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Simple Summary: This review explores the potential of the vaccinia virus (VACV) as a powerful tool
in cancer treatment. While current therapies often fall short for patients with advanced cancer, VACV
offers a promising approach by directly killing tumor cells and activating the body’s immune
system —particularly T-cells—to fight cancer. The review highlights the virus’s unique ability to
evade immune defenses, its interactions with the immune system, and ongoing research into its use
against various cancer types. Overall, VACV is presented as a versatile and impactful candidate for
future cancer therapies.

Abstract: Despite significant advances in cancer therapy, the prognosis for patients with advanced,
disseminated disease remains poor. This underscores the urgent need for novel treatments that not
only eliminate tumor cells effectively but also stimulate a strong, durable anti-cancer immune
response. Among emerging strategies, oncolytic viruses have shown exceptional promise due to their
selective cytotoxicity and their ability to activate T-cell-mediated immune responses. In this review,
we focus on the vaccinia virus (VACV), a member of the Poxviridae family, which has emerged as a
leading candidate in modern oncolytic immunotherapy. We examine the virus's properties that
enable it to evade antiviral defenses and serve as a versatile, potent oncolytic agent. Furthermore, we
explore its interactions with various components of the immune system and how these contribute to
the induction of a robust T-cell driven response. Finally, we assess current efforts to harness VACV
for the treatment of various cancer types and highlight future directions where its application is most
likely to succeed. Overall, our goal is to present VACV as a powerful and broadly applicable platform
with the potential to transform the landscape of oncology.
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1. Introduction

Vaccinia virus (VACV) is an Orthopoxvirus, and a prototypic member of large Poxviridae family.
Due to its genomic and antigenic similarities to variola virus, along with high immunogenicity and
low virulence, VACV was extensively used as the smallpox vaccine, ultimately contributing to the
successful eradication of the disease. Like other Orthopoxviruses, it replicates exclusively in the
cytoplasm and does not integrate into the host genome [1-3]. The exact origin of VACV remains
unclear: One theory suggests that it evolved from either smallpox or cowpox virus; another posits
that all three viruses share a common ancestor, while a third proposes that it may have been derived
from horsepox virus [4]. In the wild, VACV has been reported to cause sporadic infections in cattle
and water buffalos, but its natural host and reservoir remain unknown [5].

VACYV is an enveloped, double-stranded DNA virus with a relatively large genome size of
approximately 190 to 200kb. Both DNA strands are connected at the termini by partially
complementary AT-rich loops, forming one continuous polynucleotide chain [6]. Interestingly,
despite many years of genomic and transcriptomic research, the exact number of genes and proteins
encoded by the VACV genome remains unknown. Most sources estimate the number of VACV
genes to be between 200 and 250 [7-9].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1045.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2025

Over the years, several strains of VACV have been developed. The most studied strain is the
Western Reserve (WR) strain, which was created in the United States through repeated passages of
the New York City Board of Health (NYCBH) strain in rabbits, mice and various mammalian cell
cultures. Due to its adaptation to multiple hosts, it produces high titer in vitro and causes
neuropathogenic effects in vivo, making it unsuitable for use as a vaccine [10].

In contrast to the WR strain, The Lister strain developed at the Lister Institute in the United
Kingdom, and the NYCBH strain are much less virulent while still retaining the ability to replicate in
humans and other mammals. The Lister and Wyeth strains (with Wyeth being the commercial name
for the NYCBH strain) were the most commonly used for vaccinations during the smallpox
eradication campaign [11]. They were known to induce strong immunity accompanied by high
antibody titers, although they occasionally caused undesired side effects, including severe eczema
and encephalitis [12].

Other VACV strains include Copenhagen and IHD (International Health Department), the latter
being particularly notable for high production of extracellular enveloped viruses (EEVs) [13]. Finally,
the modified vaccinia virus Ankara (MVA) strain represents a more attenuated version of the VACV
Ankara strain. MVA cannot replicate in vivo and shows only limited infectivity and replication in
vitro. It was developed through over 570 serial passages of the original virus in primary chicken
embryo fibroblasts, resulting in the deletion of over 30kb fragment of its genome [11].

Today, most oncolytic VACV strains developed for therapy are based on various modifications
of strains such as Lister, Wyeth, Copenhagen, or IHD.

2. Infection and Replication

2.1. Viral Entry

A schematic illustration of the VACV’s life cycle is shown in Figure 1. In contrast to the majority
of viruses such as polio or HIV, VACV does not rely on binding to a specific cellular receptor for
entry. Instead, it attaches to host cells using glycosaminoglycans (GAGs), specifically heparan sulfate
and chondroitin sulfate for attachment [14,15]. Since GAGs are widely expressed on a variety of cell
types, this broadens VACV’s host range, allowing it to infect multiple cell types across different
species.

Additionally, a scavenger receptor MARCO (Macrophage receptor with collagenous structure)
has been reported to facilitate VACV binding and enhance its interaction with GAGs [16].

The primary mechanism of VACV entry involves direct fusion of the viral and cell membranes.
This multistep process includes close apposition of both membranes, lipid mixing of the outer
membrane leaflets to form a hemifusion intermediate, followed by the formation and expansion of a
fusion pore, which permits allowing the viral core or nucleoprotein to enter the cytoplasm [17].
Notably, this fusion can occur at neutral pH allowing VACV to bypass the endocytic pathway. As a
result, the virus avoids pathogen recognition receptors (PRRs) localized in endosomes and can
initiate replication rapidly.
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Figure 1. Life cycle of Vaccinia virus. VACV enters host cells either through direct membrane fusion or via
micropinocytosis after binding to the cell surface. Following entry, the viral core is released into the cytoplasm,
where core-associated enzymes initiate transcription of early genes. These early genes promote viral DNA
replication and suppress host antiviral responses. DNA replication then triggers the expression of intermediate
genes, which in turn activates the transcription of late genes responsible for virion assembly. VACV produces
four distinct forms of virions: (1) Intracellular Mature Virions (IMVs): accumulate within the cytoplasm and are
released only upon cell lysis; (2) Intracellular Enveloped Virions (IEVs): acquire additional membranes from the
trans-Golgi network or endosomes and are transported the cell surface via microtubules; (3) Cell-associated
Enveloped Virions (CEVs): formed when IEVs fuse with the plasma membrane, enabling direct cell-to-cell
spread; (4) Extracellular Enveloped Virions (EEVs): a subset of CEVs that are released from the cell and

facilitate long-range viral dissemination to distant cells.

Alternatively, VACV can enter cells via macropinocytosis, wherein membrane fusion occurs
within endosomal vesicles and is triggered by lower pH [18]. This pathway is complex and involves
Rho GTPases and the tyrosine kinase activity of the epidermal growth factor receptor (EGFR) in the
host cell [19]. Depending on the strain, VACV may induce the formation of blebs or filopodia in the
target cell to facilitate the internalization of viral particles.

Overall, at least 16 different viral proteins are involved in VACV entry: four in attachment and
twelve in penetration. However, the precise molecular details of these processes remain incompletely
understood [17].

2.2. Replication

The VACV virion consists of a compact protein core tightly wrapped around the viral DNA,
along with two lateral bodies that contain proteins involved in counteracting host antiviral defenses
[20]. Almost immediately after VACV enters a host cell, the lateral bodies dissociate from the core,
leading to the release of H1 phosphatase, which inactivates signal transducer and activator of
transcription 1 (STAT1) protein and thereby blocks interferon signaling [21].

Within 20 minutes of entry, components of the viral core initiate transcription of approximately
50% of the viral genome, producing a set of early mRNAs [22]. These early transcripts encode proteins
required for DNA replication, which begins roughly 2 hours post-infection [23]. DNA replication
then triggers the expression of intermediate genes, followed by late genes essential for the assembly
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of mature virions [22]. The first complete virions are typically produced around 6 hours after initial
infection, and cell lysis generally begins within 15-48 hours post-entry [24].

A hallmark of VACV-infected cells is the presence of cytoplasmic structures known as virosomes
or virus factories. These complexes, composed of viral proteins and protrusions of endoplasmic
reticulum (ER) and Golgi-derived membranes, are the sites of viral DNA replication, transcription,
and virion assembly [22,25].

To carry out replication independently of the host cell nucleus, VACV encodes a broad array of
viral replication machinery, including enzymes that substitute for nuclear counterparts. These
include DNA polymerase (E9), uracil DNA glycosylase (D4), and D5 protein, which possesses
helicase and primase activity [26]. Additional proteins such as single-strand DNA-binding protein
(I3) [27], Holliday junction resolvase (A22) [28], and ligase (A50) [29] further support autonomous
replication, thereby minimizing the risk of non-specific integration into the host genome.

VACYV also synthesizes its own nucleotide precursors via enzymes such as thymidine kinase
(TK; encoded by J2R) [30], thymidylate kinase (encoded by A48R) [31], and ribonucleotide reductase
(RR; encoded by F4L and I4L ) [32].

During its replication cycle, VACV produces four distinct types of virions: intracellular mature
virus (IMV), intracellular enveloped virus (IEV), cell-associated enveloped virus (CEV), and
extracellular enveloped virus (EEV) [33]. IMV is the most abundant and stable form of the virus,
remaining within the cell until released by lysis. It is well-suited for host-to-host transmission. IEV is
formed when IMV is wrapped in a secondary membrane, typically derived from the Golgi apparatus,
and is transported to the cell surface along microtubules for dissemination. After fusing with the
plasma membrane, the IEV loses two of its envelope proteins and becomes a CEV, a form that remains
attached to the cell surface [34]. CEV induces the formation of actin tails, which propel the virus away
from the cell, facilitating cell-to-cell spread. EEV is the fully released form, enabling long-range
dissemination of the virus [34].

It is estimated that approximately 2,500-5,000 new viral particles are produced per infected cells
[35].

3. Strategies to Avoid Anti-Viral Mechanisms

Mammalian cells have evolved numerous strategies to detect viruses, block their replication,
and inhibit their spread. The general antiviral mechanism involves recognition of the pathogen with
specific receptors, signal transduction leading to activation of transcription factors, and expression of
target genes that help resolve the infection and alert the neighboring cells.

Most antiviral genes are regulated by two key transcription factors: Interferon Regulatory Factor
3 (IRF3) (along with its relatives IRF5 and IRF7) and Nuclear Factor-kappa B, (NF-xB). IRF3 is
essential for the induction of type-I interferons (IFNs): IFN-a and IFN-B — cytokines secreted by
infected cells that activate the expression of interferon-stimulated genes (ISGs) in surrounding tissue.
ISGs function to block viral replication, promote antigen presentation, and eliminate infected cells
through apoptosis [36].

NF-kB, on the other hand, triggers the transcription of multiple pro-inflammatory cytokines
(e.g., Tumor necrosis factor (TNF) a, Interleukins (IL) IL-1p, IL-6, IL-8) and chemokines (e.g.,
chemokine (C-X-C motif) ligand1 (CXCL1), CCL5, CCL9), which recruit and stimulate immune cells,
induce fever, and enable a rapid and tailored response to the specific pathogen [37].

To ensure effective replication, VACV has evolved a range of mechanisms to inhibit the IRF3
and NF-kB pathways at multiple levels, including pathogen recognition, signal transduction,
transcription factor activation, and cytokine production (see Figure 2). Below, we briefly discuss how
various VACV-encoded proteins effectively disarm the host anti-viral response.
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Figure 2. Inhibition of antiviral mechanisms by Vaccinia virus. VACV has evolved multiple strategies to evade
host immune responses at both molecular and cellular levels. It encodes multiple viral proteins that disrupt
pathogen recognition receptor (PRR) signaling pathways, including those mediated by cGAS, DNA-PK, and
Toll-like receptors (TLRs). These viral proteins inhibit key transcription factors such as interferon regulatory
factor 3 (IRF3) and NF-kB, thereby blocking the expression of pro-inflammatory and antiviral genes. VACV also
impairs interferon (IFN) signaling by suppressing IFN production, scavenging soluble IFNs, and blocking
downstream signaling from IFN receptors. Additionally, the virus secretes immunomodulatory proteins that
neutralize pro-inflammatory cytokines. To promote efficient viral replication, VACV encodes multiple proteins
that inhibit apoptosis by targeting key components of apoptotic pathways. It also interferes with antigen
presentation by antigen-presenting cells (APCs) and suppress the activation of other immune cells, including
natural killer (NK) cells and T cells. Finally, VACV expresses a distinct set of proteins that inhibit the complement

cascade, further promoting immune evasion.

3.1. DNA-PK and Viral DNA Detection

As a DNA virus that replicates in the cytosol, VACV is particularly vulnerable to detection by
PRRs, which activate signaling pathways involving IRFs, NF-kB, and the adaptor proteins such as
stimulator of interferon genes (STING). To avoid being recognized by PRRs, VACV developed a
number of sophisticated mechanisms that are briefly summarized in Figure 3.

One of VACV’s evasion strategies targets the DNA-dependent protein kinase (DNA-PK)
complex, which senses cytosolic double-stranded DNA and activates IRF3-mediated IFN production
through both STING-dependent and -independent pathways [38]. Two proteins C16, encoded by two
copies of the C16L gene, and C4, encoded by the C4L gene bind to the Ku70/Ku80 heterodimer within
the DNA-PK complex via their C-terminal domains. This interaction inhibits DNA-PK’s ability to
detect cytosolic DNA [39,40]. Interestingly, C16 and C4 appear to function redundantly, as both bind
DNA-PK in a similar manner. This redundancy is believed to have evolved to counteract the high
levels of DNA-PK present in certain cell types, such as fibroblasts, which are primary targets of VACV
infection [38].

Another DNA-sensing mechanism involves DNA-dependent RNA polymerase III (Pol III).
Although predominantly nuclear, Pol Il is also detected in the cytosol, where it detects AT-rich DNA
sequences. Upon recognizing viral DNA, Pol III synthesizes 5'-triphosphate-containing double-
stranded (ds)RNA, which activates the RNA sensor Retinoic acid-inducible gene I (RIG-I), leading to
downstream activation of IRF3 and NF-kB [41]. The VACV E3 protein inhibits Pol III activity, thereby
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blocking NF-kB activation. Although E3 contains both RNA- and DNA- binding domains, it is the
RNA-binding domain that is responsible for inhibiting Pol III function [42]. VACV’s DNA can also
be detected by IFN-y-inducible protein 16 (IFI16), which, like Pol III, resides mainly in the nucleus
but can also be found in the cytosol. IFI16 has been shown to activate both IRF3 and NF-kB in
response to viral infections[43]. However, the VACV WR strain can inhibit IFI16-dependent
expression of CCL5 and IFN-stimulated genes, although the precise mechanisms underlying this
inhibition remain unclear [44].

3.2. ¢cGAS, STING and IRF3

A distinct set of VACV proteins have evolved to counteract the cGAS-STING pathway, one of
the most critical antiviral defense systems against cytosolic DNA viruses. Cyclic GMP-AMP synthase
(cGAS) senses double-stranded DNA and produces 2'3'-cyclic GMP-AMP (cGAMP), a second
messenger that activates the STING adaptor protein. This activation triggers TANK-binding kinase 1
(TBK1)-mediated phosphorylation of IRF3, leading to the induction of type I IFN responses.

DNA sensing pathway s RNA sensing pathway = TLRs signaling pathway
SN
RIG-1/MDA5-MVAS pathway
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Figure 3. Antiviral sensing pathways and Vaccinia virus antagonists. VACV encodes a wide array of proteins
that antagonize host antiviral sensing mechanisms, including cytosolic DNA sensing, RNA sensing, and Toll-
Like Receptors (TLRs) signaling pathways. In the cytosolic DNA sensing pathway, the Stimulator of Interferon
Genes (STING) axis is inhibited by VACV proteins F17 and E5, which promote degradation of the DNA sensor
Cyclic GMP-AMP Synthase (cGAS). Additionally, B2 degrades Cyclic GMP-AMP (cGAMP), thereby preventing
the transmission of antiviral signals to neighboring cells. The DNA sensor DNA-dependent protein kinase
(DNA-PK) is also targeted by C4 and C16, further impairing DNA-triggered immune responses. In the RNA
sensing pathway, VACV proteins D9, D10, E3, and K3 inhibit activation of Protein Kinase R (PKR). E3 also binds
and sequesters viral RNA, shielding it from recognition by Retinoic Acid-Inducible Gene I/ Melanoma
Differentiation-Associated Protein 5 (RIG-I/MDADb5). TLR-mediated signaling is disrupted by multiple viral
proteins: A46 blocks interactions between TLRs and adaptor proteins, preventing IRF3 activation; A52 inhibits
NF-kB activation; and N1 impairs both IRF3 and NF-«kB pathways. Key downstream signaling hubs are also
targeted. The serine/threonine kinase TBK1, essential for IRF3 activation downstream of STING, RNA sensors,
and TLRs, is inhibited by C6 and K7. In the nucleus, N2 functions as a direct IRF3 inhibitor, preventing

transcription of interferon-stimulated genes.
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Importantly, cGAMP’s activity is not confined to the infected cell. It can diffuse into neighboring
cells through gap junctions and membrane fusion, or be actively imported from the extracellular
milieu [45,46]. As a result, cGAMP produced in even a single cell can initiate a broader antiviral
response in surrounding uninfected tissue, thereby limiting viral spread. To overcome this barrier,
VACYV has evolved multiple proteins that inhibit the cGAS-STING pathway at various levels.

One such protein is F17, which suppresses cGAS activity by hyperactivating the mammalian
target of rapamycin (mTOR) pathway. cGAS is known to be inhibited by Akt kinase, which
phosphorylates specific serine residues, thereby reducing its activity [47]. F17 promotes this effect by
sequestering two key regulatory subunits of the mTOR complexes Raptor and Rictor leading to
excessive mTOR activation. This, in turn, stimulates Akt signaling and enhances cGAS degradation
[48]. In addition, hyperactive mTOR promotes increased protein synthesis, supporting efficient viral
protein production and virion assembly [48].

Another key VACV protein, E5 (encoded by the ESR gene), binds directly to cGAS, inducing its
polyubiquitination and subsequent proteasomal degradation. In the presence of E5, intracellular
cGAS levels are reduced, resulting in strong inhibition of type I IFN induction [49]. E5 is supported
by B2 —also known as poxin and coded by the B2R gene—which enzymatically cleaves cGAMP into
an inactive linear form. Although B2 has little effect on VACV replication in vitro, its absence
significantly reduces viral titers in mouse models, highlighting its importance for in vivo viral spread
[50].

VACYV also interferes with signaling downstream of STING by targeting the TBK1 complex. The
viral protein C6 binds with the cellular TBK1 adaptor proteins TRAF family member-associated NF-
kappa-B activator (TANK), similar to NAP1 TBK1 adaptor (SINTBAD), and NAK-associated protein
1 (NAP1), thereby preventing effective IRF3 phosphorylation [51]. Another protein, K7, blocks TBK1
activity by interacting with DEAD-box RNA helicase DDX3, an essential adaptor and substrate for
optimal IRF3-mediated responses [52]. Finally, N2—a member of the VACV Bcl-2 family —acts in the
nucleus where it inhibits IRF3’s ability to activate gene expression under IFN-3 promoter [53]. While
deletion of any of these viral genes does not impair VACV replication in in vitro, all significantly
affect virulence in mouse models [51-53].

3.3. Double Stranded RNA Sensors

Although VACV is a dsDNA virus, it generates significant amounts of dsRNA during its
replication cycle due to the synthesis of overlapping transcripts that often anneal into duplexes [54].
As a result, VACV becomes a target to several cellular RNA sensors.

One such sensor is protein kinase R (PKR), which recognizes dsRNA and phosphorylates the
eukaryotic translation initiation factor 2 (elF2). This phosphorylation inhibits cap-dependent
translation, ultimately leading to a shutdown of protein synthesis and induction of cell death [55]. To
evade PKR-mediated antiviral responses, VACV expresses several proteins— encoded by E3L, K3L,
D9R, and D10R—that directly or indirectly inhibit PKR function. The E3 protein binds directly to
viral dsRNA, shielding it from PKR recognition and preventing its dimerization and activation [56].
The K3 protein mimics cellular eIF2 and acts as a decoy substrate for PKR, diverting phosphorylation
away from the host’s elF2 [57]. In addition, D9 and D10 function as decapping enzymes for dsRNA,
reducing the stability and concentration of viral dsRNA, thereby lowering its visibility to PKR [58].

VACV also inhibits another key dsRNA-sensing pathway involving oligoadenylate synthases
(OAS1, OAS2 and OAS3). Upon dsRNA detection, these enzymes produce 2’-5-oligoadenylates (2-
5As), which activate RN Aase L, leading to the degradation of cellular and viral mRNAs, shutdown
of protein synthesis, and induction of apoptosis. The E3 protein sequesters dsRNA, preventing its
recognition by OAS proteins and thereby blocking RNAase L activation [59]. Similarly, D9 and D10
proteins reduce dsRNA levels further limiting activation of the OAS/ RN Aase L pathway [58].

Two additional cytosolic sensors critical for type-I IFN induction are RIG-I and melanoma
differentiation-associated protein 5 (MDA-5) proteins. They both have helicase activity and can detect
dsRNA in the cytosol of infected cells. RIG-I is more specific for shorter RNAs with triphosphate
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groups while MDA-5 shows higher affinity for longer dsRNA [60]. Upon activation, both sensors
interact with the mitochondrial adapter protein Mitochondrial Antiviral Signaling (MAVS), which
activates TBK1, leading to IRF3 phosphorylation and induction of type I IFN genes. MAVS can also
recruit TNF receptor (TNFR)-associated factor 6 (TRAF6), triggering activation of NF-kB pathway
[60].

VACV’s E3 protein has a potent inhibitory effect on the RIG-I/ MDADS5 activation. Studies have
shown that expression of the E3 RN A-binding domain alone is sufficient to completely block cytokine
induction downstream of RIG-I/MDAD5 activation [61]. E3 masks viral dsRNA from recognition by
these sensors and also inhibits RNA polymerase III, which generates 5’-triphosphate-containing
dsRNA species that activate RIG-I [62]. Through these combined actions, VACV effectively
suppresses both RNA- and DNA-dependent IFN activation pathways.

3.4. Toll-Like Receptor System

Toll-like receptors (TLRs) are a family of 13 transmembrane PRRs localized on the plasma
membrane and within intracellular compartments such as endosomes, ER and, lysosomes. TLRs are
characterized by an N-terminal extracellular leucine-rich repeat-containing ectodomain, a single
transmembrane helix, and a C-terminal cytoplasmic Toll/interleukin-1 receptor (TIR) domain. These
receptors specialize in detecting pathogen-associated molecular pattern (PAMPs), such as viral
nucleic acids, lipopolysaccharide (LPS) or flagellin [63].

Upon recognition of PAMPs, TLRs can signal through either the Myeloid differentiation primary
response 88 (MyD88) adapter protein—activating NF-kB (e.g., TLRs 2, 6, 7, 8, 9)—or through the
TIR-domain-containing adaptor-inducing interferon-3 (TRIF), used by TLR3 and TLR4, leading to
IRF3 activation and the expression of type-I IFN genes [64]. Studies have shown that VACV can
interfere with signaling via both endosomal (TLRs 3, 8, and 9) and plasma membrane-bound (TLRs
2 and 4) receptors.

TLR3, an endosomal sensor specific for viral dsSRNA, is capable of inducing both IRF3 and NF-
kB activation. VACV proteins A52 and A46 are known to effectively interfere with different branches
of TLR3 signaling. A52 blocks TLR3-mediated NF-kB activation induced by
polyinosinic:polycytidylic acid (poly(I:C)), a synthetic dsRNA analog, by interacting with
downstream adapter proteins such as IL-1 receptor-associated kinase2 (IRAK2) and tumor necrosis
factor receptor-associated factor 6 (TRAF6) [65]. A46, on the other hand, inhibits IRF3 activation by
binding to the adapter TIR domain containing adaptor molecule 1(TICAM1), thereby preventing it
from transmitting signals from TLR3 [66]. Together, A52 and A46 effectively shut down both arms of
the TLR3 signaling pathway.

Interestingly, in vivo studies have shown that TLR3-deficient mice display reduced morbidity
following VACV infection and exhibit lower viral replication in the respiratory tract. This suggests
that VACV may exploit functional TLR3 to its advantage.

Other endosomal TLRs, such as TLR8 and TLRY, recognize viral nucleic acids —single- stranded
(ss)RNA and DNA, respectively. The VACV E3 protein has been shown to inhibit cytokines
expression induced by TLR8 [67] and TLR9 ligands [68]. Notably, the DNA-binding domain of E3
alone is sufficient to block TLR9 signaling [68]. Since E3 also contains RNA-binding domain that
inhibits dsRNA-sensing receptors, it likely serves as a broad-spectrum shield that protects both
VACV RNA and DNA from antiviral detection mechanisms.

VACYV can also interfere with signaling from cell membrane-bound TLRs, including TLR2 and
TLR4, although it remains unclear whether the virus can be directly recognized by these receptors
[58].

3.5. NF-kB, IFNs and Other Cytokines

In addition to inhibiting foreign nuclear acid-recognition systems, VACV can also downregulate
NF-kB signaling, a critical pathway for inducing many pro-inflammatory cytokines essential for
combating viral infections. The N1 protein targets the IkB kinase (IKK) complex, inhibits NF-kB
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signaling via the TNF superfamily of receptors, and blocks NF-kB activation through toll-like
receptors [69]. The F14 protein binds to the transcriptional co-activator CREB-binding protein (CBP)
and disrupts its ability to acetylate the p65 subunit of NF-kB, thereby impairing NF-kB’s capacity to
recruit the transcription regulator bromodomain-containing protein 4 (BRD4). This leads to reduced
expression of chemokine genes such as CCL2 and CXCL10 [70].

Another protein, B14, binds to the dimerization and kinase domain of IKK(, preventing it from
phosphorylating IxkBa [40]. Additionally, the A49 protein mimics IkBa and is phosphorylated by
IKKB, but it then blocks the E3 ubiquitin ligase responsible for IkBa degradation [71]. Both
mechanisms result in the accumulation of unphosphorylated IxBa, which sequesters NF-kB in the
cytoplasm and prevents its activation and nuclear translocation. Furthermore, two other VACV
proteins, K1 and A55, also contribute to NF-kB suppression, either by interfering with its activation
or by blocking the translocation of the NF-«xB heterodimer [38].

Another strategy employed by VACV to subvert host immune responses is the use of soluble
cytokine decoys that inhibit host cytokine signaling [72]. The B18 protein, coded by the B18R gene,
acts as a broad-spectrum decoy receptor for type-I IFNs (IFN-a and IFN-f). Secreted from infected
cells, B18 binds IFNs from a wide range of species, preventing their interaction with cell surface
receptors. B18 can also attach to the external membranes of both infected and uninfected neighboring
cells via glycosaminoglycans, creating a barrier that intercepts interferons before they can
engage their receptor [73].

Even if IFN receptors are activated, VACYV can still block signaling through the viral phosphatase
H1, which dephosphorylates the STAT1 transcription factor, thereby preventing its nuclear
translocation and inhibiting the expression of IFN-stimulated genes [74].

In addition, VACV produces a pair of secreted proteins known as cytokine response modifiers
(CrmC and CrmE) that target soluble TNF-a. These proteins possess N-terminal domain homologous
to TNFRs, enabling them to sequester TNF-a from extracellular milieu. While CrmC functions
primarily as a free soluble molecule, CrmE can also associate with the cell membrane, blocking TNF-
o from binding its receptor in a manner similar to B18’s inhibition of IFNs [75].

Other VACV-encoded cytokine decoy proteins include B8, which neutralizes IFN-y [76]; viral
IL-18 binding protein (vIL-18BP), which blocks IL-18 [77], and B15, which captures IL-1(3 [78].
Collectively, these immune evasion strategies allow VACV to evade early detection by the innate
immune system and delay the onset of the adaptive response, that finally is responsible for clearing
the infection.

3.6. Complement Evasion

The complement system is a network of cell associated and soluble proteins that react with the
surface of pathogens, leading to their lysis and inactivation [79]. Complement activation can be
initiated through three pathways: the classical pathway, triggered by immunoglobulin-bound
pathogens; the lectin pathway, activated by mannose-binding lectin (MBL); and the alternative
pathway, which involves direct recognition by complement components. This activation is a multi-
step cascade process that culminates in the formation of membrane attack complex (MAC), a
structure composed of enzymes that effectively lyse pathogens such as viruses, bacteria, and
parasites [79].

To evade complement-mediated destruction, VACV has evolved a protein called VCP (VACV
complement control protein), encoded by the gene C21L. VCP interferes with key complement
components C3b and C4b, which are crucial for the function of C3 convertase, the central complex
responsible for amplifying the complement signal —and the formation of C5 convertase, which drives
MAC assembly. Additionally, C3b acts as an opsonin, coating viral particles to target them for
phagocytosis.

Since all three complement pathways converge at the stages of C3 and C5 convertases, VACV
can efficiently disrupt the entire system with a single protein. VCP also serves as a cofactor for the
serine protease factor I, promoting the cleavage and inactivation of C3b and C4b and accelerating
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the decay of the C3 convertase complex [80]. By neutralizing complement activity, VACV effectively
modulates both innate and adaptive immune responses.

3.7. Antigen Processing and Presentation

The adaptive immune response, driven by the activity of T and B lymphocytes, depends on the
precise recognition of specific antigens associated with pathogens. To evade this response, VACV has
evolved mechanisms to interfere with the processing and presentation of its antigens to the immune
system.

Studies have shown that VACV infection impairs the ability of antigen-presenting cells (APCs)
to display peptide antigens in the context of Major Histocompatibility Complex class II (MHCII)
molecules. This effect is observed in infections with both replication-competent and replication-
defective forms of the virus. Interestingly, the expression and cell surface levels of MHCII molecules
remained unchanged, suggesting that VACV disrupts antigen loading rather than MHCII expression
[81].

Further research identified the VACV protein A35, encoded by the A35R gene, as a key factor in
this immune evasion. A35 localizes to endosomes and reduces the amount of peptide presented on
MHC II molecules [82]. Its expression inhibits the activation of CD4+ T lymphocytes by APCs and
diminishes their production of nitric oxide (NO) and cytokines in response to antigen stimulation.
Although A35 is not essential for viral replication in vitro, its absence significantly attenuates viral
virulence in vivo, underscoring the critical role of CD4+ T cell-mediated responses in viral clearance
[82].

4. Strategies to Avoid Cell Death Mechanisms

Programmed cell death is a fundamental defense mechanism that helps prevent viral spread
within the host. If an infected cell undergoes death before the virus can complete replication, it fails
to produce progeny virions and is eliminated through phagocytosis by immune cells such as
dendritic cells and macrophages [83,84]. Consequently, VACV evolved multiple tools to control
mechanisms of programmed cell death and utilize them to its advantage (Figure 4).
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Figure 4. Inhibition of cell death pathways by Vaccinia virus proteins. VACV employs multiple strategies to
inhibit host cell death pathways and promote viral replication. The VACV F1 disrupts the intrinsic apoptosis
pathway by blocking caspase-9 activation and suppressing pro-apoptotic factors BAX and BAK. Additionally,
B13 functions as a pan-caspase inhibitor, blocking the death receptor-mediated extrinsic apoptosis pathway,
whereas N1 blocks this signaling cascade by targeting the pro-apoptotic protein tBid. B13 also inhibits caspase-
8 activation, and in its inactive form, caspase-8 allows the stabilization of RIP1 and RIP3, which interact via the

RIP homotypic interaction motif (RHIM). This complex promotes the phosphorylation and oligomerization of
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MLKL (mixed lineage kinase domain-like protein), ultimately leading to plasma membrane rupture and necrotic
cell death. VACV can also counteract pyroptosis using F1, which blocks the NLRP1 inflammasome. In addition,
B13 inhibits caspase-1 intracellularly, and B15 acts extracellularly as a soluble IL-1f3 receptor.

Apoptosis is the most common form of programmed cell death. It can be triggered by internal
or external signals and relies on caspases—a family of cysteine proteases that cleave target proteins
at aspartic acid residues. Two major apoptotic pathways exist: extrinsic and intrinsic.

The extrinsic pathway is initiated by the activation of specific cell surface receptors, such as the
TNFR and the Fas-ligand (FASL) receptor. Activated receptors induce the formation of a protein
complex composed of death receptor adaptor proteins —TNFR-associated death domain (TRADD)
and/or Fas-associated death domain (FADD)—which in turn activate the intracellular protease
caspase-8. Activated caspase-8 then triggers downstream caspases 3 and 7, which cleave several
cellular substrates, such as nuclear lamins and gelsolin, leading to DNA fragmentation and cell death
[83].

The intrinsic pathway is activated by cellular stress such as DNA damage, oxidative stress, or
nutrient deprivation, resulting in the permeabilization of the outer mitochondrial membrane. This
process is mediated by Bax and Bak proteins, which form pores in the membrane, allowing
cytochrome c to escape into the cytosol. Cytochrome c binds to apoptotic protease activating factor-
1 (APAF-1), forming a complex that activates caspase-9. Caspase-9, in turn, activates caspases 3 and
7, culminating in apoptosis [83].

Both apoptotic pathways can be triggered during viral infection, and VACV has evolved
mechanisms to counteract them. The VACV protein B13 binds and inhibits both caspase-8 and
caspase-9, effectively blocking the extrinsic and intrinsic pathways simultaneously [85]. Another
viral protein, F1, inhibits both the precursor and active forms of caspase-9 and

prevents the activation of caspases 3 and 7. F1 also interferes with Bak’s ability to bind Bax and
form pores in the mitochondrial membrane. In addition, F1 blocks the pro-apoptotic protein Bim, a
key antagonist of the anti-apoptotic factor Bcl2. These actions are reinforced by the N1 protein, which
neutralizes other Bcl-2 antagonists, Bid and Bad [86]. As a result, the mitochondrial pathway of
apoptosis is effectively dismantled in VACV-infected cells. Other VACV proteins, such as B22, Golgi
anti-apoptotic protein (GAAP), and E-3, have also been implicated in blocking various stages of
apoptosis [85].

In addition to apoptosis, VACV can inhibit pyroptosis, another form of programmed cell death
that is dependent on the activation of caspase-1 via the inflammasome —a multiprotein complex.
Pyroptosis is a highly proinflammatory process, typically triggered when intracellular PRRs such as
NOD-like receptors (NLRs), especially NLRP1 (nucleotide-binding oligomerization domain, Leucine
rich Repeat and Pyrin domain containing 1), detect PAMPs. This recognition initiates the assembly
of the adaptor protein ASC (Apoptosis-associated speck-like protein containing a CARD), which
activates caspase-1. Activated caspase-1 processes pro-interleukin-1{ (pro-IL-1p) into its active form
and also activates gasdermin D (GSDMD), which forms pores in the cellular membrane, releasing
pro-inflammatory contents [87].

Although commonly associated with bacterial infections, pyroptosis also plays a role in VACV
infection [88]. VACV’s F1 protein binds the NLRP1 subunit, preventing inflammasome assembly and
caspase-1 activation [89]. Additionally, B13 can directly inhibit caspase-1 activity [85], while B15 acts
as a soluble decoy receptor for IL-1p, neutralizing pyroptosis-induced inflammatory signals and
suppressing immune cell activation [78].

Interestingly, when apoptosis is inhibited in VACV-infected cells, necroptosis, another form of
programmed cell death, may be triggered. Necroptosis occurs when caspase-8 is inhibited and cannot
cleave two of its downstream targets, Receptor-interacting serine/threonine kinase 1 (RIP1) and its
relative RIP3. In this context, RIP1 and RIP3, along with inactive caspase-8, form the ripoptosome
complex, which activates Mixed Lineage Kinase Domain-like pseudokinase (MLKL), a protein that
oligomerizes and forms pores in the cell membrane, leading to cell lysis and the release of
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intracellular contents [90]. Because B13 strongly inhibits caspase-8, it can induce inadvertently
promote ripoptosome formation and necroptosis [91].

This strategy offers dual benefits to VACV: by delaying apoptosis, VACV gains time to complete
replication and produce progeny virions; and by inducing necroptosis, it facilitates viral release and
dissemination to neighboring cells.

5. Interactions with Immune Cells

5.1. Dendpritic Cells

As a pathogen, VACV interacts with various immune cell types, either directly by infecting them
or indirectly altering immune system function. Studies have shown that VACV exhibits a preference
for infecting myeloid cells such as monocytes and dendritic cells (DCs), rather than B or T
lymphocytes, although both lymphocyte types can still be infected [92].

Dendritic cells play a central role in the immune response by presenting viral antigens and
initiating T cell mediated immunity. In one study, VACV infection of immature DCs derived from
peripheral blood mononuclear cells (PBMCs) impaired their maturation, as evidenced by reduced
expression of key maturation markers including CD83, CD86, Human Leukocyte Antigen — DR
isotype, (HLA-DR), and CD25 [93]. These infected DCs also showed a diminished capacity to
stimulate T cell proliferation and exhibited increased levels of apoptosis. Notably, immature DCs
were found to be significantly more susceptible to VACV infection than their mature counterparts
[93].

Similar findings were observed in murine models: bone marrow-derived DCs failed to mature
following VACV infection, as indicated by reduced expression of CD40, CD80, and CD86, diminished
production of pro-inflammatory cytokines, and impaired activation of CD8+ T lymphocytes [94]. In
contrast, mature DCs displayed greater resistance to VACV infection, with a lower proportion of
infected cells and preserved antigen presentation and CD8+ T cell activation capabilities [94].

Interestingly, studies in mice infected with VACV reported that viral infection may actually
promote DC maturation. Ex vivo analysis of splenic dendritic cells from VAVCV-infected mice
showed increased expression of MHC I and co-stimulatory molecules CD40 and CD86 on their cell
surface [95]. These DCs also exhibited elevated levels of IFN-{3 and demonstrated enhanced capacity
to produce IL-10 and IL-12 upon LPS stimulation [95]. While these findings appear to contradict
earlier results, they may be reconciled by the observation that fewer than 1% of splenic DCs were
directly infected by VACV. This suggests that the increased maturation may have occurred in
uninfected DCs in response to cytokine signaling, particularly type I IFNs.

Conversely, the same study found that VACV infection reduced expression of MHCII on DCs
and impaired their ability to present antigens to CD4+ T lymphocytes [95], a disruption potentially
attributable to the viral A35 protein. Collectively, these findings suggest that DCs respond to VACV
infection by preferentially activating CD8+ cell responses over CD4+ T cell responses, which aligns
with the immune system’s typical strategy for combating viral infections.

5.2. Macrophages

Macrophages are another type of immune cell that can be infected by VACV. Studies have
demonstrated that VACV is capable of infecting and replicating in both human M1 and M2
macrophages in vitro, with the M2 subset producing more than twice the viral titer per cell compared
to M1 macrophages [96]. Infected macrophages exhibited cytoplasmic viral factories, while levels of
apoptosis and necrosis remained low even 48 hours post-infection. Notably, activation of
macrophages with LPS and IFN-vy did not affect viral replication, whereas stimulation with IL-10 or
a combination of LPS and IL-1f significantly inhibited viral production.

Interestingly, the majority of virions generated in macrophages were EEVs, which are primarily
involved in long-range viral dissemination. Given the migratory capacity of macrophages between
tissues, these findings suggest that macrophages may play a critical role in the systemic spread of the
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virus within the host [96]. In contrast, monocytes examined in the same study supported only
minimal VACV replication and exhibited high levels of apoptosis, indicating a less permissive
environment for viral propagation [96].

5.3. Neutrophils and NK Cells

While the role of neutrophils in VACV infection has not been extensively characterized, studies
suggest they contribute significantly to early virus clearance and the initiation of adaptive T-cell
responses. Experiments using oncolytic VACV demonstrated that neutrophils internalize more
virus than any other cell subset accounting for over 80% of viral uptake and subsequently degrade
the virus within phagocytic vesicles [97]. Interestingly, depletion of neutrophils using anti-Ly6G
antibodies significantly enhanced the efficacy of oncolytic VACV in treating B16F10 tumors [97].
Additionally, neutrophils have been shown to transport VACV antigens to the bone marrow, where
they deliver them to antigen-presenting cells, thereby promoting the development of CD8+ T cell
responses [98].

Natural killer (NK) cells also play an important role in the immune response to VACV. Although
VACV can directly infect NK cells, the functional consequences of this infection remain poorly
understood [97]. Nonetheless, studies have shown that NK cells are recruited to sites of VACV
infection, where they become activated, proliferate and lyse infected cells [99-101]. Notably, VACV
infection does not reduce MHC I expression or the expression of ligands for the NK Group 2 Member
D (NKG2D) receptor on infected cells. Instead, it induces the expression of ligands for other activating
NK cell receptors, including NKp46, NKp44, and NKp30 [101]. In a mouse model of pulmonary
VACYV infection, NK cells were found to produce high levels of IEN-vy prior to the infiltration of CD8+
T cells, helping to limit viral replication during the early stages of infection [99]. Furthermore, NK
cells were observed to form a  memory-like Thy+ subset capable of protecting naive
immunodeficient mice from lethal VACV challenge [102].

5.4. B and T Lymphocytes

VACYV also interacts with components of the adaptive immune system. B cells, which produce
virus-neutralizing antibodies, can also function as APCs to stimulate T cell responses. Although
VACYV can bind to multiple B cell subpopulations, it primarily infects and replicates in memory B
cells [103]. However, successful viral replication requires B cell activation; in the absence of
stimulation, infection is abortive and late gene expression is not induced [103].

A murine model of respiratory VACV infection revealed that virus-specific antibodies begin to
appear around day 15 post-infection, peak at day 148, and play only a minor role in controlling
primary infection [104]. In contrast, serum from mice with a fully developed B cell response was
highly effective in mitigating the effects of subsequent VACV exposure [104]. Although the B cell
response to VACV develops slowly, it results in durable immune memory. In humans, memory B
cells and protective antibodies specific to VACV-based smallpox vaccine have been detected up to 50
and 59 years post-vaccination, respectively [105]. Similarly, in mice, VACV induces a robust B cell
memory response, though its protective role appears secondary to that of memory T cells [106].

T cells, while only weakly susceptible to VACV infection [107], play a central role in viral
clearance. Experimental data show that CD8+ T lymphocytes are both necessary and sufficient to
protect mice against VACV respiratory infection [104]. Depletion of CD8+ cells renders
immunocompetent mice susceptible to VACV-induced mortality, whereas adoptive transfer of naive
CD8+ T cells rescues immunodeficient RAG-/- mice from lethal infection [104]. Although CD4+ T cells
are essential for the development of a functional antibody response, their depletion does not impair
survival or virus clearance in the respiratory model [104]. Interestingly, in an intraperitoneal model
of VACV infection, CD4+ T cells played a more substantial role by supporting proper CD8+ T cell
priming [108].
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Additional evidence points to a role for yd T cells in CD8+ T cell activation. These cells can
present VACV antigens via MHC I and secrete cytokines such as IL-1 and IFN-a, thereby contributing
to antiviral defense [109].

Like B cells, T cells also generate robust and long-lasting memory. In humans, VACV-specific
CD8+ memory T cells have been detected up to 50 years post-vaccination, maintaining cytotoxic
activity against infected cells [110]. Remarkably, CD4+ memory T cells isolated form these individuals
also exhibited cytotoxic, rather than regulatory, properties [110].

6. VACV as a Tool in Cancer Therapy

6.1. Advantages of VACV as an Anti-Cancer Agent

VACYV possesses several characteristics that make it an exceptionally valuable tool in cancer
therapy. First, it can infect a wide range of cell types. While many viruses are restricted to infecting
cells that express a specific receptor, VACV can infect tumors originating from various tissues [1,111-
113]. Moreover, VACV binds to MARCO, a protein commonly found on tumor-associated
macrophages and myeloid derived suppressor cells (MDSCs). This property makes it a promising
candidate for modifying the tumor microenvironment, for example, by delivering genes that reverse
the immunosuppressive phenotype of myeloid cells.

Second, the large genome of VACYV allows for the insertion of sizable therapeutic transgene
constructs of at least 25 kilobases [114,115]. Because the virus replicates entirely in the cytosol, there
is no risk of transgene integration into the hosts genome, thereby minimizing the chance of
transformation if normal cells are infected.

Third, VACV has a rapid replication cycle. It produces new virions within 6-8 hours and causes
lysis of infected cells within 48 hours, enabling it to quickly infect and destroy tumor cells before the
immune system can neutralize the virus. Notably, VACV replicates at comparable rates under both
normoxic and hypoxic conditions, making it particularly effective against tumors in low oxygen
environments such as pancreatic cancer [116].

Additionally, VACV suppresses proteins involved in apoptosis, allowing it to replicate
efficiently in cancer cells with defective apoptosis pathways. While resistance to apoptosis
undermines many conventional therapies, it actually enhances VACYV replication by prolonging host
cell survival. Instead of apoptosis, VACV induces necroptosis and cell lysis, resulting in the release
of damage-associated molecular pattern molecules (DAMPs) such as high mobility group box 1
protein (HMGB1), adenosine triphosphate (ATP), calreticulin (CRT), and heat shock protein 90
(HSP90) [117]. The release of these DAMPS characterizes immunogenic cell death (ICD), which
promotes leukocyte recruitment, dendritic cell maturation, and priming CD8+ T lymphocytes against
tumor antigens [118].

Consequently, VACV is especially promising for treating “cold” tumors—those with poor
immune cell infiltration —by converting them into “hot” tumors actively infiltrated by NK and T cells.
Finally, VACV induces a predominantly CD8+ cytotoxic T cell response, which is particularly
beneficial in cancer therapy, as CD4+ T cells and B cells can sometimes exert immunosuppressive
effects.

6.2. Chimeric VACV: CF33

To further enhance the oncolytic properties of VACV, researchers have employed several
strategies that are summarized in Figure 5. One such approach is chimerization, which involves
combining genetic elements from different, closely related poxviruses to generate chimeric viruses
with optimal oncolytic potential. In a study conducted at City of Hope, researchers co-infected cells
with cowpox, raccoonpox, rabbitpox, and six different strains of VACV to generate a diverse pool of
chimeric orthopoxviruses. From this pool, 100 chimeric viruses were isolated and screened using
high-throughput methods for their efficacy against the NCI-60 panel of human cancer cell lines
[119,120].
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Among these candidates, the chimeric virus CF33 demonstrated superior oncolytic activity
compared to its parental strains, including robust cytotoxicity against six different human pancreatic
cancer cell lines. It also exhibited a strong ability to induce immunogenic cell death and significantly
inhibited the growth of pancreatic and triple-negative breast cancer xenografts in mouse models
[119,120]. Sequence analysis of the CF33 genome revealed that it is primarily derived from three
VACYV strains—IHD, Lister, and WR—which together account for approximately 60% of its genome.
No genetic material from raccoonpox or cowpox viruses was detected, indicating that CF33 is in fact
a chimeric VACV, rather than a broader orthopoxvirus hybrid [121].
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Figure 5. Vaccinia virus in cancer therapy. Wild-type or chimeric strains of VACV can be genetically engineered
in multiple ways to improve both safety and therapeutic efficacy for cancer treatment. Deletion of the thymidine
kinase (TK) gene restricts viral replication to rapidly dividing tumor cells, improving tumor selectivity. Removal
of the B2R gene enhances host interferon responses further supporting antitumor immunity. Therapeutic
transgenes can be inserted into the VACV genome to modulate the tumor microenvironment. For example,
expression of cytokines and chemokines such as GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor)
or CCL5 (RANTES) promotes the recruitment and activation of immune cells within tumors. Additionally, the
expression of costimulatory molecules such as CD40L or OX40L enhances T cell activation and survival. As an
oncolytic agent, VACV can be employed either as a monotherapy or in combination with other treatments to
improve therapeutic outcomes. Combination strategies include conventional approaches such as radio- and
chemotherapy, as well as emerging modalities such as CAR T cells and other adoptive cell therapies, immune
checkpoint inhibitors, and targeted therapies involving antibody-drug conjugates and small molecules

inhibitors.

Building on CF33, several derivative viruses have been developed. One such derivative, CF33-
hNIS (also known as VAXINIA), incorporates the human sodium iodide symporter (hNIS) gene,
enabling non-invasive imaging of viral distribution via using PET scans. This modification allows
researchers to track the virus's localization and replication within the body [122].

Another derivative, CF33-hNIS-antiPDL1, expresses both hNIS and a single-chain variable
fragment targeting PD-L1, an immune checkpoint protein. Preclinical studies in models of triple-
negative breast cancer and gastric cancer peritoneal metastases have shown that this dual-function
virus not only enhances direct tumor cell killing but also reprograms the tumor microenvironment
to improve immune recognition and activation[123,124].

A third variant, CF33-CD19, is engineered to express a truncated CD19 on the surface of infected
cancer cells. This strategy enables targeting of solid tumors with CD19-specific CAR-T cells, which
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typically show limited efficacy against solid tumors due to the lack of appropriate surface antigens
[125].

All three CF33-based viruses are currently under clinical evaluation:

CF33-hNIS is being tested as a monotherapy or in combination with pembrolizumab in adults
with metastatic or advanced solid tumors (NCT05346484),

CF33-hNIS-antiPDL1 is in clinical trials for the treatment of metastatic triple-negative breast
cancer (NCT05081492),

CF33-CD19 is being evaluated as a monotherapy or in combination with blinatumomab for
metastatic solid tumors (NCT06063317).

6.3. Genetic Engineering of VACV

Creating novel oncolytic variants of VACV typically involves precise insertions and deletions
within the viral genome. However, due to its large genome size (~195kb), VACV is not amenable to
standard molecular cloning techniques commonly used for smaller viral vectors, such as lentiviral
systems. Consequently, genetic engineering approaches are required.

The most traditional and widely used method is based on homologous recombination. In this
approach, a plasmid carrying the desired genetic construct is introduced into VACV-infected cells.
Recombination occurs between homologous sequences on the plasmid and the viral genome,
enabling the exchange of genetic material [126]. A typical construct includes a desired transgene (e.g.,
a cytokine) accompanied by a selection marker (e.g., GFP or -galactosidase) each driven by separate
promoters. The expression cassette is flanked by sequences homologous to regions of the viral
genome—commonly the termini of the TK gene—to allow for targeted insertion. Recombinant
viruses are isolated using marker-based selection or screening, followed by multiple rounds of plaque
purification.

While conceptually straightforward and technically accessible, this method is labor-intensive
and inefficient: recombination events occur at low frequency, yielding approximately one
recombinant per 1,000 wild-type virions [127].

To enhance efficiency, several alternative strategies have been developed, including the use of
bacterial artificial chromosomes (BACs) [128] and genome editing techniques based on CRISPR-Cas9
[129]. A newest method, known as MAVERICC (marker-free vaccinia virus engineering of
recombinants through in wvitro CRISPR/Cas9 cleavage) integrates the strengths of previous
approaches [127].

In the MAVERICC method, the VACV genome is first cleaved in vitro at specific sites using Cas9
guided by sequence-specific RNAs. This cleaved genome is then co-transfected with an amplicon
containing the desired transgene flanked by sequences homologous to the targeted genomic region.
Recombination occurs within the host cell, which is also infected with a replication-defective helper
poxvirus. The helper virus supplies the necessary proteins to facilitate homologous recombination
but cannot replicate itself. As a result, only recombinant VACYV that have repaired the Cas9-induced
cleavage through homologous recombination with the amplicon can be propagated. This method
enables the generation of engineered viruses with >90% efficiency —without the need for selection
markers, serial passaging, or extensive screening [127].

6.4. Commonly Targeted Viral Genes for Modification in VACV-Based Oncolytic Viruses

Over the years, numerous strategies have been developed to enhance the suitability of VACV
for cancer therapy [130]. Cancer cells possess several characteristics that facilitate enhanced
replication of VACYV, ultimately leading to cell lysis. These include deficient apoptotic pathways [131]
, reduced expression of tumor suppressor genes (such p53), and impaired antiviral and interferon
signaling mechanisms [132]. In addition, due to their high proliferative rates and intense DNA
synthesis demands, cancer cells typically exhibit elevated levels of cytosolic TK and RR [133,134].

To exploit this metabolic environment, researchers have engineered VACV strains with
deletions in the viral genes encoding TK and/or RR. These modified viruses rely on host cell-derived
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enzymes to synthesize DNA precursors, thereby restricting viral replication to cancer cells where
these enzymes are abundant [135,136]. Interestingly, endothelial cells in tumor-associated
vasculature also exhibit elevated TK expression, largely due to stimulation by vascular endothelial
growth factor (VEGF). This makes VACV a potential anti-angiogenic agent. For example, the
oncolytic strain JX-594—engineered to express human granulocyte-monocyte colony stimulating
factor (hGM-CSF) and B-galactosidase ((3-gal ) —has been shown to selectively replicate within tumor-
associated blood vessels, causing their collapse while sparing normal vasculature [137].

Another modification involves deletion of the C11R, which encodes the viral growth factor
(VGF). VGF stimulates the EGFR-Ras signaling pathway to promote cell proliferation. In the absence
of VGEF, VACV replication is impaired unless the host cell has an active EGFR pathway —a common
feature of many cancer cells [138].

Additional deletions used to enhance oncolytic specificity and safety include A56R and F14.5L.
The A56R gene encodes a hemagglutinin-like protein (A56) that prevents infected cells from forming
syncytia, protects against superinfection, and inhibits complement-mediated lysis [139]. Despite
these roles, A56 is not essential for viral replication and is often replaced with therapeutic transgenes.
The F14.5L gene is involved in regulating cell adhesion and contributes to viral virulence in vivo,
though it is not required for replication [140]. Its deletion is commonly employed as a safety measure,
especially important for treating potentially immunocompromised cancer patients [141]. Other
deletions introduced to increase safety and tumor specificity include genes such as: SPI-1 (B22) and -
2 (B13), B18R, N1L, A41L, A49L and F1L. A list of these deletions and their associated viruses is
provided in Table 1.

6.5. Expression of Chemokines and Cytokines

Many VACV-based oncolytic viruses are engineered to express immunostimulatory genes,
primarily chemokines and cytokines, to enhance anti-tumor immunity. These modifications
generally pursue two main objectives: (1) to recruit antigen presenting cells, particularly DCs,
promote their maturation, and improve their capacity to present antigens to T cells; (2) to modulate
existing T cell responses by promoting T cell survival, sustaining activation, and preventing
exhaustion.

One of the most commonly used transgene is GM-CSF, which is known to promote tumor
infiltration by NK and DCs, and to accelerates DC maturation [142]. GM-CSF is expressed by the only
FDA-approved oncolytic virus in the U.S., the herpesvirus-based T-VEC. VACYV vectors engineered
to express GM-CSF have shown promising results in preclinical studies [137,143,144].

An alternative approach strategy involves incorporating genes encoding chemokines such as
CXCL11 and CCL5 (RANTES). A VACV strain expressing CCL5 induced significant infiltration of
DCs, CD4+ T cells, and NK cells, effectively suppressing tumor growth in the MC38 murine model
[145]. Similarly, another VACV expressing CXCL11 was highly effective in the same model, attracting
large numbers of CD8+ lymphocytes and inducing strong IFN-y expression [146].

Table 1. Examples of viral genes deleted from Vaccinia virus to enhance tumor selectivity and promote immune

system activation.

Functions of deleted viral

Deleted viral genes Example of virus Reference
genes

1 . Provides material for viral

TK (Thymidine kinase) DNA replication vCB2 (vvLuc) [136]
. Supports viral replication,

TK and VGF (Viral accelerates cell growth and vvDD-GFP [147]

growth factor) metabolism
SPI-1 (B22) and -2 (B13) Inhibit apoptosis vSP [148]
ral replicati
TK, SPI-1 and -2 Supports viral replication, VSPT [149]

inhibit apoptosis
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Soluble type I IFN Inhibits mobilization of the

receptor (B18R) immune cells WR-delB18 [150]
Inhibits mobilization of the
Soluble type [ IFN immune cell, supports viral AB18RATK [150]
receptor and TK .
replication
Promotes virulence in vivo,
F145L, TKand HA _SUPPOrts viral replication, GLV-1h68 [151]
inhibits complement-mediated
lysis of infected cell
TK, RR (ribonucleotide Support viral replication by
’ providing material for DNA TG6002 [152]
reductase) .
synthesis
Supports viral replication,
LATKAN1LAA41
TK, N1L, and A41L  inhibits apoptosis, interferes Vv LN [153]

with chemokine signaling
A49L Inhibits NF-kB activation vAA49L [154]

Supports viral replication,

TK, F1L ATK/FIL 1
’ Inhibits apoptosis / [155]
Supports viral replication,
TK, B2R Inhibits the cGAS/STING WR/TK-/AB2 [156]

pathway

To further enhance T cell-mediated responses, pro-inflammatory cytokine genes such as IL-12
[157], 11-15 [158], and IL-23 [159] have been inserted into the VACV genome. These modifications led
to improved anti-tumor effects with increased CD8* T cell infiltration —consistent with the roles of
these cytokines in supporting cytotoxic T lymphocyte (CTL) proliferation, survival, and effector
function.

Interestingly, the anti-inflammatory cytokine IL-10 also enhanced anti-tumor effects when
expressed by oncolytic VACV in a mouse model of pancreatic cancer [160]. This finding is
counterintuitive, given that IL-10 is generally associated with suppression of immune responses,
including inhibition of IL-12 production. The study revealed that IL-10 expressing VACV persisted
longer within tumors, led to fewer VACV-specific CD8* T cells, and resulted in reduced infiltration
by macrophages [160]. This suggests that IL-10 may prolong viral replication within tumor tissue,
thereby enhancing direct oncolysis and potentially facilitating a more robust anti-tumor immune
response. Additionally, IL10 is known to impair macrophage antigen presentation to CD4+ cells [161],
potentially skewing the immune response toward a CD8* T cell-driven cytotoxic pathway.

6.6. Induction of the IFN System

Robust activation of the type I IFN response is critical for the development of effective cytotoxic
immunity, which is a key objective in cancer immunotherapy [162]. However, VACV encodes
multiple genes that inhibit the host IFN response, posing a challenge for its use as an oncolytic agent.
To address this, researchers have developed strategies to prevent VACV from suppressing IFN
production. One such strategy involves deletion of the B2R gene, which encodes a nuclease that
degrades cGAMP —a key activator of the cGAS-STING pathway [163]. Another targeted gene is ESR,
a gene that promotes degradation of cGAS itself [49]. VACV strains lacking B2R exhibit elevated IFN
expression and enhanced anti-tumor activity in vivo [163]. Notably, B2R deletion also reduces viral
virulence, making the modified virus potentially safer for use in immunocompromised patients.

Alternative strategy involves the insertion of the gene encoding DNA-dependent activator of
IFN-regulatory factors (DAI), which can activate IRF3 through a cGAS independent pathway [164].
In one study, DAI-expressing VACV demonstrated significantly improved inhibition of melanoma
tumor growth in both syngeneic mouse models and humanized mice, even when the B2R gene
remained intact [164].
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A more novel approach utilized the gene encoding white-spotted charr lectin (WCL), a plant-
derived protein previously linked to strong anti-tumor effects. VACV engineered to express WCL
gene was shown to robustly activate IRF3 and induce high levels of type I IFNs, leading to effective
suppression of hepatocellular carcinoma in a mouse model [165].

6.7. Expression of Costimulatory Molecules

To boost the activity of tumor-primed T cells, various research groups have developed VACVs
encoding co-stimulatory molecules such as CD40L, 4-1BBL, and OX40L. Signals derived from these
molecules are known to enhance T cell activity, reduce apoptosis, and increase the production of
proinflammatory cytokines. When delivered intratumorally, these engineered viruses successfully
inhibited the growth of B16 melanoma tumors in immunocompetent mice and extended the survival
of treated animals [166-168].

Additionally, a CD40L-expressing VACV effectively slowed the progression of bladder cancer
in a mouse xenograft model by activating the NF-kB pathway in T cells and promoting the secretion
of TNF-a, IL-1a and RANTES [167]. In another study, a VACV encoding a tandem of Fms-related
tyrosine kinase 3 ligand (F1t31) and OX40L genes completely eliminated A20 lymphoma tumors and
significantly delayed the development of spontaneous tumors in the MMTV-PyMT mouse model of
triple negative breast cancer (TNBS) [168]. The use of the OX40L/FLt3l-expressing virus also led to a
marked depletion of regulatory T cells (Tregs), reprogramming them into more cytotoxic-like
phenotype [168].

6.8. Other Strategies

Researchers have also explored several innovative strategies to enhance the anti-tumor
properties of VACV. In one notable study, a VACV engineered to express a secretory bispecific T-cell
engager composed of single chain variable antibody fragments specific for CD3 and the tumor
antigen EphA. This virus effectively recruited T lymphocytes to EphA-expressing cancer cells and
induced complete clearance of A549 tumors in SCID mice infused with human PBMCs [169].

Another approach targeted the transforming growth factor beta (TGF-3) pathway, which is
frequently upregulated in immune-resistant tumors. A VACV expressing a soluble TGF-f3 inhibitor
was able to eliminate head and neck squamous cell carcinoma (HNSCC) tumors that were resistant
to treatment with a control VACV containing B2R and TK deletions. The engineered virus reduced
the number of Tregs and increased their sensitive to IFN-y signaling [170].

Finally, to target tumor vasculature, scientists engineered a VACV to express the anti-VEGF
single-chain antibody GLAF1. Treatment with this virus dramatically decreased blood vessel density
within tumors and inhibited disease progression in xenograft models [171].

Overall, as our understanding of immune stimulation continues to grow, we can expect an
increasing number of innovative genetic constructs to be tested as transgenes in the new generation
of oncolytic VACVs.

7. Vaccinia Virus in Combination with Other Therapeutic Strategies

7.1. Combination with CAR-T Therapies

Although various forms of oncolytic VACV have demonstrated promising results as
monotherapies in cancer treatment, many researchers are now exploring their use in combination
with other therapeutic approaches. One notable strategy involves combining VACV with chimeric
antigen receptor T-cell (CAR-T) therapy.

CAR-T based therapies are highly effective against CD19-expressing lymphomas; however, their
efficacy in treating solid tumors remains limited due to the lack of tumor-specific antigens [172]. To
overcome this challenge, researchers engineered VACV to express the CD19 gene. Because VACV
preferentially replicates in tumor tissues, it can induce CD19 expression on the surface of cancer cells,
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rendering them susceptible to CAR-T cell-mediated cytotoxicity. This combination demonstrated
promising results in the B16 melanoma model [173], as well as in the MC-38 colorectal cancer model
and human tumor xenograft models [174].

In another approach, a CXCL11-expressing VACV was used to attract mesothelin-specific CAR-
T cells toward mesothelin-positive TC-1 tumors. While both the virus and CAR-T cells individually
inhibited tumor progression following intravenous injections, their combination produced a
significantly more potent effect [175].

These findings suggest that VACV can serve as a valuable adjunct to enhance the efficacy of
CAR-T therapies, particularly in the treatment of solid tumors.

7.2. Combination with Checkpoint Inhibitors

Since many oncolytic VACVs can activate immune responses in immunologically “cold” tumors,
a logical strategy is to combine them with immune checkpoint inhibitors, which can sustain and
amplify T cell activity once it has been initiated [176,177]. For example, the combination of IL-21-
expressing VACV with an anti-PD-1 antibody produced a significantly stronger therapeutic effect in
a mouse glioma model than either treatment alone [178]. Similar synergistic effects were observed in
A20 and EL4 lymphoma models when combining a VACV expressing manganese superoxide
dismutase (MnSOD) with anti-PD-L1 antibodies [179]. In the MC-38 colon cancer model, the efficacy
of a CXCL11-expressing VACV was also substantially enhanced by co-administration of anti-PD-L1
therapy [180].

Because systemic administration of checkpoint inhibitors is often associated with immune-
related toxicities, researchers have also explored engineering VACVs to express checkpoint-
inhibitory molecules directly within tumors. Leveraging the virus’s tumor-specific replication, this
approach allows for localized delivery of checkpoint inhibitors, potentially reducing systemic side
effects. A VACV co-expressing a soluble PD-L1 inhibitor and GM-CSF demonstrated high efficacy in
treating B16 melanoma tumors [181]. Another engineered virus encoding a cell-depleting anti-CTLA4
antibody and GM-CSF successfully eradicated tumors in multiple models, including breast (EMT6),
colon (MC-38), and melanoma (B16) models, following intratumoral administration. Tumor
regression in these models was associated with a marked reduction in CD4+ Treg cells and exhausted
CD8+ T cells, alongside expansion of activated cytotoxic CD8+ T cells. Combining this therapy with
anti-PD -1 antibodies further improved its therapeutic efficacy [182].

Another checkpoint target explored with VACV is TIGIT (T cell immunoreceptor with Ig and
ITIM domains), a common marker of exhausted and regulatory T cells. Researchers engineered a
VACYV to express the variable domains of heavy and light chains of an anti-TIGIT antibody. This
virus effectively slowed the progression of several subcutaneously implanted tumor models,
including EMT6 (breast), CT26, MC-38 (colon), and H22 (liver) tumors. Once again, combining the
treatment with anti-PD-1 therapy further enhanced the anti-tumor effects [183].

Collectively, these findings support the idea that immune checkpoint inhibitors, whether co-
administered or encoded directly within the virus, are likely to play a critical role in the future
development of VACV-based cancer therapies.

7.3. Combination with Radio- and Chemotherapy

Chemotherapy and radiotherapy remain among the most widely used cancer treatments, and
the potential of combining these with VACV has been explored in several studies. Radiotherapy has
been shown to enhance the efficacy of oncolytic VACV in preclinical models of glioblastoma
[184,185] and pancreatic cancer [186]. In the TC-1 lung cancer model, combining VACV with
radiotherapy increased tumor cells necroptosis and stimulated the release of DAMP molecules. This,
in turn, activated T cells and reduced the populations of Tregs and M2 macrophages [187]. Owing to
its tumor selectivity, VACV is a promising agent for sensitizing tumors to radiation.

One commonly employed strategy involved engineering VACV to express the sodium iodide
symporter (NIS) [188-190]. Infection with this virus significantly increased the uptake of radioactive
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Iodine-131 (*¥'I) in prostate cancer xenografts, leading to tumor growth inhibition and prolonged
survival in treated mice [191]. In another strategy, researchers developed a radiotherapy system using
VACV expressing the somatotropin receptor, in combination with a radioisotope labeled
somatotropin analogue. In both subcutaneous and disseminated mouse models of colorectal cancer,
intraperitoneal administration of the virus resulted in tumor-specific localization and targeted uptake
of the radiolabeled compound. This specific accumulation of radioisotope within tumor tissue
significantly inhibited tumor growth, improved survival, and did not cause systemic toxicity [192].

VACYV has also been studied in combination with conventional chemotherapy. Paclitaxel, for
example, significantly enhanced the anti-tumor efficacy of VACV in HCT116 tumors grown in
athymic mice. This effect was associated with type-I IFN production and the release of HMGBI, a
key DAMP molecule [193]. Furthermore, both cisplatin and gemcitabine improved the efficacy of
oncolytic VACV in pancreatic tumor xenografts in nude mice [194]. Similarly, treatment with
cyclophosphamide (CPA) or rapamycin increased VACV’s ability to inhibit the growth of malignant
gliomas in rat models [195]. CPA also enhanced the efficacy of intravenously administered VACV in
lung cancer xenografts by increasing viral spread within the tumor and reducing tumor vasculature
[196].

Another commonly employed strategy involves arming VACV with genes that convert inactive
prodrugs into active chemotherapeutic agents. Given VACV’s selectivity for tumor tissue, this
approach allows high local concentrations of the active drug while minimizing systemic toxicity. For
example, a VACV engineered to express super cytosine deaminase (SCD) effectively converted the
prodrug 5-fluorocytosine (5-FC) into the chemotherapeutic compound 5-fluorouracil (5-FU). In the
presence of prodrug, the virus induced death in cancer cell lines that were otherwise resistant to
VACV-mediated lysis [197]. Another engineered VACV expressed {3-galactosidase to activate a
prodrug containing a 3-galactosidase-specific cleavage site. In a breast cancer xenograft model, this
virus-prodrug system led to accelerated tumor shrinkage and induced apoptosis in multiple cancer
cell lines when the prodrug was present [198].

7.4. Combination with Small-Molecule Inhibitors

The oncolytic potential of VACV has also been evaluated in combination with various small-
molecule inhibitors used in cancer therapy. Trametinib, a clinically approved inhibitor of mitogen-
activated protein kinase MEK, was found to enhance VACV replication in vitro and improve its
ability to inhibit the growth of ovarian cancer xenografts [199]. Idelalisib, an FDA-approved selective
inhibitor of phosphoinositide 3-kinase delta (PI3K9), significantly increased viral delivery to tumors
following intravenous injection and substantially enhanced the therapeutic effect [200]. Other notable
inhibitors that have been shown to improve the anti-cancer activity of oncolytic VACVs include
trichastatin A, a histone deacetylase inhibitor, and sunitinib, a multitargeted receptor tyrosine kinase
inhibitor. Trichastatin A markedly increased viral replication and spread within tumor tissues [201],
while sunitinib robustly enhanced CD8+ T cell infiltration, suppressed Tregs, and increased tumor
cell apoptosis by more than threefold [202]. Inhibitors targeting the VEGF pathway have also been
found to potentiate the oncolytic effects of VACV [171,203]. As the number of novel inhibitors
targeting tumor-specific pathways continues to grow, combining them with VACV holds great
promise for achieving even more effective cancer therapies.

8. Clinical Trials and Potential Obstacles

The specificity of VACV for cancer cells and the promising results from pre-clinical models have
spurred the development of multiple VACV-based oncolytic viruses, many of which have progressed
to clinical trials. A key consideration in patient treatment is the choice of viral delivery route. Systemic
administration, such as intravenous or intraperitoneal injection, is the most convenient; however, it
requires the virus to have high tumor-targeting specificity. Moreover, repeated systemic dosing can
be challenging due to the development of neutralizing antibodies, which reduce the efficacy of
subsequent treatments.
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In contrast, intratumoral injection allows for direct delivery of the virus into the tumor, enabling
the use of lower doses and minimizing the impact of circulating neutralizing antibodies. However,
this method has its limitations—it is not feasible when tumors are inaccessible or numerous, and it
often requires complex medical procedures. These procedures can be burdensome for patients and
may disrupt their daily lives.

Current clinical trials involving VACV utilize both systemic and intratumoral delivery
approaches. Table 2 summarizes clinical studies completed between 2009 and 2025, while a
comprehensive list of earlier clinical trials has been published elsewhere [204]. An up-to-date list of
ongoing clinical trials involving VACV can be found at https://clinicaltrials.gov/.

As of April 2025, only two trials involving oncolytic VACV have reached phase III. The first is a
study evaluating intraperitoneal delivery of Genelux’s Olvi-Vec (GL-ONC1) in combination with a
platinum-based chemotherapy regimen for the treatment of platinum-resistant refractory ovarian
cancer (NCT05281471). Olvi-Vec was engineered by inserting three expression cassettes—encoding a
Renilla luciferase-Aequorea green fluorescent protein fusion, (3-galactosidase, and 3-glucuronidase —
into the F14.5L, ]2R (encoding TK) and A56R (encoding hemagglutinin) loci of the parental VACV
genome. In addition to this phase-III trial, Olvi-Vec is currently in phase I trials for the treatment of
small-cell and non-small lung cancer.

Table 02562755. is Pexa-Vac (JX-594), developed by SillaJen. JX-594 is engineered with a deletion
of the TK gene and insertion of transgenes encoding human GM-CSF and [-galactosidase. It is
administered via intratumoral injection. Pexa-Vac has been evaluated in clinical trials for renal,
colorectal, and liver cancers, and advanced to a phase III trial for hepatocellular carcinoma in
combination with the targeted therapy sorafenib. Unfortunately, this trial failed to demonstrate a
survival benefit compared to the control group [130].

Table 2. Clinical studies of Vaccinia virus as an oncolytic agent completed between 2009 and 2025.

Trial# ene Nm;ber
stz?r:;l d Inactiv Tz::g (Ir’(l)lzts:) patients Design Toxicity Response Ref.
Sponsor ation (cancer
P type)
62.5% of high dose
group showed
NCTO00554 30 Fever, chills, tumor necrosis on
372 fatigue, MRI vs 35.7% of
(Advanc Two groups
JX-594 od treated with nausea. low-dose group.
Pexa- GM- Phase Il . Also: Median overall
Hepatoc high dose 1x10°
Vec/TG600 TK CSF  (intratum P & hypertension survival (OS): 14.1 [205]
ellular PFUandlow -, .
6) lacZ oral) . in10% of  months for high
Carcino dose 1x108 PFU, .
Wyeth . patients and dose group and 6.7
. ma, respectively
SillaJen, thrombocyto months for low
Inc HCC) R
. penia in 7% dose group.
Historical controls:
6-8 months
No statistically
129 Two groups: significant
NCT01387 Phase IIb Virus + Best  Fever, chills, .. N
(Advanc . . difference between
555 (Intraven Supportive Care  fatigue,
ed HCC, two groups.
JX-594 (BSC) vs BSC nausea. .
. . refractor Median OS: ~4.2
(Pexa- GM- infusion + yor alone. Also: months
Vec/TG600 TK  CSF later ineligibl .Pexa-Vec was hypertensmn (Virus+BSC group) [206]
6) lacZ  Intratum given as a single  in 8% of
; . vs. 4.4 months
Wyeth oral . intravenous (IV) patients and
. . sorafeni . . (BSC only)
SillaJen, injections infusion thrombocyto .
b) . Study terminated
Inc. ) followed by up penia in 6% o
to 51T early as it did not

meet its primary
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injections. at survival endpoint
1x10° PFU each and lacked clear
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No survival
NCT02562 benefit, trial was
755 Three p . " d for futilit
594 sso  mtamoral L L Herinterim
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Vec/T TK F (intrat PFU pl ' 207
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ed HCC) nausea, months
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. . fatigue (virus+sorafenib)
SillaJen, sorafenib alone
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' (sorafenib)
Dose of 1x10°
PFU every 2
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NCT02630 first 3 injections Both progression
368 and then every 3 Fever and P 'g
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JX-594 20  weeks combined fatigue,
. . . and OS were lower
(Pexa- GM- Phasell patients with low-dose single case of in the JX-
Vec/TG600 TK  CSF (intraven (Soft cyclophosphami grade 3 [208]
. . 594+cyclophospha
6) lacZ ous) tissue de, lymphopenia .
mide group vs the
Wyeth sarcoma)compared to the and grade 3 .
. . cyclophosphamide
SillaJen, patients treated fever. v erou
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phosphamide
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NCT01171 47% of patients
651 25  One intravenous displayed
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Wyeth Y Cell response is  chills, nausea response
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Nevertheless, additional trials exploring JX-594 in combination with other therapeutic agents
and across different cancer types are still ongoing. As newer generations of oncolytic VACV are
continuously being developed, more candidates are expected to enter clinical trials, potentially
yielding more promising results.

Despite its many advantages, VACV also presents certain challenges that may limit its
therapeutic potential. As a replicating virus, it poses a theoretical risk to immunocompromised
patients, particularly when administered systemically (e.g., via intravenous injection). However,
this risk is significantly mitigated by the presence of multiple attenuating mutations engineered into
oncolytic VACV strains, many of which are based on the Lister strain, which has a long history of
safe use as a smallpox vaccine.

Another major challenge is the strong immune memory elicited by VACV, at both the B and T
cell levels. This response can limit the efficacy of repeated administrations, especially through
intravenous delivery. High titers of neutralizing antibodies may block the virus from binding to
target cells, while cytotoxic memory T cells can destroy infected cancer cells before sufficient viral
replication and spread occurs.

Strategies to overcome these immune barriers have shown promise. For example, treatment with
the cyclooxygenase-2 (COX-2) inhibitor celecoxib prior to a second viral dose significantly reduced
the generation of neutralization antibodies and restored viral titers in pre-immunized models [226].
Similarly, inhibiting the complement system with the synthetic compound CP40 or depleting it with
cobra venom factor (CVF) markedly increased viral titers in both blood and tumor tissue of pre-
immunized animals [227].

To further protect VACV from complement-mediated neutralization, researchers have
engineered a modified that expresses the N-terminal fragment of the complement regulatory protein
CD55 fused to six membrane proteins found on intracellular mature virions (IMV). This engineered
virus maintained its replication efficiency and infectivity while successfully evading neutralization
by VACV-specific antibodies generated after multiple systemic administrations [228].

In conclusion, although pre-existing immunity to VACV poses a significant challenge for
repeated dosing, recent advances offer practical strategies to overcome these challenges and enhance
the clinical efficacy of oncolytic VACV.

9. Conclusions
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The limited efficacy of current treatments for disseminated cancer underscores the urgent need
for more innovative and potent treatment strategies. VACV has emerged as a highly promising
platform for viro-immunotherapy due to its safety, genetic flexibility, and ability to deliver multiple
therapeutic genes directly to tumor tissue. It has shown significant potential both as monotherapy
and in combination with other treatment modalities.

Although the phase III clinical trial of JX-594 did not yield the desired outcome, it is important
to note that this virus represents an earlier generation construct—far less advanced than the more
sophisticated candidates currently under development. As our understanding of tumor biology,
immunology, and viral engineering continues to evolve, we are poised to design increasingly
sophisticated VACV derivatives with improved efficacy and tumor specificity. Moreover, the
strategic integration of VACV into combination therapies is expected to become more refined and
effective.

With ongoing research and technological advancements, the future of cancer treatment
involving VACV appears highly promising and is likely to play a pivotal role in the next generation
of oncologic therapies.
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