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Human cytomegalovirus (HCMV) components are often found
in tumors, but the precise relationship between HCMV and
cancer remains a matter of debate. Pro-tumor functions of
HCMVwere described in several studies, but an association be-
tween HCMV seropositivity and reduced cancer risk was also
evidenced, presumably relying on recognition and killing of
cancer cells by HCMV-induced lymphocytes. This study aimed
at deciphering whether CMV influences cancer development in
an immune-independent manner. Using immunodeficient
mice, we showed that systemic infection with murine CMV
(MCMV) inhibited the growth of murine carcinomas. Surpris-
ingly, MCMV, but not HCMV, also reduced human colon car-
cinoma development in vivo. In vitro, both viruses infected hu-
man cancer cells. Expression of human interferon-b (IFN-b)
and nuclear domain (ND10) were induced in MCMV-infected,
but not in HCMV-infected human colon cancer cells. These re-
sults suggest a decreased capacity of MCMV to counteract
intrinsic defenses in the human cellular host. Finally, immuno-
deficient mice receiving peri-tumoral MCMV therapy showed a
reduction of human colon cancer cell growth, albeit no clinical
sign of systemic virus dissemination was evidenced. Our study,
which describes a selective advantage of MCMV over HCMV to
control human colon cancer, could pave the way for the devel-
opment of CMV-based therapies against cancer.
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INTRODUCTION
Cytomegaloviruses (CMVs) are large, enveloped, double-stranded
DNA herpesviruses that establish a lifelong latent infection. Seropre-
valence of human cytomegalovirus (HCMV) ranges from 50% to
100% in the general adult population. CMVs have co-evolved with
their host following co-speciation resulting in highly species-specific
viruses. Murine CMV (MCMV) shares a high degree of sequence ho-
mology and biology with HCMV but is unable to replicate efficiently
in humans. CMVs’ restricted host range is not due to the absence of
appropriate entry receptors on the cell surface but results from the
inability of the virus to prevent apoptosis1 or to subvert host defense
mechanisms2 in a distant host.
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Primary CMV infection is usually subclinical thanks to robust
intracellular and systemic defense mechanisms, which ultimately
lead to the control of viral replication and establishment of
latency. Type I interferons (IFNs) are produced as a first line of
defense by stromal and endothelial cells and innate lymphocytes,
upon sensing of CMV DNA by Toll-like receptors (TLRs), and
more recently identified cyclic GMP-AMP synthase (cGAS)
and interferon-inducible nucleoprotein (IFI) 16 intracellular
DNA sensors.3–6 Type I IFNs induce an antiviral state in their
cellular host and possess indirect anti-pathogen activity via the in-
duction of IFN-stimulated genes (ISGs). Among IFN-stimulated
factors are the constitutively expressed cellular proteins that
form the nuclear domain (ND10), a macromolecular complex
that creates a condensed chromatin environment around the
major immediate early (IE) promoter of HCMV, resulting in
the inhibition of IE gene transcription and subsequent produc-
tive viral infection.7–9 Type I IFNs operate as autocrine and
paracrine factors and orchestrate innate and adaptive immune
responses.

The immune response against CMV relies on multiple and redundant
immune effector functions from the innate and adaptive immune sys-
tems. While the acute phase of infection is dominated by the triptych
natural killer and dendritic cell (DC-NK)-ab T cell responses, long-
term control of CMV is primarily attributed to ab T cells, although
CMV-reactive memory NK cells have been described more recently
(reviewed in O’Sullivan et al.10). We also described that gd T cells
participate to the immune response against CMV in human and in
mouse (reviewed in Khairallah et al.11).
thor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Dose-Dependent Inhibition of Mouse

Cancer Cell Growth in Immunodeficient Mice

NSG mice received s.c. injection of 5 � 105 MC38 tumor

cells and were left untreated or infected with 102 or 104

PFUs of MCMV. (A) Tumor growth was monitored 3 times

a week. (B) Tumors were weighted 2 weeks post-infec-

tion, after sacrifice. The data represent the mean ± SEM of

tumor volumes (A) and weights (B) from 8–10 mice per

group for 1 representative experiment out of 2. Significant

differences between control and infected mice are shown

at different time points, while significant differences be-

tween the 2 groups of infected mice (102 or 104 PFUs) are

shown at the end of experiment. Statistical tests were

two-way ANOVA (A) and Mann-Whitney (B) (*p < 0.05,

**p < 0.005, ***p < 0.001, ****p < 0.0001). (C) IE-1 protein

expression was evaluated by immunohistochemistry on

tumor biopsies collected at the end of the experiment,

from uninfected, 102 and 104 PFUs infected mice. Images

are from one representative mouse for each experiment.

Scale bar represents 50 mm.
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The relationship between CMV and cancer has been investigated for
decades but remains a matter of debate. In the 1970s, the group of
Rapp reported the transformation of embryo lung fibroblasts upon
in vitro infection with a clinical isolate of HCMV.12 However, the
notion that HCMV could be oncogenic was superseded by the concept
of oncomodulation,13 due to the reported controversies about the pres-
ence of HCMV in tumors.14–16 Supporting an oncomodulatory role of
HCMV, several research groups have described an increased malig-
nancy of human tumor cell lines infected by HCMV.17–19 More
recently, the group of Herbein reconsidered the oncogenic potential
of HCMV and showed that long-term culture of human mammary
epithelial cells (HMEC) in presence of HCMV strain DB induced their
transformation20 (reviewed in Herbein21). Concerning colorectal can-
cer, a pro-tumor role of HCMV has been put forward.22,23 However,
HCMV may influence the outcome of colorectal cancer in an age-
dependent manner. Indeed, the presence of HCMV in colorectal tu-
mors was associated with shorter disease-free survival in R65-year-
old patients24 and a favorable outcome in non-elderly patients.25

While a pro-tumor role of HCMV has been predominantly evoked, a
recent report described an inhibitory role of HCMV on the develop-
ment of human hepatocellular carcinoma xenografted in non-obese
diabetic (NOD) scid gamma (NSG) mice.26 An anti-tumor role of
CMV was also reported in mouse models, after systemic infection of
MCMV in the case of a liver lymphoma27 and after intra-tumoral in-
jection ofMCMV in the case of melanomas.28,29 In human, HCMV re-
activation after hematopoietic stem cell transplantation (HSCT) or
kidney transplantation has been associated with a decreased rate of
relapse for acute myeloid leukemia (AML)30–33 and a reduced risk of
Molecula
skin cancer,34 respectively. The mechanism un-
derpinning this beneficial effect of HCMV was
suggested to rely on the reported recognition of
cancer cells by donor-derived, HCMV-stimu-
lated non-Vd2Vg9 T cells35–39 and NKG2Cpos NK cytotoxic effector
cells (for reviews see Litjens et al.40 and Bigley et al.41). Yet, Koldehof
et al.42 showed a direct pro-apoptotic effect of HCMV on acute leuke-
mia cell lines that could explain, at least in part, the decreased leukemic
relapse rate in AML patients with HCMV reactivation.

The reported discrepancies about the role of CMV in cancer might be
due to variable factors including the state of cytomegalovirus infection
(acute versus latent) and the host immune status, as well as the tumor
origin and microenvironment. The present study aimed at investi-
gating whether and how CMV would affect cancer cell growth without
the influence of major immune effectors in highly immunodeficient
mice.

RESULTS
Dose-Dependent Inhibition of Mouse Cancer Cell Growth in

Immunodeficient Mice

In order to test the effect of MCMV on tumors without the impact of
main anti-tumor immune effectors, we used the most highly immu-
nodeficient mice available (NSG). MC38 colon cancer cells were in-
jected subcutaneously (s.c.) in NSG mice that concomitantly received
MCMV intraperitoneally (i.p.) or were left uninfected. Two different
doses of virus were used (104 and 102 plaque-forming units [PFUs]).
As shown in Figure 1, the growth of MC38 cells was inhibited in in-
fected mice in a dose-dependent manner. MCMV was also able to
inhibit in a dose-dependent manner the growth of another type of tu-
mor, i.e., the B16 melanoma in a dose-dependent manner (data not
shown). At the end of the experiment, a significant difference was
observed between the two groups of infected mice (102 versus 104
r Therapy: Oncolytics Vol. 16 March 2020 251
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Figure 2. Cancer Cells Show Different

Permissiveness to MCMV

(A) The different cell lines were left uninfected or were in-

fected with variable doses of MCMV; the expression of

IE-1 proteins was evaluated after 48 h. (B) Murine (3T3,

MC38, B16F10) and human (HT29) cancer cells were

infected with MCMV (MOI 10). RNA was extracted from

cells 6 h, 24 h, and 48 h after infection. Gene expression at

24 and 48 h is expressed as fold change relative to

expression of gB and IE-1 at 6 h. Error bars represent the

mean ± SEM of 3 independent experiments. One-way

ANOVA statistical tests were used; *p < 0.05, **p < 0.005,

***p < 0.001, ****p < 0.0001.
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PFUs) for both tumor volumes (Figure 1A) and tumor weight (Fig-
ure 1B). We next tested whether MCMVwas able to infect tumor cells
in vivo and whether the dose-dependent intensity of tumor growth in-
hibition was dependent on the number of infected tumor cells in the
host. The hypothesis that MC38 cells were infected by MCMV was
confirmed by detection of immediate early (IE-1) proteins within
MC38 tumors (Figure 1C). As depicted, the number of IE-1+ cells ap-
peared to be higher in mice that had received 104 versus 102 PFUs of
viral inoculum. Altogether these results demonstrated that MCMV
limits murine tumor growth in vivo, which could, at least partially,
be attributed to the virus’s ability to infect tumor cells.

Cancer Cells Show Different Permissiveness to MCMV

Permissiveness of mouse cancer cells to MCMV was further analyzed
in vitro, relative to highly permissive murine fibroblasts (3T3).
Because MCMV replicates very poorly in human cells due to high
species specificity, we also tested permissiveness of human cancer
cells. The results from these analyses are shown in Figure 2. Staining
of cells with anti-IE-1 monoclonal antibody (mAb) showed that a low
viral dose (multiplicity of infection or MOI = 0.01) was sufficient to
infect B16F10 and 3T3 (Figure 2A). In contrast, MC38 and HT29
colon cancer cells required higher doses of virus (MOI R 1) to be
infected. Transcripts for MCMV I-E1 and glycoprotein B (gB) were
252 Molecular Therapy: Oncolytics Vol. 16 March 2020
detected in all cancer cells infected with
MCMV (MOI = 10, Figure 2B). The presence
of the “late” gB protein was also evidenced by
immunohistochemistry, although in low pro-
portion even at high MOI in colon cancer cells,
especially for human HT29 cells (Figure S1). We
then evaluated whether cancer cells can support
productive viral replication. After contact with
increasing doses of MCMV and inactivation
of residual viral inoculum, cancer cells were
incubated for 5 days, supernatants were trans-
ferred onto 3T3 fibroblasts for 2 days, and the
initiation of viral replication assessed by IE-1
staining. As evidenced by the presence of
IE-1+ fibroblasts, infectious viral particles were
released from cancer cells, as long as the initial
MOI was R0.01 for B16F10 and 3T3 and R1
for MC38 (Figure 3). In contrast, although MCMV IE-1 antigens
could be detected in human HT29 colon cancer cells infected with
MCMV (MOI > 1, Figure 2A), no infectious viral particles seemed
to be present in the supernatant (Figure 3). These results suggest
that MCMV can replicate in mouse cancer cells but not in human
cancer cells. However, mouse cancer cell lines show different permis-
siveness to MCMV, MC38 colon cancer cells being less permissive
than B16F10 melanomas.

MCMV Affects Survival of Both Mouse and Human Cancer Cells

We next assessed cell survival of MCMV-infected cancer cells. As
measured by dye compound 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromidefo (MTT) assay, all cells tested were sensitive
toMCMV-mediated growth inhibition (Figure 4A). The viral dose in-
hibiting 50% of growth (IC50) 3 days post-infection related to 1 <
MOI < 10 for B16F10 and 3T3, 10 < MOI < 100 for HT29, and
MOI > 100 for MC38 (Figure 4A). The concomitant assessment of
apoptosis by flow cytometry revealed that at MOI = 1, 30% of 3T3,
20% of B16F10, 5% of MC38, and 8% of HT29 cells were annexin
V+ after 3 days of infection. MOI = 100 was 100% lethal for
B16F10 and 3T3 cells, while 20% of MC38 and 30% of HT29 were
annexin V+ (Figure 4B). These data confirm that B16F10 cells are
more sensitive to MCMV infection than MC38 cells. They also



Figure 3. Human Colon Cancer Cells Do Not Support MCMV Replication

Indicated cells were seeded and let to adhere for 24 h prior to infection with

increasing doses of MCMV. Viral particles that were not internalized after 1 h

incubation were removed by acidic treatment. After 5 days, culture supernatants

were collected and transferred onto freshly seeded 3T3 fibroblasts. IE-1 expression

was analyzed 48 h after transfer. Images are from 1 experiment representative of 2.
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unexpectedly show that, despite the absence of a productive viral cy-
cle, MCMVs inhibit proliferation and induce apoptosis of human
HT29 colon cancer cells at similar or even lower doses than for the
permissive MC38 cells.

Increased Host Defense Mechanisms in MCMV versus HCMV-

Infected HT29 Cells

CMV replication in cells from a different species might be prohibited
due to the inability of the virus to overcome host defense mechanisms.
The data presented in Figure 4 are in agreement with this idea. A
similar level of viral IE-1 proteins was evidenced in HT29 cells in-
fected with either murine or human CMV at a high MOI (Figure 5A).
However, 24 h post-infection, IFN-b expression was highly increased
in MCMV- but not HCMV-infected cells, relative to uninfected cells
(Figure 5B). Similar results were obtained at day 7 (data not shown).
Because IFN-b possesses indirect anti-pathogen activity via the in-
duction of various ISGs and ND10, we examined in infected versus
control HT29 cells: (1) the expression of promyelocytic leukemia
(PML) and speckled protein of 100 kDa (SP100), two major compo-
nents of ND10, and (2) the transcription of a panel of ISGs that were
previously shown to be regulated in cancer.43–45 As observed in Fig-
ure 5C, the expression of PML and SP100 was upregulated 24 h post-
MCMV infection, while HCMV had no effect on the expression of
these genes. Similarly, the transcription of ISGs was differently
affected by the two viruses, with a reproducible (although non-signif-
icant) increase of IFI44, IFI44L, and ISG15 in 24 h-MCMV infected
cells only, relative to uninfected cells (Figure 5D). As a whole, these
results indicate that MCMV, by contrast to HCMV, is able to stimu-
late the type I IFN response in human tumor cells.

MCMV, but Not HCMV, Affects Human Colon Cancer Cell

Properties In Vitro

Our next in vitro experiments aimed at comparing MCMV versus
HCMV impact on diverse properties of human colon cancer cells.
3 days post-infection, 8%–10% cells stained positive for annexin V
among control and HCMV-infected HT29 cells, while 22% of
MCMV-infected HT29 cells were annexin V+ (Figure 6A). Moreover,
HT29 cell counts were much lower when the cells were infected with
MCMV, relative to control cells, or to HCMV-infected cells after
5 days of culture (Figure 6B).MCMVwas also able to target ametasta-
tic human colon cancer cell line (the SW480 cells), as evidenced by
lower cell counts in culture (Figure S2A), and increased expression
of annexin V in MCMV-infected cells only (Figure S2B). We next
tested the effect ofMCMV versus HCMV infection onHT29 cell cycle
and observed a slight decrease in the proportion of cells in G1 phase
concomitant to an increase in S phase in MCMV-infected cells only
(Figure 6C). Finally, wound-healing inhibition by MCMV but not
HCMV was shown using a scratch assay, suggesting an impaired
migratory phenotype induced byMCMVbut not HCMV (Figure 6D).

MCMV-Restricted Inhibition of Human Colon Cancer Cell

Growth in Mice

As a first approach to test the impact ofMCMVonhuman colon cancer
cell growth in vivo, HT29 cells were implanted s.c. in immune-deficient
mice that were concomitantly infected i.p. with MCMV (104 PFUs).
HT29 tumors barely developed in MCMV-treated mice and tumor
weights were very low compared to tumors from untreated mice (Fig-
ure 7A). The presence of MCMV IE-1 antigens was evidenced in HT29
tumors, although few cells stained positive relative to what we observed
previously withmurine colon cancer cells (Figures 7B and 1C). HCMV
had no effect onHT29 tumor growth in the same setting but this might
be because HCMV is unable to produce a systemic infection in mice.
For this reason, in another set of experiments, HT29 cells were pre-in-
fected with MCMV or HCMV before s.c. implantation in NSG mice.
Tumor growth was significantly inhibited by MCMV pre-infection in
contrast to HCMV and, at the end of the experiment, tumor masses
were much lower in MCMV-infected mice than in HCMV-infected
or control mice (Figure 7C). Thus, our results demonstrate that despite
species-specific barriers, MCMV can inhibit human tumor growth.

Inhibition of HumanCancerCell Growth by LocalMCMVTherapy

A third set of experiments was carried out to evaluate the effect of a
therapy based on local MCMV injections. Two peri-tumoral injections
were performed in the course of the experiment (Figure 8A). Tumor
development in mice receiving local MCMV therapy and control un-
infected mice was followed in parallel. Human cancer cell growth was
inhibited in mice challenged with MCMV and resulted in a reduction
in tumor weights (Figure 8A). Furthermore, tumors frommice treated
with local MCMV therapy showed a decreased proportion of Ki67+
cells (Figure 8B; Figure S3). Finally, IE-1+ cells were visualized in hu-
man tumors in mice receiving MCMV therapy at the end of the exper-
iment, although at low proportion (Figure 8C). In contrast, IE-1 was
undetectable in liver tissues, suggesting negligible viral dissemination
(Figure 8D). These results indicate thatMCMV could be used as a local
treatment to reduce human tumor growth.

DISCUSSION
Our results demonstrate that bothmurine and human tumor cells can
be infected with MCMV, which, even when not replicating in these
cells, induces a type I IFN response and decrease in tumor cell growth.
Molecular Therapy: Oncolytics Vol. 16 March 2020 253
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Figure 4. MCMV Affects Survival of Both Mouse and

Human Cancer Cells

Cell lines were infected with MCMV at different MOI for

72 h. (A) Cell viability of cells was assessed using an MTT

assay. (B) The proportion of annexin V+ cells was

measured by flow cytometry. Data represent the mean ±

SEM of 3 or 4 independent experiments. The proportions of

viable cells (A) and annexin V+ cells (B) between control and

infected cells were compared and statistics analyzed using

two-way ANOVA (*p < 0.05).
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First, we showed a viral dose-dependent inhibition of B16F10 and
MC38 murine cancer cell growth in highly immunodeficient mice in-
fected with MCMV. The presence of IE-1+ cells in MC38 tumors
in vivo, and the results of our in vitro analyses, suggest a direct viral
anti-tumor effect through cancer cell killing, although other mecha-
nisms might take place. In a recent study by Erkes et al.,28 a CD8+
ab T cell-dependent inhibition of tumor growth was observed in
immunocompetent mice, after intra-tumoral injection of MCMV in
B16F0 s.c. tumors. In our study, the absence of immune control in
NSG mice probably allows the virus (injected i.p.) to disseminate to
and reach distant sites and cancer cells. Although this scenario prob-
ably only rarely occurs in physiological situations, it might take place
with specific tumors and/or in particular contexts of immunosup-
pression. However, when using MCMV as a therapeutic agent to
target human cancer, using relatively high MOI appears necessary
to affect survival of human cancer cells and thus constitutes a guar-
antee of success with limited risk of dissemination due to the species
specificity barrier.

Decreasedmurine cancer cell viability was shown uponMCMV infec-
tion of B16F10 and MC38 cancer cells in vitro. Moreover, murine
cancer cells infected by MCMV produced infectious viral particles.
In both cancer cell lines, cell death was triggered as soon as IE-1+ cells
were detected, but a 100-fold lower viral dose was required to induce
the release of viral particles from B16F10 melanomas, relative to
MC38 colon carcinomas. This was unexpected since CMVwas shown
to poorly replicate in cancer cells, due to the expression of oncogenic
alleles that induce multiple blocks including inhibition of viral entry,
expression of IE genes and viral DNA replication.46

Increased apoptosis of murine cancer cells upon MCMV infection
in vitro did not preclude the possibility that MCMV could also oper-
ate through an indirect mechanism to inhibit cancer cell growth
in vivo, such as the release of soluble inhibitory factors by non-tu-
254 Molecular Therapy: Oncolytics Vol. 16 March 2020
moral cells. Interestingly, inhibition of human
HT29 tumors was also evidenced after i.p. infec-
tion with MCMV (Figure 6A), despite the fact
that most mouse cytokines do not cross-react
with human cells. In vivo infection of human
colon cancer cells with MCMV was suggested
by the presence of IE-1+ (Figure 7B) and
HLA-I+ (data not shown) cells in serial sections
of HT29 tumors. In vitro, apoptosis of MCMV-infected HT29 cells
correlated with IE-1+ staining; however, no viral particles were de-
tected in the supernatants, indicating that the viral lytic cycle was
aborted in human tumor cells, contrarily to murine cancer cells (Fig-
ure 3). Finally, few IE-1+ cells were detected within HT29 tumors
collected from MCMV-treated mice (Figures 7B and 8C), even
when human cancer cells were pre-infected with MCMV (data not
shown). This could be due to the preferential proliferation of remain-
ing non-infected cells in vivo or to an inhibition of murine viral
transcription/replication in the human cancer cell line.47

In addition to inducing HT29 cell apoptosis, MCMV was able to act
on various cellular functions, supporting its anti-tumor potential on
human colon cancer cells. MCMV infection of HT29 cells affected
wound healing, triggered a cell-cycle arrest in S-phase and inhibited
cell proliferation. Furthermore, HT29 cells infected by MCMV ex-
pressed IFN-b mRNA and, most likely, IFN-b protein, as suggested
by the induction of ISGs. This cytokine is probably involved in
HT29 growth inhibition since it was shown to activate caspase-depen-
dent apoptosis of HT29 cells,48 as well as to trigger the prolongation of
S-phase and to block subsequent transition into G2/M-phase.49

In vivo, anti-angiogenic activity of IFN-b has also been reported.50

Presumably, IFN-b independent inhibitory mechanisms also operate
in MCMV-induced tumor cell control. Increased apoptosis and
decreased cell counts in culture were shown in the infected SW480
colon cancer cell line as well, despite its reported defectiveness in
cGAS expression,51 a DNA-sensor involved in the IFN-response in
CMV-infected cells.4,5

In contrast to MCMV, HCMV (strain TB42-E) did not have a signif-
icant impact on HT29 colon cancer cells in vitro (Figure 6) and in vivo
(Figure 7). Using a different strain of HCMV (AD169), Teo et al.52

showed a significant increase in cell proliferation and viability, 48 h
post in vitro infection of HT29 cells. We also tested whether HT29



Figure 5. Increased Host Defense Mechanisms in

MCMV- versus HCMV-Infected HT29 Cells

(A) HT29 cells were left uninfected or subjected to MCMV

or HCMV infection (MOI = 20); staining of murine (MCMV)

and human (HCMV) IE-1 proteins was performed after 48

h. Images are representative of 2 to 3 independent ex-

periments. (B–D) HT29 cells were uninfected or infected

with MCMV or HCMV (MOI = 20). IFN-b (B),ND10 (C), and

ISG (D) mRNA levels were evaluated 6 h and 24 h post-

infection by qRT-PCR. Gene expression in infected cells is

expressed as fold change relative to expression in control

HT29 cells. Error bars represent the mean ± SEM of at

least 3 independent experiments. Two-way ANOVA sta-

tistical tests were used (*p < 0.05, **p < 0.005, ****p <

0.0001).
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cells can be infected by the Merlin strain, but no HCMV IE-1 Ag were
detected, in contrast to infection with TB42-E (Figure S4). While the
relationship betweenHCMV and cancer remains puzzling, our results
describe a selective advantage of MCMV over HCMV in fighting
human cancer. Peri-tumoral injection of MCMV inhibited of HT29
tumor growth. MCMV did not seem to disseminate to the liver of
mice. Although highly sensitive to MCMV, NSG mice did not show
clinical signs of infection along the course of the experiment, and
IE-1 proteins were not detected in the livers (Figure 8D).

During cross-species infection, a post-penetration block of viral repli-
cation occurs and limits viral spread.53,54 This block might be due to
the inability of the virus to prevent apoptosis1 or to subvert host de-
fense mechanisms. Indeed, IE-1 from MCMV was unable to coun-
teract human ND10 components, in contrast to IE-1 from HCMV.2

In line with these findings in non-tumoral cells, we found an
increased transcription of IFN-b, SP100, and PML in HT29 cells in-
fected by MCMV, but not HCMV. Therefore, we propose that
MCMV is unable to counteract cell intrinsic responses in human can-
cer cells.

The peculiar features of CMV (large DNA genome facilitating re-
combinant gene cloning, possible re-infection, induction of strong
and life-long immune surveillance), have led us to propose the use
of CMV as a viral vaccine vector.55–57 CMV-based cancer vaccines
are also under consideration and have shown some protection in
murine models of prostate cancer58 and melanoma,59 although
different efficacies were evidenced, depending on the antigenic
epitope and to the route of infection28,60 (reviewed in Qiu et al.61

and Quinn et al.62). However, therapeutic vaccination for late-stage
Molecula
cancer patients could be dangerous because of
their immunocompromised status and must
require the use of spread defective viral vari-
ants.63 Alternatively, recombinant MCMV
has been suggested as a potential antigen deliv-
ery vector in humans, due to its ability to target
dendritic cells without compromising their an-
tigen-presenting ability.64,65 Yet, CMV is not
considered as an oncolytic virus and has never been evoked as a po-
tential virotherapeutic agent to target tumors. Our study paves the
way for the development of undescribed therapeutic protocols based
on the local tumor delivery of MCMV, a strategy that could be of
relevance for treating cancer in immunocompromised recipients.
Using MCMV (or HCMV-based vectors containing MCMV pro-
teins) could activate cancer cell intrinsic responses that will ulti-
mately lead to cell death and could avoid uncontrolled and harmful
viral multiplication in human surrounding tissues. The induction of
IFN-b production by MCMV in cancer cells could also trigger
innate immune responses,66 limit neoangiogenesis,50 and increase
the control of tumor growth.

MATERIALS AND METHODS
Cell Lines and Viral Stocks

We used 8- to 12-week-old NSG male or female mice from the
Jackson Laboratories. The mice were housed in an appropriate
mouse facility and kept under pathogen-free conditions (Animalerie
A2, University of Bordeaux, France, approval n� B33-063-916).
Our laboratory is accredited for the manipulation of genetically
modified organisms (declaration no. 3153). This study was approved
by the Ethics Review Committee of Bordeaux (reference no.
2016092917471799-V2, APAFiS #7022).

C57BL/6-derived MC38 colon adenocarcinoma and B16F10 murine
melanoma cell lines were generously donated by Dr. B. Robert (Can-
cer Research Institute, Montpellier, France) and Dr. P. Voisin (Centre
de Résonance Magnétique des Sytèmes Biologiques, Bordeaux,
France). NIH 3T3 murine fibroblasts, HT29, and SW480 human
colon adenocarcinoma cell lines were from the American Type
r Therapy: Oncolytics Vol. 16 March 2020 255
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Figure 6. MCMV Affects Human Colon Cancer Cells

In Vitro, in Contrast to HCMV

HT29 cells were left uninfected or infected with MCMV or

HCMV (MOI = 20). (A–D) The impact of MCMV and HCMV

on apoptosis (A), culture cell counts (B), cell cycle (C), and

wound healing (D) was determined (for each technique

see the Materials and Methods section). Error bars

represent the mean ± SEM of 2–4 independent experi-

ments. Two-way ANOVA statistical tests were used (*p <

0.05, **p < 0.005, ****p < 0.0001).
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Culture Collections (ATCC, LGC Standards, Molsheim, France).
Cells were cultivated at 37�C, 5% CO2 in DMEM (GIBCO, Thermo
Fisher Scientific, Paisley, UK) supplemented with 8% of heat inacti-
vated fetal bovine serum (FBS) (HyClone Laboratories, GE Health-
care, Logan, UT, USA). All cell lines used were regularly tested for
the absence of mycoplasma.

MCMV infection was performed with the Smith strain (ATCC VR-
194, LGC Standards, Molsheim, France). For in vivo experiments,
the virus stock was prepared by homogenizing salivary glands
(SVGs) harvested from BALB/c mice (Charles Rivers Laboratory,
Saint-Germain-sur-l’Arbresles, France), which had been infected
3 weeks earlier with MCMV. For in vitro experiments, the virus stock
was prepared by successive passages on a NIH 3T3 cell layer. Virus
titer was determined by the standard plaque assay method on murine
embryonic fibroblasts (MEFs). For HCMV infection, we used the
256 Molecular Therapy: Oncolytics Vol. 16 March 2020
clinical strain of HCMV TB42-E (generously
donated by C. Sinzger, University of Tübingen,
Germany). Regarding the genomic integrity of
TB42-E strain, the sequence used was shown
to be intact apart from two genes: RL13 and
UL1 (A. Davison, personal communication).
The HCMV Merlin strain was generously
donated by C. Fielding (Cardiff University,
UK). HCMV stocks were prepared by successive
passages on a fibroblast cell layer.

Implantation of Tumor Cells and Infection of

Mice

For systemic MCMV infections (Figures 1A and
7A), the mice were anesthetized and subcutane-
ously given 5� 105 tumor cells (MC38, B16F10,
or HT29) in the right flank. The mice were in-
fected the same day by i.p. injection of 102 or
104 PFUs of MCMV or HCMV. In the experi-
ments described in Figure 7C, the mice were
anesthetized and subcutaneously given 5 �
105 HT29 control cells or HT29 cells that had
been pre-infected in vitro for 4 days with
MCMV or HCMV, at a MOI = 10. For local
MCMV therapy (Figure 8A), mice received
two peri-tumoral injections of 103 PFUs of
MCMV (SGV) at day 8 and at day 17. Tumor growth was monitored
by measuring the length and width of tumors with a caliper two to
three times per week. The tumor volume was estimated using the
following formula: tumor volume (mm3) = [length (mm) x width2

(mm)] / 2.

Infection of Cells and Detection of Viral Proteins In Vitro

NIH 3T3, MC38, B16F10, and HT29 cells were seeded at a density
of 3,000 cells per well in a 96-well plate in 100 mL of complete me-
dium. After 24 h, cells were infected at various MOI (0.01, 0.1, 1, 10,
and 100). After 48 h of incubation at 37�C, 5% CO2, the cells were
washed with phosphate buffered saline (PBS) and fixed. Endogenous
peroxidases were inhibited with an H2O2 solution for 20 min at
�20�C. Staining was performed using monoclonal antibody
(mAb) against MCMV IE-1 (clone Croma 101 from CapRi), mAb
against MCMV gB (clone Croma 7 from CapRi, University of



Figure 7. MCMV-Restricted Inhibition of Human

Colon Cancer Cell Growth in Mice

(A) NSG mice received s.c. injection of 5 � 105 HT29

tumor cells and were left untreated, or i.p. infected with

104 PFUs of MCMV or HCMV. Tumor growth was moni-

tored three times a week and tumors were weighted at the

end of experiment. Data represent the mean ± SEM of

tumor volumes and weights from 5–8 mice for 1 repre-

sentative experiment out of 2. Significant differences be-

tween control and infected mice are shown at different

time points. (B) IE-1 staining was performed on tumor

biopsies collected at the end of the experiment. Images

are from one representative mouse for each experiment.

Scale bar represents 50 mm. (C) NSG mice received s.c.

injection of 5 � 105 HT29 control cells or 5 � 105 HT29

cells pre-infected in vitrowith HCMV or MCMV (MOI = 10).

Tumor growth was monitored three times a week and

tumors were weighted 38 days post-infection, after sac-

rifice. Data represent the mean ± SEM of tumor volumes

and weight from 10 mice for 1 representative experiment

out of 2. (A) and (C) Statistical tests were two-way ANOVA

for tumor growth and Mann-Whitney for tumor weights

(*p < 0.05, ***p < 0.001, ****p < 0.0001).
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Rijeka, Croatia), mAb against HCMV IE-1 (Argene, Vernoile,
France), and Vectastain Universal Elite ABC Kit (Vector Labora-
tories, Peterborough, UK) following the manufacturer’s recommen-
dations. The revelation was done using the AEC Kit (Vector
Laboratories, Peterborough, UK).

Supernatant Transfer Experiments

NIH 3T3, MC38, B16F10, and HT29 cells were seeded at a density
of 3,000 cells per well in a 96-well plate in 100 mL of complete me-
dium. After 24 h, cells were infected with various MOIs (0.01, 0.1,
1, 10, and 100). After centrifugation and incubation for 1 h at
37�C, cells were washed with DMEM. Remaining viral inoculum
was eliminated using citric buffer at pH = 3. After 5 days of incu-
bation at 37�C, 5% CO2, supernatant was transferred on NIH 3T3
(3,000 per well) in a 96-well plate. IE-1 staining was performed
after 48 h.
Molecula
Analyses of Biopsies

The tumors (MC38 andHT29) and eventually the
livers were taken at the end of the experiments,
weighted, placed in cassettes, and fixed with 4%
paraformaldehyde for 4 h. The samples were
transferred to a 70% ethanol solution and
included in paraffin. Antigens were unmasked
on sections of 4 mm thick, by 30 min incubation
in Tris buffer (10 mM) EDTA (1 mM) at pH 9.
After inhibition of endogenous peroxidases with
3% H2O2 solution, nonspecific binding sites and
avidin were blocked by the blocking solutions
of Vectastain Universal Elite ABC Kit and
Avidin/Biotin Blocking Kit, respectively (Vector
Laboratories, Peterborough, UK). Staining was
performedusingmAb against Ki67 (clone sp6 Invitrogen, Life Technol-
ogies, Thermo Fisher Scientific, Waltham, MA, USA), mAbs against
MCMV IE-1 (clone Croma 101), and Vectastain Universal Elite
ABCKit. The revelation was done usingNovared (Vector Laboratories,
Peterborough, UK). A counterstaining was done in Mayer hemalun
before the analysis. The slides were scanned with the Pannoramic
Scan and analyzed with Pannoramic Viewer or Nikon camera.

Viability Assay

The viability of tumor cells and 3T3 post-infection withMCMVwas as-
sessed by an MTT assay. The cells were seeded at a rate of 500 to 2,500
cells per well according to the cell line in 96-well plate in 100 mL of
complete medium. After 24 h of adhesion, the cells were infected with
variousMOI (0.01, 0.1, 1, 10, and 100). After 3 days of infection, the cells
were incubated for 2 to 4 h at 37�C, 5% CO2 with 15 mL per well
of a solution of 3- (4,5-dimethylthiazol-2-yl) �2,5 bromide-diphenyl
r Therapy: Oncolytics Vol. 16 March 2020 257
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Figure 8. Inhibition of Human Cancer Cell Growth by

Local MCMV Therapy

20 NSG mice received s.c. injection of 5 � 105 HT29

uninfected cells. Half of mice bearing HT29 untreated

tumors (10) received local MCMV therapy at days 8 and 17

(103 PFUs). (A) Tumor growth wasmonitored three times a

week and tumors were weighted 33 days post-infection,

after sacrifice. Data represent the mean ± SEM of tumor

volumes and weights from 10 mice of 1 representative

experiment out of 2. (B) Ki67 staining was done on tumor

biopsies, at the end of experiment. Statistical tests were

two-way ANOVA for tumor growth and Mann-Whitney for

tumor weights and Ki67 staining (*p < 0.05, **p < 0.005,

***p < 0.001). (C and D) IE-1 staining was performed on

tumor biopsies (C) and liver (D). Scale bar represents

50 mm for tumors and 200 mm for liver. Arrows indicate

IE-1-positive cells.
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tetrazolium at 5 mg/mL (Sigma Aldrich, Merck, St. Louis, MO, USA).
The formazan crystals were then solubilized by the addition of 105 mL
per well of isopropanol containing 5% of formic acid. The optical
density was read at 570 nm with a Varioskan Flash (Thermo Fisher
Scientific, Waltham, MA, USA). The optical density absorbance of
themediumalonewas then subtracted from that of the conditions tested
to evaluate the specific absorbance of each condition.

Quantitative Real-Time PCR and qRT-PCR

HT29 cells were seeded at a rate of 2 � 105 cells per well in a 24-well
plate in 1 mL of complete medium. After 24 h of adhesion, the cells
were infected at MOI = 20 and incubated for 6 h, 24 h, or 48 h at
37�C, 5% CO2. RNA was prepared with the NucleoSpin RNA Plus
Kit (Macherey-Nagel Hoerdt, France). RNA quality and quantity
were analyzed using Agilent TapeStation System and DS-11 DeNovix
spectrometer, respectively. RNAwas converted to cDNAwith the Go-
258 Molecular Therapy: Oncolytics Vol. 16 March 2020
Script Reverse Transcription Kit (Promega, La
Farlede, France). The qRT-PCR was realized
using the GoTaq Master Mix from Promega,
La Farlede, France. Samples were distributed
by means of Eppendorf epMotion 5073 auto-
mated pipetting. PCR was performed with the
Bio-Rad CFX384 real-time PCR detection
system. All procedures were performed accord-
ing to the manufacturer’s instructions. The
following targets were analyzed: IFN-b, IFI6,
IFI44, IFI44L, IRF9, ISG15, PML, and SP100,
as well as MCMV I-E1 and gB. Primers
sequences are depicted in Table 1 and were pro-
vided by Sigma Genosys (The Woodlands,
USA). Fold change gene expression was calcu-
lated using the 2�DDCt method.

Cell-Cycle Analysis

HT29 cells were seeded at a density of 2 � 105
cells per well in a 24-well plate in 1 mL complete
medium. After 24 h of adhesion, the cells were infected at MOI = 20
and incubated for 48 h at 37�C, 5% CO2. After washing, the cells were
fixed with 70% ice cold ethanol for 1 h at 4�C. After centrifugation for
5 min at 400 g, cells were washed once using PBS, 1% BSA. Cells were
then stained with 0.5 mg/mL 40,6-diamidino-2-phenylindole (DAPI)
(Sigma Aldrich, St. Louis, MO, USA) for 30 min. Acquisition was
made using BD LSRFortessa and analysis with BD-DIVA software.

Annexin V Detection

Murine NIH 3T3, MC38, B16F10, and the human HT29 and SW480
colon cancer cells were seeded at a density of 3,000 cells per well in a
96-well plate in 100 mL of complete medium. After 24 h of adhesion,
the cells were infected at different MOI and incubated for 72 h at
37�C, 5% CO2. After PBS washing, cell apoptosis was determined
with the BD PharMingen FITC Annexin V Apoptosis Detection Kit
I (BD, Allschwil, Switzerland). Staining of annexin V was carried



Table 1. List of Primers Used for RT-PCR Analysis

Gene Sequence (50 to 30)
GenBank Access
Number

IRF9
50-GCCCTACAAGGTGTATCAGTTG-30

NM_006084
50-TGCTGTCGCTTTGATGGTACT-30

ISG15
50-GAGGCAGCGAACTCATCTTT-30

NM_005101
50-CTTCAGCTCTGACACCGACA-30

SP100
50-TCCATGACAAATTGCCTCTCC-30

NM_001206702
50-GAGATGGGGAACCCGAAGG-30

PML
50-CTTCTGCTCCAACCCCAAC-30

NM_033239
50-AAGGCACTATCCTGCTCCTG-30

IFI44
50-GGTGGGCACTAATACAACTGG-30

NM_006417
50-CACACAGAATAAACGGCAGGTA-30

IFI44L
50-TCTGCCATTTATGTTGTGTGACA-30

NM_006820
50-CAGGTGTAATTGGTTTACGGGAA-30

IFI6
50-GGTCTGCGATCCTGAATGGG-30

NM_022873
50-TCACTATCGAGATACTTGTGGGT-30

IFN-b
50-ATGACCAACAAGTGTCTCCTCC-30

NM_002176
50-GGAATCCAAGCAAGTTGTAGCTC-30

MCMV I-E1

50-CTCATGGACCGCATCGCTGACCAC
GTGGG-30

M11788.1
50-TGGCTGATTGATAGTTCTGTTTT
ATCA-30

MCMV gB
50-GGTAAGGCGTGGACTAGCGAT-30

M86302.1
50-CTAGCTGTTTTAACGCGCGG-30
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out according to the manufacturer’s instructions. Acquisition was
made on BD LSRFortessa and analysis was done with the FlowJo
(Tree Star) software.

Wound Healing Assay

For wound-healing assays, HT29 (1 � 106) were cultured in 6-well
plates for 24 h to obtain a confluent monolayer. Vertical artificial
scratches were made in the wells by scraping the cell monolayer along
the diameter of each well using a 10 mL pipette tip. Cells that separated
from the monolayer were removed. Then, medium with or without
MCMV atMOI = 20 was added. After 48 h in culture, the microscopic
images of the scratched area before and after treatment were obtained.
The percentage of wound healing was analyzed using ImageJ
software.

Statistical Analyses

Statistical studies were performed using GraphPad Prism 5 software.
For in vivo experiments, statistical tests were two-way ANOVA
(comparison of tumor volumes) and Mann-Whitney (comparison
of tumor weights). For in vitro experiments, statistical tests were
one-way or two-way ANOVA, as indicated in figure legends.
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