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The armed oncolytic adenovirus ZD55-IL-24
eradicates melanoma by turning the tumor cells
from the self-state into the nonself-state besides
direct killing
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Abstract
ZD55-IL-24 is similar but superior to the oncolytic adenovirus ONYX-015, yet the exact mechanism underlying the
observed therapeutic effect is still not well understood. Here we sought to elucidate the underlying antitumor
mechanism of ZD55-IL-24 in both immunocompetent and immunocompromised mouse model. We find that ZD55-
IL-24 eradicates established melanoma in B16-bearing immunocompetent mouse model not through the classic direct
killing pathway, but mainly through the indirect pathway of inducing systemic antitumor immunity. Inconsistent with
the current prevailing view, our further results suggest that ZD55-IL-24 can induce antitumor immunity in B16-bearing
immunocompetent mouse model in fact not due to its ability to lyse tumor cells and release the essential elements,
such as tumor-associated antigens (TAAs), but due to its ability to put a “nonself” label in tumor cells and then turn the
tumor cells from the “self” state into the “nonself” state without tumor cell death. The observed anti-melanoma efficacy
of ZD55-IL-24 in B16-bearing immunocompetent mouse model was practically caused only by the viral vector. In
addition, we also notice that ZD55-IL-24 can inhibit tumor growth in B16-bearing immunocompetent mouse model
through inhibiting angiogenesis, despite it plays only a minor role. In contrast to B16-bearing immunocompetent
mouse model, ZD55-IL-24 eliminates established melanoma in A375-bearing immunocompromised mouse model
mainly through the classic direct killing pathway, but not through the antitumor immunity pathway and anti-
angiogenesis pathway. These findings let us know ZD55-IL-24 more comprehensive and profound, and provide a
sounder theoretical foundation for its future modification and drug development.

Introduction
Oncolytic viruses are therapeutically useful viruses that

selectively infect and damage cancerous tissues without
causing harm to normal tissues1. ZD55-IL-24, one of the
most effective armed oncolytic viruses developed so far,
was constructed by cloning the foreign antitumor gene
mda-7/interleukin-24 (IL-24) into the tumor-targeting
replicative viral vector ZD552,3. ZD55 is an E1B 55-kDa
gene-deleted adenovirus that is similar to the ONYX-015,
but with the marked difference of a cloning site to insert
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foreign genes4. Another two differences between ZD55
and other oncolytic adenoviruses are that ZD55 is an
adenovirus type 5 homozygote and has an intact E3
region, whereas the most of other oncolytic adenoviruses
are adenovirus chimaeras (e.g., ONYX-015 is a type 2/5
chimaera and Colo-Ad1 is a type 11/3 chimaera)1,4,5 or
have major deletions within the E3 region (e.g., ONYX-
015, H101, and CG0070)1,5,6. Our previous studies have
shown that ZD55-IL-24 could selectively replicate in
many types of human tumor cells and kill these cells
much more effectively than ONYX-015 or the replication-
defective adenovirus carrying the IL-24 gene both in vitro
and in vivo2,7–9. In addition, the greatest limitation of
oncolytic virotherapy is that the vast majority of oncolytic
viruses cannot be administered systemically (e.g., intra-
venous injection and intraperitoneal injection), but must
be administered intratumorally1,5,10,11. Hence, oncolytic
viruses are difficult to be used to treat the vast majority of
tumors in clinic. To overcome this limitation, we con-
structed a PEG/Lipids/calcium phosphate (CaP)-OncoAd
(PLC-OncoAd) delivery system for ZD55-IL-24 in our
recent work12. ZD55-IL-24, therefore, has great develop-
ment prospects. Although our previous work on ZD55-
IL-24 has been encouraging, some critical problems still
exist. For example, we focused on its application in our
past research and hence knew little about its antitumor
mechanism2,7–9,12,13.
The mechanisms through which oncolytic viruses

mediate tumor rejection are incompletely understood5.
The well-known mechanism is the direct killing pathway.
Once attached to and entered tumor cells, oncolytic
viruses replicate and assemble to progeny virion in tumor
cells, eventually leading to tumor cell lysis and viral pro-
geny release. Not only do oncolytic viruses directly kill
tumor cells at the end of their lytic cycle, but also progeny
viruses spread throughout a tumor, infecting other cancer
cells, further producing more viral progeny and improving
their antitumor efficacy10. Recently, a study about onco-
lytic Newcastle disease virus revealed that the localized
oncolytic virus infection in tumors could be used to drive
systemic antitumor immunity14. It suggests that oncolytic
viruses mediate antitumor activity also through the anti-
tumor immunity pathway. However, little is known about
the mechanism of the antitumor immunity pathway. A
prevalent notions is that the oncolytic virus infection can
result in immunogenic tumor cell death and release the
essential elements such as TAAs including neo-antigens,
viral pathogen-associated molecular patterns (PAMPs),
cellular danger-associated molecular pattern signals
(DAMPs), and cytokines such as type I interferons (IFNs),
which result in the generation of antitumor immunity5,14–
16. Based on the above, it is inadequate to fully describe
the antitumor mechanism of ZD55-IL-24 only in immu-
nodeficient mouse model for the lack of a functional

immune system, and it is also very significant to study the
antitumor mechanism of ZD55-IL-24 in immunocompe-
tent mouse model. In this manuscript, we sought to
explore the underlying antitumor mechanism of ZD55-IL-
24 both in B16-bearing immunocompetent mouse model
and A375-bearing immunocompromised mouse model.
These results may help us to better understand the anti-
tumor mechanism of ZD55-IL-24 and have some impli-
cations for further oncolytic adenovirus design.

Materials and methods
Cells
All the cell lines used in this study were obtained from

the Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). HEK293
cell was a human embryonic kidney cell line, transformed
with Ad5 E1. B16 and A375 were the murine and human
melanoma cell lines. LLC1 and A549 were the murine and
human lung carcinoma cell lines. CT26.WT and SW620
were the murine and human colorectal cancer cell lines.
Additionally, bEnd.3 cell was a murine vascular endo-
thelial cell line. The B16 and CT26.WT cell lines were
cultured in RPMI-1640. The SW620 and A549 cell lines
were cultured in L15 and F-12K, respectively. Other cell
lines were cultured in DMEM. Media were supplemented
with 10% FBS, 50 U/mL penicillin, and 50 μg/mL strep-
tomycin. All cell lines were maintained at 37 °C with 5%
CO2. The frequently used B16 cell line and A375 cell line
were not contaminated by mycoplasma, which was con-
firmed by PCR detection17. Other not frequently used cell
lines were not performed.

Adenoviruses
The three recombinant adenoviruses (ZD55, ZD55-

EGFP, ZD55-IL-24) used in this study have been pre-
viously described2,4. Briefly, ZD55 is a conditionally
replicating adenovirus type 5 with E1B (55-kDa)-deleted.
ZD55-EGFP is a foreign EGFP gene-inserted ZD55
expressing EGFP. ZD55-IL-24 is a foreign human IL-24
gene-inserted ZD55 expressing IL-24. Adenoviruses were
propagated in HEK293 cells and purified by CsCl equili-
brium centrifugation. Virus titers were determined by
TCID50 assay using HEK293 cells and converted to PFU.
The titer of each adenovirus was adjusted to 1.5 × 1010

PFU/mL, and were administrated intratumorally at 50 μL/
dose.

CCK-8 assay
Cell survivals were determined by the Cell Counting

Kit-8 (CCK-8) assay kit (cat#C0038, Beyotime, Shanghai,
China) according to the protocol provided by the manu-
facturer. Briefly, cells were seeded at 1 × 104 cells/well in
96-well plates and the next day infected with ZD55-IL-24
at a serial dilution. At the indicated times (2–4 days after
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infection according to the growth characteristic of the cell
lines), 100 μL medium of each well was removed from the
total 200 μL medium, and 10 μL CCK-8 was added to each
well. Cells were then incubated at 37 °C 5% CO2 for 2–4 h.
Absorbance were measured at 450 nm using a Thermo
MK3 Microplate Reader.

ZD55-EGFP infection analysis
B16 cells or A375 cells were seeded at 104 cells/well in

96-well plates and the next day infected with ZD55-EGFP
at a serial dilution. The infected cells were determined by
direct detection of EGFP fluorescence using an Olympus
IX71 inverted fluorescence microscope. Photographs were
taken on Day 0, Day 1, Day 2, and Day 4. CCK-8 assay was
performed according to the above protocol after the
photographs of Day 4 were taken.

Transmission electron microscopy
All the cell samples collected were fixed with 2.5%

glutaraldehyde overnight followed by 1% osmium tetr-
oxide for 1.5 h. The cell samples were then dehydrated
using a graded series of ethanol, rinsed with acetone and
permeated overnight with embedding buffer. Sections of
70 nm thicknesses were dual-stained with 2% uranyl
acetate and lead citrate. Adenovirus particles were
examined by transmission electron microscope (FEI,
Hillsboro, OR, USA).

Western blot
The Western blot was performed according to the

standard procedures. The primary antibody against IL-24
(cat#K101) was purchased from Genhunter (Nashville,
USA). The primary antibody against adenovirus type 2/5
E1A (cat#sc-25) was obtained from Santa Cruz. The pri-
mary antibody against adenovirus type 5 Hexon (cat# LF-
MA0177) was obtained from Thermo Fisher Scientific.
The primary antibody against GAPDH (cat#Ab103) was
obtained from Vazyme (Nanjing, China). The secondary
antibody (cat#sc-2005) was purchased from Santa Cruz.

Mouse cytokine antibody arrays
To detect changes of cytokines in tumors after ZD55-

IL-24 treatment, the Mouse L308 Array Kit (cat#AAM-
BLG-1–4, Ray Biotech) was used following the manu-
facturer’s instructions. Briefly, tumor tissues were har-
vested from mice two days after the last injection and
lysed using cell lysis buffer. Tumor tissue lysates were
biotinylated for 30 min at room temperature. Meanwhile,
cytokine array slides were blocked with blocking buffer for
30min at room temperature. Slides were then incubated
with the biotin-labeled tumor tissue lysates containing
equal amounts of protein overnight at 4 °C, washed and
incubated with Cy3-conjugated streptavidin for 2 h at
room temperature. Unbound Cy3-conjugated streptavidin

was washed out with wash buffer. The signals were
scanned using a GenePix 4000B microarray scanner
(Axon) and analyzed using the software GenePix Pro 6.0.
Details of the microarray design and data analysis are
available in manufacturer’s instructions.

Immunohistochemistry
Tumor tissues were harvested from mice 2 days after

the last injection, embedded in OCT (Leica) and cut into
8 µm cryosections on slides. Subsequently, samples were
fixed with ice cold acetone for 15min at −20 °C, and
permeabilized for 5 min with 0.5% Triton X-100 in
phosphate-buffered saline (PBS) (Ki-67 assay) or not.
Blocking was achieved using 10% horse serum and 1%
BSA in PBS for 1 h at room temperature. Tissues were
stained at 4 °C overnight using the appropriate antibodies
diluted in blocking solution. Antibodies used for immu-
nohistochemistry were purchased from Biolegend (CD8a
PE, cat#100708; NK 1.1 Alexa Fluor® 647, cat#108720;
Ly-6G/Ly-6C (Gr-1) Alexa Fluor® 488, cat# 108417, and
their isotype control) and eBioscience (Ki-67 FITC,
cat#652410; CD31 FITC, cat#11-0311-81; CD11b eFluor
660, cat#50-0112-80, and their isotype control). Apoptotic
cells in the tumor tissue sections were detected using a
TUNEL assay kit (cat#C1089, Beyotime), and the staining
was performed according to the manufacturer’s recom-
mendations. Nuclear counterstaining was performed
using DAPI. Slides were mounted with ProLong gold
antifade mountant (cat#P36930, Thermo Fisher Scien-
tific). Images were captured using Olympus BX51 upright
microscope.

Flow cytometry
Cells cultured in vitro or isolated from tumors or

spleens were processed for surface labeling with appro-
priate antibodies. Propidium iodide was used to distin-
guish the live cells. Cells were further permeabilized using
70% ethanol or True-Nuclear™ transcription factor buffer
set (cat# 424401, BioLegend) and stained for Ki-67 or
FOXP3. Data were acquired using the Beckman Cyto-
FLEX flow cytometer and analyzed using FlowJo software.
Antibodies used for flow cytometry were purchased from
Biolegend (anti-mouse CD16/32, cat#101320; CD8a Alexa
Fluor® 647, cat#100724; NK 1.1 Alexa Fluor® 647,
cat#108720; Ly-6G/Ly-6C (Gr-1) Alexa Fluor® 488,
cat#108417; CD19 FITC, cat#152404; CD45R/B220 Alexa
Fluor® 647, cat#103226; F4/80 Alexa Fluor® 488,
cat#123120; CD206 Alexa Fluor® 647, cat#141712;
FOXP3 Alexa Fluor® 488, cat#126406; CD4 Alexa Fluor®

647, cat#100530; CD11c Alexa Fluor® 488, cat#117311;
H-2Kb/H-2Db FITC, cat#114606; I-A/I-E Alexa Fluor®

647, cat#107618; CD80 Alexa Fluor® 647, cat#104718;
CD86 FITC, cat#105006; CSF-1R Alexa Fluor® 488,
cat#135511) and eBioscience (anti-mouse Ki-67 FITC,
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cat#11-5698-82; CD3ε FITC, cat#11-0031-82; CD11b
eFluor 660, cat#50-0112-82).

Animal experiments
All animal experiments were approved by the Institu-

tional Animal Care and Use Committee of Shanghai
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences. Female C57BL/6 mice 6 weeks of
age or BALB/c nude mice 4 weeks of age were obtained
from SLAC (Shanghai, China) and quarantined for about
1–2 weeks before tumor implantation. For the single
tumor model, an inoculum of 1 × 106 B16 cells or 2 × 106

A375 cells was injected subcutaneously only on the right
flank of mice in 100 µL sterile PBS. For the two-tumor-
model, an inoculum of 1 × 106 B16 cells or 2 × 106 A375
cells was injected subcutaneously on the right flank of
mice in 100 µL sterile PBS on day 0 and an inoculum of
2 × 105 B16 cells or 4 × 105 A375 cells was injected sub-
cutaneously on the left flank of mice in 100 µL sterile PBS
on day 4. When the subcutaneous tumor size reached an
appropriate volume, the mice were randomized into sev-
eral groups using R software, and treatments were initi-
ated as indicated in each figure legend. ZD55-IL-24 (7.5 ×
108 PFU/dose) or PBS was administrated intratumorally at
50 μL/dose for 5 consecutive days or every other day (for
the two-tumor-model, ZD55-IL-24 was administrated
only into right flank tumors, but not left flank tumors).
Tumor size (volume= length × width2 × 0.5) and body
weight were measured every 2 days, and mice were
euthanized when the average right tumor volume of PBS
group exceeded 2000 mm3. Animal survival was also
recorded every 2 days. Photographs of the tumors resec-
ted from the sacrificed mice were taken immediately.

Depletions
Cellular subsets were depleted by administering 400 µg

of depleting antibody i.p. twice weekly beginning 1 day
before therapy as indicated: CD8+ T cells with anti-CD8α
(cat#BE0061, BioXCell), CD4+ T cells with anti-CD4
(cat#BE0003-1, BioXCell), NK cells with anti-NK1.1
(cat#BE0036, BioXCell), neutrophils with anti-Ly-6G
(cat#BE0075-1, BioXCell). Macrophages were depleted
using 300 µg anti-CSF-1R (cat#BE0213, BioXCell) every
other day. Cellular depletions of CD8+ T cells, CD4+

T cells, NK cells, neutrophils, and macrophages were
confirmed by flow cytometry of peripheral blood mono-
nuclear cells (PBMCs) (Supplementary Fig. 5A).

Cytotoxicity assay
B16 cells were seeded at 1 × 104 cells/well in 96-well

plates and the next day infected with 100 MOI (PFU/cell)
ZD55-IL-24 or not. PBMCs were obtained from PBS or
ZD55-IL-24-treated mice (C57BL/6 mice without receiv-
ing tumor implantation) and cocultured with the above

B16 cells at the ratios of 100:1 for 4 h. The killing effect of
PBMCs was assayed using the LDH Cytotoxicity Assay Kit
(cat#C0017, Beyotime) according to the manufacturer’s
instructions.

Statistical analyses
Statistical analyses were performed using GraphPad

Prism 6.0. Comparisons between two groups were per-
formed using Student’s t-test. Comparison of multiple
groups was performed by analysis of variance (ANOVA).
Survival curves were analyzed using log-rank
(Mantel–Cox) test. Differences were considered sig-
nificant at P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, NS, not significant).

Results
ZD55-IL-24 inhibits melanoma growth in B16-bearing
immunocompetent mouse model not through the classic
direct killing pathway, but through unknown indirect
pathway
In an attempt to evaluate the impact of ZD55-IL-24 on

the immune system, we here used it to treat C57BL/6
mice bearing B16 melanoma (Fig. 1A). Originally it was
thought that ZD55-IL-24 would have greatly reduced or
even no efficacy in immunocompetent mouse-murine
tumor model for the known no replication of human
adenovirus serotype 5 in murine cells. To our surprise,
ZD55-IL-24 also induced robust tumor inhibition (Fig.
1B) and greatly prolonged the shortened lifespan of mice
(Fig. 1C) in B16-bearing immunocompetent mouse
model. Of note, despite high anti-melanoma efficacy,
ZD55-IL-24 therapy was associated with no significant
systemic toxicity, as mice did not show shortened lifespan
and weight or hair loss (Fig. 1D).
To further understand the cellular and molecular

mechanisms underlying the observed therapeutic effect of
ZD55-IL-24 in B16-bearing immunocompetent mouse
model, we first analyzed the direct killing effect of ZD55-
IL-24 in B16 cells in vitro. ZD55-IL-24 was unable to
induce obvious tumor-selective cytotoxicity in B16 cells
in vitro (Fig. 1E, F). Even though the multiplicity of
infection (MOI) was increased to a very high level and the
treatment time was extended to the maximum, no sig-
nificant cytopathic effects were observed in B16 cells too
(Fig. 1G, H). Our further results showed that ZD55-IL-24
could effectively kill human tumor cells in vitro, though it
was not observed in matched murine tumor cells (Sup-
plementary Fig. 1A–H), excluding the possibility of the
ZD55-IL-24 we used were inactive. We proceeded to
evaluate whether ZD55-IL-24 therapy induced B16 cell
death in vivo. Intriguingly, although ZD55-IL-24 could
not kill B16 cells in vitro, it could robustly inhibit pro-
liferation (Fig. 1I, J, M–O) and greatly promote apoptosis
(Fig. 1K, L) in B16 cells within tumor tissues, suggesting
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Fig. 1 ZD55-IL-24 inhibits tumor growth in B16-bearing immunocompetent mouse model not through the classic direct killing pathway,
but through unknown indirect pathway. A–D The antitumor efficacy of ZD55-IL-24 in B16-bearing immune-competent mouse model. A Timeline
of tumor engraftment and treatments. B Tumor growth curves and C survival over time for mice inoculated with 106 B16 melanoma cells s.c. in the
right flank and treated 7 days later (the average tumor volume was about 80 mm3) with the indicated PBS or ZD55-IL-24. D Body weight changes of
the B16 melanoma-bearing mice monitored during the therapy period. s.c. subcutaneous injection, i.t. intratumoral injection. Data are presented as
the mean ± SEM. n= 10 mice per group per experiment. E–H The B16 cell killing effect of ZD55-IL-24 in vitro. E B16 cells were infected with ZD55-IL-
24 at a series of MOI (PFU/cell) from 0 to 150, the appearance of cytopathic effect was monitored under microscope, and representative photographs
were taken at day 2 post-infection F and cell viability was measured by CCK-8 assay. G The B16 cells at a density of 104 cells/well cultured in 96-well
plates were infected with 1500 MOI (PFU/cell) ZD55-IL-24, the appearance of cytopathic effect was monitored under microscope, and representative
photographs were taken at 4 days later, and H cell viability was examined by CCK-8 assay. Results represent mean ± SEM of triplicate experiments and
are expressed as a percentage of control cells. I–O The B16 cell killing effect of ZD55-IL-24 in vivo. I Tumors resected from B16-bearing C57BL/6 mice
receiving PBS or ZD55-IL-24 treatment as indicated in A were analyzed 2 days after the last injection by immunohistochemical staining. Shown are
representative micrographs of tumor sections immunostained for the proliferation marker Ki-67 (green), and J quantification of the number of Ki-67+

cells in I (Ki-67+ nuclei as % of total nuclei; n= 3). K Shown are representative images of tumor sections immunostained for the apoptosis marker
TUNEL (red), and L quantification of the TUNEL+ cells in K (TUNEL+ cells as % of total cells; n= 9). Nuclei is counterstained with DAPI (blue). Data are
mean ± SD. Scale bars, 300 µm. Shown is one of three independent experiments. M C57BL/6 mice with B16 tumors were treated as indicated in
Fig. 4A, and then the tumor cells were isolated for flow cytometry analysis. Shown are representative flow cytometry plots for Ki-67, and N percentages
or O average median fluorescent intensities (MFI) of Ki-67+ cells, mean ± SEM is shown. Data represent cumulative results from eight independent
experiments.
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that ZD55-IL-24 inhibited melanoma growth in B16-
bearing immunocompetent mouse model not through the
well-known direct pathway of inducing tumor-selective
cytotoxicity, but through an unknown indirect pathway.

ZD55-IL-24 therapy remodels the cytokine
microenvironment of the established tumors in B16-
bearing immunocompetent mouse model
To further determine the indirect pathway through

which ZD55-IL-24 inhibited melanoma growth in B16-
bearing immunocompetent mouse model, we looked for
the changes of 308 mouse cytokines that correlated clo-
sely with tumor rejection within tumors using cytokine
antibody array analysis. Seven cytokines were significantly
downregulated (Fig. 2A–C and Supplementary Table 1)
and up to 135 cytokines were significantly upregulated
(Fig. 2A, B, D and Supplementary Table 1). The most
upregulated cytokine was IL-9 which increased up to 54
times, and the most downregulated cytokine was C-
reactive protein (CRP) which decreased about two times.
Of note, it has been reported that the inflammation
marker CRP was an independent prognostic marker in
patients with melanoma18. Elevated CRP has been corre-
lated with poor prognosis in melanomas. Hence, the
decrease of CRP level in ZD55-IL-24-treated mice sug-
gested the good prognosis of ZD55-IL-24 therapy at the
molecular level.

ZD55-IL-24 eliminates established melanoma in B16-
bearing immunocompetent mouse model mainly through
the indirect pathway of inducing systemic antitumor
immunity
Through analysis of the above down-regulated and up-

regulated cytokines, we noticed that five down-regulated
cytokines had a function of suppressing antitumor
immunity (Fig. 3A), and 83 up-regulated cytokines had a
function of promoting antitumor immunity (Fig. 3B),
hinting that ZD55-IL-24 probably inhibited tumor growth
in B16-bearing immunocompetent mouse model through
inducing antitumor immunity. Given the critical role of
CD8+ T cells, neutrophils, and NK cells in antitumor
immunity19, we thus analyzed the infiltration of these
immune cells in tumors, as well as recruitment and acti-
vation of these cells in spleens. As expected, immuno-
histochemical analysis results revealed that CD8+ T cells,
CD11b+Ly-6G+Ly-6Clow neutrophils, and NK cells were
present at high density throughout the ZD55-IL-24-
treated tumors, with less effective PBS treatment eliciting
fewer CD8+ T cells, CD11b+Ly-6G+Ly-6Clow neutrophils,
and NK cells in the bulk tumor mass (Fig. 3C–F),
demonstrating that ZD55-IL-24 inhibited melanoma
growth in B16-bearing immunocompetent mouse model
through the indirect pathway of inducing antitumor
immunity.

The spleen, where mature naive lymphocytes are
maintained, collects antigen from the blood and initiates
the systemic immune responses20. Notably, although the
number of CD11b+Ly-6G+Ly-6Clow neutrophils and NK
cells almost unchanged (Fig. 3H–J), a significant increased
number of CD8+ T cells were observed in the spleens of
ZD55-IL-24-treated mice (Fig. 3G, H), indicating that
ZD55-IL-24 treatment induced systemic antitumor
immunity more than local antitumor immunity in tumors.
Indeed, our further results demonstrated that ZD55-IL-24
kill not only local tumors (right ZD55-IL-24-injected
tumors) but also distant tumors (left ZD55-IL-24-
uninjected tumors) in B16-bearing immunocompetent
mouse model (Supplementary Fig. 2A–F). In addition, we
found that administration of ZD55-IL-24 to B16-bearing
nude mice, which lack adaptive immune responses, led to
greatly decrease of its anti-melanoma efficacy (Figs.
1A–D, 3K–M), further suggesting that the adaptive anti-
tumor immunity was critical for the therapeutic effect of
ZD55-IL-24 in B16-bearing immunocompetent mouse
model. Moreover, our further results also showed that
ZD55-IL-24 was able to cure small established melanomas
(the tumor lesions were just visible) and establish pro-
tective immunological memory in cured mice (Supple-
mentary Fig. 3A–E).

ZD55-IL-24 induces systemic antitumor immunity in B16-
bearing immunocompetent mouse model via an immune
recognition-based mechanism
To understand why ZD55-IL-24 was able to induce

systemic antitumor immunity, we further comprehen-
sively analyzed immune cell infiltration in both local and
distant tumors, as well as recruitment and activation of
these cells in spleens using flow cytometry (Fig. 4A and
Supplementary Fig. 4A, B). In agreement with the
immunohistochemical results, analysis of the local tumors
revealed a robust tumor immune infiltration of both
innate and adaptive immune cells. The immune infiltrates
were characterized by increase in innate immune com-
partment, including total myeloid cells, neutrophils, NK
cells, NKT cells, M1 macrophages, M2 macrophages,
MHC II+CD11c− APCs and DCs (Fig. 4B–E, J), and the
adaptive compartment, including total T cells,
CD8+CD3− cells, CD8+ T cells, CD4+CD3− cells, CD4+

T cells, Treg cells, Tconv/Treg, plasma cells, and B cells (Fig.
4F–I, K). In addition, ZD55-IL-24 therapy also led to a
significant increase of MHC II+CD11c− APCs, DCs, total
T cells, CD8+CD3− cells, CD8+ T cells, CD4+ T cells,
and Tconv/Treg in spleens, although it was unable to
increase the percentages of other examined immune cells
(Fig. 4L–Q), indicating that ZD55-IL-24 treatment
induced a systemic antitumor immunity more than local
antitumor immunity in tumors, which was also consistent
with the above immunohistochemical results. Moreover,
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Fig. 2 (See legend on next page.)
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analysis of the contralateral tumors revealed a similar
increase in the tumor immune infiltration, characterized
by increased percentages of all the examined immune
cells, with the exception of M1 macrophages, total T cells,
and plasma cells (Fig. 4R–AA), further indicating that
ZD55-IL-24 treatment induced antitumor immunity not
only in local tumors but also in distant tumors. Finally,
antibody depletion experiments showed that CD8+ T cells
were critical to tumor rejection (Supplementary Fig.
5A–D). CD4+ T cell, NK cell or neutrophil depletion also
led to reductions of efficacy in our two independent
experiments, albeit no statistically significant differences.
These results indicated that ZD55-IL-24 elicited a sub-
stantial immune infiltration in both local and distant
tumors with contributions to tumor rejection.
Immune responses are initiated when APCs, particularly

DCs, recognize antigens20. However, tumor cells tend to
be self-origin and are inherently not very immunogenic,
hence failure to be recognized by APCs is generally the
major obstacle to successfully induce antitumor immu-
nity20,21. Of note, the percentages of both MHC
II+CD11c− APCs and DCs were substantially increased by
ZD55-IL-24 therapy in local tumors, spleens, and distal
tumors (Fig. 4E, J, L, P, U, Z), suggesting that the primary
reason for the capacity of ZD55-IL-24 to induce systemic
antitumor immunity in B16-bearing immunocompetent
mouse model was attributed to the promotion of the
recognition of original host immune system to tumor cells.

ZD55-IL-24 promotes the immune recognition of tumor
cells in B16-bearing immunocompetent mouse model not
due to its ability to lyse immunogenic tumor cells and
release the essential elements for the induction of
antitumor immunity
To further understand why ZD55-IL-24 could promote

the original host immune system recognizing tumor cells,
we next investigated the changes of B16 cells caused by
ZD55-IL-24 treatment. We first examined the viral infection
and gene expression of ZD55-IL-24 in B16 cells in vitro.
Fluorescence microscopic analysis revealed that ZD55-IL-24
could not successfully infect and express exogenous gene in
B16 cells (Fig. 5A–D). In parallel, our transmission electron
microscopy and Western blot results also supported this
conclusion (Fig. 5E, F), suggesting that ZD55-IL-24 was
unable to directly lyse immunogenic tumor cells in B16-

bearing immunocompetent mouse model and thus could
not release TAAs, PAMPs, DAMPs as well as cytokines,
which helped immune system recognizing tumor cells and
were thought to be essential for the induction of antitumor
immunity by oncolytic viruses5,14–16. We thus concluded
that ZD55-IL-24 promoted the immune recognition of
tumor cells in B16-bearing immunocompetent mouse
model not due to its ability to cause immunogenic tumor
cell death and release the essential elements for the induc-
tion of antitumor immunity. The above results indicated
that ZD55-IL-24 induced antitumor immunity in B16-
bearing immunocompetent mouse model via a distinct
mechanism.

ZD55-IL-24 promotes the immune recognition of tumor
cells in B16-bearing immunocompetent mouse model due
to its ability to turn the tumor cells from the “self” state
into the “nonself” state
As the above data showed, it seems that the antitumor

immunity inducing process of ZD55-IL-24 has nothing to
do with the viral infection of tumor cells. We thus
assessed whether the HTHP-inactivated ZD55-IL-24 that
completely lost the ability of viral attachment and entry
was still able to induce antitumor immunity (Supple-
mentary Fig. 6A–F). Of interest, once lost the capability of
viral attachment and entry, ZD55-IL-24 was no longer
able to induce antitumor immunity (Fig. 6A–E), indicat-
ing that the antitumor immunity inducing process of
ZD55-IL-24 in B16-bearing immunocompetent mouse
model was dependent on viral attachment and entry. As
such, we next examined if ZD55-IL-24 was able to enter
B16 cells. We noticed that the anti-melanoma efficacy of
wild-type adenovirus type 5 (Ad5.WT) was much higher
than ZD55 which was the viral vector of ZD55-IL-24 and
was identical to Ad5.WT with the exception of E1B 55-
kDa gene deletion (Supplementary Figs. 7B and 8A–E),
indicating that the E1B 55-kDa gene played an important
role in B16-bearing immunocompetent mouse model.
The E1B 55-kDa gene, however, must be expressed in
cells to play a role, suggesting that ZD55-IL-24 viral
particles were probably able to enter B16 cells. Indeed,
although the expression of Hexon and IL-24 was unde-
tectable (Fig. 5F), the expression of E1A was detected in
ZD55-IL-24-treated B16 cells in vitro using Western blot
(Fig. 6F), directly demonstrating that ZD55-IL-24 viral

(see figure on previous page)
Fig. 2 ZD55-IL-24 therapy remodels the cytokine microenvironment of the established tumors in B16-bearing immunocompetent mouse
model. C57BL/6 mice bearing B16 tumors were treated with the regimens indicated in Fig. A. Two days after the last injection, tumors were isolated
and cytokine levels were measured by cytokine antibody arrays. A Original images of cytokine antibody arrays. B Heat-map of cytokine changes in A
(average signal intensity of two repeat spot) (see also Supplementary Table 1). P PBS, Z ZD55-IL-24. C The down-regulated cytokines in B. Difference
scores ≤0.65 (dashed line) are considered as significant down-regulation. D The up-regulated cytokines in B. Difference scores ≥1.5 (dashed line) are
considered as significant up-regulation.
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particles could in fact enter B16 cells. These data indi-
cated that ZD55-IL-24 was able to put a “nonself” label
into tumor cells which were considered as “self” by ori-
ginal host immune system20,21.
Motivated by the above findings, we thus speculated

that the capability of ZD55-IL-24 to promote immune
system recognizing tumor cells in B16-bearing immuno-
competent mouse model was attributed to its ability to
turn the tumor cells from the “self” state into the “nonself”
state. Indeed, our flow-cytometric results confirmed that
ZD55-IL-24 viral infection was able to result in surface
up-regulation of major histocompatibility complex
(MHC) I, which collected viral antigen in the cytosol and
displayed viral antigen on the surface of infected cells20

(Fig. 6G–I), indicating that ZD55-IL-24 viral infection was
most likely to result in “nonself” viral antigen epitopes
presenting on MHC I molecules located on the surface of
tumor cells. Furthermore, we also found that ZD55-IL-24
viral infection was able to result in surface up-regulation
of CD80 which was one of the major co-stimulatory
molecules for T cells20 (Fig. 6J–L), further facilitating the
induction of antitumor immunity. Finally, we found that
the PBMCs obtained from ZD55-IL-24-treated mice
(mice without receiving tumor inoculation) could speci-
fically kill ZD55-IL-24-treated B16 cells in vitro (Fig. 6M),
indicating that the anti-viral specific immune response
induced by ZD55-IL-24 could act specifically against the
tumor cells infected with ZD55-IL-24, indirectly demon-
strating that ZD55-IL-24 viral infection could result in the
presentation of “nonself” viral epitopes on the surface of
tumor cells. Taken together, these data indicated that
ZD55-IL-24 could put a “nonself” label into tumor cells,
and then turn the tumor cells from the “self” state into the
“nonself” state, eventually promote the immune system
recognizing tumor cells. Importantly, we simultaneously
noticed that the UV-inactivated ZD55-IL-24 that has the
ability of viral attachment and entry, but has a damaged
viral DNA, also failed to induce antitumor immunity (Fig.

6A–E), further suggesting that the “nonself” state turning
process of tumor cells induced by ZD55-IL-24 was
dependent on the action of viral DNA in tumor cells.

The exogenous IL-24 gene harbored in ZD55-IL-24 viral
genome has no significant contribution to the anti-
melanoma efficacy of ZD55-IL-24 in B16-bearing
immunocompetent mouse model
In our previous investigation, we have confirmed that

the exogenous IL-24 gene harbored in ZD55-IL-24 viral
genome played an important role in immunocompro-
mised mouse–human tumor xenograft models7,8. Thus,
we next evaluated the contribution of exogenous IL-24
gene in B16-bearing immunocompetent mouse model. As
mentioned above, our fluorescence microscopy, trans-
mission electron microscopy and Western blot results
showed that ZD55-IL-24 could not successfully infect and
express exogenous IL-24 gene in B16 cells (Fig. 5A–F),
indicating that the exogenous IL-24 gene harbored in
ZD55-IL-24 viral genome was most likely to play no role
in B16-bearing immunocompetent mouse model. Simi-
larly, our further data revealed that the anti-melanoma
efficacy of ZD55-IL-24 had no significant enhancement
compared with ZD55 and ZD55-EGFP (Supplementary
Figs. 7A–C and 8A–E), further supporting the conclusion
that the exogenous IL-24 gene played no role in B16-
bearing immunocompetent mouse model.

ZD55-IL-24 inhibits tumor growth in B16-bearing
immunocompetent mouse model also through anti-
angiogenesis pathway
Through analysis of the above down-regulated and up-

regulated cytokines (Fig. 2A–D), we also noticed that 4
down-regulated cytokines had a function of promoting
angiogenesis (Fig. 7A) and 9 up-regulated cytokines had a
function of suppressing angiogenesis (Fig. 7B), hinting
that ZD55-IL-24 might inhibit melanoma growth in B16-
bearing immunocompetent mouse model also through

Fig. 3 ZD55-IL-24 inhibits melanoma growth in B16-bearing immunocompetent mouse model mainly through the indirect pathway of
inducing systemic antitumor immunity. A, B Changes of the immune-related cytokines in tumors treated with ZD55-IL-24. A Heat-map of the
down-regulated immunosuppressive cytokines in Fig. 2C. B Heat-map of the up-regulated immunostimulatory cytokines in Fig. 2D. C–J
Immunohistochemical analysis of immune cell infiltration in tumors, as well as recruitment and activation in spleens. Tumors and spleens resected
from B16-bearing C57BL/6 mice receiving PBS or ZD55-IL-24 treatment indicated in Fig. 1A were analyzed 2 days after the last injection by
immunohistochemical staining. C Shown are representative images of tumor sections immunostained for CD8 (red, left panel), CD11b and Ly-6G
(yellow, middle panel), and NK1.1 (red, right panel). D Quantification of the CD8+ cells in C (n= 11). E Quantification of the CD11b+Ly-6G+Ly-6Clow

neutrophils in C (n= 3). f Quantification of the NK1.1+ cells in c (n= 6). G Quantification of the CD8+ cells in H (n= 9). H Shown are representative
images of spleen sections immunostained for CD8 (red, left panel), CD11b and Ly-6G (yellow, middle panel), and NK1.1 (red, right panel). I
Quantification of the CD11b+Ly-6G+Ly-6Clow neutrophils in H (n= 3). j Quantification of NK1.1+ cells in h (n= 9). Nuclei is counterstained with DAPI
(blue). Data are mean ± SD. Scale bars, 300 µm. Shown is one of three independent experiments. K–M The anti-melanoma efficacy of ZD55-IL-24 in
B16-bearing immunocompromised mouse model. BALB/c nude mice were inoculated with B16 tumors and treated with PBS or ZD55-IL-24 as
indicated in Fig. 1A. K Shown are tumor growth curves and L photograph of tumors resected from the sacrificed mice at the end of the experiment.
M Body weight changes of the mice monitored during the therapy period. P PBS, Z ZD55-IL-24, mean ± SEM is shown. n= 7 mice for PBS-treated
group, and n= 10 mice for ZD55-IL-24-treated group. Data represent results from one of two independent experiments.
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inhibiting angiogenesis. To further determine whether the
anti-angiogenesis pathway also played a role in B16-
bearing immunocompetent mouse model, we next
examined the direct killing effect of ZD55-IL-24 in the
murine vascular endothelial cell line bEnd.3 in vitro. No
significant cytotoxicity was observed in bEnd.3 cells (Fig.
7C, D), suggesting that ZD55-IL-24 could not inhibit
angiogenesis in tumors through directly killing the vas-
cular endothelial cells. We further assessed whether
ZD55-IL-24 was able to inhibit angiogenesis in tumors
using immunohistochemical analysis. Consistent with the
cytokine antibody array results, the immunohistochemical
results showed that the blood vessels in ZD55-IL-24-
treated tumors were present at low density, whereas PBS-
treated tumors produced more blood vessels (Fig. 7E, F),
showing the anti-angiogenesis effects of ZD55-IL-24
in vivo. Therefore, these data showed that ZD55-IL-24
could also increase the levels of anti-angiogenic factors
and decrease the levels of pro-angiogenic factors in
tumors, which result in inhibition of angiogenesis, further
contributing to the anti-melanoma efficacy of ZD55-IL-24
in B16-bearing immunocompetent mouse model.

ZD55-IL-24 eradicates established melanoma in A375-
bearing immunocompromised mouse model mainly
through the direct pathway of inducing tumor-selective
cytotoxicity, but not through the indirect pathway of
inducing antitumor immunity and inhibiting angiogenesis
Since nude mice lack a functional immune system due

to a genetic mutation that caused a deteriorated or absent

thymus, the antitumor efficacy of ZD55-IL-24 in immu-
nocompromised mouse–human tumor xenograft models
should rely mainly on direct killing pathway rather than
antitumor immunity pathway. To further evaluate the
contribution of direct killing pathway, we thus proceeded
to investigate the anti-melanoma efficacy of ZD55-IL-24
in human A375 melanoma nude mouse model. Our data
suggested that ZD55-IL-24 also induced robust tumor
inhibition in A375-bearing immunocompromised mouse
model (Fig. 8A, B), indicating that the classic direct killing
pathway could also play an important role in tumor
rejection. To determine whether the antitumor efficacy of
ZD55-IL-24 in A375-bearing immunocompromised
mouse model depended mainly on the direct killing
pathway rather than antitumor immunity pathway, we
first examined the viral infection and exogenous IL-24
expression in A375 cells in vitro. Our fluorescence
microscopy, transmission electron microscopy, and
Western blot results demonstrated the successful viral
infection and production of exogenous IL-24 in A375 cells
(Fig. 8C–F). Indeed, our CCK-8 results demonstrated that
ZD55-IL-24 could directly kill A375 cells in vitro (Fig. 8G,
H). These results suggested that ZD55-IL-24 was able to
inhibit melanoma growth in A375-bearing nude mouse
model via direct killing pathway.
As expected, our flow-cytometric results indicated that

the antitumor immunity pathway played only a minor role
in A375-bearing immunocompromised mouse model,
although it could also induce innate antitumor immunity
in local tumors (Fig. 8I–P). Consistent with the flow-

(see figure on previous page)
Fig. 4 ZD55-IL-24 induces systemic antitumor immunity in B16-bearing immune-competent mouse model by promoting the immune
system recognizing tumor cells. A Treatment scheme. B–K Flow-cytometric analysis of immune cell infiltration in right tumors (local ZD55-IL-24-
injected tumors). B Representative flow cytometry plots of tumor-infiltrating total myeloid cells (CD11b+) and neutrophils (CD11b+Ly-6G+Ly-6Clow)
in right tumors. C Representative flow cytometry plots of tumor-infiltrating natural killer cells (NK, NK1.1+CD3−) and natural killer T cells (NKT,
NK1.1+CD3+) in right tumors. D Representative flow cytometry plots of tumor-infiltrating M1 macrophages (F4/80+CD206−) and M2 macrophages
(F4/80+CD206+) in right tumors. E Representative flow cytometry plots of tumor-infiltrating MHC II+CD11c− antigen-presenting cells (APCs) and
dendritic cells (DCs, MHC II+CD11c+) in right tumors. F Representative flow cytometry plots of tumor-infiltrating total T cells (CD3+), CD8+CD3− cells,
and CD8+ T cells (CD8+CD3+) in right tumors. G Representative flow cytometry plots of tumor-infiltrating CD4+CD3− cells and CD4+ T cells
(CD4+CD3+) in right tumors. H Representative flow cytometry plots of tumor-infiltrating conventional T cells (Tconv, CD4

+FOXP3−) and regulatory
T cells (Treg, CD4

+FOXP3+) in right tumors. I Representative flow cytometry plots of tumor-infiltrating plasma cells (B220+CD19−) and B cells
(B220+CD19+) in right tumors. J Percentages of innate immune cells in right tumors. K Percentages of adaptive immune cells in right tumors.
L–Q Flow-cytometric analysis of immune cell recruitment and activation in spleens. L Representative flow cytometry plots of MHC II+CD11c− APCs
and DCs in spleens. M Representative flow cytometry plots of total T cells, CD8+CD3− cells, and CD8+ T cells in spleens. N Representative flow
cytometry plots of CD4+CD3− cells and CD4+ T cells in spleens. O Representative flow cytometry plots of Tconv cells and Treg cells in spleens.
P Percentages of innate immune cells in spleens. Q Percentages of adaptive immune cells in spleens. R–AA Flow-cytometric analysis of immune cell
infiltration in left tumors (distant ZD55-IL-24-uninjected tumors). R Representative flow cytometry plots of tumor-infiltrating total myeloid cells and
neutrophils in left tumors. S Representative flow cytometry plots of tumor-infiltrating NK cells and NKT cells in left tumors. T Representative flow
cytometry plots of tumor-infiltrating M1 macrophages and M2 macrophages in left tumors. U Representative flow cytometry plots of tumor-
infiltrating MHC II+CD11c− APCs and DCs in left tumors. V Representative flow cytometry plots of tumor-infiltrating total T cells, CD8+CD3− cells, and
CD8+ T cells in left tumors. W Representative flow cytometry plots of tumor-infiltrating CD4+CD3− cells and CD4+ T cells in left tumors. X
Representative flow cytometry plots of tumor-infiltrating Tconv cells and Treg cells in left tumors. Y Representative flow cytometry plots of tumor-
infiltrating plasma cells and B cells in left tumors. Z Percentages of innate immune cells in left tumors. AA Percentages of adaptive immune cells in
left tumors. s.c. subcutaneous injection, i.t. intratumoral injection, mean ± SEM is shown. Data represent cumulative results from nine to twelve (B–K),
seven (L–Q), or nine (R–AA) independent experiments.
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cytometric results, our further results showed that ZD55-
IL-24 delayed only the growth of local tumors rather than
distant tumors (Supplementary Fig. 9A–F), confirming

that ZD55-IL-24 merely induced local rather than sys-
temic antitumor immunity in A375-bearing immuno-
compromised mouse model. Moreover, although it could

Fig. 5 (See legend on next page.)
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inhibit melanoma growth in B16-bearing immuno-
competent mouse model through anti-angiogenesis
pathway, the anti-angiogenesis pathway had no con-
tribution in A375-bearing immunocompromised mouse
model (Fig. 8Q, R). Collectively, these data suggested that
the observed therapeutic effect of ZD55-IL-24 in A375-
bearing immunocompromised mouse model mainly
depended on direct killing pathway, but depended little on
the antitumor immunity pathway as well as anti-
angiogenesis pathway.

Discussion
Despite several reports have appeared in recent years

showing the effects of oncolytic viruses on inhibiting the
growth of tumors in immunocompetent mouse model
and inducing the systemic antitumor immunity, the
tumor cell lines used in these studies are the cell lines in
which oncolytic viruses are able to successfully infect and
directly lyse14,22,23. Thus, it is unable to understand the
contribution of the direct killing pathway alone or the
antitumor immunity pathway alone to the overall ther-
apeutic efficacy of oncolytic viruses in these models. It is
generally thought that the direct killing pathway plays a
major role in tumor regression, while the antitumor
immunity pathway plays only a minor role. Our current
findings, however, indicate that the antitumor immunity
pathway can also result in robust tumor growth inhibition
(Fig. 1A–D) and even can result in small established
tumor eradication (Supplementary Fig. 3A–E), suggesting
that the antitumor immunity pathway can also play a very
important role in cancer therapy. As best I can tell, this is
the first report in which oncolytic virus has also been
shown to be effective in an immunocompetent mouse
model when the oncolytic virus is unable to successfully
infect and directly lyse tumor cells. This finding provides
us with an ideal tumor model for the investigation of
antitumor immunity pathway induced by oncolytic viru-
ses, because we have demonstrated that the direct killing
pathway had no contribution in this model, and hence the
interference of direct killing pathway is avoided.

Following cell death, the infected immunogenic tumor
cells can release TAA, PAMPs, DAMPs, and cytokines,
which lead to the generation of antitumor immunity5,16,24.
Thus, it is thought that the successful viral infection and
tumor cell death are central to induce antitumor immu-
nity by oncolytic viruses5,14–16,24. However, our current
results indicate that the antitumor immunity still can be
induced even though ZD55-IL-24 cannot successfully
infect and lyse tumor cells, suggesting that the antitumor
immunity inducing process of ZD55-IL-24 is independent
of successful viral infection and tumor cell death. ZD55-
IL-24 utilizes a different mechanism to induce antitumor
immunity in B16-bearing immunocompetent mouse
model.
It is well-known that tumor cells tend to be self-origin,

and are considered as “self” by original host immune
system, hence it tend not to induce antitumor immunity
in the body under normal circumstances21,25,26. ZD55-IL-
24 as an oncolytic virus tend to be considered as “nonself”
by original host immune system, hence it is very easy to
establish the immune responses against ZD55-IL-24 in
the body27–29. The immune system discriminate “self”
from “nonself” based on subtle alterations in peptides
displayed in association with MHC molecules at the cell
surface30,31. Down-regulation of expression of MHC
alleles, as well as tumor-specific antigens, is observed
frequently during tumor progression, resulting in an
impairment of tumor-specific immunity32–34. Remark-
ably, once internalized into the cytosol of tumor cells, the
virions of ZD55-IL-24 are transported toward lysosomes
where the viral particles are dismantled, and ultimately
release the fragment of viral structural proteins and viral
DNA11. The viral DNA then expressed the viral proteins
such as E1A and replicated in tumor cells. The fragment
of viral structural or expressed proteins and/or viral DNA
will then be bound in the cytosol and displayed on the
surface of infected tumor cells via MHC molecules, etc20.
Our results, indeed, demonstrated that the surface MHC
molecules (MHC I) and co-stimulatory molecules (CD80)
of B16 cells were up-regulated by ZD55-IL-24

(see figure on previous page)
Fig. 5 ZD55-IL-24 promotes the immune recognition of tumor cells in B16-bearing immunocompetent mouse model not due to its ability
to lyse immunogenic tumor cells and release the essential elements for the induction of antitumor immunity. A–D Fluorescence
microscopic analysis of viral infection and exogenous gene expression in B16 cells. D The murine melanoma B16 cells were infected with ZD55-EGFP
at a MOI (PFU/cell) of 0 and 1000, and the viral infection and exogenous gene expression were monitored under the fluorescence microscope on Day
0, Day 1, Day 2, and Day 4 after infection. D Quantification of the EGFP-positive B16 cells in A (n= 9). Error bars indicate mean ± SD. Shown is one of
three independent experiments. C The appearance of cytopathic effect in A was monitored under microscope, and representative phase-contrast
images were taken at the end of the experiment, and D cell viability was measured by CCK-8 assay. Results represent mean ± SEM of triplicate
experiments and are expressed as a percentage of control cells. Scale bars, 300 µm. E Representative transmission electron microscopy images of B16
cells treated with ZD55-IL-24 at a MOI (PFU/cell) of 0 and 2500. Shown is one of three independent experiments. Nuclei are indicated by the black
arrow. Scale bar: 4 μm. F Western blot analysis of viral infection and exogenous IL-24 expression in B16 cells infected with ZD55-IL-24 at a series of
MOI (PFU/cell) as indicated. Shown is one of three independent experiments.
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(Fig. 6G–L), which was also observed in oncolytic New-
castle disease virus14 and oncolytic reovirus35. The “non-
self” viral antigen epitopes were indeed displayed on the
surface of B16 cells (Fig. 6M). The B16 cells, therefore, are
turned from the “self” state which is hard to be recognized
by immune system into the “nonself” state which is easy to
be recognized by immune system, enabling the immune
system to recognize the tumor cells which are unrecog-
nizable under normal circumstances. Together, our data
show that ZD55-IL-24 can induce antitumor immunity in
B16-bearing immunocompetent mouse model largely due
to its ability to turn the tumor cells from the “self” state
into the “nonself” state, but not due to its ability to lyse
tumor cells and release TAAs, PAMPs, DAMPs as well as
cytokines. Unfortunately, it is still unclear which com-
ponent of ZD55-IL-24 is the “nonself” antigen epitopes
and how they are presented on the surface of tumor cells
in this study. Nonetheless, our data showed that the UV-
inactivated ZD55-IL-24 that has the ability of viral
attachment and entry, but has a damaged viral DNA,
failed to induce antitumor immunity (Fig. 6A–E), indi-
cating that the action of ZD55-IL-24 viral DNA (such as
E1A expression or viral DNA replication) is likely to play a
vital role in this process. Further investigation to this end
is warranted.
In our studies, we find that ZD55-IL-24 induces almost

identical tumor immune infiltration in both local and
distant tumors (Fig. 4B–K, R–AA). However, the anti-
melanoma efficacy of ZD55-IL-24 in local tumors is far
higher than distant tumors in B16-bearing immuno-
competent mouse model (Supplementary Fig. 2A–D).
This phenomenon was also observed in oncolytic New-
castle disease virus14. However, it is unable to be well
explained using the previous mechanism5, but can be well

explained by our current mechanism. Although ZD55-IL-
24 induces almost identical tumor immune infiltration in
both local and distant tumors, the immune system is in
fact unable to recognize the tumor cells in distant tumors
for the lack of ZD55-IL-24 to turn the tumor cells from
the “self” state into the “nonself” state.
Many studies have shown that the presence of tumor

immune infiltration was a favorable prognostic indicator
in a number of cancers14,19,36. Our data showed that
ZD55-IL-24 can induce substantial immune cell infiltra-
tion in both local (Fig. 4B–K) and distant tumors (Fig.
4R–AA), as well as recruitment and activation of these
cells in spleens (Fig. 4L–Q). NK cells and CD8+ T cells
play a pivotal role in tumor regression37,38. NK cells play
an early role, but the CD8+ T cells are required for long-
term tumor control14. Indeed, depletion of NK1.1+ cells
and CD8+ cells abrogates the therapeutic efficacy (Sup-
plementary Fig. 5A–D), demonstrating ZD55-IL-24 can
activate the tumor-infiltrating NK cells and CD8+ T cells,
which then kill the tumor cells. In addition, important
roles for other immune effector cells have also been
described. Especially in the presence of tumor-opsonizing
antibodies, NK cells, NKT cells, neutrophils, and macro-
phages can all contribute to direct antibody-dependent
phagocytosis, reactive-oxygen-mediated cytotoxicity
against tumors, and secretion of inflammatory cytokines
and chemokines19. Depletion of neutrophils also abro-
gates the therapeutic efficacy, despite not statistically
significant (Supplementary Fig. 5A–D), demonstrating
ZD55-IL-24 can also activate the tumor-infiltrating neu-
trophils, which help tumor regression as well. However,
macrophage depletion did not affect efficacy (Supple-
mentary Fig. 5A–D). This result must be interpreted with
caution because anti-CSF-1R depletion also results in

(see figure on previous page)
Fig. 6 ZD55-IL-24 promotes the immune recognition of tumor cells in B16-bearing immunocompetent mouse model due to its ability to
turn the tumor cells from the “self” state into the “nonself” state. A–E The antitumor efficacy of inactive ZD55-IL-24 in B16-bearing
immunocompetent mouse model. C57BL/6 mice were inoculated with B16 tumors and treated with PBS, ZD55-IL-24, or inactive ZD55-IL-24 as
indicated in Fig. 4A. A In vivo tumor growth curves. B Photograph of tumors resected from the sacrificed mice at the end of the experiment.
CWeight of tumors resected from the sacrificed mice at the end of the experiment. D Overall survival. E Body weight changes of the mice monitored
during the therapy period. UV ultraviolet, HTHP high temperature and high pressure, E eradication, D death. Data represent results from one of two
independent experiments with n= 10 per group, mean ± SEM is shown. F Western blot analysis of E1A expression in B16 and A375 cells infected
with ZD55-IL-24 at a series of MOI (PFU/cell) as indicated. Shown is one of three independent experiments. G–I Flow-cytometric analysis of MHC
molecules on the surface of B16 cells infected with ZD55-IL-24 at a MOI (PFU/cell) of 0, 1, and 100. G Representative flow cytometry plots of surface
MHC I. H Representative flow cytometry plots of surface MHC II. I MFI in G and H. J–L Flow-cytometric analysis of costimulatory molecules on the
surface of B16 cells infected with ZD55-IL-24 at a MOI (PFU/cell) of 0, 1, and 100. J Representative flow cytometry plots of surface CD80.
K Representative flow cytometry plots of surface CD86. L MFI in J and K, mean ± SEM is shown. Data represent cumulative results from three
independent experiments. M Cytotoxicity analysis of PBMCs obtained from ZD55-IL-24-treated mice bearing no tumors to ZD55-IL-24-treated B16
cells in vitro. B16 cells were treated with PBS or 100 MOI (PFU/cell) ZD55-IL-24, and then cocultured with the PBMCs obtained from PBS or ZD55-IL-
24-treated mice (C57BL/6 mice without receiving tumor inoculation) at the effector:target ratio of 100:1 to assess the in vitro cytotoxicity. P/P PBS-
treated B16 cells cocultured with PBMCs from PBS-treated mice, P/Z PBS-treated B16 cells cocultured with PBMCs from ZD55-IL-24-treated mice, Z/P
ZD55-IL-24-treated B16 cells cocultured with PBMCs from PBS-treated mice, Z/Z ZD55-IL-24-treated B16 cells cocultured with PBMCs from ZD55-IL-
24-treated mice, mean ± SEM is shown. Data represent cumulative results from three independent experiments.
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concurrent depletion of M2 macrophages, which dam-
pens antitumor immune responses39. Although there are
no evidences to show that B cells and plasma cells con-
tribute to cancer immunotherapy, they may help immune
system rejecting tumors by producing tumor-opsonizing
antibodies. During the priming of antitumor immunity,
help signals are relayed from CD4+ T cells to CD8+

T cells by specific DCs to optimize the magnitude and
quality of the CTL response40. Hence, CD4+ T cells help
priming the antitumor immunity. Depletion of CD4+ cells
indeed abrogates the therapeutic efficacy (Supplementary
Fig. 5A–D), demonstrating ZD55-IL-24 can activate the
tumor-infiltrating CD4+ T cells, which help tumor
rejection. Although APCs, especially DCs, cannot produce
direct tumor cell killing effects, these cells are central for
the initiation of antigen-specific immunity21.

Manipulation of APCs holds great potential for inducing
efficient endogenous antitumor immunity41. ZD55-IL-24
can substantially increase the density of APCs in both
local and distant tumors as well as spleens, indicating that
ZD55-IL-24 can be used as an effective tool to manipulate
APCs and initiate endogenous antitumor immunity for
cancer immunotherapy. Notably, although there is a sig-
nificant increase in the percentages of Treg cells which
suppressed tumor-specific immune responses, there is
also a substantial increase in the percentages of Tconv

cells, with marked enhancement of the CD4 effectors to
Treg ratios, which has been previously demonstrated to be
a marker of a favorable immunological response14,42.
Collectively, our data suggest that ZD55-IL-24 treatment
can greatly promote tumor immune infiltration and
recognition in B16-bearing immunocompetent mouse

Fig. 7 ZD55-IL-24 inhibits melanoma growth in B16-bearing immune-competent mouse model also through inhibiting angiogenesis.
A, B Changes of the angiogenesis-related cytokines in tumors treated with ZD55-IL-24. A Heat-map of the down-regulated pro-angiogenic cytokines
in Fig. 2C. B Heat-map of the up-regulated anti-angiogenic cytokines in Fig. 2D. C, D The anti-angiogenic effect of ZD55-IL-24 in vitro. C The murine
vascular endothelial bEnd.3 cells were infected with ZD55-IL-24 at a series of MOI (PFU/cell) from 0 to 150, the appearance of cytopathic effect was
monitored under microscope, and representative photographs were taken at day 4 post-infection D and cell viability was measured by CCK-8 assay.
Results represent mean ± SEM of triplicate experiments and are expressed as a percentage of control cells. E, F The anti-angiogenic effect of ZD55-IL-
24 in vivo. Tumors resected from B16-bearing C57BL/6 mice receiving PBS or ZD55-IL-24 treatment indicated in Fig. 1A were analyzed 2 days after the
last injection by immunohistochemical staining. E Representative images of tumor sections immunostained for the endothelial marker CD31 (green)
to label the blood vessels in tumors. F Quantification of the CD31+ cells in E (n= 9). Nuclei is counterstained with DAPI (blue). P PBS, Z ZD55-IL-24.
Scale bars, 300 µm. Data are mean ± SD. Shown is one of three independent experiments.
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Fig. 8 (See legend on next page.)

Hu et al. Cell Death and Disease         (2020) 11:1022 Page 18 of 21

Official journal of the Cell Death Differentiation Association



model with contributions to the induction of endogenous
antitumor immunity.
ZD55-IL-24 treatment can greatly promote tumor

immune infiltration in B16-bearing immunocompetent
mouse model (Fig. 4A–K, R–AA). Therefore, the tumor-
infiltrating immune cells are likely to produce large
amounts of cytokines in tumors. Indeed, ZD55-IL-24
elicits substantial remodeling of the cytokine micro-
environment in tumors, including the cytokines involved
in antitumor immunity pathway (IL-2, IL-2 Rα, and B7-1,
etc.), anti-angiogenesis pathway (L-20 Rα, TNF-β, IL-1α,
etc.) and Wnt signaling pathway (Dkk-3, Kremen-2,
Soggy-1, etc.) (Fig. 2A–D). Interleukins, which promote
development and differentiation of leukocytes43, are one
of the most remodeled cytokines involved in antitumor
immunity pathway, such as IL-2, IL-5, IL-9, etc. Mean-
while, ZD55-IL-24 also up-regulates the expression of
interleukin receptors (IL-2 Rα, IL-2 Rβ, IL-4 R, etc.) and
costimulatory molecules (CD30, CD40, CD80, etc.), to
further promote the antitumor immunity pathway. Che-
mokines, which direct the migration of leukocytes
throughout the body44, are another large group of
remodeled cytokines involved in antitumor immunity
pathway, such as CCR6, CXCL16, CCL7, etc. Most
importantly, ZD55-IL-24 therapy can result in substantial
increase of effector molecules (TRAIL, TNF-β, Granzyme
B, etc.), which directly induce the death of tumor cells in
tumors, indicating the good prognosis of ZD55-IL-24

therapy. Notably, ZD55-IL-24 treatment leads to great
increase of IL-9 up to 54 times. IL-9 is produced by a
subset of activated CD4+ T cells and it induces the acti-
vation of epithelial cells, B cells, eosinophils, and mast
cells43, suggesting the high IL-9 expression induced by
ZD55-IL-24 is probably caused by the antiviral immune
responses against ZD55-IL-24 because the target B cells
mainly play role in antiviral immunity. We thus speculate
that the highly produced IL-9 may contribute little to the
therapeutic effect of ZD55-IL-24 in B16-bearing immu-
nocompetent mouse model.
Interestingly, we notice that many down-regulated and

up-regulated angiogenesis-related cytokines also function
as immune-related cytokines (Fig. 7A, B), indicating that
the anti-angiogenesis effect of ZD55-IL-24 in B16-bearing
immunocompetent mouse model is most likely caused by
the immune-related cytokines produced during the
induction of antitumor immunity. This hypothesis is
supported by the fact that the anti-angiogenesis effect of
ZD55-IL-24 is only observed in B16-bearing immuno-
competent mouse model (Fig. 7A–F) rather than A375-
bearing immunodeficient mouse model (Fig. 8Q, R),
because ZD55-IL-24 can induce robust systemic anti-
tumor immunity and produce a large amount of cytokines
only in B16-bearing immunocompetent mouse model
rather than A375-bearing immunodeficient mouse model.
IL-24 is a unique member of the IL-10 gene family that

displays direct antitumor activity through induction of

(see figure on previous page)
Fig. 8 ZD55-IL-24 eradicates established melanoma in A375-bearing immunocompromised mouse model mainly through the classic
direct killing pathway, but not through the antitumor immunity pathway and anti-angiogenesis pathway. A, B The antitumor efficacy of
ZD55-IL-24 in A375-bearing immunocompromised mouse model. A Tumor growth curves over time for BALB/c nude mice inoculated with 2 × 106

A375 cells s.c. in the right flank and treated with PBS or ZD55-IL-24 as indicated in Fig. 1A. B Body weight changes of the treated mice monitored
during the therapy period. Data are presented as the mean ± SEM. n= 8 mice per group per experiment. C, D Fluorescence microscopic analysis of
viral infection and exogenous gene expression in A375 cells. C The human melanoma A375 cells were infected with ZD55-EGFP at a MOI (PFU/cell) of
0 and 1000, and the viral infection and exogenous gene expression were monitored under the fluorescence microscope on Day 0, Day 1, Day 2, and
Day 4 after infection. D quantification of the EGFP-positive A375 cells in C (n= 9). Error bars indicate mean ± SD. Shown is one of three independent
experiments. Scale bars, 300 µm. E Representative transmission electron microscopy images of A375 cells treated with ZD55-IL-24 at a MOI (PFU/cell)
of 0 and 250. Shown is one of three independent experiments. Nuclei and viral particles are indicated by the black and red arrow, respectively. Scale
bar: 4 μm. Inset: high-power view, Scale bar: 100 nm. F Western blot analysis of viral infection and exogenous IL-24 expression in A375 cells infected
with ZD55-IL-24 at a series of MOI (PFU/cell) as indicated. Shown is one of three independent experiments. G, H The cytotoxicity of ZD55-IL-24 in
A375 cells in vitro. G The A375 cells at a density of 104 cells/well cultured in 96-well plates were infected with ZD55-IL-24 at a series of MOI (PFU/cell)
from 0 to 150, the appearance of cytopathic effect was monitored under microscope, and representative phase-contrast images were taken at 2 days
later, and H cell viability was examined by CCK-8 assay. Scale bars, 300 µm. Results represent mean ± SEM of triplicate experiments and are expressed
as a percentage of control cells. I–P Flow-cytometric analysis of immune cells infiltration in tumors, and recruitment and activation in spleens. Tumors
and spleens resected from A375-bearing BALB/c nude mice receiving PBS or ZD55-IL-24 treatment indicated in Fig. 4A were analyzed by flow
cytometry. I Shown are representative flow cytometry plots of tumor-infiltrating total myeloid cells and neutrophils in right tumors. J Representative
flow cytometry plots of tumor-infiltrating NK cells and NKT cells in right tumors. K Percentages of innate immune cells in right tumors. L Percentages
of adaptive immune cells in right tumors. M Percentages of innate immune cells in spleens. N Percentages of adaptive immune cells in spleens.
O Percentages of innate immune cells in left tumors. P Percentages of adaptive immune cells in left tumors, mean ± SEM is shown. Data represent
cumulative results from seven to eleven (I–L), eight to nine (M, N) or nine (O, P) independent experiments. Q, R The anti-angiogenic effect of ZD55-
IL-24 in A375-bearing immunodeficient mouse model. Tumors resected from A375-bearing BALB/c nude mice receiving PBS or ZD55-IL-24 treatment
indicated in Fig. 4A were analyzed by immunohistochemical staining. Q Representative images of tumor sections immunostained for the endothelial
marker CD31 (green) to label the blood vessels in tumors. R Quantification of the CD31+ cells in Q (n= 10). Nuclei is counterstained with DAPI (blue).
P PBS, Z ZD55-IL-24. Scale bars, 300 µm. Data are mean ± SD. Shown is one of two independent experiments.
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autophagy and cancer-specific apoptosis, with no harmful
effects toward normal cells or tissues45. It also induces
indirect antitumor activity through stimulation of an
antitumor immune response, inhibition of angiogenesis,
and sensitization of cancer cells to radiation-induced,
chemotherapy-induced, and antibody-induced killing45.
Our previous data have demonstrated that the exogenous
IL-24 gene harbored in the viral genome of ZD55-IL-24
was able to be highly expressed in many kinds of human
tumor cells and played an important role in immuno-
compromised mouse–human tumor xenograft models7,8.
However, our current results indicate that ZD55-IL-24
cannot successfully infect and express exogenous IL-24
gene in B16 cells (Fig. 5A–F), and the transgene IL-24 has
no significant contribution to the antitumor efficacy of
ZD55-IL-24 in B16-bearing immunocompetent mouse
model (Supplementary Fig. 8A–E), suggesting the trans-
gene IL-24 in fact plays no role in B16-bearing immu-
nocompetent mouse model. Indeed, it is well known that
almost all murine cells and tissues are not supportive of
human adenovirus replication and gene expression. Our
data are in line with the published reports. ZD55-IL-24
can infect, directly lyse, and express a large amount of
exogenous IL-24 in human cancer cells within cancer
patient’s tumors. Thus, ZD55-IL-24 can produce a large
amount of exogenous IL-24 in patients and then the
produced IL-24 can induce autophagy and cancer-specific
apoptosis in patients. In addition, the immunostimulatory
effect of the transgene IL-24 can also be observed in
patients since patient’s immune system is intact. We,
therefore, believe that the transgene IL-24 is likely to play
an important role in patients, despite it plays no role in
B16-bearing immunocompetent mouse model.
According to our study, we now know that the overall

anti-melanoma efficacy of ZD55-IL-24 in patients should
be contributed by the direct killing pathway, antitumor
immunity pathway, IL-24-mediated other antitumor
pathway, and anti-angiogenesis pathway (Supplementary
Fig. 10). The direct killing pathway plays a decisive role in
A375-bearing immunodeficient mouse model, while
playing no role in B16-bearing immunocompetent mouse
model for the inability of successful viral infection and
exogenous IL-24 expression in B16 cells. Conversely, the
antitumor immunity pathway plays a decisive role in B16-
bearing immunocompetent mouse model, while playing a
minor role in A375-bearing immunodeficient mouse
model for the lack of a functional immune system in
immunodeficient mice. Indeed, although ZD55-IL-24 can
also induce innate antitumor immunity in local tumors
(Fig. 8I–P), the antitumor immunity pathway in fact
contributes little to the overall anti-melanoma efficacy of
ZD55-IL-24 in A375-bearing immunodeficient mouse
model (Figs. 1A–D, 3K–M). IL-24 works only in A375-
bearing immunodeficient mouse model, but not in B16-

bearing immunocompetent mouse model, because it is
highly expressed in A375 cells but not in B16 cells.
Moreover, IL-24 is still unable to exert its maximal efficacy
in A375-bearing immunodeficient mouse model, albeit
with high expression, because its immunostimulatory
effect cannot work. Hence, the contributions of exogenous
IL-24 gene harbored in ZD55-IL-24 viral genome have yet
to be fully understood at this time. The anti-angiogenesis
pathway plays a minor role in B16-bearing immuno-
competent mouse model (Figs. 7A–F, 3K–M, 1A–D),
while playing no role in A375-bearing immunodeficient
mouse model (Fig. 8Q, R). Since cancer patient’s immune
system is intact, and ZD55-IL-24 can infect, directly lyse
and express exogenous IL-24 in human cancer cells within
patient’s tumors, we thus speculate that all the antitumor
pathways are probably able to act synergistically in
patients. The findings of this study can help us to under-
stand the antitumor mechanism of ZD55-IL-24 and other
oncolytic adenovirus in patients.

Acknowledgements
We would like to thank professor Hong-Bin Ji and Wei-Guo Zou (Shanghai
Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular
Cell Science, Chinese Academy of Sciences) for their helpful discussion. This
work was supported by National Natural Science Foundation of China
(81372453, 81572999, 31701220), Sichuan Science and Technology Project
(2013ZZ0004), Shanghai Institutes for Biological Science, Chinese Academy of
Sciences, and Sichuan Huiyang Life Science and Technology Corp. Research
Program (Y363S21763) and Grant from the Sino-American Joint Laboratory
between Conba Group and Zhejiang Sci-Tech University.

Author details
1State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and
Cell Biology, Center for Excellence in Molecular Cell Science, Chinese Academy
of Sciences, 200031 Shanghai, China. 2University of Chinese Academy of
Sciences, 100049 Beijing, China. 3School of Life Sciences and Technology,
Tongji University, 200092 Shanghai, China. 4Department of Pharmacy, Xiamen
Medical College, 361023 Xiamen, China. 5Xinyuan Institute of Medicine and
Biotechnology, Zhejiang Sci-Tech University, 310018 Hangzhou, China

Conflict of interest
X.-Y.L., J.-F.G., and L.-Y.S. are inventors on a patent for the construction and
application of ZD55-IL-24 (US Patent and Trademark Office, 20090117643A1).
The other authors declare no competing financial interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-03223-0).

Received: 5 August 2020 Revised: 6 November 2020 Accepted: 9 November
2020

References
1. Russell, S. J., Peng, K.-W. & Bell, J. C. Oncolytic virotherapy. Nat. Biotechnol. 30,

658–670 (2012).
2. Zhao, L. et al. Potent antitumor activity of oncolytic adenovirus expressing

mda-7/IL-24 for colorectal cancer. Hum. Gene Ther. 16, 845–858 (2005).

Hu et al. Cell Death and Disease         (2020) 11:1022 Page 20 of 21

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-03223-0
https://doi.org/10.1038/s41419-020-03223-0


3. Liu, X., Pestka, S. & Shi, Y. Recent Advances in Cancer Research and Therapy.
(Tsinghua University Press, Beijing, 2013).

4. Zhang, Z. et al. An armed oncolytic adenovirus system, ZD55-gene, demon-
strating potent antitumoral efficacy. Cell Res. 13, 481–489 (2003).

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

6. Wang, Y. et al. E3 gene manipulations affect oncolytic adenovirus activity in
immunocompetent tumor models. Nat. Biotechnol. 21, 1328–1335 (2003).

7. Qian, W. et al. Enhanced antitumor activity by a selective conditionally repli-
cating adenovirus combining with MDA-7/interleukin-24 for B-lymphoblastic
leukemia via induction of apoptosis. Leukemia 22, 361–369 (2008).

8. Yuan, S. et al. An oncolytic adenovirus that expresses the HAb18 and inter-
leukin 24 genes exhibits enhanced antitumor activity in hepatocellular carci-
noma cells. Oncotarget 7, 60491–60502 (2016).

9. Zhong, S. et al. An armed oncolytic adenovirus ZD55-IL-24 combined with
ADM or DDP demonstrated enhanced antitumor effect in lung cancer. Acta
Oncol. 49, 91–99 (2009).

10. Choi, J.-W., Lee, J.-S., Kim, S. W. & Yun, C.-O. Evolution of oncolytic adenovirus
for cancer treatment. Adv. Drug Deliv. Rev. 64, 720–729 (2012).

11. Curiel, D. T. Adenoviral Vectors for Gene Therapy. 2nd edn (Elsevier Academic
Press, London, 2016).

12. Chen, J. et al. Oncolytic adenovirus complexes coated with lipids and calcium
phosphate for cancer gene therapy. Acs Nano 10, 11548–11560 (2016).

13. Zhao, L. et al. The antitumor activity of TRAIL and IL-24 with replicating
oncolytic adenovirus in colorectal cancer. Cancer Gene Ther. 13, 1011–1022
(2006).

14. Zamarin, D. et al. Localized oncolytic virotherapy overcomes systemic tumor
resistance to immune checkpoint blockade immunotherapy. Sci. Transl. Med.
6, 226ra232 (2014).

15. Bourgeois-Daigneault, M.-C. et al. Neoadjuvant oncolytic virotherapy before
surgery sensitizes triple-negative breast cancer to immune checkpoint ther-
apy. Sci. Transl. Med 10, eaao1641 (2018).

16. Harrington, K., Freeman, D. J., Kelly, B., Harper, J. & Soria, J.-C. Optimizing
oncolytic virotherapy in cancer treatment. Nat. Rev. Drug Discov. 18, 689–706
(2019).

17. Young, L., Sung, J., Stacey, G. & Masters, J. R. Detection of mycoplasma in cell
cultures. Nat. Protoc. 5, 929–934 (2010).

18. Fang, S. et al. C-reactive protein as a marker of melanoma progression. J. Clin.
Oncol. 33, 1389–1396 (2015).

19. Moynihan, K. D. et al. Eradication of large established tumors in mice by
combination immunotherapy that engages innate and adaptive immune
responses. Nat. Med. 22, 1402–1410 (2016).

20. Murphy, K. Janeway’s Immunobiology 8 edn (Garland Science, London, 2012).
21. Wculek, S. K. et al. Dendritic cells in cancer immunology and immunotherapy.

Nat. Rev. Immunol. 20, 7–24 (2020).
22. Liu, Z. et al. An oncolytic adenovirus encoding decorin and GM-CSF inhibits

tumor growth in a colorectal tumor model by targeting pro-tumorigenic
signals and via immune-activation. Hum. Gene Ther. 28, 667–680 (2017).

23. Jiang, H. et al. Delta-24-RGD oncolytic adenovirus elicits anti-glioma immunity
in an immunocompetent mouse model. PLoS ONE 9, e97407 (2014).

24. Chiocca, E. A. & Rabkin, S. D. Oncolytic viruses and their application to cancer
immunotherapy. Cancer Immunol. Res. 2, 295–300 (2014).

25. Lee, P. P. et al. T helper 2-dominant antilymphoma immune response is
associated with fatal outcome. Blood 90, 1611–1617 (1997).

26. Bassani-Sternberg, M. & Coukos, G. Mass spectrometry-based antigen
discovery for cancer immunotherapy. Curr. Opin. Immunol. 41, 9–17 (2016).

27. Alemany, R., Balagué, C. & Curiel, D. T. Replicative adenoviruses for cancer
therapy. Nat. Biotechnol. 18, 723–727 (2000).

28. Flint, J., Racaniello, V. R., Rall, G. F., Skalka, A. M. & Enquist, L. W. Principles of
Virology (ASM Press, Washington, 2015).

29. Parato, K. A., Senger, D., Forsyth, P. A. J. & Bell, J. C. Recent progress in the battle
between oncolytic viruses and tumours. Nat. Rev. Cancer 5, 965–976
(2005).

30. Riddell, S. R. Finding a place for tumor-specific T cells in targeted cancer
therapy. J. Exp. Med. 200, 1533–1537 (2004).

31. McMahan, R. H. & Slansky, J. E. Mobilizing the low-avidity T cell repertoire to kill
tumors. Semin. Cancer Biol. 17, 317–329 (2007).

32. Ferrarini, M., Ferrero, E., Dagna, L., Poggi, A. & Zocchi, M. R. Human gamma-
delta T cells: a nonredundant system in the immune-surveillance against
cancer. Trends Immunol. 23, 14–18 (2002).

33. Seliger, B. & Schlaf, G. Structure, expression and function of HLA-G in renal cell
carcinoma. Semin. Cancer Biol. 17, 444–450 (2007).

34. Garrido, F., Romero, I., Aptsiauri, N. & GarciaLora, A. M. Generation of MHC class
I diversity in primary tumors and selection of the malignant phenotype. Int. J.
Cancer 138, 271–280 (2016).

35. Gujar, S. A., Pan, D., Marcato, P., Garant, K. A. & Lee, P. W. Oncolytic virus-
initiated protective immunity against prostate cancer. Mol. Ther. 19, 797–804
(2011).

36. Wang, G. et al. An engineered oncolytic virus expressing PD-L1 inhibitors
activates tumor neoantigen-specific T cell responses. Nat. Commun. 11, 1395
(2020).

37. Vivier, E., Ugolini, S., Blaise, D., Chabannon, C. & Brossay, L. Targeting natural
killer cells and natural killer T cells in cancer. Nat. Rev. Immunol. 12, 239–252
(2012).

38. Appay, V., Douek, D. C. & Price, D. A. CD8+ T cell efficacy in vaccination and
disease. Nat. Med. 14, 623–628 (2008).

39. Mantovani, A., Marchesi, F., Malesci, A., Laghi, L. & Allavena, P. Tumour-
associated macrophages as treatment targets in oncology. Nat. Rev. Clin.
Oncol. 14, 399–416 (2017).

40. Borst, J., Ahrends, T., Bąbała, N., Melief, C. J. M. & Kastenmüller, W. CD4+ T cell
help in cancer immunology and immunotherapy. Nat. Rev. Immunol. 18,
635–647 (2018).

41. Chiang, C. L.-L. & Kandalaft, L. E. In vivo cancer vaccination: which dendritic
cells to target and how? Cancer Treat. Rev. 71, 88–101 (2018).

42. Kumara, P., Bhattacharyaa, P. & Prabhakar, B. S. A comprehensive review on the
role of co-signaling receptors and Treg homeostasis in autoimmunity and
tumor immunity. J. Autoimmun. 95, 77–99 (2018).

43. Rochman, Y., Spolski, R. & Leonard, W. J. New insights into the regulation of
T cells by γc family cytokines. Nat. Rev. Immunol. 9, 480–490 (2009).

44. Schutyser, E., Struyf, S. & Van Damme, J. The CC chemokine CCL20 and its
receptor CCR6. Cytokine Growth Factor Rev. 14, 409–426 (2003).

45. Dash, R. et al. Mda-7/IL-24: a unique member of the IL-10 gene family pro-
moting cancer-targeted toxicity. Cytokine Growth Factor Rev. 21, 381–391
(2010).

Hu et al. Cell Death and Disease         (2020) 11:1022 Page 21 of 21

Official journal of the Cell Death Differentiation Association


	The armed oncolytic adenovirus ZD55-IL-24 eradicates melanoma by turning the tumor cells from the self-state into the nonself-state besides direct killing
	Introduction
	Materials and methods
	Cells
	Adenoviruses
	CCK-8 assay
	ZD55-EGFP infection analysis
	Transmission electron microscopy
	Western blot
	Mouse cytokine antibody arrays
	Immunohistochemistry
	Flow cytometry
	Animal experiments
	Depletions
	Cytotoxicity assay
	Statistical analyses

	Results
	ZD55-IL-24 inhibits melanoma growth in B16-bearing immunocompetent mouse model not through the classic direct killing pathway, but through unknown indirect pathway
	ZD55-IL-24 therapy remodels the cytokine microenvironment of the established tumors in B16-bearing immunocompetent mouse model
	ZD55-IL-24 eliminates established melanoma in B16-bearing immunocompetent mouse model mainly through the indirect pathway of inducing systemic antitumor immunity
	ZD55-IL-24 induces systemic antitumor immunity in B16-bearing immunocompetent mouse model via an immune recognition-based mechanism
	ZD55-IL-24 promotes the immune recognition of tumor cells in B16-bearing immunocompetent mouse model not due to its ability to lyse immunogenic tumor cells and release the essential elements for the induction of antitumor immunity
	ZD55-IL-24 promotes the immune recognition of tumor cells in B16-bearing immunocompetent mouse model due to its ability to turn the tumor cells from the &#x0201C;self&#x0201D; state into the &#x0201C;nonself&#x0201D; state
	The exogenous IL-24 gene harbored in ZD55-IL-24 viral genome has no significant contribution to the anti-melanoma efficacy of ZD55-IL-24 in B16-bearing immunocompetent mouse model
	ZD55-IL-24 inhibits tumor growth in B16-bearing immunocompetent mouse model also through anti-angiogenesis pathway
	ZD55-IL-24 eradicates established melanoma in A375-bearing immunocompromised mouse model mainly through the direct pathway of inducing tumor-selective cytotoxicity, but not through the indirect pathway of inducing antitumor immunity and inhibiting angioge

	Discussion
	Acknowledgements




