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Abstract: The liver tumor immune microenvironment has been thought to possess a critical role
in the development and progression of hepatocellular carcinoma (HCC). Despite the approval of
immune checkpoint inhibitors (ICIs), such as programmed cell death receptor 1 (PD-1)/programmed
cell death ligand 1 (PD-L1) and cytotoxic T lymphocyte associated protein 4 (CTLA-4) inhibitors, for
several types of cancers, including HCC, liver metastases have shown evidence of resistance or poor
response to immunotherapies. Radiation therapy (RT) has displayed evidence of immunosuppressive
effects through the upregulation of immune checkpoint molecules post-treatment. However, it was
revealed that the limitations of ICIs can be overcome through the use of RT, as it can reshape the liver
immune microenvironment. Moreover, ICIs are able to overcome the RT-induced inhibitory signals,
effectively restoring anti-tumor activity. Owing to the synergetic effect believed to arise from the
combination of ICIs with RT, several clinical trials are currently ongoing to assess the efficacy and
safety of this treatment for patients with HCC.

Keywords: hepatocellular carcinoma; immunotherapy; immune checkpoint inhibitors; radiation
therapy; combination therapy

1. Introduction

Hepatocellular carcinoma (HCC) is a prominent health issue with an increasing rate of
worldwide occurrence [1-3]. In 2020, HCC accounted for 906,000 new cases and 830,000 new
deaths, making it the third greatest cause of cancer death [1]. Liver diseases, such as
cirrhosis and chronic viral hepatitis, often result in the development of inflammation,
fibrosis, necrosis, and subsequent regeneration, which will injure and alter the organization
of the liver tissues, contributing to HCC prognosis [4,5]. The main risk factors include
hepatitis C virus (HCV), hepatitis B virus (HBV), alcohol use disorder, and non-alcoholic
steatohepatitis (NASH) [6]. Locoregional therapies such as ablation, arterially directed
therapies, and external beam radiation treatment are often indicated for cases of early- or
intermediate-stage HCC [7-9]. Systemic therapies are used for more advanced stages [10]
and include multityrosine kinase inhibitors (mTKIs) and immune checkpoint inhibitors
(ICIs) [7]. Recent advancements in clinical trials and approvals by the United States Food
and Drug Administration (FDA) led to a shift from relying on the multikinase inhibitor
sorafenib as the frontline treatment for HCC treatment in favor of ICIs, either as single
agents or in combinations such as atezolizumab and bevacizumab [11] or durvalumab plus
tremelimumab [12].
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The immune microenvironment of the liver is modified by HCC [13]. It deregulates
the immune system by altering cytokines, immune cells, inhibitory receptors, and their
ligands [14], which in turn promotes tumor survival and proliferation [15]. Some of the
ways in which radiotherapy advances anti-tumor activity are by promoting T cell immunity,
releasing tumor antigens, and generating reactive oxygen species (ROS) that augment anti-
tumor immunity [13,16,17].

Radiation therapy (RT) may also cause some immunosuppressive effects, such as
the upregulation of immune checkpoint molecules on cytotoxic T cells or on the tumor
cells [18]. The addition of ICIs to radiation can help overcome these effects, bringing about
a synergistic outcome. RT also causes the regression of cancer cells outside of the field of
radiation, a phenomenon referred to as an abscopal effect. It has been suggested that ICIs
can intensify this effect [19]. Currently, there is no consensus on the ideal timing sequence
for the combination of ICIs and RT. Understanding the hepatic immune microenvironment
and the mechanism of action of ICIs and RT may provide some insight into the optimal
combination sequence.

A literature search was conducted through PubMed and Google Scholar to look for
the studies relating to the combination therapy of RT plus ICIs in the treatment of HCC.
The keywords included were the names of each ICI that has been used to treat HCC
along with the words: “radiation”, “combination”, “immunotherapy”, and “hepatocellular
carcinoma”.

In this review, we will discuss what makes the liver an immunogenic organ and the
implications on possible treatment plans. Secondly, we will explore the available ICIs for
HCC treatment, as well as the differences between monotherapy and combination therapy.
Thirdly, we will go into the different types of radiation therapies available and the immune
system’s response to them. Finally, we will investigate the potentially synergetic effect of
combining RT and ICIs by examining relevant clinical trials.

2. The Hepatic Inmune Microenvironment

The liver is an organ that has the ability to mount an immune response as it is rich in
immune cells; thus, it creates a link between the gastrointestinal (GI) and immune systems,
allowing the liver to respond to pathogens incoming from the GI tract [20]. The small
diameters of the sinusoidal structures of liver cells along with small rises in systemic venous
pressure result in the stasis of blood flow, which favors the presentation of antigens to
immune cells and facilitates extravasation of lymphocytes [21]. The immune cells resident
in the liver include natural killer cells, natural killer T cells and Kupffer cells (macrophages)
belonging to the innate immune response, and B and T cells (e.g., CD4" and CD8" T cells)
belonging to the adaptive immune response [21].

In case of lesions to the liver, Kupffer cells promote cytokine and chemokine produc-
tion, which triggers the recruitment of immune cells [22]. More specifically, evasion of the
immune system and tumor development by Kupffer cells and other monocyte-derived
tumor-associated macrophages can occur through different routes, such as the release of
immunosuppressive cytokines (e.g., interleukin-10 (IL-10), transforming growth factor-f3
(TGF-f3)), the expression of programmed cell death ligand 1 (PD-L1), the downregulation
of class II major histocompatibility complex (MHC-II) and costimulatory markers (e.g.,
CD80, CD86), the recruitment of CD4" T helper cells expressing IL-17 and regulatory T cells,
and the triggering of angiogenesis. In patients with HCC, the overexpression of immune
checkpoint markers, such as PD-L1, programmed cell death receptor 1 (PD-1), and cyto-
toxic T lymphocyte associated protein 4 (CTLA-4), on cells results in T cell exhaustion [23].
Dendritic cells, as antigen-presenting cells (APCs), possess the ability to intercept antigens
in circulation and traffic them to T cells in draining lymph nodes [21]. In HCC patients, this
process is hindered as tumor cells release cytokines and chemokines that recruit high levels
of CD4*CD25"FoxP3* regulatory T cells, which are accompanied by a decrease in CD8*
T cell infiltration at the tumor sites and a significant reduction in CD8* T cell expression
of granzyme A, granzyme B, and perforin. These events were found to correlate with
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compromised immunity, HCC progression, and increased mortality [24]. Similarly, a study
looking to characterize myeloid-derived suppressor cells (MDSCs) in patients with HCC
found that they were present at significantly higher levels in the tumors and peripheral
blood of HCC patients compared to healthy individuals and that upon coculture with
autologous CD4* T cells they promoted the expansion of CD4*CD25*FoxP3* regulatory
T cells and inhibited T cell proliferation and activation [25]. In addition, patients with
breast, prostate, and colorectal cancers, melanomas, or non-small cell lung cancers with
liver metastases were found to have a reduction in the number of intratumoral T cell clones,
a decreased diversity of T cells, and a reduced effector function of CD8* T cells. These
findings were not observed in cancers with lung metastases [13].

In murine models, liver metastases were also shown to siphon active CD8* T cells
away from systemic circulation, to reduce the number of CD4* T cells, and to recruit
immunosuppressive macrophages that induce apoptosis of antigen-specific T cells in the
liver. These high levels of hepatic CD11b*F4/80" myeloid cells in liver metastases are
suggested to be involved in resistance to treatment with immunotherapy as the activation
of the T cell apoptosis pathway was revealed to occur by direct cell contact with myeloid
cells through the binding of the ligands Fas and FasL, which were found to be highly
expressed in T cells and hepatic myeloid cells, respectively. Additionally, expression of
FasL on hepatic macrophages was significantly higher than that of lung macrophages [13].

3. Immunotherapies for Hepatocellular Carcinoma
3.1. Immunotherapies Available for HCC

Following the approval of atezolizumab (anti-PD-L1) plus bevacizumab, an anti-
vascular endothelial growth factor A (anti-VEGF-A), as first-line therapy for unresectable
HCC in 2020, treatment with ICIs has generated growing interest for the treatment of HCC.
The combination of atezolizumab plus bevacizumab in IMbravel50, a global, multicenter,
open-label, phase 3 randomized trial, resulted in superior outcomes in terms of overall
survival (OS) and progression-free survival (PFS) over the tyrosine kinase inhibitor so-
rafenib, which had previously been the standard of systemic therapy for patients with
advanced HCC (OS at 12 months: 67.2% vs. 54.6%; median PFS: 6.8 months vs. 4.3 months;
p < 0.001) [11]. Another phase 2/3 randomized trial investigating the combination of
sintilimab (anti-PD-1) plus IBI305 (a bevacizumab biosimilar) as first-line therapy revealed
increased OS and PFS over sorafenib (median OS: NA vs. 10.4 months; median PFS:
4.6 months vs. 2.8 months; p < 0.0001) in patients with unresectable HBV-related HCC [26].
In the more recent randomized, open-label, sponsor-blind, multicenter, global, phase 3 HI-
MALAYA trial, durvalumab (anti-PD-L1) monotherapy was found to be non-inferior to
sorafenib (16.56 months vs. 13.77 months, respectively; p = 0.0035) and the combina-
tion of durvalumab plus tremelimumab (anti-CTLA-4) was shown to improve median
OS over sorafenib (16.43 months vs. 13.77 months, respectively; p = 0.0035) in patients
with unresectable HCC [12]. Updated findings were recently reported by the European
Society for Medical Oncology (ESMO), in which the combination of durvalumab plus
tremelimumab was found to yield a higher 4-year OS rate compared to sorafenib (25.2%
vs. 15.1%, respectively) [27]. Currently, nivolumab (anti-PD-1) monotherapy, nivolumab
plus ipilimumab (anti-CTLA-4), pembrolizumab (anti-PD-1), ramucirumab (anti-VEGF-R2),
cabozantinib (mTKI), and regorafenib (mTKI) monotherapy are approved by the FDA
as second-line therapy for unresectable HCC following the results of several clinical tri-
als [28-33]. Results from a phase II study evaluating treatment with tislelizumab (anti-PD-1)
as second-line therapy in patients with unresectable HCC have demonstrated an acceptable
safety and tolerability profile with an overall response rate (ORR) of 12.4%, a median
PFS of 2.7 months, and median OS of 12.4 months [34]. Tislelizumab is currently under
study in comparison with sorafenib as first-line therapy in a phase 3 trial in patients with
unresectable HCC (NCT03412773). Similarly, camrelizumab (anti-PD-1) was investigated as
second-line treatment in a phase 2 trial for patients with advanced HCC and demonstrated
anti-tumor activity with an ORR of 14.7%, median PFS of 2.1 months, and a median OS
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of 13.8 months [35]. A phase 3 trial looking to compare camrelizumab plus apatinib (a
VEGF-R2 inhibitor) versus sorafenib as first-line therapy for patients with advanced HCC
reported significantly improved outcomes in the combination group over sorafenib (median
OS: 22.1 vs. 15.2 months; median PFS: 5.6 vs. 3.7 months, respectively; p < 0.0001) [36].
Moreover, toripalimab (anti-PD-1) plus anlotinib (a VEGF-R2 inhibitor) showed promising
results as first-line therapy for patients with unresectable HCC with an ORR of 29%, median
PFS of 11 months, and median OS of 18.2 months [37].

3.2. Mechanism of Action of Immune Checkpoint Inhibitors

Immune checkpoint molecules correspond to ligand-receptor pairs expressed on
immune cells, APCs, and tumor cells possessing inhibitory or stimulatory functions,
which serve to mediate the innate and adaptive immune responses. The presence of
these molecules on tumor cells does not only facilitate escape from the immune system but
is also involved in maintaining tumor activities, such as epithelial-mesenchymal transition,
self-renewal, metastasis, resistance to anti-tumor drugs, angiogenesis, and anti-apoptosis,
among others [38]. Examples of inhibitory immune checkpoint receptors include CTLA-4,
PD-1, T cell immunoglobulin and mucin domain 3 (TIM-3), lymphocyte activation gene 3
(LAG-3), and killer immunoglobulin-like receptors (KIRs) [39].

The activation or inhibition of the immune response begins with the binding of the
MHC receptors on T cells to the tumor-associated antigens (TAMs) on APCs. This process
also requires additional costimulatory or coinhibitory binding associations, which constitute
the basis of the immune checkpoint. For instance, the costimulatory marker CD28 on T cells
binds to CD80 (B7-1) and CD86 (B7-2) on APCs. The result of both signals is the activation of
the immune response as T cells proliferate and cytokines are released [40]. CTLA-4, which
is expressed on active CD4*, CD8", and regulatory T cells, is upregulated following T cell
activation and acts as a competitive inhibitor of CD28 and binds to its receptors with higher
affinity, thus diminishing T cell costimulation and curtailing the T cell response [40-42].
While its role under healthy conditions is to modulate T cell activity by inhibiting excessive
T cell activation, CTLA-4, in the context of cancer, prevents the proliferation and activation
of tumor-specific T cells [43]. Anti-CTLA-4 ICIs, such as ipilimumab and tremelimumab,
bind to the CTLA-4 receptor in order to lift the inhibitory signal and favor the activation
and proliferation of T cells and, therefore, the enhancement the immune response [40,44].
Similarly, anti-PD-1 and anti-PD-L1 ICIs serve to block binding at the PD-1/PD-L1 or
PD-1/PD-L2 checkpoints and prevent the interaction between T cells and other immune
cells (e.g., B cells, myeloid cells) expressing PD-1 and tumor cells, APCs, and other immune
cells expressing PD-1 ligands [45]. In the absence of these ICIs, the binding between PD-
1 and PD-L1 allows tumor cells to evade immune detection by the inactivation of T cells
through the dephosphorylation of T cell-activating kinases [46]. In addition, the prevention
of interleukin-2 (IL-2), interferon-y (IFN-7), and tumor necrosis factor-o (TNF-a) release
and the decrease in T cell survival are characteristic of both CTLA-4 and PD-1 signaling.
However, these pathways differ in the timing and location of their inhibitory functions
as CTLA-4 acts in the lymph nodes early in the immune response during T cell priming
while PD-1 generally acts later in the immune response during the T cell effector phase in
peripheral tissues [45].

Table 1 summarizes the timing, location, and mechanisms of action of several ICIs that
have been administered to patients with HCC.
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Table 1. Role of several immune checkpoint inhibitors used to treat hepatocellular carcinoma.

Immune Checkpoint

Timing and Location in

Inhibitors Target Immunity Cycle [45] Mechanism of Action [41,45]
Ipilimumab CTLAA T cell priming phase in Anti-CTLA-4 binds to the CTLA-4 receptor on CD4*, CD8*, and
Tremelimumab : lymph nodes regulatory T cells allowing T cell costimulation and activation
Nivolumab
Pembrolizumab
Sintilimab PD-1 T cell effector phase in Anti-PD-1 binds to the PD-1 receptor on T cells, B cells, and
Tislelizumab } peripheral tissues myeloid cells, allowing immune detection of tumor cells
Camrelizumab
Toripalimab
Atezolizumab T cell effector phase in Anti-PD-L1 binds to PD-L1 on APCs, tumor, and other immune
PD-L1 . . L :
Durvalumab peripheral tissues cells, allowing immune detection of tumor cells

CTLA-4: Cytotoxic T lymphocyte-associated protein 4; PD-1: programmed cell death receptor 1; PD-L1: pro-
grammed cell death ligand 1; APCs: antigen-presenting cells.

3.3. Combination of Immune Checkpoint Inhibitors

Combinations of ICIs, such as atezolizumab plus bevacizumab and tremelimumab
plus durvalumab, have shown promising additive anti-tumor activity for patients with
HCC [11,12]. In the HIMALAYA trial, a single dose of tremelimumab (anti-CTLA-4) was
given as a priming dose and was followed by durvalumab (anti-PD-L1), which was given
every 4 weeks to patients with unresectable HCC [12]. Similarly, the CheckMate 040 trial
aimed to assess different dosing plans of nivolumab (anti-PD-1) plus ipilimumab (anti-
CTLA-4) in HCC patients that had received sorafenib treatment and reported the highest
ORR in the treatment arm that received nivolumab plus a higher dose of ipilimumab
(4 doses/every 3 weeks) followed by nivolumab every 2 weeks [29]. The rationale behind
administering a priming dose of an CTLA-4 inhibitor followed by a PD-L1 inhibitor is
that anti-CTLA-4 drugs can restore cytotoxic T cell activation in lymphoid tissues, which
would consequently result in increased CD8* T cell infiltration at the tumor site. In the
absence of CTLA-4 blockers, the inhibition of the PD-1/PD-L1 checkpoint would not lead to
anti-tumor activity as T cells would have been inactivated in the priming phase, and since
they have not yet reached the effector phase they would be absent from tumor tissues [43].
In addition, the combination of VEGF blockers (e.g., bevacizumab or ramucirumab) with
PD-1/PD-L1 ICIs has displayed the ability to remodel the immunosuppressive microenvi-
ronment characteristic of tumor growth. In the case of solid tumors, such as HCC, VEGF is
secreted by hypoxic tumor cells and vascular endothelial cells, and leads to the recruitment
of regulatory T cells, TAMs, and MDSCs, which in turn release additional VEGF and
immunosuppressive cytokines (e.g., IL-10, TGF-B). VEGF also affects both the priming
and effector stages by suppressing the maturation of dendritic cells and the presentation of
antigens and by inhibiting the infiltration of activated T cells into cancer tissues, respec-
tively. Consequently, anti-VEGF drugs facilitate the restoration of an immunostimulatory
microenvironment. This is carried out through (1) a decrease in the production and release
of regulatory T cells, TAMs, MDSCs, IL-10, and TGF-§, (2) the enhancement of CD8" T cell
activation in the priming stage by promoting dendritic cell antigen presentation, and (3) the
normalization of tumor vasculature to allow the migration of activated T cells to the cancer.
The addition of PD-1/PD-L1 ICIs serves to promote the anti-tumor response by activated T
cells [47]. Currently, the TRIPLET-HCC phase 2/3 trial (NCT05665348) is planned to assess
the efficacy and safety of combining an anti-CTLA-4 with an anti-PD-L1 and an anti-VEGF
agent in patients with HCC by comparing treatment with ipilimumab plus atezolizumab
and bevacizumab to the atezolizumab plus bevacizumab combination [48].
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4. Radiotherapy
4.1. Immunological Effect of Radiation Therapy
4.1.1. Effect on the Immune System

The tumor microenvironment (TME) of liver carcinoma comprises tumor cells, tumor-
associated fibroblasts, hepatic non-parenchymal resident cells, and immune cells [49].
Tumor growth is facilitated by cytokines and chemokines that are secreted by the liver, as
they create an immunosuppressive microenvironment by promoting angiogenesis, immune
evasion, and a decreased incidence of apoptosis [50]. Radiotherapy can make the TME
more susceptible to treatment by inducing immunogenic effects and several types of cell
death such as necrosis, apoptosis, necroptosis, and autophagy [49].

Cell death causes DNA to accumulate in the cytosol which stimulates the production
of type 1 interferons [51,52]. Type 1 interferons have been shown to confer anti-tumor
activity by stimulating innate and adaptive immunity [53]. Radiation also promotes the
release of danger-associated molecular patterns (DAMPs) and tumor antigens, activates
APCs, and primes the T cells in lymph nodes [17]. Another important impact of RT is
the production of ROS, which can alter macromolecules including proteins and DNA to
increase their antigenicity [16]. Lastly, RT increases the immunogenicity of the tumor cells
by increasing the expression of major histocompatibility complex class I (MHC-I) and
FAS [54,55].

The term “abscopal effect” refers to the regression of tumors at distant non-irradiated
sites [56]. It has been proposed that when radiation-induced immunogenic cell death
occurs, DAMPs are released, which facilitate tumor antigen presentation [57]. Furthermore,
there is an upregulation in antigen presentation due to the increase in MHC-I on tumor
cells. This increase in antigen presentation is likely responsible for the abscopal effect [56].

4.1.2. Radiation-Induced Liver Disease

Along with the killing of tumor cells, radiation causes tissue atrophy outside the tumor
target site [56]. Radiation-induced liver disease (RILD) is a major drawback to the use
radiation. It can occur at any time post-radiation, usually within the first 3 months after
RT. Radiosensitive cells in the liver such as hepatic non-parenchymal cells, Kupffer cells,
hepatic stellate cells, and sinusoidal endothelium cells secrete substances when they are
radio-induced, which can result in liver fibrosis [58,59].

There are two types of RILD: classical and non-classical. Patients suffering from
classical RILD exhibit fatigue, weight gain, abdominal pain, enlargement of the abdomen,
anicteric ascites, and an increase in alkaline phosphatase levels. These symptoms usu-
ally appear 1-4 months post-RT [59-61]. An important marker of classical RILD is the
elimination of the central vein lumina due to the trapping of erythrocytes in a matrix of
reticulin and collagen fibers, which creates vascular tightening and hypoxia in the central
area. This hypoxia damages the centrilobular hepatocytes and the inner hepatic plate,
resulting in hepatic dysfunction [60,62]. Non-classical RILD occurs in patients that have an
underlying chronic liver disease such as cirrhosis and chronic viral hepatitis, as they have a
deregulated liver with jaundice and/or elevated serum transaminase levels. The symptoms
appear approximately 3 months after RT, and they may be associated with irreversible
damage [59,60,63].

4.2. Target Population for Radiation

Most HCC patients do not develop symptoms until the tumor is at a developed
stage, resulting in late detection, which makes them not eligible for potentially curative
surgical treatments, such as resection and liver transplantation [64,65]. These patients
generally benefit most from locoregional therapies such as external beam radiation therapy
(EBRT) [66]. In a phase 3 randomized trial, RTOG-1112, patients with advanced HCC
treated with stereotactic body radiation therapy (SBRT) plus sorafenib exhibited increased
median OS (15.8 vs. 12.3 months; p = 0.0554) and median PFS (9.2 vs. 5.5 months) over
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patients treated with sorafenib alone [67], thus establishing EBRT as standard of care for
patients with HCC.

Ionizing radiation causes direct and indirect breaks in double stranded DNA, which
damages cells’ ability to carry out DNA replication [68,69]. Liver cancer is moderately to
highly sensitive to radiation [70]; in addition, the liver is an organ which has the ability
to regenerate normal tissue after radiation-caused damage [71]. Radiotherapy can be
categorized into definitive/ablative, palliative, consolidative, and adjuvant [66]. Palliative
RT is given to patients with advanced and symptomatic HCC to alleviate symptoms such
as pain [72]. Definitive RT refers to treatment in which the patient is given a higher dose of
radiation with the goal of eradicating the tumor [73,74]. Consolidative radiation is given
after complete response (CR) to systematic therapies, such as chemotherapy, to decrease the
risk of reoccurrence and produce favorable outcomes for the patients [75]. Even when all
the visible parts of the tumor have been resected in surgical treatment, microscopic residual
tumor cells may remain undetected, which may lead to recurrence [76]. A study showed
that adjuvant radiation as a post-operation treatment is highly effective for patients who
underwent narrow margin hepatectomy. The 5-year OS rate was 72.2%, which significantly
exceeds the rates in published comparable reports where adjuvant RT was not used on HCC
with a resection margin of <1 cm, such as 46.7% [77] 49.1% [78], and 26.7% [79]. Moreover,
the 3-year and 5-year DFS rates were found to be 68.1% and 51.6%, respectively, with no
RILD or margin failure [80].

4.3. Types of Radiation Therapy
4.3.1. Three-Dimensional Conformal Radiation Therapy

Three-dimensional conformal radiation therapy (3DCRT) is a type of EBRT that uses
computed tomography (CT) scans to map out the full tumor along with the surrounding
environment in the liver and create a plan to deliver a shaped dose of high-energy photon
beams to the target, all while protecting the at-risk adjacent organs [81]. The radiation is
made up of multiple photon beams with energies up to 15 MV, as well as non-coplanar
beams to ensure better concurrence [82,83]. This technique is mostly used in the pallia-
tive setting.

4.3.2. Intensity-Modulated Radiation Therapy

Further development in RT techniques led to the creation of intensity-modulated
radiation therapy (IMRT), which further expanded the scope of RT from being a traditionally
palliative treatment to a curative one. IMRT can deliver a highly precise and conformal dose
of radiation using multiple beams, each with varying intensities [84]. The conformal field
in IMRT is divided into multiple subfields to administer a non-uniform distribution. This
divide allows for a more precise delivery of radiation, where radiation-resistant parts of
the tumor receive higher doses and sensitive areas receive lower doses, using either a cone
down or a simultaneous integrated boost or dose painting [85,86]. These improvements
are accounted for in a study by Yoon et al. that compared the efficacy of 3DCRT to helical
IMRT (h-IMRT) in treating patients with HCC. The local control rate (LCR) for 3DCRT
and h-IMRT was 28% and 47% (p = 0.007), respectively, and the rate of OS for 3DCRT and
h-IMRT was 14% and 33% (p < 0.001), respectively [87].

4.3.3. Proton Beam Therapy

Proton beam therapy (PBT) can be better than photon beam therapies at protecting
organs at risk (OARs), especially the healthy liver parenchyma, due to the lack of exit dose.
In liver tumors, the normal surrounding tissues of liver, biliary ducts, and GI tract are
sensitive to radiation and thus are a big limiting factor. As a result, PBT is increasingly
being studied as a treatment option for HCC patients [88]. Proton beams, like photon
beams, collide with DNA and generate reactive oxygen species (ROS), resulting in DNA
damage and cytotoxicity [89]. However, the large and charged nature of protons, as
opposed to the uncharged and massless nature of photons, makes proton therapies more
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efficient at producing DNA damage [90]. Most of the energy in protons is retained until
it reaches the tumor site, where the remaining energy is lost over a very short distance.
This is what results in the distinctive “Bragg peak”, which forms when the tissue rapidly
absorbs the dose. This higher level of conformity and control is what allows the sparing of
surrounding healthy tissues and organs [91]. Most institutions have come to the agreement
that the relative biological effectiveness (RBE) of PBT is 1.1, when compared to photon
beam therapies. This means that a proton dose of 1 Gy is equivalent in effect to a photon
dose of 1.1 Gy [92].

4.3.4. Stereotactic Body Radiation Therapy

Stereotactic body radiation therapy (SBRT) uses hypo-fractionated beams of radiation
with very high precision to control up to 90% of an HCC tumor region [93]. It makes use of
image guidance and minimizes motion to deliver the high doses safely. Compounding the
high doses into a few fractions lowers the chance of the tumor repopulating or carrying
out DNA repair, making the dose more effective [69]. SBRT has been recognized as an
alternative treatment for patients that are not eligible for standard therapies such as surgery
or ablation [93,94]. It can make use of either protons or photons, depending on the condition
and location of the target. A study that compared photon SBRT using volumetric modulated
arc therapy (VMAT) to proton SBRT using intensity-modulated proton therapy (IMPT)
in prostate cancer found that VMAT achieves greater conformity and OAR sparing [95].
On the other hand, a different study that also compared proton SBRT to photon SBRT in
unresectable HCC found that proton SBRT resulted in greater OS and a decreased risk of
RILD [96].

5. Rationale for Combination Therapy
5.1. Rationale for the Potential Synergy between Radiotherapy and Immunotherapy in HCC

Treatment of HCC patients with either immunotherapy or RT alone presents certain
drawbacks. The limitation of treatment with RT alone lies in the property of liver tumors
in acquiring radio-resistance post-radiation through the upregulation of PD-L1, which
leads to CD8* T cell inhibition and immune evasion [97]. In addition, RT promotes the
upregulation of CTLA-4, PD-1, PD-L1, and VEGF [18]. In the case of immunotherapy, it has
been reported in pre-clinical and clinical studies that liver metastases derive a decreased
benefit from the treatment due to liver tumors’ immunosuppressive microenvironment as
liver tumors have been shown to recruit immunosuppressive MDSCs, which suppress T
cell function, leading to immunotherapy resistance [13].

The rationale for combining RT with immunotherapy stems from the characteristics of
each treatment in overcoming the other’s limitations, thus achieving a synergetic anti-tumor
effect. For instance, high-dose liver RT was found to cause a reduction in MDSCs in the
peripheral blood and tumor tissues of mouse models transplanted with liver tumors, which
proved to be essential in achieving an abscopal effect when the irradiated tumors were inoc-
ulated in off-target locations [98]. Similar results were reported in mouse models whereby
RT reshaped the liver tumor microenvironment through the decrease in chemokines CCL2,
CCL11, and CXCL2, which are responsible for inducing MDSC trafficking in the liver. In
addition, RT resulted in higher infiltration and decreased apoptosis of hepatic T cells in
the liver tumor microenvironment [13]. A study evaluating the frequency of MDSCs in
HCC patients receiving IMRT or 3DCRT reported an average MDSC frequency of 17% prior
to radiation, which was decreased to 13% post-radiation [99]. Meanwhile, the addition
of PD-1 or PD-L1 blockers allows the restoration of the anti-tumor activity of radiation-
induced exhausted CD8* T cells, and the addition of CTLA-4 blockers serves to overcome
the RT-induced inhibitory signals on APCs and regulatory T cells. Combination with VEGF
blockers would also enhance the immune response through the reduction of infiltrating
TAMs and regulatory T cell levels and the activation of CD8* T cells [18]. Another study
that stressed the importance of including RT evaluated the health outcomes of 76 patients
with HCC, 33 (43.4%) of which were administered a triple therapy of ICI, anti-angiogenic
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agent, and RT, while 43 (56.6%) received only ICIs and anti-angiogenic agents. The triple
therapy group demonstrated a higher ORR of 75.9% vs. 24.1%. Moreover, the addition of
RT slowed down the progression of residual liver dysfunction, which incurred a survival
benefit in the patients [100].

5.2. Pre-Clinical Studies on Combination Therapy in HCC

Several pre-clinical studies have reported on the synergetic anti-tumor responses
induced by the combination of RT with PD-1 or PD-L1 blockers. In a study conducted by
Kim et al., in which murine HCC models were given a single dose of 10 Gy RT followed by
four injections of anti-PD-L1 administered in 3-day intervals post-RT or either treatment
alone, the combination arm revealed significant tumor growth suppression compared to
the other groups and a significantly higher 7-week survival rate (90% in the combination
group vs. 30% in the radiation group vs. 0% in the anti-PD-L1 group; p < 0.001) [101]. In
another study, orthotopic HCC murine models given anti-PD-1 antibodies with concurrent
30 Gy SBRT in three fractions were found to have higher levels of CD8* T cell infiltration at
the tumor site, significantly delayed tumor growth, and improved survival [102]. Similarly,
mice with subcutaneous and liver tumors treated with RT, anti-PD-L1, or the combination
of both were found to exhibit significantly higher T cell infiltration within the subcutaneous
tumor in the combination group, while T cell levels did not increase in the anti-PD-L1 group,
and RT alone was not sufficient to modulate the amount of T cells by itself. In addition,
the combination group displayed improved prolonged survival and regression of the
subcutaneous and liver tumors [13]. Finally, a pre-clinical study looking to assess the
abscopal effects in the tumors of syngeneic HCC mouse models given RT with or without
anti-PD-1 antibodies found significantly an enhanced abscopal effect within the irradiated
and non-irradiated tumors in the combination arm, in addition to higher infiltration of
activated CD8" T cells [103].

5.3. Timing of Radiotherapy and Immunotherapy Treatment

Although ICIs can be given prior to, concurrently, or after radiation, there is currently
no clinical consensus on the optimal treatment sequence for the combination. A pre-clinical
study looking to compare three combination regimens in colorectal, breast, and melanoma
tumor mouse models demonstrated that administering anti-PD-L1 concurrently with RT
achieved long-term tumor control rather than when it was administered 7 days post-RT. In
addition, the authors reported peak PD-L1 expression on tumor cells 3 days post-RT with a
significant decline as of day 7 [104]. Moreover, a mathematical model simulating the effect
of combining RT with ICIs, based on trial data of HCC patients treated with durvalumab
(anti-PD-L1), demonstrated that maximal response is observed when RT and ICIs are given
concurrently and that there is a significant reduction in response when the timing between
the end of RT and the start of ICIs increases [105]. In another pre-clinical study, anti-CTLA-
4 was administered in mammary tumor mouse models either 7 days before, 1 day after,
or 5 days after RT and the best tumor control was achieved when anti-CTLA-4 was given
prior to RT. The authors propose that this is partly due to anti-CTLA-4’s ability to deplete
regulatory T cells [106]. These studies suggest that the optimal timing for the delivery of
ICIs with radiation depends on the mechanism of action of the chosen ICI. Further patient
studies on the ideal treatment sequence for ICIs with RT in HCC patients are required to
confirm these findings in clinical settings.

6. Current Trials
6.1. Clinical Trials for RT Plus ICIs in HCC Patients

Several clinical trials have investigated the combination of RT and ICIs as a treatment
plan for patients with HCC. Many of those trials differ by the type of ICI or RT used and the
time at which each type of medication was administered (Table 2). One such study reported
on HCC patients treated with the combination of neoadjuvant or adjuvant atezolizumab
plus bevacizumab and/or concurrent atezolizumab, followed by IMRT, PBT, or 3DCRT.
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The authors concluded that the combined treatment plan is safe and does not cause liver
decompensation or acute hepatitis since liver enzyme levels remained stable for up to
2 months after RT. Moreover, patients receiving the combined therapy (atezolizumab plus
bevacizumab as neoadjuvant, concurrent, or adjuvant therapy) had faster recovery times for
absolute lymphocyte counts (ALCs) compared to patients who had only received RT [107].

Other clinical trials studied administering RT prior to ICIs. A phase 1 clinical trial
looking at 13 advanced or unresectable HCC patients treated with SBRT, followed by
nivolumab and/or ipilimumab 2 weeks later, reported dose-limiting toxicities occurring
within 6 months in 2 patients (1 in the nivolumab group and 1 in the nivolumab plus
ipilimumab group). Moreover, the combined use of nivolumab plus ipilimumab produced
better outcomes than the use of nivolumab alone (ORR: 57% vs. 0%, median OS: 41.6 vs.
4.7 months, median PFS: 11.6 vs. 2.7 months, respectively; p < 0.05) [108]. A case series
evaluated five patients with unresectable HCC treated with SBRT followed by nivolumab
monotherapy two weeks later, four of which received transarterial chemoembolization
(TACE) 4 weeks prior to RT. The authors reported a median PFS of 14.9 months, an ORR
and LCR of 100%, and no incidence of classical RILD [109]. Another study investigated
the health outcomes of unresectable HCC patients who were treated with upfront RT,
including those receiving concurrent nivolumab and RT or receiving RT at a median of
3.8 months before nivolumab was administered, or salvage RT at 4 weeks after initiation
of nivolumab. The ORR was higher in the upfront RT arm (34.6%) compared to the
salvage RT arm (11.1%) and no significant differences in ORR were observed within the
upfront RT group between patients receiving concurrent or neoadjuvant RT (38% vs. 33%,
respectively) [110]. A similar retrospective study that looked into patients with advanced
HCC who were treated with previous or concurrent RT with nivolumab focused on the
Child-Pugh (CP) and albumin-bilirubin (ALBI) scores. The mean increase in CP and ALBI
at 1 month was 0.46 (95% CI 0.22-0.60) and 0.10 (95% CI 0.02-0.18), respectively, and 0.08
(95% CI —0.40-0.56) and 0.02 (95% CI —0.32-0.36) at 6 months, respectively. In addition,
patients receiving prior RT presented with a higher rate of grade 3+ toxicities than those
receiving concurrent RT (21.3% vs. 8.1%, respectively; p = 0.035) [111]. Lastly, a clinical
trial compared the effectiveness of administering SBRT followed by nivolumab to TACE
only. The SBRT-nivolumab group had significantly higher 12- and 24-month PFS (93.3%
vs. 16.7% and 77.8% vs. 2.1%, respectively; p < 0.001) and OS (93.8% vs. 31.3% and 80.4%
vs. 8.3%, respectively; p < 0.001) than those of the TACE group. Moreover, the ORR for the
SBRT-nivolumab arm was 87.5%, which was significantly higher than the 16.7% ORR of
those receiving TACE (p < 0.001) [112].

Other clinical trials studied the health outcomes of treating HCC patients with RT and
ICIs concurrently. A phase 2 clinical trial investigating the health outcomes of unresectable
HCC patients who were treated with palliative SBRT and camrelizumab simultaneously
reported an ORR of 52.4%, a PFS of 5.8 months, and OS of 14.2 months. In addition,
no patient developed grade 4/5 treatment-related adverse events (TRAEs) [113]. In a
retrospective study looking at advanced HCC patients who had received anti-PD1/PD-
L1 followed by PBT within a month of the ICI, 12 patients were given a combination of ICIs
with tyrosine kinase inhibitors, anti-VEGF, or other ICIs (4 with nivolumab plus sorafenib
or lenvatinib; 6 with bevacizumab plus nivolumab or atezolizumab; and 2 with nivolumab
plus ipilimumab), and 17 patients received anti-PD-1 monotherapy (15 nivolumab and
2 pembrolizumab). PBT was delivered with curative intent or palliative control in 13 and
16 patients, respectively. Patients receiving curative-intent PBT achieved a higher ORR
(61.5% vs. 43.8%; p = 0.340) and medium overall PFS (27.2 months vs. 15.9 months; p = 0.118)
compared to patients who were given palliative-intent PBT [114].

Table 2 provides a summary of the clinical studies mentioned in this review, which in-
volve the combination treatment of RT and ICls with or without other agents in HCC patients.
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Table 2. Studies on the combination of RT with ICIs and/or TKIs and/or locoregional therapies in HCC patients.

Paper Treatment Arms Immunotherapeutic Drugs RT Type Combination Treatment Sequence Primary Endpoint
IMRT or PBT Neoadjuvant or adjuvant
Manzar et al. [107] RT + anti-PD-L1 + anti-VEGF Atezolizumab, bevacizumab or 3DCRT atezolizumab plus bevacizumab mOS: 16.1 months
and/or concurrent atezolizumab
. . . . Dose-limiting toxicity occurring
Juloori et al. [108] RT +anti-PD-1 + a.mt1—CTLA—4 Ve Nivolumab, ipilimumab SBRT Neoadjuvant RT 2 weeks prior to within 6 months of RT: 1 patient vs.
RT + anti-PD-1 ICIs .
1 patient
TACE + RT + anti-PD-1 (4 patients) . . mPFS: 14.9 months
Chiang et al. [109] and Nivolumab SBRT neoa:fdA'l(J:\ir%t vg;ezk ivzrelli)sr t(;igg t-(: ICT 1-year LCR: 100%
RT + anti-PD-1 (1 patient) ) P 1-year OS rate: 100%
. Upfront RT + anti-PD-1 vs. . SBRT (in 47% Concurrent or neoadjuvant RT vs. ) o o
Smith et al. [110] Salvage RT + anti-PD-1 Nivolumab of cases) adjuvant RT ORR: 34.6% vs. 11.1%
: o e o
Smith et al. [111] RT + anti-PD-1 Nivolumab SBRT (in 63.2% Neoadjuvant vs. concurrent RT Rate of §rade 34? toxicities: 21.3% vs.
of cases) 8.1% of patients (p = 0.035)
RT + anti-PD-1 vs PFS (12 months): 93.3% vs. 16.7%
Chiang et al. [112] TACE ’ Nivolumab SBRT Neoadjuvant RT 2 weeks prior to ICI PFS (24 months): 77.8% vs. 2.1%
(p <0.001)
ORR: 52.4%
Lietal. [113] RT + anti-PD-1 Camrelizumab SBRT Concurrent RT 23.8% of patients had grade 3 TRAEs
No patient had grade 4-5 TRAEs
RT (curative) + Nivolumab or
anti-PD-1/PD-L1 monotherapy or pembrolizumab 1-year PBT infield tumor control:
combination with anti-VEGF or monotherapy; or nivolumab 90.5% vs. 70.8%
mTKI or anti-CTLA-4 vs. plus sorafenib or lenvatinib; 1-year PBT outfield tumor control:
Suetal. [114] RT (palliative) + or bevacizumab plus PBT Concurrent RT 90.9% vs. 69.2%
anti-PD-1/PD-L1 monotherapy or nivolumab or atezolizumab; OR: 61.5% vs. 43.8%
combination with anti-VEGF or or nivolumab plus mPFS: 27.2 vs. 15.9 months
mTKI or anti-CTLA-4 ipilimumab
. . mTKI daily, ORR: 40% vs. 25% (p = 0.152)
Su et al. [115] RT +anti-PD-1 + anti-VEGE vs. Unspecified IMRT concurrent RT (within 7 days of 1at ~ mPFS: 8.7 vs. 5.4 months (p = 0.013)

anti-PD-1 + anti-VEGF

ICI cycle)

mOS: 18.5 vs. 12.6 months (p = 0.043)
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Table 2. Cont.

Paper Treatment Arms Immunotherapeutic Drugs RT Type Combination Treatment Sequence Primary Endpoint
mTKI daily and concurrently with OR rate: 41.7%
. . . ICI, followed by TACE within DCR: 50%
Huang et al. [116] RT + anti-PD-1 + mTKI + TACE Camrelizumab, sorafenib SBRT 2 weeks and mPFS: 15.7 months
RT within 1 month mOS: not reached
Chen et al. [117] RT + anti-PD-1 + anti-VEGF Toripalimab, anlotinib SBRT RT given in 3 days, followed after a PFS: 7.4 months

1-day interval by ICI and anti-VEGF

RT: radiation therapy; ICI: immune checkpoint inhibitor; CTLA-4: cytotoxic T lymphocyte-associated protein 4; PD-1: programmed cell death receptor 1; PD-L1: programmed cell death
ligand 1; VEGEF: vascular endothelial growth factor; IMRT: intensity-modulated radiation therapy; PBT: proton beam therapy; 3DCRT: three-dimensional conformal radiation therapy;
SBRT: stereotactic body radiation therapy; TACE: transarterial chemoembolization; mTKI: multityrosine kinase inhibitor; ORR: objective response rate; OR: overall response; (m)OS:
(median) overall survival; DCR: disease control rate; LCR: local control rate; (m)PFS: (median) progression-free survival; TRAEs: treatment-related adverse events.
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6.2. Clinical Trials for RT Plus ICIs Plus TKIs

Many studies looked into a triple therapy approach to treat HCC patients, where
combinations of RT, ICIs, and tyrosine kinase inhibitors (TKIs) are used. A study looked at
HCC patients whose treatment consisted of an anti-PD-1 being administered once every
three weeks, followed by IMRT a week after, and sorafenib daily. The results for the
ORR, mOS, and median progression-free survival (mPFS) of the group receiving the triple
therapy were greater than those of the control group who did not receive RT (ORR: 42.6%
vs. 24.5%; p = 0.013; mOS: 20.1 vs. 13.3 months; p = 0.009; mPFS: 8.7 vs. 5.4 months;
p = 0.001) [115]. A different study demonstrated that the combination of camrelizumab
and sorafenib, followed by TACE two weeks later and SBRT within one month, was an
effective technique for down-staging tumors in advanced HCC patients with portal vein
tumor thrombus (PVTT). Out of the twelve enrolled patients, four (33.3%) demonstrated
successful down-staging. Moreover, the ORR and disease control rate (DCR) were 41.7%
and 50.0%, respectively, while the median PFS was 15.7 months. These results show that
this combination is viable for treating HCC [116].

The addition of TKIs to ICIs and radiation was also documented when the radiation
preceded the ICI. Patients with unresectable HCC were given SBRT, followed by toripalimab
and anlotinib, and achieved an mPFS of 7.4 months, an ORR of 15%, and a DCR of
50.0% [117].

6.3. Ongoing Trials

There are numerous ongoing clinical trials looking into the combined use of RT and
ICIs (Table 3). A few examples include a phase 2 trial that is looking to test the combination
of tremelimumab and durvalumab, followed by radiation delivered during the second cycle
of the ICIs in patients with HCC and biliary tract cancer (NCT03482102). Another phase
2 trial is investigating the effect of administering nivolumab every two weeks, followed by
EBRT 2-7 days after the first dose of nivolumab (NCT04611165).

For cases in which RT precedes ICIs, a pilot study will be investigating the health
outcomes of patients with resectable HCC treated with SBRT followed by atezolizumab
plus bevacizumab (NCT04857684). Two ongoing trials are planning to evaluate treatment
of HCC patients with SBRT, followed by sintilimab 4-6 weeks later in comparison with
SBRT alone (NCT04167293) or sintilimab alone (NCT04547452).

Lastly, for the case of concurrent treatment with RT and ICIs, a phase 1 study is
planning to treat resectable HCC patients with tislelizumab plus SBRT (NCT05185531).
Another trial is also looking to assess the outcome of combined ICI plus TKI plus RT
through the administration of sintilimab, RT, and lenvatinib in resectable HCC patients
with PVTT (NCT05225116).
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Table 3. Ongoing clinical trials on the combination of RT with ICIs and/or TKIs in HCC patients.
oggln & Treatment Arms Immun]o)ti:agrapeuhc RT Type Combination Treatment Sequence Dosage Primary Endpoint
Tremelimumab plus durvalumab:
up to 4 doses/cycles
RT+ anti-CTLA-4 + Tremelimumab, Durvalumab monotherapy: started
NCT03482102 anti-PD-L1 durvalumab NA on week 16 for up to 8 months NA Best OR rate
given every 4 weeks
RT: given only during cycle 2
Nivolumab: every 2 weeks PIVL: (3506;5}]0/;;(})//10 fx
NCT04611165 RT + anti-PD-1 Nivolumab EBRT EBRT: 2-7 da.lys after first dose of PTV2: 30 Gy /10 fx (3 Gy /£x) PEFS
nivolumab .
Nivolumab: 3 mg/kg
Neoadjuvant SBRT
RT + anti-PD-L1 + Atezolizumab Atezolizumab: given on day 1 of Proportion of patients with
NCT04857684 . o ' SBRT two 3-week cycles NA OpOTHON Ot panents
anti-VEGF bevacizumab . . grade 3-4 TRAEs
Bevacizumab: 1 time weekly for
two 3-week cycles
SBRT (1-2 weeks) followed by RT: 30-54 Gy/3-6 fx
NCT04167293 RT + anti-PD-1 vs. RT Sintilimab SBRT via VMAT sintilimab 4-6 weeks later (every (prescribed dose) 24-week PFS rate
3 weeks for up to 1 year) Sintilimab: 200 mg
RT + anti-PD-1 vs SBRT (1-2 weeks) followed by RT: 30-54 Gy/3-6 fx
NCT04547452 anti-PD-1 ’ Sintilimab SBRT via VMAT sintilimab 4-6 weeks later (every (prescribed dose) 24-week PFS rate
3 weeks for up to 1 year) Sintilimab: 200 mg
Delay to surgery, ORR,
NCT05185531 RT + anti-PD-1 Tislelizumab SBRT Concurrent RT (days 1, 3, and 5) RT: 8 Gy/3 fx pathologic response rate,
plus tislelizumab (days 1 and 22) o
incidence of TRAEs
. I Incidence of
Sintimab: every 3 woele Sintlimat: 200 g 8r2de >3 TRABS, umber
NCT05225116  RT +anti-PD-1 + mTKI  Sintilimab, lenvatinib NA T Iab, every © wees L & of patients who completed

Lenvatinib: daily starting from
day 1

Lenvatinib: 8 mg/day <
60 kg or 12 mg/day > 60 kg

pre-op treatment and
proceeded to surgery

RT: radiation therapy; CTLA-4: cytotoxic T lymphocyte-associated protein 4; PD-1: programmed cell death receptor 1; PD-L1: programmed cell death ligand 1; VEGEF: vascular
endothelial growth factor; SBRT: stereotactic body radiation therapy; VMAT: volumetric modulated arc therapy; fx: fraction; mTKI: multityrosine kinase inhibitor; ORR: objective
response rate; OR: overall response; PFS: progression-free survival; TRAEs: treatment-related adverse events.
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7. Conclusions

Hepatocellular carcinoma is an aggressive type of primary liver cancer with the ability
to alter the microenvironment of the liver, decreasing its immune response and facilitating
tumor proliferation. As a result, the immunosuppressive effect of HCC diminishes the effi-
cacy of immunotherapeutic drugs. Radiotherapy has been shown to reverse some of these
effects, by increasing the infiltration of T cells in the liver and diminishing T cell apoptosis,
all while increasing tumor cell death. This reshaping of the immune microenvironment
may restore the efficacy of immunotherapy drugs, such as ICIs. However, there remain
some drawbacks to RT as a tumor can become radio-resistant through the upregulation
of PD-L1. Meanwhile, ICls can restore anti-tumor immunity by targeting those markers,
thereby potentially achieving a synergetic effect when combined with RT. The possibility of
adding anti-VEGF drugs to the RT + ICI treatment regimen requires further exploration
but is promising in part because of the normalization of tumor vascularization. More com-
parative trials are required to fully understand the implications of this triple combination
as well as the timing and sequencing of each treatment. Lastly, to achieve the best possible
outcomes, more research needs to be carried out to determine which type of RT works best
in combination with which ICIs.
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