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Simple Summary: Cell carriers represent a promising strategy to overcome barriers associated with
systemic administration of oncolytic viruses, providing both protection from neutralizing factors and
targeted delivery to tumors. Despite numerous proof-of-concept studies, the overall versatility of the
approach remains unclear due to diverse cell types utilized in these studies, as well as different
experimental conditions. In this review, we aimed to summarize performance and key features of
known cell carrier types, paying special attention to specific models and administration routes. On
the basis of this analysis, we also provide potential suggestions for the optimization of cell-based
virus delivery.

Abstract: Treatment of the malignant diseases using oncolytic viruses (OVs) is currently considered
as a promising therapeutic approach. Initial encouraging results fueled a large number of clinical
trials, showcasing favorable safety profiles of OVs - but therapeutic outcomes remain far from perfect.
Efficacy of systemically administered OVs is limited due to poor bioavailability, rapid immune
clearance, and suboptimal biodistribution. Cell-based carriers that can shield viral particles and
provide tumor-targeted OV delivery, represent one of the potential ways to address these challenges.
Feasibility of this approach was demonstrated using a broad range of cell types, including
mesenchymal stem cells (MSCs), neural stem cells (NSCs), different subsets of immune cells and
cancer cell lines. The resulting spectrum of carriers can be viewed as a multifaceted tool, taking into
account the specific properties, advantages, and limitations of each cell carrier type discussed in this
review. Careful consideration of these features will provide the basis for successful development of
cell-based OV delivery platforms.
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1. Introduction

Virotherapy is emerging in the field of cancer therapeutics as a unique approach that combines
selective lysis of cancer cells and induction of the antitumor immune response. Oncolytic activity is
an intrinsic feature of viruses from different families, including mammalian orthoreovirus type 3
Dearing (ReoT3D), Newcastle disease virus (NDV), vesicular stomatitis virus (VSV), vaccinia virus
(VV), and oncolytic adenoviruses (0ADs), among others [1-4]. Attenuated vaccine strains of
pathogenic viruses have served as platforms for developing safe modified variants with enhanced
tumor tropism and immunomodulatory properties [5-7]. Almost unlimited possibility of genetic
modifications enables the creation of OV strains tailored to target specific cancer types.

Apart from immune-mediated clearance, direct tumoricidal mechanisms employed by oncolytic
viruses (OVs) generally do not overlap with the mechanisms of chemotherapy and targeted therapies.
OVs can eliminate cancer cells insensitive to proapoptotic signals and are capable of destroying
cancer stem cells, which are notoriously resistant to common therapeutic interventions [8-10].
Currently, OVs are largely investigated as potential auxiliary agents in combination with other
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treatment regimens including immuno-, chemo- and targeted therapies [15-17]. The ability of OVs to
induce immunogenic cell death and prime NK- and T-cell-mediated antitumor responses provides a
rationale for combining virotherapy with immune checkpoint blockade. Notably, OV infection has
been shown to upregulate PD-L1 levels at tumor sites via type I interferon signaling [18,19],
suggesting that PD-L1 blockade could mitigate this unwanted immunosuppressive response.

Clinical investigations revealed that OVs were generally well-tolerated at high doses and had
favorable safety profiles [1,14]. Despite these unique advantages, OVs that were evaluated in the later
stages of clinical trials, failed to reach the endpoint as a monotherapy [11-13]. The only FDA-
approved OV drug to date is Talimogene laherparepvec (T-VEC), a genetically modified herpes
simplex virus type 1 (HSV-1) encoding granulocyte-macrophage colony-stimulating factor (GM-
CSF). T-VEC is approved for the local treatment of melanoma that has recurred after initial surgery
and spread to the skin, soft tissue, or lymph nodes (LNs) [20] . Viewing T-VEC as a current “gold
standard” of virotherapy, no OVs with alternative routes of administration have yet received FDA
approval. Local injection is employed in a vast majority of current clinical trials featuring OVs [21,22].
Unfortunately, cases when the tumor is accessible for direct injection make up a small proportion of
all malignancies - majority of the cases involve solid tumors and metastases located in internal organs.
Intravenous (IV) delivery represents one of the practically easiest and reliable ways for OV
administration, potentially allowing the virus to reach distant tumor sites. However, several obstacles
exist in this case, which take place shortly after OV injection (Figure 1).

Intravenous administration of oncolytic virus : Intravenous administration of virus-loaded
' cell carriers
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Figure 1. Common factors that limit spread of IV-administered OV particles include direct clearance from the
bloodstream and physical barriers in the tumor bed. OV-loaded cell carriers are able to partially circumvent

these obstacles, leading to improved OV penetration into the tumor.

As demonstrated by Willmon et al., within just two minutes after IV injection of VSV in
immunocompetent mice, the vast majority of virus particles was associated with immune cells,
indicating a short-lived presence of free virions in the bloodstream [23].The fate of these cell-
associated virions remains unclear; while some may be degraded, it is possible that such “packaging”
provides partial protection from neutralizing antibodies.

Possibly, long-term existence of the infectious particles in the bloodstream appears uncommon
for non-blood-borne viruses. For instance, human immunodeficiency virus (HIV) has remarkable
capability to reach CD4+ T-cells in the LNs using DC-SIGN+ dendritic cells as naturally-occurring
carriers. In contrast, OVs that employ other transmission routes lack evolutionary adaptations to
retain in circulation for prolonged time [24,25].

Antibodies and complement system, which in turn facilitate the neutralization and rapid
sequestration of OVs by patrolling phagocytic immune cells, remain a crucial limiting factor for
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efficient OV spread. [26]. For instance, in the CT26-bearing mice model, IV infused VSV-GFP was
able to reach tumors only in naive animals. Inmunization or prior exposure to VSV several months
earlier completely abolished VSV replication [27]. Repeated OV injections during treatment
inevitably amplify antiviral humoral responses, further impeding therapeutic efficacy. Additionally,
high seroprevalence has been reported for several OVs circulating in the human population or used
as vaccine vectors, including vaccinia virus (VV), reoviruses, and adenovirus type 5[28].

Physical barriers represent an additional problem for OV spread, both in the case of IT and IV
administration. Dense stromal tissue is an essential component of many solid tumors that confers
chemo- and immunotherapy resistance and lowers the chance of virus reaching target cells, especially
in the case of OVs that were modified to infect only malignant cells. Abnormal microvascular
architecture and vessel compression caused by proliferating cancer cells result in interstitial
hypertension and reduced blood supply, confining OV spread primarily to regions near blood vessels
[29,30].

Inhibition of the antiviral immune response by immunosuppressive drugs was investigated as
one of the potential ways to prolong and enhance OV replication. Cyclophosphamide (CPA)
combined with OVs has shown promise in several studies; however, disentangling the pleiotropic
antitumor effects of CPA from its immunomodulatory effects remains challenging [31-34].
Conversely, transient immunosuppression using agents such as tacrolimus, mycophenolate mofetil,
or methylprednisolone sodium succinate failed to significantly improve OV retention in mouse
models [35]. Notably, replication efficiency of OVs does not always correlate with therapeutic
outcome - in some cases, tumor elimination is a result of solely immune-mediated clearance [36].
Moreover, antiviral immunity has the ability to boost antitumor response, as shown for NDV [37].

Dose escalation of systemically administered OVs intuitively seems to be another potential way
to overcome the limitations described above. However, this approach is associated with higher
treatment costs and an increased risk of side effects [38]. An alternative solution is to shield OV
particles using nanomaterials, capsid modifications, or cell-based carriers [39]. Beyond providing
virus protection, some types of cell carriers are capable of supporting OV replication and migrating
to tumor sites, resulting in significant improvements in delivered dose and biodistribution compared
to other strategies.

1.1. What Makes a Perfect Cell Carrier?

Willmon et al. elegantly compared cell-based OV carriers to "FedEx couriers," highlighting their
role in protecting and delivering the viral "package" to tumor sites [23]. The primary goal of these
"cell couriers" is to ensure that the virus reaches its target while being shielded from neutralizing
factors. Therefore, the minimum requirements for an IV-administered cell carrier include its ability
to reversibly bind OVs and circulate freely in the bloodstream. The type of interaction between the
OV and the cell carrier determines different delivery modalities, as viruses can either adsorb onto the
surface of a cell or be internalized and released later.

In the case of surface-bound OVs, transfer occurs through direct contact with the target cell.
Unexpectedly, this delivery mode was found to be effective even in the presence of neutralizing
antibodies, but only when low doses of virus were used for loading. This phenomenon was
demonstrated for ReoT3D- and VSV-loaded T-cells in immunized murine models [40,41]. For T-cells
loaded with measles virus (MV), virus transfer was completely abolished in mice passively
immunized with high doses of serum but was able to occur when lower doses of serum were
administered [42]. These results suggest that a specific threshold level of neutralizing antibodies
determines the success rate of surface-bound virus delivery. Additionally, the kinetics and frequency
of particle shedding from the cell carrier membrane remain unclear in vivo, suggesting that some
amount of virus may be released before the cell carrier reaches its target cells. Nevertheless, this mode
of delivery can be used in an immune-naive setting.

Internalization of OV particles by cell carriers either with or without subsequent replication
provides more efficient protection against neutralizing antibodies. A remarkable study by Ilett et al.
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compared different delivery modes using T-cells and bone marrow-derived dendritic cells (BMDCs).
Mature BMDCs that were able to internalize ReoT3D significantly outperformed T-cells in clearing
lymph node metastases in immunized mice, though one cannot exclude that this difference was also
influenced by different chemotactic activity of these cell subsets [41]. Similarly, monocytes that were
able to internalize antibody-reovirus complexes successfully delivered infectious particles to tumors
despite lack of replication [43].

As with surface-bound transfer, it remains unknown whether the release of internalized viruses
follows time-dependent patterns. Replication within cell carriers increases viral load eventually
delivered to tumors and is characterized by predictable time of virus release. For OVs such as VSV,
which have an extremely short replication cycle of approximately 6 hours, it is crucial to ensure that
cell carriers reach their destination before viral progeny are released. Tumor trafficking may take up
to 72 hours, as observed with T-cells [23].

Tumor-targeted migration is a positive feature inherent in many cell carrier types such as
mesenchymal stem cells (MSCs) and various subsets of immune cells [44]. However, entrapment of
cells within the microvasculature of the liver and lungs after IV infusion is common for large-sized
carriers, thereby limiting migration efficiency. Finally, a substantial number of cell "couriers" is
required to ensure successful delivery. Therefore, carriers must either be available for direct isolation
from patient tissue samples in large quantities or be capable of rapid proliferation in culture.

1.2. Cell-Based Carriers for OV Delivery

Studies of cell-based OV delivery have revealed that a wide variety of cell types can function as
carriers, including both cancerous and non-cancerous cell lines, mesenchymal stem cells (MSCs),
neural stem cells (NSCs), and various subsets of immune cells. Characterization of these different cell
carrier types can be done on the basis of several common criteria, such as delivery mode, the spectrum
of carried OVs, tumor tropism, and isolation/propagation techniques. While much emphasis has been
placed on IV administration in this review, studies exploring alternative administration routes for
cell carriers were also included, showcasing the overall potential of this approach to target tumors in
different locations. Interestingly, OV-loaded carriers may prove beneficial even when injected
directly into tumor, as they enhance virus retention compared to neat OV [45,46].

1.3. Mesenchymal Stem Cells (MSCs)

MSCs are multipotent stem cells present in adult organisms with the capacity to differentiate
into various cell types of mesenchymal lineage. The concept of utilizing MSCs as carriers has gained
significant attention in recent years and has been evaluated in multiple clinical trials, making this cell
type probably the most studied one in the context of OV delivery [47,48].

MSCs can be efficiently expanded in culture and isolated from a variety of tissues, including
bone marrow (BM) aspirate, adipose tissue (AT), dental pulp, endometrium, and umbilical cord
blood (UCB). AT and BM are the most common sources for MSCs that are further expanded in vitro
for therapeutic purposes, though AT is more preferential in terms of convenience [49]. Despite their
different tissue origins, AT-MSCs and BM-MSCs acquire similar phenotypic and morphological
characteristics under standard culture conditions [50,51]. The number of MSCs that can be directly
isolated from tissue varies significantly between donors. In some cases, the expansion may take up
to two weeks after isolation [52]. Although MSCs are generally considered genetically stable, long-
term cultivation to obtain sufficient numbers for therapy has raised some safety concerns. Wang et
al. described the spontaneous appearance of cell populations with abnormal karyotype in BM-MSC
cultures, which were able to form tumors in NOD/SCID mice [53]. Another study showed that
chromosomal aberrations could occur in BM-MSC cultures as early as the second or third passage
[54]. However, a large number of clinical and preclinical studies in regenerative medicine support
the overall safety of MSC-based therapy and report a low incidence of side effects [55].

The immunosuppressive properties of MSCs in the context of cancer therapy remain a matter of
debate, even after decades of research [56]. Some OVs, such as oncolytic adenoviruses (0Ads),
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eventually lyse MSCs several days after infection, suggesting that infected MSCs are unlikely to
induce long-term immunosuppressive effects [57]. On the other hand, certain modifications of OVs
may enhance the immunosuppressive activity of infected MSCs. For example, MSCs loaded with
decorin-encoding adenovirus failed to induce an antitumor immune response compared to MSCs
loaded with unmodified adenovirus [58].

MSC-based IV delivery has demonstrated promising results in targeting lung- and liver-
localized cancerous lesions. UC-MSCs slightly supported replication of decorin-expressing oAd
(rAd.DCN) and facilitated the clearance of lung metastasis in 4T1 breast cancer murine model [58].
Another study has shown that BM-MSCs support replication of oncolytic oAd ICOVIR-5, and can be
used to target A549 lung cancer tumors in nude mice [59]. Similar results were demonstrated in the
MDA-MB-231 pulmonary metastatic disease model for conditionally replicating adenovirus (CRAd)
[60]. Myxoma virus (MxV) -loaded BM-MSCs induced regression of pulmonary melanoma lesions
and increased survival of treated mice, compared to neat MxV [61]. In the models of ovarian cancer
metastasis to lung in nude mice and breast cancer metastasis to brain in NSG mice, single IV injection
of MSCs that were forcedly infected with HSV2-retargeted HSV reduced metastatic burden in both
settings. Notably, MSCs of different tissue origins had different susceptibility to HSV infection, and
infection efficiency was enhanced in presence of polyethylene glycol (PEG) [62].

In hepatocellular carcinoma (HCC), BM-MSCs loaded with HCC-targeted 0Ad inhibited growth
of orthotopic HCC tumors more efficiently compared to neat virus. Notably, capsid modification was
performed to support efficient uptake of virus by MSCs [57]. Earlier studies noted that MSCs express
low levels of coxsackie and adenovirus receptor (CAR), which fuelled the development of strategies
to overcome CAR-dependence of adenoviral vectors [63,64]. In a subcutaneous model of pancreatic
cancer, AsPC-1 xenografts in nude mice were successfully targeted by 0Ad/RLX-infected BM-MSCs.
Forced infection of BM-MSCs was achieved through uptake of 0Ad/RLX biodegradable polymer
PCDP complex [65]. MSCs were shown to be permissive to MV infection and could serve as
promising carriers in the orthotopic HCC model, transferring MV to cancer cells via heterofusion.
Inhibition of the growth after MSC therapy was detected in both antibody-naive and passively-
immunized SCID mice, where delivery of neat MV was completely inefficient [66].

Clinical evaluation of IV-infused, ICOVIR-5 loaded MSCs was conducted in a small cohort of
children with metastatic neuroblastoma. Treatment was well-tolerated and one complete response
was achieved [67]. Another clinical trial utilized autologous BM-MSCs as carriers of ICOVIR-5 in two
cohorts of patients, including nine children and seven adults with various advanced malignancies.
No severe adverse effects were observed, and adenoviral replication was detected in seven pediatric
patients and in none of the adult cases. Two pediatric patients with neuroblastoma showed disease
stabilization [48].

For brain tumors, intraarterial (IA) injection of loaded MSCs may offer greater efficiency. MSCs
loaded with Delta24-RGD oAd significantly prolonged survival in mice with orthotopic glioma
U87MG and U251 xenografts upon IA infusion [68]. Though being more preferable in terms of
reaching the tumor site, IA route is technically demanding and possesses substantial safety risks
associated with cerebral embolism [69-71].

The elimination of melanoma brain metastases and prolonged survival in both
immunocompetent and immunocompromised mouse models have been reported after intracranial
administration of oHSV, but not after purified oHSV alone [72]. In a clinically relevant glioblastoma
model, intracavitary injections of HSV-infected BM-MSCs were able to deliver the virus. IV-injected
MSCs became trapped in the lungs and were unable to reach intracranial tumors [73].

Intraperitoneally (IP) injected 0Ad5/3-MSCs delayed ovarian cancer growth more efficiently
compared to IP injected neat virus in SCID mice [74]. In the similar setting, IP injected MV-infected
MSCs localized to peritoneal tumors and were able to transfer virus in passively immunized athymic
mice [75]. Comparing the IP versus IV administration of AT-MSCs in a pancreatic model revealed
more pancreas-targeted distribution of the virus when AT-MSCs were delivered IP to mice bearing
orthotopically injected Pan02 model. MxV-loaded AT-MSCs extended survival of the treated animals

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


https://doi.org/10.20944/preprints202506.1079.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2025

and boosted expression of key adaptive immune response markers [76]. The IP route was also
successfully applied in another study using MxV-LIGHT-loaded AT-MSCs [15].

Finally, local injection of virus-loaded MSCs have also been shown to augment the therapeutic
effects of OVs. Babaei et al. examined the potential of AT-MSCs as a novel delivery system for the
ReoT3D strain, where IT-administered loaded MSCs were more effective than therapy with ReoT3D
and MSCs alone [77]. Local injection of AT-MSCs was also shown to slow the progression of GL261
murine glioblastoma model. In vitro, loaded AT-MSCs were capable of passing artificial blood—brain
barrier (BBB) [78]. Similarly, intracranial injections of AT-MSCs infected with MxV were able to
abolish orthotopic U87 tumor growth [79]. AT-MSCs also support VV replication and hypothetically
can be used to deliver this oncolytic virus [80].

A large number of studies have demonstrated the chemotaxis of MSCs to injured tissues and
tumor sites [81-83]. MSCs adhere to TNF-a activated endothelium through VCAM-1 and
transmigrate using both leukocyte-similar and unique mechanisms. Interestingly, compared to
leukocytes, transmigration occurred at a slower pace, taking several hours [84]. MSC recruitment to
tumor sites is facilitated through numerous factors secreted by stroma, including growth and
angiogenic factors (PDGF, FGF, VEGF, SDF, HGF), chemokines and inflammatory cytokines (CCL2,
CCL5, CCL22 and CXCL12, TNFa, TGEp, IL-18, IL-6, IL-8) [83,85]. Accumulation of 0AD and MV-
infected MSCs in the liver and lung tumors after IV infusion was reported in several studies,
suggesting that infection did not impede the homing capability, though the situation can be different
for other OVs [57,59,66,85]. Additionally, culture conditions have significant effects on MSC
chemotaxis, offering strategies to improve homing. For instance, addition of TNF-a to culture media
was found to increase expression of chemokine receptors including CCR2, CCR3, and CCR4 [85,86].

The size of MSCs strongly limits migration efficiency upon IV administration. MSCs are
relatively large cells compared to monocytes, the largest cells in the bloodstream (diameter 15-30 pm
vs 12-20 um respectively), which predisposes them to entrapment in small blood vessels [87-89]. As
shown in several studies, the vast majority of BM-MSCs accumulated in pulmonary capillaries
shortly after IV infusion, being later redistributed to the liver and kidneys [90,91]. Notably,
pretreatment with vasodilators before injection improved MSC homing to the long bones and
decreased the number of MSCs trapped in lungs, concomitant with faster increase of MSCs numbers
in liver [90]. Nevertheless, IV-infused MSCs can be successfully used for targeting lung and liver
tumors.

1.4. Neural Stem Cells (NSCs)

NSCs are multipotent progenitors of neurons, astrocytes and oligodendrocytes, present in the
adult brain in specific areas. Focus on NSC transplantation for therapeutic purposes was set in the
field of regenerative medicine. Later, NSCs emerged as OV carriers, primarily for brain malignancies.

Autologous NSCs can be obtained after differentiation of pluripotent stem cells or lineage
reprogramming of somatic cells. While both of these approaches are time- and labor-costly,
immortalized NSC cell lines represent an alternative option. Certain safety risks associated with
therapeutic application of immortalized lines include potential of secondary malignancies. It was
reported that intranasal delivery of HB1.F3-effluc NSC cell line led to formation of lung tumors in
BALB/cnude mice [92]. However, the majority of available NSC lines have not been found to generate
tumors in immunodeficient animals [93]. FDA-approved immortalized NSC line HB1.F3.CD21 was
widely used for several therapeutic approaches in glioma treatment, including gene therapy and OV
delivery in both preclinical and clinical settings [94].

NSCs have been extensively studied as carriers for CRAd-S-pk7, a glioma-targeted oncolytic
adenovirus (0AD) engineered with a Survivin promoter and a pk7 fiber modification to enhance
tumor tropism. HB1.F3.CD21 cell line supports CRAd-S-pk7 replication and NSC lysis was observed
at high virus doses on 2-3 day of culture [95]. Intracranial injection of loaded NSCs in orthotropic
glioma models improved retention of virus in the tumor site and increased survival of mice compared
to neat virus [95-97].
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This approach was further translated into a clinical setting. In a cohort of 11 patients with
glioblastoma and one patient with anaplastic astrocytoma, CRAd-S-pk7-loaded NSCs were injected
into the resection cavity following standard chemotherapy. Though no dose-limiting toxicity was
reached, one patient developed viral meningitis due to unintentional injection into the lateral
ventricle. Progression-free survival (PFS) and overall survival (OS) did not reach confidence intervals
but were slightly higher than historical controls [98].

The combination of HB1.F3.CD21 and CRAd-S-pk7 was also evaluated in models of ovarian
cancer. Upon IP infusion, infected NSCs slowed the progression of orthotopically implanted
OVCARS and ID8 tumors and protected the OV from neutralizing antibodies. Treatment with
cisplatin and CRAd-S-pk7-loaded NSCs resulted in more pronounced inhibition of tumor growth
compared to therapy with cisplatin or NSCs alone [99]. In another study using the same NSC line
and administration route, HB1.F3.CD21 was used to deliver the conditionally replicating
orthopoxvirus, CF33. Like CRAd-S-pk7, CF33 was able to induce NSC lysis, but after 4-5 hours post
infection, the majority of NSCs maintained viability and migration capacity. CF33-loaded NSCs were
able to improve retention of CF33 in tumors. [100]. It was also shown that human NSCs and the
HB1.F3.CD21 line support replication of MxV, suggesting that this OV can be “compatible” with
NSC-mediated delivery [101].

Both endogenous and cell culture-derived NSCs, including the aforementioned immortalized
lines, demonstrate remarkable tumor tropism [102,103]. Upon intracranial implantation in cerebral
hemispheres of mice, contralaterally to established U87 xenograft tumors, NSCs were able to cross
the midline and migrate to the tumor-bearing hemisphere. Notably, the CRAd-5-pk7 modification
enhanced NSC homing to the tumor upon intracranial administration through upregulation of
CXCR4 and VEGFR2 on NSCs [96]. NSC chemotaxis toward glioma and CNS tumors is partially
regulated by factors that are also involved in neural stem cell migration during development. For
example, stem cell factor (SCF) and its receptor c-Kit act as a chemotactic axis for NSCs [104] CXCR4
on NSCs acts as a receptor for CXCL12, chemokine produced by astrocytes and endothelium upon
inflammatory conditions. [105].CXCR4 overexpression in CRAd-S-pk7 loaded NSCs has shown
promise in non-invasive targeting of brain tumors through intranasal administration route, though
irradiation of intracranial tumors to induce CXCL12 release was required to achieve efficient
migration. [106]

Several lines of evidence support the tumor-directed migration of non-infected NSCs following
IV infusion. For example, in a mouse model of disseminated neuroblastoma, Abody et al.
demonstrated that NSCs were able to reach micrometastases in the liver and bones [107,108].
Similarly, when NSCs were used as vehicles for therapeutic antibodies, they successfully localized to
tumor sites in an orthotopic breast cancer model [109]. In ovarian cancer, IP implantation resulted in
more favorable NSC distribution compared to the IV route, as few NSCs were detected in tumors
within the peritoneal cavity following IV administration [110]. IV-delivered NSCs are prone to
becoming trapped in peripheral tissues [111]. Compared to MSCs, NSCs have shown a twofold
greater ability to pass through the lungs [112]. Still, limitations related to NSC size should still be
taken into account when considering this carrier for IV administration.

1.5. Blood Outgrowth Endothelial Cells (BOECs)

BOEC:s are fully differentiated, proliferative endothelial cells derived from endothelial colony-
forming cells (ECFCs). ECFCs can be isolated from a variety of sources, including AT, lung tissue,
UCB, and peripheral blood (PB) [113-115].The most accessible source for autologous cell transfer
requires long-term culturing of the peripheral blood mononuclear cell (PBMC) fraction, allowing to
obtain a pool of BOECs in about 3 weeks. [116,117].

BOECs were described as carriers of oncolytic modified VSV strains expressing human/ mouse
IFN-B. Human BOECs supported VSV-IFN-{ replication and reduced tumor burden in an A549 SCID
mice model, though overall survival was not improved compared to neat virus. In a metastatic LM2
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mammary tumor model, successful targeting of lung tumors by murine BOECs was observed, with
carriers persisting in lung tissue 24 hours after IV injection [118].

The potential of BOECs as OV carriers remains understudied. Isolation of BOECs from
peripheral blood is relatively noninvasive, and the ability to obtain sufficient numbers of carriers can
be considered a potential advantage for IV delivery. However, BOECs can contribute to enhanced
tumor growth through modulation of tumor angiogenesis at early stages, as reported for both
immunocompromised and immunocompetent mice models. [119,120]. Therefore, in the context of
OV delivery, induction of cell death in the vast majority of BOECs after infection is desirable. Shortly
after IV injection, BOECs accumulate in the lungs, liver, and tumor tissue. Incorporation of BOECs to
tumor vasculature was observed by 24th day post injection [120]. It is generally accepted that BOECs
migrate to sites of neovascularization through the VEGF-VEGEFR axis, though concentration-
dependent migration of BOECs was also reported for CXCL12 [121,122].

1.6. Cancer Cell Lines and Other Immortalized Cell Lines

Cancer cell lines in the role of carriers have two major advantages - they can be easily obtained
in large quantities and are often highly susceptible to OV infection. Several human and murine cancer
lines of epithelial origin were evaluated as carriers in different settings. IT injection of oAD-infected
Ab549 cells was curative in 90% of oAD-immune mice with syngeneic squamous cell carcinoma cell
tumors, with nearly no effect achieved by injections of virus.[46] Another study successfully utilized
MC38 cancer cell line for VV delivery upon IP injection in pre-immunized MC38 peritoneal
carcinomatosis model. Notably, infected carriers were not able to form tumors in immunocompetent
mice, being lysed within 3 days post-infection [35].

IV administration of VSV-infected A549 and CT26 cell lines in immunocompetent mice models
with CT26 lung tumors led to accumulation of carriers in lungs. Though the viral payload was
successfully delivered to recipient cancer cells, the similar biodistribution patterns in tumor-free mice
suggest that transfer of OV occurred stochastically, rather than by directed migration of these carriers
[27]. Modified Morris hepatoma cell line MH infected with oncolytic H-1 parvovirus decreased the
number of MH lung metastasis in rat model [123].

Similarly to other carriers of non-haematological origin, cell size remains one of the main
limitations - most of the systemically administered epithelial cells tended to terminally reside within
the capillary system of lungs.[123]. Leukemia cell lines, however, wereable to reach subcutaneous
tumors and disseminated lymphoma / myeloma lesions. As shown by Power et al, VSV-infected
L1210 cells were able to deliver virus to flank-located subcutaneous tumors upon IV infusion. [27].
This route was also used for MV-infected U937 cells and was successful in a disseminated lymphoma
model. In IP ovarian and hepatocellular cancer xenografts, locally delivered MV-U937 transferred
virus to the lesions in the presence of neutralizing antibodies and prolonged survival of treated mice
after repeated injections [124]. Remarkably, preferential homing of myeloma cell lines to the bone
marrow through the CXCR4-CXCL12 axis can be utilized for reaching BM-located tumor sites [125].
MV-infected myeloma cell line MM1 was efficacious in the disseminated myeloma model and
retained capacity to replicate MV after sublethal irradiation [126]. Supportive to these findings,
murine VSV-infected TGM1 myeloma cells were able to deliver virus to the sites of myeloma growth
[127].

Human mono-mac-6 monocytic cell line and Syrian hamster HM-1 macrophage cell line were
both susceptible to oAD-GFP infection and improved virus targeting to tumor in nude mice, though
the majority of carriers was accumulated in the liver. In Syrian hamsters, liver entrapment of HM-1
was even more pronounced, making delivery to the tumor completely inefficient [45].

The NK-92 cell line has been used to deliver coxsackievirus A7 (CVA7) in the subcutaneous
LN229 glioma xenograft model, where IV infusion significantly reduced tumor volume. Similarly to
MM]1, sublethal irradiation of these carriers did not restrict replication of CVA7 [128]. Notably, NK-
92 inoculation in nude mice did not induce leukemia. Clinical trials that involved infusion of NK-92
have reported a low incidence of side effects [129].
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Although propagation in culture quickly generates sufficient numbers of carriers, the innate
genetic instability of cancer cell lines limits standardization of the final cell product and raises
substantial safety concerns. Sublethal irradiation of carriers before administration is a precautionary
measure that can be taken to minimize the risk of secondary malignancies, especially in patients that
already experience immunosuppressive state. While sublethal irradiation does not affect the
replicative activity of some OVs, the versatility of this approach remains unclear [126,128].

2. Immune Cells as OV Carriers

2.1. T-Cells and Cytokine-Induced Killer (CIK) Cells

In the simplest setting, naive autologous T-cells can be obtained from patients” blood during
standard procedure of leukapheresis, followed by positive selection. Approaches that utilize antigen-
specific T cells, tumor-infiltrating lymphocytes (TILs) and CIKs require activation and long-term
expansion of carriers in GMP-compliant conditions, increasing the cost of therapy.

T-cells are largely non-permissive for OV infection and possess another modality of virus
carriage called hitchhiking, being able to transfer surface-bound infectious particles to tumor cells
either passively or upon tight contact in immunologic synapses. Several factors were suggested to
influence the efficiency of hitchhiking, including activation status of T-cells and loading dose
[130,131].

Cross-infection of target cells after contact with NDV-loaded T-cells occurred more efficiently
when activated T-cells were used, suggesting that improved transfer was associated with increased
frequency of immunological synapses [130]. As shown for retroviral particles, efficient virus hand-
off was also associated with increased heparinase expression by antigen-specific CD8 T-cells.
Notably, retroviral hitchhiking strongly improved the efficiency of T-cell immunotherapy by
increasing antigen repertoire through direct lysis of cancer cells due to viral infection. In mice bearing
tumors without relevant antigen, survival was severely impaired, suggesting that T-cell mediated
killing, rather than virus hand-off largely accounted for therapeutic effect. [131]. In another study, IP
administration of HSV-loaded antigen-specific lymphocytes increased survival rate of mice bearing
MC26 peritoneal metastases compared to neat virus and plain tumor antigen-specific lymphocytes.
Survival was unaffected when non-antigen specific T-cells were used [132].

Despite similar mechanisms that are likely to occur upon viral particle absorption and shedding,
in vitro kinetics of the hitchhiking process reported to be different for retroviruses (24-72 hours), NDV
(6-12 hours) and Vaccinia virus (48-72 hours) [130,133]. The extent of virus protection from
neutralizing antibodies during hitchhiking remains an open question. In a study by Ilett et al., naive
T-cells loaded with ReoT3D were able to prime anti-tumor immune responses and reduce metastatic
burden in tumor-draining LNs of both naive and reovirus-immune B16 tumor models, suggesting
that activation status of T-cells does not critically affect hitchhiking efficiency of reovirus.
Unexpectedly, only T-cells loaded at 0.1 MOI were able to facilitate transfer in immune animals [134].
This finding was supported by study in VSV-loaded T-cells, setting a threshold of <1 MOIL, when
higher doses completely abolished delivery and therapeutic effects, providing additional unwanted
immunization of mice [135]. In subcutaneous or disseminated human myeloma xenografts, MV-
loaded activated T-cells failed to transfer virus in passively immunized mice [42].

Apart from hitchhiking, B7-H3 CAR-T cells were able to replicate HSV without strong
impairment of cytotoxic activity. Notably, IV administration of loaded CAR-T cells reduced tumor
burden in both orthotopic and subcutaneous glioblastoma models [136].

T-cells display the perfect parameters in terms of size and circulation, being typically 5-10 um in
diameter. Naive T cells constitutively express chemokine receptors, particularly CCR7, which binds
to the chemokines CCL19 and CCL21, having the potential to reach metastases in secondary
lymphoid organs. ReoT3D-loaded naive T-cells were capable of reaching tumor-draining LNs [134].
VSV-loaded naive T-cells provided purification of LN and spleen-localized B16 metastases in virus-
immune mice [40]. Activated T-cells innate homing to the sites of inflammation and tissue injury
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suggests efficient delivery of OV to the tumor, though the number of T-cells that will eventually reach
the tumor is limited. T-cell exclusion from tumor microenvironment due to physical tumor barriers
and immunosuppressive signaling represents a major hurdle for T-cell mediated OV delivery
[137,138].

As shown for activated, MV-loaded T-cells six hours after cell infusion, 40% of T cells were found
in the liver, 12% in lungs, 2% in the spleen and 1.5% in the tumor [42]. For ovalbumin (OVA) -specific
CD8 T-cells, 5%-14% of adoptively transferred T cells were able to reach B16-OV A tumors.[135]. Since
this study utilizes a highly immunogenic B16-OVA tumor model, trafficking rates are likely to be
lower in real-world settings.

Cytokine-induced killer (CIK) cells are a heterogeneous population of immune effector cells with
a mixed T-cell and NK-cell phenotype, exhibiting MHC-unrestricted cytotoxicity. These cells are
generated through ex vivo incubation of PBMCs with interferon-gamma, CD3-specific antibody, and
interleukin-2 [139]. In contrast to T-cells, CIK cells were able to support productive replication of MV
without impairment of cytotoxic activity, and prolonged survival in mice with disseminated KAS-
6/1 myeloma after IV administration [140]. Synergetic effects of IV-infused, VV-infected CIK cells
were shown in IP ovarian tumor xenografts of nude mice and in immunocompetent mice bearing
orthotopic breast cancer JC tumors. VV replication kinetics followed unusual patterns, with an
extended eclipse period up to 48 hours [133]. The ability of CIK cells to internalize these OVs offers
superior virus protection compared to T-cell hitchhiking [133].

2.2. Monocytes and Macrophages

Monocytes and macrophages often serve as "essential" carriers that facilitate virus dissemination
throughout the body during naturally occurring viral infections. A broad range of viruses, including
members of Paramyxo-, Orthomyxo-, Flavi-, Picorna-, Rhabdoviridae families, can initiate productive
or latent infection in monocytes [141].

Autologous monocytes can be rapidly recovered in large numbers from PB after leukapheresis
and are amenable to differentiation in vitro into macrophages. Monocytes are permissive to infection
with oncolytic HSV-1 carrying deletions similar to T-VEC, though replication activity was minimal.
Loaded monocytes were able to transfer viral payload in vitro upon co-culture and accumulated in
chorioallantoic membrane-implanted UM-SCC-11B tumors [142].

Encapsulation of 0AD into CCL2-coated liposomes that were preferentially taken up by CCR2-
expressing monocytes was able to significantly reduce tumor size and pulmonary metastasis burden
in prostate cancer-bearing mice [143]. Monocytes were also suggested as potential carriers for MV,
being productively infected, though the percent of MV-positive cells was lower compared to
monocyte-derived dendritic cells (moDC) in the same study [144]. An interesting mechanism of
carriage was described for ReoT3D, where monocytes were able to internalize reovirus-antibody
complexes through Fc-receptors and further deliver infectious particles to subcutaneous B16 tumors,
despite complete initial neutralization [43].

Several studies also utilized macrophages as carriers. In particular, human monocyte-derived
macrophages supported adenovirus replication and inhibited regrowth and metastatic spread of
ectopic LnCaP tumors in nude mice after docetaxel treatment or radiation [145]. In the
immunocompetent model, HSV-infected BM-derived macrophages displayed similar effectiveness
in prolonging survival compared to neat virus in orthotopic mammary cancer models and
stereotactically implanted brain metastases [146]. Both studies utilized IV route of carrier
administration.

The IV-administered monocytes and macrophages share similar biodistribution patterns, being
initially accumulated in liver, spleen and lungs with later partial relocation to tumors [147].
Recruitment of myeloid cells to the tumor site is a well-documented phenomenon, with significant
implications for immune evasion. While being detrimental in a natural setting, this signaling may
serve as bait for infected cell carriers, given that virus-loaded monocytes retain migratory capacity.
An array of tumor-secreted chemokines facilitates migration of monocytes, as well as survival and
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differentiation into tumor-associated macrophages [148]. Major receptor/ligand axes supporting
monocyte trafficking include M-CSF/CSE-1R, CCL2/CCR2, CX3CL1/CX3CR1, CCL5/CCRS5. Of these,
CCL2/CCR?2 is of particular importance, as shown in mouse xenograft models for CCR2+ classical
human monocytes.[149-153].

2.3. Myeloid-Derived Suppressor Cells (MDSCs)

Myeloid-derived suppressor cells (MDSCs) represent a rare, heterogeneous population of
myeloid origin with potent immunosuppressive properties. Both murine and human MDSCs can be
divided into two functionally and phenotypically distinct subsets: polymorphonuclear and
monocytic MDSCs [154]. In humans, expression of monocytic CD14 or granulocytic CD15, along with
low HLA-DR, helps to distinguish these MDSC subsets [155,156]. More specific biomarkers for
MDSCs are still not described, though LOX-1 and S100A9 were suggested as additional auxiliary
markers.[157]. MDSCs as a part of circulating PBMCs are barely detected in healthy individuals. In
cancer patients, MDSCs expand due to alteration of myelopoesis under chronic inflammation
facilitated by tumor-secreted chemokines, especially at late disease stages. [155,158]. Furthermore,
normal myeloid cells can be converted into MDSCs by extracellular vesicles released from cancer
cells [159-162].

MDSCs were investigated as carriers for systemic administration of modified VSV strain in
metastatic colon cancer model, prolonging long-term survival compared to neat VSV [162]. As a key
component of the tumor immunosuppressive environment, MDSCs are actively recruited to the
tumor site. Similar to monocytes, MDSC recruitment largely depends on CCR2/CCL2 signaling,
while additional chemokines such as CCL3 and CCL5 also contribute to MDSC migration and
expansion in BM [163-165]. MDSC tumor tropism may be superior to CIKs, activated T-cells, naive
T-cells, monocytes, macrophages, and dendritic cells. [162].

Major limitations of MDSCs as potential carriers include their rarity, short lifespan and
sensitivity to cryopreservation [165]. In addition, characterization of MDSCs is complicated due lack
of specific cell-surface markers and requires functional assays. Frequency of MDSCs in PB is affected
by isolation techniques and shows significant variation across different cancer types. In patients with
breast cancer, head and neck cancer and colorectal cancer, percent of polymorphonuclear MDSCs
ranged from 0.5 to 10%. In contrast, increase in polymorphonuclear MDSCs was not detected in
patients with melanoma, compared to healthy donors. [166]. Generation of MDSCs in vitro from bone
marrow precursors was reported through culture with GM-CSF and IL-6. [167] Another example
included generation of monocytic MDSC-like cells with immunosuppressive functions after culturing
peripheral blood monocytes with GM-CSF, IL-4 and Prostaglandin-E2. [168]. Further development
of such approaches may support MDSC application in the role of cell carriers.

2.4. Dendpritic Cells (DCs)

Dendritic cells represent a heterogeneous population of professional antigen-presenting cells
(APCs) that act as a bridge between the innate and adaptive immune responses. Most of the current
knowledge about human DC biology has been obtained through in vitro models of differentiation
from hematopoietic stem cells isolated from BM and subsequently stimulated with GM-CSEF, or
monocytes stimulated with GM-CSF and interleukin-4 (IL-4). PBMCs represent the most accessible
source for DC generation in vitro for both research and therapeutic purposes (e.g., in the development
of anti-tumor dendritic vaccines). The production of DC from monocytes requires cultivation for 5-6
days in the presence of IL-4 and GM-CSF to form immature moDCs. Shorter protocols allow to obtain
functional moDCs pool in 3 days [169].

DCs have emerged as OV carriers in several studies. Murine BMDCs supported replication of
ReoT3D. IV injection of ReoT3D-loaded BMDCs successfully purged metastatic sites in LNs of
reovirus-immune mice. Notably, immature BMDCs were less efficient in terms of trafficking to LN,
despite CCR7 expression. In addition, reovirus loading even at high MOI did not induce cell death
of all BMDCs, with the latter being capable to prime anti-tumor immune response [41]. In parallel,
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human moDCs also internalized ReoT3D and were capable of transferring infectious virus particles
to target culture in the presence of neutralizing serum [134]. Ilett et al. used immature human moDCs
to deliver MV in an immunocompromised murine model of human KAS 6/1 myeloma. Human
moDCs were highly susceptible to MV-eGFP infection, irrespective of their maturation status, with
percent of infected cells ranging from 40 to 80%. This treatment extended survival, but was not
curative [144]. In another study, both IV and intrapleural MV-infected moDC injections were able to
prevent accumulation of the pleural exudate in malignant pleural effusion xenograft model of
advanced breast cancer [170]. In the subcutaneous prostate cancer model, IV-infused BMDCs infected
with recombinant oAds Ad-PPC-NCS and Ad-PPC-rmhTNF significantly inhibited tumor growth
and increased survival time [171].

Due to technical availability and large yields, mouse BMDCs are commonly used as carriers in
immunocompetent models, while human moDCs were validated in vivo as carriers in
immunocompromised murine models. It's important to note that human moDCs and murine BMDCs
represent distinct, functionally non-equivalent subpopulations. As reported, mouse BMDCs itself
comprise a phenotypically heterogeneous mixture of conventional DCs and macrophage-like cells
[172]. The resulting population is affected by culture conditions - while common protocol suggests
cultivation of BM cells with GM-CSF, which favours the expansion of common monocyte precursors
(cMoPs), expansion of common dendritic cell precursors (CDPs) was also observed, leading to
ontogenetically distinct cells in the resulting progeny. Importantly, addition of IL-4 limits the
generation of macrophages. Several culture protocols suggested addition of FIt3L, which supports
generation of conventional DCs with cDC2 phenotype [173,174]. There is a possibility that therapeutic
effects observed upon using BMDCs as carriers, are dependent on the T-cell priming by these cells,
apart from the direct oncolytic effects and improved delivery [171].

Key differences between DC subsets and activation states in the context of OV delivery lie in
their distinct migration patterns and homing ability to lymphoid tissues. While conventional
immature DCs are non-migratory and reside in peripheral tissues before encountering pathogens
[175,176], human immature moDCs express CCR2 and CCR5 and selectively migrate to inflammatory
sites in a monocyte-like manner [177]. Mature DCs upregulate CCR7 and can be considered for LN-
selective delivery. Murine BMDCs display pronounced homing ability to LNs [178,179] while mixed
findings were reported for human moDCs. CCR7 expression was detected on human moDCs studied
in vitro [180-182]. In contrast, murine lung-resident moDCs have increased repressive histone
modifications at the Ccr7 locus and fail to upregulate CCR7 after LPS-induced maturation [183]. Of
note, moDCs detected in lymphoid organs lack CCR7 expression, suggesting alternative recruitment
pathways [184-186]. In acute inflammation, mo-DCs in LNs originate from monocytes that can be
directly recruited from blood rather than from peripheral tissues [186].

Comparative Analysis and Selection of Cell Carriers

The concept of using cell carriers for OV delivery led to an array of promising proof-of-concept
studies. Based on the aforementioned studies, diverse cell types were successful in different in vivo
cancer models.
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Figure 2. Overview of the key characteristics of various cell carrier types. Main advantages and limitations are

outlined with respect to IV administration.

For some widely investigated OVs (e.g., VV), several carrier types have been proposed, raising

the inevitable question: which carrier type can be considered the most promising? A few studies have
directly compared carriers, highlighting features that may be useful in specific models — for example,
superior trafficking of reovirus-loaded mature DCs to affected LNs [41]. On the other hand, mature
DCs generally lack tumor-specific chemotaxis, suggesting that other carrier types may be more
effective in reaching solid tumors. Therefore, the localization of the primary tumor and/or metastatic
lesions is one of the most important factors to consider upon selection of both cell carrier type and
administration route (Figure 3).
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Figure 3. Recommendations for selecting administration routes and cell carrier types based on preclinical

models, chemotactic properties, and ability to traverse microvasculature.
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Upon IV administration, any type of carrier cells is likely to reach lesions in the lungs or liver.
Mechanical entrapment of large-sized carriers in these locations can be viewed as a potential way to
retain large yields of infectious OV particles in close proximity to tumor sites. Similarly, IP injection
of carrier cells is applicable for combating ovarian cancer, pancreatic cancer and peritoneal
carcinomatosis, as shown in numerous studies. [15,74,75,99].

Immune cells represent a heterogeneous subclass of cell carriers characterized by remarkable
migratory capacity and free circulation in the bloodstream. Direct therapeutic effects of autologous
cell transfer therapies led to the development of combined approaches, utilizing immune cells in the
role of both carriers and inducers of anti-tumor immune response. Immune cells can be roughly
considered as “all-purpose” cell carriers with ability to reach distant tumor sites upon IV infusion
[133,162,171]. Still, further studies are needed to fully evaluate the potential of these carriers. In cases
of metastatic spread to lymph nodes, T-cells and mature DCs stand out as promising carriers due to
their LN-homing ability [40,41,134]. Although technically more demanding, intranodal
administration of carriers may provide a dual-pronged attack on cancer cells, boosting both
antitumor immunity and T-cell priming in non-affected lymph nodes. MSCs, NSCs and myeloma cell
lines can be considered for targeting bone metastases, which remain the most challenging location
for most of the anticancer therapies [90]. For intracranial tumors, IA and IT administration of NSC
and MSC carriers seems to be the most appropriate setting, though successful attempts to reach
tumors using intranasal delivery of NSCs were also reported [187,188].

3. Conclusions and Future Perspectives

The versatility of cell-based delivery options allows tailored approaches, with the choice of
carrier and administration route adapted to the specific tumor setting. It is important to note that
real-world application of cell carriers will require lengthy ex vivo expansion under GMP-compliant
environments, leading to high costs along with logistical and regulatory challenges. Nevertheless,
successful implementation of CAR-T cell therapies has paved the way for fast-pace development of
cell-based therapeutic products. Landmark clinical trials featuring oAD-loaded MSCs and NSCs
bring hope for cell-based OV delivery translation from bench to bedside despite the obvious current
restrictions associated with cell therapies. [48,67,98].

Given the urgent need for improving systemic delivery of OVs, cell carriers harness the potential
to create game-changing shift in the field of virotherapy. Still, there is always place for improvement
- approaches to increase OV uptake by carriers, augmentation of tumor-specific chemotaxis, as well
as expansion of potential carrier spectrum hold promise for development of more advanced
therapies. Detailed investigation of triple tumor-carrier-virus crosstalk will highlight new strategies
for more efficient cell carrier applications that combine targeted OV delivery and amplification of
anticancer immune response.
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