
Frontiers in Immunology | www.frontiersin.

Edited by:
Marco Carbone,

University of Milano-Bicocca, Italy

Reviewed by:
Raghavan Chinnadurai,

Mercer University, United States
Cristina Maccalli,

Sidra Medicine, Qatar

*Correspondence:
Valerie Chew

Valerie.chew.s.p@singhealth.com.sg

Specialty section:
This article was submitted to

Vaccines and Molecular
Therapeutics,

a section of the journal
Frontiers in Immunology

Received: 02 June 2020
Accepted: 14 September 2020
Published: 30 September 2020

Citation:
Lee YH, Tai D, Yip C, Choo SP and

Chew V (2020) Combinational
Immunotherapy for Hepatocellular
Carcinoma: Radiotherapy, Immune
Checkpoint Blockade and Beyond.

Front. Immunol. 11:568759.
doi: 10.3389/fimmu.2020.568759

REVIEW
published: 30 September 2020

doi: 10.3389/fimmu.2020.568759
Combinational Immunotherapy
for Hepatocellular Carcinoma:
Radiotherapy, Immune Checkpoint
Blockade and Beyond
Yun Hua Lee1, David Tai2, Connie Yip3, Su Pin Choo2,4 and Valerie Chew1*

1 Translational Immunology Institute (TII), SingHealth-DukeNUS Academic Medical Centre, Singapore, Singapore, 2 Division of
Medical Oncology, National Cancer Centre, Singapore, Singapore, 3 Division of Radiation Oncology, National Cancer Centre,
Singapore, Singapore, 4 Curie Oncology, Mount Elizabeth Novena Specialist Centre, Singapore, Singapore

The systemic treatment landscape for advanced hepatocellular carcinoma (HCC) has
experienced tremendous paradigm shift towards targeting tumor microenvironment (TME)
following recent trials utilizing immune checkpoint blockade (ICB). However, limited
success of ICB as monotherapy mandates the evaluation of combination strategies
incorporating immunotherapy for improved clinical efficacy. Radiotherapy (RT) is an
integral component in treatment of solid cancers, including HCC. Radiation mediates
localized tumor killing and TME modification, thereby potentiating the action of ICB.
Several preclinical and clinical studies have explored the efficacy of combining RT and ICB
in HCC with promising outcomes. Greater efforts are required in discovery and
understanding of novel combination strategies to maximize clinical benefit with tolerable
adverse effects. This current review provides a comprehensive assessment of RT and ICB
in HCC, their respective impact on TME, the rationale for their synergistic combination, as
well as the current potential biomarkers available to predict clinical response. We also
speculate on novel future strategies to further enhance the efficacy of this combination.

Keywords: radiotherapy, immunotherapy, immune checkpoint blockade (ICB), combination therapy, hepatocellular
carcinoma (HCC)
INTRODUCTION AND BACKGROUND ON CURRENT
TREATMENT LANDSCAPE FOR HCC

Liver cancer ranks second as the leading cause of cancer deaths in men and fourth highest cancer
mortality in both genders globally with an estimate of 781,631 deaths in 2018 (1). Hepatocellular
carcinoma (HCC), which comprises 75–85% of liver cancer cases, is a complex cancer with various
etiologies such as hepatitis viral infection, alcohol abuse, and obesity (2). Chronic viral infection remains
the primary contributing factor of liver cirrhosis, a chronic liver disease that precedes HCC,
characterized by the irreversible scarring and hardening of the liver tissue with decreased hepatocyte
proliferation (3, 4).The chronic liver inflammation causes fibrous scar tissues to replace healthy tissues
overtime and eventually occlude blood flow through the liver, resulting in the onset of portal
hypertension and creates a hypoxic environment that favors tumor growth (5–7). Cirrhosis also leads
org September 2020 | Volume 11 | Article 5687591

https://www.frontiersin.org/articles/10.3389/fimmu.2020.568759/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.568759/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.568759/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.568759/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Valerie.chew.s.p@singhealth.com.sg
https://doi.org/10.3389/fimmu.2020.568759
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.568759
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.568759&domain=pdf&date_stamp=2020-09-30


Lee et al. Combination Therapy in Liver Cancer
to impairment of the immune surveillance within the liver through
the reduced synthesis of innate immunity proteins and pattern-
recognition receptors (PRRs). This in turn damages the antigen-
presenting and phagocytic capacity of Kupffer cells and sinusoidal
endothelial cells which creates an immuno-deficient environment
in patients and contributes to hepatocarcinogenesis (8, 9).

The management of early stage HCC with curative intent
includes surgical resection or liver transplantation with expected
5-year survival rate between 60 and 80% (10). However, less than
20% of HCC patients qualify for these curative treatments (11).
Loco-regional therapies such as radiofrequency ablation, chemo, or
radio-embolization are recommended for local disease control when
curative treatments are contraindicated (12). For unresectable
advanced HCC, systemic therapies such as tyrosine kinase
inhibitors (TKI) (e.g. Sorafenib) have been used (13). Sorafenib
was approved by the Food and Drug Administration (FDA) as first-
line therapy for inoperable HCC a decade ago and remains the
current standard of care despite its relatively modest activity (14,
15). Lenvatinib, another first-line treatment option for advanced
HCC, demonstrated non-inferiority in terms of median overall
survival (OS), but superiority in progression-free survival (PFS) and
overall response rate (ORR) compared to sorafenib (16).
Regorafenib, cabozantinib, and ramucirumab have also attained
FDA approval in recent years as second-line treatments for patients
with advanced HCC who exhibited progressive disease after one or
more systemic therapies (12).

More recently, immune checkpoint blockade (ICB) has emerged
as a promising therapeutic option for advanced HCC patients (17).
Both phase II and phase III ICB trials in advanced HCC using
antibodies against programmed cell death protein 1 (PD-1) have
demonstrated clinical benefit and fewer incidences of serious
treatment-related adverse events (17–20). The recent IMbrave150
trial, which investigated the combination of atezolizumab (anti-PD-
L1) and bevacizumab (anti-VEGF-A; anti-angiogenesis agent) in
patients with advanced HCC, showed survival benefit over
sorafenib in the first-line setting and highlighted the potential of
combining ICB with a tumor microenvironment (TME)-modifying
agent (21). In March 2020, FDA also approved the use of
ipilimumab (anti-CTLA-4) combined with nivolumab (anti-PD-1)
in sorafenib-experienced patients based on the high objective
response rates (RR) and durability of responses (19).

Besides combinations of multiple ICBs or ICB with targeted
therapies, growing evidence indicates the role of radiotherapy
(RT) in potentiating tumor immunity (22, 23). For instance,
preclinical studies have shown that combination of RT and ICB
can synergistically augment the anti-tumor responses induced by
both agents (24–26). In this systemic review, we will discuss the
impact of RT and ICB on the TME and how this combinational
therapy, and potentially along with another therapeutic agent,
could bring about a synergistic control of HCC progression.
IMMUNE LANDSCAPE OF HCC

Chronic hepatitis infection or long-standing liver injury often place
the liver in a chronic inflammatory state (27). Modest inflammation
Frontiers in Immunology | www.frontiersin.org 2
confers protection against pathogens and repair tissue damage,
however, sustained liver inflammation can perturb the
microenvironment and tip the scales in favor of carcinogenesis
(28–30). For instance, cytokines and chemokines secreted within the
liver can promote angiogenesis, immune evasion and anti-apoptotic
responses as well as to recruit immune cells with the capacity to
create a niche microenvironment that facilitates tumor growth
(31, 32). In particular, anti-inflammatory cytokine interleukin-10
(IL-10) was shown to be highly enriched in HCC tumors as
compared to adjacent non-tumor or healthy liver tissues (33).
High levels of transforming growth factor beta (TGF-b) was also
associated with increased tumor invasiveness in advanced HCC
(Figure 1) (34).

Tumor-associated cytokines and chemokines are able to
recruit and polarize immune subsets into a pro-tumor
phenotype and fuel tumorigenesis. One of such immune
subsets is the tumor-associated macrophages (TAMs) which
are polarized into M2 macrophage phenotype by IL-10, TGF-b,
IL-4, or IL-13 present in the TME, and drive tumor progression
by supporting angiogenesis and recruitment of CD4+FoxP3+ T
regulatory cells (Tregs) (Figure 1) (35, 36). The accumulation of
TAMs in the tumor region is frequently associated with poor
prognosis across cancer types, including HCC (35, 37). In
addition, Tregs which regulate or dampen CD8 T cells’
activation and cytotoxic capacity, also play a critical role in
promoting tumorigenesis (38, 39). We previously reported that
Tregs from HBV-positive HCC tumors exhibited higher
expression of PD-1 and displayed superior suppressive capacity
against CD8 T cells (30). Higher intra-tumoral interleukin-17-
producing Tregs have also been consistently reported in HCC and
correlated with poorer prognosis and reduced survival in HCC
patients (30, 37, 38, 40, 41). Likewise, TGF-b-rich TME of HCC
favours the differentiation of Th17, a CD4 T helper subset that
also produces IL-17 (42). High intra-tumoral frequencies of Th17
were positively correlated with microvascular invasion in HCC
patients and were implicated in shorter OS and disease free
survival (DFS) of patients (43).

On the other hand, CD4 T helper 1 cells (Th1) that are capable
of producing IFN-g can activate dendritic cells which leads to
enhanced priming and maturation of CD8 T cells (44, 45). Th1
can also trigger DC-mediated tumor-killing activities via IFN-g-
dependent mechanisms which will further fuel downstream anti-
tumor immune responses (Figure 1) (46). An increase in Th1
response correlated with favorable outcomes in HCC patients
following treatment with transarterial chemoembolization (TACE)
(47). While Th1 demonstrated anti-tumor capabilities, type 2 CD4
T helper (Th2) were found to be enriched in HCC tissues as
compared to normal healthy livers and were inversely associated
with OS of HCC patients (48). Th2 cytokines such as IL-4, IL-10,
and IL-13 are able to induce M2 macrophages which have reduced
cytotoxic activity and dampens CD8 T cell-mediated anti-tumor
activity (Figure 1) (49, 50). Furthermore, upregulation of Th2
cytokine production was linked to increased likelihood of HCV-
induced HCC (51).

Cytotoxic immune populations such as CD8 T resident memory
(Trm), CD8 T effector memory (Tem), and natural killer (NK) cells,
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play a pivotal role in anti-tumor immunity (37, 40). However, it was
reported that NK cells found within the tumor regions of HCC
tumors exhibited inferior cytolytic capacity and production of IFN-g
as compared to NK cells derived from non-tumor regions (52). The
authors also observed that the addition of HCC patient-derived
Tregs impaired the tumor-killing ability of autologous NK cells in
vitro (Figure 1). While the presence of Trm and Tem cells was
associated with good prognosis in HCC (30), they often express
exhaustion markers such as PD-1, lymphocyte-activation gene 3
(LAG-3), and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4), which correlated negatively with their functional competency
(Figure 1) (37, 53). Thus, these exhaustion markers have been the
prime targets of ICB to reinvigorate and restore the cytotoxic
capacity of CD8 T cells (39).
RADIOTHERAPY (RT) IN HCC

RT for HCC was traditionally linked to suboptimal results due to
limited tolerance of whole liver irradiation and the inability to
Frontiers in Immunology | www.frontiersin.org 3
conform radiation doses to tumors (54). However, recent
improved techniques such as stereotactic body radiation
therapy (SBRT) and radioembolization (RE), allow for high
doses of radiation to be delivered to the tumor while limiting
the damage to surrounding healthy tissues. SBRT delivers highly
conformal hypo-fractionated external beam radiation in
relatively fewer fractions, enabled by technological advances in
on-board imaging, radiation planning, and delivery systems (12).
In contrast, RE is an internal radiation technique that utilizes
predominantly beta-emissions with limited range of tissue
penetration from radio-labeled (e.g. Y-90) micro-embolic
particles that are directly introduced to HCC via hepatic artery
(10). These advancements have broadened the range of RT
applications for HCC treatment.

SBRT has demonstrated good tumor control with 2-year local
control rates between 84 and 95% (55, 56). However, the overall
survial (OS) is limited by “out-of-field” intra- and extra-hepatic
disease progression (57), highlighting the need for concurrent
systemic disease control. SBRT is also generally well tolerated
particularly in those with Child-Pugh (CP) scores less than 7.
FIGURE 1 | The immunological events contributing to good versus bad prognosis in HCC. Enrichment of CD4+ T helper 2 (Th2) cells are associated with poor
overall survival of HCC patients. TGF-b as well as cytokines secreted by Th2 such as IL-4, IL-10, and IL-13, drives the polarization of tumor-associated
macrophages (TAMs) into immunosuppressive M2 macrophage phenotype which further recruits T regulatory cells (Tregs). Tregs in turn further enhances the
immunosuppressive tumor microenvironment through inhibition of CD8+ T memory/effector cells’ and natural killer (NK) cells’ tumor-killing capacity, leading to poor
prognosis in HCC. TGF-b also drives differentiation of CD4+ T helper 17 (Th17) cells and high frequencies of Th17 have been correlated with increased microvascular
invasion and shorter OS and DFS of HCC patients. Presence of CD4+ T helper 1 (Th1) cells correlated with favorable outcomes in HCC as they are able to enhance
activation of CD8+ T cells via dendritic cells (DC) and trigger DC-mediated tumor-killing. Despite the capability to kill tumor cells and association with good prognosis
in HCC, CD8+ T cells showed upregulation of exhaustion markers (e.g. PD-1, CTLA-4, and LAG-3), which dampens its killing capacity in chronic conditions leading
to tumor progression.
September 2020 | Volume 11 | Article 568759
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However, in those with CP score >7, there is a higher risk of
radiation-induced liver disease (RILD) and worsening of CP
scores (58, 59). In this group of patients, the risk of liver toxicities
can be as high as 31–35%. Furthermore, SBRT may also result in
gastrointestinal perforation or hemorrhage, particularly in
lesions adjacent to luminal organs or those with a history of
gastrointestinal ulcers (56, 60). The selective use of RE in the
treatment of Barcelona Clinic Liver Cancer (BCLC) B and C
HCCs have also demonstrated clinical benefit and/or local tumor
control (12, 61), and less than 9% of patients who underwent RE
experienced adverse events greater than grade 3 (62). While it
was reported across various studies that the 20–70% of patients
experienced post-RE syndrome (PRS), which included fatigue,
nausea, and abdominal pain, these symptoms could be usually
treated with over-the-counter drugs (62). Due to their overall
efficacy and safety profile, these radiation therapies are nowmore
widely adopted for local tumor control and bridging/
downstaging treatment for future curative treatments such as
transplant/resection (54, 61, 63).

Traditionally, the rationale behind RT for cancer treatment is
to induce lethal DNA damage to tumor cells with high-energy
particles leading to subsequent cell death (64). However, the
ability of RT to elicit an immune-mediated anti-tumor response,
a phenomenon known as “abscopal effect” denoted by the
downsizing of non-targeted distant tumors following ionizing
radiation treatment, has gained increased prominence in the
recent decade (65). RT causes immunogenic cell death and
cellular stress, which increases the pool of tumor-associated
antigens and damage-associated molecular patterns (DAMPs)
(66). These in turn activate dendritic cells, a professional antigen-
presenting cell (APC) that primes tumor-specific CD8+ T cells to
further enhance the anti-tumor responses and promote immune
cell infiltration into the TME (Figure 2) (23). Indeed, studies
revealed increased antigen presentation activity following Y-90-
RE in HCC and SBRT across cancer types (22, 64). Additionally,
DAMPs are taken up by PRRs which activates stimulator of
interferon genes (STING) pathway that mediates the production
of type I interferons (IFN-a and IFN-b) involved in the
activation of downstream immune responses (67). Further
evidences of radiation-induced immune responses were
reported by both pre-clinical and clinical studies where
heightened activation and recruitment of anti-tumor immune
subsets such as CD4+, CD8+ T cells, cytotoxic NK, and CD8
+CD56+ natural killer T (NKT) cells to the TME were observed
(22, 64, 68). Altogether, these findings are concordant with the
notion that RT can convert an otherwise “cold” tumor that has
low immunogenicity and poorly infiltrated with immune cells to
an immune-reactive “hot” tumor, which is well infiltrated by the
immune cells (Figure 2).

Despite the initial immune activation, RT can indirectly lead to
subsequent immunosuppressive effects such as the second wave of
recruitment of Tregs and TAMs to the TME (69, 70). Radiation-
induced interferon activity could also cause upregulation of
exhaustion molecules or signaling pathways on tumor-
infiltrating cytotoxic T cells (71, 72). Our previous findings
demonstrated an increase in exhausted CD8 T cells, denoted by
Frontiers in Immunology | www.frontiersin.org 4
the expression of Tim-3 and PD-1, following treatment with Y-90-
RE in HCC patients (22). Other studies have also observed that RT
resulted in upregulation of PD-L1 expression by the tumor cells,
which can attenuate anti-tumor responses (Figure 2) (73, 74).
Hence, tumor cells are able to subvert immunosurveillance, where
immunosuppressive responses overwhelm the anti-tumor
immune response and eventually result in radio-resistance.
Therefore, the strategic combinational use of immunotherapy
would be necessary to circumvent such resistance and to
enhance clinical benefits of RT.
IMMUNE CHECKPOINT BLOCKADES
IN HCC

In the past decade, the importance of immune system in tumor
progression, and concept of immune-surveillance and evasion by
cancer cells have been widely accepted as one of the key
hallmarks of cancer (29). Immunotherapies have since gained
recognition as a promising alternative cancer treatment with ICB
in the forefront of clinically approved immune-modulating agents
across cancer types (75). The benefits of immunotherapy in HCC
have also been discussed substantially in several reviews (76–79).
In particular with ICB, inhibitors against PD-1, PD-L1, and
CTLA-4 have also been tested extensively in clinical trials
for HCC.

Upregulation of PD-L1 expression on tumor cells, which binds
particularly to PD-1 expressed by tumor-infiltrating activated T
cells, induces exhaustion and dampens the anti-tumor immune
activities of these effector cells hence, allowing immune evasion by
tumor cells (Figure 3) (80). Inhibition of PD-1/PD-L1 interaction
can reverse the exhaustive state of these cytotoxic immune cells and
reinvigorate their anti-tumor activities (Figure 2) (81). Initial
promising results were demonstrated by successful phase II ICB
trials in HCC (CheckMate 040 and KEYNOTE-224) using
antibodies against PD-1 (19, 20). However, subsequent phase III
clinical trials (CheckMate 459 and KEYNOTE-240) which
compared anti-PD-1 antibodies to sorafenib in HCC as first-line
and second-line therapy, respectively, did not meet the pre-defined
statistical significance improvement for OS (17, 18). Despite that,
the clinical benefit of the ICB in advanced HCC is notable with
superior overall response rate (ORR) and fewer incidences of grade
3/4 treatment-related adverse events in both trials (17, 18).

Another target of ICB is CTLA-4, an inhibitory receptor found
on surface of T cells, which negatively modulates T cell activation
and proliferation upon binding with B7 costimulatory molecule on
APCs (Figure 2) (82). Unlike PD-1/PD-L1 pathway, CTLA-4 act
primarily upstream at T cells priming stage and is also known to
have a wider adverse events profile due to this (83). Both pre-clinical
and clinical studies have shown that administration of anti-CTLA-4
led to the direct induction of CD4+ and CD8+ effector T cells by
alleviating the immunosuppressive effect of Tregs (81, 84). Multiple
phase III clinical trials investigating the use of anti-CTLA drugs,
such as tremelimumab and ipilimumab, as monotherapy or in
combination with other ICBs are currently underway (19, 85), with
a recent FDA’s approval for the combination of ipilimumab (anti-
September 2020 | Volume 11 | Article 568759
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CTLA-4) and nivolumab (anti-PD-1) in sorafenib-experienced
advanced HCC patients (19).

Despite initial success observed with ICB therapies across a
broad range of tumors, a decrease in their efficacy and acquired
resistance were reported following initial response to ICB (86, 87).
This varying response rate in HCC patients have been intensively
reviewed previously (88–90). Despite a previous study reporting the
distinct immune landscape between viral versus non-viral HCC
(30), there is no concrete evidence that suggests a difference in
Frontiers in Immunology | www.frontiersin.org 5
response rate between viral versus uninfected HCC towards ICBs to
date. Patients from various cancer types with higher tumor PD-1
and PD-L1 expression were evidenced to have improved OS and
response as compared to those with lower expression levels (86).
However, PD-L1 expression was not a significant biomarker for
response to anti-PD-1 in HCC as evidenced by the findings from
ICB trials CheckMate 040 and KEYNOTE-224 (20, 91). Studies
have also attributed the innate variability of each patient’s pre-
existing immunity to the differential response observed towards
FIGURE 2 | Immune modifying effects of radiotherapy (RT) and immune-checkpoint blockade (ICB). (Left panel) Immune responses induced by radiotherapy (RT):
Initial (1°C) anti-tumor immune response includes (A) increased pool of tumor antigens and DAMPs which results in antigen presentation activity, (B) subsequent
activation of T cells and enhanced infiltration of anti-tumor immune cells into the TME to facilitate tumor-killing; Secondary (2°C) wave of immunosuppressive
response is denoted by (C) recruitment of immunosuppressive immune subsets, Tregs and TAMs and (D) upregulated expression of immune checkpoint molecules
by tumor cells (PD-L1) and cytotoxic CD8+ T cells (PD-1 and CTLA-4) which dampens anti-tumor activity. (Right panel) Immune responses mediated by immune
checkpoint blockade (ICB): (A) Anti-PD-1 and anti-PD-L1 interferes with PD-1/PD-L1 interaction and relieves suppression of CD8+ T cells by tumor cells. (B) Anti-
CTLA-4 blocks inhibitory signaling by inhibiting B7/CTLA-4 binding and allows for the activation of APCs and T cells. (Bottom panel) Potential synergistic effects of
combining RT and ICB include enhanced infiltration of anti-tumor into TME post-RT and reversion of radiation-induced exhaustion and immunosuppression by ICB.
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various ICB therapies across cancer types (92–94). Specifically in
HCC, tumors with higher transcriptomic diversity were associated
with worse OS in patients treated with ICB and these tumor cells
also expressed a significantly higher level of vascular endothelial
growth factor A (VEGF-A) (95). Concordant to this finding, Chen
et al. showed in a separate study that responders to anti-PD-1
treatment have decreased expression levels of VEGF-A while the
non-responders have increased VEFG-A expression (94). This in
turn suggests that the VEGF pathway is an important mechanism
for resistance to the anti-PD-1 therapy, where it could hamper
tumor infiltration and functions of T effector cells (96, 97).
Therefore, the degree of transcriptomic diversity of HCC tumors,
VEGF expression level, and pre-existing immunity of each
individual could provide a rationale for the observed differential
responses of HCC patients towards immune checkpoint
blockade therapies.

COMBINATIONAL STRATEGIES: RT
AND ICB

The interest in combining radiotherapy and immunotherapy
stems from the rationale that radiation primes the immune
Frontiers in Immunology | www.frontiersin.org 6
system and produce a synergistic anti-tumor immunity for
durable disease control when combined with immunotherapy
(Figure 2, bottom). For instance, RT enhances inflammatory
immune response and intra-tumoral infiltration by cytotoxic
immune cells while ICB could overcome the radiation-induced
exhaustion in CD8 T cells and restore their anti-tumor immune
responses. Kim et al. demonstrated the dose-dependent
upregulation of PD-L1 expression following irradiation of
various HCC cell lines, which was found to be mediated
predominantly through the IFN-g-STAT3 signaling pathway
(25). Likewise, clinical studies have reported post-RT
upregulated expressions of PD-1 and PD-L1 by CD8 T cells
and tumor cells, respectively (22, 73, 74). These studies provided
a sound rationale for the combination of RT with ICB, which
should be considered against the major concerns for a successful
treatment strategy in HCC as outlined in Table 1.

Preclinical data have shown that the combination of RT and
ICB exhibited therapeutic synergism as well as superior tumor
control (24–26, 73). Significant tumor growth suppression and
improved OS were observed in HCC mice treated with single
10Gy RT and anti-PD-L1 compared to either therapy alone (25).
Anti-PD-L1 and 12Gy RT exerted abscopal tumor control and
FIGURE 3 | Rationale of combination therapy with radiotherapy, immune checkpoint blockade, and anti-angiogenesis agents. Diagram illustrates the key immune
modifying effects by each therapeutic agent and the potential synergetic effects of their combination in HCC. RT enhances immune infiltrates into TME but induces
upregulation of immune checkpoint molecules (e.g. PD-1, PD-L1, and CTLA-4) and VEGF. Anti-VEGF promotes normalization of vessel formation, which improves
efficacy of RT and/or further boosts infiltration of cytotoxic cells into TME but increases PD-1 expression by CD4+ T cells. Synergistic combination with ICB restores
and further enhances anti-tumor immune responses to improve efficacy of RT and anti-VEGF therapies.
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superior local control of irradiated tumors in a mammary cancer
murine xenograft model compared to monotherapy (24). Similar
findings were replicated in CT26 murine colon carcinoma
xenografts treated with fractionated RT (2Gy x 5) and/or anti-
PD-1 (73). Synergism between RT and anti-CTLA-4 were also
demonstrated in several murine tumor models (26, 102). More
importantly, these effects were durable as shown by the rejection
of tumor re-challenge that was dependent on CD8 T-cells
(24, 73).

Despite encouraging preclinical findings, there is no
published prospective clinical data to our knowledge on
combined RT and ICB therapy in HCC, except a few small
series that have shown promising clinical activity (98, 99).
Chiang et al. reported 100% ORR in 5 patients treated with
SBRT followed by nivolumab for large unresectable HCC and
another case report showed complete pathological response
following Y-90-RE and nivolumab bridging therapy prior to
partial hepatectomy (98, 99). Tai et al. also showed that
combination of Y-90-RE with nivolumab had an optimistic
ORR of 31%, and the combination therapy was safe and
tolerable with only 11% of treated advanced HCC patients
experienced grade 3/4 treatment-related adverse events (100).
Phase I trial (NCT02239900) that evaluated liver/lung SBRT with
ipilimumab reported that 23% of patients experienced clinical
benefit which corresponded to increase in CD8+ T cells and CD8
+/CD4+ ratios (101). Grade 3 toxicities were found in 34% of
patients with no grade 4/5 toxicities. A separate phase I basket
trial evaluated the safety of multi-site SBRT followed by
pembrolizumab in patients with advanced solid tumors
(NCT02608385), including one case of HCC. Similar levels of
toxicity were observed as compared to monotherapy-treated
patients with a dose-limiting toxicity rate of 9.7% (103).
Several other prospective clinical trials are currently on-going
to evaluate the combined approach of RT and immunotherapy in
HCC (Table 2).

As this field is in its preliminary stages, most studies have
showed encouraging efficacies and tolerable toxicity profile in
patients treated with combination of RT and ICB but did not
specify an optimal RT dose, fractionation scheme and RT/ICB
sequencing. There is consensus that these parameters are highly
dependent on cancer type, choice of ICB, as well as tumor
histology and mutational burden (104). In addition, hypo-
fractionation appears to be favored over conventional
fractionation as it appears to elicit a more effective anti-tumor
response and a dose of 8–10Gy RT with one to three fractions
was suggested to induce abscopal effect (104, 105).
Frontiers in Immunology | www.frontiersin.org 7
Considerations for the radio-sensitivity of the surrounding
vasculature, toxicity profile and identification of pro-
immunogenic signatures following RT would also be essential to
optimize protocols for combining RT and ICB (106). Therefore, it
is imperative to understand the key immune checkpoint molecules
modified by RT in the TME, the sequence and mechanisms of
their modification and subsequent role in tumor immunity to
determine the type of ICB to be used and RT/ICB dosing sequence.
FUTURE DEVELOPMENTS IN
COMBINATIONAL STRATEGIES FOR HCC

Beyond the combination of RT and ICB, there have been
remarkable advancement in the use of anti-angiogenesis agent
in treatment for HCC reported by the phase III IMbrave150 trial,
which demonstrated superiority in terms of ORR, OS, and PFS in
HCC patients treated with atezolizumab (anti-PD-L1) and
bevacizumab (anti-VEGF-A) versus patients treated with
sorafenib (21). As one of the hallmarks of cancer, angiogenesis
plays critical role in tumor formation and growth and have long
been a promising drug target in HCC (29, 31). Dysregulated
VEGF expression was shown to be responsible for the vascular
abnormalities observed in HCC tumors (31, 107). Various other
studies have also consistently showed that elevated circulating
VEGF expression following surgery or RFA correlated to poor
prognosis in HCC patients (31, 108, 109). Shigeta et al. revealed
the mechanism behind the anti-tumorigenic effects of this anti-
PD-L1 and anti-VEGF-A dual therapy using orthotopic murine
HCC model. They reported that VEGFR2-blockade alone
increased PD-1 expression on CD4+ cells in the tumor but
when combined with anti-PD-1 therapy, CD4+ cells’ functions
were restored and aided in normalization of vessel formation.
The combination therapy also increased tumor infiltration and
activation of cytotoxic CD8+ T cells, while reducing infiltration
of Tregs and monocytes (110).

Importantly, VEGF expression was found to be elevated in
post-RT treated HCC tumors (109). Based on this, we propose
that it would be meaningful to examine the efficacy of treating
HCC patients with anti-angiogenesis and ICB following RT due
to their ability to fuel efficient tumor-killing activities and limit
the tumor cells’ ability to re-stablish themselves (Figure 3). An
alternative strategy would be to administer anti-angiogenic agent
prior to RT, which could “normalize” tumor vasculature and in
turn, potentially promote greater efficacy of the radiotherapy
TABLE 1 | Major considerations for the combination of RT and ICB.

Major concerns of intervention(s) Potential solution

How can we subvert RT-induced
exhaustion?

ICB that targets exhaustion pathways can help reinvigorate the exhausted cytotoxic immune cells (24, 26, 73, 74).

How to overcome the ineffectiveness of
ICB against cold tumors?

RT can trigger immune activity and switch a “cold” tumor to a “hot” tumor with enhanced inflammation and tumor
infiltration by the immune cells (22, 25, 64, 68).

Will there be severe toxicities in the
combined therapy of RT and ICB?

Preliminary findings from early phase trials for combined use of RT and ICB have showed tolerable safety profile (98–100).

How can we predict the differential
responses by patients towards treatments?

Discovery of predictive biomarkers for response towards various cancer treatments (i.e. RT and ICB) and in combination is
essential to select the most appropriate therapeutic agent and therapy for the patients (22, 95, 101).
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effects (111). ICB could be administered following this
combination treatment to further sustain anti-tumor immunity
(Figure 3). However, such treatment regimens have to be
carefully evaluated as anti-angiogenics are associated with
increased risk of severe RT-related gastrointestinal luminal
toxicities (112). Other potentially more tolerable combination
such as dual ICBs with RT could also be considered.

Apart from the current immune checkpoint inhibitors that have
been heavily evaluated in HCC, we can also consider other novel
targets such as indoleamine 2,3 dioxygenase (IDO). IDO is an
enzyme that is involved in immune homeostasis and also escape
from immunosurvelliance by tumor cells (113). Overexpression of
IDO in HCC tumors was associated to poor prognosis where
dendritic cells suppress T cells via IDO and contribute to
progression in HCC (114). However, Ishio et al. found that IDO
could also have anti-tumor properties and its expression level was
correlated with gene expressions of IFN-g, tumor necrosis factor
alpha (TNFa), and interleukin 1 beta (IL-1b) in HCC (115).
Another study found that increased tumor expression of IDO (T-
IDO) correlated with increased CD8+ T cells infiltration and
favorable outcome in HCC (116). Contrary to above findings, a
study conducted in patients of NSCLC found that low activity of
IDO following chemoradiation was associated favorably with
survival but the effect of radiation on the activity level of IDO was
heterogenous (117). A preclinical study carried out with Lewis lung
mouse model also showed that treatment with IDO inhibitor and
RT synergistically reduced Tregs and expression of exhaustion
molecules such as PD-1, PD-L1, and TIM-3 by dendritic cells and
T cells (118). Taken altogether, the potential of IDO as a
combination therapy with RT in HCC remains to be determined.

Currently, several other B7 family ligands such as B7-H2
(a.k.a. inducible T cell costimulator ligand; ICOSL) and B7-H3
Frontiers in Immunology | www.frontiersin.org 8
are being explored as novel immunotherapeutic targets in other
cancer types (119). In HCC, both independent or combined
expression of B7-H2 and B7-H3 have correlated to recurrence
and poorer survival rate of the patients (120). Although further
understanding of the tumor-promoting mechanisms by B7
ligands in the context of HCC is required, they could become
promising combinatorial agents in treating HCC in the future.
Similarly, chimeric antigen receptor T (CAR-T) cell therapy have
shown promising results in lymphoma patients and solid tumors
with strong driver mutations that could be used as specific targets
for CAR-T cell (121, 122). However, HCC is a largely
transcriptomically heterogeneous solid tumor (95) and
attempts to target HCC-specific antigens, such as AFP, had
been evaluated previously with disappointing outcomes
(NCT03349255). Nonetheless, findings from a recently
concluded phase I trial (NCT02395250) which investigated the
safety profile of glypican-3 (GPC3) CAR-T cell therapy in HCC
patients showed that it was well tolerated and demonstrated
indications of anti-tumor activity (123). GPC3 is involved in the
regulation of cell division and growth and its expression in tumor
cells was previously associated with poor prognosis for HCC
(124). The rapid development in the safety and efficacy of CAR-T
cell therapies for solid tumors is optimistic and are highly
anticipated as the future of novel immunotherapeutic strategies
in cancer.

A crucial aspect to ensure a successful treatment outcome lies in
the selection of patients who would benefit most from any given
treatment strategies. Mounting evidence shows that variability in
pre-existing immunity of each patient reflects their respective
clinical response to immunotherapies (93, 94). Crittenden et al.
also demonstrated that in vivo blockade of pre-existing immune
responses in mice rendered the combination of RT and ICB
TABLE 2 | Ongoing clinical trials investigating combined use of RT and ICB in HCC/liver cancer.

Clinical trial
identification
(Study Name)

Phase Disease Type of
radiative

intervention

Type of ICB Treatment
design

Est.
enrolment

Primary endpoint Secondary endpoints

NCT03033446 II HCC Y-90 RE Nivolumab Y-90 RE ->
Nivolumab

40 RR TTR, DoR, TTP, PFS, OS,
QOL, AEs

NCT03482102 II HCC and
biliary tract
cancer

Radiotherapy
(not specified)

Durvalumab(anti-PD-
L1) and
Tremelimumab (anti-
CTLA_4)

Durvalumab +
tremelimumab ->
RT

70 Best ORR AEs, OS, DCR, PFS, DoR,
TTP

NCT02239900 II Liver and
lung
cancer

SBRT Ipilimumab(anti-CTLA-
4)

Ipilimumab +
SBRT
orIpilimumab ->
SBRT

143 MTD RR

NCT02608385 I Solid
tumors

SBRT Pembrolizumab(anti-
PD-1)

SBRT ->
pembrolizumab

130 Recommended SBRT
dose

AEs, long-term AEs, RR, PFS,
OS, LC, radiation-induced
changes in TME, DCR

NCT03203304 I HCC SBRT Nivolumab or
Ipilimumab

SBRT ->
Nivolumab or
Nivolumab +
ipilimumab

50 AEs ORR, long-term AEs, PFS,
OS, DCR, LC

NCT03817736
(START-FIT)

II HCC TACE +
SBRT

Not specified TACE + SBRT ->
ICB

33 No. of patients
amendable to curative
surgical intervention

RR, TTP, PFS, OS, QOL,
AEs, PR
September 2020
RE, radioembolization; SBRT, stereotactic body radiation therapy; TACE, transcatheter arterial chemoembolization; RR, response rate; ORR, overall response rate; MTD, maximum
tolerated dose; AEs, adverse events; TTR, time to response (TTR); DoR, duration of response; TTP, time to progression; PFS, progression-free survival; OS, overall survival; QOL, quality of
life; DCR, disease control rate; LC, local control; PR, pathological response; ->, followed by.
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ineffective (125). However, there are limited studies on predictive
biomarkers for response in various HCC treatments to date.
Initially, tumor tissue expression of PD-L1 was used to select
patients for enrolment into various ICB trials, however, it was
later proven not a strong predictor of response due to heterogeneity
in its expression in tumor tissues and various technical issues with
detection of its expression (126, 127). Instead, a recent study in a
small cohort of liver cancer patients showed that higher cytolytic T
cell infiltrates is associated with response towards ICB in HCC (95).
Our group constructed a predictive model based on pre-treatment
PBMCs of HCC patients and concluded that existence of pre-
activated PD-1+ and Tim-3+CD8+ T cells with homing capability
(CCR5+ and CXCR6+) was key in predicting response to Y-90-RE
(22). Similarly, peripheral immune phenotypes may predict for
therapeutic efficacy of SBRT and concurrent SBRT and ICB therapy
(101, 128). The use of radio-sensitivity index and radiosensitive gene
signatures have also been heavily investigated but fell short in their
value as predictive biomarkers (129). Taken altogether, the lack of
reliable predictive biomarker(s) for various treatments in HCC
indicates that greater effort and emphasis is required in this area
in order to more accurately select for therapy that provides the
maximum clinical benefit and minimal adverse effect for patients.
CONCLUDING REMARKS

The immunosuppressive landscape of HCC, as evidenced by the
presence of pro-tumoral and exhausted immune cells, renders
ICB a promising treatment option for HCC patients.
Improvements in radiation techniques over the past two
decades have boosted the efficacies of RT in HCC. In
combination, ICB could overcome the upregulation of immune
checkpoint molecules/pathways induced by RT and restore the
anti-tumor immunity. In turn, RT can also re-model an
Frontiers in Immunology | www.frontiersin.org 9
otherwise “cold” TME to an immune-reactive “hot” TME,
which synergistically improves the effectiveness of ICB. Beyond
RT and ICB, combinational use of anti-angiogenesis agent, which
normalizes tumor vasculature and induce local immune response
in TME, can also be explored. Most importantly, the sharp
increase in the variety of combinational immunotherapeutic
options in recent years demands for the discovery of predictive
biomarkers in order to determine the most appropriate
therapeutic strategy for optimal clinical benefit.
AUTHOR CONTRIBUTIONS

YL and VC contributed in design, drafting, revising, and
approving the final version of the manuscript. DT, CY, and SC
assisted in editing the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

This work was supported by the National Medical Research
Council (NMRC), Singapore (ref numbers: TCR15Jun006,
CIRG16may048 , CSAS16Nov006 , CSASI17may003 ,
and LCG17MAY003).
ACKNOWLEDGMENTS

We would like to thank the medical oncology team from
National Cancer Centre, Singapore (NCCS) and research
scientists from TII for the insightful immunological discussion
when constructing the manuscript.
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

2. Ghouri YA, Mian I, Rowe JH. Review of hepatocellular carcinoma:
Epidemiology, etiology, and carcinogenesis. J Carcinog (2017) 16:1.
doi: 10.4103/jcar.JCar_9_16

3. Venook AP, Papandreou C, Furuse J, de Guevara LL. The incidence and
epidemiology of hepatocellular carcinoma: a global and regional perspective.
Oncologist (2010) 15 Suppl 4:5–13. doi: 10.1634/theoncologist.2010-S4-05

4. Ramakrishna G, Rastogi A, Trehanpati N, Sen B, Khosla R, Sarin SK. From
cirrhosis to hepatocellular carcinoma: new molecular insights on
inflammation and cellular senescence. Liver Cancer (2013) 2(3-4):367–83.
doi: 10.1159/000343852

5. Schuppan D, Afdhal NH. Liver cirrhosis. Lancet (2008) 371(9615):838–51.
doi: 10.1016/S0140-6736(08)60383-9

6. O’Rourke JM, Sagar VM, Shah T, Shetty S. Carcinogenesis on the background of
liver fibrosis: Implications for the management of hepatocellular cancer.World J
Gastroenterol (2018) 24(39):4436–47. doi: 10.3748/wjg.v24.i39.4436

7. Muz B, de la Puente P, Azab F, Azab AK. The role of hypoxia in cancer
progression, angiogenesis, metastasis, and resistance to therapy. Hypoxia
(Auckl) (2015) 3:83–92. doi: 10.2147/HP.S93413
8. Albillos A, Lario M, Alvarez-Mon M. Cirrhosis-associated immune
dysfunction: distinctive features and clinical relevance. J Hepatol (2014)
61(6):1385–96. doi: 10.1016/j.jhep.2014.08.010

9. Sakurai T, Kudo M. Molecular Link between Liver Fibrosis and
Hepatocellular Carcinoma. Liver Cancer (2013) 2(3-4):365–6.
doi: 10.1159/000343851

10. European Association for the Study of the Liver. EASL Clinical Practice
Guidelines: Management of hepatocellular carcinoma. J Hepatol (2018) 69
(1):182–236. doi: 10.1016/j.jhep.2018.03.019

11. Lin S, Hoffmann K, Schemmer P. Treatment of hepatocellular carcinoma: a
systematic review. Liver Cancer (2012) 1(3-4):144–58. doi: 10.1159/
000343828

12. Vogel A, Cervantes A, Chau I, Daniele B, Llovet J, Meyer T, et al.
Hepatocellular carcinoma: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann Oncol (2018) 29(Suppl 4):iv238–
55. doi: 10.1093/annonc/mdy308

13. Barbier L, Muscari F, Le Guellec S, Pariente A, Otal P, Suc B. Liver resection
after downstaging hepatocellular carcinoma with sorafenib. Int J Hepatol
(2011) 2011:791013. doi: 10.4061/2011/791013

14. Zhu YJ, Zheng B, Wang HY, Chen L. New knowledge of the mechanisms of
sorafenib resistance in liver cancer. Acta Pharmacol Sin (2017) 38(5):614–22.
doi: 10.1038/aps.2017.5

15. Lang L. FDA approves sorafenib for patients with inoperable liver cancer.
Gastroenterology (2008) 134(2):379. doi: 10.1053/j.gastro.2007.12.037
September 2020 | Volume 11 | Article 568759

https://doi.org/10.3322/caac.21492
https://doi.org/10.4103/jcar.JCar_9_16
https://doi.org/10.1634/theoncologist.2010-S4-05
https://doi.org/10.1159/000343852
https://doi.org/10.1016/S0140-6736(08)60383-9
https://doi.org/10.3748/wjg.v24.i39.4436
https://doi.org/10.2147/HP.S93413
https://doi.org/10.1016/j.jhep.2014.08.010
https://doi.org/10.1159/000343851
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1159/000343828
https://doi.org/10.1159/000343828
https://doi.org/10.1093/annonc/mdy308
https://doi.org/10.4061/2011/791013
https://doi.org/10.1038/aps.2017.5
https://doi.org/10.1053/j.gastro.2007.12.037
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lee et al. Combination Therapy in Liver Cancer
16. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib
versus sorafenib in first-line treatment of patients with unresectable
hepatocellular carcinoma: a randomised phase 3 non-inferiority trial.
Lancet (2018) 391(10126):1163–73. doi: 10.1016/S0140-6736(18)30207-1

17. Sangro B, Park J-W, Cruz CMD, Anderson J, Lang L, Neely J, et al. A
randomized, multicenter, phase 3 study of nivolumab vs sorafenib as first-
line treatment in patients (pts) with advanced hepatocellular carcinoma
(HCC): CheckMate-459. J Clin Oncol (2016) 34(15_suppl):TPS4147–
TPS4147. doi: 10.1200/JCO.2016.34.15_suppl.TPS4147

18. Finn RS, Ryoo B-Y, Merle P, Kudo M, Bouattour M, Lim H-Y, et al. Results
of KEYNOTE-240: phase 3 study of pembrolizumab (Pembro) vs best
supportive care (BSC) for second line therapy in advanced hepatocellular
carcinoma (HCC). J Clin Oncol (2019) 37(15_suppl):4004–4. doi: 10.1200/
JCO.2019.37.15_suppl.4004. f. t. K.-. Investigators.

19. Yau T, Kang Y-K, Kim T-Y, El-Khoueiry AB, Santoro A, Sangro B, et al.
Nivolumab (NIVO) + ipilimumab (IPI) combination therapy in patients
(pts) with advanced hepatocellular carcinoma (aHCC): Results from
CheckMate 040. J Clin Oncol (2019) 37(15_suppl):4012–2. doi: 10.1200/
JCO.2019.37.15_suppl.4012

20. Zhu AX, Finn RS, Edeline J, Cattan S, Ogasawara S, Palmer D, et al.
Pembrolizumab in patients with advanced hepatocellular carcinoma
previously treated with sorafenib (KEYNOTE-224): a non-randomised,
open-label phase 2 trial. Lancet Oncol (2018) 19(7):940–52. doi: 10.1016/
S1470-2045(18)30351-6

21. Cheng A-L, Qin S, Ikeda M, Galle P, Ducreux M, Zhu A, et al.
LBA3IMbrave150: Efficacy and safety results from a ph III study
evaluating atezolizumab (atezo) + bevacizumab (bev) vs sorafenib (Sor) as
first treatment (tx) for patients (pts) with unresectable hepatocellular
carcinoma (HCC). Ann Oncol (2019) 30(Supplement_9):ix183–202.
doi: 10.1093/annonc/mdz446.002

22. Chew V, Lee YH, Pan L, Nasir NJM, Lim CJ, Chua C, et al. Immune
activation underlies a sustained clinical response to Yttrium-90
radioembolisation in hepatocellular carcinoma. Gut (2019) 68(2):335–46.
doi: 10.1136/gutjnl-2017-315485

23. Sauter B, Albert ML, Francisco L, Larsson M, Somersan S, Bhardwaj N.
Consequences of cell death: exposure to necrotic tumor cells, but not
primary tissue cells or apoptotic cells, induces the maturation of
immunostimulatory dendritic cells. J Exp Med (2000) 191(3):423–34.
doi: 10.1084/jem.191.3.423

24. Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti-PD-L1 treatment synergistically promote antitumor
immunity in mice. J Clin Invest (2014) 124(2):687–95. doi: 10.1172/JCI67313

25. Kim KJ, Kim JH, Lee SJ, Lee EJ, Shin EC, Seong J. Radiation improves
antitumor effect of immune checkpoint inhibitor in murine hepatocellular
carcinoma model. Oncotarget (2017) 8(25):41242–55. doi: 10.18632/
oncotarget.17168

26. Young KH, Baird JR, Savage T, Cottam B, Friedman D, Bambina S, et al.
Optimizing Timing of Immunotherapy Improves Control of Tumors by
Hypofractionated Radiation Therapy. PloS One (2016) 11(6):e0157164.
doi: 10.1371/journal.pone.0157164

27. Medzhitov R. Origin and physiological roles of inflammation. Nature (2008)
454(7203):428–35. doi: 10.1038/nature07201

28. Landskron G, De la Fuente M, Thuwajit P, Thuwajit C, Hermoso MA.
Chronic inflammation and cytokines in the tumor microenvironment.
J Immunol Res (2014) 2014:149185. doi: 10.1155/2014/149185

29. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

30. Lim CJ, Lee YH, Pan L, Lai L, Chua C, Wasser M, et al. Multidimensional
analyses reveal distinct immune microenvironment in hepatitis B virus-
related hepatocellular carcinoma. Gut (2019) 68(5):916–27. doi: 10.1136/
gutjnl-2018-316510

31. Zhu AX, Duda DG, Sahani DV, Jain RK. HCC and angiogenesis: possible
targets and future directions. Nat Rev Clin Oncol (2011) 8(5):292–301.
doi: 10.1038/nrclinonc.2011.30

32. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet
(2001) 357(9255):539–45. doi: 10.1016/S0140-6736(00)04046-0

33. Chia CS, Ban K, Ithnin H, Singh H, Krishnan R, Mokhtar S, et al. Expression
of interleukin-18, interferon-gamma and interleukin-10 in hepatocellular
Frontiers in Immunology | www.frontiersin.org 10
carcinoma. Immunol Lett (2002) 84(3):163–72. doi: 10.1016/s0165-2478(02)
00176-1

34. Chen J, Zaidi S, Rao S, Chen J-S, Phan L, Farci P, et al. Analysis of Genomes
and Transcriptomes of Hepatocellular Carcinomas Identifies Mutations and
Gene Expression Changes in the Transforming Growth Factor-b Pathway.
Gastroenterology (2018) 154(1):195–210. doi: 10.1053/j.gastro.2017.09.007

35. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity (2014) 41(1):49–61. doi: 10.1016/j.immuni.2014.06.010

36. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage
polarization: tumor-associated macrophages as a paradigm for polarized
M2 mononuclear phagocytes. Trends Immunol (2002) 23(11):549–55. doi:
10.1016/S1471-4906(02)02302-5

37. Chew V, Lai L, Pan L, Lim CJ, Li J, Ong R, et al. Delineation of an
immunosuppressive gradient in hepatocellular carcinoma using high-
dimensional proteomic and transcriptomic analyses. Proc Natl Acad Sci
U.S.A. (2017) 114(29):E5900–9. doi: 10.1073/pnas.1706559114

38. Fu J, Xu D, Liu Z, Shi M, Zhao P, Fu B, et al. Increased regulatory T cells
correlate with CD8 T-cell impairment and poor survival in hepatocellular
carcinoma patients. Gastroenterology (2007) 132(7):2328–39. doi: 10.1053/
j.gastro.2007.03.102

39. Farhood B, Najafi M, Mortezaee K. CD8(+) cytotoxic T lymphocytes in
cancer immunotherapy: A review. J Cell Physiol (2019) 234(6):8509–21.
doi: 10.1002/jcp.27782

40. Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, et al. Landscape of
Infiltrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell
(2017) 169(7):1342–1356 e16. doi: 10.1016/j.cell.2017.05.035

41. Gao Q, Qiu SJ, Fan J, Zhou J, Wang XY, Xiao YS, et al. Intratumoral balance
of regulatory and cytotoxic T cells is associated with prognosis of
hepatocellular carcinoma after resection. J Clin Oncol (2007) 25(18):2586–
93. doi: 10.1200/JCO.2006.09.4565

42. Chen J, Gingold JA, Su X. Immunomodulatory TGF-beta Signaling in
Hepatocellular Carcinoma. Trends Mol Med (2019) 25(11):1010–23.
doi: 10.1016/j.molmed.2019.06.007

43. Zhang JP, Yan J, Xu J, Pang XH, Chen MS, Li L, et al. Increased intratumoral
IL-17-producing cells correlate with poor survival in hepatocellular
carcinoma patients. J Hepatol (2009) 50(5):980–9. doi: 10.1016/
j.jhep.2008.12.033

44. Quezada SA, Simpson TR, Peggs KS, Merghoub T, Vider J, Fan X, et al.
Tumor-reactive CD4(+) T cells develop cytotoxic activity and eradicate large
established melanoma after transfer into lymphopenic hosts. J Exp Med
(2010) 207(3):637–50. doi: 10.1084/jem.20091918

45. Palucka K, Banchereau J. Cancer immunotherapy via dendritic cells. Nat Rev
Cancer (2012) 12(4):265–77. doi: 10.1038/nrc3258

46. LaCasse CJ, Janikashvili N, Larmonier CB, Alizadeh D, Hanke N, Kartchner
J, et al. Th-1 lymphocytes induce dendritic cell tumor killing activity by an
IFN-gamma-dependent mechanism. J Immunol (2011) 187(12):6310–7.
doi: 10.4049/jimmunol.1101812

47. Lee HL, Jang JW, Lee SW, Yoo SH, Kwon JH, Nam SW, et al. Inflammatory
cytokines and change of Th1/Th2 balance as prognostic indicators for
hepatocellular carcinoma in patients treated with transarterial
chemoembolization. Sci Rep (2019) 9(1):3260. doi: 10.1038/s41598-019-40078-8

48. Foerster F, Hess M, Gerhold-Ay A, Marquardt JU, Becker D, Galle PR, et al.
The immune contexture of hepatocellular carcinoma predicts clinical
outcome. Sci Rep (2018) 8(1):5351. doi: 10.1038/s41598-018-21937-2

49. Ruffell B, DeNardo DG, Affara NII, Coussens LM. Lymphocytes in cancer
development: polarization towards pro-tumor immunity. Cytokine Growth
Factor Rev (2010) 21(1):3–10. doi: 10.1016/j.cytogfr.2009.11.002

50. DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawfik D, Kolhatkar N,
et al. CD4(+) T cells regulate pulmonary metastasis of mammary carcinomas
by enhancing protumor properties of macrophages. Cancer Cell (2009) 16
(2):91–102. doi: 10.1016/j.ccr.2009.06.018

51. Saxena R, Kaur J. Th1/Th2 cytokines and their genotypes as predictors of
hepatitis B virus related hepatocellular carcinoma. World J Hepatol (2015) 7
(11):1572–80. doi: 10.4254/wjh.v7.i11.1572

52. Cai L, Zhang Z, Zhou L, Wang H, Fu J, Zhang S, et al. Functional impairment in
circulating and intrahepatic NK cells and relative mechanism in hepatocellular
carcinoma patients. Clin Immunol (2008) 129(3):428–37. doi: 10.1016/
j.clim.2008.08.012
September 2020 | Volume 11 | Article 568759

https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1200/JCO.2016.34.15_suppl.TPS4147
https://doi.org/10.1200/JCO.2019.37.15_suppl.4004
https://doi.org/10.1200/JCO.2019.37.15_suppl.4004
https://doi.org/10.1200/JCO.2019.37.15_suppl.4012
https://doi.org/10.1200/JCO.2019.37.15_suppl.4012
https://doi.org/10.1016/S1470-2045(18)30351-6
https://doi.org/10.1016/S1470-2045(18)30351-6
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1136/gutjnl-2017-315485
https://doi.org/10.1084/jem.191.3.423
https://doi.org/10.1172/JCI67313
https://doi.org/10.18632/oncotarget.17168
https://doi.org/10.18632/oncotarget.17168
https://doi.org/10.1371/journal.pone.0157164
https://doi.org/10.1038/nature07201
https://doi.org/10.1155/2014/149185
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1136/gutjnl-2018-316510
https://doi.org/10.1136/gutjnl-2018-316510
https://doi.org/10.1038/nrclinonc.2011.30
https://doi.org/10.1016/S0140-6736(00)04046-0
https://doi.org/10.1016/s0165-2478(02)00176-1
https://doi.org/10.1016/s0165-2478(02)00176-1
https://doi.org/10.1053/j.gastro.2017.09.007
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1073/pnas.1706559114
https://doi.org/10.1053/j.gastro.2007.03.102
https://doi.org/10.1053/j.gastro.2007.03.102
https://doi.org/10.1002/jcp.27782
https://doi.org/10.1016/j.cell.2017.05.035
https://doi.org/10.1200/JCO.2006.09.4565
https://doi.org/10.1016/j.molmed.2019.06.007
https://doi.org/10.1016/j.jhep.2008.12.033
https://doi.org/10.1016/j.jhep.2008.12.033
https://doi.org/10.1084/jem.20091918
https://doi.org/10.1038/nrc3258
https://doi.org/10.4049/jimmunol.1101812
https://doi.org/10.1038/s41598-019-40078-8
https://doi.org/10.1038/s41598-018-21937-2
https://doi.org/10.1016/j.cytogfr.2009.11.002
https://doi.org/10.1016/j.ccr.2009.06.018
https://doi.org/10.4254/wjh.v7.i11.1572
https://doi.org/10.1016/j.clim.2008.08.012
https://doi.org/10.1016/j.clim.2008.08.012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lee et al. Combination Therapy in Liver Cancer
53. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature (2006) 439(7077):682–7. doi: 10.1038/nature04444

54. Ohri N, Dawson LA, Krishnan S, Seong J, Cheng JC, Sarin SK, et al.
Radiotherapy for Hepatocellular Carcinoma: New Indications and
Directions for Future Study. J Natl Cancer Inst (2016) 108(9):djw133.
doi: 10.1093/jnci/djw133

55. Wahl DR, Stenmark MH, Tao Y, Pollom EL, Caoili EM, Lawrence TS, et al.
Outcomes After Stereotactic Body Radiotherapy or Radiofrequency Ablation
for Hepatocellular Carcinoma. J Clin Oncol Off J Am Soc Clin Oncol (2016)
34(5):452–9. doi: 10.1200/JCO.2015.61.4925

56. Kang J-K, Kim M-S, Cho CK, Yang KM, Yoo HJ, Kim JH, et al. Stereotactic
body radiation therapy for inoperable hepatocellular carcinoma as a local
salvage treatment after incomplete transarterial chemoembolization. Cancer
(2012) 118(21):5424–31. doi: 10.1002/cncr.27533

57. Bujold A, Massey CA, Kim JJ, Brierley J, Cho C, Wong RK, et al. Sequential
phase I and II trials of stereotactic body radiotherapy for locally advanced
hepatocellular carcinoma. J Clin Oncol (2013) 31(13):1631–9. doi: 10.1200/
JCO.2012.44.1659

58. Nabavizadeh N, Waller JG, Fain R, Chen Y, Degnin CR, Elliott DA, et al.
Safety and Efficacy of Accelerated Hypofractionation and Stereotactic Body
Radiation Therapy for Hepatocellular Carcinoma Patients With Varying
Degrees of Hepatic Impairment. Int J Radiat Oncol Biol Phys (2018) 100
(3):577–85. doi: 10.1016/j.ijrobp.2017.11.030

59. Bae SH, Park HC, Yoon WS, Yoon SM, Jung IH, Lee IJ, et al. Treatment
Outcome after Fractionated Conformal Radiotherapy for Hepatocellular
Carcinoma in Patients with Child-Pugh Classification B in Korea (KROG
16-05). Cancer Res Treat (2019) 51(4):1589–99. doi: 10.4143/crt.2018.687

60. Bae SH, KimMS, Cho CK, Kang JK, Lee SY, Lee KN, et al. Predictor of severe
gastroduodenal toxicity after stereotactic body radiotherapy for
abdominopelvic malignancies. Int J Radiat Oncol Biol Phys (2012) 84(4):
e469–74. doi: 10.1016/j.ijrobp.2012.06.005

61. Mazzaferro V, Sposito C, Bhoori S, Romito R, Chiesa C, Morosi C, et al.
Yttrium-90 radioembolization for intermediate-advanced hepatocellular
carcinoma: a phase 2 study. Hepatology (2013) 57(5):1826–37.
doi: 10.1002/hep.26014

62. Riaz A, Awais R, Salem R. Side effects of yttrium-90 radioembolization.
Front Oncol (2014) 4:198:198. doi: 10.3389/fonc.2014.00198

63. Mohamed M, Katz AW, Tejani MA, Sharma AK, Kashyap R, Noel MS, et al.
Comparison of outcomes between SBRT, yttrium-90 radioembolization,
transarterial chemoembolization, and radiofrequency ablation as bridge to
transplant for hepatocellular carcinoma. Adv Radiat Oncol (2015) 1(1):35–
42. doi: 10.1016/j.adro.2015.12.003

64. Arnold KM, FlynnNJ, Raben A, Romak L, Yu Y, Dicker AP, et al. The Impact of
Radiation on the Tumor Microenvironment: Effect of Dose and Fractionation
Schedules. Cancer Growth Metastasis (2018) 11:1179064418761639.
doi: 10.1177/1179064418761639

65. Reynders K, Illidge T, Siva S, Chang JY, De Ruysscher D. The abscopal effect
of local radiotherapy: using immunotherapy to make a rare event clinically
relevant. Cancer Treat Rev (2015) 41(6):503–10. doi: 10.1016/
j.ctrv.2015.03.011

66. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A, et al. Toll-
like receptor 4–dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat Med (2007) 13(9):1050–9.
doi: 10.1038/nm1622

67. Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-
Dependent Cytosolic DNA Sensing Promotes Radiation-Induced Type I
Interferon-Dependent Antitumor Immunity in Immunogenic Tumors.
Immunity (2014) 41(5):843–52. doi: 10.1016/j.immuni.2014.10.019

68. Lugade AA, Sorensen EW, Gerber SA, Moran JP, Frelinger JG, Lord EM.
Radiation-induced IFN-gamma production within the tumor
microenvironment influences antitumor immunity. J Immunol (2008) 180
(5):3132–9. doi: 10.4049/jimmunol.180.5.3132

69. Chiang CS, Fu SY, Wang SC, Yu CF, Chen FH, Lin CM, et al. Irradiation
promotes an m2 macrophage phenotype in tumor hypoxia. Front Oncol
(2012) 2:89:89. doi: 10.3389/fonc.2012.00089
Frontiers in Immunology | www.frontiersin.org 11
70. Kachikwu EL, Iwamoto KS, Liao YP, DeMarco JJ, Agazaryan N, Economou
JS, et al. Radiation enhances regulatory T cell representation. Int J Radiat
Oncol Biol Phys (2011) 81(4):1128–35. doi: 10.1016/j.ijrobp.2010.09.034

71. Jacquelot N, Yamazaki T, Roberti MP, Duong CPM, Andrews MC,
Verlingue L, et al. Sustained Type I interferon signaling as a mechanism
of resistance to PD-1 blockade. Cell Res (2019) 29(10):846–61. doi: 10.1038/
s41422-019-0224-x

72. Terawaki S, Chikuma S, Shibayama S, Hayashi T, Yoshida T, Okazaki T,
et al. IFN-aDirectly Promotes Programmed Cell Death-1 Transcription and
Limits the Duration of T Cell-Mediated Immunity. J Immunol (2011) 186
(5):2772–9. doi: 10.4049/jimmunol.1003208

73. Dovedi SJ, Adlard AL, Lipowska-Bhalla G, McKenna C, Jones S, Cheadle EJ,
et al. Acquired Resistance to Fractionated Radiotherapy Can Be Overcome
by Concurrent PD-L1 Blockade. Cancer Res (2014) 74(19):5458–68.
doi: 10.1158/0008-5472.Can-14-1258

74. Cummings B, Keane T, Pintilie M, Warde P, Waldron J, Payne D, et al. Five
year results of a randomized trial comparing hyperfractionated to
conventional radiotherapy over four weeks in locally advanced head and
neck cancer. Radiother Oncol (2007) 85(1):7–16. doi: 10.1016/
j.radonc.2007.09.010

75. Granier C, De Guillebon E, Blanc C, Roussel H, Badoual C, Colin E, et al.
Mechanisms of action and rationale for the use of checkpoint inhibitors in
cancer. ESMO Open (2017) 2(2):e000213. doi: 10.1136/esmoopen-2017-
000213

76. Greten TF, Sangro B. Targets for immunotherapy of liver cancer. J Hepatol
(2017) 68(1):157–66. doi: 10.1016/j.jhep.2017.09.007

77. Okusaka T, Ikeda M. Immunotherapy for hepatocellular carcinoma: current
status and future perspectives. ESMO Open (2018) 3(Suppl 1):e000455.
doi: 10.1136/esmoopen-2018-000455

78. Xu W, Liu K, Chen M, Sun JY, McCaughan GW, Lu XJ, et al.
Immunotherapy for hepatocellular carcinoma: recent advances and future
perspectives. Ther Adv Med Oncol (2019) 11:1758835919862692.
doi: 10.1177/1758835919862692

79. Huppert LA, Gordan JD, Kelley RK. Checkpoint Inhibitors for the
Treatment of Advanced Hepatocellular Carcinoma. Clin Liver Dis
(Hoboken) (2020) 15(2):53–8. doi: 10.1002/cld.879

80. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involvement of
PD-L1 on tumor cells in the escape from host immune system and tumor
immunotherapy by PD-L1 blockade. Proc Natl Acad Sci U.S.A. (2002) 99
(19):12293–7. doi: 10.1073/pnas.192461099

81. Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati
E, et al. Radiation and dual checkpoint blockade activate non-redundant
immune mechanisms in cancer. Nature (2015) 520(7547):373–7.
doi: 10.1038/nature14292

82. Chen L, Ashe S, Brady WA, Hellstrom I, Hellstrom KE, Ledbetter JA, et al.
Costimulation of antitumor immunity by the B7 counterreceptor for the T
lymphocyte molecules CD28 and CTLA-4. Cell (1992) 71(7):1093–102.
doi: 10.1016/s0092-8674(05)80059-5

83. Seidel JA, Otsuka A, Kabashima K. Anti-PD-1 and Anti-CTLA-4 Therapies
in Cancer: Mechanisms of Action, Efficacy, and Limitations. Front Oncol
(2018) 8:86. doi: 10.3389/fonc.2018.00086

84. Egen JG, Kuhns MS, Allison JP. CTLA-4: new insights into its biological
function and use in tumor immunotherapy. Nat Immunol (2002) 3(7):611–
8. doi: 10.1038/ni0702-611

85. Abou-Alfa GK, Chan SL, Furuse J, Galle PR, Kelley RK, Qin S, et al. A
randomized, multicenter phase 3 study of durvalumab (D) and tremelimumab
(T) as first-line treatment in patients with unresectable hepatocellular
carcinoma (HCC): HIMALAYA study. J Clin Oncol (2018) 36(15_suppl):
TPS4144–TPS4144. doi: 10.1200/JCO.2018.36.15_suppl.TPS4144

86. Wang Q, Wu X. Primary and acquired resistance to PD-1/PD-L1 blockade
in cancer treatment. Int Immunopharmacol (2017) 46:210–9. doi: 10.1016/
j.intimp.2017.03.015

87. Flynn MJ, Larkin JMG. Novel combination strategies for enhancing efficacy
of immune checkpoint inhibitors in the treatment of metastatic solid
malignancies. Expert Opin Pharmacother (2017) 18(14):1477–90.
doi: 10.1080/14656566.2017.1369956
September 2020 | Volume 11 | Article 568759

https://doi.org/10.1038/nature04444
https://doi.org/10.1093/jnci/djw133
https://doi.org/10.1200/JCO.2015.61.4925
https://doi.org/10.1002/cncr.27533
https://doi.org/10.1200/JCO.2012.44.1659
https://doi.org/10.1200/JCO.2012.44.1659
https://doi.org/10.1016/j.ijrobp.2017.11.030
https://doi.org/10.4143/crt.2018.687
https://doi.org/10.1016/j.ijrobp.2012.06.005
https://doi.org/10.1002/hep.26014
https://doi.org/10.3389/fonc.2014.00198
https://doi.org/10.1016/j.adro.2015.12.003
https://doi.org/10.1177/1179064418761639
https://doi.org/10.1016/j.ctrv.2015.03.011
https://doi.org/10.1016/j.ctrv.2015.03.011
https://doi.org/10.1038/nm1622
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.4049/jimmunol.180.5.3132
https://doi.org/10.3389/fonc.2012.00089
https://doi.org/10.1016/j.ijrobp.2010.09.034
https://doi.org/10.1038/s41422-019-0224-x
https://doi.org/10.1038/s41422-019-0224-x
https://doi.org/10.4049/jimmunol.1003208
https://doi.org/10.1158/0008-5472.Can-14-1258
https://doi.org/10.1016/j.radonc.2007.09.010
https://doi.org/10.1016/j.radonc.2007.09.010
https://doi.org/10.1136/esmoopen-2017-000213
https://doi.org/10.1136/esmoopen-2017-000213
https://doi.org/10.1016/j.jhep.2017.09.007
https://doi.org/10.1136/esmoopen-2018-000455
https://doi.org/10.1177/1758835919862692
https://doi.org/10.1002/cld.879
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1038/nature14292
https://doi.org/10.1016/s0092-8674(05)80059-5
https://doi.org/10.3389/fonc.2018.00086
https://doi.org/10.1038/ni0702-611
https://doi.org/10.1200/JCO.2018.36.15_suppl.TPS4144
https://doi.org/10.1016/j.intimp.2017.03.015
https://doi.org/10.1016/j.intimp.2017.03.015
https://doi.org/10.1080/14656566.2017.1369956
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lee et al. Combination Therapy in Liver Cancer
88. Tai D, Choo SP, Chew V. Rationale of Immunotherapy in Hepatocellular
Carcinoma and Its Potential Biomarkers. Cancers (Basel) (2019) 11
(12):1926. doi: 10.3390/cancers11121926

89. Onuma AE, Zhang H, Huang H, Williams TM, Noonan A, Tsung A.
Immune Checkpoint Inhibitors in Hepatocellular Cancer: Current
Understanding on Mechanisms of Resistance and Biomarkers of Response
to Treatment. Gene Expr (2020) 20(1):53–65. doi : 10.3727/
105221620X15880179864121

90. Lim CJ, Chew V. Impact of Viral Etiologies on the Development of Novel
Immunotherapy for Hepatocellular Carcinoma. Semin Liver Dis (2020) 40
(2):131–42. doi: 10.1055/s-0039-3399534

91. El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C, et al.
Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate
040): an open-label, non-comparative, phase 1/2 dose escalation and
expansion trial. Lancet (2017) 389(10088):2492–502. doi: 10.1016/S0140-
6736(17)31046-2

92. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature (2014) 515(7528):568–71. doi: 10.1038/nature13954

93. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH, et al. Association of
PD-1, PD-1 ligands, and other features of the tumor immune
microenvironment with response to anti-PD-1 therapy. Clin Cancer Res
(2014) 20(19):5064–74. doi: 10.1158/1078-0432.CCR-13-3271

94. Chen PL, Roh W, Reuben A, Cooper ZA, Spencer CN, Prieto PA, et al.
Analysis of Immune Signatures in Longitudinal Tumor Samples Yields
Insight into Biomarkers of Response and Mechanisms of Resistance to
Immune Checkpoint Blockade. Cancer Discovery (2016) 6(8):827–37.
doi: 10.1158/2159-8290.CD-15-1545

95. Ma L, Hernandez MO, Zhao Y, Mehta M, Tran B, Kelly M, et al. Tumor Cell
Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer.
Cancer Cell (2019) 36(4):418–430.e6. doi: 10.1016/j.ccell.2019.08.007

96. Ohm JE, Gabrilovich DII, Sempowski GD, Kisseleva E, Parman KS, Nadaf S,
et al. VEGF inhibits T-cell development and may contribute to tumor-
induced immune suppression. Blood (2003) 101(12):4878–86. doi: 10.1182/
blood-2002-07-1956

97. Motz GT, Santoro SP, Wang LP, Garrabrant T, Lastra RR, Hagemann IS,
et al. Tumor endothelium FasL establishes a selective immune barrier
promoting tolerance in tumors. Nat Med (2014) 20(6):607–15.
doi: 10.1038/nm.3541

98. Wehrenberg-Klee E, Goyal L, Dugan M, Zhu AX, Ganguli S. Y-90
Radioembolization Combined with a PD-1 Inhibitor for Advanced
Hepatocellular Carcinoma. Cardiovasc Intervent Radiol (2018) 41
(11):1799–802. doi: 10.1007/s00270-018-1993-1

99. Chiang C-L, Chan ACY, Chiu KWH, Kong F-M. Combined Stereotactic
Body Radiotherapy and Checkpoint Inhibition in Unresectable
Hepatocellular Carcinoma: A Potential Synergistic Treatment Strategy.
Front Oncol (2019) 9:1157. doi: 10.3389/fonc.2019.01157

100. Tai WMD, Loke KSH, Gogna A, Tan SH, Ng DCE, Hennedige TP, et al. A
phase II open-label, single-center, nonrandomized trial of Y90-
radioembolization in combination with nivolumab in Asian patients with
advanced hepatocellular carcinoma: CA 209-678. J Clin Oncol (2020) 38
(15_suppl):4590–0. doi: 10.1200/JCO.2020.38.15_suppl.4590

101. Tang C, Welsh JW, de Groot P, Massarelli E, Chang JY, Hess KR, et al.
Ipilimumab with Stereotactic Ablative Radiation Therapy: Phase I Results
and Immunologic Correlates from Peripheral T Cells. Clin Cancer Res Off J
Am Assoc Cancer Res (2017) 23(6):1388–96. doi: 10.1158/1078-0432.CCR-
16-1432

102. Dewan MZ, Galloway AE, Kawashima N, Dewyngaert JK, Babb JS, Formenti
SC, et al. Fractionated but Not Single-Dose Radiotherapy Induces an
Immune-Mediated Abscopal Effect when Combined with Anti–CTLA-4
Antibody. Clin Cancer Res (2009) 15(17):5379–88. doi: 10.1158/1078-
0432.Ccr-09-0265

103. Luke JJ, Lemons JM, Karrison TG, Pitroda SP, Melotek JM, Zha Y, et al.
Safety and Clinical Activity of Pembrolizumab and Multisite Stereotactic
Body Radiotherapy in Patients With Advanced Solid Tumors. J Clin Oncol
(2018) 36(16):1611–8. doi: 10.1200/JCO.2017.76.2229

104. Buchwald ZS, Wynne J, Nasti TH, Zhu S, Mourad WF, Yan W, et al.
Radiation, Immune Checkpoint Blockade and the Abscopal Effect: A Critical
Frontiers in Immunology | www.frontiersin.org 12
Review on Timing, Dose and Fractionation. Front Oncol (2018) 8:612.
doi: 10.3389/fonc.2018.00612

105. Bonta I, Isac JF, Meiri E, Bonta D, Rich P. Correlation between tumor
mutation burden and response to immunotherapy. J Clin Oncol (2017) 35
(15_suppl):e14579–9. doi: 10.1200/JCO.2017.35.15_suppl.e14579

106. Demaria S, Formenti SC. Radiation as an immunological adjuvant: current
evidence on dose and fractionation. Front Oncol (2012) 2:153. doi: 10.3389/
fonc.2012.00153

107. LeCouter J, Moritz DR, Li B, Phillips GL, Liang XH, Gerber HP, et al.
Angiogenesis-independent endothelial protection of liver: role of VEGFR-1.
Science (2003) 299(5608):890–3. doi: 10.1126/science.1079562

108. Chao Y, Li CP, Chau GY, Chen CP, King KL, Lui WY, et al. Prognostic
significance of vascular endothelial growth factor, basic fibroblast growth
factor, and angiogenin in patients with resectable hepatocellular carcinoma
after surgery. Ann Surg Oncol (2003) 10(4):355–62. doi: 10.1245/
aso.2003.10.002

109. Suh YG, Lee EJ, Cha H, Yang SH, Seong J. Prognostic Values of Vascular
Endothelial Growth Factor and Matrix Metalloproteinase-2 in
Hepatocellular Carcinoma after Radiotherapy. Digest Dis (2014) 32
(6):725–32. doi: 10.1159/000368010

110. Shigeta K, Datta M, Hato T, Kitahara S, Chen IX, Matsui A, et al. Dual
Programmed Death Receptor-1 and Vascular Endothelial Growth Factor
Receptor-2 Blockade Promotes Vascular Normalization and Enhances
Antitumor Immune Responses in Hepatocellular Carcinoma. Hepatology
(2019) 71(4):1247–61. doi: 10.1002/hep.30889

111. Wu JB, Tang YL, Liang XH. Targeting VEGF pathway to normalize the
vasculature: an emerging insight in cancer therapy. Oncol Targets Ther
(2018) 11:6901–9. doi: 10.2147/OTT.S172042

112. Pollom EL, Deng L, Pai RK, Brown JM, Giaccia A, Loo BW Jr., et al.
Gastrointestinal Toxicities With Combined Antiangiogenic and Stereotactic
Body Radiation Therapy. Int J Radiat Oncol Biol Phys (2015) 92(3):568–76.
doi: 10.1016/j.ijrobp.2015.02.016

113. Katz JB, Muller AJ, Prendergast GC. Indoleamine 2,3-dioxygenase in T-cell
tolerance and tumoral immune escape. Immunol Rev (2008) 222:206–21.
doi: 10.1111/j.1600-065X.2008.00610.x

114. Asghar K, Farooq A, Zulfiqar B, Rashid MU. Indoleamine 2,3-dioxygenase:
As a potential prognostic marker and immunotherapeutic target for
hepatocellular carcinoma. World J Gastroenterol (2017) 23(13):2286–93.
doi: 10.3748/wjg.v23.i13.2286

115. Ishio T, Goto S, Tahara K, Tone S, Kawano K, Kitano S. Immunoactivative
role of indoleamine 2,3-dioxygenase in human hepatocellular carcinoma.
J Gastroenterol Hepatol (2004) 19(3):319–26. doi: 10.1111/j.1440-1746.2003.
03259.x

116. Li S, Han X, Lyu N, Xie Q, Deng H, Mu L, et al. Mechanism and prognostic
value of indoleamine 2,3-dioxygenase 1 expressed in hepatocellular
carcinoma. Cancer Sci (2018) 109(12):3726–36. doi: 10.1111/cas.13811

117. Wang W, Huang L, Jin J-Y, Jolly S, Zang Y, Wu H, et al. IDO Immune Status
after Chemoradiation May Predict Survival in Lung Cancer Patients. Cancer
Res (2018) 78(3):809–16. doi: 10.1158/0008-5472.CAN-17-2995

118. Liu M, Li Z, YaoW, Zeng X,Wang L, Cheng J, et al. IDO inhibitor synergized
with radiotherapy to delay tumor growth by reversing T cell exhaustion.Mol
Med Rep (2020) 21(1):445–53. doi: 10.3892/mmr.2019.10816

119. Yang S, Wei W, Zhao Q. B7-H3, a checkpoint molecule, as a target for cancer
immunotherapy. Int J Biol Sci (2020) 16(11):1767–73. doi: 10.7150/
ijbs.41105

120. Zheng Y, Liao N, Wu Y, Gao J, Li Z, Liu W, et al. High expression of B7−H2
or B7−H3 is associated with poor prognosis in hepatocellular carcinoma.Mol
Med Rep (2019) 19(5):4315–25. doi: 10.3892/mmr.2019.10080

121. Chavez JC, Bachmeier C, Kharfan-Dabaja MA. CAR T-cell therapy for B-cell
lymphomas: clinical trial results of available products. Ther Adv Hematol
(2019) 10:2040620719841581. doi: 10.1177/2040620719841581

122. Ma S, Li X, Wang X, Cheng L, Li Z, Zhang C, et al. Current Progress in CAR-
T Cell Therapy for Solid Tumors. Int J Biol Sci (2019) 15(12):2548–60.
doi: 10.7150/ijbs.34213

123. Shi D, Shi Y, Kaseb AO, Qi X, Zhang Y, Chi J, et al. Chimeric Antigen
Receptor-Glypican-3 T-Cell Therapy for Advanced Hepatocellular
Carcinoma: Results of Phase 1 Trials. Clin Cancer Res (2020) 26(15):3979–
89. doi: 10.1158/1078-0432.Ccr-19-3259
September 2020 | Volume 11 | Article 568759

https://doi.org/10.3390/cancers11121926
https://doi.org/10.3727/105221620X15880179864121
https://doi.org/10.3727/105221620X15880179864121
https://doi.org/10.1055/s-0039-3399534
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1038/nature13954
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://doi.org/10.1158/2159-8290.CD-15-1545
https://doi.org/10.1016/j.ccell.2019.08.007
https://doi.org/10.1182/blood-2002-07-1956
https://doi.org/10.1182/blood-2002-07-1956
https://doi.org/10.1038/nm.3541
https://doi.org/10.1007/s00270-018-1993-1
https://doi.org/10.3389/fonc.2019.01157
https://doi.org/10.1200/JCO.2020.38.15_suppl.4590
https://doi.org/10.1158/1078-0432.CCR-16-1432
https://doi.org/10.1158/1078-0432.CCR-16-1432
https://doi.org/10.1158/1078-0432.Ccr-09-0265
https://doi.org/10.1158/1078-0432.Ccr-09-0265
https://doi.org/10.1200/JCO.2017.76.2229
https://doi.org/10.3389/fonc.2018.00612
https://doi.org/10.1200/JCO.2017.35.15_suppl.e14579
https://doi.org/10.3389/fonc.2012.00153
https://doi.org/10.3389/fonc.2012.00153
https://doi.org/10.1126/science.1079562
https://doi.org/10.1245/aso.2003.10.002
https://doi.org/10.1245/aso.2003.10.002
https://doi.org/10.1159/000368010
https://doi.org/10.1002/hep.30889
https://doi.org/10.2147/OTT.S172042
https://doi.org/10.1016/j.ijrobp.2015.02.016
https://doi.org/10.1111/j.1600-065X.2008.00610.x
https://doi.org/10.3748/wjg.v23.i13.2286
https://doi.org/10.1111/j.1440-1746.2003.03259.x
https://doi.org/10.1111/j.1440-1746.2003.03259.x
https://doi.org/10.1111/cas.13811
https://doi.org/10.1158/0008-5472.CAN-17-2995
https://doi.org/10.3892/mmr.2019.10816
https://doi.org/10.7150/ijbs.41105
https://doi.org/10.7150/ijbs.41105
https://doi.org/10.3892/mmr.2019.10080
https://doi.org/10.1177/2040620719841581
https://doi.org/10.7150/ijbs.34213
https://doi.org/10.1158/1078-0432.Ccr-19-3259
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lee et al. Combination Therapy in Liver Cancer
124. Kaseb AO, Hassan M, Lacin S, Abdel-Wahab R, Amin HM, Shalaby A, et al.
Evaluating clinical and prognostic implications of Glypican-3 in
hepatocel lular carcinoma. Oncotarget (2016) 7(43):69916–26.
doi: 10.18632/oncotarget.12066

125. Crittenden MR, Zebertavage L, Kramer G, Bambina S, Friedman D, Troesch
V, et al. Tumor cure by radiation therapy and checkpoint inhibitors depends
on pre-existing immunity. Sci Rep (2018) 8(1):7012. doi: 10.1038/s41598-
018-25482-w

126. Friemel J, Rechsteiner M, Frick L, Bohm F, Struckmann K, Egger M, et al.
Intratumor heterogeneity in hepatocellular carcinoma. Clin Cancer Res
(2015) 21(8):1951–61. doi: 10.1158/1078-0432.CCR-14-0122

127. Carbone DP, Reck M, Paz-Ares L, Creelan B, Horn L, Steins M, et al. First-
Line Nivolumab in Stage IV or Recurrent Non–Small-Cell Lung Cancer. New
Engl J Med (2017) 376(25):2415–26. doi: 10.1056/NEJMoa1613493

128. Phillips R, Shi WY, Deek M, Radwan N, Lim SJ, Antonarakis ES, et al. Outcomes
of Observation vs Stereotactic Ablative Radiation for Oligometastatic Prostate
Frontiers in Immunology | www.frontiersin.org 13
Cancer: The ORIOLE Phase 2 Randomized Clinical Trial. JAMA Oncol (2020) 6
(5):650–9. doi: 10.1001/jamaoncol.2020.0147

129. Forker LJ, Choudhury A, Kiltie AE. Biomarkers of Tumour Radiosensitivity
and Predicting Benefit from Radiotherapy. Clin Oncol (R Coll Radiol) (2015)
27(10):561–9. doi: 10.1016/j.clon.2015.06.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lee, Tai, Yip, Choo and Chew. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
September 2020 | Volume 11 | Article 568759

https://doi.org/10.18632/oncotarget.12066
https://doi.org/10.1038/s41598-018-25482-w
https://doi.org/10.1038/s41598-018-25482-w
https://doi.org/10.1158/1078-0432.CCR-14-0122
https://doi.org/10.1056/NEJMoa1613493
https://doi.org/10.1001/jamaoncol.2020.0147
https://doi.org/10.1016/j.clon.2015.06.002
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Combinational Immunotherapy for Hepatocellular Carcinoma: Radiotherapy, Immune Checkpoint Blockade and Beyond
	Introduction and Background on Current Treatment Landscape for HCC
	Immune Landscape of HCC
	Radiotherapy (RT) in HCC
	Immune Checkpoint Blockades in HCC
	Combinational Strategies: RT AND ICB
	Future Developments in Combinational Strategies for HCC
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


