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We developed recombinant variants of oncolytic vaccinia
virus LIVP strain expressing interleukin-15 (IL-15) or its recep-
tor subunit alpha (IL-15Ra) to stimulate IL-15-dependent
immune cells. We evaluated their oncolytic activity either alone
or in combination with each other in vitro and in vivo using
the murine CT26 colon carcinoma and 4T1 breast carcinoma
models. We demonstrated that the admixture of these recombi-
nant variants could promote the generation of the IL-15/IL-
15Ra complex. In vitro studies indicated that 4T1 breast cancer
cells were more susceptible to the developed recombinant viruses.
In vivo studies showed significant survival benefits and tumor
regression in 4T1 breast cancer syngeneic mice that received a
combination of LIVP-IL15-RFP with LIVP-IL15Ra-RFP. Histo-
logical analysis showed recruited lymphocytes at the tumor re-
gion, while no harmful effects to the liver or spleen of the animals
were detected. Evaluating tumor-infiltrated lymphocytes repre-
sented profound activation of cytotoxic T cells and macrophages
in mice receiving combination therapy. Thus, our experiments
showed superior oncolytic effectiveness of simultaneous injec-
tion of LIVP-IL15-RFP and LIVP-IL15Ra-RFP in breast can-
cer-bearing mice. The combined therapy by these recombinant
variants represents a potent and versatile approach for devel-
oping new immunotherapies for breast cancer.

INTRODUCTION

Oncolytic virus (OV) therapy is a promising novel approach to cancer
treatment. The OV act as immunostimulatory agents that selectively
replicate and lyse tumor cells without harming the normal tissues. Pre-
vious studies showed that OVs could boost anti-cancer systemic
immunity,' and various gene engineering methods have been incorpo-
rated to enhance OVs’ therapeutic efficacy. For instance, T-VEC, the
first FDA-approved OV for melanoma treatment, is an engineered on-
colytic herpes simplex virus type 1 carrying human GM-CSF gene.
Vaccinia viruses (VVs) are promising oncolytic agents for cancer ther-
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apy due to their high tumor tropism and the ability of selective tumor
cell lysis as well as high safety profile.”” VVs have a large transgene-en-
coding capacity with efficient foreign gene expression. One appealing
strategy to improve cancer viral therapy is to enhance the host’s anti-
tumor immunity response via encoding transgene immunostimula-
tory molecules. Numerous recombinant VVs enhanced with immuno-
genic transgenes, such as interferons (IFNs), tumor necrosis factor
(TNF), and a variety of interleukins (ILs), are currently being used
in preclinical or clinical cancer therapy trials.”°

Interleukin (IL)-15 is a pleiotropic cytokine that plays an essential role
in developing, activating, and surviving T cells, natural killer (NK) cells,
and NK-T cells.” IL-15 receptor subunit alpha (IL-15Ra) is one of the
primary receptors that stabilizes and enhances IL-15 bioactivity, and
mediates its signaling pathway. It can bind to IL-15 independently
from other subunits with high affinity, forming the IL-15/IL-15Ra
complex on the surface of activated monocytes, and promoting T cell
survival.® In recent years, several studies testing oncolytic potential of
IL-15 alone’ " or in combination with its potential effectors were con-
ducted; an oncolytic Western Reserve vaccinia virus encoding a fusion
IL-15/IL-15Ra gene in combination with PD1 blockade caused remis-
sion of colon and ovarian cancer.'* Other OVs including measles and
myxoma viruses have been engineered to express IL-15/IL-15Ra. fusion
protein, as well which represented promising results for melanoma
treatment.'>'® Several phase I and II clinical trial reports verified IL-
15 and IL-15Ra, immune modulation in cancer patients.'”

Vaccinia virus Lister strain from the Institute of Virus Preparation,
Moscow, Russia (LIVP) is an attenuated variant reported to hold
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excellent oncolytic properties.'® ' Previously, it was demonstrated
that this strain could treat highly immunosuppressive tumors such
as triple-negative breast cancer (TNBC) models.”” Therefore, we uti-
lized this strain for further modification and development of recombi-
nant variants expressing murine IL-15 (LIVP-IL15-RFP) or murine
IL-15Ra. (LIVP-IL15Ra-RFP) with deletion of thymidine kinase
(TK) to treat 4T1 murine breast cancer model, which represents a
highly immunosuppressive tumor model, and CT26 murine colon
carcinoma.”® Deletion of TK, a common strategy to increase tumor
selectivity,”* was performed by inserting the reporter gene tagRFP
(red fluorescent protein) into the TK locus. We hypothesized that
combining LIVP-IL15-RFP with LIVP-IL15Ra-RFP can promote
the formation of IL-15/IL-15Ra. complex that produces a synergistic
antitumor effect with a significant prolongation of survival compared
to either therapy alone in 4T1 breast cancer models, correlating with
an increased level of CD8" tumor-infiltrated lymphocytes and cyto-
kines that indirectly enhance activation of NK, B, and T cells.

RESULTS

Construction of the recombinant viruses

The recombinant viruses were constructed by homologous recombi-
nation using tagRFP as the reporter gene for in vitro analysis

, IL15 VV Inf. Lysate

Anti-p Actin antibody

Figure 1. Construction of recombinant LIVP strains
expressing IL-15 and IL-15R« by homologous
recombination

(A) Scheme of genetic modification of TK gene. Micropho-
tographs of BHK21 cells (B) and 4T1 cells (C) infected with
LIVP-RFP recombinant strain (the same picture was
obtained for LIVP-IL15-RFP and LIVP-IL15Ra-RFP; data
are not shown). Red immunofluorescence merged with
bright field microscopy. (D) Western blotting analysis in
cell lysate/supernatant of infected cells by LIVP-IL15-RFP
(left panel) normalized the protein concentration to B-actin
(right panel). Description: Sprntnt Ctrl, Lysate Ctrl, a
supernatant and a lysate of the control (non-infected)
cells; IL-15 VW Inf. Suprntnt, IL-15 VV Inf. Lysate, a
supernatant and a lysate of IL-15 VV or IL-15Ra infected
cells, respectively.

(Figure 1A). Correctness of insertions was veri-
fied by the Sanger sequence of amplified TK
gene from genomic DNA.

The created recombinant viruses LIVP-IL15-RFP
and LIVP-IL15Ra-REP effectively infected both
BHK-21 and 4T1 tumor cells vitro
(Figures 1B and 1C). Cell lysates and supernatant
of infected BHK-21 cells with LIVP-IL15-RFP or
LIVP-IL15Ra-RFP were harvested and analyzed
for the presence of IL-15 and IL-15Ra by western
blotting assay. IL-15 was detected both in lysates
and supernatant (Figures 1D and S1), while IL-
15Ra was only detected in the lysate (Figure S2).
It is worthy to mention that IL-15Ra was seen in the cell lysate of the
control (un-infected BHK-21 cells) and the lysate of infected cells
since this receptor is naturally expressed by many cells and tis-
sues.”>*® However, the relative intensity of immunoprecipitated pro-
teins in infected cells was at least twice higher than the control
(Figure S2).

in

~42kDa

VV recombinant strains efficiently propagate and lyse tumor
cells in vitro

Before evaluating the therapeutic efficacy of the recombinant strains,
we examined their capacity to replicate and lyse relevant murine tu-
mor cell lines in vitro. Cytotoxicity of the viruses was evaluated at 24,
48, 72, 96, and 120 h following infection of 4T1, CT26, and BHK-21
cell cultures. Cytotoxicity begins 48 h post infection (Figure 2A). Re-
sults show that arming LIVP with IL-15 increases cytotoxicity in 4T1
and CT26 cell cultures. However, the combination of LIVP-IL15-RFP
with LIVP-IL15Ra-RFP did not show any synergistic cytotoxic effect
in vitro, and it appears LIVP-IL15Ra-RFP reduced the LIVP-IL15-
RFP cytotoxicity to some extent.

The rate of viral replication was determined by flow cytometry detect-
ing red fluorescence emitted from infected tumor cell lines of 4T1,
CT26, and BHK-21 with MOI 1 of LIVP-RFP, LIVP-IL15-RFP,
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Figure 2. Cytotoxicity and replication characteristics of the developed strains
(A) Viability of BHK-21, 4T1, and CT26 cells through 120 h after infection (h.p.i) by MOI 1 of LIVP-RFP, LIVP-IL15-RFP, LIVP-IL15Ra-RFP, and combination of LIVP-IL15-RFP
with LIVP-IL15Ra-RFP (LIVP-IL15-RFP + LIVP-IL15Ra-RFP). (B) Kinetics of recombinant viral strains in different cell lines (BHK-21,4T1, CT26). ANOVA was performed for

statistical analysis, *p < 0.05 and **p < 0.01 indicate significance.

LIVP-IL15Ra-RFP, and combination of LIVP-IL15-RFP with LIVP-
IL15Ra-RFP. The results indicate that recombinant viruses can infect
and replicate in the cancer cell culture of 4T1 more effectively than
CT26 (Figure 2B).

Detection of IL-15/IL-15 receptor alpha complex in vitro

To determine the combination of the viruses LIVP-IL15-RFP with
LIVP-IL15Ra-RFP can form the complex of the IL-15/IL-15Ra,
both tumor model cell lines, CT26 and 4T1, were infected with virus
combination at MOI 1. Cells infected with the parental virus LIVP-
RFP served as control. The cell lysate was collected at indicated
time points of 24, 48, and 72 h after infection, and the complex’s con-
centration was measured using an enzyme-linked immunosorbent
assay (ELISA) specific to IL-15/IL-15Ra complex. The complex was
detected in both cell lines, and its concentration increased over
time (Figure S3). The difference in potential to form the complex be-
tween two cell lines was insignificant. In cells infected only with LIVP-
IL15-RFP, the IL15/IL15Ra complex was also detected, since both
cell lines naturally possess IL-15 receptors,”*® but this amount was
not considerable. As expected, cells infected with a non-cytokine-ex-
pressing virus (LIVP-RFP) had no detectable IL-15/IL-15Ra
(Figure S3).

A combination of IL15-RFP and IL15Ra-RFP strains shows
synergetic oncolytic effect in vivo

9 days following tumor implantation, while the tumor volume
reached approximately 100 mm?>, 10® PFU of purified strains in
100 pL of PBS was injected intratumorally two times into the mice
bearing 4T1 breast tumors or CT26 colon carcinoma. Tumor volume
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was analyzed every other day, and survival rates were determined.
Lower tumor volume was observed in all treated groups compared
with the control group that received PBS. However, tumor progres-
sion was the weakest in 4T1 breast cancer-bearing mice that received
a simultaneous injection of LIVP-IL15-RFP with LIVP-IL15Ra-RFP
even though the dose of each component in the combined regime
was twice lower compared with monotherapies (Figure 3A). This
result indicates the superior treatment efficacy of combination ther-
apy over monotherapy. Moreover, the survival rate was drastically
prolonged in the group receiving combination therapy, consistent
with tumor progression assessment (Figure 3B).

Recombinant strains modulate tumor microenvironment

To determine the effect of viruses on immune response in vivo, the
immunocompetent BALB/c mice bearing subcutaneous 4T1 breast
cancer tumors that had a better response to therapy rather than
CT26 colon carcinoma models were used. 24 hours and 7 days after
either monotherapy or combination therapy, tumor samples were
collected, and tumor-infiltrated lymphocytes, monocytes, and leuko-
cytes were analyzed. Analysis of T cells mirrored most tumor-infil-
trating T cells in all treated mice were CD4"cells, although CD8" cells
were significantly elevated since 24 h after VV administration in the
treated group by combination therapy (Figure S4). The level of F4/80"
cells 7 days after treatment in the combination therapy group was
significantly higher than other groups, indicating treatment associ-
ated with a high level of macrophages. Level of CD45" cells 7 days
after treatment in all groups that received treatment except LIVP-
RFP was significantly higher, representing a higher level of leukocyte
infiltration (Figures 4 and S4).
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Figure 3. Virotherapy by the recombinant strains in vivo
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(A) Subcutaneous CT26 colon carcinoma and 4T1 breast tumor progression in control treated with PBS and experimental groups treated with LIVP-RFP, LIVP-IL15-RFP,
LIVP-IL15Ra-RFP, and a combination of LIVP-IL15-RFP+ LIVP-IL15Ra. T represents the sacrifice of the animal. (B) The overall survival rate of BALB/c mice bearing CT26
colon carcinoma and 4T1 breast tumors treated by the recombinant viruses and the control group based on the Kaplan-Meier method. For statistical analysis, ANOVA and
survival analysis were performed; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 indicate significance.

Cytokine analysis of the serum and tumor tissue

The levels of various cytokines, including IFN -o, IFN-vy, IL-4, IL-6,
IL-10, CCL2, CCL3, CCL4, CXCL9, CXCL10, TNF-a, vascular endo-
thelial growth factor (VEGF), and GM-CSF from both sera and tumor
samples from the 4T1 breast tumor-bearing mice of control and
treated groups were measured 24 h and 7 days upon virus treatment
completion. In serum samples from the group treated by a combina-
tion of LIVP-IL15-RFP with LIVP-IL15Ra, significantly increased
levels of interferons (o and ), GM-CSF, and TNF-o were observed
(Figure 5), while in the tumor samples of the same group, elevated
levels of CXCL9 and CXCL10 were noted (Figure 6). On the contrary,
the group treated by LIVP-IL15-RFP had a surge of inflammatory
cytokines of CCL2, VEGF, and IL-4. (Figures 5, 6, S5, and S6). More-
over, the presence of IL-15/IL-15Ra complex was measured in the
same mice’s tumor-infiltrated fluids (TIFs) and sera. This complex
was noticeably increased in TIFs samples of mice treated by a combi-
nation of LIVP-IL15-RFP with LIVP-IL15Ra-RFP (Figure 7). In
serum samples, the IL-15/IL-15Ra complex was detected in both
the combination therapy group and the group treated by LIVP-
IL15-RFP alone (Figure S7).

Histology analysis

Histology analysis was done on 4T1 breast cancer models. Histology
examination of the control samples showed a solid undifferentiated
tumor with high cellularity formed by cells with polymorphic hyper-
chromic nuclei and peripheral infiltration of mononuclear cells and
neutrophils (Figure 8, upper right panel). In tumor samples from
mice treated by the recombinant oncolytic viruses, we found extensive

confluent fields of necrosis as a homogeneous cell-free mass with frag-
ments of karyorrhexis and many focal and confluent hemorrhages
and a significant infiltration with immune cells (Figures 8, upper
left panels, and S8). No signs of pathology were found on the liver
sections of all animals (Figure 8, lower panels). At the same time,
white pulp hypertrophy was observed in spleen sections of all animals
with a tumor (Figure 8, middle panels), which indicated activation of
the immune system in response to the neoplastic process.””

DISCUSSION

Breast cancer is the most prevalent life-threatening cancer causing the
highest mortality among women worldwide. However, recent ad-
vances in cancer treatment have led to extraordinary progress noted
in more efficient and less toxic treatments for breast cancer.”>** OV
therapy is a novel approach for treating cancer, as it can induce
immune infiltration and direct cytolysis of tumor cells.” OVs can
also serve as a vector for local gene therapy by delivering several
antitumor factors, such as cytokines, to enhance lymphocyte recruit-
ment or tumor cell apoptosis.”’ LIVP strain of VV is a promising
agent for cancer immunotherapy’'; the oncolytic virus GL-ONC1
which is under evaluation in phase I/II human clinical trials is based

on this strain.*

Recently, IL-15 has emerged as a candidate immunomodulator for
cancer therapy as it induces differentiation and proliferation of
B, T, and NK cells. It also intensifies the cytolytic activity of CD8"
T cells. The complex of IL-15 with its high-affinity receptor subunit
alpha (IL-15Ra), expressed on monocytes, macrophages, and
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Figure 4. Recombinant strains alter immune system
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Analysis of tumor-infiltrated lymphocytes 7 days after
complete treatment of 4T1 breast carcinoma-bearing mice
(n = 3). The levels of F4/80%, CD45*, CD4 T*, and CD8"
T cells were measured. ANOVA was performed for
statistical analysis; “p < 0.05, **p < 0.01, **p < 0.001,
and ***p < 0.0001 indicate significance.

of IL-15/IL-15Ra complex. Both tumor models
(4T1 and CT26) were infected by the LIVP-
IL15-RFP/LIVP-IL15Ra-RFP
ELISA determined the presence of the complex
in both cell lines. Furthermore, in the in vivo
experiment, we observed the amount of this com-
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antigen-presenting dendritic cells, demonstrates superior therapeutic
advantages over IL-15 alone. This complex can drastically increase
the half-life and bioavailability of IL-15.>>** This phenomenon can
be critical in the highly immunosuppressed tumor microenvironment
(TME). In some previous studies, the IL-15/IL-15Ra complex was re-
ported to cause significant tumor regression in melanoma and glio-
blastoma models associated with an enhanced level of CD8'T cells
or dendritic cells in TME. At the same time, IL-15 alone could not
do this.”>*® More recently, IL-15/IL-15Ra. fusion protein has been
developed, and engineered OV's expressing this multimeric complex
have been introduced with favorable oncolytic properties on mice
models."*"'® However, the advantage of this complex in clinical trials
is not clear yet.””

Therefore, we engineered the oncolytic vaccinia virus LIVP express-
ing IL-15 and IL-15Ra to improve anti-cancer immune responses.
All the variants have a deletion of TK to increase tumor selectivity.
At first, we evaluated the capacity of developed variants to replicate
and lyse tumor cells using murine 4T1 breast cancer and CT26 colon
carcinoma models in vitro; all recombinant viruses had a higher level
of replication and cytotoxicity in 4T1 cell culture than CT26. LIVP-
IL15-RFP had an exceeding cytotoxicity and replication rate
compared with other variants, and when mixed with LIVP-IL15Ra-
RFP, the cytotoxicity was reduced. Then we investigated if combining
LIVP-IL15-RFP with LIVP-IL15Ra-RFP can enhance the formation
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plex was drastically higher in the tumor-infil-
trated fluid of the group that received a combina-
tion of the viruses compared with groups that
received monotherapy.

The in vivo experiments were carried out on im-
mune-competent BALB/c mice carrying murine
CT26 colon carcinoma and 4T1 breast carcinoma;
the combination therapy of the virus variant
expressing IL-15 with the virus expressing IL-
15-Ra: significantly improved the therapeutic out-
comes with prolonged survival and lower tumor
progression rate compared with monotherapy us-
ing viruses expressing IL-15 or 1IL-15Ra alone, especially in the 4T1
breast cancer mouse models.

4T1 cell line shares major molecular features with human TNBC.”
TNBC lacks the expression of receptors for progesterone, estrogen,
and human epidermal growth factor receptor 2 and is one of the
most aggressive forms of breast cancer with the highest fatal
rate.”” Previously, it was demonstrated that the vaccinia virus
LIVP and MVA strains have superior potential to target this type

of tumor.***!

One of the main concerns with viral immunotherapy is its lethal or
near-lethal toxicity, like cytokine release syndrome (CRS). Our data
suggest an injection of LIVP-IL15-RFP alone can exacerbate CRS, as
significant elevation of inflammatory cytokines such as IL-4, CCL2,
and VEGF was observed in the treated group that only received
LIVP-IL15-RFP. All three cytokines mentioned contribute to cancer
progression and assist metastasis.”>"** In contrast, cytokine analysis
of the group treated by combination therapy (LIVP-IL15-RFP +
LIVP-IL15Ra-RFP) suggests that the presence of IL-15Ra can
modulate the increase of inflammatory cytokines. Additionally, a
higher level of cytokines such as GM-CSF, TNF-a, CXCL9, and
CXCL10 was observed in this group. Several studies suggest that
these cytokines play a critical role in tumor regression; however, un-
derstanding the tumor and cytokines interactions is a complex
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Figure 5. Cytokine analysis of the serum samples from the 4T1 tumor-bearing mice treated by LIVP-RFP, LIVP-IL15-RFP, LIVP-IL15R«-RFP, and
combination of LIVP-IL15-RFP+ LIVP-IL15R« in comparison with the untreated mice (control group)

Statistical analysis was performed using a t test, with “p < 0.05 indicating significance. Designation: —1, 1 day after the last intratumoral VVV injection; —7, 7 days after the last

intratumoral VV injection.

phenomenon, and it shall be noted that such interactions may also
demonstrate paradoxical effects.*> GM-CSF is a hematopoietic cyto-
kine with diverse effects on the immune system, including differen-
tiation of myeloid cells, activation of T cells, maturation of dendritic
cells, promotion of cell-mediated and humoral responses, as well as
antitumor activity.*>*” Numerous studies demonstrated GM-CSF as
a potent modulator for cancer treatment; the first approved onco-
Iytic virus for melanoma treatment was an engineered herpes
simplex virus talimogene laherparepvec (T-VEC) expressing GM-
CSE.* TNF-o has been widely implicated in cancer therapy due
to its ability to inhibit cell proliferation and break vascularizing in
TME."

Under the generic name of tasonermin, it is used to remove soft tissue
of sarcoma of the limbs.”® Another type of cytokines elevated during
combination therapy was CXCLs (CXCL9 and 10); these cytokines
have been reported to regulate immune cell differentiation, activation,
and migration, leading to tumor regression.”’

The histological observation indicated massive infiltration of im-
mune cells and necrosis in tumor sections of animals treated by
combination therapy. Consistently, analysis of tumor-infiltrated
cells demonstrated the increase of total immune cells, T cells, and
macrophages; the levels of CD45", F4/80" CD4'T, and CD8™T cells
at TME of this treated group were drastically higher than the groups
that received monotherapy. All of the effects observed in this study
are indicative of the conversion of “cold” TME to “hot” TME with
increased levels of tumor-suppressing cytotoxic immune cells,
providing a solid rationale for combining OVs with the expression
of various immune effectors and especially IL-15/IL-15Ro complex
to affect TNBC.

Thus, co-therapy with oncolytic recombinant LIVP strains expressing
IL-15 and IL-15Ra may be a facile approach for intratumoral delivery
of the IL-15/IL-15Ra. complex, enhancing the local antitumor immune
response and can be considered as a promising platform for further
clinical trials of oncolytic therapy of immunosuppressive TNBC.
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Figure 6. Cytokine analysis of the tumor samples from the 4T1 tumor-bearing mice treated by LIVP-RFP, LIVP-IL15-RFP, LIVP-IL15R«-RFP, and
combination of LIVP-IL15-RFP+ LIVP-IL15R« in comparison with the untreated mice (control group)
Statistical analysis was performed using a t test, with *p < 0.05 indicating significance. Designation is the same as in Figure 5.

MATERIALS AND METHODS

Cell culture

Rat2 TK ™'~ (rat fibroblasts deficient in TK gene expression) was pro-
vided by the Cell Proliferation laboratory, Engelhardt Institute of Mo-
lecular Biology (Moscow, Russia). BHK-21 (ATCC NO. CCL-10),
4T1 murine breast adenocarcinoma (ATCC NO. CRL-3406), CT26
murine colon carcinoma (ATCC NO. CRL-2638), and HEK293T
(CRL-1573) cell lines were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). All the cell lines were
cultured in Dulbecco’s Modified Eagle’s Medium (Glutamax supple-
mented/Gibco, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco, USA) and 100 pg/mL penicillin-streptomycin
(PanEco, Russia). All cell cultures were incubated at 37°C in a 5%
CO, atmosphere. An Improved Neubauer hemocytometer was used
for cell counting.
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Generation of recombinant viruses

LIVP strain with deletion of TK and expression of tagRFP reporter
gene under the control of 7.5k promoter (LIVP-RFP) was constructed
previously. Total RNA was extracted from the mouse heart and mam-
mary glands to get correspondent mRNA of IL-15 and IL-15Ra,
respectively (CleanRNA Standart kit, Evrogen, Russia). Subsequently,
complementary DNA was constructed by a SuperScript III First-
Strand Synthesis System (Thermo Fisher Scientific, USA) according
to the manufacturer’s instruction. Fragments were amplified by
PCR using specific primers for mouse IL-15 or IL-15Ra (Table S1)
using Q5 High Fidelity polymerase (NEB, USA). Then they were
inserted by sticky ends ligation into the recombination plasmid pre-
viously developed at the Cell Proliferation laboratory EIMB RAS.
Transfection for recombination was performed using Lipofectamine
3000 (Thermo Fisher Scientific, USA) in HEK293T cells, followed
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IL15/IL15 Receptora complex
pg/ml

Figure 7. ELISA of IL-15/IL-15Ra complex produced by viruses in tumor-
infiltrated fluids of 4T1 breast cancer syngeneic mice in vivo

Designation: (—1), samples collected 24 h after complete treatment; (—7), samples
collected 7 days after complete treatment. Statistical analysis was performed using
a t test, with *p < 0.05 indicating significance.

by infection with wild-type LIVP. TK-deleted recombinant variants
were selected on Rat-2 TK™ cells (deficient in the TK expression)
treated with 2-bromodeoxyuridine after infection at MOI 1 of the vi-
rus variants gained after transfection. All transgenes were controlled
by 7.5k promoter and IL-15 or IL-15Ra-RFP co-expression cassettes
linked by 2A self-processing peptide (Figure 1A). Insertions were
confirmed by sequencing genomic DNA. Also, western blotting was
used to verify the presence of IL-15 and IL-15Ra in infected cells.
Expression of tagRFP in infected cells was confirmed using fluores-
cent microscopy. All the recombinant viruses were purified by the
sucrose gradient method for in vitro and in vivo experiments.”

Detection of mouse IL-15 and IL-15R« produced by recombinant
viruses in infected cells

Western blot analysis was performed to verify IL-15 and IL-15Ra
expression by the viruses. A confluent monolayer of BHK-21 cells in
a six-well plate was infected at MOI 1 of LIVP-IL15-RFP or LIVP-
IL15Ra-RFP. Mock-infected cells were used as a negative control.
The cells were lysed using RIPA buffer, then subjected to 12% SDS-
PAGE with further transfer onto a membrane (PVDF membrane,
Millipore, USA) and stained with anti-IL-15 (cat.no# MAB2471,
R&D Systems, China) and anti-IL-15Ra (cat.no. # sc-374023, Santa
Cruz, USA) antibodies at 1:2,000 dilution in 2% fat-free milk. The
secondary antibody was a monoclonal anti-mouse IgGk BP-HRP con-
jugated (sc-516102, Santa Cruz Biotechnology, USA), used ata 1:2,500
dilution. Blots were visualized by ChemiDoc System (Bio-Rad, USA).

Viral titer and cytotoxicity estimation
In this study, BHK-21 cells were used for viral propagation and titer
estimation. In a 96-well plate, 1 x 10* cells were seeded per well. Upon

forming a monolayer, the nascent medium was discarded and re-
placed with a medium with decreased FBS content (2%). Cells were
infected with 10-fold serial dilutions of strains LIVP-RFP, LIVP-
IL15-RFP, and LIVP-IL15Ra-RFP and then incubated for 48 h.
TCIDs, (50% tissue culture infective dose) was assessed by the
Reed-Muench method.” In addition, a cytotoxicity test was per-
formed using the MTT assay to evaluate the recombinant virus’s
capability to kill tumor cells. 4T1, CT26, and BHK-21 (reference)
cell lines were seeded at 1 x 10 cells per well in 96-well plates, fol-
lowed by infection with the MOI 1 of the viruses (LIVP-RFP,
LIVP-IL15-RFP, LIVP-IL15Ra-RFP, and mixture of LIVP-IL15-
RFP and LIVP- IL15Ra-RFP). Cell viability was determined by
MTT assay at indicated time points of 24, 48, and 72 h after
infection.>*

Assessment of viral replication in vitro by flow cytometry

As the RFP expression rate correlates with the viral replication effi-
cacy in infected cells, flow cytometry was used to assess the kinetics
of viral replication. 4T1, CT26, and BHK-21 cells were seeded at
1 x 10° cells per well in 12-well plates and then infected with
LIVP-RFP, LIVP-IL15-RFP, LIVP-IL15Ra-RFP, and a combination
of LIVP-IL15-RFP and LIVP- IL15Ra-RFP at MOI 1. Cells were har-
vested at 24 and 48 h post infection for analysis. Samples were
analyzed (10,000 events per sample) by detection of red fluorescence
using a BD LSR Fortessa cytofluorimeter (Beckman Dickinson, USA),
the FACS Diva (Beckman Dickinson, USA), and Flowing Software 2.0
(Turku Bioscience Center, Finland).

Enzyme-linked immunosorbent assay

To determine the ability of LIVP-IL15-RFP/LIVP-IL15Ra-RFP
mixture to direct formation of the IL-15/IL-15Ra. complex, 10° of
4T1 and CT26 cells were seeded in a 12-well plate and infected at
MOI 1 of the viruses. 24, 48, and 72 h after infection, supernatant
and lysate were collected. The presence and concentration of the com-
plex were assessed by ELISA using a murine IL-15/IL-15R complex
ELISA kit per the manufacturer’s recommendations (#BMS6023, In-
vitrogen, USA).

The IL-15/IL-15Ra complex level in sera and TIFs of treated 4T1 mice
models were measured 1 and 7 days after treatment (n = 3 per each
time point) using the same ELISA kit.

Assessment of therapeutic efficacy

All animals used in this study were authorized by the Engelhardt
Institute of Molecular Biology, Moscow, Russia. Female 6-week-old
BALB/c mice were used to establish 4T1 breast cancer or CT26 colon
carcinoma models; 1x 10° of 4T1 or CT26 cells were injected subcu-
taneously into the mice’s right flanks. The mice were housed under
controlled conditions, with free access to food and water. Five groups
of animals were used (n = 13 for each therapy): LIVP-RFP, LIVP-
IL15-RFP, LIVP-IL15Ra-RFP, the combination of LIVP-IL15-RFP
with LIVP- IL15Ra-RFP, and control group. While tumors reached
approximately 100 mm® in volume, 1 x 10® PFU (plaque-forming
units) of the viruses (for combination therapy 5 X 107 of each virus)
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in 100 L of PBS was injected intratumorally twice with an interval of
2 days to all mice in each corresponding group (9™ and 11 days),
and the control group received PBS. The tumor volume was measured
by calipers every other day from the first day of tumor formation until
tumors of all animals in the control group gained the maximum tu-
mor volume indicated by the animal care guidelines. Tumor growth
and survival curves were determined accordingly.

Analysis of tumor-infiltrating lymphocytes

4T1 breast cancer syngeneic mice treated with viruses or PBS were
sacrificed 24 h and 7 days after virus injection (n = 3 for each time
point), and their tumors were collected in RPMI-1640 containing
2% FBS and 1 mg/ml collagenase IV (Sigma, USA). After 30 min of
incubation at 37°C, samples were homogenized in PBS containing
2% FBS and 1 mM EDTA. After obtaining single-cell suspension,
107 cells were incubated with Fc Block (anti-mouse CD16/CD32;
101302) and then stained with antibodies: PE anti-mouse CD4
(100512), Pacific Blue anti-mouse CD8a (100725), FITC anti-mouse
CD45 (103108), and PE anti-mouse F4/80 (123110) antibodies (all
from Biolegend, USA). The stained cells were acquired on BD LSR
Fortessa cytofluorimeter (Beckman Dickinson, USA), and data were
analyzed using Flowing Software 2.0 (Turku Bioscience Center,
Finland).

Assessment of released cytokines

1 day and 7 days after the therapy, sera and tumor samples without
necrosis were collected from three mice from each group to analyze
the level of released cytokines during the treatment. 0.25 g of tumor
tissue was homogenized and processed for this experiment.
LEGENDplex MU Cytokine Release Syndrome Panel (13-plex)
w/FP kit (BioLegend, USA) was used to determine the level of the
interferon (IFN)-a, IFN-v, interleukin (IL)-4, IL-6, IL-10, chemokine
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Figure 8. Histological analysis of tumor and organs of
the treated mice

Histology analysis of the liver, spleen, and the tumor treated
by recombinant viruses expressing IL-15 or IL-15Ra and
their combination compared with the parental virus (LIVP-
RFP) and the control group.

Control

R

C-C motif ligand 2 (CCL2 or MCP-1), CCL3 (or
MIP-1a), CCL4 (or MIP-18), chemokine C-X-C
motif ligand 9 (CXCL9 or MIG), CXCL10 (or
IP-10), TNF-a, VEGF, and granulocyte-macro-
phage colony-stimulating factor (GM-CSF).

Histological study

At the end of the experiment, the 4T1 breast can-
cer syngeneic mice were sacrificed by an overdose
of propofol administered intraperitoneally. The
histological study was performed on three mice
from each group. Following apnea, the animal’s
thorax and mediastinum were dissected, the right
atrium was opened for blood removal, the left
ventricle was punctured, and the animals were perfused with
100 mL of 10% buffered formalin solution (Thermo Fisher Scientific,
USA). Samples from tumors, spleen, and liver of treated and control
mice were harvested and post-fixed in the same solution at 4°C over-
night, followed by paraffin embedding. 5-um-thick paraffin sections
were prepared and stained using standard hematoxylin and eosin
staining.”

Statistics

All data were checked for normality and represented as mean + SD.
Statistical analysis was performed using ANOVA analysis. Differ-
ences were considered significant by *p < 0.05 **p < 0.01;
*p < 0.001; ***p < 0.0001. All graphs and statistical analysis were
performed by GraphPad Prism version 8.0.2 (GraphPad Soft-
ware, USA).
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