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Simple Summary: Total tumor-infiltrating CD8 T cells inconsistently correlate with the efficacy
of immune checkpoint blockade (ICB) in hepatocellular carcinoma. Tumor-infiltrating CD8 tissue-
resident memory T cells (Try) are considered a surrogate of tumor-specific T cells and correlated
better with survival in patients with melanoma, non-small-cell lung cancer, head and neck cancer or
bladder cancer who received ICB. However, in this study, compared with total tumor-infiltrating
CD8 T cells, tumor-infiltrating CD8 Try cells failed to provide additional advantages in predicting
the efficacy of ICB-based immunotherapy in patients with hepatocellular carcinoma.

Abstract: Purpose: Tumor-infiltrating tissue-resident memory CD8 T cells (CD8 Tgrys; CD103+
CD8+) are considered tumor-specific and may correlate better with the tumor response to immune
checkpoint blockade (ICB). This study evaluated the association of tumor-infiltrating CD8 Trys and
their subsets with the efficacy of immunotherapy in patients with advanced hepatocellular carcinoma
(HCC). Experimental Design: Consecutive HCC patients who received ICB in prospective trials
were analyzed. Formalin-fixed paraffin-embedded tumor sections were stained for DAPI, CD8,
CD103, CD39, programmed cell death-1 (PD-1), and programmed cell death ligand 1 (PD-L1) using
a multiplex immunohistochemical method. The densities of CD8 T cells, CD8 Try;, and CD39+ or
PD-L1+ subsets of CD8 Try were correlated with tumor response and overall survival (OS). Results:
A total of 73 patients were identified, and 48 patients with adequate pretreatment tumor specimens
and complete follow-up were analyzed. A median of 32.7% (range: 0-92.6%) of tumor-infiltrating
CD8 T cells were Trys. In subset analyses, 66.6% =+ 34.2%, 69.8% =+ 33.4%, and 0% of CD8 Ty cells
coexpressed CD39, PD-L1, and PD-1, respectively. The objective response rates for CD8 T cell-high,
CD8 Trm-high, CD39+ CD8 Tryi-high, and PD-L1+ CD8 Tgry-high groups were 41.7%, 37.5%, 37.5%,
and 29.2%, respectively. Patients with CD8 T cell-high, but not those with CD8 Try-high, CD39+
CD8 Trm-high, or PD-L1+ CD8 Try-high, tumors, had significantly prolonged OS (p = 0.0429).
Conclusions: Compared with total tumor-infiltrating CD8 T cells, tumor-infiltrating CD8 Try or
their subsets failed to provide additional advantages in predicting the efficacy of immunotherapy
for HCC.

Keywords: tissue-resident memory CD8 T cells; hepatocellular carcinoma; immune checkpoint
blockade; immunotherapy
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1. Introduction

CD8 T cell-infiltrated tumors are generally considered to be more immunogenic
and more likely to respond to immune checkpoint blockade (ICB) [1]. However, total
tumor-infiltrating CD8 T cells did not correlate well with the objective tumor response
to nivolumab in patients with advanced hepatocellular carcinoma (HCC; CheckMate 040
study) [2]. Recent studies have demonstrated that bystander CD8 T cells targeting tumor-
irrelevant antigens are abundant among tumor-infiltrating CD8 T cells in multiple cancer
types [3,4]. This may partly explain why total tumor-infiltrating CD8 T cells did not
correlate well with the response to ICB in patients with HCC and highlights the need to
analyze tumor-specific T cells selectively.

Tumor-infiltrating tissue-resident memory CD8 T cells (Trn; expressing the tissue
residency marker CD103) are considered to be highly tumor-specific and are correlated
better with survival in patients with various types of cancers [5-9]. This subpopulation of
tumor-infiltrating CD8 T cells is retained in the tumor microenvironment following initial
activation and expansion and plays an essential role in tumor-immune equilibrium [10]
and tumor surveillance [11,12]. Tumor-infiltrating CD8 Try are characterized by the
higher clonality of T-cell receptor repertoires [7,13] and can efficiently kill autologous
tumor cells in a major histocompatibility complex class I-dependent manner [6,14]. By
contrast, compared with their non-Try counterparts, tumor-infiltrating CD8 Tgry cells
more frequently express inhibitory molecules such as CD39 (the rate-limiting enzyme in
the conversion of ATP to immunosuppressive adenosine) [15], programmed cell death-
1 (PD-1), cytotoxic T lymphocyte antigen-4, lymphocyte activation gene-3, and T-cell
immunoglobulin and mucin domain-3 while maintaining effector functions [7,16]. Tumor-
infiltrating CD8 Try cells were increased in patients with melanoma or non-small cell
lung cancer who responded to ICB, but not in those nonresponders [5,17]. These findings
suggest that tumor-infiltrating CD8 Try cells are responsive to ICB-invoked immune
regulation. Moreover, the CD39 coexpression of tumor-infiltrating CD8 Try cells has been
linked to higher tumor specificity and reactivity [3,14]. Therefore, tumor-infiltrating CD8
Trum cells or their subsets, instead of total tumor-infiltrating CD8 T cells, may exhibit a
better correlation with the efficacy of ICB-based immunotherapy in patients with HCC.

The current study characterized CD8 Ty cells in the tumor microenvironment of
HCC and investigated the association between CD8 Try cells and their subsets expressing
CD39 or PD-1/PD-L1 signaling and the efficacy of ICB-based immunotherapy in patients
with advanced HCC.

2. Materials and Methods
2.1. Patients

Patients with advanced HCC who met the following criteria were included in this
study: (1) received ICB-based immunotherapy in prospective clinical trials from August
2015 to March 2019; (2) had high-quality pre-immunotherapy archived tumor tissues
with viable tumor parts, as assessed by a senior independent pathologist; and (3) had
complete clinical follow-up information and an evaluable tumor response to ICB-based
immunotherapy according to Response Evaluation Criteria in Solid Tumors (RECIST;
version 1.1) [18]. Clinical information including patients’ characteristics and their tumors,
immunotherapy regimens, prior systemic therapy, date of immunotherapy initiation, the
best response according to RECIST (version 1.1), and date of death was obtained from
electronic medical records. Objective responses included complete response (CR) and
partial response (PR). Overall survival (OS) was defined as the time from the initiation of
immunotherapy to death due to any cause or the last follow-up. This study was approved
by the Research Ethics Committee of National Taiwan University Hospital (202001070RIND)
and conducted in compliance with the Declaration of Helsinki and other ethical guidelines.
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2.2. Multiplex Fluorescent Immunohistochemical Staining

Hematoxylin/eosin (H/E)-stained slides of formalin-fixed paraffin-embedded (FFPE)
tumor blocks were evaluated by an independent pathologist (YM]). The block with largest
area of viable tumors was selected for sectioning at a thickness of 5 um. The viable tumor
parts were marked on H/E slides. Selected FFPE sections were deparaffinized, rehydrated,
antigen retrieved, and stained using a customized multiplex fluorescent immunohisto-
chemical (IHC) panel (Opal 7-color manual IHC kit; Akoya, Marlborough, MA, USA)
according to the manufacturer’s instructions. The primary antibodies used were CD8
(clone: C8/144B; 1:400) from DAKO (Santa Clara, CA, USA), CD39 (clone: polyclonal;
1:100) from Sigma (St. Louise, MO, USA), CD103 (clone: EPR4166 [2]; 1:100) from Abcam
(Cambridge, UK), and PD-1 (clone: EH33; 1:100) and PD-L1 (clone: E1L3N; 1:200) both
from Cell Signaling (Danvers, MA, USA). Spectral 4’,6-diamidino-2-phenylindole was
used for nuclear counterstaining. FFPE sections from a tonsillectomy specimen and a
PD-L1-high non-small-cell lung cancer specimen were used for the optimization of the
staining protocol and as positive controls for PD-1 and PD-L1 staining. FFPE sections from
a known CD8 Try-rich HCC tumors were included in each staining batch to detect any
batch effects as a quality control measure.

2.3. Multispectral Fluorescent Imaging and Analysis

Visualization of multiplex fluorescent imaging was performed using Vectra Polaris
Automated Quantitative Pathology Imaging Systems (Perkin Elmer, Hopkinton, MA, USA).
Color separation, tissue and cell segmentation, and cell phenotyping were performed using
inForm Software v2.4.2 (Perkin Elmer, Hopkinton, MA, USA). Multispectral regions of
interest (200 x magnification field) were randomly selected from the viable tumor part
of each slide—as many as possible. The densities (number/mm?) of CD8 T cells (CD8+),
CD8 Trym (CD103+ and CD8+), CD39+ CD8 Try (CD39+, CD103+, and CD8+), PD-1+ CD8
Tru cells (PD-1+, CD103+, and CD8+), and PD-L1+ CD8 Tgy cells (PD-L1+, CD103+, and
CD8+) in each area of interest were automatically quantitated under the supervision of a
skilled researcher (CPY) and a senior pathologist (YM]), who were blinded to the response
status. The average density of each cell type for each tumor was calculated. The median
value of immune cell density of interest among all tumors was used to divide tumors into
“high (infiltration)” and “low (infiltration)” groups.

2.4. Statistical Analyses

The Mann-Whitney test was performed to compare binary outcome variables. Fisher’s
exact test was used when proportions were compared between binary variables. Non-
parametric Spearman correlation was performed to measure the degree of association
between two variables. The log-rank (Mantel-Cox) test was used to compare OS. Above
analyses were conducted in GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
Cox regression analyses were performed to evaluate the risk factors for death and were
conducted in IBM SPSS Statistics version 28.0.0.0 (New York, NY, USA).

3. Results
3.1. Baseline Characteristics and Treatment Outcomes of Enrolled Patients

A total of 73 patients with advanced HCC who received ICB-based immunotherapy in
global open-label clinical trials were identified. Of these 73 patients, 25 were subsequently
excluded due to the following reasons: no archived tumor specimens in 18; scant tumor
cells in the FFPE slide in 5; no tumor part in the FFPE slide in 1; and death before tumor
assessment in 1 (Figure S1). Finally, 48 patients were included in this study, and their
baseline characteristics are shown in Table 1. Most of them were men (42, 87.5%) and
HBV carriers (36, 75%). All of them had a Child-Pugh Classification A liver function
and Eastern Cooperative Oncology Group (ECOG) performance status of 0-1 according
to the eligibility criteria of clinical trials (Table S1). A total of 41 (85.4%) and 20 (41.7%)
patients had extrahepatic metastasis and vascular invasion, respectively. Half of them had



Cancers 2021, 13, 5142

never received first-line sorafenib for advanced HCC. Most (31, 64.6%) of them received
ICB-based combination therapy.

Table 1. Characteristics of enrolled patients and their archived tumors.

Variable (N‘A;lis) CR/PR (N = 15) (ZSVDzl P;;’) p-Value *
Age (years-old) NS
Median 63 63.9 61.9
Range 25.2-76.9 50.2-75.9 25.2-76.9
Gender NS
Male 42 12 30
Female 6 3 3
Viral status NS
HBV 36 12 24
HCV 10 3 7
Non-HBV and non-HCV 2 0 2
Vascular invasion 0.0401
No 28 12 16
Yes 20 3 17
Extrahepatic spread NS
No 7 3 4
Yes 41 12 29
Lung 24 6 18
Lymph node 21 6 15
Bone 8 3 5
Peritoneum/pleura 5 1 4
Adrenal gland 2 1 1
AFP level
<400 ng/mL 30 10 20 NS
>400 ng/mL 18 5 13
Prior sorafenib NS
No 24 7 17
Yes 24 8 16
Regimen of immunotherapy NS
Anti-PD-1 or anti-PD-L1 16 4 12
monotherapy
Nivolumab 12 3 9
Tislelizumab 1 0 1
Atezolizumab 1 0 1
Durvalumab 2 1 1
Anti-CTLA-4 monotherapy 1 1 0
Tremelimumab 1 1 0
Anti-PD-1 plus anti-CTLA-4 14 5 9
Nivolumab plus ipilimumab 8 4 4
Durvalumab plus 6 1 5
tremelimumab
Anti-PD-L1 + Anti-glypican-3V 2 1 1
Atezolizumab plus 2 1 1
codrituzumab
Anti-PD-L1 + Anti-VEGF 15 4 11
Atezohzl.lmab plus 15 4 1
bevacizumab
Archived tumor NS
Surgical specimen 26 9 17
Biopsy specimen 22 6 16
Time from tumor sampling to NS
immunotherapy (month)
Median 72 17.2 6.4
Range 0.2-144.4 0.4-144.4 0.2-74.8
Organ of specimen NS
Liver 40 13 27
Lung 3 1 3
Lymph node 2 1 1
Bone 2 0 2

* comparison between CR/PR and SD/PD; CR, complete response; PR, partial response; SD, stable disease;
PD, progressive disease; NS, not statistically significant; HBV, hepatitis B virus; HCV, hepatitis C virus; AFP,
alpha-fetoprotein; VEGEF, vascular endothelial growth factor.
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Fifteen (31.3%) of these patients were responders (4 showed CR and 11 showed
PR). The only difference in baseline features between responders and nonresponders
(patients with stable disease or progressive disease) was vascular invasion (20% vs. 51.5%;
p = 0.0401; Table 1). During a median follow-up of 30.7 months, the median OS for all
patients, responders, and nonresponders was 35, not reached, and 16 months, respectively
(Figure S2).

3.2. Characteristics of Archived Tumors and Their Multispectral Image Acquisition

The characteristics of archived tumors and their multispectral image acquisition are
shown in Table S2. Most (40, 83.3%) of the archived tumors were primary hepatic tumors,
and 21 (52.5%) of them were obtained from previous hepatectomy. The median ages of
surgical and biopsy specimens were 17.2 and 0.9 months, respectively (p = 0.002). On
average, 28.4 and 7.3 multispectral regions of interest were selected from each surgical and
biopsy specimen, respectively. The representative figures are shown in Figure S3.

3.3. Tumor-Infiltrating CD8 Tgy; Cells

The density of tumor-infiltrating CD8 Tgry cells correlated well with that of tumor-
infiltrating CD8 T cells (Spearman r = 0.8770; p < 0.0001; Figure 1A). A median of 32.7%
(range: 0%-92.6%) of tumor-infiltrating CD8 T cells were Try. Compared with non-
Tryv CD8 T cell counterparts, CD8 Try cells more frequently coexpressed CD39 or PD-
L1, but not PD-1 (Figure 1B). On average, 66.6% =+ 34.2%, 69.8% =+ 33.4% and 0% of
tumor-infiltrating CD8 Try cells coexpressed CD39, PD-L1, and PD-1, respectively. The
representative figures are shown in Figure 2. The density of tumor-infiltrating CD8 Trym
cells or their CD39+ or PD-L1+ subsets did not significantly correlate with the etiologies of
HCC (Figure 1C).

A B
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Figure 1. CD8 Tgy cells in the tumor microenvironment of HCC. (A) Correlation between the densities of tumor-infiltrating
CD8 T cells and densities of tumor-infiltrating CD8 Try cells; (B) Coexpression of CD39, PD-L1, and PD-lontumor-
infiltrating CD8 Try cells and CD8 non-Tgy cells; ***: p < 0.001; (C) Correlation between densities of tumor-infiltrating
CD8 T cells, CD8 Try cells, CD39+ CD8 Try cells, or PD-L1+ CD8 Tgry cells and the etiologies of HCC. Statistical analyses
were performed only for comparisons between HBV and HCV; ns: not statistically significant.
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Figure 2. Representative images of tumor-infiltrating CD8 Tgy;, CD39+ CD8 Try, and PD-L1+
CD8 Try cells. (A) CDS8, CD103, and CD39 staining images and the composite image; (B) CDS,
CD103, PD-L1 and PD-1 staining images and the composite image. PD-1 was primarily expressed on

non-CD8 T cells. Each is shown at 200 x magnification field (400 x magnification field for the right
lower corner square).

3.4. Correlations with Efficacy of Immunotherapy

The densities of tumor-infiltrating CD8 T, CD8 Try1, CD39+ CD8 Tryy, and PD-L1+
CDS8 Trwm cells are shown by the best response in Figure 3A. Objective responses were
associated with higher densities of tumor-infiltrating CD39+ CD8 Try cells (p = 0.04 for
both CR/PR vs. stable disease and CR/PR vs. progressive disease comparisons). The
objective response rates of patients with CD8 T cell-high, CD8 Trp-high, CD39+ CD8 Tryi-
high, and PD-L1+ CD8 Try-high tumors were 41.7%, 37.5%, 37.5%, and 29.2%, respectively
(Figure 3B). Patients with CD8 T cell-high tumors were associated with significantly
prolonged OS (p = 0.0429). Patients with CD8 Try-high, CD39+ CD8 Try-high, and PD-
L1+ CD8 Trv-high tumors showed a trend of better survival; however, the finding was not
statistically significant (Figure 4). The baseline characteristics were not different between
patients with CD8 T cell-high tumors and those with CD8 T cell-low tumors, likewise
between patients with CD8 Try-high tumors and those with CD8 Ty low tumors.

3.5. Prognostic Factors in HCC Patients Receiving Immunotherapy

Univariate Cox regression analysis revealed that vascular invasion posed a higher
risk for death (hazard ratio: 2.934; p = 0.020) while objective response and high CD8 T cell
density posed lower risks for death (hazard ratio: 0.084, and 0.398, respectively; p = 0.002
and 0.048, respectively). However, high CD8 T cell density was no longer an independent
prognostic factor after controlling all variables in multivariate Cox regression analysis
(Table 2).
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Figure 3. Correlations of CD8 Ty cells or their subsets with response to ICB-based immunotherapy.
(A) Correlations among densities of tumor-infiltrating CD8 T cells, CD8 Try cells, CD39+ CD8 Trym
cells, or PD-L1+ CD8 Tgry cells and the best response according to RECIST version 1.1; (B) Numbers
of responders (CR/PR) and nonresponders (SD/PD) according to the infiltration levels of CD8 T
cells, CD8 Try cells, CD39+ Try cells, and PD-L1+ Trys cells (high vs. low). CR, complete response;

PR, partial response, SD, stable disease; PD, progressive disease; ns, not statistically significant;
*,p <0.05 but > 0.01.
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Figure 4. Correlations of CD8 Try cells or their subsets with overall survival. Overall survival (OS)
curves according to the infiltration levels of CD8 T cells, CD8 Ty cells, CD39+ CD8 Try cells, and

PD-L1+ CD8 Ty cells are shown (Kaplan-Meier method). Significance was tested using log-rank
(Mantel-Cox) test.
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Table 2. Cox regression analysis of risk factors for death.

Univariate Analysis Multivariate Analysis

Variable 95%IC  95%IC 95%IC  95%IC
HR p HR
(Lower) (Upper) (Lower) (Upper)
>63 years-old 0.559 0.231 1.353 0.197
Male 1.206 0.348 4.176 0.767
HBV-related 0.935 0.341 2.565 0.897
Vascular invasion 2.943 1.184 7.312 0.020 * 6.766 1.631 28.067 0.008 *
Extrahepatic spread 1.394 0.320 6.084 0.658
AFP >400 ng/mL 1.047 0.433 2.531 0.919
Prior sorafenib use 0.914 0.368 2.266 0.846
ICI-based combination 0.454 0.187 1.104 0.082
Objective response (CR/PR) 0.084 0.018 0.393 0.002 * 0.059 0.007 0.500 0.009 *
High CD8 T cell density 0.398 0.159 0.994 0.048 * 0.974 0.193 4922 0.975
High CD8 TRM cell density 0.574 0.238 1.387 0.218
High CD39+ CD8 TRM cell density ~ 0.521 0.215 1.259 0.147
High PD-L1+ CD8 TRM cell density ~ 0.492 0.198 1.220 0.126

HR: hazard ratio; IC: interval of confidence; p: p-value; HBV: hepatitis B virus; AFP: alfa-fetal protein; ICI: immune checkpoint inhibitor;
CR: complete response; PR: partial response; TRM: tissue-resident memory T cells; *, statistically significant (p < 0.05).

4. Discussion

The role of tumor-infiltrating CD8 Try cells, a potential surrogate of tumor-specific
CD8 T cells, in predicting the efficacy of immunotherapy in cancer patients remains elusive.
The current study correlated the densities of tumor-infiltrating CD8 Try cells, their subsets,
and total CD8 T cells with the efficacy of ICB-based immunotherapy in clinical trial patients
with advanced HCC. Our data revealed that neither tumor-infiltrating CD8 Try nor its
CD39+ or PD-L1+ subset provided additional advantages over total tumor-infiltrating CD8 T
cells in predicting the efficacy of ICB-based immunotherapy in patients with advanced HCC.
However, neither total tumor-infiltrating CD8 T cells nor tumor-infiltrating CD8 Try cells
are independent prognostic factors in HCC patients receiving ICB-based immunotherapy.

In contrast to the current study, three previous studies have demonstrated that tumor-
infiltrating CD8 Try cells correlated with prolonged survival in cancer patients treated
with ICB. Two of them were conducted using bulk RNA-sequencing data obtained from
clinical trials or published studies of melanoma, non-small-cell lung cancer, and bladder
cancer [19,20]. Another study used a multiplex fluorescent IHC method in patients with
non-small-cell lung cancer [17]. Banchereau et al. [19] quantified tumor-infiltrating CD8
TruM cells by using ITGAE (encoding CD103) gene expression, whereas Zhang et al. [20]
used a CD8 Try signature consisting of CXCR6, ZNF683, and ITGAE genes. The ZNF683
gene encodes a Try-specific transcriptional factor; however, CXCR6- and ITGAE-encoded
proteins are expressed in a wide range of immune cells such as regulator T cells, natural
killer cells, and dendritic cells. Thus, the abundance of CD8 Try cells determined by
either ITGAE gene expression or Try signature may not be specific enough for CD8 Try.
Corgnanc et al. [17] and the current study used the multiplex fluorescent IHC method,
which is superior to the gene expression approach for its simultaneous colocalization and
visualization [21]. However, our results did not show any significant correlation of tumor-
infiltrating CD8 Try cells with OS in patients with HCC patients who were treated with
ICB-based immunotherapy. These findings indicated that the roles of tumor-infiltrating
CD8 Tru cells in antitumor immunity may vary by cancer type.

CD8 Trw is a heterogenous population [22]. CD39+ CD8 Try cells have been well
characterized as a highly tumor-reactive subset of CD8 Ty cells in non—small-cell lung
cancer [6], head and neck cancer [14], and endometrial cancer [23], but they have never
been investigated in HCC. A recent study reported that the frequency of CD39+ CD8
T cells well correlated with tumor mutation burden as well as high-affinity neoantigen
burden in HCC [24]. Moreover, sorted tumor-infiltrating CD39+ CD8 T cells from hu-
man HCC, but not CD39~ CD8 T cells, elicited high-affinity neoantigen-specific T-cell
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responses upon ex vivo neoantigen peptide stimulation. This finding strongly suggests
that neoantigen-specific CD8 T cells are enriched in CD39+ CD8 T cells. According to
our data, 66.2% =+ 33.1% of tumor-infiltrating CD39+ CD8 T cells were Try. Therefore,
tumor-infiltrating CD39+ CD8 Try cells in HCC are considered highly tumor-specific and
responsive. The densities of CD39+ CD8 Try cells were significantly higher in respon-
ders (Figure 3A); however, high infiltration of CD39+ CD8 Try cells failed to predict an
objective response or prolonged overall survival in our patients. We hypothesized that the
effector functions of CD39+ CD8 Ty cells in patients with HCC may be limited by local
cytokine milieu [25] or metabolic fitness [26]. Therefore, future studies should focus on
the functional characterization of CD39+ CD8 Tgp cells to better understand their role in
anti-tumor immunity in HCC.

Aside from the heterogeneity of CD8 Try cells, two other reasons may also explain the
limited predictive or prognostic value of tumor-infiltrating CD8 Ty cells in HCC patients
receiving immunotherapy. First and most importantly, tumor-infiltrating CD8 Try; cells are
not a good surrogate of tumor-specific CD8 T cells in HCC. The theory of differential tumor
specificity between tumor-infiltrating CD8 Try cells and CD8 non- Try cells was initially
established in lung [6] and breast [7] cancers, which were not virus-associated cancers.
However, approximately 80% of HCC arise from virus-infected liver. Virus-specific CD8 T
cells may be coincidently present in the tumor microenvironment of HCC. This argument
is supported by a recent study, in which the investigators identified not only tumor-specific
CD8 Trwm cells but also HBV-specific CD8 Try cells from HCC-infiltrating T cells using
peptide-major histocompatibility complex tetramers and single cell RNA sequencing [27].
It indicates that tumor-infiltrating CD8 Try cells are not highly tumor-specific in HCC,
especially in virus-associated HCC. Second, a significant overlap between CD8 T cell-high
tumors and CD8 Try-high tumors was noted in our HBV-related HCC-predominant cohort.
Twenty (83.3%) out of 24 CD8 T cell-high tumors were also characterized as CD8 Try-high
tumors. Therefore, CD8 Try cells are less likely to provide additional advantages than
total CD8 T cells in predicting the outcome of immunotherapy in our patient cohort. It is
necessary to recruit more patients with non-HBV-related HCC for further validation.

Our study has several limitations. First, the sample size was relatively small, and the
treatment regimens were heterogenous; however, this insufficiency may be partly alleviated
by the stringency of conducting global prospective trials. Ideally, such a study should be
conducted under a single large-scale clinical trial; however, pretreatment archived tumor
samples are usually not absolutely required for recruitment in large-scale clinical trials.
Therefore, obtaining an adequate number of archived tumors from a single clinical trial
would be considerably difficult. Second, the lack of functional characterization of CD8
TrM may limit the implication of the results. Third, approximately 46% of archived tumors
analyzed in this study were obtained through core biopsies that were often small pieces
of tissues. Thus, whether intratumor heterogeneity of CD8 Try cells and their subsets
may affect the reliability of estimating the immune composition of the whole tumor by
measuring such a small piece of tissue remains unclear. Nevertheless, we recently indicated
that the intratumor heterogeneity of the immune tumor microenvironment may not be a
major concern in HCC [28].

5. Conclusions

We demonstrated that tumor-infiltrating CD8 Try cells or their subsets may not have
significant predictive or prognostic value in patients with advanced HCC who received
ICB-based immunotherapy. Further studies are required to elucidate the contradictive roles
of tumor-infiltrating CD8 Try cells in various cancer types.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13205142 /s1, Figure S1: Patient selection flowchart. Figure S2: Overall survival of
all patients, responders (CR/PR) and nonresponders (SD/PD). Figure S3: Selection of multispectral
regions of interest. Table S1: Clinical trials of immune checkpoint blockade-based immunotherapy for
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and their multispectral imaging acquisition.
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HCC hepatocellular carcinoma

ICB immune checkpoint blockade

TrMm tissue-resident memory T cells
FFPE formalin-fixed parafilm-embedded
HC immunohistochemical

(O}) overall survival

MHC major histocompatibility complex
RECIST Response Evaluation Criteria in Solid Tumors

CR complete response
PR partial response
H/E hematoxylin/eosin

ECOG Eastern Cooperative Oncology Group
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Simple Summary: Immune checkpoint inhibitors represent a promising treatment choice in many
kind of tumours, including hepatocellular carcinoma (HCC). In this review, we provide an overview
of the role of these new agents in the management of HCC according to the Barcelona staging system,
alongside with a critical evaluation of the current status and future directions. Several clinical trials
are focusing on the use of immunotherapy in HCC, alone or in combinations with antiangiogenetic
agents as well as local treatment. However, the majority of those trials are still ongoing and, until
now, only a few combinations were approved in the clinical practice from the regulatory authorities.
Additionally, decisions about the choice of the right sequence of treatments in HCC patients in the
light of the “continuum of care” principles, is still hard. In fact, it requires careful consideration in a
multidisciplinary context in order to ensure a tailored treatment for each patient.

Abstract: Immune checkpoint inhibitors (ICIs) represent a promising treatment for many kinds of
cancers, including hepatocellular carcinoma (HCC). The rationale for using ICIs in HCC is based on
the immunogenic background of hepatitis and cirrhosis and on the observation of high programmed
death-ligand 1 (PD-L1) expression and tumor-infiltrating lymphocytes in this cancer. Promising data
from phase I/II studies in advanced HCC, showing durable objective response rates (~20% in first- and
second-line settings) and good safety profile, have led to phase III studies with ICIs as single agents
or in combination therapy, both in first and second line setting. While the activity of immunotherapy
agents as single agents seems to be limited to an “ill-defined” small subset of patients, the combination
of the anti PD-L1 atezolizumab and anti-vascular endothelial growth factor bevacizumab revealed
a benefit in the outcomes when compared to sorafenib in the first line. In addition, the activity
and efficacy of the combinations between anti-PD-1/anti-PD-L1 antibody and other ICIs, tyrosine
kinase inhibitors, or surgical and locoregional therapies, has also been investigated in clinical trials.
In this review, we provide an overview of the role of ICIs in the management of HCC with a critical
evaluation of the current status and future directions.

Keywords: hepatocellular carcinoma; immunotherapy; combination therapy; predictive markers
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1. Introduction

Hepatocellular carcinoma (HCC) is the first primary liver cancer in incidence, showing 65,000 new
cases/year in Europe, and the third cause of cancer related death worldwide [1]. The most important
risk factors for HCC are chronic infections from B and C hepatitis virus (HBV and HCV, respectively),
alcoholic cirrhosis, nonalcoholic fatty liver disease, aflatoxin B1, hemochromatosis, as well as other
causes of cirrhosis [2].

Patients affected by HCC are complex and require a careful management in a multidisciplinary
context involving experts in the field. In fact, they usually have concurrent diseases, such as cirrhosis
or metabolic alterations, as well as history of alcohol abuse or liver interventions, which lead to
a poor liver condition, eventually with portal hypertension and gastric and esophageal bleeding.
Starting from this assumption, patients with HCC should be referred to dedicated centers and receive
a multidisciplinary assessment at the diagnosis and during the entire treatment period. In this process,
the staging evaluation is crucial in the HCC management algorithm in order to determine the outcomes
and the treatment allocation. Among different staging systems, the Barcelona Clinic Liver Cancer
(BCLCQ) is the more used, representing the accepted standard according to the study of Liver Disease
(AASLD) and the European Association for the Study of the liver [3]. It combines multiple variables
into an algorithm and identifies five stages for the disease: Patients with early HCC (stage 0/A) who
are candidates for curative-intent radical therapies such as resection, liver transplantation and ablation;
patients with multinodular tumours (stage B, intermediate) and candidate to local treatment, such as
chemoembolization; those in advanced stage (stage C), eligible for systemic treatments and patients in
terminal stage (stage D) for whom palliative cares are recommended. Switching to systemic therapy
after locoregional treatment failure is known to have a crucial role in the decisions-making process
in patients with trans-catheter arterial chemoembolization (TACE) refractory and intermediate stage
HCC, since this transition has a great improvement impact on survival [4-6]. Therefore, clinicians
should be careful in detecting the optimal timing for TACE refractory patients (TACE toxicity, disease
progression after one or two courses of TACE, absence of a response, vascular or extrahepatic spread)
to switch to systemic treatment [7].

Regarding stage C, according to international guidelines [8], sorafenib and lenvatinib represent
the standard-of-care options in the first-line treatment. In patients who show a progression to first-line
treatment, up to date, the multikinase inhibitors regorafenib and cabozantinib or ramucirumab,
the anti-vascular-endothelial growth factor-2 (VEGF-R2), are the main choices in the second-line
setting [9-11]. However, the small magnitude of survival benefit obtained with those tyrosine kinase
inhibitors (TKI) and their poor tolerability have brought out the need for new therapeutic strategies.

In this context, the immune checkpoint inhibitors (ICIs) might represent the most important novelty
and the future perspective also in the field of HCC. Indeed, over the last decades the understanding
of the relationship between cancer and the immune system has progressed and ICIs have shown to
improve the outcomes of patients in many kind of tumours, replacing the chemotherapy in some
cases [12]. Regarding HCC, its peculiar immunogenic microenvironment has encouraged the use of
immunotherapeutic agents, firstly revealing a potential role for pembrolizumab and nivolumab [13-15].
Recently, the regimen of atezolizumab and bevacizumab showed significantly longer overall survival
(OS) and progression-free survival (PFS), as well as better patient-outcomes than sorafenib in the
first-line systemic treatment [16]. These results identify not only the first therapy to improve survival
beyond sorafenib over years, but also the first successful combination therapy and the first positive
randomized phase III trial of ICIs in this challenging cancer. However, despite the advances in HCC
treatment, only a small subset of patients respond to immunotherapy. Therefore, new tools to identify
prognostic and predictive biomarkers able to select those patients who might actually benefit from ICls
-based treatment are urgently needed.

The aim of this review is to delineate an overview the biologic rationale for using immunotherapies
in HCC according to BCLC stage, the current status and recent advances, alongside with the discussion
of the areas for improvement and future implications.
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2. Immunotherapies in HCC: The Biological Rationale of Their Use

Immunotherapy in HCC is particularly attractive for several reasons. The liver is an immunological
organ that works as a biological filter against infections, which could came from the blood flow
or gastrointestinal tract in which there might be a release of proteins and pro-inflammatory
cytokines [17,18]. In fact, the liver is constantly exposed to many kind of antigens from food
and microbiota, which can stimulate immune cells from innate and adaptive immune system. Several
trials have demonstrated that the liver has developed an immune tolerability during its evolution
process, due to the permanent exposure to those antigens [19,20]. This fact is supported by the evidence
of the low rates of allograft rejection into the liver if compared to other organ transplants [21,22].
In addition, HCC is considered an inflammation-related cancer with a potential immunogenicity.
In fact, it is know that the majority of HCC arises in liver affected by cirrhosis and hepatitis, which are
considered typical inflammatory conditions [23]. Therefore, this inflammatory environment could act
as “pro-neoplastic” factor, since it is involved in cancer progression through different mechanisms,
such as the DNA damage and genomic aberrations.

However, even if the liver has an “immunosuppressive” basal condition, several trials showed
that an immune response to tumour is possible also in HCC. In particular, in patients who developed
HCC after drug-induced immunosuppression, the discontinuation of immunosuppressive treatment
lead to a spontaneous tumor regression by the reactivation of cytotoxic T-cells, that are able to identify
and eliminate the cancer cells [24,25]; there is an increase in programmed death 1 (PD-1) and its ligand
(PD-L1) expression as well as tumour infiltrating lymphocytes (TILs) in patients with HCC [26,27],
leading to the immunosuppression [28,29]. Additionally, high Cytotoxic T-Lymphocyte Antigen 4
(CTLA-4) expression on regulatory T-cells (Tregs) in peripheral blood has been recorded in HCC
patients in association with a decrease in immunosuppressive cytolitic granzyme B production by CD8+
T-cells. Regarding CD4+ T-cells, CTLA-4 is essential for their activation during the priming phase of the
immune response. In fact, in the physiological process, T-cell are activated after the antigen presentation,
whereas CTLA-4 reduces this activity, leading to T-cell suppression by blocking the binding between
CD28 and CD80- CD86. Additionally, it plays an important role in the function of Tregs; in fact,
CTLA-4 expression on CD14+ dendritic cells inhibits T-cell proliferation, inducing at the same time,
the apoptosis of these cells by increasing the production of IL-10 and indoleamine-2,3-dioxygenase
(IDO). Based on this background, there is a strong rationale to test ICIs in HCC [30] (Figure 1).
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Figure 1. Biological rational to use Immune checkpoint inhibitors in Hepatocellular carcinoma.
Abbreviations: IL-6: interleukin 6; IL-10: interleukin 10, TGF-B: tumor growth factor 3 PD-L!:
programmed death ligand-1; IDO: Indoleamine Dioxygenaje, CTLA-4: Cytotoxic T-Lymphocyte
Antigen 4; TILs: tumour infiltrating lymphocytes.
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3. Immune Checkpoint Agents: Mechanism of Action and Their Use in HCC

Recently, the systemic management of HCC has been revolutionized by the advent of IClIs,
a therapeutic class of monoclonal antibodies that blocks the immune checkpoints. These are co-inhibitory
molecules physiologically expressed in different cells types, such as natural killer cells, dendritic cells,
tumor-associated macrophages, monocytes and myeloid-derived suppressor cells (MDSCs)—including
B and T cells, and that mantains self-tolerance [31,32]. ICIs act by applying a break that prevent the
activation of these cells, limiting tissue damage. The balance between co-stimulatory signals and
immune checkpoints leads to T cells activation, defining the intensity of the immune response.

ICIs have become a mainstay in the treatment of many cancers and then numerous clinical trials
have been conducted and others are still ongoing with the aim to evaluate the safety and efficacy
of these agents in several solid and hematological malignancies [12]. The main immune checkpoint
receptors are CTLA-4, PD-1, TIM-3, BTLA, VISTA, LAG-3 and OX-40 [33].

The success of cancer immunotherapies through PD-1 and CTLA-4 mediated immunosuppression
led to the developement of many clinical trials also in HCC. In this field, two classes of ICIs are
currently being tested as mono or combination therapies: CTLA-4 (tremelimumab and ipilimumab)
and PD-1/PD-L1 inhibitors (anti-PD-1: nivolumab, pembrolizumab, tislelizumab, camrelizumab and
sintilimab; anti PD-L1: atezolizumab and durvalumab).

In the sections below we provide a short description of ICIs mechanism of actions, followed by
the current state of advancement of ICIs-based therapies in HCC, according to BCLC stages.

3.1. The Checkpoint Pathways Regulated by CTLA-4 and by PD-1 Receptors

CTLA-4 is expressed on activated T cells, Tregs, and at low levels, on naive T cells [34,35]. Its main
function is to downregulate the activation of T lymphocytes by blocking the co-stimulatory signal of
CD28 (for other details see Section 2).

PD-1 plays a key role in the regulation and in the maintenance of the balance between T cells
activation and immune tolerance. Unlike CTLA-4, PD-1 is widely expressed, it can be detected not
only on the T cell surface, especially CD8+ T cells, but also on Tregs and MDSC [36]. Additionally,
whereas CTLA-4 mainly regulates the activation of T cells in lymphatic tissues, the most important
action of PD-1 is to reduce the activity of T cells in peripheral tissues during the immune cell mediated
or inflammatory response. Then, T cell function is influenced by the level of PD-1 activity and, when
PD-1 binds to its ligands PD-L1 or PD-L2, T cell proliferation and cytokine release are inhibited.

Today, it is well-know that chronic exposure to antigens leads to the hyperexpression of PD-1in T
cells [37]. Additionally, cancer cells can turn PD-L1/PD-1 signaling to their own advantage through
the expression of PD-L1 or PD-L2. This can activate PD-1 in TILs, resulting in the escaper of immune
surveillance [38,39]. The hyperexpression of PD-1 reported on CD8+ T-cells in patients with HCC and
the increase in PD-1+CD8+ TILs confirmed the previous theory. Additionally, the presence of those
cells in HCC specimens was associated with higher rate of progression of disease after curative hepatic
resection [26,27].

3.2. ICIs-Therapies in HCC Patients According to BCLC Stage

3.2.1. Early Stage HCC (BCLC stage 0 or A)

According to international guidelines [8], liver resection or ablation treatments are the standard of
care for patients with BCLC stage 0 or A. Single tumors in patients with well-preserved liver function
and no clinically significant portal hypertension [40] is the mainstay indication for resection, providing
a survival rate of almost 60% at 5 years and no postoperative liver failure (postoperative mortality
<3%). However, after liver resection, tumour recurrence can be observed in 50-70% of cases in 5 years,
the majority in the first two years, and no adjuvant therapies have been shown to reduce recurrence
rate in this field [5,41,42].
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Ablation is preferred in patients with BCLC stage 0 or A, who are not candidates for surgery [8].
The main procedure is by percutaneous radiofrequency (RFA), which acts by causing ischemic cell
damage with the release of neoantigens and promotion of immunogenic cell death [43,44].

Due to these considerations, ICIs have been thought to be beneficial in the adjuvant setting for
patients with high risk of recurrence after complete resection or complete response by local ablation.
Therefore, several clinical trials are ongoing in this regard. Figure 2 summarizes the treatment options
for BCLC stage 0/A HCC and the ICIs ongoing clinical trials in this field.
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Figure 2. Treatment options and ICIs ongoing clinical trials for BCLC stage 0-A HCC.

In particular, the phase III, placebo-controlled CheckMate 9Dx trial (Clinical Trials.gov Identifier:
NCT03383458) is investigating the role of nivolumab in this setting; the phase IIl EMERALD-2 trial
(NCT03847428) is assessing the efficacy and safety of durvalumab as monotherapy or in combination
with bevacizumab versus placebo; the phase III IMbrave050 (NCT04102098) is assessing the efficacy
of atezolizumab plus bevacizumab versus active surveillance. Additionally, the safety and efficacy
of pembrolizumab versus placebo as adjuvant therapy are being studied in the phase III trial
KEYNOTE-937 (NCT03867084); the JUPITER-04 clinical trial (NCT03859128) is investigating the
possible role of toripalimab (Recombinant Humanized Anti-PD-1 Monoclonal Antibody, JS001) in the
improvement of relapse free survival (RFS) compared to placebo in the adjuvant treatment for patients
who underwent complete liver resection, but with high risk of relapse.

It is worth remembering that liver transplantation can also be performed in patients with a limited
tumor burden and fit the Milan criteria [45]. In these patients <10% recurrence rate and 70% five-year
survival rate are expected [46]. However, the low availability of liver allografts is the major limitation
for liver transplantation. In patients who do not fit the Milano criteria and in patients who are in
the waiting list for transplant, the UNOS (United Network for Organ Sharing) allows the use of
neoadjuvant treatments generally ablation or transarterial therapies; this is due to the long waiting
period and the risk of tumor progression [8].
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In the context of neoadjuvant setting for resectable HCC, the use of ICIs is currently being studied
in several trials. In particular, the phase II randomized NCT03222076 trial is evaluating the safety and
tolerability of nivolumab alone or in combination with ipilimumab; the interim analysis involving
8 patients showed a 37.5% of pathological complete response in the entire population with a good
safety profile [47]. Additionally, the phase II NCT03510871 is evaluating the efficacy, in terms of tumor
shrinkage, objective response rate and neoadjuvant down-stage rate, of nivolumab plus ipilimumab in
this setting. Then, the phase I CaboNivo trial (NCT03299946) is assessing the feasibility and efficacy of
cabozantinib plus nivolumab followed by definitive resection.

In conclusion, up to date, the treatment algorithm for patients with BCLC 0 or A HCC is unchanged
and doesn’t include the use of ICIs. Further evaluations, as well as the results of those ongoing trials
are awaiting in order to eventually improve the treatment’s choices.

3.2.2. Intermediate—Stage HCC (BCLC Stage B)

Patients with intermediate-stage tumors should be considered for TACE, according to the current
guidelines indications [8]. However, all the studies that have investigated the combination of sorafenib
and TACE over the last decades did not reveal to improve the OS when compared with sorafenib
or TACE alone [48,49]. For example, the TACTICS study, which evaluated the efficacy of TACE plus
sorafenib versus TACE in unresectable HCC, showed to only improve PFS (25.2 versus 13.5 months,
p = 0.006) [50].

In this context, there are newly evidences supporting the use of immunotherapy in the BCLC
B stage, basing on the concept that a combination of ICIs and TACE may improve the efficacy of
the standard treatment. Indeed, TACE leads to tumor necrosis and cellular damage by inducing
high intratumoral temperature. This mechanism of action is responsible for the higher release of
neoantigens, which promote an immunogenic environment [51]. Figure 3 summarizes the treatment
options for BCLC stage B HCC and the ICIs ongoing clinical trials in this field.

Preliminary results of the phase I/Il PETAL clinical trial, which evaluated the safety and activity
of pembrolizumab after TACE, revealed a good tolerability for the sequential treatment without
cumulative side effects [52]. Tremelimumab is also being evaluated with TACE/RFA in the ongoing
NCT01853618 trial. Additionally, clinical trials testing TACE plus nivolumab (NCT03143270) and
durvalumab plus tremelimumab following TACE (NCT03638141) are currently running.

Then, some studies are investigating the synergistic effects of different mechanisms of action in
order to improve the patients” outcome in this staging group. In fact, the ischemic cell damage related to
TACE might produce an increase in the vascular endothelial growth factors (VEGFs) levels in addition to
the increase in the immunogenic cell death and stimulation of a peripheral immune response. Therefore,
the follow therapeutic combinations are being tested in this field: TACE plus pembrolizumab and
lenvatinib (LEAP-012 trial, NCT04246177); TACE plus durvalumab and bevacizumab (EMERALD-1
study, NCT03778957).

Selective internal radiation therapy (SIRT) is another transaerterial approach used in patients with
BCLC stage B tumors. It consists in the intraarterial infusion of microspheres with the radioisotope
Yttrium-90. According to retrospective studies, SIRT determines objective responses similar to
TACE [53]; however, no data about survival are available in this field, due to the lack of phase III
comparative studies between TACE and SIRT. Regarding IClIs, several trials in combination with SIRT
are currently recruiting. NCT03099564 is an open-label multi-center trial assessing the efficacy and
safety of pembrolizumab with Yttrium-90; NCT03033446 trial is a phase II study with the objective is
to evaluate the effect of SIRT in combination with nivolumab in Asian patients, also pre-treated with
prior local therapies. Additionally, the phase I NCT02837029 trial is identifying the maximum tolerated
dose of nivolumab for combination treatment of nivolumab and Yttrium-90. Then, NASIR-HCC study
(NCTO03380130) completed the enrollment with the aim to evaluate the safety and the antitumoral
efficacy of nivolumab after SIRT for patients with unresectable HCC, who were candidates for
locoregional therapies.
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At least, in patients with BCLC stage B who progressed to transarterial therapies, a systemic
treatment is recommended instead of multiple local therapies [8]. After progression to sorafenib,
the phase II NCT03316872 study is testing the efficacy of the combination of pembrolizumab and
stereotactic body radiotherapy (SBRT).
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Figure 3. Treatment options and ICIs ongoing clinical trials for BCLC stage B.

3.2.3. Advanced—Stage HCC (BCLC stage C)

Systemic therapies are indicated in patients with advanced disease (BCLC stage C) or intermediate
stage disease (BCLC stage B), who are not eligible for locoregional therapies or after progression to local
treatment, as already mentioned. According to international guidelines [8], target therapy with TKIs is
the standard of care in the first line treatment, whereas there is no indication to use chemotherapy in
this setting due to the lack of efficacy. In this context, immunotherapy represents an exciting treatment
alternative to explore (Figure 4).
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Figure 4. Treatment options and ICIs ongoing clinical trials for BCLC stage C.

First-Line Therapy: From the Standard of Care to the New Frontiers

Historically, Sorafenib was the first systemic drug approved by Food and Drug Administration
(FDA) for the treatment of advanced HCC and has remained a unique and effective standard of care for
frontline therapy for approximately 10 years [54]. In 2018, Lenvatinib (another TKI) received the FDA
approval for advanced HCC on the basis of the phase IIl non-inferiority REFLECT trial, which excluded
conditions with the main portal vein invasion, clear bile duct invasion and >50% of tumour total
liver volume occupancy [9]. Based on this background, immunotherapy was considered a promising
alternative to treatment with TKI. Therefore, the number of trials evaluating the role of ICIs in the first
line therapy for advanced HCC has increased, both in monotherapy and in combination with other
ICIs or targeted/antiangiogenetic agents.

More in details, the phase III CheckMate-459 trial evaluated the efficacy and safety of nivolumab
(a fully human anti-PD-1 IgG4 antibody administrated at 240 mg every two weeks) versus sorafenib as
first line therapy in patients with unresectable HCC. The study did not reached its primary endpoint
(OS: 16.4 versus 14.7 months in the experimental and standard arm, respectively; Hazard Ratio (HR):
0.85; 95% Confidence Interval (CI): 0.72-1.02; p = 0.0752) [55]. ORR were 15% and 7% in the nivolumab
and sorafenib arm, respectively; a clinical benefit was reported in all the pre-planned subgroups,
including those according to hepatitis infection status, presence of vascular invasion and/or extrahepatic
spread, geographical region (Asia versus non-Asia). Of note, 140 patients (38%) in the experimental
arm and 170 patients (46%) in the control arm received subsequent lines of treatment. Though the
primary endpoint was not met, nivolumab showed clinically meaningful improvements in OS, ORR
and complete response rate as well as favorable safety profile as first line treatment.
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Tislelizumab (BGB-A317) is another humanized IgG4 antibody against PD-1 tested in the front-line
treatment for advanced HCC. Based on promising results of the phase I trial, involving 61 patients
with solid cancers included HCC [56], the phase III non-inferiority RATIONALE-301 trial compared
tislelizumab (200 mg every three weeks) versus sorafenib [57]. The trial is currently ongoing
(NCTO03412773) with an expected end date on June 2021.

Despite interesting results from ICIs monotherapy studies in HCC, only a small group of patients
benefits from ICIs [58]. Thus, several combination approaches have been utilized with the aim to
improve the anti-tumor efficacy and survival in the whole HCC population, targeting different pathways.
Well-known combinations included: anti PD-/PD-L1 antibody with non-immune-based-therapies
(TKI, anti-VEGEF, chemotherapies); two types of ICIs (anti PD-1/PD-L1 and anti CTLA-4 antibodies);
ICIs with existing locoregional therapies (already discussed above; see Sections 3.2.1 and 3.2.2).

Atezolizumab plus bevacizumab is one of the most interesting combination tested in this field.
The rationale of the combination could be found in preclinical studies, in which bevacizumab
showed to enhance PD1/PD-L1 efficacy by reversing VEGF-mediated immunosuppression and by
promoting tumor T-cell infiltration [59]. Indeed, during the process of carcinogenesis, the VEGF
stimulates the formation of new vessels (angiogenesis), reducing simultaneously the immune response
against the tumor. Therefore, the use of anti-VEGF drugs could have a double effect on cancer
cells, which is antiangiogenic and immunomodulation. More in details, the VEGF would exercise
its immunosuppressive role through three main ways: reducing T cell activation by inhibition of
the maturation of dendritic cells through nuclear factor kB; creating aberrant tumor vessels and
down-regulating the selectins and adhesion molecules (necessary for the adhesion of T cells to
the vascular endothelium itself); increasing the number of inhibitory immune cells in the tumor
microenvironment. In this light, bevacizumab might improve the tumour immunogenity, leading to a
stronger host immune-response.

In July 2018, the FDA assigned the breakthrough therapy approval to atezolizumab in combination
with bevacizumab in advanced HCC on the basis of the results of the phase Ib GO30140 Study [60].
The interim data analysis of this trial showed a response rate in 32% of patients by RECIST criteria.
Responses were durable (>6 months: 52%, >12 months: 26%), grade 3—4 treatment related adverse
events (TRAEs) occurred in 27% of patients and hypertension was the most common (10%). Even if 2%
of patients had a drug-related death, the combination was well-tolerated, having a good safety profile.
Then, the phase III IMbravel50 study randomized 501 patients with unresectable or metastatic HCC,
naive to systemic therapy, to receive atezolizumab (1200 mg every three weeks) and bevacizumab
(15 mg/kg every three weeks, n = 336 patients) or sorafenib (165 patients) [61]. The two primary
endpoints were OS and independent review facility—assessed PFS per RECIST 1.1. The trial showed 42%
OS improvement in the atezolizumab plus bevacizumab arm (HR= 0.58; 95% CI: 0.42-0.79, p = 0.0006)
as well as 41% improvement in PFS (HR = 0.59; 95% CI: 0.47-0.76, p < 0.0001) if compared with sorafenib.
It is noteworthy that, over the last decades, IMbravel50 is the first phase III positive trial, showing an
improvement in both OS and PFS in this setting of disease for a new combination of drugs beyond
sorafenib. Regarding the safety profile, 38% of patients had a grade 3-4 TRAESs in the combination arm;
the most frequent were bleeding in the gastrointestinal tract, infections and fever [62]. The combination
therapy also resulted in better quality of life outcomes (longer time to deterioration of quality of life and
functioning) than treatment with sorafenib. Time to deterioration, that was the reduction of 10 points
from the baseline-reported score, was 11.2 months in patients receiving atezolizumab and bevacizumab
and 3.6 months in those treated with sorafenib (HR = 0.63; 95% CI: 0.46-0.85). Declines in physical
and role functioning also improved in the experimental arm. Further, the physical functioning had a
median delay of 13.1 versus 4.9 months for the experimental and control arm, respectively (HR = 0.53;
95% CI: 0.39-0.73), as well as the role functioning (median delay of 9.2 versus 3.6 months, respectively
(HR = 0.62; 95% CI: 0.46-0.84)). Additionally, atezolizumab and bevacizumab delayed the time to
deterioration. Combination treated patients reported appetite loss, fatigue, pain, and diarrhea in a
lower proportion than sorafenib, experiencing less clinically meaningful deterioration in each of these
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symptoms. Based on those results, on January 2020 a supplemental Biologics License Application was
submitted to the FDA for atezolizumab plus bevacizumab combination in the first-line treatment for
advanced HCC [63]. The combination was finally approved by FDA in this setting [64].

Regarding other combinations between anti-PD-1 and anti-VEGEF, the phase II/IIl ORIENT-32 trial
(NCT03794440) is assessing the safety, tolerability and effectiveness of sintilimab in combination with
IBI305 (anti-VEGF monoclonal antibody, bevacizumab biosimilar) in patients with HCC as the first-line
treatment compared with sorafenib (estimated end date: December 2022).

Another intriguing combination is between ICIs and TKI. The rationale for their combination
comes from the evidence that antiangiogenic mechanisms may increase tumor hypoxia, leading to
the upregulation of the costimulatory molecule OX40 in T-cell-mediated immunity; OX40 promotes
the survival and expansion of CD8+T cells and the recall response of CD8+memory T cells [65].
Examples of combinations of ICIs and molecular targeted therapy are: pembrolizumab plus lenvatinib;
camrelizumab plus apatinib; avelumab plus axitinib; atezolizumab plus cabozantinib.

Starting from the first combination, the Keynote-524 is an open-label, phase Ib study which
tested the safety of pembrolizumab and lenvatinib in patients with unresectable HCC, not amenable
to locoregional treatments [66]. The trial had a safety lead-in of six patients with a subsequent
expansion cohort of 24 previously untreated patients. It revealed ORR by RECIST and modified
RECIST (mRECIST) of 36.7%, and 50%, respectively. Based on these promising preliminary results,
the trial is actually involving 104 patients in the phase II and led to breakthrough FDA approval of
the combination on July 2019. The phase III study LEAP-002 study (NCT03713593) is now evaluating
lenvatinib as single agent or in association with pembrolizumab in the first line setting [67].

Regarding camrelizumab and apatinib, a phase III clinical trial is currently testing this combination
versus sorafenib as first-line therapy in patients with advanced HCC (NCT03764293).

The phase Ib VEGF Liver 100 study (NCT03289533) investigated the safety of avelumab (10 mg/kg
every two weeks) co-administered with the TKI axitinib (5 mg orally twice a day) as first line.
The treatment was active, showing an ORR of 13.6% and 31.8% based on RECIST 1.1 or mRECIST
criteria, respectively; median PFS was 5.5 and 3.8 months, based on RECIST and mRECIST, respectively.
The study reported higher grade 3 TKI-TRAES, especially hypertension (50%) and hand—foot syndrome
(22.7%), in the experimental arm, but without grade >3 immune-related adverse events [68].

The phase III COSMIC-312 trial (NCT03755791) is comparing the association between cabozantinib
and atezolizumab versus sorafenib in patients with advanced HCC naive to systemic treatments.

The combinations between anti-PD-1 plus chemotherapy and anti-PD-L1 and anti-CTLA-4
represent the last most important combinations investigated in the field of first line treatment for
advanced HCC. In the first case, the combination of camrelizumab plus FOLFOX-4 (5-fluorouracil
plus oxaliplatin) or GEMOX (gemcitabine plus oxaliplatin) was tested in a phase II study, involving
34 patients [69]. The trial showed an ORR of 26.5%, a disease control rate (DCR) of 79.4% and a median
PFS of 5.5 months. These data have led to investigate camrelizumab in combination with FOLFOX-4 in
a phase III study (NCT03605706) in the same setting; the trial is currently running.

Regarding the combinations between anti PD-L1 and anti-CTLA-4, the rationale for their use
consists in the ability of improving the immune stimulation by targeting different pathways; this
strategy has been already investigated in many kinds of tumors with positive results [70]. In this
subgroup the most important combinations are durvalumab plus tremelimumab (NCT03298451) and
nivolumab plus ipilimumab (NCT01658878, NCT03222076, NCT03510871), both under investigation at
the time of writing.

Durvalumab and tremelimumab have been investigated in a phase I/II study involving 40 patients
with advanced HCC [71]. The trial used a schedule of durvalumab at the dose of 20 mg/kg and
tremelimumab at the dose of 1 mg/kg every 4 weeks, followed by 20 mg/kg durvalumab as maintenance.
In this study, it is important to note that 70% of the patients had received previous systemic therapies
and half of the study population had no history of hepatitis. The ORR was 15% (all the responses were
seen in patients without history of hepatitis); 16-weeks disease-control rate was 57%. However, there
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was 20% of serious TRAEs, leading to the discontinuation of treatment for toxicity in 7% of patients.
Based on these results, the randomized phase IIl HIMALAYA study (NCT03298451) is currently running.
The trial is investigating the efficacy and safety of durvalumab plus tremelimumab or durvalumab
as single agent versus sorafenib as first-line treatment for patients with naive unresectable HCC.
The preliminary safety results showed that the combination was well tolerated [72]; the most common
all-grade TRAEs included fatigue (27.5%), increased alanine aminotransferase (ALT; 20.0%), pruritus
(22.5%), increased aspartate aminotransferase (AST; 17.5%), elevated lipase (10.0%). Twenty-five
percent of patients experienced grade 3/4 TRAEs or serious AEs and no treatment-related deaths
occurred. Of note, this trial represents the first phase III study that have evaluated a combination
between two ICIs as first-line treatment for advanced HCC. Therefore, in January 2020, the FDA
approved the combination of durvalumab and tremelimumab in this field, designing these agents as
orphan drugs [73].

Last, the phase III CheckMate-9DW trial is currently investigating the efficacy of nivolumab plus
ipilimumab versus standard care (sorafenib or lenvatinib) in patients with advanced HCC naive to
systemic treatment (NCT04039707); the results are awaited.

In conclusion, immunotherapy with ICI as a monotherapy or in combination seem to be promising
as a first line of treatment for patients with BCLC stage C HCC. However, the majority of trials are still
ongoing and only few combinations were approved in clinical practice from regulatory authorities.
Additionally, the authorization was recent in the majority of cases, so we have a very few data (or no
one in some cases) regarding the phase IV, as well as real life data from the every-day clinical practice.
Therefore, all reported results should still be considered with caution.

Second-Line Therapy: From the Standard of Care to the New Frontiers

Second-line treatments are needed for patients with good performance status, after progression
or no tolerability to first-line treatment. In recent years, new advances have been made to test new
systemic treatments in the second line, even if no drugs investigated in this line was tested after
progression to lenvatinib. Indeed, regorafenib, the first therapeutic agent approved by the FDA in this
setting, was tested in patients progressing to treatment with sorafenib (see above).

According to international guidelines [8], regorafenib, lenvatinib and ramucirumab are the
biological agents used as standard of care in this setting. Shortly, in the phase III RESORCE trial,
regorafenib showed to increase OS, if compared with best supportive care, from 7.8 to 10.6 months,
decreasing the risk of death by 37% [10]. The CELESTIAL trial examined cabozantinib versus placebo
in patients with advanced HCC who were previously treated with sorafenib [11]. Unlike the RESORCE
trial, this study included also patients intolerant to sorafenib or in progression after two lines of therapy
for advanced disease. In REACH-2 trial (the first phase III biomarker-driven study), ramucirumab,
a human immunoglobulin G1 monoclonal anti-VEGFR2 antibody, significantly improved median OS
(from 7.3 to 8.5 months) in a subgroup of patients with serum baseline alpha fetoprotein (AFP) levels
>400 ng/mL [12].

Moving from the standard of care, immunotherapy represents a new frontiers for HCC
treatment also in the second line setting. In this context, anti-PD-1 (nivolumab, pembrolizumab
and camrelizumab), anti-PD-L1 (durvalumab and avelumab) and anti-CTLA-4 (tremelimumab) are
being tested.

Nivolumab was the first ICI approved for patients with advanced HCC and progressed to
sorafenib, based on the results of the phase I/Il CheckMate-040 study [14]. In particular, the phase
I part of the trial has tested escalating doses of nivolumab in 48 patients divided into three cohorts
(virus-uninfected, HBV- and HCV-infected advanced HCC). The antiviral control was mandatory only
in patients with HBV infection. The most frequent TRAEs were dose-unrelated and included fatigue,
rash, pruritus and an increase in liver enzyme levels. Twenty-five percent of patients had a grade 3/4
TRAES; adrenal insufficiency, diarrhea, hepatitis, and acute kidney injury were the most important.
Then, the dose expansion investigated the effect of nivolumab at 3 mg/kg in 214 subjects (HCV positive,
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HBYV positive and no viral hepatitis: 50/51/113, respectively; the last group was stratified in two
subgroups: patients naive to treatment or intolerant to sorafenib (1 = 56) and patients progressed after
sorafenib (n = 57)). ORR were 15% and 20% in the dose-escalation and expansion cohorts, respectively;
the median OS was 15 months in the dose escalation group (95% CI = 9.6-20.2 months). The expression
of PD-L1 in tumour cells was not related to response rate. The study revealed—for the first time—that
nivolumab was effective and safe in patients with advanced HCC, like previously showed also in other
types of cancer [74]. Notably, the trial showed that nivolumab can be safely used also in patients with
HBYV or HCV infections, reporting an impressive ORR with durable responses in the entire cohorts
(uninfected, HBV-infected and HCV-infected patients).

Then, Pembrolizumab was approved through an accelerate process by FDA on 9 November 2018
for treatment of patients with HCC after a previous treatment with sorabenib. The KEYNOTE-224
trial [15] is a non-randomised, multicenter, open label phase II trial, which investigated the activity
of pembrolizumab (200 mg every three weeks) in 104 patients affected by advanced HCC, who were
refractory or intolerant to sorafenib (80% and 20% of the study population, respectively; all patients
had a Child-Pugh A liver function score). The trial showed to improve the survival outcomes (median
PFS: 4.9 months (95% CI 3.4-7.2); median OS: 12.9 months (95% CI 9.7-15.5); 1-year OS rate; 54%
(95% CI 44-63)). Twenty-five percent of patients had grade 3-4 TRAEs and the most frequent was
hypertransaminasemia (6%). Notably, none of the 26 HCV-positive (25% of the entire population)
as well as none of the 22 HBV-positive patients (21% of the entire population) had worsening or
re-activation of hepatitis. ORR was reported in 18 patients (17%), 77% of whom were long responders
(>9 months). The trial evaluated also the relationship between PD-L1 expression and response to
treatment, by using two indices of PD-L1 expression. The combined positive score (CPS: number
(n.) of PD-L1-positive cells (both tumour and host immune cells)/ n. of viable tumor cells X 100) and
the tumor proportion score (TPS: n. of PD-L1 positive tumor cells/ n. of viable tumor cells x 100).
CPS was positive in 22 (42%) and negative in 7 (13%) patients. ORR was 25%, with the best responses
in CPS and TPS positive tumours: 32% versus 20% (p = 0.021) and 43% vs 22% (p=0.088), respectively.
PFS there was significantly longer in CPS positive (p = 0.026) but not in TPS positive patients (p = 0.096).
In conclusion, the trial showed that pembrolizumab leads to durable responses and favorable outcomes
in patients with advanced HCC who received a previous treatment with sorafenib. Then, the phase III
KEYNOTE-240 randomized 413 patients affected by advanced HCC, who were refractory or intolerant
to sorafenib (all patients had a Child-Pugh A liver function score), to pembrolizumab or best supportive
care [75]. The trial showed a median OS of 13.9 months (95% CI: 11.6-16.0 months) for pembrolizumab
versus 10.6 months (95% CI: 8.3-13.5 months) for placebo (HR: 0.781; 95% CI: 0.611-0.998; p = 0.0238).
Median PFS for pembrolizumab was 3.0 months (95% CI: 2.8-4.1 months) versus 2.8 months (95% CI:
1.6-3.0 months; HR: 0.718; 95% CI: 0.570-0.904; p = 0.0022). Therefore, pembrolizumab showed a trend
of better OS and PFS in this field, even if without statistical significance. However, the results were in
line with the findings of KEYNOTE-224 [15]. Additionally, it is important to note that the number
of patients who received an active post-study treatment was higher in the placebo arm than in the
experimental arm, probably affecting the outcomes reported in the trial.

Last, the phase III KEYNOTE-394 trial (NCT03062358) is currently testing the efficacy of
Pembrolizumab versus placebo in Asian pretreated patients with advanced HCC.

Camrelizumab (also known as SHR-1210) is a human IgG4 antibody against PD-1, which showed
a promising activity in 58 patients with solid cancers evaluated in a phase I trial, including HCC [76].
A phase II/III trial is ongoing in China (NCT02989922), enrolling patients with advanced HCC who
had failure or intolerance to prior systemic treatment. A total of 217 patients were randomized to
camrelizumab (3 mg/kg every two (n = 109) or three weeks (n = 108)). Preliminary results were
promising: ORR: 13.8%, 6-month OS rate: 74.7%, median time to response: 2 months, median duration
of response: not reached, DCR: 44.7%, median PFS: 2.1 months. The unique TRAE reported was
reactive capillary hemangioma, even if the pathogenesis, as well as the relation to the tumor response
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are not clear; it was observed in 66.8% of HCC patients treated. In conclusion, camrelizumab showed
interesting ORR, durable response and acceptable toxicities in this Chinese trial [77].

Durvalumab and avelumab are the most relevant anti-PD-L1 agents investigated in the field
of HCC. A phase I/II trial of durvalumab monotherapy in solid tumours, including HCC (n = 40),
showed 10% ORR and median OS of 13.2 months (NCT01693562) [78]. Avelumab is a human IgG1
antibody against PD-L1; it is currently been testing as single agent, as well as in combination for
advanced HCC [79]. A phase Il study of avelumab, involving 30 HCC patients after sorafenib treatment,
is ongoing (NCT03389126).

The anti-CTLA-4 antibody have a role in HCC treatment by increasing the expression
of tumor-associated antigens, such as interleukin (IL)-1, IL-6 and macrophage inflammatory
protein-1 [80-82].

The first anti-CTLA-4 antibody investigated in the field of HCC was tremelimumab. In particular,
a phase II trial (NCT01008358) assessed the activity of tremelimumab in HCC pre-treated patients with
chronic HCV infection. They received the treatment at the dosage of 15 mg/kg intravenously every 90
days until tumor progression or severe toxicity [83]. The preliminary results showed a DCR in 76.4% of
patients (partial response: 17.6%) and a time to progression of 6.48 months (95% CI: 3.95-9.14 months).
Notably, the trial showed that the treatment was safe also in patients with Child-Pugh stage B (42.9%).

ICIs combinations are being tested also in second-line setting for advanced HCC. The combination
of nivolumab and ipilimumab for patients with advanced HCC who progressed after sorafenib
treatment was firstly tested in the phase I/Il CheckMate-040 study [84]. In particular, the trial
randomized patients with Child-Pugh A class into three arms, according to different dosages in the
combination: (a) nivolumab 1 mg/kg + ipilimumab 3 mg/kg, (b) nivolumab 3 mg/kg + ipilimumab
1 mg/kg every 3 weeks (four cycles), then nivolumab 240 mg flat dose every two weeks as maintenance,
(c) nivolumab 3 mg/kg + ipilimumab 1 mg/kg every 6 weeks. The treatments were continued until
disease progression or toxicity. TRAEs occurred in 37% of patients and skin toxicity-related ere the
most common. However, only 5% of patients discontinued the treatment due to unacceptable toxicity.
The trial demonstrated that the combination improves the ORR if compared to nivolumab monotherapy
(81% versus 14%, respectively), with a promising effect on outcome (median OS: 22.8 months in the
combination arm). The updated results after a minimum of 28-month follow-up, showed that 33% of
patients had a response to treatment in the combination arm (8% complete response and 24% partial
response) [85]. There was a long duration of response (from 4.6 to 30.5 months): maintenance of
responses was recorded in 88%, 56% and 31% of patients at 6, 12 and 24 months, respectively. The ORR,
as assessed by blinded independent central review using RECIST criteria modified for immunotherapy,
was 35% (95% CI, 22-50%); complete and partial responses were observed in 12% and 22% of patients,
respectively. Overall, the DCR was 54.0% (95% CI, 39.3-68.2%). Based on these results, in November
2019 the FDA gave a positive response about the use of nivolumab in combination with ipilimumab and
in March 2020 approved the combination for patients with HCC progressed after sorafenib, according
to the following schedule: nivolumab 1 mg/kg followed by ipilimumab 3 mg/kg every 3 weeks for
4 doses, followed by nivolumab 240 mg every 2 weeks or 480 mg every 4 weeks [86].

Regarding combinations between ICIs and TKI, a phase I trial (NCT02942329) investigated
camrelizumab (200 mg every 2 weeks) associated to apatinib (a TKI selectively acting on VEGFR2,
administrated at the dose of 125-500 mg once daily) in patients with advanced HCC, gastric or
esophagogastric junction cancer [87]. The trial involved 18 patients with HCC, showing ORR of 50.0%
and a median PFS of 5.8 months. The TRAEs were manageable and the discontinuation due to toxicities
was reported in only one patient (grade 3 hyperbilirubinaemia). Then, a phase II study (NCT03463876)
is exploring the efficacy and safety of the combination of apatinib (250 mg orally every day) and
camrelizumab (200mg (3mg/kg for underweight patients) every 2 weeks) in this setting.
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4. Future Perspectives

ICIs-based treatments welcomed new opportunities in the treatment of HCC, and not only in the
advanced stage. However, despite promising results from clinical studies, only few patients benefit
from ICIs [88]. Indeed, recent data showed that immunotherapies enhance survival, but their effects
are limited [58]. The failure of ICI therapy might be related to the changes in the immunogenicity of
cancer itself as well as of microenvironment [89-91]. Indeed, in this regard, the gut microbiome has
gained significant attention since its alterations could affect the response to immunotherapies [92,93].

In addition, there is a lack of validated prognostic and predictive biomarkers able to guide the
choice of the best treatment for each patient. In this context, some trials reported that high PD-L1
expression could be associated with poor outcome [58], even if its predictive role is still unclear and
elusive, as proven by the responses to treatments both, in patients with high and low expression of
PD-L1 [94]. Regarding tumor mutation burden (TMB), its role seems to be less important in HCC.
In fact, HCC showed to be less immunogenic than other tumours, showing low TMB (median number
of 5 Mut/Mb) [95-97]. Therefore, up to date, TMB is not used as potential predictive biomarker in
HCC [98].

Then, other possible predictive biomarkers may be the overexpression of TIM-3 and LAG-3 in
patients after receiving a previous anti-PD-1 therapy [99], whereas the epithelial-to-mesenchymal
transition (EMT) could be related to resistance to immunotherapy. In fact, a study evaluating the
specimens from 422 HCC patients, showed that the presence of EMTwas linked to a more aggressive
disease with worst outcome [89]. Wnt/CTNNB1 mutations could also be a further biomarker of ICI
resistance. Thus, the identification of better predictive biomarkers, in order to improve the efficacy of
ICI therapy is a hot and challenge issue.

5. Conclusions

The treatment algorithm for HCC management according to BCLC stage is evolving. In this
context, ICIs represent an intriguing challenge. Therefore, several clinical trials are focusing on the
use of immunotherapy in HCC, alone or in combinations with TKl/antiangiogenetic agents as well as
local treatment, according to the tumour stage. However, the majority of those trials are still ongoing
and, until now, only a few combinations were approved in the clinical practice from the regulatory
authorities. Therefore, all the reported results should be still considered with caution.

Additionally, decisions about the choice of the right sequence of treatments in HCC patients in
the light of the “continuum of care” principles, is still hard. In fact, it requires careful consideration in
a multidisciplinary context in order to ensure a tailored treatment for each patient.
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Simple Summary: Immunotherapeutic approaches became a promising treatment option and an
intensive field of research in liver cancer. Despite promising results in preclinical studies, only moderate
response rates have been reported in phase Ill clinical trials and predictive biomarkers are still missing.
Therefore, translational considerations are important to overcome resistance to immunotherapy.
This article reviews potential predictors for response to immunotherapy in hepatocellular carcinoma
(HCC) as well as potential mechanisms for therapy resistance. Further, we will discuss translational
considerations to overcome therapy resistance in HCC and improve overall response rates.

Abstract: Over the last decade, progress in systemic therapies significantly improved the outcome
of primary liver cancer. More recently, precision oncological and immunotherapeutic approaches
became the focus of intense scientific and clinical research. Herein, preclinical studies showed
promising results with high response rates and improvement of overall survival. However, results of
phase III clinical trials revealed that only a subfraction of hepatocellular carcinoma (HCC) patients
respond to therapy and display only moderate objective response rates. Further, predictive molecular
characteristics are largely missing. In consequence, suitable trial design has emerged as a crucial
factor for the success of a novel compound. In addition, increasing knowledge from translational
studies indicate the importance of targeting the tumor immune environment to overcome resistance
to immunotherapy. Thus, combination of different immunotherapies with other treatment modalities
including antibodies, tyrosine kinase inhibitors, or local therapies is highly promising. However,
the mechanisms of failure to respond to immunotherapy in liver cancer are still not fully understood
and the modulation of the immune system and cellular tumor composition is particularly relevant in
this context. Altogether, it is increasingly clear that tailoring of immunotherapy and individualized
approaches are required to improve efficacy and patient outcome in liver cancer. This review provides
an overview of the current knowledge as well as translational considerations to overcome therapy
resistance in immunotherapy of primary liver cancer.

Keywords: hepatocellular carcinoma; immunotherapy; translational approaches; combination
therapies; therapy resistance
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1. Introduction

Primary liver cancer, in particular hepatocellular carcinoma (HCC) ranks among the most common
malignancies worldwide with a rising incidence in the Western world [1-4]. Between 80-90% of
HCC cases develop in an inflammation-associated milieu [5], i.e., on the background of a pre-existing
chronic liver disease and, most commonly, an advanced fibrosis or cirrhosis. Due to demographic
changes in the distribution of diabetes mellitus type II and obesity, non-alcoholic fatty liver disease,
or steatohepatitis (non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH))
show a sharp increase in HCC numbers [6] and are considered as metabolic predispositions to liver
cancer [7,8]. Numerous immune suppressor mechanisms that involve different immune cell types
lead to immune evasion of the tumor and have been shown to contribute to HCC initiation and
progression [9,10].

Despite well known risk factors, i.e., chronic viral hepatitis, alcohol consumption, and metabolic
syndrome, the majority of HCC patients are diagnosed in late, non-resectable, and non-curative stages of
the disease, when a considerable phenotypic and molecular heterogeneity renders HCC highly resistant
to conventional chemotherapy and/or irradiation [11]. Until 2016, only limited systemic treatment
options were available in advanced stages of HCC, namely sorafenib and regorafenib, tyrosine kinase
inhibitors (TKI) [12-14]. Since then, only Lenvatinib (first-line), regorafenib, cabozantinib, all TKIs,
and ramucirumab (second-line), a monoclonal antibody against VEGFR, have shown efficacy in phase
III clinical trials [13,15-17]. Despite the approval of new and targeted therapy, patients” prognosis
remained limited to 12-13 months in first-line and 9-11 months in second-line therapy, and besides
alpha-fetoprotein (AFP), there is no biomarker available for patient stratification [18].

Given the inflammatory background of HCC, the hepatic tumor microenvironment (TME) plays a
pivotal role in tumor initiation, modulation of tumor invasiveness, metastatic spread as well as tumor
suppression and immune surveillance of cancer cells [19]. Therefore, modern therapeutic approaches
that focus on modulation of the TME are particularly promising.

The liver is an immune tolerant organ due to its prominent role in protection against inappropriate
immune responses. The inflammatory stimuli emerge as a consequence to exposition with major
inflammatory processes mediated by a large antigenic load from the gastrointestinal tract trough blood
from the portal vein [20]. In addition, the setting of a chronic liver inflammation or cirrhosis further
reinforces the hepatic immune tolerance [21]. On a single cell level, it has been demonstrated that
HCCs show a higher abundance of regulatory T cells (Tregs) as well as their local clonal expansion
within the tumor. Furthermore, a higher abundance of exhausted CD8 T cells is present in the tumor
tissue [22]. This has a significant influence on tumor surveillance. Decreased number of tumor
attacking immune cells such as T effector cells and more tumor supporting cells, e.g., MDSCs and Tregs
lead to a disruption of the cellular composition during chronic liver diseases and is associated with
patient outcome [23-28]. During hepatocarcinogenesis, several immunosuppressive effects have been
detected that are associated with patient survival. Immune cell composition leading to anti-tumor
immunity or tolerance is crucial for tumor growth or cell death. Tregs as well as myeloid derived
suppressor cells (MDSC) accumulate in the liver and suppress antitumor immunity in HCC [9,29].
Macrophages, in the liver called Kupffer cells, suppress early HCC development; however, undergo a
switch from M1 to M2 during tumor progression, which leads to a suppression of the adaptive immune
system and support of the tumor [10,30-33]. Tumor associated macrophages (TAM) represent the
predominant component of the innate immune system and promote tumor proliferation, angiogenesis
and invasion [34,35] Furthermore, parenchymal cells such as endothelial cells, hepatic stellate cells
(HSC), and hepatocytes influence effector functions of infiltrating lymphocytes [21]. This leads to an
intratumoral loss of cytotoxic T cells, which is associated with tumor progression [21,35,36]. Natural
killer (NK) cell, important players of innate immunity in the liver, show an impaired function in
HCCs [29,37]. This dysfunctional and imbalanced immune system is a hallmark of cancer progression
in HCC and is associated with patient prognosis. [38,39]
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After the approval of immune checkpoint inhibitors (ICI) in melanoma and non-small cell lung
cancer (NSCLC), immunotherapies have raised significant interest in other solid tumors including HCC.
In 2017 and 2018, the FDA granted accelerated approval for the first immunotherapy agents, nivolumab
and pembrolizumab or the combination of nivolumab and ipilimumab, for patients with advanced
HCC after progression under sorafenib after promising results from phase II clinical trials [40—42].
Other checkpoint inhibitors are currently being investigated in clinical trials as single agents as well as
in combination therapies [42—45]. A detailed list of currently approved immunotherapeutic agents can
be found in Table 1. Nevertheless, immunotherapy in liver cancer has been challenging. Objective
response rates are still low. Given the fact that only some patients respond to therapy, the various
degrees of side effects such as autoimmune reactions need to be taken into account [40,46,47]. Thus,
predictive biomarkers are urgently needed. Furthermore, there are no long-term data for those patients
responding to therapy and even though there are some studies addressing a neoadjuvant treatment
option, we do not have any strong data in curative settings yet. However, first results from combination
therapies show a significant improvement in all clinical endpoints including overall survival and
quality of life, which raises optimism for the future of this approach in primary liver cancer [48].
Even scenarios in adjuvant or neoadjuvant use are now under current discussion [49,50], but our
overall understanding of the treatment response remains limited.

Table 1. Currently approved immunotherapy in hepatocellular carcinoma (HCC)

Target Molecule Drug Name Company
PD-1 Nivolumab Bristol Meyer Squibb
PD-1 Pembrolizumab Merck
Atezolizumab
PD-L1 (in combination with bevacizumab) Roche
CTLA-4 Ipilimumab Bristol Meyer Squibb/Medarex

Abbreviations: PD-1 (programmed cell death protein 1), PD-L1 (programmed cell death ligand 1), CTLA-4 (cytotoxic
T-lymphcyte-associatet protein 4).

Given the success of immunotherapy in several tumor entities, we here review the potential
predictors for response to immunotherapy in HCC. In addition, we are addressing potential mechanisms
for therapy resistance. Finally, we discuss translational considerations to overcome therapy resistance
in HCC.

2. General Strategies for Inmunomodulatory Treatments in Primary Liver Cancer

There are different strategies to induce antitumor immune response that are currently under
investigation in primary liver cancer involving both innate and adaptive immune systems. Specifically,
targeting of checkpoint molecules as well as the interaction of T cells and antigen-presenting cells
(APCs) have been of interest in recent years [51]. Neoantigens expressed on the tumor itself can
also be used as targets for immunotherapy [52]. Local therapies and oncolytic viruses can promote
neoantigen release even more, thereby further enhancing the antitumor immune response [53,54].
In addition, detailed information on tumor neoantigens can be explored to develop anti-tumor vaccines
and autologous T cells can be manipulated and/or stimulated ex vivo before retransfer, e.g., chimeric
antigen receptor (CAR) T cells or cytokine-induced killer cells (Figure 1) [55,56].
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Figure 1. Overview of therapeutic approaches in immunotherapy. Targeted antibody therapy
can block inhibitory signals, e.g.,, CTLA-4 or PD-1 and “unleash” anti-tumor immunity or block
immunosuppressive mechanisms of the adaptive as well as the innate immune system. Besides a direct
anti tumoral effect, irradiation leads to an antigen release that promotes antigen presentation by APCs
and enhances anti-tumoral T cell response. Cytokine therapy is an option to enhance a general T cell
response in the tumor. Ex-vivo engineered T cells or antibodies against tumor specific neoantigens
induce a targeted anti-tumor response. Abbreviations: Myeloid derived suppressor cell (MDSC),
antigen presenting cell (APC), regulatory T cell (Treg), cytotoxic T lymphocyte antigen 4 (CTLA4),
programmed death protein (PD1), programmed death ligand 1 (PDL1).

However, it is well known that immune escape and evasion of immune-mediated cytotoxicity
are among the hallmarks of cancers and are often mediated by induction of an immunosuppressive
microenvironment [57,58]. To overcome escape from immunosurveillance by cancer cells, therapeutic
approaches focus on boosting antitumor response either by activation of cytotoxic immune cells or
elimination of immune-suppressing cells. Furthermore, tumors also evade from the immune system
by upregulation of programmed cell death ligand 1 (PD-L1) on cancer cells. Tumor immune cell
interactions are based on two phases of T cell activation: an early priming phase in the lymph node
and an effector phase in the tumor tissue. Involved in this process are APCs, that bind cancer antigens,
migrate to the lymph node, and activate immature T cells. Activation of T cells in the priming phase
can be blocked by upregulation of the checkpoint molecule cytotoxic T lymphocyte antigen 4 (CTLA-4)
on T cells. CTLA-4 is also highly expressed on Tregs that inhibit antigen presentation on dendritic cells
(DCQ). This is a cycle, that leads to less cytotoxic, more exhausted T cells and, thus, impaired anti-tumor
response. Activation of T cells in the effector phase can be blocked by programmed death protein 1
(PD-1)/ programmed death ligand 1(PD-L1) that is expressed in tumor cell interaction. Both “breaks”
can be effectively released by anti-PD-1, anti PD-L1, or anti CTLA-4 therapy and enhance anti-tumor
immune response (Figure 2) [40,43,59,60].

In HCC, immunotherapy is an intensively studied field encompassing all the above mentioned
antibody-based, cell-based, and vaccine-based treatment options [61]. In addition, the combination of
different therapy regimes may provide a significant benefit (Figure 1) [43].
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Figure 2. Translational consideration to overcome therapy resistance. Therapeutic approaches for
sensitization to immunotherapy. Left panel: Anti-CTLA-4 or anti-angiogenic therapy increases
recruitment and migration of activated T cells into the tumor. Anti-PD-1/anti PD-L1 therapy enhances
cytolytic activity of T cells. Right panel: Anti-CTLA-4 treatment induced IDO1 expression in dendritic
cells (DC). Indoleamine 2,3-dioxygenase 1 (IDO1) leads to activation of Tregs and causes resistance
to anti-CTLA-4 therapy, while blocking of IDO could interrupt this mechanism of resistance. PolyIC
inhibits tumor growth and leads to an accumulation and activation of immune cell subsets, whereas
anti-PD-L1 therapy could provide synergistic effects. Osteopontin induces M2 migration into the tumor
as well as PD-L1 induction. Targeted therapy of CSF1 in combination with anti-PD-L1 therapy might
provide synergistic effects. Epigenetic regulations as synergistic effect for ICI therapy.

3. Predictors for Response or Resistance to Current Inmune-Modulatory Therapies

Immunotherapy as a modern approach for cancer treatment has become a key topic in translational
research over the last decade. After approval of the first PD-1/PD-L1 and CTLA-4 blocking antibodies for
melanoma, checkpoint inhibitors are under intense investigation in many tumor entities. Unleashing
of the immune system to attack the tumor seems to be an effective anti-tumor treatment. Many
immunotherapies have been shown to be effective as monotherapies but also in combination with other
immune-based and targeted approaches in preclinical and clinical studies [62-66]. However, despite
good clinical efficacy in other tumor entities, response rates in HCC as well as cholangiocarcinoma
are surprisingly low [40,67-70]. A common observation in HCC is the missing significance or lack of
surrogate markers of response utilized in other entities. Thus, improved strategies to estimate therapy
response would enable to stratify patients according to their clinical benefit and prevent unnecessary
side effects caused by the therapy [40,70-73].

Mechanisms of resistance to immunotherapy are still not fully understood. Especially in the
context of a possible pseudoprogression or even hyperprogression under immunotherapy, predictive

biomarkers are urgently needed [74].
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3.1. Tumor Characteristics and Tumor Infiltrating Lymphocytes as Predictors for Response

Multiple studies revealed potential molecular characteristics that are associated with
immunotherapy response. However, up to now, no biomarker for HCC has been prospectively
validated in authentic human patients. The most prominent biomarkers are PD-1 and PD-L1 expression
on tumor tissue as well as on infiltrating immune cells.

Expression of PD-1/PD-L1 in HCC have been described in 17% (PD-L1) and 27% (PD-1) on immune
and 10-20% (PD-L1) on tumor cells, using immunohistochemistry [40,41,75-77]. High PD-L1 expression
in tumors itself is associated with more aggressive HCCs independent of immunotherapy [76,78].

Several translational studies investigated numbers of immune cells and respective activation of
checkpoint molecules as possible biomarkers for immunotherapy response in HCC. In other entities
such as NSCLC, PD-18" T cells showed a higher capacity for tumor recognition, recruit other immune
cells, and are predictive for response and overall survival under PD-1 therapy, which demonstrates that
a distinct T cell subtype is needed for response to PD-1/PD-L1 therapy [79]. In HCC patients, high PD-1
expression in tumor tissue is connected to an exhausted immune cell phenotype with impaired effector
function of tumor infiltrating lymphocytes (TIL), which contributes to immune evasion [75,80-82].
A recent study further demonstrated that PD-1, LAG3 (lymphocyte activation gene 3), TIM3 (T cell
membrane protein 3), and CTLA-4 positive TILs are exhausted and functionally compromised, thus,
induce lower levels of effector cytokines. Conversely, this phenotype could be reversed back to an
effector phenotype with ICI [82].

Using sequencing and TCR analysis, another study investigated the distribution of mutational
and neoantigen burden in different tumor regions as a possible driver for immune cell heterogeneity.
Analysis of peptide binding affinity of these neoantigens revealed a correlation of the higher ones
with TIL heterogeneity. However, the region with the highest TIL heterogeneity showed the lowest
putatively immunogenic neoepitopes, suggesting that the adaptive immune response has edited the
tumor to be less immunogenic [83].

Another study stratified HCC patients into CD8*PD-1"8h and CD8*PD-1°". A gene
signature that effectively predicted anti-PD-1 therapy response in several tumor entities was
significantly enriched in corresponding PD-1"8" expressers [75]. Furthermore, high frequencies of
CD14*CD16 HLA-DRM&"monocytes was shown to predict therapy response in melanoma patients [84].
This phenotype was also elevated in PD-1"8" expressers [75]. Both findings might provide an indirect
surrogate of therapy response in PD-1M8" HCC patients. Consistently, the PD-1"8" HCCs also
expressed markers such as LAG3 and TIM3 confirming the exhausted phenotype of the cells and
delineating the rational of targeting these markers in liver cancer. In vitro experiments could further
show that blocking of PD-1 increased IFN production and effectively enhanced the immune response.
However, this effect was only present in PD-1M8" HCCs [75].

Recently, single cell sequencing approaches became affordable and promising tools for translational
science. These investigations are ideal to dissecting immune cell populations in the context of the
diseased hepatic microenvironment as well as immunotherapies. A recent single cell sequencing
analysis demonstrated a complex composition of highly diverse T cell subpopulations in HCC
tumors [22]. A subgroup expressing high levels of exhaustion markers such as CTLA4 and PDCD1
was identified that stratified patients according to the clinical outcome [22]. Furthermore, complex
composition of immune cells could be revealed and shown to be spatially different between intratumoral
regions, extra-tumoral regions, ascites, and the peripheral blood [85]. While modulation of this immune
cell contexture could be highly promising in a therapeutic setting, the clinical use of cellular compositions
as predictors for therapy response needs to be evaluated.

Only one single cell study focused on the malignant cells in HCC so far. Analysis of the tumor
and the TME identified VEGFAM8! tumors that drive the TME reprogramming [86]. Consequently,
further single cell analysis of T cells revealed different transcriptomic profiles in VEGFAN& tumors.
These observations imply that a combination of vascular endothelial growth factor (VEGF) therapy
and immunotherapy might help to overcome some non-response mechanisms.
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Overall, results of these preclinical studies suggest that it is probably not enough to screen for
widely expressed markers in the tissue and underline the importance of detailed characterization of
the cellular compositions to shed light into cellular interactions to reveal context-dependent response
mechanisms to immunotherapy.

For objective comparison of PD-L1 expression in clinical trials, mainly two different scoring
systems have been established [87,88]. The tumor proportion score (TPS) calculates the percentage of
PD-L1 tumor cells of all viable tumor cells, whereas the combined positive score (CPS) calculates the
percentage of all PD-L1 positive cells (tumor cells, macrophages, lymphocytes) divided by all viable
tumor cells [87,88]. PD-1/PD-L1 expression in tissue is associated with therapy response in melanoma,
NSCLC, renal cancer and gastric cancer in large clinical trials [59,87,89-91].

Despite the promising results from the above-mentioned translational studies, explorative
investigations performed on patients in clinical trials have failed to identify robust predictive markers
that clearly identify patients likely to benefit from immunotherapy in HCC up to now.

Clinical trials for HCC using ICI included both of the mentioned scores to predict response.
The CHECKMATE-40 trial, investigating the anti-PD-1 antibody Nivolumab as a second line therapy
in HCC reported response rates regardless of PD-L1 expression rates. PD-L1 expression was calculated
using the TPS score (overall response rate (ORR) 26% in patients with PD-L1 expression >1% and ORR
19% of patients with PD-L1 expression <1%,). However, PD-L1 expression >1% could only be detected
in 20% of the patient population. The lack of robust association indicates that PD-L1 expression
on tumor cells cannot be used as a single binary marker for therapy decisions [40]. The phase II
clinical trial KEYNOTE-224 used the anti-PD-1 antibody pembrolizumab after progression under
sorafenib. Response to therapy was assessed using TPS as well as CPS score [41]. Only CPS score
showed significant association with response to therapy. The proportion of CPS score positive patients
in the KEYNOTE cohort has been reported as 42% [41]. Although the follow-up phase III study
KEYNOTE-240 did not reach its clinical endpoint of OS, knowledge of PD-L1 expression and CPS score
can be highly instrumental for future studies and are urgently awaited [70]. Noteworthily, different
cutoffs and definitions about PD-L1 positivity have been used in clinical trials, which might have
limited the comparability of the findings [92].

High tumor mutational burden (TMB), generally defined as over 10 mutations/mb, or microsatellite
instability (MSI) are hypothesized to be intrinsically immunogenic [93]. Hence, TMB or MSI status were
predictive for response to therapy with PD-1 checkpoint-inhibitors in several tumor entities [66,94-96].
However, compared to other tumor entities, HCC mainly has a low TMB of <10 mutations/MblOW and
MSI rates below 1% [75,96-99]. Given the low prevalence and only limited predictive ability of TMB,
it emphasizes the need for more comprehensive molecular biomarkers [97].

Circulating immune cells and corresponding expression of checkpoint molecules have been
intensively evaluated as predictive biomarker. Isolation and subsequent characterization would enable
a closer and non-invasive therapy monitoring, which is not possible using tissue samples. However,
only one study could identify an association of circulating immune cells and response to therapy so far.
A higher expression of CD4*PD1* cells in circulating peripheral blood mononuclear cells (PBMC) at
baseline may predict a better response to tremelimumab treatment in HCC patients [100]. However,
more recently, results from several clinical trials suggest that induction of a CD8 T cell response
after CTLA-4 priming might enhance the anti-tumor efficacy of PD-1 inhibition [46]. This interesting
observation should be pursued in future studies.

Furthermore, high soluble PD-L1 levels are associated with a poor prognosis in HCC patients [101].
However, soluble PD-L1 could not be shown to be predictive under immunotherapy in HCC in contrast
to other tumor entities [102,103].

Finally, studies have shown that the microbiome influences the immune system. Mice with liver
tumors showed a better immune response and lower tumor burden when treated with antibiotics that
reduced the overall bacterial burden in the gut but favor Clostridium scindens. Reduction of bacteria
through antibiotics alters the composition of bile acids, which subsequently resulted in increased
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infiltration of NKT cells with anti-tumor function into the liver. On the other hand, gut microbiota
has been shown to promote obesity-associated liver cancer by driving prostaglandin E2 (PGE2)
production through higher expression of COX2. PGE2 eventually suppressed antitumor immunity
and resulted in higher tumor burden of obesity-driven HCC [104]. Several studies have shown that the
microbiome influences not only immune cells but also the efficiency of immunotherapy. Anti-PD1
therapy could be significantly improved by combing it with oral administration of Bifidobacterium,
which resulted in reduced tumor growth of B16.SIY melanoma tumors [105]. Another study found
the fecal transplantation of Akkermansia muciniphia can restore efficacy of anti-PD-1 immunotherapy,
which was mediated by increasing the recruitment of CCR9* CXCR3* CD4* T lymphocytes [105].
In human melanoma, anti-CTLA-4 therapy was associated with outgrowth of Bacteroides fragilis. Oral
feeding of Bacteroides fragilis in germ-free mice resulted in restored therapeutic response to anti-CTLA-4
treatment [106]. Notably, a recent study focused on fecal samples from patients under immunotherapy
as a predictive parameter and revealed a higher species richness in responding patients than in
non-responders [107]. Furthermore, other studies suggest an association between commensal microbial
composition and therapy response to immune therapy treatment in melanoma as well as HCC, whereas
patient numbers were very limited (N = 8) [107,108]. Thus, data on the microbiome should be assessed
as adjuvant information in future studies to identify its potential as a biomarker [109]. Data is mixed
but it is clear that the composition of bacteria in the gut has influence and might predict response to
immunotherapy and cannot be neglected. Sample acquisition in a hospitalized setting seems easy so
that specifically response assessment and subsequent alteration of the treatment strategy based on the
microbiome status seems to be reasonable.

Overall, while not yet conclusive in HCC, these findings provide the first mechanistic explanations
of tumor cell biodiversity and why some patients may respond to therapy and others do not [86].

3.2. Molecular Subtyping of HCC

In the past, exome sequencing enabled a precise description of the mutational landscape in
HCC including the identification of the most relevant oncogenic drivers (TERT, TP53, CTNNBI,
AXIN1, ARID1A and ARID?2) [18,110,111]. In 28% of all HCCs, potential targetable mutations were
identified [112]. However, despite strong efforts, none of these potential biomarkers showed a
significant survival benefit and could be implemented in clinical trials [18].

Analysis of the immune composition as well as the transcriptomic profile in HCC lead to the
classification of inflamed “hot” tumors and non-inflamed “cold” tumors based on the presence of
T cells, macrophages, B cells, PD1 signaling, and cytotoxic cytokines. Interestingly, “cold” tumors
co-occur with WNT/CTNNBI as well as chromosomal alterations of the tumor [18,111,113].

A retrospective analysis of genomic alterations of HCC patients undergoing immunotherapy
revealed WNT1/CTNNB1 mutations to be associated with lower disease control rates (0% vs. 53%),
shorter median progression free survival (PFS) (2.0 vs. 7.4 months), and shorter median OS [18,114].
This possible CTNNB1 immune excluded class could recently be confirmed in a translational mouse
model [114,115]. Upregulation of B-catenin leads to an immune exclusion of the tumor and also
resistance to anti-PD-1 therapy. These results conclusively illustrate, that other therapy modalities
might be more suitable for cold or immune excluded and, potentially, other subclasses of HCC,
and challenges the design of recent clinical investigations. In this context, molecular stratification of
patients will become increasingly important and should be mandatory for future clinical trials.

4. Combination Treatments to Improve Therapy Response in HCC

4.1. Combination Therapies of Checkpoint Inhibitors

Given that the response to immunotherapy is restricted to 15-30% of the patients, the majority of
the patients are not objectively responding or show a primary resistance to ICL. After initial studies
on effectiveness of immunomodulatory drugs, new studies are focusing on mechanisms to increase
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therapy response [42]. The rationale behind combinations therapies is based on synergistic effects by
CTLA4 induction followed by PD-1/PD-L1 blockade (Figure 2). Combination of different ICI blocks
immune cell activation at different steps in their activation process. CTLA4 increases CD8 T cell
activation in the priming phase in the lymph node as well as CD8 cell infiltration into the tumor.
This enhances the effect of PD-1/PD-L1 blockade in the tumor microenvironment. The number of
pretreatment or treatment induced intratumoral T cell infiltration correlates with clinical response to
therapy, which emphasizes that the crucial factor for response to immunotherapy lies in releasing
tumor-specific T cells [116].

The combination of checkpoint inhibitors antiPD-1/anti-PD-L1 plus anti-CTLA-4 antibodies have
shown promising response rates of 40-60% in melanoma, NSCLC, and renal cancer [132-134]. Based on
this, combination therapies of CTLA-4 and PD-1/PD-L1 blockade are currently under investigation [42].

In HCC, these combinations are also being actively pursed in clinical trials [45,135]. ORR
rates for advanced non-resectable HCC in a phase II clinical trial (durvalumab (anti-PD-L1) and
tremelimumab (anti-CTLA-4)) have been reported recently as 22% with 35% of the patients showing
adverse events [136]. The phase III clinical trial (HIMALAYA) is currently underway [45]. However,
the CHECKMATE-040 trial investigating nivolumab and ipilimumab could show overall response
rates of 32% [42]. Further studies are required focusing on effectiveness versus increased adverse
events. For a detailed list see Table 2.

4.2. Combination Therapies of Checkpoint Inhibitors and Anti-Angiogenesis

Another approach to enhance response to therapy explores additive effect of MKIs and ICI. It is
well known that high VEGF levels in the TME modulate immunosuppressive Tregs, macrophages and
MDSCs, whereby promoting tumor growth [86]. Anti-angiogenic effects of MKIs mediated by VEGF
inhibition can synergistically enhance the anti-tumor effects of ICI. Furthermore, Sorafenib effectively
inhibits macrophage migration, macrophage induces epithelial-mesenchymal transition as well as
macrophage-NK cell crosstalk in the liver [34,137]. In line with this, combination of pembrolizumab
(anti PD-1) and Lenvatinib (MKI) reduced the secretion of immunosuppressive cytokines such as
TGF-p and IL-10 and inhibited expression of PD-1 and Tim3, which enhanced antitumor immune
response in a mouse model of hepatocarcinogenesis [138].

Further, the IMbravel50 phase III clinical trial confirmed the promising effects for the combination
of atezolizumab plus bevacizumab, a direct VEGF inhibitor, in a first line treatment in HCC patients [48].
The experimental arm showed an ORR 33% versus 13% for sorafenib arm and median OS at 12 months
was 67% versus 55%. These results have led to an FDA approval for the combination of bevacizumab
and atezolizumab for advanced HCC and will likely become the new standard of care in advanced
HCCs. Many other combination studies are currently underway (Table 2). Similar to the findings
from the IMbravel50 study, ORR for pembrolizumab plus Lenvatinib have been reported 36% in a
phase Ib clinical trial. Notably, 36% had serious treatment related adverse events [122]. Nevertheless,
combination of ICI and MKIs show promising anti-tumor response rates. Many other studies are
currently underway. For a detailed list see Table 2.
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4.3. Combination of Immunotherapy and Locoregional Therapy

A different approach to improve the response is to modulate the immunogenicity of tumors or to
boost the immune system by combination of locoregional and/or radiotherapy with immunotherapy.
This approach is based on releasing tumor antigens through cell death induced by locoregional
therapy, which subsequently improves immunotherapy due to better antigen presentation. Thus, this
combination is also discussed for neoadjuvant settings, when tumor burden is still high. In particular,
antigen release and immunological response after irradiation has been extensively studied [139-141].

In2004, de Broke etal. [142] could already show that RFA plus blocking CTLA-4 with tremelimumab
causes a strong and durable antitumor response in a mouse model of B16 OVA melanoma cells. The same
group showed that cryoablation and radiofrequency enables antigen loading of dendritic cells, which
induced antitumor immunity [143], indicating that locoregional therapies could have more effects
than just the local tumor elimination. The immunomodulatory effects caused by local therapies
are of particular interest in the era of immunotherapies [144]. Different types of cell death can
cause an immunogenic or non-immunogenic influence on the environment, whereas immunogenic
cell death includes the release of calreticulin and other proteins of the endoplasmatic reticulum,
which leads to activation of dendritic cells and improved tumor-antigen presentation for cytotoxic
T cells [144]. A classical immunogenic cell death inducing chemotherapeutic is doxorubicin, which
is most commonly used in TACE procedures in HCC patients [145]. MDSCs, which are increased in
HCC patients, stimulate Tregs and correlate with HCC progression, [146,147] are decreased after RFA.
However, patients with increased frequencies were more likely to recur after treatment. The effect of
TACE or RFA on T cells seems to be stronger than surgery alone. After locoregional therapy, patients
had a significant increase in GPC3 specific CTLs compared to patients undergoing surgery [140].
Radioembolization (Y90) on the other hand seems to have a sustained local as well as systemic immune
response, that could be shown by an increase in TNFa in CD4, CD8 T cells, and APCs. The group could
further demonstrate a prediction model based on peripheral blood samples before Y90 therapy [148].

However, response immunological response rates after locoregional therapy alone was not durable
enough to prevent recurrence, underlining the potential of combination with immunotherapy [54].
The first combination therapy of tremelimumab and TACE, RFA, or cryoablation showed a good
tolerability and an increase in intratumoral accumulation of CD8 T cells with good clinical response [43].
Remarkably, only lesions that were not directly treated were counted as tumor response, i.e.,
“abscopal effect” [43]. One combined clinical trial for HCC and CCA is investigating a combined
immune checkpoint inhibition with ablative therapies (Durvalumab, Tremelimumab, TACE, RFA OR
Cryoablation) (NCT02821754) [130]. For a detailed list of current clinical trials see Table 2.

While preclinical and early clinical data provides a clear rational for combination therapies,
several open questions remain. In the context of combination therapy, the timing and sequence
of corresponding therapies and identification of the best locoregional therapy in combination with
the best immunotherapy are of particular interest. Further translational studies are also needed to
improve the understanding of the exact molecular mechanisms involved in the response or failure of
these combinations.

5. Translational Studies to Overcome Resistance to Inmunotherapies

To detect molecular and cellular predictors of positive response to immunotherapy, animal models
are widely employed in preclinical investigations, particularly syngeneic, genetically engineered, and
humanized mice [149]. All of them harbor certain advantages and disadvantages, which should be
carefully considered to accurately address the respective questions concerning immunotherapy.

5.1. Checkpoint Inhibitors

Investigation of immune checkpoint inhibitors using suitable models represents an important
aspect of translational cancer research and is required for transitioning of crucial findings from bench
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to bedside. Detailed investigations on factors that are assisting immune evasion and contributing
to the failure of classic chemotherapy are crucial [150]. Importance of CTLA-4 and PD-1/PD-L1 was
thoroughly investigated in pre-clinical and early clinical models. Results revealed interesting and
useful data for further translational implications and supported currently-used strategies in clinical
trials [151,152].

Study of Brown et al. [153] tried to address mechanism of adaptive resistance to immunotherapy
in the context of CTLA-4 checkpoint blockade. Results of this important study suggest that induction
of Indoleamine 2,3-dioxygenase 1 (IDO1) typically appears in HCCs that are resistant to anti-CTLA-4
treatment, and that it is regulated in an IFN-y dependent manner. These observations emphasized
the importance of IDO1 as a regulator of adaptive resistance against anti-CTLA-4 treatment. Thus,
combined therapy of IDO1 inhibitor and anti-CTLA-4 treatment emerges as a rational approach to
improve the checkpoint-based treatments for the resistant types of HCC (Figure 2) [153]. In addition
to increasing numbers of studies related to CTLA-4 therapy resistance, many new investigations
aimed to delineate the fundamental mechanisms of PD-1/PD-L1-dependant immune tolerance in
HCC [71,154]. In a chemically-induced HCC mouse model, exhaustion of tumor-antigen-specific CD8*
T cells, accumulation of PD-1 CD8* T cells as well as Tregs was reported at the time of late tumor
progression [71]. These findings encouraged authors to investigate a combination therapy of sunitinib
and anti-PD-1 antibodies. This approach not only repressed adverse tumor features like immune
evasion, but also directly reduced tumor burden and activated antitumor immunity [71].

To overcome immune tolerance, it is further important to explore more precise approaches
to identify molecular components involved in immune evasion in HCC [155-157]. Polyinosinic-
polycytidylic acid (polylC), a double-stranded RNA, was firstly introduced as a molecule with potent
liver tumor-inhibitory role only at the pre-cancer stage [155]. However, the potency of polyIC to treat
advanced HCC was identified in a later study when it was combined with anti-PD-L1 antibody [156].
The mechanism of therapy response based on the ability of polyIC to enhance accumulation and
activation of innate immune cells in the liver, particularly natural killer (NK) cells and macrophages,
as well as to modulate adaptive immune functions by upregulation of PD-L1 in liver sinusoidal
endothelial cells. These conditions sensitized the hepatic response to PD-L1 blockade and induced
accumulation of active CD8" T cells (Figure 2) [156]. These studies clearly imply that modulation
of specific pathways can lead to sensitization of the tumors to PD-L1 blockade and improve the
response in HCC mouse models. These interesting findings should be pursued in future pre-clinical
and clinical trials.

Further efficacy improvements of checkpoint inhibitors could be achieved through disruption of
pathways involved in epigenetic regulation. For example, combination of histone deacetylase inhibitor
belinostat with anti-CTLA-4, or combination of anti-CTLA-4 plus anti-PD-1 antibodies could lead to
complete tumor rejection in a mouse HCC model [158]. Moreover, another study suggests that PD-L1
blockade and SIRT7 inhibition could be a more efficient clinical option to target HCC (Figure 2) [159].
Overall, these results provide a rationale for testing epigenetic modulators in combination with
checkpoint inhibitors to enhance their therapeutic activity in patients with HCC.

All together, these animal studies clearly demonstrate the importance of the cellular composition
and balance of pro- and anti-tumor immune cells for effectiveness of immunotherapy. Results clearly
delineate capacity of epigenetic regulators to improve the immunotherapy response.

5.2. Application of Neoantigens and Oncolytic Viruses in Immunotherapy

One of the strategies to induce a positive immune response against cancer is the activation of
CD8* T cells, either by antigen-presenting or by tumor cells. In this context, particularly interesting
are the neoantigens that arise as a result of tumor-specific mutations, which could be effectively
used for development of novel therapeutic approaches [52]. An effective way to increase neoantigen
presentation to CD8" T cells in the tumor/-microenvironment is induction of cellular death by using
various approaches, such as local ablation therapy or oncolytic viruses (OV) [53,160].
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In a recent study, release of neoantigens was induced in an orthotopic mouse HCC model by
applying image-guided stereotactic radiation. The treatment generated insufficient CD8* T cell
mediated immune response due to feedback inhibition of T cells by increased PD-L1 expression on
macrophages. Interestingly, antitumor effect was enhanced when combining stereotactic radiation with
anti-PD-1 treatment. This approach promoted adaptive immunity and infiltration of CD8* cytotoxic
T cells in the tumor, but only in a transient manner [72].

Great potential of OVs for the cancer treatment has been recognized in preclinical animal models
as well as in human cancer patients [161,162]. Particularly interesting is application of oncolytic
viruses in immunotherapies, which are specifically designed to selectively lyse cancer cells and to
induce specific anti-tumor immunity. However, despite of a number of OVs that were examined in the
preclinical studies, a low number entered into the clinical trials [161,162]. The most advanced of them
is JX-594 (Pexa-Vec), which has entered a phase 3 randomized clinical study (PHOCUS). In this trial,
the main objective is to determine if treatment with JX-594 and sorafenib increases survival in patients
with advanced HCC who did not previously receive systemic therapy (NCT02562755). Therefore,
development of new preclinical models to evaluate the effects of oncolytic viruses in HCC will pave the
road for advanced clinical trials and speed up development of new cancer treatments. In line with that,
new generations of OVs have been developed with greater potential to specifically target tumor cells
and stimulate the immune response [163,164]. Recently, Nakatake et al. [163] examined the antitumor
activities and immune response of third-generation HSV T-01 in HCC cell lines and mouse xenograft
models. Application of the virus successfully led to increased expression of MHC class I molecules
on tumor cells, which further stimulated CD8* T cell-mediated immune response. Importantly, viral
treatment induced only antitumor effects without affecting normal cells, demonstrating great potential
and specificity of this approach [163]. The capability of HSV-1 was further examined in a study where
a novel HSV-1 vector, Ld0-GFP, was developed. Administration of the vector clearly showed increased
tumor selectivity and oncolytic capacity against HCC by enhancing cell apoptosis in different mouse
models. Overall, viral-induced oncolysis provoked strong immunogenic cell death by activating the
immunogenic cell death pathway [165]. Despite the above mentioned OVs, several other viruses have
also been explored in the context of HCC.

Overall, both exploration of neoantigens and direct tumor lysis by OV, show great translational
value, as some of the investigated models and are currently investigated in clinical trials.

5.3. Targeting HCC Biomarkers—Vaccines, Antibodies, and Cytokines

Targeting a specific marker or a component of immune defense in HCC could be an effective way
to overcome resistance commonly observed with classic chemotherapies [111]. New opportunities
are emerging as specialized anti-cancer vaccines are developed and tested in animal models [166].
Most compelling are the vaccines that specifically target HCC-associated markers such as AFP and
GPC3 (approach known as “antigen-defined”) [167-169]. Many studies exploited the potential of
AFP for designing an effective HCC vaccine [170-173]. In order to induce immune response, different
approaches such as application of AFP plasmid DNA, dendritic cell (DC) transduction with viral vectors,
or a combination of AFP with heat shock proteins have been evaluated [170-173]. However, the most
promising results of AFP cancer immunization were achieved through production of epitope-optimized
AFP, which effectively activated CD8" T cells and generated potent antitumor effects in HCC mouse
model [174]. Several studies tried to target the activation of GPC3, a glycoprotein overexpressed
in many HCC tissues, in order to design an effective vaccine [169]. Preclinical evidence suggests
that intravenous injection of the GPC3-coupled lymphocytes can induce a strong anti-HCC effect by
regulating systemic and local immune responses [169].

In addition to the above-mentioned vaccine-based approaches, a growing number of antibodies
are produced to eradicate or neutralize specific molecular or cellular targets [61]. Several antibodies
were also successfully targeted including GPC3, a member of the TNF receptor family CD137,
transmembrane four L6 family member 5 protein, and fibrinogen-like protein 1 [175-177]. These
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investigations also demonstrated various degrees of anti-tumor and immune-modulatory capacity.
In addition, immune modulation directed against liver cancer can be initiated by a release of cytokines
involved in cellular antitumor response [178,179]. For instance, IL-33 release in murine HCC showed to
markedly inhibit tumor growth via activated CD4* and CD8* T cells, in IL-33-expressing tumor-bearing
mice, while IL-18/IL-12 cytokine therapy was effective in tumor regression prompted by induction of
NK cells [178-180].

Taken together, development of different strategies to target specific HCC biomarkers and to
modulate cytokine release shows big potential in immunotherapy of HCC.

5.4. Adoptive Cell Transfer and CAR T Cells

The basic principle of adoptive cell transfer is to disrupt the immune tolerance of tumors
and, consequently, to suppress the growth and survival of tumor cells. This is achieved when
lymphocytes are extracted from the patients, with the purpose of modification and amplification
in vitro, and, subsequently, transferred back into the patient. This method enhances the overall specific
antitumor effect [181]. Most of the recent studies on adoptive cell transfer were focused on targeting
GPC3[182]. In a seminal study, GPC3-specific CD8" T cells were engineered and subsequent antitumor
capabilities in HCC xenograft mice were tested. This approach showed only partial response, as CD8*
T cells were only able to slow down tumor growth in whole-body irradiated mouse model. Further,
immunodeficient model displayed higher suppression of tumor growth. In this model, failure of
significant tumor response was consequence of a lack of CD8" T cell infiltration into the tumor and by
mosaic-pattern of GPC3 expression which could be enhanced in future studies [182].

However, more recently, CAR T cell-based therapy gained increasing attention as a potentially more
efficient method to target tumor cells [183-186]. Earlier studies have already proven the potential of CAR
T cells to effectively target GPC3™ HCC cells in vivo. Anti-GPC3 CAR T cells successfully suppressed
tumorigenesis in subcutaneous tumors and significantly affected tumor growth in subcutaneous and
orthotopic xenografts [183]. Similar observation was noted in a patient-derived xenograft model. CAR
T cells directed against GPC3 eradicated tumors from patient derived xenografts that showed less
aggressive phenotype and lacked PD-L1 expression, while on the contrary, GPC3 CAR T cells were
less potent in aggressive tumors with high PD-L1 expression. This all emphasized the potential of
combination therapy with immune checkpoint inhibitors [185]. Except of combining GPC3-CAR T
cells with checkpoint inhibitors, Wu et al. investigated potential application of sorafenib to induce
additive effects. The authors reported that sorafenib enhanced the antitumor effects of CAR T cells,
partially by promoting IL12 secretion by TAMs as well as promotion of apoptosis in immunocompetent
and immunodeficient mouse models of HCC [186]. It is also important to mention that NK cells
were investigated in the context of chimeric antigen receptor with promising results. This makes NK
cell-based therapy as a novel treatment option for patients with GPC3* HCC [184].

Major studies on CAR T cells in HCC have been conducted with the main focus on GPC3.
They shed more light on this complex topic and provided evidence for further investigations to define
new targets for CAR T treatments. However, heterogeneous intra- and inter-tumoral expression of
surface antigens as targets for CAR T-based approaches including GPC3 severely complicate this
approach in human HCC.

5.5. Targeting Cross-Communication between MDSCs and the TME

The chronically altered tumor microenvironment in HCC, particularly liver fibrosis, significantly
shapes and modulates the course of HCC development specifically by reprogramming an
immunosuppressive mechanism [187]. Accumulation of monocytic MDSCs (M-MDSC) in fibrotic
tumor microenvironment in orthotopic mouse model can significantly reduce the number of TILs
and increase tumorigenicity [187]. Recent investigations have revealed that contribution to immune
tolerance and higher tumorigenicity was closely connected to the interaction between HSC from the
fibrotic microenvironment and M-MDSC [187]. Namely, HSC could induce M-MDSC accumulation
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and immunosuppression through p38 MAPK-mediated enhancer reprogramming. Treatment with
BET bromodomain inhibitor significantly reduced the level of M-MDSC and increased the level of
tumor-infiltrating CD8* T cell. When BET bromodomain inhibitor treatment was combined with
anti-PD-L1 therapy, synergistic effects of the treatments led to tumor eradication and prolonged survival
in this fibrotic-HCC mouse model. Therefore, targeting cross-communication (HSC-M-MDSC) in fibrotic
liver could be a novel therapeutic strategy that could improve the efficacy of anti-PD-L1 therapy [187].
More evidence on how the response to PD-1/PD-L1 therapy could be further improved is presented
by indirect modulation of IL-6 signaling, a major immune-modulatory cytokine in the liver [188].
Inhibition of Ccrk and CCRK/EZH2/NF-kB/IL-6 signaling cascade can bypass MDSC-mediated IFN-y*
TNF-o"CD8" T cell exhaustion and cause reduction in tumorigenicity. More importantly, inactivation
of this signaling cascade paralleled with administration of anti-PD-L1 therapy could improve efficacy
of checkpoint inhibitors in orthotopic HCC model and prevent immune evasion [188].

5.6. Targeting MDSC, TAMs, and Innate Immunity Interaction for HCC Prevention

Given the fact that macrophages promote HCC progression, therapeutic manipulation of this
interaction is of major interest. This includes the inhibition of monocyte recruitment into the liver,
polarization from M1 to M2 macrophages, inhibition of TAM associated cytokines, or direct inhibition
of macrophages present in the tumor [189-192]. Blocking of CCL2-CCR2, which inhibits monocyte
recruitment, was revealed to be effective in HCC mouse models. Namely, this approach increased
tumor infiltrating macrophage numbers, promoted polarization into a M2 phenotype as well as
enhanced a T cell antitumor response [193,194]. Moreover, treatment with Mi-RNA-26a effectively
suppressed tumor growth by downregulating colony stimulating factor-1 (CSF1 or M CSF), which
further inhibited macrophage recruitment [195]. Blocking of CSF1 and CSF1 receptor (CSF1R) has
also been demonstrated to enhance the effectiveness of immune checkpoint inhibitors [157]. A recent
study has reported that Osteopontin facilitates chemotactic migration and M2-like polarization of
macrophages and promotes the expression of PD-L1 in HCC. These events are mediated via activation of
CSF1-CSFIR pathway in macrophages, which leads to increase of immunosuppressive cytokine levels.
Therefore, blocking the CSF1/CSF1R pathway could effectively prevent macrophage recruitment and
M2 phenotype polarization, activate CD8" T cells, and sensitize HCC to anti-PD-L1 immune checkpoint
blockade (Figure 2) [157]. PLX3397 also inhibits CSF-1R and could prevent tumor growth in a murine
HCC model by macrophage reprogramming [192]. Another agent, baicalin (a flanonoid), repolarized
macrophages into M1-like macrophages in an orthotopic mouse model of liver cancer [196]. All these
translational findings suggest potential combination therapies to reprogram the immunological TME.

From the perspective of innate immunity, NK cells are considered to be one of the key players in the
prevention of HCC [29,197]. They exert a critical role in the antitumor immunity by modulating both,
innate immunity as well as activation of adaptive immunity, by cross-talking with DCs and promoting
a T helper cell (Th)1-mediated immunity [29]. However, positive role of NK cells in fight against cancer
has often been impaired in HCC [198,199]. It was already shown that MDSCs in patients with HCC
suppress the innate immune system by diminishing autologous NK cell cytotoxicity and cytokine
secretion. These events activate immune suppressor network and allow the tumors to evade the host
immune response [200]. Earlier studies in mice determined that inhibition of NK cell cytotoxicity is
contact-dependent, where MDSCs inhibit IL-2-mediated NK cell activation, by dysregulating Stat5
signaling [201]. More evidence on the dysregulation of NK cells by MDSCs was obtained in the liver
cancer-bearing mouse model. Results showed that increased levels of MDSC directly influenced NK
cell function by inhibition of their cytotoxicity and IFN-y production. The main mediator of NK cell
suppression was membrane-bound TGF-f31 on MDSC [29]. Taken together, disruption of interaction
between MDSC and components of innate immunity, particularly NK cells, represents an attractive
approach to confront development of HCC.
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6. Conclusions and Future Direction

Primary liver cancer develops in a fine-tuned and very complex microenvironment. Immune cell
composition and interactions with tumor as well as stromal cells play a crucial role in development and
progression of liver cancer. Modern immune-oncological approaches in HCC significantly expanded the
landscape of active compounds in HCC over the recent years. However, efficacy of targeting individual
aspects of immune response, including checkpoint molecules, remain decisively low. Furthermore,
predictive biomarkers for therapy response are still largely missing. Thus, implementation of results
and different approaches from preclinical, translational studies might be of utmost importance to
identify novel cellular or molecular targets that synergistically could improve currently used strategies.
Herein, an improved understanding of the landscape of immune-oncological alterations and rationale
for subsequent molecularly-guided combination therapies are urgently needed. Up till now, our current
understanding remains incomplete and precise dissection of intra- and inter-tumoral heterogeneity
using single cell sequencing approaches still is in its infancy for HCC. In addition, detailed knowledge
on the immune-cell contexture will add additional layers of complexity that requires detailed preclinical
models that closely resemble authentic human HCC. However, a better understanding of molecular
interaction and pathways on a cellular level is imperative to develop new treatment regimens or
combination of regimes. As the knowledge on molecular and immune-modulatory pathways evolve,
the corresponding context of application and genetic background will need to be tightly controlled
to ultimately implement the translational finding, overcome therapy resistance, and increase clinical
response rates. Nevertheless, recent findings form clinical trials on different combination therapies are
highly promising and will likely further shape the therapeutic landscape and enter the clinical practice
of HCC treatment.
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Abbreviations

Ab Antibody

AFP alpha-fetoprotein

APC antigen presenting cells

CCRK cell cycle-related kinase

CPS combined positive score

CSF1 colony stimulating factor 1
CSF1R colony stimulating factor receptor 1
CTLA-4 cytotoxic T lymphocyte antigen 4
CXCR-4 CXC receptor type 4

DC dendritic cell

GPC3 glypican-3

HCC hepatocellular carcinoma

HSC hepatic stellate cell

ICI immune checkpoint inhibitor
IDO1 indoleamine 2,3-dioxygenase 1
LAG3 lymphocyte activation gene 3
M-MDSC monocytic MDSC

MDSC myeloid-derived suppressor cells
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steato hepatitis
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NF-«B nuclear factor-«B

NK cells natural killer cells

NSCLC non-small cell lung cancer

OR overall response rate

oS overall survival

PBMC peripheral blood mononuclear cells

PD-1 programmed death protein 1

PD-L1 programmed death ligand 1

PFS progression free survival

PSC primary sclerosing cholangitis

TAM tumor-associated macrophages

Th T helper

TIL tumor infiltrating lymphocytes

TIM3 T cell membrane protein 3

TKI tyrosine kinase inhibitor

TME tumor microenvironment

TPS tumor proportion score

Treg regulatory T cells

VEGF vascular endothelial growth factor
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Abstract: Monocytes (CD14* cells) from advanced-stage hepatocellular carcinoma (HCC) patients
express programmed death 1 ligand (PD-L)/PD-1 and suppress the host antitumor immune response.
However, it is unclear whether cancer progression is associated with CD14* cells. We compared
CD14" cell properties before and after cancer progression in the same HCC patients and examined
their role in antitumor immunity. CD14" cells were isolated from 15 naive early-stage HCC patients
before treatment initiation and after cancer progression to advanced stages. Although CD14*
cells from patients at early HCC stages exhibited antitumor activity in humanized murine chimera,
CD14" cells from the same patients after progression to advanced stages lacked this activity. Moreover,
CD14" cells from early HCC stages scantly expressed PD-L1 and PD-L2 and produced few cytokines,
while CD14" cells from advanced stages showed increased PD-L expression and produced IL-10
and CCL1. CD14" cells were also isolated from five naive advanced-stage HCC patients before
treatment as well as after treatment-induced tumor regression. The CD14* cells from patients with
advanced-stage HCC expressed PD-L expressions, produced IL-10 and CCL1, and exhibited minimal
tumoricidal activity. After treatment-induced tumor regression, CD14" cells from the same patients
did not express PD-Ls, failed to produce cytokines, and recovered tumoricidal activity. These results
indicate that PD-L expression as well as CD14" cell phenotype depend on the tumor stage in HCC
patients. PD-L expressions of monocytes may be used as a new marker in the classification of cancer
progression in HCC.

Keywords: CD14" cells; hepatocellular carcinoma; programmed death 1 ligands

1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related death
worldwide. The World Health Organization estimates that more than 1 million individuals will die
from HCC in 2030 [1]. The majority of cases occur in patients with liver disease, mostly as a result
of hepatitis B or C virus (HBV or HCV) infection, alcohol abuse, or nonalcoholic steatohepatitis.
The five-year survival rate of HCC patients is only 18%, making it the second most lethal tumor [2].
Therapeutic options are primarily selected on the basis of tumor stage and the extent of liver dysfunction.
In the past, HCC was treated by surgical resection or radiofrequency ablation. However, frequent
synchronous or metachronous recurrence in the form of new tumors or intrahepatic metastases led to
high mortality rates in HCC patients [3].

Recently, immune checkpoint inhibitors have become available as a new treatment option for
advanced-stage HCC [4]. These compounds target the programmed death 1 (PD-1)/programmed
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death ligand (PD-L) axis, which is involved in cancer immune escape or evasion [5]. PD-L1, which is
expressed in HCC tumor cells, interacts with PD-1 receptors on activated T cells, leading to their
inactivation [6-8] and ultimately suppressing the antitumor immune response of effector cells [9].
However, it has been reported that some PD-L1-positive tumors do not respond to the anti-PD-1
antibody, while a proportion of PD-L1-negative tumors do [10,11]. These discrepancies are not fully
understood, although several mechanisms have been proposed [12,13].

The tumor microenvironment plays an important role in the establishment and progression of
tumors. Among the immune cells in the HCC tissue, tumor-associated macrophages (M¢, TAMs)
sustain tumor progression and are recruited from circulating CD14* cells (monocytes) to the tumor
microenvironment through tumor-derived signals [14]. In response to microbial stimuli and IFN-y,
M1 polarization occurs, thus leading to tumoricidal activity by producing high amounts of toxic
intermediates. However, once tumors are progressed, the M¢ that infiltrate the tumor tissue differentiate
into M2M¢, which promote growth, invasion, and metastasis of tumor cells, thus inducing angiogenesis
and suppressing antitumor immunity. TAMs often play a central role in tumor progression, and many
TAMs have the property of M2M¢. Three different M2M¢ phenotypes (M2Mad, M2bM¢, and M2cM o)
have been described [15] that are distinguished from each other based on their gene expression profiles,
chemokine production, and surface marker expression [16,17]. Specifically, IL-10- and CCL17-producing
M¢ with mannose receptor gene expression are identified as M2aM¢, IL-10- and CCL1-producing
M¢ are classified as M2bM¢@, and IL-10- and CXCL13-producing M¢ with mannose receptor gene
expression are recognized as M2cM¢.

In a previous study, CD14" cells detected in peripheral blood of patients with advanced stages
of HCC were characterized as the M2b phenotype and were found to be a significant contributor
to tumor growth promotion [18]. Meanwhile, in our recent report, we showed that the monocytes
of patients with advanced-stage HCC expressed PD-L1 and PD-L2 and suppressed the antitumor
immune response of other effector cells. Notably, these patients had a poor prognosis [19]. However,
the impact of these cells on the host immune response against HCC is unknown. Moreover, it is also
unclear whether these cells are induced by cancer progression or whether they actively contribute to
this process. In this study, we investigated the relationship between disease progression and PD-L
expression in monocytes of HCC patients. Finally, the tumoricidal activity of these monocytes against
HCC was examined.

2. Results

2.1. Growth of HepG2 Cell-Derived Tumors in Chimeric Mice with CD14* Cells from HCC Patients

To compare the antitumor activity of CD14" cells from HCC patients at different tumor stages,
xNSG mice (NSG mice exposed to whole-body X-ray radiation) were used to generate humanized
murine chimeras. Specifically, the mice were injected with HepG2 cells and then with CD14" cells from
the same patients at early tumor stages (at the time of initial treatment) or at advanced tumor stages
(Figure 1). The growth of solid tumors was measured weekly for six weeks. At the end of this period,
the size of tumors in xXNSG mice not transplanted with CD14* cells was 253 + 93.9 mm?>. Notably,
tumor growth was not detected in xXNSG mice transplanted with CD14* cells from early-stage HCC
patients. However, solid tumors were observed in xXNSG mice that had been transplanted with CD14*
cells collected at advanced tumor stages (229 + 88.9 mm?3). These results indicate that the antitumor
activity of CD14" cells in the same patients changed with tumor progression.
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Figure 1. Growth of human HepG2 cells in chimeric mice transplanted with CD14* cells from
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hepatocellular carcinoma (HCC) patients. (a,b) Chimeric mice were created in xXNSG mice by
transplantation of CD14" cells (1 x 10° cells/chimera) from patients with early-stage HCC (closed
circles; n = 5). CD14" cells were also isolated from those patients who were later diagnosed with
advanced-stage HCC, and new chimeric mice were created from xNSG mice by the same method
(open circles; n = 5). Both groups of chimeric mice were subcutaneously inoculated with HepG2 cells
(2 x 10° cells/mice). xXNSG control mice received saline along with tumor cell inoculation (open squares;

n = 3). Tumor size was measured with a microcaliper, and tumor volume is expressed in mm?3.

2.2. Differences in the Properties of CD14" Cells in the Same Patients with Early and Advanced HCC

Tumor stage-related changes in the properties of CD14* cells were examined. CD14% cells were
stained for PD-L1 and PD-L2 (Figure 2a,b). CD14" cells isolated from patients with early-stage HCC
expressed PD-L1 (41.2 + 9.7%) and PD-L2 (24.5 + 4.5%). However, the expression of these PD-Ls was
higher in CD14" cells obtained from the same patients at advanced HCC stages (PD-L1: 50.0 + 7.8%,
PD-12: 36.2 + 3.9%). Further, CD14* cells (1 x 10° cells/mL) from the same patients with early stages
and advanced stages were cultured for 48 h, and the culture media was assayed by ELISA for production
of IL-12, IL-10, CCL17, CCL1, and CXCL13 (Figure 2c). IL-12 was not produced by either population of
CD14" cells. However, IL-10 production was higher in CD14" cells from advanced-stage HCC patients
(212.9 + 146.9 pg/mL) than in those from early-stage patients (64.5 + 49.6 pg/mL). The production
levels of CCL17 and CXCL13 did not differ between the two groups of CD14* cells. CCL1 production
was significantly higher at advanced HCC stages (2.84 + 3.49 ng/mL) compared to early tumor stages
(0.03 £ 0.08 ng/mL). In conclusion, CD14" cells from patients with early-stage HCC exhibited poor
PD-L, IL-12, and IL-10 expression and were negative for CCL17, CCL1, and CXCL13 (considered

65



Cancers 2020, 12, 2286

a quiescent M¢ phenotype). Meanwhile, CD14" cells from the same patients at advanced HCC
stages acquired PD-L1 and PD-L2 expression and exhibited a IL-127IL-10*CCL17-CCL1*CXCL13"~
phenotype (considered a M2bM¢ phenotype).

(@)
Early-stage  Advanced-stage
Lsotype HCC HCC
= 5 ]122% 20™% [[12.8% ;s'.
o
<
o
&
e 472% 068%
PD-L1 (%)
)
100 a 100 =
o_a | — | o_g | E— |
_‘ 50 é _3' 50 é
= N
AT
Early-stage Advanced- Ealy-stage Advanced-
patients stage patients patients stage patients
(©)
200 400 — 200
Z 150 = 300 Z 150
2 ) 2
;‘;‘ 100 <200 ~ 100
= 50 = 100 Q S s0
~/
Early-stage Advanced- Early-stage Advanced- Early-stage Advanced-
patients stage patients patients  stage patients patients stage patients
12 —— 300
Z z
;} 8 ® 200
= 4 = 100
> ~
- ]
~ ]
Ealy-stage Advanced- Early-stage Advanced-
patients  stage patients patents  stage patients

Figure 2. Differences in the properties of CD14% cells in the same patients at early and advanced HCC
stages. (a,b) CD14" cells were isolated from HCC patients (n = 12) at early tumor stages before initial
treatment and at advanced stages after treatment initiation. These cells were stained with anti-PD-L1
and anti-PD-L2 antibodies and assayed by flow cytometry. (c) CD14" cells were cultured for 24 h,
and the culture media was assayed by ELISA for IL-12, IL-10, CCL17, CCL1, and CXCL13 production.
*p <0.05. PD-L, programmed death ligand.

2.3. Tumor Regression Is Associated with Restoration of CD14™ Cell Properties

In a small subset of patients with advanced-stage HCC, the treatments induced tumor regression.
CD14" cells isolated before treatment initiation from these responsive patients exhibited high expression
of both PD-L1 (84.1 + 15.7%) and PD-L2 (81.7 + 13.9%). Notably, in CD14" cells collected from the
same patients with early stages of HCC after initial treatment, expression levels of both PD-Ls were
found to be decreased (PD-L1, 18.7 + 4.5%; PD-L2, 50.3 + 35.7%) (Figure 3a). Moreover, although IL-10
(189 + 78 pg/mL) and CCL1 (3.2 + 1.9 ng/mL) were detected in the culture media of CD14" cells from
patients with advanced disease, the production of these cytokines was abolished after treatment and
tumor regression (Figure 3b).
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Figure 3. Changes in CD14* cell properties related to treatment-induced tumor regression in patients
with advanced-stage HCC. (a) CD14" cells were isolated from patients with advanced HCC before
treatment initiation and after tumor regression (1 = 5). CD14™" cells were stained with anti-PD-L1 and
anti-PD-L2 antibodies and assayed by flow cytometry. (b) CD14" cells were cultured for 24 h, and their
culture media was analyzed by ELISA for IL-12, IL-10, CCL17, CCL1, and CXCL13 detection. * p < 0.05.

We also investigated PD-L expression in CD14* cells from the peripheral blood of an additional
89 HCC patients with various stages of HCC. CD14" cells from patients with early stages of HCC
had weak expression of PD-L1 or PD-L2. Meanwhile, CD14" cells from advanced stages strongly
expressed both PD-Ls (Figure 4). Subsequently, the cytotoxic effect of CD14% cells against HepG2
cells was examined. CD14" cells exhibited weaker tumoricidal activity in patients with advanced
HCC compared to those with early-stage HCC. Moreover, treatment-induced tumor regression was
associated with the restoration of antitumor activity in CD14" cells. These results indicate that the
properties of CD14™ cells depend on the state of HCC progression (Figure 5).
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Figure 4. PD-L expressions in CD14" cells from patients with several stages of HCC. CD14* cells were
isolated from peripheral blood of patients with early stages of HCC (n = 48) (a) and advanced stages
(n = 41) (b). These cells were stained for PD-L1 and PD-L2 and assayed for flow cytometry.
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Figure 5. Tumoricidal activity of CD14* cells depends on cancer progression. CD14™" cells isolated
from patients before and after tumor regression were examined for cytotoxic activity against HepG2
cells by lactate dehydrogenase (LDH) release assay. (a) Changes related to tumor progression from
early stages to advanced stages (1 = 5). (b) Changes related to tumor progression from advanced stages
to early stages (n =5). *p < 0.05.

3. Discussion

In this study, the antitumor activity of monocytes was investigated in relation to cancer progression.
Monocytes are innate immune cells that serve as important regulators of cancer development and
progression. These cells appear to play a dichotomous role depending on the cancer type/tissue of
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origin as well as the tumor microenvironment and stage of tumor growth [20]. CCL2, produced by
tumor cells and associated stromal cells, is one of the best characterized tumor-derived factors that
induces chemotaxis in monocytes, causing circulating monocytes to be recruited from the peripheral
blood into the tumor sites [14,21]. During early stages of tumor growth, recruited monocytes directly
kill tumor cells via cytokine-mediated induction of cell death and phagocytosis (M1M¢). Specifically,
the recruited monocytes exposed to IFN-y produce tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), which induces cell death in TRAIL-sensitive tumor cells and stimulates secretion of
CCL2 and IL-8 from tumor cells. Meanwhile, tumors that manage to escape immune surveillance
mechanisms will progress, and M1IM¢ cells will become reprogrammed within the tumor environment
to limit their cytotoxicity and differentiate into TAMs (M2M¢) [22]. These cells then produce IL-10
and TGF-f3, which function to suppress the activities of other antitumor effector immune cells [15,23].
In this study, we investigated the phenotype of CD14" cells (monocytes) from the peripheral blood
before they were recruited to the tissues.

Results showed that CD14* cells from patients with early stages of HCC were PD-L1"PD-L27IL-
1271L-10"CCL17-CCL1~CXCL13™ (considered as a quiescent phenotype), while CD14% cells from
the same patients after tumor progression were PD-L1*PD-L2*IL-12"1L-10*CCL17-CCL1*CXCL13"~
(considered to be the M2b phenotype). These results suggest that circulating monocytes from patients
with advanced stages of HCC had already become skewed toward the M2b phenotype in the peripheral
blood by the influence of tumor-associating factors. When these monocytes then become recruited to the
tumor tissues by CCL2, they facilitate tumorigenesis by promoting immune suppression, extracellular
matrix remodeling, angiogenesis, and tumor cell intravasation into the vasculature. Similarly, in other
cancers, it has been reported that properties of peripheral blood monocytes are associated with better
survival [24-26]. These results suggest that discrimination of monocyte phenotypes may provide a
diagnostic or prognostic marker for HCC. Furthermore, the development of treatments that target
monocyte differentiation may prove effective.

The generation of these M2b monocytes/M¢ during cancer progression could be affected by
immune complex formation as various factors capable of inducing M2bM¢ have been described,
including immune complexes [27,28]. Moreover, immune complexes targeting cancer antigens have
been detected in the serum of patients with various cancers [29,30]. Therefore, it is reasonable to
postulate that as cancer progresses, serum immune complexes increase, promoting the production
of M2b monocytes from quiescent monocytes. It is further speculated that the M2b monocytes then
suppress antitumor effector cells by producing cytokines, thereby promoting cancer progression.

Another mechanism of tumor progression includes the expression of PD-Ls on tumors, which help
facilitate their escape from antitumor immunity by binding to PD-1 on various antitumor effector
cells, including CD8* cells. In this study, PD-Ls were found to be expressed in CD14* cells in
HCC patients over time as the cancer progressed. We have previously reported the influence of
PD-L1*PD-L2*CD14" cells from patients with advanced stages of HCC on the antitumor activity of
CD8" cells. Specifically, PD-L1*PD-L2*CD14" cells were cocultured with CD8" cells isolated from
syngeneic patients, resulting in the antitumor activity of CD8™ cells being suppressed against HepG2
cells and Huh? cells. Meanwhile, their antitumor activity was restored following treatment with a
PD-1 antibody, that is, CD14" cells suppressed the antitumor activity of CD8" cells via the PD-L/PD-1
pathway, which can be restored by PD-1 antibodies [19]. Similarly, it has been reported that PD-L1 on
dendritic cells mediates CD8* T-cell antitumor activity [31]. In many tumor types, PD-L1 expression
is reportedly correlated with PD-1/PD-L1 inhibition. However, patients with very low or absent
PD-L1 expression in tumor cells may still derive some benefit from treatment with PD-1 antibody [32].
Hence, the expression of PD-Ls may be responsible for the effect of CD14* cells, which warrants further
investigation into the precise associated mechanism.
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The expression of PD-L1 is controlled by different mechanisms. PD-L1 constitutive expression in
cancer cells may be due to several oncogenic pathways, including chromosome 9 amplification [33,34],
PTEN deletions, PI3K/AKT [35], and EGFR mutations [36], MYC overexpression [37], CDK5 disruption [38],
and increased PD-L1 transcription [39,40]. The expression of PD-L1 and PD-L2 in tissue M has been
detected in HCC and other cancers [41-43]. However, the mechanism of their expression in peripheral
blood monocytes remains unclear. Recently, it was reported that the intracellular transfer of cell surface
proteins from Reed-Sternberg cells to monocytes, a process known as “trogocytosis”, is induced by
direct contact between these cells. Trogocytosis mediates the transfer of PD-L1/L2 from lymphoma
cells to monocytes within 1 h [44,45]. Therefore, trogocytosis from cancer cells to monocytes may also
occur in HCC patients. However, additional experiments are needed to clarify this issue.

There are certain limitations to note in this study. First, the sample size was relatively small.
Notably, this was a longitudinal study, which means repeated blood sampling from the same patients
with HCC over a long period of time. Therefore, enrollment was a time-consuming process. Second,
patients who had undergone various treatments against HCC were included in the study, and an
influence of these treatments on monocyte function cannot be excluded. Therefore, long-term studies
with a larger number of patients and more homogeneous cohorts are needed. Third, PD-L1/L2
expression in other antitumor effector cells, such as CD4 T cells, CD8 T cells, B cells, and mast cells,
were not examined. However, we have previously reported that the expression of both PD-L1 and
PD-L2 in monocytes is associated with poor prognosis [19]. We conclude that monocytes expressing
both PD-L1 and PD-L2 may play a key role in antitumor immunity.

4. Materials and Methods

4.1. Ethics Statement

The study was approved by the Institutional Review Board of the Osaka Medical College.
All subjects gave their informed consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of Osaka Medical College (approval number: 2125). All animal experiments were
carried out in compliance with Japanese regulations. The local institutional animal ethics board of
Osaka Medical College approved all mouse experiments (approval number: 26022).

4.2. Patients and Specimens

Patients with HCC were classified as “early stage” based on diagnosis of very early- and early-stage
HCC and as “advanced stage” based on diagnosis of intermediate- and advanced-stage HCC, according to
the Barcelona Clinic Liver Cancer (BCLC) staging system [46]. A total of 168 naive patients, pathologically
confirmed as HCC, were hospitalized in the Osaka Medical College Hospital from April 2010 to
January 2018. Fourteen patients with primary or secondary immunodeficiencies (e.g., other cancers,
autoimmune diseases, hematologic diseases, infections, chronic heart failures, chronic renal failures,
and multiple organ failures) or receiving multikinase inhibitors or immunosuppressive agents were
excluded. Among the included patients, 15 patients with early-stage HCC received the initial treatment
(radiofrequency ablation) for the purpose of radical cure and cancer progressed to advanced stages
after the initial treatment. Blood samples were drawn twice from each patient: at admission for the
purpose of initial HCC treatment and after diagnosis of advanced-stage HCC. Clinical characteristics
of these patients are shown in Table 1.
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Table 1. Changes in the clinical characteristics of the same patients with early- and advanced-stage HCC.

(n =15) Early Stages Advanced Stages  p-Value
Age (year, range) 72.4 (62-82)
Gender (Male/Female) 14/1
Etiology (%)

HBV 2 (6.7)

HCV 5(33.3)

Others 8 (53.3)

Child-Pugh class
A/B/C 15/0/0 15/0/0
TNM stage <0.001
IV 3/12/0/0 0/0/14/1

WBC (x10° /mL, mean + SD) 469 +1.23 4.64 +2.01 0.948
Neutrophils (x10° /mL, mean + SD) 247 £0.87 2.69 £1.40 0.794
Lymphocytes (x10° /mL, mean + SD) 1.45 + 0.85 1.35+0.73 0.788
Monocytes (x10° /mL, mean + SD) 3.58 +1.02 3.73+1.40 0.796
Platelets (x10* /mL, mean + SD) 12.8 £ 6.0 105 +4.5 0.483
AST (IU/L, mean + SD) 56.5 + 28.2 545+272 0.873
ALT (IU/L, mean + SD) 47.8 +28.7 38.5+21.3 0.417
Albumin (g/dL, mean + SD) 3.55 + 047 3.53 +0.53 0.928
Total bilirubin (mg/dL, mean + SD) 0.98 + 0.56 1.0 +£0.87 0.935
Prothrombin time (%, mean + SD) 87.0+13.5 91.2 +£18.7 0.360
CRP (mg/dL, mean + SD) 0.35 + 0.53 0.17 £ 0.15 0.367
AFP (ng/mL, range) 50.8 (3.7-237.0) 63.1 (4.5-185.0) 0.713
DCP (mAU/mL, range) 252.4 (8.0-1750) 378.8 (14.1-2910) 0.691

HBYV, hepatitis B virus; HCV, hepatitis C virus; WBC, white blood cells; SD, standard deviation; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; AFP, alpha fetoprotein; DCP, des-gamma-
carboxyl prothrombin.

Conversely, the study also included five patients with advanced-stage HCC who received the
initial treatment that induced tumor regression. Similarly, blood samples were drawn twice from each
of these five patients: at admission for the purpose of initial HCC treatment and after diagnosis of
early-stage HCC. Clinical characteristics of these patients are shown in Table 2.

Table 2. Changes in the clinical characteristics of same patients following tumor regression.

(n=15) Advanced Stages Early Stages p-Value
Age (year, range) 74.4 (61-80)
Gender (Male/Female) 4/1
Etiology (%)
HBV 0(0.0)
HCV 4 (80.0)
Others 1 (20.0)
Child-Pugh class
A/B/C 5/0/0 5/0/0
TNM stage 0.128
I/I/II/IV 0/1/4/0 2/3/0/0
WBC (x10° /mL, mean + SD) 4.87 +1.10 4.63 +1.09 0.764
Neutrophils (x10° /mL, mean + SD) 3.01 £0.69 2.79 +1.20 0.762
Lymphocytes (x10° /mL, mean + SD) 1.28 + 0.40 1.25 + 0.54 0.939
Monocytes (x10° /mL, mean + SD) 3.01 £0.51 2.89 £1.24 0.861
Platelets (x10* /mL, mean + SD) 155+55 143 + 4.6 0.483
AST (IU/L, mean + SD) 284 +11.9 292 +14.1 0.873
ALT (IU/L, mean + SD) 252 +16.5 23.6 = 14.0 0.417
Albumin (g/dL, mean + SD) 4.26 £0.29 4.0+0.34 0.350
Total bilirubin (mg/dL, mean + SD) 0.72 £ 0.31 0.76 + 0.34 0.935
Prothrombin time (%, mean + SD) 86.2 +8.7 72.8 +10.3 0.360
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Table 2. Cont.

(n=15) Advanced Stages Early Stages p-Value
CRP (mg/dL, mean + SD) 0.12 +0.12 0.19 £ 0.14 0.41
AFP (ng/mL, range) 50.8 (2.6-171.3) 8.3 (2.3-21.5) 0.933
DCP (mAU/mL, range) 203.7 (52.0-809) 65.9 (21.7-115.9) 0.57

HBV, hepatitis B virus; HCV, hepatitis C virus; WBC, white blood cells; SD, standard deviation; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; AFP, alpha fetoprotein; DCP, des-gamma-
carboxyl prothrombin.

4.3. Reagents, Media, and Cells

Anti-CD14 magnetic particles-DM and IMag buffer were purchased from BD Biosciences
(San Jose, CA, USA). Phycoerythrin-conjugated anti-human PD-L1 monoclonal antibodies (mAbs),
allophycocyanin-conjugated anti-human PD-L2 mAbs, IL-12 ELISA MAX kits, and IL-10 ELISA MAX
kits were purchased from Biolegend (San Diego, CA, USA). Human rCCL1, rCCL17, and rCXCL13
were purchased from Peprotech (Rocky Hill, NJ, USA). Anti-CCL17 mAbs, anti-CCL1 mAbs, and anti-
CXCL13 mAbs were purchased from R&D Systems (Minneapolis, MN, USA). The kits for assessment of
cytotoxicity (LDH releasing assay) were from Roche Diagnostics (Mannheim, Germany). HepG2 cells
(human hepatoblastoma cells), from DS Pharma Biomedical (Osaka, Japan), were cultured at 37 °C in
HepG2 human hepatocellular carcinoma expansion medium (Cellular Engineering Technologies Inc.,
Coralville, IA, USA). RPMI-1640 medium supplemented with 10% fetal bovine serum was used for
CD14" cells.

4.4. CD14% Cell Characterization

Ten milliliters of whole blood were drawn into a vacutainer tube containing a small amount
of sodium heparin at admission. Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized whole blood by Lymphocyte Separation Medium 1077 density gradient centrifugation.
PBMC (5 x 10° cells/mL) in IMag buffer were incubated with magnetic beads coated with anti-CD14
mADb (40 min at 4 °C); then, CD14" cells were magnetically harvested. CD14" cells obtained by
this procedure were >97% pure, as assessed by flow cytometry [47]. CD14" cells were incubated in
fluorescence-activated cell sorting buffer with PE-conjugated anti-human PD-L1, APC-conjugated
anti-human PD-L2, or isotype control mAb for 15 min at 4 °C. After washing, PD-L1 and PD-L2
expression was measured using a FACSAria flow cytometer and analyzed by Flow]o software version
10.6.0. In some experiments, CD14" cells (1 x 10° cells/mL) were cultured for 24 h. The culture media
were assayed by ELISA for IL-12 (M1Md¢ biomarker), IL-10 (M2M¢ biomarker), CCL17 (M2aM¢
biomarker), CCL1 (M2bM¢ biomarker), and CXCL13 (M2cM¢ biomarker) [48].

4.5. Tumoricidal Activity of CD14* Cells against HepG2 Cell In Vitro

Next, CD14* cells (5 x 10° cells/mL) were stimulated with HepG2 homogenates for 24 h.
HepG2 homogenates were made by crushing HepG2 cells (2 X 10° cells/mL) in phosphate-buffered
saline with an ultrasonic crusher for 15 min. After washing, CD14" cells were cocultured with HepG2
cells (1 x 10° cells/mL) for 24 h. The tumoricidal activity of CD14* cells against HepG2 cells was
measured by LDH release assay [18].

4.6. Tumoricidal Activity of CD14* Cells against HepG2 Cells in Humanized Murine Chimeras

Pathogen-free, male NOD.Cg-Prkescidll12rgtm1Wil/Sz] (NSG) mice aged 7-10 weeks were purchased
from Jackson Laboratory (Bar harbor, ME, USA). NSG mice lack functional T, B, and NK cells [49-51],
and their macrophages exhibit defective phagocytosis, digestion, and antigen presentation [52].
The NSG mice were exposed to whole-body X-irradiation (4 Gy) to deplete neutrophils [53] and were
defined as xXNSG mice in this study. Neutrophils in these animals did not recover for 4 weeks after
irradiation. xXNSG mice were utilized for the creation of humanized murine chimeras. Specifically,
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they were inoculated with HepG2 cells in the right groin (2 x 10° cells/mouse). Then, the mice were
intravenously inoculated every two weeks with CD14* cells (1 X 10° cells/mouse) isolated from patients
with early or advanced-stage HCC. Before inoculation, CD14" cells from early-stage patients were
analyzed by flow cytometry for the expression of IL-12, while CD14* cells from advanced-stage patients
were analyzed for IL-10 and CCL1 expression. In the chimeras, the inoculated cells spread throughout
the body within 2 days of inoculation and were functional for at least 6 weeks. The tumor volume was

measured with a microcaliper once a week for 6 weeks and expressed in mm?.

4.7. Statistical Analyses

Statistical analyses were performed using JMP Pro software version 14 (Tokyo, Japan). Quantitative
values are expressed as means. Differences in quantitative values between the two groups were analyzed
by Mann-Whitney U test. Differences in the ratio of some parameters were analyzed by Fisher’s exact
test. Differences with p value < 0.05 were considered statistically significant.

5. Conclusions

CD14" monocytes from patients with early-stage HCC expressed low levels of PD-L and exhibited
antitumor activity. However, CD14" cells from the same patients whose HCC progressed to advanced
stages expressed a higher level of PD-L and lacked tumoricidal effects. These findings indicate that the
properties of CD14™ cells are strongly related to the state of tumor progression in patients with HCC.
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Abstract: Immune checkpoint inhibitors, combined with anti-angiogenic agents or locoregional
treatments (e.g., transarterial chemoembolization (TACE)), are expected to become standard-of-care
for unresectable hepatocellular carcinoma (HCC). We measured the plasma levels of 16 soluble
checkpoint proteins using multiplexed fluorescent bead-based immunoassays in patients with HCC
who underwent lenvatinib (n = 24) or TACE (n = 22) treatment. In lenvatinib-treated patients, plasma
levels of sCD27 (soluble cluster of differentiation 27) decreased (p = 0.040) and levels of sCD40
(p = 0.014) and sTIM-3 (p < 0.001) were increased at Week 1, while levels of sCD27 (p < 0.001) were
increased significantly at Weeks 2 through 4. At Week 1 of TACE, in addition to sCD27 (p = 0.028),
sCD40 (p < 0.001), and sTIM-3 (soluble T-cell immunoglobulin and mucin domain-3) (p < 0.001),
levels of SHVEM (soluble herpesvirus entry mediator) (p = 0.003), sTLR-2 (soluble Toll-like receptor
2) (p = 0.009), sCD80 (p = 0.036), sCTLA-4 (soluble cytotoxic T-lymphocyte antigen 4) (p = 0.005),
sGITR (soluble glucocorticoid-induced tumor necrosis factor receptor) (p = 0.030), sGITRL (soluble
glucocorticoid-induced TNFR-related ligand) (p = 0.090), and sPD-L1 (soluble programmed death-ligand
1) (p = 0.070) also increased. The fold-changes in soluble checkpoint receptors and their ligands, including
sCTLA-4 with sCD80/sCD86 and sPD-1 (soluble programmed cell death domain-1) with sPD-L1 were
positively correlated in both the lenvatinib and TACE treatment groups. Our results suggest that there
are some limited differences in immunomodulatory effects between anti-angiogenic agents and TACE.
Further studies from multicenters may help to identify an effective combination therapy.

Keywords: HCC; liver cancer; molecular-targeted agent; TACE; tyrosine kinase inhibitor

1. Introduction

Primary liver cancer, of which hepatocellular carcinoma (HCC) is the most common type, is the
third most common cause of cancer-related deaths worldwide [1,2]. Patients with early-stage HCC
can potentially receive curative treatments, such as surgical resection, transplantation, or ablation,
and patients at the intermediate stage can undergo transarterial chemoembolization (TACE), but those at
an advanced stage of disease are only likely to benefit from systemic therapies [3-5]. Molecular-targeted
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therapies, the two anti-angiogenic tyrosine kinase inhibitors sorafenib [6] and lenvatinib [7] are used
as first-line treatments for patients with advanced-stage HCC. Meanwhile, other anti-angiogenic
agents like regorafenib [8], cabozantinib [9], and ramucirumab (if x-fetoprotein > 400 ng/mL) [10]
have been licensed as second-line treatments. Immune checkpoint inhibitors, such as anti-PD-1
(programmed cell death domain-1) pembrolizumab [11], nivolumab [12] or nivolumab combined with
anti-CTLA-4 (cytotoxic T-lymphocyte antigen 4) (ipilimumab) therapy [13], may also be indicated for
sorafenib-refractory patients [14-16].

However, therapeutic responses to immunotherapy alone are obtained in a minority of patients
with HCC. Current clinical trials are therefore focusing on whether combinations of different types of
treatments, including anti-angiogenic agents and TACE, may be promising for the enhancement of the
antitumor effects of immune checkpoint inhibitors [17]. For example, the combinations of lenvatinib
plus pembrolizumab [18] and bevacizumab plus anti-PD-L1 atezolizumab therapy [19] are currently
being tested in clinical investigations. In addition, tremelimumab, an anti-CTLA-4 therapy, was more
effective when paired with TACE than as monotherapy [20].

In our previous study [21], sorafenib treatment in patients with unresectable HCC provoked
dynamic changes in soluble immune checkpoint protein levels as revealed using multiplexed fluorescent
bead-based immunoassays. To date, circulating soluble checkpoint proteins, which are part of a family
of full-length receptors produced by messenger RNA expression or by the cleavage of membrane-bound
proteins, have been studied extensively in various cancers, but not in HCC [22]. Further, changes in
the plasma levels of soluble proteins during the early days of treatment with other anti-angiogenic
agents or locoregional treatments (e.g., TACE) have yet to be determined.

We hypothesized that lenvatinib and TACE therapies as well as sorafenib would affect plasma
levels of soluble immune checkpoint proteins. An understanding of the effects of these therapies on
soluble immune checkpoint proteins may provide insight into their immunomodulative characteristics,
which would help to develop more effective combination immunotherapies for HCC. In this study,
we measured the concentrations of 16 soluble immune checkpoint proteins (Table A1) in plasma
samples obtained over four weeks of treatment from patients with unresectable HCC who underwent
lenvatinib or TACE treatment.

2. Results

2.1. Patient Characteristics

The baseline characteristics of patients with HCC in the lenvatinib (n = 24) and TACE (n = 22)
groups are described in Table 1. In brief, the median age of patients was about 75 years (75 vs. 76 years;
p = 0.530) and males accounted for the majority (75.0% vs. 68.2%; p = 0.746) of the population in both
treatment groups, with no significant difference apparent between the two groups. Most patients
in the TACE group had Barcelona Clinic Liver Cancer (BCLC) [23] stage A (54.5%) cancer, while
all patients had BCLC stage B (54.2%) or stage C (45.8%) cancer in the lenvatinib group (p < 0.001).
Some patients in the TACE group underwent the therapy as their initial HCC treatment, but none
in the lenvatinib group (36.4% vs. 0%; p = 0.001). No significant differences were found between
the lenvatinib and TACE groups with respect to the etiology of liver disease, Eastern Cooperative
Oncology Group performance status score, aspartate and alanine aminotransferase (AST and ALT)
levels, gamma-glutamyl transferase level, hepatic reserve (Child—-Pugh class or albumin-bilirubin
score [24,25]) and a-fetoprotein and des-y-carboxy prothrombin levels as tumor markers.
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Table 1. Characteristics of hepatocellular carcinoma (HCC) patients at baseline.

Characteristics Lenvatinib (n = 24) TACE (n =22) p Value
Age - 75 (69, 78) 76 (69, 80) 0.530
Sex Male 18 (75.0) 15 (68.2) 0.746
Female 6 (25.0) 7 (31.8)
Etiology Alcohol 5(20.8) 3(13.6) 0.536
HBV 3 (12.5) 1(4.5)
HCV 10 (41.7) 13 (59.1)
HBV + HCV 1(4.2) 0 (0.0)
NASH 1(4.2) 3 (13.6)
Unknown 4(16.7) 2(9.1)
ECOG Perfomance Status Oorl 23 (95.8) 19 (86.4) 0.336
2 1(4.2) 3 (13.6)
Aspartate aminotransferase 39 (27, 59) 39 (30, 50) 0.826
Alanine aminotransferase 27 (20, 52) 23 (16, 46) 0.567
Gamma-glutamyl 62 (30, 122) 61 (32, 120) 0.930
transferase
Child-Pugh class A 21 (87.5) 18 (81.8) 0.694
B 3(12.5) 4(18.2)
ALBI grade 1 8 (33.3) 8 (36.4) 0.999
2 16 (66.7) 14 (63.6)
o-Fetoprotein 59.4 (11.4,1123.7) 21.2(5.3,55.9) 0.126
Des-y-carboxy prothrombin 105 (72, 1312) 137 (56, 282) 0.605
BCLC stage A 0(0.0) 12 (54.5) <0.001
B 13 (54.2) 7 (31.8)
C 11 (45.8) 3 (13.6)
Previous therapies None 0(0.0) 8 (36.4) 0.001
Resection 5(20.8) 2(9.1) 0.418
RFA/PEI 11 (45.8) 7 (31.8) 0.378
TACE 23 (95.8) 9 (40.9) <0.001
HAIC 3(12.5) 3(13.6) 0.999
Radiation 2(8.3) 0(0.0) 0.490
Chemotherapy 0(0.0) 2(9.1) 0.223

Data are shown as median [interquartile range] or number (%). Abbreviations: HBV, hepatitis B virus; HCV, hepatitis
C virus; NASH, non-alcoholic steatohepatitis; ECOG, Eastern Cooperative Oncology Group; ALBI, albumin-bilirubin;
BCLC, Barcelona Clinic Liver Cancer; RFA, radiofrequency ablation; PEI, percutaneous ethanol injection; TACE,

transarterial chemoembolization; HAIC, hepatic arterial infusion chemotherapy.

2.2. Changes in Plasma Soluble Checkpoint Protein Levels at Week 1 after the Initiation of Lenvatinib

First, we investigated whether lenvatinib affects the plasma levels of immune checkpoint proteins in
the early phase of treatment. As previously reported [21], we analyzed soluble checkpoint protein levels in
patients with HCC at Week 1 of lenvatinib treatment. Ultimately, a significant decrease was observed in the
level of soluble cluster of differentiation 27 (sCD27) (p = 0.040) and significant increases were found in the
levels of sCD40 (p = 0.014) and soluble T-cell immunoglobulin and mucin domain-3 (sTIM-3) (p < 0.001)
when compared with at baseline. Meanwhile, no significant changes were found in soluble herpesvirus
entry mediator (SHVEM) and the other 12 immune checkpoint proteins (Figures 1 and Al).
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Figure 1. Changes in soluble immune checkpoint protein levels in plasma after 1 week of lenvatinib
treatment. Box plots show the sCD27, sCD40, sTIM-3, and sHVEM levels in HCC patients at baseline
and Week 1 of treatment. The vertical lengths of the boxes indicate the interquartile ranges and the
lines in the boxes suggest the median values, while the error bars show the minimum and maximum
values (in a range). The Wilcoxon signed-rank test was used. HCC, hepatocellular carcinoma; sTIM-3,
soluble T-cell immunoglobulin and mucin domain-3; sHVEM, soluble herpesvirus entry mediator;
sCD, soluble cluster of differentiation.

2.3. Changes in Plasma Soluble Checkpoint Protein Levels at Weeks 2 through 4 after the Initiation of Lenvatinib

Next, we sought to reveal changes in immune checkpoint protein levels at the later stage of lenvatinib
therapy. We analyzed soluble checkpoint protein levels in the plasma of patients with HCC at Weeks 2
through 4 of lenvatinib treatment. The increase in sCD27 level was significant (p < 0.001). A trend toward
increasing sCD40 and sHVEM levels was also observed, but no change reached statistical significance
(p = 0.070 and 0.090). Also, the change in sTIM-3 was no longer significant at this time point (Figure 2),
while the other 12 immune checkpoint proteins showed similar outcomes (Appendix A Figure A2).
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Figure 2. Changes in soluble immune checkpoint protein levels in plasma after 2 to 4 weeks of lenvatinib
treatment. Box plots demonstrate the sCD27, sCD40, sTIM-3, and sHVEM levels in HCC patients at
baseline and Weeks 2 through 4 of treatment. The vertical lengths of the boxes indicate the interquartile
ranges and the lines in the boxes display the median values, while the error bars show the minimum
and maximum values (in a range). The Wilcoxon signed-rank test was used.

2.4. Changes in Plasma Soluble Checkpoint Protein Levels at Week 1 after TACE

Lenvatinib can suppress tumor blood flow by its pharmacological anti-angiogenic effects. To establish
a contrast with those who received lenvatinib, we also investigated patients who underwent conventional
TACE, which disrupts tumor blood flow via the artificial embolization of hepatic arteries. We analyzed
soluble immune checkpoint protein levels in the plasma of patients with HCC at 1 week after TACE.
In addition to sCD27 (p = 0.028), sCD40 (p < 0.001), sTIM-3 (p < 0.001), and sHVEM (p = 0.003) levels,
which exhibited significant (or marginal) changes at Week 1 or Weeks 2 through 4 of lenvatinib treatment,
the levels of another six proteins—namely, soluble Toll-like receptor 2 (STLR-2) (p = 0.009), sCD80
(p =0.036), sSCTLA-4 (soluble cytotoxic T-lymphocyte antigen 4) (p = 0.005), soluble glucocorticoid-induced
TNFR-related protein (sGITR) (p = 0.030), soluble glucocorticoid-induced TNFR-related ligand (sGITRL)
(p = 0.090), and sPD-L1 (soluble programmed death-ligand 1) (p = 0.070)—were also increased (Figure 3).
However, the levels of the remaining six immune checkpoint proteins showed no significant changes
(Appendix A Figure A3).
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Figure 3. Changes in soluble immune checkpoint protein levels in plasma after 1 week of TACE treatment.
Box plots display the sCD27, sCD40, sTIM-3, sHVEM, sTLR-2, sCD80, sCTLA-4, sGITR, sGITRL, and sPD-L1
levels in HCC patients at baseline and Week 1 of treatment. The vertical lengths of the boxes indicate the
interquartile ranges and the lines in the boxes suggest the median values, while the error bars show the
minimum and maximum values (range). The Wilcoxon signed-rank test was used. TACE, transarterial
chemoembolization; STLR-2, soluble Toll-like receptor 2; sCTLA-4, soluble cytotoxic T-lymphocyte antigen 4;
sGITR, soluble glucocorticoid-induced tumor necrosis factor receptor; sGITRL, soluble glucocorticoid-induced
TNFR-related ligand; sPD-L1, soluble programmed death-ligand 1.

2.5. Relationships between Fold-Changes in Plasma Soluble Immune Checkpoint Protein Levels

The correlations between the fold-changes in the soluble forms of immune checkpoint proteins in
plasma at Week 1 of lenvatinib treatment are shown in Figure 4. The fold-changes in soluble checkpoint
receptors and their ligands, including sCTLA-4 with sCD80 (p < 0.001; r = 0.82)/sCD86 (p < 0.001; r = 0.78),
and sPD-1 with sPD-L1 (p < 0.001; r = 0.91), were positively correlated (Figure 4a). Among the three
soluble checkpoint proteins with significant change at Week 1, sCD40 was positively correlated with some
proteins in fold-changes; sCD86 (p = 0.005; r = 0.62), sPD-1 (p = 0.010; r = 0.58), sPD-L1 (p = 0.046; r = 0.48)
(Figure 4b), sCD28 (p = 0.012; r = 0.57), sSTLR-2 (p = 0.048; r = 0.46), and sHVEM (p = 0.042; r = 0.47).

At Weeks 2 to 4 of lenvatinib treatment, the fold-changes in soluble immune checkpoint receptors
and their ligands in plasma, including sCTLA-4 with sCD80 (p = 0.055; r = 0.55)/sCD86 (p = 0.009; r = 0.71)
and sPD-1 with sPD-L1 (p < 0.001; r = 0.86), were also positively correlated (Appendix A Figure A4a).
Separately, the fold-change in sCD27 was positively correlated with those of sCD86 (p = 0.030; r = 0.61),
sPD-1 (p = 0.010; r = 0.70), and sPD-L1 (p = 0.050; r = 0.56), respectively (Appendix A Figure A4b).

The correlations between the fold-changes in soluble forms of immune checkpoint proteins in plasma
at Week 1 of TACE are shown in Figure 5. Again, the fold-changes in soluble checkpoint receptors and
their ligands, including sCTLA-4 with sCD80 (p = 0.018; r = 0.50)/sCD86 (p < 0.001; r = 0.72) and sPD-1
with sPD-L1 (p < 0.001; r = 0.89), were positively correlated (Figure 5a). A strong correlation was noted
between the fold-changes in the sCD80 and sTLR-2 levels (p < 0.001; r = 0.89), sCD40 and sHVEM levels
(p <0.001; r = 0.78), and sHVEM and sTIM-3 levels (p < 0.001; r = 0.72), respectively (Figure 5b).
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Figure 4. The relationships between fold-changes in soluble immune checkpoint protein levels in plasma
at 1 week of lenvatinib treatment are presented. (a) A positive correlation was found between fold-changes
in soluble checkpoint receptors and their ligands, including sCTLA-4 with sCD80/sCD86 and sPD-1 with
sPD-L1, respectively. (b) sCD40 was positively correlated with some proteins in fold-changes, including
sCD86, sPD-1, and sPD-L1. Spearman’s rank correlation test was used. A p-value of less than 0.05 was
considered to be statistically significant.
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Figure 5. The relationships between fold-changes in soluble immune checkpoint protein levels in plasma
at 1 week of receiving TACE are shown. (a) A positive correlation was found between the fold-changes of
soluble checkpoint receptors and their ligands, including sCTLA-4 with sCD80/sCD86 and sPD-1 with
sPD-L1. (b) Separately, a strong correlation was observed between the fold-changes in sCD80 and sTLR-2
levels, sCD40 and sHVEM levels, and sHVEM and sTIM-3 levels. Spearman’s rank correlation test was
used. A p-value of less than 0.05 was considered to be statistically significant.
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3. Discussion

This study attempted the simultaneous quantification of 16 soluble immune checkpoint proteins in
the plasma of patients with HCC who were observed during the early phase of treatment with lenvatinib
or TACE. These immune checkpoint proteins include soluble forms of stimulatory or inhibitory factors,
which modulate T-cell activation/proliferation and compose the cancer-immunity cycle [26]. In our
previous report [21], we examined changes to these immune checkpoint proteins in sorafenib-treated
HCC. The current results could offer additional data to compare changes in soluble checkpoint protein
levels among tyrosine kinase inhibitors and TACE, which may clarify the immunomodulatory aspects
of these treatments.

In this study, the plasma level of sCD27 was decreased and those of sCD40 and sTIM-3 were increased
significantly at Week 1, while the level of sCD27 was increased significantly at Weeks 2 through 4 of
lenvatinib treatment (Figures 1 and 2). Although CD27 and CD40 are stimulatory factors and TIM-3 is an
inhibitory factor, respectively, in the cancer-immunity cycle, soluble forms of stimulatory/inhibitory factors
do not necessarily have set positive/negative immune effects; currently, the functions of these soluble
proteins are yet to be fully defined. In short, (1) CD27 supports the antigen-specific expansion of naive
T-cells and is vital for the generation of T-cell memory [27]. A previous study found that circulating sCD27
constitutes a functional protein directly involved in CD8" T-cell activation [28]. A persistent increase in
the sCD27 level during Weeks 2 through 4 of lenvatinib treatment may reflect the CD8* T-cell-related
immunomodulatory effect of lenvatinib, which is in line with a previous study [29] revealing that the
antitumor activity of lenvatinib was significantly diminished by CD8* T-cell depletion. Further, (2) CD40
plays an important role mainly in the signaling pathways for the functioning of B-cells, monocytes,
and dendritic cells [30]. In recent research [31], plasma sCD40 levels were upregulated in correlation
with disease severity in patients with alcoholic hepatitis, indicating the existence of dysregulation of the
immune system in chronic liver disease. Also, (3) TIM-3 promotes the exhaustion of T-cells in various
types of cancer [32]. One study suggests circulating sTIM-3 might competitively bind to galectin-9
(a ligand of TIM-3), preventing a TIM-3/galectin-9-mediated immune response [33]. The increase in
plasma sTIM-3 during lenvatinib treatment may restore immune exhaustion.

In vitro and in vivo preclinical studies have provoked the thoughts that there may be different
immunomodulatory effects among similar tyrosine kinase inhibitors [34]. Lenvatinib may decrease
tumor-associated macrophages, facilitate polarization from an M2-like phenotype toward an M1-like
phenotype, and enhance CD4* and CD8" T-cell tumor infiltration, while sorafenib may have the
opposite effects [35]. In our previous study of sorafenib [21], 11 of 16 soluble immune checkpoint
proteins—most of which were inhibitory factors—experienced significant increases in plasma at two
weeks of treatment. In this study, sCD27 displayed a significant change at two weeks. Both sorafenib
and lenvatinib basically inhibit vascular endothelial growth factor receptors (VEGFRs) 1 through
3, fibroblast growth factor receptors (FGFRs) 1 through 4, platelet-derived growth factor receptor
(PDGFR)-«, RET, and KIT. One potential explanation for the discrepancy is the existence of variable
inhibitory profiles among the drugs against VEGFRs and FGFRs; specifically, lenvatinib is known
to show more potent inhibitory activities than sorafenib against these receptor tyrosine kinases [36].
VEGEFRs are particularly important because they activate various key components such as regulatory
T-cells, tumor-associated macrophages, and myeloid-derived suppressor cells. Cytokines released by
these cells inhibit natural killer cell activation and CD8* T-cell proliferation, driving the emergence of
an immunosuppressive microenvironment [37].

The tumor microenvironment actively participates in drug-resistance acquisition [38] in both
primary and metastatic lesions [39] of HCC and other solid tumors [40]. Previous studies reported that
an inflammatory microenvironment, circulating immune cells, and cytokines etc. play a significant
role in the prognosis of HCC [41,42]. For example, the B-type Raf kinase (BRAF) mutation, one of
the prognostic factors, could play a role in the response to tyrosine kinase inhibitors [43]. However,
we found no significant difference in changes in soluble immune checkpoint protein levels between
groups classified according to the response to sorafenib [21] or lenvatinib treatment, possibly due
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to the small sample size. Further investigation is required in a large group of patients to establish
a determinant in driving clinical decision-making, which today are an unmet clinical need and a
challenge for immunotherapy.

As part of our research, we also analyzed the levels of soluble immune checkpoint proteins in
TACE-treated patients. Hepatic arterial embolization induces tumor necrosis and focal inflammation
by blocking the tumor blood supply, which can impact cancer immunity by creating a source of
tumor-associated antigens and enhancing the tumor-specific T-cell response [44]. Tampaki et al. [45]
reported that TACE provokes a significant increase in the sTIM-3 level in plasma within the first week
posttreatment, suggesting a reactive expansion of TIM-3 expression by T-cells as a negative feedback
mechanism in response to intense immune stimulation following tumor necrosis. In our research
encompassing a comprehensive measurement of 16 immune checkpoints, not only did the level of
sTIM-3 but also those of many more soluble proteins changed significantly in the first week after TACE
(Figure 3). However, some confounding factors may accompany TACE. When compared with systemic
therapies, TACE presents a greater likelihood of inducing more sudden hypoxia in treated lesions and
produces more hypoxia-related factors, which can influence components of cancer-immunity in the
short-term. Therefore, the interpretation of results among TACE-treated patients is difficult and further
research is necessary to better understand the treatment’s immunomodulatory effect.

Correlation analyses involving two soluble immune checkpoint proteins in plasma revealed that the
fold-changes in soluble receptors and their ligands were positively correlated in both lenvatinib-treated
and TACE-treated patients (Figures 4a and 5a), suggesting that multiplexed fluorescent immunoassays are
capable of accurate and simultaneous quantification of small amounts of the proteins. More interestingly,
sCD40 at 1 week and sCD27 at two to four weeks, respectively, were positively correlated with sCTLA-4,
sCD86, sPD-1, and sPD-L1 (Figure 4b and Appendix A Figure A4b). While the mechanisms regulating
these proteins remain unknown, sCD40 and sCD27 may be upregulated in cooperation with major
checkpoint molecules such as SCTLA-4, sCD86, sPD-1, and sPD-L1. At Week 1 of TACE treatment, many
more checkpoint pairs showed correlations unexpectedly (Figure 5b). For example, CD80 and TLR-2 have
both been generally used as specific M1 macrophage surface markers in previous research [46]. Elsewhere,
CD40 and HVEM messenger RNAs were coexpressed in the bioinformatic analysis of bladder cancer in
the Cancer Genome Atlas database [47]. HVEM is a ligand of B- and T-lymphocyte attenuator (BTLA)
and soluble BTLA in combination with sTIM-3 may be able to predict the rates of disease recurrence and
survival among renal cell cancer patients [48].

Our study has several limitations. First, this is not a prospective study but instead a retrospective
observational study. Moreover, randomization was not performed. In current guidelines [3-5], TACE is
essentially indicated as a treatment option for patients with intermediate-stage HCC, while systemic
therapy is suggested for those with advanced-stage HCC. Along these lines, in this study, the baseline
characteristics of patients in the lenvatinib and TACE groups were not similar to one another (Table 1).
It is therefore difficult to accurately compare the changes in soluble immune checkpoint levels in plasma
between these treatment groups. Second, we could not collect plasma samples at Week 2 through 4 after
TACE because of the less frequent hospital visits made by TACE-treated patients. We observed dynamic
changes in soluble checkpoint levels in plasma at Week 1 of TACE but could not determine how long
they persisted. Third, the sample size was small. Sample size affects the power or ability of all statistical
tests to detect a relationship between two variables when it truly exists. The limitations of statistical
analyses, such as the Wilcoxon signed-rank test and Spearman’s rank correlation test, are equally worth
noting [49]. Lastly, we could not investigate associations between changes in soluble checkpoints and
the outcomes of HCC patients because a majority of the included patients are still alive. Further studies
are needed to clarify the clinical significance of circulating soluble checkpoint proteins in patients with
unresectable HCC.
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4. Materials and Methods

4.1. Patients

Between May 2018 and February 2020, we initiated lenvatinib treatment in 55 patients (46 males
and nine females; median age: 73 (range: 42-85) years) with unresectable HCC at our institute.
In this retrospective cohort study, 24 patients who received lenvatinib as a first-line systemic therapy
(18 males and six females; median age: 75 (range: 55-89) years) were included. Lenvatinib therapy
was principally indicated for patients with a good performance status and compensated liver disease
for whom locoregional therapies were not indicated either due to the presence of vascular invasion,
distant metastasis, or a TACE-refractory state, in accordance with available guidelines [3-5]. Lenvatinib
(Lenvima®; Eisai Co. Ltd., Tokyo, Japan) was orally given to patients with unresectable HCC. The dose
of lenvatinib was determined based on body weight, with initial dosages of 12 mg/day and 8 mg/day
given to those over 60 kg and those under 60 kg, respectively. Plasma samples were collected at
baseline (1 = 24), during the first week (days 3-7 after initiating therapy; n = 19), and during the second
to fourth weeks (days 8-28 after initiating therapy; n = 13).

As part of an effort to compare with lenvatinib treatment, we also studied 22 patients (15 males
and seven females; median age: 76 (range: 44-86) years) who underwent conventional TACE during
the same period. TACE was principally indicated for those with three or less HCC masses measuring
greater than 3 cm or for four or more HCC masses in patients with Child-Pugh A/B hepatic reserve
without extrahepatic metastasis or vascular invasion, in accordance with available guidelines [3-5].
Conventional TACE consisted of intra-arterial injection of lipiodol plus epirubicin followed by the
injection of an embolic agent, Gelpart (Nippon Kayaku Co. Ltd., Tokyo, Japan), to interrupt blood flow.
Plasma samples were collected at baseline and during the first week (days 3-7 after initiating therapy).

4.2. Soluble Immune Checkpoint Protein Assays

The plasma levels of 16 soluble immune checkpoint proteins were measured using multiplexed
fluorescent bead-based immunoassays with the Milliplex Map Kit (EMD Millipore Corporation, Burlington,
MA, USA) and the Luminex Bio-Plex-200 system (Bio-Rad Laboratories, Hercules, CA, USA): namely,
sBTLA, sCD27, sCD28, sCD40, sCD80, sCD86, sCTLA-4, sGITR, sGITRL, sHVEM, sPD-1, sPD-L1, sTIM-3,
sTLR-2, soluble lymphocyte-activation gene 3 (SLAG-3), and soluble inducible T-cell costimulator (sICOS).
This kit enables simultaneous measurement of the concentration of these 16 checkpoint proteins in the
plasma sample. In brief, the capture antibody-coupled beads were first incubated with antigen standards
or samples for a specific time. The plate was washed to remove unbound materials, followed by incubation
with biotinylated detection antibodies. After washing away the unbound biotinylated antibodies, the beads
were incubated with a reporter streptavidin—phycoerythrin conjugate (SA-PE). Following the removal
of the excess SA-PE, the beads were passed through the array reader, which measures the fluorescence
of the bound SA-PE [50]. According to the manufacturer’s instructions, 12.5 pL of plasma was used for
each measurement and all samples were assayed in duplicate; mean values were then adopted for further
analysis. For values that were lower than the limit of detection, we used 10% of the lowest recorded value
as a substitute [51].

4.3. Ethical Considerations

All patients supplied informed consent and the present study was conducted in accordance with
the Declaration of Helsinki and was approved by the ethical committee of Osaka City University
(#3719, approved on 12 July 2017).

4.4. Statistical Analysis

Analysis was conducted in Easy R (EZR) [52] (Saitama Medical Center, Jichi Medical University,
Saitama, Japan) or R [53] (The R Foundation for Statistical Computing, Vienna, Austria) and figures
were produced using the package ggplot2 [54]. Categorical variables were compared using Fisher’s
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exact test or the chi-squared test, when appropriate. Continuous variables were tested using the
Mann-Whitney U test. Wilcoxon signed-rank tests were chosen to compare changes in soluble immune
checkpoint concentrations during the early treatment period. Correlations of fold-changes in the levels
of two proteins were determined with Spearman’s rank correlation test. A p-value of less than 0.05 was
considered to be statistically significant.

5. Conclusions

The present study investigated changes in 16 soluble immune checkpoint proteins in the plasma
of patients with HCC treated by lenvatinib or TACE. In the 24 lenvatinib-treated patients, the plasma
level of sCD27 decreased but those of sCD40 and sTIM-3 increased significantly at Week 1, while the
level of sCD27 was increased significantly at Weeks 2 to 4. These changes in soluble checkpoint protein
levels during lenvatinib treatment were different from those seen during sorafenib treatment in our
previous study [21], suggesting the two drugs present different inhibitory profiles against the receptor
tyrosine kinases. Meanwhile, in the 22 TACE-treated patients, alongside the levels of sCD27, sCD40,
and sTIM-3, those of sHVEM, sTLR-2, sCD80, sCTLA-4, sGITR, sGITRL, and sPD-L1 also increased.
However, interpretation of the results among TACE-treated patients is difficult because TACE may
be accompanied by some confounding factors, as discussed above. Further study is needed to better
understand the immunomodulatory effect of the treatments, which may help future investigators to
establish an effective combination immunotherapy.
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Appendix A

Table Al. The 16 immune checkpoint proteins whose soluble forms were analyzed in this study.

Immune Checkpoint Proteins Function
BTLA B- and T-lymphocyte attenuator A ligand of HVEM
CD27 Cluster of differentiation 27 Interaction with CD70 activates antigen-presenting cells
D28 Cluster of differentiation 28 Int'eractlon w1jch CD80 or CD8§ prgv1des stlmulgtory

signals required for T-cell activation and survival

CD40 Cluster of differentiation 40 Interaction with CD40L activates antigen-presenting cells
CD80 Cluster of differentiation 80 A ligand of CD28 and CTLA-4
CD86 Cluster of differentiation 86 A ligand of CD28 and CTLA-4

Interaction with either CD80 or CD86 transmits an

CTLA-4 Cytotoxic T-lymphocyte antigen 4 inhibitory signal to T-cells

Glucocorticoid-induced tumor Interaction with GITRL inhibits the activity of Tregs and
GITR . .
necrosis factor receptor extends the survival of T-effector cells
GITRL Glucocorticoid-induced tumor A ligand of GITR

necrosis factor receptor ligand
Interaction with LIGHT stimulates the proliferation of
HVEM Herpes virus entry mediator T-cells, while interaction with BTLA negatively regulates
T-cell responses
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Table Al. Cont.

Immune Checkpoint Proteins

Function

ICOS

LAG-3

PD-1
PD-L1
TIM-3

TLR-2

Inducible T-cell costimulator

Lymphocyte-activation gene 3

Programmed cell death domain-1
Programmed death-ligand 1

T-cell immunoglobulin mucin-3

Toll-like receptor 2

Interaction with ICOS-L provides a costimulatory signal

for T-cell proliferation and survival
Interaction with MHC class II inhibits the activation

of T-cells

Interaction with PD-L1 leads to the inhibition of
cytotoxic T-cells

A ligand of PD-1

Interaction with galectin-9 negatively regulates Thl

function by triggering cell death

TLR-2 recognizes many bacterial, fungal, and other
endogenous substances and plays a role in innate

immune responses

Abbreviations: Tregs, regulatory T-cells; LIGHT, homologous to lymphotoxin, exhibits inducible expression and
competes with HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T-lymphocytes;
MHC, major histocompatibility complex.
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Figure Al. Changes in soluble immune checkpoint protein levels after 1 week of lenvatinib treatment.
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of the boxes indicate the interquartile ranges and the lines in the boxes suggest the median values,
while the error bars show the minimum and maximum values (range). The Wilcoxon signed-rank test

was used.
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Abstract: Nivolumab has shown durable response and safety in patients with hepatocellular carcinoma
(HCC) in previous trials. However, real-world data of nivolumab in HCC patients, especially those
with Child-Pugh class B, are limited. To investigate the effectiveness and safety of nivolumab in a
real-world cohort of patients with advanced HCC, we retrospectively evaluated 203 patients with
HCC who were treated with nivolumab between July 2017 and February 2019. Of 203 patients,
132 patients were classified as Child—Pugh class A and 71 patients were Child-Pugh class B. Objective
response rate was lower in patients with Child-Pugh class B than A (2.8% vs. 15.9%; p = 0.010).
Child-Pugh class B was an independent negative predictor for objective response. Median overall
survival was shorter in Child-Pugh B patients (11.3 vs. 42.9 weeks; adjusted hazard ratio [AHR],
2.10; p < 0.001). In Child-Pugh B patients, overall survival of patients with Child—Pugh score of 8
or 9 was worse than patients with Child-Pugh score of 7 (7.4 vs. 15.3 weeks; AHR, 1.93; p < 0.020).
In conclusion, considering the unsatisfactory response in Child—-Pugh B patients, nivolumab may not
be used in unselected Child-Pugh B patients. Further studies are needed in this patient population.

Keywords: liver cancer; immune checkpoint inhibitor; effectiveness; safety

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer, and the second most common
cause of cancer deaths in Korea and worldwide, leading to nearly 745,000 deaths globally each year [1,2].
Many patients are newly diagnosed with advanced HCC despite regular surveillance of patients at
risk, and disease recurrence or progression after initial treatment, which requires systemic therapy,
is common [3,4]. Sorafenib, an oral multikinase inhibitor which improved overall survival (OS)
compared to placebo in the SHARP trial [5], has been the only viable treatment for HCC over the
last decade, but recent successful phase 2/3 trials of first- or second-line therapies have expanded
the treatment landscape for patients with advanced HCC [6-9]. However, the majority of systemic
therapies have been studied in Child-Pugh A populations. Because most trials of systemic therapies
for HCC excluded patients with poor liver function (Child-Pugh B or greater hepatic dysfunction).
Therefore, limited data are currently available for systemic therapies in patients with advanced liver
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cirrhosis. In real-world practice, liver function of patients with advanced HCC who require systemic
therapy is often poor due to the tumor itself, or it has been deteriorated by previous treatments for HCC.
Thus, real-world data regarding the safety and clinical outcomes of systemic therapy in HCC patients
with poor liver function are of importance to guide the use of systemic therapy in this population.

Nivolumab, an immune checkpoint inhibitor that blocks programmed cell death protein-1, showed
durable responses and prolonged long-term survival in the CheckMate 040 trial [6]. Although patients
with Child-Pugh class B disease were included in the CheckMate 040 study, the efficacy and safety
of nivolumab have not been established in HCC patients with advanced cirrhosis. Eligibility was
restricted to patients with Child—Pugh scores of 7 or 8 and patients with ascites requiring paracentesis
were excluded from the study. A few retrospective cohort studies and case series have reported on the
safety and effectiveness of immune checkpoint inhibitors for advanced HCC patients with poor liver
function [10-12]; however, those studies were limited by small numbers of patients. Here we report
real-world data on the clinical outcomes and safety of nivolumab using a large retrospective cohort of
patients with advanced HCC, including a large number of Child-Pugh B patients.

2. Results

2.1. Baseline Characteristics of the Study Cohort

A total of 203 patients were included in the study. Information on patient demographics, liver
function characteristics, and cancer staging is presented in Table 1. Of the included patients, 132 patients
had Child-Pugh class A disease and 71 patients had Child-Pugh class B disease. Most of the baseline
characteristics between Child-Pugh A and B patients were significantly different. The Eastern Cooperative
Oncology Group (ECOG) performance status was higher in Child-Pugh B patients than in Child-Pugh
A patients. Moreover, Child-Pugh B patients had more aggressive tumor characteristics at baseline than
Child-Pugh A patients, including higher levels of «-fetoprotein and protein induced by vitamin K absence
or antagonist-II, and Child-Pugh B patients had more patients with portal vein invasion (Table 1).

2.2. Treatment Outcomes of Patients Receiving Nivolumab

Over a maximum follow-up period of 37.0 months with a median follow-up duration of 5.6
months (interquartile range [IQR], 2.3-11.4), 146 patients died, and 150 patients experienced disease
progression after nivolumab treatment. The treatment overview of the study population is summarized
in Table 2. The median duration of nivolumab treatment was 1.6 (IQR, 0.9-5.0) and 0.9 (IQR, 0.5-1.9)
months with a median of four (ranged 1-57) and three (ranged 1-34) cycles; 17 (12.9%) and eight
(11.3%) patients remained on treatment at the time of the last follow-up in Child-Pugh A and B groups,
respectively. One hundred and fifteen (87.1%) and 63 (88.7%) patients discontinued treatment in
Child-Pugh A and B groups, respectively; the reasons for treatment discontinuation were disease
progression in 103 (78.0%) and 46 (64.8%) patients, death in seven (5.3%) and 16 (22.5%) patients,
and adverse events (AEs) in five (3.8%) and one (1.4%) patients in Child-Pugh A and B groups,
respectively. During treatment, one patient (0.5%) achieved a complete response, while 22 (10.8%)
patients achieved a partial response, and 49 (24.1%) patients had stable disease, with an 11.3% objective
response rate (ORR) in the total study population.
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Table 1. Baseline characteristics of the study population.

Child-Pugh A

Child-Pugh B

Characteristics = 132) =71 p Value
Demographics
Age, mean + SD, y 569 +11.2 56.0+9.4 0.576
Male sex, 1 (%) 115 (87.1) 56 (78.9) 0.182
Etiology, HBV/HCV/Other, 1 (%) " 4.111/;{ 3//1172.9) (80_5;%%}10 i1) 0.630
ECOG performance status, n (%) 0.004
012 64/57/11 18/41/12
(48.5/43.2/8.3) (25.4/57.7/16.9)
Tumor characteristics
BCLC stage, 11 (%) 0.822
Intermediate/Advanced 6/126 (4.5/95.5) 2/69 (2.8/97.2)
Portal vein invasion, 1 (%) 46 (34.8) 42 (59.2) 0.001
Extrahepatic metastasis, 1 (%) 120 (90.9) 64 (90.1) >0.999
Involved disease sites, 1 (%)
Liver 104 (78.8) 66 (93.0) 0.016
Lung 79 (59.8) 48 (67.6) 0.349
Number of involved disease sites, 1 (%) 0.959
1-2/>3 80/52 (60.6/69.4) 42/29 (59.2/40.8)
a-Fetoprotein, median (IQR), ng/mL 311 (10, 3392) 2698 (44, 53727) 0.001
PIVKA-II, median (IQR), mAU/mL 1439 (150, 9129) 6846 (771, 57522) <0.001
Immunotherapy as systemic, 1 (%) 0.218
First-line 2 (1.5) 1(1.4)
Second-line 89 (67.4) 56 (78.9)
Third-line or more 41 (31.1) 14 (19.7)
Liver function
Child-Pugh score, 1 (%) -
5/6 67/65 (50.8/40.2) -
71809 - (57.%11?551.2)
Platelet count, 1 (%)
>150,000/pL 65 (40.2) 26 (36.6) 0.115
<150,000/uL 67 (50.8) 45 (63.4)
Ascites, present, 11 (%) 6 (4.5) 48 (67.6) <0.001
Albumin, median (IQR), g/dL 3.6(3.2,3.9) 2.9(2.6,3.2) <0.001
>8.5/28-3.5/<2.8,n (%) (61.2/13/2.16/(}0.0) (11.38;4?)2/53}32.3)
Total bilirubin, median (IQR), mg/dL 0.7 (0.5, 0.9) 1.3(0.9, 2.0) <0.001
<223 />3,n (%) (98?/(1/.?5//%.0) (73.52%2%/79,9)
ALBI grade, mean + SD -2.33 +0.37 -1.54 +0.37 <0.001
17213, m (%) (26.35%2.7é?0.0) (0.0%49?(/)3321.0)

Abbreviations: ALBI, albumin-bilirubin; BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology
Group; HBV, hepatitis B virus; HCV, hepatitis C virus; IQR, interquartile range; PIVKA, protein induced by vitamin
K absence or antagonist-1I; SD, standard deviation.
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Table 2. Treatment summary of the study population.

Disposition Characteristics Ch(lid;lig‘gl A Chi(T;P;l‘(:;h B
Treatment duration, months (IQR) 1.6 (0.9, 5.0) 0.9 (0.5,1.9)
Treatment duration, cycles,
median (range) 4 (1-57) 3 (1-34)
mean + SD 85+9.9 43+53
Continuing treatment, 1 (%) 17 (12.9) 8 (11.3)
Discontinued treatment, n (%) 115 (87.1) 63 (88.7)
Disease progression, 1 (%) 103 (78.0) 46 (64.8)
Death, 1 (%) 7 (5.3) 16 (22.5)
Adverse events, 11 (%) 5(3.8) 1(1.4)

Abbreviations: IQR, interquartile range; SD, standard deviation.

2.3. Treatment Outcomes Stratified by Child—Pugh Class

When stratified by Child-Pugh class, ORR was significantly lower in the Child-Pugh B group
than in the Child-Pugh A group (2.8% vs. 15.9%; p = 0.010) (Table 3). Two Child-Pugh B patients (2.8%)
achieved partial response, with response ongoing for over six months at the time of last follow-up.
Disease control rate (DCR) in the total study population was 35.5%. DCR was lower in the Child-Pugh
B group than in the Child-Pugh A group (22.5% vs. 42.4%; p = 0.008) (Table 3).

Table 3. Tumor responses in the study population according to modified Response Evaluation Criteria
in Solid Tumors (MRECIST) criteria.

Entire Cohort

Tumor Responses Ch(lid;l;gg? A Chi(f;l);llg)h B p Value ?
Best overall response, 1 (%)
Complete response 1(0.8) 0(0.0)
Partial response 20 (15.2) 2(2.8)
Stable disease 35 (26.5) 14 (19.7)
Progressive disease 69 (52.3) 40 (56.3)
Not evaluable P 7 (5.3) 15 (21.1)
Objective response €, 11 (%) 21 (15.9) 2 (2.8) 0.010
Disease control rate 4, 1 (%) 56 (42.4) 16 (22.5) 0.008

2 By x? test or Fisher exact test, as appropriate, for radiologic response. ® Due to death without radiologic disease
progression or early drug discontinuation due to a severe adverse drug reaction. ¢ Objective response rate, defined
as the proportion of patients who had complete response or partial response. ¢ Disease control rate, defined as the
proportion of patients who had complete response, partial response, or stable disease.

OS was longer in the Child-Pugh A group than in the Child-Pugh B group (42.9 vs. 11.3 weeks;
hazard ratio [HR], 3.02; 95% confidence interval [CI], 2.15-4.24; p < 0.001; Figure 1A); consistent results
were also seen in the multivariable analyses (adjusted hazard ratio [AHR], 2.10; 95% ClI, 1.38-3.19;
p < 0.001) (Table 4). In addition to Child—Pugh class, ECOG performance status, albumin-bilirubin
grade of 3, and a-fetoprotein were other independent prognostic factors for OS of the study population
in the multivariable analysis (Table S1). Median progression-free survival (PFS) was longer in the
Child-Pugh A group than in the Child-Pugh B group in the univariate analysis (7.4 vs. 6.0 weeks; HR,
1.67;95% CI, 1.22-2.29; p = 0.014; Figure 1B); however, this difference was not statistically significant
after multivariable adjustment (AHR, 1.17; 95% CI, 0.79-1.72; p = 0.430) (Table 4). ECOG performance
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status and liver involvement of HCC were poor prognostic factors for PFS in the multivariable analysis
(Table S2). Median time to progression (TTP) was 7.9 weeks (95% CI, 7.1-11.6) for the Child-Pugh A
group and 6.9 weeks (95% CI, 6.0-10.1) for the Child-Pugh B group. There was no difference in TTP
between the two groups in the univariate (HR, 1.35; 95% CI, 0.95-1.92; p = 0.093) and multivariable

(AHR, 1.00; 95% CI, 0.66-1.50; p = 0.992) analyses (Table 4).

(A) Overall survival

Overall survival (%)

Strata

1001

Child-Pugh A (n = 132)

== Child-Pugh B (n = 71)

HR, 3.02; 95% Cl, 2.15 — 4.24; p < 0.001

10 12 14

16

20

22

24

(B) Progression-free survival

Progression-free survival (%)

Strata

Figure 1. Kaplan-Meier analyses of survival outcomes between Child-Pugh A and B patients.

1001

~
o

Time, months
Number at risk
132 121 99 85 70 53 42 33 26 13 6 1 1
71 40 23 15 11 8 5 5 2 1 0 0 0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, months
Child-Pugh A (n = 132)
== Child-Pugh B (n = 71)
HR, 1.67;95% CI, 1.22-2.29; p=0.014
" T e
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, months
Number at risk
132 59 40 32 23 12 12 10 8 4 2 1 0
7M1 19 8 3 3 3 3 1 1 1 0 0 0
o 2 4 6 8 1 12 14 16 18 20 22 24
Time, months

(A) overall survival and (B) progression-free survival.
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Table 4. Survival outcomes of the study population.

Entire Cohort

Outcome Median Time, Week Univariate Analvsis Multivariable
v (95% CI) y Analysis
Child-Pugh A Child-Pugh B HR Value AHR Value
(n =132) (n=71) ©s%cna P ©s%cpa P
. 429 11.3 3.02 2.10
Overall survival (34.1-54.3) (7.7-15.4) (2.15-4.24) <0.001 (1.38-3.19) <0.001
. . 74 6.0 1.67 1.17
Progression-free survival (7.0-11.0) (4.7-7.6) (1.22-2.29) 0.014 (0.79-1.72) 0.430
. . 79 6.9 1.35 1.04
Time to progression (7.1-11.6) (6.0-10.1) ©095-192) 908 omqsyy 0834

2 Cox proportional hazard regression model for the Child-Pugh B group with the Child—Pugh A group as a reference.
Abbreviations: AHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio.

2.4. Treatment Outcomes of Child—Pugh B Patients Receiving Nivolumab

Of 71 patients with Child-Pugh class B disease, 41 patients had a Child-Pugh score of 7 and
the remaining 30 patients had Child-Pugh scores of 8 or 9. Marginally longer OS was observed in
patients with a Child-Pugh score of 7 compared to patients with Child-Pugh scores of 8 or 9 in the
univariate analysis (15.3 vs. 7.4 weeks; HR, 1.64; 95% CI, 0.98-2.72; p = 0.058; Figure 2A), and this
difference became statistically significant after multivariable adjustment (AHR, 1.93; 95% CI, 1.11-3.35;
p = 0.020) (Table 5). There were no significant differences in PFS (6.3 vs. 4.8 weeks; HR, 1.23; 95% CI,
0.74-2.04; p = 0.416; Figure 2B and AHR, 1.53; 95% CI, 0.86-2.58; p = 0.153) and TTP (6.9 vs. 6.1 weeks;
HR, 1.04; 95% CI, 0.57-1.88; p = 0.895 and AHR, 1.30; 95% CI, 0.70-2.40; p = 0.408) between the two
groups both in the univariate and multivariable analyses (Table 5). ECOG performance status and lung
involvement of HCC were independent risk factors for poor OS and PFS in the multivariate analysis
(Tables S3 and S4).

Table 5. Survival outcomes of Child-Pugh B patients.

Entire Cohort

Outcome Medi?;;,;irgi’) Week Univariate Analysis Multivariable Analysis
Tt TGS esncps PV ggcye  pVale
Overall survival (9.;—552.3) (6.42;14.9) (0.913.72) 0.058 (1.111?5.35) 0.020
Progression-free survival 6. g_?é 0) 4.8(3.7-7.6) (0.711'_2; 04) 0.416 0. 8165); 58) 0.153
Time to progression (6.06:?2.6) (4.6?111A) (0.517%88) 0895 (0.71)f§.40) 0.408

2 Cox proportional hazard regression model for the Child-Pugh B8/9 group with the Child-Pugh B7 group as a
reference. Abbreviations: AHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio; NA, not applicable.

2.5. Predictive Factors Associated with Treatment Response

Regarding predictive factors associated with treatment response (i.e., complete response and
partial response) in patients receiving nivolumab, patients with advanced liver disease (Child-Pugh
class B vs. Child-Pugh class A), high levels of tumor markers and liver involvement of HCC were
poorly responsive to treatment by univariate analysis. After inclusion of predictive factors with a
p value < 0.05 from the univariate analysis in the multivariable-adjusted model, Child-Pugh class
(B vs. A; adjusted odds ratio [AOR], 0.21; 95% CI, 0.05-0.93; p = 0.040) and liver involvement of HCC
(AOR, 0.34; 95% CI, 0.13-0.92; p = 0.034) remained as significant independent negative predictors for
treatment response (Table 6).
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(A) Overall survival
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Figure 2. Kaplan-Meier analyses of survival outcomes between Child-Pugh B7 and B8/9 patients.
(A) overall survival and (B) progression-free survival.
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Table 6. Predictive factors for treatment response.

Univariate Analysis

Multivariable Analysis

Ch teristi
aracteristies OR (95% CI) p Value AOR (95% CI) p Value
Child-Pugh class 0.040
A 1 (reference) 0.013 * 1 (reference)
B 0.15 (0.03-0.67) 0.21 (0.05-0.93)
Age 1.02 (0.98-1.07) 0.305 - -
Sex
Female 1 (reference) 0.333 - -
Male 2.10 (0.47-9.43)
Ascites, present 0.23 (0.05-1.04) 0.056 - -
a-Fetoprotein, ng/mL
<400 1 (reference) 0.349 - -
>400 0.66 (0.27-1.58)
PIVKA-II, mAU/mL
<2000 1 (reference) 0.035 1 (reference) 0.234
>2000 0.37 (0.14-0.93) 0.55 (0.21-1.47)
Albumin (per 1 g/dL increase) 1.96 (0.83-4.62) 0.125 - -
Total bilirubin (per 1 mg/dL increase) 0.82 (0.48-1.40) 0.469 - -
ALBI grade
1 1 (reference) ; )
2 0.79 (0.27-2.31) 0.668
3 0.29 (0.03-2.63) 0.268
Etiology
HBV 1 (reference) 0.082 - -
Non-HBV etiology 2.38 (0.90-6.30)
Portal vein invasion, present 0.53 (0.21-1.36) 0.190 - -
Extrahepatic metastasis, present 2.44 (0.31-19.22) 0.396 - -
Involved disease sites, present
Liver 0.24 (0.09-0.61) 0.003 0.34 (0.13-0.92) 0.034
Lung 1.14 (0.46-2.83) 0.780 - -
Number of involved disease sites per patient
1-2 1 (reference) 0.067 - -
>3 0.38 (0.14-1.07)

Abbreviations: AOR; adjusted odds ratio; ALBI, albumin-bilirubin; CI, confidence interval; HBV, hepatitis B virus;
OR, odds ratio; PIVKA, protein induced by vitamin K absence or antagonist-II. * p < 0.05.

Considering the low response rate in Child-Pugh class B patients, predictive factors associated
with disease control (i.e., complete response, partial response, and stable disease) were assessed
instead of treatment response. Characteristics associated with higher tumor burden including the
presence of extrahepatic metastasis, lung involvement of HCC, and > 3 numbers of involved disease
sites were significant negative predictors for disease control in the univariate analysis. Among them,
lung involvement of HCC (AOR, 0.14; 95% CI, 0.03-0.64; p = 0.011) remained a significant independent
negative predictor for disease control in the multivariable analysis (Table S5).

2.6. Safety of Nivolumab

During the treatment, five (3.8%) patients in the Child—Pugh A group and one (1.4%) patient in
the Child-Pugh B group had grade 3 or higher toxicities that were probably attributable to nivolumab,
leading to drug discontinuation. In the Child-Pugh A group, two patients developed immune-mediated
hepatitis, three patients developed immune-mediated pneumonitis. One patient in the Child-Pugh B
group suffered from severe anorexia (Table 7). Eleven (8.3%) and 11 (15.5%) patients in the Child-Pugh
A and Child-Pugh B groups, respectively, required dose delay due to AEs (Table 7).
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Table 7. Adverse events requiring discontinuation or dose delay.

Child-Pugh A Child-Pugh B
Adverse Events (n = 132) (=71
Any Grade Grade >3 Any Grade Grade >3
Hepatitis 3(2.3) 2 (1.5) 3(4.2)
Pneumonitis 3(2.3) 3(2.3)

Anorexia 3(2.3) 6 (8.5) 1(1.4)
Nausea 1(0.8) 1(1.4)
Pain 1(0.8) 34.2)
Anemia 3(2.3) 342
Fatigue 1(0.8) 5(7.0)
Rash 2 (1.5) 1(1.4)
Insomnia 1(1.4)

3. Discussion

We evaluated the effectiveness and safety of nivolumab in a large real-world cohort of advanced
HCC patients including Child-Pugh B patients. ORR and DCR were lower in Child-Pugh B patients
than in Child-Pugh A patients and Child-Pugh class B was an independent negative predictor for
objective response in our patients. OS was shorter in Child-Pugh B patients. However, TTP and PFS
were comparable between Child-Pugh A and B patients by multivariable-adjusted analysis. In the
subgroup analysis of Child—-Pugh B patients, patients with a Child-Pugh score of 7 survived longer
than patients with Child—Pugh scores of 8 or 9; however, there were no differences in PFS and TTP
between the two groups. Regarding predictors for nivolumab response in Child-Pugh B patients, lung
involvement of HCC, which might represent tumor spread and burden based on the fact that most
of the Child-Pugh B patients in our study had liver involvement of HCC, was the only significant
negative predictor for disease control. No significant differences were observed in the safety measures
of nivolumab between the two groups. Rather, immune-mediated serious AEs due to nivolumab
treatment were found to occur less frequently in Child-Pugh B patients than in Child-Pugh A patients.

A lower ORR and DCR in Child-Pugh B patients compared with Child-Pugh A patients observed
in our study can be interpreted in two ways. First, Child-Pugh B patients received fewer cycles and had
shorter durations of nivolumab treatment than Child—Pugh A patients. Indeed, 22.5% of Child-Pugh
B patients discontinued treatment due to death mostly resulting from liver function deterioration,
whereas only 5.3% of Child-Pugh A patients ceased the treatment due to death. These facts imply
that some patients with poor liver function may not have had enough time to maintain nivolumab
treatment because of progressive liver dysfunction. Moreover, these may adversely affect the overall
poorer outcomes in Child-Pugh B patients compared with Child-Pugh A patients.

Second, it is well-established that cirrhosis is associated with innate and adaptive immune
dysfunction. Moreover, the immune function becomes more impaired as underlying liver cirrhosis
progresses [13]. A previous study showed that the cyclooxygenase-derived prostaglandin E2 drives
cirrhosis-associated immunosuppression [14]. In addition, patients with decompensated cirrhosis
are more vulnerable to endotoxemia or bacteremia, resulting in the up-regulation of prostaglandin
E2, and comorbidity with hypoalbuminemia in these patients also provokes increased levels of
free prostaglandin E2, causing pathological immune impairment [15]. Cirrhosis alters the number
and function of monocytes, NK cells, and T lymphocytes, which play a key role in killing tumor
cells [13,16,17]. Thus, proper tumor-killing may not be possible even if T cell reinvigoration is induced
by nivolumab, which may explain the poorer ORR in Child—Pugh B patients than in Child-Pugh
A patients. A lower incidence of immune-mediated AEs in Child-Pugh B patients also supports
this hypothesis.
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Recently, results of clinical trials evaluating the efficacy and safety of immune checkpoint
inhibitors alone or combination therapies for HCC have been published. In the KEYNOTE-240 trial,
although pembrolizumab in a second-line setting after prior sorafenib therapy improved OS (HR, 0.78;
95% CI, 0.61-1.00; one-sided p = 0.024) and PFS (HR, 0.72; 95% CI, 0.57-0.90; one-sided p = 0.002)
compared to placebo, the outcomes did not reach statistical significance per specified criteria [18].
In the CheckMate-459 trial, nivolumab showed an improved OS compared to sorafenib; however,
this difference also was not statistically significant [19]. As a combination therapy, atezolimumab with
bevacizumab led to better OS (HR, 0.58; 95% CI, 0.42-0.79) than sorafenib in patients with unresectable
HCC [20]. However, none of those clinical trials included Child-Pugh class B patients due to competing
risk of death from underlying cirrhosis. Moreover, most of the ongoing clinical trials of immune
checkpoint inhibitors target Child-Pugh class A disease.

There is insufficient evidence for the use of systemic therapy in Child-Pugh class B patients.
The most widely reported systemic therapy in this population is sorafenib. A meta-analysis of
thirty studies demonstrated that Child-Pugh B liver function is associated with worse OS compared
to Child-Pugh A liver function despite similar response rate, safety, and tolerability [21]. Several
previous studies have evaluated the efficacy and safety of nivolumab in Child-Pugh class B patients.
In the Child-Pugh B cohort of CheckMate 040 trial, outcomes were much better than was seen in our
patients: median OS was 7.6 months, ORR was 10.2%, and the DCR was 55.1% [22]. However, it is
important to note that the CheckMate 040 Child—-Pugh B cohort excluded patients with Child-Pugh
scores of 9 points and patients with ECOG performance status 2 or recent history of paracentesis for
ascites or hepatic encephalopathy. In contrast, the current study cohort included patients with more
advanced disease with a Child-Pugh score of 9 reported in approximately 21.1% of patients and ECOG
performance status 2 reported in approximately 16.9% of patients, thus providing a real-world data
of the effectiveness and safety of nivolumab in a wider range of patients. Several retrospective case
series or cohort studies of Child-Pugh B patients reported better ORR, from 11.8% to 20%, and longer
median OS, from 5.9 to 8.6 months, compared to our Child-Pugh B cohort [10-12,23]. However,
it is questionable how the ORR in those retrospective studies was better than in the CheckMate 040
Child-Pugh B cohort, notwithstanding the fact that patients with more advanced liver disease were
included and the tumor response was evaluated by Response Evaluation Criteria in Solid Tumors
(RECIST) 1.1 criteria instead of modified RECIST (mRECIST) in those retrospective studies. Selection
bias might also be an issue because the previous retrospective studies had very small patient numbers.
Besides, the patients included in our study had more aggressive tumor features with higher proportions
of macroscopic vascular invasion and extrahepatic spread compared to the patients included in the
previous studies.

Adverse effects of immune checkpoint inhibitors such as nivolumab are different from
those of systemic chemotherapy. Clinicians should be aware of immune-mediated AEs such as
immune-mediated hepatitis and pneumonitis when using nivolumab. As observed in the clinical trials
and previous studies, the AEs of nivolumab in our cohort were manageable and nivolumab appeared
to be safe even in Child-Pugh B patients overall. Grade 1 or 2 AEs occurred more frequently in
Child-Pugh B patients but were attributed to comorbid liver disease rather than nivolumab treatment.
Interestingly, we observed a lower incidence of immune-mediated AEs in Child-Pugh B patients
compared to Child-Pugh A patients albeit the incidence of immune-mediated AEs was very low.

This study had several limitations. First, as a retrospective study, it has inherent limitations
including bias and confounding. Considering that most clinical trials only include patients with
Child-Pugh class A to avoid competing risks of death from liver cirrhosis on the overall outcome,
this retrospective cohort study may provide valuable information for evaluating the effectiveness and
safety of nivolumab in a real-world setting where the patients tend to be more heterogeneous than
patients in clinical trials. Second, as a single-center study, this study may have limited generalizability.
Third, most of the HCC cases were caused by hepatitis B virus infection, which may be associated
with poorer prognosis [24]. However, there was no evidence that underlying HCC etiology affects
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the efficacy of nivolumab treatment [25]. Finally, since the data were collected retrospectively from
electronic medical records, only adverse events resulting in drug discontinuation or dose delay could
be identified in detail. However, considering that nivolumab was well-tolerated, with the exception
of rarely occurring severe immune-mediated adverse events seen in previous studies [6,10-12,18,21],
we believe that the information on adverse events of our study contains clinically meaningful
information despite the lack of detailed adverse event information.

4. Materials and Methods

4.1. Study Population

From July 2017 to February 2019, 221 consecutive patients received nivolumab treatment for
unresectable HCC at Asan Medical Center and were retrospectively enrolled in this study. HCC
diagnosis was based on multiphase computed tomography and/or magnetic resonance imaging or
pathological confirmation in selected cases according to the current international guidelines of HCC [26].
Patients were excluded if they had Child-Pugh class C liver function (n = 5), had ECOG performance
status > 2 (n = 2), had received liver transplantation (1 = 5), or had been followed-up for less than one
cycle of nivolumab (n = 6). After excluding 18 patients, 203 patients were included in the final analyses.
Nivolumab was administered at 3 mg/kg body weight every 2 weeks intravenously until disease
progression, severe adverse events, or death occurred. Dosage delays were permitted according to
individual patient tolerability. Patient information, including demographic characteristics, laboratory
results, safety assessment and grading, and clinical outcomes were collected from electronic medical
records. The response evaluation was carried out every 6-8 weeks during nivolumab treatment,
and additional image examinations were allowed when clinically indicated.

This study was approved by the Institutional Review Board of Asan Medical Center (IRB No.
2019-0605) and the informed consent of enrolled patients was waived owing to the retrospective nature
of the study.

4.2. Outcome Assessment

Clinical tumor response was assessed by the mRECIST criteria [27]. ORR, defined as the proportion
of patients with complete or partial response, and DCR, defined as the proportion of patients with
complete response, partial response, or stable disease, were evaluated. Other oncological outcomes
included TTD, defined as the time from nivolumab treatment to radiological or clinical progression;
PFS, defined as the time from nivolumab treatment to progression or death due to any cause; and OS,
defined as the time from nivolumab treatment to death due to any cause. Safety assessment and
grading were recorded in patients’ electronic medical records when treatment-related adverse events
led to dose reduction or discontinuation of nivolumab.

4.3. Statistical Analysis

Categorical variables were analyzed as frequency and percentages and were compared using
Fisher’s exact test or the chi-square test, as appropriate. Continuous variables were expressed as
median and IQR or mean and standard deviation and were compared using unpaired two-tailed ¢ tests.
Survival outcomes were estimated by the Kaplan-Meier method and compared with the log-rank test.
In addition, univariate and multivariable Cox proportional hazard models were used to calculate HRs
for survival outcomes and their 95% Cls. To identify the predictive factors associated with treatment
response of nivolumab, univariate and multivariable logistic regression models were applied. Variables
with p values less than 0.05 in the univariate analysis were used in the multivariable analysis.

All statistical analyses were performed using R statistical software, version 3.6.1 (R Foundation
Ing; http://cran.r-project.org/). For all analyses, p values < 0.05 were considered statistically significant.
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5. Conclusions

In the present study, the ORR and DCR were lower and the OS was shorter in Child-Pugh class B
patients than those in Child-Pugh class A patients. Moreover, Child-Pugh class B was an independent
negative predictor for nivolumab response. In particular, Child-Pugh B patients who had high tumor
burden with lung involvement or Child-Pugh scores of 8 or 9 may not benefit from nivolumab
treatment. Considering the unsatisfactory treatment response and poor prognosis in Child-Pugh B
patients, nivolumab may not be beneficial in unselected patients of this patient population. Further
investigation in this patient population is needed to confirm our findings.
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Child-Pugh B patients.
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Abbreviations

AE adverse event

AHR adjusted hazard ratio

AOR adjusted odds ratio

CI confidence interval

DCR disease control rate

ECOG Eastern Cooperative Oncology Group

HCC hepatocellular carcinoma

HR hazard ratio

IOR interquartile range

mRECIST modified Response Evaluation Criteria in Solid Tumors
oS overall survival

ORR objective response rate

PFS progression-free survival

RECIST Response Evaluation Criteria in Solid Tumors
TTP time to progression
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Abstract: Immunotherapies are promising approaches for treating hepatocellular carcinomas (HCCs)
refractory to conventional therapies. However, a recent clinical trial of immune checkpoint inhibitors
(ICIs) revealed that anti-tumor responses to ICIs are not satisfactory in HCC cases. Therefore, it is
critical to identify molecular markers to predict outcome and develop novel combination therapies
that enhance the efficacy of ICIs. Recently, several attempts have been made to classify HCC based on
genome, epigenome, and transcriptome analyses. These molecular classifications are characterized
by unique clinical and histological features of HCC, as well immune phenotype. For example, HCCs
exhibiting gene expression patterns with proliferation signals and stem cell markers are associated
with the enrichment of immune infiltrates in tumors, suggesting immune-proficient characteristics
for this type of HCC. However, the presence of activating mutations in 3-catenin represents a lack
of immune infiltrates and refractoriness to ICIs. Although the precise mechanism that links the
immunological phenotype with molecular features remains controversial, it is conceivable that
alterations of oncogenic cellular signaling in cancer may lead to the expression of immune-regulatory
molecules and result in the acquisition of specific immunological microenvironments for each
case of HCC. Therefore, these molecular and immune characteristics should be considered for the
management of HCC using immunotherapy.

Keywords: hepatocellular carcinoma; molecular classification, immune phenotype; immune
checkpoint inhibitor; stem cell marker; oncogenic signal; 3-catenin; genetic alteration

1. Introduction

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related
morbidity worldwide and generally emerges from a background of chronic liver inflammation [1].
Recent advancements in molecular target therapy have contributed to improvements in the prognosis
of HCC patients, even those with advanced disease [2]. However, most cases of HCC show a tolerance
or become refractory to molecular target agents during its clinical course [3,4]. On the other hand,
immunotherapies are considered to be a promising approach for HCC patients even in those refractory
to conventional therapies [5], and several immune components may play a role in the development
and progression of this disease [6]. Nevertheless, phase III clinical trials of immune checkpoint
monotherapies in patients with HCC have failed to show superiority to control groups for overall
survival (OS) and progression-free survival (PFS) [7,8].

Several attempts have been made to subclassify HCC based on genetic and epigenetic alterations [9-12].
It has also been reported that the molecular subclass of HCC sometimes reflects the immune milieu of
tumors [13]. For example, an association between molecular alterations of HCC and the expression
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of immune checkpoint molecules has been reported [14], and alteration of oncogenic signals due
to mutations may lead to altered expression of immune modulators [15]. Therefore, a profound
understanding of the molecular subclasses that affect the immune status of tumors may provide
valuable insight for the rational development of combination therapies using immune checkpoint
inhibitors (ICIs). In this review, we focus on this important issue and introduce findings from recent
studies regarding molecular classifications and immune phenotype of HCC. Furthermore, we discuss
the development of novel combination therapies that may further improve the efficacy of ICIs in these
refractory tumors.

2. Molecular Classification and Immune Phenotype of HCC

2.1. Oncogenic Signal Activation in HCC

Recent deep sequencing technology has led to the revelation of a complex landscape of genetic
alterations in the HCC genome [16-18]. Although the majority of the alterations are considered to
be passenger mutations that do not affect the immortalization or growth of HCC cells, there are
several putative driver mutations that act as gain-of-function or loss-of-function mutations involved in
critical signaling pathways [19]. Generally, HCCs develop in livers with chronic damage, such as that
caused by hepatitis B virus (HBV), hepatitis C virus (HCV), alcoholic liver disease, and non-alcoholic
fatty liver disease (NAFLD). Reportedly, mutations of CTNNBI are associated with alcohol intake,
while TP53 mutations are more frequently detected in HBV-positive HCCs than those with other
risk factors [20]. However, genes carrying mutations are heterogeneous, regardless of etiology of
this type of tumor. Activating mutations in CTNNBI, inactivating mutations in TP53, and activating
mutations in telomerase reverse transcriptase (TERT) are the most frequently detected mutations in
HCC [21-26]. Other genetic alterations that lead to constitutive activation of specific growth signals are
relatively rare [27]. On the other hand, a considerable percentage of tumors exhibit complex patterns
of genetic alterations that lead to the activation and inactivation of various signaling pathways [20].
Guichard et al. classified mutations of HCC based on the signaling pathway involved, such as
Wnt/B-catenin, p53/cell cycle control, chromatin remodeling, phosphoinositide 3-kinase (PI3K)/Ras
signaling, and oxidative stress and endoplasmic reticulum stress pathway [16]. In addition, constitutive
activation of telomerase, which is responsible for the immortalization of cancer cells, may also act as a
driver of HCC carcinogenesis [23,24].

2.2. Molecular Subclass and Tumor Characteristics

Although the genetic alterations and gene expression among individual HCCs are heterogeneous,
several studies have classified HCC based on the patterns of these molecular alterations [9,10].
Genetic changes and expression may affect the phenotype of HCC and may be associated with tumor
characteristics such as biological behavior [28]. Boyault et al. performed comprehensive analyses
of gene expression and classified HCCs using hierarchical clustering analysis. They characterized
HCC subclasses according to mutations, chromosomal alterations, copy number of HBV genomes,
and DNA methylation of the promoters of CDH1 and CDKN2A. Accordingly, HCCs are subclassified
into six groups, with each subclass demonstrating unique molecular characteristics and clinical
features [9]. Group 1-3 (G1-G3) tumors are associated with chromosomal instability and amplification
and overexpression of cell-cycle/proliferation-related genes, such as FGF19/CCND1 on 11q13 [9,29,30].
Among these, G1 is characterized by a low copy number of HBV and the expression of genes activated
in fetal liver. HCCs of G2 have a high copy number of HBV and mutations in PIK3CA and TP53.
Furthermore, activation of the PI3K-Akt pathway is prominent in both G1 and G2 HCC tumors. Tumors
of G3 tend to carry TSC1/TSC2 mutations. On the other hand, HCCs classified as G4-G6 exhibit low
levels of chromosomal alterations. The G4 subtype contains various tumor types with mutations in
TCF1, while G5 and G6 are strongly correlated to mutations in CTNNBI, leading to activation of the
Wnt/[3-catenin pathway. The CTNNB1 mutations are frequently accompanied with hypermethylation in
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the promoter of multiple tumor suppressor genes, especially in HCV-positive and aged patients [22,31].
It has been reported that specific clinical features are associated with different subclasses, such as
young age, female, African, and high o-fetoprotein (AFP) with G1, hemochromatosis with G2, and the
presence of satellite nodule with G6 [9]. Hoshida et al. also reported an association of molecular
features with more aggressive and less-aggressive HCCs, where the aggressive types represented
the activation of E2F transcription factor 1 (E2F1) and inactivation of TP53 [10]. As E2F1 mediates
both cell-cycle progression and p53-dependent apoptosis, it is conceivable that the combination of
E2F1 activation and p53 inactivation is likely to result in the acceleration of cell cycle progression and
tumor growth. These investigators also identified two subclasses of aggressive HCCs (S1 and S2)
based on molecular features. The subclass S1 is characterized by activation of the transforming growth
factor (TGF)-B pathway and expression of Wnt target genes in the absence of CTNNB1 mutations.
On the other hand, the subclass S2 demonstrates MYC and AKT activation and overexpression of
AFP and insulin-like growth factor 2 (IGF2) and is accompanied by the downregulation of interferon
(IFN)-related genes. High serum AFP levels, expression of epithelial cell adhesion molecule (EpCAM),
and vascular invasion are also frequently observed in 52 HCCs. Expression of stem/biliary markers,
such as cytokeratin 19 (CK19), is similarly enriched in both S1 and S2 subclasses. Tumors belonging to
subclass S3 are characterized by a less-aggressive phenotype and the retention of mature liver function,
as exemplified by the upregulation of genes involved in metabolism, detoxification, and protein
synthesis [10]. The activating mutation of CTNNBI is primarily observed in S3, which is enriched in
the G5 and G6 subclasses of Boyault et al. [9].

On the other hand, associations between molecular alteration and clinicopathological
characteristics are also reported. Calderaro et al. described the histological features of HCCs that carry
CTNNBI1 and TP53 mutations [32]. CTNNBI and TP53 mutations appear to be mutually exclusive.
HCCs with CTNNB1 mutations are generally large, well-differentiated, and show microtrabecular or
pseudoglandular histological patterns, cholestatic tendencies, and a lack of inflammatory infiltrates.
On the other hand, TP53 mutations are associated with poorly differentiated HCCs with a compact
pattern, multinucleated and pleomorphic cells, and frequent vascular invasion. These investigators
also clarified several molecular characteristics of specific HCC subtypes, including scirrhous subtypes
of HCCs that showed TSC1/TSC2 mutations, epithelial-to-mesenchymal transition, and expression of
genes related to progenitor cells [32]. The steatohepatitic subtype of HCC is characterized by activation
of the interleukin (IL)-6/JAK/STAT pathway with wild-type CTNNB1, TERT, and TP53. Interestingly,
such phenotypic features are closely linked to the G1-G6 subgroups proposed by Boyault et al. with
the association of progenitor phenotype to G1, macrotrabecular massive subtype and macrovascular
invasion to G3, steatohepatitic subtype to G4, and cholestasis and lack of inflammatory infiltrates to
G5 and G6 (Figure 1) [9].
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Figure 1. Molecular classification, clinicopathological characteristics, and immune phenotype of human
hepatocellular carcinoma (HCC). Subclasses shown as G1-G6 were described by Boyault et al. [9].
The associations between the molecular subclass and pathological characteristics were reported by
Calderaro et al. [32]. The classification shown as “periportal type” was described by Desert et al. [33].
Immune phenotype in this figure (immune-high, -med, and -low) was proposed by Kurebayashi
et al. [34]. The bold denotes the representative findings of molecular, clinical, and pathological features.
ECM: extracellular matrix. HNF4A: hepatocyte nuclear factor 4A. HIF1A: hypoxia inducible factor A.
TSGs: tumor suppressor genes.

Desert et al. further subclassified the non-proliferative phenotype of HCCs that demonstrate a
low potential of recurrence [33]. The transcriptomic data revealed two subclasses of non-proliferative
HCCs, the periportal-type (wild-type -catenin) and perivenous-type (mutant 3-catenin). HCCs of
the periportal-type show activation of a hepatocyte nuclear factor 4A-driven gene, low expression
of a metastasis-specific gene, and low frequency of TP53 mutations. Clinically, such tumors are
characterized by early-stage tumors that lack macrovascular invasion. The periportal-type of HCCs
represent the gene expression profile, like the S3 signature described by Hoshida et al. Although this
type of HCC does not carry mutations in CTNNBI, such cases do exhibit a better prognosis than those
of the perivenous-type. On the other hand, the perivenous-type tumors have CTNNBI mutations that
are frequently observed in HCCs, categorized as G5 and G6 (Figure 1) [33].

2.3. Immune Phenothype of HCC

There are several studies that have clarified the association between immune status and clinical
characteristics of HCC, particularly for its relation to the prognosis and the response to the treatment [35-38].
In addition, recent reports have shown a link between molecular subclass and immune phenotype of
HCCs [27,34,39]. Expression of programmed cell death-ligand 1 (PD-L1) in HCC cells is reportedly
associated with clinical parameters related to tumor aggressiveness, such as high serum o-fetoprotein
levels, satellite nodules, vascular invasion, and poorly differentiated phenotype, as well as molecular
features associated with advanced tumor [38,40]. It is also known that PD-L1 expression is more
frequently detected in HCCs that express stem/biliary cell markers CK19 and Sal-like protein
4 (SALL4) [34,38,40]. This suggests that PD-L1 expression is associated with the progenitor subtype
of HCCs, such as HCCs classified as G1. Furthermore, PD-L1 expression in tumor infiltrates also
correlates with aggressive tumor characteristics [38].
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2.3.1. Classification of HCC Based on the Gene Expression Pattern and Immune Milieu

Siaetal. found that approximately 25% of HCCs they evaluated were classified as “immune-specific
class” based on gene expression profiling [39]. Furthermore, they found that this phenotype consists
of two immune phenotype subclasses, active and exhausted immune subclasses, according to gene
expression profiles of tumor, stromal, and immune cells. The HCCs belonging to the active immune
subtype, which is related to better survival, shows enriched gene expression related to antitumor
immune response, such as the expression of interferon-related and adaptive immune response genes.
In contrast, the exhausted immune subtype enriched with HCCs belonging to the S1 subclass described
by Hoshida et al. [10], exhibits gene expression characterized by activation of a potent immunoregulatory
cytokine signal, such as transforming growth factor-f3 (TGF-f3), which is known to regulate stroma
interactions and angiogenesis, induce T-cell exhaustion, and promote M2 macrophages. Through
methylome analyses, it has been suggested that immune subclasses have unique DNA methylation
signatures that determine the immune response to HCC [39]. Meanwhile, another study demonstrated
that alteration of genes involved in the activation of Wnt/3-catenin signaling results in poorer disease
control, shorter PFS, and lower OS with respect to treatment of patients with ICIs [41]. Therefore,
the presence of activating mutations involved in Wnt/B-catenin signaling is associated with innate
resistant to ICIs. Reportedly, HCCs with a CTNNB1 mutation show significantly lower enrichment
scores for several immune signatures, in particular T cells, and also demonstrate overexpression of
protein tyrosine kinase 2 (PTK2), which may lead to immune exclusion [39]. De Galarreta et al. showed
that 3-catenin-driven tumors are resistant to anti-programed cell death-1 (PD-1) therapy in a mouse
model where expression of chemokine (C-C motif) ligand 5 (CCL5) restores immune surveillance [42].
Therefore, an activating mutation in (3-catenin may be a negative predictive marker for patients with
HCC treated with ICIs.

Immune microenvironment of HCC was classified into three distinct subtypes based on
immuohistochemical analyses of the immune regulatory molecules [34]. The subtypes include
immune-high, immune-mid, and immune-low groups. HCC classified as the immune-high subtype
show increased infiltrations of B cells, plasma cells, and T cells. Consistent with previous reports,
the immune-high subtype is characterized by poorly differentiated HCC, positive for CK19 and/or
Sal-like protein 4 (SALL4), and enrichment of tumors belonging to S1 and G2 subclasses (Figure 1) [34,38].
Itis also confirmed that patients with HCC belonging to the immune-high subtype have better prognosis,
even in cases of patients with high-grade tumor. Another study reported that HCCs with immune
cell stroma exhibit distinct clinical features of dense CD8" and EBV-positive CD20* tumor infiltrating
lymphocytes (TILs) and have good prognosis [43]. This type of HCC is characterized by the lack of
CTNNBI1 mutations, global hypermethylation, expression of PD-1 and PD-L1 in tumor infiltrating
lymphocytes (TILs), and expression of PD-L1 in tumors.

Taken together, HCC cases with the immune-high subtype, which is enriched of the tumors with
progenitor/proliferative gene expression pattern, especially in the S1 and G2, may also be candidates
for treatment with ICIs because this type of HCC generally shows immune infiltrates and express
PD-L1 in the tumor tissues. However, a majority of inflammatory infiltrates in tumor show exhausted
phenotype with expression of genes involved in Wnt/TGF-{ signaling and M2 macrophage [39,40,44,45],
and additional agents that alter the immune milieu should be required for the treatment of this subclass.
On the other hand, HCCs with expression of adaptive immune response genes, such as IFN-vy,
granzyme B, CD8A, and T-cell receptor G, may show a considerable response to ICIs [30,39]. Generally,
HCCs with hepatocyte-like/non-proliferative gene expression pattern lack the activation of PD-1/PD-L1
signaling as well as gene expression related to immune infiltrates in the tumor [34,40,41].

2.3.2. Characteristics of Inflammatory Infiltrates in HCC Tissues

Expression of immune suppressive receptors in immune infiltrates are associated with shorter
survival of patients with HCC. For example, T-cell immunoglobulin and mucin domain 3 (TIM-3)
expression in tumor-associated macrophages (TAMSs) strongly correlates with higher tumor grade and
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poor patients’ survival [46], whereas TGF-f3 induces TIM-3 expression and an alternative activation of
macrophages. In addition to TIM-3, expression of another immune suppressive receptor, lymphocyte
activation gene-3 (LAG-3), is also increased in immune infiltrates of HCC tissues, suggesting that PD-1,
TIM-3, and LAG-3 may cooperate and are implicated in inducing anti-tumor immune tolerance [14,47].

Meanwhile, Zheng et al. characterized the molecular and functional properties of T cells from
HCC specimens, adjacent non-tumorous tissues, and peripheral blood using single cell sequencing [44].
In HCCs, T-cell enrichment with clonal expansion of CD8* T-cell populations with exhausted phenotype
is observed according to the sequencing of T-cell receptors in TILs. These investigators found that
layilin is upregulated in activated CD8* cytotoxic T-cells and regulatory T-cells (Tregs) in HCC and
these cells play a role in repression of CD8* T-cell functions. Heterogeneity among the populations of
exhausted tumor-infiltrating CD8* T-cells has also been reported. TILs with high expression of PD-1
show higher expression levels of genes that regulate T-cell exhaustion compared to TILs that only
moderately express PD-1 [47]. Consistent with another report, cells that express high levels of PD-1 also
express TIM-3 and LAG-3 and produce low levels of cytokines necessary for cytotoxic effects of T cells,
such as interferon-y (IFN-y) and tumor necrosis factor (TNF). In addition, the expression pattern of
PD-1 in CD8" TILs characterize the two subgroups of HCCs. HCC tumors with PD-1-high CD8* TILs
are more aggressive than those without PD-1-high cells. PD-L1 combined positive score (CPS) can be a
biomarker used to predict a favorable response to PD-1/PD-L1 blockade [48]. CPS represents PD-L1
expression in both the tumor and intra-tumor inflammatory cells and is significantly higher in cases
with PD-1-high CDS8™" TILs than those with PD-1-low. Furthermore, incubation of PD-1-high CD8*
T-cells from HCCs with anti-PD-1 and anti-TIM-3 or anti-LAG-3 antibodies restore cell proliferation
and the production of IFN-y and TNF-« in response to anti-CD3. Therefore, HCC cases with high
expression of PD-1 in CD8* TILs may be good candidates for treatment with a combined immune
checkpoint blockade [40,49].

In addition to the exhaustion of CD8" T cells, several stromal cells, such as myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAMs), Tregs, type 2 helper T (Th2) cells,
and cancer-associated fibroblasts (CAFs), act in concert in refractoriness to immunotherapy in HCC
patients [6,50]. Hypoxia in tumor tissues stimulates the induction of vascular endothelial growth factor
(VEGEF) in cancer cells and contributes to the recruitment of immune suppressive stromal cells through
the binding of VEGF to its receptor on MDSCs, TAMs, Tregs, and CAFs [6,51].

So far, infiltration of MDSCs and Tregs is known to be associated with HCC progression and
worse outcome of the patients [52,53]. Increase of arginase 1 in MDSC lead to the depletion of arginine,
which impairs the function of immune cells [54]. TGF-3 and IL-10 from MDSC stimulate Tregs and
suppress natural killer (NK) cells [55]. The M2 polarization of macrophages is induced through the
secretion of IL-10 from MDSCs, which result in the downregulation of IL-12 in TAMs. High IL-10
and low IL-12 levels further stimulate the induction of Th2 cells and TAM. TGF-3 from MDSCs
suppress CD4* and CD8" T cells and NK cells. It also induces immune suppressive receptors on T
cells and TAMs [46]. TGF-$3 and IL-10 signaling, along with the stimulation of VEGF signal, play a
role for further activation of Tregs [56]. CAFs and endothelial cells can also be players for anti-tumor
immunosuppression. Prostaglandin E2 and indoleamine 2,3-dioxygenase (IDO) from CAF lead to
the NK cell dysfunction [57]. Endothelial cells in cancer tissues, reportedly, produce the C-X-C motif
chemokine ligand 12, resulting in the recruitment of MDSC [58]. Activation of endothelial cells also
contribute to the TGF-3-mediated Treg induction.

3. Effective Application of Immune Checkpoint Inhibitors for HCC Cases

3.1. HCC Response to Immune Checkpoint Inhibitors

Although several phase II clinical trials of ICI monotherapies have shown favorable outcomes for
the use of ICls in patients with HCC [48,59], a phase III study failed to demonstrate positive results as
the first-line treatment with respect to OS and PFS compared to the multi-kinase inhibitor sorafenib [7],
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and as the second-line treatment after sorafenib compared to best supportive care (Table 1) [8]. However,
there are molecular features that may be associated with response to ICIs. For example, the HCC with
microsatellite instability is reported to show good response to treatment with pembrolizumab [60].
The presence of CTNNB]1 variants is associated with the activation of Wnt/(3-catenin signaling as well
as a lack of immune infiltrates in HCC tumors, which are predictors of a poor response to ICIs in
patients with HCC [41]. On the other hand, HCC subtypes with high inflammatory infiltrates, such
as HCC of the G2 subclass, may be expected for respond to ICIs [34], although additional agents for
combination therapy may be required for a good response [40]. Immunohistochemistry-based markers
such as CPS may predict the anti-tumor response to ICIs [48]. However, tumor specimens are required
in order to perform the immunohistochemical analysis, which are sometimes difficult to obtain in
clinical settings. On the other hand, molecular markers based on genetic alterations of tumor cells
based on liquid biopsy may be applicable in which DNA from peripheral blood is used for analysis.
From this point of view, the development of a mutation-based molecular marker may prove to be
a promising approach for identifying responders for ICIs among HCC patients. However, immune
infiltrates of tumor tissues frequently express multiple immune checkpoint molecules that are likely to
result in refractoriness to immune checkpoint monotherapies [14,34,40]. Therefore, additional agents
for combined immune checkpoint blockades should be required to assure improved response rates.

Table 1. Clinical trials and outcomes of immune checkpoint monotherapies in HCC.

Clinical Trial ID Trial Name Agents ! Setting 2 Key Outcome 3
Phase I/II

ORR: 20% *
DCR: 64%, (37%) ®
0S: 13.2 months (8.6-NE) ©

Aol ORR: 17% 7
NCT02702414 KEYNOTE-224  Pembrolizumab e ojl“e DCR: 62%
= 08: 12.9 months (9.7-15.5)

dose-escalation, n = 48,

NCT01658878 CheckMate 040 Nivolumab .
dose-expansion, n = 214

Phase IIT

Nivolumab adjuvant, randomized,

NCT03383458 CheckMate 9DX double-blinded RFS
versus placebo

(n = 530)
Median OS: 16.4 months in the
nivolumab group and 14.7 months in
Nivolumab first-line, randomized, the sorafenib group. 8
NCT02576509 CheckMate 459 M . open label, Median PFS: 3.7 months for nivolumab
versus Sorafenib .
n =743 and 3.8 months for sorafenib.

ORR: 15% in the nivolumab group and
7% in the sorafenib group.

Tislelizumab first-line, randomized,

NCT03412773 Rationale-301 R open label, 0Ss
versus sorafenib (n = 674)

Median OS: 13.9 months in the
pembrolizumab group and
10.6 months in the placebo group;
HR 0.781, p = 0.0238.
Median PFS: 3.0 months for
pembrolizumab and 2.8 months for
placebo; HR 0.781, p = 0.0022. °
ORR: 18.3%, DCR: 62.2%

. second-line, randomized,
Pembrolizumab ’ ’

NCT02702401 KEYNOTE-240 double-blinded,
versus placebo n=413

1 Bold denotes immune checkpoint inhibitors. 2 n, number of the patients analyzed in the study. The number

in the parenthesis shows the number of the planned enrollment. 3 Bold denotes the primary outcome measures
of the study. Duration of responses and survival are shown as median values. The numbers in the parenthesis
show 95% confidential interval (CI). 4 El-Khoueiy et al. Lancet 2017; 389: 2492-2502 [59]. 5 Disease control with
stable disease for >6 months. ¢ Median overall survival of the sorafenib progressor without viral hepatitis in the
dose-expansion cohort. 7 Zhu et al. Lancet Oncol 2018; 19: 940-952 [48]. 8 Yau et al. The European Society for
Medical Oncology (ESMO) 2019 congress (# LBA38). ° Finn et al. J Clin Oncol 2019; 38: 193-202 [8]. The 95%
CI of median OS: 11.6 to 16.0 months in the pembrolizumab group and 8.3 to 13.5 months in the placebo group
(hazard ratio, HR, 0.781; 95% CI, 0.611 to 0.998; p = 0.0238). The 95% CI of median PFS was 2.8 to 4.1 months for
pembrolizumab and 1.6 to 3.0 months for placebo (HR, 0.718; 95% CI, 0.570 to 0.904; p = 0.0022). OS and PFS did not
reach statistical significance per specified criteria in this study. ORR, objective response rate; DCR, disease control
rate; OS, overall survival; NE, not estimated; RSF, recurrence-free survival; PFS, progression-free survival.
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3.2. Combined Immune Checkpoint Blockade Based on Inflammatory Infiltrate Characteristics of HCC

As shown above, several studies have analyzed the expression of immune suppressive
receptors and ligands in inflammatory infiltrates [14,34,40,45]. Generally, inflammatory cells in HCC
express several immunosuppressive molecules, suggesting that such immune cells are functionally
compromised. For example, expression of PD-1, TIM-3, LAG-3, and CTLA4 is significantly higher on
CD8" and CD4" T-cells in HCC tissue than those in non-tumor tissues or peripheral blood, and dendric
cells (DCs), monocytes, and B cells in tumors express ligands for these receptors [45]. In addition,
tumor-associated antigen (TAA)-specific CD8* TILs express higher levels of PD-1, TIM-3, and LAG-3
compared to that of other CD8* TILs. Importantly, antibodies against PD-L1, TIM-3, or LAG-3
restore responses of HCC-derived T cells to tumor antigens, and treatment with combinations of
these antibodies demonstrate additive effects in the restoration of T-cell function response to TAA [45].
On the other hand, Brown et al. reported the resistance of tumor cells to ICIs through the upregulation
of IDO in patients with HCC [61]. Both anti-CTLA4 and anti-PD-1 antibodies induce IDO and the
combination of ICIs with 1-methyl-D-tryptophan, an inhibitor of IDO, is able to suppress tumor growth
of HCC in a mouse model. Therefore, anti-PD-1 therapy combined with anti-TIM-3, anti-LAG-3, or IDO
inhibitor may be worth consideration for patients with HCCs that have exhausted immune infiltrates
(Figure 2a). In addition to the phase III combined immune checkpoint blockade using anti-PD-1/PD-L1
and anti-CTLA-4 antibodies, currently, phase I/II clinical trials for the combinations of anti-PD-1
and anti-TIM-3 antibodies (ClinicalTrials.gov NCT03680508), anti-PD-1 and anti-LAG-3 antibodies
(NCT03250832), and anti-PD-1 antibody and IDO inhibitors (NCT03695250) are ongoing (Table 2).
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Figure 2. Illustrative figures of expected combination therapies for HCC patient refractory to immune
checkpoint monotherapies. (a) In cases with expression of PD-L1 in HCC but multiple co-inhibitory
receptors on tumor infiltrates, dual blockade of PD-1/PD-L1 and anti-TIM-3 or anti-LAG-3 should be
required. (b) Because VEGF is known to play an important role for induction of immune suppressive
molecules and cells, dual blockade of PD-1/PD-L1 and VEGF axis should be effective. (c) In cases with
expression of PD-L1 and activating mutation in the PI3K-mTOR pathway in HCC, dual blockade of
PD-1/PD-L1 and the PI3K-mTOR pathway might be effective. Notably, both anti-PD-1/PD-L1 and
anti-PI3K-mTOR agents could target cancer stem cells (CSCs). (d) In cases with a lack of CD8* T cell
infiltration in tumor (activating mutation in the 3-catenin pathway is common in this type), ADAR1
inhibitor and epigenetic modulator might induce the recruitment of CD8" T cells into tumor and
contribute to the induction of anti-tumor immunity.
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Table 2. Clinical trials and outcomes of combined immune checkpoint blockade in HCC.

Clinical Trial ID Trial Name Agents ! Setting 2 Key Outcome 3
Phase I/IT
ORR: 32% *
NCTO01658878 CheckMate 040 Nivolumab + Ipilimumab n=50 DCR: 54%
cckvate otumab =+ primuma = 0S: 22.8 months (9.4-NE)
DOR: 17.5 months (4.6-30.5)
. _ ORR: 25% 5
NCT02519348 Durvalumab + Tremelimumab n =40 DCR: 57.5%
TSR-002 + TSR-042 first-line,
NCT03680508 (Dostarlimab) (n=42) ORR
dose escalation and .
NCT03250832 TSR-033 + TSR-042 dose expansion cohorts  ES for dose escalation cohort
ORR for dose expansion cohort
(n = 200)
NCT03695250 BMS986205 + Nivolumab first- "(;Sfcz";‘)d'h“e’ AEs and ORR
Phase IIT
Nivolumab + Ipilimumab first-line, randomized,
NCT04039607 CheckMate9DW Y priimuma; open label, 0s
versus Sorafenib/Lenvatinib
(n =1084)
. first-line, randomized,
NCT03298451 HIMARAYA Durvalumab # Tremelimumab open label, os
versus Sorafenib (n=1310)

1 Bold denotes immune checkpoint inhibitors. 2 n, number of the patients analyzed in the study. The number in the
parenthesis shows the number of the planned enrollment. 3 Bold denotes the primary outcome measures of the
study. Duration of responses and survival are shown as median values. The numbers in the parenthesis show 95%
confidential interval.  Yau et al. J Clin Oncol. 2019; 37 (supplement abstract 4012). 3 Kelley et al. J Clin Oncol 2017;
35 (supplement abstract 4073). DOR, duration of response; AEs, adverse events.

3.3. Combined Blockade of PD-1/PD-L1 and VEGF Axis

Because HCC is known as a hypervascular tumor where the development of tumor vessels plays an
important role in its pathogenesis [62,63], several ongoing clinical studies are evaluating the combination
of anti-angiogenic agents and ICIs (Table 3) [64]. Multiple agents that target VEGF and its receptor
(VEGEFR) are proven to be effective in the treatment of HCC, including the anti-VEGFR?2 antibody,
ramucirumab [65]. In addition, anti-angiogenic agents are believed to alter the immunosuppressive
microenvironment in HCC [6]. It has been reported that anti-angiogenesis normalizes the leaky
vascular network induced by VEGEFE, where the lack of adhesion molecules on endothelial cells may
impair the extravasation of T cells [62,66] and induce an immune proficient condition. VEGF play
a role in the recruitment of Tregs into tumor tissues and M2 polarization of macrophages via the
increase of IL-4 and IL-10. VEGF is also critical for inhibition of the maturation of dendric cells (DCs)
by activating NF-«B, production of IDO in tumor cell and macrophage, T-cell exhaustion by inducing
PD-1, LAG-3 and TIM-3, accumulation of myeloid-derived suppressor cells (MDSCs), and inhibition
of natural killer cell activity [6,67]. Therefore, a combination of ICIs with anti-VEGF agents should
be effective (Figure 2b) [67-69], although the dosage that best improves the therapeutic effect of ICIs
needs to be defined in individual agents [70]. Accordingly, dual blockade of the VEGF/VEGEFR and
PD-1/PD-L1 axes in patients with advanced HCC using the anti-PD-L1 antibody atezolizumab and the
anti-VEGEF-A antibody bevacizumab, or the anti-PD-1 antibody camrelizumab and the VRGFR2-TKI
apatinib results in considerable ORR (Table 3) [64]. In addition, other combinations modulating
immune microenvironment, such as the combination of anti-PD-1 antibody with an inhibitor of TGF-3
receptor, is also under the early phase clinical trial (Table 3: NCT02423343).
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Table 3. Clinical trials and outcomes of the combination therapies with immune checkpoint inhibitors

and molecular targeted agents.

Clinical Trial ID Trial Name Agents ! Setting 2 Key Outcome 3
Phase I/I1
NCT03299946 CaboNivo Cabozantinib + Nivolumab neoadjuvant, AEs and number of patients who
(n=15) complete the treatment.
fi . lati ORR: 53.3% (34.3-71.7), DOR: 8.3 months
Lenvatinib + irst-line, (dlose-esca ation, (3.8-11.0) *
NCT03006926 Pembrolizumab dose-expansion), n =30 (=" g _ 90 09,735-97.9, PFS: 9.7 months
7.7-NE, OS: 14.6 months 9.9-NE.
AE
ORR: 13.6% (2.9-34.9) 5
. e AFP >400 ng/mL, DCR: 68.2 (45.1-86.1)
NCT03289533 VEGF Liver 100 Avelumab + Axitinib n=22 PFS: 5.5 months (1.9-7.4)
OS: 12.7 months (0.0-NE)
DOR: 5.5 months (3.7-7.3)
NCT03418922 Lenvatinib + Nivolumab f(lr‘\s"_'lg(;” DLT, AEs
Atezolizumab + ORR: 27% ®
NCT02715531 GO30140 Bevacizumab n=73 PFS: 7.5 months (0.4-23.9+)
first or second-line,
NCTO01658878 CheckMate 049~ Cabozantinib + Nivolumab (dose-escalation, safety, tolerability, ORR
+ Ipilimumab dose-expansion),
(n = 1097, across all cohorts)
Cabozantinib + first-line, (dose-escalation and
NCT03170960 COSMIC-021 . dose-expansion), (n = 1732, MTD, ORR
Atezolizumab
across all cohorts)
NCT03347292 Regoraf.emb + first-line, (dose-gscalatlon and TEAE, DLT
Pembrolizumab dose-expansion, n = 57)
NCT03539822 CAMILLA Cabozantinib + second-line, MTD
Durvalumab (n=30)
NCT03475953 REGOMUNE Regorafenib + Avelumab S‘z;"fi'llg)‘e’ Recommended phase IT dose, ORR
DLTs
Ramucirumab + Second-line and AFP > 1.5x ORR: 11% 7
NCT02572687 Durvalumab ULN,n =28 PFS: 4.4 months (1.6-5.7)
OS: 10.8 months (5.1-18.4)
. ORR: 38.9% 8
NCT3463876 RESCUE SHR-121 (Camrelizumab) + n=18 (n = 40) DCR: 83.3%
P PFS: 7.2 months (2.6-NE)
. second-line and AFP
NCT02423343 Galunisertib (TGFf receptor 53 o1 (dose escalation MTD
I inhibitor) + Nivolumab X
and cohort expansion, n = 75)
Phase I11
Durvalumab + adjuvant, randomized,
NCT03847428 EMERALD-2 . ~ double-blinded, RFS
Bevacizumab versus placebo
(n = 888)
OS: not reached for Atezolizumab
+ bevacizumab vs 13.2 months for
Atezolizumab + first-line, randomized, sorafenib; HR 0.58, p = 0.006 °
NCT03434379 IMbravel50 Bevacizumab versus open label, PFS: 6.8 months for Atezolizumab
sorafenib n =501 + bevacizumab versus 4.3 months for
sorafenib; HR 0.59, p < 0.0001
ORR: 27%
Lenvatinib + first-line, randomized,
NCT03713593 LEAP-002 Pembrolizumab versus double-blinded, OS, PFS
Lenvatinib (n = 750)
At Ca?ozantl][)ub + first-line, randomized,
NCT03755791 COSMIC-312 ezonizumab Versus open label, 0S, PFS
Sorafenib versus (n = 740)

Cabozantinib

1 Bold denotes immune checkpoint inhibitors. 2 n, number of the patients analyzed in the study. The number in
the parenthesis shows the number of the planned enrollment. 3 Bold denotes the primary outcome measures of
the study. Duration of responses and survival are shown as median values. The numbers in the parenthesis show
95% confidential interval. 4 Tkeda et al. The American Association for Cancer Research (AACR) annual meeting
2019 (abstract #18). ® Mudo et al. J. Clin Oncol 2019; 37 (supplement. abstract 4072). 6 Pishvaian et al. ESMO
2018 congress (# LBA26). 7 Bang et al. ] Clin Oncol 2019; 37 (supplement. abstract). 8 Xu et al. J Clin Oncol 2018;
36 (supplement. abstract 4075). ° Cheng et al. ESMO Asia2019 congress (# LBA3). DLT, dose-limiting toxicity; MTD,
maximum tolerated dose; TEAEs, treatment-emergent adverse event.
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3.4. Immune Checkpoint Inhibitors of Cancer Stem Cells

As previously reported, PD-L1 is expressed in the progenitor subtype of HCCs [34,38]. We also
found a significant increase of PD-L1 expression in CK19-positive and/or SALL4-positive HCCs
compared to those not expressing such markers [40]. Interestingly, genetic alterations involved in the
PI3K-Akt pathway are more frequently detected in PD-L1-positive tumors than in PD-L1-negative
tumors [40]. Inactivation of phosphatase and tensin homolog deleted from chromosome 10 (PTEN),
which is known to suppress PI3K, leads to the expression of PD-L1 in glioma [71]. More importantly,
a recent report suggests that an inactivating mutation of PTEN and activating mutation of PI3KCA are
associated with CK19 expression in HCC [72], where expression of PD-L1 is common. As activation
of the PI3K-Akt pathway is a characteristic of cancer stem cells (CSCs) [73], genetic alterations and
constitutive activation of this pathway may give rise to the overexpression of PD-L1 and induce stem
cell features in HCCs. From this perspective, blockade of the PD-1/PD-L1 axis may be effective for HCC
with stem cell-like characteristics, which is resistant to conventional therapies. However, we have also
found that infiltration of CD8* cells is not as prominent in PD-L1-positive HCCs with mutations in the
PI3K-Akt pathway compared to those without the mutations. Constitutive activation of the PI3K-Akt
pathway in HCC might induce PD-L1 expression, even in a non-inflamed background, where a lack
of CD8* T-cells could be an obstacle for sufficient action of anti-PD-1/PD-L1 monotherapy. On the
other hand, it is also suggested that the PI3K-Akt pathway is frequently activated in CSCs and PI3K
inhibitors preferentially target CSCs [73]. As the expression of stem cell markers in HCC is associated
with PD-L1 expression and since anti-PD-1/PD-L1 antibody might also target CSCs, a dual blockade of
the PD1/PD-L1 axis and PI3K-Akt pathway may be an option for treating patients with HCC showing
stem cell features (Figure 2c) [74].

3.5. Current Limitation of Immune Checkpoint Inhibitors and Challenge for HCC with Lack of Immune Infiltrates

HCC patients with dense lymphocyte infiltration reportedly show a marked reduction of response
rate after curative resection of tumor, suggesting that TILs are critical for anti-tumor immune
response [75]. From this point of view, it is conceivable that “immune cold tumor” with lack of
immune infiltrates should be refractory to ICIs [66]. Ishizuka et al. reported that loss-of-function of the
RNA-editing enzyme adenosine deaminase acting on RNA (ADAR1) overcomes immune checkpoint
blockade resistance caused by inactivation of antigen presentation by tumor cells [76]. This restoration
of sensitivity to immunotherapy may occur without recognition of TAA by CD8" T-cells. As ADAR1
is able to act as an oncogene and its overexpression plays a role in the carcinogenesis of HCC [77],
intervention of ADARI activity may also be a promising approach as an effective immunotherapy in
patients with HCC refractory to ICIs due to the lack of CD8* TILs (Figure 2d).

On the other hand, results from methylome analyses of cancer tissues suggest that epigenetic
alterations in HCC may affect the anti-tumor immune response. Hong et al. investigated the role
of epigenetic therapy on enhancing immunotherapy responses in HCC [78]. Treatment of HCC cell
lines with inhibitors of enhancer of zeste homolog 2 (EZH2) and DNA methyltransferase 1 (DNMT1)
improved the induction of Th1l chemokines and HCC-related antigens upon treatment with anti-PD-L1
antibody. Furthermore, using an in vivo model, they found that the combination of PD-1/PD-L1
blockade with an epigenetic modulator improves the trafficking of CD8* T-cells into tumor tissues
and promotes tumor regression. Therefore, epigenetic modulation may reactivate the epigenetically
repressed chemokine responsible for T-cell trafficking and induce neoantigens as immune targets.
Thus, the combination of epigenetic therapy with ICIs might also be applicable to cases with refractory
HCC (Figure 2d). Schonfeld et al. showed that polymorphism in the protein arginine methyltransferase
1 (PRMT1) was associated with protein expression and modulated the expression of PD-L1 and PL-L2
in HCC cells [79], suggesting that intervention of PRMT1 activity could also restore the response to
immune checkpoint inhibitors in some patients.

For the development of biomarkers that predict the tumor response to immunotherapy;, it is
critical to improve the outcome of the treatment. Previous reports point out that tumors with active

117



Cancers 2020, 12, 1274

IFN-vy signaling show immune classes that can be candidates for immunotherapy [30,39]. In addition,
expression of PD-L1 in tumor cells and tumor infiltrates (CPS) was reportedly associated with tumor
response in HCC cases [48]. Detection of activating mutation in CTNNB1 should also be informative
to know immune cold phenotype and lack of response to ICIs in HCC [41]. On the other hand,
Feun et al. indicated that baseline plasma TGF-{3 level could be a predictive biomarker for the response
to pembrolizumab [80], and clinical trials of combined blockade of PD-1/PD-L1 and TGF-3 axis are
ongoing (Table 3). Dong et al. analyzed multiple tumors of the same patients for genetic structure,
neoantigens, T cell receptor repertoires, and immune infiltrates, and found that only a few tumors
were under the control of immunosurveillance and the majority carry a variety of immune escape
mechanisms, even in a single case [81]. From this point of view, precise analysis of immune phenotype
of HCC should contribute to the establishment of personalized immunotherapy in HCC cases.

4. Conclusions

Several studies have demonstrated the efficacy of immune checkpoint inhibitors in HCC, even in
tumors that are resistant to conventional therapies. However, only a small subset of HCCs show an
anti-tumor response to immune checkpoint monotherapy [5,48,59,82]. Therefore, understanding the
immunological microenvironment of HCC is crucial since the response to anti-PD-1 therapy may be
determined by the immune status of the tumor [13,15,83]. As the mutational signature of HCC may
affect its immunophenotype thorough the induction of immune regulatory molecules and cells, the data
presented here may be informative in the development of effective combination therapies using ICIs
for treating patients with HCC, especially those who are refractory to conventional therapies.
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Abstract: A successful phase III trial for the combination of atezolizumab and bevacizumab
(the IMbravel50 trial) in advanced hepatocellular carcinoma has recently been reported. This is
groundbreaking because nivolumab and pembrolizumab, both programmed cell death-1 (PD-1)
antibodies, have failed to show efficacy as first- and second-line therapeutics, respectively, in phase
III clinical trials. Immunotherapy with a combination of atezolizumab and bevacizumab resulted
in better survival than treatment with sorafenib for the first time since sorafenib was approved
in 2007. The high efficacy of the combination of PD-1/programmed death ligand 1 (PD-L1) and
vascular endothelial growth factor (VEGF) antibodies is not only due to their additive effects on
tumor growth, but also to their reprogramming of the immunosuppressive microenvironment into an
immunostimulatory microenvironment. These results were confirmed in a phase Ib trial that showed
significantly longer progression-free survival in the atezolizumab plus bevacizumab group than in
patients that received atezolizumab alone. These results demonstrate that immunotherapy with a
combination of PD-1/PD-L1 and VEGF inhibitors is effective and may result in a reprogramming
of the tumor microenvironment. The results of an ongoing phase IlI trial of a PD-1 antibody in
combination with the VEGF receptor tyrosine kinase inhibitor (TKI) are highly anticipated.

Keywords: hepatocellular carcinoma; immune checkpoint inhibitor; PD-1 antibody; PD-L1 antibody;
anti-VEGF inhibitor

1. Introduction

At the European Society for Medical Oncology (ESMO) Asia in November 2019, the positive
results of the IMbravel50 study, a trial which compared the effects of the combination of atezolizumab
and bevacizumab with those of sorafenib [1], drew attention to the possibility of immunotherapy
with a combination of programmed cell death-1 (PD-1)/programmed death ligand 1 (PD-L1) and
vascular endothelial growth factor (VEGF) inhibitors. This review outlines the scientific rationale for
the therapeutic combination of PD-1/PD-L1 and VEGF antibodies, proof-of-concept results of the phase
Ib trial, and results of other phase Ib trials for similar combination strategies.

2. The Rationale Underlying the Combination of PD-1/PD-L1 and VEGF Inhibitors

At tumor sites, VEGF released by hypoxic cancer cells and vascular endothelial cells promotes
tumor growth, invasion, and metastasis by increasing neovascularization [2]. Simultaneously, VEGF
enhances the mobilization and proliferation of various cells, including regulatory T cells (Tregs), and the
release of immunosuppressive cytokines [2,3]. It also enhances the mobilization of tumor-associated
macrophages (TAMs) and their polarization to an M2 phenotype. Tregs and TAMs promote tumor
growth through the release of VEGF and angiopoietin-2, among other mechanisms [4]. VEGF can also
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activate myeloid-derived suppressor cells (MDSCs), which in turn release more VEGF [4]. Furthermore,
VEGF inhibits dendritic cell maturation and antigen presentation in the priming phase. Thus, VEGF
reduces the proliferation and activation of naive CD8+ cells by suppressing dendritic cell activity even
in the presence of neoantigens [4] (Figure 1). VEGF-induced Tregs, TAMs, and MDSCs reduce the
proliferation and function of CD8+ cells. VEGF also prevents antigen-activated CD8+ cells from infiltrating
the tumor tissue through its effects on tumor angiogenesis. In addition, VEGF creates a microenvironment
that inhibits the function of T cells in the tumor during the effector phase of the immune response [4].
Furthermore, immunosuppressive cells (Tregs, TAMs, and MDSCs) promote immune escape by
releasing immunosuppressive cytokines, including interleukin (IL)-10 and transforming growth factor
beta (TGF-f3), and by inhibiting dendritic cell maturation and activation, NK cell activation, and T cell
activation and proliferation [2-25] (Figure 1). The cancer immunity cycle begins with the uptake and
presentation of neoantigens released from necrotic tumor cells by dendritic cells. This is followed by
seven steps: (1) tumor antigen release, (2) tumor antigen uptake and presentation by dendritic cells,
(3) T cell priming and activation, (4) T cell migration to the tumor, (5) T cell invasion of the tumor,
(6) cancer cell recognition by T cells, and (7) attack on tumor cells by T cells, which leads to cancer
cell death and release of additional tumor antigens [5] (Figure 2). VEGF promotes immune escape at
almost every step of the cancer immunity cycle [6-9]. Furthermore, hepatic interstitial cells such as
Kupftfer cells, liver endothelial cells, and hepatic stellate cells are involved in maintaining immune
tolerance in the healthy liver and may contribute to the immunosuppressive microenvironment in
hepatocellular carcinoma [26].

The administration of molecular targeted drugs that inhibit VEGF activity, such as multi-kinase
inhibitors that inhibit VEGF receptors, leads to an increase in antigen presentation by dendritic cells [8].
These drugs also promote T cell activation in the priming phase [8] and improve the migration of
T cells from the lymph nodes to the tumor site by normalizing the tumor vasculature [15]. In addition,
these drugs have been found to suppress the generation of Tregs, TAMs, and MDSCs at the tumor
site, and to negatively regulate the expression of immunosuppressive cytokines such as TGF-f and
IL-10 [10]. VEGF inhibitors therefore reprogram the immunosuppressive tumor microenvironment
into an immunostimulatory environment [6,8]. The administration of PD-1/PD-L1 antibodies under
such conditions enhances the antitumor activity of T cells (Figures 3 and 4). As described above,
the combination of VEGF and PD-1/PD-L1 inhibitors promotes antitumor immunity according to
the four Rs. First, a reversal of the VEGF-mediated inhibition of dendritic cell maturation results
in the effective priming and activation of T cells (Recognition) [9]. Second, anti-VEGF antibodies
normalize the tumor vasculature and promote the effective infiltration of T cells into the tumor
(Recruitment) [15]. Third, anti-VEGF antibodies inhibit the activity of MDSCs, Tregs, and TAMs, leading
to the reprogramming of the immunosuppressive microenvironment into an immunostimulatory
microenvironment (Reprogramming) [6]. Fourth, PD-1/PD-L1 antibodies enhance the ability of T cells
to attack tumor cells (Restoration) (Figure 3). These four Rs lead to efficient cancer immunity and
tumor growth inhibition. Proteins released by the killed tumor cells are taken up by dendritic cells,
and then processed into tumor antigen peptides that are presented on major histocompatibility complex
(MHC) class I molecules, leading to a progression through the cancer immunity cycle and further
tumor attacks [5] (Figure 2). As described above, normalization of the VEGF-suppressed tumor
microenvironment with molecular targeted agents against VEGF leads to the efficient attack on tumors
by activated T cells [5-25,27] (Figures 2 and 4). In addition, non-clinical study of lenvatinib, a tyrosine
kinase inhibitor (TKI), showed that the inhibition of VEGF activity reduced TAMs and Tregs in the
tumor microenvironment, leading to a decrease in TGF-f3 and IL-10, a decreased expression of T cell
exhaustion markers such as PD-1 and TIM-3, and an increased expression of immunostimulatory
cytokines such as IL-12 [28-31]. These findings form the rationale for a trial of the combination of TKIs
and anti-PD-1/PD-L1 antibodies.
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3. Classification of the Tumor Microenvironment and Determination of Immunotherapeutic
Strategies

Cancers are classified into four types based on the presence of tumor-infiltrating CD8+ T cells and
the expression of PD-L1 [32] (Figure 5). Type I tumors contain tumor-infiltrating lymphocytes and
express PD-L1. Type I cancers generally show an adequate response to monotherapy with immune
checkpoint inhibitors. By contrast, type IV tumors lack PD-L1 expression, although they do contain
tumor-infiltrating lymphocytes. Type IV tumors are not responsive to immune checkpoint inhibitors
because the immunosuppressive tumor microenvironment inhibits the proliferation and activity of
CD8+ cells in these tumors. In type I, there is an initial antitumor immune response, in which
perforin, granzyme, and interferon gamma (IFN-y) are released by activated CD8+ cells, resulting in
an immune attack on the cancer cells [32]. However, IFN-y binds to IFN-y receptors on the cancer cell
surface and upregulates the expression of PD-L1 through the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) signaling pathway [31]. This leads to immune escape, whereby
cancer cells evade the attack by activated CD8+ cells. Therefore, type I cancers are responsive to
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monotherapy with PD-1/PD-L1 antibodies. By contrast, type IV tumors do not show an initial local
immune response, even though CD8+ cells are present and the tumor expression of PD-L1 is low. These
tumors are never attacked by CD8+ cells because T cell activity is inhibited by the immunosuppressive
microenvironment. Therefore, induction of IFN-y and PD-L1 expression is not observed [28,32].
As expected, such cancers are not responsive to anti-PD-1/PD-L1 antibody monotherapy due to the
absence of immune escape through the PD-1/PD-L1 axis. Thus, PD-1 antibody monotherapy is not
predicted to be effective in cancers without PD-L1 expression, even if there are large numbers of
tumor-infiltrating lymphocytes. In such tumors, anti-VEGF antibodies or inhibitors may reprogram the
immunosuppressive microenvironment into an immunostimulatory microenvironment by targeting
Tregs, TAMs, and MDSCs, leading to an attack by antigen-specific T cells. This, in turn, would lead to
the induction of PD-L1 on the cancer cell surface by IFN-y. In this scenario, PD-1/PD-L1 antibodies
could inhibit immune escape through the PD-1/PD-L1 axis [28,32]. Therefore, this combination therapy
could be effective in tumors that are unresponsive to anti-PD-1/PD-L1 monotherapy. Dramatic tumor
inhibition could therefore result from the concomitant administration of PD-1/PD-L1 antibodies and
VEGEF antibodies or TKIs in type IV tumors (Figures 3 and 4) [32]. However, in Type II and III tumors,
where no tumor-infiltrating lymphocytes are present, another strategy to increase immunogenicity
may be necessary.
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Figure 5. Cancer is classified into 4 types depending on immune microenvironment (TIL: CD8+ cell
and PD-L1 expression) (Type I-IV) (modified from ref. [32] with permission).

4. The Results of a Phase Ib Trial of the Combination of Atezolizumab and Bevacizumab
(Clinical Trials.Gov Identifier NCT02715531)

4.1. The Use of the Combination of Atezolizumab (a PD-L1 Antibody) and Bevacizumab (a VEGF Antibody) in
Unresectable Hepatocellular Carcinoma (Arm A)

Arm A of NCT02715531 was a single-arm phase Ib study of the combination of atezolizumab
(a PD-L1 antibody) and bevacizumab (a VEGF antibody) in unresectable hepatocellular carcinoma.
Updated results from the 104 unresectable hepatocellular carcinoma patients in Arm A were presented
at the annual meeting of the European Society for Medical Oncology (ESMO) in Barcelona, in the fall of
2019 [33]. Fifty-three percent of patients had macroscopic vascular invasion (MVI), of whom 88% were
hepatocellular carcinoma patients with highly advanced extrahepatic spread (EHS). Although these
were highly advanced cases, evaluation by an independent imaging facility (IRF) based on Response
Evaluation Criteria in Solid Tumors (RECIST, version 1.1) showed an overall response rate (ORR) of
36% (95% confidence interval [CI], 26-46%). The ORR based on the modified RECIST (mRECIST)
was 39%. The percentage of patients achieving a complete response (CR) based on RECIST 1.1 was
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12%. Moreover, the partial response (PR) rate and disease control rate (DCR) were 24% and 71%,
respectively. The median duration of response was not reached (95% CI, 11.8-not estimated [NE]).
There were 20 patients (54%) with a duration of response > 9 months and 11 patients (30%) with
long-term responses (duration of response > 12 months).

In addition, the progression-free survival (PFS) and overall survival (OS) were extremely good
(PFS, 7.3 months [95% CI, 5.4-9.9]; OS, 17.1 months [95% CI, 13.8-not reached]). The result is very
promising considering the fact that 53%, 88%, and 36% of patients had MVI, EHS with or without MVI,
and alpha-fetoprotein (AFP) > 400 ng/mL, respectively.

4.2. Randomized Controlled Arm Comparing the Combination of Atezolizumab Plus Bevacizumab Versus
Atezolizumab Alone (Arm F)

Arm F of the study compared PFS in unresectable hepatocellular carcinoma between the
combination of atezolizumab (1200 mg) and bevacizumab (15 mg/kg) (every 3 weeks), and atezolizumab
alone (1200 mg) as a first-line therapy. This was a proof-of-concept study to determine whether the
favorable outcomes observed in Arm A were due to atezolizumab alone or to the combined effect
of bevacizumab plus atezolizumab. Importantly, the ORR of the combination of atezolizumab and
bevacizumab was slightly higher (20%) than that of atezolizumab alone (17%), which is consistent with
data from other trials on the ORR of immune checkpoint inhibitors alone (about 15-18.3% [34-39]).
In fact, the median PFS was 5.6 months (95% CI, 3.6-7.4) for atezolizumab plus bevacizumab,
and 3.4 months (95% CI, 1.9-5.2) for atezolizumab alone. The hazard ratio was 0.55 (95% CI, 0.40-0.74;
p = 0.0108). These data clearly showed the beneficial effect of bevacizumab on atezolizumab therapy.
The PFS of atezolizumab plus bevacizumab in Arm F (5.6 months) was shorter than that in Arm A
(7.3 months). However, this result may be due to the fact that the median follow-up period of Arm
F was shorter (6.6 months vs. 12.4 months). With extended follow-up, the PFS in Arm F may have
been equivalent to that of Arm A. In any case, the results of Arm F clearly supported the hypothesis
that bevacizumab reprograms the immunosuppressive microenvironment into an immunostimulatory
environment, enhancing the efficacy of atezolizumab (Figure 4).

5. Results of Phase Ib Studies of Other Combinations of PD-1/PD-L1 Antibodies and VEGF Inhibitors

In addition to the trial of atezolizumab and bevacizumab described above, other studies are
examining the efficacy of combined PD-1/PD-L1 and VEGEF inhibition. One such study, the LEAP-002
study, is a phase III clinical trial of pembrolizumab and lenvatinib [40,41]. This trial is ongoing and
the results are highly anticipated. In addition, multiple other clinical trials of immune checkpoint
inhibitors and VEGF inhibitors have been completed (Table 1). The number of patients who received
pembrolizumab and lenvatinib (n = 67) was lower than the number of patients who received
atezolizumab and bevacizumab in Arm A of the phase Ib trial described above (1 = 104). The ORR
(40.3%), DCR (85.1%), PES (9.7 months), and OS (20.4 months) of the combination of pembrolizumab
and lenvatinib were higher than those of the combination of atezolizumab and bevacizumab [42].
Furthermore, the efficacy of the combination of nivolumab and lenvatinib (evaluated by an independent
imaging committee based on RECIST 1.1), which was recently reported at the annual meeting of
the American Society of Clinical Oncology, Gastrointestinal Cancers (ASCO GI), was higher than
that of the other two combination therapies (ORR, 54.2%; DCR, 91.7%; PFS, 7.4 months; and OS, not
reached) [43]. Of course, it is not adequate to compare the results of single-arm trials with different
patient populations, small sample sizes, and short observation periods. However, the results are very
promising. The ORR and PFS of the combination of camerelizumab and apatinib were 38.9% and
7.2 months, respectively [44]. However, there have been no updated reports on this combination.
Moreover, the reported results of the combination of avelumab and axitinib [45] were slightly inferior
to those of other combination therapies (ORR, 13.6%; PFS, 5.5 months; and OS, 12.7 months, based on
RECIST 1.1). Therefore, at present, the most promising ongoing trial is the LEAP-002 study [40,41].
The decision whether or not to proceed to phase IlI trials of the combination of nivolumab and lenvatinib
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has currently drawn attention. In any case, the efficacy of all other combinations of anti-PD-1/PD-L1
antibodies and TKIs or anti-VEGF antibodies, except for the combination of avelumab and axitinib,
is higher than that of nivolumab (a PD-1 antibody) alone (ORR, 15%; DCR, 55%; PFS, 3.7 months;
and OS, 16.4 months) [34] or pembrolizumab alone (ORR, 18.3%; DCR, 62.2%; PFS, 3.0 months; OS,
13.9 months) [36]. Therefore, combined immunotherapy is expected to shift the paradigm as a first-line
treatment option in advanced hepatocellular carcinoma [41,46].

Table 1. Efficacy of Immune Checkpoint Inhibitors and Combination Immunotherapy with VEGF
Antibodies/Tyrosine Kinase Inhibitors in Phase 1b Trials according to RECIST 1.1.

Anti-PD-1 Monotherapy

Efficacy Anti-PD-1/PD-L1 plus TKI/Anti-VEGF (Phase 1b Trial)

(Phase 3 Trial)
Nivolumab  Pembrolizumab Atezolizumab + Pembrolizumab + Camrelizumab Avelumab + Nivolumab +
[34] [36] bevacizumab [33] Lenvatinib [42] + apatinib [44] axitinib [45] Lenvatinib [43]
(n=214) (n=278) (n =104) (n=67) (n=18) (n=22) (n=24)
ORR . 18.3% . . g . 13.6% 54.2%
(95% CI) 15% (14.0-23.4) 36% (26-46) 40.3% (28.5-53.0) 38.9% (2.9-34.9) (32.8-74.4)
DCR o o o o » o 68.2% 91.7%
(95% CI) 55% 62.2% 71% 85.1% (74.3-92.6) 83.3% (45.1-86.1) (73.0-99.0)
PF(géﬁ/r‘"C“It)hs 3.7 (3.1-3.9) 3.0 (2.8-4.1) 7.4 (5.6-10.7) 9.7 (5.3-13.8) 7.2 (2.6-NE) 5.5 (1.9-7.4) 7.4 (3.7-NE)
OS, months 16.4
(95% CI) (13.9-18.4) 13.9 (11.6-16.0) 17.1 (13.8-NE) 20.4 (11.0-NE) NR 12.7 (8.0-NE) NR
DOR, 23 13.8 (1.5-23.6) NE (11.7-NE) 11.0 (5.6-11.0) NA 55 (3.7-7.3) NA

months (M) (3.1-34.5+)

DCR, disease control rate; DOR, duration of response; NA, not available; NE; not evaluable; NR, not reached;
ORR, objective response rate (RECIST 1.1); OS, overall survival; PFS, progression-fee survival. TKI, tyrosine
kinase inhibitor.

6. Conclusions

This article described the scientific rationale for the combination of PD-1/PD-L1 antibodies plus
VEGEF inhibitors, and discussed the results of a phase Ib trial of this combination. We also described the
results of Arm F of a randomized phase Ib trial of the combination of atezolizumab and bevacizumab,
a combination that also achieved positive results in the phase III IMbravel50 study. The results of
the phase Ib trial (Arm F) and the success of the phase III IMbravel50 study suggest that the tumor
microenvironment was changed by bevacizumab, enabling greater responses to the immune checkpoint
blockade, as hypothesized. In addition to the improvement in PFS, in the phase III IMbravel50 study,
the OS was also improved, which was an unexpected finding [1]. These results are paradigm-changing as
well as practice-changing. This study suggested that the immunosuppressive tumor microenvironment
was successfully reprogrammed into an immunostimulatory microenvironment that was responsive
to an immune checkpoint blockade. Therefore, the promising results that have been reported with
combinations of anti-PD-1/PD-L1 antibodies and VEGF inhibitors (bevacizumab or TKIs) may be due
to a normalization of the tumor microenvironment. In addition to the combination of atezolizumab
and bevacizumab, therapies with other combinations targeting the same pathways (Table 1), especially
the combinations of penbrolizumab and lenvatinib (the LEAP-002 study) and atezolizumab and
cabozantinib (the COSMIC-312 trial), are highly promising (Figure 6 and Table 2) [1,34,36,47-65].
Furthermore, other phase III trials of combinations with CTLA-4 inhibitors [66] (durvalumab plus
tremelimumab [HIMALAYA study] and nivolumab plus ipilimumab [the CheckMate 9DW study])
are currently being conducted (Figure 1 and Table 2). In the era of combination immunotherapy,
the treatment of hepatocellular carcinoma, including the proper use of molecular targeted drugs after
progression on immunotherapy [67,68], has entered a period of a major paradigm shift.
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Figure 6. Ongoing Phase III trials in HCC (original Figure).
Table 2. Phase III Clinical Trials of Advanced Stage HCC.
Target Population Design Trial Name Result Presentation Publication 1st Author
1. Sorafenib vs. Sunitinib SUN1170 Negative ASCO 2011 JCO 2013 Cheng AL [47]
2. Sorafenib + Erlotinib SEARCH Negative ESMO 2012 JCO 2015 Zhu AX [48]
3. Sorafenib vs. Brivanib BRISK-FL Negative AASLD 2012 JCO 2013 Johnson PJ [49]
4. Sorafenib vs. Linifanib LiGHT Negative ASCO-GI 2013 JCO 2015 Cainap C [50]
5. Sorafenib + Doxorubicin CALGB80802 Negative ASCO-GI 2016
6. Sorafenib +- HAIC SILIUS Negative EASL 2016 Lancet GH 2018 Kudo M [51]
7. Sorafenib + Y90 SARAH Negative EASL 2017 Lancet-O 2017 Vilgrain V [52]
8. Sorafenib + Y90 SIRveNIB Negative ASCO 2017 JCO 2018 Chow PKH [53]
Firstline =g g fenib vs. Lenvatinib REFLECT Positive ASCO 2017 Lancet 2018 Kudo M [54]
10. Sorafenib vs. Nivolumab CheckMate-459 Negative ESMO 2019 Yau T [34]
Advanced 11. Sorafenib + Y90 SORAMIC Negative EASL 2018 J Hepatol 2019 Ricke J [55]

12. Sorafenib vs. Atezolizumab +

. IMbravel50 Positive ESMO-Asia 2019 Cheng AL [1]
Bevacizumab

13. Sorafenib vs. Durvalumab

+Tremelimumab vs. Durva HIMALAYA Ongoing

14. Sorafenib vs. Tislelizumab Rationale301 ~ Ongoing

15. Lenvatinib + Pembrolizumab LEAP002 Ongoing

16. Lenvatinib or Sorafenib vs. CheckMate

Nivolumab + Ipilimumab 9DW Ongoing

17. Sorafenib vs. Atezolizumab + COSMIC-312  Ongoing

Cabozantinib
1. Brivanib vs. Placebo BRISK-PS Negative EASL 2012 JCO 2013 Llovet JM [56]
2. Everolimus vs. Placebo EVOLVE-1 Negative ASCO-GI 2014 JAMA 2014 Zhu AX [57]
3. Ramucirumab vs. Placebo REACH Negative ESMO 2014 Lancet-O 2015 Zhu AX [58]
4. S-1 vs. Placebo S-CUBE Negative ASCO 2015 Lancet GH 2017 Kudo M [59]
5. ADI-PEG 20 vs. Placebo NA Negative ASCO 2016 Ann Oncol 2018  Abou-Alfa GK [60]
Second line 6. Regorafenib vs. Placebo RESORCE Positive WCGC 2016 Lancet 2017 Bruix | [61]
7. Tivantinib vs. Placebo METIV-HCC  Negative ASCO 2017 Lancet-O 2018 Rimassa L [62]
8. Tivantinib vs. Placebo JET-HCC Negative ESMO 2017
Lancet
9. DT* vs. Placebo ReLive Negative ILCA 2017 Gastroenterol Merle P [63]
Hepatol
10. Cabozantinib vs. Placebo CELESTIAL Positive ASCO-GI 2018 NEJM 2018 Abou-Alfa G [64]
11. Ramucirumab vs. Placebo REACH-2 Positive ASCO 2018 Lancet-O 2019 Zhu AX [65]
12. Pembrolizumab vs. Placebo KEYNOTE-240 Negative ASCO 2019 JCO 2020 Finn RS [36]

Red: Positive trials, Blue: Ongoing trials, Black: Negative trials.
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Abstract: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death
since most patients are diagnosed at advanced stage and the current systemic treatment options
using molecular-targeted drugs remain unsatisfactory. However, the recent success of cancer
immunotherapies has revolutionized the landscape of cancer therapy. Since HCC is characterized by
metachronous multicentric occurrence, immunotherapies that induce systemic and durable responses
could be an appealing treatment option. Despite the suppressive milieu of the liver and tumor
immunosurveillance escape mechanisms, clinical studies of checkpoint inhibitors in patients with
advanced HCC have yielded promising results. Here, we provide an update on recent advances in
HCC immunotherapies. First, we describe the unique tolerogenic properties of hepatic immunity and
its interaction with HCC and then review the status of already or nearly available immune checkpoint
blockade-based therapies as well as other immunotherapy strategies at the preclinical or clinical
trial stage.

Keywords: hepatocellular carcinoma; immunotherapy; immune checkpoint inhibitor; PD-1; CTLA-4;
combination therapy

1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and poses a
serious health problem worldwide [1]. Although various surveillance systems and treatment strategies
have been developed and are recommended by guidelines, including surgical resection, radiofrequency
ablation (RFA), transarterial chemoembolization (TACE), systemic therapy, and liver transplantation,
the prognosis of HCC remains poor due to high levels of high intra- and extra-hepatic recurrence and
metastasis [2,3]. Systemic therapies using molecular-targeted agents (MTAs) have been considered
efficient and are recommended for patients with advanced-stage HCC [2,4]; however, the regimens
currently available are often unsatisfactory. Therefore, a novel approach that uses a different mechanism
to these conventional therapies is required to improve the prognosis of HCC.

The recent development of cancer immunotherapies using immune checkpoint inhibitors (ICIs)
targeting cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and anti-programmed cell death
protein-1 (PD-1) has dramatically changed the landscape of cancer therapy and was awarded the
Nobel Prize in 2018. Several monoclonal antibodies (mAbs) targeting CTLA-4, PD-1, or its ligand
programmed cell death-ligand 1 (PD-L1) have now been approved by the FDA for various types of
cancers [5]. The liver is a tolerogenic organ [6] that is relevant to successful allograft acceptance after
transplantation. Thus, the development of antitumor immunity against HCC might be speculated to
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be synergistically impeded by this tolerogenic nature of the liver and the immunosuppressive tumor
microenvironment of HCC. However, the potential of cancer immunotherapy to induce systemic
and durable antitumor responses may make it an ideal therapeutic option for HCC characterized
by metachronous multicentric occurrence. Indeed, several ICI therapies targeting PD-1/PD-L1 and
CTLA-4 have already demonstrated promising activity against HCC and manageable safety in clinical
trials, thus have been approved by the FDA. Combination ICI-based strategies have also shown
promising results, while other classes of immunotherapies have begun to emerge and are being tested
in preclinical and clinical studies.

In this review, we first provide an overview of the unique intrinsic immunotolerant environment
of the liver and the immune evasion mechanisms of HCC, and then review recent advances in different
immunotherapy approaches and their combinations for treating HCC.

2. Tolerogenic Liver Inmune Environment and HCC Immune Evasion Mechanisms

The liver is a tolerogenic organ in which a unique immune environment prevents the overactivation
of the immune system to antigens derived from food and bacterial products in the portal flow [6].
Immune tolerance in the liver is induced by non-parenchymal cells. Kupffer cells (KCs) are liver-resident
macrophages that play a role in pathogen clearance mediated by innate immune activation [7].
However, under physiological conditions, KCs induce tolerance by impairing T cell activation or
preferentially expanding regulatory T cells (Tregs) by secreting immunosuppressive factors such
as IL-10, TGF- 3, and prostaglandin E2 [8,9]. Liver sinusoidal endothelial cells (LSECs), which act
as antigen-presenting cells (APCs) and form a cellular barrier between the liver parenchyma and
sinusoid [10], are characterized by low co-stimulatory molecule levels, high immune checkpoint
molecule levels, and immunosuppressive cytokine production, all of which impede their potential
for T cell activation and induce immune tolerance [11,12]. Hepatic dendritic cells (DCs) mediate
the induction of T cell tolerance rather than their activation [13], presumably, as they are under the
influence of IL-10 and TGF-f3 secreted by KCs and LSECs [14]. In addition to these non-parenchymal
cells, hepatocytes also function as APCs by directly interacting with and presenting antigens to naive
T cells; however, hepatocytes predispose T cells towards tolerance because they lack co-stimulatory
molecule expression [15]. Together, these immunosuppressive features of the liver might impede the
development of antitumor immunity.

HCC evades host immunosurveillance via multiple mechanisms; for instance, HCC cells silence the
expression of tumor antigens or antigen presentation-related molecules so that cytotoxic T cells (CTLs)
cannot recognize tumor cells [16,17]. HCC cells also escape immunosurveillance by expressing immune
checkpoint molecules such as PD-L1 and producing various immunoinhibitory molecules, including
TGF-p, IL-10, indoleamine 2, 3-dioxygenase, arginase, and adenosine [18,19]. Immunosuppressive
stromal cells are also a critical component of immune dysregulation. Myeloid-derived suppressor
cells (MDSCs) are a heterogeneous population of immature myeloid cells that inhibit T cell activation
via iNOS, ROS, and increased arginase activity, and induce Treg expansion by producing IL-10 and
TGF-p [20]. Moreover, the frequency of MDSCs in HCC patients has been reported to correlate
with tumor progression [21]. Macrophages are generally categorized as having an M1 or M2 state;
M1 macrophages display an antitumor phenotype by producing high and low levels of IL-12 and
IL-10, respectively, whereas M2 macrophages exhibit a tumor supportive phenotype with opposite
cytokine profiles. During HCC progression, hepatic macrophages are skewed from an M1 phenotype
to an M2 phenotype characteristic of tumor-associated macrophages (TAMs), which act as immune
suppressor cells and support tumor growth by promoting angiogenesis and tumor invasion [22].
Tregs can also impede immune surveillance against HCC due to their immunosuppressive functions;
indeed, they have been shown to densely infiltrate the tumor site in patients with HCC, with the
number of intratumoral Tregs acting as an independent prognostic factor of overall survival (OS) and
disease-free survival (DFS) in those patients [23].

138



Cancers 2020, 12,775

Even under these immunosuppressive conditions, several studies have shown that antitumor
immunity exists in patients with HCC. For instance, T cells specific for four different tumor-associated
antigens (TAAs) were detected in both the tumor tissue and peripheral blood of patients with
HCC, with the breadth of T cell response correlating with survival [24]. Another study found that
the intratumoral density of activated CTLs in patients with HCC after resection was associated
with OS and that the intratumoral balance between CTLs and Tregs was associated with OS and
DFS [25]. These observations suggest that the immunogenic potential of HCC could be controlled by
optimized immunotherapy.

3. PD-1/PD-L1 and CTLA-4-Blockade Therapies

3.1. Basic Immunobiology of PD-1 and CTLA-4

Immune checkpoint molecules—among which, PD-1 and CTLA-4 are the best studied—play
essential roles in preventing T cell overactivation by interacting with APCs and other cell types. PD-1 is
a member of the CD28 family that is expressed on activated T cells, B cells, and myeloid cells and
negatively regulates the immune system. The engagement of PD-1 by its ligand PD-L1 leads to the
transmission of suppressive signals into T cells and the induction of peripheral tolerance [26]. In the
liver, PD-L1 is constitutively expressed on liver non-parenchymal cells such as LSECs and KCs [27];
however, PD-L1 is aberrantly expressed in various tumors, including HCC tumor cells, allowing
them to escape from host immune surveillance. Indeed, it has been demonstrated that tumor PD-L1
expression is associated with HCC prognosis after curative surgical treatment, suggesting that the
PD-1/PD-L1 pathway is an immune escape mechanism in HCC [19]. Another member of the CD28
family, CTLA-4, is induced on naive T cells by antigen activation but is constitutively expressed on
Tregs [28]. CTLA-4 binds to CD80 and CD86 more tightly than CD28, which provides a positive
signal required for T cell activation; therefore, CTLA-4 induces peripheral tolerance by counteracting
CD28-mediated costimulatory signals [28]. Importantly, the expression of CTLA-4 on Tregs depletes
APCs of CD80 and CD86, leaving them with a reduced ability to prime naive T cells [28]. The intensive
study of PD-1- and CTLA-4-mediated immunosuppression culminated in the dramatic success of
cancer immunotherapies [29] and many clinical trials of ICI mono- and combination therapies targeting
PD-1/PD-L1 and CTLA-4 in HCC have now been conducted.

3.2. ICI Monotherapies Directed Against PD-1 and CTLA-4

Many clinical trials have been conducted for ICI monotherapies in HCC (Table 1) and the first
to be approved by the FDA was the anti-PD-1 mAb nivolumab. A phase I/II trial of nivolumab in
patients with advanced HCC (CheckMate-040) showed promising results. In the dose-expansion phase
in which a total of 214 patients in 4 cohorts were enrolled, the objective response rate (ORR) was
20%, the disease control rate (DCR) was 64%, and progression free survival (PFS) was 4.1 months [30].
Since adverse events (AEs) were fairly mild [30], nivolumab was approved by the FDA in September
2017 as a second-line treatment for unresectable HCC after sorafenib failure, based on subgroup
analysis in CheckMate-040 [4]. However, a phase III trial (CheckMate-459) evaluating nivolumab
versus sorafenib as first-line treatments in patients with unresectable HCC revealed that the trial did
not achieve statistical significance for its primary OS endpoint as per the prespecified analysis [31].
The CheckMate-9DX trial is currently evaluating adjuvant nivolumab versus a placebo in HCC patients
at high risk of recurrence after curative hepatic resection or ablation.

Pembrolizumab is another anti-PD-1 mAb that was granted accelerated approval by the FDA
in May 2017 for patients with unresectable or metastatic microsatellite instability-high (MSI-H) or
mismatch repair deficient (dMMR) solid tumors that continued to progress after conventional treatment,
based on the data from five clinical trials [32]. A phase II trial (KEYNOTE-224) revealed the potential
of pembrolizumab against HCC after sorafenib failure, with an ORR of 17% with one complete
response (CR), a DCR of 61%, and AEs (>grade 3) reported in 26% of patients [33]. Based on this data,
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pembrolizumab was granted accelerated approval by the FDA in November 2018 as a second-line
treatment after sorafenib. A phase III trial (KEYNOTE-240) comparing pembrolizumab to a placebo as
a second-line treatment demonstrated that pembrolizumab was associated with a longer median OS
and PFS; however, these findings were not deemed statistically significant according to the prespecified
statistical plan [34]. Two further phase Il trials are currently ongoing: KEYNOTE-394 is evaluating
pembrolizumab versus a placebo and best supportive care in Asian patients with systemically treated
advanced HCC, while KEYNOTE-937 is evaluating pembrolizumab versus a placebo as an adjuvant
therapy in HCC patients after curative treatment.

In addition, the anti-PD-L1 mAb Durvalumab was tested in a phase I/II trial (NCT01693562)
of patients with advanced HCC who had been previously treated with sorafenib, achieving an OS
rate of 10.3% in 39 patients [35]. The investigational IgG4 anti-PD-1 Ab, tislelizumab (BGB-A317),
was designed to bind minimally to FcyR on macrophages in order to abrogate antibody-dependent
phagocytosis, which is a potential mechanism of anti-PD-1 therapy resistance. Tislelizumab has
demonstrated a good preliminary safety profile and antitumor activity in a phase I trial and a phase
III trial (RATIONALE 301) of tislelizumab versus sorafenib as a first-line treatment in patients with
unresectable HCC is currently underway [36].

The anti-CTLA-4 mAb, tremelimumab, has been tested in a small phase II pilot trial (NCT01008358)
of HCV-infected patients with advanced HCC, demonstrating partial response (PR) and stable disease
(SD) rates of 17.6 and 58.8%, respectively. Moreover, the treatment was well tolerated, and no patients
needed steroids due to severe immune-related AEs (irAEs) [37].

Table 1. Summary of clinical trials of ICI monotherapy for HCC.

Trial identifier Target Drugs Phase N Patient Group ORR DCR (Me(fizi,mo) (Me d(i);i,mo)
( Ch?cigi tf; %%3)7)8[ 30] PD-1 Nivolumab I/ 214* Naive/Pre-treated 20.0% 64.0% 4 NR

! Ch?cigjiizzgg[Sl] PD-1 Vgi‘églrz‘fzfi’b it 743 Naive 15;/;’/:5‘ N/A 37vs. 3.8 16.4 vs. 14.7
! Cﬁi{ﬁii‘j‘gx) PD-1 y:";ﬁ‘g;g I 530 Adjuvant N/A N/A N/A N/A
(KEIX\{IISI](;()]%IZE)ZZ; 41)4[ 33] PD-1 Pembrolizumab I 104 Pre-treated 17.0% 61.0% 49 129

(KEJ;IIS(T)(]TZE?;:(gl[S g D1 P j?l;fl‘;lciz;‘;mb mm 413 Pre-treated Vi?iZ‘;/o 625?2’”/:5‘ 30vs.28  139vs. 106
(1?1]3%2)(3)(}6}5-3359%1) ppy  Pembrolizamab -y N/A Pre-treated N/A N/A N/A N/A
(123?{?(3;6}37?98347) PD-1 Pj:“;flzlzs(‘)mb il N/A Adjuvant N/A N/A N/A N/A
NCT01693562 [35] PD-L1  Durvalumab I/l 39 Pre-treated 10.3% 33.3% NA 132
NCT01008358 [37] CTLA-4 Tremelimumab I 20 Pre-treated 17.6% 76.4% 6.48 8.2

N, number of patients; N/A; not available; NR, not reached; * dose-expansion phase.

4. ICI-Based Combination Therapy

Although ICI monotherapy regimens have shown benefits in some HCC patients with generally
acceptable AE profiles, their response rates (approximately 20%) have been unsatisfactory, presumably
due to the immunosuppressive properties of the liver and HCC tumor microenvironment. To achieve
enhanced therapeutic efficacy, several types of combination strategy are currently being explored
(Table 2).
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4.1. Combination of ICIs with Other ICIs or Immunostimulatory Agents

Anti-PD-1/PD-L1 and anti-CTLA-4 mAb combination strategies have been evaluated in various
types of cancers. In November 2019, the FDA granted breakthrough therapy designation for
nivolumab in combination with the anti-CTLA-4 inhibitor ipilimumab for patients with advanced
HCC who had previously been treated with sorafenib based on data from the phase I/Il CheckMate-040
study of nivolumab plus ipilimumab [38]. The study demonstrated that nivolumab + ipilimumab
achieved clinically meaningful responses and had an acceptable safety profile compared to nivolumab
monotherapy (ORR: 31% and 14%, respectively), with a median OS of 22.8 months in the nivolumab
+ ipilimumab group. Another trial (CheckMate-9DW) evaluating nivolumab + ipilimumab versus
standard care (sorafenib or lenvatinib) in patients with advanced HCC who have received no prior
systemic therapy is currently ongoing.

Durvalumab + tremelimumab has been evaluated in a phase I/II study of patients with advanced
HCC, with an ORR of 17.5% and 7/40 evaluable patients showing PR [39]. The combination was well
tolerated and showed no unexpected safety signals; therefore, a randomized phase IIIl HIMALAYA
study is currently evaluating the efficacy and safety of the durvalumab + tremelimumab combination
and durvalumab monotherapy versus sorafenib as a first-line treatment for patients with unresectable
HCC and no prior systemic therapy. In January 2020, the FDA granted durvalumab + tremelimumab
orphan drug designation for treating patients with HCC.

Other immune checkpoint molecules, such as LAG3 and TIM-3, can also be targeted and combined
with PD-1/PD-L1 or CTLA-4 blockade. For instance, phase I basket trials are currently evaluating the
dual immune checkpoint blockade of LAG-3 and PD-1 (NCT03005782) and dual TIM-3 and PD-L1
blockade (NCT03099109) in patients with HCC. In addition, combination strategies involving agonistic
antibodies that target costimulatory molecules such as 4-1BB, CD40, and OX40 appear to be promising.
In a preclinical study, triple combination therapies targeting 4-1BB, OX40, and PD-L1 demonstrated
prolonged survival in HCC-bearing mice, providing proof of concept for this combination [44]. A phase
I/Il basket trial is underway to evaluate the combination of agonistic anti-OX40 Abs with nivolumab
and ipilimumab in patients with HCC (NCT03241173).

4.2. Combination of ICI and Non-Immunological Systemic Therapies

Several clinical trials are currently investigating combinations of ICls and molecular-targeted therapies.
For instance, anti-VEGF therapy has been demonstrated to not only normalize immunosuppressive tumor
vasculature but also activate DCs and decrease Tregs and MDSCs [45]. In addition, a recent study
demonstrated that anti-VEGF therapy rescues effector T cells from exhaustion by downregulating the
transcription factor TOX [46]. Therefore, anti-VEGF therapies utilizing multi tyrosine kinase inhibitors
(lenvatinib) or anti-VEGFR monoclonal antibodies (bevacizumab) appear to be quite promising in
combination with ICIs.

In July 2019, the FDA granted breakthrough therapy designation for pembrolizumab in
combination with lenvatinib for the first-line treatment of patients with unresectable HCC who
are amenable to locoregional treatment, based on the results of a phase Ib trial (KEYNOTE-524) [40].
Consequently, a phase III trial (LEAP-002) evaluating lenvatinib + pembrolizumab vs. lenvatinib +
placebo as a first-line therapy for advanced HCC is currently ongoing [41]. Recently, the results of
a phase III trial (IMbrave 150) evaluating the anti-PD-L1 mAb atezolizumab + bevacizumab versus
sorafenib monotherapy for patients with unresectable HCC without prior systemic therapy were
presented at ESMO Asia Congress 2019, revealing that the atezolizumab + bevacizumab combination
significantly improved OS and PFS compared to sorafenib [42]. Another phase III study (IMbrave
050) is currently comparing the same combination with active surveillance in HCC patients at high
risk of recurrence after curative treatment, while a phase III trial (EMERALD-2) is also evaluating
the durvalumab + bevacizumab combination or durvalumab alone in the same adjuvant setting.
Several phase III trials are also evaluating other combinations of ICIs and MTAs: SHR-1210 + apatinib
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(NCTO03764293), atezolizumab + cabozantinib (NCT03755791/COSMIC-312), and sintilimab (anti-PD-1)
+ bevacizumab biosimilar (NCT03794440/ORIENT-32).

Chemotherapeutic drugs are generally considered to be immunosuppressive agents due to their
toxicity against immune cells; however, they may also be a promising partner to ICIs as they cause
immunogenic cell death, allowing the release of tumor antigens and danger-associated molecular
patterns from the dead tumor and enhancing the immune response [47]. In addition, some anticancer
drugs downregulate Tregs and MDSCs, further promoting tumor eradication [48]. Therefore, a phase
II trial evaluating SHR-1210 (anti-PD-1 Ab) + FOLFOX4 as first-line therapy in patients with advanced
HCC is currently underway (NCT03605706).

4.3. Combination of ICIs and Non-Immunological Locoregional Therapies

Standard locoregional therapies for HCC can trigger effector T cell responses via the release of
tumor-specific antigens from dead tumor cells; therefore, the combined use of locoregional therapies
such as RFA, TACE, and radiation could improve the effectiveness of immunotherapies against HCC.
The combination of tremelimumab + RFA was tested in a phase I/ trial (NCT01853618) of patients
with advanced HCC, with PR and SD noted in five (26%) and 12 (63%) of the 19 evaluable patients,
with a median time to progression (TTP) and OS of 7.4 and 12.3 months, respectively. Moreover,
pathological evaluation revealed that the accumulation of intratumoral CD8+ T cells in patients had a
clinical benefit [43]. TACE has been suggested to exert immunostimulatory effects as the number of
a-fetoprotein (AFP)-specific T cells was observed to increase after TACE [49]. Therefore, a phase III
trial (EMERALD-1) is currently evaluating TACE in combination with durvalumab and bevacizumab
in patients with multiple HCCs (NCT03778957). Radiation with dual checkpoint blockade reportedly
induces optimal responses in melanoma, with a previous preclinical study of melanoma demonstrating
that anti-CTLA-4 increases the CTL:Treg ratio while anti-PD-L1 rescues T cell exhaustion. Moreover,
radiation expanded the T cell receptor (TCR) repertoire, thereby enhancing the antitumor activity
of dual checkpoint blockade [50]. Thus, these results provide proof of concept for combining ICIs
and radiation to treat HCC and phase II trials are currently underway to evaluate pembrolizumab in
combination with stereotactic body radiation therapy (SBRT) (NCT03316872) or Y90 (NCT03099564),
and nivolumab with Y90 (NCT03033446) to treat HCC.

5. Exploring ICI Biomarkers

Considering the success of ICIs, it is necessary to identify predictive biomarkers for patients that
will respond better to ICIs, particularly since PD-L1 expression on tumor cells does not correlate with the
response to anti-PD1 therapy in patients with HCC [30]. MS], the result of dMMR, was the first predictive
biomarker for PD-1 inhibitors to be approved by the FDA [51]. MSI-H colon cancers display favorable
responses to ICIs; however, MSI-H appears to be a rare event in HCC [52]. Recently, next-generation
sequencing has identified Wnt/CTNNB1 mutations as possible biomarkers for predicting ICI resistance
in patients with advanced HCC; however, next-generation sequencing is too complex and costly to use
in clinical practice [53]. Therefore, the development of clinically and economically feasible biomarkers
is a crucial yet unmet requirement in this field.

6. Non-ICI Immunotherapies

While ICIs release the brake on cancer immunity to unleash dysfunctional antitumor CTLs,
there are other “active” immunotherapies that accelerate cancer immunity, such as cancer vaccines,
oncolytic virotherapy, and cell-based therapy.

6.1. Cancer Vaccines

The two main cancer vaccine strategies are DC vaccines and peptide vaccines. DCs are potent
APCs that can promote tumor-specific T cell responses. In DC vaccines, DCs are loaded with tumor
antigens ex vivo and administered to patients as a cellular vaccine. In a preclinical mouse model,
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DC vaccines pulsed with tumor cell lysate effectively eradicated tumors and displayed histological
evidence of intratumoral lymphocyte infiltration [54]. Unfortunately, clinical trials using DCs pulsed
with tumor antigen peptides [55] or tumor cell lysate [56,57] have only demonstrated marginal activity
in patients with advanced HCC thus far.

Peptide vaccines for HCC utilize shared TAAs, including AFP, glypican-3 (GPC3), and telomerase
reverse transcriptase (TERT). A phase I trial of an AFP-derived peptide vaccine in 15 patients with
HCC found that the vaccine was well tolerated, with CR in one patient (AFP-specific CTL response)
and SD in eight patients [58]. GPC3 is another antigen that is highly expressed in HCC. In a phase I
trial of 33 patients, the GPC3 peptide vaccine was well tolerated with one patient showing PR and
19 showing SD. Importantly, the GPC3 peptide vaccine induced a GPC3-specific CTL response which
correlated with OS. [59]. The same group later demonstrated that PD-1 blockade augmented the
efficacy of the GPC3 vaccine by increasing the number of vaccine-induced CTLs [60]. A phase II trial
of a TERT-derived peptide vaccine (GV1001) in combination with low dose cyclophosphamide showed
no effective antitumor response or prolonged TTP [61]. Overall, low-level clinical responses have been
observed for DC- and TAA-based peptide vaccines so far; therefore, further trials should examine their
combination with immunotherapy.

Neoantigen vaccines are a new cancer vaccine strategy that utilizes tumor neoantigens, which are
the products of non-synonymous tumor-specific mutations and are expected to be an ideal therapeutic
vaccine as they can achieve a full personalization. First, tumor mutations are analyzed by
next-generation sequencing and then candidate neoantigen peptides are predicted on the basis
of HLA-binding algorithms [62]. Results from phase I clinical trials testing neoantigen vaccine in
advanced melanoma are quite encouraging [63,64]. The cancer vaccine development for hepatocellular
carcinoma (HEPAVAC) project, which aims to produce “off-the-shelf” shared antigen-based vaccines
for HCC, also includes the actively personalized vaccine (APVAC) protocol based on patient-specific
neoantigens [65].

6.2. Oncolytic Virotherapy

Oncolytic virotherapy is a novel approach for cancer immunotherapy [66] that utilizes JX-594
(also known as Pexa-Vec), a vaccinia virus designed to preferentially replicate in and lyse tumor cells,
thereby causing the release of antigens from the dead tumor cells and triggering antitumor immunity.
This antitumor immunity can be further stimulated by inserting the human granulocyte-macrophage
colony stimulating factor transgene into JX-594 [67], with a phase I trial showing that JX-594 has a
good safety profile in patients with primary or metastatic liver cancer [68]. A randomized phase
II trial has also been conducted to evaluate the safety and antitumor efficacy of JX-594 in patients
with advanced HCC, finding that intratumoral JX-594 injection was well tolerated at both low and
high doses. Moreover, tumor regression was observed in injected and non-injected tumors, with
one CR and three PRs, and OS was significantly longer in patients that received the high dose than
the low dose (median 14.1 and 6.7 months, respectively) [69]. A randomized open label phase III
trial comparing sorafenib alone and JX-594 + sorafenib in patients with advanced HCC is currently
underway (NCT02562755).

6.3. Cell-Based Immunotherapy

Cell-based immunotherapy, also known as adoptive cell transfer (ACT), is also a promising strategy
that has been explored extensively. For HCC, cytokine-induced killer cells (CIKs), TCR-engineered T
cells, and chimeric antigen receptor T cells (CAR-T) are the major strategies. CIKs are a mixture of
heterogeneous immune cells generated by the ex vivo expansion of peripheral blood mononuclear cells
in the presence of IL-2, IFN-y, and anti-CD3 mAbs. CIKs consist of NKT cells, NK cells, and CTLs [70]
and display strong cytolytic activity against tumor cells independently of MHC restriction [70].
A randomized phase II trial in treatment-naive patients with HCC demonstrated that CIK therapy
prolonged OS and PFS [71], while a multicenter open-label randomized phase IlI trial in patients with
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HCC after curative treatment demonstrated that CIK therapy prolonged recurrence-free survival and
0OS [72].

TCR-engineered T cells are generated by integrating cloned tumor antigen-specific TCR into T cells,
circumventing the technical difficulties of TIL therapy wherein TILs must be isolated from tumor tissue
and expanded ex vivo before being infused back into patients. In mouse models, TCR-engineered T
cells recognizing AFP and GPC3 have been reported to control liver tumor growth [73,74], while phase
I trials are currently evaluating genetically modified T cells expressing AFP-specific TCRs in patients
with advanced HCC (NCT03132792) and autologous TCR-engineered T cell therapy targeting MAGEA1
in solid tumors such as HCC (NCT03441100).

The essential structure of CARs consists of an extracellular single-chain antibody domain that
recognizes tumor antigens and an intracellular domain that transmits activation and proliferation
signals into cells [75]. Antigen recognition allows CAR-T cells to eliminate cancer cells in an
MHOC restriction-independent manner, thus solving the problem of tumor immune escape via MHC
downregulation [75]. In xenograft mouse models, CAR-T cells targeting GPC3 have been shown to
eradicate GPC3-positive HCC [76], while a phase I trial of anti-GPC3 CAR-T cells with or without
lymphodepletion treatment has been conducted in six patients with relapsed or refractory GPC3
positive HCC. PR and SD were observed in one and three patients, respectively, with no dose-limiting
toxicity identified and only one serious AE of grade 3 fever was reported [77]. In addition, early clinical
trials are currently examining CAR-T cells targeting AFP (NCT03349255), MUC-1 (NCT03198546),
and EpCAM (NCT03013712).

7. Conclusions

HCC is a serious global health problem because current regimens have limited efficacy in HCC
patients, particularly at an advanced disease stage. Cancer immunotherapy has been a significant
breakthrough in cancer treatment in recent years and there has been growing interest regarding
its application in HCC. As reviewed here, several classes of immunotherapy have emerged for
HCC—among which, ICIs targeting PD-1/PD-L1 and CTLA4 hold the greatest promise. However, many
studies evaluating ICI-based therapies and other therapeutic strategies are in progress. There are positive
and negative factors that should be taken into account for developing successful immunotherapy for
HCC (Table 3). Most importantly, it should be designed to counteract the unique immunosuppressive
environment of the liver itself in addition to HCC. Therefore, a deeper understanding of the mechanisms
underlying HCC immunology will allow the rational design of optimal therapies that coordinate the
activation of both innate and adaptive immunity. Research efforts should also be directed toward
identifying predictive biomarkers to avoid inappropriate treatment or overtreatment, particularly since
current immunotherapies can display limited efficacy in a minority of patients, serious irAEs, and high
financial cost.

Table 3. Positive and negative factors for developing successful immunotherapy for HCC.

Positive factors Negative Factors

Immunotherapy can induce not only systemic but
also durable responses by immunological memory,

1 both of which are advantageous for controlling HCC 1
that is characterized by metachronous multicentric

Paucity of biomarkers predicting
responders and non-responders.

occurrence.
The presence of tumor-infiltrating lymphocytes Tolerogenic nature of hepatic
2 (TILs) in HCC suggests the potential of hosts to 2 immunity and immunosuppressive
induce endogenous tumor immunity. tumor microenvironment of HCC.
3 Several ICIs have already demonstrated manageable 3 Response rates of ICI monotherapy
safety and promising activity in clinical trials. are not satisfactory.
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Abstract: The chemotherapeutics sorafenib and regorafenib inhibit shedding of MHC class I-related
chain A (MICA) from hepatocellular carcinoma (HCC) cells by suppressing a disintegrin and
metalloprotease 9 (ADAMY). MICA is a ligand for natural killer (NK) group 2 member D (NKG2D)
and is expressed on tumor cells to elicit attack by NK cells. This study measured ADAM9 mRNA
levels in blood samples of advanced HCC patients (n = 10). In newly diagnosed patients (n = 5),
the plasma ADAM9 mRNA level was significantly higher than that in healthy controls (3.001 versus
1.00, p < 0.05). Among four patients treated with nivolumab therapy, two patients with clinical
response to nivolumab showed significant decreases in fold changes of serum ADAM9 mRNA level
from 573.98 to 262.58 and from 323.88 to 85.52 (p < 0.05); however, two patients with no response to
nivolumab did not. Using the Cancer Genome Atlas database, we found that higher expression of
ADAMY in tumor tissues was associated with poorer survival of HCC patients (log-rank p = 0.00039),
while ADAM10 and ADAM17 exhibited no such association. In addition, ADAM9 expression showed
a positive correlation with the expression of inhibitory checkpoint molecules. This study, though
small in sample size, clearly suggested that ADAM9 mRNA might serve as biomarker predicting
clinical response and that the ADAM9-MICA-NKG2D system can be a good therapeutic target for
HCC immunotherapy. Future studies are warranted to validate these findings.

Keywords: hepatocellular carcinoma; a disintegrin and metalloprotease 9; nivolumab; natural
killer; immunotherapy

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer and the third leading cause
of cancer associated mortality worldwide [1,2]. Advanced stage HCC accompanied with portal vein
invasion, distant metastasis, or lymph node metastasis is hard to treat due to the underlying liver
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cirrhosis, frequent recurrence, or multiple occurrence [3,4]. Currently, the tyrosine kinase inhibitors
(TKI) sorafenib and lenvatinib are the first-line treatments in advanced HCC [5-8]. Regorafenib,
nivolumab, cabozantinib, and ramucirumab were approved as second line therapies following their
recent successes in several clinical trials [9-15]. Despite these breakthroughs, many patients still do not
survive advanced HCC.

Among the recent breakthroughs in HCC treatments, immunotherapy is particularly notable. As a
leading therapeutic in immunotherapy targeting programmed cell death 1 protein (PD-1), nivolumab
demonstrated a 20% objective response rate and a 64% disease control rate in HCC patients who
progressed on sorafenib [16]. Adoptive cellular immunotherapy using natural killer (NK) cells,
cytokine induced killer (CIK) cells, or dendritic cells have also been studied [3]. Some adoptive
cellular immunotherapy treatment modalities exhibited survival benefit in HCC patients [17]. These
encouraging results were attributed to the immunological characteristics of the liver, which shelters a
large pool of immune cells belonging to both the innate and acquired immune systems. The interactions
between HCC and immune cells play a major role in tumor escape from immune surveillance resulting
in HCC progression [18]. Inadequate co-stimulation, failure of tumor associated antigens (TAA)
processing and presentation by dendritic cells, along with the suppression of effector T and NK
cells are proposed mechanisms by which the HCC tumor cells evade the host immune system [19].
At the same time, HCC is indicated as a hot tumor that is characterized by increased expression of
checkpoint molecules such as PD-1 and PD-1 ligand 1 (PD-L1) proteins, a large pool of tumor infiltrating
immune cells, and high tumor mutational burdens, giving rise to ample amount of TAAs [20]. These
immunological features enable HCC to benefit from immunotherapy. Thus, harnessing these immune
characters through combination immunotherapy is proposed as the next important step in treatment
of advanced HCC [4,13-15,21,22].

In this regard, a disintegrin and metalloproteases 9 (ADAMY) pathway in relation to MHC class
I-related chain A (MICA) may provide a strategic ground for combination immunotherapy. Cell
membrane-bound MICA (mMICA) is a ligand for NK group 2 member D (NKG2D), a stimulatory
receptor on NK cells. The mMICA expressed in human HCC cells signals NK cells and other immune
cells to kill the transformed hepatoma cells [23,24]. However, ADAMY, a matrix metalloproteinase
(MMP) expressed by cancer cells, cleaves mMICA, releasing soluble MICA (sMICA). This sMICA acts
as a decoy, weakening the cytotoxic immunity provided by NK cells and CD8+ T cells. This mMICA
shedding by ADAM9 protease is identified as a mechanism of HCC escape from the host immune
surveillance. Fortunately, sorafenib and regorafenib inhibit the expression of ADAM9 mRNA [23,24],
restoring the host immunity against HCC and generating a room for synergistic action by adoptive
cell therapy with NK cells or CD8+ T cells. Thus, the ADAM9-MICA-NKG2D system may provide a
strategic target for a novel chemoimmunotherapy combining adoptive NK cell therapy and sorafenib
or regorafenib [24].

In this pilot observational study, we aimed to characterize ADAM9 mRNA expression in blood
samples of advanced HCC patients according to their clinical courses. To support our findings, we
probed the role of ADAMSY as a prognostic biomarker for HCC using the Cancer Genome Atlas (TCGA)
database. Furthermore, we present the case of a patient who achieved complete remission with
regorafenib and autologous NK cell combination immunotherapy.

2. Results

2.1. Patient Characteristics

This study was conducted in CHA Bundang Hospital between January 2017 and November 2019.
Advanced HCC patients eligible for this study, who were to be treated with sorafenib, regorafenib,
or nivolumab as standard-of-care therapy and met our inclusion and exclusion criteria, were invited
to the present study. A total of 10 patients participated in this study. The demographic and clinical
details of each participant are listed in Table 1.
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Table 1. Demographic details and clinical characteristics of study participants (n = 10).

Subject . Antiviral Serum Child-Pugh Tumor PV. mUICC  Extra-Hepatic Type of
No. Age  Sex  Etiology Therapy AFP Class Size (cm) Invasion Stage Metastasis Therapy
(ng/mL) (Vp) *
#1 58 M HBV TDF 97,387 A 8 4 Vb Yes Sorafenib
#2 61 M HBV ETV >200,000 B 22 2 Ivb Yes Sorafenib
#3 61 M HBV ETV 190 B 52 3 Ivb Yes Sorafenib
#4 55 M HBV TDF 71.7 A 3 0 1T No TACE'.
Sorafenib
#5 58 M HBV ETV 147 A 10 2 Ivb Yes Sorafenib,
Nivolumab
Sorafenib,
Nivolumab +
NK cell
#6 59 M HBV ETV 82.4 A 4 2 Iva No therapy,
Regorafenib +
NK cell
therapy
Sorafenib,
#7 45 M HBV TDF 154.7 B 11 4 Iva No .
Nivolumab
Sorafenib,
#8 44 F HCV DAC/SUN  6519.4 A 45 0 Ivb Yes Regorafenib,
Nivolumab
Sorafenib,
#9 58 F HBV TDF 66 A 9 2 Ivb Yes Nivolumab
Regorafenib
#10 76 M NASH none 4594.1 A 52 1 Ivb Yes Sorafenib,
Nivolumab

Abbreviations: No, number; M, male; F, female; AFP, alpha-fetoprotein; PV, portal vein; mUICC, modified Union for
International Cancer Control; HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, nonalcoholic steatohepatitis;
TACE, transarterial chemoembolization; NK, natural killer; TDF, tenofovir disoproxil fumarate; ETV, entecavir; DAC,
daclatasvir; SUN, asunaprevir. * The extent of portal vein invasion (Vp) by tumor thrombosis was documented
according to the Liver Cancer Study Group of Japan classification: Vp0 = no portal vein invasion, Vpl = segmental
portal vein invasion, Vp2 = right anterior/posterior portal vein, Vp3 = right/left portal vein and Vp4 = main
trunk [25].

The 10 participants comprised eight chronic hepatitis B (CHB), one chronic hepatitis C (CHC)
and one non-viral HCC patients. At the time of enrollment, five participants (Subject No. (#) 1 to #5)
were newly diagnosed and treatment-naive; they were subjected to sorafenib as first-line therapy. In
addition, four patients (Subject #7 to #10) had failed first-line sorafenib therapy and were subjected to
nivolumab therapy, whereas one patient (Subject #6) was enrolled after the patient had already reached
near complete remission.

The baseline characteristics of the participants and their HCC are summarized in Table S1.
The mean age was 57.4 years, and 80% of the participants were male. The modified Union for
International Cancer Control (mUICC) TNM stage was Il in 1 patient (10%), IVa in 2 patients (20%),
and IVb in 7 patients (70%). The Barcelona Clinic Liver Cancer (BCLC) stage was B in 1 patient (10%)
and C in 9 patients (90%). Most patients (70%) had well-preserved liver function (Child-Pugh class A).

2.2. Overexpression of Plasma ADAM9 mRNA in Untreated HCC Patients

The plasma levels of ADAM9 mRNA were tested in the five newly diagnosed and treatment-naive
HCC patients (Table 1, Subject #1 to #5) and expressed as fold changes compared to the healthy
control group (1 = 5, 100% female, mean age 34.2 years). The mean value of pre-treatment plasma
ADAM9 mRNA levels in the HCC patients was significantly higher than that in the healthy controls
(3.001 + 0.279 vs. 1.00 + 0.005, p < 0.05) (Figure 1).
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Figure 1. Expression level of ADAM9 mRNA in plasma samples of treatment naive advanced HCC
patients and one HCC patient with near complete remission. Each patient (Subject #1 to #5) with newly
diagnosed and treatment naive HCC had significantly elevated expression of ADAM9 mRNA in plasma
compared with normal controls (3.001 + 0.279 vs. 1.00 + 0.005, p < 0.05). The HCC patient who had
reached near complete remission (Subject #6) did not express ADAM9 mRNA in plasma at all.

2.3. Decreased ADAM9 mRNA Expression Correlated with Response to Nivolumab

In four patients who were to receive nivolumab as second- or third-line treatment (Table 1,
Subject #7 to #10), ADAM9 mRNA expression in serum was significantly elevated compared to that
in the healthy controls (Figure 2; pre-nivolumab mean, 323.39 + 88.67 vs. 1.00 + 0.000003, p < 0.05).
To investigate the functional relevance between the change in ADAM9 mRNA expression and clinical
response, the serum levels of ADAM9 mRNA were followed during the nivolumab therapy.

After three and four cycles of nivolumab therapy, respectively, Subjects #7 and #8 showed
progressive disease (PD) on follow-up computed tomography (CT) scans. In these patients, serum
levels of ADAMY mRNA in the follow-up were not significantly different from the pre-treatment levels
(p > 0.05) (Figure 2A,B). Both patients succumbed to HCC progression and liver failure within 6 months
since the start of nivolumab therapy.

In contrast, Subjects #9 and #10 started to reveal tumor regression after four cycles of nivolumab
therapy. Their clinical courses are presented in Figures S1 and S2. Later, both patients exhibited partial
response (PR) and survived longer than 6 months after the nivolumab therapy. In these patients, serum
levels of ADAM9 mRNA decreased significantly. In Subject #9, the serum ADAM9 mRNA dropped
from the pre-treatment level of 573.98 + 5.16 to 523.85 + 7.07 (p < 0.05) after two cycles, and further
dropped to 262.58 + 20.13 (p < 0.05) after 4 cycles of nivolumab therapy (Figure 2C). In Subject #10, it
dropped from 323.88 + 10.67 to 85.52 + 5.59 (p < 0.05, Figure 2D) after two cycles of nivolumab therapy.
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Figure 2. Expression level changes of serum ADAM9 mRNA in advanced HCC patients treated with
nivolumab. The number of nivolumab cycles completed prior to follow-up blood sampling is denoted
on the X-axis. After 2 cycles of nivolumab therapy, non-responders did not show significant change in
ADAM9 mRNA (A, Subject #7; B, Subject #8). In contrast, responders exhibited a significant decrease in
ADAMI mRNA (C, Subject #9, from 573.98 + 5.16 to 523.85 + 7.0 (p < 0.05) after 2 cycles, and further
down to 262.58 + 20.13 (p < 0.05) after 4 cycles; D, Subject #10, from 323.88 + 10.67 to 85.52 + 5.59
(p < 0.05) after 2 cycles). Abbreviations: NV, nivolumab; F/U, follow-up; PD, progressive disease; PR,
partial response.

2.4. Immunophenotype Changes following Nivolumab Therapy

Lymphocyte immunophenotypes were tested before and after three cycles of nivolumab therapy
for Subject #7 and four cycles for the rest (Table 2 and Figures S3-56). Before nivolumab therapy, NK
cells in Subjects #8 and #9 and cytotoxic T cells in Subject #9 were depleted, and these were therefore
not detected for inhibitory checkpoint markers. In subject #8 and #10, PD-1 or T cell immunoglobulin-
and mucin-domain-containing molecule-3 (TIM-3) positive cytotoxic T cells decreased significantly,
but this change was not correlated with response to nivolumab. In contrast, TIM-3 positive helper T
cells decreased in responders, but increased in non-responders.

Table 2. Lymphocyte immunophenotypes of the 4 patients who received nivolumab therapy (%).

Non-Responders Responders
Phenot
Cell Type l\f[:::k)e’fe Subject #7 Subject #8 Subject #9 Subject #10
Pre-NV ~ 3Cycles Pre-NV  4Cycles Pre-NV  4Cycles Pre-NV 4 Cycles

T cells CD3* 63.62 52.98 74.53 84.57 6.18 19.02 45.01 53.65
Helper T cells CD3*CD4* 27.46 26.36 59.91 52.43 5.51 10.58 30.57 35.58
CytotoieT CD3*CDg* 3415 2003 1395 307 073 741 1457 1875
B cells CD19* 10.15 7.27 1.88 1.06 3.21 60.7 19.1 5.84
NK cells CD3~CD56* 10.77 5 0.21 5.52 0.61 7.49 19.87 18.88
NKT cells CD3*CD56™" 4 2.37 2.03 2.59 0.23 0.78 6.68 4.63
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Table 2. Cont.

Non-Responders Responders
Phenot
Cell Type l\flgfk}e’fe Subject #7 Subject #8 Subject #9 Subject #10
Pre-NV  3Cycles Pre-NV  4Cycles Pre-NV  4Cycles Pre-NV 4 Cycles
CD3*CD8*PD-1* 3.95 6.48 22.34 2.87 ND 0.12 24.65 7.99
Cytotﬁxic T costcos*TiMz* 2105 52.11 15.06 5.3 ND 45.32 11.57 6.73
cells

CD3*CD8*LAG3* 6.58 16.47 38.57 37.64 ND 3.33 29.95 30.63
CD3*CD8*BTLA* 14.47 11.32 29.87 54.32 ND 6.7 2.7 1.79

CD3*CD4*PD-1* 0 1.22 15.44 2.15 7.69 7.34 13.09 3.3

Helper T cells CD3*CD4*TIM3* 19.81 37.3 3.42 11.89 69.74 45.52 10.2 4.01
CD3*CD4*LAG3* 0.94 16.51 35.16 25.04 8.21 242 6.93 453
CD3*CD4*BTLA* 13.16 9.4 24.81 29.19 0.51 2 1.94 11.14
CD3~CD56"PD-1* 8.7 1.24 ND 1.58 ND 1.19 4.39 3.94

NK cells CD3~CD56*TIM-3* 435 22.39 ND 21.45 ND 33.6 25.45 14.6
CD3~CD56*LAG3* 0 2.74 ND 14.51 ND 5.06 46.1 25.15
CD3~CD56*BTLA* 47.83 26.18 ND 9.15 ND 3.45 1.63 1.47

Blood samples for the follow-up were acquired after three cycles of nivolumab therapy for Subject #7 and four cycles
for the rest. Abbreviations: NV, nivolumab; HCC, hepatocellular carcinoma; NK, natural killer; NKT, natural killer-T;
CD, cluster differentiation; ND, not detected; PD-1, programmed cell death 1; TIM-3, T cell immunoglobulin- and
mucin-domain-containing molecule 3; LAG-3, lymphocyte activation gene 3; BTLA, B and T lymphocyte attenuator.

2.5. Serum ADAM9 mRNA Expression was Completely Suppressed in Complete Response of HCC

Plasma ADAM9 mRNA level was completely suppressed in one patient (Table 1 and Figure 1,
Subject #6), who achieved complete response (CR). The clinical treatment course and the outcomes
are detailed in Figures S7 and S8. This patient was a 59-year-old man with CHB HCC and had tumor
recurrence after surgical resection. Since the HCC progressed on sorafenib and radiotherapy, nivolumab
was administered in combination with activated autologous NK cell therapy (2-6 x 10° cells/100 mL,
intravenous infusion every 4 weeks). With serum AFP level increasing continuously, disease progression
at the molecular level was suspected that nivolumab was switched to the third-line chemotherapy,
regorafenib. To allow synergistic action of NK cells upon suppression of ADAM9 protease and sMICA
by regorafenib [24], the patient continued to receive the NK cell therapy every 4 weeks up to six
times and then every 8 weeks up to a total of 15 times. At 6 months after beginning regorafenib with
concomitant NK cell therapy, the patient achieved nearly complete regression of HCC. At this point,
we acquired the patient’s blood sample for analysis and found that ADAM9 mRNA was not detectable
at all in his plasma (Figure 1). From then on, immunophenotype changes were also checked and a
decrease in inhibitory checkpoint molecules was observed (Table S2).

2.6. ADAMO was Associated with HCC Prognosis in TCGA Database

To evaluate the effect of ADAMY expression on HCC prognosis, we performed in-silico analyses of
370 HCC patients from the TCGA database. Kaplan-Meier plots revealed that the group with ADAM9
expression the higher than the median had a significantly poorer overall survival rate (Log-rank test
p =39 x 107%) (Figure 3A). In addition, ADAM9 was significantly upregulated in primary tumor
tissues of HCC (n = 370) compared with adjacent normal liver tissues (n = 50) (t-test p = 4.6 X 107%)
(Figure 3B). Unlike ADAMY, other ADAM family genes ADAM10 and ADAM17 neither differed in
their expression levels between HCC tumor tissues and adjacent normal liver tissues, nor showed
significant correlation with survival analysis (Figures S9 and S10).
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Figure 3. Effect of ADAMY expression on HCC prognosis in the TCGA database. (A) Kaplan-Meier
plot of HCC patients (n = 370) according to ADAMY expressions level higher or lower than median
(n =185 for each group). (B) Box-plot comparing ADAMSY expression between HCC primary tumor
(n = 370) and adjacent normal liver tissue (n = 50). Abbreviations: HCC, hepatocellular carcinoma;
TCGA, The Cancer Genome Atlas.

2.7. ADAMO Expression is Positively Correlated with PD-1, TIM-3 and BTLA

The correlation between ADAMSY expression and expression of immune checkpoint molecules
(PD-1, TIM-3, lymphocyte activation gene-3 (LAG-3) and B and T lymphocyte attenuator (BTLA)) in HCC
patients (n = 370) from TCGA database was analyzed. ADAMY expression was positively correlated
with the expression of PD-1, TIM-3, and BTLA but not with that of LAG-3 (Figure 4). TIM-3 had
the strongest positive correlation with ADAM9 (Correlation coefficient r = 0.37 and p = 1.3 x 10713)
(Figure 4B).
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Figure 4. Correlation between ADAMY expression and four immune checkpoint genes PD-1 (A), TIM-3
(B), LAG-3 (C), and BTLA (D). Abbreviations: r, Pearson’s correlation coefficient; PD-1, programmed cell
death 1; TIM-3, T cell immunoglobulin- and mucin-domain-containing molecule 3; LAG-3, lymphocyte
activation gene 3; BTLA, B and T lymphocyte attenuator.
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3. Discussion

In the present study, we found that the ADAM9 blood mRNA level was significantly elevated in
HCC patients compared to healthy controls. Furthermore, the magnitude of this elevation was much
greater in the patients with previous treatment failure than in the newly diagnosed treatment-naive
patients. These findings suggested that ADAMSY expression increase as HCC progresses, and that the
immune evasion mechanisms involving ADAMSY protease probably aggravate as HCC progresses.
In addition, serum ADAM9 mRNA levels decreased significantly in the two patients (one CHB and
one non-viral HCC) who responded to nivolumab. Furthermore, ADAM9 mRNA was not detected at
all in the plasma of one HCC patient who achieved CR with regorafenib and NK cell combination
immunotherapy. As such, the present study demonstrated, for the first time, the functional relevance
of blood ADAM9 mRNA levels with clinical response to HCC treatments. Since the sample size
was too small in our study, we probed the TCGA data to find supporting evidence and found that
higher ADAM9 expression level was significantly associated with poor prognosis of HCC. In contrast,
ADAMI10 and ADAM17, which were also reportedly related to MICA shedding [26], showed no
such association.

In our study, the change of serum ADAMY mRNA was easily correlated with the clinical response
to nivolumab, while the observed lymphocyte immunophenotype changes were intriguing but not
enough to draw a solid conclusion. Namely, Subject #8 did show some favorable changes in her
lymphocyte immunophenotypes (mainly PD-1+ or TIM-3+ cytotoxic T cells) but tumor progression
was still seen. Another interesting finding was the change of TIM-3 positive helper T cell; responders
(Subjects #9 and #10) showed a decrease while non-responders (Subjects #7 and #8) showed an increase.
In addition, ADAMY was strongly correlated with TIM-3 in the TCGA database. These findings
altogether suggest that key features of lymphocyte immunophenotype changes that can predict
treatment response early on may exist. Our study indicated that the proportion of TIM-3 positive
helper T cells may be a good candidate marker, and that unleashing helper T cell from exhaustion
may be more important than unleashing cytotoxic T cells. Future studies are needed to elucidate the
interplay between the ADAM9-MICA-NKG2D system and lymphocyte immunophenotypes, and to
find the relevance between such factors and clinical outcome.

ADAMs belong to the zinc protease superfamily, and they are usually transmembrane proteins [27].
Containing disintegrin and metalloprotease domains, ADAMs take part in multiple cellular functions
including cell adhesion and migration, proteolysis of the extracellular matrix and shedding of membrane
proteins [27,28]. Several studies have indicated that ADAMs are involved in tumor development
and progression of HCC [23,24,27—40]. Though the pathogenesis of HCC is multifactorial, it is
largely due to hepatitis B (HBV) or C virus (HCV) infection and alcoholic or non-alcoholic fatty liver
disease. These underlying liver conditions result in chronic inflammation and liver fibrosis, causing
continuous remodeling of the extracellular matrix [27]. ADAMSs are involved in this inflammatory
process that leads to development of HCC [27]. Among several ADAMs associated with HCC, those
related to MICA shedding are noteworthy as MICA is a critical part of cytotoxic cellular immunity.
Our study revealed that only ADAM9 was significantly associated with prognosis of HCC while
others, ADAM10 and ADAM17, were not. Regarding ADAMY, previous studies demonstrated that
transcriptional suppression of ADAMJ led to inhibition of proliferation and invasion activities of HCC
cell lines [23,24,36—40]. Inhibition of ADAM9 protease also showed similar results [41]. Some of these
results were backed by the increased mMICA expression and subsequently increased susceptibility of
HCC cells to NK cells [23,24,40]. On the other hand, treatment with interleukin (IL)-1 on HCC cell
lines increased the expression of ADAMY9 and sMICA, and the IL-13-treated HCC cells became more
resistant to the cytolytic activity of NK cells [42].

MICA is a ligand of NKG2D, and it triggers NK cell or CD8+ T cell-mediated cytokine release and
cytotoxicity towards the target cells [24]. MICA expression is induced in response to various types
of stress such as heat, DNA damage, and viral infection [43]. The ADAM?9 protease that interferes
with the MICA-NKG2D system was overexpressed in human HCC tissues [24]. In vitro, ADAMY
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knockdown increased mMICA expression, decreased sMICA production, and increased the cytolytic
activity of NK cells against HCC cells [23]. Sorafenib suppresses the expression of ADAM9. Therefore,
sorafenib treatment in vitro showed the same results as the ADAM9 knockdown [23]. This important
phenomenon was reproduced by another group. This time regorafenib was tested. Regorafenib
suppressed the expression of ADAM9 and ADAM10 to a greater extent than sorafenib [24]. This
suppression led to mMICA accumulation and inhibition of sMICA production [24]. The authors
suggested that regorafenib is superior to sorafenib as regorafenib suppresses not only ADAM9 but also
ADAMIO [24].

Beyond these experimental findings, the involvement of the MICA-NKG2D system was described
in HCC patients. Both mMICA and sMICA showed elevated expression in human HCC [44-46]. Serum
levels of sSMICA were significantly elevated in chronic liver disease and HCC patients compared to
healthy controls [44]. Furthermore, there was a stepwise increase in the level of sMICA as liver disease
progressed from chronic hepatitis to cirrhosis, low-grade HCC and high-grade HCC [44]. In CHC
patients, serum IL-1f levels were positively correlated with serum sMICA level, and serum IL-1f3
levels were significantly higher in CHC patients with HCC than those without HCC [42]. On the
other hand, sMICA decrease could suggest favorable response to HCC treatment. For example, serum
sMICA levels decreased, and NKG2D expression on NK cells and CD8+ T cells increased significantly
after transcatheter arterial embolization therapy [44]. This could be related to our finding that ADAM9
mRNA decreased in HCC patients who responded to treatments. Interestingly, there were divergent
findings on the level of sMICA and its association with incidence or prognosis of HCC. In HCC with
CHB, higher sMICA was correlated with vascular invasion and poor prognosis and was associated
with a G allele of single nucleotide polymorphism (SNP) 152596542, a risk allele for HBV-induced HCC
(p = 0.029, odds ratio = 1.19) [47]. In contrast, A allele of SNP 52596542 was significantly associated
with the higher risk of HCV-induced HCC (p = 4.21 x 10713, odds ratio = 1.39) as well as low levels of
sMICA [48]. These findings seemingly contradict each other, but could be explained by the fact that
there may be an interplay between HCC etiology, i.e., the type of hepatitis virus or genetic factors and
ADAMOY-MICA-NKG2D system.

HCC occurrence in HBV infection can be partly ascribed to the perturbation of signaling pathways
by HBV-encoded X protein (HBx) incorporated into the human genome [49]. HBx was associated
with enhanced expression of MMPs such as ADAM9 and ADAM10 [50,51]. More MMPs expressed
could mean more MICA shedding. Therefore, this viral factor explains the association between the
higher sMICA levels and the poorer prognosis of HCC with CHB [43,47]. In the absence of such
interactions between virus and MMPs, the level of sMICA may, more or less, linearly follow that of
mMICA expression, as mMICA is the source of sSMICA [48]. In this case, low sMICA levels reflect low
mMICA expression resulted from host genetic factor, which may indicate weakened cytotoxic immune
surveillance, as was observed in HCV-induced HCC [48]. In addition, hepatitis B surface antigen is
known to inhibit MICA expression via induction of cellular micro RNAs [52].

Anti-viral treatment for HBV and HCV was much improved by the development of new antiviral
agents. This notwithstanding, the development of HCC still remains a concern even after HBV
suppression [53,54] or HCV eradication [55]. In these patients, NK cells were usually observed to have
depressed function with decreased capacity of interferon-y production, impaired IL-15 production,
or decreased expression of NK cell activation receptors including NKG2D [51,56,57]. Representing
30-50% of all hepatic lymphocytes, NK cells increase up to 90% in patients with hepatic malignancy.
Therefore, ADAM9-MICA-NKG2D system may also serve as a good target for HCC prevention strategy
in patients chronically infected with HBV or HCV. In this regard, it is encouraging that one group found
an approved drug for anti-alcoholism, disulfiram, and showed that it effectively restored mMICA
expression by inhibiting ADAM10 and did not have unfavorable off-target effects [58].

One of the unmet needs in this era of immunologic treatments for HCC or other cancers is a
biomarker that can predict treatment response well in advance. It would be very useful if the marker
could dictate the best cancer immunotherapy course. Despite the proven efficacy of nivolumab
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in HCC, expression of a known immune marker, PD-L1, in tumor tissues, fell short of predicting
treatment response [16]. Our and previous studies have suggested that ADAM9 mRNA may fill
this unmet need [23,24,43]. ADAMO transcript elevation might suggest the existence of an ADAM9
associated immune evasion mechanism in tumors. Decrease or increase of ADAM9 mRNA after 2—4
cycles of treatment may help predict treatment response or failure early on. Finally, a decrease of
ADAM9 mRNA may indicate a candidate who can expect synergistic effects by adding adoptive cell
therapy. Adoptive cell therapy composed of NK or CD8+ T cells have shown efficacy in treatment of
HCC [3,17,22,59-61]. However, the patient population who had survival benefits was mostly restricted
to those with minimal tumor burden after treatments with curative modality [17,22,62]. Therefore,
there remains significant room for improvement of the adoptive cell therapy in patients with high
burden of HCC [17,22,62]. This combination strategy may greatly enhance the survival of advanced
HCC patients, as was shown in Subject #6. Thus, ADAM9 mRNA may help select the patients who
may benefit from such combination immunotherapy.

There were limitations in our study. The population size was too small. We did not investigate
whether the findings of our study could be applied for other agents approved for advanced HCC
or not. To complement such weaknesses, we probed the TCGA data and retrieved encouraging
results. This pilot study demonstrates that ADAM9 mRNA is associated with clinical response to
HCC treatment and that there is an important link between the MICA-NKG2D system and prognosis
of HCC, by showing how ADAM9 mRNA expression changes over time as HCC patients received
nivolumab therapy. Thus, ADAM9 mRNA has potential as a biomarker to predict the clinical response
of HCC patients, and the ADAM9-MICA-NKG2D system may be a good therapeutic target in HCC
immunotherapy. Restoration of MICA-NKG2D signaling by suppressing ADAM9 mRNA and its
influence on the tumor microenvironment and its potential as a prognostic marker of human HCC
patients should be investigated in future studies. The knowledge garnered will help us to formulate
better strategies to manage the advanced HCC patients.

4. Materials and Methods

4.1. Patients

This study was conducted in CHA Bundang Hospital between January 2017 and October 2019.
HCC patients who were to be treated with sorafenib, regorafenib or nivolumab as the standard-of-care
therapy were eligible for this study. Patients who were 19 years of age or older and were willing to
participate in this study were enrolled. For enrollment, the patient must have met the inclusion criteria
which included presentation of HCC, diagnosed histologically or radiologically, in accordance with the
guidelines of the American Association for the Study of Liver Diseases or the European Association for
the Study of the Liver [5,10]. Other inclusion criteria were Child-Pugh score <7, BCLC stage B or C,
Eastern Cooperative Oncology Group (ECOG) performance status score of 0 or 1, adequate bone marrow
(hemoglobin > 9 g/dL, granulocyte count >1000/mm?> and platelet count > 40,000/mm?), adequate
liver function (serum aspartate aminotransferase and alanine aminotransferase < 5 times of upper
normal limit, bilirubin < 3 mg/dL, prothrombin time international normalized ratio (PT INR) < 1.5)
and adequate renal function (serum creatinine < 1.5 times the upper normal limit). In addition, HCC
lesions must be measurable by CT or magnetic resonance imaging (MRI) and there should be at least
one lesion > 1.0 cm in maximum diameter. Exclusion criteria were evidence of malignant tumor of
other than HCC, uncontrolled ascites, hepatic encephalopathy, major bleeding event within 30 days,
severe bacterial infection, infection with HIV, major cardiac disease, anticoagulation therapy, pregnant
or breast-feeding woman, dysphagia precluding drug administration, and other contraindications for
systemic HCC therapy. Both written and oral consent was obtained prior to sample collection. The
study was approved by the institutional review board (IRB) of the CHA Bundang Medical Center (IRB
protocol: 2016-03-039-019).
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4.2. Study Design and Protocol

This study was a prospective observational clinical research study. After enrollment, the first
blood samples were drawn within 3 weeks before and 4 days after the commencement of chemotherapy
with sorafenib, regorafenib or nivolumab. Afterwards, follow-up blood samples were acquired at
the 5th, 10th and 20th week or when chemotherapy was terminated. Blood samples were drawn
into two plain bottles (BD Vacutainer®, 5 mL), two EDTA bottles (BD Vacutainer®, 3 mL) and one
heparin bottle (BD Vacutainer®, 10 mL). Immune cells acquired from the EDTA and heparin bottles
were immediately subjected to examination of immunophenotypes and functional assays. The plasma
samples in the heparin bottles and serum samples in the plain bottles were stored at —80 °C for further
ADAM9 mRNA quantification.

Patients’ age, sex, etiology of HCC and Child-Pugh score were recorded. Clinical and TNM stages
were classified according to the BCLC clinical stage and the mUICC stages, respectively [5,63]. Tumor
response (CR, PR, stable disease, and PD) was evaluated in accordance with the modified Response
Evaluation Criteria in Solid Tumors (mRECIST) [64] every 10-12 weeks for more than 1 year via
dynamic liver CT or MRI. Complete blood cell count, blood chemistry (liver function, renal function,
metabolic function, electrolyte), PT INR, and tumor markers (AFP and PIVKA-II) were regularly
checked as part of standard care.

4.3. mRNA Isolation and Real-Time PCR

To evaluate the serum or plasma ADAM9 mRNA expression levels, quantitative real-time reverse
transcription-polymerase chain reaction (RT-PCR) was performed using a CFX Connect real-time
system (Bio-Rad, Hercules, CA, USA). Total RNA was isolated from serum or plasma samples using
the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany). For normal controls, we used banking
serum and plasma from women (n = 5, mean age 34.2 years, range 29—41 years) who delivered at term
(=35 gestational weeks) because we had difficulty with collection of normal serum. The collection and
use of these samples for research purposes was approved by the IRB of CHA Hospital (Seoul, Korea)
(IRB protocol: 2006-12). The mRNA levels of ADAM9 and glyceraldehyde phosphate dehydrogenase
(GAPDH) were determined by quantitative real-time RT-PCR using SYBR green mastermix (Roche,
Basel, Switzerland) according to the manufacturer’s instructions. PCR reactions were performed by
denaturation at 95 °C for 10 min followed by 45 cycles of amplification at 95 °C for 10 s, 55 °C for
15 s, and then melting curves were performed after PCR amplification under the following conditions:
60 °C to 95 °C with a temperature transition rate of 1 °C/s. The sequence of the PCR primers used for
detection of ADAM9 and GAPDH were as follows: ADAMS9 forward primer, 5'-GGAAACTGCCTT
CTTAATATTCCAAA-3’, ADAMO reverse primer, 5'-CCCAGCGTC CACCAACTTAT-3', GAPDH
forward primer, 5’- CTCCTCTTCGGCAGCACA-3’, GAPDH reverse primer, 5'- AACGCTTCACCTA
ATTTG CG T -3’. GAPDH mRNA from each sample was quantified as an endogenous control of
internal RNA. All experiments were performed in duplicate.

4.4. Flow Cytometric Analysis

HCC patient’s blood in the heparin bottle was transferred to a 15 mL conical tube containing
5 mL filcol-paque plus (GE Healthcare, Chicago, IL, USA) and centrifuged at 2000 rpm for 10 min.
Plasma was transferred to a 5 mL cryovial (Corning Inc, Corning, NY, USA) and stored at —80 °C. The
buffy coat layer was transferred to a new 15 mL conical tube washed 2 times with PBS. Peripheral
blood mononuclear cells (PBMCs) were stained with anti-CD3-eFluor 506 (ebioscience, San Diego, CA,
USA), anti-CD3-eFluor 450 (ebioscience, USA), anti-CD4-eFluor 450 (ebioscience, USA), anti-CD4-PE
(ebioscience), anti-CD8-Alexa Fluor 700 (ebioscience), anti-CD19-PE (ebioscience), anti-CD56-Alexa
Fluor 700 (ebioscience), anti-CD16-PerCP/Cy5.5 (BioLegend, San Diego, CA, USA), anti-NKG2D-FITC
(ebioscience), anti-CD158b-PerCP/Cy5.5 (BioLegend), anti-TIM3-FITC (ebioscience), anti-LAG-3-PE
(BioLegend), anti-BTLA-APC/Cy7 (BioLegend), anti-PD-1-APC (BioLegend), anti-CTLA4-APC
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(Miltenyi Biotec, Bergisch Gladbach, Germany), anti-mouse IgGl kappa isotype control-FITC
(ebioscience, USA), anti-mouse IgG1 kappa isotype control-PE (ebioscience), anti-mouse IgG1 kappa
isotype control-PerCP/Cy5.5 (BioLegend), REA control-APC (Miltenyi Biotec), anti-mouse IgG1 kappa
isotype control-Alexa Fluor 700 (ebioscience), anti-mouse IgG1 kappa isotype control-APC/Cy7
(BioLegend), anti-mouse IgG1 kappa isotype control-eFluor 506 (ebioscience), anti-mouse IgG1 kappa
isotype control-eFluor 450 (ebioscience). Stained cells were analyzed with CytoFLEX flow cytometry
(Beckman Coulter, Brea, CA, USA) and resulting data were analyzed using Kaluza version 1.5a analysis
software (Beckman Coulter).

4.5. Statistical Analysis

Data are expressed as the mean (+ standard deviation) or frequencies (percentages), as appropriate.
The statistical significance of differences between the groups was determined by Student ¢ test or
two-sample ¢ test. A p-value of <0.05 was considered statistically significant. Statistical analyses were
performed with SPSS 22.0 (SPSS Inc., Chicago, IL, USA).

4.6. In-Silico Analysis with TCGA Database

We downloaded transcriptomic, survival and clinical data of HCC patients (indexed as LIHC)
from the Xena TCGA database hub (https://xenabrowser.net). The transcriptomic data included 370
patients and was generated by the University of North Carolina TCGA genome characterization center.
The survival data includes information on overall survival. Statistical analyses were performed with
t-test, Pearson’s correlation analysis, Cox-regression and log-rank analysis. All statistical analyses with
TCGA dataset were performed with Python (Version 2.7.10) and R-studio (Version 1.1.456).

5. Conclusions

ADAMY mRNA was overexpressed in blood samples of patients with advanced HCC. Decreased
levels of ADAM9Y mRNA in the blood was significantly associated with clinical response to HCC
treatment with nivolumab. Also, using the TCGA database, we found that higher expression of
ADAMY in HCC tumor tissues is associated with poor survival of HCC patients. Therefore, ADAM9
mRNA has a potential as a biomarker predicting clinical response, and the ADAM9-MICA-NKG2D
system may serve as a therapeutic target of HCC immunotherapy.
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Abstract: Immune checkpoint inhibitors (ICIs) with nivolumab and pembrolizumab are promising
agents for advanced hepatocellular carcinoma (HCC) but lack of effective biomarkers. We aimed
to investigate the potential predictors of response and factors associated with overall survival (OS)
for ICI treatment in unresectable HCC patients. Ninety-five patients who received nivolumab or
pembrolizumab for unresectable HCC were enrolled for analyses. Radiologic evaluation was based on
RECIST v1.1. Factors associated with outcomes were analyzed. Of 90 patients with evaluable images,
the objective response rate (ORR) was 24.4%. Patients at Child—Pugh A or received combination
treatment had higher ORR. Early alpha-fetoprotein (AFP) >10% reduction (within 4 weeks) was the
only independent predictor of best objective response (odds ratio: 7.259, p = 0.001). For patients
with baseline AFP >10 ng/mL, significantly higher ORR (63.6% vs. 10.2%, p < 0.001) and disease
control rate (81.8% vs. 14.3%, p < 0.001) were observed in those with early AFP reduction than those
without. In addition, early AFP reduction and albumin-bilirubin (ALBI) grade or Child-Pugh class
were independent factors associated with OS in different models. In conclusion, a 10-10 rule of early
AFP response can predict objective response and survival to ICI treatment in unresectable HCC. ALBI
grade and Child-Pugh class determines survival by ICI treatment.

Keywords:  alpha fetoprotein response; immune checkpoint inhibitor; unresectable
hepatocellular carcinoma

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the second leading cause
of cancer related death worldwide that constitutes a major global health problem [1,2]. Despite
improvement in surveillance and hepatitis B vaccination, hepatitis C treatment, a large number of
patients still present with unresectable, advanced-stage disease and require systemic therapy [2].
Sorafenib has long been the first and the only effective systemic treatment for advanced HCC [3,4].
Recently, several positive results from the phase 2/3 trials of first or second line settings enable HCC
patients access to more treatment options [5-7].
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Manipulation of immune checkpoints by targeted antibodies, such as anti-programmed cell
death-1 (PD-1) antibody, has recently emerged as an effective anticancer strategy for many types
of cancers including HCC [8]. Nivolumab and pembrolizumab, the anti-PD-1 antibodies, are FDA
conditionally approved immune checkpoint inhibitors (ICIs) for HCC as a second line treatment
after sorafenib failure [5,6,9]. Based on the multi-cohort phase 1/2 trial CheckMate-040, phase 2 trial
keynote-224, and phase 3 trial of Keynote-240 [5-7], only 14-18% of HCC patients could get a tumor
response by nivolumab or pembrolizumab. Traditionally, PD-L1 expression level is a determinant
marker of response in lung cancer, gastric cancer, head and neck cancer, and urothelial cancer [10-12].
However, previous CheckMate-040 and Keynote-224 studies could not show a significant association
between PD-L1 expression level and tumor response in HCC [5,6]. As ICI treatment is expensive and
has potential risk of immune-related adverse events, a baseline or early biomarker can help physicians
to encourage suitable patients to maintain the treatment [2]. However, so far, it still remains an unmet
medical need as there is no well-identified biomarker for HCC immunotherapy. In this study, we aimed
to identify potential predictors of treatment response and overall survival (OS) in patients treated with
ICI for unresectable HCC.

2. Results

2.1. Demographic Characteristics of the Study Cohort

Upon enrollment, most patients were within Child-Pugh class A (72.6%); but more than half
of them were classified beyond albumin-bilirubin (ALBI) grade 1 (71.6%). A total of 78.9% of the
patients were at BCLC stage C, and the maximal tumor size was 5.2 cm (IQR, 2.3-8.8). The median
alpha-fetoprotein (AFP) level was 865.6 ng/mL, and 15.8% of the patients had low AFP level (<10 ng/mL).
In addition, 41.1% received ICI as first-line systemic therapy, while 58.9% had experienced sorafenib
failure. Among 95 patients, 13 received combination therapy with ICIs and tyrosine kinase inhibitors
(six with sorafenib, six with lenvatinib, and one with regorafenib). Four and three patients developed
grade 2 immunotherapy-related pneumonitis and hepatitis, respectively. Six patients suffered from
grade 1/2 skin reactions. The detailed baseline characteristics are presented in Table 1.

Table 1. Characteristics and outcomes of hepatocellular carcinoma (HCC) patients treated with immune

checkpoint inhibitors.

Characteristics n=295

Age,y 65.5 (57.2-72.9)

Sex (male), n (%) 73 (76.8)

HBsAg-positive, n (%) 62 (65.3)

Anti-HCV-positive, 1 (%) 21 (22.1)

Max. tumor size, cm 5.2 (2.3-8.8)

Tumor >50% liver volume, n (%) 30 (31.6)

Multiple tumors, 1 (%) 89 (93.7)

Extrahepatic metastasis, 1 (%) 48 (50.5)

Portal vein invasion, n (%) 51 (53.7)

AFP, ng/mL 609.7 (37.5-4832.3)
<10 ng/mL, n (%) 15 (15.8)
10-400 ng/mL, n (%) 27 (28.4)
>400 ng/mL, 1 (%) 53 (55.8)

BCLC stage B/C, n (%) 20/75 (21.1/78.9)

Prothrombin time, INR 1.10 (1.05-1.23)

Platelet count, K/cumm 145 (102-218)

ALT, U/L 39 (25-61)

AST, U/L 57 (35-97)

Total bilirubin, mg/dL 1.03 (0.55-1.52)
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Table 1. Cont.

Characteristics n =95
Albumin, g/dL 3.6 (3.2-4.0)
Neutrophil-lymphocyte ratio 4.16 (2.89-6.85)
Presence of ascites, 1 (%) 37 (38.9)
Child-Pugh score 6 (5-7)
Child-Pugh class A/B/C, n (%) 69/23/3 (72.6/24.2/3.2)
ALBI grade 1/2/3, n (%) 27/58/10 (28.4/61.1/10.5)
First line systemic therapy, n (%) 39 (41.1)
Prior therapy to ICI, n (%)
Surgical resection 35 (36.8)
RFA/PEIT/MWA 31/9/1 (32.6/9.5/1.1)
TACE/RT/TARE (Y-90) 55/23/5 (57.9/24.2/5.3)
Sorafenib 56 (58.9)
Nivolumab/Pembrolizumab, 1 (%) 92/3 (96.8/3.2)
Combined ICI with TKI, n (%) 13 (13.7)
Immune-related AEs
Skin reactions/Pneumonitis/Hepatitis 6/4/3 (6.3/4.2/3.2)
Post PD treatment, n (%)
TACE/RT/TARE (Y-90) 9/8/2 (9.5/8.4/2.1)
Regorafenib/Lenvatinib/Carbozantinib 8/16/2 (8.4/16.8/2.1)
Ramucirumab 4(4.2)
Sorafenib/Traditional CT 7/6 (7.4/6.3)
Death 47 (49.5)

The data are expressed as median (interquartile range) unless marked with number (percentage) in behind.
Abbreviations: AEs, adverse events; AFP, alpha fetoprotein; ALBI grade, albumin-bilirubin grade; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BCLC stage, Barcelona-Clinic liver cancer stage; CI, confidence
interval; CT, chemotherapy; HBsAg, hepatitis B surface antigen; HCV, hepatitis C; ICI, immune checkpoint inhibitor;
INR, international normalized ratio; MWA, microwave ablation; PD, progressive disease; PEIT, percutaneous ethanol
injection in tumor; RFA, radiofrequency ablation; RT, radiotherapy; TACE, transarterial chemoembolization; TARE
(Y-90), transarterial radioembolization (Yttrium-90); TKI, tyrosine kinase inhibitors.

2.2. Treatment Response to ICI Therapy

The median duration of ICI treatment was 10.4 weeks (IQR, 4.8-22.3) with a median of five
cycles (ranged 1-35) administered. As presented in Table 2, the disease control rate (DCR) was
36.7%, including six complete response (CR), 16 partial responses (PR), and 11 stable diseases. The
best objective response rate (ORR) was 26.9% and 20.0% between patients at Child-Pugh A and B,
respectively. Combination treatment had a significantly higher ORR than ICI monotherapy (46.2% vs.
20.8%, p = 0.049). The median time to response was 63 days (IQR, 48-75) after a median five cycles of
ICI treatment (IQR, 4-6); and the median duration of response was not yet reached for responders (16/22
kept ongoing with response). Noteworthily, three Child-Pugh B patients whose tumors controlled
well by ICI notably improved their liver reserve to Child-Pugh A after treatment.

In univariate analysis, AFP >10% reduction within the first 4 weeks of treatment, baseline ALT
level, as well as combination treatment were associated with best objective response. In multivariate
analysis, early AFP response was the only independent predictor of best objective response to ICI
treatment (odds ratio: 7.259, p = 0.001) (Table 3). Besides, early AFP reduction was also associated with
best disease control by ICI therapy (Table S1).
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Table 2. Treatment response to immune checkpoint inhibitors.

Evaluable All Patients Child-Pugh  Child-Pugh B Child-Pugh Combination Monotherapy
Response (n =95) A (n=69) (n=23) Cn=3) Treatment (n = 13) (n=82)
Best Response, n
(%)
Complete response 6(6.7) 5(7.5) 1(5.0) 0 1(7.7) 5(6.5)
Partial response 16 (17.8) 13 (19.4) 3(15.0) 0 5(38.5) 11 (14.3)
Stable disease 11 (12.2) 10 (14.9) 1(5.0) 0 1(7.7) 10 (13.0)
Progressive disease 57 (63.3) 39 (58.2) 15 (75.0) 3(100.0) 6 (46.2) 51 (66.2)
Non-assessable 5 2 3 0 0 5
Ob’e““;z ::Sp"nse 22 (24.4) 18 (26.9) 4(20.0) 0 6 (46.2) 16 (20.8)
Disease control rate 33 (36.7) 28 (41.8) 5(25.0) 0 7 (53.8) 26 (33.8)
For Responders
Time (tgar;g’ome 63 (48-75) 64 (52-76) 52 (21-72) - 57 (43-73) 63 (55-77)
. Not yet Not yet . Not yet
Duration of Not yet rez.iched reached (13 reached (three a Not yet rea.ched (five reached (11
response (months) (16 ongoing) . . ongoing) .
ongoing) ongoing) ongoing)

Table 3. Factors associated with best objective response in 90 patients with evaluable responses.

R Univariate Analysis Multivariate Analysis
Characteristics
OR 95% CI p Value OR 95% CI p Value

Age,y >60 vs. <60 0.447 0.167-1.192 0.108
Sex Male vs. Female 0.691 0.228-2.092 0.514
HBsAg-positive Yes vs. No 1.651 0.573-4.756 0.353
Anti-HCV-positive Yes vs. No 0.722 0.213-2.446 0.601
Tumor size, cm >7vs. <7 0.754 0.271-2.094 0.588
Tumor number Multiple vs. single 0.625 0.106-3.670 0.625
Tumor shape Infiltrative vs. nodular 2.250 0.813-6.227 0.118
Tumor/Liver volume >50% vs. <50% 0.900 0.308-2.633 0.847
Portal vein invasion Yes vs. No 1.131 0.431-2.969 0.802
Main portal vein invasion Yes vs. No PVI 1.046 0.278-3.932 0.947
Portal branches invasion Yes vs. No PVI 1.295 0.441-3.803 0.638
Extrahepatic metastasis Yes vs. No 0.580 0.219-1.537 0.273
BCLC stage Stage Cvs. B 1.385 0.409-4.689 0.601
AFP, ng/mL >400 vs. <400 0.789 0.301-2.068 0.630
AFP, ng/mL <10 vs. <10 0.737 0.188-2.894 0.662
NLR >25vs. <2.5 1.529 0.390-5.992 0.542
Prothrombin time, INR >1.2vs. <1.2 1.211 0.422-3.470 0.722
Platelet count >100K vs. <100K 0.821 0.275-2.447 0.723

ALT, U/L > 40 vs. <40 0.294 0.097-0.888 0.030 0.384 0.109-1.349 0.135
AST, U/L > 40 vs. <40 0.465 0.172-1.255 0.131
Ascites Yes vs. No 0.536 0.186-1.539 0.246
Child-Pugh class Class B, Cvs. A 0.537 0.172-1.914 0.366
ALBI grade Grade 2,3 vs. 1 0.520 0.190-1.422 0.203
Prior Sorafenib treatment Yes vs. No 1.011 0.380-2.687 0.982

Combined treatment * Yes vs. No 3.813 1.083-13.419 0.037 2.522 0.572-11.111  0.222

AFP reduction at fourth week * Yes vs. No 7.437 2.545-21.735  <0.001 7.259 2.359-22.337  0.001
10 related AEs Yes vs. No 0.916 0.228-3.678 0.901

Abbreviations: AEs, adverse events; AFP, alpha fetoprotein; ALBI grade, albumin-bilirubin grade; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BCLC stage, Barcelona-Clinic liver cancer stage; CI, confidence
interval; HBV, hepatitis B; HCV, hepatitis C; INR, international normalized ratio; IO, immunotherapy; OR, odds
ratio; NLR, neutrophil-lymphocyte ratio. * Combined treatment: combined immune checkpoint inhibitors with
tyrosine kinase inhibitors, including sorafenib, lenvatinib, and regorafenib. ¥ AFP reduction at fourth week: AFP
reduced >10% from baseline serum level.

2.3. Association between Tumor Response and Early AFP Response

As 10% AFP reduction might not be meaningful for HCCs with baseline level less than 10 ng/mL,
the AFP response was further categorized by baseline AFP level. For patients with baseline AFP >10
ng/mlL, significantly higher ORR (63.6% vs. 10.2%, p < 0.001) and DCR (81.8% vs. 14.3%, p < 0.001)
were observed in those with early AFP reduction than those without. However, such association was
not observed in patients with baseline AFP level <10 ng/mL (Figure 1).

172



Cancers 2020, 12, 182

10% AFP reduction

Baseline AFP level within 4 weeks ORR (%) DCR (%)
*NA (n = 5)
) ) M) )
Yes 63.6 81.8
(n=22) (n=14) (n=18)
- ?:: :‘87/;)"' p <0.001 p <0.001
SR M) ) CEE—
Patients No 10.2 14.3
with (n=49) (n=5) (n=7)
assessable
radiological
outcomes  EEE— — —
(n =90) Yes 0 50.0
" J (n=4) (n=0) (n=2)
Total patients <10 ng/ml Npm——
(n=95) (n=15) [ p =0.505 p =1.000
) ) )
No 30.0 50.0
(n=10) (n=3) (n=5)
~— ~—

Figure 1. The association between tumor response and early alpha-fetoprotein (AFP) reduction
categorized by AFP > or <10 ng/mL. NA (not assessed): total of five patients did not have an AFP value
within 4 weeks of treatment that could not be assessed for early AFP response.

2.4. Response in HCC Patients with Available PD-L1 Level and Evaluable Images

Of 18 patients whose tumor specimens were assessed for PD-L1 expression, three patients had TPS
> 1% or CPS > 1%, and all of them achieved partial response to ICI treatment. In the other 15 patients
with low expression of PD-L1 (<1%), 60.0% developed PD (p = 0.206) (Figure S1).

2.5. Uni- and Multivariate Analysis for Factors Associated with OS for All HCC Patients

During a median follow-up period of 5.2 (IQR, 3.2-12.5) months, 47 deaths occurred. The median
overall survival was 11.9 months (95% C.I. 5.6-18.2). As shown in Figure 2, patients with objective
tumor response had significantly better OS than those that developed PD (median OS: not yet reached
vs. 6.1 months). Besides, patients with early AFP reduction >10% also had significantly better OS
than non-responders (median OS: 24.7 vs. 5.6 months, p = 0.014; Figure 3). In addition, Child-Pugh
A vs. B/C (median OS: 24.7 vs. 3.8 and 0.6 months, p < 0.001) (Figure 4A), and ALBI grade 1 vs. 2/3
(median OS: not yet reached, vs. 5.6 and 3.2 months; p < 0.001) (Figure 4B) were associated with OS.
No significant survival difference was reported according to prior sorafenib treatment (Figure S2).

As declared in Table 4, early AFP reduction (hazard ratio (HR): 0.234, p = 0.001) and Child-Pugh
A (HR: 0.238, p = 0.002) were the independent predictors to better OS in patients received ICI treatment
(Multivariate analysis model 1). Similarly, early AFP response (HR: 0.243, p = 0.001) and ALBI grade
1 (HR: 0.220, p = 0.002) were also good survival predictors in the model 2. After including tumor
response into analysis, presence of tumor response, serum AST level, and good liver reserves were
identified as independent survival predictors (Table S2).
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Figure 2. Overall survival (OS) of unresectable HCC according to treatment response to immune

checkpoint inhibitors.
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Figure 3. OS of HCC patients according to AFP reduction within 4 weeks treatment of immune
checkpoint inhibitors.
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3. Discussion

This is the largest real-world cohort from Asian patients with unresectable HCC treated by
ICIs until now. A better ORR (24.4%) was observed than previous studies, but stable disease was
fewer [7,8,13]. Impressively, early AFP response within 4 weeks of treatment was identified as the
independent predictor to objective response in our patients. Besides, better liver reserves (Child-Pugh
class A or ALBI grade 1) and early AFP response were also good predictors of survival.

The predictive role of AFP reduction in HCC response to various treatments has been
reported [14-16]. In sorafenib-treated HCC, a decline of AFP >20% from baseline level after 4
to 8 weeks of treatment was suggested as a surrogate marker to predict treatment response and survival
benefits [17]. In an extended analysis of CheckMate-040, however, the authors failed to find biomarkers
predicting treatment response to nivolumab [18]. In a recent real-life experience of ICI-treated HCC,
no factor was identified to associate with response, either [19]. Early AFP reduction >20% within
the first 4 weeks of ICI treatment was recently reported in relation to treatment efficacy for patients
with baseline AFP > 20 ng/mL [20]. In this study, we proposed a novel 10-10 rule to early predict ICI
response based on baseline AFP level >10 ng/mL, and 10% reduction within 4 weeks of treatment. A
>10% reduction of AFP (ORR: 63.6% vs. 10.2%, p < 0.001; DCR: 81.8% vs. 14.3%, p < 0.001) performed
a better discriminative ability in tumor response than AFP reduction >20% (ORR: 64.7% vs. 14.8%, p <
0.001; DCR: 82.4% vs. 20.4%, p < 0.001) or >30% (ORR: 61.5% vs. 19.0%, p = 0.001; DCR: 84.6% vs.
24.1%, p < 0.001). These findings suggested the 10-10 rule can serve as guidance for ICI treatment in
advanced HCC.

Unlike the real-world report of sorafenib-treated HCC with inferior survival benefit in Eastern
population [21], the median OS of our patients was similar to the data of CheckMate-040 and a recent
multicenter real-world study [7,19]. Our results were also in line with the report from Asian cohort of
CheckMate-040 with comparable ORR and survival [22]. The prognosis of advanced HCC depends
not only on tumor burden, but also on liver reserve [21,23,24]. Consistent with the survival-predictive
ability of ALBI grade in sorafenib-failed HCC [21,25], our data confirmed ALBI grade as an independent
survival predictor in patients received ICI treatment. The ORR was 12.2% for Child-Pugh B HCC in
CheckMate-040 [26]. In a recent case series enrolled 18 patients with advanced HCC and Child-Pugh
B cirrhosis, the ORR was 17%, and the median OS was 5.9 months [27]. In this study, we declared a
comparable ORR as 20.0% (three PR and one CR) in Child-Pugh B patients but presented with a shorter
OS. Although only five of our Child-Pugh B patients had disease controlled by ICI treatment; notably,
three of them improved their liver function to Child-Pugh A along with excellent survival benefits
(the median OS was not yet reached). Inconsistent with prior statements indicated that patients with
poor liver reserves may not get benefit from oncological management [13,28], these recent findings
suggested that Child-Pugh B patients could still get benefit from ICI treatment.

Synergic benefits of combination therapy to advance-staged HCC have been explored
recently [29]. Current ongoing clinical trials suggested that combination treatment with lenvatinib
plus pembrolizumab, atezolizumab plus bevacizumab, or nivolumab plus ipilimumab had promising
ORR higher than 30%, or even 60% [30-32]. As recently reported in ESMO Asia 2019, the phase 3
IMbrave 150 has demonstrated significant improvements with atezolizumab and bevacizumab over
sorafenib in OS and RFS for unresectable HCC (ORR 27%, DCR 74% by RECIST 1.1). In this study, a
significantly better ORR (46.2%) was noted in patients that received combination therapy compared
with ICI monotherapy. However, it did not independently predict objective response to ICI treatment in
the multivariate analysis. Further investigation is still needed to clarify the role of combined treatment
in management of HCC.

PD-L1 expression by either tumor cells or intratumoral inflammatory cells is related to HCC
aggressiveness and might account for the response of immune checkpoint inhibitor [33]. Although
numerically a higher ORR was observed in patients whose PD-L1 expression level was >1% in previous
studies [7,8], the difference did not reach statistical difference. In our data, all patients with >1% TPS or
CPS had PR to ICI treatment; whereas, most patients with <1% PD-L1 expression presented with PD.
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These findings suggested that PD-L1 expressions might play some role in the response to ICI treatment
in HCC.

The adverse effects (AEs) of immune checkpoint inhibitor are different from toxicities caused by
chemotherapy. In general, the immunotherapy related AEs was low in our cohort and we did not
observe a high incidence of immunotherapy related AEs in Child-Pugh B patients.

There are several limitations in this study. First, this is a retrospective study that only enrolled
patients in single hospital. However, our hospital is the main leading tertiary medical center in Taiwan.
The information bias would be ameliorated by regular tumor reassessment by contrast-enhanced
image and clinical evaluation. Besides, it is so far the largest real-life Asian ICI-treated HCC cohort;
and is the first study demonstrated the 10-10 role of AFP to predict response. Second, the level of
PD-L1 expression was only performed in few patients, although our pivotal results were similar to
previous studies with improved prediction to treatment efficacy [7,8]. Third, most of our patients
(73.5%) had chronic hepatitis B as the underlying hepatic disease. Our results should be applied to
other populations with caution.

4. Materials and Methods

4.1. Patients

From May 2017 to August 2019, 95 patients had received nivolumab or pembrolizumab treatment
for unresectable HCC in Taipei Veterans General Hospital and were retrospectively enrolled in this
study. None of them enrolled in previous or ongoing ICI clinical trials. Among them, 90 patients
with evaluable image studies following the treatment before the cut-off date of data were recruited for
further assessment of treatment response. Of the five subjects not available for assessment, four patients
died before the first radiological evaluation and one patient was lost to follow-up. The diagnosis was
according to the AALSD treatment guidelines for HCC [34]. ICIs were prescribed to these patients
because of treatment failure or intolerable adverse events to sorafenib, deteriorated liver reserves
beyond Child-Pugh class A so that was unable to apply sorafenib according to the reimbursement
criteria of National Health Insurance in Taiwan [21], or patients who experienced ineffective transarterial
chemoembolization for their intermediate-staged HCC. The study was approved by the Institutional
Review Board of the Taipei Veterans General Hospital (IRB numbers: 2017-09-007CC, 2019-07-007AC,
and 2019-08-006B). All alive patients have signed informed consent; and the informed consent of others
was waived by IRB because of retrospective design.

4.2. Treatment and Outcome Assessment

ICIs were administered according to the recommended dosing and safety information (2-3 mg/kg,
every 2 weeks for nivolumab and every 3 weeks for pembrolizumab). The safety assessment and
grading was performed based on the National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI CTCAE; version 4.03). Besides, clinical evaluation with Child-Pugh class,
albumin-bilirubin grade [35,36], hemogram, serum chemistry, and alpha-fetoprotein (AFP) level were
performed every 2 to 3 weeks during the treatment. An early AFP response was defined as >10%
reduction from baseline level within 4 weeks of treatment.

Clinical tumor response was assessed by RECIST version 1.1 based on contrast-enhanced abdominal
computed tomography scan or magnetic resonance imaging [7,37]. The image examinations were
carried out every 6-8 weeks during ICIs treatment. The OS was measured from the date of starting
ICIs until the date of death; and the time to response was the interval between ICIs initiation and
occurrence of first objective response.

4.3. PD-L1 Expression Analysis

PD-L1 expression was measured by immunohistochemistry pharmDx assay (Agilent Technologies,
Santa Clara, CA, USA) on archive HCC tissues for 18 patients. The anti-PD-L1 28-8 antibody was used
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for nivolumab-treated HCC, and anti-PD-L1 22C3 antibody was applied for pembrolizumab-treated
HCC [7,8]. Expression levels were reported by tumor proportion score (TPS) and/or combined positive
score (CPS), respectively [7,8].

4.4. Biochemical Tests

Serum biochemistry tests were measured by systemic multi-autoanalyzer (Technicon SMAC,
Technicon Instruments Corp., Tarrytown, NY, USA). Serum AFP levels were measured by
chemiluminescent microparticle immunoassay (ARCHITECT AFP assay, Abbott Ireland Diagnostics
Division, Sligo, Ireland) with clinically reportable range from 1 to 1,998,000 ng/mL.

4.5. Statistical Analysis

Continuous variables were expressed as median (interquartile ranges—IQR), while categorical
variables were analyzed as frequency and percentages. The Pearson chi-square analysis or Fisher’s
exact test was used to compare categorical variables, while the Student’s t-test or Mann-Whitney U
test was applied for continuous variables. Survival was estimated by the Kaplan-Meier method and
compared by the log-rank test. Additionally, Cox’s proportional-hazard model was used to identify
prognostic factors for survivals. To avoid the effect of collinearity, ALBI grade and BCLC or Child-Pugh
class were not included in the same multivariate model. For all analyses, p < 0.05 was considered
statistically significant. All statistical analyses were performed using the Statistical Package for Social
Sciences (SPSS 17.0 for Windows, SPSS Inc., Chicago, IL, USA).

5. Conclusions

The 10-10 rule of early AFP response can predict objective response and survival to ICI treatment
in unresectable HCC. Besides, good liver reserves confer better survival among these patients. These
findings help to provide effective on-treatment guidance of ICI treatment for HCC patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/182/s1,
Figure S1: Best response in 18 HCC patients with measured PD-L1 level and evaluable response; Figure S2:
Differentiated overall survival (OS) of unresectable hepatocellular carcinoma treated with immune checkpoint
inhibitors. Table S1: Factors associated with best disease control in 90 patients with evaluable response; Table
S2: Factors associated with overall survival in 95 patients treated with immune checkpoint inhibitors (including
tumor response in analyses).
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Abstract: Hepatocellular carcinoma (HCC), the most common type of liver cancer, is derived mostly
from a background of chronic inflammation. Multiple immunotherapeutic strategies have been
evaluated in HCC, with some degree of success, particularly with immune checkpoint blockade (ICB).
Despite the initial enthusiasm, treatment benefit is only appreciated in a modest proportion of patients
(response rate to single agent ~20%). Therapy-induced immune-related adverse events (irAEs) and
economic impact are pertinent considerations with ICB. It is imperative that a deeper understanding
of its mechanisms of action either as monotherapy or in combination with other therapeutic agents is
needed. We herein discuss the latest developments in the immunotherapeutic approaches for HCC,
the potential predictive biomarkers and the rationale for combination therapies. We also outline
promising future immunotherapeutic strategies for HCC patients.

Keywords: immunotherapy; biomarkers; combination immunotherapy; immune-related adverse
events (irAEs); hepatocellular carcinoma (HCC)

1. Introduction

Cancer immunotherapy is a rapidly evolving field, which has revolutionized the treatment
landscape in oncology this past decade [1]. Unlike conventional cancer therapies, immunotherapeutic
approaches do not directly target tumor cells; instead, they target the patient’s immune system
or the tumor microenvironment (TME) [2]. A variety of strategies have been explored: cytokine
administration, cancer vaccines, adoptive cellular therapy, and immune checkpoint blockade (ICB) [3].
Among which, ICB have been the focus of cancer immunotherapy due to its promising outcomes
across multiple advanced solid malignancies, including hepatocellular carcinoma (HCC) [4,5]. HCC
is the most common type of primary liver cancer. It is the sixth most common cancer type and the
fourth leading cause of cancer death worldwide [6]. Survival after curative surgery remains relatively
low. Five-year disease-free survival rates after resection ranges between 24% and 36%, with recurrence
rates being as high as 70% [7-9]. Before the emergence of immunotherapy, therapeutic development in
advanced HCC has been limited partly due to its complex and heterogeneous disease etiologies [10].

The response rate for HCC patients treated with single-agent ICB is modest, at ~15-20%. Moreover,
15-25% of these ICB-treated patients experienced grade 3/4 treatment or immune-related adverse
events (TRAEs or irAEs), such as rash, pruritus, diarrhea, and an increase in aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) [11,12]. Therefore, a better understanding of mechanistic
properties of ICB and predictive biomarkers of response and toxicities is crucial for improved treatment
in HCC. This review highlights the current knowledge of immunotherapy in HCC, with particular
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focus on ICB and the growing understanding of biomarkers discoveries. We also endeavor to provide
rationale for combination strategies with ICB and perspectives on personalized immuno-therapeutics
for HCC.

2. Current Landscape of Immunotherapy in HCC

2.1. Immune Checkpoint Blockade (ICB) Therapy

The key mechanism of action for ICB is to block the immune exhaustion or inhibitory pathways
induced by chronic immune response against tumor antigen, in order to reactivate the antitumor
immune response [13,14]. Immune checkpoint inhibitors are monoclonal antibodies designed to target
multiple checkpoint molecules, such as PD-1, CTLA-4, Tim-3, Lag-3, and VISTA, expressed primarily
by T cells, as well as PD-L1, the ligand for PD-1, expressed primarily by the tumor or other immune
cells [14]. PD-1, PD-L1, and CTLA-4 inhibitors are the most widely evaluated ICB therapies in clinical
trials for various solid cancers, including HCC. A summary of the major clinical trials using ICB
as monotherapy in HCC, their response rates, and rates of >grade 3 irAEs are provided in Table 1.
Combination strategies utilizing ICB are described in greater detail below, in Section 2.4.

2.1.1. Anti-PD-1 Therapy

Two phase I/II clinical studies in HCC, CheckMate040, and Keynote224, using anti-PD-1
monoclonal antibodies nivolumab and pembrolizumab respectively, have been reported [11,12].
CheckMate040, is a multicohort phase I/II, open-label, dose escalation, and expansion trial, using
nivolumab alone or in combination with ipilimumab (anti-CTLA4 monoclonal antibody). In cohort
1 and 2 of Checkmate040 (cohort 1: all 214 patients and cohort 2: 85 Asian patients), patients with
advanced HCC who were treatment naive or progressed/intolerant to sorafenib were treated with
nivolumab. Keynote224 was a phase II, open-label trial that assessed the efficacy and safety of
pembrolizumab in 104 patients with advanced HCC, who were previously treated with sorafenib.
Nivolumab demonstrated an objective response rate (ORR) of 20% and disease control rate (DCR)
of 64%, whereas pembrolizumab showed an ORR of 17% and DCR of 62% (see Table 1) [11,12].
A subsequent Asian cohort analysis from CheckMate040 demonstrated an ORR of 15% [15]. Both of
these trials demonstrated superior ORR and DCR compared to historical responses of sorafenib in
advanced HCC (~2% ORR in the SHARP trial) [16]. In addition, the median duration of response
was up to 17 months reported in sorafenib experienced HCC patients treated with nivolumab [11],
underlining the durability of control in a proportion of patients. Both CheckMate040, and Keynote224
reported moderate (15-25%) >grade 3/4 irAEs (see Table 1). The response rates of anti-PD1 therapy in
HCC is, however, modest compared to other cancers, like melanoma (ORR 44%) [17] and renal cell
carcinoma (ORR 25%) [18].

Despite encouraging results obtained from initial single-arm studies, two phase III trials in
advanced HCC: CheckMate459 (NCT02576509), and Keynote240 (NCT02702401), using nivolumab
and pembrolizumab respectively, failed to meet their predetermined primary endpoints of overall
survival (OS). In Keynote240 trial, pembrolizumab, when compared to placebo in advanced HCC
patients previously treated with sorafenib, did not meet the predetermined dual primary endpoints
of improved OS (HR: 0.78; one-sided p = 0.0238) and PFS (HR: 0.78; one-sided p = 0.0209). Of note,
however, the ORR of 18.3% was comparable to earlier studies with median duration of response
of 13.8 months [19]. CheckMate459 trial, which compared nivolumab versus sorafenib as first-line
treatment in patients with unresectable HCC, also did not meet its prespecified primary endpoint of
OS [20]. Median OS was 16.4 months for nivolumab and 14.7 months for sorafenib (HR, 0.85 [95%
CI, 0.72-1.02]; p = 0.0752). An improvement in ORR was observed with nivolumab compared with
sorafenib (odds ratio (95% CI), 2.41 (1.48-3.92)) (see Table 1). Grade 3/4 treatment related adverse
events were reported in 81 patients (22%) in the nivolumab arm and 179 patients (49%) in the sorafenib
arm [20]. Despite both studies not meeting their primary endpoints, there was a clear trend toward
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improved OS in favor of ICB. Nevertheless, treatment effect of single-agent ICB appears binary with
a modest proportion of patients truly deriving benefit. This underlines the need for a predictive
biomarker of response as well as rational combination strategies.

2.1.2. Anti-PD-L1 Therapy

Several anti-PD-L1 monoclonal antibodies are currently under clinical trials in advanced HCC
include avelumab, durvalumab, and atezolizumab. Avelumab monotherapy is currently being
evaluated in a phase II study (NCT03389126). Durvalumab monotherapy was evaluated in a phase
I/II trial in various solid tumors and reported an ORR of 10.3% in 39 HCC patients who declined,
were intolerant, or progressed on prior sorafenib [21] (see Table 1). Atezolizumab monotherapy was
compared against combination of atezolizumab and bevacizumab (anti-VEGF antibody) in advanced
HCC patients in the Arm F of Phase Ib GO30140 study [22]. Median progression-free survival (PFS)
was 3.4 months in the monotherapy arm, compared to 5.6 months in the combination arm (HR 0.55,
p = 0.018) [22].

2.1.3. Anti-CTLA-4 Monoclonal Antibodies

Anti-CTLA4 antibody (Ipilimumab) was first approved by FDA in 2011 for the treatment of
melanoma, following the result from the phase III trial, showing significant overall survival benefit
compared to gp100 vaccine alone [23]. Another anti-CTLA4 antibody, tremelimumab, was evaluated
for safety, antitumor, and antiviral activity in HCV-related HCC as monotherapy in a single-arm phase
IT trial (NCT01008358) [24]. An ORR of 17.6% was reported among 17 patients (see Table 1) as well as
anti-HCV viral immunity [24]. Result from another phase I/II study of durvalumab and tremelimumab
in patients with unresectable HCC (NCT02519348) will be announced in the near future [25].
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2.2. Current Knowledge on Biomarkers for ICB and Its Relevance in HCC

Predictive biomarkers of response in ICB across different cancer types have been extensively
reviewed [26-28]. We summarize the key biomarkers from intratumoral tissues (tumor or TME specific
tissue markers) and extratumoral tissues (from peripheral blood, serum or feces) in Table 2 and provide
evidence and perspectives, where available, on HCC.

2.2.1. PD-L1 Expression

PD-L1 expression is one of the earliest and most widely used biomarkers of response to
immunotherapy. PD-L1 IHC is approved by FDA as a companion diagnostic when considering
use of anti-PD1 therapy in NSCLC [29,30]. Despite this, the utility of PD-L1 expression across
multiple tumor types has been disparate: some with positive association [31-35], while others with
no association [11,12,18,36,37] with clinical outcome. Within HCC tissues, PD-L1 was found to be
expressed by the tumor cells [38] and macrophages [39], both of which were associated with poor
post-resection prognosis; meanwhile, PD-1 was expressed mainly by the T cells, including regulatory T
cells (Treg) [40,41]. It has also been shown that the PD-L1 expression in HCC is generally low (~10%
by tumor cells) and highly heterogeneous across different anti-PD-L1 staining antibodies used [42].
Indeed, tumor PD-L1 expression was not a robust biomarker for response to anti-PD-1 therapy in both
CheckMate040 and Keynote224 trials in HCC [11,12]. Reasons for contradictory results from clinical
trials using PD-L1 as a biomarker include the different assays for detection, the spatial heterogeneity in
expression of PD-L1, and various standards and cutoffs used in assessing positive staining [29,30,43].

Another important consideration is that nontumor host cells could also express PD-L1 and be
considered as the biomarker for response to anti-PD-1/anti-PD-L1 ICB [44]. For instance, studies
in melanoma [45], urothelial carcinoma [46], and HCC [12] have found that PD-L1 expression on
nontumor host cells, such as TILs, was associated with response to anti-PD1 or anti-PD-L1 therapy.
More recently, circulating exosomal PD-L1 was shown to correlate with clinical response to anti-PD-1
therapy, in a study conducted in patients with advanced melanoma [47]. Increased circulating exosomal
PD-L1 was indicative of adaptive response by the tumor cells to T-cell reinvigoration [47]. One recent
preclinical study in mice models demonstrated that, by suppressing exosomal PD-L1, antitumor
immune response and memory could be induced even in the anti-PD-L1-resistant models [48]. Given
the high intratumoral heterogeneity of HCC tumors as described previously [49,50], exosomal markers
could serve as an attractive biomarker to predict clinical outcome to immunotherapy.

Recent research focuses also on the post-translational regulation of PD-L1 expression [51-53].
For instance, epigenetic regulation of PD-L1 protein expression by microRNA has been implicated
in various cancers [51]. Maintenance of PD-L1 on the cell membrane and prevention from its
lysosomal degradation by regulatory proteins, such as CMTMS, could also play an important role [54].
Additionally, given the link between inflammation and IFNy-induced upregulation of PD-L1 expression
in tumor [55,56], IFNY signature has also been shown to be a biomarker of response to ICB in multiple
cancer types [57,58]. Such data in HCC is currently lacking.
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2.2.2. Tumor Mutational Burden (TMB) and Specific Genomic Mutations

Tumor mutational burden (TMB) correlates with responses with ICB across multiple cancer
types, including HCC [59-63]. One cross cancer study on TMB indicated that tumors with high TMB
would also have higher expression PD-L1 on tumor cells, predicting their response to anti-PD-1/PD-L1
therapy [63]. Indeed, tumors with high TMB are associated with more neoantigens and linked
to a more inflamed tumor microenvironment, higher IFNyexpression, and upregulation of PD-L1
expression [55,108]. In this study, TMB level is considered moderate for HCC, consistent with a modest
response rate to ICB in HCC [63]. However, a separate small case series of 17 HCC patients treated
with anti-PD-1 ICB showed no significant association between TMB and response [64]. Furthermore,
DNA mismatch repair (MMR) gene deficiency, which results from a heavy mutational burden and
predictive of response to immunotherapy;, is infrequent in HCC [109].

Specific tumor mutations, such as Wnt alteration/3-catenin mutation, are linked to a T-cell exclusion
or immunosuppressive TME and resistance to ICB in patients with advanced melanoma [66,67].
A study involving 27 HCC patients who received ICB (a mix of anti-PD1/anti-PD-L1/anti-CTLA4 or
combination) found Wnt-pathway mutation to be predictive of resistance to therapy [68]. A more
recent single-cell RNA sequencing study on biopsy samples taken from 19 liver cancer patients (9 HCC
and 10 cholangiocarcinoma patients) treated with mixed ICB regimens showed that patients with less
transcriptomically diverse tumors demonstrated a better response and survival profile [65]. This study
also identified VEGFA as one of the possible mechanisms of resistance to ICB, hence providing rationale
for combination of ICB with an anti-angiogenic agent [65]. However, it is not known how TMB is related
to the transcriptomic diversity of tumors. Further studies are needed to clarify the relevance of TMB
and specific molecular alterations (e.g., Wnt alteration/-catenin mutation or VEGF overexpression) in
relation to response to ICB.

2.2.3. Tumor-Infiltrating Lymphocytes (TILs) Density and Phenotypes

Density of TILs, particularly CD8+ T cells, connotes a better prognosis in various cancer types,
including HCC [110-114]. Several studies have shown that higher TILs density, particularly for
CD8+ T cells, predicts for better survival after ICB [45,69-71]. CD8+ T-cells density at the invasive
margin, and not at the center of the tumor, was the most important determinant of better outcomes
in melanoma patients treated with anti-PD1 ICB [69]. In addition, T-cell receptor (TCR) diversity
or clonality, indicative of its ability to recognize diverse repertoire of tumor antigens, has also been
shown to correlate with response to ICB [69,73-75]. As recognition of tumor antigens depends on
antigen-presentation components, it is hence not surprising that HLA diversity predicts better responses
to immunotherapy [76].

Apart from density and location of TILs, their phenotypes also play an important role. For instance,
the cytolytic property of T cells, indicated by expression of pro-inflammatory genes perforin and
granzyme, was associated with response to anti-PD-1 therapy in melanoma patients, despite no
significant change in TILs density [73,77]. A study using single-cell RNA sequencing (scRNA seq)
technologies to profile TILs found that the ratio of activated to exhausted CD8+ T cells in the tumor
correlated with the response to ICB in melanoma patients [78]. The recent scRNA seq study in liver
cancer patients treated with mixed ICBs also concurred with these findings that tumor-infiltrating
cytolytic T cells play an important role in predicting response to immunotherapy [65]. Another
immunoprofiling study in HCC cohort who received preoperative ICB treatment, followed by resection,
showed that an increase in effector T cell was associated with complete response [72]. Both studies
underlined the importance of TILs, particularly its phenotypes, as predictive biomarker of response in
HCC patients. In fact, it was previously shown that only ~20% of HCC tumors were considered well
infiltrated by immune cells [67,115], consistent with the reported clinical outcomes in anti-PD-1 ICB
monotherapy trials.

Other immune subsets such as regulatory T cells (Treg) or macrophages also have predictive
values for response to ICB. For instance, higher frequency of Treg, myeloid derived suppressor cells
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(MDSCs) [79] and tumor-associated macrophages (TAM) [81] are linked to unresponsiveness to ICB.
Treg has been linked to cancer hyper-progression after ICB [80], further underlining its important
regulatory role in ICB response. Their roles in HCC remain to be elucidated.

2.2.4. Peripheral Immune Cells” Phenotypes

Peripheral blood is an important biological material for monitoring clinical response after ICB.
As T cells are the primary targets for ICB, the pretreatment diversity of TCR repertoire is an important
biomarker of response to ICB in the circulating blood [82-84]. The phenotypes of T cells have also
been studied, and the ratio of reinvigorated CD8+ T cell to the tumor burden [85], as well as the
activation status of both CD4+ and CD8+ T cells [86], upon treatment could predict for response to ICB
in melanoma patients. Other circulating immune cells, such as immunosuppressive MDSCs, have been
shown to correlate with poor response to anti-CTLA-4 therapy in multiple studies in melanoma
patients [87-90]. The ratio of neutrophil to lymphocytes was associated with decreased PFS and OS
after ICB treatment [91-94].

The role of circulating Treg cells is, however, controversial. Higher baseline frequency of Treg
has been linked to disease control after ICB [84]. In two studies in patients with advanced melanoma
treated with ipilimumab, one reported that an on-therapy increase in frequency of circulating Treg at
week 6 was associated with improved PFS [95]. In contrast, another study reported that a decrease in
frequency of circulating Treg at a later timepoint of week 12 was associated with disease control upon
ICB [96]. It is possible to speculate that an initial increase followed by decrease in Treg might be a sign
of clinical response to immunotherapy.

It is therefore important to study the dynamic changes of various peripheral immune subsets at
defined time points after immunotherapy, for a more accurate comparison. Such studies are currently
lacking in HCC.

2.2.5. Other Extratumoral Biomarkers

Other noncellular biomarkers in the blood include lactate dehydrogenase (LDH), an enzyme
that is released by rapidly growing tumors and associated with large tumor burden, tumor hypoxia,
angiogenesis, and worse prognosis [116,117]. High baseline serum LDH levels are associated with
worse outcomes with ICB [89,97,98,100]. Dynamic changes of LDH levels while on treatment could
also predict outcomes. On-treatment reduction in LDH levels was associated with better response in
patients with advanced melanoma treated with ipilimumab [96,99]. As serum LDH level has been used
as a biomarker in predicting response to TACE [118] and sorafenib [119] in HCC, its role in predicting
responses to ICB would be of interest.

As described earlier, increased circulating exosomal PD-L1 during early stages of anti-PD-1
therapy positively correlated with clinical response in melanoma patients [47]. Apart from this,
circulating cell-free DNA (cfDNA) carrying tumor-related genetic and epigenetic alterations have been
shown to be related to cancer development, progression, and resistance to therapy [120]. This makes
cfDNA an easily accessible biomarker to predict tumor response to therapy, which is potentially not
affected by intratumoral heterogeneity [121,122]. In fact, specific mutations or TMB can be detected
from circulating ¢fDNA and that have been shown to associate with responses to ICB [101,102].
One particular study found that hypermutated circulating tumor DNA was associated with clinical
outcome in 69 cancer patients, including three HCC patients, treated with a variety of ICBs [101].

Lastly, the gut microbiome analyzed from the feces also seem to play an important role in
determining response to ICB. In fact, the role of microbiota in human health and disease, particularly in
cancer, has been increasingly appreciated [123,124]. Interestingly, different strains of microbiome have
been found to be associated with response to ICB in four major reports on baseline fecal sample analysis
from melanoma [104-106] and other cancer types [107]. Of note, transferring the response-associated
gut microbiota to germ-free or antibiotic-treated mice could induce ICB response, making fecal transfer
an area of intense research interest at present. Other than the specific microbiota strain, the general
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increase in microbiota diversity [106] and the ratio of response-associated to resistance-associated
microbiome [103] were also associated with better response to ICB. It remains to be determined if such
a microbiome is related to response to ICB in HCC patients.

2.3. IrAEs and Its Association with Outcomes of ICB in HCC

Data from several key clinical trials using ICB in HCC patients showed that 15%—-45% of the patients
may experience grade 3 or greater treatment-related AEs, most of which being irAEs (see Table 1).
Association between incidence of irAEs and clinical outcomes with ICB are conflicting. Overall irAEs
have been found to be associated with better clinical outcomes in both melanoma and NSCLC patients
treated with nivolumab [125,126]. Some studies, however, reported no association between irAEs and
clinical outcome in selected malignancies [127,128]. Interestingly, a retrospective study of patients with
various nonmelanoma cancers who received anti-PD-1 therapy demonstrated that only low-grade
irAEs were associated with better responses in these patients [127]. Some studies even suggested that
cancer-specific irAEs may be important in determining response to immunotherapy. The association of
vitiligo to better responses in melanoma patients [129] and thyroid toxicity with better outcomes in
NSCLC patients [130] with ICB are two such examples. A recent study on 114 HCC patients treated
with mixed ICB reported a correlation of irAEs with higher DCR, median PFS and OS [131]. A future
study involving a larger number of HCC patients with better defined immunotherapy regimens would
be necessary to have a more conclusive assessment.

Several studies, with the majority of them in ipilimumab-treated melanoma patients, have reported
various predictive biomarkers for irAEs, such as level of circulating IL-6, autoantibodies, blood-cell
counts, T-cell repertoire, and gut microbiome [132]. For instance, the level of baseline circulating IL6 and
being female are associated with higher incidences of irAEs in ipilimumab-treated advanced-melanoma
patients [133]. A retrospective review of 167 patients with various solid tumor types treated with
nivolumab or pembrolizumab suggested that patients with higher baseline lymphocyte counts have a
greater risk for irAEs [134]. Another study on a group of 101 Japanese melanoma patients treated with
nivolumab showed that the increase in total white-blood-cell count and decrease in relative lymphocyte
count at the point of or just prior to irAEs were associated with lung and gastrointestinal irAEs [135].
Putting these two studies together, a higher baseline levels of lymphocytes predispose the patients to
irAEs and the decrease of lymphocytes prior to or during the event of irAEs could indicate relocation
or recruitment to the site of toxicities. The pretreatment or on-therapy level of autoantibodies, which is
a known factor for autoimmune diseases, has also been implicated as a predictive biomarker for the
development of irAEs in various cancer types with ICB [136-139]. There remains no study evaluating
the association of irAE response with ICB in HCC. It would be interesting to note whether liver-specific
toxicities would be related to response to immunotherapy in HCC.

2.4. Current Landscape and Rationale of Combination Immunotherapy in HCC

A combination of four major factors are needed to achieve an effective and sustained immune
response: (1) release of tumor-specific antigens to induce T-cell response; (2) adequate generation of
tumor-specific cytotoxic T cells with effective trafficking into TME; (3) appropriate TME remodelling
strategies; and (4) overcoming exhaustion pathways which inevitably follows after the local immune
activation (Figure 1). We next provide the rationale for various combination therapies currently
pursued in HCC by ascribing to these factors. A list of current combination therapy involving ICB in
HCC are listed in Table 3.
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Figure 1. Combination strategies for immunotherapy in HCC. There are four key elements for successful
immunotherapeutic strategies: (1) the release of tumor antigen to prime the tumor-antigen-specific
T-cell response, i.e., the use of radiotherapy, multitargeted tyrokine kinase inhibitors (mTKIs), TACE,
or oncolytic viruses that can induce immunogenic cell death; (2) the increase in the frequency of
tumor-specific cytotoxic T cells which could home into the TME, i.e., by adoptive cell therapy (ACT) or
cancer vaccines; (3) the TME remodelling strategies such as normalization of the blood to reduce the
hypoxic and immunosuppressive microenvironment, i.e., with anti-antiangiogenesis agents; and (4)
the blocking of the exhaustion pathways which inevitably follows after the local immune activation to
reinvigorate the antitumor immune response, i.e., checkpoint-inhibitors.
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2.4.1. ICB and ICB Combination

It is known that anti-PD-1 and anti-CTLA-4 antibodies have differences in their underlying
functional mechanisms [13,148]. For instance, anti-PD-1 ICB was thought to act primarily at the
interface of T cells and tumor cells within the local tumor microenvironment, while anti-CTL4 ICB was
shown to be able to act more upstream at the phase of T cells priming at the lymph nodes [13,148].
Hence, this combination was based on its potential synergistic antitumor activity [149]. A combination
of nivolumab and Ipilimumab, which was first evaluated in a phase III trial for patients with advanced
melanoma, demonstrated superior outcomes in terms of both progression-free survival and median
survival compared to monotherapy with nivolumab or ipilimumab alone [17]. This provided impetus
for other solid tumors, including HCC. The third arm of CheckMate 040 evaluated combination
nivolumab and ipilimumab in 148 sorafenib-treated patients. Subjects were randomized to three arms:
[A] NIVO 1 mg/kg + IPI 3 mg/kg Q3W (4 doses) or [B] NIVO 3 mg/kg + IPI 1 mg/kg Q3W (four doses),
each followed by NIVO 240 mg Q2W, or [C] NIVO 3 mg/kg Q2W + IPI 1 mg/kg Q6W. The overall
response rate was 31%, with seven complete responses (see Table 3). The 24-month OS rate was 40%,
with 37% of patients having a grade 3—4 irAEs (most common all-grade adverse events were pruritus and
rash) [140] and 5% having grade 3—4 adverse events, leading to discontinuation. Encouraging results
prompted the commencement of CA209-9DW, a phase 3 trial comparing combination ipilimumab and
nivolumab against sorafenib or lenvatinib in treatment naive advanced HCC.

Combination of durvalumab (anti-PD-L1 antibody) and tremelimumab (anti-CTLA4 antibody)
(NCT02519348) is currently being evaluated in a Phase I/II study. Preliminary results based only on
40 patients showed a modest ORR of 15% [25] (see Table 3). A large multicenter phase III trial of
durvalumab and tremelimumab as first-line treatment in patients with unresectable HCC: HIMALAYA
study (NCT03298451) [141] with estimated enrolment of 1310 patients is currently ongoing.

2.4.2. ICB and Anti-Angiogenesis Agent

Angiogenesis, one of the hallmarks of cancer, leads to leaky vasculature, hypoxia, and activation
of multiple immunosuppressive pathways in TME as a consequence of rapid tumor growth [150-152].
An anti-angiogenic agent aims to normalize the intratumoral vasculature, hence restoring the
equilibrium toward a less protumoral or less immunosuppressive TME [153,154]. The role of vascular
endothelial growth factor (VEGF) in driving tumor angiogenesis has made it an attractive therapeutic
target. Bevacizumab, a humanized monoclonal antibody against VEGEF, has gained FDA approval
for many advanced malignancies [155]. The multiple roles of VEGF in reprogramming the tumor
microenvironment have been discussed in depth previously [154]. Chiefly, VEGF plays an important
role in immunosuppressive regulatory T cells” (Treg) recruitment into the tumor. VEGF inhibition
is purported to enhance local antitumor immunity by reducing accumulation of Treg [156]. It was
also previously shown that anti-angiogenic agents can increase infiltration of adoptively transferred
T cells into a tumor [157]. In a recent study using murine models of HCC, it was shown that this
combination therapy reprogrammed the TME by increasing cytotoxic CD8 T cell, while reducing
Treg infiltration in HCC tissue and shifting the M1/M2 macrophages ratio in favor of antitumoral
TME [158]. A randomized study evaluating atezolizumab (anti-PD-L1 therapy) as monotherapy vs.
the combination of atezolizumab + bevacizumab (anti-VEGF therapy; Arm F), as well as single-arm
atezolizumab + bevacizumab (Arm A) from a Phase 1b GO30140 study, was conducted in advanced
HCC patients and suggested superiority of combination therapy [22]. Concurrently, the outcome
from IMbravel50 (NCTO03434379) a Phase III, open-label, multicenter, randomized study evaluating
combination atezolizumab and bevacizumab versus sorafenib in patients with locally advanced or
metastatic and/or unresectable HCC was recently announced [142]. This study met its co-primary
endpoints of demonstrating statistically significant and clinically meaningful improvements in both
PFS and OS in favor of combination atezolizumab and bevacizumab [142]. With increasing appreciation
of immune-modulatory properties of targeted therapies, future combinations of immunotherapy and
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targeted therapy based on strong rationale and well-studied mechanism of actions would be paramount
for drug development.

2.4.3. ICB and Multitargeted Tyrosine Kinase Inhibitors (mTKIs)

Sorafenib, an oral multitargeted tyrosine kinase inhibitor (mTKIs), has been the only systemic
therapy for treatment of advanced HCC following the successful SHARP trial in 2008 [16]. Targets
of Sorafenib include VEGFR, PDGFR, and RAF kinases, hence exerting antitumor effects through
anti-angiogenesis, antiproliferation, and pro-apoptosis [159]. The impact of mTKIs on the TME has
also been discussed before [160-162]. Most studies demonstrated the immunomodulating properties
of mTKIs, such as reduction of MDSCs and Treg [163-166], enhancing T and NK cells tumor infiltration
and activation [167,168], and boosting antitumor immune response. Studies have also discussed
the immuno-modulatory properties of mTKIs which could synergize with immunotherapy [169,170].
Furthermore, tumor-cell death induced by mTKIs could serve as a source of tumor antigens that
could then activate the specific T cells capable of more cell killing (see Figure 1). Besides that,
angiogenesis is one of the common targets for these mTKIs, as well. Two large randomized studies in
front-line systemic therapy employs this strategy. Combination atezolizumab (anti-PD-L1 therapy) +
cabozantinib (mTKIs) in the COSMIC-312 trial (NCT03755791) [143] and combination of pembrolizumab
(anti-PD-1 therapy) and lenvatinib (mTKIs) in the LEAP-002 trial (NCT03713593 or Keynote 524)
are currently enrolling [144,145]. Twenty-two systemic treatment-naive HCC patients were treated
with combination avelumab (anti-PD-L1 therapy) and axitinib (mTKIs) with an ORR of 13.6% and
median progression-free survival (mPFS) of 5.5 months (see Table 3) [146]. However, toxicities of this
combination might be a concern. Grade 3/4 treatment-related adverse events were reported to be
72.7%. Eleven (50%) patients encountered grade 3/4 hypertension, and 22.7% experienced grade 3/4
palmar—plantar erythrodysesthesia (PPE) [146].

2.4.4. Other ICB Combinations

Release of tumor antigen upon tumor-cell killing by chemotherapy, radiotherapy, or transarterial-
chemoembolization (TACE) [171,172] further enhances immunogenic cell death. This provides the
rationale for combination strategies with ICB (Figure 1). Potential immunogenic cell death induced
by oxaliplatin-based chemotherapy containing FOLFOX4 (infusional fluorouracil, leucovorin and
oxaliplatin) or GEMOX (gemcitabine and oxaliplatin) provides rationale for an ongoing phase II
study in combination with camrelizumab (an anti-PD-1 antibody) in advanced HCC and biliary tract
cancer [147]. A number of clinical studies evaluating combination radiotherapy with ICB are in
progress [173]. One study in HCC patients treated with external beam RT (EBRT) showed an increase
in soluble PD-L1 level post-treatment [174]. Another study, using selective internal radiotherapy
(SIRT) in HCC patients, reported enhanced immune cell activation and recruitment, particularly ones
that express checkpoint molecule PD-1 [175]. Both studies suggest that combination radiotherapy
with ICB could be synergistic. Other locoregional therapies, like transarterial chemoembolization
(TACE), have also been explored in combination with immunotherapy. For instance, a multicenter pilot
study evaluating the safety of combination of nivolumab with drug-eluting bead-TACE (deb-TACE) in
patients with HCC is currently underway [176]. Another study evaluating the safety and efficacy of
combination treatment with pembrolizumab and TACE is also ongoing (NCT03397654). Apart from
anti-PD-1 therapy, the combination of tremelimumab (anti-CTLA4 therapy) with local therapy (RFA or
TACE) has been explored in 32 HCC patients [177].

2.5. Other Immunotherapies and Their Potential as Combination in HCC

2.5.1. Adoptive Cell Therapy (ACT)

T cells engineered to express chimeric antigen receptors (CARs), or autologous T cells expanded and
engineered ex vivo with specific targeted tumor antigen(s), have been explored as an immunotherapeutic
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strategy in cancers, including HCC [178,179]. CAR-T cells directed against GPC-3, CEA, or Mucin
1 are currently being evaluated in early phase trials in various solid tumors, including HCC [180].
Of note, T-cell therapy targeting HCC-specific antigens, such as AFP, has been evaluated previously
with disappointing outcomes (NCT03349255). Possible explanation behind this lack of activity could
be attributable to low T-cell affinities and high expression of PD-1 T-cell exhaustion markers [181].

Other ACTs such as the use of IL-2-activated and -expanded autologous TILs in vitro have
demonstrated improved recurrence-free survival (RFS) after resection in 150 HCC patients [182].
In addition, Cytokine-induced killer (CIK) cells, a heterogeneous cytotoxic immune populations
consisting of CD8+ T cells, CD56+ NK cells, and CD3+CD56+ NKT cells, was demonstrated to be
safe, with a lower recurrence rate and improved RFS and OS in HCC [183]. NK cell therapy has also
been explored for HCC treatment, based on findings that NK cells are dysfunctional in HCC and
tumor-infiltration with activated NK cells is associated with superior survival in HCC patients [184,185].
More recently, engineered NK cells or CAR-NK cell therapy with tumor specificity are being explored
for various cancer types, including HCC [186].

ACT could enhance the frequency of tumor-specific T cells, however, these tumor antigen-specific
T cells would migrate to TME and eventually became exhausted given the immunosuppressive state.
Therefore, combination with checkpoint inhibitors could potentially reinvigorate the activity of these T
cells (Figure 1). Combination ACT with checkpoint inhibitor is yet to be explored in HCC.

2.5.2. Cancer Vaccines

Cancer vaccines either in the form of peptide, dendritic cell-pulsed with synthetic peptide or RNA
vectors based on personalized neoantigens have demonstrated promising outcome in patients with
advanced melanoma [187,188]. In contrast to that, cancer vaccines targeting individual tumor-associated
antigens (TAAs), such as NY-ESO1, glypican-3 (GPC3), and alpha-fetoprotein (AFP), have met with
limited success in HCC [189]. This is most likely due to significant intra and inter-tumor genomic
heterogeneity, compounded by a highly immunosuppressive TME. For instance, the AFP vaccine
showed limited clinical benefit despite detectable T-cell responses [190,191].

To circumvent this, an ongoing trial evaluating therapeutic cancer vaccine IMA970A,
a multi-peptide-based HCC vaccine composed of 16 newly discovered and overexpressed
tumor-associated peptides (TUMAPs) identified from resected HCC tissues (clinical trial: NCT03203005)
was envisioned. It remains to be determined if such multi-peptide cancer vaccines in HCC will be
successful. Given the immunosuppressive internal milieu of HCC, it is likely that combinations with
other immunotherapeutic agents will be needed (Figure 1). One Phase Ib/II trial using DSP-7888,
a novel WT1 Peptide-Based Vaccine, in combination with nivolumab or pembrolizumab for patients
with advanced solid tumors including HCC (NCT03311334), is currently enrolling patients.

2.5.3. Oncolytic Virus Therapy

Oncolytic virus therapy involves the use of native or genetically modified viruses that show
selective infection, replication and killing of tumors cells [192,193]. These viruses can also be engineered
to express immune-stimulatory genes such as GM-CSE, a cytokine which could enhance antitumor
immunity by stimulating antigen-presenting cells and promote the tumour infiltration and maturation
of NK cells and T cells [194]. Oncolytic virus therapies have been tested in preclinical and phase
I/II clinical trials for HCC [195]. For instance, JX-594, an engineered vaccinia virus with thymidine
kinase-deactivated, was well tolerated [196] and demonstrated promising outcome in phase II clinical
trial in HCC patients [197]. However, a randomized Phase III trial comparing JX-594 versus sorafenib
in patients with advanced HCC (PHOCUS) (NCT02562755) halted enrolment recently due to futility.
We believe part of the reason for such failures could be due to the immunosuppressive TME of HCC [40].
It is therefore likely that the success of oncolytic virus could be enhanced in combination with ICB
(Figure 1). Indeed, several clinical trials using combination of oncolytic virus and ICB are ongoing,
including in advanced HCC [198].
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3. Future Perspectives

Challenges remain in identifying HCC patients who could best benefit from immunotherapy.
Based on the biomarker studies in other tumor types (see Table 2), the presence of tumor infiltrating T
cells, particularly cytotoxic CD8 T cells, predicts for response to immunotherapy. As HCC tumors
are enriched with Treg [40] and generally not well infiltrated by immune cells [67,115], strategies to
inhibit Treg and enhance T cells infiltration, in combination with ICB, is important. Given the recent
success of Phase III trial in HCC, using ICB plus anti-angiogenesis agent (IMbravel50) [142], it is
increasingly clear that a combination strategy with clear scientific rationale is necessary. We also need
robust biomarkers from longitudinal tumor and blood sampling, as well as multi-omics interrogation
to uncover the intrinsic and acquired resistance mechanisms or incidence of irAEs to these treatments.
While we acknowledge the potential of combination immunotherapeutic strategies in future, potential
enhanced toxicities, given the coexisting liver dysfunction in HCC patients, are also the main concerns
to be considered. Further characterization of irAEs in tandem with various combination strategies is of
current utmost importance when treating patients.

4. Concluding Remarks

Clinical trials evaluating the use of monotherapy or combination immunotherapeutic agents in
HCC are underway. Intensive studies on the mechanisms of actions for evidence-based combination
strategies, as well as identification of predictive biomarkers of response and irAEs, are also ongoing.
This will result in safer, more effective, and, perhaps, more personalized immunotherapeutic strategies
for patients with HCC in the near future.
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Abstract: Despite progress in our understanding of the biology of hepatocellular carcinoma (HCC), this
tumour remains difficult-to-cure for several reasons, starting from the particular disease environment
where it arises—advanced chronic liver disease—to its heterogeneous clinical and biological behaviour.
The advent, and good results, of immunotherapy for cancer called for the evaluation of its potential
application also in HCC, where there is evidence of intra-hepatic immune response activation.
Several studies advanced our knowledge of immune checkpoints expression in HCC, thus suggesting
that immune checkpoint blockade may have a strong rationale even in the treatment of HCC.
According to this background, initial studies with tremelimumab, a cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) inhibitor, and nivolumab, a programmed cell death protein 1 (PD-1) antibody,
showed promising results, and further studies exploring the effects of other immune checkpoint
inhibitors, alone or with other drugs, are currently underway. However, we are still far from the
identification of the correct setting, and sequence, where these drugs might be used in clinical practice,
and their actual applicability in real-life is unknown. This review focuses on HCC immunobiology
and on the potential of immune checkpoint blockade therapy for this tumour, with a critical evaluation
of the available trials on immune checkpoint blocking antibodies treatment for HCC. Moreover,
it assesses the potential applicability of immune checkpoint inhibitors in the real-life setting, by
analysing a large, multicentre cohort of Italian patients with HCC.

Keywords: check-point inhibitors; liver disease; immunotherapy; outcome

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cause of cancer, and ranks fourth
among the causes of cancer-related death [1]. Major risk factors for HCC include chronic infection
with the hepatitis C (HCV) and B (HBV) viruses, heavy alcohol drinking, and aflatoxins B1 exposure,
depending on geographical epidemiology. In recent years, Non-Alcoholic Fatty Liver Disease (NAFLD),
the hepatological aspect of the metabolic syndrome, has been recognised as a relevant cause of advanced
chronic liver disease, and the fastest growing cause of cirrhosis and HCC in Western countries [2].
Although mixed data exist about the exact magnitude of HCC risk in patients with NAFLD, and
different epidemiological and methodological confounders must be taken into account, in a recent
retrospective cohort study involving 130 facilities in the United States Veterans Administration health
service, Kanwal et al. found that the risk of HCC was higher in NAFLD patients than in the general
population, with a 5- and 10-year cumulative incidence rate of HCC of 0.8 and 1.7 per 1000 patients in
NAFLD patients as compared to 0.09 and 0.18 per 1000 patients in controls [3].

HCC represents a unique and peculiar neoplastic setting, as in up to 80% of cases it arises
on the background of cirrhosis and chronic inflammation, which is now considered an important
factor involved in cancer progression [4]. Indeed, liver cirrhosis is a recognised model of local
chronic inflammation driven by infiltrating immune cells and resident liver cells like Kupffer cells,
dendritic cells, liver sinusoidal cells and hepatic stellate cells. Chronic inflammation initiates tissue
remodelling and determines an oxidative microenvironment, triggering DNA damage and genomic
aberrations that eventually culminate in neoplasia, and as a fact it is recognised that cirrhosis and
chronic inflammation act as a favourable preneoplastic setting [4]. Although precise molecular links
between inflammation and HCC have not yet been fully elucidated, most data rely on the activation
of the tumour necrosis factor-nuclear factor-«B axis, transcription target STAT3 and janus kinases
activation as procarcinogenetic in the liver, while another player recently identified in this field is
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the inflammasome, a multiprotein complex and sensor of cellular damage [5,6]. Thus, as in no other
neoplasia, the development of HCC is a multi-event process involving a series of genetic mutations
(pr3RB, -catenin, chromatin and transcription modulation) and epigenetic events such as hystone
acetylation/deacetylation leading to a dysregulation of various genes, which may also represent
putative therapeutic targets [7,8].

In the past fifteen years, advances in molecular and tumour biology significantly modified the
paradigm of cancer treatment, moving from a histopathological basis to targeting specific molecular
patterns. This review focuses on HCC immunobiology and the rationale for immune checkpoint
blockade in these patients, while a specific discussion has been dedicated to a critical evaluation of the
available trials on immune checkpoint inhibitors, alone or with other therapies, for HCC. Lastly, we
assessed the potential applicability of immune checkpoint inhibitors to the real-life setting analysing a
large cohort of Italian patients with HCC.

2. Cancer Immunotherapy

The principle of tumour immune surveillance presumes that most pre-malignant and early
malignant cells can be eliminated (or controlled) by the immune system [9]. However, a critical
feature of advanced tumours compared to early malignant lesions is their ability to escape adaptive
immune response. During malignant transformation, tumour-associated antigens generated by gene
mutations are created and recognised by the immune system, and adaptive tumour antigen-specific
T-cell responses are generated, leading to cancer-cell elimination [10]. Therefore, to survive, growing
tumours must adapt to their immunological environment by either turning off immune responses,
and/or creating a local microenvironment that inhibits immune cell tumouricidal activity.

In normal circumstances, T-cells with a different T-cell receptor (TCR) repertoire circulate in the
body patrolling for evidence of foreign peptides presented on the surface of cells due to infection
or cancer development. The identification of tumoural antigen by T-cell determines an activation,
with clonal proliferation/expansion, and a cytolytic response. On the other hand, the immune system
plays a critical role in promoting tumour progression. This dual role by which the immune system
can suppress and/or promote cancer growth is termed “cancer immunoediting” and consists of three
phases: elimination, equilibrium, and escape [11].

In cancer immunotherapy, agents such as interferon, interleukins, vaccines and oncolytic
viruses are used to enhance the immune system activation to attack tumoural cells through natural
mechanisms. In particular, this goal can be achieved with several drug classes: checkpoint inhibitors,
lymphocyte-promoting cytokines, engineered T-cells such as Chimeric Antigen Receptor T-cell (CAR-T)
and TCR T-cells, agonistic antibodies against co-stimulatory receptors, and cancer vaccines [12].
The efficacy of cancer immunotherapies has been demonstrated, determining the rapid integration
of these treatments into clinical practice. Moreover, one of the most attractive features of many
cancer immunotherapies is that they target malignant cells and spare normal tissues from the damage
often seen with radiation and chemotherapy that contributes to patient morbidity and mortality [13].
These properties of immunotherapy have supported the rapid inclusion of such a treatment into
clinical practice. Currently, antibodies targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
(tremelimumab and ipilimumab) and the programmed cell death protein 1 (PD-1) or its ligand PD-L1
(nivolumab, pembrolizumab, atezolizumab, and durvalumab) have been approved for different types
of solid tumours and acute lymphoblastic leukaemia.

However, despite continue advances in the field of cancer immunotherapy, several problems
remain unsolved, including the inability to predict treatment efficacy, the need for additional biomarkers
able to guide treatment, the development of cancer resistance immunotherapies, the lack of clinical
study designs optimised to determine efficacy, and the high cost of treatment [14]. Moreover, due to
the limited results in terms of efficacy and the narrow therapeutic index of some of these drugs, the
adoption of a personalised pharmacogenetic approach would represent a turning point to improve
results [15]. Even though all these findings are particularly relevant in HCC tissue, the limited efficacy

213



Cancers 2019, 11, 1689

of systemic therapies in HCC patients, and their poor tolerability to anticancer drugs, prompted the
exploration of the potential of immunotherapy even in this setting, where immunotherapy is expected
to play a pivotal role in the near future.

3. Rationale of Immune Checkpoint Blockade in Hepatocellular Carcinoma

In the last decade, many basic science advancements and discoveries related to tumour biology
have been achieved by transcriptomic, genomic and epigenomic studies [16,17]. However, in the
case of HCC, they poorly translated into clinical practice and only suboptimal results have been
obtained in clinical trials testing many drugs in the last decade. As a result, although targeted systemic
therapies for HCC provided some clinical benefits, the improvement in patient outcome remains
modest, and HCC remains a difficult-to-cure tumour for various reasons: firstly, 70-80% of cases occur
in the context of liver cirrhosis; secondly, intra-tumour morphologic and genetic heterogeneity make
difficult our understanding of liver cancer, and may determine the resistance to targeted therapies;
and, thirdly, either drivers or passengers mutations can be present in the tumour, making an effective
molecularly-targeted therapy quite difficult [16-18]. This can explain why, despite good rationale and
promising Phase II data, drug development in Phase III trials failed in many instances.

Currently, the standard-of-care for first-line treatment for advanced HCC is represented by two
multikinase inhibitors (sorafenib and lenvatinib), and in patients who fail first-line treatment with
these drugs, the second-line treatment is again represented by multikinase inhibitors (regorafenib
and cabozantinib) [19-22]. The survival benefit obtained with multikinase inhibitors over the best
supportive care is limited, and their tolerability is generally poor, indicating the urgent need for more
efficacious and better tolerated therapeutic approaches.

One of the alternative strategies against the tumour relies on the modulation of the already existing
immune response through the enhancement of activators and the block of inhibitors. T-cell exhaustion,
defined as an impaired T-cell capacity to secrete cytokines and proliferate, with overexpression of
immune checkpoint receptors (e.g., PD-1, CTLA4, and lymphocyte-activating 3) has been observed in
certain types of cancer, including HCC [23]. Immune inhibitory receptors and ligands play a major role
in induction and maintenance of HCC immune tolerance [24-26]. In particular, CTLA-4 is essential for
the activation of helper CD4+ T-cells and the priming phase of the immune response. Upon binding
of its ligands, CTLA-4 decreases T-cell activation following antigen presentation. CTLA-4 also plays
a major role in the function of regulatory T-cells (Treg), a subset of CD4+ T-cells that inhibit the
immune response. Moreover, CTLA-4 expression on CD14+ dendritic cells was associated with IL-10
and indoleamine-2,3-dioxygenase (IDO)-mediated inhibition of T-cell proliferation and induction of
T-cell apoptosis [26]. In HCC patients, high CTLA-4 expression on Tregs in peripheral blood has
been reported in association with a decrease in cytolytic granzyme B production by CD8+ T-cells [27].
Another immune checkpoint pathway is the one regulated by PD-1 receptor. PD-1 is a key factor in
the effector phase of the immune-response, and is expressed by activated T- and B-cells and other
cell types such as in the skin and in the lung: upon binding to its ligands (PD-L1 and PD-L2), PD-1
inhibits T-cell activation and proliferation [28]. The increased expression of PD-1 has been reported
on CD8+ T-cells in patients with HCC, as well as an increase in tumour infiltrating and circulating
PD-1+CD8+ T-cells associated with disease progression after curative hepatic resection [24,29]. In
addition to the upregulation of PD-1 on T-cells, its ligand PD-L1 is highly expressed on peritumoural
stroma cells as well as cancer cells, promoting a PD-L1/PD-1 pathway-driven inhibition of anti-tumour
T-cell responses [29-31].

From a clinical standpoint, there is evidence of a role played by an activated immune-response
in HCC behaviour: (i) the infiltration of T-cells in the tumour is correlated to neoplastic recurrence
after liver transplantation; (ii) the presence of different immune cells infiltrating the tumour have been
correlated to patients’ survival; and (iii) different immune-subtypes of the tumour microenvironment are
variously associated with histological and molecular classification of HCC—with potential prognostic
implications—and the presence of exhausted T-cells was associated with poorer patient survival [32-36].
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The longer experience accrued with immunotherapy for other tumours is essential to guide
clinicians in the HCC landscape. It is known that expression of tumour-infiltrating lymphocytes,
features of inflammatory cells (PD-1 and PD-L1 expression), percentage of mutations in tumour cells
and gene expression profiles correlate with the activity and efficacy of these drugs against several
tumour types [37-40]. In selected neoplasms, tumour mutational burden measured by targeted
next-generation sequencing panels or by whole-exome sequencing, may predict clinical response to
immunotherapy [41,42]. Tumours with high rate mutations present highly immunogenic antigens
and more immune infiltration and they are more suitable to be managed with immune checkpoint
inhibitors. Conversely, tumours with lower mutational burden present less immunogenic antigens
and lower immune infiltration and, therefore, they are better candidates to other therapies [43,44].
Recently, Samstein et al. analysed the genomic data (targeted next generation sequencing) of patients
with several tumour types (but not HCC) treated with immunotherapy or other therapies. Among all
patients, higher somatic tumour mutational burden (highest 20% in each histology) was associated with
better overall survival, but the tumour mutational burden cut-points associated with improved survival
varied markedly among tumour types, indicating that there may not be one universal definition of
high tumour mutational burden [45]. Moreover, Sia et al. focused their attention on HCC and its
microenvironment (interactions among tumour cells, immune cells, and other immunomodulators
present in the microenvironment) showing that 25% of HCC have markers of an inflammatory
response, with high expression levels of PD-L1, markers of cytolytic activity, and fewer chromosomal
aberrations [46]. The authors called this group of tumours the “immune class”, and subdivided this
class in two subtypes, characterised by active or exhausted immune response, the latter representing
the ideal one to receive immunotherapy. Conversely, Harding et al. reported that HCC “cold” tumours
(with Wnt/CTNNB1 mutations) are refractory to immune checkpoint inhibitors [47].

Better characterisation and understanding of increased immune checkpoints expression provide the
rationale for the use of immune checkpoint blocking antibodies in HCC treatment. Figure 1 reports a
schematic representation of the potential factors involved in immune system paralysis in HCC patients,
and the potential pathways of action of various drugs. Binding the targeted molecules, the immune
checkpoint inhibitors block the signalling, putting the immune response on hold, and allowing cytotoxic
T-cells to strike tumour cells. Many Phase III trials testing the efficacy of monoclonal antibodies that target
this pathway in HCC patients are ongoing, but the encouraging results reported in Phase I investigations
has spurred the approval by FDA of immunotherapy even for this cancer [48,49]. Indeed, this therapy is
the most interesting approach proposed according to the new discoveries in HCC biology, and especially
the knowledge that liver has developed intrinsic tolerogenic mechanisms within the innate and adaptive
immune system as a result of its constant exposure to antigens from portal-venous blood [50]. To date, all
immune checkpoint targeted therapies for HCC consist of monoclonal antibodies developed for a specific
immune target. Although several immune checkpoint blocking agents were identified in preclinical
models, the majority of clinically tested therapies rely on antibodies targeting PD-1, PD-L1 and CTLA-4
molecules. The first small Phase II clinical trial using an immune checkpoint inhibitor, tremelimumab
(a CTLA-4 blocking monoclonal antibody), targeted patients with HCC and chronic HCV infection,
including a significant proportion (42.9%) of patients in Child-Pugh stage B [51]. A notable disease
control rate (76.4%) was observed and the safety profile was acceptable. In a second small pilot trial,
tremelimumab was combined with (incomplete) tumour ablation using locoregional therapies with the
aim to synergise the effects by inducing immunogenic tumour cell death [52]. In this study, all aetiologies
patients were included, liver function was preserved in the most patients, and 26.3% achieved a confirmed
partial response. This study represented a proof of concept that immunotherapy in combination with
tumour ablation is a potential way to treat patients with advanced HCC, and leads to the accumulation of
intratumoural CD8+ T-cells. In fact, in tumour biopsies performed at six weeks, a clear increase in CD8+
T-cells occurred in patients showing a clinical response.

In patients with advanced HCC, PD-1 antibodies (nivolumab and pembrolizumab) have shown
promising efficacy in therapy-naive, as well as pre-treated patients. However, only 10-20% of them
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showed an objective and durable response. Therefore, combination schedules including different
immune-therapies, (e.g., PD-1/PD-L1 and CTLA-4 antibodies) or the combination of immunotherapy
and small molecules, or bifunctional antibodies are likely needed to improve response rates.
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Figure 1. Mechanisms of immune system paralysis in patients with hepatocellular carcinoma (HCC).
Inflammatory damage triggered from various factors (alcohol, hepatitis viruses, lipid accumulation, etc.)
and from the gut microbiota is involved in the pathogenesis of HCC both directly and indirectly, through
T-cells exhaustion. Exhausted T-cells express inhibitory receptor proteins and have a diminished capacity
to produce cytokines, proliferate and kill cells. Indeed, antigen presenting cells (APC) and tumour cells
express inhibitory molecules such as programmed cell death ligand 1 (PDL-1) and B7 that interact with
the surface antigens programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) on T-lymphocytes, inhibiting the downstream signalling caused by the T-cell receptor (TCR)/
major histocompatibility complex (MHC) interaction with tumour antigens thus favouring tumour growth.

4. Strategies for Patients Selection

4.1. T-Cell Exhaustion

To select patients who are likely to clinically benefit from immune checkpoint inhibitors and to
establish optimal strategies, a better understanding of T-cell exhaustion in the HCC microenvironment
is crucial. It is known that pro-inflammatory cytokines such as IL-1§3, IL-6, IL-8, IL-12, IL-18, and IFN-y
have been shown to enhance T-cell response, while anti-inflammatory ones, e.g., TGF- and IL-10,
promote T-cell exhaustion and infiltration in tumours [53].

The exhaustion profile of tumour-infiltrating CD8+ T-cells in HCC patients needs to be
characterised in detail regarding heterogeneous subsets of exhausted T-cells. A recent study suggested
that combination blockade of immune checkpoint receptors additionally restores the functions of
tumour-infiltrating T-cells from HCC patients, although the identification of HCC patients eligible for
a combined approach remains unclear [23]. Interestingly, Kim et al. investigated the heterogeneity
of exhausted tumour-infiltrating CD8+ T-cells and the relationship with clinical features of HCC,
focussing on the different molecular and cellular characteristics of the tumour-infiltrating CD8+ T-cell
subpopulations, distinguished by differential PD-1 expression. They demonstrated that HCCs with
a discrete population of PD-1-high CD8+ T-cells might be more susceptible to combined immune
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checkpoint blockade-based therapies [54]. Recently, Feun et al. performed a correlative study to
investigate the correlation between circulating biomarkers and response to pembrolizumab. They
found that the mean plasma TGF-{3 levels in responders were lower than in non-responders, and that a
TGEF- level > 200 pg/mL was an indicator of poor response to treatment. Furthermore, low baseline
plasma levels of TGF-f3 were significantly associated with improved overall survival and progression
free survival after treatment with pembrolizumab. These results support a study showing that TGF-3
signalling diminishes tumour response to PD-1/PD-L1 blockade by excluding CD8-positive effector T
cells from the tumour parenchyma [55,56].

4.2. The Gut Microbiota

The gut microbiota is a well-known modulator of the immune response and is able to mediate
the response to immunological treatments, as shown in patients with melanoma, renal tumour and
non-small cell lung cancer [57-59]. Recent studies also provided evidence that the gut microbiota is
linked with the pathogenesis of HCC. In animal models of HCC, the correlation between circulating
levels of inflammatory mediators and lipopolysaccharides (LPS) and the number and size of tumours
suggests an interplay between the outgrowth of harmful bacteria, such as Gram-negative ones, and
tumourigenesis [60—-62]. Administration of antibiotics and probiotics or blocking the expression of
toll-like receptor-4 (the LPS receptor) not only inhibits tumour cells proliferation but also reduces the
infiltration of macrophages and the expression of tumour necrosis factor (INF)-alpha and IL-6 in the
liver tissue (Figure 1) [62,63].

In cirrhotic patients with HCC and non-alcoholic fatty liver disease (NAFLD), an altered gut
microbiota profile, consisting in the reduction of beneficial and anti-inflammatory bacteria such
as Akkermansia and Bifidobacterium and the increase of harmful ones such as Enterobacteriaceae and
Ruminococcus, was associated with a pronounced intestinal inflammation that, in association with
the increased intestinal permeability typical of cirrhotic patients, led to a systemic inflammatory
response [64]. In these patients, an increase in circulating activated monocytes and monocytic
myeloid-derived suppressor cells expressing PD-1 and PD-L1 points out that the persistence of
an inflammatory stimulation derived from the gut eventually results in the paralysis of the immune
system, favouring the process of hepatocarcinogenesis [65].

Based on these data, it is conceivable that the gut microbiota is implicated in the pathogenesis
of HCC through immunostimulating and immunosuppressive mechanisms. Consequently, it can be
expected that the response to immunotherapy might be modulated by the microbiota composition of
HCC patients. The identification of a microbial signature associated with the response to immunotherapy
could allow implementing modulation strategies, such as faecal microbial transplantation or the use
of prebiotics, probiotics or postbiotics to personalise the therapeutic approach and maximise its
effectiveness. This is an exciting and important field of future research aimed at improving the results
of immunotherapy in HCC patients.

5. Outcome of Current Studies on Immunotherapy in Patients with HCC

5.1. Efficacy

Checkpoint inhibitor-based treatments will be, in the near future, an important enrichment of the
therapeutic armamentarium against HCC, and probably not only as first/second line approach to advanced
stage tumours as a single or combined systemic therapy, but also in early and intermediate stages in
combination with surgery and locoregional treatments. The first drugs of this class tested in HCC were
tremelimumab, a CTLA-4 inhibitor, and nivolumab, a PD-1 antibody [48,51]. Until now, various other
drugs have been tested: CTLA-4 antibodies ipilimumab, pembrolizumab, spartalizumab, tislelizumab
and camrelizumab with a strong PD-1 inhibitory activity, and PD-L1 antibodies durvalumab, avelumab
and atezolizumab [65]. The ongoing clinical trials exploring immune checkpoint inhibitors alone, or in
combination with other drugs or with local therapies are summarised in Table 1.
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5.2. Results of Monotherapy with Checkpoint Inhibitors in HCC

5.2.1. Tremelimumab

In a Phase II open-label, multicentre clinical trial, Sangro et al. treated with this drug, at a
dose of 15 mg/kg IV every 90 days until tumour progression or severe toxicity, 21 patients with
HCV-related HCC (57% with an advanced stage and 76% naive to sorafenib) [51]. Objective response
and disease control rate were 76.4% and 17.6%, respectively. Median time-to-progression (TTP) was
6.48 months (95% CI: 3.95-9.14). No toxicities requiring systemic steroid treatment were recorded.
These initial results on safety profile and antitumour activity in patients with advanced HCC supported
subsequent studies.

5.2.2. Nivolumab

A Phase I/II trial open-label, non-comparative, dose escalation and expansion trial (CheckMate
040) for the anti-PD-1 antibody nivolumab against HCC was completed [47]. In this trial, patients
naive to sorafenib, sorafenib intolerant or sorafenib refractory were treated with nivolumab at dose of
0.1-10 mg/kg once every two weeks (dose-escalating cohort) or at a dose of 3 mg/kg once every two
weeks (expansion cohort). In a total of 262 patients, nivolumab 3 mg/kg showed, in the dose-expansion
phase and in the dose-escalation phase, a manageable safety profile and an objective response rate of
20% (95% CI 15-26) vs. 15% (95% CI 6-28), and an overall survival at nine months of 74% vs. 66%.
Despite these favourable data, preliminary results of a Phase III trial of nivolumab vs. sorafenib in
first-line treatment (NCT02576509, CheckMate-459) showed that the study did not meet its primary
end-point of overall survival [Hazard Ratio = 0.85 (95% CI: 0.72-1.02); p = 0.0752] [66,67].

5.2.3. Pembrolizumab

This anti-PD-1 antibody is being developed primarily as a second-line treatment. In a
non-randomised, multicentre, open-label Phase II trial (KEYNOTE-224, NCT02702414), pembrolizumab
(200 mg intravenously every three weeks for about two years or until disease progression, unacceptable
toxicity, patient withdrawal, or investigator decision), was administered, at three-week intervals, to
104 Child-Pugh class A sorafenib-refractory or sorafenib-intolerant patients. The interim results of
this trial showed an objective response in 18 patients (17%; 95% CI 11-26) and a median survival
of 12.9 months. The best overall responses were one (1%) complete and 17 (16%) partial responses;
meanwhile, 46 patients (44%) had stable disease, 34 (33%) had progressive disease, and 6 patients (6%)
who did not have a post-baseline assessment were considered not to be assessable. Treatment-related
adverse events occurred in 76 patients (73%), which were serious in 16 (15%). Immune-mediated
hepatitis occurred in three (3%) patients, but there were no reported cases of viral flares. According to
the trial, pembrolizumab was effective and tolerable in patients with advanced HCC who had previously
been treated with sorafenib and that the drug might be a treatment option for these patients [68].

In the global Phase III trial allocating patients with advanced HCC who were previously treated
with systemic therapy to pembrolizumab or best supportive care (KEYNOTE-240, NCT02702401),
pembrolizumab improved overall survival (Hazard Ratio: 0.78; one sided p = 0.0238) and
progression-free survival (Hazard Ratio: 0.78; one sided p = 0.0209), although these differences
did not meet significance per the prespecified statistical plan [69]. In the second ongoing, double-blind,
randomised Phase III trial (KEYNOTE-394, NCT03062358), pembrolizumab is being tested against
placebo in Asian patients with advanced HCC who previously received systemic therapy, having as
primary endpoints progression-free and overall survival.

5.2.4. Camrelizumab

A Phase II/III trials is ongoing with this anti-PD-1 antibody in China, enrolling patients with
failure or intolerance to prior systemic treatment. Two-hundred seventeen patients were randomised
(1:1) to camrelizumab 3 mg/kg iv for q2w (n = 109) or q3w (n = 108). Interim results showed an
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objective response rate of 13.8% (95% CI 9.5-19.1) (30/217) and six-month overall survival rate of
74.7%. Median time to response was two months (range: 1.7-6.2). Of the 30 responses, 22 were
ongoing, and median duration of response was not reached. Disease control rate was 44.7% (95% CI
38.0-51.6), median time to progression was 2.6 months (95% CI 2.0-3.3), and median progression-free
survival was 2.1 months (95% CI 2.0-3.2). The most common treatment-related adverse events
were reactive cutaneous capillary endothelial proliferation (66.8%, all grade < 2), increased aspartate
(24.4%) or alanine aminotransferase (23.0%), and proteinuria (23.0%). Camrelizumab showed high
objective response rate, durable response and acceptable toxicities in Chinese pretreated advanced
HCC patients [70].

5.2.5. Tislelizumab

A Phase I trial recruiting including 61 patients with various solid cancers (including HCC) showed
safety profile (NCT02407990). In a Phase III trial started in December 2017, patients with HCC were
allocated to tislelizumab (200 mg iv for q3w) or sorafenib (400 mg bid) as first-line treatment. The primary
endpoint is overall survival and this trial is designed to consider the non-inferiority of tislelizumab
compared to sorafenib. The study opened to accrual in December 2017 and is currently recruiting
patients; approximately 640 patients will be recruited from approximately 100 sites globally [71].

5.2.6. Durvalumab

A Phase I/1I trial of durvalumab monotherapy for solid cancers, including a cohort of 30 patients
with HCC, was completed (NCT01693562). A 10% objective response rate and a median survival time
of 13.2 months were observed [72].

5.3. Combination of Two Immune Checkpoint Inhibitors

As previously reported, the anti-PD-1/PD-L1 and anti-CTLA-4 antibodies are expected to be
promising agents in HCC immunotherapy not only as single agents, but also by combined with agents
that have different targets. Therefore, several clinical trials evaluating the simultaneous blockade of
multiple immune checkpoints are currently ongoing (Table 1). The high efficacy of combination therapy
has already been shown in other solid tumours. For instance, the inhibition of the PD-1/PD-L1 pathway
alone might not activate tumour immunity as expected if the required CD8+ T cells are not adequately
represented in the tumour microenvironment. However, simultaneous inhibition of the B7-CTLA-4
pathway by an anti-CTLA-4 antibody may increase the number of activated CD8+ T cells in lymph
nodes, followed by an increase in the number of activated CD8+ T cells infiltrating into tumoural
tissues, thereby enhancing their antitumour effects. In addition, anti-CTLA-4 antibody therapy may be
effective against regulatory T cells in the cancer immunosuppressive microenvironment.

5.3.1. Durvalumab plus Tremelimumab

This combination, tested in a Phase I/II study in 40 patients, reported a 15% objective response rate,
demonstrating that combined therapy is more effective than durvalamab alone [73]. This combination
also showed manageable safety profile. Currently, a Phase III is ongoing to compare different
regimens as a first-line treatment; the four arms consist of durvalumab monotherapy, two types of

durvalumab plus tremelimumab combination therapies (regimens 1 and 2) and sorafenib monotherapy
(NCT03298451) [74].

5.3.2. Nivolumab plus Ipilimumab

A sub-cohort of the CHECKMATE-040 study is evaluating the combination of nivolumab plus
ipilimumab in sorafenib-treated patients (NCT01658878). Preliminary results showed an objective
response rate of 31%, with a median duration of response of 17 months and a median overall survival
that varies between 12 and 23 months according to the different treatment schedules applied in the

220



Cancers 2019, 11, 1689

three arms of the study [75]. There are two other Phase II clinical studies evaluating this combination
regimen: one of these studies is comparing, in USA, nivolumab monotherapy with nivolumab plus
ipilimumab (NCT03222076), while the second study is evaluating, in Taiwan, the combination therapy
alone (NCT03510871).

5.4. Combination of Immune Checkpoint Inhibitors with Molecular-Targeted Agents

The therapeutic outcomes of immune checkpoint inhibitors with molecular target therapies has
demonstrated to be superior to those of monotherapy in other solid tumours. Therefore, even for
HCC, therapies involving an immune checkpoint inhibitor plus a molecular targeted agent was
suggested as a promising strategy in recent years. In particular, interstitial cells (Kupffer cells, dendritic
cells, liver endothelial cells, and liver stellate cells) and immunosuppressive cytokines (e.g., IL-10 or
TGF-f3) may contribute to the immunosuppressive environment of HCC, and the PD-1/PD-L1 pathway
plays an important role in the development of the immunosuppressive microenvironment in HCC.
Combining a molecular targeted agent and an immune checkpoint inhibitor is expected to improve
this immunosuppressive microenvironment.

5.4.1. Atezolizumab plus Bevacizumab

A Phase III randomised controlled trial of atezolizumab plus bevacizumab versus sorafenib
as a first-line treatment was started and is currently ongoing to confirm the results of the Phase
Ib trial [76]. Preliminary results of this Phase III study (NCT03434379) have recently been released,
and the combination of atezolizumab (1200 mg on day 1 of each 21-day cycle, intravenously) plus
bevacizumab (15 mg/kg on day 1 of each 21-day cycle, intravenously) met both co-primary end-points
of improvement in overall and progression-free survivals as compared with sorafenib (400 mg twice per
day, on days 1-21 of each 21-day cycle), although survival figures have not yet been communicated [77].

5.4.2. Pembrolizumab plus Lenvatinib

A Phase I trial for this therapy is also underway in patients with HCC. According to preliminary
results, 46% of patients had either partial response or stable disease in the mRECIST criteria among the
patients who had been evaluated [78].

5.4.3. Other Combinations

Currently there are several early stage clinical studies considering various combination of
PD-1 inhibitors and targeted agents for HCC, without available data for the moment. They include:
nivolumab plus lenvatinib (NCT03418922), nivolumab plus cabozantinib (NCT03299946), nivolumab
plus bevacizumab (NCT03382886), pembrolizumab plus regorafenib (NCT03347292), pembrolizumab
plus sorafenib (NCT03211416), and PDR001 (spartalizumab) plus sorafenib (NCT02988440).

5.5. Immune Checkpoint Inhibitors as Neo-Adjuvant or Adjuvant Therapy, or in Combination with Local Treatments

Despite significant improvements in the treatment of early HCC, curative therapies remain
associated with high recurrence rates (*70% at 5 years), and adjuvant therapies able to curb this
figure currently represent an unmet need. In both settings of surgery and locoregional treatment,
treatment-induced liberation of tumour-associated antigens has previously been demonstrated, thus
providing a strong rationale for a combined treatment with immunostimulating agents, as previously
shown for other solid tumours [79]. Thus, several studies have been recently initiated in HCC
in order to evaluate the safety and efficacy of adjuvant treatments in patients who are at high
risk of recurrence after curative hepatic resection or ablation. As an example, a study is currently
recruiting patients to test nivolumab against placebo in the adjuvant setting following resection or
local ablation (NCT03383458). Similarly, the MK-3475-937/KEYNOTE-937 trial with pembrolizumab
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is also undergoing in the neoadjuvant setting (NCT03867084). Phase II trials are also evaluating
tremelimumab in a similar setting.

Similar to ablation, chemoembolisation has been shown to be associated with enhanced
tumour-associated antigens spread together with an increase of vascular endothelial growth factor.
In this regard, at least one study on transarterial chemoembolisation plus nivolumab is undergoing
(NCTO03143270). In this setting, a more complex approach has recently been proposed by the combination
of chemoembolisation with both an immune checkpoint inhibitor and a molecular-target agent with
an anti-VEGF effect: the LEAP-01 study (combination of chemoembolisation with pembrolizumab
and lenvatinib, NCT03713593) and the EMERALD-1 study (combination of chemoembolisation with
durvalumab and bevacizumab, NCT03778957). Lastly, transarterial radioembolisation promotes
radiation-induced tumour damage similar to that induced by stereotactic radiation therapy: several
early studies (Phase I and II) by combining this emergent locoregional approaches to immune
checkpoint inhibitors are going to start recruitment (NCT02837029, NCT03033446, NCT03099564, and
NCT03380130).

6. Liver Involvement in Immune-Related-Adverse Events

Compared to tyrosine-kinase inhibitors as sorafenib and lenvatinib, immunotherapy has significant
differences in terms of both toxicity and response. Checkpoint inhibitors are generally better tolerated
than tyrosine-kinase inhibitors, although some patients may rarely experience serious, immune-related
adverse events involving different organs and systems, such as endocrine glands, the skin, the
gastrointestinal tract, the brain and the liver itself [80]. Acute hepatitis is rare, occurring in 4-9%
of patients considering all grades of liver injury, and in 3.5% for grade 3 or 4 hepatitis [81,82].
No predictors of checkpoint inhibitors toxicity and immune-related adverse events have been clearly
demonstrated. However, the presence of baseline sarcopenia, a family history of autoimmune
diseases, tumour infiltration and liver metastases, previous viral infections (such as HIV or hepatitis)
and the concomitant use of drugs with autoimmune mechanism of toxicity (anti-arrhythmics,
antibiotics, anticonvulsants or antipsychotics) have been suggested to be potential predictors of
severe treatment-related toxicity [83,84]. Histological features of the immune-related hepatitis are still
little known, due to its rarity and the uncommon utilisation of liver biopsy. A recent French study
showed a different histological pattern between patients receiving anti PD-1/PD-L1 and anti-CTLA-4
agents. Anti-CTLA-4-associated injury is typically a granulomatous hepatitis with severe globular
necrotic and inflammatory activity and lymphocyte T CD8 cells activation, while the histological
pattern of liver damage associated with use of anti-PD-1/PD-L1 agents is more heterogeneous, showing
a spotty and confluent necrosis and mild-to-moderate lobular and periportal inflammatory activity,
involving both CD4 and CD8 lymphocytes in equal proportions [85]. Finally, three cases of checkpoint
inhibitors-induced hepatotoxicity were characterised by biliary injury, and in one patient receiving
pembrolizumab for metastatic melanoma a vanishing bile ducts syndrome has been described [86].
According to guidelines, a grade 2 transaminase or bilirubin elevation should prompt the interruption of
checkpoint inhibitors therapy and transaminase/bilirubin should be checked twice weekly [80]. A grade
2 elevation lasting for more than two weeks, in the absence of any other cause of liver damage, should
be approached with steroids [1 mg/kg/day (methyl)prednisolone or equivalent]. Upon improvement,
immunotherapy can be resumed after steroids tapering. Conversely, in the case of worsening, steroids
should be increased to 2 mg/kg/day, with permanent discontinuation of checkpoint inhibitors. In the
case of grade 3 or 4 transaminase/bilirubin increase, checkpoint inhibitors should be permanently
discontinued, steroids must be started (1-2 mg/kg/day) and, if needed, mycophenolate mofetil should
be added. In steroid and mycophenolate refractory cases consultation with the hepatologist and liver
biopsy are recommended [80].
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7. Assessment of Treatment Response: The iRECIST Criteria

The response of HCC to immunotherapy appears as low as with tyrosine kinase inhibitors in
terms of objective response rates but with longer durability, a finding that appears completely new for
this tumour. In particular, the concept of radiological response likely needs a different approach from
the one we have used to define treatment response with tyrosine kinase inhibitors: the RECIST and
mRECIST criteria will have to be paralleled by a new system specifically designed for these drugs (i.e.,
the immune-related response criteria, iRECIST) [87].

Indeed, the peculiar tumour response observed with immunotherapy raised questions about the
appropriateness of the conventional classification of tumour response, i.e., objective response and
disease progression. The RECIST working group has recently developed consensus guidelines for
the use of a common language in cancer immunotherapy trials, to ensure consistent design and data
collection [87]. The need of a different modality to consider radiological response with checkpoint
inhibitors has been raised in early trials in melanoma, when investigators described for the first
time a unique response pattern, termed pseudoprogression: the disease behaviour met the criteria for
disease progression based on RECIST criteria but later patients had marked and durable responses.
Thereafter, following a long process of revision of different trials, the major innovation of iRECIST
is the concept of resetting the bar if RECIST progression is followed by tumour shrinkage at the
subsequent assessment [87]. This evolutive pattern has been defined “unconfirmed progression”
(iUPD): if progression is not confirmed, but the tumour shrinks (compared with baseline), which meets
the criteria of complete response, partial response or stable disease, then the bar is reset so that iUPD
needs to occur again (compared with nadir values) and then be confirmed (by further growth) at the
next assessment for confirmed progression (iCPD) to be assigned. Other aspects of lesion assessment
are unique to iRECIST. If a new lesion is identified (thus meeting the criteria for iUPD) and the patient
is clinically stable, treatment should be continued. Progressive disease is confirmed (iCPD) in the new
lesion category if the next imaging assessment, done at 4-8 weeks after iUPD, confirms additional new
lesions or a further increase in new lesion size from iUPD (sum of measures increase in new lesion
target >5 mm, any increase for new lesion non-target).

8. Rationale Underlying the Use of the ITA.LL.CA Database to Assess Real-Life Applicability of
Checkpoint Inhibitors

With the intent to explore the potential use in clinical practice of two checkpoint inhibitors,
nivolumab and pembrolizumab, in HCC patients, we developed some scenarios applying to the
Italian Liver Cancer (ITA.LL.CA) database the inclusion criteria adopted by the checkpoint inhibitors
studies [48,68]. The ITA.LL.CA database is a large, multi-centre database including patients with newly
diagnosed or recurrent HCC approaches managed in a large number of Italian centres with different
levels of expertise (secondary and tertiary referral centres) [88]. This database, due to its heterogeneity
in terms of tumour stage, underlying liver disease severity, and therapeutic approach, provides a
reliable insight into the characteristics of HCC in a Western population, and allows predicting figures
of the potential utilisation of these drugs in real-life clinical practice [88,89].

To define the “real world” scenario where these drugs could be used either as up-front or in
second-line treatment, we used the selection criteria reported by El-Khoueiry et al. for nivolumab and
those proposed by Zhu et al. for pembrolizumab [48,68]. This analysis was mainly aimed at providing
the clinicians with a tentative foresight of the proportion of eligible patients and field of applicability
of the checkpoint inhibitors in the real-life clinical practice.

8.1. First-Line Scenario

To construct the first-line scenarios, we adopted three patient-removal steps: (i) firstly, removal
based on the period and type (naive vs. recurrent) of HCC diagnosis; (ii) secondly, removal based
on missing data for at least one of the parameters used to identify potential candidates to checkpoint
inhibitors; and (iii) lastly, removal based on the selection criteria used for the investigated drug.
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As far as nivolumab is concerned, we identified 27 different selection parameters to build the
first-line scenario and specifically we considered not amenable to nivolumab patients with one or
more of the 27 conditions reported in Table 2, which also reports the number of patients excluded by
each step. Thus, we firstly removed patients with recurrent HCC (n = 4453) and those with a tumour
diagnosis before 2008 (n = 3144), and then those in whom data regarding one or more of the 27 selected
criteria were missing (n = 1403). The remaining 2483 patients with a first diagnosis of HCC over the
period 2008-2016 formed the cohort where we tested the amenability to immunotherapy. Among them,
525 patients (21.1%) met the criteria for nivolumab treatment. According to the year of HCC diagnosis,
the proportion of potentially treatable cases ranged from 18.3% to 30.3% (Figure 2A), with a median
eligibility rate of 20.1% (19.9-20.3% interquartile range).

Considering the eligibility to first-line pembrolizumab, we adopted 30 selection parameters to
build the first-line scenario (Table 2). The first two steps were identical to the nivolumab scenario: of
the 2483 patients selected by these steps only 268 (10.8%) patients were considered eligible to receive
pembrolizumab. Over time, the proportion of patients eligible to pembrolizumab ranged from 9.4% to
21.2% (Figure 2B), with a median eligibility rate of 10.6% (10.2-11.1% interquartile range).

Table 2. Potential use of nivolumab and pembrolizumab as first-line therapy in HCC patients according
tothe ITA.LL.CA database.

ITA.LI.CA Database Number of HCCs = 11,483 (including recurrences)
1. HCC diagnosis before 01/01/2008 = 3144
2. HCC recurrence = 4453
Number of patients = 3886 (01/01/2008-31/12/2016)
Missing data = 1403
Examined population = 2483 (100.0%)

(A) First-step removal

(B) Second step removal

Nivolumab Pembrolizumab

1. Child-Pugh > B7 = 601

2. ECOGPST>1=2343

3. ECOG PST =1, BCLC C, resected or RFA/PEI,
MC-IN = 86

4 BCLC 0-A resected = 99

5. BCLC 0-A RFA/PEI = 238

6. BCLC B resected = 55

7

8

9

1. Child-Pugh > B7 = 601

2. ECOGPST >1 =343

3. ECOG PST =1, BCLC C, resected or RFA/PEI,
MC-IN = 86
BCLC 0-A resected = 99
BCLC 0-A RFA/PEI = 238

4

5. Transplantation = 55
6. BCLC B resected = 55

7.

8

TACE with CR/PR/SD = 577
Transplantation = 55 CE with CR/PR/SD =5

. TACE with CR/PR/SD = 577
9. PBC =18
10.  Autoimmune hepatitis = 5
11.  Active HBV + HCV =12
12.  Active HBV + HDV =12 .
(C) Third step removal 13.  Autoimmune diseases = 34 14. Act}ve alcohol abuse =323
. 15.  Brain metastases = 2
14.  Active alcohol abuse = 323
16.  Story of encephalopathy = 155

15.  Brain metastases = 2
17. linicall: t ascites = 1009
16.  Story of encephalopathy = 155 ¢ 1icaty apparenasciies o0
17, Sever ites = 380 18. Malignancies previous 5 years = 43
. Severe ascites = 19 HIV=22

18. Mali i i =27
8 alignancies previous 3 years 20, Leucocytes < 1200/mcL = 23

EZ' Sj:c:czies <2000/mcL = 63 21. PLT < 60,000/mcL. =299
: 4 . 22. Hb<8g/dL=233

21.  PLT < 60,000/mcL =299 23 sCr> 15 mg/dL = 121

2. Hb <9 g/dL =107 24, GFR < 60 mL/min if sCr < 1.5 mg/dL = 502

;Z' ?FtRl;?O “;V S 7 AL =214 25 Total bilirubin > 2.0 mg/dL = 440
-+ Total bilirubin > 3.0 mg/dL = 26.  AST/ALT > 5x = 123

;Z‘ 215511 i&:: 25 5 :3153_ . 27, Albumin < 3.0 mg/dL = 414
) Bgfdl= 28. INR > 1.5x = 60

2. INR>23=34 29. Variceal bleeding < 6 months = 103
30. Main branch PVT/IVC thrombosis = 187

. PBC=18
10.  Autoimmune hepatitis = 5
11.  Active HBV =95
12.  Double infection HBV/HCV = 36
13.  Autoimmune diseases = 34

Final population = 525/2483 (21.1%) Final population = 268/2483 (10.8%)

Abbreviations: ITA.LL.CA, Italian Liver Cancer; HCC, hepatocellular cancer; ECOG, Eastern Cooperative Oncology
Group; PST, performance status; BCLC, Barcelona Clinic Liver Cancer; RFA, radio-frequency ablation; PEI,
percutaneous ethanol injection; MC, Milan Criteria; TACE, trans-arterial chemoembolisation; CR, complete response;
PR, partial response; SD, stable disease; PBC, primitive biliary cholangitis; HBV, hepatitis B virus; HCV, hepatitis C
virus; HDV, hepatitis D virus; HIV, human immunodeficiency virus; PLT, platelets; Hb, hemoglobin; GFR, glomerular
filtration rate; sCr, serum creatinine; AST, aspartate transaminases; ALT, alanine transaminases; INR, international
normalised ratio; PVT, portal vein thrombosis; IVC, inferior vena cava.
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First-line treatment
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Figure 2. Proportion of patients within the Italian Liver Cancer cohort meeting the criteria for: first-line
nivolumab treatment (A); and second-line nivolumab treatment (B).

8.2. Second-Line Scenario

To build second-line scenarios, we followed the removal steps reported in Table 2. First, we removed
the cases diagnoses before 2008 (n = 3144) and those with a naive HCC as well as those with >2
two recurrences (n = 6485). The removal of the 1413 cases with missing data selected 441 patients
for nivolumab and 266 patients for pembrolizumab with a first recurrence of HCC after any type of
first-line treatment during the period 2008-2016. According to the 27 criteria for nivolumab, only
24 patients (5.4%) resulted eligible for second-line treatment. The proportion of potentially treatable
patients ranged from 0% to 10% across the years, with a median of 4.8% (2.9-6.4 interquartile range)
(Figure 3A). Likewise, after removing patients with missing data for the 30 variables (n = 1588) used
for pembrolizumab, only 266 patients with HCC recurrence after any first-line treatment in the period
2008-2016 were selected. Of them, 26 (9.8%) were considered eligible for pembrolizumab treatment,
and their proportion ranged over time from 0% to 12.9%, with a median eligibility rate of 8.0%
(6.5-10.3 interquartile range) (Figure 3B).
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Second-line treatment
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Figure 3. Proportion of patients within the Italian Liver Cancer cohort meeting the criteria for: first-line
pembrolizumab treatment (A); or second-line pembrolizumab treatment (B).

9. Conclusions

All the described encouraging results are enriching the scenario of HCC treatment, with a trend to
expand the use of immune checkpoint inhibitors, alone or in combination with other molecules, for
advanced stage HCCs, as adjuvant therapy after curative approaches in patients with a high risk of
disease recurrence, or in combination with transcatheter arterial chemoembolisation in those carrying
an intermediate stage HCC.

Nevertheless, despite the expectancy related to ongoing studies, the application of immune
checkpoint inhibitors in patients with HCC may still not fulfil the unmet needs of these patients, since
as many as 30-40% of them do not respond to these agents, and we have shown by analysing the large
ITA.LL.CA database—despite the limitations related to the retrospective nature of the analysis—that
in the real-life clinical practice the eligibility rate to immune checkpoint inhibitors is approximately
10-20% in the first-line, and less than 10% in the second-line treatment. The mechanisms of primary
resistance to immunotherapy are largely unknown, but combination strategies may overcome this limit,
considering that HCC-induced immune tolerance in the setting of a tolerogenic liver environment
and chronic inflammation is associated with multiple immunosuppressive mechanisms. Thus, dual
or triple combinations of immune targeting agents, associated with inhibitory checkpoint blockage
as a backbone of therapy, might be the most promising strategies. Moreover, in this context, it is
necessary to identify easily accessible biomarkers to predict tumour response and help us in selecting
optimal candidates to immunotherapy. How we will select and monitor these therapies, and use
them safely in different groups of patients is not yet clear, as the field is limited by the lack of either
tissue or circulating biomarkers to guide clinical decision-making. Additional studies are warranted to
identify how many patients (among the whole HCC population, and also among those who undergo
this therapy) will actually benefit from immune checkpoint inhibitors treatment, and to assess its
cost-effectiveness in this complex disease.
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Abstract: Immunotherapies targeting immune checkpoints are fast-developing therapeutic
approaches adopted for several tumor types that trigger unprecedented rates of durable clinical
responses. Immune checkpoint programmed cell death protein 1 (PD-1), expressed primarily by T
cells, and programmed cell death ligand 1 (PD-L1), expressed mainly by tumor cells, macrophages,
and dendritic cells, are molecules that impede immune function, thereby allowing tumor cells to
proliferate, grow and spread. PD-1/PD-L1 checkpoint inhibitors have emerged as a promising
treatment strategy of hepatocellular carcinoma (HCC). However, only a minority of HCC patients
benefit from this therapy. To find a niche for immune checkpoint inhibition in HCC patients, future
strategies might require predictive factor-based patient selection, to identify patients who are likely
to respond to the said therapy and combination strategies in order to enhance anti-tumor efficacy and
clinical success. This review provides an overview of the most recent data pertaining to predictive
factors for response to PD-1/PD-L1 checkpoint inhibition in the field of HCC.

Keywords: PD-1; PD-L1; hepatocellular carcinoma; predictive factors; immunotherapy; immune
checkpoint inhibition

1. PD-1/PD-L1/PD-L2: A Physiological Inmune Checkpoint Axis Exploited by Cancer Cells and
Viruses to Escape Immunity

Programmed cell death protein 1 (PD-1) was discovered in 1992 by the group led by Tasuku
Honjo [1], who received the 2018 Nobel Prize in Physiology or Medicine for this discovery. Honjo and
his group of researchers described PD-1 antigen expression on the surface of stimulated mouse T and
B lymphocytes [2] and showed the importance of PD-1 activation during the late phase of immune
responses, involvement in the effector phase, memory response, and chronic infections in peripheral
tissues. This pathway displays a physiologic role in maintaining self-tolerance and dampening immune
responses to immune reactions. Programmed cell death ligand 1 (PD-L1) was identified as PD-1 ligand
by Honjo’s group in 2000, as a receptor expressed by antigen-presenting cells, primarily in the heart,
lungs, kidney, and placenta [3]. In 2001, the second ligand for PD-1, i.e., PD-L2, was described, and the
expression of PD-1 ligands on tumor cell lines was demonstrated [4]. This report suggested, for the
first time, that blocking the PD-1 pathway might enhance anti-tumor immunity.

233



Cancers 2019, 11, 1554

At present, it is known that PD-L1 is expressed in non-lymphoid and lymphoid tissues, whereas
PD-L2 expression is more restricted. PD-L1 expression is upregulated upon activation in hematopoietic
cells, especially antigen-presenting cells such as dendritic cells and macrophages. Most importantly,
PD-L1 is expressed in different tumor cells and in virus-infected cells, and upon ligation with PD-1, it
directly inhibits T-cell proliferation and T-cell effector functions such as IFN-gamma production and
cytotoxic activity against the target cells [5].

2. PD-1/PD-L1 Pathway in Hepatocellular Carcinoma

A recent study based on tumor samples with advanced solid tumors and melanoma depicted
hepatocellular carcinoma (HCC) as a tumor type with low/moderate immunogenicity [6], which may
explain the lower rate of response of HCC patients to immune checkpoint blockers compared to
melanoma patients.

HCC is commonly developed on the background of chronic liver disease (chronic hepatitis B virus
(HBV) or hepatitis C virus (HCV) infection, metabolic disorders, or chronic alcohol consumption),
which promotes an immunosuppressive status of liver and T-cell exhaustion [7,8]. During tumor
development and growth, the effective anti-tumor immune surveillance in the liver microenvironment
is impaired, and immune checkpoints, especially the PD-1/PD-L1 signaling pathway, are greatly
involved in the said process [9]. In patients with HCC, the expression of PD-1 was increased in CD8* T
cells [10], and the high frequency of both circulating and tumor-infiltrating PD-1* CD8" T cells was
associated with progression following curative hepatic resection in patients who were never treated
via immunotherapy [11]. Furthermore, high PD-1 expression on tumor-infiltrating lymphocytes and
the correlation between an exhausted phenotype and impaired effector function have been observed in
HCC patients [12,13]. The expression of PD-L1 in HCC cells inhibits function of T cells in the liver
tumor microenvironment. Not surprisingly, high PD-L1 expression on tumor cells was determined as
a predictor of recurrence for HCC patients [14]. Analyses of the samples obtained from HCC resection
depicted higher expression of PD-L1, in addition to its association with tumor aggressiveness [15] and
poor prognosis [16] in patients who were never treated via immunotherapy.

Blocking the interaction between PD-1 and PD-L1 leads to impressive and long-lasting anti-tumor
responses in a subset of patients with many tumor types. PD-1 and PD-L1 blockades largely showed
similar efficacy, though the objective response rates were 5% higher with PD-1 blockade than with
PD-L1 blockade in non-small-cell lung carcinoma [17]. Agents targeting PD-1/PD-L1 have initiated a
revolution also in HCC treatment as recently reviewed elsewhere [18,19].

In September 2017, anti-PD-1 antibody nivolumab (Opdivo) was approved for use by the Food and
Drug Administration (FDA) for second-line treatment in sorafenib-pretreated patients with advanced
HCC, based on the data derived from a dose-escalation and dose-expansion phase trial within the
CheckMate-040 multi-cohort trial [20] (Table 1). The clinical activity of nivolumab was investigated in
four sub-groups of advanced HCC, namely (i) sorafenib untreated or intolerant without viral hepatitis;
(ii) sorafenib progressors without viral hepatitis; and (iii) HBV infected; or (iv) HCV infected HCC
patients. The objective response rate was 20% in patients treated with stable dose of nivolumab and
15% in the dose-escalation phase, without differences according to the underlying liver disease [20].

Similarly, the efficacy of anti-PD-1 inhibitor pembrolizumab (Keytruda) was investigated in
a phase 2 study for second-line treatment in advanced HCC patients following sorafenib failure.
The study confirmed an objective response rate of 17% [21]. Thus, the FDA approved pembrolizumab
for the treatment of HCC patients who have been previously treated with sorafenib in November 2018.
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Table 1. Results obtained from clinical trials of programmed cell death protein 1 (PD-1) inhibitors
in hepatocellular carcinoma (HCC). Administration every two weeks (Q2W) and every three weeks

(Q3W).

Agent Dose Objective Partial Complete Reference
(Clinical Trial) Response Rate Response Response
Nivolumab Escalation
0.1-10 mg/kg 15% 4/48 (8.3%) 2/48 (4.2%) [20]
(CheckMate 040) QW)
. Expansion
Nivolumab
3 mg/kg 20% 39/214 (18.2%)  3/214 (1.4%) [20]
(CheckMate 040) (Q2W)
Pembrolizumab 200 mg o o o
(KEYNOTE-224) (Q3W) 17% 17/104 (16%) 1/104 (1%) [21]

Despite the improvement of clinical outcomes in a subset of patients, anti-PD-1/PD-L1 blockers are
still inefficient in 80% of HCC patients. Further, they are costly and cause many severe side effects [22].
There is an urgent need to define predictive factors of response to spare patients from toxicity in the
absence of clinical benefits. However, none of the current trials select HCC patients according to the
potential predictive factors of tumor response.

3. Predictive Biomarkers of Response to PD-1/PD-L1 Blockade in Order to Better Select Patients
and Guide Therapeutic Choices

To date, very little has been described about predictive biomarkers of response to PD-1/PD-L1
blockade in HCC. Therefore, in this study, we will present predictive biomarkers highlighted in other
tumor types, which could be relevant in the HCC field, in addition to recent data available for the said
field. Furthermore, predictive markers of response to PD-1/PD-L1 blockade will be divided into three
subsections: (i) liver tissue and tumor side factors; (ii) circulating prognostic factors; and (iii) host
factors (Figure 1).

Tumor side factors
Liver tissue factors

Tumor infiltrating cells

Tumor cells Anti-PD-1/
PD-L1Abs

N

Host factors »

Immunoscore Cancer patient  Microbiome

Circulating Circulating
immune cells soluble factors
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Figure 1. Overview of the predictive factors for PD-1/programmed cell death ligand 1 (PD-L1) blockade:
potential factors to explore in HCC.
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3.1. Liver Tissue and Tumor Side Factors

3.1.1. Immunological Biomarkers

As a logical extension of our knowledge concerning the PD-1/PD-L1 pathway, the first candidate
biomarkers to be explored for PD-1/PD-L1 checkpoint inhibition were immunological. Theoretically,
PD-1/PD-L1 blockade should work in patients positive for PD-1 and/or PD-L1. However, we are still
unravelling the complexities of the PD-1/PD-L1 interaction between tumor and different immune
cell populations.

PD-L1 Expression by Tumor Cells and Immune Infiltrate

In 2012, it has been reported that among 17 patients with PD-L1 negative tumors, none of
them responded to anti-PD-1 therapy, whereas among the 25 patients with PD-L1 positive tumors
9 presented an objective response [23]. PD-L1 expression by tumor cells was intensively studied as
possible predictive biomarker for ascertaining the efficacy of anti-PD-1/PD-L1 therapy. High PD-L1
expression prior to anti-PD-1/PD-L1 therapy was later demonstrated to be associated with improved
objective response rate and survival in patients with non-small-cell lung cancer [24], melanoma [25]
and head and neck squamous cell carcinoma [26].

However, in patients with advanced HCC, baseline expression of PD-L1 on tumor cell did not
have an impact on the objective response rates to anti-PD-1 therapy [20]. In fact, as a part of the
CheckMate 040 clinical trial, tumor biopsies collected at the baseline were retrospectively assessed
for PD-L1 status. Membrane expression of PD-L1 on at least 1% of the tumor cells was observed in
20% patients at the baseline and majority of patients had PD-L1 expression on less than 1% of the
tumor cells. Response to therapy was observed in 26% patients with PD-L1 expression on at least 1%
of the tumor cells and in 19% patients with PD-L1 on less than 1% of the tumor cells. Thus, a fraction
of PD-L1-negative HCC patients showed objective clinical responses, demonstrating no significant
difference compared to PD-L1 positive patients. This was recently confirmed by a study where the
response to anti-PD-1 did not correlate with PD-L1 tumor staining in advanced HCC [27]. However,
archival tissue samples were used and the number of evaluable patients in this study was very limited
(n = 10).

Interestingly, PD-L1 expression on immune cells may be more predictive of anti-PD-1/PD-L1
response than PD-L1 expression on tumor cells in certain tumor types, such as bladder cancer or breast
cancer [28]. This might be the case for HCC as well. In fact, the relevance of PD-L1 expression on
immune cells versus that of tumor cells has been revealed by comparing three tumor models with
varying sensitivity to PD-1/PD-L1 blockade. Juneja et al. demonstrated that the relative contribution of
tumor-derived versus host-derived PD-L1 is context-dependent and that both these PD-L1 expressions
play a role in tumor microenvironment [29]. In view of the fact that PD-L1 expression on immune cells
is critical for inhibiting anti-tumor immunity, PD-L1 expression within the tumor, but not necessarily
on tumor cells, may be sufficient for an anti-PD-1/PD-L1 response, as reviewed recently [30]. Thus,
PD-L1 expression on immune cells should be included in the list of potential markers of response to
PD-1/PD-L1 inhibition.

However, several unsolved problems remain regarding the interpretation of PD-L1 expression,
such as the cut-off value to define positivity and the temporal and spatial heterogeneity of PD-L1
expression. First, the lack of standardized analyses and methods makes it difficult to compare results
from individual studies, in order to reach robust overall consensus [31]. In fact, most studies evaluated
PD-L1 status as the percentage of tumor cells positive for cell-surface and/or membranous PD-L1
staining. However, variable cut-off values have been used to identify positivity of PD-L1 [32]. Moreover,
to detect PD-L1 staining, different types and clones of anti-PD-L1 antibodies are currently on the
market. Some anti-PD-L1 antibodies result in a mixture of both membranous and cytoplasmic staining
of tumor cells, which obscures the interpretation of results and affects the accuracy of the analysis [33].
Three clones of anti-PD-L1 recombinant monoclonal antibodies (Clone 28-8, 73-10, and SP142) have been
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approved by the FDA as complementary diagnostics for PD-1/PD-L1 checkpoint inhibitors. However,
using these antibodies, some differences in detecting PD-L1 staining have still been observed [34].
Recently, five anti-PD-L1 antibody clones were used to stain HCC samples [35], showing very high
diversity that impacts the reliability and reproducibility of PD-L1 assays. In addition, PD-L1 expression
is inducible and can change over the course of the disease and/or during treatment [36]. Thus, the lack
of standardization renders interpretation across clinical trials highly difficult.

Features of Intratumoral Lymphoid Infiltrates

The potential of the adaptive immune system to control or eradicate tumors has been clearly
demonstrated. The immune contexture, defined by the type, location, density, and functional orientation
of the tumor-infiltrating immune cells (in particular CD8* cytotoxic T cells), allows one to predict
the clinical outcome [37-39], especially in HCC [40]. Moreover, the score of immune system is a
critical prognosis factor in cancer patients, and immune checkpoint blockers impact this parameter.
Four different types of tumor microenvironments have been proposed by combining PD-L1 expression
and T-cell density. This stratification allows one to better predict the immunotherapeutic strategy
best suited to target each type [41]. Notably, different classes of HCC have been identified based
on the genomic profiling of the concerned tumor microenvironment [42]. One of them, called the
“immune class” (present in about 25% patients), is more susceptible to therapeutic agents blocking
regulatory pathways in T cells and is characterized by markers of adaptive immune responses as well
as exhausted immune responses. Therefore, it is evident that the immune contexture in HCC is critical
to predict clinical outcomes following PD-1/PD-L1 checkpoint inhibition.

In addition, an IFN-y-related signature was associated with the clinical benefits of anti-PD-1
treatment across nine different cancer cohorts [43]. In fact, the signature established from the tumor
tissue at the baseline contained IFNy-responsive genes related to antigen presentation, cytotoxic
activity, chemokine expression, and adaptive immune resistance. In parallel, a resistance signature
to PD-1 blockade has been identified in melanoma patients, involving high expression of the genes
involved in cell adhesion, regulation of mesenchymal transition, angiogenesis, matrix remodeling, and
wound healing [44]. These studies highlighted the complex biology and importance of the pre-existing
tumor immune microenvironment with regard to its ability or inability to respond to PD-1/PD-L1
checkpoint inhibition.

The impact of tumor infiltration of CD8* T-cell on the survival of cancer patients has been the most
well-studied topic. A meta-analysis summarized that in majority of articles published, CD8" immune
cell infiltrates were associated with good prognosis in a wide variety of solid tumor types [45,46], and
also associated with improved responses to chemotherapy and immunotherapy [47]. In addition, the
number of tumor infiltrating lymphocytes expressing PD-1 was shown to be predictive of the clinical
response following PD-1 blockade [48]. Similarly, it has been reported that tumor response to PD-1
blockade requires pre-existing CD8" T cells that are negatively regulated by PD-1/PD-L1-mediated
adaptive immune resistance [49]. Particularly, the PD-1"8" T cells seem to be very important as this
subset demonstrates higher capacity for tumor recognition and markedly different profile compared to
PD-1"t cells in patients with non-small-cell lung cancer, where the frequency of PD-1high
predicted the response and survival of patients [50]. Similarly, a clinical study performed on melanoma
patients showed that PD-1"8h expression before treatment was correlated to the response to PD-1
blockade [51].

Recently, we demonstrated that the responders to anti-PD-1/PD-L1 therapy had high baseline
frequency of PD-1Mgh CD8* T cells in tumor tissue, as determined by extensive phenotypic
flow cytometry analyses of fresh biopsies obtained from advanced HCC patients before start of
anti-PD-1/PD-L1 therapy [52]. This is in accordance with the observations of a recent study that
investigated CD8* T cells isolated from HCC tissue and showed in vitro that tumors with high
proportions of PD-1"&h CD8* T cells are more susceptible to PD-1blockade [13]. Similarly, high numbers

cells strongly
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of PD-1* intratumoral lymphocytes predict survival benefit of cytokine-induced killer cells for HCC
patients [53].

The main problem regarding the interpretation of PD-1 expression on CD8" T cells is connected
to the complexity of the methods needed for analyses. Simple immunohistochemistry is unable to
distinguish PD-1* CD8* T cells since a combination of several antibodies is necessary to characterize
these cells. For instance, the majority of NK cells express CD8 receptors, and their frequency is
very high in the liver [54,55]. However, the CD56""18" subpopulation of NK cells that is present at
high frequency in the liver [56] do not express PD-1 [57]. Thus, NK cells should be excluded from
immunohistochemical analysis to allow correctly quantify the frequency of PD-1* cells in the CD8* T
cell population. Moreover, tumor heterogeneity and sampling variability are inherent limitations when
using liver biopsies. Due to the invasiveness of tissue sampling, only one of multiple lesions is usually
selected for liver biopsy. Thus, a tissue sample might not necessarily reflect the entire picture of HCC.
Additionally, both PD-1 and PD-L1 expression levels can change over time, as can the distribution
of CD8" T cells. Therefore, to develop clear predictive factors, specific time restrictions need to be
defined, for instance, the requirement of analyzing tissue biopsies obtained at a maximum of three
months prior to the start of the treatment.

In addition to tumor immune infiltrates, it is important to take into consideration that the
prognostic factor for the response to PD-1/PD-L1 could also come from the non-tumoral tissue.
Especially in HCC, as demonstrated previously, microarrays from surrounding non-tumoral liver
tissues can predict overall survival after curative treatment of HCC, rather than the analyses obtained
from tumor tissues [58]. Moreover, the frequency of infiltrated lymphocytes is much higher in a
non-tumoral liver compared to a tumor area [59].

3.1.2. Mutations of Tumor Cells and Microsatellite Instability

Tumor mutational burden (TMB) is a measure of the total number of mutations per coding area
of a tumor genome. Tumors with higher levels of TMB are believed to express more neoantigens
that may allow for a more robust immune anti-tumor response and therefore, potentially, a better
response to immunotherapy. Certainly, high TMB and neoantigen load have been noted to predict
the response to immunotherapies, including anti-PD-1 therapy (higher objective response rate
and/or prolonged survival) in melanoma, non-small-cell lung carcinoma [23], and across diverse
tumors [60]. When compared to other tumor types, HCC is described by an above-average TMB with
frequent formation of neoantigens [61], expected to have a good response to PD-1/PD-L1 blockage.
Nevertheless, TMB is a rough marker because a mutation could or could not be immunogenic. Currently,
bioinformatics tools are available to better predict the immunogenicity of mutations [62]. Recently,
next-generation sequencing recognized Wnt/CTNNB1 mutations, typical for the immune-excluded
tumor class, as possible biomarkers predicting resistance to immune checkpoint inhibitors in patients
with advanced HCC [63]. However, this type of sequencing is complex and costly, therefore difficult
for routine clinical use. Microsatellite instability (MSI) is a phenotype of hyper-mutations arising
from mismatch-repair deficiency (AMMR), that is the first predictive biomarker for anti-PD-1 blockage
approved by the FDA [64]. To be more precise, in May 2017, the FDA granted accelerated approval
to pembrolizumab for pediatric and adult patients suffering from unresectable or metastatic MSI or
dMMR solid tumors that have progressed following first-line treatment, in addition to the standard
of care. Previously, MSI-high tumors were observed to display upregulation of multiple immune
checkpoints, including PD-1, thus making PD-1/PD-L1 blockade a rational treatment approach. In an
expanded study of advanced dMMR cancers across 12 different tumor types, objective radiographic
responses were observed in 53% of patients, while complete responses were achieved in 21% of patients
across 12 different tumor types [65]. However, in HCC, MSI seems to be a rare event [66].
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3.2. Circulating Prognostic Factors

Circulating markers possess the advantage of being suitable for sampling over the course of
treatment period and may be quickly established and accessible for clinical practice.

3.2.1. Circulating Immune Cells

The predictive value of circulating markers has been evaluated in melanoma patients treated
with pembrolizumab. Moreover, high relative eosinophil and lymphocyte count were associated with
favorable overall survival [67]. In another study, high relative eosinophils and basophils, low absolute
monocytes, and a low neutrophil-to-lymphocyte ratio served as significant independent variables for
favorable overall survival of patients with advanced melanoma [68]. Additionally, T-cell receptor (TCR)
diversity could be a critical determinant of the clinical outcome regarding PD-1/PD-L1 checkpoint
inhibition. A high pre-treatment clonality of TCR (indicative of a repertoire that is not diverse) was
associated with poor clinical outcomes in patients with urothelial cancer treated with anti-PD-L1 [69].

In HCC, the expression of immune checkpoint molecules, such as PD-1, Tim-3, and Lag-3,
in the tumor tissue may be partially reflected on the circulating immune cells [12,13,52], and
immunomonitoring conducted at the circulating level has the potential to highlight prognosis factors
of clinical evolution and distinguish responders from non-responders.

3.2.2. Circulating Soluble Factors

Recently, Feun et al. published a study where high baseline plasma levels of anti-inflammatory
cytokine TGF-f3 were significantly correlated with poor outcomes after anti-PD-1 treatment in patients
with advanced, unresectable HCC [27]. This promising finding is based on small cohort of patients
and requires a larger number of patients for confirmation.

A baseline protein signature of patients that were PD-1 resistant as analyzed via mass spectrometry,
was characterized by complement, acute phase, and wound healing molecules in metastatic melanoma
patients receiving PD-1 blocking antibody [70]. Soluble immune checkpoints may also serve as potent
biomarkers of response to PD-1/PD-L1 checkpoint inhibition, as it has been shown that elevated
pre-treatment levels of soluble PD-L1 were associated with a progression in melanoma patients treated
with PD-1 blockade [71]. In a cohort of HCC patients, the high level of the soluble PD-L1 was correlated
with a poor outcome [72] but the association between soluble immune checkpoints and the response to
PD-1/PD-L1 needs to be further investigated.

Extracellular vesicles such as exosomes and microvesicles are actively released from various cells,
including cancer cells, and carry bioactive molecules that influence the immune system. A recent study
from Chen et al. indicated that the circulating exosomal PD-L1 may reflect the states of anti-tumor
immunity in melanoma patients as responders to anti-PD-1 were characterized by the increase in
circulating exosomal PD-L1 during early stages of treatment [73]. However, the application of exosomal
PD-L1 as a possible predictor for anti-PD-1 therapy remains controversial. HCC-derived exosomes
and their potential as biomarkers were recently reviewed elsewhere [74].

3.3. Host Factors

3.3.1. Sex and Age

Recently, Conforti et al. provided evidence for the fact that the benefit of immune checkpoint
inhibitors might be sex dependent [75]. In their meta-analysis of 20 randomized controlled trials
testing anti-PD-1 and anti-CTLA-4, the authors observed a significantly higher overall survival benefit
for men than women. This could be predictable if we consider that on an average, women mount
stronger immune responses than men, and this immune response is hypothesized to lower their risk
of cancer-related mortality [76,77]. Men are at almost two-times higher risk of mortality from most
cancers, including HCC [78], compared to women. This male-biased mortality reflects differences
not only in behavioral and biological factors but also in the immune system that is less active in men,
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including less effective anti-tumor immune responses [76,77]. Therefore, men’s immune system might
be easier to activate via immunotherapies targeting immune cells. Sex hormones influence innate
and adaptive immune responses [76,77,79] and directly regulate the expression as well as function of
PD-1 and PD-L1 [80,81]. A retrospective analysis found that the female sex and the age <65 years are
associated with lower objective response rates to anti-PD-1 therapy compared to the male sex [82].
Thus, as far as sex hormones are concerned, it should be noted that aging is associated with the loss of
sex hormones in both men and women. Thus, sex-dependent differences might disappear in part with
age. In addition, the immune system is less active in older patients. As anti-PD-1/PD-L1 antibodies
are therapies that should restore a lost anti-tumor immunity [83], older patients may benefit more
from this treatment. Recently, Kugel et al. reported that patients aged over 60 had better response
to anti-PD-1 therapy, and the likelihood of response increased with age [84]. Nevertheless, further
studies are required in this regard to provide clues pertaining to the effectiveness of immunotherapy
according to one’s sex and age among HCC patients.

3.3.2. Influence of the Gut Microbiome

Recent evidence suggests that modulation of the gut microbiome may affect responses to
immunotherapy. In fact, a significant association was observed between commensal microbial
composition and clinical response to PD-1/PD-L1 therapy in melanoma patients [85]. Moreover,
extensive work on the biology of the gut-liver axis has assisted in better understanding the relationship
between the said microbiome and HCC [86]. For instance, in patients suffering from cirrhosis and fatty
liver, the gut microbiota profile and systemic inflammation were significantly correlated and linked
to HCC development [87]. A recent review summarized the knowledge about the modulatory effect
of gut microbiota on immune system leading to chronic inflammation and HCC development [88].
Additionally, Zheng et al. reported the characteristics of the gut microbiome during anti-PD-1
immunotherapy in HCC, by metagenomic sequencing of periodic fecal samples [89]. Authors observed
that fecal samples from patients responding to immunotherapy (n = 3) showed higher taxa richness
and more gene counts compared to non-responders (n = 5), suggesting for the first time that gut
microbiome may affect the response to anti-PD-1/PD-L1 immunotherapy in patients with HCC. Thus,
the role of the gut microbiome in response to PD-1/PD-L1 checkpoint inhibition in HCC patients needs
to be further investigated.

4. Conclusions

Although PD-1/PD-L1 checkpoint inhibition has improved the response rate for HCC, such
treatments help only a minority of patients at present. A major focus involves determining the reason
immunotherapies succeed or fail, in addition to the way they can be improved further. Predictive
biomarkers are necessary to identify HCC patients with a greater likelihood of response, thereby
guiding clinical decision-making for first-line and second-line therapies. However, even the most
promising predictors of response to anti-PD-1/PD-L1 therapy in HCC, low baseline plasma levels of
TGF-B or high frequency of intratumoral CD8* or PD-1"g" CD8* T cells, need to be verified using a
larger number of patients in a prospective trial. Thus, in order to propose a clinical decision-making
algorithm in HCC based on such biomarkers, extensive translation research is currently required.
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Abstract: Inmunotherapy has emerged in recent years as arguably the most effective treatment for
advanced hepatocellular carcinoma (HCC), but the failure of a large percentage of patients to respond
to immunotherapy remains as the ultimate obstacle to successful treatment. Etiology-associated
dysregulation of immune-associated (IA) genes may be central to the development of this differential
clinical response. We identified immune-associated genes potentially dysregulated by alcohol or viral
hepatitis B in HCC and validated alcohol-induced dysregulations in vitro while using large-scale
RNA-sequencing data from The Cancer Genome Atlas (TCGA). Thirty-four clinically relevant
dysregulated IA genes were identified. We profiled the correlation of all genomic alterations in
HCC patients to IA gene expression while using the information theory-based algorithm REVEALER
to investigate the molecular mechanism for their dysregulation and explore the possibility of
genome-based patient stratification. We also studied gene expression regulators and identified
multiple microRNAs that were implicated in HCC pathogenesis that can potentially regulate these
IA genes’ expression. Our study identified potential key pathways, including the IL-7 signaling
pathway and TNFRSF4 (OX40)- NF-«B pathway, to target in immunotherapy treatments and presents
microRNAs as promising therapeutic targets for dysregulated IA genes because of their extensive
regulatory roles in the cancer immune landscape.

Keywords: cancer immunotherapy; TCGA; mutations; copy number variations; mictoRNAs

1. Introduction

Hepatocellular carcinoma (HCC) is the most prevalent class of liver cancer and the second leading
cause of cancer-related mortality around the world [1]. Late diagnosis of HCC is common because of
current limitations in diagnostic methods. Patients with late stages of HCC have five-year survival rates
of less than 16% [2]. The most effective standard treatments of HCC, including liver transplantation,
ablation, or surgical resection, are only recommended for early stages of HCC and they have high
rates of recurrence [3]. Systemic treatments, such as chemotherapy, which are commonly used in
other cancers, are relatively ineffective in HCC because of resistance to therapeutic agents and poor
metabolism in cirrhotic livers, which contribute to the development of about 90% of HCC cases [4].
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The extremely limited treatment options for advanced stage HCC patients led to great interest in recent
advancements in cancer immunotherapy.

Most previous immunotherapy studies in HCC, including cytokine or antigen-based therapies,
have failed to achieve adequate anti-cancer effects [5]. However, recent interests in immunotherapy
were stimulated by the success of oncolytic viral gene therapy using JX-594 [6], the use of anti-Glypican-3
(anti-GPC3) antibodies to neutralize GPC3 antigens present on 80% of HCC cells [7], and CTLA-4
blockade clinical trials [8]. Unwanted immunogenicity and limited response rates remain significant
challenges despite the variety of treatment strategies under investigation [5].

Anunderstanding of the mechanisms through which gene regulation leads to evasion of tumor cells
from immune recognition is important for the continual advancement of immunotherapy. microRNAs
(miRNAs) are non-coding RNAs 18-25 nucleotides long that regulate critical cellular processes, such
as development, division, and differentiation through mRNA silencing. miRNA dysregulation has
been consistently documented across a large body of studies in human cancers since the recognition of
their regulatory significance. miRNAs have also been documented to modulate the development of
cells in both the innate and adaptive immune system, as well as regulate the release of cytokines and
other proteins that induce key immune processes, such as inflammation [9].

In this study, we first identified immune associated (IA) genes that were dysregulated in
alcohol-related and hepatitis B-related HCC and then evaluated their potential regulation by miRNAs
identified to be dysregulated in HCC in our previous study [10]. Alcohol consumption and viral hepatitis
infection are established independent risk factors for the development of HCC, and documented
synergism exists between them [11]. A gene qualifies as IA in our study if itis involved in a pathway that
regulates immune processes in either the innate or adaptive immune system. The relationship between
dysregulation of IA genes and HCC development was explored through statistical correlations with
patient survival, clinical variables, and the expression of commonly mutated genes in HCC. Notably,
we identified the dysregulation of several genes that were reported to contribute to immunotherapy
success or failure in melanoma. Further functional analysis of IA genes we identified, along with their
association to etiology and genomic alterations, may reveal unique immune status stratifications of
HCC patients, which can be targeted in immunotherapy to improve the clinical response rate. Finally,
we illustrate that regulatory miRNAs of key IA genes in HCC may be therapeutically targeted as a
novel treatment strategy or as a complement to existing immunotherapy treatments.

2. Results

2.1. Identification of Dysrequlated Immune-Associated Genes in Etiology-Specific HCC and Correlation with
Patient Survival

We downloaded liver HCC transcriptome data from The Cancer Genome Atlas (TCGA) database
for a total of 371 patients and the adjacent normal samples from 48 of these patients. The patients
were divided into four cohorts: alcohol drinkers with hepatitis B (1 = 30), drinkers without hepatitis
B (n = 34), nondrinkers with hepatitis B (n = V109), and nondrinkers without hepatitis B (n = 101).
The adjacent normal samples were divided into two cohorts: samples from drinkers and samples
from nondrinkers. The patient’s hepatitis infection status was not taken into consideration in normal
cohorts due to evidence that the transformation of normal cells into HCC cells occurs at the same time
as the integration of hepatitis B viral DNA into the host cell genome [12]; therefore, adjacent normal
cells most likely do not have viral DNA. We expected our characterization of the landscape of IA gene
dysregulation in tumor samples to also include genes that were expressed in immune cells of the tumor
microenvironment due to the limited purity of TCGA tumor samples [13].

A total of six differential expression analyses were performed to examine IA genes dysregulated in
HCC cases with different etiologies (Figure 1a and Table 1). The expressions of differentially expressed
genes identified were then correlated with patient survival data that were obtained from TCGA while
using the Cox proportional hazards regression (p < 0.05, Figure 2a). Thirty-two survival-correlated
IA genes were identified from the five differential expression analyses when comparing tumor vs.
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normal samples (Figure 1b). The probable etiology cause of gene dysregulation can be deduced
from examining the overlaps and exclusions of differentially expressed genes that were found across
different comparisons.

Table 1. Differential expression analysis results for survival-correlated immune-associated genes.

HCC Drinkers without HBV vs. Nondrinker Normals HCC Drinkers without HBV vs. Drinker Normals
Gene Name Fold Change FDR p-Value Gene Name Fold Change FDR p-Value
APOB -2.16 9.0x10718  7.0x 10710 APLN 16.65 1.7x10®  35x107%
CAMK4 -4.12 72x1071% 3.1 x 10713 CAMK4 -5.90 26x107%  15x107°
CAPG 3.73 40%x10710  55x1077 CLEC1B -22.88 68x10° 37x1072
CBX8 2.73 19x1071%  9.0x107®  DNASEIL3 -6.63 14x107%  52x107
CCL14 -2.93 22x107  54x107* SOCS2 -7.10 20x107°  69x1078
CD226 -3.03 89x10° 1.6x107° UBE2S 5.93 14x10™° 52x1073
CKLF 2.71 1.1x107"  1.1x10°8 VIPR1 -12.77 52x10712 6.3 x 1071
CLEC1B -26.29 73x10712  69x107°
CYP2C9 -3.34 78x107%  17x107*
DNASE1L3 -6.62 22x1071%  1.6x 10710
IGKV4-1 -5.33 17%x107°  4.9x107°
IMPDH1 2.08 36x107%  12x1072
IQGAP2 -197 13x107%  1.9x107°
KITLG 2.14 46x107°  1.5x1072
KLRD1 -2.54 73x107  20x1073
LPCATI1 3.07 12x1071°0  1.4x1077
MSC 6.00 21x10710  26x1077
NDRG2 -2.46 12x10™° 1.7x10°°
PGF 2.06 52x107%  1.7x1072
RAB24 231 9.6x1071>  51x10712
SEC61G 2.14 51x10™° 87x107°
SOCS2 -6.45 53x1071? 1.3x10716
SPP1 25.97 87x1072 13x1071°
TAGAP -2.49 9.6x107% 33x1072
UBE2S 5.14 22x10721 37x1071°
VIPR1 -10.80 62x107%  40x107%
HCC Drinkers with HBV vs. Drinker Normals HCC Drinkers vs. HCC Nondrinkers
Gene Name Fold Change FDR p-Value Gene Name Fold Change FDR p-Value
APLN 18.60 26%x107°  50x107* CCL18 1.72 1.0x1072  2.6x1072
CAMK4 -3.83 44x107°  1.7x1072 CKLF 1.36 35x107°  51x107°
CLEC1B -28.26 79x107%  52x107° MMP9 1.88 53x107°  1.0x1072
DNASE1L3 -5.45 9.6x107% 26x107°
NDRG2 -2.97 39x107  42x107°
UBE2S 4.85 1.0x107*  4.8x1072
VIPR1 -8.65 21x107  19x107°
HCC Drinkers with HBV vs. Nondrinker Normals HCC Nondrinkers with HBV vs. Nondrinker Normals
Gene Name Fold Change FDR p-Value Gene Name Fold Change FDR p-Value
CAMK4 -2.71 57x107  8.0x107° APLN 13.78 12x107%  1.6x 10731
CAPG 347 31x107°  42x107° CAMK4 -2.89 9.0x10718  13x107°
CBX8 223 3.6x10712  25x107° CAPG 3.30 11x107°  27x107®
CCL14 -3.01 28x107°  37x107° CBX8 2.14 77x107% 99 x 1071
CD226 -2.39 1.0x107°  24x1073 CCL14 -3.76 47x10720  27x107Y
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Table 1. Cont.

CKLF 3.26 6.9x 10714 33x1071 CD226 -2.82 1.1x107"  1.9x 1078
CLEC1B -32.63 76x10720  11x107Y CLEC1B ~76.69 75x10™°  39x107%
CYP2C9 -3.38 27%x107 57x107* CTHRC1 13.81 35x1071? 22x10716

DNASE1L3 -5.40 44x107%  20x1071 CYP2C9 -3.88 33x10712  53x107°
DUSP10 -2.15 75x108  14x107* DNASE1L3 -7.82 1.7x107%  1.6x107%

KITLG 2.97 12x1071 97x107° DUSP10 -2.35 50x 107 62x1071
KLRD1 -2.73 1.0x10™° 12x10°° FYN -2.03 15x10712 23x107°
LPCAT1 2.76 21x107° 26x107° KITLG 2.39 74%x108  23x107*

MSC 7.90 24x10711 21x1078 KLRD1 -2.82 1.3x10711 22x1078
NDRG2 -2.79 48x1071? 83x107V LPCATI1 2.16 76x107%  24x107*

RAB24 2.26 50x107%  23x1071 MSC 6.65 82x10° 22x107°

SOCS2 -3.70 1.6 x10™° 2.0x10°° MT-RNR2 -221 1.5x1071  2.7x 1078

SPP1 15.71 69x1071% 27 x10712 NDRG2 -2.81 78x1072  32x10720

UBE2S 4.06 22x1077  55x10715 PGF 3.09 50x107%  15x107*

VIPR1 -7.31 1.2x1071  35x 10714 RAB24 2.19 1.3x1077  1.0x 10714

SOCS2 -3.93 39%x1071  37x10713
TNFRSF4 5.61 9.0x107% 23x107%
UBE2S 3.67 6.8x10720 4.0x107"
VIPR1 -13.83 95%x107%%  1.3x107

Six IA genes, APOB, IMPDH1, SEC61G, IQGAP2, TAGAP, and IGKV4-1, were dysregulated
(differential expression, p < 0.05) in only tumor samples of drinkers without hepatitis B virus (HBV)
infection as compared to pure normal samples (from nondrinkers). These six genes were not
differentially expressed between the tumor samples from drinkers without HBV and normal samples
from drinkers, which suggests that they are most likely exclusively dysregulated by alcohol. Four
IA genes, FYN, CTHRC1, TNFRSF4 (CD134), and MT-RNR2, are dysregulated in the samples from
nondrinkers with HBV when compared to pure normal samples. These genes were not significantly
dysregulated in any other comparison, which suggested that they are not genes that are essential to all
malignant transformation and they are most likely exclusively dysregulated by HBV. Ten IA genes,
KITLG (stem cell factor), KLRD1, CCL14, CYP2C9, CD226, CBX8, LPCAT1, RAB24, CAPG, and MSC, are
dysregulated in the three comparisons of cancer samples with normal samples (HCC samples from
drinkers with HBV infection vs. normal samples, HCC samples from drinkers without HBV vs. normal
samples, and HCC samples from nondrinkers with HBV vs. normal samples). Following the above
reasoning, we suggest that these genes are most likely dysregulated by both alcohol drinking and
HBYV infection independently, but they are not essential to malignant transformation. Two IA genes,
SPP1 and CKLF, are most likely dysregulated by alcohol, because they are differentially expressed
in the same comparisons as those for the six alcohol-associated IA genes above. However, they are
additionally dysregulated in tumor samples from patients who are both drinkers and HBV infected
as compared to pure normal samples, which suggested a possibility for synergism of alcohol and
HBYV in dysregulating these genes. The dysregulation of two IA genes, DUSP10 and PGF, seems to be
antagonized by the interaction of alcohol and HBV. DUSP10 is most likely dysregulated by HBV, but it
does not appear to be dysregulated in a comparison between tumor samples from drinkers with HBV
infection and normal samples from drinkers. PGF appears to be independently dysregulated by both
alcohol and HBV, but it is not dysregulated in tumor samples from drinkers with HBV infection as
compared to pure normal samples or to normal samples from drinkers. Some IA genes are likely to be
central to the development of HCC tumor. These genes include SOCS2, APLN, NDRG2, and the five
genes found to be dysregulated across all five cancer to normal sample comparisons: VIPR1, CAMK4,
CLEC1B, DNASE1L3, and UBE2S. Figure 1b,c presents a complete summary of these results.
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Figure 1. Summary of differential expression analyses results for identification of dysregulated
immune-associated genes in hepatocellular carcinoma (HCC). (a) Schematic of workflow used to obtain
the cohorts for six etiology-specific differential expression analyses is depicted. Each comparison
is color-coded, with the color scheme consistent throughout (a,b). The five differential expression
analyses comparing HCC samples to adjacent normal samples were divided into three sets. The first
set includes the two comparisons involving samples from HCC drinkers without hepatitis B virus
(HBV) and identifies immune associated (IA) genes potentially dysregulated as a result of alcohol
consumption. The second set includes the two comparisons involving samples from HCC drinkers
with HBV. Genes differentially expressed in this set can be used to examine possible synergism or
antagonism between HBV-related HCC and alcohol-related HCC by comparing them to dysregulations
identified in other sets of comparisons. The third set compares samples from HCC nondrinkers with
HBV to normal samples from nondrinkers and identifies IA genes that were potentially dysregulated
by HBV. (b) A five-set Venn diagram summarizes the number of IA genes identified as dysregulated in
the five comparisons involving normal samples and any overlaps of genes between comparisons. The
results are examined in terms of the three sets of comparisons described above. A solid color-filled
region indicates the presence of differentially expressed genes for the indicated comparison(s). All IA
genes presented correlate with patient survival data. (c) Three heatmaps are generated (one for each
set of comparisons) for the thirty-two survival-correlated IA genes identified in the five HCC-normal

comparisons. Refer to b for the genes differentially expressed in each individual comparison.
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2.2. Correlation of IA Gene Expressions with Clinical Variables

To assess the clinical relevance and potential prognostic values of the IA genes that we identified,
we correlated their expression to important clinical variables in HCC, including vascular tumor invasion,
tumor histological grade, pathological and clinical stages of cancer, and lymphocyte infiltration
percentage (Figure 2b). The IA genes, LPCAT1, NDRG2, SOCS2, CCL14, UBE2S, and CYP2C9, have
expression levels that significantly correlate with two or more clinical variables, which suggests their

potentially important role in contributing to disease progression.
To understand the relationship between the IA genes, we identified and their extent of involvement
in immune-associated processes and summarized the known mechanisms of the functions for these

genes in a schematic (Figure 2c).
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Figure 2. Correlation of IA gene expression with survival and clinical variables. (a) Bar graphs plotting
the -logy(p-value) of correlation of IA gene expression with patient survival (Cox regression test,
p < 0.05). (b) Bar graphs plotting the + log, (p-value) of correlation of IA gene expression with clinical
variable (Kruskal-Wallis test, p < 0.05). Positive and negative correlation with variables are plotted
in opposite directions on the graph. The greater the bars extend from 0, the higher the correlation
between the variable and gene expression. (c) The interactions between dysregulated IA genes and
key immune cells, processes, and pathways are mapped in this schematic. The graphical renderings
of immune-cells were obtained from the galleries of Blausen Medical (https://en.wikiversity.org/
wiki/WikiJournal_of_Medicine/Medical_gallery_of_Blausen_Medical_2014) and Concepts of Biology
(http://philschatz.com/biology-concepts-book/contents/m45542. html).

2.3. Correlation of IA Gene Expressions with Copy Number Variations and Mutation Events Using
REVEALER

Copy number variations (CNVs) and mutations are widely recognized as key genomic alterations
that drive cancer initiation and progression [14,15]. We used the REVEALER algorithm to systematically
correlate all somatic CNVs and mutations that are present in each patient sample to IA gene expression
in order to find a set of genomic alterations that are most likely responsible for the dysregulation of each
IA gene. Given that genomic alterations initiate and sustain cancer, and that IA gene dysregulation
is the likely cause for the sustenance of tumors against immune destruction, the alteration events
that highly correlate with dysregulated IA gene expression in multiple patient samples are highly
probable to be the cause of such dysregulation. Our REVEALER results illustrate that a large number
of IA genes have significant correlation in expression with a set of genomic alterations, and there is
minimal overlap between the genomic alterations that are implicated with each IA gene dysregulation

254



Cancers 2019, 11, 1273

(Figure 3a,b). This result is consistent with the diverse functions of these IA genes and the different IA
pathways that they are involved in, as summarized in Figure 2c.
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Figure 3. Correlation of IA gene expression to genomic alterations using REVEALER and differential
mutation load in key immune-associated pathways. Genomic alterations are analyzed for correlation
with low expression in (a) downregulated IA genes, while they are analyzed for correlation with
high miRNA expression in (b) upregulated IA genes. The gradient bar displays the range of the IA
gene expression, with the dark red extreme representing the highest expression and the dark blue
extreme representing the lowest expression. Each patient sample would be assigned a specific spot
along a light blue row based on expression of the IA gene within the sample, and if the indicated
genomic alteration is present in a sample, it would be shaded as a dark blue bar. When many shaded
bars are clustered towards an extremity of the row, it means many samples with very high or very
low expression of the IA gene have the indicated genomic alteration, suggesting that the genomic
alteration is significantly correlated with IA gene expression. Genomic alterations negatively correlated
with IA gene expression result in negative CIC, while those positively correlated result in positive
CIC. Caution should be taken when asserting correlations based on visual inspection because of the
nonlinear distribution of expression values in each plot. Significant correlation was determined with
CIC of around 0.30 or higher. A red dividing bar in between genomic features signifies a change in
iteration. The Summary row combines results from multiple correlations to examine how well the
set of genomic alterations identified could collectively account for gene dysregulation. (c) Line plots
depicting differential mutation counts in B-cell receptor (BCR) and T-cell receptor (TCR) pathways for
HCC drinkers versus HCC nondrinkers.
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2.4. Identification of Frequently Disrupted Immune-Associated Pathways in HCC through Differential
Mutational Load

Genetic mutations that are present in pathways regulating IA functions may reveal key insights
into the mechanisms through which HCC evades the anti-cancer immune response. We compared the
mutational load within the IA pathways of tumor samples from drinkers to those of tumor samples
from nondrinkers to explore the effect of alcohol in dysregulating these pathways. We found that
genes in the B cell receptor (BCR) signaling pathway and T cell receptor (TCR) signaling pathway have
significantly higher rates of mutations in drinkers as compared to nondrinkers (fisher’s exact test—p <
0.05, Figure 3c and Table 2).

Table 2. Differential mutation load of selected immune-associated pathways.

Comparison: HCC Drinkers vs. HCC Nondrinkers

Pathway Name Odds Ratio p-Value
B-cell receptor pathway 2.735 0.004
T-cell receptor pathway 1.901 0.029
Classical complement system activation pathway 2.184 0.047

2.5. Identification of Potential miRNAs Involved in Regulation of IA Genes

We used the online target prediction service that was provided by TargetScan-release 7.1 to
identify miRNAs that potentially target dysregulated IA genes identified in our study. The website was
recently overhauled to incorporate a statistical model that was developed by Agarwal et al., who found
their model to be significantly more accurate than other existing computational models for miRNA
target prediction [16]. The list of potentially relevant miRNAs was filtered, so that only miRNAs
that we identified in our previous study to be dysregulated in HCC in the opposite direction as the
dysregulation of IA genes were retained as the candidates for further correlation.

We used gene set enrichment analysis (GSEA) to investigate the correlation of miRNA expression
with IA gene expression (Table S1). GSEA also allows for the quantification of the degree of synergistic
gene expression suppression by multiple miRNAs (through enrichment score), as well as the ranking
of miRNAs that were most closely associated with dysregulated IA genes (through rank metric score).
The expression of a large number of miRNAs was found to be negatively enriched in relation to IA
gene expression, which demonstrated an inverse relationship between miRNA expression and IA gene
expression. Of the 34 dysregulated IA genes that we identified, 11 have 12 or more candidate regulatory
miRNAs that potentially contribute to the suppression of gene expression (p < 0.05, Figure 4a). Four
IA genes were not found to be targeted by any candidate miRNA. While only using miRNAs with
core enrichment (as part of the leading-edge subset) and correlation with negative gene expression,
we plotted the landscape of the potential interactions between candidate miRNAs and dysregulated 1A
genes in HCC (Figure 4b and Table S2).
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Figure 4. Identification of miRNAs dysregulated in HCC as potential regulators of dysregulated IA
genes. (a) Gene set enrichment analysis (GSEA) plots (p < 0.05) correlate the expression of a set of
miRNAs potentially targeting a given IA gene to its gene expression. Negative enrichment suggests
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that the expression of the miRNA set depresses the expression of the IA gene. (b) A Circos plot depicts
the potential interactions between dysregulated miRNAs and dysregulated IA genes with their relative
positions in the genome. Only miRNAs with three or more IA genes as potential targets are included in
the plot. Potential interactions are defined as interactions forming the leading edge subsets of each
GSEA plot. (See also Tables S1 and S2).

2.6. In Vitro Validation of IA Gene Expression in Cell Lines after Alcohol Exposure

Quantitative PCR (qPCR) was used to measure the changes in expression of IA genes in cell
lines after treatment with 1% ethanol. Only genes that were previously reported to be expressed
in epithelial cells were examined. We found that, for the L-02 cell line, which was derived from
normal human fetal hepatocytes, 6 IA genes dysregulated in our analysis are similarly dysregulated
after alcohol exposure. The upregulated IA genes—CKLF, KITLG, and SEC61G—in our analysis are
upregulated in alcohol-treated L-02 cells, while the downregulated IA genes CCL14, IQGAP2, NDRG2,
and SOCS2 are also downregulated in alcohol-treated L-02 cells (Figure 5a). NDRG2, KITLG, SOCS2,
and SEC61G are also dysregulated in the HCC cell line MHCC97-L (Figure 5b—e). Additionally, SOCS2
is downregulated in the HCC cell line HEPG2. We hypothesize that more IA genes are dysregulated in
the normal liver cell line, because the HCC cell lines have already been transcriptionally reprogrammed
by etiological factors.

IA Gene Expression in Control vs. 1% Alcohol-Treated L-02 Cells NDRG2 Expression in Control
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Figure 5. In vitro validation of IA gene dysregulation in liver cell lines by qPCR. (a) CCL14, IQGAP2,
NDRG2, and SOCS2 are downregulated, while CKLF, KITLG, and SEC61G are upregulated, after the
L-02 cells are exposed to 1% alcohol. (b—e) NDRG2 is downregulated, while KITLG and SEC61G are
upregulated, in both MHCC-97L and L-02 cells after 1% alcohol treatment. SOCS2 is downregulated in
the HEPG?2 cells, in addition to MHCC-97L and L-02 cells.

3. Discussion

The current treatment options for advanced HCC have shown extremely limited efficacy. The only
two drugs that are approved for treating advanced HCC in the United States, sorafenib and regorafenib,
only lead to modest increase of the median survival rates of advanced HCC patients [17,18]. The partial
response rate of sorafenib is only 2% [19]. Immunotherapy may be the key toward the effective treatment
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of advanced HCC. A phase I clinical trial with CTLA-4 checkpoint blockade has achieved 17.6% partial
response rate in patients with advanced HCC [8]. Another clinical trial using the PD-1 checkpoint
inhibitor nivolumab has reported 5% complete response and 18% partial response in advanced HCC [20].
A significant proportion of patients do not respond to immunotherapy treatment despite the promising
potential of immunotherapy, particularly checkpoint blockades. When compared to sorafenib’s stable
disease rate of 58.8%, PD-1 blockade performed worse, with 56% of patients (23 out of 41) in the
clinical trial, discontinuing because of progressive disease [20]. The factors leading to the failure of
immunotherapy in large fractions of patients remain poorly explored. Understanding differences in the
immune status, including functional immune processes and their regulation, of different patients can
shed light on the different observed clinical results. We systematically analyzed the gene expression
data from TCGA to explore the landscape of dysregulated immune processes in HCC tumors and
their surrounding environment. To the best of our knowledge, no previous study has identified the
etiologic-specific dysregulation of IA genes or pathways in HCC through large-scale sequencing of
RNA expression data, although Sia et al. examined the immune landscape of HCC and Thorsson et. al.
examined the pan-cancer immune landscape of the TCGA samples [21,22]. We identified different IA
genes that were dysregulated in HCC associated with hepatitis B virus (HBV) infection, attributed to
50% of HCC cases [23], and alcohol intake, which is also a well-established risk factor of HCC [24].
After exploring the relationship between IA gene dysregulation and miRNA dysregulation in HCC,
we reveal that miRNA dysregulation might be the key contributor to differences in the immune status
of HCC patients and that miRNAs serves as promising candidates for therapeutic intervention or
profiling of patient immune status.

We observed several dysregulated genes in HCC that may be key contributors to the potential
failure or success of PD-1 blockade, according to a recent study by Manguso et al. describing the effects
of certain genes on immunotherapy outcome through loss-of-function screening [25]. Despite the
many limitations of that study, including the screening of genes that were only expressed in a single
melanoma cell line and the use of murine immune system as model, it was a significant study that
sheds light on the many yet unknown factors that influence immunotherapy success. Genes in several
pathways that were reported to sensitize tumors or cause resistance to immunotherapy were identified
to be dysregulated in our study.

Manguso et al. reported that tumor cells lacking the gene Jakl are more resistant to PD-1
blockade [25]. JAK1 is critical to the function of the interferon-gamma signaling pathway and the
IL-7 signaling pathway, which implies that reduced activity of these pathways may be responsible for
resistance. Our study identified the downregulation of two genes participating in the IL-7 pathway:
FYN, which codes for the tyrosine protein kinase Fyn and binds to the IL-7 receptor, forming a complex
that JAK1 then binds [26]; and, SOCS2, the expression of which is induced by IL-7 signaling [27]. FYN
is most likely downregulated by HBV infection according to our results, while the downregulation of
SOCS2 was observed in four out of five of our comparisons and may be non-etiology specific. The IL-7
signaling pathway is critical to the maintenance and survival of mature T-cells, and the downregulation
of both FYN and SOCS2 suggest a downregulation of IL-7 activity [28].

Inactivation of genes that are involved in the induction of the NF-«B pathway was reported to
sensitize tumors to PD-1 blockade, which suggested that the activity of such genes may partly explain
the failure of PD-1 based immunotherapy in certain patients [25]. We observed OX40, which is involved
in the activation of canonical NF-«B signaling, to be upregulated in HBV-associated signaling. OX40,
also known as TNFRSF4 or CD134, is a co-stimulatory receptor that is expressed on T-cells that binds
to OX40L to target NF-«B1 [29]. Therefore, therapeutically antagonizing OX40 through the use of OX40
immunoglobulin may increase the response to PD-1 checkpoint inhibitors. Interestingly, OX40 is also
known to increase T-cell viability and inhibit the CTLA-4 checkpoint molecule, so it can be theoretically
engaged to complement CTLA-4 checkpoint blockade [30]. Because the wide range of pathways OX40
can potentially activate, further study of its functions in the context of immunotherapy will be useful.
If OX40 complements immunotherapy in certain cases and induce resistance to immunotherapy in
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others, its expression levels in different patients may be a valuable criterion for selecting the appropriate
immunotherapy drug to apply.

We also found one gene, KLRD1 (CD94), dysregulated in a direction that potentially sensitizes
tumor cells to PD-1 blockade, which may be a mechanism that contributes to the success of PD-1
blockade in certain HCC patients. Manguso et al. reported that the absence of Qa-1b (mice equivalent
of HLA-E) binding to NKG2A, which is a inhibitory receptor, on T cells and NK cells increased the
effectiveness of PD-1 blockade [25]. In humans, CD94 binds to NKG2A to form the CD94/NKG2A
receptor, on which HLA-E then binds, in NK cells [31]. The gene KLRD1 is likely to be downregulated by
both alcohol drinking and HBV infection, which suggested decreased checkpoint activity in these HCC
patients. Thus, patients with low KLRD1 expression may be good candidates for the PD-1 blockade.

The limited results that were obtained by Manguso et al. represent one of the only sources
of information elucidating the mechanisms contributing to differences in the effectiveness of
immunotherapy. Therefore, we will summarize the rest of our findings in the context of their
implications in the HCC immune landscape. The liver is evolutionarily highly tolerant of foreign
antigens because of its exposure to blood containing microbial antigens and nutrients flowing from
the intestines to the liver through the portal vein [32]. Inmunosuppressive mechanisms include the
upregulation of immune checkpoint molecules, an increase in the number of regulatory T cells, and
the inhibition of natural killer cells [33]. Under this highly immunosuppressive environment, HCC
tumor antigens can effectively evade immunity. We identified multiple IA genes dysregulated to
increase immunosuppression. CLEC1 (C-type lectin-like receptor 1B) is downregulated in all cancers
as compared to normal tissue in differential expression comparisons, and codes for the protein CLEC-2,
which is part of the same pathway as Fyn and is also critical in maintaining lymph node integrity [34,35].
SPP1, which is most likely upregulated by alcohol, codes for the protein osteopontin and it is expressed
by both tumor cells and myeloid cells to mold an immunosuppressive tumor microenvironment [36].
Other dysregulations leading to immunosuppression include the upregulation of PGF and CTHRC1
and downregulation of IQGAP2, NDRG2, CCL14 (HCC-1), CD226 (DNAM-1), and CAMK4.

On the other hand, HCC is also an inflammation-associated cancer, hence the tumor environment
has potential immunogenicity [37]. Inflammation has been recognized as an important factor in
malignant transformation and it results in the recruitment of large amounts of immune-associated cells
into the tumor environment, which leads to the release of cytokines and growth factors to promote
cellular proliferation and regeneration in response to necrosis in the tumor core [38]. We identified a
number of IA genes dysregulated to increase immunogenicity. VIPR1 (vasoactive intestinal polypeptide
receptor 1, or VPACI) is consistently downregulated across all cancer to normal sample comparisons.
It is expressed on T-cells as a part of the VIP signaling axis, being responsible for suppressing
cytokine production and increasing the number of inducible regulatory T-cells [39]. DUSP10, which is
also known as MKP5 (mitogen-activated protein kinase phosphatase 5), was identified to be likely
downregulated by HBV infection in this study. The downregulation of DUSP10 was found to increase
the levels of pro-inflammatory cytokines and level of T-cell activation [40]. Other dysregulations
leading to immunogenicity include the upregulation of IMPDH1, KITLG (stem cell factor), and CKLF.

Correlating the expressions of IA genes we identified with clinical variables allows for us to explore
their clinical significance and importance in HCC pathogenesis and progression. Vascular tumor
invasion is a strong prognostic factor in HCC and it is arguably the strongest predictor of recurrence
after surgical resection or liver transplant [41]. The expressions of six IA genes exhibit significant
statistical correlation with vascular tumor invasion. The expressions of several IA genes also correlated
with tumor histological grade, pathological stage, and size of primary tumor (clinical T stage). Two IA
genes, CD226 and TAGAP, have expressions that directly correlate with lymphocyte infiltration, which
suggest that increasing their expression may lead to clinically observable immune activation.

While using qPCR, we were able to validate the dysregulation of NDRG2, KITLG, SOCS2, and
SEC61G in multiple liver cell lines after exposure to alcohol. In the normal liver cell line, L-02,
we observed the dysregulation of CCL14, CKLF, and IQGAP2, in addition to the dysregulation of
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the genes above. SEC61G and IQGAP?2 are exclusively dysregulated by alcohol, while others are
dysregulated in both HBV and alcohol-induced HCC, according to our analysis. Several of these
genes, including KITLG, CCL14, and CKLF, are cytokines, which possibly provide a mechanism for
gene dysregulation in tumor cells to affect the immune phenotype. Additionally, NDRG2 regulates
the release of cytokines in HCC cells, while SEC61G potentially mediates antigen presentation [42,43].
On the other hand, SOCS2 and IQGAP? relay interactions with factors that are released by immune
cells, including various types of cytokines, potentially allowing for cancer cells to be aware of the
immune environment [44,45].

In search for potential causal genomic alterations that lead to the dysregulation of these IA genes,
we applied the REVEALER algorithm to systematically correlate all mutations and CNVs that are
present in HCC to IA gene expression. A diverse set of genomic alterations seems to be implicated
in IA gene dysregulation, although we discovered that a number of commonly mutated genes in
HCC, including TP53, CTNNB1, XIRP2, and PRUNE?2, strongly correlated with the dysregulation
of certain genes. In addition to common mutations, an increase in the frequency of mutations in IA
pathways may offer an explanation to the dysregulation of IA genes. We found that the T-cell receptor
pathway and B-cell receptor pathway both have higher mutational load in drinkers with HCC than in
nondrinkers with HCC.

We chose the REVEALER correlation method to explore the critical application of our data: the
stratification of patients into clinically relevant cohorts that differently respond to immunotherapy
drugs, in order to select the most effective treatment option for each patient. REVEALER selects
the genomic alteration with the strongest correlations as a seed for subsequent iterations, then the
algorithm penalizes the CIC for genomic alterations that are present in patients who also possess the
seed alteration, since the dysregulation of IA genes in those patients would be better accounted for by
the seed [46]. This innovation allows for the stratification of patient immune status, which we sought to
accomplish to some degree through examining the role of etiology in dysregulating IA genes. However,
stratification using gene expression has limited effectiveness, because of deficiencies in the RNA sample
quality, irreproducibility of expression signatures across different cohorts, and different compositions
of cell populations in different samples [47]. An effective stratification method may be developed with
genomic alterations when the effects of dysregulated IA genes on immunotherapy outcome, and the
genomic alterations that are responsible for their dysregulation, are known. We observed that our
REVEALER data adequately demonstrate REVEALER's ability to identify multiple genomic alterations
that are associated with each IA gene dysregulation and ensure that as diverse a set of patients as
possible possesses these alterations.

We turned to microRNAs (miRNAs) to explore the potential treatment options for a complex
stratified patient population. A single miRNA can target multiple mRNAs transcribed from genes in a
single network [48]; therefore, therapeutically adjusting the expression of one miRNA can potentially
reverse the dysregulation of a large number of genes. For example, the sensitivity of T cell receptors
(TCRs) can be effectively increased by miR-181a, which increased interleukin production, stimulated
T-cell proliferation, repressed antagonistic phosphatases, and also decreased the number of CTLA-4
molecules [49].

The limitations of previous studies of miRNA-mRNA regulation include an intense focus on
validating or predicting individual miRNA-mRNA interaction and the consequent failure to examine
complex miRNA-mRNA system interactions. We mapped the association of all dysregulated IA genes
in HCC with all potential regulatory miRNAs dysregulated in HCC to assess the wide range of possible
interactions that are available for therapeutic targeting.

From our correlations of miRNA dysregulation with IA gene dysregulation, we identified several
miRNAs, including miR-106b, miR-17, miR-183, miR-20a, miR-25, miR-301a, miR-30d, miR-532, and
miR-93, which can potentially regulate eight to ten different downregulated IA genes. The therapeutic
inhibition of the expression of these miRNAs may lead to a dramatic improvement in the immune
system’s ability to detect tumors. With the exception of miR-532, the upregulation of all the miRNAs
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that are listed above has been previously described as the prognostic factors of HCC or mechanistically
linked to HCC development [50-54]. For example, miR-17 has been reported to regulate the IL-7
signaling pathway through targeting JAKT mRNA [55]. The dysregulation of these miRNAs may also
be responsible for the HCC tumor evasion of immune processes by dysregulating a large number of
IA genes.

4. Materials and Methods

4.1. RNA-Sequencing Datasets and Clinical Data

Level 3 normalized mRNA expression read counts for tumor samples from 371 hepatocellular
carcinoma patients and patient clinical data were downloaded on 4 July 2017 from The Cancer Genome
Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga). The mRNA read counts for adjacent solid normal
tissue samples of 48 hepatocellular carcinoma patients were also obtained.

4.2. mRNA Differential Expression Analyses

mRNA read count tables were imported into edgeR v3.5 (http://www.bioconductor.org/packages/
release/bioc/html/edgeR.html), and lowly expressed mRNAs (counts-per-million < 1 in an amount
of samples that ware greater than the size of the smaller cohort of each analysis) were filtered from
the analysis. Following TMM (trimmed mean of M-values) normalization, pairwise designs were
applied to identify significantly differentially expressed mRNAs in (1) tumor tissue from HCC patients
who are drinkers without HBV versus adjacent normal tissue from patients who are nondrinkers, (2)
tumor tissue from HCC patients who are drinkers without HBV versus adjacent normal tissue from
patients who are drinkers, (3) tumor tissue from HCC patients with HBV who are also drinkers versus
normal tissue from patients who are nondrinkers, (4) tumor tissue from HCC patients with HBV who
are also drinkers versus normal tissue from patients who are drinkers, (5) tumor tissue from HCC
patients with HBV who do not drink versus normal patients from patients who do not drink, and
(6) tumor tissue from HCC patients who drink versus tumor tissue from HCC patients who do not
drink. Immune-associated genes, from which differentially expressed mRNAs were transcribed, were
identified as dysregulated and retained as candidates. Differential expression is defined as p < 0.05
and fold change <—2 or >2 in edgeR analysis.

4.3. Association of Candidate Genes’ Expressions with Patient Survival and Clinical Variables

Survival analyses were performed while using the Kaplan-Meier Model, with gene expression
being designated as a binary variable based on expression above or below the median expression
of all the samples. Univariate Cox regression analysis was used to identify candidates that were
significantly associated with patient survival (p < 0.05). Survival-correlated genes were evaluated
for clinical significance. Employing the Kruskal-Wallis test, we investigated gene association with
neoplasm histological grade, clinical and pathologic stages, vascular invasion of tumor, and percent
lymphocyte infiltration while using clinical data and mRNA expression values (counts-per-million)
from HCC patients. In clinical T stage analysis, patients with stages T1a and T1b were grouped into
stage T1, and likewise for stages T2, T3, and T4.

4.4. Information-Coefficient Based Correlation of IA Gene Expression with Genomic Alterations

Mutation and copy number variation (CNV) data for the HCC tumors were obtained from mutation
and CNV annotation files that were generated by the Broad Institute GDAC Firehose on 28 January
2016. Annotation files were compiled into a binary input file for the program REVEALER (repeated
evaluation of variables conditional entropy and redundancy), which was designed to computationally
identify a set of specific copy number variations and mutations that were most likely responsible for
the change in activity of a target profile [46]. The target profile was defined in our study to be IA gene
expression. REVEALER runs multiple iterations of the correlation algorithm, with the genomic feature
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exhibiting the strongest correlation in each run serving as a seed for the successive run to identify a set
of most relevant genomic alterations. We set the maximum number of iterations to three. A seed is a
particular mutation or copy number gain or loss event that most likely accounts for the target activity.
When given a seed, REVEALER will focus correlation only on patients with altered target activity that
was not accounted for by the seed. We set the seed to null for the first iteration. We set the threshold of
genomic features to input to features present in less than 75% of all samples.

4.5. Identification of Differential Mutational Load in Immune-Associated Pathways

Immune-associated pathways were manually identified through gene sets described in existing
literature. The number of genes with mutations in each immune-associated pathway was tallied for
each patient tumor sample, and the Fisher’s exact test was performed to identify significant differential
mutational load (p < 0.05) of each pathway in the samples from alcohol drinkers versus samples
from nondrinkers.

4.6. Assessing Potential Involvement of miRNAs in Regulating IA Genes

To identify the possible regulatory miRNAs that were associated with IA genes, we identified
a list of miRNAs predicted to bind to each dysregulated mRNA using TargetScan version 7.1 (http:
/[www.targetscan.org/vert_71/) [16]. This list is then filtered to exclude any miRNAs not identified
as dysregulated in HCC in our previous study [10], and only miRNAs that were dysregulated in a
direction consistent with their regulatory roles of IA genes (i.e., miRNAs that were upregulated if the
IA gene was downregulated) were retained as candidates.

The gene set enrichment analysis (GSEA) software was used to characterize the enrichment of
miRNA expressions with respect to IA gene expressions [56]. The full set of candidate miRNAs for
each IA gene was modeled as a gene set. The continuous expression values of IA genes were used
as phenotype labels. The unfiltered expression values of all miRNAs available from TCGA miRNA
expression datasets (n = 1535) were included in the expression dataset input file. One GSEA plot was
produced for each IA gene that was potentially associated with seven or more candidate miRNAs.

4.7. Validation of IA Gene Expression with Quantitative PCR (qPCR)

The cultured cells were treated with 1% ethanol for 24 h. Specifically, 20 pL of pure ethanol was
added to a culture plate with 2 mL of media. The plates were sealed following ethanol exposure
to keep the ethanol from escaping and to maintain constant ethanol levels. Total cell lysate was
collected and mRNA was extracted while using the RNeasy kit (QIAGEN). cDNA was then synthesized
from 1.5 pg of total mRNA using reverse transcriptase (RT) (Invitrogen, Carlsbad, CA, USA), as per
the manufacturer’s instructions. Real-time qPCR was performed by combining 2.5 uL of RT with
22.5uL of SYBR green (Roche, Basel, Switzerland). The reaction was run while using System 7300
(Applied Biosystems, Foster City, CA, USA) and the results were analyzed by the relative quantity
method. Experiments were performed in triplicates with GAPDH expression as the endogenous control.
GAPDH was chosen as control, because it was not differentially expressed between the samples from
drinkers vs. those from nondrinkers (p = 0.57), which suggested that alcohol does not alter GAPDH
expression. Primers were custom designed by the authors and created by Eurofin Genomics, Louisville,
KY, USA. The following sequences were used:

CCL14 forward: AATACAGCTAAAGTTGGTGGGG
CCL14 reverse: TCAAAGCAGGGAAGCTCCAA

CKLF forward: GGCACTAACTGTGACATCTATGA
CKLF reverse: TCACAAGTGCAAACACAAGCA
IQGAP2 forward: TCAAGTGTAGGAAGGAGTTGTGG
IQGAP2 reverse: CTGGATCTGGGGTGCTATTCC
KITLG forward: TATGTCCCCGGGATGGATGT
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KITLG reverse: TTTGGCCTTCCCTTTCTCAGG
NDRG2 forward: GGGACAGGGATGGAAAATGGT
NDRG2 reverse: CCACATGAACCCGCACAAAG
SEC61G forward: TTTAGGTGTCGGTTGGGTAGG
SEC61G reverse: CTCACACCCTCACACTTGTTC
SOCS2 forward: AGAGCCGGAGAGTCTGGTTT
SOCS2 reverse: ATAGCGATCCTTGGCCCTTG

5. Conclusions

Our study demonstrated significant differences in the clinically relevant IA gene dysregulation
landscape in HBV-induced and alcohol-induced HCC. We found that several dysregulated IA genes
that are associated with pathways reported to contribute to immunotherapy effectiveness or resistance
and identified several other dysregulation IA genes that we hope will be examined in the context of
immunotherapy outcome in future studies. We correlated IA gene dysregulation to genomic alterations
to explore potential methods of stratifying patients into clinically relevant populations because of
the diverse expression profiles possible for different patients. Finally, we proposed a novel focus for
HCC immunotherapy by examining dysregulated miRNA as the potential targets for therapeutic
intervention of a stratified patient population. The presence of large numbers of dysregulated genes
in the HCC immune landscape and differences in this dysregulation profile based on HCC etiology
precipitate the importance of using regulatory molecules, such as miRNAs, as treatment targets to
improve the patient response rate to immunotherapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1273/s1,
Table S1: GSEA results for list of miRNAs associated with each IA gene, Table S2: List of potential miRNA-mRNA
interactions as defined by GSEA leading-edge subsets.
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