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Abstract

Oncolytic viruses (OVs) are naturally occurring or genetically
engineered viruses that selectively target and destroy cancer cells.
They act through multiple mechanisms, including direct tumor cell
lysis, stimulation of immune-mediated cytotoxicity, and modulation
of the tumor microenvironment (TME). Recent studies have shown
that, beyond their direct oncolytic activity, OVs also in"uence the
immune landscape by modulating the expression of PD-1/PD-L1 axis.
In many cases, OVs trigger the release of proin"ammatory cytokines,
leading to increased PD-L1 levels on immune cells. This upregulation
plays a key role in modulating the TME and shaping immune
checkpoint signaling. While there is also evidence that OVs can
directly reduce PD-L1 expression on tumor cells, the most prominent
e#ect appears to be the boost in PD-L1 expression. This shift is
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thought to be crucial in in"uencing how the immune system
responds to tumors. These changes could modulate PD-L1-mediated
immune suppression and alter the exhaustion and anergy rate of the
e#ector tumor-speci$c T cells in$ltrated into the TME. This review
discusses how OVs in"uence PD-1 and PD-L1 expression, with a focus
on innate and adaptive immune activation, interferon signaling
pathways, and engineered OVs designed to express
immunomodulatory cytokines and chemokines. We explore how
these mechanisms can be leveraged to enhance antitumor immunity,
particularly in combination with ICIs. Furthermore, we discuss the
potential of OVs to remodel the TME, modulate PD-L1 expression,
and promote immune-mediated tumor clearance. Overall, this review
highlights the evolving role of OVs in cancer therapy and their
potential to augment the e#ectiveness of current immunotherapeutic
strategies.

1. Introduction
Oncolytic viruses (OVs) are viruses that occur naturally or are engineered
to selectively infect and replicate within cancer cells, leading to their
destruction through cell lysis [1]. OVs eliminate tumor cells not only by
direct cytolysis but also by activating antitumor immune responses and
modulating the tumor microenvironment (TME) [2, 3]. Emerging
evidence indicates that OVs also modulate immune checkpoint
molecules such as PD-1 and its ligand PD-L1, thereby reshaping the TME
[4]. The PD-1/PD-L1 pathway is one of the central immune checkpoints
allowing immune tolerance against cancer cells. PD-L1 binds to PD-1
receptors on T cells, delivering inhibitory signals that suppress their
cytotoxic activity against tumor cells [5]. OVs may impact the PD-1/PD-L1
pathway through various mechanisms. Some stimulate the release of
proin"ammatory cytokines, leading to increased PD-1 expression on
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immune cells. Conversely, certain OVs have been found to directly
reduce PD-L1 levels on tumor cells. Additionally, all OVs have the
potential to enhance T-cell in$ltration, particularly cytotoxic T
lymphocytes (CTLs), within tumors, thereby counteracting immune
suppression driven by PD-L1 expression [6, 7]. The immunomodulatory
e#ects of OVs on the PD-1/PD-L1 axis depend on viral tropism, dosage,
and tumor-speci$c factors [8]. This review investigates the emerging role
of OVs in cancer therapy, with a focus on their ability to modulate the
PD-1/PD-L1 immune checkpoint pathway a key regulator of antitumor
immune evasion. We analyze the mechanisms through which OVs alter
PD-1 and PD-L1 expression to potentiate immune-mediated tumor
clearance, while also exploring synergistic strategies to amplify
therapeutic e%cacy. The discussion further encompasses the crosstalk
between innate and adaptive immune activation triggered by OVs, the
role of interferon signaling pathways in shaping antitumor responses,
and innovative approaches to engineer OVs for targeted delivery of
immunostimulatory cytokines and chemokines. By synthesizing current
preclinical and clinical evidence, this review underscores the
transformative potential of combining OVs with immune checkpoint
inhibitors (ICIs), o#ering a roadmap to enhance durable responses and
overcome resistance in cancer immunotherapy.

2. OVs and Their Mechanism of Action
OVs o#er a novel therapeutic strategy for cancer by leveraging viral
replication to selectively target and kill malignant cells [9]. They exploit
the defective antiviral pathways in tumor cells to replicate, thereby
inducing cell lysis, while sparing normal tissues with intact immune
surveillance. This approach addresses several limitations of conventional
therapies, particularly in targeting immunologically ‘cold’ tumors and
inducing systemic antitumor immunity [10] (Figure 1). Commonly utilized
viral platforms include adenovirus, herpes simplex virus (HSV), vaccinia
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virus, poliovirus, reovirus, vesicular stomatitis virus (VSV), and measles
virus (MV), among others [11, 12]. The mechanisms by which OVs exert
antitumor e#ects are multifaceted and context-dependent. These
include exploiting defective interferon signaling in tumor cells, inducing
immunogenic cell death (ICD), and activating both innate and adaptive
immune responses against tumor-associated antigens (TAAs). Numerous
preclinical studies have demonstrated the e%cacy of OVs in various
animal models and cancer types [13]. They have demonstrated that OVs
not only reduce tumor burden but also enhance antigen presentation,
increase T-cell in$ltration, and improve responsiveness to chemotherapy
and immune checkpoint blockade [14, 15]. Classifying OVs based on viral
origin, genetic modi$cation, and replication strategy helps elucidate their
design principles and therapeutic potential. Classi$cation systems
consider factors such as viral genus, replication dependency, tumor
selectivity, and immunomodulatory capabilities [16]. Each viral platform
o#ers distinct advantages based on its replication kinetics, tropism, and
ability to evade or engage the host immune system. Genetic
modi$cations are incorporated into OVs to enhance their tumor
speci$city, enhance anticancer e%cacy, or improve safety pro$les [17].
Genetic modi$cations include deleting or introducing speci$c viral genes,
incorporating tumor-speci$c promoters, or enabling the expression of
immunostimulatory cytokines within the viral genome [18]. Importantly,
OVs can modulate the TME, including immune checkpoint pathways like
PD-1/PD-L1, thereby enhancing the e%cacy of antitumor immune
responses. Such immune modulation underscores the multifunctional
potential of OVs and supports their integration with current
immunotherapy strategies.
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Figure 1

Open in !gure viewer PowerPoint

Oncolytic virus selectivity. This image depicts the selective nature of OVs. While healthy cells

are able to clear the virus, cancer cells provide a favorable environment for viral replication.

This leads to the lysis of cancer cells and the release of new virus particles, which can then

infect and kill more tumor cells, ultimately contributing to tumor regression.

3. The Discovery and Mechanisms of the
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PD-1/PD-L1 Pathway in Immune
Regulation
PD-1, discovered by Honjo et al., was initially believed to be involved in
programmed cell death [19]. Later studies clari$ed that PD-1 plays a
pivotal role in maintaining immune homeostasis by negatively regulating
T-cell activity. PD-L1, identi$ed in 1999 as a primary ligand for PD-1, was
shown to inhibit T-cell activation [20]. The PD-1/PD-L1 axis suppresses
e#ector T-cell function, contributing to immune tolerance and
preventing autoimmune pathology. Mice lacking PD-1 or PD-L1 exhibit
autoimmune phenotypes, underscoring the importance of this pathway
in immune regulation [21]. A second PD-1 ligand, PD-L2, was identi$ed in
2001 and shown to inhibit T-cell responses through similar mechanisms
[22]. Under physiological conditions, PD-L1 and PD-L2 are expressed by
multiple cell types, including macrophages, epithelial, and endothelial
cells. Their expression contributes to peripheral tolerance by dampening
excessive or self-reactive immune responses. PD-L2 also binds repulsive
guidance molecule 2 (RGM-2, a molecule abundant in pulmonary
macrophages), playing a role in maintaining respiratory immune
tolerance [23]. PD-L1 and PD-L2 have also been shown to bind B7-1
(CD80), a costimulatory molecule classically associated with CD28 and
CTLA-4 signaling. This interaction adds another layer of complexity to T-
cell regulation. The binding of PD-L1/PD-L2 to B7-1 transmits inhibitory
signals that suppress T-cell activation, reinforcing peripheral tolerance
[24]. This was a surprising discovery, given that B7-1 was previously
considered exclusive to CD28 and CTLA-4 pathways. The PD-1/PD-L1 axis
exerts its immunosuppressive e#ects through a well-de$ned signaling
pathway. Upon PD-1 engagement with PD-L1, the Src homology 2-
containing protein tyrosine phosphatase 2 (SHP-2) is recruited, leading
to the dephosphorylation of key signaling molecules in the T-cell
receptor (TCR) pathway, including ZAP-70, PI3K, and phospholipase C-
gamma-2 [25]. This signaling cascade dampens T-cell activation and
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cytokine production, ultimately limiting immune-mediated tissue
damage and preventing autoimmunity (Figure 2).

Figure 2

Open in !gure viewer PowerPoint

T-cell signaling in tumor immunity. This $gure depicts the intricate signaling networks that

govern T-cell activation and suppression within the tumor immune environment. T cells are

essential for identifying and targeting cancer cells, but tumor cells can evade immune

detection by expressing inhibitory molecules such as PD-L1 and PD-L2. These molecules bind

to PD-1 receptors on T cells, leading to their inhibition. At the same time, activation signals

from the TCR and costimulatory molecules like CD28 enhance T-cell activation and e#ector

functions. The outcome of tumor immunity is determined by the balance between these

activating and inhibitory signals, which in"uences the ability of T cells to eliminate tumor cells.

3.1. Integrated Structural and Functional Roles of PD-
1, PD-L1, and PD-L2 in Immune Regulation and
Cancer Immune Evasion

PD-1 is a type I transmembrane glycoprotein composed of 288 amino
acids, consisting of an extracellular immunoglobulin V-like (IgV) domain,
a transmembrane region, and a cytoplasmic tail. The IgV domain
facilitates the interaction between PD-1 and its ligands, PD-L1 and PD-L2
[25]. The transmembrane domain anchors PD-1 in the plasma
membrane, whereas the cytoplasmic tail contains two conserved motifs:
an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoreceptor tyrosine-based switch motif (ITSM). This motif plays a
vital role in recruiting inhibitory proteins that mediate PD-1’s
suppressive e#ects on T-cell activation [26]. PD-1 is expressed on
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multiple immune cell subsets, including activated T cells, B cells, and
natural killer (NK) cells. Its primary function is to attenuate T-cell
activation and e#ector function, thereby preventing immune-mediated
tissue damage and autoimmunity. However, tumors frequently hijack
this regulatory pathway to escape immune surveillance [27]. PD-1
expression is tightly regulated and is upregulated upon TCR engagement
and activation. The Pdcd1 gene encodes PD-1, and its transcription is
driven by multiple transcription factors, including NFATc1 and AP-1,
which are activated through TCR signaling [28]. Upon binding to its
ligands, PD-1 initiates a signaling cascade that leads to functional
changes in T cells, including anergy and apoptosis. This process involves
the recruitment of SHP-1 and SHP-2 phosphatases to the ITSM motif,
leading to downstream inhibition of TCR signaling. These phosphatases
dephosphorylate key signaling molecules in the TCR pathway, including
ZAP-70, PI3K, and AKT, e#ectively halting T-cell activation, proliferation,
and e#ector functions [29]. While this regulatory mechanism is essential
for immune homeostasis, its dysregulation in cancer contributes to
immune evasion and tumor progression. In addition to its role in T-cell
regulation, PD-1 blockade has been shown to enhance the activity of NK
cells and promote antibody production by activating PD-1+ B cells. This
highlights the broader impact of PD-1 signaling across the immune
system. PD-1 expression is also modulated by cytokine signaling,
particularly in the in"ammatory milieu. For instance, proin"ammatory
cytokines such as IFN-γ, IL-2, and IL-12 have been shown to upregulate
PD-1 expression on T cells, creating a feedback loop that $ne-tunes
immune activation and prevents excessive in"ammation [30]. The PD-1
signaling pathway plays a pivotal role in regulating immune responses,
primarily through T-cell anergy and apoptosis induction. Its interaction
with PD-L1 and PD-L2, coupled with the in"uence of cytokines and
transcription factors, underscores its importance in both immune
homeostasis and cancer immunotherapy. Building upon the pivotal role
of PD-1, a deeper understanding of its ligands, PD-L1 and PD-L2, further
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elucidates the mechanisms underlying immune suppression and tumor
immune evasion. PD-L1 and PD-L2 are type I transmembrane
glycoproteins that function as key immune checkpoint ligands by
interacting with PD-1 to negatively regulate T-cell activation. While PD-L1
and PD-L2 share similar inhibitory functions, they di#er signi$cantly in
sequence homology and tissue distribution [31]. PD-L1 exerts
immunosuppressive e#ects through multiple mechanisms. It contributes
to T-cell apoptosis, induces the production of immunoregulatory
cytokines such as IL-10, impairs e#ector T-cell function, and interacts
directly with CD80, thereby dampening immune responses. These
regulatory functions have been demonstrated in both murine and
human immune systems [32]. PD-L1 is expressed on a broad range of
cells, including tumor cells and various immune cell subsets, whereas
PD-L2 expression is largely restricted to professional antigen-presenting
cells (APCs) such as dendritic cells (DCs) and macrophages [33]. The
expression of PD-L1 is regulated at multiple levels. Transcription factors
such as HIF-1α, MYC, AP-1, and IRF family members promote PD-L1
transcription in response to oncogenic signaling and hypoxic or
in"ammatory conditions [34, 35]. Additionally, genetic alterations such
as chromosomal translocations and focal ampli$cations can lead to PD-
L1 overexpression [36]. MicroRNAs also contribute to posttranscriptional
control by targeting pathways involved in PD-L1 protein stability,
tra%cking, and membrane localization [37]. PD-L1 upregulation may also
occur in response to viral infection or cytokine signaling. In"ammatory
mediators such as TNF-α, IFN-γ, and IL-4 have been shown to induce PD-
L1 expression, contributing to CD8  T-cell exhaustion in the TME [38].
Although PD-L1 is typically absent in most healthy tissues, its expression
is strongly induced in nucleated cells in response to IFN-γ released
during tumor antigen-speci$c immune responses. This serves as a
mechanism of adaptive resistance, particularly within tumor-in$ltrating
lymphocytes (TILs) [39]. Through its engagement with PD-1 and B7-1, PD-
L1 transmits inhibitory signals that reduce T-cell proliferation and

+
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cytokine secretion. While this immune dampening limits in"ammation
and prevents tissue damage, it also impedes e#ective antitumor
immunity. Notably, PD-L1 can be upregulated even in the absence of
TILs, driven by intrinsic oncogenic signaling pathways or noncoding
RNAs, further supporting immune evasion in “cold” tumors [40].

4. Impact of OVs on PD-1/PD-L1 Pathway
OVs exert antitumor e#ects not only through direct cytolysis but also by
modulating the TME and reshaping immune responses. The interaction
between viral infection and the PD-1/PD-L1 axis was initially described in
herpetic stromal keratitis. Adjustments of immune responses were
demonstrated through the induction of expression of PD-1 in T cells and
PD-L1 in macrophages in the cornea and lymph node by infectious HSV-
1, called ocular infection. Other literature also suggested that
interactions with the virus upregulate PD-1/PD-L1, leading to an immune
dysregulation known as T-cell exhaustion, which further promotes viral
replication and colonization [41]. From one viewpoint, the release of
TAAs, pathogen-associated molecular patterns (PAMPs), and damage-
associated molecular patterns (DAMPs) triggers an immune response,
along with the secretion of cytokines, which can result in reduced PD-L1
expression on cancer cells. On the other hand, some OVs may induce
the upregulation of PD-L1 (Table 1). VZV infection profoundly a#ects the
induction of PD-L1 expression in di#erent cell types, as VZV directly
downregulates PD-L1 protein expression in various cell types, including
$broblasts [49]. In contrast, HSV-1 infection of DCs leads to a direct
upregulation of PD-L1 levels. In"ammatory cytokines produced during
viral infection may play a crucial role in driving virus-induced PD-L1
expression, as well as PD-L1 induction through TLR activation triggered
by PAMPs [50]. Immune cell surface PD-1 interacts with tumor cell
surface PD-L1, generating an immunosuppressive environment that fails
to attack tumor cells. A reduction in the inhibitory molecules PD-1 and
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PD-L1 on immune cells would prevent the immune system from being
reactivated by immune checkpoint blockades, potentially leading to the
progressive elimination of tumor cells. OV-infected tumor cell lysis
causes ICD and releases of TAAs, allowing an antigen-driven T-cell
response and production of IFN-γ, triggering a reduction in PD-L1
expression on the tumor cell surface (Figure 3) [51]. Although ICIs such
as anti-PD1 have shown promise in various malignancies, their e%cacy
in immunologically cold tumors like hepatocellular carcinoma (HCC)
remains limited. One of the key reasons for this resistance is the
immunosuppressive TME, which prevents adequate T-cell in$ltration and
activation. A study by Chiu et al. revealed that HCCs often upregulate
PVRL1, a molecule that stabilizes PVR on the tumor cell surface,
facilitating interaction with TIGIT, an inhibitory receptor on CD8  e#ector
memory T cells. This PVR–TIGIT axis e#ectively dampens T-cell
responses, contributing to resistance against PD1 blockade. Notably,
knockdown of PVRL1 in tumor cells enhanced CD8  T-cell in$ltration and
tumor suppression in mice, especially when combined with dual
PD1/TIGIT blockade. These $ndings support the rationale for combining
OVs, which can convert cold tumors into hot by enhancing T-cell
in$ltration and antigen presentation with ICIs, particularly in tumors that
express high levels of inhibitory molecules like PVRL1. Thus, OV-based
therapies can help overcome immune resistance mechanisms inherent
to cold tumors, potentially improving responses to checkpoint inhibitors
[52]. Oncolytic treatment of neoplasms is likely to induce ICD of the
tumor, which in turn activates NK cells and reduces PD-L1 expression
through the production of cytokines that promote PD-L1 downregulation
[53]. These mechanisms therefore suggest that the role of OVs in
modulating the inhibitory molecules PD-1 or PD-L1 may intensify the
patient’s immune responses against tumor cells. Recent evidence
highlights the importance of spatiotemporal coordination between OV
therapy and ICI administration. For instance, the early in"ammatory
remodeling of the TME induced by OVs is essential for subsequent T-cell

+
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activation and expansion. In a recent clinical report, T-VEC was used
intratumorally in a patient with refractory adult T-cell
leukemia/lymphoma (ATLL), demonstrating signi$cant tumor regression
and immune modulation. Single-cell RNA sequencing of pre- and
posttreatment $ne-needle aspiration samples revealed enhanced
in$ltration and activation of CTLs following OV treatment [54]. This
underscores the importance of administering OVs prior to PD-1
blockade, allowing su%cient time for the TME to transition into an
immune-in"amed state, thereby enabling optimal clonal expansion of
e#ector T cells. In addition to sequential combination strategies, an
emerging and promising approach involves engineering OVs to encode
ICIs such as anti-PD-1 antibodies within their genomes. This strategy not
only ensures localized production of checkpoint inhibitors at the tumor
site, minimizing systemic toxicity, but also aligns the peak ICI activity with
OV-induced immune activation. Given that the systemic half-life of
monoclonal antibodies like anti-PD-1 (pembrolizumab or nivolumab) can
range from 2 to 3 weeks [55, 56]. Local expression via OVs can provide a
more controlled and dynamic checkpoint blockade. Such integrated
constructs can maximize therapeutic synergy while reducing the risk of
immune-related adverse events, making OVs powerful vehicles for
precise and context-speci$c immunomodulation.

Table 1. E#ects of various OVs on the regulation of PD-1 and PD-L1. This
table summarizes the impact of di#erent OVs on the expression of PD-1
and PD-L1, critical immune checkpoints involved in suppressing
antitumor immunity. The regulation of these checkpoints by OVs is
crucial in overcoming immune evasion by tumors, thereby enhancing
the e%cacy of cancer immunotherapy. Reovirus-induced PD-L1
upregulation may re"ect TLR-driven in"ammation, whereas vaccinia
virus downregulates PD-L1 via IFN-γ induction. The table includes the
mechanisms through which each virus modulates PD-1 and PD-L1 levels,
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primarily through the induction of ICD, activation of T cells, and
production of in"ammatory cytokines.

Oncolytic virus alphavirus

M1 (OVM1)

Downregulation Prostate cancer

and glioma

[42]

Oncolytic vaccinia virus Downregulation Ovarian and colon

cancer cells

[43]

Oncolytic adenovirus

(hTertAd)

Downregulation Primary liver

tumors and lung

metastasis

[44]

Semliki forest virus-based

vector encoding IL12

Upregulation Colorectal cancer

cells

[45]

Oncolytic reovirus Upregulation Multiple myeloma

cells

[46]

Oncolytic adenovirus (delta-

24-RGD)

Upregulation Glioma [47]

Oncolytic vesicular
stomatitis virus

VSVΔ51-YF

Downregulation Prostate [48]

Virus PD-1/PD-L1

regulation

Tumor type Ref
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Figure 3

Open in !gure viewer PowerPoint

Oncolytic immunovirotherapy for cancer. This $gure depicts the mechanisms underlying OV-

mediated immunotherapy in cancer treatment. Injection of OVs leads to viral replication

within tumor cells, releasing tumor antigens, viral antigens, and DAMPs. These molecules

activate DCs, which present tumor antigens to CD8+ T cells in the lymph node. The interaction

between tumor antigens and TCRs leads to the activation and expansion of tumor-speci$c

CD8+ T cells. However, tumor cells often express PD-L1, which binds to PD-1 receptors on T

cells, inhibiting their antitumor activity. Anti-PD-1 therapy can block this inhibitory pathway,

enhancing the killing capacity of CD8+ T cells and leading to tumor regression. The

e#ectiveness of OV therapy depends on the tumor’s immunogenicity and its sensitivity to

viral infection. Cold tumors, which are less responsive to ICIs, may bene$t from the combined

use of OVs and ICIs.

4.1. Innate Immune Activation and Modulation of
PD-1/PD-L1 Expression by OVs

A key mechanism by which OVs exert antitumor activity is through the
activation of the innate immune system. Among the components of this
response, NK cells play a central role in recognizing and eliminating
virally infected and transformed cells [57]. Upon OV administration, NK
cells are activated and secrete proin"ammatory cytokines such as IFN-γ
and TNF-α, initiate a cascade of immune-stimulatory events within the
TME [58–60]. These cytokines not only contribute to the recruitment and
activation of APCs, such as DCs and macrophages, but also in"uence the
expression of immune checkpoint molecules. Speci$cally, IFN-γ can
downregulate PD-L1 expression on tumor cells under certain conditions,
while simultaneously enhancing MHC class I presentation and the
activation of CTLs.

https://onlinelibrary.wiley.com/doi/10.1155/jcpt/6036890 31.07.25, 18:23
Page 14 of 69



4.2. Interferon Signaling Pathways and Their Impact
on PD-L1 Expression in OV Therapy

Interferons are essential in enhancing the e%ciency of OVs because they
induce a type of immune response known as type I interferon signaling,
which is favorable for e#ective antitumor immunity. OVs selectively
target and destroy cancer cells by exploiting defects in the IFN pathway,
which cancer cells often lack. While OVs use this vulnerability to replicate
and lyse tumor cells, they also trigger an immune response in the
surrounding healthy tissue. This leads to the release of type I IFNs (such
as IFN-α and IFN-β) by immune and stromal cells, activating antitumor
immunity, recruiting CTLs and NK cells, and reducing PD-L1 expression
on tumor cells. Thus, OVs not only directly kill cancer cells but also
enhance immune-mediated tumor destruction through IFN pathway
activation in the TME [61]. Type I IFNs lead to a decrease in the PD-L1
expression on tumor cells by supporting immune cell recruitment and
facilitating CTL activities [62]. It has been shown that OVs increase type I
IFN pathway activation and decrease PD-L1 expression in tumor cells,
enhancing tumor destruction by CTLs [63]. Various OVs activate type I
IFN signaling, which disrupts the PD-1/PD-L1 immune checkpoint axis
and enhances the recruitment of NK cells and T cells to the tumor site.
This boosts the immune system’s ability to attack and destroy the tumor
[64–66].

4.3. Cytokine and Chemokine Engineering in OVs:
Modulating PD-1 and PD-L1 Expression for Enhanced
Antitumor Immunity

OVs can be created to produce speci$c cytokines and chemokines,
thereby regulating PD-1 and PD-L1 expression and augmenting the
antitumor immune response [8]. For instance, GM-CSF-expressing
oncolytic vaccinia virus, JX-594, causes further recruitment and activation

https://onlinelibrary.wiley.com/doi/10.1155/jcpt/6036890 31.07.25, 18:23
Page 15 of 69



of DCs and T cells into the TME, which increases IFN-γ and other
proin"ammatory cytokines and leads to decreased PD-L1 expression on
tumor cells [67]. Woller et al. showed that oncolytic adenovirus infection
of PD-1-resistant tumors elicited robust CD8  T-cell responses against
conserved neoepitopes, responses that were not e#ectively induced by
PD-1 inhibition alone. Notably, the combination therapy broadened the
neoantigen-speci$c T-cell repertoire and led to complete tumor
regression in a CD8  T-cell-dependent manner. In addition, the use of
oncolytic adenoviruses expressing IL-12 further enhances the antitumor
immune response by promoting the di#erentiation of naïve T cells into
Th1 cells and activating NK cells, resulting in elevated production of IFN-γ
and TNF-α. These cytokines subsequently reduce PD-L1 expression on
tumor cells. Together, these $ndings highlight the potential of OVs not
only to overcome immunotherapy resistance by reprogramming the
tumor immune microenvironment but also to enhance the e%cacy of
ICIs such as PD-1/PD-L1 blockade [44]. In the same manner, treating
oncolytic MV expressing IL-12 enhances the activation and proliferation
of T cells and NK cells, leading to a strong Th1 immune response that
downregulates PD-L1 on tumor cells [68]. HSV-1 with IL-12 insertion
selects and activates various populations of DCs, T cells, and NK cells,
which results in a higher amount of IFN-γ and subsequently leads to
loosened PD-L1 levels in the TME [69]. Oncolytic adenoviruses
programmed to express TNF-related apoptosis-inducing ligands show
enhanced induction of apoptosis in tumor cells along with remodeling of
the TME, thereby decreasing the levels of PD-L1 in tumor cells [70].
Oncolytic parvoviruses expressing IL-2 activated and proliferated T and
NK cells and stimulated the immune response, resulting in an increase in
IFN-γ production and a decreased PD-L1 expression on cancer cells [71].
Coxsackievirus A21 (CVA21), an OV that selectively targets and destroys
tumor cells, can also be incorporated into the body, and the infection will
enhance the secretion of type I interferon that antagonizes the action of
PD-L [72]. In conclusion, the OVs designed to secrete chemokines and

+

+

https://onlinelibrary.wiley.com/doi/10.1155/jcpt/6036890 31.07.25, 18:23
Page 16 of 69



cytokines markedly a#ected the design-modulated CD8+ T-cell tumor
immune response due to polarization of the tumor immune response
and PDL and PD-L1 modulation. Tumor-associated in"ammation and
immune activation can also be achieved by the application of GM-CSF, IL-
12, or IL-2, whose receptors are expressed on T cells, NK cells, and DCs
and support their expansion, increasing the synthesis of IFN-γ and other
in"ammatory cytokines in proin"ammatory cytokines. Notably, these
cytokines downregulate the PD-L1 molecule on the surface of tumor
cells, thereby enhancing immune activity against the tumor.

4.4. Immunogenic Cell Death Induction and Antigen
Presentation in OV Therapy

OVs not only exert direct lytic e#ects on tumor cells but also remodel the
tumor TME through the induction of ICD and enhancement of antigen
presentation, thereby signi$cantly improving the e%cacy of PD-1/PD-L1
inhibitors [73]. ICD, triggered by OVs, leads to the release of TAAs along
with DAMPs, including ATP, calreticulin, and HMGB1, which activate DCs
and facilitate e#ective T-cell priming [74]. Additionally, OVs upregulate
the expression of major histocompatibility complex (MHC) molecules on
tumor cells, enhancing antigen presentation and increasing tumor
visibility to the immune system [75, 76]. These changes support robust
adaptive immune responses and help overcome the
immunosuppressive e#ects of PD-L1 within the TME. Furthermore,
studies in nonsmall cell lung cancer (NSCLC) have demonstrated that
engineering OVs to target tumor-speci$c pathways can improve
responses to PD-1 inhibitors by addressing the heterogeneity and
immune resistance of the TME [77]. Overall, the synergy between ICD
induction, improved antigen presentation, and immune checkpoint
blockade o#ers a powerful approach for enhancing antitumor immunity
and overcoming resistance in various cancer types.
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5. In!uence of OVs on PD-1/PD-L1
Pathway in Acquired Immune Activation
The role of adaptive immune activation, particularly T-cell-mediated
responses, is critical to the therapeutic e%cacy of OVs. While OVs
primarily trigger innate immunity, they also in"uence adaptive immune
pathways, including the PD-1/PD-L1 immune checkpoint axis [78]. The
OVs could enhance the activation and proliferation of CTLs, modulating
the expression of PD-1 and PD-L1. There are several experiments that
demonstrated the upregulation of PDL-1 on tumor cells after OV
treatment, and in the opposite manner, there are several studies that
showed OVs would downregulate the PDL-1 expression in cancer cells
(Table 1). This is important because high levels of PD-1 on T cells and PD-
L1 on tumor cells help to advance an immunosuppressive TME,
inhibiting e%cient antitumor immune responses. OVs enhance acquired
immunity by inducing ICDs in tumor cells, which release TAAs and
activate DCs. This process promotes the activation and in$ltration of
CTLs into the TME [51, 79]. Activated CTLs release IFN-γ, which reduces
PD-L1 expression on tumor cells, thereby increasing their vulnerability to
immune-mediated destruction. Additionally, OVs stimulate the
production of type I interferons and other proin"ammatory cytokines,
reinforcing both innate and adaptive immune responses. These
cytokines enhance the cytolytic activity of NK cells and support the
persistence and functionality of CTLs, contributing to a sustained
antitumor immune e#ect [80]. In summary, OVs exert a great in"uence
on the PD-1/PD-L1 pathway via immunologic activation. By augmenting
CTL activation and proliferation, these viruses have been known to
downregulate PD-1 and PD-L1 expression, thus e#ectively overturning
the immune checkpoint blockade, leading to enhanced antitumor
immunity. This capacity to reprogram the adaptive immune response
positions OVs as valuable agents in the context of cancer
immunotherapy, particularly in combination with immune checkpoint
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blockade. Mechanistic studies have shown that OVs modulate PD-1/PD-
L1 expression and reshape the TME, providing the rationale for
combining OVs with ICIs. These insights guide clinical trial design by
identifying optimal timing, tumor types, and immune targets to enhance
therapeutic synergy.

6. PD-1/PD-L1 Blockade in Combination
With Oncolytic Virotherapy for Cancer
Treatment
The clinical introduction of monoclonal antibodies targeting the PD-
1/PD-L1 pathway markedly advanced cancer immunotherapy by
restoring T-cell-mediated tumor surveillance. To date, the U.S. Food and
Drug Administration (FDA) has approved ten ICIs targeting PD-1 or PD-
L1, including anti–PD-1 agents such as Pembrolizumab (Keytruda),
Nivolumab (Opdivo), Atezolizumab (Tecentriq), Avelumab (Bavencio),
Durvalumab (Im$nzi), Cemiplimab (Libtayo), Dostarlimab (Jemperli),
Retifanlimab (Zynyz), Toripalimab (Loqtorzi), and Tislelizumab
(Tevimbra). Among them, some are anti PD-1 (Pembrolizumab,
Nivolumab, Cemiplimab, Dostarlimab, Retifanlimab, Toripalimab, and
Tislelizumab), and some others are anti PDL-1 (Atezolizumab, Avelumab,
and Durvalumab) [81]. These agents function by preventing the
inhibitory PD-1/PD-L1 interaction, thereby sustaining T-cell e#ector
functions in the TME. Anti-PD-1/PDL-1 drugs are e#ective in treating a
variety of cancers, including melanoma, lung cancer, kidney cancer,
lymphoma, esophageal, gastric cancer, breast cancer, head and neck
cancer, cervical cancer, and bladder cancer [82]. They are often used in
combination with other cancer treatments, such as chemotherapy or
radiation therapy. For instance, combining oncolytic vaccinia virus with
anti-PD-1 therapy has demonstrated synergistic e#ects, where the virus-
induced immune activation reduces PD-L1 expression on tumor cells,
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making them more susceptible to PD-1/PDL-1 blockade [15]. Emerging
biomarkers such as baseline CD8  T-cell in$ltration and PD-L1 combined
positive score (CPS) may further guide patient selection for OV-ICI
combination therapies. In the following sections, we critically evaluate
key clinical trials combining OVs with PD-1/PD-L1 inhibitors, summarize
mechanistic insights underlying their synergy, and discuss the
implications for future combination strategies in immuno-oncology.
Table 2 summarizes the most prominent clinical trials using both OV
therapy and ICI therapy simultaneously.

Table 2. Clinical trials of OVs in combination with ICIs.

+

HSV T-VEC Deletion of

ICP34.5 and

ICP47 genes

and insertion

of hGM-CSF

NCT02263508 Phase I b, open-

label, single-arm

study

NCT02263508 Phase-III,

randomized,

double-blind,

placebo-

controlled

Virus Variant Genetic

modi!cation

NCT Study design
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6.1. OHSV and PD-L1/PD-1 Inhibitors

Talimogene laherparepvec (T-VEC) is a modi$ed HSV type 1-based OV
encoding GM-CSF. Expression of the gene encoding GM-CSF leads to the
local production of GM-CSF, which facilitates tumor-speci$c T-cell
activation and the in$ltration of ACPs. In addition, genes for infectious
cell proteins 34.5 and 47 were deleted in T-VEC, which increased tumor-
selective virus replication and enhanced antigen presentation in infected
tumor cells, respectively [104]. Intralesional T-VEC has been tested in
several studies as monotherapy and with PD-1 inhibitors [83, 105]. In a
small phase-Ib clinical trial (MASTERKEY-265; NCT02263508), T-VEC and
pembrolizumab combination therapy in melanoma patients (n = 21)
yielded an overall response rate (ORR) of 62% and a complete response
rate (CRR) of 33%. Post-treatment tumor biopsies of responding patients
exhibited increased CD8  T-cell in$ltration, PD-L1 expression, and IFN-γ
mRNA [83]. These results suggest that T-VEC likely improves of PD-1
inhibitors e%cacy in combination therapy through favorably modulating
the TME. More recently, Chesney and colleagues completed the Phase-III
trial of KEYNOTE-034/MASTERKEY-265. In this study, 692 anti-PD1 naïve,
unresectable stage IIIB-IVM1c melanoma patients were randomized to
pembrolizumab plus T-VEC (n = 346) and pembrolizumab plus placebo (n 
= 346). Compared with placebo plus pembrolizumab, T-VEC plus
pembrolizumab did not signi$cantly extend progression-free survival
(PFS) or overall survival (OS). Although the T-VEC plus pembrolizumab
group showed higher ORR (48.6%) and disease-related response (42.2%)
rates than the pembrolizumab plus placebo group (ORR: 41.3%; DRR:
34.1%), these di#erences did not reach statistical signi$cance [84]. The

+
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reasons for the lack of statistical signi$cance in survival are not entirely
clear; however, it may be partly attributable to the inclusion of patients
with more advanced stage) in this trial Approximately 41% of patients in
the KEYNOTE-034 trial had IVM1c or IVM1b disease, which involves
distant organ metastases, whereas a previous trial excluded patients
with extensive visceral disease who were unlikely to bene$t from single-
agent OV therapy, focusing instead on individuals with predominantly
early-stage disease [106]. Another crucial factor in evaluating the results
of phases I and III of the MASTERKEY-265 study lies in the treatment
regimen. In the phase-Ib trial, T-VEC was injected before pembrolizumab
to facilitate seroconversion and establish a protective immune response
against the oncolytic viral vector. However, in the phase-III trial, T-VEC
and pembrolizumab were administered concomitantly from the
beginning [107]. Preclinical studies indicate that the administration
schedule of anti-PD-1 and OVs in"uences therapeutic e%cacy, whereby
OV administration preceding anti-PD-1 results in improved outcomes
compared to alternative schedules [108]. In fact, initial OV treatment
creates an immunologically hot TME through APCs recruitment and
activation, primed CD8  T cells, and their in$ltration into the TME. In
addition, OV treatment upregulates PD-L1 and MHC-I expression on
tumor cells and in"ammatory cytokine production, further supporting
the immunologically hot TME. Furthermore, administering anti-PD-1 in
such optimized TME enhances the activation of CD8  T cells and
e#ectively mitigates T-cell exhaustion mediated by PD-L1/PD-1
interaction [108, 109].

The phase-II MASTERKEY-115 clinical trial (NCT04068181) investigated
the therapeutic potential of combining T-VEC with pembrolizumab in
advanced melanoma patients who experienced disease progression or
recurrence following prior anti-PD-1 therapy. This multicenter study
enrolled 71 participants categorized into four distinct subgroups based
on treatment history: cohort 1 (n = 26) comprised patients with primary

+

+
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resistance to anti-PD-1 agents, cohort 2 (n = 15) included those
demonstrating acquired resistance after initial response, cohort 3 (n = 15)
involved individuals recurring within 6 months post-adjuvant anti-PD-1
treatment, and cohort 4 (n = 15) encompassed patients with disease-free
intervals exceeding 6 months following adjuvant therapy. While cohorts 1
and 2 received prior anti-PD-1 regimens for metastatic or locally
recurrent disease, clinical outcomes varied signi$cantly across groups.
Minimal response rates were observed in cohorts 1 (0% ORR) and 2
(6.7% ORR), whereas cohorts 3 and 4 exhibited substantially improved
outcomes, achieving ORRs of 53.3% and 46.7%, respectively [110].

Sarcoma and head and neck cancer are among the other cancers for
which the combination of pembrolizumab with T-VEC has been
investigated. A phase-II trials (NCT03069378) of pembrolizumab in
combination with T-VEC in locally advanced sarcoma (n = 20) reported a
35% ORR with a favorable safety pro$le [85]. In another trial
(MASTERKEY-232; NCT02626000) involving 36 patients with recurrent or
metastatic squamous cell carcinoma of the head and neck treated with
T-VEC plus pembrolizumab, the ORR was 13.9%, and the median OS and
PFS were 5.8 and 3.0 months, respectively. However, the combination
therapy did not improve e%cacy over pembrolizumab monotherapy;
thus, phase III was not pursued. In this study, all patients who responded
to treatment exhibited PD-L1 expression, with four demonstrating a
baseline CPS PD-L1 greater than 50. This $nding suggests a potential
association between elevated baseline PD-L1 CPS and therapeutic
response. It is important to note that signi$cant adverse events were
observed, including one case of fatal arterial bleeding, which was
possibly related to T-VEC [86].

Vusolimogene oderparepvec (also referred to as RP1) is another
genetically modi$ed HSV-1-based OV designed to express GM-CSF and
fusogenic glycoprotein from gibbon ape leukemia virus (GALV-GP R-)
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[111]. In preclinical lung and breast cancer studies, RP1 induced GALV-
GP-enhanced ICD and host antitumor immunity. In addition, the virus
increased PD-L1 expression and showed augmented activity in
combination with anti-PD-1 therapy [111]. Intratumoral RP1 combined
with nivolumab has been studied in a phase I/II trial for patients with
skin cancers (NCT03767348). The ORR was 62.5% (5/8) in patients with
anti-PD-1-naive cutaneous melanoma and 37.5% (6/16) in patients with
prior anti-PD1/anti-PDL-1 plus anti-CTLA-4 failure. Among patients with
anti-PD-1-naive cutaneous squamous cell carcinoma, 47.1% (8/17)
experienced a complete remission (CR) and 17.6% (3/17) a partial
response (PR). Additionally, the combination of RP1 and nivolumab was
well tolerated, with no new safety signals detected. Most importantly,
robust CD8  T-cell in$ltration and elevated PD-L1 expression were
observed in post-treatment tumor biopsies. The clinical responses were
independent of the baseline tumor PD-L1 expression and correlated
with increased gene signatures re"ective of cytotoxic T, Th1, and, NK
cells activation, Notably, key genes previously implicated in
responsiveness to anti–PD-1 therapy including CD8, CXCL9, CD27, and
TIGIT—were upregulated in patients who responded to treatment [112,
113]. A phase-III study of RP1 in combination with nivolumab (IGNYTE-3;
NCT06264180) is also underway for patients who have not responded to
previous anti-PD-1 treatment [114].

OrienX010 is another HSV-1-derived oncolytic immunotherapy collected
from the oral cavity of a Chinese patient infected with HSV-1 of Han
ethnicity and genetically modi$ed to delete ICP34.5 and ICP47 while
expressing human GM-CSF [115]. In a phase Ib study, intratumoral
injection of OrienX010 in four dose groups, including 10  pfu, 10  pfu, 10  
pfu and 4 × 10  pfu was evaluated in patients with unresectable stage IIIC-
IV melanoma. No dose-limiting toxicities (DLTs) were observed in this
study, and promising e%cacy results were obtained, including an ORR of
28.6%, a disease control rate (DCR) of 57.1%, a median mPFS of 3.0 
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months, and a median OS of 17.4 months [116]. Recently, the e%cacy
and tolerability of intratumoral OrienX010 (Ori) in combination with
toripalimab (Tori) as a neoadjuvant regimen (neoadjuvant) were
evaluated in patients with stage IIIB/IVM1a acral melanoma. Following
surgical resection, adjuvant tori was administered starting 3 weeks
postoperatively and continued for up to 1 year. Of the 30 patients
enrolled, 27 patients underwent surgery after receiving neoadjuvant
therapy and subsequently received adjuvant therapy. Three patients did
not undergo surgery due to disease progression during neoadjuvant
therapy. The ori + tori combination therapy was well-tolerated, with all
patients experiencing at least one TRAE, predominantly Grade 1–2. Only
two grade 3 TRAEs were observed, including one case of alanine
aminotransferase elevation and one case of peripheral neuropathy, both
of which were in the adjuvant setting. Among the 27 patients who
underwent surgery, 4 patients (14.8%) achieved a pathological (CR), 5
(18.5%) a near-pathological CR, 12 (44.4%) a pathological partial
response PR), and 6 (22.2%) did not achieve a pathological response.
Pathologic responses were associated with robust immune in$ltrates
displaying signs of activation and hyaline $brosis in the treated tumor
specimens. Furthermore, analysis of cytokines and chemokines in the
serum of responding patients showed that the combination therapy
signi$cantly increased the secretion of immune factors that are e#ective
in tumor elimination through various mechanisms. This increase
included cytotoxic cytokines such as TNF, TNFR, IFN-γ, and Fas ligand,
which directly kill tumor cells, along with granzymes GZMA, GZMH, and
GZMB, which are secreted by immune cells and play a role in tumor
destruction. Also, chemokines CXCL9, CXCL10, CXCL11, CXCL13, CCL19,
and CCL23, which enhance the recruitment and activation of immune
cells, and regulatory interleukins such as IL-12, IL-18, and IL-10, which
modulate the immune response, were signi$cantly increased [88].

6.2. Oncolytic Coxsackievirus and ICI Therapy
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Coxsackievirus A21 (V937, formerly CVA21 or Cavatak™) is a wild-type
OV with tropism for malignant cells overexpressing intracellular
adhesion molecule (ICAM)-1 and decay-accelerating factor (DAF) [117].
Increased immune cell in$ltration, IFN-γ gene regulation, PD-L1
expression, tumor cell lysis, and a systemic antitumor immune response
have all been linked to CavatakTM administration. Preclinical studies
have demonstrated that intratumoral CVA21 with anti-PD1 has a
considerably stronger antitumor e#ect compared to using either
individually [118]. Phase-Ib study KEYNOTE-200 investigated the safety
and e%cacy of intravenous CVA21 with pembrolizumab in patients with
advanced NSCLC and bladder cancer [119]. Combination therapy was
generally well tolerated and associated with ORRs of 23% and 31% in the
immunotherapy-naive NSCLC patients (those who did not previously
receive immunotherapy) and the immunotherapy-naive bladder cancer
patients, respectively. The biopsy specimens from evaluable patients
with negative or low baseline PD-L1 expression exhibited a substantial
increase in PD-L1 expressing tumor cells by 62% at Day 15 post-
CVA21plus pembrolizumab treatment [119]. The CAPRA trial evaluated
intratumoral V937 plus pembrolizumab in metastatic/unresectable stage
IIIB-IV melanoma, reporting a 47% (17/36) con$rmed ORR, based on
immune-related response criteria. Among 17 responders, 14 (82%) had
responses more than 6 months. Biomarker analysis revealed that
pretreatment intratumoral in$ltration of CD3  and CD8  T lymphocytes
was lower in responders. In contrast, clinical responses correlated with
increased serum CXCL10 and CCL22 levels, indicating viral replication
drives antitumor immunity, even within tumors exhibiting a
nonimmunologically “active” microenvironment [92].

6.3. Oncolytic Reovirus and ICI Therapy

Pelareorep (REOLYSIN®) is a live, nongenetically modi$ed reovirus
isolate from the type 3 Dearing strain. After intravenous administration,

+ +
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pelareorep selectively infects and lyses tumor cells with an activated RAS
pathway. The preferential elimination of RAS-activated cells by
pelareorep is primarily due to the inhibition of autophosphorylation of
double-stranded RNA-activated protein kinase (PKR) in these cells,
enabling viral replication [120]. Pelareorep induces innate and adaptive
antitumor immune responses and promotes an in"ammatory tumor
phenotype characterized by increased T-cell and NK cell in$ltration into
the TME and PD-L1 expression [93]. Several preclinical and clinical
initiatives have investigated the safety and e%cacy of pelareorep with
other therapies, including chemotherapy. Chemotherapy combinations
were utilized in OV therapy studies to attenuate neutralizing
antiretroviral antibodies formation and improve systemic viral delivery
to tumor tissues [121]. A phase-II trial demonstrated that pelareorep
combined with gemcitabine was well tolerated and exhibited moderate
clinical activity in advanced pancreatic ductal adenocarcinoma (PDAC).
Analysis of an on-treatment biopsy from a patient with stable disease
revealed viral replication, PD-L1 upregulation, and tumor cell apoptosis
[122]. Upregulation of PD-L1 following pelareorep suggests the logic of
combination therapy with anti-PD-L1 inhibitors [122]. To address this
therapeutic method, a phase-Ib clinical trial of the e%cacy and safety of
the combination of intravenous pelareorep, pembrolizumab, and
chemotherapy (5-FU, gemcitabine, or irinotecan) was conducted in 11
patients with advanced PDAC. Combination therapy was again well
tolerated; one patient had a clinical response (ORR: 9%), and median PFS
and median OS were 2.0 and 3.1 months, respectively. Similar to
previous studies with pelareorep, viral proliferation was demonstrated
in most on-treatment biopsy specimens. Increased intertumoral CD8  T
cells, LILRA4, and ICOS expression were observed in patients with clinical
bene$t. It should be noted that both of the above genes are involved in
IFN production upon reovirus infection. In addition, an increase in blood
levels of IFN-inducible chemokines (CXCL9/10/11) was demonstrated
during the $rst treatment cycle [123].

+
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While chemotherapy combinations can e#ectively attenuate the
development of NARA, prior chemotherapy may modulate OVs-induced
antitumor responses. To evaluate whether eliminating chemotherapy
could improve virus-induced antitumor immune responses, Mahalingam
et al. conducted a phase-II study in which pelareorep plus
pembrolizumab was administered as a chemotherapy-free second-line
treatment for PDAC patients. The simultaneous administration of
pelareorep and pembrolizumab was well tolerated and showed
moderate e%cacy with a clinical bene$t rate of 42% (1 PR and 4 SD)
among 12 patients. Signi$cant immunological changes, characterized by
decreased VDAC1 expression in CD8  T cells and reduced peripheral
Treg abundance, were observed in on-treatment biopsies from
responders to pelareorep plus pembrolizumab. Furthermore, post-
treatment samples revealed a tendency for increased PD-L1 expression
and higher frequencies of CD8  T cell and NK cell interactions with PD-
L1  cells following combination therapy [93].

6.4. Oncolytic Adenovirus and ICI Therapy

ONCOS-102, a modi$ed serotype 5 adenovirus, features a serotype 3
$ber knob to improve gene delivery to cancer cells and a 24-base-pair
deletion in the E1A Rb-binding site, limiting replication to cancer cells. In
addition, the virus is equipped with GM-CSF to enhance antitumor
immunity [124]. Adenoviruses are predominantly lytic and possess a
restricted repertoire of immune evasion genes, and some studies
indicate that adenovirus-based OVs exhibit enhanced immune activation
compared to HSV, vaccinia virus, and reovirus [125]. Intratumoral
injection of ONCOS-102 with cyclophosphamide in refractory solid
tumors leads to increased CD8  T cells in$ltration and upregulation of
type 1 T helper cytokines within TME. Importantly, ONCOS-102
upregulates tumor PD-L1 expression, suggesting its potential as an
immunosensitizing agent for combination with PD-1/PD-L1 inhibitors

+

+

+

+

https://onlinelibrary.wiley.com/doi/10.1155/jcpt/6036890 31.07.25, 18:23
Page 28 of 69



[126]. More recently, Shoushtari et al. reported a 35% ORR in anti-PD-1
refractory melanoma patient treated with ONCOS-102 + pembrolizumab.
A favorable safety pro$le was observed, with no DLTs; pyrexia, chills, and
nausea were the predominant treatment-related adverse events.
Notably, eight patients (53%) exhibited a reduction in at least one
noninjected lesion, indicating that local ONCOS-102 delivery can elicit a
systemic antitumor response. Signi$cantly elevated baseline in$ltration
of both CD8  and CD4  lymphocytes was observed in patients who
achieved subsequent disease control relative to those experiencing
progressive disease. Furthermore, a further increase in tumor in$ltration
of CD4  and CD8  T cells was observed following OV administration in
patients with disease control. This $nding is not observed in patients
with PD. Moreover, distinct gene expression pro$les were identi$ed
between patients achieving disease control and those experiencing
progressive disease, characterized by increased cytotoxicity, stimulatory,
and checkpoint inhibitor gene expression. Interestingly, ONCOS-102
elicited early T-cell activation, as evidenced by an increase in these
markers from baseline to week 3 (before ONCOS-102 and before
pembrolizumab) in all patients. However, at week 9, these markers
remained elevated only in patients with disease control, whereas
patients experiencing disease progression exhibited a reduction in
expression [94, 127].

DNX-2401 is another oncolytic adenovirus with a deletion of 24 bps in the
E1A gene, which restricts viral replication to cells with dysregulated RB
signaling. Additionally, DNX-2401 incorporates an RGD motif in its $ber
knob, allowing viral entry via αvβ3 or αvβ5 integrins, commonly
overexpressed on tumor cells. Previous studies have shown that
injection of DNX-2401 is safe and triggers cancer cell death initially by
direct oncolysis and then by induction of immune responses that
establish sustained antitumor immunity and drive tumor regression
[128]. DNX-2401 has also been shown to markedly increase PD-1
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expression in preclinical models, e#ectively conditioning the immune
microenvironment to respond more synergistically to subsequent anti–
PD-1 treatment [129]. CAPTIVE phase I/II trial evaluated a combination
therapy of intratumoral DNX-2401 plus multiple intravenous doses of
pembrolizumab in a cohort of 49 adult patients with relapsed
glioblastoma. Full-dose combined treatment was generally well
tolerated, and AEs were mostly grade 3 or lower events, indicating the
safety of such combinations. The median OS was 12.5 months, and the
OS at 12 months was 52.7%, while the 12-month OS in the DNX-2401
monotherapy trial was 32%. In this study, patients were strati$ed into
three groups: low, medium, and high-based on the level of TME
in"ammation at the time of intervention. The results showed that
complete response to treatment and the longest survival occurred
exclusively in the medium in"ammation group (TME ), likely due to
an optimal balance between immune cell in$ltration and PD-1
expression. In contrast, despite high immune cell in$ltration, tumors
with high in"ammation (TME ) exhibited poor response to PD-1
blockade, attributed to excessive expression of multiple
immunosuppressive checkpoint molecules that induced immune
exhaustion. Interestingly, combination therapy with DNX-2401
signi$cantly enhanced the response to anti–PD-1 treatment in
TME  tumors by inducing CTL in$ltration and upregulating PD-1
expression. It should be mentioned that three patients had stable
responses and survived for 45, 48, and 60 months [96].

Enadenotucirev (formerly known as ColoAd1), is a group B chimeric
Ad11p/Ad3 oncolytic adenovirus that has been identi$ed by a process of
bio-selected for the ability to selectively replicate and kill cancer cells
rapidly [130]. One distinct advantage of enadenotucirev is that the
capsid is entirely generated from Ad11p, which has a lower incidence of
neutralizing antibodies in humans than other serotypes [130].
Enadenotucirev has been explored in numerous studies; a phase-I
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mechanism of action research discovered that it can be successfully
delivered by IV or IT infusion in patients with colorectal cancer and
epithelial malignancies with a predictable and controlled safety pro$le
[131, 132]. This study also showed that the virus gains access to and
replicates within them and was associated with in$ltration of CD8  T cells
into the TME [132]. In a recent phase I clinical trial [121], 51 CRC patients
with advanced/metastatic epithelial cancer were treated with nivolumab
in combination with enadenotucirev. 31 patients experienced grade 3-4
AEs, including anemia, infusion-related reaction, hyponatremia, and
sizable intestinal obstruction. Regarding e%cacy, median long-term OS
was 16 months, median PFS was 1.6 months, and ORR was 2% (one PR for
10 months). Biopsies obtained postcombination therapy from
responding patients revealed enhanced CD8+ T-cell in$ltration within
the TME and increased expression of granzyme B, a marker of CD8  T-
cell cytolytic activity [97]. The data suggest that enadenotucirev, through
its immunostimulatory payloads, facilitates immune cell in$ltration,
potentially augmenting nivolumab e%cacy in the context of anti-PD-1
resistance [133].

6.5. Oncolytic Vaccinia Virus and ICI Therapy

PexaVec (JX-594) is a replication-competent oncolytic vaccinia virus
engineered for deletion of the viral thymidine kinase gene and
expression of human GM-CSF and β-galactosidase genes under the
control of synthetic early/late and p7.5 promoters [134]. PexaVec targets
cancer cells through various methods, whereby virus replication and
spread are activated by EGFR/Ras signaling, a pathway that is frequently
active in cancer, and high cellular levels of thymidine kinase are
observed in growing cancer cells [135, 136]. Administration of PexaVec
induces a proin"ammatory tumor environment through direct lysis of
tumor cells and subsequent release of tumor antigens, which is optimal
for combination with immunotherapy [137]. A phase-II clinical trial
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evaluated PexaVec plus cemiplimab (anti-PD-1) in 89 renal cell carcinoma
patients, randomly assigning them to four cohorts: ICI-naive with
accessible tumors (Group A, IT virus + cemiplimab, n = 15), ICI-naive with
accessible tumors receiving cemiplimab followed by IT virus at
progression (Group B, n = 16), ICI-naive with nonaccessible tumors (Group
C, IV virus + cemiplimab, n = 30), and prior ICI-treated patients (Group D, IV
virus + cemiplimab, n = 28) [103]. With an average follow-up of 22.2 
months, ORR was 13.3% in group A, 12.5% in group B, 23.3% in group C,
and 17.9% in group D. Another phase I/II trial studied the safety and
e%cacy of PexaVec plus durvalumab (anti-PD-1) with or without
tremelimumab (anti-CTLA-4) in patients with refractory colorectal cancer
[137]. In this study, patients were divided into two groups receiving
PexaVec/durvalumab (n = 16) and PexaVec/durvalumab/tremelimumab (n 
= 18) treatment. The combined therapy of PexaVec with ICIs did not
cause any unexpected AEs, and the most common AEs were in grades 1–
2, while fever and decreased lymphocyte count were the most common
AEs in grades 3–4. In 14 patients receiving PexaVec/durvalumab therapy,
one PR lasting 9 months, one SD, a median PFS of 2.3 months, and a
median OS of 5.2 months were observed.
PexaVec/durvalumab/tremelimumab therapy in 11 evaluable patients
resulted in 3 cases of SD, a median PFS of 2.1 months, and a median OS
of 7.5 months [137].

7. Conclusion
OVs represent a unique class of immunotherapeutics capable of directly
lysing tumor cells while reshaping the TME to enhance antitumor
immunity. Central to this dual functionality is their capacity to modulate
the PD-1/PD-L1 immune checkpoint axis as a critical barrier to sustained
cytotoxic T-cell responses in many malignancies. As reviewed in this
article, OVs exhibit divergent e#ects on PD-1 and PD-L1 expression,
either amplifying or attenuating immune suppression depending on viral
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tropism, infection kinetics, and the immunologic composition of the host
microenvironment. These context-dependent e#ects underscore the
necessity for a mechanistic dissection of how speci$c OVs interact with
tumor and immune cell signaling pathways. Di#erential modulation of
the PD-1/PD-L1 axis by OVs is in"uenced by viral genome architecture,
host pattern recognition receptor engagement, cytokine milieu, and the
immunogenicity of viral oncolysis. Elucidating these mechanisms will be
essential for rational viral vector design and for identifying biomarkers
predictive of response. Interestingly, the interaction between OVs and
the PD-1/PD-L1 pathway is context-dependent and in"uenced by
multiple factors such as virus type, tumor type, and the TME. For
instance, some OVs like alphavirus M1 (OVM1) and oncolytic vaccinia
virus and adenovirus delta-24-RGD have been shown to downregulate
PD-L1 expression in prostate, glioma, ovarian, and colon cancer cells
[42–44]. In contrast, oncolytic reovirus, Semliki Forest virus encoding IL-
12, upregulate PD-L1 expression in tumor models like multiple myeloma,
colorectal cancer, and glioma, respectively [45, 46]. This dual behavior
underscores the in"uence of tumor-speci$c immune environments and
cytokine pro$les, which may determine whether PD-L1 is induced as a
compensatory immune resistance mechanism. Moreover, the timing of
ICI administration relative to OV treatment is critical: early
administration might impair virus replication and priming, while delayed
administration after TME modulation and T-cell in$ltration is likely to
enhance antitumor e%cacy. These nuanced interactions emphasize the
need for tailored combination schedules based on tumor biology,
immune dynamics, and virus properties. Therapeutically, the integration
of OVs with immune checkpoint blockade represents a mechanistically
synergistic strategy. Preclinical and early clinical data support the notion
that OVs can convert immunologically quiescent tumors into in"amed, T-
cell-in$ltrated environments responsive to PD-1/PD-L1 inhibition. This
combinatorial approach warrants prioritization in earlier lines of
therapy, particularly for patients with immune-excluded or
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Nomenclature

OV
Oncolytic virus

PD-1
Programmed cell death protein 1

PD-L1
Programmed death-ligand 1

HSV
Herpes simplex virus

nonresponsive tumors. Looking forward, advances in synthetic virology,
immunogenomics, and high-resolution tumor pro$ling are likely to
accelerate the development of next-generation OVs. Engineering
approaches that couple selective replication with immunostimulatory
payloads, cytokine tuning, or ligand masking may enhance the safety
and e%cacy of OV-based strategies. Moreover, integration of OVs with
personalized immunotherapy platforms, such as neoantigen vaccines,
adoptive cell transfer, and metabolic reprogramming, o#ers an
opportunity to overcome current limitations of immune checkpoint
therapy. Furthermore, combining advanced OV engineering approaches
such as CRISPR-based genome editing, insertion of immunomodulatory
genes, and cytokine or chemokine payloads with personalized
immunotherapies, including patient-speci$c neoantigen vaccines,
represents a promising frontier. This integrated strategy not only
enhances tumor selectivity and immune activation but also tailors
treatment to individual tumor pro$les, potentially improving e%cacy
across diverse cancer types. In conclusion, the capacity of OVs to
modulate the PD-1/PD-L1 pathway adds a powerful immunologic
dimension to their clinical utility. Moving forward, their deliberate
incorporation into combination regimens, guided by mechanistic insight
and precision immunology, may rede$ne the therapeutic landscape of
cancer immunotherapy.
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VSV
Vesicular stomatitis virus

TAA
Tumor-associated antigen

CPS
Combined positive score

DC
Dendritic cell

NK
Natural killer (cells)

ICD
Immunogenic cell death

IFN
Interferon

TIL
Tumor-in$ltrating lymphocyte

APC
Antigen-presenting cell

SHP2
Src homology 2-containing protein tyrosine phosphatase 2

ITSM
Immunoreceptor tyrosine-based switch motif

TCR
T-cell receptor

NFAT
Nuclear factor of activated T cells

AP-1
Activator protein 1

IL
Interleukin

TNF
Tumor necrosis factor

B7-1
CD80 (cluster of di#erentiation 80)

CTL
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Cytotoxic T lymphocyte
GM-CSF

Granulocyte-macrophage colony-stimulating factor
CVA21

Coxsackievirus A21
NDV

Newcastle disease virus
MV

Measles virus
ICI

Immune checkpoint inhibitor
FDA

Food and Drug Administration
ICP

Infectious cell protein
ORR

Overall response rate
CRR

Complete response rate
TME

Tumor microenvironment
PFS

Progression-free survival
OS

Overall survival
NSCLC

Nonsmall cell lung cancer
RAS

Rat sarcoma virus
PKR

Protein kinase R
PDAC

Pancreatic ductal adenocarcinoma
5-FU

5-Fluorouracil
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LILRA4
Leukocyte immunoglobulin-like receptor subfamily A Member 4

ICOS
Inducible T-cell costimulator

VDAC1
Voltage-dependent anion channel 1

Treg
Regulatory T cells

NARA
Neutralizing antiretroviral antibodies

RP1
Vusolimogene oderparepvec (also known as RP1)

ICAM-1
Intercellular adhesion molecule 1

DAF
Decay-accelerating factor

CXCL10
C-X-C motif chemokine ligand 10

CCL22
C-C motif chemokine ligand 22

CR
Complete remission

PR
Partial response
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