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Abstract

Oncolytic virotherapy uses oncolytic viruses that selectively replicate in cancer cells. The
use of cellular vehicles with migration ability to tumors has been considered to increase
their delivery to target sites. Following this approach, the antitumor efficacy of the
treatment Celyvir (mesenchymal stem cells infected with the oncolytic adenovirus
ICOVIR-5) has been demonstrated in patients with neuroblastoma. However, the better
efficacy of syngeneic or allogeneic mesenchymal stem cells as cell carriers and the

specific role of the immune system in this therapy are still unknown.

In this study we use our virotherapy Celyvir with syngeneic and allogeneic mouse
mesenchymal stem cells to determine their antitumor efficacy in a C57BL/6 murine
adenocarcinoma model. Adoptive transfer of splenocytes from treated mice to new tumor-

bearing mice followed by a secondary adoptive transfer to a third group was performed.

Similar reduction of tumor growth and systemic activation of the innate and adaptive
immune system was observed in groups treated with syngeneic or allogeneic
mesenchymal stem cells loaded with ICOVIR-5. Moreover, a different pattern of
infiltration was observed by immunofluorescence in Celyvir-treated groups. While non-
treated tumors presented higher density of infiltrating immune cells in the periphery of
the tumor, both syngeneic and allogeneic Celyvir-treated groups presented higher
infiltration of CD45+ cells in the core of the tumor. Therefore, these results suggest that
syngeneic and allogeneic Celyvir induces systemic activation of the immune system,

antitumoral effect and a higher intratumoral infiltration of leukocytes.

Précis

A similar reduction of tumor growth and systemic activation of immune system is
observed using either syngeneic or allogeneic mesenchymal stem cells as carriers for an

oncolytic adenovirus in the Celyvir treatment, both inducing a higher infiltration of

leukocytes in the core of the tumor.



Abbreviations

Celyvir
DMEM
hMSC
IFN-y
mMSC
mCelyvir
MOI
MSC
pAkt

TNF

Mesenchymal stem cells infected with ICOVIR-5
Dulbecco’s Modified Eagle’s Media

Human mesenchymal stem cells

Interferon gamma

Murine mesenchymal stem cells

Murine mesenchymal stem cells infected with ICOVIR-5
Multiplicity of infection

Mesenchymal stem cells

Phosphorylated Akt protein

Tumor Necrosis Factor



Introduction

Oncolytic virotherapy is an antitumor strategy based on the use of oncolytic viruses that
selectively replicate in, and therefore lyse, tumor cells without causing damage in healthy
cells. Its clinical interest does not only rely on the oncolytic response of the virus by its
own, but also in the antitumor immune response that seems to be activated in treated

patients [1].

To increase the life time of the oncolytic virus and the evasion of the antiviral immune
response of the patient, a new approach based on the use of cell vehicles to transport the
oncolytic virus has been considered. Moreover, the use of cells able to migrate to tumor
microenviroments as cell carriers would also enhance the effectiveness of the treatment
by increasing the number of viral particles that are released locally after its systemic

administration.

Meeting these characteristics, mesenchymal stem cells (MSC) present high ability to
migrate to solid tumors and inflamed areas [2, 3]. In addition to their employment for
other indications, gene-modified MSC are being used in different clinical trials for the
treatment of cancer (ClinicalTrials.gov identificator: NCT02079324) and in oncolytic
virotherapies acting as carrier cells for an oncolytic measles virus (NCT02068794) and
an oncolytic adenovirus (NCT01844661).

Following this approach, our research group has been working for more than 15 years in
the use of Celyvir: MSC loaded with ICOVIR-5, a human oncolytic adenovirus [4]. This
virus presents different modifications that restrict its replication to cells in which the
retinoblastoma pathway is deregulated, a common characteristic in cancer cells [5]. The
clinical use of Celyvir has already been demonstrated in a compassionate program with
human patients and a clinical trial (NCT01844661) with children presenting refractory
tumors —mainly neuroblastomas— in which complete remissions were achieved [6, 7]. The
efficacy of the treatment has also been tested in murine models with human glioma
xenografts [8, 9], semi-permissive cotton rat models [10] and immunocompetent murine
models [11]. It has also been demonstrated that the administration of virus-loaded MSC
induces a better antitumor effect than intratumoral administration of ICOVIR-5 alone
[12]. This may suggest a more complex effect of the MSC by their own further than acting
as simple cell carriers. However, further research is still needed to understand the

complete mechanism of action of Celyvir.



Despite different studies have demonstrated the possibility of using allogeneic MSC to
treat a variety of indications in contrast to a customized autologous cell therapy [13-15],
there is still some controversy in their use as universal donor cells, as they have been
considered immune evasive, but not immunoprivileged [16]. Moreover, there is even less
evidence about the possible differential effect in using allogeneic or syngeneic MSC as

carrier cells for oncolytic virotherapy.

Therefore, we here report the first comparison of syngeneic and allogeneic MSC as
delivery vehicles for an oncolytic adenovirus by testing whether syngeneic or allogeneic
murine MSC (mMSC) in Celyvir can be used as antitumoral treatment in a murine
adenocarcinoma model. We find that both syngeneic and allogeneic mCelyvir resulting
in the same pattern of systemic immune response and also present similar antitumor

efficacy and intratumoral infiltration of leukocytes.



Materials and Methods

Cell culture

mMSC were obtained as previously described [17] from adipose tissue of C57BL/6J mice
for syngeneic treatments, and from C57BL/10J mice for allogeneic treatments. mMSC
characterization was verified by fibroblast morphology of adherent cells and protein
expression profile analysis by flow cytometry. CMT64-6 clone was derived [12] from
parental CMT 64 cell line, a murine non-small-cell lung carcinoma. Cells were cultured
in complete Dulbecco’s Modified Eagle’s Media (DMEM) (Lonza): DMEM
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), streptomycin (100
mg/mL), penicillin (100 U/mL) and glutamine (2 mM) (Lonza); at 37 °C in a humidified
atmosphere with 5% CO..

Viral infection with oncolytic adenovirus ICOVIR-5

1x108 mMSC were infected with ICOVIR-5 at a multiplicity of infection (MOI) of 200
in 1 ml during 2 h at 37 °C in DMEM without FBS. Cells were washed 2 times with
phosphate-buffered saline (PBS) to remove the virus from the cell culture supernatant.

Infected mMSC are named mCelyvir.

NF-kB reporter luciferase assay

The activation of NF-kB was evaluated by using a luciferase reporter system [18].
mMSCs were transduced overnight with a non-replicative lentiviral vector that contains
the pHAGE NF-kB-TA-LUC-UBC-GFP-W plasmid (Addgene plasmid #49343). Cells
were infected with ICOVIR-5 and 1x10* cells per well were seeded in 96-well plates with
complete DMEM. After 24 h, cell lysis for total protein extraction was carried out and

luciferase activity was assayed with the Luciferase Assay System (Promega Corporation).

Western Blot

5x10° cells/well were seeded in 6-well plates with complete DMEM. After 3 and 24 h of
treatment, total proteins were extracted with SDS sample buffer and protease inhibitor
cocktail (Sigma-Aldrich). Proteins were separated by electrophoresis, transferred to
PVDF membranes (Bio-Rad) and blocked with 2% milk in tris-buffered saline (TBS).
Mouse monoclonal antibodies c-Jun (clone 3/Jun), phospho-Akt (Ser473, 2118;



Epitomics) and anti-B-actin (AC-15; Sigma-Aldrich) were used as primary antibodies.
Polyclonal goat anti-rabbit and anti-mouse immunoglobulins/HRP (Dako) were used as
secondary antibodies. Membranes were digitized and protein expression was quantified

using Image J.

Cytokine array

Secreted cytokines were analyzed in mMSC and mCelyvir by cytokine array assay. 4x10*
cells per well were seeded in 24-well plates with complete DMEM. After 24 h,
supernatants were collected and pro-inflammatory cytokine pattern was analyzed using
Proteome Profiler Mouse Array Panel A kit according to manufacturer’s indications
(R&D Systems, Minneapolis, MN). Secreted cytokine profile was measured semi-
quantitatively by pixel density of duplicated spots. CXCL10 levels were quantified using
Mouse CRG-2/IP-10 Ray Bio ELISA Kit (RayBiotech).

Direct and indirect co-culture of mMMSC/mCelyvir and CMT64-6 cells

For direct co-culture, 1x10° CMT64-6 cells and 1x10° mMSC/mCelyvir per well were
seeded in 6-well plates. 60 h later, supernatant and cells were obtained, blocked and
labeled with anti-CD90 antibody (Miltenyi Biotec). For transwell co-culture, 5x10*
CMT64-6 cells per well were seeded in 24-well plates and 5x10* mMSC/mCelyvir seeded
in transwells (8 um pore filters, BD Biosciences) coated with 0.1% gelatin (Sigma-
Aldrich) for 48 h. Apoptosis was quantified in CMT64-6 (CD90 negative) cells using
Annexin V apoptosis detection kit (BD Pharmingen). CMT64-6 cells seeded alone were
used as negative control, while CMT64-6 cells infected with ICOVIR-5 (MOI 200) were

used as Annexin V positive control.

Migration assay

Cell migration towards tumor cells was studied in vitro. 24 well-plate transwells were
coated with 0.1% gelatin and 5x10* cells were seeded in this upper chamber. 1x10°
CMT64-6 cells/well were seeded in the bottom chamber as stimuli. Incubation of mMSC
in the presence of DMEM alone was used as negative control. After 24 h, non-migrated
cells were removed and migrated cells were fixed and stained with crystal violet. Cells
from 13 high-power fields (HPF) (200X) were counted for each condition. For statistical
analysis, the mean of migrated cells per HPF (cells/HPF) of each condition was compared
(n=3).



Animal experiments

For in vivo homing of mCelyvir to the tumor, cells were labeled with 8.33 mg/ml DIR
buffer for 30 min at 37 °C according to the protocol of XenoLight Dir (Caliper
Lifesciences). Subcutaneous tumors were established in 7 week-old C57BL/6J mice by
injecting 1x10® CMT64-6 cells transduced with a lentiviral vector containing a firefly
luciferase cassette (referred to as CMT64-Luc). 1x10° DIR-labeled mCelyvir cells/mouse
were intraperitoneally injected and fluorescent signal was measured 48 h later by IVIS
200 imaging system (Caliper). Non-stained mCelyvir were used as negative control.
Bioluminiscence images of the CMT64-Luc tumors were also obtained after intravenous
injection of 150 mg/kg body weight of firefly luciferin (Promega). For ex vivo imaging,
tumors were collected 48 h after mCelyvir administration and images were quantified
using Living Image software (Xenogen). Peripheral blood samples were also collected at

48 h for flow cytometry analysis.

For in vivo antitumor efficacy experiments, subcutaneous tumors were established by
injecting 1x10° CMT64-6 cells diluted in PBS into 7 week-old female C57BL/6J mice.
According to the treatment, groups were assigned as PBS (n=12), syngeneic mMSC
(n=5), allogeneic MMSC (n=5), syngeneic mCelyvir (n=5), or allogeneic mCelyvir (n=6).
Treatment started at day 9 after tumor inoculation, with doses established as 5x10°
cells/mouse resuspended in PBS intraperitoneally injected. A total of 4 doses were
administered, separated by 5-7 days from one another. Tumor length (L), width (W) and
height (H) were measured with a caliper every 3-5 days and tumor volume was calculated
as (LxWxH)m/6. Mice presenting tumor volumes smaller than the mean of the PBS group
were considered as responders. The experiment was repeated 2 times. 28 days after tumor
inoculation mice were sacrificed and tumors and spleens were processed for flow

cytometry and histology analysis.

The study obtained an Animal Ethics Committee approval in compliance with European
Union Directive 2010/63/UE. Animal care and experiments were carried out as per the

guidelines detailed in Royal Decree 53/2013 of Spain.

Adoptive transfer of splenocytes

Spleens from previous treated mice of each group (PBS, syngeneic mCelyvir, and

allogeneic mCelyvir) were mashed through a sterile 70 uM nylon mesh cell strainer using
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the rubber end of a syringe into PBS, and erythrocytes were lysed with Quicklysis buffer
(Cytognos). Subcutaneous CMT64-6 tumors were established into 7-week-old female
C57BL/6J mice as described above and randomly divided in three homogeneous groups
(n=5). Three days after tumor inoculation, 3x10’ splenocytes were transferred
intravenously to each CMT64-6 tumor-bearing mouse. A secondary adoptive transfer of
splenocytes from these mice to new CMT64-6 tumor-bearing C57BL/6J mice was
performed following the same protocol. 28 days after each adoptive transfer of
splenocytes, mice were sacrificed and tumors were processed for flow cytometry and

histopathological analysis.

Flow cytometry

Extracted tumors were digested with collagenase IV (1 mg/ml) and mechanically
homogenized using a potter-elvehjem PTFE pestle when necessary. Cell suspensions
obtained from peripheral blood, digested tumors and spleens were filtered through a
sterile 70 uM nylon mesh cell strainer and red blood cells were lysed by incubation with
Quicklysis buffer (Cytognos). Cell suspensions were blocked with mouse FcR Blocking
(Miltenyi) for 15 min and incubated with the following mouse monoclonal antibodies for
20 min at 4 °C: CD45 (clone 30-F11), CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7),
CD11b (M1/70), CD11c (N418), CD206 (C068C2), MHCII (M5/114.15.2), Ly6C (AL-
21), Ly6G (1A8-Ly6Q), and NK1.1 (PK136) (eBioScience). After incubation, cells were
labeled with the viability marker 7AAD (Fisher Scientific). Samples were acquired with
MACSQuant Analyzer cytometer and analyzed using MACSQuantify analysis software
(Miltenyi Biotec).

Tumor histology and immunohistochemistry

Tumor samples were fixed and embedded within Optimal Cutting Temperature medium
(Tissue-Tek). 8 um thick sections were obtained and stained with hematoxylin and eosin.
For immunohistochemistry analysis, samples were incubated with Avidin/Biotin
blocking kit (Vector Laboratories, Burlingame, CA) and incubated with primary biotin
rat anti-mouse CD45 antibody (clone 30-F11, 10 mg/ml) (eBioscience) followed by
incubation with Alexa Fluor 546 streptavidin conjugate/secondary antibody (Invitrogen).
Meter ANTICUERPO ADENO Nuclei were counterstained with DAPI (5 pg/ml). Signal
was detected with a Leica TCS SP5 multispectral microscope (Leica Microsystems).

Representative maps were obtained by maximum projection of 5 stacks and analyzed
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using Leica LAS AF (Wetzlar). For quantification of CD45 antibody expression in the
core and periphery of the tumors, a region of interest (ROI) of 600 um? was employed to
measure the mean fluorescence intensity (MFI) in different stacks (n=6).

Statistical analysis

Data was analyzed and graphed with GraphPad Prism (GraphPad Software). In vitro
results were expressed as the mean £ SD and in vivo results were expressed as the mean
+ SEM. Significant differences were determined using pared or non-pared non-parametric
test (Mann-Whitney U test or Will-Coxon test, respectively). P<0.05 (*), P<0.01 (**) and

P<0.001 (***) were deemed statistically significant.
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Results

C57BL/6 and C57BL/10 mMSC present similar molecular signaling activation after
infection with ICOVIR-5

To analyze activation in response to adenoviral infection, mMMSC were transduced with a
lentiviral vector that contains a promotor for response by luminescence to activation of
the NF-kP pathway, so activation of the pathway is translated into luciferase expression
[18]. However, luciferase activity did not increased after adenoviral infection in C57BL/6
or C57BL/10 cells, and no significant differences in NF-kp pathway activation were

observed between both cell types (Fig. 1a).

We previously studied other signaling pathways in mMSC after adenoviral infection [12],
so we analyzed Jun and phospho-Akt (pAkt) in mMSC and mCelyvir at 3 and 24 h by
Western Blot (Fig. 1d). At basal non-infected state, expression of Jun and pAkt was
significant lower in C57BL/6 mMSC than in C57BL/10 mMSC at 24 h. However, no
significant differences in Jun or pAkt levels were observed between C57BL/6 and
C57BL/10 mCelyvir at 24 h (Fig. 1 b and c). This is due to the increased expression of
Jun and pAkt in C57BL/6 cells after infection with ICOVIR-5, not seen in C57BL/10
cells. Consequently, significant higher mCelyvir/mMSC Jun and pAkt expression ratios
were observed in C57BL/6 cells than in C57BL/10 cells (Fig. 1e and f). This data suggest
that C57BL/6 and C57BL/10 cells present the same response after loading with the
oncolytic virus in spite of their different basal signaling.

C57BL/6 and C57BL/10 mMSC present a similar cytokine secretion profile after
infection with ICOVIR-5

We also studied the secretome response to ICOVIR-5 infection by performing a secretion
array panel of 40 pro-inflammatory cytokines. At a basal state, both C57BL/6 and
C57BL/10 mMSC secreted some cytokines, such as IL-6, which is highly expressed by
pro-inflammatory mMSC (Fig. 1g). However, semi-quantification of secreted cytokines
in C57BL/10 mMSC showed a higher basal secretion of CD54, CXCL10, CCL5 and
CXCL12 than in C57BL/6 mMSC (Fig. 1h). Nevertheless, no relevant differences were
observed between C57BL/6 and C57BL/10 mCelyvir apart from CXCL10. Indeed,
CXCL10 was the only pro-inflammatory cytokine that remarkably increased after
infection with ICOVIR-5 in C57BL/6 cells. Quantification of CXCL10 secretion by
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ELISA assay confirmed this significant increase in C57BL/6 cells after adenoviral
infection, while both C57BL/10 mMSC and mCelyvir secreted similar moderate levels
of CXCL10 (Fig. 1i).

In summary, these results indicate that C57BL/10 mMSC present a higher basal secretion
of pro-inflammatory cytokines than C57BL/6 mMSC. However, with the exception of
CXCL10, no differences were observed between C57BL/6 and C57BL/10 mCelyvir.

C57BL/6 and C57BL/10 mMSC do not induce in vitro antitumor effect.

To study the effect of the MSC on CTM®64-6 cells, at basal state and after infection with
ICOVIR-5, direct and transwell co-culture of mMSC or mCelyvir with CMT64-6 cells
were performed. As we wanted to study the antitumoral effect of the mMSC by itself (and
not by the oncolytic virus), the experiment was carried out 72 h after adenoviral to avoid
the effect of a potential release of virus from the mMSC. As seen in Fig. 1j, neither
C57BL/6 nor C57BL/10 mMSC or mCelyvir cells induced an apoptotic effect on
CMT64-6 cells by their own, resulting in similar death percentage as the negative control
(CMT64-6 cells alone) (Fig.1l). Similarly, no apoptotic effect on tumor cells was
observed after exposition to secreted factors from any cells or condition (Fig. 1k). These
results indicate that C57BL/6 and C57BL/10 mMSC do not induce an antitumor effect by
themselves in vitro, neither by direct contact nor through some factor secretion, as it does
the oncolytic virus ICOVIR-5 alone (Fig. 11).

In vitro and in vivo tumoral homing of syngeneic and allogeneic mCelyvir

Tumoral homing ability of mMSC and mCelyvir towards CMT64-6 cells was studied in
vitro and in vivo. In vitro transwell migration assay demonstrated that both mock- and
infected- C57BL/6 and C57BL/10 cells present significant intrinsic migration ability at
24 h compared to the negative control, in which barely any cell migrated (Fig. 2a).
Quantification of migrated cells showed a slightly higher migration of C57BL/6 mMSC
and mCelyvir toward the CMT64-6 cells stimuli compared with that of C57BL/10 cells,
but no significance was observed (Fig. 2b). Moreover, similar mCelyvir/mMSC
migration ratio was observed in both C57BL/6 and C57BL/10 cells (Fig. 3c). These
results indicate the mMSC carrying the oncolytic virus ICOVIR-5 maintains the intrinsic

migration ability of mMSC toward CMT64-6 tumor cells.
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As a suitable cell carrier must successfully home into the tumor, tracking of syngeneic
C57BL/6 and allogeneic C57BL/10 mCelyvir treatments were also studied in vivo in mice
bearing CMT64-Luc tumors. 48 h after intraperitoneal administration of the treatment, a
localized homing of both C57BL/6 and C57BL/10 mCelyvir was detectable in
colocalization with the CMT64-Luc tumor site (Fig. 2d). Ex vivo tumor quantification
showed no significant differences in homing of syngeneic and allogeneic mCelyvir
treatment at 48 h (Fig. 2e).

Peripheral blood immune activation after allogeneic and syngeneic mCelyvir

administration

The innate response of immune system against the virus-infected mMSC may be crucial
for the proper antitumor effect, especially after administration of allogeneic mCelyvir.
Therefore, we studied the general immune stimulation in peripheral blood at 48 h after
administration of the treatment, in immunocompetent CMT64-6-tumor bearing mice. A
significant increase in neutrophils and monocytes were observed in groups treated with
syngeneic and allogeneic mCelyvir compared to the non-treated group (Fig. 3b). A
significant increase of Natural Killer (NK) cells was also observed after administration
of allogeneic mCelyvir, which was not observed in group treated with syngeneic
mCelyvir (Fig. 3b). We also studied the adaptive immune response to the treatment, but
no differences in total leukocytes, T cells or CD4/CD8 ratio were observed between

mCelyvir-treated and non-treated mice (Fig. 3b).
Allogeneic and syngeneic mCelyvir-treated groups present similar tumor growth

To determine the in vivo biological effect, we compared the antitumor efficacy of
syngeneic or allogeneic mCelyvir in C57BL/6J mice bearing CMT64-6 tumors, as well
as the effect of syngeneic or allogeneic mMSC as an additional control (Fig. 3a). Both
syngeneic and allogeneic mCelyvir groups presented a similar antitumor tendency
compared to the PBS group (35%), but no statistical significance was obtained (Fig. 3c).
As showed in Fig. 3d, 60% of the mice treated with syngeneic mCelyvir and 66% of the
mice treated with allogeneic mCelyvir responded to the treatment, presenting smaller
tumor volumes than the mean of the PBS group at the end point (30 days). Administration
of syngeneic or allogeneic mMSC (without the oncolytic virus) did not induce an

antitumor effect, resulting in similar outcomes as the PBS group (Fig. 3d and
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Supplementary Fig. 1). These data suggest that both syngeneic and allogeneic mCelyvir
induce similar tendency to inhibit tumor growth, which is not caused by the mMSC alone.

mCelyvir treatment induces systemic changes in the composition of the immune

system

To study the general activation of the immune system after long treatment with mCelyvir,
spleens from treated mice were harvested and splenocytes were analyzed by flow
cytometry. Interestingly, differences in innate and adaptive immune system were found
between treated and non-treated mice. After mCelyvir administration, NK cells
percentage was doubled, while proportion of myeloid cells notably decreased from
89.10% to 25% (Fig. 3e). An increase in total T cells from 7.85% to 30% was also
observed, as well as changes in T cell subpopulations: cytotoxic CD8+ lymphocytes
increased from 21.83% to 58% in both groups treated with syngeneic or allogeneic
mCelyvir, while helper CD4+ lymphocytes decreased from 60.15% to 34%. These results
indicate that mCelyvir treatment induces significative systemic changes in the

composition of the immune system.

mCelyvir treatment increases N1/N2 neutrophils ratio in intratumoral immune

subpopulations

To evaluate the intratumoral immune response to syngeneic or allogeneic mCelyvir
treatment, tumors were harvested and infiltrating immune cells were analyzed by flow
cytometry. As seen in Fig. 4a, no statistical differences in infiltration were observed in
total leukocytes (CD45+), CD4+ or CD8+ T cells, NK cells, dendritic cells (NK1.1-
CD11b+ CD11c+), or M1 (CD206-) and M2 (CD206+) macrophages (CD45+ CD11b-
Ly6G- MHCII+). However, a significant increase in N1/N2 ratio of neutrophils was
observed in both syngeneic and allogeneic mCelyvir groups compared to the PBS group
(Fig. 4a). This increase in the ratio is supported by a significant decrease in N2
subpopulation (CD206-) of neutrophils in the allogeneic mCelyvir group —similar to the
observed in the syngeneic mCelyvir group— compared to the PBS group (Supplementary
Fig. 2). In accordance with these results, we observed that lower volumes in mCelyvir-
treated tumors significantly correlated with higher N1/N2 ratios and decreased levels of
N2 neutrophils (Fig. 4b and c).

mCelyvir treatment increases infiltration of immune cells in the core of the tumor
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To study the localization of tumor infiltrating immune cells, immunohistochemistry assay
of CD45+ cells was performed. Interestingly, a different pattern of distribution of CD45+
cells was observed between PBS and mCelyvir-treated groups. These immune cells
localized mainly to the periphery of PBS-treated tumors (Fig. 4d), which was not
observed in syngeneic or allogeneic mCelyvir-treated tumors (Fig. 4e and f).
Quantification of the CD45+ MFI confirmed a significant higher CD45+ expression in
the periphery of PBS-treated tumors compared to the mCelyvir-treated groups. In
contrast, a significant higher localization of CD45+ cells was observed in the core of
allogeneic mCelyvir-treated tumors compared to the PBS-treated tumors (Fig. 4g). As a
result, core/periphery expression ratio of CD45+ cells was similarly increased in both
syngeneic and allogeneic mCelyvir-treated groups (Fig. 4h). These findings suggest that
mCelyvir treatment induces an increased infiltration of leukocytes in the core of the

tumor.
¢PRESENCIA DE VIRUS? ;FOTOS? ;CITAR AQUI?

Adoptive transfer of splenocytes preserves the antitumor efficacy

As we previously observed that mCelyvir treatment induced changes in the systemic
immune system, we performed two consecutive adoptive transfers of splenocytes to study
their activation. Splenocytes from previous treated mice were then harvested and
transferred into new CMT64-6 tumor-bearing mice. Four weeks later, spleens from these
transferred mice were obtained and splenocytes were transferred into a third group of
CMT64-6 tumor bearing mice (Fig. 5a). In both groups transferred with splenocytes
harvested from syngeneic or allogeneic mCelyvir-treated mice, 80% (4/5) of the mice
responded to the treatment (Fig. 5b). This tendency to inhibit tumor growth was also
preserved after the secondary adoptive transfer of splenocytes from these mice to new
CMTG64-6 tumor-bearing mice, in which 80% (4/5) of the mice were responders to the
treatment (Fig. 5¢). However, no statistical differences in tumor infiltrating immune cells
were observed in any group after the first or secondary adoptive transfer of splenocytes
(Fig. 5d and 5e).
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Discussion

The use of MSC as cell vehicles for oncolytic viruses constitutes a novel and promising
strategy to increase the effectiveness of oncolytic virotherapy. The antitumor effect of
Celyvir treatment has been applied in children with refractory neuroblastomas, obtaining
relevant clinical responses and even complete remissions [6, 7], with the remarkable
absence of side effects [19]. The strategy has been also tested in canine patients with
spontaneous tumors [Cejalvo et al., unpublished results] and immunocompetent murine
models [11, 12]. In general, murine cells do not support replication of human adenovirus
[20, 21], then we previously generated the CMT64-6 cell line, a semi-permissive lung
adenocarcinoma murine cell line that supports the complete replication cycle of human
adenovirus [12, 22, 23]. Here, in this study, we demonstrated that the use of syngeneic or
allogeneic mMSC as cell carriers for an oncolytic adenovirus induce similar systemic
immune activation, antitumor tendency and infiltration of leukocytes in the core of the

tumor

NF-«xB is an inducible transcription factor involved in many biological processes such as
development, innate immunity and inflammation. Thus, increased activation of NF-xB
has been observed in human MSC in response to stress, cytokines, free radicals, hypoxia,
and bacterial or viral antigens [24]. Surprisingly, no significant activation of NF-xB was
observed in C57BL/6 or C57BL/10 cells after ICOVIR-5 infection, in contrast to other
studies indicating that NF-kB is involved in adenoviral infection [25]. Moreover, products
encoded by the Ela and E3 early genes of adenoviral serotype 5 have been associated
with NF-«B activation [26, 27]. However, it has also been reported that E1A protein can
inhibit the activation of NF-xB induced by tumor necrosis factor (TNF) through IkBa
phosphorylation and suppression of IKK activity [28]. Similarly, proteins of viruses like
hepatitis C virus can suppress NF-kB activation through inhibition of 1kBa degradation
[29].

Typically, adenoviral infection induces the expression of pro-inflammatory cytokines
such as IL-6, IL-8, TNF-o, CCL3 (also known as MIP-1a), CCL5 (also known as
RANTES) and interferon-gamma (IFN-y) in human cells [30]. Considering that we used
a human adenovirus infecting murine MSC, a slightly different expression pattern could
be expected. In our experiments, we observed an overexpression of IL-6, CXCL2,
CXCL10, CCL2, CCLA4 (also known as MIP-1b) or CCL5, but no remarkable expression
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of CCL3, IFN-y or TNF-a. The absence of secretion of these pro-inflammatory cytokines
may be related to the non-activation of NF-«kB, as this transcription factor is required for
transcription of TNF-o and other cytokines [31]. In this regard, expression of CXCL10
and other cytokines does not only promote MSC migration [32, 33], but also acts as a
chemoattractant for activated T cells, monocytes and NK cells to the area of inflammation
[34, 35]. Moreover, an activation of the innate response in peripheral blood is observed
48 hours after inoculation of the infected-mMSC, with increased proportions of
neutrophils, monocytes and NK cells, which participates in the early control against virus-
infected cells and general virus infection. Thus, the pro-inflammatory profile of cytokines

after adenoviral infection of mMMSC may be crucial after administration of mCelyvir.

The study of the immune system from the spleens after 30 days of treatment showed an
activation of the adaptive immune response with increased proportions of T cells and
CD8+ subpopulation, and a downregulation of the innate response with the exception of
the NK subset. Initiation of the anti-tumor immune response may be then lead by the
initial activation of the NK cells, whose cell-mediated killing of virus-infected cells also
impacts in T cell responses (REFERENCIA Innate or adaptive immunity?). Moreover, it
has been proposed that target-cell debris produced by NK cells may promote antigen
cross-presentation to CD8+ T cells (REFERENCIA NK cell mediated killing of target
cells triggers). As a result, the systemic activation of the immune system, together with
the released viral particles and a local secretion of cytokines by the MSC in the tumor
microenvironment, may break the immunologic tolerance and therefore enhance the
activation of the antitumor immune response. However, in our murine model this

activation seems to be braked because the antitumoral efficacy is limited.

Neutrophils show a polarization status, similar to macrophages: pro-inflammatory/anti-
tumorigenic (N1) and anti-inflammatory/pro-tumorigenic (N2) phenotype [37]. In our
model, flow cytometry analysis of tumor infiltration showed a significant increase in
N1/N2 ratio in both syngeneic and allogeneic mCelyvir groups compared to the control
group. Moreover, lower tumor volumes significantly correlated with higher N1/N2 ratios
and lower N2 infiltration. As N2 phenotype contributes to tumor growth and
immunosuppression, decrease of these neutrophils may be related to the observed
tendency to inhibit tumor growth in our mCelyvir-treated groups. This correlation is
consistent with previous studies in which depletion of pro-tumorigenic N2 neutrophils
inhibited tumor growth and reduced immunosuppression in the tumor microenvironment,
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even in the absence of CD8+ cells [38, 39]. Comparing mCelyvir- and PBS-treated
groups, a different pattern of CD45+ infiltration was observed by immunohistochemistry
study, in which treated tumors presented a significant higher infiltration of CD45+ cells
in the core of the tumor. This higher core infiltration has been extensively associated with
better prognosis in malignancies such as colorectal, ovarian, esophageal, and breast
cancer [40-43]. In this regard, it has been shown that higher infiltration of leukocytes
increases the therapeutic efficacy of immunotherapies in liver cancer and melanoma [44,
45]. Thus, Celyvir treatment may be considered in combination with other

immunotherapies.

In conclusion, syngeneic or allogeneic mMSC could be used as cell carriers for the
systemic delivery of oncolytic adenoviruses, both inducing a similar systemic immune
response, antitumor efficacy and intratumoral infiltration of leukocytes. These results
open the possibility of also using allogeneic MSC for the development of cell carrier-

based virotherapies.
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Figures

Fig. 1 C57BL/6 and C57BL/10 mMSC present similar molecular signaling after
infection with ICOVIR-5. a Activation of NF-xB after ICOVIR-5 infection was
evaluated by using a luciferase reporter system. Bars represent the mCelyvir/mMSC
expression ratio of NF-xB in C57BL/6 and C57BL/10 cells. b Jun and pAkt expression
were studied 3 h and 24 h after infection with ICOVIR-5 by Western Blot. ¢ Bars in upper
panel show the mean expression of Jun in C57BL/6 and C57BL/10 cells at 3 and 24 h.
Bars in lower panel represent the mCelyvir/fmMSC expression ratio of Jun at 3 and 24 h.
d Bars in upper panel show the mean expression of pAkt in C57BL/6 and C57BL/10 cells
at 3and 24 h. Bars in lower panel represent the mCelyvir/mMSC expression ratio of pAkt
at 3and 24 h. Grey color represents C57BL/6 cells, while dark color represents C57BL/10
cells. Solid bars represent non-infected cells (MMSC), while stripped bars represent
ICOVIR-5-infected cells (mCelyvir). *p< 0.05 (Will-Coxon test)

Fig. 2 Syngeneic C57BL/6 and C57BL/10 cells present similar cytokine profile
secretion after loading with ICOVIR-5. a Secretion pattern of pro-inflammatory
cytokines in C57BL/6 and C57BL/10 infected (mCelyvir) and non-infected cells (mMMSC)
at 24 h. The color code indicates arbitrary units of expression with white representing
absence of secretion and black representing the highest secretion. b Bars show the mean
secretion in arbitrary units of each secreted cytokine in C57BL/6 and C57BL/10 mMSC
and mCelyvir. ¢ ELISA to quantitate CXCL10 secretion levels in supernatants collected
at 24 h post-infection. Grey color represents C57BL/6 cells, while dark color represents
C57BL/10 cells. Solid bars represent non-infected cells (mMSC), while stripped bars
represent ICOVIR-5-infected cells (mCelyvir). *p< 0.05 (Will-Coxon test)

Fig. 3 C57BL/6 and C57BL/10 mMSC and mCelyvir migrates toward tumor cells. a
Homing ability of infected (mCelyvir) and non-infected (MMSC) cells toward CMT64-6
tumor cells was evaluated by in vitro transwell migration assay at 24 h. mMSC in the
presence of DMEM alone was used as negative control. Images correspond to 40X power
field. b Bars show the mean number of migrated cells per high power field (cells/HPF) at
24 h. c Bars represent the mCelyvir/mMSC migration ratio of C57BL/6 and C57BL/10
cells at 24 h. Grey color represents C57BL/6 cells, while dark color represents C57BL/10
cells. Solid bars represent non-infected cells (mMSC), while stripped bars represent
ICOVIR-5-infected cells (mCelyvir)
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Fig. 4 Syngeneic and allogeneic mCelyvir induce a similar antitumor effect. a For in
vivo experiment, CMT64-6 tumors were induced in female C57BL/6 mice by
subcutaneous inoculation. PBS, syngeneic mCelyvir or allogeneic mCelyvir treatment
was administered at the indicated time points. 4 weeks after the tumor inoculation, spleens
were harvested and splenocytes were transferred to new CMT64-6 tumor bearing mice
(1% adoptive transfer). 4 weeks after the tumor inoculation, splenocytes from transferred
mice were transferred to a third group of CMT64-6 tumor bearing mice (2" adoptive
transfer). b Mean tumor volumes in mCelyvir treatment. ¢ Individual animal
measurements versus mean tumor volume of PBS group in mCelyvir experiment. d Mean
tumor volumes in 1% adoptive transfer experiment. e Individual animal measurements
versus mean tumor volume of PBS group in 1% adoptive transfer experiment. f Mean
tumor volumes in 1% adoptive transfer experiment. g Individual animal measurements
versus mean tumor volume of PBS group in 2" adoptive transfer experiment. Red lines
represent tumor volumes of mice treated with syngeneic mCelyvir and derived adoptive
transfers (n = 5). Green lines represent tumor volume of mice treated with allogeneic
mCelyvir (n = 6) and derived adoptive transfers (n = 5). Dark blue lines represent the
mean tumor volume of the group treated with PBS (n = 7) and derived adoptive transfers
(n=5)

Fig. 5 mCelyvir treatment increases intratumoral N1/N2 neutrophils ratio.
Percentages of tumor infiltration of CD45+ cells, CD3+ cells, CD4+/CD8+ ratio,
macrophages, M1/M2 ratio, Natural Killer cells (NKs), neutrophils, and N1/N2 ratio were
evaluated in groups treated with mCelyvir (a), 1% adoptive transfer (b), and 2" adoptive
transfer of splenocytes (c) by flow cytometry. Tumor volumes of mCelyvir-treated mice
negatively correlate with N1/N2 ratios (d) and positively correlate with percentage of N2
(e). White bars represent control group (n = 7) and derived adoptive transfers (n = 5).
Grey bars represent syngeneic mCelyvir-treated group (n = 6) and derived adoptive
transfers (n = 5). Black bars represent allogeneic mCelyvir-treated group (n = 6) and
derived adoptive transfers (n = 5). *p<0.05 (Mann-Whitney U test)

Fig. 6 mCelyvir treatment increases leukocyte infiltration in the core of the tumor.
CD45+ cells are located in the periphery of PBS-treated tumors (a). Tumors treated with
syngeneic (b) or allogeneic (c) mCelyvir treatment show uniform distribution of CD45+
cells. Quantification of the mean fluorescence intensity (MFI) of CD45+ in the periphery
and core of the tumor confirms this different pattern of tumor infiltration (d). Both
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syngeneic (grey bars) and allogeneic mCelyvir-treated tumors (black bars) show a
significant higher CD45+ core/periphery ratio compared to the control group (white bars)
(e). Images correspond to representative samples. *p<0.05, **p<0.01 (Mann-Whitney U
test)

Supplementary Fig. 1 Allogeneic mCelyvir treatment reduces N2 phenotype.????
Percentages of tumor infiltration of CD4+ cells, CD8+ cells, M1, M2, N1, N2,
granulocytes and dendritic cells were evaluated in mCelyvir (a), 1% adoptive transfer (b),
and 2" adoptive transfer (c) experiments by flow cytometry. White bars represent control
group (n = 7) and derived adoptive transfers (n = 5). Grey bars represent syngeneic
mCelyvir-treated group (n = 6) and derived adoptive transfers (n = 5). Black bars
represent allogeneic mCelyvir-treated group (n = 6) and derived adoptive transfers (n =
5). *p< 0.05 (Mann-Whitney U test)
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