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Hepatocellular Carcinoma (HCC) is a highly prevalent malignancy that develops in patients
with chronic liver diseases and dysregulated systemic and hepatic immunity. The tumor
microenvironment (TME) contains tumor-associated macrophages (TAM), cancer-
associated fibroblasts (CAF), regulatory T cells (Treg) and myeloid-derived suppressor
cells (MDSC) and is central to mediating immune evasion and resistance to therapy. The
interplay between these cells types often leads to insufficient antigen presentation,
preventing effective anti-tumor immune responses. In situ vaccines harness the tumor
as the source of antigens and implement sequential immunomodulation to generate
systemic and lasting antitumor immunity. Thus, in situ vaccines hold the promise to induce
a switch from an immunosuppressive environment where HCC cells evade antigen
presentation and suppress T cell responses towards an immunostimulatory
environment enriched for activated cytotoxic cells. Pivotal steps of in situ vaccination
include the induction of immunogenic cell death of tumor cells, a recruitment of antigen-
presenting cells with a focus on dendritic cells, their loading and maturation and a
subsequent cross-priming of CD8+ T cells to ensure cytotoxic activity against tumor cells.
Several in situ vaccine approaches have been suggested, with vaccine regimens including
oncolytic viruses, Flt3L, GM-CSF and TLR agonists. Moreover, combinations with
checkpoint inhibitors have been suggested in HCC and other tumor entities. This
review will give an overview of various in situ vaccine strategies for HCC, highlighting
the potentials and pitfalls of in situ vaccines to treat liver cancer.
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INTRODUCTION

Liver cancer is the fourth leading cause of death worldwide,
causing almost 800,000 deaths annually (1, 2). Hepatocellular
carcinoma (HCC) is the most frequent primary liver malignancy,
accounting for approximately 80% of primary liver cancers (3).
The most common etiology of HCC is chronic liver disease,
caused by viral infection, alcohol-related liver disease (ALD) and
nonalcoholic steatohepatitis (NASH) (4, 5). The overall
prognosis of patients with HCC remains poor, despite the
establishment of screening programs, advancements in surgical
and interventional therapies as well as systemic treatment
options (1, 6–8).

Only a small fraction of patients is diagnosed at disease stages
still amenable to curative therapies such as orthotopic liver
transplantation, liver resection and interventional ablation (9,
10). In intermediate and advanced tumor stages, the majority of
patients receive palliative treatment, including interventional
strategies, as well as systemic pharmaceutical therapies. The
latter have been shaped considerably over the last years,
mainly through the discovery of multikinase inhibitors such as
Sorafenib in 2008, which was the first drug to improve the
survival of HCC patients, however, prolonging overall survival
(OS) by less than three months (11). Since then, several other
multikinase inhibitors like Lenvantinib, Regorafenib and
Cabozantinib gained regulatory approval, however, also
showing only modest improvement of patient survival.
Immunotherapies such as checkpoint inhibitors represent the
most important breakthrough in cancer therapy in the past two
decades and were also explored for therapy of advanced HCC
(12). However, the response rates to immune checkpoint
inhibition as a monotherapy [e.g. Nivolumab, anti-
programmed death (PD)-1] in HCC were still very low (about
15-20%), and strongly dependent on the tumor immune status
(13, 14). In this regard, defective antigen cross-presentation by
dendritic cells (DC), the most important professional antigen-
presenting cells, and an exhaustion of the cytotoxic T cell
Abbreviations: ALD, alcohol-related liver disease; APC, antigen-presenting cell;
BCG, Bacillus Calmette-Guerin; CAF, cancer-associated fibroblasts; CCL, C-C
chemokine ligand; CCR, chemokine receptor; cDC, conventional dendritic cell;
CXCL, CXC-ligand; DAMP, damage-associated molecular pattern; DC, dendritic
cell; Flt3L, Fms-like tyrosine kinase 3 ligand; FOLFOX, 5-fluorouracil plus
oxaliplatin; GM-CSF, granulocyte-macrophage colony-stimulating factor; HCC,
hepatocellular carcinoma; HMGB1,high mobility group box 1; HSP, heat shock
protein; HSV, herpes simplex virus; ICD, immunogenic cell death; IFN, interferon;
IL, interleukin; iNHL, indolent non-Hodgkin lymphoma; irAEs, immune-related
adverse events; MDA5, melanoma differentiation-associated gene 5; MDSC,
myeloid-derived suppressor cells; MMP, matrix metalloproteinase; mRNA,
messenger RNA; NASH, nonalcoholic steatohepatitis; NDV, Newcastle disease
virus; NK, Natural Killer; OS, overall survival; PAMP, pathogen associated
molecular pattern; PD, programmed death; pDC, plasmacytoid dendritic cell;
PD-L, programmed death ligand; polyIC, polyinosinic:polycytidylic acid; PRR,
pattern recognition receptor; RAGE, receptor for advanced glycation endproducts;
RIG-I, retinoic acid-inducible gene-I; TAA, tumor-associated antigen; TACE,
Transarterial Chemoembolization; TAM, tumor-associated macrophage; Th, T
helper; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; TLR,
toll-like receptor; TME, tumor microenvironment; TNF, tumor necrosis factor;
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; Treg, regulatory
T cell; T-VEC, talimogene laherparepvec; VEGF, vascular endothelial growth
factor; VSV, vesicular stomatitis virus.
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response promote tolerance to the tumor and resistance to
checkpoint inhibition (15). Thus, strategies activating the DC-
CD8+ T cell axis to restore a CD8+ antitumor response have the
potential to improve patients’ outcomes and are intensely
investigated. First evidence that combination therapies can
improve response to checkpoint blockade in HCC has been
provided by a phase III study investigating the combination of
the checkpoint inhibitor atezolizumab (anti-programmed death
ligand (PD-L) 1) and bevazicumab [anti-vascular endothelial
growth factor (VEGF)], which reported outcomes superior to
Sorafenib in HCC (12).

Cancer vaccines have been proposed as a strategy to induce or
reactivate antitumor immune responses (16). Their mechanism
is based on isolating patient-derived DCs, pulsing them with
tumor-associated antigens (TAAs) and maturation signals,
followed by their reinfusion (17). However, the great variability
of tumor antigens and the lack of universal TAAs have prevented
their clinical use until now (18). Moreover, the inherent logistical
difficulties of preparing individualized vaccines ex vivo limits
their application. Similarly, T-cell transfer of CD8+ T cells is
associated with a simultaneous homeostatic inhibition of T cells,
yielding overall disappointing clinical results in solid tumors like
HCC (19, 20).

Inducing and stimulating an immune response specifically at
the tumor site is referred to as in situ vaccine, a concept that takes
advantage of the whole repertoire of TAAs available at the tumor
site (21). Thus, the intratumoral or systemic injection of
immunomodulators can induce presentation of TAAs by
antigen-presenting cells (APCs) and, subsequently, the
activation of a cytotoxic T cell response with the generation of
both effector and memory CD8+ T cells. Several prerequisites for
a successful antitumor immune response have been identified: i)
The availability of TAAs in a sufficiently immunogenic setting to
trigger phagocytosis and activate DCs; ii) an efficient antigen
presentation with co-stimulatory signals to successfully cross-
prime CD8+ cytotoxic T cells; and iii) a cytotoxic T cell response
that overcomes inhibitory signals from the tumor and TME.
Collectively, this will result in adaptive antitumor responses with
local and systemic effects (Figure 1) (22).

Different strategies can support and enhance all steps of this
treatment process, which will be described in detail in this article.
This review aims to give a comprehensive overview of in situ
vaccines for the treatment of HCC in the context of the
underlying immune dysfunction and immunosuppressive
TME. Both preclinical and clinical in situ vaccine strategies
and techniques will be discussed, highlighting opportunities as
we l l a s potent ia l l imi ta t ions and pi t fa l l s o f th i s
immunotherapeutic approach.

Liver and HCC Immunology
Many challenges in treating hepatic malignancies originate from
the tolerogenic nature of hepatic immune responses and are
aggravated by distinct immunosuppressive effects conferred by
the tumor and its TME (23, 24). The liver is in continuous
contact to non-self antigens from the portal tract and hepatic
immune tolerance is the ordinary response to non-self structures,
unless they are accompanied by distinct danger signals (25).
May 2021 | Volume 12 | Article 650486
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Antigen presentation in the liver can be performed by
professional APCs such as DCs as well as liver-specific APCs,
e.g. hepatic stellate cells, Kupffer cells, liver sinusoidal endothelial
cells and even hepatocytes (26). Due to an overlap of markers,
e.g. Kupffer cells and other macrophages in the mouse liver can
express the “DC marker” CD11c or MHC-II molecules, it is
particularly challenging to dissect the contribution of different
myeloid APCs in the liver. This is even more difficult in diseased
liver, as liver injury (or tumor development) commonly leads to a
strong recruitment and accumulation of myeloid cells in the
liver (27).

DCs, the most important professional APCs, usually have an
immature phenotype in the liver. They can interact with T cells
directly in the liver or migrate to the draining lymph node to
present antigens there (28). While the exact significance of the
place of antigen presentation – directly in the liver, especially in
proximity to portal tracts, or after DC migration to lymph
nodes – is not entirely clear in HCC, it has been shown that
Frontiers in Immunology | www.frontiersin.org 3
DC-mediated T cell activation can occur in both localizations
(29, 30).

The main subsets of DCs include conventional (cDC) and
plasmacytoid DCs (pDC). Type 1 conventional DCs (cDC1) are
capable of cross-presenting extracellular antigens in a MHCI-
restricted manner to CD8+ cells (31), a process that, depending
on the state of DC maturity and concomitant expression of
costimulatory molecules or tolerogenic signals can result either
in T cell cross-tolerance or in an efficient T cell cross-priming
with ensuing cytotoxic activity (32). The latter makes the cDC1-
CD8+ T cell interaction essential for tumor recognition and the
initiation of antitumor immune responses.

While mutated neoantigens are rarely presented on HCC cells
(33), TAAs such as alpha-fetoprotein (AFP), glypican-3 (GPC-3)
or New York esophageal squamous cell carcinoma-1 (NY-ESO-
1) are oftentimes overexpressed in HCC and phagocytosed by
APCs (34, 35). Nevertheless, DCs are often unable to effect
successful T cell cross-priming, with multiple underlying
FIGURE 1 | Principles of in situ vaccines. 1) Cold tumor devoid of DCs and T cells. 2) DC recruitment to the tumor. 3) Induction of immunogenic cell death, for
example by radiation or oncolytic viruses. 4) Maturation signals for DCs lead to 5) Antigen presentation and cross-priming of CD8+ T cells. This can occur either in
the liver itself (in tertiary lymphoid organs forming near liver tumors) or the draining lymph node. 6) Activated T cells migrate to the tumor. 7) Abrogation of inhibitory
signaling e.g. via checkpoint inhibition. 8) Cytotoxicity against the treated tumor and by abscopal effects against other lesions, as well. Created with biorender.
May 2021 | Volume 12 | Article 650486
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mechanisms of dysfunction, including DC immaturity or “semi-
maturity” (36), the induction of a tolerogenic DC phenotype by
tumor-derived factors (37) and the expression of immune
checkpoints (38, 39). These mechanisms culminate in DCs that
either fail to activate specific T cell responses or even promote
specific immune tolerance, leading to a suppression of CD8+ T
cell responses and to cancer immunosurveillance failure (37).

The TME of HCC is composed of immune cells such as
tumor-associated macrophages (TAM), myeloid-derived
suppressor cells (MDSC), regulatory T cells (Tregs),
inflammatory DCs, as well as stromal cells like cancer-
associated fibroblasts and significantly contributes to cancer
immune evasion (40, 41). Typical effects include the disruption
of essential DC functions like DC maturation, phagocytosis and
migration as well as the inhibition of T cell responses (42), but
also the promotion of angiogenesis and tumor growth (43).
Furthermore, the TME supports Th17 responses, with a
resulting aggravation of the underlying chronic liver
inflammation on the one hand, and, on the other hand, with
proangiogenic effects (44). The HCC TME is considered to be
one of the central determinants of therapy resistance, for
example against Sorafenib (45). The principle of overcoming
the inhibitory effects of tumor cells and their TME by harnessing
Frontiers in Immunology | www.frontiersin.org 4
the DC-T cell axis has evolved into several promising therapeutic
approaches, including in situ vaccines (Figure 2) (17).

Inducing Immunogenic Cell Death
Immunogenic cell death (ICD) is a stress-induced, regulated type
of cell death that triggers an adaptive immune response (46). It is
characterized by the release of cellular antigens, which are taken
up and presented by APCs and immune activation depends on
sufficient antigenicity and adjuvanticity (47, 48). Antigenicity is
determined by the quality and quantity of TAAs, while
adjuvanticity is determined by the simultaneous release of
danger signals such as damage-associated molecular patterns
(DAMPs) (49). Immunostimulatory DAMPs include a release
of endoplasmatic reticulum proteins like calreticulin and heat
shock proteins (HSP), the toll-like receptor (TLR) 4 and TLR9
agonist high mobility group box 1 (HMGB1) and ATP, leading to
DC recruitment and activation at the site of tumor cell death (50).
For in situ vaccination, ICD provides an elegant method to
harness the whole breadth of available cancer antigens for an
immune response. In preclinical and clinical settings, various
endogenous and exogenous stimuli can trigger ICD, including
several conventional chemotherapeutic agents (51), radiation
therapy (52) as well as therapeutic oncolytic viruses (53), which
FIGURE 2 | The HCC TME. Cancer-associated fibroblasts, infDCs, TAMs, Tregs and MDSC mediate immune evasion and prevent APC and CD8+ T cell infiltration
and efficient antigen presentation. In contrast, an inflamed tumor microenvironment is characterized by the depletion of tolerogenic cells and the infiltration of DCs,
CD8+ cells and M1-like macrophages, enabling antigen cross-presentation and cytotoxic activity. Created with biorender.
May 2021 | Volume 12 | Article 650486
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have already been described for in situ vaccination approaches
and will be discussed in detail below. Nevertheless, triggers such
as radiotherapymight also induce immunosuppressive changes in
the TME (54) which has to be taken into account while
developing in situ vaccination protocols for HCCs.

Oncolytic Viruses
Oncolytic viruses exhibit a tropism for malignant cells,
selectively infecting tumor cells while sparing normal cells.
They replicate inside and lyse cancerous cells, releasing TAAs
in an immunogenic fashion with simultaneous release of DAMPs
and pathogen associated molecular patterns (PAMPs) (53, 55).
The concomitant expression of different transgenes can mediate
additional immunomodulatory effects. For example, human
granulocyte-macrophage colony-stimulating factor (GM-CSF)
has been integrated into the viral genome to accompany viral
replication with GM-CSF production to recruit APCs and
promote their maturation (see also section on Recruiting and
Activating APCs). Subsequent cross-priming of CD8+ T cells
induces a cytotoxic response with ensuing systemic effects, and,
ideally, accompanied by a memory response with long-lasting
immunity (56). Various viral strains have been described as
potential antitumor vaccines, each conferring different (side-)
effects (21).

The first oncolytic virus to gain regulatory approval in the
USA as well as in the European Union and Australia was
talimogene laherparepvec (T-VEC), a modified herpes simplex
virus (HSV) 1 expressing GM-CSF for intralesional injection of
advanced malignant melanoma (57). A phase Ib/II trial
combining intratumoral T-VEC with Pembrolizumab is
currently investigating the injection of T-VEC into HCC and
hepatic metastases (MASTERKEY-318, NCT02509507). Based
on these advances, an HSV-1-based oncolytic vector (Ld0-GFP)
was engineered to trigger ICD both in vitro and in mice models,
where Ld0-GFP induced tumor eradication in over 60% of
established hepatomas (58).

To date, the oncolytic pox virus vaccine JX-594 expressing the
transgenes GM-CSF and b-galactosidase is the oncolytic virus
with the most clinical evidence in HCC (see Table 1) (23).
Observed effects of JX-594 application included a T cell response
against vaccinia, b-galactosidase and TAAs such as MAGE-A1,
MAGE-A3 and survivin in a subset of patients (53). Further,
polyclonal antibody-mediated cytotoxicity was also suggested as
a driver of antitumor activity (60). A disruption of tumor
vasculature, mediated by a selective infection of tumor-
associated vascular endothelial cells in murine tumors and
human HCC, has been identified as an additional mechanism
of action. As such, vaccinia exploits high cellular thymidine
kinase levels to replicate, a process that is enhanced in tumor-
associated vasculature via VEGF and other mediators (64).
Encouraging clinical results were achieved with intralesional
injections of JX-594 in 10 patients with advanced primary and
metastatic liver tumors in a phase-I setting over a decade ago
(59). A subsequent dose-finding study in subjects with advanced
HCC suggested an improved OS for intravenous high-dose JX-
594 application (60). However, a Phase IIb trial in sorafenib-
experienced patients did not show a superior OS of the JX-594-
Frontiers in Immunology | www.frontiersin.org 5
group compared to best supportive care (53). Hoping that JX-594
therapy may induce a T-cell response that overcomes an
immunosuppress ive TME and increases sora fen ib
responsiveness, the PHOCUS phase III trial (NCT02562755)
compared sorafenib treatment with vaccinia virus-based
immunotherapy, followed by sorafenib. The results of an
interim futility analysis, however, led to the termination of the
study because it was considered unlikely that the trial would meet
the primary endpoint, OS (65). A phase I/IIa trial combining JX-
594 with Nivolumab as first-line treatment of advanced HCC is
still ongoing (NCT03071094).

A different approach in oncolytic viruses harnesses the high
telomerase activity of malignant tumors to selectively infect
tumor cells. The oncolytic adenovirus variant Telomelysin
successfully induced ICD, recruitment of CD8+ T cells and
inhibition of intratumoral Foxp3+ lymphocyte infiltration.
When combined with PD-L1 blockade, Telomelysin A caused
systemic tumor regression in subcutaneous murine pancreatic
and colon cancer models (66). Currently, a phase I study
(NCT02293850) is recruiting patients with HCC to evaluate
safety and efficacy of Telomelysin.

New virological engineering methods have yielded several
novel, elegant concepts of oncolytic virus therapy (see Table 2).
For example, engineering hybrid vectors has been proposed to
circumvent distinct side effects of the individual viral strains.
Thus, a recombinant virus from vesicular stomatitis virus (VSV)
and Newcastle disease virus (NDV) (r-VSV-NDV) combined the
rapid replication of VSV with the efficient ICD-induction of a
fusogenic virus while avoiding the safety and environmental
concerns associated with the parental vectors. Mice with
orthotopic HCC tumors showed prolonged survival under r-
VSV-NDV therapy, with an enhanced safety profile compared to
the parental strains (67). Another recent development in
oncolytic virus therapy not yet investigated in humans is the
integration of programmable and modular synthetic gene
circuits into an adenovirus vector. A hierarchical assembly
method combines tumor lysis with a controlled expression of
the immune effectors GM-CSF and interleukin (IL)-2, as well as
single-chain variable fragments against the checkpoint inhibitors
PD-1 or PD-L1. Both in vitro and in vivo xenograft models
showed antitumor efficacy and HCC tumor regression. Mice
treated with the synthetic oncolytic adenovirus were protected
from HCC tumor rechallenge and had significantly increased
intra-tumoral lymphocytes, as well as a significantly higher
proportion of interferon (IFN)-g producing and Ki67+ CD8+
T cells (74).

HMGB1 and HMGN1
The nonhistone chromatin-binding proteins HMGB1 and high-
mobility group nucleosome binding domain 1 (HMGN1) are
involved in the regulation of cell death and survival. In the
extracellular milieu, HMGB1 and HMGN1 function as alarmins
that contribute to the immunogenicity of cell death. HMGB1 is
released from damaged cells due to the permeabilization of
nuclear and plasma membranes and binds to receptors on
immune cells such as TLR2, TLR4 and receptor for advanced
glycation endproducts (RAGE) (49), while HMGN1
May 2021 | Volume 12 | Article 650486
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TABLE 1 | Clinical Trials on in situ vaccines in HCC/solid tumors.
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predominantly binds to TLR4. Both HMGB1 and HMGN1
convey pro-inflammatory effects including DC activation, Th1
polarization and the enhancement of T cell antitumor responses
(81, 82).

The prominent role of HMGB1 in this context was illustrated
in murine anti-tumor vaccination models, where HMGB1
blockade abrogated therapeutic effects both in vivo and in vitro
(83, 84). Because of its ability to activate DCs, synthetic HMGB1
peptides have been investigated as adjuvants to enhance the
immunogenicity of vaccines, both against infectious agents and
tumors (85–87). Concerns about the intratumoral application of
HMGB1 in malignant tumors are based on the observation that
reactive oxygen species, which are often elevated in the TME, can
oxidize HMGB1 and neutralize its immunostimulatory activity
(88). Furthermore, the immune checkpoint receptor T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3) on
tumor-associated DCs was able to abrogate therapy-induced
immunogenicity of cell death by interacting with HMGB1. The
inhibition of uptake of nucleic acids from dying, chemotherapy-
treated tumor cells into DC endosomes resulted in lower
immunogenicity (89). Of note, HMGB1 expression is elevated
in tumors and serum of HCC patients and its expression
inversely correlates with survival (90, 91). A contribution of
HMGB1 and its receptor(s) to HCC carcinogenesis has been
suggested by several sources (92, 93) and in vitro data showed
that HMGB1 enhanced the ability of proliferation, migration and
invasion of HCC cells (94). So far, to our knowledge, HMGB1
has not been explored as an adjuvant for in situ vaccines for
HCC, probably owing to its Janus face in tumorigenesis, TME
immunosuppression and DC-T cell crosstalk.

In 2012, Yang et al. first reported that extracellular HMGN1
significantly contributes to T cell antitumor immunity, with a
central role in antigen-specific immune responses (95). Since
then, HMGN1 has been successfully explored as an HCC vaccine
adjuvant, both in ex vivo settings (96) and in in situ concepts.
Thus, the intratumoral delivery of HMGN1, the TLR7/8 agonist
Resiquimod and checkpoint inhibitors cured established
subcutaneous hepatomas and protected the mice against tumor
rechallenge (see also TLR7/8) (77).

Bacteria and Their Products
While the dysregulation of the gut microbiota in HCC and
chronic liver disease has received significant attention (97), few
authors have explored bacterial immunotherapy for HCC. The
most established bacterial immunotherapy for solid tumors is
Bacillus Calmette-Guerin (BCG). It is routinely used
intravesically in bladder cancer as an immunogenic adjuvant
treatment after resection of high-grade, early-stage tumors (98,
99), while the search for targeted treatments for these tumors are
sti ll ongoing (100, 101). BCG induces multifaceted
immunological effects. Multiple BCG component agonists
mediate an innate response by activating TLR2, 4 and Dectin-1
and 2, host sensors on diverse immune cells including CD14+
monocytes and neutrophils (102). Pattern recognition receptors
(PRR) on APCs are activated by BCG, leading to TLR activation
and antigen presentation with CD4+ and CD8+ cell activation
(102). Furthermore, BCG confers a direct cytotoxic effect on
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TABLE 2 | In vivo studies on in situ vaccines in HCC.

Findings Ref.

immunological

(58)

cific viral syncytium formation leads to tumor ICD (67)

promotion, activation of caspase-3 and -8
gulation
d APC infiltration
CD31 (tumor microvessel) repression

(68)

ctivity (69)

d CD8+ and CD4+ T cells, activated DC cells
ry T cells
lated MDSC, Treg, and M2-like macrophages

(70)

ated activated CD8+ T cells, upregulated CD4+
nd NK cells
arization

(71,
72)

intratumoral DCs
and lymphocytes

(73)

d IFN-g+ and Ki-67+ cells among the tumor
g CD8+ T cells

(74)

cells, NKT cells, and macrophages exert
r functions,
IFN-g

(75)

gnaling promotes PD-L1 transcription (76)

(Continued)

Lurje
et

al.
In

S
itu

Vaccines
for

H
C
C

Frontiers
in

Im
m
unology

|
w
w
w
.frontiersin.org

M
ay

2021
|
Volum

e
12

|
A
rticle

650486
8

Substance (Name) Application Tumor model

oncological

Oncolytic virus
HSV-1 based oncolytic vector
(Ld0-GFP)

IT/IV SC xenograft nude mice model (Huh7, Hep3B)
syngeneic HCC mouse model
orthotopic HCC mouse model (H22)

inhibited tumor
growth/tumor size
reduction

n.a.

VSV-NDV hybrid vector with glycoprotein
exchange

IV transgenic AST mice (liver-specific albumin promoter,
loxP-flanked stop cassette, SV40 large T antigen
oncogene)
immune-deficient NOD-SCID mice

prolonged OS in
tumor-bearing mice
safe in immune-
deficient mice

tumor-sp

oncolytic adenovirus encoding TRAIL and
IL-12

IV orthotopic xenograft (Hep3B) in athymic nude mice tumor regressions/
necrosis

apoptosis
IFN-g upr
NK cell an
VEGF and

Bacteria/bacterial products
Clostridium novyi-NT spores with iron
oxide nanoclusters

Rats: IT
Rabbits: via the
hepatic artery

Rats: N1-S1 inoculation
Rabbits: VX2 tumor (orthotopic inoculation)

spore delivery to
tumor is feasible

oncolytic

Chemotherapeutics
Icaritin + Doxorubicin + Lenvantinib IV

Lenvantinib orally
hemisplenic hepatoma (Hepa1-6) mouse model synergistic inhibition

of tumor growth
protection against
tumor rechallenge

upregulat
and mem
downregu

Flt3L
radio-inducible suicide gene therapy
(+CD40-L/) + Flt3-L gene therapy

IP orthotopic hepatoma (BNL transfected with radiation-
inducible promoter-controlled HSV-TK) in mice

increased OS, inhibition
of tumor growth and
cure
protection against
tumor rechallenge

upregu
T cells
Th1 po

defective adenovirus expressing Flt3L +
5FU

Adenovirus: IT
5FU: IP

SC hepatoma (Hepa1-6) in mice tumor growth inhibition
cure of established
tumors
tumor-specific immunity
can be adoptively
transferred between
animals by transfusing
CD3+CD8+ T cells

elevate
NK cell

GM-CSF
Adenovirus with synthetic gene circuits
with GM-CSF/checkpoint blockade
expression

IT xenograft nude mice model (Huh7, HepG2)
s.c. hepatoma (Hepa1-6) model

inhibited tumor growth
protection against
tumor rechallenge

increas
infiltrati

Adenovirus encoding GM-CSF/IL-12 hepatoma: IT
DEN-induced
tumors: via hepatic
artery

Mouse: orthotopic hepatoma (BNL)
Rat DEN model

Synergistic tumor
regression

CD8+ T
antitum
elevate

TLR agonists
TLR9 agonist + anti-PD-1/
anti-PD-L1

IP SC and orthotopic hepatoma (Hepa1-6) in mice Synergistic inhibition of
tumor growth

TLR9 s
e

e

a

e
o

l
a
l

d
s

e
n

o
d

i

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lurje et al. In Situ Vaccines for HCC

Frontiers in Immunology | www.frontiersin.org 9
cancer cells, inducing oxidative stress and resulting in ICD,
reflected in the release of HMGB1 (103). The possibility of
localized intravesical administration has corroborated its role
in bladder cancer, but BCG has also been investigated for the
treatment of other cancer entities, with data in HCC limited to
case reports, such as the successful therapy combination of BCG,
IL-2 and melatonin (104).

Based on the rationale that gram-positive bacteria activate
DCs via TLR2 signaling and that anaerobic bacteria could thrive
in the hypoxic TME, bacteriolytic therapy with Clostridium
species has been suggested as a potential inductor of tumor
ICD (105). While intravenous administration causes severe side
effects, rat and rabbit models confirmed that both intratumoral
injection and intra-arterial transcatheter infusion of C. novyi into
hepatic malignancies are feasible (69, 105). In vitro assays
showed that C.novyi-treatment resulted in oncolysis and a
significantly decreased metabolic activity of rodent HCC cell
lines (69).

Radiotherapy
Radiotherapy directly induces DNA damage and is a widely used
cancer treatment in both curative and palliative settings (106).
While whole liver toxicity limits the application of external-beam
radiotherapy for HCC treatment (107, 108), selective approaches
like stereotactic body radiation therapy, radioembolization and
selective internal radiation therapy constitute valid local clinical
treatment options for HCC, but their efficacy is limited by
extrahepatic spread and tumor manifestation outside the
irradiated field (6, 109). While abscopal effects are limited to
case reports in HCC (110, 111), a growing body of evidence
points towards the induction of ICD and a modulation of the
TME through radiotherapy (54, 106). Thus, the effects of
radiotherapy have not only been linked to DNA damage, but
also to TAA release, DAMP secretion, TLR4 activation on DCs
and ensuing cross-presentation to CD8+ T cells (83, 112).
Furthermore, an upregulation of the chemotactic C-C
chemokine ligand (CCL)5 and CXC-ligand (CXCL)16 pathway
and an increased infiltration of CD8+ T cells and Natural Killer
(NK) cells into the tumor were observed in HCC patients
undergoing Yttrium-90 radioembolization, along with an
increase of APCs and CD4+ and CD8+ cells in peripheral
blood (113). However, radiotherapy also confers subsequent
dosage- and fractionation-dependent immunosuppressive
effects on the TME (54). This includes recruitment of Tregs to
the TME and a “M2-like polarization” of TAMs (54), as well as
an increased tumor PD-L1 expression and a heightened fraction
of exhausted PD-1+/TIM-3+ CD8+ T cells (80, 113). In this
regard, the combination with systemic immunomodulators and
checkpoint inhibitors is a pervasive strategy to re-establish
immunosurveillance (54) that so far has only been explored
preclinically (80) and in small nonrandomized settings with
encouraging results (114, 115). Murine colon carcinoma tumor
models showed that low-dose radiotherapy-mediated tumor PD-
L1 expression is induced by CD8+ T cell IFNg signaling and
peaks at 72 hours after treatment. Here, combination treatment
with checkpoint inhibitors (anti-PD-1 or anti-PD-L1,
respectively) was most effective when administered
T
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concomitantly (116). Several in situ vaccine regimens have
harnessed radiotherapy as an inducer of ICD in HCC,
including promising combinations of radiotherapy with IL-12
(see also section on Optimizing Cross-Presentation and T Cell
Priming) (79).

Chemotherapy and Transarterial Chemoembolization
(TACE)
Several chemotherapeutic agents are more effective in
immunocompetent hosts because they induce ICD and
favorably modulate the TME (117, 118). While many pathway
inhibitors and chemotherapy regimens do not confer a survival
benefit in HCC and negatively impact liver function in chronic
liver disease while conveying considerable side effects (107, 119–
122), exploring chemotherapeutic agents as triggers of ICD may
require dosage adaption and addition of immunomodulators
(123). Therefore, chemotherapeutics without a positive clinical
effect in conventional HCC therapy may still be implemented for
in situ vaccine concepts to, firstly, trigger ICD and, secondly, to
modulate the TME. Furthermore, the local application of
chemotherapy in combination with embolizing agents –
transarterial chemoembolization (TACE) – has emerged as a
selective and valid treatment option (124).

Several sources have confirmed that chemotherapy agents can
induce ICD in cancer cells. In vitro experiments showed that
anthracyclines promote ICD in tumor cells by inducing the
translocation of calreticulin, HSP70 and 90 to the cell surface
and promoting HMGB1 release (125). Their stimulation of TLR3
results in a rapid type I IFN production, with subsequent
CXCL10 release (126). Doxorubicin, widely implemented in
TACE, induced ICD in HCC cell lines, however, with a weak
effect on immune cells (70, 127). This effect was augmented by
adding the mitophagy-inducing drug icatirin, which resulted in
protection from tumor rechallenge. Synergistic effects of icatirin
and doxorubicin furthermore included a remodeling of the TME,
with an upregulation of CD8+ and CD4+ T cells, memory T cells
and activated DCs, while the numbers of MDSCs, Tregs, and
M2-polarized macrophages decreased (70). The cytokine profile
showed decreased levels of CCL2, TGFb, IL-4, IL-6, IL-10 and
increased levels of IFNg, tumor necrosis factor (TNF)-a, and IL-
12, with the latter a potent inducer of a T helper (Th)-1
phenotype (70, 128). Similarly, oxaliplatin, also clinically used
for TACE, has been shown to promote ICD in vitro and to
induce DC maturation as well as increase CD8+ T cells in an
HCC inoculation mouse model (129). A recent study has linked
therapeutic resistance to oxaliplatin-based TACE to the density
of infiltrating TAMs, since HCC cells co-cultured with
macrophages showed higher oxaliplatin-resistance in vitro.
Furthermore, HuH7 xenografts co-implantated with THP-1
derived macrophages responded significantly less to oxaliplatin
treatment in a murine tumor model (130).

Modulating the TME can contribute to the success of in situ
vaccination of solid tumors, and several chemotherapeutic agents
are able to restore an efficient antitumor response by depleting or
changing immunosuppressive cell populations. An early report
showed that low-dose cyclophosphamide selectively depleted CD4
Frontiers in Immunology | www.frontiersin.org 10
+CD25+ Tregs, restoring peripheral T cell proliferation and NK
cell killing activities (131). Additionally, cyclophosphamide-
induced ICD expanded the cDC1 compartment and facilitated
cross-priming of T cel ls (132). At the same time,
cyclophosphamide was also reported to expand CD11b+ Ly6Chi

CCR2hi MDSCs that inhibited long-term tumor control in a
murine lymphoma model through the PD-1-PD-L1 axis (133).

Depletion of MDSCs has been attributed to several
chemotherapeutics, including doxorubicin (134), cisplatin
(135) and oxaliplatin (136). Oxaliplatin treatment also
increased intratumoral T-cell infiltration (including Tregs) in
mice (137), while other studies suggested that platinum-based
therapies promote TAMs by enhancing M2 polarization (138).

A serious immunological concern regarding systemic
chemotherapy is systemic immune suppression because of
myelo-and lymphopenia, especially when dosage approaches
the maximum tolerated dose (139). However, in clinical reality,
routine regimens usually employ significantly lower doses and do
not impair systemic vaccination immune responses, as
demonstrated by Wumkes et al. in cohorts of chemotherapy-
treated patients with solid tumors who had adequate responses to
influenza vaccination (140).

Several chemotherapeutic agents have already been harnessed
to improve the efficacy of immune checkpoint inhibitors in other
tumor entities. Cisplatin was able to sensitize triple negative
breast cancer to PD-1 blockade (141), while 5-fluorouracil plus
oxaliplatin (FOLFOX) combined with checkpoint blockade
showed strong synergistic effects, because FOLFOX induced
PD-1+ cytotoxic T cell infiltration (142). In a syngeneic HCC
mouse model, the combination of oxaliplatin and anti-PD-1
antibodies inhibited tumor growth better than the respective
monotherapies (129).

Probably due to the minor role of systemic chemotherapy in
HCC treatment, only few studies have explored chemotherapy
within in situ vaccination models. Intratumoral application of an
adenovirus expressing Fms-like tyrosine kinase 3 ligand
(Flt3L) together with 5-fluorouracil in a murine hepatoma
model induced complete remission of established tumors
(see Table 2) (73).

Sorafenib
Besides exerting anti-proliferative and anti-angiogenic effects by
inhibiting VEGFR, PDGFR and RAF (143), the multikinase
inhibitor sorafenib can also induce autophagy-mediated ICD.
As such, sorafenib mediates ferroptosis, a regulated form of ICD
that results from a decreased antioxidant capacity, coupled with
iron overload and massive lipid peroxidation (144). Sorafenib-
induced ferroptosis was shown to be accompanied by a HMGB1
release with subsequent inflammation (145), underlining the
potential of Sorafenib-induced cell death in in situ
vaccine concepts.

At the same time, dose-dependent effects of Sorafenib on
antitumor immunity have been noted, with high-dose Sorafenib
reported to increase the proportion of PD-1 expressing CD8+ T
cells and resulting in less intratumoral T cell infiltration in a
woodchuck hepatitis virus-induced HCC model (146). In vitro,
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subclinical Sorafenib doses selectively increased CD4+ CD25-
effector T cell activation and blocked Treg function in PBMCs
from HCC patients (147). This concept has been applied to a
murine adoptive T cell therapy, where low-dose Sorafenib both
enhanced function and migration of transferred CD8+ T cells
and decreased the number of MDSCs and Tregs in the
TME (148).

Recruiting and Activating APCs
Flt3L
Flt3 is essential to the regulation of homeostatic DC development
in the bone marrow and lymphoid organs and the upkeep of
sufficient numbers of peripheral DCs (149–151). Administration
of recombinant Flt3L leads to an additional mobilization from
the macrophage DC progenitor compartment (149), an effect
that has been confirmed in both healthy volunteers and cancer
patients (152–154). Furthermore, Flt3L injection combined with
polyinosinic:polycytidylic acid (polyIC), a TLR3 agonist, induced
the expansion and activation of CD103+ DC progenitors (cDC1)
in a murine melanoma model, leading to an increased sensitivity
to checkpoint blockade (155).

Oncolytic viruses expressing Flt3L have been investigated in an
animal model of in situ vaccination (71). Kawashita et al.
demonstrated that radio-inducible suicide gene therapy, using a
cytotoxic expression vector of herpes simplex virus thymidine
kinase controlled by a radiation-inducible promoter, was
significantly enhanced in its efficacy by addition of a
recombinant adenovirus expressing human Flt3 ligand (Adeno-
Flt3L) in a hepatoma mouse tumor model. Adeno-Flt3L led to a
Th1-polarized immune response with activation of cytotoxic CD8
+ T cells. Additional boosting of the antitumor response was
achieved with the addition of Adeno-CD40L to enhance DC
maturation, with mice that had cleared the tumor being
protected from subsequent tumor rechallenge (71). Clinically,
Flt3L- based in situ vaccines have been investigated in several
malignancies, such as colon carcinoma and indolent non-Hodgkin
lymphoma (iNHL) (84, 156). Thus, an in situ vaccine regimen
consisting of Flt3L, radiotherapy and a TLR3 agonist induced
systemic CD8+ T cell antitumor responses in a mouse model of
iNHL and renewed the susceptibility to checkpoint blockade.
Furthermore, a clinical trial exploring this in situ vaccination
regimen (NCT01976585) reported durable clinical remissions in
patients with iNHL. Immunological effects of this combination
included the induction of TAA-laden, cross-presenting DCs and
tumor infiltration of activated CD8+ T cells with upregulated PD-
1 expression, which were responsive to anti-PD1 targeting (84).

Flt3L application dramatically expands cDC and pDC
populations in peripheral lymphoid organs such as the liver. In a
mouse model, Flt3L-induced DC expansion enhanced fibrosis
regression in a matrix metalloproteinase (MMP)-9-dependent
manner, implying its potential benefits even in cases of chronic
injury and fibrotic remodeling (157). Therefore, Flt3L for HCC
therapy may offer the opportunity to harness intrinsically elevated
DAMPs to then induce the maturation of the recruited DC
populations. Potentially, this may abrogate the need for DC-
directed adjuvants, warranting the exploration of Flt3L in HCC.
Frontiers in Immunology | www.frontiersin.org 11
GM-CSF
GM-CSF is a cytokine driving the differentiation, proliferation
and activation of macrophages and DCs, with a polarization
towards cDC1 and Th1 responses (158). The intra-tumoral
application of GM-CSF has been validated in several solid
tumors as a technique to attract and stimulate DCs. The
systemic application is associated with considerable toxicities,
and several trials have demonstrated the feasibility of
intralesional injection in solid tumors such as malignant
melanoma (159). A large trial in over 800 patients with
resected malignant melanoma reported that GM-CSF
monotherapy failed to confer clinical benefits in the adjuvant
setting and did not enhance the response to an antitumor vaccine
(160). Accordingly, the intralesional application of GM-CSF
encoding agents has gained increased interest. The oncolytic
pox virus vaccine JX-594 with the transgenes GM-CSF has been
investigated for HCC with heterogeneous results (discussed in
3.1) (60). Another concept is the intra-tumoral injection of
combination treatments with a GM-CSF and IL-12 encoding
adenovirus. Here, GM-CSF monotherapy did not show
significant therapeutic effects but was able to augment the
efficacy of the IL-12 agonist. While IL-12 monotherapy only
induced antitumoral NK cells, the addition of intratumoral GM-
CSF succeeded in recruiting activated CD8+ T cells, NKT cells,
and macrophages and achieved a higher rate of tumor
regressions (see also IL-12) (75).

GM-CSF has also been implicated in HCC carcinogenesis,
with an immunosuppressive effect on the TME. Accordingly,
HCC patients presented with elevated GM-CSF levels in
comparison to healthy controls (161). Ilkovitch et al. showed
that GM-CSF injection in healthy adults leads to an expansion of
MDSCs in the liver, effecting a heightened PD-L1 expression on
Kupffer cells and an impaired IFN-g production by activated T
cells (162). In mice orthotopically implanted with Hepa1-6 cells,
GM-CSF expression by tumor cells led to an infiltration with
MDSCs, while neutralization of GM-CSF and IL-6 abrogated
HCC progression in this model, with decreased MDSC and TAM
infiltration (161). Though the effect of GM-CSF may be
dependent on its spatiotemporal distribution in the TME, the
observed effects may pose a potential pitfall of GM-CSF
application in vaccine concepts.

Alarmins for DC Recruitment and Activation
Adjuvants to enhance DC immunogenicity hold promise to
attract DCs to the tumor, augment antigen presentation, and
polarize the ensuing response towards Th1 and cytotoxic T cells.
A major group of agents harnessed to this aim are alarmins –
endogenous intercellular signals that activate defense
mechanisms and provoke an immune response via, amongst
others, chemokine receptors (CCR) or TLRs (163). Besides their
manifold influences on the innate immune response, some
alarmins confer distinct effects on DC recruitment and
maturation. As a consequence, DCs mature, upregulating
CCR7, a process that facilitates their interaction with CCL19
and CCL21 and thus enables them to home to local lymph nodes
(164). Some of the following chemotactic mediators and
May 2021 | Volume 12 | Article 650486

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lurje et al. In Situ Vaccines for HCC
alarmins have been used individually, while others are integrated
in multimodal in situ vaccination concepts.

When examining alarmins in the context of HCC and chronic
liver disease, it should be noted that many of these pathways are
severely dysregulated in this setting. Along other mechanisms of
chronic inflammation, an increased gut permeability with
translocation of intestinal bacterial components (PAMPs) typically
causes a chronic TLR4-mediated inflammatory response and
contributes to hepatocarcinogenesis (165). As several
immunostimulatory agents proposed as adjuvants for in situ
vaccines overlap with the preexisting chronic liver inflammation
and with tumor-promoting pathways, a careful examination of
these pathways is warranted in the context of HCC.

TLR3
Agonists of the TLR3 receptor include double-stranded RNA
and single-stranded viral RNA with incomplete stem structures
(166). TLR3 is highly expressed in the endosomal compartment
of cDC1, and its stimulation induces cytokine and chemokine
production, DC activation and maturation via the TLR3/
TICAM-1 pathway and antigen cross-presentation (167, 168).

Modulation of the TME has been described as a potential effect
of TLR3 signaling. Injection of polyIC, a dsRNA analog, resulted in
a change of macrophage populations, converting “tumor-
supporting macrophages” to “tumor suppressors”. The latter were
characterized by M1-like polarization, TNF-a production and
tumoricidal properties (169). However, polyIC is a ligand for
multiple other PRRs besides TLR3, including protein kinase R,
retinoic acid-inducible gene-I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA5), leading to severe
systemic side effects (168, 170). TLR3 stimulation with attenuated
systemic cytokine production was achieved using various other
substances, including synthetic dsRNA derivatives (170) or dsRNA
coupled to nanoparticle-based delivery systems (171). The former
led to a Th1 polarization, reflected in elevated IL-12 production and
CD8+ T-cell priming (172).

TLR3 receptor expression has been associated with improved
patient survival in HCC and linked to chemokine-mediated
intratumoral lymphocyte infiltration (173). In this line, loss-of-
function polymorphisms of TLR3 were highly prevalent in HCC-
bearing populations in comparison to controls (174). Moreover, a
recent study by Bonnin and Fares et al. found that downregulation of
TLR3 mediates resistance to apoptosis in HCC cells and is a potent
escape mechanism. Interestingly, transgenic mice with an absence of
TLR3 expression exhibited accelerated hepatocarcinogenesis without
an altered tumor immune infiltrate (175).

While, to the best of our knowledge, no clinical trial currently
investigates TLR3 agonists for HCC therapy, preliminary data from
the NCT01976585 trial, an in situ vaccine approach including
polyICLC (HiltonolTM) combined with checkpoint blockade in
patients with indolent non-Hodgkin lymphomas showed
encouraging response rates (84). Ongoing trials investigate the
application of TLR3 agonists in other malignancies, among
others, in advanced colorectal cancer in combination with
pembrolizumab (NCT04119830), in malignant melanoma
(NCT04093323) and in the neoadjuvant setting in malignant
pleural mesothelioma (NCT04345705) (176).
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TLR4
TLR4 is a receptor with a wide range of activating agents, including
HMGB1, LPS, HSP60 and 70, that confers a broad variety of effects
(177). While systemic LPS administration causes severe side effects,
intra-tumoral applications have been suggested previously (178).
Several studies reported that TLR4 agonists have been successfully
harnessed as adjuvants in several models of other tumor entities like
malignant melanoma and clinically, in BCG immunotherapy (179,
180). While in vitro activation of the surface TLRs 1/2 and 4 and the
endosomal TLRs 3 and 9 has a similar activating effect on splenic
DCs, in vivo data showed that stimulation of the surface TLRs 1/2
and 4 suppressed CD8+ T cell responses (181). Furthermore, TLR2
and TLR4 signaling increased the fraction of CD11c+ cDC2, which
were defective in priming CD8+ T cells, and elevated IL-10 secretion
and PD-L1 and PD-L2 expression on DCs (181, 182). An appealing
explanation for this observation is that because endosomal TLRs are
activated in viral infection, they promote cross-presentation, while
this mechanism is not necessary in most bacterial infections, sensed
by the surface TLRs 1/2 and 4 (181).

Similarly, LPS stimulation in the liver activated cDC2, the
most prevalent DC subset in the liver, with ensuing IL10
secretion and almost no increase of proinflammatory
cytokines. As a result, an increased production of Tregs from
naive CD4+ cells and a promotion of a Th2 responses was
reported (183). Tregs were also recruited via CXCL10/CXCR3
and TLR4 signaling in a rodent liver transplantation model,
promoting HCC recurrence after ischemia-reperfusion injury
(184). Furthermore, TLR4 signaling has been linked to HCC
invasion, multidrug resistance, tumor angiogenesis and
metastases, and TLR4 antagonists suggested as therapeutic
modalities for HCC (185–187). To our knowledge, the role of
in situ vaccine concepts with TLR4 agonists has not yet been
clinically explored in HCC (188).

TLR9
Endosomal CpG motifs are recognized by TLR9, and the
receptor can be targeted with nucleotides or nucleotide
derivatives (188, 189). As a result, antigen-presenting cells are
activated and CD8+ T cells differentiate into a terminal state of
CD127lowKLRG1high effector cells with initial antitumor
efficacy, but a limited lifespan (190). The latter observation
may partially explain initially promising, but short-lasting
clinical antitumor effects of TLR9 agonists (190).

A downregulation of TLR9 due to the single nucleotide
polymorphism of the TLR9 promoter -1486T/C has been
previously implied in impaired innate immunity (191), and
also recently been associated with an increased risk of HCC
recurrence after liver transplantation (192). At the same time,
activated TLR9 signaling in tumor cells not only falls short of
inducing an antitumor immune response, but even facilitates
HCC survival. A synergy of HMGB1 and TLR9 was shown to up-
regulate mitochondrial biogenesis of HCC cell lines and in
murine HCC models under hypoxic conditions, promoting
tumor survival and proliferation (193).

Several clinical trials investigating TLR9-agonist therapy
reported negative results in small-cell lung cancer and in
metastatic head and neck squamous cell carcinoma (194, 195).
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Subsequent murine studies showed additive treatment effects of a
TLR9 agonist in combination with anti-PD-1 or anti-PD-L1 therapy
in hepatoma cell lines and HCC (see Table 2) (76, 190). Of note,
TLR9 agonism enhanced PD-L1 expression via PARP1 and STAT3,
facilitating immune escape in the absence of checkpoint inhibition,
but leading to synergistic effects in combination treatment (76).
Moreover, in murine HCC models of anti-PD-1 nonresponders,
TLR9 agonists were able to achieve durable remissions with
systemic antitumor effects. CD8+ T cell proliferation with the
generation of CD127highKLRG1low long-lived memory
precursors and infiltration and the presence of IFN-g and TNF-a
signaling were observed after the combination of TLR9 agonist and
checkpoint inhibition (190). Clinical studies of checkpoint
inhibition combined with TLR9 agonists are underway for other
cancer entities like malignant melanoma and B cell lymphoma
(NCT02668770, NCT02254772).

A virus-like particle encapsulating a CpG-A TLR9 agonist
(CMP-001) has recently been reported to cause tumor regression
in syngeneic hepa1–6 mouse models of HCC, with a greater
antitumor activity of CMP-001 monotherapy than that of
sorafenib or PD-L1 blockade (196). While, to our knowledge,
no clinical study is currently accruing patients for CMP-001
treatment in HCC, encouraging clinical data has been recently
reported in malignant melanoma. As such, CMP-001 reversed
PD-1 blockade resistance patients with progressive disease,
resulting in an overall response rate of 23.5% (NCT02680184)
(197), while the treatment combination of CMP-001 and
Nivolumab (anti-PD-1) yielded an encouraging pathological
response rate of 70% in the neoadjuvant setting in advanced
melanoma (NCT03618641). This study observed an increased
intra-tumoral infiltration of CD8+ T cells and CD303+ pDCs as
well as elevated numbers of circulating activated PD1+/Ki67+
CD8+ T cells in patients with favorable response (198).

TLR7/8
The small molecules Imiquimod (TLR7 agonist) and resiquimod
(TLR7/8 agonist) are widely recognized topical drugs applied for
benign and malignant epithelial tumors (199) and cutaneous
hematological malignancies (200). TLR7/8 stimulation results in
an expansion of effector T cells, as well as an activation of DCs and
NK cells (200). In preclinical HCCmodels, TLR7/TLR8 stimulation
led to the maturation of DCs and to the promotion of IFNI/IL12-
mediated activation of NK cells. Thus, the cytolytic activity of NK
cells against HCC cells was significantly augmented in vitro and in
HepG2 xenograft-bearing nude mice in the presence of monocyte-
derived DCs (201). In a murine Hepa1-6 hepatoma model, a
regimen consisting of HMGN1, resiquimod and a checkpoint
inhibitor resulted in the elimination of established tumors and
protected the mice against tumor rechallenge. The authors noted
increased Hepa1-6-specific cytotoxic CD8+ T cells, CXCL9,
CXCL10, and IFN-g upregulation as well as an increased tumoral
infiltration of T cells (77).

A recently published study investigated the combination of
the TLR7 and 8 agonist MEDI9197 with PD-L1 inhibition with
or without radiation therapy in various solid tumors, including
one patient with HCC. While this regimen resulted in systemic
and intratumoral immune activation with a Th1 and type 1 IFN
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gene expression signatures, intratumoral CD8+ T cell infiltration
and tumor PD-L1 expression, none of the 52 included patients
showed an objective response to treatment. Furthermore, while
the use for superficial lesions was feasible, adverse effects were
frequent when MEDI9197 was injected in visceral or deep-seated
lesions, including death from hemorrhagic shock after injection
into a liver metastasis (62).

Optimizing Cross-Presentation and
T Cell Priming
HSPs
HSPs are a family of proteins classified by molecular weight that
chaperone the folding and translocation of proteins under
cellular stressors such as infection, inflammation, toxins and
hypoxia (202). The signaling effects of HSPs are highly
dependent on its localization and binding partners. While high
levels of intracellular membrane-associated Hsp70 in cancer cells
are anti-apoptotic, extracellular soluble Hsp70 can trigger innate
and adaptive immune responses. The ability of HSP to chaperone
TAAs and facilitate their uptake by APCs with subsequently
endorsed cross-presentation is central to their immunogenic
effects. Furthermore, HSPs recruit leukocytes, polarize Th cell
responses towards Th1 cells, activate NK cells as well as induce
the maturation of DCs (163, 203). While reliable evidence that
tumor-derived HSP-peptide complexes are able to enhance
cross-presentation of TAAs has been brought forward by
several studies, the exploration of their immunogenic effects
may be warranted to boost in situ vaccination strategies.

IL-12
IL-12 is a potent regulator of adaptive T cell responses that
activates cytotoxic T and NK cells, downregulates Th2 responses
and induces a polarization towards Th1 responses (128, 204).
Furthermore, IL-12 modulated the TME by converting
monocytes into tumoricidal “M1-like” macrophages that
inhibit HCC growth in vitro and in xenograft mouse models
(205). While elevated IL-12 levels in HCC patients were
associated with favorable clinical outcomes, the systemic
application of IL-12 incurred dose-limiting toxicities, directing
research efforts towards more sophisticated IL-12 delivery
systems (78, 206). Delivering IL-12 via a messenger RNA
(mRNA) lipid nanoparticle resulted in a reduced tumor
burden in MYC-oncogene driven murine HCC. An increased
infiltration of activated CD44+CD3+CD4+ Th cells into the
tumor and an increased IFNg production were observed in this
model (78). An oncolytic adenovirus encoding human tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) and
IL-12 genes showed antitumor efficacy in vitro and in a murine
xenograft model, with ensuing IFN-g production and infiltration
of NK cells and APCs. Furthermore, the combination led to a
remodeling of the tumor microvasculature, with a repressed
VEGF production, a decreased CD31 expression and reduced
microvessel density (68). The adenovirus-mediated gene transfer
of IL‐12 and GM‐CSF showed synergistic effects in orthotopic
murine liver tumors and chemically induced multifocal liver
tumors. Tumor regressions and a boost of IFN‐g signaling, as
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well as an enrichment for CD8+ T cells, NKT cells and
macrophages in the TME was reported (75).

Several clinical studies are currently investigating IL-12
therapy for solid tumors, including the application of an anti-
DNA antibody-based fusion protein of IL-12 (NCT01417546),
mRNA encoding for IL-12 and checkpoint blockade
(NCT03946800), as well as an IL-12 DNA therapy combined
with hTERT (NCT02960594) (see Table 1).

IL-2
Over 20 years ago, the systemic application of IL-2 was reported to
achieve treatment responses in patients with metastatic renal cell
carcinoma and malignant melanoma (207, 208). Since then, IL-2
has gained considerable attention for its potential to recruit and
activate cytotoxic CD8 T cells and NK cells, to cause T cell
proliferation and to induce polarization of the TME towards a
Th1response. At the same time IL-2 activates and stimulates the
proliferation of immunosuppressive Tregs via their CD25 receptor
(209). Recently, an engineered IL-2 variant with abolished CD25
binding was reported to keep up its effects on CD8 T cells and NK
cells, while evading the stimulatory impact on Tregs (210).

Several studies have suggested a protective effect of IL-2 against
HCC development and recurrence. The high expression level
genotype +114 TT was associated with a lower risk of HCC
development in a hepatitis B positive cohort, while high
peritumoral IL-2 levels were associated with a lower risk of tumor
recurrence (211, 212). An ultra-low dose regimen of systemic IL-2
showed a moderate treatment efficacy in patients with advanced
HCC, with an overall response rate of 16% (213). Severe dose-
limiting toxicities (e.g. vascular leak syndrome) of systemic IL-2
therapies have prompted the investigation of intra-tumoral and
vehicle-driven applications of IL-2 (214). The combination of
radiotherapy with the intra-tumoral application of an adenovector
encoding IL-12 showed significant tumor regressions with abscopal
effects in both subcutaneous and orthotopic hepatoma models. The
combination treatment resulted in a reduction of MDSCs, increased
functionally activated CD8+ T cells in tumor tissues and enhanced
DC maturation (79).

Ensuring Anti-Tumor Efficacy
Inhibition of Immune Checkpoints
Checkpoint inhibitors have substantially shaped the therapy of
many malignancies in advanced disease stages, such as malignant
melanoma, mismatch repair-deficient colorectal carcinoma and
non-small cell lung cancer (215–217). Tumors responsive to
checkpoint inhibition have in common a high tumor mutational
burden, which directly implicates a high neoantigen burden with
immunogenic effects on DCs and T cells (218).

In 2017 and 2018, the FDA granted accelerated approval for
Nivolumab and Pembrolizumab in HCC, based on data from the
CheckMate 040 and Keynote 224 trials, respectively. Both
showed similar response rates of 15-20% (14, 219–221). A
more recent development was the approval of the combination
of atezolizumab (anti-PD-L1 antibody) and bevacizumab (anti-
VEGF antibody) as first-line therapy for patients with
unresectable or metastatic HCC, due to its superior efficacy
compared to sorafenib in a phase III clinical trial (12).
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The observation that only a subset of patients exhibits durable
tumor responses to checkpoint inhibition therapy can be explained
with the concepts of “cold” and “hot tumors”. “Hot tumors” are
characterized by a pre-existing adaptive immune response with
CD8+ T cell infiltration, IFN-g signaling and efficient presentation
of tumor antigens. Checkpoint blockade then activates this pre-
existing response. Thus, the clinicopathological features of low
tumor T cell infiltration, low PD-1 T cell and PD-L1 expression,
insufficient neoantigens and low mutational burden as well as the
absence of IFN-g signaling have been linked to a primary resistance
to checkpoint inhibition (222). The response to anti-PD1 and anti-
CD137 therapy has also been clearly linked to the presence of cross-
priming cDC1 (223).

A genomic profiling study from the Barcelona working group
noted that approximately 27% of HCCs have a high infiltration
of immune cells with respective PD-1 and PD-L1 expression and
active IFN-g signaling (224). The majority of patients in this
group showed an active adaptive T-cell response, while the
remaining three-quarters of HCC patients did not exhibit
positivity for markers predictive of successful checkpoint
inhibitor response (224), corroborating the observation from
clinical studies, where the response rate of HCC patients to
checkpoint inhibition was about 15-20% (13, 14). As such, there
is an urgent need to find immunomodulatory treatment options
for the remaining majority of patients. Several in situ vaccination
regimens of in vivo HCC models have reported additive effects
with checkpoint blockade, e.g. for radiotherapy (80), TLR7/8
agonists (77) and TLR9 agonists (190).

The TME clearly contributes to evasion from checkpoint
blockade; for example, TAMs are capable of capturing
monoclonal antibodies directed against PD-1 by engaging with
the Fc domain, terminating their activating effect on T cells
(225). Increased numbers and activity of Tregs can further
contribute to an insufficient checkpoint blockade by direct or
indirect (production of the anti-inflammatory cytokines IL10
and TGF-b) mechanisms of T cell inhibition (226). In this
regard, immunomodulation by in situ vaccines is a promising
strategy to modulate the TME prior to checkpoint therapy.
PERSPECTIVES AND PITFALLS

The primary aim of cancer immunotherapy is to elicit a lasting,
durable antitumor immunity based on an effective CD8+ T cell
response. Because they harness the entire breadth of TAAs and
direct the subsequent immune response, in situ vaccines are a
highly individual therapy that ideally employs a standardized
approach (21). In HCC, there are several disease-specific
characteristics that each constitute significant challenges for
therapy. These include an elevated risk of recurrence after
surgical or locoregional therapy, impaired liver function,
chronic hepatic injury and risk of carcinogenesis (227). These
specific challenges warrant an intense immunological
investigation with a potential to implement in situ vaccines
here. HCCs typically arise in a fibrous environment and show
prominent neovascularization, with a malformed vasculature
that inhibits CD8+ T cell infiltration and hampers CD8+
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effector functions (228). The underlying liver fibrosis may further
impair trafficking of immune cells with impaired antigen
recognition due to fibrovascular remodeling (229). Given the
clinical efficacy of the Atezolizumab plus Bevacizumab
combination and the prominent role of angiogenesis in HCC
biology, the exploration of VEGF inhibition to normalize the
tumor vasculature may be also warranted for HCC in situ
vaccination concepts (12, 230). Another challenge in
orchestrating a hepatic antitumor response may lie in the
inherently tolerogenic direction of hepatic immune responses
and hepatic DCs, especially (183). This may be further
aggravated by the fact that antigen presentation can also be
performed by numerous other hepatic cell types, including liver
sinusoidal endothelial cells, hepatocytes, macrophages and
Kupffer cells, and contributes to immune tolerance after
antigen presentation (231, 232).

As the induction of ICD alone mostly fails to create an
effective antitumor response due to insufficient antigen or
danger signal release (233), the development of higher-order
combination protocols to ensure additional recruitment and
activation of APCs as well as the overcoming of the
immunosuppressive TME represents the key to success (35).
The downside of these approaches might be a more frequent
occurrence of immune-related adverse events (irAEs) (234).
Although the underlying mechanisms are still not completely
understood, the activation of tissue-resident cytotoxic T cells,
increased cytokine levels and the formation of auto-antibodies
most likely contribute to impaired self-tolerance (235). Since
most HCC patients already suffer from chronic inflammatory
conditions of the liver, the appearance of liver auto-antigens and
activation of CD8+ T cells due to in situ vaccination may trigger
hepatic irAEs. Although clinical data are still sparse, it has been
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indicated that HCC patients treated with immune checkpoint
inhibitors show higher proportions of hepatic irAEs compared to
other treated tumor patients (236). Currently, only limited
experimental and clinical evidence is available for in situ
vaccination in HCC, and the results from upcoming clinical
trials are eagerly awaited.

The advent of immunotherapy in multiple solid tumors
including HCC has prompted the development of new
therapeutic combinations that modulate the TME and the
systemic antitumor response. Besides exploring new strategies to
optimize the efficacy of standard immunotherapies, it is essential to
find approaches that target and guide all essential steps of antitumor
immunization. In situ vaccines may provide an opportunity to elicit
lasting responses against HCC and to overcome the TME.
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Wiśniewska-Ligier M, et al. TLR9 -1486T/C and 2848C/T SNPs are
Associated With Human Cytomegalovirus Infection in Infants. PloS One
(2016) 11(4):e0154100. doi: 10.1371/journal.pone.0154100

192. Fuente SDL, Citores M-J, Lucena J-L, Muñoz P, Cuervas-Mons V. TLR9-
1486C/T Polymorphism is Associated With Hepatocellular Carcinoma
Recurrence After Liver Transplantation. Biomarkers Med (2019) 13
(12):995–1004. doi: 10.2217/bmm-2019-0030

193. Tohme S, Yazdani HO, Liu Y, Loughran P, van der Windt DJ, Huang H, et al.
Hypoxia Mediates Mitochondrial Biogenesis in Hepatocellular Carcinoma to
Promote Tumor Growth Through HMGB1 and TLR9 Interaction. Hepatol
(Baltimore Md) (2017) 66(1):182–97. doi: 10.1002/hep.29184

194. Ruzsa A, Sen M, Evans M, Lee LW, Hideghety K, Rottey S, et al. Phase 2,
Open-Label, 1:1 Randomized Controlled Trial Exploring the Efficacy of
May 2021 | Volume 12 | Article 650486

https://doi.org/10.1007/s12032-013-0774-6
https://doi.org/10.1200/jco.2014.58.3377
https://doi.org/10.1200/jco.2015.62.0500
https://doi.org/10.1038/onc.2016.516
https://doi.org/10.1158/0008-5472.Can-08-4625
https://doi.org/10.1111/imr.12577
https://doi.org/10.1053/j.gastro.2014.06.043
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1038/ncomms2857
https://doi.org/10.4049/jimmunol.1002845
https://doi.org/10.1016/j.addr.2007.11.005
https://doi.org/10.1073/pnas.1113099109
https://doi.org/10.1038/ncomms7280
https://doi.org/10.1038/s41598-019-40032-8
https://doi.org/10.1038/s41598-019-40032-8
https://doi.org/10.3389/fimmu.2017.01897
https://doi.org/10.1186/s12885-015-1262-5
https://doi.org/10.1007/s13277-013-0689-z
https://doi.org/10.1016/j.jhep.2019.05.031
https://doi.org/10.1080/2162402X.2020.1771143
https://doi.org/10.1016/j.lfs.2017.04.025
https://doi.org/10.5402/2012/926817
https://doi.org/10.1021/acs.molpharmaceut.8b00691
https://doi.org/10.4049/jimmunol.1302244
https://doi.org/10.1038/srep43337
https://doi.org/10.4049/jimmunol.0803404
https://doi.org/10.1016/j.jhep.2016.05.032
https://doi.org/10.1016/j.jhep.2016.05.032
https://doi.org/10.1016/j.molimm.2015.10.015
https://doi.org/10.1111/bph.15046
https://doi.org/10.1080/2162402x.2015.1074376
https://doi.org/10.1002/med.21553
https://doi.org/10.1038/nature14138
https://doi.org/10.1073/pnas.1608555113
https://doi.org/10.1371/journal.pone.0154100
https://doi.org/10.2217/bmm-2019-0030
https://doi.org/10.1002/hep.29184
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lurje et al. In Situ Vaccines for HCC
EMD 1201081 in Combination With Cetuximab in Second-Line Cetuximab-
Naïve Patients With Recurrent or Metastatic Squamous Cell Carcinoma of
the Head and Neck (R/M SCCHN). Invest New Drugs (2014) 32(6):1278–84.
doi: 10.1007/s10637-014-0117-2

195. Thomas M, Ponce-Aix S, Navarro A, Riera-Knorrenschild J, Schmidt M,
Wiegert E, et al. Immunotherapeutic Maintenance Treatment With Toll-Like
Receptor 9 Agonist Lefitolimod in Patients With Extensive-Stage Small-Cell
Lung Cancer: Results From the Exploratory, Controlled, Randomized,
International Phase II IMPULSE Study. Ann Oncol Off J Eur Soc Med
Oncol / ESMO (2018) 29(10):2076–84. doi: 10.1093/annonc/mdy326

196. Morris A, Walters E, Akache B, McCluskie M, Krieg A. 604 Intravenous
CMP-001, a CpG-A Toll-Like Receptor 9 (TLR9) Agonist Delivered Via a
Virus-Like Particle, Causes Tumor Regression in Syngeneic Hepa1–6 Mouse
Models of Hepatocellular Carcinoma. J ImmunoTher Cancer (2020) 8(Suppl
3):A639–A. doi: 10.1136/jitc-2020-SITC2020.0604

197. Milhem M, Zakharia Y, Davar D, Buchbinder E, Medina T, Daud A, et al. 304
Intratumoral Injection of CMP-001, a Toll-Like Receptor 9 (TLR9) Agonist, in
Combination With Pembrolizumab Reversed Programmed Death Receptor 1
(PD-1) Blockade Resistance in Advanced Melanoma. J ImmunoTher Cancer
(2020) 8(Suppl 3):A331–A. doi: 10.1136/jitc-2020-SITC2020.0304

198. Davar D, Karunamurthy A, Hartman D, DeBlasio R, Chauvin J-M, Ding Q,
et al. 303 Phase II Trial of Neoadjuvant Nivolumab (Nivo) and Intra-
Tumoral (It) CMP-001 in High-Risk Resectable Melanoma (Neo-C-Nivo):
Final Results. J ImmunoTher Cancer (2020) 8(Suppl 3):A330–A.
doi: 10.1136/jitc-2020-SITC2020.0303

199. van Seters M, van Beurden M, ten Kate FJ, Beckmann I, Ewing PC,
Eijkemans MJ, et al. Treatment of Vulvar Intraepithelial Neoplasia With
Topical Imiquimod. N Engl J Med (2008) 358(14):1465–73. doi: 10.1056/
NEJMoa072685

200. Rook AH, Gelfand JM, Wysocka M, Troxel AB, Benoit B, Surber C, et al.
Topical Resiquimod can Induce Disease Regression and Enhance T-cell
Effector Functions in Cutaneous T-cell Lymphoma. Blood (2015) 126
(12):1452–61. doi: 10.1182/blood-2015-02-630335

201. Zhou Z, Yu X, Zhang J, Tian Z, Zhang C. TLR7/8 Agonists Promote NK–DC
Cross-Talk to Enhance NK Cell Anti-Tumor Effects in Hepatocellular
Carcinoma. Cancer Lett (2015) 369(2):298–306. doi: 10.1016/j.canlet.2015.09.017

202. Yun CW, Kim HJ, Lim JH, Lee SH. Heat Shock Proteins: Agents of Cancer
Development and Therapeutic Targets in Anti-Cancer Therapy. Cells (2019)
9(1):60. doi: 10.3390/cells9010060

203. Vostakolaei MA, Hatami-Baroogh L, Babaei G, Molavi O, Kordi S,
Abdolalizadeh J. Hsp70 in Cancer: A Double Agent in the Battle Between
Survival and Death. J Cell Physiol (2020) 236(5):3420–44. doi: 10.1002/jcp.30132

204. Zhuang L, Fulton RJ, Rettman P, Sayan AE, Coad J, Al-Shamkhani A, et al.
Activity of IL-12/15/18 Primed Natural Killer Cells Against Hepatocellular
Carcinoma.Hepatol Int (2019) 13(1):75–83. doi: 10.1007/s12072-018-9909-3

205. Wang Q, Cheng F, Ma TT, Xiong HY, Li ZW, Xie CL, et al. Interleukin-12
Inhibits the Hepatocellular Carcinoma Growth by Inducing Macrophage
Polarization to the M1-like Phenotype Through Downregulation of Stat-3.
Mol Cell Biochem (2016) 415(1-2):157–68. doi: 10.1007/s11010-016-2687-0

206. Nguyen KG, Vrabel MR, Mantooth SM, Hopkins JJ, Wagner ES, Gabaldon
TA, et al. Localized Interleukin-12 for Cancer Immunotherapy. Front
Immunol (2020) 11:575597. doi: 10.3389/fimmu.2020.575597

207. Fyfe G, Fisher RI, Rosenberg SA, Sznol M, Parkinson DR, Louie AC. Results
of Treatment of 255 Patients With Metastatic Renal Cell Carcinoma Who
Received High-Dose Recombinant Interleukin-2 Therapy. J Clin Oncol Off J
Am Soc Clin Oncol (1995) 13(3):688–96. doi: 10.1200/jco.1995.13.3.688

208. AtkinsMB, LotzeMT,Dutcher JP, Fisher RI,Weiss G,MargolinK, et al. High-Dose
Recombinant Interleukin 2 Therapy for Patients With Metastatic Melanoma:
Analysis of 270 Patients Treated Between 1985 and 1993. J Clin Oncol Off J Am
Soc Clin Oncol (1999) 17(7):2105–16. doi: 10.1200/jco.1999.17.7.2105

209. Mortara L, Balza E, Bruno A, Poggi A, Orecchia P, Carnemolla B. Anti-
Cancer Therapies Employing IL-2 Cytokine Tumor Targeting: Contribution
of Innate, Adaptive and Immunosuppressive Cells in the Anti-tumor
Efficacy. Front Immunol (2018) 9:2905. doi: 10.3389/fimmu.2018.02905

210. Klein C, Waldhauer I, Nicolini VG, Freimoser-Grundschober A, Nayak T,
Vugts DJ, et al. Cergutuzumab Amunaleukin (CEA-IL2v), a CEA-targeted
IL-2 Variant-Based Immunocytokine for Combination Cancer
Immunotherapy: Overcoming Limitations of Aldesleukin and
Frontiers in Immunology | www.frontiersin.org 21
Conventional IL-2-based Immunocytokines. Oncoimmunology (2017) 6(3):
e1277306. doi: 10.1080/2162402x.2016.1277306

211. Zhou H, Huang H, Shi J, Zhao Y, Dong Q, Jia H, et al. Prognostic Value of
Interleukin 2 and Interleukin 15 in Peritumoral Hepatic Tissues for Patients
With Hepatitis B-related Hepatocellular Carcinoma After Curative
Resection. Gut (2010) 59(12):1699–708. doi: 10.1136/gut.2010.218404

212. Peng Q, Li H, Lao X, Deng Y, Chen Z, Qin X, et al. Association of IL-2
Polymorphisms and IL-2 Serum Levels With Susceptibility to HBV-related
Hepatocellular Carcinoma in a Chinese Zhuang Population. Infect Genet
Evol J Mol Epidemiol Evolutionary Genet Infect Dis (2014) 27:375–81.
doi: 10.1016/j.meegid.2014.08.021

213. Palmieri G, Montella L, Milo M, Fiore R, Biondi E, Bianco AR, et al. Ultra-
Low-Dose Interleukin-2 in Unresectable Hepatocellular Carcinoma. Am J
Clin Oncol (2002) 25(3):224–6. doi: 10.1097/00000421-200206000-00003

214. Baluna R, Vitetta ES. Vascular Leak Syndrome: A Side Effect of Immunotherapy.
Immunopharmacology (1997) 37(2-3):117–32. doi: 10.1016/s0162-3109(97)00041-6

215. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. Pd-1
Blockade in Tumors With Mismatch-Repair Deficiency. New Engl J Med
(2015) 372(26):2509–20. doi: 10.1056/NEJMoa1500596

216. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the Treatment of Non–Small-Cell Lung Cancer. New
Engl J Med (2015) 372(21):2018–28. doi: 10.1056/NEJMoa1501824

217. Karlsson AK, Saleh SN. Checkpoint Inhibitors for Malignant Melanoma: A
Systematic Review and Meta-Analysis. Clin Cosmetic Invest Dermatol (2017)
10:325–39. doi: 10.2147/ccid.S120877

218. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,
et al. Tumor Mutational Load Predicts Survival After Immunotherapy
Across Multiple Cancer Types. Nat Genet (2019) 51(2):202–6.
doi: 10.1038/s41588-018-0312-8

219. Administration USFaD. FDA Grants Accelerated Approval to Nivolumab for
HCC Previously Treated With Sorafenib (2017). Available at: https://www.
fda.gov/drugs/resources-information-approved-drugs/fda-grants-
accelerated-approval-nivolumab-hcc-previously-treated-sorafenib.

220. Kudo M, Finn RS, Edeline J, Cattan S, Ogasawara S, Palmer DH, et al.
Updated Efficacy and Safety of KEYNOTE-224: A Phase II Study of
Pembrolizumab (Pembro) in Patients With Advanced Hepatocellular
Carcinoma (HCC). J Clin Oncol (2020) 38(4_suppl):518. doi: 10.1200/
JCO.2020.38.4_suppl.518

221. 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

222. Gide TN, Wilmott JS, Scolyer RA, Long GV. Primary and Acquired
Resistance to Immune Checkpoint Inhibitors in Metastatic Melanoma.
Clin Cancer Res (2018) 24(6):1260–70. doi: 10.1158/1078-0432.Ccr-17-2267

223. Sánchez-Paulete AR, Cueto FJ, Martıńez-López M, Labiano S, Morales-
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