is hampered by immunosuppressive
mechanisms in the tumor microenvironment. We assessed the clinicopathologic and biologic relevance of
0OX40, a costimulatory molecular expressed by regulatory T cells (Tregs), in HCC. We analyzed the
immunohistochemistry data of 316 patients treated at West China Hospital (WCH) and the RNA
sequencing data of 370 patients in The Cancer Genome Atlas (TCGA) to determine the clinicopathologic
significance of OX40 in HCC. We also assessed associations between OX40 and multiple immune-related
markers. Using the TCGA data, we further characterized the transcriptome, immune cell functions, and
mutation signature related to OX40. We found that OX40 expression was higher in HCC than in adjacent
liver tissue. In the WCH set, 136 (43%) patients had high-OX40 expression, whereas in the TCGA set, 247
(67%) patients had high-OX40 expression as determined by the X-tile program. High-OX40 expression was
associated with high serum alpha-fetoprotein level, vascular invasion, and shorter survival. The prognostic
significance of OX40 was validated in additional cohorts. OX40 expression was also associated with CD8A,
CD68, LAG3, TIM-3, and PD-1 expression. High-OX40 expression tumors were characterized by
upregulated cytokines and exhaustion-specific markers. Analysis of the enrichment data of immune cell
types indicated that OX40 expression was associated with the functions of macrophages, plasmacytoid
dendritic cells, and co-inhibitory T cells. Finally, high-and low-OX40 expressions were associated with
mutations in AKT/mTOR and Wnt/S-catenin signaling, respectively. These results indicate that high-OX40
expression represents the activation of multiple immunosuppressive pathways and provide a rationale for
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the therapeutic targeting OX40 in HCC patients.

Introduction

Liver cancer is the second leading cause of cancer-related death
worldwide. Approximately 850,000 new cases are reported per
year, and about 90% of these are hepatocellular carcinoma
(HCC)." Surgical resection is the major curative treatment for
HCC, but the incidence of postoperative tumor recurrence is
high. For patients with advanced, unresectable HCC, sorafenib
is now the worldwide standard of treatment. However, these
patients rapidly develop sorafenib resistance, and their disease
quickly progresses.” Alternative treatments that benefit
patients with HCC are greatly needed.

Immunotherapy represents a major breakthrough in can-
cer therapy.*® The programmed cell death protein 1 (PD-1)
and its ligand, programmed cell death 1 ligand 1 (PD-L1),
are among the best-described immunotherapy targets. A
growing number of studies are investigating the PD-1
pathway and its implication in treatment response and
prognosis in patients with different cancer types, including

HCC.°'* However, many patients do not experience thera-
peutic benefits from PD-1/PD-L1 immunotherapy, which
suggests that other immunosuppressive mechanisms in the
tumor immune microenvironment exist.

0X40 (also known as CD134 and tumor necrosis factor
superfamily receptor 4) plays a vital role in the immune
system by regulating T-cell activation. OX40 is transiently
expressed by activated antigen-presenting cells, thus provid-
ing costimulatory signals to T cells, resulting in the prolifer-
ation and survival of memory T cells."" OX40 is expressed
in an inducible manner by human regulatory T cells
(Tregs), but whether this inducible signal can expand or
suppress this cell population is unclear. It was recently
reported that OX40 expression represents the expansion of
highly suppressive Tregs in HCC,'? suggesting that OX40
has complicated roles in the HCC immune microenviron-
ment. However, information about OX40’s expression in
HCC, its relationship with the disease’s clinicopathologic
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and molecular features, and its role in shaping the tumor
immune microenvironment are still poorly understood.

In this study, we aimed to define the biological and clinical
relevance of OX40 expression in HCC. To achieve this, we used
tissue microarray (TMA) that included samples of 492 HCC
tumors and analyzed the data of 370 HCC patients in The Can-
cer Genome Atlas (TCGA). We assessed OX40’s expression in
tumors and adjacent liver tissue, its clinicopathologic signifi-
cance, and its association with multiple immune-related
markers, including PD-1, PD-L1, TIM-3, LAG3, CD8, and
CD68. Furthermore, we determined in the TCGA set the extent
to which OX40 expression is associated with immune cell func-
tions; cytokines, chemokines, interleukins, and their receptors;
and gene- and/or pathway-level somatic mutations. The find-
ings of this study may improve our understanding of the
immunobiology of HCC and provide the rationale for develop-
ing anti-OX40 immunotherapy for HCC.

Patients and methods
Patients and samples

Study participants provided written informed consent, and the
study was approved by the local ethics committee of West
China Hospital (WCH) and Chongqing Medical University
(CMU). The TMA used in this study are unselected, non-con-
secutive, primary and historically confirmed HCCs without
pretreatment, that were resected at WCH (n = 316) from 2009
through 2014, at CMU (n = 86) from 2013 through 2016.
Another commercialized TMA set (HLivH090Su01, Shanghai
Outdo Biotech, n = 90) whose samples were collected from
2007 through 2008 was also used in this study (Fig S1). Follow-
ing partial hepatectomy, approximately 5 g segments of tumor
and adjacent tissue were isolated and immediately stored in lig-
uid nitrogen until analysis. Tissue cores were punched from the
representative tissue areas of the formalin-fixed, paraffin-
embedded HCC samples and arranged in 1 recipient paraffin
block, which was cut into 5-um sections. Prospectively
recorded clinical and biological data, including age, sex, hepati-
tis B virus infection, hepatitis C virus infection, preoperative
serum alpha-fetoprotein (AFP) level, and type of surgery, were
retrieved from computerized databases. Tumor staging was
performed at the time of each patient’s diagnosis using the Bar-
celona Clinic Liver Cancer (BCLC) staging system. Histological
slides were reviewed by a pathologist specializing in liver dis-
ease, who evaluated them for tumor differentiation, tumor size,
the number of nodules, vascular invasion, and the Ishak fibrosis
score of the adjacent liver tissue. The primary endpoint was
overall survival (OS), defined as time from surgery to death
regardless of cause. Secondary end point was disease-free sur-
vival (DES), defined as time from date of surgery to date of pro-
gression, or death from any cause. Patients with no events were
censored at the time of their last follow-up.

Immunohistochemistry

Immunohistochemistry was performed according to stan-
dard protocols. Prior to staining, sections were baked at
60°C for 1 hour, de-paraffinized in xylene, and rehydrated

through graded ethanol. Antigen retrieval was performed by
heating the sections under high pressure in citrate antigen
retrieval solution for about 5 minutes. Sections were incu-
bated with monoclonal antibodies against CD8, CD68, PD-
1, PD-L1, TIM-3, LAG3, OX40, E-cadherin, and vimentin
for 60 minutes at room temperature. Detailed information
on the primary antibodies used for IHC can be found in
Table S1. The immunoreaction was detected by treatment
with diaminobenzidine chromogen for 3 minutes. All stain-
ing runs included a no-primary-antibody control. Specifi-
cally, Placenta was used as a positive control for PD-L1
expression. Immunoreaction images were viewed and cap-
tured using the NDP.view.2 software program. Protein
expression was assessed by 2 experienced liver pathologists
blinded to clinical data, who performed the first reading
independently and then debated any discrepancies until
reaching a consensus. The mean value was used for the
analyses presented.

Quantitation of 0X40, PD-1, LAG3, TIM-3, CD8 and CD68

0X40, PD-1, LAG3, TIM-3, CD8, and CD68 measurements
were recorded as the total number of cells expressing the
protein in 5 random images at 40 x magnification from
each immunostained HCC section. The expressions of these
immune-related markers were classified as high if the num-
ber of positive immune cells was superior to the median of
the full series, and as low if equal or inferior to the median
of full series (Fig S2). This yielded a cutoff of 0 for OX40,
PD-1, LAG3, TIM-3 and CD68 where more than half of
cases had negative staining, and 17 for CD8, in the WCH
set. As a result, patients were considered to have low CD68
(n = 159) or LAG3 (n = 178) or TIM-3 (n = 155) or
OX40 (n = 180) or PD-1 (n = 272) staining when there
was complete absence of staining, and low CD8 (n = 157)
when patients were either completely absence of staining or
very faint staining.

Quantitation of PD-L1

PD-L1 expression was counted in tumor-infiltrating immune
cells and when present, in tumor cells. Expression of PD-L1 in
immune cells were recorded as the total number of cells
expressing the protein in 5 random images at 40 x magnifica-
tion from each immunostained HCC section, and were defined
as high if the number of positive immune cells was superior to
the median of the full series. Positive PD-L1 tumors cells stain-
ing was defined as more than 1% tumors cells staining on the
membrane/surface

The interobsever agreement analysis for OX40 expression
was conducted in the WCH set. The intraclass correlation
coefficient (ICC) of OX40 calculated to determine internal
consistency among observers was 0.84 (95% confidence
interval [CI], 0.80-0.87; P < 0.01), and the ICC of OX40
calculated to determine agreement among observers was
0.82 (95% CI, 0.73-0.87; P < 0.01). If category cut points
of OX40 were used, the kappa statistic indicated almost per-
fect agreement between the two pathologists (kappa =
0.80).



Immunofluorescence microscopy

Mouse anti-human CD4 (1:100, Abcam, ab34276), anti-FOXP3
(1:100, Abcam, ab20034), anti-OX40 (1:100, Abcam,
ab119904) and the corresponding secondary antibodies
(Molecular Probes) were applied sequentially. HCC Tissue sec-
tions were counterstained with DAPI (Sigma) for nuclear stain-
ing. Images were captured with a Zeiss Axio Imager. A2
microscope. Images were adjusted for brightness and contrast
with Adobe Photoshop (version 7.0).

Functional assay

FACS-purified (CD3*CD4*CD257CD127"°%) tumoral Treg
were classified into two groups according to the staining
intensity of OX40. OX40" and OX40~ Treg (1,000 per
well) were cocultured with CD31CD8" effector T (Teff)
cells (2,500 per well) for 4 days in 96-well round-bottom
plates (Sarstedt, Niimbrecht, Germany), respectively.
Human T-Activator CD3/CD28 Dynabeads® (Gibco™; 1:5,
bead:Teff ratio) were added to the cocultures. The staining
intensity of IFN-y in Teff was measured by multi-color
FCM. The following antibodies were used for flow cytome-
try: anti-CD3 (APC-Cy™7, BD), anti-CD4 (Alexa Fluor®
700, BD), anti-CD25 (PE, BD), anti-CD127 (FITC, BD),
anti-OX40 (BV421, BD), anti-CD8 (APC-Cy™7, BD), anti-
IFN-y (PE, BD).

TCGA data

Level 3 RNA-sequencing data, mutation data, and clinical
information for 370 HCC patients were downloaded from
the cBioPortal for Cancer Genomics (www.cbioportal.org).
We used X-tile plots (version 3.6.1, Yale University School of
Medicine) to select the optimum cutoff for the expression of
0X40, CD8A, CD68, TIM-3, LAG3, PD-L1 and PD-1 based on
the association of gene mRNA levels with the patients’ overall
survival (OS)."” The cutoff value for OX40 was used to assign
patients to the high-OX40 expression group (OX40 > 52.1) or
low-OX40 expression group (OX40 < 52.1). Likewise, patients
were divided into high- and low-expression groups based on
the expression of CD8A (cutoff = 19.5), CD68 (cutoff =
4270.0), TIM-3 (cutoff = 80.4), LAG3 (cutoff = 90.8), PD-LI
(cutoff = 13.1) and PD-1 (cutoff = 8.1). The fold change in
gene expression was the ratio of the mean gene expression
value of the high-OX40 expression group to that of the low-
0X40 expression group. Significance was assessed with adjust-
ment for multiple comparisons. Plots and figures were gener-
ated using the R package “ggplot2” and GraphPad Prism.

Gene Expression Omnibus (GEO) data

Microarray gene expression data of HCC patient’s cohort
was downloaded from the GEO database (accession num-
bers GSE1898)."* R package “GEOquery” was used to
extract the expression values of genes of interests. Clinical
data was accessed from the PRECOG (www.precog.stan
ford.edu/index.php). In this validation cohort, mRNA cutoffs
that could divide patients into the same percentage as cutoffs in
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the TCGA set did were applied (0OX40: -0.63; CD68: 0.78;
CD8A: -1.19; LAG3: 0.20)

Statistical analysis

All statistical tests were 2-sided, and P < 0.05 was consid-
ered to be statistically significant. The x> test or Fisher
exact test was used to assess differences in categorical varia-
bles, and the t-test or Wilcoxon rank-sum test was used to
detect differences in continuous variables. The Spearman
correlation test was used to determine the extent of correla-
tion between the expression of OX40 and those of other
genes. The survival rates of the high- and low-OX40
expression groups were estimated using the Kaplan-Meier
method, and OS and DFS were assessed using the log-rank
test. The hazard ratios (HR) and 95% CI were estimated
for age (continuous variable), sex (male/female), tumor
stage (BCLC A/B/C or AJCC I/II/IL, IV)), tumor grade (low
and median/high), microvascular invasion (yes/no) and
immune markers (low/high or positive/negative) in a uni-
variate analysis model, and multivariate analysis was per-
formed on those with P less than 0.20 in the univariate
analysis. Cases with missing data items were also included
in the analysis by categorizing them as “missing”. Statistical
analysis was performed using R software (R 3.3.2).
REMARK criteria were followed for this study."”

Results
Patients and samples

The characteristics of the patients in the WCH set
(n = 316), CMU set (n = 86), HLivH090Su01 set (n = 90)
and TCGA set (n = 370) are presented in Table S1. Com-
pared with the TCGA set, the WCH set, CMU set and
HLivHO090Su01 set had significantly larger proportion of
male participants. Significant differences were also observed
with regard to age, race, risk factors, and AFP levels.

0X40 is differentially expressed in HCC and associated
with an aggressive phenotype

In the WCH set, 136 (43%) cases had intratumoral immune
cells with OX40 expression. Tumors had a significantly
higher number of OX40" cells than adjacent liver tissues
did (P < 0.01; Fig 1A and B). Moreover, in the TCGA set,
tumors had a significantly higher OX40 mRNA level than
paired non-tumor tissues did (Fig 1C). Using single T cell
sequencing data from a recent study,'® we found that OX40
was predominantly expressed in tumor infiltrating Tregs
(Fig S3). Immunofluorescence microscopy confirmed the
presence of OX40 on tumor-infiltrating lymphocytes in
HCC, predominantly on the membrane of FOXP3™ Tregs
(Fig 1D).

We then assessed the association of OX40 expression with
the clinicopathologic features of HCC patients. In the WCH
set, OX40 expression was significantly associated with markers
of tumor aggressiveness, including AFP level >20 ng/ml
(P < 0.01), tumor size >5 cm (P < 0.01), and vascular invasion
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Figure 1. OX40 is differentially expressed in HCC and adjacent liver tissues. (A) Immunohistochemical staining showing higher OX40 expression in HCC than adjacent liver
tissues. (Scale bars: 50 um) (B) Scatter plot showing more 0X40 positive cell counts in HCC than adjacent liver tissue from the WCH set; the Y-axis is the number of 0X40
positive cells. (C) Scatter plot showing the higher 0X40 mRNA level in HCC than in adjacent liver tissue in the TCGA set; the Y-axis is the 0X40 mRNA expression measured
by RNA sequencing. (D) Three-color immunofluorescence microscopy was used to analyze the distribution of tumor-infiltrating Tregs expressing OX40. Representative
images from two cases showing the expression of OX40 (cyan) on FOXP3™ (red) T cells. (Scale bars: 20 12m).

(P < 0.01). Consistent results were observed in the TCGA set;
compared with the low-OX40 expression group, the high-
0OX40 expression group had higher proportions of patients
with an AFP level >20 ng/ml (P = 0.03) and vascular invasion
(P =0.03; Table 1).

Expression of OX40 is associated with that of multiple
immune-related markers

In the WCH set, immunohistochemical analysis revealed that
CD8™T cells were present in 96% (304/315) of samples and
were the predominant cell type. Positive staining of CD68 and
TIM-3 were detected in 49% (154/313) and 50% (154/309) of
samples, respectively. Moreover, positive staining of LAG3 was
detected in immune cells in 49% (155/312) of samples, some of
which had both cytoplasmic and nuclear staining of cancer
cells. PD-1" lymphocytes were observed in 14% (43/315) of
samples, with most of the PD-17 cells in samples with lym-
phoid aggregate, which was consistent with a previous study’s
ﬁndings.7 Moreover, 19% (55/291) of cases showed positive

staining of PD-L1 on tumor-infiltrating immune cells, and 11%
(33/291) of cases showed positive staining of tumor cells. More
patients in the high-OX40 expression group had high expres-
sion of CD8, CD68, LAG3, TIM-3 and PD-1 (Fig 2). In line
with findings in the WCH set, in the TCGA set, the mRNA
expression of OX40 was significantly correlated with that of the
immune-related markers, except for PD-LI, whose mRNA
expression was quite low (Fig S4).

High-OX40 protein expression is associated
with poor survival

In the WCH set, the unadjusted survival curves showed that the
low-OX40 expression group had longer OS than the high-
0X40 expression group did (P < 0.01). The 5-year OS rate of
the low-OX40 expression group (73%; 95% CI, 64% to 82%)
was longer than that of the high-OX40 expression group (48%;
95% CI, 38% to 60%). Similarly, the 5-year DFS of the low-
0X40 expression group (38%; 95% CI, 27% to 53%) was longer
than that of the high-OX40 expression group (21%; 95% CI,
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Table 1. Comparison of the 0X40 expression statuses and clinicopathologic features of patients in the West China Hospital (WCH) and The Cancer Genome Atlas (TCGA)

sets.

WCH set TCGA set
Low-OX40 High-0X40 Low-0X40 High-0X40

Characteristic expression (n = 180) expression (n = 136) p* expression (n = 123) expression (n = 247) p*
Male sex 147 (82) 111 (82) 0.98 87 (71) 162 (66) 0.32
Age >60 years 53(29) 41 (30) 0.89 62 (50) 131 (53) 0.63
HBV infection 124 (82) 89 (83) 0.74 41 (38) 63 (27) 0.05
Serum AFP level >20 ng/ml 91 (51) 93 (69) < 0.01 34 (37) 96 (52) 0.03
Single tumor 130 (85) 97 (78) 0.15 NA NA

Tumor size >5 cm 54 (46) 62 (64) < 0.01 NA NA

Vascular invasion 37 (21) 60 (44) < 0.01 29 (27) 79 (39) 0.03
Poor differentiation 66 (41) 56 (44) 0.61 38 (31) 95 (39) 0.12
Non-tumor-liver fibrosis® 106 (74) 74 (72) 0.69 26 (33) 52 (39) 0.40

Note: Data are no. of patients (%) unless otherwise indicated.
Abbreviations: HBV, hepatitis B virus; AFP, alpha fetoprotein; NA, not available.

*P values are from x? tests and t tests for categorical and continuous variables, respectively.

fIshak score of 5 or 6.

11% to 38%; Fig 3A, Table S3). After adjustment for confound-
ing factors, the multivariate analysis confirmed that patients
with high-OX40 expression had shorter OS (adjusted HR, 2.82;
95% CI, 1.78 to 4.47; P < 0.01) and DFS (adjusted HR, 2.26;
95% CI, 1.44 to 3.54; P < 0.01) than patients with low-OX40
expression did. Moreover, independent prognostic factors for
OS were CD8 (adjusted HR, 0.31; P < 0.01), PD-L1 on immune
cells (adjusted HR, 1.87; P = 0.02) and CD68 (adjusted HR,
1.85; P < 0.01; Table 2).

To validate these findings, we used another TMA set (com-
bination of CMU set and HLivH090Su01, n = 176), and ana-
lyzed the prognostic significance of OX40. In line with results
in the WCH set, patients with high-OX40 expression showed
poor survival (OS: adjusted HR, 2.39, P < 0.01; DFS, adjusted
HR, 1.69; P = 0.03), confirming the results in the WCH set
(Fig 3B, Table S4, Table S5)

High-OX40 mRNA expression is associated
with poor survival

We then assessed the prognostic significance of OX40 mRNA
expression in the TCGA set. The OS and DFS durations of the
low-OX40 expression group were significantly longer than
those of the high-OX40 expression group (P < 0. 01 and P =
0.01, respectively; Fig 3C, Table S6). The estimated 5-year OS
and DEFS rates of the patients with low-OX40 expression (70%
[95% CI, 61% to 82%] and 43% [95% CI, 32% to 57%], respec-
tively) were higher than those of the patients with high-OX40
expression (36% [95% CI, 28% to 48%] and 19% [95% CI, 9%
to 41%], respectively). After controlling for covariates, the dif-
ferences in survival outcomes according to OX40 expression
remained (OS: adjusted HR, 2.57 95% CI, 1.64 to 4.03; P <
0.01; DFS: adjusted HR, 1.72; 95% CI, 1.18 to 2.51; P < 0.01).
In addition, independent prognostic factors for OS in the
TCGA set were CD8A (adjusted HR, 0.54; P = 0.03), LAG3
(adjusted HR, 0.46; P < 0.01) and CD68 (adjusted HR, 1.69; P
= 0.01; Table S7). To validate the prognostic significance of
0OX40 mRNA expression, we used a HCC microarray dataset
(GSE1898) from the GEO database. Four markers (CDS8, CD68,
LAG3 and OX40) that were significant in the TCGA dataset
were assessed for their prognostic significance. As shown in

Table S8, high-OX40 expression was significantly associated
with poor OS (HR, 2.23, P = 0.04), confirming the results in
the TCGA set.

OX40-related cytokines and cytokine receptors

Increasing evidence suggests that pro-inflammatory and anti-
inflammatory cytokine imbalances in tumor microenvironment
promote HCC carcinogenesis and progression.'”'® We there-
fore hypothesized that cytokines and cytokine receptors are
dysregulated in high-OX40 expression tumors. In line with this
notion, we found that many cytokines and cytokine receptors
previously shown to promote HCC progression, including
PLAU, PLAUR, CCL17, CCL19, CCL20, PGF, TGF-B, and
XCL2,"7* were significantly upregulated in high-OX40 expres-
sion tumors (Fig S5A). Among these genes, TGF-f3 has been
reported to play a central role in inducing other cytokines and
cytokine receptors such as CCL5 and CXCR4, which were also
significantly upregulated. Interestingly, genes that protect
against HCC, such as ESRI and LEPI, were downregulated in
tumors with high-OX40 expression. Some cytokine receptors
expressed on the surface of Tregs, such as CCR5, CCRS8, and
IL2RA, were also upregulated. Likewise, dozens of chemokines
and interleukins and their receptors were significantly upregu-
lated in high-OX40 expression tumors. In contrast, only IL6R
was upregulated in low-OX40 expression tumors (Figs S5B
and C).

0X40-related immune cell functions

We then sought to determine whether OX40 expression is asso-
ciated with immune cell function in tumors. We analyzed the
enrichment data of 12 immune cell type and function gene sets
reported previously.”® Whereas OX40 had moderate correlation
with B cells, CD8T cells, and co-stimulation/inhibition antigen-
presenting cells, it had the strongest correlation with plasmacy-
toid dendritic cells (tho = 0.56), macrophages (tho = 0.47),
and co-inhibitory T cells (rho = 0.49). Of note, we observed an
inverse correlation between OX40 and type II IFN response
(rho = -0.24), suggesting the dysfunction of antitumor immu-
nity in high-OX40 expression tumors (Fig 4). To assess whether
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Figure 2. Higher expression of multiple immunomarkers in HCC tissues with high-OX40 expression. (A) Immunohistochemical staining of CD68, CD8, TIM-3, LAG3, PD-L1,
and PD-1 in consecutive TMA sections of a tumor with high-OX40 expression (right) and another with low-OX40 expression (left) from 2 patients in the WCH set. (Scale
bars: 50 «m) (B) Proportions of WCH patients in high- or low-OX40 expression groups with high or low expression of different immunomarkers.

high-OX40 expression tumors were associated with defective
function of CD8T cells, we analyzed the expression of 82
exhaustion-specific genes in high-vs. low-OX40 expression
tumors.'® We found 58 genes were significantly upregulated in
high-OX40 expression tumors. Specifically, multiple well-
known exhaustion markers including LAYN (adjusted P =
2.54 x 107'%), HAVCR2 (adjusted P = 1.68 x 10~°), TIGIT
(adjusted P = 1.21 x 107°), ENTPDI (adjusted P = 2.70 x
10~*), CTLA4 (adjusted P = 3.40 x 10~'°), TNFRSF9 (adjusted
P =228 x 107%) and CD27 (adjusted P = 2.77 x 10°) were
significantly upregulated in high-OX40 expression tumors
(Table S9).

To assess whether OX40™ Treg can suppress the function of
CD8™" T cells, HCC tissue-derived CD3" CD8™" Teff cells were
cocultured with OX40" and OX40~ Tregs and stimulated, fol-
lowed by staining of IFN-y and CD8. As shown in Fig S6, the
percent expression of IFNy" CD8" Teff is significantly higher

in those cocultured with OX40™ Tregs, as compared with those
cocultured with OX40™ Tregs (n = 10, P < 0.01), suggesting
that OX40™ Tregs were able to suppress the expression of IFN-
y on CD3" CD8™" Teff cells. These data, together with data
from the WCH set, indicate that the functions of CD8™ T cells
are defective and multiple immunosuppressive pathways are
activated in tumors with high-OX40 expression.

0X40-related mutational events

Genetic profiling studies have provided an accurate land-
scape of the mutations in HCC driver genes and helped
identify major pathways that are recurrently mutated in
HCC.”” We therefore sought to determine whether OX40
expression is associated with mutated genes and pathways
using the TCGA data. Among the 31 driver genes we ana-
lyzed, the mutated mTOR gene was significantly associated
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Figure 3. Prognostic significance of OX40 expression. (A) OS (left) and DFS (right) curves for the high- and low-OX40 expression groups in the WCH set. Log-rank test P
values and life tables are also shown. (B) OS (left) and DFS (right) curves for the high- and low-0X40 expression groups in the CMU_HL set. (C) OS (left) and DFS (right)

curves for the high- and low-0X40 expression groups in the TCGA set.

with high-OX40 expression tumors (P = 0.035), with all the
mutations (n = 10) occurring in these tumors. We then
determined the association between OX40 expression and 8
pathways that are frequently mutated in HCC. The propor-
tion of patients with AKT/mTOR pathway mutations in the
high-OX40 expression group (18%) was significantly higher
than that in the low-OX40 expression group (9%; P =
0.017). In addition, the proportion of patients with muta-
tions in Wnt/B-catenin signaling in the low-OX40 expres-
sion group (43%) was significantly higher than that of the
high-OX40 expression group (30%; P = 0.012; Fig 5A and
B). These data suggest that high- and low-OX40 expression
HCCs have distinct mutated driver genes and pathways,
indicating that OX40 might be a marker gene for the
molecular classification of HCC.

Discussion

0X40 is a costimulatory molecular that provides prosurvival
signals to T cells during its transient expression following

T-cell receptor ligation. However, OX40 expressed on Tregs
has been proposed to have both prosurvival and inhibitory
functions, suggesting that OX40 has a complicated role in regu-
lating immune mechanisms.'"**** In this study, we investi-
gated the expression of OX40 and its association with
clinicopathologic characteristics and biologic features in HCC.
We found that almost half of HCC samples have OX40 expres-
sion, and this expression was predominantly on the membrane
of CD4* FOXP3* Tregs. Moreover, we found higher expres-
sion of OX40 in HCC than in adjacent liver tissue, which is
consistent with a previous study’s findings."

We found that in the WCH set, tumors with OX40"
cells had more CD8" T cell infiltration, and in the TCGA
set, OX40 mRNA levels were correlated with CDS8A mRNA
levels. Moreover, gene enrichment data indicated the activa-
tion of CD8" T cells in high-OX40 expression tumors.
These results indicate that high-OX40 expression tumors
may have pre-existing antitumor immunity, which is con-
sistent with the notion that inhibitory pathways may serve
as negative feedback mechanisms following CD8" T cell
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Table 2. Prognostic value of immune-related markers for OS and DFS estimated from multivariable model on WCH set.

WCH set (n = 316)

0S DFS
Variable Events/No.of Patients HR (95% Cl) P Events/No.of Patients HR (95% Cl) P
Age, yrs 1.00 (0.99-1.02) 0.82 1.01 (0.99-1.02) 0.41
Sex
Male 80/258 1.00 0.42 88/160 1.00 0.09
Female 18/56 1.27(0.71-2.26) 18/24 1.66 (0.92-3.00)
Grade
171 48/167 1.00 0.74 56/100 1.00 0.30
1] 44/122 1.07 (0.70-1.64) 45/74 1.24 (0.83-1.86)
Stage”
A 61/218 1.00 0.12 63/121 1.00 0.02
B 19/47 1.59 (0.88-2.86) < 0.01 21/31 1.91(1.11-3.26) < 0.01
C 10/13 3.78 (1.77-8.08) 12/13 2.70 (1.32-5.53)
Microvascular
Invasion
No 56/219 1.00 0.05 63/219 1.00 0.06
Yes 43/97 1.57 (0.99-2.50) 43/97 1.52(0.98-2.37)
CD8
Low 65/157 1.00 < 0.01 48/77 1.00 < 0.01
High 33/155 0.31 (0.20-0.49) 58/104 0.55 (0.36-0.85)
CD68
Low 37/159 1.00 0.01 43/85 1.00 0.03
High 62/154 1.81(1.15-2.87) 63/97 1.61 (1.05-2.48)
LAG3
Low 48/178 1.00 0.26 52/95 1.00 0.30
High 51/134 1.32(0.82-2.13) 54/86 1.26 (0.81-1.96)
PD-1
Low 89/272 1.00 0.07
High 10/43 0.51 (0.24-1.05)
PD-L1_immune
Negative 71/236 1.00 0.02
Positive 23/55 1.86 (1.11-3.14)
0X40
Low 39/180 1.00 < 0.01 50/99 1.00 < 0.01
High 60/136 2.57 (1.78-4.47) 56/85 2.12(1.35-3.33)

Abbreviation: HR, hazard ratio; WCH, West China Hospital; OS, overall survival; DFS, disease-free survival.

#*BCLC stage system.

infiltration.”* In addition to identifying markers of T-cell
activation, we also found that the function of B cells and
costimulatory antigen-presenting cells were more active in
high-OX40 expression tumors, which suggests that these
tumors have an immune-reactive microenvironment.**
However, the presence of CD8" T cells and B cells do not
readily translate into tumor cell killing in patients. There
could be at least 2 possible explanations for this. First, in
high-OX40 expression tumors, the suppressive OX40" Tregs
dominated the immune microenvironment, and the CD8" T
cells were functionally defective, as reflected by the reduced
type II IFN response and expression of exhaustion-specific
genes. This notion is consistent with a recent study showing
that exhausted CD8" T cells and Tregs are preferentially
enriched and potentially clonally expanded in HCC."® Sec-
ond, in addition to Tregs, several other immunosuppressive
pathways, including macrophage, plasmacytoid dendritic
cell, and immune checkpoint pathways, were activated in
the high-OX40 expression tumors and might be harnessed
by HCC cells to evade immune surveillance.”** These
results highlight that high-OX40 expression tumors have
multiple immunosuppressive mechanisms and suggest that
combinations of targeted therapies could be used effectively
against HCC.

In this study, we identified a large number of cytokines and
cytokine receptors with higher expression in high-OX40
expression tumors than in low-OX40 expression tumors. IL-2
can upregulate the expression of OX40 on the surface of human
Tregs; moreover, IL-2 could interact with OX40 and promote
the proliferation of Tregs.”>*” In line with this, we found that
all IL-2 receptors were significantly upregulated in high-OX40
expression tumors. Another important cytokine overexpressed
in high-OX40 expression tumors was TGF-f. In addition to its
immunosuppressive function against effector T cells, TGF-8
has been implicated in the plasticity of CD4T cells upon OX40
stimulation.”” Furthermore, CCL5 and CXCR4, 2 cytokines that
are induced by TGF-pB, were also upregulated in high-OX40
expression tumors. Also, TGF-g upregulation can induce the
epithelial-to-mesenchymal transition of HCC,*® this was con-
firmed in our samples (Figs. S7A and B), further indicating a
tumor microenvironment favoring invasiveness. Several other
upregulated chemokines and chemokine receptors, such as
CCL20, CCR10, and CXCR3, also reportedly contribute to Treg
infiltration.'®* Interestingly, we also found that several inter-
leukins and interleukin receptors that can enhance antitumor
immunity, including IL18, IL21R, and IL15RA, were upregu-
lated in the tumors with high-OX40 expression. Although we
cannot completely explain the underlying causes of these
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Figure 4. Local regression curves showing the correlation between OX40 expression and the function of different immune cells (Spearman rank correlation).

observations, they reflect that high- and low-OX40 expression
tumors have distinct immune microenvironments. Future stud-
ies of the interaction between cytokines and OX40 may help
elucidate the immunosuppressive mechanisms in HCC.

Our analysis of high-throughput sequencing data indicated
that high- and low-OX40 expression tumors had distinct muta-
tion signature. Analyses of cumulative data from high-through-
put sequencing have identified a small number of mutated
HCC driver genes. These driver genes belong to key signaling
pathways that are involved in HCC development and progres-
sion. Based on these molecular events, HCC can be roughly
divided into proliferation and nonproliferation subclasses.>”*
Our results linked high-OX40 expression tumors to the

proliferation subclass of HCC, which is characterized by acti-
vating mutations that affect AKT/mTOR signaling and is gen-
erally associated with a more aggressive phenotype and poor
prognosis. In contrast, low-OX40 expression tumors were
more closely linked to the nonproliferation subclass, whose
members are dominated by the activation of Wnt signaling,
resemble normal hepatic physiology, and have a less aggressive
phenotype. These results suggest that OX40 expression could
be used to help define a subpopulation of HCC patients with
distinct molecular and clinical features.

Whnt/B-catenin signaling plays an important role in the pro-
liferation, maturation and differentiation of T cell and dendritic
cells, but the role of tumor intrinsic Wnt signaling in immune
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Figure 5. Pathway-based gene mutations in high- and low-0X40 expression samples. (A) Waterfall plot of mutated genes in high- and low-OX40 expression tumors. Gene
mutations were ordered by distinct pathways: A indicates the TP53 cell cycle pathway; B, the Wnt/g-catenin pathway; C, epigenetic modifiers; D, TGF-g signaling; E, the
Akt/mTOR pathway; F, the MAPK pathway; G, hepatic differentiation; H, the oxidative stress pathway; and |, JAK/STAT signaling. Each column represents a sample. Boxes
with different colors indicate different types of non-synonymous mutations. (B) Numbers of mutations and numbers of patients with or without mutations in high- and

low-OX40 expression groups. P values of the univariate analysis are also shown.

microenvironment regulation has only recently emerged.
Spranger et al. reported that constitutively high B-catenin activ-
ity could impair the anti-tumor immunity through defecting
recruitment of dendritic cells.*"** This failed recruitment of
dendritic cells was due to defective production of chemokine
CCL4 by tumor intrinsic B-catenin activation. Increased S-cat-
enin signaling can also impair dendritic cells function by upre-
gulation of IL-12 production.*> However, evidence also proved
that inhibition of Wnt signaling in tumor cells could induce
proliferative quiescence which enabled the tumor cells to evade
the innate immunity,** adding to the complexity of this topic.
Our results linked decreased proportion of Wnt/S-catenin
mutations with high-OX40 expression in HCC, suggesting an
immunosuppression microenvironment in tumor with
decreased activity of the Wnt/S-catenin signaling.

0X40 has inconsistent prognostic significance across can-
cers, indicating superior prognosis in melanoma, lung cancer
and colorectal cancer,”* but inferior prognosis in cutaneous
squamous cell carcinoma.*® Our results from multiple datasets
indicated that OX40 is an independent predictor of survival,
with low-OX40 expression predicting longer survival, in
patients with HCC. Given the size of the datasets and the set of
factors included in the multivariate analysis, the current study
provides reliable evidence of the prognostic significance of
OX40 in HCC. In addition, CD8 and CD68 also had

independent prognostic significance in multiple datasets,
whereas PD-1, TIM-3, and LAG3 did not. High-PD-L1 expres-
sion in immune cells was associated with poor survival in the
WCH set. However, the absence of the prognostic significance
of these markers may not limit their potential roles as predic-
tive biomarkers for immunotherapy. Our study is limited by
the number of immune markers analyzed; interrogation of
more immune-related markers could potentially yield more
prognostic markers for clinical use. Another limitation is the
retrospective design of the study.

Our study raised several questions for future research. Does
tumor intrinsic mutation contribute to the immunosuppression
in HCC? Is there any interplay between the OX40 and the dys-
regulated cytokines (receptors) and how this impacts the HCC
immune microenvironment? Can these prognostic immune
markers be incorporated with standard prognostic variables
(e.g. BCLC staging system) and improve the prognostic signifi-
cance of the existing criteria in HCC? Can targeting rather than
triggering OX40 improve clinical outcome in HCC?

In summary, this study demonstrates that OX40 is differen-
tially expressed in HCC and normal liver tissue. High-OX40
expression is associated with a more aggressive phenotype, the
activation of multiple immunosuppressive pathways, and a dis-
tinct mutational signature. OX40, together with CD8 and
CD68, are independent prognostic factors in HCC patients.



This study highlights the immunosuppressive burden conveyed
by HCC with high-OX40 expression and justifies modifying
these factors to improve immunotherapy for HCC.
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