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Abstract
Viruses have been widely used to treat cancer for many years and they achieved tremendous
success in clinical trials with outstanding results, which has led to the foundation of companies
that develop recombinant viruses for a better tumor treatment. Even though there has been
a great progress in the field of viral tumor immunotherapy, until now only one virus, the
oncolytic virus talimogene laherparepvec (TVEC), a genetically modified herpes simplex virus
type 1 (T-VEC), has been approved by the FDA for cancer treatment. Although oncolytic viruses
showed progress in certain cancer types and patient populations but they have yet shown
limited efficacy when it comes to solid tumors. Only recently it was demonstrated that the
immune stimulatory aspect of oncolytic viruses can strongly contribute to their anti-tumoral
activity. One specific example in this context are arenaviruses, which have been shown to be
non-cytopathic in nature lead to the massive immune activation within the tumor resulting in
strong anti-tumoral activity. This strong immune activation might be also linked to their noncytopathic features, as their immune stimulatory potential is not self-limiting as is the case
for oncolytic viruses due to their fast eradication by anti-viral immune effects. Because of this
strong immune activation, arenaviruses appear superior to oncolytic viruses when it comes to
potent and long-lasting anti-tumor effects in a broad variety of tumor types. Currently one of
the most promising therapeutics which has turned to be very much beneficial for the treatment
of different cancer types is represented by antibodies targeting checkpoint inhibitors such as
PD-1/PD-L-1. In this review, we will summarize anti-tumoral effects of arenaviruses, and will
discuss their potential to be combined with checkpoint inhibitors for a more efficient tumor
treatment, which further emphasizes that arenavirus therapy as a viroimmunotherapy can be
an efficient tool for the better clearance of tumors.
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Introduction

Arenaviruses are enveloped, pleomorphic viruses with two single-stranded RNA
genome segments comprising a virus diameter of 60–300nm. arenaviruses are noncytopathic and propagate rapidly by virus budding without direct harming susceptible cells
and tissues. Upon infection, they lead to robust immune activation which is finally directed
against infected cells which might ultimately also lead to immune-mediated damage of
certain tissues and disease symptoms [1]. It is known that arenaviruses can infect humans,
and the disease outcome depends on the specific arenavirus family. For example, Junin virus
and Lassa virus are responsible for Lassa and Argentine haemorrhagic fever, respectively.
In contrary, human infections with arenaviruses such as lymphocytic choriomeningitis
virus (LCMV) or Candid#1, a Junin virus-derived vaccine applied in countries with high
prevalence of this disease, is usually asymptomatic or causes nonspecific symptoms such as
fever and malaise [2, 3]. While the severity of symptoms and disease outcome will differ
from virus to virus, the host for most arenaviruses are rodents. Once rodents are infected,
they secrete the virus in urine or faeces for a long time even for their life time. The infection
can spread to humans either by coming in contact with rodents or house animals or even by
eating them. Viral antibodies can be found in all people infected by arenaviruses, although
antibodies appear not to play a major role in virus eradication for which virus-specific CD8
T cells are responsible for by attacking virus antigen expressing infected cells. In the case
of LCMV, infection is initiated by the attachment of viruses to host cell receptors through
the virus glycoproteins. LCMV is then endocytosed, and fusion of virus and intracellular
vesicle membranes take place to result in the release of the viral ribonucleocapsid into
the cytoplasm.
There are different strains of LCMV described so far. LCMV ‘’Clone 13’’ is a derivative of
the neurotropic ‘’Armstrong’’ strain, the first LCMV strain identified in the 1930s, and the
viscerotropic ‘’Docile’’ strain is a derivative of the viscerotropic LCMV WE strain. LCMV WE
and Armstrong infection cause acute infection in mice, where the viral particles are cleared
within a few days. On the other site, Docile and Clone 13 cause chronic infection and it can
take up to weeks or longer for the virus to be cleared. After virus infection occurs, a strong
expansion of virus antigen-specific CD8+ cytotoxic T lymphocytes (CTLs) takes place, upon
encountering antigen-presenting cells such as dendritic cells in the lymphoid tissues, and
subsequently redistribute to non-lymphoid tissues to clear the virus by destroying pathogeninfected cells. For many viral infections, CD8+ T cells are regarded as crucial arm of the
immune response through the action of effector cytokines and cytolysis [4], in addition CD4
T cells provide help for CD8 T cells and also B cells to mount a sufficient anti-viral immune
response [5]. The activation of virus-specific T cells is followed by their differentiation into
effector T cells that play a significant role in the resolution of the infection. For example,
in the context of LCMV infection, administration of mice with LCMV Docile results in a
superior and directed virus-specific CD8+ T-cell response that is readily detectable in the
spleen, resulting in efficient clearance of the virus within 2 weeks after infection. However,
this scenario completely changes when using a high dose of the LCMV Docile strain, which
results in a protracted infection, due to the fact that higher viral load results in higher
antigenic stimulation at the onset of the infection and subsequent only transient CD8+ T cell
responses, during which antigen-specific CD8+ T cells are induced, proliferate, and initially
exhibit antiviral functions, but progressively lose this ability, and as a result of this protective
immunity persistent infection develops [6, 7]. Disease progression in LCMV Docile or LCMV
Clone13 infection was reported to be due to such dysfunction and exhaustion of T cells.
Recently there is substantial research ongoing in the field of virus-specific T cell
exhaustion, a state of inability of T cells to produce cytokines such as IL-2, and loss of their
high proliferative and cytotoxic capacities. The production of antiviral cytokines such as
TNF-α and IFN-γ is diminished, which finally results in CD8 T cell excision. Because of a
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strong T cell activation which is due to a high viral load in some organs such as the liver upon
early infection, hepatocytes in the liver are infected and targeted by virus-specific CD8 T
cells, which may result in immunopathology in such infected organs.
Similarly, with other strains of LCMV like WE and Armstrong, upon their infection of
adult mice, there is massive virus multiplication that leads to robust expansion of antigen
specific CD8+ T cells and virus control, and this immune activation occurs 7 to 10 days after
virus infection, and is essential for virus control. Along with the CTL response that is highly
relevant in the control of LCMV infection, neutralising antibodies (nAbs) occurring late in the
anti-viral response play a pivotal role in the long-term control of LCMV infection whether
low or high doses are applied to mice [8].
Virus therapy-mediated tumour clearance

There has been a great debate for a long time now regarding the viruses and their use
to treat cancer, however since some years oncolytic viruses achieved success in Phase I
and II clinical trials. Furthermore, non-oncolytic viruses such as LCMV have an immense
potential to interact with the immune system and to activate the innate and adaptive
immune system very efficiently virus-mediated immune activation introduces new antigens
into the immune system which are recognised as a foreign entity by the immune system,
and these viruses carry ligands for pattern recognition receptors which have the capacity to
trigger an efficient innate immune response [9]. After infection and entering into peripheral
sites, arenavirus LCMV drains to the lymphatic system where it undergoes spatiotemporally
restricted replication in antigen presenting cells, and thereby specifically activate innate
and adaptive immune cells [10]. Based on their immune modulatory potential, viral vectors
today are developed for different cancers, with oncolytic viruses combining tumor lysis
with some immune modulatory effects having achieved initial promising results. Cancer
cells are specifically targeted by viruses because they are able to exploit the very same
cellular defects for their replication that promote tumour growth. Some oncolytic viruses
have been selected or designed to take advantage of frequent tumour-specific mutations
in antiviral defence programmes. In the tumour microenvironment, different signalling
pathways and transcriptional programmes are activated, and accordingly some oncolytic
viruses are engineered to be dependent on these pathways. Another potential approach
for effective clearance of tumour cells is to restrict virus entry into especially tumor cells
based on the idea that foreign and unique antigens are overexpressed on the tumour cell
surface. Such oncolytic viruses should ultimately kill tumour but not healthy cells, slowly
taking over the cellular translational and transcriptional machinery and finally leading
to tumor cell apoptosis Although conventional anticancer drug therapy has some success,
viral tumor therapy offers several more advantages. One such advantage of using viruses
as an anticancer agent is that they can be modified via recombinant DNA technology that
helps for the creation of designer viruses. Another interesting property of viruses is that
they promote tumour specific inflammation and immune infiltration at the site of tumour
growth as reported for ovarian cancer [11], which makes oncolytic and viral tumor therapy
a multimodal therapy. Anti-tumor viruses have the ability to replicate in cancer cells and
considering their genetic makeup and their diverse properties, such viruses are thought to
be some kind of miniature biological machines that can be programmed to specifically target
and finally result in the killing of the tumour cell.
Until today there are many viral species in different stages of discovery and development,
and strong efforts have been made to bring them to the clinic for the treatment of different
cancer types. What is also interesting about using viruses for cancer treatment is their
genetic engineering for better and more effective tumour cell lysis and killing, among them
herpes viruses which are most widely investigated, some of them with different tumour cell
tropism, while others have been modified and engineered for other purposes. For instance,
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genetically engineered and neuro-attenuated herpes simplex viruses (HSV) expressing
different cytokines are able to improve survival when used in models of murine brain tumors
[12], although it is not only confined to murine brain tumours but can target others cancers
as well.
Talimogene laherparepvec (T-VEC) is a genetically modified herpes simplex virus type 1,
and is the first oncolytic virus therapy approved for the cure of advanced melanoma. It has
been evaluated now in phase II and phase III clinical trails where it has demonstrated a
tolerable side effect and promising efficacy which further indicated a trend towards superior
overall survival as compared to granulocyte-macrophage colony stimulating factor [13].
In addition, it has also been shown in case of prostate cancer using oncolytic adenovirus
harbouring IL-24 leads to better antitumor effects with no or limited toxicity to the normal
cell [14].
Vesicular stomatitis virus (VSV) is an oncolytic virus that has been successfully used in
murine tumour models, it is a prototypic non-segmented, negative-strand RNA virus with
inherent oncolytic virus qualities. It has been observed that certain cancer cells have impaired
antiviral responses induced by type I interferon that makes them more sensitive to VSV or
other oncolytic viruses than normal cells, although the IFN sensitivity of oncolytic viruses is
still challenging their use in a broader number of tumor types. Many groups have been trying
to use genetic engineering and to develop recombinant VSV. VSV-GP (VSV pseudotyped with
LCMV glycoprotein) as one example has been effective in case of malignant melanoma mouse
models [15]. Similarly, rhabdovirus pseudotyped VSV-GP has also been used in case of murine
prostate cancer. It was shown that long term remission occurred upon intra-tumour and also
intravenous treatment of subcutaneous tumour and bone metastasis [16]. These findings
regarding VSV-GP in murine prostate cancer have urged the need for further investigation
and rigorous experiments to expand this therapy to other tumour models, too.
Besides oncolytic viruses being used to treat different cancers, there are many attempts
where people have tried to work with arenaviruses and investigate if they have antitumor
properties. Especially LCMV has nowadays been a target candidate in the race for better
virus-mediated anti-tumor effects. Non-cytopathic arenaviruses such as LCMV have the
tendency to propagate rapidly without directly harming susceptible tissues [1]. LCMV can
infect humans but reports to date suggest that they cause if at all mostly a mild disease. The
majority of arenaviruses are rodent-borne, and the arenavirus family can be divided into two
groups: the Lassa-lymphocytic choriomeningitis serocomplex and the Tacaribe serocomplex,
whereby the majority of work has focused on Lymphocytic choriomeningitis virus (LCMV)
and LASV pathogenesis. LCMV was the first arenavirus discovered during an outbreak of St.
Louis encephalitis in 1933.
Main symptoms and clinical signs of an arenavirus infection can include chest pain,
gastrointestinal illness, and pharyngitis. The arenavirus strains lymphocytic choriomeningitis
virus (LCMV) and Candid#1, which is a clinically applied vaccine virus to protect against
Argentine haemorrhagic fever, are usually asymptomatic or cause nonspecific symptoms such
as fever, body aches, dehydration and malaise. There are some prophylactic and therapeutic
treatments available for arenavirus-induced symptoms, especially for those inducing
haemorrhagic fever. But most of the arenavirus-induced diseases are treated by supportive
care, the only other treatment was described to be potentially ribavirin. Upon LCMV infection
there is a strong immune activation taking place, especially activation of CD8 T cell responses,
and the strong immune effects induced by LCMV result in anti-tumour effects in a variety of
murine cancer models [17-19]. Another strategy to employ arenaviruses such as LCMV in
tumour therapy is their use as attenuated tumour vaccine, such as for recombinant single–
Cycle LCMV, with a modified virus genome not allowing budding and replication of new virus
upon infection with the potential to immunize against tumour antigens [20], although it was
demonstrated that replication of LCMV is key for the induction of strong immune-mediated
anti-tumoral effects. Using non-oncolytic arenaviruses may also be advantageous in inducing
an anti-tumoral sustained immune surveillance. arenaviruses such as LCMV will not kill the
host cell by direct cytopathic effects, thus the virus has immense chances to maintain its
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tumor cell replication until the immune response is provoked within the tumour tissue,
besides that it is also known that arenavirus replication is hardly limited by an anti-viral
type I interferon response [21]. Another advantage in using LCMV is that it usually fails to
induce rapid neutralising antibodies to limit tumoral replication early on [22]. The control
of arenavirus is mostly dependent on CD8+ T cells, and as long as virus-specific CD8+ T cells
do not infiltrate in the site of the tumour, arenavirus will keep replicating for several days or
longer even if the tumour cells tend to respond to the virus-induced type I interferon. Thus,
LCMV appears an efficient therapeutic since it stimulates an immune response by retaining
enhanced replication to promote strong tumour regression. Indeed, it was shown in a recent
study that LCMV is more efficacious than oncolytic viruses such as VSV-GP and rVACV [23].
Based on these and additional data generated in our lab and previously reported, LCMV
appears one of the emerging viruses that has the potential for strong anti-tumoral activities
as a viroimmunotherapy.
Role of CD8 T cells in cancer

CD8 T cell (cytotoxic T lymphocyte (CTL) killer cells) responses are an important arm
of the immune system in the fight against viral infections. CD8 T cells destroy virus infected
cells in acute and chronic viral infections. Human pathogens where the role of CTLs have
been studied in detail include human immunodeficiency virus [24, 25], hepatitis B [26, 27],
and heptatitis C virus [28, 29]. Murine virus infection models are one of the most valuable
tools for investigating the dynamics of CTL responses against viral infections, and LCMV has
played an especially important role in this aspect [6, 30, 31]. Beside the fact that an antiviral CTL response is beneficial for the host to control an infection, it can also negatively
impact the host through a phenomenon called CTL-induced pathology. This occurs if the
anti-viral CTL response damages tissues sufficiently to cause disease. The correlation of
CTL-mediated control and CTL-induced pathology have been studied in a great detail. In
addition to having a remarkable role in the control of viral infections, CD8 T cells also have
a great role to play in the case of many different cancers. T cells in tumours, also known as
tumour infiltrating lymphocytes (TIL), have been studied intensively over the past years. It is
now well known that CD8+ T cells can have a tremendous antitumor effect, and this effect is
dependent on two crucial factors: firstly, CD8+ T cell differentiation; and secondly, infiltration
of CD8+ T cells into the tumour site, which primarily occurs by trafficking of CD8+ T cells
into the tumour microenvironment (see Fig. 1 for a detailed summary). There are yet many
reports where scientists have linked elevated levels of cytotoxic CD8+ T cells in the tumour
microenvironment to positive anti-tumour effects, for instance in case of breast, colorectal,
glioblastoma [32] and cervical cancers [33]. Therefore, elevated CD8+ T cell levels in the
tumour microenvironment often appear to result in a better prognosis in different tumour
types. But the tumour microenvironment, particularly for solid tumours, also impedes CD8+
T cell trafficking and function by different mechanisms like chemokine secretion, abnormal
tumour angiogenesis, or the activation of inhibitory checkpoint pathways. Naive CD8+
T cells, once infiltrating in the tumour bed, differentiate into effector CD8+ T cells, and further
differentiate and activate into cytotoxic and memory CD8+ T cells in order to perform their
targeted functions at the tumour site [34, 35]. These activated CD8+ T cells classically secrete
cytotoxic cytokines and kill the tumour cells upon their encounter with foreign tumour
antigens. Once the CD8+ T cells face the antigen they differentiate into memory CD8+ T cells,
and remain in the body to perform further specialized functions and keep the tumour under
control. From the literature and tremendous research in this field, it is now well established
that CD8+ T cells have remarkable antitumor effects and harnessing this potential appears to
have unparalleled benefits for the overall patient benefit.
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Fig. 1. Diagrammatic representation of the critical players of the lymphocytic choriomeningitis Virus
(LCMV) virus-induced immune activation to result in anti-tumor activity mediated by innate (e.g., Natural
killer cells (NK cells)) and adaptive (e.g., Cytotoxic CD8 T cells) immune cell types. NK (Natural Killer cells),
PRR (pattern recognition receptor), IFN-1 (Type1 interferon), Mo (monocytes).

Combination therapy of LCMV and checkpoint inhibitor leads to massive tumour
regression

PD-1 is expressed as a monomeric surface glycoprotein [36, 37], and is encoded by
the PDCD1 gene, which contains five exons. PD-1 is expressed by a wide variety of immune
cells, which are comprised by CD4+ and CD8+ T cells, natural killer (NK) cells, natural killer T
(NKT) cells, B cells, macrophages, and dendritic cell (DC) subsets. The expression of PD-1
is strongly upregulated on activated T cells, and it further can be enhanced depending
on the concentration of specific stimuli. There is a significant variation in the kinetics of
PD-1 expression between acute and chronic virus infection. In case of acute infection, the
expression of PD-1 on antigen-specific T cells is transient, while in case of chronic infection
its expression is sustained [38, 39]. It has been investigated in [40] many chronic infections
including infections with hepatitis B virus (HBV), hepatitis C virus (HCV) and human
immunodeficiency virus (HIV) that antigen specific T cells and exhausted T cells express
PD-1. There are many studies which have shown the impact of blockade of PD-1 and how it
will influence the course of infection. There is robust interferon-gamma and IL-2 production
by HBV specific CD8 T cells once PD-1 is blocked, e.g. in the case of chronic HBV infection [41].
Similar findings have been found in relation to hepatitis C virus, where a strong correlation
of PD-1 expression on HCV specific CD8 T cells [42] to their functional impairment was
observed, where blockade of the PD-1 pathway resulted in significant enhancement
of effector functions of HCV specific CD8 T cells from peripheral blood [43]. This was in
contrast to HCV specific T cells from liver, most probably due to their very high levels of
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PD-1, so that liver residing CD8 T cells appear more exhausted compared to their counter
parts taken from peripheral blood [43]. PD-1 holds a great significance even in the context
of HIV infection, PD-1 expression on HIV specific CD4+ T cells and CD8+ T cells is associated
with T cell exhaustion which further leads to disease progression [44], and enhanced PD-1
expression was also correlated with more viral load and reduced number of CD4+ T cells [45].
In the state of chronic infection, activated T cells have enhanced PD-1 expression
which further can reach to the point where these cells are non-functional, a state called T
cell exhaustion [38, 39, 46]. Exhausted T cells lose their effector function over time with a
drastic reduction of cytokine production, especially IL-2, diminished proliferative capacity
and they also lose their cytotoxic capacity [47]. Mouse studies in the past especially with
LCMV paved the path for a better understanding of exhausted T cells and to explain their
phenotypic properties in more elucidated way. T cells which are intermediately exhausted
can be rescued by blocking PD-1, however the effector function of those T cells which are
terminally exhausted cannot be rescued by PD-1 blocking antibodies [48]. Some groups
have demonstrated that T cell exhaustion can be reversed by blocking PD-1 which in turn
helps them to regain their effector function and furthermore control virus replication by
increasing T cell proliferation and enhancing effector function, killing capacity and cytokine
production [38].
One of the indispensable pathways that mediate the escape of tumour cells from
immune mediated destruction are the immune checkpoints [49, 50], and among them PD-1
is one of the most important ones, and its signalling is mediated by two of the ligands PDL1 and PD-L2 which are mainly expressed by cancer cells. There are several antibodies
that have been used to target PD-1/PD-L1 and they showed beneficial effects in several
tumour types including melanoma [51, 52], Hodgkin’s lymphoma [53], renal cell carcinoma
[54], and non-small cell lung cancer (NSCLC) [55], especially when compared to standard
chemotherapy or molecular targeted therapy. In addition, it has been shown by numerous
pre-clinical studies that immune checkpoint
blockers have a significant effect in wide
variety of cancer types. Based on this our
Tumor only
laboratory used the murine melanoma B16
6000
Tumor + LCMV
mouse model expressing the Ova antigen
Tumor + Anti-PD1
(B16-Ova) and investigated whether the
Anti PD1 + LCMV
combination of Arenavirus therapy with
4000
immune checkpoint blockade can result
in more efficient anti-tumour effects.
When treating tumour bearing mice with
LCMV alone or in combination with anti2000
PD1 blockade especially the combination
of both LCMV and anti-PD1 blockade
resulted in strongest tumour regression
(Fig. 2), whereas PD1 monotherapy had
0
as previously reported only very small
anti-tumour effects in this model. These
Time (days)
data are complemented by previous
observations of our lab that blockade of Fig. 2. The impact of LCMV combined with checkPD-1 (in Pdcd1-/- mice) in combination point therapy on melanoma tumour growth. B16with LCMV had strongest impact on tumor Ova tumor cells (2×106 cells per mouse) were ingrowth in an advanced murine squamous jected subcutaneously in the left flank of Bl/6 mice,
oropharynx carcinoma model [23]. These and once tumor reached a size of 5mm on day 10 one
important findings further emphasize that group was treated with a LCMV strain derived from
combination therapies using LCMV and LCMV WE (i.t. application of 2x104 PFU/animal)
checkpoint blockers are most promising as with (n=4), and another group was treated with an
an efficient tool for increased clearance of a antibody to PD-1 alone) (n=4), and a third group rewide varieties of tumours.
ceived the combination of LCMV and PD-1 antibody.
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Conclusion

From the past few decades, there has been a tremendous advancement in the field of
cancer therapy. Many strategies were discovered to combat different types of cancers. For
instance, genomic-guided identification of mutations that promote cancer has actually led
to the development of many drugs that showed remarkable responses in tumor patients.
However, such responses turned to be very much short lived and many tumours showed
relapse rates. Similarly, chemotherapy shows also success, but too is limited when it comes
to a complete eradication of the tumour. In contrast to the traditional chemotherapy or
radiotherapy the paramount achievement in the field of cancer immunotherapy in the last
decade has been undoubtedly the introduction of T cell targeted immunomodulators that
block the immune checkpoints CTLA4, PD-1, or PDL1. This has revolutionized the field of
cancer immunotherapy. Anti-PD1/PDL1 immune checkpoint inhibitors (ICIs) have become
one of the most widely used anticancer therapies with significant success rates in the
context of different cancer types. ICIs are now used as single agents or in combination with
chemotherapy as a new strategy for more than 50 cancer types. ICIs that primarily target
PD-1 have shown great promising results in melanoma and NSCLC with an overall response
rate of 40-45% [56], similarly bladder cancer patients treated with PD1/PDL-1 also showed
an overall response rate of around 13-24% [57], and similar studies were also performed
with triple-negative breast cancer (TNBC), although the response of PD-1 blockade was
somehow moderate around 19% [58]. Nivolumab showed an objective response rate of 87%
with a 17% complete response in relapsed or refractory Hodgkins lymphoma [59]. Indeed,
ICIs have been now applicable for different cancer entities, but there still is the hope for better
treatments or a cure. Only for a small fraction of patients one of the profound successes of
ICIs have been a long-time remission even after the discontinuation of treatment, that raises
hope for at least a small pool of patients with particular cancer types [60]. For example,
in melanoma it has been examined that some patients achieved a complete response with
complete disappearance of visible metastasis, observed in around 20% of patients with
melanoma treated with PD-1 or with anti-CTLA4, and strikingly it is now also well accepted
by the scientific community that treatment can be discontinued for such patients after 6
months of therapy as their relapse rates have been drastically reduced to around 10% over
a period of a 5 year follow up [60]. Although there has been a tremendous success with the
ICIs, still it is not enough for a complete cure in most patients especially from indications
other than melanoma, and also many patients are refractory to ICIs where it has been shown
that their cancer cells are less susceptible to T cell mediated killing via e.g., loss of Interferon
–gamma response elements, or downregulation of MHC class I because of mutations in the
genes that encode for JAK1 and JAK2 [61]. It is also documented that anti-PD1 or CTLA-4
also leads to the upregulation of other inhibitory receptors that result in the suppression
of T cell activity as has been investigated in melanoma and prostate cancer [62]. Therefore,
there is a strong need for either new combination therapies or a new approach that will
also include ICIs to fight tumors more efficient and including to be be used for small and
larger tumours as well as their metastasis. Immunovirotherapy is a new and a promising
approach that has been very efficient in cancer therapy. For instance, oncolytic viruses have
been designed in a way that they can target the cancer cells directly without effecting the
normal cells, oncolytic virus infection also stimulates anticancer immune cell response
to a certain degree that further can accelerate efficacy of immune checkpoint inhibition.
Besides viruses can change the tumour environment in a way from non-immunogenic “cold”
tumours to immunogenic “hot” tumours by enhanced cytokine infiltration and also effector
cell infiltration. Nevertheless, monotherapy alone even in the context of viral therapy may
also have limitations, and to further address this issue one of the potential ways is to use
the combination of viruses such as LCMV and ICIs, to prime the tumours and to make them
more immunogenic [63]. For example, T-VEC has been used in combination with anti-PD-1
in melanoma patients where it has led to a more significant tumour regression and massive
T cell infiltrates, enhanced IFN-gamma expression, and elevated PDL-1 protein expression,
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which further hints towards oncolytic viral therapy possibly improving the efficacy of
anti-PD-1 therapy by changing the tumour microenvironment [64]. Similar efforts have
been made with oncolytic vaccinia virus where it has been shown that monotherapy of a
modified oncolytic vaccinia virus in colon and ovarian mouse models does not overcome
significant PD-L1 expression, but furthermore it was shown that there are synergistic effects
for the combination of oncolytic vaccinia virus with anti-PD-L1 with better survival rates
as compared to monotherapy [65]. To summarize combination therapies for oncolytic and
immune modulating viruses appear a very efficient tool when it comes to increased tumour
clearance, and viral therapy has a great potential to become the new game changer in the
field of cancer biology.
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