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Oncolytic adenoviral therapy is a promising approach for
pancreatic cancer treatment. However, the limited capacity of
murine cells to produce infectious viral progeny precludes
the full evaluation of the virotherapy in a suitable immunocom-
petent mouse model. Here, we report that the murine KPC-I
cell line, established from pancreatic tumors developed in
LSL-Kras®'?P; LSL—Trp53R17 2H, pdx-Cre mice, is susceptible
to adenoviral replication and generates a progeny of infective
virions similar to those from infected human A549 cells. A
comparative study with the semipermissive murine CMT64.6
cells reveals that adenoviral infection of KPC-I cells substan-
tially increases the release of infective particles, with a corre-
lating enhanced susceptibility to adenovirus-induced auto-
phagy. Remarkably, systemic delivery of the oncolytic
adenovirus AANuPAREIA in athymic mice bearing KPC-I tu-
mors results in significant inhibition of tumor growth. More-
over, KPC-I tumors in immunocompetent mice with intratu-
moral administration of AANuPAREIA or ICOVIR15kDelE3
display significant antitumoral effects, with evidence of adeno-
viral replication. Collectively, our data show that KPC-I cells
are permissive to human oncolytic adenovirus replication,
rendering KPC-I syngeneic tumors an interesting model to
evaluate the multifaceted antitumor activities of oncolytic
adenovirus.

INTRODUCTION

Oncolytic adenoviruses (OAs) are engineered to selectively replicate
and lyse tumor cells. The anticancer effects of OAs result from the
combined action of the lytic activity and the stimulation of an im-
mune response. In clinical trials, OAs have already demonstrated ef-
ficacy as a monotherapy or in combination with other immunother-
apies.' Of note, data from the trials highlight that therapeutic efficacy
can be improved by facilitating the antitumor immune response. Cur-
rent efforts in the field rely on a broad number of strategies to engi-
neer OAs with improved immunostimulatory functions.” However,
in addition to the anticancer immune effects, OA administration

also triggers an anti-viral response, and the balance between the
two immunities needs to be studied to identify optimal candidates
for clinical development.

Thus, the immunobiological effects of new-generation OAs should be
analyzed in reliable preclinical models. Syrian hamsters have been
used to study OAs, as they are partially permissive to human adeno-
virus species C replication, the most common adenoviral species in
virotherapy studies.” However, the limited availability of reagents,
as well as the complexity of animal housing and manipulation, re-
duces the utility of Syrian hamster models. The possibility of using
immunocompetent mouse models to study OA antitumor efficacy
has been hindered by the limited ability of human adenovirus to repli-
cate in murine cells. Early studies showed that adenoviruses replicate
1,000-fold lower in mouse cells than in human cells.* More recently, a
few murine cell lines of ovarian and lung cancer origin have been
identified that are minimally permissive to human adenoviral replica-
tion.” ® A failure of efficient protein synthesis, with reduced loading
of mRNAs (and especially late mRNAs) onto ribosomes, has been
proposed as a mechanism underlying the limited productive adeno-
viral infection in murine cells.”

Here, we demonstrate that KPC-I cells derived from a murine pancre-
atic cancer model are permissive to adenoviral replication. We show
that viral protein synthesis, and especially viral progeny release, is
significantly enhanced in KPC-I cells with respect to other murine
cancer cells. We used bulk RNA sequencing (RNA-seq) analysis to
identify a subset of genes that are deregulated in response to adeno-
viral infection, which highlights the pivotal roles of calcium signaling
and autophagy. Further, our data suggest that the permissiveness of
KPC-I cells to OAs is related to a higher susceptibility of KPC-I cells
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to autophagy-mediated cell lysis. Critically, we show that OAs can
trigger antitumor effects in KPC-I tumors in the context of both
immunodeficient and immunocompetent mice.

RESULTS

Murine KPC-I cells are susceptible to human adenovirus
infection

Human adenovirus type 5 (Ad5) replicates poorly in murine cells, and
this limits the evaluation of OA efficacy in immunocompetent
models. We studied the susceptibility of the murine pancreatic cancer
cell line KPC-I, established from spontaneous pancreatic tumors of
20-week-old, genetically engineered LSL-Kras®'?"; LSL-Trp53%'7*H,
Pdx-Cre (KPC) mice,'’ to Ad5 infection. KPC-I cells grow as mono-
layer cultures of epithelial morphology and maintain the genetic mu-
tations Kras“'*” and Trp53*"7?"" (Figures S1A and S1B).

We first analyzed their susceptibility to adenoviral transduction.
KPC-I cells were transduced with the non-replicative adenoviral vec-
tor AdTL(AdTrack-Luc) that expresses the green fluorescence pro-
tein (GFP) at different multiplicity of infection (MOI) levels (Fig-
ure S2A)."" Flow cytometry analysis of GFP-positive cells showed
close to 100% infectivity when cells were transduced at 100 MOI
(Figures S2B and S2C). At this viral dose, the murine lung carcinoma
cell line CMT64.6 was transduced at similar levels, but the murine
cancer cells CT26 and Pan02 displayed very low levels of adenoviral
transduction (Figure S2B). The human pancreatic cancer cell line
PANC-1 was about 10 times more susceptible to adenoviral transduc-
tion than KPC-I or CMT64.6 cells'* (Figure S2B). Expression analysis
by flow cytometry revealed that the coxsackie adenovirus receptor
(CAR) was expressed at high levels in PANC-1 cells but at similar
lower levels in both KPC-I and CMT64.6 cells (Figure S3). Likewise,
expression of the integrin B3 showed a similar percentage (from 99%
to 100%) of positive cells in KPC-I and CMT64.6 cells, while integrin
v was slightly lower expressed in CMT64.6 cells (Figure S3). Analysis
of the cell surfaces of the KPC-I, CMT64.6, and PANC-1 cells re-
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Figure 1. KPC-I cells produce infective viral progeny
(A) Representative images of plaque formation after
infection with the Adwt-E, showing bright-field (left) and
CMT64.6 GFP fluorescence (right). (B) Viral release from the
::ﬁél supernatant (SN) of the indicated cell lines infected with
Adwt-E at 1 or 10 MOI for 72 h. A fraction of the SN
was used to infect A549 cells, and the percentage of
GFP-positive cells was quantified after 30 h. (C)
Production of infective particles that were released (SN)
or in intracellular cell extracts (CEs) from CMT64.6 and
KPC-I cells infected with Adwt-E at 100 MOI for 48 h. A
fraction of the SN or CE was used to infect A549 cells,
- Asa9 and the percentage of GFP-positive cells was quantified
T after 30 h. (D) Viral production. A549 or KPC-l cells
were infected with Adwt-E at 30 or 100 MOI,
respectively, and CEs and SNs were harvested at the
indicated time points and titrated. Data are expressed
as the means + SEM of n = 3-5 independent replicates.
Significance was assessed using a two-tailed Mann-

Whitney test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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vealed strong expression of desmoglein-2 (DSG2) in all three cell lines
(Figure S3). As DSG2 has been identified as the primary high-affinity
receptor used by the adenoviruses Ad3, Ad7, Ad11, and Ad14, these
results suggest potential susceptibility of these cell lines to adenoviral
transduction with the indicated serotypes, and even to chimeric sero-
types, such as the commonly used Ad5/3, expanding their value in the
OA field.”® Altogether, these results show that the murine cell lines
KPC-I and CMT64.6 uptake adenoviral particles in a similar manner.

Murine KPC-I cells are permissive to human adenovirus
replication

Next, we assessed the permissiveness of KPC-I cells for adenovirus
replication. We infected KPC-I cells with the replication-competent
adenovirus Adwt-E (which expresses enhanced GFP as a late gene)
and performed a plaque assay. We observed lysis plaques surrounded
by cytopathic cells expressing GFP in different regions of the wells,
revealing the capacity of the virus to replicate and infect neighboring
cells (Figure 1A). We then compared the replication capacity of
KPC-I cells to the murine cell lines CMT64.6 (which was previously
described as semipermissive to adenoviral replicationS), CT26, and
Pan02. As a positive control, we used the human cell line PANC-1,
known to be highly permissive to adenoviral replication, similar to
A549 cells.!*1° Briefly, we infected cells with 1 or 10 MOI for 72 h,
used the supernatants as the source of virus to infect A549 cells for
30 h, and then determined the GFP-positive cells. We only detected
GFP expression in A549 cells that had been exposed to supernatant
from PANC-1 or KPC-I cells, suggesting that there was no virus pro-
duction in the murine CMT64.6, Pan02, or CT26 cell lines (Fig-
ure 1B). For Pan02 and CT26 cells, the absence of viral production
could be partially related to the low infectivity at the MOI used. How-
ever, other factors are likely involved in the resistance of CMT64.6
cells, as KPC-I and CMT64.6 cells displayed similar susceptibility to
adenoviral transduction (Figures S2B and S2C). Permissiveness to
adenoviral replication was also observed in KPC-II cells derived
from a different KPC tumor, suggesting that KPC cell lines have a
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Figure 2. Characterization of the intracellular steps of Adwt-E viral infection in CMT64.6 and KPC-I cells

(A) Entry and viral genome replication quantification in CMT64.6, KPC-I, and PANC-1 cells infected with 1 or 10 MOI of Adwt-E for 4, 48, or 72 h. Viral genomes were
quantified by gPCR of the L3 region. (B) Relative viral E1A and hexon mRNAs analyzed by RT-gPCR in CMT64.6 and KPC-I cells infected with 10 MOI of Adwt-E for 48 or 72 h.
CMT64.6 and PANC-1 results are expressed relative to KPC-I. (C) E1A and capsid viral proteins expression by western blot in CMT64.6, KPC-I, and PANC-1 cells infected
with 10 MOI of Adwt-E for 48 or 72 h. Quantification of E1A and hexon protein levels are expressed as relative to KPC-1. Data are expressed as the means + SEM of n =4
independent replicates. Significance was assessed using a two-tailed Mann-Whitney test. *p < 0.05, **p < 0.01, and ***p < 0.001.

comparable response to adenoviral infection (Figure S4). To further
study the susceptibility to viral replication, we tested the KPC-I and
CMT64.6 cells in a virus production assay. We infected both cultures
with Adwt-E at an MOI that resulted in 90%-100% of infection. At
48 h post-infection, the cell extracts (CEs) and supernatants were
used to infect A549. We observed significantly more GFP-positive
A549 cells in both the CE (4-fold) and supernatant (40-fold) from
KPC-I cells as compared to those from CMT64.6 cells, indicating
that KPC-I cells were much more permissive to adenoviral replication
(Figure 1C). Of note, the degree of replication and the kinetics of viral
production in KPC-I cells were similar to those of the reference hu-
man cell line A549. Strikingly, the extracellular component (i.e., the
supernatant) from KPC-I cells contained about 5 times more infective
viral particles than that from A549 cells, suggesting a higher viral
release in KPC-I cells (Figure 1D).

KPC-I cells are susceptible to adenovirus-mediated cell lysis by
autophagy

To further characterize the supportive adenoviral replication activity
in KPC-I versus CMT64.6 cells, we analyzed whether differences be-
tween the two cell lines were related to the capacity of the viral
genome to replicate inside the cells. We discarded the CT26 and
Pan02 cells due to their limited susceptibility to adenoviral transduc-
tion, and we used PANC-1 cells as a human cellular model. We as-
sessed for genome replication in cells infected with Adwt-E at 1 or
10 MOI and analyzed for the presence of intracellular genomes
over time (at 4, 48, and 72 h). We detected similar numbers of ge-

nomes in the two murine cell lines at 4 h, indicating equivalent viral
entry. The number of genomes was also similar between the murine
cell lines at 48 h, suggesting similar genome replication. At 72 h post-
infection, significantly higher viral genomes were observed when
compared to those at 48 h in KPC-I cells at the two MOI tested
and in PANC-1 when infected at 1 MOI, suggesting secondary infec-
tions in these cells. In all the conditions, the viral genomes were signif-
icantly lower in the murine cell lines than in human PANC-1 cells
(Figure 2A). We then examined the expression of early and late genes
at the transcriptional level. At 10 MOI, both the EIA and L3 (hexon)
genes were similarly transcribed in infected CMT64.6 (CMTTI) and in-
fected KPC-I (KPCI) cells at 48 h. At 72 h, we observed significant dif-
ferences in the mRNA expression of the two viral genes between cell
lines, probably because of the secondary infections occurring in
KPC-I cells, when infected at 10 MOI (Figure 2B).

Previous studies on Ad5 replication in murine cells have shown the
failure of late protein expression.” We observed higher expression
of E1A (an early protein) and the structural viral proteins (late pro-
teins) in KPCI cells as compared to CMT64.6 cells at the two time
points analyzed.

PANC-1 cells showed higher mRNA viral transcripts and protein
content at 48 h with respect to KPC-I cells (Figures 2B and 2C). How-
ever, at 72 h, the contents of E1A transcripts in PANC-1 and KPC-I
cells were similar (Figure 2B). This may be related to differences in the
viral kinetics between cell lines as well as secondary infections
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occurring in KPC-I cells but not in PANC-1 cells when they were in-
fected at 10 MOIL. Adwt-E expresses GFP as a late gene; similar to
what we observed for the viral proteins, GFP expression was much
lower in CMT64.6 cells at 48 h post-infection (Figure S5). Altogether,
these results showed that CMT64.6 and KPC-I cells displayed similar
levels of infectivity, genome replication, and viral mRNA transcrip-
tion but that protein expression of both early and late proteins was
more efficient in KPC-I cells.

To gain further insight into the mechanisms that support adenoviral
replication in murine KPC-I cells, we designed a transcriptomic study
in which we infected KPC-I and CMT64.6 cells with 100 MOI of
Adwt-E and then performed bulk RNA-seq at 40 h post-infection.
Mock KPC-I cells, untransduced KPC-I (KPCU), and KPCI cells clus-
tered together and differently than mock CMT64.6 cells, untrans-
duced CMT (CMTU), or CMTI cells, highlighting intercellular vari-
ability (Figure 3A). We observed transcriptional differences between
mock- and adenoviral-infected cells in both cell lines (Venn diagram,
Figure 3B). Differential gene transcriptional changes triggered by
infection between cell lines displayed a set of 1,353 deregulated genes
(p < 0.05). Gene Ontology (GO) analysis identified terms related to
ion transport and calcium signaling, with a signature of 24 downregu-
lated genes (Figures 3C-3E). Several of these genes were validated by
RT-qPCR, confirming the RNA-seq data and showing that CMTI
cells, but not KPCI cells, had a trend of a significantly upregulated
subset of genes (Figure 3F). Notably, several of these genes were
related to autophagy processes. Gene set enrichment analysis
(GSEA) identified enrichment of genes grouped in the GO term auto-
phagy (Figure 3G). Previous reports have shown that human Ad5 in-
duces cell lysis through autophagy.'® We investigated the autophagy
response to adenoviral infection in KPC-I and CMT64.6 cells by
analyzing the conversion of LC3-I to LC3-II at 32, 48, and 72 h after
viral infection. We only observed upregulation of LC3-II in KPCI
cells, indicating that the autophagy cascade was activated in KPC-I
cells but not CMT64.6 cells. In line with this, the levels of the p62 pro-
tein, which is degraded through autophagy, decreased in KPCI cells at
the latest time point (72 h) (Figure S6A). We observed similar results
in the human PANC-1 cell line following adenoviral infection (Fig-
ure S6B). Furthermore, adding 3-methyladenine (3-MA), an inhibitor
of autophagy initiation, to adenovirus-infected KPC-I or CMT64.6
cells diminished the viral progeny release only in KPC-I cells (Fig-
ure 4B). The lack of autophagy induction upon adenoviral infection
in CMT64.6 cells correlates with the low release of infective adeno-
viral particles (Figures 1B, 1C, and 4B). These results are in line
with previous observations demonstrating that autophagosome for-
mation is sufficient to disrupt the integrity of the cell membrane,
contributing to cell lysis and viral spread.'®

OAs trigger antitumor activity in KPC-I tumors generated in
either nude or immunocompetent mice

Next, we assessed the susceptibility of KPC-I cells to OA killing. For
this, we tested the oncolytic activity of the AANuPAREIA virus, pre-
viously generated in our laboratory.'”'® AANUPAREIA induced
KPC-I cytotoxicity in a dose-dependent manner, with 100% cell death
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at 100 MOI. KPC-I cells displayed higher sensitivity to adenoviral cell
killing than CMT64.6 cells, in line with their higher replication
permissiveness. The human PANC-1 cell line was more sensitive to
adenoviral cell death (Figure 5A). The oncolytic effects in KPC-I
were also observed with the OA ICOVIR15kDelE3, although
AdNuPARE1A displayed increased potency (Figure 5B).

To determine the ability of AANuPAREIA to control tumor growth
in vivo, KPC-I cells were subcutaneously implanted into the flanks of
nude mice, and then the mice were treated with 5 x 10*° viral particles
(vp)/mouse intravenously. AANuPAREIA controlled tumor growth in
a 20 day follow-up, consistent with the susceptibility of KPC-I cells to
adenoviral lysis (Figure 5C). Expression of E1A in the tumors at 20 days
after viral administration further indicated the presence of replicating
active virus (Figure 5D). However, the control of tumor growth was
less pronounced than in PANC-1 xenografts, as suggested from previ-
ous experiments."” This could be explained by the lower infectivity of
KPC-I as compared to PANC-1 (10-fold), which could diminish the
spread of the virus within the tumor.

Given the antitumor effects observed in KPC-I tumors in nude
mice, we next explored the efficacy of AdNuPARElA and
ICOVIR15kDelE3 in the more challenging setting of immunocompe-
tent mice. To partially overcome the limited infectivity, we performed
intratumor administration of 1 x 10"! vp/tumor three times (on days
15, 18, and 22) for KPC-I tumors generated in C57BL/6] immuno-
competent mice; we monitored tumor growth for up to 31 days.
Both AANuPAREIA and ICOVIR-15kDelE3 displayed similar anti-
tumor efficacy (Figure 6A). At day 31, the E1A and hexon mRNAs
were detected in AANuPARE1A-treated tumors, indicating the pres-
ence of an actively replicating adenovirus (Figure 6B). Hexon mRNA
was also detected in ICOVIR15kDelE3-treated tumors but at signifi-
cantly lower levels than in the AANuPARE1A-treated tumors (Fig-
ure 6B). We observed a similar trend when the viral genomes were
quantified (Figure 6C). Moreover, we found that tumors treated
with either virus produced infective viral progeny, further demon-
strating the permissiveness of KPC-I cells to Ad5 OA replication (Fig-
ure 6D). Strikingly, AANuPARE1A treatment induced a significant
and efficient increase in the mRNA levels of interferon (IFN)-y and
granzyme B, suggesting the activation of tumor infiltrates (Figure 6E).

Altogether, the results of this study show that KPC-I cells support hu-
man Ad5 replication, in part due to an enhanced release of adenoviral
progenies. OAs in KPC-I tumors are capable of controlling tumor
growth in nude mice when delivered systemically. Importantly, intra-
tumor administration in immunocompetent mice led to remarkable
antitumor efficacy. Thus, these results point to KPC-I cells as a
good model to study adenoviral-mediated antitumor responses and
evaluate the potential of combination with immunotherapies.

DISCUSSION

OA therapies are envisioned as attractive therapeutic modalities
against cancer. Even though clinical trials are already ongoing, special
efforts are needed to act against instances of neoplasia that have a
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Figure 4. Adwt-E induces the expression of
autophagic marks in KPC-I cells

(A) CMT64.6 and KPC-I were infected with Adwt-E at 100
MOI. Cells were harvested at 32, 48, and 72 h post-
infection, and LC3 | and LC3 |l protein expression levels
were measured by western blot. GAPDH detection was
used as loading control. Representative western blots
of n = 3 independent experiments are shown. (B) Viral
release from the supernatant (SN) of KPC-I and
CMT64.6 cells infected with Adwt-E at 5 MOI for 72 h in

3 Mock
3-MA

CMT64.6 KPC-l

the presence or absence of 1 mM 3-methyladenine (3-MA). A fraction of the SN was used to infect A549 cells, and the percentage of GFP-positive cells was quantified

after 30 h.

poor response to current therapies. This is the case of pancreatic
ductal adenocarcinoma, which currently is ranked the third-most
cause of cancer deaths and is expected to be the second-most cause
by 2030."”° To date, the efficacy of OA therapies against pancreatic
tumors mostly relies on xenograft models in nude mice, which, how-
ever, preclude the contribution of the immune system.”' >’ The lack
of a murine model that allows for efficient adenoviral replication has
been a strong limitation in the OA field and has hindered the evalu-
ation of their full potential that results from the combined effects of
the cytolytic activity and the antitumor immune response. Here, we
provide evidence that adenoviral replication in KPC-I murine pancre-
atic cancer cells induces cell lysis, likely mediated by a higher suscep-
tibility to adenovirus-induced autophagic cell death. We also demon-
strate in vivo oncolytic tumor growth control of AUNuPAREIA and
ICOVIR15kDelE3 in KPC-I tumors in nude and immunocompetent
mice.

The species restriction of human Ad5 replication is not absolute, but
clearly there is a failure in the efficient productivity of new infective
progenies in most of the murine cells tested. In this study, we show

GI12D and

that KPC-I cells, derived from tumors bearing Kras
Trp53%172H mutations, support adenoviral replication and cytolysis
induction. Interestingly, the levels of viral production and viral release
by KPC-I cells were close to what has been observed in human cells.
However, viral entrance was highly diminished in KPC-I cells, being
at least 10-fold lower than that in human PANC-1 cells, a cell line
highly susceptible to adenoviral infection. This could be related to
the limited expression of CAR in these cells, which could be mitigated
by engineering KPC-I cells with human CAR (hCAR) to facilitate
transduction. Nonetheless, viral entrance was independent of adeno-
viral replication. In fact, KPC-I cells displayed similar viral uptake to
the murine CMT64.6 cells.

Even though the CMT64.6 cell line has been reported to be semiper-
missive,” we observed poor adenoviral replication in these cells as
compared to KPC-I cells, with reductions in intracellular levels (4-
fold) and especially in the release of infective particles (40-fold).
The relative blocking of viral replication was not attributable to viral
genome replication nor to viral gene transcription but rather (at least
in part) to viral protein expression. Our data are in line with previous
studies showing a failure of translation of human adenovirus mRNA
in murine cancer cells due to poor recruitment to ribosomes.” We also
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observed that protein translation was significantly more impaired in
CMT64.6 cells.

Notably, the KPC-I and CMT64.6 cell lines present different muta-
tional landscapes: while both have K-Ras-activating mutations,
CMT64.6 has wild-type Trp53, but KPC-I carries the Trp53%'7? mu-
tation (the mouse ortholog to the human TP53%7H).* p53 regulates
a vast range of functions, and wild-type and mutant p53 often have
opposing roles, generating very complex and diverse scenarios.”’
Thus, the divergency in the Trp53 status, and other potential muta-
tions in each cell line, creates a singular genetic background that could
determine the response to adenoviral infection.

Even though E1A expression was lower in CMTT cells than in KPCI
cells, it was sufficient to enable similar levels of viral DNA replica-
tion in both lines, demonstrating that even a low E1A level can facil-
itate viral cycle progression. The reduced expression of late proteins
probably explained the diminished viral production determined in
CEs of CMT64.6 cells when compared to KPC-I cells. However,
the major impairment in CMT64.6 cells was observed in the release
of the infective particles, whereas KPC-I displayed a viral release
similar to human cells. Our transcriptomic study comparing the
response of each cell line to adenoviral infection pointed to a set
of differentially regulated genes, enriched in GO terms of cation
transport, ion transmembrane transport, and calcium signaling
pathway. These terms fit with the concept that viruses use calcium
components to elevate cytosolic calcium concentrations, which
then activate Ca®*-dependent/sensitive enzymes and transcriptional
factors, in turn promoting the viral cycle. This suggests that an
imbalance in the genes participating in these processes may alter
viral replication.”® We identified an autophagic gene set enrichment
and could demonstrate that an autophagy-mediated cell death
occurred in KPC-I cells, but not in CMT64.6 cells, upon adenoviral
infection. Importantly, treatment of KPC-I cells with the autophagic
inhibitor 3-MA, which regulates autophagic sequestration, reduced
viral release from KPCI cells. Autophagy correlates with cell lysis
induced by the virus, and it has been demonstrated that autophago-
some formation is sufficient to disrupt the integrity of membrane
structures in cells, allowing infective virions to be released.'® The
impaired induction of autophagy in CMTI cells that we observed
is in line with the small fraction of infective virions released from
CMT64.6 cells as compared to KPC-I cells.
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Several deregulated genes have been proposed to be involved in the
autophagic process. The calcium voltage-gated channels Cacnalc,
-1h, and -1i were induced upon infection in CMT64.6 cells but
not KPC-I cells. Calcium channels mediate ion fluxes across cellular
membranes and are regulators of both basal and induced autophagy.
However, the mechanisms by which specific ion channels regulate
autophagy are complex, with both stimulatory and inhibitory func-
tions.”” Calcium influx through voltage-gated calcium channels can
inhibit autophagy and silence the L-type CACNA1C/Cavl and CAC-
NA1D/Cavl.3 channels, resulting in an accumulation of LC3-1L.7
Moreover, Ca®" channel blockers induce autophagy due to the loss
of autophagy-suppressing Ca** signals.”® Verapamil, a Cacnalc
blocker, substantially enhances the cellular release of infective adeno-
virus.” Based on this, we can speculate that the upregulation of cal-
cium voltage-gated channels in CMTI cells permits an increased
influx of calcium-inhibiting adenovirus-induced autophagy.

The ryanodine receptor type 2 (RyR2) is another calcium channel that
was upregulated in CMTI cells but not KPCI cells. RYRs are endo-
plasmic reticulum (ER)-located calcium-permeable channels that
mediate the release of calcium from internal stores. The role of
RYRs in autophagy has been much less studied than those of other
calcium channels.’® For instance, depletion of RYR2 reduces mito-
chondrial calcium levels and increases autophagy in cardiomyo-
cytes.31 On the other hand, increased RYR2 activity in a model of Alz-
heimer disease inhibits autophagy.’® Thus, we could speculate that
the upregulation of RYR2 in CMTT cells could contribute to inter-
fering with adenovirus-induced autophagy.

Finally, another molecule involved in autophagy that showed major
changes in expression between CMT64.6 and KPC-I cells upon infec-

1 replicates. (B) Comparative in vitro cytotoxicity of
AdNUPARETA and ICOVIR15kDelES. KPC-I cells were
infected with the indicated viruses at doses from 0.1 to
100 MOI, and cell viability was assessed at 4 days after
infection. Data are expressed as the means + SEM of
n = 4 independent replicates. (C) Antitumor study. Nude
mice bearing subcutaneous KPC-I tumors were
intravenously injected with saline or 5 x 10'° vp/mouse
of AdNuPARE1A. Follow-up of tumor growth is
represented as the mean of tumor volume + SEM
(n = 12). (D) gPCR analysis of E1A mRNA levels at day
20. mRNA values are expressed relative to the Hprt1
and as fold changes relative to saline-injected tumors.
Each dot represents an individual tumor (n = 5-7). Data
are expressed as the means + SEM. Significance was
assessed using a two-taled Mann-Whitney test.
*p < 0.05, *p < 0.01, and **p < 0.001.

tion was protein kinase C B (PRKCB), a member of the classical
PRKC:s. Activation of PRKCB negatively modulates the mitochon-
drial energy status and inhibits autophagy, and its overexpression in-
hibits chemotherapy-induced autophagy.’** These genes are some
examples of potential actors that help to understand the different be-
haviors of CMT64.6 and KPC-I cells. However, many of the other
genes identified in the GSEA under the GO term autophagy might
also contribute. Thus, our study has identified a set of genes that
participate in the host response to adenoviral infection in CMT64.6
and KPC-I cells, which could impact adenovirus-induced autophagy
with implications in viral release.

Of note, our study also shows that treating KPC-I tumors with OAs,
either systemically or intratumorally, controlled tumor growth in
both nude and immunocompetent mice. Furthermore, we demon-
strated that the antitumor activity could be observed using two onco-
Iytic viruses with different backbones, the AANuPAREIA and the
ICOVIR15kDelE3. AUNuPARE1A showed more efficient replication
in vitro. In vivo, we detected virions at 10 days after intratumor
administration in the immunocompetent setting. Even though only
very low levels of virions were detected in ICOVIR15kDelE3-treated
tumors, injection with either virus triggered antitumor efficacy, sug-
gesting that the presence of the virus during the first days post-admin-
istration might be sufficient to control tumor size.

The KPC-I model opens the possibility of additional studies, as it in-
tegrates the full potential of oncolytic viral activity that results from
cytolysis and the antitumor immune response. One could envision
studies on OAs that incorporate immunomodulatory transgenes or
the evaluation of combination therapies based on OAs with immune
checkpoint inhibitors. Some of these strategies have already been
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Figure 6. Antitumor efficacy of AANuUPARE1A and ICOVIR15kDelE3 in KPC-I tumors generated in immunocompetent mice

(A) C57BL/6J mice bearing subcutaneous KPC-I tumors were intratumorally administered with saline, AANUPARE1A, or ICOVIR15kDelE3, at 1 x 10" vp/tumor, on
days 15, 18, and 22. Follow-up of tumor growth is represented as the mean of tumor volume + SEM (n = 10). *p < 0.05, **p < 0.01, and ***p < 0.001. (B) gPCR
analysis of E1A and Hexon mRNA levels at day 31. mRNA values are expressed relative to the Hprt1 and as fold change relative to saline tumors. Each dot represents
individual tumors (n = 5). Data are expressed as the means + SEM. * indicates significance between tumors receiving saline and virus-treated tumors, # indicates
significance between AANUPARE1A- and ICOVIR15kDelE3-treated tumors. (C) Viral genomes were quantified by gPCR of the L3 region. Values are expressed
relative to nanogram of DNA. Each dot represents individual tumors (n = 6-9). Data are expressed as the means + SEM. (D) Viral genomes in A549 cells infected with
supernatants from lysates of the indicated tumors. Values are expressed as the means + SEM of viral genomes relative to the albumin gene and relative to pg of
protein. (E) gPCR analysis of granzyme B and IFN-y mRNA levels at day 31. mRNA values are expressed relative to the Hprt1 and as fold change relative to saline
tumors. Each dot represents individual tumors (n = 5 or 6). Data are expressed as the means + SEM. Significance was assessed using a two-tailed Mann-Whitney
test. *p < 0.05, **p < 0.01, and ***p < 0.001.

35,36

tested in inefficient models, with relatively good responses.””” How-
ever, the lack of the Iytic effect mediated by the oncolytic virus in the
murine models tested likely minimized the achievements. Thus, the
KPC-I model described in the current study represents a more clini-
cally relevant model of human cancer to test OA therapies, with
added value for the translational perspective.

MATERIALS AND METHODS

Cell lines

Human cell lines A549 (lung carcinoma) and PANC-1 (pancreatic
carcinoma) were obtained from the American Type Culture Collec-
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tion (ATCC, Manassas, VA, USA). The murine cell line CT26 (colo-
rectal carcinoma) was obtained from the ATCC; Pan02 was obtained
from CLS Cell Lines Service (Cytion, Germany); CMT64.6, a clone
derived from CMT64 cells (lung carcinoma), was obtained by clonal
isolation and testing for sensitivity to adenoviral infection,” kindly
provided by Dr. Ramon Alemany (ICO-IDIBELL, Barcelona, Spain);
and KPC-I (pancreatic adenocarcinoma) cells were derived from a
KPC mouse tumor established by Dr. Eva Vaquero (IDIBAPS-
Hospital Clinic, Barcelona, Spain).'® All cell lines were routinely
tested for interspecies contamination. All cells were grown in Dulbec-
co’s modified Eagle’s complete medium supplemented with 10% fetal
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bovine serum, L-glutamine (2 mM), penicillin (100 U/mL), and
streptomycin (100 pg/mL) and maintained at 37°C in a humidified
atmosphere at 5% CO,.

Adenoviruses

Adenoviruses used in the study were AdTL, a replication-defective
adenovirus that expresses the GFP and the luciferase genes under
the control of the cytomegalovirus (CMV) promoter''; the replica-
tion-competent adenovirus Adwt-E (an Ad5wt that expresses
enhanced GFP as a late gene)21; and the OAs AANuPAREIA, which
incorporates an urokinase-type plasminogen activator receptor
(uPAR) minimal promoter and 3 x sequence-paired CSL-binding sites
(SPS) sequences that recognize the binding domain of the CSL tran-
scription factor characteristic of Notch-responsive genes, regulating
E1A transcription,'® and ICOVIR15kDelE3, which has a deletion of
the E3 gene in the ICOVIR15k backbone.”” Adenoviruses were ampli-
fied in HEK293 E1-transcomplementing cells (for AATL) or A549 cells
(for Adwt-E, AANuPARmEI1A, and ICOVIR15kDelE3) and purified
by cesium chloride density gradient ultracentrifugation according to
standard techniques. Titration of the resulting viral particle concentra-
tions was determined by optical density measurements at 260 nm
(OD260) and infective particle units, as previously described.*®

Reagents
3-MA was obtained from Sigma-Aldrich (St. Louis, MO, USA).

GFP quantification

GFP fluorescence from adenovirus-infected cells was assessed by flow
cytometry on a BD LSRFortessa Cell Analyzer 4L (BD Biosciences,
Franklin Lakes, NJ, USA).

Flow cytometry analysis of CAR, integrins, and DSG2

For CAR expression analysis, 3 x 10* KPC-I, KPC-II, CMT64.6, or
PANC-1 cells were washed once with PBS and then incubated for
30 min at 4°C with the polyclonal CAR antibody, PE Conjugated
(bs-2389R-PE; Bioss, Woburn, MA, USA). For av and B3 integrin
expression analysis, 3 x 10* KPC-1, KPC-II, or CMT64.6 murine cells
were incubated with a monoclonal antibody, anti-CD51-PE, or anti-
CD61-APC (BioLegend, San Diego, CA, USA) for 30 min at 4°C. For
DSG2 expression analysis, the indicated cell lines (at a concentration
of 3 x 10*) were incubated with the DSG2 antibody (F-8) Alexa Fluor
488 sc-365856 (Santa Cruz).

Samples were analyzed using the LSRFortessa Cell Analyzer 5L (BD
Biosciences) and FACSDiva software (BD Biosciences).

Plaque assay

KPC-I cells were seeded into 6-well plates at 2 x 10> cells/well. After
16 h, cells were infected with serial dilutions of Adwt-E. At 4 h after
infection, the medium was removed, and cells were washed three
times with PBS. A 1:1 (DMEM 10% FBS:1% agarose) solution was
added to the cells, and, once the agarose overlay had solidified,
another layer was added of fresh DMEM (10% FBS). Images were ob-
tained on the indicated day.

Viral production and release kinetics

Cell lines were seeded into 24-well plates at 5 x 10* cells/well and in-
fected with 1 or 10 MOL. At 4 h after infection, cells were washed three
times with PBS and incubated with fresh medium. The supernatant
containing viral particles was collected after 72 h. A fraction of each
supernatant was used to infect A549 cells, and the percentage of
GFP was quantified 30 h later. In the studies with KPC-I,
CMT64.6, or A549, cells were infected at an MOI that allowed
>90% of infection. Viral particles from the supernatants and CEs
were collected in triplicate at different time points after infection
and titrated in A549 cells.

Cell viability assay

Cells were seeded in 96-well plates at 5 x 10 cells/well and infected
with AANuPAREIA or ICOVIR15kDelE3 at the indicated MOIL. At
the indicated time points, cell viability was measured using an MTT
assay (Thermo Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s protocol.

Western blot analysis

Protein extracts were obtained in a lysis buffer (50 mM Tris-HCI [pH
6.8], 2% SDS, and 10% glycerol) containing 1% complete mini prote-
ase inhibitor (Roche, Indianapolis, IN, USA) and phosphatase inhib-
itor cocktail (Thermo Fisher Scientific). Cell lysates were boiled
(10 min at 98°C) and centrifuged (5 min at 16,000 x g) to eliminate
insoluble cellular debris. Protein concentrations were determined us-
ing the BCA Protein Assay Kit (Thermo Fisher Scientific). 20 ng of
protein extract was resolved by electrophoresis on an 8%-14% acryl-
amide gel and transferred to a PVDF membrane by standard
methods. After blocking, membranes were incubated with anti-Ad5
capsid antibody (1:1,000; Abcam, Cambridge, UK, ab6982) (for
capsid protein detection), anti-adenovirus-2/5 E1A [M73] (1:500;
Santa Cruz Biotechnology, Dallas, TX, USA, Sc-25), anti-LC3B
(1:500; Sigma-Aldrich, L7543), or anti-p62 (1:500; Abcam,
ab109012). Protein labeling was detected using HRP-conjugated an-
tibodies and visualized in the image reader LAS4000 (Fujifilm, Tokyo,
Japan). Equal sample loading was confirmed by comparing the levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Viral genome quantification

Cellular and viral DNA were obtained from infected cells or frozen
tumors using Norgen’s blood DNA isolation mini kit (Norgen Biotek,
Thorold, CA, USA). Adenoviral genomes were analyzed by qPCR on
a QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scien-
tific) using SYBR Green I Master Mix (Roche) as previously
described.”’ The primers used are listed in Table SI.

Quantification of mMRNA expression

Total and viral RNA were obtained from infected cells or frozen tu-
mors using an RNeasy Mini Kit (Qiagen Iberia, Barcelona, Spain),
500 ng were reverse transcribed using the PrimeScript RT-PCR Kit
(Takara Bio Europe, Saint-Germain-en-Laye, France), and the real-
time qPCR reaction was performed using the LightCycler 480
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SYBR Green I Master Mix (Roche). The results were normalized to
the HPRT1 expression. The primers used are listed in Table SI.

RNA-seq

Total RNA was extracted using an RNeasy Mini Kit (Qiagen)
following the manufacturer’s recommendations. RNA integrity was
examined with the TapeStation 4200 (Agilent, Santa Clara, CA,
USA), and high-quality RNA samples were sequenced. For
sequencing, the RNA-seq libraries were prepared according to the
standard Illumina protocol with the Stranded mRNA Prep Ligation
Kit and sequenced on a NextSeq 2000 sequencer (Illumina, San
Diego, CA, USA).

RNA-seq processing and differential expression analysis

The transcript abundance was estimated using the quasi-mapping-
based mode from the Salmon tool with the reference transcript
from Ensemble (v.GRCh38) and the FASTQ files containing the
reads.”® The RNA-seq data counts obtained with Salmon were then
analyzed using limma package v.3.6 available through the Bio-
conductor open source. The raw read counts were used as input to
form a DGEList object combining the counts and associated annota-
tions. Transcripts with at least 1 count per million (CPM) reads in all
samples were kept. Scale normalization was applied, and the calcula-
tion of the normalized signal was performed by the voom function of
the limma package. Differentially expressed genes (DEGs) between
case and control samples were identified using the DESeq2 package
in R* DEGs were selected with p < 0.05 and log, fold change
(FC)| > 2. DEGs were visualized using a heatmap created with the
R packages “ggplot2” and “pheatmap,” respectively. The Venn dia-
gram function from the limma R package was utilized to visualize
the number of upregulated and downregulated genes that are either
shared or exclusive to different case versus control DEGs.

Functional analysis

GSEA was run on the normalized dataset by comparing KPCI versus
CMTI and KPCU versus CMTU using the gseGO function from the
clusterProfiler R package.”' DEGs were ranked according to a new
metric calculated as sign(logFC)*—logl0(p value), and this ranked
list was used for the analysis. The Org.Mm.eg.db R package “Genome
wide annotation for Mouse” v.3.8.2. was used to provide genome-
wide annotation for the mouse reference genome. The Benjamini-
Hochberg correction method was applied to adjust p values for
multiple testing and control the false discovery rate (FDR). A p value
cutoff of 0.05 was set for significance.

Antitumoral efficacy

Subcutaneous tumors were induced in the two flanks of athymic nude
mice (ENVIGO, Indianapolis, IN, USA) or C57BL/6] mice (Charles
River, Wilmington, MA, USA) by injecting 3 x 10° KPC-I cells in a
ratio 1:1 with Matrigel. When tumors reached a volume of 40-
50 mm?, viruses were administered intravenously at 5 x 10'° vp/
mouse in the athymic group (at 8 days post-inoculation) or intratu-
morally in each tumor (1 x 10" vp/tumor) in immunocompetent
mice as indicated in the scheme (at 15, 18, and 22 days post-inocula-

10 Molecular Therapy: Oncology Vol. 33 March 2025

Molecular Therapy: Oncology

tion) (Figure 6A). The tumor volume was calculated using the equa-
tion V =0.5 x length x width®. Animal procedures met the guidelines
of European Community Directive 86/609/EEC and the local legisla-
tion (Decret 214/1997 of July 20 by the Department d’Agricultura,
Ramaderia i Pesca de la Generalitat de Catalunya) under the approval
of the Experimental Animal and Ethical Committee of the University
of Barcelona (CEEA).

Viral progeny analysis from infected tumors

Tumors were mock treated or treated with AdNuPAREIA or
ICOVIRI15kDelE3, and cells were lysed in PBS by 3 rounds of
freeze-thawing. After centrifugation, supernatants were used to infect
A549 cells. After 4 h, viral and cellular DNA were obtained using Nor-
gen’s Blood DNA Isolation Mini Kit (Norgen Biotek), and viral
genome quantification was performed as indicated.

Statistical analysis

Experimental data are represented by the mean + SEM of at least four
independent experiments. Statistical analysis was performed on
GraphPad Prism v.8.0.1 (GraphPad Software). Statistical differences
were evaluated using a two-tailed non-parametric Mann-Whitney
test. The in vivo tumor growth statistical analysis was evaluated using
R v.2.14.1 software with a linear mixed-effect model using the Ime4
package. Statistical differences were evaluated using a multiple com-
parison of means by Tukey contrasts. In all cases, p < 0.05 was taken as
the level of significance.

DATA AND CODE AVAILABILITY

Data are available within the published article and supplemental files. RNA-seq data are
deposited at the European Nucleotide Archive (ENA) (https://www.ebi.ac.uk/ena/
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