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IL-24-Armed Oncolytic Vaccinia Virus Exerts Potent Antitumor Effects
via Multiple Pathways in Colorectal Cancer
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Colorectal cancer is an aggressive malignancy for which there are limited treatment options. Oncolytic vaccinia
virus is being developed as a novel strategy for cancer therapy. Arming vaccinia virus with immunostimulatory
cytokines can enhance the tumor cell-specific replication and antitumor efficacy. Interleukin-24 (IL-24) is an
important immune mediator, as well as a broad-spectrum tumor suppressor. We constructed a targeted vaccinia
virus of Guang9 strain harboring 1L-24 (VG9-IL-24) to evaluate its antitumor effects. In vitro, VG9-IL-24
induced an increased number of apoptotic cells and blocked colorectal cancer cells in the G,/M phase of the
cell cycle. VG9-IL-24 induced apoptosis in colorectal cancer cells via multiple apoptotic signaling pathways.
In vivo, VG9-IL-24 significantly inhibited the tumor growth and prolonged the survival both in human and
murine colorectal cancer models. In addition, VG9-IL-24 stimulated multiple antitumor immune responses and
direct bystander antitumor activity. Our results indicate that VG9-IL-24 can inhibit the growth of colorectal
cancer tumor by inducing oncolysis and apoptosis as well as stimulating the antitumor immune effects. These
findings indicate that VG9-IL-24 may exert a potential therapeutic strategy for combating colorectal cancer.
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INTRODUCTION

Colorectal cancer (CRC) is an aggressive malignancy,
making it the fourth most diagnosed cancer and the second
leading cause of cancer death in the US'. Despite recent
improvements in traditional approaches for enhanced sur-
vival of early stage disease, patients with recurring or late
stage disease are still not considerably curative. Therefore,
efficient treatment strategies with multiple mechanisms of
action are urgently required for patients suffering from pri-
mary colorectal cancer and metastases.

A wide variety of preclinical studies or clinical trials
have employed oncolytic viruses as a novel strategy for
cancer therapy?™. Unlike traditional cancer therapy, onc-
olytic viruses selectively infect, replicate within and lyse
tumor cells, and spread to neighboring tumor cells in suc-
cessive rounds of replication®’. Additionally, oncolytic
viruses also generate antitumor immunity that eradicates

metastasized tumor cells with minimum harm to the
normal tissue®. Such effects have been under investiga-
tion on a number of viruses, including adenovirus, her-
pes simplex virus, Newcastle disease virus, and vaccinia
virus® 2. Studies have demonstrated that these oncolytic
viruses may have potential for CRC therapy"*-".

Among various oncolytic viruses, vaccinia virus has
some unique characteristics, such as large transgene-en-
coding capacity, efficient foreign gene expression using
its own enzyme systems, intravenous stability, and well-
established safety in humans as a live vaccine. To promote
its efficacious oncolytic potency and tumor selectivity,
numerous therapeutic genes, cytokines, and immunostim-
ulatory molecules have been inserted into the thymidine
kinase (TK) gene region of vaccinia virus'*"°. In our pre-
vious study, we engineered an oncolytic vaccinia virus of
Tian Tan strain Guang9 (VG9) expressing granulocyte—
macrophage colony-stimulating factor (GM-CSF) and
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have demonstrated its efficacious antitumor effects in a
murine melanoma model®. In this study, we find another
promising cytokine, interleukin-24 (IL-24), which is an
important immune mediator, as well as a broad-spectrum
tumor suppressor?!, exerting potent antitumor effects on
CRC. We inserted /L-24 gene into the TK locus of VG9
(VGY-IL-24) and evaluated the antitumor effects both in
vitro and in vivo.

MATERIALS AND METHODS
Cell Lines

The murine colorectal carcinoma cell line CT26,
human colorectal carcinoma cell line HCT116, human
colorectal adenocarcinoma cell line HT-29, human ileo-
cecal colorectal adenocarcinoma cell line HCT-8, and
murine breast cancer cell line 4T1 were purchased from
the Cell Bank of Shanghai Institute for Biological Sciences
of the Chinese Academy of Sciences (Shanghai, China).
African green monkey kidney epithelial cell line BSC-40
was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). All cell lines were cultured
under the conditions suggested by the ATCC.

Recombinant Vaccinia Virus VG9-IL-24

VG9-1L-24 was constructed via disruption of the viral
TK gene region based on vaccinia strain VG9, which was
obtained from the National Institutes for Food and Drug
Control (Beijing, China). VG9-EGFP was constructed
and conserved in our laboratory?>. The generation of
recombinant vaccinia viruses based on gpt selection was
previously described in detail***. All recombinant vac-
cinia viruses were purified in sucrose gradient, and virus
stocks were titrated on BSC-40 cells by plaque assay.

IL-24 Expression

The various CRC cell lines grown in 12-well plates
were infected with 0.1 multiplicity of infection (MOI)
of VG9-IL-24 for 48 h. IL-24 protein was analyzed by
Western blot. Supernatants and lysates were collected,
and IL-24 levels were quantitatively determined by the
ELISA kit (R&D Systems Inc., Minneapolis, MN, USA)
according to the manufacturer’s manual.

In Vitro Cytotoxicity

Cells seeded in 96-well plates were infected with dif-
ferent concentrations (0.01, 0.1, 1, and 10 MOI) of the
virus for 72 h or infected with 0.1 MOI of the virus for
different times (24, 48, and 72 h). Cell viability was ana-
lyzed by the MTT assay.

Cell Apoptosis and Cell Cycle Detection

Morphological characteristics of apoptotic cells were
observed by Hoechst 33258 staining. CRC cells infected
with VG9-IL-24, VG9-EGFP, or PBS for 24 h were
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incubated with Hoechst 33258 (Beyotime Biotechnology,
Shanghai, China) for 30 min. The apoptotic morphologi-
cal changes of cells were observed under an Olympus
IX51 fluorescence microscope (Olympus Corporation,
Tokyo, Japan) immediately.

Apoptosis was further quantified by flow cytometric
analysis using the Annexin-V-FITC/Propidium Iodide
(PI) Apoptosis Detection kit (Roche Applied Science,
Penzburg, Germany). HCT116 cells were infected with
VG9-IL-24, VG9-EGFP, or PBS for 48 h, and apop-
totic cells were detected according to the manufacturer’s
instructions using BD FACSCalibur (BD Biosciences,
Mountain View, CA, USA).

For cell cycle detection, HCT116 cells seeded in six-
well plates were infected with VG9-IL-24, VG9-EGFP, or
PBS for 48 h and then fixed in 70% cold ethanol overnight
at —20°C. Cells were washed with PBS and resuspended in
50 pg/ml of PI solution. After incubation for 30 min in the
dark at 37°C, the treated cells were analyzed by flow cytom-
etry (BD FACSCalibur, BD Biosciences). The percentages
of G/G,, S, and G/M stage cells were quantified using
Flow Jo Software (Tristar, Mountain View, CA, USA).

Western Blotting

HCT116 cells seeded in a six-well plate were PBS
treated or infected with viruses for 48 h, and the cells were
harvested and lysed with RIPA lysis buffer containing pro-
tease and phosphatase inhibitors. Protein concentration
was measured using the BCA protein assay kit (Thermo
Fisher Scientific, Carlsbad, CA, USA), and equal amounts
of proteins from each sample were separated using SDS-
PAGE and transferred to polyvinylide difluoride membrane
(Thermo Fisher Scientific). The antibodies against PARP,
PKR, p38 MAPK, p-p38 MAPK (Thr180/Tyr182), JNK,
p-JNKs (Thr183/Thr183/Thr221), STAT3, and p-STAT3
(Tyr705) were purchased from Cell Signaling Technology
(Danvers, MA, USA), ERK1/2, p-ERK1 (Thr202/Tyr204)/
ERK2 (Thr185/Tyr187), Bad, Bcl-xL, and Bcl-2 were pur-
chased from Beyotime Institute of Biotechnology (China).
B-Actin was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Immunoreactive bands were
visualized with chemiluminescence using ECL Western
blot detection reagents (Santa Cruz Biotechnology).

Animal Studies

The animal experiment was approved by the
Institutional Animal Care and Use Committees (IACUC)
of Jiangsu Institute of Nuclear Medicine (JSINM2010007).
Female nude BALB/c mice (5-6 weeks old) and BALB/c
immune-competent mice (6 weeks old) were purchased
from Shanghai Laboratory Animals Center (SLAC;
Shanghai, China). All procedures were performed in
accordance with the National Institutes of Health guide
for the care and use of laboratory animals.
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To establish the human HCT116 colorectal carcinoma
model, athymic nude mice were injected subcutane-
ously with 5x10° HCT116 cells. For the murine CT26
colorectal carcinoma model, 5x10° CT26 cells were
injected subcutaneously into the right flanks of BALB/c
immune-competent mice.

When tumors reached the size of 3—5 mm in diameter,
mice were randomly divided into three groups and were
intratumorally injected with PBS (control group), and
107 PFU of VG9-IL-24 or VG9-EGFP. Tumor size was
measured every other day by Vernier calipers, and the
tumor volume was calculated as [(width)*xlength] x0.52%.
Mice were euthanized when tumors reached 16 mm in
any dimension or at the termination of the experiment,
and Kaplan—Meier survival curves were plotted.

The cured immune-competent mice were rechallenged
by subcutaneous injection of CT26 cells (5% 10°) or 4T1
cells (1x10% into the contralateral side; naive mice (no
tumor bearing or virus treated) were also injected subcu-
taneously with 5x10° CT26 cells in the same flank as con-
trols. Tumor growth and survival were followed over time.

The bilateral tumor model was established by sub-
cutaneous injection of CT26 cells into both flanks of
female BALB/c immune-competent mice (5% 10° to the
right flank and 1x10° to the left flank). When the right
flank tumor developed to 3—5 mm in diameter, 10’ PFU
of VG9-IL-24 or VG9-EGFP or PBS was intratumor-
ally injected into the right flanks. The tumors on the left
flanks were not injected with virus. Tumor growth was
measured over time.

Virus Replication In Vivo

To assess virus replication in vivo, mice were intra-
peritoneally injected with 1x10” PFU VG9-EGFP or
VGO9-IL-24. Whole sections of brain, lung, liver, spleen,
kidney, and tumor were collected and homogenized after
infection for 5 days, and a standard plaque assay was per-
formed on BSC-40 cells.

Hematoxylin and Eosin (H&E) and
Immunohistochemical Staining

Tumor tissues from each group were harvested and
fixed in 10% neutral formalin. After conventional paraffin
embedding, H&E staining, and immunohistochemical stain-
ing were performed according to standard protocols. For
immunohistochemical analysis, sections were incubated
with Ki-67 (1:100; Novus Biologicals, Centennial, CO,
USA), vascular endothelial growth factor (VEGF), CD34,
and IL-24 antibodies (1:50; Abcam, Cambridge, UK). Images
were taken with a microscope (magnification, 400x).

CTL Study

Spleen cells were respectively harvested from tumor-
bearing mice treated with viruses or PBS to evaluate the
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killing effect of cytotoxic lymphocyte (CTL) on CT26
cells. CTL activity was measured by fluorescence-
activated cell sorting using the ACTI1 assay (Cell
Technology, Mountain View, CA, USA). Briefly, CT26
cells were incubated with the cell-tracking dye carboxy-
fluorescein diacetate succinimidyl ester (CFSE) and cul-
tured with splenocytes at various ratios (10:1, 20:1, 40:1)
for 6 h; then amino-actinomycin D (7AAD) stain was
added to measure cell death by flow cytometry.

Antibody-Mediated Cytotoxicity Assay

Serum, respectively collected from tumor-bearing
mice treated with viruses or PBS after a 14-day postinfec-
tion, was added to CT26 or 4T1 cells at a concentration
of 10% in 96-well plates. After 48 h, cell viability was
measured by ADCC Reporter Bioassay (Complete Kit;
Promega, San Luis Obispo, CA, USA) according to the
manufacturer’s instructions.

Determination of Cytokines

After injection of viruses or PBS for 7 days, serum
was respectively obtained from the VG9-IL-24, VG9-
EGFP, or control group. Cytokine levels of IFN-%,
TNF-o, IL-4, and IL-6 were measured by the ELISA kit
(eBioscience, San Diego, CA, USA).

Statistical Analysis

Statistical analysis was performed by SPSS 19.0 soft-
ware (SPSS Statistics, Inc., Chicago, IL, USA). Data are
presented as meanz+standard deviation (SD). One-way
ANOVA analyses were employed to compare multiple
groups, followed by Tukey’s test for two groups. Survival
was analyzed by Kaplan—Meier curves, and differences
between curves were assessed using the log-rank test.

RESULTS
IL-24 Expression in CRC Cell Lines

All CRC cell lines treated with VG9-IL-24 expressed
IL-24 protein (Fig. 1A). ELISA results further confirmed
that the concentrations of IL-24 protein from all CRC
cells treated with VG9-IL-24 was elevated (Fig. 1B).
No IL-24 production was detected in cells treated with
VG9-EGFP or PBS (data not shown). The results sug-
gested that VG9-IL-24 was able to replicate in various
CRC cells, and the harboring /L-24 gene could be overex-
pressed. The highest level of IL-24 protein was observed
in CT26 cells, indicating the strongest replication ability
of VG9-IL-24 in CT26 cells.

Cytotoxicity of VG9-1IL-24 in CRC Cell Lines

CRC cell lines exhibited significant sensitivity to
VG9-IL-24-induced cytotoxicity, which killed CRC
cells in a dose- and time-dependent manner (Fig. 1C, D).
Although differences were observed between cell lines
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Figure 1. Characterization of vaccinia virus of Guang9 strain harboring IL-24 (VG9-IL-24). (A) Western blot analysis of 1L-24
protein from different colorectal cancer cell lines treated with VG9-1L-24 at 0.1 MOI for 48 h. (B) Supernatants and lysates from col-
orectal cancer cell lines treated with VG9-IL-24 at 0.1 MOI for 48 h, and IL-24 concentrations were quantified by ELISA. Each bar
represents the mean+SD (n=3). (C) Cytotoxicity effect of VG9-IL-24 with different MOIs on colorectal cancer cells after infection
for 72 h. (D) Cytotoxicity effect of VG9-IL-24 (0.1 MOI) on colorectal cancer cells after infection for different times.

at a low MOI, all four CRC cell lines exhibited obvious
cytotoxicity after virus infection. VG9-1L-24 showed the
strongest cytotoxicity in CT26 cells with only 7.96% cell
survival at 10 MOI after 72 h of infection.

VG9-IL-24 Induces Apoptosis in CRC Cell Lines

As shown in Figure 2A, all tested CRC cell lines treated
with VG9-IL-24 exhibited greater nuclear fragmenta-
tion, chromatin clumping, and apoptotic body formation.
Flow cytometry results showed that the percentages of
apoptotic cells were 22.94+1.83%, 97.98+1.31%, and
49.86+2.02% for PBS, VGO9-IL-24, and VG9-EGFP,
respectively (Fig. 2B). The ability of VG9-IL-24 in
inducing apoptosis was to a greater degree compared
with VG9-EGFP (p<0.01).

Cell cycle analysis indicated that VG9-IL-24 induced
cell cycle arrest at the G,/M phase. Compared with the
PBS and VGY9-EGFP groups, VG9-IL-24 treatment
resulted in a higher proportion of apoptotic cells in the
G,/M phase, accompanied with a decrease in the number
of cells in the G, and S phases (Fig. 2C).

The expression levels of apoptosis-related proteins
were determined by Western blot (Fig. 3). Cleaved PARP
and Bad were significantly increased, while Bcl-xL

expression was decreased. However, the expression level
of Bcl-2 showed no significant change. Signal pathways
results showed that VG9-IL-24 treatment increased the
level of PKR, which led to subsequent phosphorylation
of downstream targets p38MAPK (Thr180/Tyrl82).
JNK, as a proapoptotic member of MAPK family, was
also activated by phosphorylation, whereas phosphoryla-
tion was decreased in ERK, which is considered as an
antiapoptotic member of the MAPK family. In addition,
VG9-IL-24 treatment also decreased the phosphorylation
level of STAT3.

Virus Replication In Vivo

The in vivo replication of VG9-IL-24 in tumors and
normal organ tissues (brain, spleen, lung, liver, and kidney)
was assessed 5 days postinfection, and viral yield was cal-
culated per milligram of tissue (Table 1). Both VG9-EGFP
and VGY-IL-24 produced a lower viral yield in normal
organ tissues, while they were infective in tumors.

Antitumor Effect of VG9-IL-24 in Nude Mice

HCT116 xenograft tumors in PBS-treated mice grew
progressively, while tumors in virus-treated mice were
notably suppressed (Fig. 4A). VG9-1L-24 exhibited more
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Figure 2. VG9-IL-24 induced apoptosis in colorectal cancer cell. (A) Cell apoptotic staining by Hoechst 33258. Colorectal cancer
cell lines CT26, HCT116, HCT-8, and HT-29 treated with PBS, VG9-IL-24, and VG9-EGFP were incubated with Hoechst 33258
for 30 min, then observed nuclear swelling or karyorrhexis with fluorescence microscope. Scale bar: 50 um. (B) Annexin V and
propidium iodide (PI) double staining assay. HCT116 cells treated with PBS, VG9-IL-24, or VG9-EGFP were harvested after 48 h
and stained with FITC-labeled annexin V and PI and immediately analyzed by flow cytometry. The percentage of apoptotic cells was
calculated with CellQuest software. (C) Cell cycle analysis by PI single staining. HCT116 cells were treated with PBS, VG9-1L-24,
or VG9-EGFP for 48 h, and then the distribution of cells in different phases of cell cycle was analyzed by flow cytometry after PI
staining. The percentage of cell cycle phases was analyzed by Flow Jo software. Each bar represents the mean+SD (n=3). *p<0.05,

#4p<0.01.

strong ability to inhibit tumor growth compared with
VGI9-EGFP. In addition, survival analysis also showed
that tumor development was significantly delayed in
VGI-IL-24-treated mice with survival extended until
the experiment was finished (50 days); however, all
control mice developed tumor and died within 28 days
(Fig. 4B).

H&E staining showed that apparent karyopyknosis,
cracking, and a large quantity of bubbles between tis-
sues were observed in the VG9-IL-24 group, indicating

that VG9-IL-24 treatment caused more severe cytopathic
effects in tumor tissues (Fig. 4C). Immunohistochemical
analysis for Ki-67 showed that the percent of positive
Ki-67 in the control, VG9-EGFP, and VG9-IL-24 groups
was 96%, 62%, and 23%, respectively, indicating that
VGI-IL-24 significantly inhibited the proliferation of
tumor cells. The expression of VEGF protein was appar-
ently decreased in vesicles of tumors infected with VG9-
IL-24. CD34 expression in the VG9-IL-24 group was
also lower compared with the PBS or VG9-EGFP group
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Figure 3. Signaling pathways induced by VG9-IL-24. HCT116 cells treated with PBS, VG9-IL-24, or VG9-EGFP for 48 h were
harvested, lysed, separated by SDS-PAGE, and examined by Western blot analysis for PARP, Bad, Bcl-xL, Bcl-2, PKR, p-p38, p38,
p-JNK, INK, p-ERK1/2, ERK1/2, p-STAT3, and STAT3. B-Actin was used as a loading control.

(Fig. 4C). Immunohistochemical staining further con-
firmed that IL-24 was stably expressed in tumor tissue
from the VG9-IL-24-treated group, suggesting that the
enhanced antitumor activity of VG9-IL-24 was probably
duo to the in situ production of IL-24.

Antitumor Effect of VG9-IL-24 in Immune-Competent
Mice

As shown in Figure 5A, a single intratumoral injection
of virus resulted in evident suppression of tumor growth
compared with the control group. The antitumor activity
of VG9-IL-24 was much stronger than that of VG9-EGFP
with four mice completely healed. Survival advantage
was observed in virus-treated mice; the greatest benefit
in terms of survival was found in the VG9-IL-24 group,
which achieved significantly longer survival compared
with the PBS or VG9-EGFP group (p<0.01) (Fig. 5B).

Tumor cell rechallenge study showed that all CT26
tumor-burdened mice healed by VG9-IL-24 were resis-
tant to CT26 cells and survived the tumor challenge,
whereas mice implanted with 4T1 cells developed tumors

Table 1. Viral Yield in Tumor and Normal Tissues

VG9-EGFP VGY-1L-24
Tumor 10.0 (8.6-12)x 10* 18.8 (11.6-20.8) x 10*
Brain 18 (0-48) 12 (0-50)
Lung 6 (0-28) 0
Liver 0 (0-20) 0 (0-10)
Spleen 20 (10-80) 12 (0-72)
Kidney 36 (20-70) 30 (0-80)

Values are the median (range) viral yields, PFU/mg tissue on day 5 after
injection with VG9-EGFP or VG9-1L-24. Whole sections of normal
organ tissues and tumors were collected and homogenized, and a stan-
dard plaque assay was performed on BSC-40 cells.

(Fig. 5C), indicating that VG9-IL-24 was able to develop
systemic antitumoral immunity, and the protection against
tumor rechallenge was tumor specific.

In bilateral CT26 murine colorectal tumor model
(Fig. 5D), CT26 cells developed rapidly proliferating
tumors on bilateral flanks in the control group, while virus
injection showed tumor regression on both sides. CT26
tumors injected with VG9-IL-24 grew more slowly com-
pared with VG9-EGFP. Besides, VG9-IL-24-treated mice
also showed more profound growth inhibition of non-
injected tumors on left flanks. The intratumoral injection
of VG9-1L-24 eradicated the primary and distant tumors,
which confidently indicated the potent “bystander” anti-
tumor effect of IL-24.

Induction of Antitumor Immunity

CTL killing assay showed that VG9-IL-24 exhibited
significant killing activity of CTL on CT26 cells com-
pared to the VG9-EGFP and control group (p<0.01). The
cell-killing activity was the strongest at a ratio of 40:1
(Fig. 6A). A significant decrease in the viability of CT26
cells was observed with serum from virus-treated mice,
while there was no change in 4T1 cell viability upon
incubation with serum from any of the treatment groups
(Fig. 6B). VGO9-IL-24 exhibited stronger cytotoxicity
than VG9-EGFP on CT26 cells (p<0.01).

As an important immune mediator, IL-24 was able
to stimulate various cytokines. As shown in Figure 6C,
VGO-IL-24 resulted in the secretion of IFN-y and IL-6
at high levels, and TNF-o and IL-4 at low levels. All the
cytokine levels tested were significantly higher than that
in the control or VG9-EGFP group (p<0.01, p<0.05).
To further confirm the presence of IL-24 in serum after
VGY-IL-24 treatment, IL-24 concentrations in serum



COLORECTAL CANCER THERAPY BY VG9-IL-24

A B

2500+

. -~ Control

“E 2000- = VGO-IL-24

g — VG9-EGFP

g 1500-

S 1000-

Sy

=]

£ 5001

=

30
Days

40

0 10 50

20

Ki-67

VGY-IL-24 |

VG9-EGFP

"_’ - N | i S '
jg%é ;1g§§:;£§{'f’a?’;?’f r|
,.;1F;“’ ‘;— .’.‘; . > 3 ‘5 P

S A ,

R » j!r -
S ’ < :
i o :‘4% f ',f‘?,":,;—-,'c‘. s
_Laf &’”pﬂ ) a*_-“.'-rfmﬁt:-i'-_i !

Survival (%)

585

100 v
: -+- Control ]**
80- Lo, —_ VG9-IL-24:| .
' I —— VG9-EGFP
60- '
]
1
40- Lo
1
1
20- .
1
1
n 1
0 10 20 30 40 50 60
Days
VGEF CD34 1L-24
A x » ~ i F, A%V 1Yy
_f. ' \ A \ ‘:{"’ ..",'4"«.5“' 0y
N o LY & el NG S
' Y e ( 0\ !‘-' . - 22745
» \ [§ 5 . ) '.; »f '1 e
> T e K> 8 { . 5 7oty
& . R Q - A ",,,“'4‘ ' ~ e
/ ) B e ‘\"r '*'c",a ',’,‘ .‘-."z‘

Figure 4. Antitumor effect of VG9-IL-24 in HCT 116 xenograft mouse model. (A) Mean tumor volume in mice treated with PBS
(control), VG9-IL-24, or VG9-EGFP. (B) Kaplan—Meier survival curves for tumor-bearing mice treated with PBS, VG9-IL-24, or
VG9-EGFP. n=5 per group. *p<0.05, **p<0.01. (C) H&E and immunohistochemical staining of the tumor tissue. Tumors from the
mice treated with PBS (control), VG9-IL-24, or VG9-EGFP were harvested, formalin fixed, and paraffin embedded. Sections were
subjected to H&E staining and immunohistochemistry for Ki-67 VEGF, CD34, and IL-24. Original magnification: 400x.

harvested at different time points were evaluated by
ELISA. As shown in Figure 6D, the level of IL-24 in serum
was able to be detected on the second day after initial intra-
tumoral injections of VG9-IL-24 and was continuously
elevated, reaching maximum concentration within 7 days.
The level of IL-24 was gradually decreased on day 10 but
was still able to be detected on day 14. Together, these data
implied that VG9-IL-24 induced specific antitumor immu-
nity, which could be enhanced by IL.-24 production.

DISCUSSION

Limited by the efficacy of current chemotherapy and
aggressive surgery, overall prognosis for CRC, which
represents a complex and challenging clinical problem,
remains poor, and recurrence rates are still high at pres-
ent. Therefore, novel strategies for CRC therapy are the
need of the hour. Oncolytic virotherapy has emerged as
a promising cancer treatment platform in recent years.

Owing to direct tumor cell lysis by the virtue of their
selective replication in cancer cells, it is possible for onc-
olytic viruses to treat refractory cancers, like CRC. In this
study, we reported a replication-competent vaccinia virus
armed with IL-24 (VG9-IL-24) to effectively infect, rep-
licate within, and kill CRC both in vitro and in vivo.

As a novel tumor suppressor cytokine, IL-24 has
multifaceted antitumor effects including inducing apop-
tosis, inhibition of tumor cell invasion and metastasis,
antiangiogenic activity, immune modulatory activity, and
“bystander” antitumor activity*'**. Traditional delivery
of IL-24 by liposome or replication-defective adenovirus
cannot target tumor cells, which limits its value on cancer
gene therapy. Therefore, in this study, we used vaccinia
virus as a delivery vector to express the IL-24 gene. Our
study showed that VG9-IL-24 efficiently infected CRC
cells, which assured the high expression of [L.-24 in cancer
cells. ELISA and immunohistochemical analysis further



586

A
2500- -e- Control
_ = VGY-IL-24
"’E 2000- &+ VG9-EGFP
£ 15004
2
$ 1000-
S
=]
E 500-
=1
0
0 10 20 30 40 50 60
C Days
100 , '
|
80 !
g L
< 60- i
g | -+. Control
£ | 1+
g 40+ I = VG9-IL-24-treated
2 |
201 |
]
]
0 : : } . y .
0 10 20 30 40 50 60
Days after CT26 tumor rechallenge
D
Right (injected)
25001
“E 2000
E
g 15004 -e- Control
% - VG9-IL-24
= 1000- -+ VG9-EGFP
g 500+
ot

0 10 20 30 40 50 60
Days

DENG ET AL.
100 v
i
80- Loy R
~ ]
\e )
< 60- :
] []
> [ 5
E 40- :__. -+. Control ]**
a ' —— VG9-IL-24 ]**
)
20+ ! —— VGI9-EGFP
i
0 T i T T 1
0 10 20 30 40 50 60
Days
100 v
‘
80 ‘
~ '
o [ .
TN ;
2 :
; 40+ !
7 -+- Control !
209 - VGY-IL-24-treated |
i
0 T T T 1
0 10 20 30 40
Days after 4T1 tumor rechallenge
Left (uninjected)
1400+
v?é‘ 1200+
£ 1000
g 800 -o- Control
'§' 600 -# VG9-IL-24
5 -4~ VG9-EGFP
=
E]
[

0 10 20 30 40 50 60
Days

Figure 5. Antitumor effect of VG9-IL-24 in CT26 tumor model. (A) Mean tumor volume in mice treated with PBS (control), VG9-
IL-24, or VGY9-EGFP. (B) Kaplan—Meier survival curves for tumor-bearing mice treated with PBS, VG9-IL-24, or VG9-EGFP. (C)
Kaplan—Meier survival curve of healed CT26 tumor-burdened mice with CT26 tumor and syngeneic 4T1 tumor rechallenge. (D)
VG9-IL-24 eradicates primary tumors and inhibits distant tumors in a bilateral intradermal tumor implantation model. Mean volumes
of tumors on right flanks of mice injected with PBS (control), VG9-IL-24, or VG9-EGFP and noninjected tumors on left flanks. n=5

per group. *p<0.05, **p<0.01.

demonstrated that VG9-IL-24 sufficiently expressed
IL-24 and directly biosynthesized IL-24 protein in tumor
cells. Besides, IL-24 was able to be detected in serum,
indicating that IL-24 was secreted into the blood from
the tumor. All these implied that VG9-IL-24 was able to
introduce the IL-24 gene directly into tumors, so that the
cytokine was produced in situ, further enhancing the anti-
tumor effects of VG9-IL-24.

There is abundant evidence in the literature that IL.-24
can inhibit the proliferation and induce apoptosis in vari-
ous cancer cells, and its growth-inhibition properties are
independent of the status of p53, pRb, and p21%>?%. In this

study, we identified VG9-1L-24 induced in vitro antitumor
effects by the suppression of cell growth and induction
of cell cycle arrest. VG9-IL-24 promoted apoptosis evi-
denced by an increase in chromatin condensation, nuclear
fragmentation, and the formation of apoptotic bodies in
various CRC cell lines via Hoechst staining. Flow cyto-
metric analyses also indicated that VG9-IL-24 induced
HCT116 cell cycle arrest at the G,/M phase. The increase
in apoptosis of CRC cells following VG9-IL-24 infection
was further confirmed by the appearance of PARP cleav-
age, a marker of apoptosis induction. Besides, VG9-1L-24
treatment changed the expression of the Bcl-2 family with
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Figure 6. Antitumor immunity induced by VG9-IL-24. (A) Cytotoxic lymphocyte (CTL) killing assay. Viability of CT26 cells cul-
tured with different ratios of splenocytes from CT26 tumor-bearing mice treated with PBS (control group), VG9-1L-24, or VG9-EGFP
was measured using the ACT1 assay. (B) Antibody-mediated cytotoxicity assay. Viability of CT26 or 4T1 cells incubated with 10%
serum from CT26 tumor-bearing mice treated with PBS (control group), VG9-IL-24, or VG9-EGFP was measured by ADCC Reporter
Bioassay. (C) Cytokine levels in serum from tumor-bearing mice treated with PBS (control group), VG9-IL-24, or VG9-EGFP were
determined by ELISA kit. (D) The levels of IL-24 expression in serum over time following intratumoral injection of VG9-IL-24 in
CT26 tumor-bearing mice. Each bar represents the mean+SD (n=5). *p<0.05, **p<0.01.

proapoptotic protein Bad upregulation and antiapoptotic
protein Bcl-xL downregulation. Changes in the ratio of
proapoptotic members and antiapoptotic members of the
Bcl-2 family can tip the balance from survival to death.
Previous studies have demonstrated that IL-24 treatment
resulted in a significant reduction in the levels of spe-
cific antiapoptotic proteins in a cancer cell type-specific
context?”8, In this study, Bcl-xL, not Bcl-2, afforded pro-
tection from VG9-IL-24-induced apoptosis in HCT116
cells. The reason why protection is not achieved in all
cancer cells with a single functionally similar antiapop-
totic protein is not known at present.

The mechanism by which IL-24 induces apoptosis is
not well defined, and signaling pathways involved are dif-
ferent and appear to be dependent on tumor types?. In this
study, we investigated the involvement of PKR, MAPK,
and STAT3 signaling pathways in VG9-IL-24-induced
apoptosis. Previous studies have found that IL-24-
mediated apoptosis is related to PKR, whose role as medi-
ator of antiviral and antitumor responses is known-°,
PKR phosphorylates various targets, which play a crucial
role in growth control and apoptosis induction, such as
elF-2a,, STAT1, STAT3, and p38 MAPK?*. The MAPK

signaling pathway plays important roles in a variety of
cellular processes including cell growth, differentiation,
development, and apoptosis in response to extracellular
stimuli and cellular stress®’. As members of the MAPK
family, p38-MAPK and JNK are known to involve in
apoptosis®>*, Phosphorylation and activation of p38-
MAPK and JNK are involved in cytochrome c release
with subsequent caspase activation® as well as DNA dam-
age®. On the other hand, ERK is considered as an anti-
apoptotic member of the MAPK family, and its activation
can inhibit apoptosis®!. The oncogenic transcription factor
STAT3 is an important member of the signal transducer
and activator of transcription family (STAT), which plays
crucial roles in regulating a number of diverse biologi-
cal functions, including cell proliferation, differentiation,
apoptosis, immunity, inflammatory response, and angio-
genesis®®. Activation of STAT3 often positively correlates
with tumor progression and a poor prognosis. STAT3 is
activated by phosphorylation and then forms dimers with
other members of the STAT family. The activated STAT3
complex will then translocate from the cytoplasm to the
nucleus and bind to the promoters of target genes (includ-
ing cyclin D1, Bcl-xL, and survivin). Our results showed
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that VG9-IL-24 treatment resulted in the activation of
PKR, which phosphorylated its downstream target p38
MAPK, subsequently stimulating the MAPK signaling
pathway and inhibiting STAT3 phosphorylation, which
suppressed its dimerization and nuclear translocation and
further induced apoptosis. These results indicated that
VGY-IL-24 was able to induce apoptosis in CRC cells via
multiple apoptotic signaling pathways.

Tumor angiogenesis plays another important role in
the processes of tumor growth, invasion, and metasta-
sis. VEGEF, as a tumor-derived growth factor, has a direct
effect on vascular endothelial cell growth and vascular
permeability and plays a crucial role in tumor angiogen-
esis®’. It has been demonstrated that the antiangiogenic
effect of IL-24 is more potent and may exert its antiangio-
genic activity by a direct or an indirect mechanism or by
a combination of both processes®. In the present study,
immunohistochemical staining demonstrated that VG9-
IL-24 treatment significantly downregulated the expres-
sion of VEGF and CD34 in the HCT116 xenograft tumors.
H&E and Ki-67 detection further showed that VG9-1L-24
did alter the proliferating capacity of HCT116 cells, thus
indicating that tumor growth inhibition by VG9-1L-24
was probably attributed to dramatic induction of tumor
cell apoptosis as well as its antiangiogenic activity.

In addition to a broad-spectrum tumor suppressor, 1L-24
is also an important immune mediator. To investigate
whether VG9-1L-24 could induce antitumor immunity, an
immune competent mice model (CT26 and 4T1), which has
the advantage of an intact immune system, was established
in this study. A rechallenge study indicated the ability of
VGI-IL-24 to induce a specific and lasting immune response
against colorectal tumor. Experiments on the cell killing
effect of CTL also showed that VG9-IL-24 could induce
CTL to produce a stronger killing effect on CRC cells, but
not breast cancer cells, which further confirmed that vac-
cinia oncolysis induced tumor-specific immunity, and IL-24
production further developed effective responses.

A previous study has been demonstrated that IL-24
induces increase in the secretion of IL-6, TNF-o, and
IFN-v at high levels and trace amounts of GM-CSF, IL-2,
IL-4, and IL-10%. In this study, we found that VG9-IL-24
treatment upregulated some cytokines that recruited and
activated components of the immune system, especially
increasing IFN-y production significantly. As a proin-
flammatory cytokine, IFN-7y is important for immunity
against intracellular pathogens, including vaccinia virus.
VGOY-IL-24 treatment produced elevated levels of IFN-7,
followed by recruitment of cells of the innate immune
system to the inflamed tumor site, thus creating a pro-
inflammatory environment, which attribute to the inhibi-
tion of growth and regression of the tumor. A previous
study revealed that IL-24 administration enhanced serum
IFN-ylevels and increased the number of IFN-yproducing
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CD8* T cells in the spleen, thus enhancing CD8* T-cell
cytotoxicity in CRC*. Therefore, VG9-IL-24 may stimu-
late systemic immunity through secondary induction of
systemic antitumoral immunity mediated by IL-24.

It is notable that the oncolytic vaccinia virus VG9-1L-24
eradicated not only the primary tumor but also distant
tumors. Such “bystander antitumor” activity may contrib-
ute to multiple mechanisms. First, as a secreted cytokine,
IL-24 is able to interact with its cognate IL-20/IL-22 recep-
tors that activate signal transduction pathways mediating
antitumor activity*'. In addition, vaccinia virus entered
into the circulation, targeted and replicated at distant tumor
sites, which directly destroyed distant tumors. 1L.-24 pro-
tein generated by VG9-IL-24 replication could also reach
distant tumor sites to exert apoptosis induction, immune
stimulation, and angiogenesis inhibition. Another potential
mechanism is that VG9-IL-24 stimulated the immune sys-
tem. VG9-IL-24 infection induced tumor-specific immunity
and stimulated various immune cytokines, which activated
antigen-presenting cells to present tumor antigens, thereby
triggering an antitumor immune response. These possible
mechanisms for “bystander antitumor™ activity may sup-
port using vaccinia virus to produce constant IL-24 not only
in situ but also systemically, therefore promoting antitumor
efficiency in a local organ as well as metastases.

Collectively, we here constructed an oncolytic vac-
cinia virus armed with IL-24 named VG9-IL-24, which
can act both as an oncolytic agent and as a vehicle for
IL-24 gene transfer. Our results showed the potent anti-
tumor effects of VG9-IL-24 on various CRC cell lines
and in both human and murine CRC models. VG9-IL-24
may exert its excellent antitumor properties via multiple
pathways including direct viral lytic effects, apoptosis
induction, inhibition of angiogenesis, and stimulation of
multiple antitumor immune responses. Our data indicated
that IL-24 was a novel and multifunctional cancer-killing
cytokine, which may present as a powerful tool for the
noninvasive treatment of colorectal cancer.
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