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KRAS mutant (KRASmut) lung adenocarcinoma is a refractory
cancer without available targeted therapy. The current study
explored the possibility to develop coxsackievirus type B3
(CVB3) as an oncolytic agent for the treatment of KRASmut

lung adenocarcinoma. In cultured cells, we discovered that
CVB3 selectively infects and lyses KRASmut lung adenocarci-
noma cells (A549, H2030, and H23), while sparing normal
lung epithelial cells (primary, BEAS2B, HPL1D, and 1HAEo)
and EGFRmut lung adenocarcinoma cells (HCC4006, PC9,
H3255, and H1975). Using stable cells expressing a single
driver mutation of either KRASG12V or EGFRL858R in normal
lung epithelial cells (HPL1D), we further showed that CVB3
specifically kills HPL1D-KRASG12V cells with minimal harm
to HPL1D-EGFRL858R and control cells. Mechanistically, we
demonstrated that aberrant activation of extracellular signal-
regulated kinase 1/2 (ERK1/2) and compromised type I inter-
feron immune response in KRASmut lung adenocarcinoma cells
serve as key factors contributing to the sensitivity to CVB3-
induced cytotoxicity. Lastly, we conducted in vivo xenograft
studies using two immunocompromised mouse models. Our
results revealed that intratumoral injection of CVB3 results
in a marked tumor regression of KRASmut lung adenocarci-
noma in both non-obese diabetic (NOD) severe combined im-
munodeficiency (SCID) gamma (NSG) and NOD-SCID xeno-
graft models. Together, our findings suggest that CVB3 is an
excellent candidate to be further developed as a targeted ther-
apy for KRASmut lung adenocarcinoma.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related death in both males
and females in North America and worldwide.1,2 Currently, most pa-
tients with lung cancer are diagnosed at an advanced stage when
potentially curative treatment is no longer possible. Histologically,
adenocarcinoma is the most common type of lung cancer.3 Further
subcategorization has been achieved by molecular criteria, such as
specific driver mutations in genes that encode signaling proteins
crucial for cellular proliferation and survival.4 Somatic mutations in
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epidermal growth factor receptor (EGFR) have been identified in
�15% of all patients with lung adenocarcinoma, with the proportion
increasing to 50% in patients who have never smoked.4 Although pa-
tients with EGFR mutant (EGFRmut) lung adenocarcinoma have
increased sensitivity to tyrosine kinase inhibitors, primary and ac-
quired resistance toward these agents remains a major clinical
obstacle.5 Conversely, Kirsten rat sarcoma viral oncogene homolog
(KRAS) mutations are more common in patients who had a history
of cigarette smoking and account for �25% of lung adenocarci-
nomas.6 However, these patients have a poor prognosis because of
the lack of survival benefit from adjuvant chemotherapy and resis-
tance to targeted kinase inhibitors.7 Therefore, there is an urgent
need for developing new therapeutics for this subgroup of the
patients.

Oncolytic virus (OV) is clinically defined by its ability to induce lysis
of malignant cells through a self-replication process without causing
damage to normal tissues.8,9 Over the past decades, a better under-
standing of tumor biology and molecular mechanisms of viral cyto-
toxicity has provided a scientific rationale to develop more efficient
oncolytic viruses as potent, self-amplifying cancer therapeutics.10

As a result, several viruses including adenovirus, herpes simplex virus
1 (HSV-1), coxsackievirus A21 (CVA21), measles virus, and reovirus
have demonstrated varying degrees of success in clinical trials,11–16

whereas a modified HSV-1 has been approved by the US Food and
Drug Administration in October 2015 for the treatment of mela-
noma.17 On the other hand, there are still several hurdles to overcome
for oncolytic viruses to become clinically effective, which includes
pyright ª 2019
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poor tropism for targeted organs and pre-existing immunity against
oncolytic virus replication in adults.10

Coxsackievirus type B3 (CVB3), a non-enveloped, human pathogenic
enterovirus of the Picornaviridae family, encompasses a 7.4-kb single-
stranded, positive-sense RNA genome. Although CVB3 infection is
associated with high incidence of myocarditis, pancreatitis, meningi-
tis, and encephalitis in children and adolescents, infection in adults is
generally asymptomatic or causes mild flu-like symptoms.18–20

Recently, large-scale screening of 28 enterovirus strains has identified
CVB3 as one of the most potent oncolytic viruses against a panel of
different human cancer cells, including non-small-cell lung cancer
(NSCLC).21 In addition to its natural tropism for NSCLC cells,
CVB3 also possesses two features that make it an excellent candidate
for oncolytic virotherapy. First, CVB3 preferentially infects and lyses
actively dividing cells over quiescent cells, thus activation of onco-
genic signaling pathways within tumor cells creates a permissive
microenvironment supporting virus replication.22 Second, CVB3
infection is profoundly inhibited by type I interferon; as a result,
normal cells with intact interferon signaling are more resistant to
CVB3 infection than tumor cells that often display an impaired inter-
feron signaling.23–25

In this study, we showed that wild-type (WT) CVB3 specifically tar-
gets KRASmut lung adenocarcinoma cells with limited effects on
normal lung epithelial cells and EGFRmut lung adenocarcinoma
cells. Mechanistically, we demonstrated that enhanced extracellular
signal-regulated kinase 1/2 (ERK1/2) activation and impaired type I
interferon response contribute, at least in part, to the sensitivity of
KRASmut lung adenocarcinoma cells to CVB3-induced cytotoxicity.
Xenograft models of lung adenocarcinoma demonstrated that treat-
ment with WT-CVB3 results in a significant decrease in tumor size
in immunocompromised mice bearing KRASmut lung adenocarci-
noma. Taken together, our findings suggest that CVB3 could be an
excellent candidate for further development into a novel oncolytic
virus for the treatment of KRASmut lung adenocarcinoma.

RESULTS
CVB3Specifically Infects andDecreases the Viability ofKRASmut

Lung Adenocarcinoma Cells

The development of targeted therapies to driver oncogenes has led to
a substantial benefit for NSCLC patients carrying EGFR and other
specific mutations; however, KRAS mutations are currently undrug-
gable. This evokes us to question whether CVB3-based virotherapy
can be a novel approach targeting KRASmut lung adenocarcinomas.
In fact, previous studies have shown that tumor selectivity of several
oncolytic viruses can be enhanced by gain-of-function mutations in
given oncogenes of the Ras-signaling pathways.26 To test our hypoth-
esis, seven patient-derived lung adenocarcinoma cell lines, including
three KRASmut (H23, H2030, and A549) and four EGFRmut (H1975,
H3255, PC-9, and H4006) cells were selected to examine their sensi-
tivities to CVB3 infection. We also chose three normal lung epithelial
cell lines (1HAEo, HPL1D, and BEAS2B) and primary airway epithe-
lial cells isolated from normal donors to evaluate the specificity of
CVB3 treatment in vitro. As shown in Figure 1A, CVB3 exhibited
powerful cytotoxic activities against KRASmut lung adenocarcinoma
cells in a dose-dependent manner. However, EGFRmut lung adenocar-
cinoma cells and normal lung epithelial cells displayed only minimal
cytopathic effects after 48-h infection with CVB3 even at the highest
MOI tested. Cell viability assays further validated that CVB3 infection
resulted in a profound reduction (�85%) of cell survival in KRASmut

lung adenocarcinoma cells (Figure 1B). No significant reduction in
cell viability in EGFRmut lung adenocarcinoma cells or slight decrease
of cell survival in normal lung epithelial cells was observed upon
CVB3 infection, especially at the lower dose of CVB3 (Figure 1B).
Moreover, we examined the replication ability of CVB3 in lung
adenocarcinoma and normal lung epithelial cells by plaque assay. Fig-
ure 1C showed that the virus titers in the supernatant of CVB3-in-
fected KRASmut lung adenocarcinoma cells were significantly higher
than those from EGFRmut lung adenocarcinoma and normal lung
epithelial cells, suggesting that CVB3-mediated oncolytic effect is
highly associated with its replicative capacity. As a positive control,
we showed that WT-CVB3 infection of HeLa cells, a human cervical
cancer cell line that has previously been shown to be extremely sen-
sitive to CVB3 infection, caused substantial lysis at all concentrations
tested (Figure 1D). Together, these results indicate that CVB3 specif-
ically infects and kills KRASmut lung adenocarcinoma to exert its on-
colytic effects through self-replication.

KRAS Mutation Is a Determinant of Lung Adenocarcinoma

Susceptibility to CVB3-Induced Cell Death

It has become evident that lung adenocarcinoma is a heterogeneous
disease marked with a high rate of somatic mutations.4,27 In addition
to the driver oncogene, each lung adenocarcinoma cell line tested in
this study has multiple somatic mutations that may produce a syner-
gistic role in supporting viral replication. Therefore, to specifically
determine the effect of KRAS or EGFR mutation on CVB3 tropism,
we generated isogenic cells from the normal lung cell line HPL1D ex-
pressing a single driver mutation of eitherKRAS (KRASG12V) or EGFR
(EGFRL858R). HPL1D cells expressing GFP were used as a negative
control. Western blot analysis verified overexpression of KRAS or
EGFR in these cell lines (Figure 2A). We found that WT-CVB3 spe-
cifically targeted and lysed HPL1D-KRASG12V cells with very minimal
harm to HPL1D-EGFRL858R and normal cells (Figures 2B–2D), and
UV-inactivated CVB3 (UV-CVB3) failed to cause apparent cell death
(Figure 2E). Our results indicate thatKRASmutation is a determinant
of viral sensitivity.

ERK1/2 Signaling in KRASmut Adenocarcinoma Cells Enhances

CVB3 Replication

We next investigated the potential mechanism by which CVB3 pref-
erentially replicates in KRASmut lung adenocarcinomas. Previous
in vitro and in vivo evidence has demonstrated that CVB3 replication
relies largely on the activation of oncogenic signaling pathways,
among which the ERK1/2 signaling is the best characterized and
proven to be the most important signaling pathway hijacked by
CVB3 for effective replication.28,29 To determine the potential contri-
bution of ERK1/2 activation in permissiveness to CVB3-mediated cell
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Figure 1. CVB3 Selectively Infects and Lyses

KRASmut Lung Adenocarcinoma Cells

Various lung adenocarcinoma cells, including patient-

derived KRASmut (H23, H2030, and A549), EGFRmut

(H1975, H3255, PC-9, and H4006), and normal lung

epithelial cells (1HAEo, HPL1D, BEAS2B, and primary

airway epithelial cells) were sham or CVB3 infected at

different MOIs as indicated for 48 h. (A) Cytotoxicity was

evaluated by crystal violet staining. (B) Cell viability was

determined by the MTS assay. Each value of CVB3-in-

fected cells was normalized to that of sham-infected cells

(arbitrarily set at a value of 1) and expressed asmean ±SD

(n = 3). #p < 0.001; &p < 0.005; xp < 0.01 compared with

sham infection. (C) Virus titers in the supernatant of cells

infected with CVB3 at an MOI of 0.1 for 24 h were

measured by plaque assay. The results are presented as

means ± SD (n = 3). (D) HeLa cells were infected with

CVB3 at various MOIs as indicated for 48 h. Cytotoxicity

and cell viability were determined as above. #p < 0.001

compared with sham infection.
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death, we examined ERK1/2 activation or phosphorylation status in
different lung adenocarcinoma cells and isogenic HPL1D cells ex-
pressing different mutant oncogenes. We found that the ERK1/2
was activated or phosphorylated in KRASmut cells to a greater degree
as compared with EGFRmut and normal lung epithelial cells (Figures
3A and 3B). We further showed that inhibition of ERK1/2 using a
mitogen-activated protein kinase kinase 1/2 (MEK1/2) inhibitor
(U0126) decreased viral protein levels and virus titers in a dose-
dependent manner in both patient-derived KRASmut H2030 (Figures
3C and 3D) and HPL1D-KRASG12V cells (Figures 3E and 3F).
Together, our data suggest that enhanced ERK1/2 activation contrib-
utes, at least in part, to the susceptibility of KRASmut lung adenocar-
cinoma cells to CVB3-induced cytotoxicity.

CVB3-Induced Type I Interferon Production Is Impaired in Cells

Expressing KRASmut

Because type I interferon plays a key role in the innate immune
response against CVB3 infection, we also questioned whether
268 Molecular Therapy: Oncolytics Vol. 14 September 2019
increased CVB3 susceptibility of KRASmut cells
could be a result of compromised type-I inter-
feron response. HPL1D cell lines stably express-
ing GFP (control), KRASG12V, or EGFRL858R

were used to determine Ifnb1 (IFN-b gene)
expression upon sham or CVB3 infection at
an MOI of 1.0 for different time points (Fig-
ure 4A) or at various MOIs for 7 h (Figure 4B).
As expected, infection with CVB3 resulted in an
upregulation of Ifnb1 (IFN-b) gene in HPL1D-
GFP control cells in a time- and dose-dependent
manner (Figure 4). This induction of Ifnb1 gene
was significantly suppressed in HPL1D-
KRASG12V cells, but further enhanced in
HPL1D-EGFRL858R cells (Figure 4). Our results
suggest that impaired type I interferon production in KRASG12V cells
may serve as an additional factor contributing to selective CVB3 repli-
cation and consequent oncolysis in these cells.

To further understand the mechanism by which KRASG12V inhibits
CVB3-induced Ifnb1 gene production, we examined the phosphor-
ylation status of eukaryotic initiation factor 2a (eIF2a) as a marker
of the activation of the double-stranded RNA (dsRNA)-activated
protein kinase R (PKR). As a pattern recognition receptor for viral
dsRNA, PKR has been shown to be significant for type I interferon
production during viral infection.30 As shown in Figure 4C, we
found that the levels of phosphorylated eIF2a were markedly
increased at 7 h after CVB3 infection in all three cell types, consist-
ing with our early findings.31 However, neither KRASG12V nor
EGFRL858R appeared to affect the phosphorylation status of
eIF2a, indicating that suppression of Ifnb1 production in cells ex-
pressing KRASG12V is not through inactivation of the PKR-eIF2a
pathway.



Figure 2. CVB3 Specifically Infects and Kills Lung

Epithelial Cells Stably Expressing KRASmut

(A) HPL1D cell lines stably expressing GFP (control),

KRASG12V, or EGFRL858R were harvested, and protein

expression of RAS and EGFR was validated by western

blot analysis. (B) Various HPL1D stable cells were sham or

CVB3 infected (MOI = 1) for 48 h. Cell morphology was

examined by light microscopy (original magnification�10).

(C and D) Various HPL1D stable cells were sham or CVB3

infected at different MOIs as indicated for 48 h. Cytotox-

icity was examined by crystal violet staining (C). Cell

viability wasmeasured by theMTS assay (D). Each value of

CVB3-infected cells was normalized to that of sham-in-

fected cells, which was arbitrarily set at a value of 1, and

presented as the mean ± SD (n = 3). xp < 0.01, #p < 0.001

compared with sham infection. (E) Different HPL1D stable

cells were sham infected or infected with UV-CVB3 at

various MOIs as indicated for 48 h. Cell viability was

measured by MTS assay and normalized as above.
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Protein Level of Viral Receptors Is Not a Major Determinant

of Increased Susceptibility of KRASmut Lung Adenocarcinomas

to CVB3

The coxsackievirus-adenovirus receptor (CAR) is the primary re-
ceptor responsible for CVB3 internalization.32 We next sought to
determine whether CAR expression is a determining factor for
the sensitivities of lung adenocarcinoma to CVB3-induced cell
death. Western blot results showed that protein levels of CAR
were noticeably higher in H23 and H2030 (KRASmut) cells as
compared with H1975, HCC4006, and H3255 (EGFRmut) and
normal lung epithelial cells, indicating a potential relationship be-
tween KRAS status and CAR expression (Figure 5A). To assess the
effects of KRAS activation on CAR, we examined protein levels of
CAR in tetracycline-inducible HPLID-KRASmut stable cells. Of in-
terest, we found that addition of doxycycline resulted in decreased
CAR levels (Figure 5B). This finding was further confirmed with
the experiment of KRAS inhibition, which showed that treatment
Molecular The
with ARS853, a KRASG12C inhibitor, increased
protein levels of CAR in both H23 and H2030
KRASmut lung adenocarcinomas cells (Fig-
ure 5C). CAR expression has been previously
reported to be associated with ERK1/2
signaling.33 We further questioned whether
ERK activation plays a role in KRAS-induced
downregulation of CAR. Consistent with the
early report,33 we found that inhibition of
ERK1/2 with U0126 caused an upregulation
of CAR in both H23 and H2030 KRASmut cells
(Figure 5D). Moreover, through the assess-
ment of expression levels for the gene
(CXADR) encoding CAR across a panel of
230 lung adenocarcinoma tumors profiled by
The Cancer Genome Atlas (TCGA), we found
that the transcriptional levels of CXADR between KRASmut and
EGFRmut (and KRASmut and KRAS/EGFRWT) tumors were statisti-
cally insignificant (Figure 5E). Finally, we performed virus uptake
assay using HPL1D stable cell lines expressing GFP, KRASG12V, or
EGFRL858R to determine whether increased viral particle uptake is a
factor contributing to viral sensitivity of KRASmut cells. As shown
in Figure 5F, we observed no significant differences in virus uptake
between control and KRASmut or EGFRmut cells. Taken together,
our results suggest that KRAS negatively regulates CAR expression
via ERK1/2 activation, and that enhanced protein levels of CAR
detected in H23 and H2030 cells are independent of KRAS activa-
tion. Thus, CAR expression and/or altered virus entry are unlikely
major determinants for the hypersensitivity of KRASmut lung ade-
nocarcinomas to CVB3-induced cell death. We also examined the
protein levels of decay-accelerating factor, the co-receptor for
CVB3,34 in various lung adenocarcinomas cells. However, no
apparent changes were observed (data not shown).
rapy: Oncolytics Vol. 14 September 2019 269
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Figure 3. Aberrant Activation of ERK1/2 Signaling in

KRASmut Lung Adenocarcinoma Cells Promotes

CVB3 Replication

(A and B) Levels of p-ERK1/2 in various adenocarcinoma

and normal lung epithelial cells (A) or in HPL1D cells

stably expressing GFP (control), KRASG12V, or EGFRL858R

(B). (C–F) Inhibition of ERK1/2 activation blocks CVB3

replication in KRASmut cells. H2030 (C and D) and

HPL1D-KRASmut cells (E and F) were infected with CVB3

(MOI = 10) in the presence or absence of different con-

centrations of MEK inhibitor U0126 as indicated for 7 h.

Cells were harvested for western blot analysis of p-ERK1/

2, VP1, and b-actin (C and E). Protein levels of VP1 and

p-ERK1/2 were quantitated by densitometric analysis

using NIH ImageJ, normalized to b-actin, and presented

underneath of each blot as fold changes compared with

the first lane (arbitrarily set at a value of 1) of sham or

CVB3 infection as indicated. Culture medium was

collected for plaque assay (D and F), and the results are

presented as means ± SD (n = 3). *p < 0.05 as compared

with vehicle-treated controls (�).
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Intratumoral Injection of CVB3 Leads to a Significant Regression

of KRASmut Xenograft Lung Tumors in an NSG Mouse Model

We next conducted xenograft animal experiments using KRASmut

H2030 cells to determine the anti-tumor effects of CVB3 in vivo.
We first used non-obese diabetic (NOD) severe combined immu-
nodeficiency (SCID) gamma (NSG)-immunodeficient mice, where
immunity is completely abolished because of the lack of mature
T cells, B cells, and functional natural killer (NK) cells.35 A pilot
study was performed with four different dosages of CVB3 (i.e.,
5 � 104, 5 � 105, 5 � 106, and 5 � 107 plaque-forming units
[PFUs]), demonstrating similar results in terms of tumor regres-
sion and mortality rate (data not shown). Figures 6A and 6B
showed that intratumoral injection of WT-CVB3 at 5 � 104

PFUs resulted in a dramatic reduction in KRASmut xenograft tumor
volumes, whereas tumor sizes continued to increase with the treat-
ment of UV-CVB3. The tumor volume of mice exposed to WT-
CVB3 on day 15 was �12-fold smaller than that of mice exposed
to UV-CVB3, suggesting that CVB3 potently kills KRASmut lung
270 Molecular Therapy: Oncolytics Vol. 14 September 2019
adenocarcinoma in vivo, irrespective of im-
mune response. Despite significant regression
of KRASmut xenograft tumors, as shown in Fig-
ure 6C, mice obtained no survival benefit
after WT-CVB3 treatment, and all mice were
euthanized on days 12–15 because of sickness
(according to the endpoints approved by the
Animal Care Committee at the University of
British Columbia). To examine possible comor-
bidities associated with WT-CVB3, we
compared virus loads in the xenograft tumors
and different organs. Figure 6D showed that,
in addition to tumor, viral replication was
also detected in various mouse organs, in
particular the heart, suggesting an active systemic viral infection
following intratumoral injection of WT-CVB3.

Intratumoral Injection of CVB3Results in a Significant Reduction

in KRASmut Tumor Size in NOD-SCID Immunocompromised

Mice

It is well documented that the host innate immune response plays a
crucial role in limiting viral spread.36 To determine whether partial
recovery of innate immunity could attenuate the capability of
CVB3 in killing tumors, we carried out the xenograft experiments us-
ing NOD-SCIDmice, which have residual innate immunity including
defective NK cells, macrophages, granulocytes, and complement.35

To investigate whether CVB3 has local and/or systemic oncolytic ef-
fects on tumors, lung adenocarcinoma cells were injected subcutane-
ously into the bilateral flanks of the mice, and a subsequent one-dose
injection of WT-CVB3 was administered only in the left flank tumor.
We found that KRASmut tumor volume significantly decreased on
both flanks of mice, suggesting a possible systemic effect of local



Figure 4. KRAS Mutation Leads to Impaired Type I Interferon Response in

CVB3-Infected Human Lung Epithelial Cells

(A) HPL1D cell lines stably expressing GFP (control), KRASG12V, or EGFRL858R were

sham or CVB3 infected (MOI = 1.0) for the indicated time points. (B) Various HPL1D

stable cells were either sham treated or infected with indicated MOIs of CVB3 for 7

h. Ifnb1 gene levels were quantified by qRT-PCR, and the results were presented as

relative mRNA quantity normalized to GAPDH (means ± SD, n = 3). xp < 0.01, *p <

0.05 compared with sham infection. (C) HPL1D cell lines stably expressing GFP

(control), KRASG12V, or EGFRL858R were sham or CVB3 infected (MOI = 1.0) for the

indicated time points. Western blot analysis was conducted to determine protein

expression of p-eIF2a, eIF2a, and b-actin. Level of p-eIF2a was quantitated by

densitometric analysis, normalized to eIF2a, and presented underneath as fold

changes compared with the first lane that is arbitrarily set at a value of 1.
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intratumoral injection of CVB3 on distant tumors (Figures 7A and
7B). However, the survival curve showed no improvement of mouse
survival after WT-CVB3 treatment (Figure 7C). Viral quantitation
demonstrated active viral replication in tumors at both sides and in
multiple organs, particularly the heart (Figure 7D). Future research
is required to further reduce the toxicity.

Partial Recovery of the Host Innate Immunity Attenuates CVB3-

Induced Pancreatic Damage

CVB3 is known to be a common causative agent for viral myocarditis
and pancreatitis, especially in children and those who have defective
anti-viral immunity.18,19 As expected, in immunodeficient NSGmice,
WT-CVB3 caused a significant cytotoxicity in heart and pancreas, as
characterized by myocardial injury and inflammatory infiltration, as
well as destruction of acinar cells of the pancreas, when compared
with UV-CVB3 treatment in both groups (Figures 8A and 8B). In
mice infected with WT-CVB3, pulmonary edema was observed and
likely a consequence of heart failure. However, damage to the lung
epithelial cells appeared to be minor. Minimal pathological changes
were seen in the liver and spleen. We further showed that partial re-
covery of the innate immunity in NOD-SCID mice markedly attenu-
ated CVB3-induced injury to the pancreas (Figures 8C and 8D).
However, myocardial damage remained, and survival rate was not
significantly improved in NOD-SCID mice, pointing to a future di-
rection in developing CVB3 as on oncolytic virus for KRASmut lung
cancer therapy by genetically engineering the CVB3 genome to
decrease its cardiotoxicity.

DISCUSSION
Emerging evidence has indicated that KRAS mutation is a negative
predictor of benefit from either adjuvant chemotherapy or tyrosine
kinase inhibitor treatment, and there is no effective targeted therapy
currently available for KRASmut adenocarcinomas.37 Thus, alternative
strategies for targeting KRASmutation tumors have gained consider-
able attention in recent years. However, little progress has been made
to develop specific RAS inhibitors effective across the mutations pre-
sent in lung adenocarcinomas. Here we report that CVB3 is a natural
agent that can specifically target KRASmut lung adenocarcinomas,
leading to significant tumor regression in vivo. Our findings highlight
that CVB3 could be an excellent candidate to be further developed
into a novel oncolytic virus for KRASmut lung adenocarcinoma
therapy.

CVB3 is known to subvert host signaling pathways to facilitate its own
replication. Among these pathways, the mitogen-activated protein ki-
nase (MAPK) module, which consists of RAF, MEK1/2, and ERK1/2,
plays a central role.28,29 As the upstream activator of the RAF/MEK/
ERK cascade, small GTP-binding protein RAS activates the ERK1/2
pathway by binding RAF and anchoring it at the cell membrane,
where it is activated by other kinases.38 In lung adenocarcinomas,
KRAS protein acquires impaired GTPase activity as a result of a point
mutation in the gene, leading to a constitutive activation of ERK1/2
signaling.39 In the present study, we found that specific inhibition
of the ERK1/2 activation by MEK1/2 inhibitor U0126 results in a sig-
nificant attenuation of virion production in KRASmut lung adenocar-
cinoma cells, suggesting that viral replication within KRASmut lung
adenocarcinoma cells is predominantly dependent on the host
ERK1/2 signaling. Despite that EGFR is also an upstream activator
of the ERK1/2 signaling pathway, we showed that the extent of
ERK1/2 phosphorylation is much lower in EGFRmut than in KRASmut

lung adenocarcinomas, similar to previous reports showing that
constitutive EGFR activation in EGFRmut adenocarcinomas selec-
tively activates the AKT and STAT signaling pathways to promote
cell survival and invasion, but has less effects on the ERK1/2 pathway
that is generally associated with cell proliferation and survival.40,41

Thus, ERK1/2 signaling appears to be preferentially activated by
KRASmut rather than EGFRmut, and the relative resistance of EGFRmut

lung adenocarcinomas to CVB3 is likely due to attenuated activation
of the ERK1/2 signaling pathway.

Type I interferon is induced upon viral infection as the first line of
antiviral response. In this study, we showed that CVB3-induced
IFN-b gene (Ifnb1) production is significantly suppressed in cells ex-
pressing KRASmut as compared with normal lung epithelial cells and
cells expressing EGFRmut. These results suggest an additional mecha-
nism by which CVB3 selectively infects and kills KRASmut lung
adenocarcinoma cells while sparing the other two cell types. The exact
Molecular Therapy: Oncolytics Vol. 14 September 2019 271
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Figure 5. CAR Expression in KRASmut Cells Is Not

the Major Determinant of Increased Susceptibility

of Adenocarcinomas to CVB3

(A and B) Protein levels of CAR in various adenocarci-

noma and normal lung epithelial cells (A) or HPL1D cells

stably expressing KRASG12V in the presence or absence

of doxycycline (100 ng/mL, 48 h) (B) by western blot

analysis. CAR expression was quantitated by densito-

metric analysis using NIH ImageJ, normalized to b-actin,

and presented underneath as fold changes compared

with the first lane that is arbitrarily set at a value of 1. (C

and D) Inhibition of KRAS (C) or ERK1/2 (D) activation

results in increased CAR expression in KRASmut lung

adenocarcinoma cells. H23 and H2030 cells were treated

with or without the KRASG12C inhibitor ARS853 (50 nM) or

MEK1/2 inhibitor U0126 (20 mM) as indicated for 24 h,

followed by western blot and densitometric analysis of

CAR as above. (E) CXARD mRNA levels (RSEM scaled

estimate values) in various lung adenocarcinomas. A total

of 230 human lung adenocarcinoma tumors were

grouped by genotype (KRASmut, EGFRmut, or EGFR/

KRASwild-type), and expression values were compared

between groups using the Mann-Whiney U test in Prism 7

(GraphPad). No statistical significance between groups

was observed. (F) HPL1D cell lines stably expressing

GFP, KRASG12V, or EGFRL858R were infected with CVB3

at different MOIs as indicated for 30 min. After PBS

washing, cells were collected for RNA extraction. Virus

uptakewas determined by qPCR analysis of viral genomic

RNA (means ± SD, n = 3). There are no statistical differ-

ences in virus uptake between control and KRASmut or

EGFRmut cells.
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mechanism by which KRASmut disrupts CVB3-induced Ifnb1 expres-
sion is currently unclear and warranted future investigations.

CAR is the primary receptor responsible for CVB3 internalization
and is hence a determinant of virus tropism.32 Although protein levels
of CAR are usually low in cancerous cells, for example, in prostate
cancer, gastrointestinal cancer, and glioma,42–44 it is highly expressed
in various lung cancer cells.21,45 Multiple mechanisms, including
transforming growth factor-b signaling cascade, epithelial-mesen-
chymal differentiation, histone deacetylation of the CAR gene pro-
moter, hypoxia-inducible factor-1a-dependent hypoxia, and the
MAPK signaling pathways, have been proposed to be involved in
the regulation of CAR.33,46 In the present study, increased protein
expression of CAR was detected in two KRASmut cell lines (i.e., H23
and H2030) as compared with EGFRmut and normal cell lines, sug-
gesting that CAR level is a potential determinant for enhanced sensi-
tivity of KRASmut lung adenocarcinomas toward CVB3 infection.
However, further investigation revealed that KRAS negatively regu-
lates CAR expression, indicating that additional factors and/or gene
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mutations, other than KRAS, mediate the observed upregulation of
CAR in H23 and H2030 cells. Nonetheless, our data suggest that
KRASmut lung adenocarcinomas have two attributes that contribute
to CVB3 susceptibility, CAR expression and enhanced ERK signaling,
with the latter being the main determinant in mediating the oncolytic
effects.

It is well documented that the host immune system plays a dual role in
oncolytic virotherapy. On the one hand, early innate immune re-
sponses to viruses result in rapid viral clearance; on the other hand,
viral infection elicits a significant anti-tumor immune response that
breaks immune tolerance and allows for long-term cancer destruc-
tion. Both direct oncolysis and anti-tumor immunity triggered by
virus infection are believed to contribute to the efficacy of cancer
virotherapy.47,48 Thus, maintaining a delicate balance between the
anti-viral response and anti-tumor immunity will be crucial in medi-
ating successful anti-cancer virotherapy. In this study, we showed that
the cytotoxicity caused by CVB3, especially to the pancreas, is
greatly attenuated in KRASmut NOD-SCID mice when compared



Figure 6. Intratumoral Injection of CVB3 Leads to a Significant Regression

of KRASmut Xenograft Lung Tumors in NSG Immunodeficient Mice

(A) Patient-derived KRASmut H2030 cells (5 � 106 cells) were injected subcutane-

ously into the left flank of NSG immunodeficient mice. When tumors reached a

palpable size, mice were intratumorally injected with a single dose of WT-CVB3

(5 � 104 PFU) or UV-CVB3 in the left flank. Tumor volumes of KRASmut xenografts

were measured every 3 days and expressed as means ± SEM; *p < 0.05;
&p < 0.005; #p < 0.001 as compared with UV-CVB3 controls. (B) Representative

images of mice with KRASmut xenograft tumors treated with UV- or WT-CVB3 for

different days as indicated. (C) Kaplan-Meier plot was used to show survival rate. (D)

Virus titers in the different organs and tumors collected from KRASmut xenograft

mice treated with WT-CVB3 at the end of the experiment. Results are presented as

means ± SD (n = 3).
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with KRASmut NSG mice, suggesting a protective function of the host
innate immunity in limiting viral spread and replication. Meanwhile,
we found that CVB3 injection causes a similar rate of tumor regres-
sion in both NOD-SCID and NSG mice, indicating that CVB3-medi-
ated direct oncolytic lysis plays a predominant role in tumor reduc-
tion. It is noteworthy that CVB3 inoculation into one side of the
bilateral KRASmut xenografts results in a significant tumor regression
of both sides, suggesting a potential application of CVB3 in the pa-
tients with metastatic tumors.

CVB3 is known to have a high tropism toward cardiac and pancreatic
tissues.18,19 Despite the potent anti-tumor effects ofWT-CVB3, virus-
induced myocarditis and pancreatitis are a concern for its application
as an oncolytic agent, especially for those who are immunocompro-
mised. Our in vivo study revealed that WT-CVB3 causes damage to
multiple organs, particularly heart and pancreas in NSG immunode-
ficient mice, which is likely a result of uncontrolled viral growth. Par-
tial recovery of innate immunity in NOD-SCID mice attenuates
CVB3-induced injury to the pancreas; however, cardiac damage re-
mains. The exact mechanism by which the pancreas, but not the
heart, was protected from CVB3-induced damage in NOD-SCID
mice is currently unclear. Host innate immunity is known to play a
dual role during viral infection.18 On the one hand, the innate im-
mune response constitutes the first line of host defense against
invading viruses; on the other hand, aberrant immune response can
be detrimental, contributing to further tissue damages. A balance be-
tween the protective and harmful effects will ultimately determine
disease progression and tissue toxicity. Thus, we speculate that
decreased pancreatic toxicity in NOD-SCID mice is a result of
more effective viral clearance (Figure 7D) and/or lower sensitivity
to immune-mediated tissue damage in the pancreas.

Future studies are urgently needed to genetically engineer the CVB3
genome to further enhance its tumor specificity toward lung adeno-
carcinomas and decrease its toxicity to normal tissues. Recent evi-
dence has suggested that microRNAs (miRNAs) play a key role in
the development of cancers.49–51 miRNAs are frequently detected to
be downregulated in diverse types of cancer tissues compared with
normal tissues.52 This unique feature of cancer cells can be employed
to develop tumor-specific oncolytic viruses. For example, it is ex-
pected that insertion of tumor-suppressive miRNA target sequences
into the UTR of the CVB3 genome will lessen its toxicity to normal
tissues. While preparing for re-submission of this manuscript, there
was a new publication that corrected their previous report regarding
the safety of WT CVB321 and showed that CVB3 modified by inser-
tion of miR-34 target sequences results in reduced toxicity of WT
CVB3 in normal cells in mice.53 Another potential strategy to reduce
CVB3 replication and toxicity in normal cells is to engineer CVB3 to
re-direct its tissue tropism through receptor binding. For example,
Hazini et al.54 recently reported that a specific CVB3 variant (PD
strain) that uses heparan sulfate, rather than CAR, for viral entry, spe-
cifically replicates in colorectal cancer cells, but not in normal tissues.

Why does CVB3 still infect IFN-intact cardiomyocytes? It should be
noted that a successful viral infection needs multiple factors,
including the expression of cell surface receptors (e.g., CAR), activa-
tion of oncogenic signaling pathways (e.g., ERK1/2 pathway), defects
in host immunity (e.g., defective type I interferon immune response),
and low abundance of intracellular anti-viral proteins (e.g., intracel-
lular proteins involved in cap-dependent protein translation).
Although cardiomyocytes are generally non-proliferating, they ex-
press a high level of CAR, especially in children, and a low level of
host anti-viral molecules. In addition, like many other RNA viruses,
CVB3 has evolved mechanisms to suppress this antiviral host
response. For example, virus-encoded proteases (2A and/or 3C)
have been shown to cleave MDA5, RIG-I, and MAVS, critical innate
immune signaling proteins, leading to impaired type I IFN
Molecular Therapy: Oncolytics Vol. 14 September 2019 273
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Figure 7. Intratumoral Injection of CVB3 Results in a

Significant Reduction inKRASmut Tumor Size in NOD-

SCID Immunocompromised Mice

(A) Patient-derived KRASmut H2030 (5 � 106 cells) were

injected subcutaneously into both flanks of NOD-SCID

mice. When tumors reached a palpable size, mice were

intratumorally injected with a single dose of WT-CVB3 (5 �
104 PFU) or UV-CVB3 in the left flank. Tumor volumes of

KRASmut xenografts were measured every 3 days and ex-

pressed as means ± SEM. *p < 0.05; xp < 0.01 as

compared with UV-CVB3 controls. (B) Representative im-

ages of animals withKRASmut xenograft tumors treated with

UV- or WT-CVB3 on days 0 and 15 after CVB3 injection. (C)

Kaplan-Meier plot of mouse survival rate. (D) Virus titers

(means ± SD, n = 3) in the xenograft tumors and different

organs from mice inoculated with WT-CVB3.

Molecular Therapy: Oncolytics
response.55,56 Collectively, all of these factors enable a productive viral
infection within this type of cell.

In conclusion, our study suggests that CVB3 selectively kills KRASmut

lung adenocarcinomas mainly via the virus self-replication process.
The potential application of CVB3 as an oncolytic therapy may pro-
vide a new direction for refractory KRASmut lung adenocarcinomas.
MATERIALS AND METHODS
Mice

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (also known as NSG) and
NOD.CB17-Prkdcscid/J (also known as NOD-SCID) immunocom-
promised mice were purchased from the Jackson Laboratory and
bred at the Animal Resource Centre of BC Cancer Research Centre.
All animal experiments were performed in strict accordance with
the recommendation in the Guide for the Care and Use of Laboratory
Animals of the Canadian Council on Animal Care and were approved
by the Animal Care Committee at the University of British Columbia
(A15-0015).
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Cell Lines

Three KRASmut (A549, H2030, and H23), four
EGFRmut (H1975, PC-9, HCC4006, and
H3255) lung adenocarcinoma cell lines, and
three normal lung epithelial cells (HAE,
BEAS-2B, and HPL1D) were used in this
study: A549 cell line derived from adenocarci-
nomic human alveolar basal epithelial cells
(American Type Culture Collection [ATCC]
catalog number CCL-185); H2030 cell line
derived from metastatic lymph node of stage
III lung adenocarcinoma (CRL-5914; ATCC);
H23 cell line derived from lung adenocarci-
noma of epithelial origin (CRL-5800; ATCC);
H1975 cell line derived from lung adenocarci-
noma of epithelial origin (CRL-5908; ATCC);
PC-9 cell line derived from undifferentiated
type of lung adenocarcinoma (90071810;
Sigma-Aldrich); HCC4006 cell line derived from metastatic
pleural effusion of lung adenocarcinoma (CRL-2871; ATCC);
H3255 cell line derived from metastatic pleural effusion of lung
adenocarcinoma (ATCC, CRL-2882); 1HAEo, a post-crisis SV-
40 T antigen transformed epithelial cell line (obtained from Dr.
Dieter Gruenert, California Pacific Medical Center, University of
California, San Francisco, San Francisco, CA, USA)57; BEAS-2B
cell line expressing keratins and SV40 T antigen derived from
normal human bronchial epithelium (CRL-9609; ATCC); and
HPL1D cell line expressing SV40 T antigen derived from normal
human small airway epithelium (originally generated by Takashi
Takahashi from Nagoya University, Japan). All cells were grown
in RPMI 1640 medium (Cat. #11875093; Thermo) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin solution. Stable HPL1D cell lines expressing tetracycline-
inducible genes (HPL1D-GFP, HPL1D-KRASG12V, and HPL1D-
EGFRL858R) were generated and maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum as with con-
structs previously described.58 To induce transgene expression, we



Figure 8. Partial Recovery of theHost Innate Immunity

Attenuates CVB3-Induced Pancreatic Damage

(A and C) H&E staining of different organs harvested from

KRASmut xenograft NSG (A) or NOD-SCID (C) mice at the

end of the experiment. Images were taken using the SPOT

Insight camera and Nikon ECLIPSE E600 microscope at

original magnification �40. Scale bars, 50 mm. (B and D)

The extent of tissue damage in NSG (B) or NOD-SCID (D)

mice was histologically graded based on the intensity and

character of injury and/or inflammatory infiltration, and ex-

pressed as pathological scores (0–5, means ± SEM). #p <

0.001 as compared with UV-CVB3 control.
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added doxycycline hyclate (Cat. #324385; Sigma-Aldrich) at
100 ng/mL at the time of cell seeding for 48 h. Human primary
airway epithelial cells, a gift from Dr. Tillie Hackett at the Univer-
sity of British Columbia, were isolated from normal donors and
cultured as previously described.59

Viruses and Viral Infection In Vitro

CVB3 (Nancy strain) was propagated in HeLa cells and stored at
�80�C. UV irradiation was performed using UV Stratalinker 1800
(Stratagene) for 4 h with the virus container kept 5 cm from the
UV bulb. For viral infection, cells were incubated with serum-free me-
dium containing either CVB3 at different MOIs or PBS (sham infec-
tion) for different periods of time as indicated.
Molecular Th
Crystal Violet Staining

CVB3-induced cytotoxicity was evaluated by crys-
tal violet stainingas previously described.60 Inbrief,
afterwashwithPBS, viable cells attached to the bot-
tom of the plates were fixed and stained with 0.4%
crystal violet solution in methanol for 30 min.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-

Carboxymethoxyphenyl)-2-(4-Sulfophenyl)-

2H-Tetrazolium Salt (MTS) Assay

Cell viability was determined using a CellTiter 96
Aqueous Non-Radioactive Cell Proliferation
Assay kit (Cat. #G5421; Promega) according to
the manufacturer’s protocols. In brief, 20 mL of
the combined MTS/phenazine methosulfate
(PMS) solution was added into each well of the
96-well assay plate containing �1 � 105 cells in
a final volume of 100 mL culture medium, and
the plate was incubated at 37�C for 4 h. Subse-
quently the absorbance at 490 nm was recorded
on a microplate reader. The absorbance of
sham-infected cells was defined as a value of 1.
Cell viability in CVB3-treated cells is presented
as the ratio to that of sham-infected cells.

Western Blot Analysis

Cells were harvested using modified oncogene
science lysis buffer (250 mM NaCl [pH 7.2],
50 mM Tris-HCl, 0.1% Nonidet P-40 [NP-40], 2 mM EDTA, and
10% glycerol) supplemented with protease inhibitors. Western blot
analysis was performed as previously described.61 In brief, equal
amounts of proteins were resolved by SDS-PAGE and then trans-
ferred to nitrocellulose membranes. The resulting membranes were
incubated with primary antibodies at 4�C for overnight, followed
by incubation with HRP-conjugated secondary antibodies at room
temperature for 1 h. The immunoreactive bands were visualized by
enhanced chemiluminescence. Primary antibodies used in this study
were: anti-rat sarcoma viral oncogene (RAS) (#3965; Cell Signaling),
anti-EGFR (#4267; Cell Signaling), anti-phospho-eIF2a (#9721; Cell
Signaling), anti-eIF2a (#9722; Cell Signaling), anti-CAR (#16984;
Cell Signaling), anti-viral capsid protein VP1 (NCL-ENTERO; Leica
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Biosystems), anti-phospho-ERK1/2 (#4370; Cell Signaling), and
b-actin (#2228; Sigma-Aldrich).
Viral Plaque Assay

The viral titers in CVB3-infected cells or mouse organs were evalu-
ated by plaque assay as previously described.61 In brief, culture media
collected from CVB3-infected cells or homogenized tissue superna-
tants were serially diluted and overlaid on a monolayer of HeLa cells.
After 1-h incubation, the medium was replaced by complete DMEM
containing 0.75% agar. After 3-day incubation, cells were fixed with
Carnoy’s fixative (75% ethanol and 25% acetic acid) for 30 min, fol-
lowed by crystal violet staining. The plaques were counted, and the
viral titers were calculated and represented as plaque-forming units
per milliliter or per gram.
Quantitative Real-Time PCR

qPCR was conducted to determine mRNA levels of Ifnb1 gene as pre-
viously described.62 In brief, total RNA was extracted using the
Monarch Total RNA Miniprep kit (#T2010S; New England Biolabs).
qPCR targeting Ifnb1 gene (forward primer: 50-GTC TCC TCC AAA
TTG CTC TC; reverse primer: 50-ACA GGA GCT TCT GAC ACT
GA-30) was performed using the Luna Universal One-Step RT-
qPCR kit (#E3005S; New England Biolabs) and normalized to
GAPDH mRNA (forward primer: 50-AAT CCC ATC ACC ATC
TTC CA-30; reverse primer: 50-TGG ACT CCA CGA CGT ACT
CA-30) following the manufacturer’s recommendations.
Virus Uptake Assay

Viral particle uptake experiment was performed as described previ-
ously.63 In brief, following incubation with doxycycline for 36 h,
HPL1D stable cells were infected with CVB3 at an MOI of 0.1, 1,
and 10 for 30 min. After three washes with ice-cold PBS, cells were
harvested and subjected to RNA extraction. qPCR was performed
as above to determine levels of viral genomic RNA using primer pairs
of CVB3 2A (forward: 50-GCT TTG CAG ACA TCC GTG ATC-30;
reverse: 50-CAA GCT GTG TTC CAC ATA GTC CTT CA-30). The
values were normalized to b-actin mRNA (ACTB, forward primer:
50-ACT GGA ACG GTG AAG GTG AC-30; reverse primer:
50-GTG GAC TTG TTG GGA GAG GAC TG-30) levels.
Mouse Xenograft Models

H2030 (KRASmut) cells were used to establish lung adenocarcinoma
xenograft mouse models. In brief, H2030 cells (5� 106 cells) were in-
jected subcutaneously into the left flank of male NSG mice or both
flanks of male NOD-SCID mice. When tumors reached a palpable
size (�30–60 mm3), mice were intratumorally injected with either
WT- or UV-inactivated CVB3 for a single dose (5 � 104 PFU).
Mice were monitored daily for general appearance, behavior, weight,
and any signs of infection at the tumor cell injection site. Tumor size
was measured every 3 days, and tumor volume was calculated as
length � width � width/2. Mice were euthanized when they mani-
fested severe symptoms related to CVB3 injection or the tumor diam-
eter exceeded 2.0 cm.
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H&E Staining

The tissues were harvested and fixed in 10% formalin, followed by
embedding in paraffin and sectioning for standard H&E staining.

Gene Expression Profiling

RNA sequencing (RNA-seq) data (relative SEM [RSEM] scaled esti-
mate expression values) for CXADR that encodes human coxsackie-
virus-adenovirus receptor (CAR) for 230 lung adenocarcinomas
from The Cancer Genome Atlas were downloaded along with
KRAS and EGFR mutation status from the cBio Portal (http://www.
cbioportal.org/).64,65 Tumors were grouped by genotype (KRASmut,
EGFRmut, or EGFR/KRASwild-type), and expression values were
compared between groups using the Mann-Whiney U test in Prism
7 (GraphPad). One tumor with concurrentKRAS and EGFRmutation
was excluded from analysis.

Inhibitor Treatments

For inhibition experiments, cells were treated with ARS853 (#550377;
Selleckchem, Houston, TX, USA), a selective, covalent KRASG12C in-
hibitor, or U0126 (#9903; Cell Signaling, Beverly, MA, USA), an
MEK1/2 inhibitor for various concentrations as indicated.

Statistical Analysis

All results presented are representative of at least three independent
experiments. Results generated from in vitro experiments are ex-
pressed as mean ± SDs, and results from in vivo mouse studies are
presented as mean ± SEMs. Statistical analysis was conducted using
unpaired Student’s t test. The survival curve was plotted by the
Kaplan-Meier approach. Values of p < 0.05 were considered to be
statistically significant.

AUTHOR CONTRIBUTIONS
H.D., W.W.L., W.W.G.J., and H. Luo designed the studies. H.D., H.
Liu, T.d.S., Y.C.X., Y.M., C.S.N., J.Q., and J.Z. performed the experi-
ments. H.D., W.W.L., and H. Luo wrote and revised the manuscript.

CONFLICTS OF INTEREST
W.W.G.J. is the Chief Scientific Officer at Virogin Biotech Ltd. H. Liu
and C.S.N. are partially sponsored by Virogin Biotech Ltd. through
the MITACS Accelerate Program. No conflicts of interest were dis-
closed by others.

ACKNOWLEDGMENTS
Wewould like to thank Dr. Tillie Hackett at the UBCCentre for Heart
Lung Innovation for kindly providing us with human primary airway
epithelial cells. This work was supported by the BC Lung Association
(to H. Luo); Providence Health Care Research Institute (PHCRI) and
Vancouver Coastal Health Research Institute (VCHRI) Innovation
and Translational Research Award (to H. Luo); the Natural Sciences
and Engineering Research Council (grant RGPIN-2016-03811 to H.
Luo); the Canadian Institutes of Health Research (grant PJT-
148725 to W.W.L.); Terry Fox Research Institute (to W.W.L.); and
BC Cancer Foundation (to W.W.L.). H.D., Y.C.X., and Y.M. are the
recipients of a 4-year PhD fellowship from the University of British

http://www.cbioportal.org/
http://www.cbioportal.org/


www.moleculartherapy.org
Columbia. W.W.L. is supported by Michael Smith Foundation for
Health Research Scholar, Canadian Institutes of Health Research
New Investigator, and International Association for the Study of
Lung Cancer Young Investigator Awards.

REFERENCES
1. Chen, Z., Fillmore, C.M., Hammerman, P.S., Kim, C.F., andWong, K.K. (2014). Non-

small-cell lung cancers: a heterogeneous set of diseases. Nat. Rev. Cancer 14, 535–546.

2. Siegel, R.L., Miller, K.D., and Jemal, A. (2018). Cancer statistics, 2018. CA Cancer J.
Clin. 68, 7–30.

3. Cancer Genome Atlas Research Network (2014). Comprehensive molecular profiling
of lung adenocarcinoma. Nature 511, 543–550.

4. Ding, L., Getz, G., Wheeler, D.A., Mardis, E.R., McLellan, M.D., Cibulskis, K.,
Sougnez, C., Greulich, H., Muzny, D.M., Morgan, M.B., et al. (2008). Somatic muta-
tions affect key pathways in lung adenocarcinoma. Nature 455, 1069–1075.

5. Lin, Y., Wang, X., and Jin, H. (2014). EGFR-TKI resistance in NSCLC patients: mech-
anisms and strategies. Am. J. Cancer Res. 4, 411–435.

6. Riely, G.J., Kris, M.G., Rosenbaum, D., Marks, J., Li, A., Chitale, D.A., Nafa, K., Riedel,
E.R., Hsu, M., Pao, W., et al. (2008). Frequency and distinctive spectrum of KRAS
mutations in never smokers with lung adenocarcinoma. Clin. Cancer Res. 14,
5731–5734.

7. Kaufman, J., and Stinchcombe, T.E. (2017). Treatment of kras-mutant non–small cell
lung cancer: The end of the beginning for targeted therapies. JAMA 317, 1835–1837.

8. Kaufman, H.L., Kohlhapp, F.J., and Zloza, A. (2015). Oncolytic viruses: a new class of
immunotherapy drugs. Nat. Rev. Drug Discov. 14, 642–662.

9. Lawler, S.E., Speranza, M.C., Cho, C.F., and Chiocca, E.A. (2017). Oncolytic Viruses
in Cancer Treatment: A Review. JAMA Oncol. 3, 841–849.

10. Miest, T.S., and Cattaneo, R. (2014). New viruses for cancer therapy: meeting clinical
needs. Nat. Rev. Microbiol. 12, 23–34.

11. Akhtar, L.N., and Benveniste, E.N. (2011). Viral exploitation of host SOCS protein
functions. J. Virol. 85, 1912–1921.

12. Galanis, E., Atherton, P.J., Maurer, M.J., Knutson, K.L., Dowdy, S.C., Cliby, W.A.,
Haluska, P., Jr., Long, H.J., Oberg, A., Aderca, I., et al. (2015). Oncolytic measles virus
expressing the sodium iodide symporter to treat drug-resistant ovarian cancer.
Cancer Res. 75, 22–30.

13. Lee, C.Y., Rennie, P.S., and Jia, W.W. (2009). MicroRNA regulation of oncolytic her-
pes simplex virus-1 for selective killing of prostate cancer cells. Clin. Cancer Res. 15,
5126–5135.

14. Nemunaitis, J., Ganly, I., Khuri, F., Arseneau, J., Kuhn, J., McCarty, T., Landers, S.,
Maples, P., Romel, L., Randlev, B., et al. (2000). Selective replication and oncolysis
in p53mutant tumors with ONYX-015, an E1B-55kD gene-deleted adenovirus, in pa-
tients with advanced head and neck cancer: a phase II trial. Cancer Res. 60, 6359–
6366.

15. Prestwich, R.J., Ilett, E.J., Errington, F., Diaz, R.M., Steele, L.P., Kottke, T., Thompson,
J., Galivo, F., Harrington, K.J., Pandha, H.S., et al. (2009). Immune-mediated anti-
tumor activity of reovirus is required for therapy and is independent of direct viral
oncolysis and replication. Clin. Cancer Res. 15, 4374–4381.

16. Silk, A.W., Kaufman, H., Gabrail, N., Mehnert, J., Bryan, J., Norrell, J., Medina, D.,
Bommareddy, P., Shafren, D., Grose, M., and Zloza, A. (2017). Phase 1b study of in-
tratumoral Coxsackievirus A21 (CVA21) and systemic pembrolizumab in advanced
melanoma patients: Interim results of the CAPRA clinical trial. Cancer Res. 77 (Suppl
13 ), CT026.

17. Poh, A. (2016). First oncolytic viral therapy for melanoma. Cancer Discov. 6, 6.

18. Fung, G., Luo, H., Qiu, Y., Yang, D., and McManus, B. (2016). Myocarditis. Circ. Res.
118, 496–514.

19. Huber, S., and Ramsingh, A.I. (2004). Coxsackievirus-induced pancreatitis. Viral
Immunol. 17, 358–369.

20. Pinkert, S., Dieringer, B., Diedrich, S., Zeichhardt, H., Kurreck, J., and Fechner, H.
(2016). Soluble coxsackie- and adenovirus receptor (sCAR-Fc); a highly efficient
compound against laboratory and clinical strains of coxsackie-B-virus. Antiviral
Res. 136, 1–8.

21. Miyamoto, S., Inoue, H., Nakamura, T., Yamada, M., Sakamoto, C., Urata, Y.,
Okazaki, T., Marumoto, T., Takahashi, A., Takayama, K., et al. (2012).
Coxsackievirus B3 is an oncolytic virus with immunostimulatory properties that is
active against lung adenocarcinoma. Cancer Res. 72, 2609–2621.

22. Feuer, R., and Whitton, J.L. (2008). Preferential Coxsackievirus Replication in
Proliferating/Activated Cells: Implications for Virus Tropism, Persistence, and
Pathogenesis. In Group B Coxsackieviruses, S. Tracy, M.S. Oberste, and K.M.
Drescher, eds. (Springer Berlin Heidelberg), pp. 149–173.

23. Althof, N., Harkins, S., Kemball, C.C., Flynn, C.T., Alirezaei, M., and Whitton, J.L.
(2014). In vivo ablation of type I interferon receptor from cardiomyocytes delays cox-
sackieviral clearance and accelerates myocardial disease. J. Virol. 88, 5087–5099.

24. Critchley-Thorne, R.J., Simons, D.L., Yan, N., Miyahira, A.K., Dirbas, F.M., Johnson,
D.L., Swetter, S.M., Carlson, R.W., Fisher, G.A., Koong, A., et al. (2009). Impaired
interferon signaling is a common immune defect in human cancer. Proc. Natl.
Acad. Sci. USA 106, 9010–9015.

25. Feng, Q., Langereis, M.A., Lork, M., Nguyen, M., Hato, S.V., Lanke, K., Emdad, L.,
Bhoopathi, P., Fisher, P.B., Lloyd, R.E., and van Kuppeveld, F.J. (2014). Enterovirus
2Apro targets MDA5 and MAVS in infected cells. J. Virol. 88, 3369–3378.

26. Noser, J.A., Mael, A.A., Sakuma, R., Ohmine, S., Marcato, P., Lee, P.W., and Ikeda, Y.
(2007). The RAS/Raf1/MEK/ERK signaling pathway facilitates VSV-mediated oncol-
ysis: implication for the defective interferon response in cancer cells. Mol. Ther. 15,
1531–1536.

27. Pao, W., and Girard, N. (2011). New driver mutations in non-small-cell lung cancer.
Lancet Oncol. 12, 175–180.

28. Luo, H., Yanagawa, B., Zhang, J., Luo, Z., Zhang, M., Esfandiarei, M., Carthy, C.,
Wilson, J.E., Yang, D., and McManus, B.M. (2002). Coxsackievirus B3 replication
is reduced by inhibition of the extracellular signal-regulated kinase (ERK) signaling
pathway. J. Virol. 76, 3365–3373.

29. Opavsky, M.A., Martino, T., Rabinovitch, M., Penninger, J., Richardson, C., Petric,
M., Trinidad, C., Butcher, L., Chan, J., and Liu, P.P. (2002). Enhanced ERK-1/2 acti-
vation in mice susceptible to coxsackievirus-induced myocarditis. J. Clin. Invest. 109,
1561–1569.

30. Diebold, S.S., Montoya, M., Unger, H., Alexopoulou, L., Roy, P., Haswell, L.E., Al-
Shamkhani, A., Flavell, R., Borrow, P., and Reis e Sousa, C. (2003). Viral infection
switches non-plasmacytoid dendritic cells into high interferon producers. Nature
424, 324–328.

31. Fung, G., Ng, C.S., Zhang, J., Shi, J., Wong, J., Piesik, P., Han, L., Chu, F., Jagdeo, J.,
Jan, E., et al. (2013). Production of a dominant-negative fragment due to G3BP1
cleavage contributes to the disruption of mitochondria-associated protective stress
granules during CVB3 infection. PLoS ONE 8, e79546.

32. Bergelson, J.M., Cunningham, J.A., Droguett, G., Kurt-Jones, E.A., Krithivas, A.,
Hong, J.S., Horwitz, M.S., Crowell, R.L., and Finberg, R.W. (1997). Isolation of a com-
mon receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science 275, 1320–
1323.

33. Anders, M., Christian, C., McMahon, M., McCormick, F., and Korn, W.M. (2003).
Inhibition of the Raf/MEK/ERK pathway up-regulates expression of the coxsackievi-
rus and adenovirus receptor in cancer cells. Cancer Res. 63, 2088–2095.

34. Bergelson, J.M., Mohanty, J.G., Crowell, R.L., St John, N.F., Lublin, D.M., and
Finberg, R.W. (1995). Coxsackievirus B3 adapted to growth in RD cells binds to
decay-accelerating factor (CD55). J. Virol. 69, 1903–1906.

35. Zhang, B., Duan, Z., and Zhao, Y. (2009). Mouse models with human immunity and
their application in biomedical research. J. Cell. Mol. Med. 13, 1043–1058.

36. McNab, F., Mayer-Barber, K., Sher, A., Wack, A., and O’Garra, A. (2015). Type I in-
terferons in infectious disease. Nat. Rev. Immunol. 15, 87–103.

37. Bhattacharya, S., Socinski, M.A., and Burns, T.F. (2015). KRAS mutant lung cancer:
progress thus far on an elusive therapeutic target. Clin. Transl. Med. 4, 35.

38. Mebratu, Y., and Tesfaigzi, Y. (2009). How ERK1/2 activation controls cell prolifer-
ation and cell death: Is subcellular localization the answer? Cell Cycle 8, 1168–1175.

39. Riely, G.J., Marks, J., and Pao,W. (2009). KRASmutations in non-small cell lung can-
cer. Proc. Am. Thorac. Soc. 6, 201–205.
Molecular Therapy: Oncolytics Vol. 14 September 2019 277

http://refhub.elsevier.com/S2372-7705(19)30069-5/sref1
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref1
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref2
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref2
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref3
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref3
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref4
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref4
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref4
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref5
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref5
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref6
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref6
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref6
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref6
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref7
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref7
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref8
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref8
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref9
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref9
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref10
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref10
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref11
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref11
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref12
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref12
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref12
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref12
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref13
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref13
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref13
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref14
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref14
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref14
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref14
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref14
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref15
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref15
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref15
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref15
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref16
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref17
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref18
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref18
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref19
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref19
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref20
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref20
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref20
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref20
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref21
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref21
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref21
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref21
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref22
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref22
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref22
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref22
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref23
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref23
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref23
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref24
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref24
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref24
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref24
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref25
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref25
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref25
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref26
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref26
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref26
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref26
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref27
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref27
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref28
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref28
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref28
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref28
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref29
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref29
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref29
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref29
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref30
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref30
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref30
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref30
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref31
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref31
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref31
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref31
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref32
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref32
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref32
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref32
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref33
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref33
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref33
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref34
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref34
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref34
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref35
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref35
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref36
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref36
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref37
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref37
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref38
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref38
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref39
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref39
http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
40. Ercan, D., Xu, C., Yanagita, M., Monast, C.S., Pratilas, C.A., Montero, J., Butaney, M.,
Shimamura, T., Sholl, L., Ivanova, E.V., et al. (2012). Reactivation of ERK signaling
causes resistance to EGFR kinase inhibitors. Cancer Discov. 2, 934–947.

41. Sordella, R., Bell, D.W., Haber, D.A., and Settleman, J. (2004). Gefitinib-sensitizing
EGFR mutations in lung cancer activate anti-apoptotic pathways. Science 305,
1163–1167.

42. Kim, M., Sumerel, L.A., Belousova, N., Lyons, G.R., Carey, D.E., Krasnykh, V., and
Douglas, J.T. (2003). The coxsackievirus and adenovirus receptor acts as a tumour
suppressor in malignant glioma cells. Br. J. Cancer 88, 1411–1416.

43. Rauen, K.A., Sudilovsky, D., Le, J.L., Chew, K.L., Hann, B., Weinberg, V., Schmitt,
L.D., and McCormick, F. (2002). Expression of the coxsackie adenovirus receptor
in normal prostate and in primary and metastatic prostate carcinoma: potential rele-
vance to gene therapy. Cancer Res. 62, 3812–3818.

44. Korn, W.M., Macal, M., Christian, C., Lacher, M.D., McMillan, A., Rauen, K.A.,
Warren, R.S., and Ferrell, L. (2006). Expression of the coxsackievirus- and adenovirus
receptor in gastrointestinal cancer correlates with tumor differentiation. Cancer Gene
Ther. 13, 792–797.

45. Wang, Y., Wang, S., Bao, Y., Ni, C., Guan, N., Zhao, J., Salford, L.G., Widegren, B.,
and Fan, X. (2006). Coxsackievirus and adenovirus receptor expression in non-ma-
lignant lung tissues and clinical lung cancers. J. Mol. Histol. 37, 153–160.

46. Küster, K., Koschel, A., Rohwer, N., Fischer, A., Wiedenmann, B., and Anders, M.
(2010). Downregulation of the coxsackie and adenovirus receptor in cancer cells by
hypoxia depends on HIF-1alpha. Cancer Gene Ther. 17, 141–146.

47. Bell, J., and McFadden, G. (2014). Viruses for tumor therapy. Cell Host Microbe 15,
260–265.

48. Meisen, W.H., and Kaur, B. (2013). How can we trick the immune system into over-
coming the detrimental effects of oncolytic viral therapy to treat glioblastoma? Expert
Rev. Neurother. 13, 341–343.

49. Hwang, H.W., and Mendell, J.T. (2006). MicroRNAs in cell proliferation, cell death,
and tumorigenesis. Br. J. Cancer 94, 776–780.

50. Lin, P.Y., Yu, S.L., and Yang, P.C. (2010). MicroRNA in lung cancer. Br. J. Cancer 103,
1144–1148.

51. Ventura, A., and Jacks, T. (2009). MicroRNAs and cancer: short RNAs go a long way.
Cell 136, 586–591.

52. Lu, J., Getz, G., Miska, E.A., Alvarez-Saavedra, E., Lamb, J., Peck, D., Sweet-Cordero,
A., Ebert, B.L., Mak, R.H., Ferrando, A.A., et al. (2005). MicroRNA expression profiles
classify human cancers. Nature 435, 834–838.

53. Jia, Y., Miyamoto, S., Soda, Y., Takishima, Y., Sagara, M., Liao, J., Hirose, L., Hijikata,
Y., Miura, Y., Hara, K., et al. (2019). Extremely Low Organ Toxicity and Strong
Antitumor Activity of miR-34-Regulated Oncolytic Coxsackievirus B3. Mol. Ther.
Oncolytics 12, 246–258.
278 Molecular Therapy: Oncolytics Vol. 14 September 2019
54. Hazini, A., Pryshliak, M., Brückner, V., Klingel, K., Sauter, M., Pinkert, S., Kurreck, J.,
and Fechner, H. (2018). Heparan Sulfate Binding Coxsackievirus B3 Strain PD: A
Novel Avirulent Oncolytic Agent Against Human Colorectal Carcinoma. Hum.
Gene Ther. 29, 1301–1314.

55. Feng, Q., Langereis, M.A., and van Kuppeveld, F.J.M. (2014). Induction and suppres-
sion of innate antiviral responses by picornaviruses. Cytokine Growth Factor Rev. 25,
577–585.

56. Lu, J., Yi, L., Ke, C., Zhang, Y., Liu, R., Chen, J., Kung, H.F., and He, M.L. (2015). The
interaction between human enteroviruses and type I IFN signaling pathway. Crit.
Rev. Microbiol. 41, 201–207.

57. Cozens, A.L., Yezzi, M.J., Yamaya, M., Steiger, D., Wagner, J.A., Garber, S.S., Chin, L.,
Simon, E.M., Cutting, G.R., Gardner, P., et al. (1992). A transformed human epithelial
cell line that retains tight junctions post crisis. In Vitro Cell. Dev. Biol. 28A, 735–744.

58. Unni, A.M., Lockwood, W.W., Zejnullahu, K., Lee-Lin, S.Q., and Varmus, H. (2015).
Evidence that synthetic lethality underlies the mutual exclusivity of oncogenic KRAS
and EGFR mutations in lung adenocarcinoma. eLife 4, e06907.

59. Hackett, T.L., Warner, S.M., Stefanowicz, D., Shaheen, F., Pechkovsky, D.V., Murray,
L.A., Argentieri, R., Kicic, A., Stick, S.M., Bai, T.R., and Knight, D.A. (2009).
Induction of epithelial-mesenchymal transition in primary airway epithelial cells
from patients with asthma by transforming growth factor-beta1. Am. J. Respir.
Crit. Care Med. 180, 122–133.

60. Feoktistova, M., Geserick, P., and Leverkus, M. (2016). Crystal violet assay for deter-
mining viability of cultured cells. Cold Spring Harb. Protoc 2016, pdb.prot087379.

61. Deng, H., Fung, G., Shi, J., Xu, S., Wang, C., Yin, M., Hou, J., Zhang, J., Jin, Z.G., and
Luo, H. (2015). Enhanced enteroviral infectivity via viral protease-mediated cleavage
of Grb2-associated binder 1. FASEB J. 29, 4523–4531.

62. Mohamud, Y., Qu, J., Xue, Y.C., Liu, H., Deng, H., and Luo, H. (2019). CALCOCO2/
NDP52 and SQSTM1/p62 differentially regulate coxsackievirus B3 propagation. Cell
Death Differ. 26, 1062–1076.

63. Patel, K.P., Coyne, C.B., and Bergelson, J.M. (2009). Dynamin- and lipid raft-depen-
dent entry of decay-accelerating factor (DAF)-binding and non-DAF-binding cox-
sackieviruses into nonpolarized cells. J. Virol. 83, 11064–11077.

64. Cerami, E., Gao, J., Dogrusoz, U., Gross, B.E., Sumer, S.O., Aksoy, B.A., Jacobsen, A.,
Byrne, C.J., Heuer, M.L., Larsson, E., et al. (2012). The cBio cancer genomics portal:
an open platform for exploring multidimensional cancer genomics data. Cancer
Discov. 2, 401–404.

65. Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O., Sun, Y.,
Jacobsen, A., Sinha, R., Larsson, E., et al. (2013). Integrative analysis of complex can-
cer genomics and clinical profiles using the cBioPortal. Sci. Signal. 6, pl1.

http://refhub.elsevier.com/S2372-7705(19)30069-5/sref40
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref40
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref40
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref41
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref41
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref41
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref42
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref42
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref42
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref43
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref43
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref43
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref43
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref44
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref44
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref44
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref44
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref45
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref45
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref45
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref46
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref46
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref46
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref47
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref47
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref48
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref48
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref48
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref49
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref49
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref50
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref50
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref51
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref51
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref52
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref52
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref52
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref53
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref53
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref53
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref53
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref54
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref54
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref54
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref54
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref55
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref55
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref55
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref56
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref56
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref56
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref57
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref57
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref57
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref58
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref58
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref58
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref59
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref59
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref59
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref59
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref59
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref60
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref60
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref61
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref61
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref61
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref62
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref62
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref62
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref63
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref63
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref63
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref64
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref64
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref64
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref64
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref65
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref65
http://refhub.elsevier.com/S2372-7705(19)30069-5/sref65

	Coxsackievirus Type B3 Is a Potent Oncolytic Virus against KRAS-Mutant Lung Adenocarcinoma
	Introduction
	Results
	CVB3 Specifically Infects and Decreases the Viability of KRASmut Lung Adenocarcinoma Cells
	KRAS Mutation Is a Determinant of Lung Adenocarcinoma Susceptibility to CVB3-Induced Cell Death
	ERK1/2 Signaling in KRASmut Adenocarcinoma Cells Enhances CVB3 Replication
	CVB3-Induced Type I Interferon Production Is Impaired in Cells Expressing KRASmut
	Protein Level of Viral Receptors Is Not a Major Determinant of Increased Susceptibility of KRASmut Lung Adenocarcinomas to CVB3
	Intratumoral Injection of CVB3 Leads to a Significant Regression of KRASmut Xenograft Lung Tumors in an NSG Mouse Model
	Intratumoral Injection of CVB3 Results in a Significant Reduction in KRASmut Tumor Size in NOD-SCID Immunocompromised Mice
	Partial Recovery of the Host Innate Immunity Attenuates CVB3-Induced Pancreatic Damage

	Discussion
	Materials and Methods
	Mice
	Cell Lines
	Viruses and Viral Infection In Vitro
	Crystal Violet Staining
	3-(4,5-Dimethylthiazol-2-yl)-5-(3-Carboxymethoxyphenyl)-2-(4-Sulfophenyl)-2H-Tetrazolium Salt (MTS) Assay
	Western Blot Analysis
	Viral Plaque Assay
	Quantitative Real-Time PCR
	Virus Uptake Assay
	Mouse Xenograft Models
	H&E Staining
	Gene Expression Profiling
	Inhibitor Treatments
	Statistical Analysis

	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


