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ABSTRACT
Inducing a full antitumor immune response in the tumor microenvironment (TME) is essential for 
successful cancer immunotherapy. Here, we report that an oncolytic adenovirus carrying mIL-15 (Ad- 
IL15) can effectively induce antitumor immune response and inhibit tumor growth in a mouse model of 
cancer. We found that Ad-IL15 facilitated the activation and infiltration of immune cells, including 
dendritic cells (DCs), T cells and natural killer (NK) cells, in the TME. Unexpectedly, we observed that Ad- 
IL15 also induced vascular normalization and tertiary lymphoid structure formation in the TME. Moreover, 
we demonstrated these Ad-IL15-induced changes in the TME were depended on the Ad-IL15-induced 
activation of the STING-TBK1-IRF3 pathway in DCs. Taken together, our findings suggest that Ad-IL15 is 
a candidate for cancer immunotherapy that promotes immune cell activation and infiltration, tumor 
vascular normalization and tertiary lymphoid structure formation in the TME.
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Introduction

The incidence and mortality rates of cancer are increasing, 
becoming a heavy burden worldwide1. Traditional chemother-
apy, radiotherapy and targeted therapy have great limitations 
in clinical application because of their high toxicity and side 
effects. Immunotherapy can harness the antitumor immune 
response to kill cancer cells, which has become a focus in the 
tumor therapy field.2 The tumor microenvironment (TME) is 
closely related to the development of tumors and comprises 
tumor cells, immune cells, blood vessels, lymphatic vessels, 
stromal cells and various cytokines.3 However, tumor cells 
interact with TME components to form an inhibitory immune 
microenvironment, which hinders the effect of immunother-
apy or results in therapeutic resistance.4

Oncolytic viruses (OVs), as a new immunotherapeutic 
agent, can specifically infect and kill tumor cells, leading to 
the direct destruction of tumors.5 In this process, damage- 
associated molecular patterns (DAMPs) and immunogenic 
mediators produced by tumor cell lysis induce immunogenic 
cell death in tumor cells.6 Moreover, the release of tumor- 
associated antigens (TAAs) can enhance the presentation of 
tumor antigens by dendritic cells (DCs), which consequently 
promotes the initiation and activation of T cells and ultimately 
leads to the formation of an immunostimulatory 

microenvironment.7 Interestingly, OVs can stimulate the host 
immune system to produce antiangiogenic factors and antag-
onize angiogenesis by tumor-related endothelial cells.6,8 At 
present, many viruses such as adenovirus,9 herpes simplex 
virus,10 and vaccinia virus,11 have been studied in preclinical, 
translational and clinical research. However, the results of 
these clinical trials have also shown that there are limitations 
to treatment with OVs.6

The TME is closely related to the development of tumors 
and mainly includes immune cells, blood vessels, lymphatic 
vessels, stromal cells and various cytokines.12 The formation of 
abnormal or immature tumor blood vessels leads to interstitial 
fluid reflux, which is an obstacle that results in an increase in 
interstitial fluid pressure (IFP), severe hypoxia and lactic acid 
accumulation and significantly contributes to the formation of 
an immunosuppressive microenvironment.13 Traditional anti- 
vascular therapy was expected to induce tumor death or dor-
mancy by blocking tumor angiogenesis. However, clinical trials 
have shown various restrictions related to simple anti-vascular 
therapy, such as serious adverse reactions, drug resistance, 
reductions in blood perfusion, increases in tumor hypoxia, 
induction of vasculogenic mimicry (VM), and distant 
metastasis.14 Therefore, pruning redundant vascular structures 
and stabilizing and remodeling abnormal vessels, to achieve 
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vascular normalization (VN), have become new tumor treat-
ment strategies.15 Interestingly, the normal vascular system can 
enhance the antitumor immune response,16 and enhanced 
immune responses also promote VN.17 Additionally, stimulat-
ing the TME may promote the formation of tertiary lymphoid 
structures (TLS), which are spatially ordered structures that 
produce an in situ adaptive immune response.18 Mature TLSs 
contain various cells required to produce adaptive antitumor 
immunity, mainly including T cells, B cells and the follicular 
dendritic cell (FDC) network.19 However, the formation of TLS 
requires the presence of a variety of cytokines and chemokines 
at optimal concentrations.20 Therefore, promoting the forma-
tion of TLS in tumor tissue has become a new direction for 
tumor immunotherapy.

In this study, we describe a new hTERT promoter regulated, 
E1ACR2-deficient Ad (hTERT-AdΔE1ACR2), and this Ad 
demonstrated high tumor specificity, exhibited good replication, 
and effectively elicited antitumor immune responses in 
a number of tumor models.21,22 We armed the virus with 
mouse interleukin-15 (mIL-15), a multifunctional cytokine that 
is similar to IL-2 and can stimulate the proliferation and activa-
tion of natural killer (NK) cells, cytotoxic T lymphocytes and 
memory T cells to promote the generation and maintenance of 
antitumor immune responses,23 to create hTERT-AdΔE1ACR2- 
IL15 (hereafter referred to as Ad-IL15). In our evaluation, Ad- 
IL15, which stably expressed IL-15, profoundly changed the 
TME by enhancing immune cell activation, and inducing VN 
improvement and local nonclassical TLS formation; these effects 
were mediated via the activation of the stimulator of interferon 
genes (STING) pathway in DCs and resulted in an obvious 
systemic antitumor effect. In conclusion, our study establishes 
a novel OV that can limit tumor growth by facilitating an 
antitumor response, VN and nonclassical TLS formation.

Materials and Methods

Viruses

The recombinant adenovirus used in this study was based 
on human adenovirus type 5 (Ad5), which has been pre-
viously describe.9 Briefly, the fragment containing the target 
gene (mIL-15) was amplified by PCR and the amplification 
products were evaluated by agarose electrophoresis. 
Subsequently, the PXC1 vector containing CMV-EGFP- 
hTERT-E1AΔCR2 was linearized and the PCR amplification 
products were ligated into the linearized vector. The liga-
tion products were introduced into competent DH5α cells, 
which were expanded, plated on LB solid agar medium and 
cultured at constant temperature for 12–16 h. The positive 
clone was selected for confirmation by sequencing, and the 
shuttle plasmid CMV-IL15-EGFP-hTERT-E1AΔCR2 was 
obtained. Finally, the shuttle plasmid CMV-EGFP-HTERT- 
E1AΔCR2 or CMV-IL15-EGFP-hTERT-E1AΔCR2 was 
cotransfected with the assistant packaging plasmid 
(PBHGE3) (Fig S1A) to obtain oncolytic adenovirus Ad 
(Fig S1B) or Ad-IL15 (Fig S1C). The viruses were then 
stored at −80°C until use.

Cell lines

The mouse melanoma cell line B16-F10, and the mouse 
lung cancer cell line LLC were obtained from the National 
Collection of Authenticated Cell Cultures (Shanghai, 
China). The human glioma cell line U87, human lung 
cancer cell line A549, human breast cancer cell line MDA- 
MB-231 and mouse colon cancer cell line MC-38 were all 
kept in our laboratory. A549, U87, MDA-MB-231 and 
LLC cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco) containing 10% fetal bovine 
serum and 1% penicillin/streptomycin. B16-F10 and MC- 
38 cells were cultured in Roswell Park Memorial Institute 
(RPMI) (Gibco) 1640 medium containing 10% fetal bovine 
serum and 1% penicillin/streptomycin. The cells were 
maintained at 37°C in 5% CO2 and confirmed to be free 
of mycoplasma.

Animal experiments

Pathogen-free female C57BL/6 mice aged 6 to 8 weeks old 
were purchased from the Animal Center of Slaccas 
(Shanghai, China). Rag-1−/− mice were obtained from 
GemPharmatech Co., Ltd. (Jiangsu, China). The mice 
were maintained in a pathogen-free facility and all the 
animal experiments were approved by Animal Ethics 
Committee of The Second Affiliated Hospital Zhejiang 
University School of Medicine (Hangzhou, China). During 
the whole experiment, mice were housed in a constant- 
temperature environment and maintained on a standard 
diet with free access to drinking water. The length (L) 
and width (W) of subcutaneous tumors in mice were mea-
sured with a digital Vernier caliper, and tumor volume was 
calculated with the formula L× W2 × 0.5. Tumor volume 
was continuously monitored.

To evaluate the effects of Ad and Ad-IL15, unilateral 
B16-F10 and MC-38 tumor models were established in 
immunocompetent mice. In these models, 2*105 B16-F10 
cells or 1*106 MC-38 cells were subcutaneously injected 
into the right flanks of the mice. Unless otherwise indi-
cated, the mice were randomly divided into a treatment 
group and a control group when the tumors reached 
approximately 50 mm3. Approximately 5 × 108 plaque- 
forming units (PFU) of virus suspension or sterile phos-
phate-buffered saline (PBS) as a control (40 µL/injection) 
was injected into each tumor every other day, for a total of 
three doses. Eleven days after the last treatment, the mice 
were sacrificed, and tumor tissues were collected for fol-
low-up experiments. To evaluate the effect of Ad and Ad- 
IL15 on tumor VN and TLS formation, the treatment 
regimen was performed as described above, and tumor 
tissues, blood and spleens were collected on the 7th day 
after the last treatment. To study of functional tumor 
vessels, 200 µL of 1 mg/mL Alexa Fluor 488-conjugated 
Lycopersicon esculentum (a.k.a. lectin) (Vector 
Laboratories) was injected into the caudal vein before the 
mice were euthanized.
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In vitro infection experiments and mIL-15 measured

Human tumor cell lines (1 × 104 cells/well) or mouse tumor 
cell lines (3 × 103 cells/well) were inoculated in 96-well plates 
and infected with Ad or Ad-IL15 at various multiplicities of 
infection (MOIs). After culturing at 37°C for 72 h, cell viability 
was measured with a cell counting kit-8 (CCK-8) (Meitune, 
China) according to the manufacturer’s recommended proto-
cols. To evaluate the expression of mIL-15 after tumor cell lines 
were infected with Ad-IL15, we collected the supernatant of 
tumor cells infected with Ad-IL15 (MOI = 50) for 24–96 h. 
Then, a mouse IL-15 ELISA kit (Neobioscience, China) was 
used to measure the levels of mIL-15 in the supernatants. The 
values were measured on a multifunctional microplate reader 
(Bio-Tek). To measure the levels of IL-15 secreted by Ad-IL15- 
infected tumor tissues, the tumor tissues were collected on the 
7th day after the last treatment. The tumor tissues were 
weighed, cut into small pieces, added to 1 mg/5 mL 1640 
medium supplemented 10% FBS for incubated for 24 h. After 
the supernatant was collected, mIL-15 concentration was 
detected using an ELSIA kit. Mouse cancer cell lines (1 × 105) 
were plated in 6-well plates and treated with Ad-IL15 at the 
indicated MOIs. After 72 h of culture, the cells were collected 
for protein analysis experiments (see Western blotting).

Bone marrow harvest and DC culture

Mice aged 6–8 weeks old were killed by spinal cord transection, 
the tibia and femur were separated, the bone marrow cavity 
was washed repeatedly with RPMI-1640 medium, and the 
obtained bone marrow cells were purified with erythrocyte 
lysate as previously described.24 Subsequently, the bone mar-
row cells were seeded in 6-well plates at a density of 2 × 106 

cells/5 mL and cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum + rmGM-CSF (20 ng/mL, 
Peprotech) + rmIL-4 (20 ng/mL, Peprotech) at 37°C in a 5% 
CO2 atmosphere. The medium was replaced with fresh med-
ium on day 3, and loosely adherent bone marrow-derived 
dendritic cells (BMDCs) were collected on day 5. For RNA- 
seq analysis, Ad or Ad-IL15 (MOI = 50) was added to CD11c+ 

BMDCs and cultured for 12 h at 37°C. For TBK1 inhibition 
experiments, BMDCs were pretreated with 150 µg/ml 
Amlexanox (MedChemExpress) at 37°C for 1 h before Ad or 
Ad-IL15 (MOI = 100) were added to CD11c+ BMDC.

Western blotting

Collected cells were lysed with 1× RIPA lysis buffer containing 
phosphatase and protease inhibitors. The cell lysates were 
centrifuged at a high speed and 4°C for 30 min, and the protein 
concentrations of the supernatants were measured with a BCA 
Protein Assay Kit (Beyotime, China). Then, 30 μg of boiled 
protein was separated on a 10% SDS-PAGE gel. Then, the 
protein was transferred to a PVDF membrane, which was 
blocked for 1 h with TBS supplemented with 5% fresh nonfat 
milk at room temperature (RT). After being incubated with 
a primary antibody (listed in online supplemental table S1) 
overnight at 4°C, the membrane was incubated with the 

corresponding horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies at RT for 1 h. Enhanced chemiluminescence 
(ECL) was used to detect target proteins on the membrane.

Immunofluorescence staining of mouse samples

Tumor tissues were collected, fixed in 4% (wt/vol) paraformal-
dehyde (PFA) overnight and embedded in paraffin blocks. Then, 
5 μm-thick paraffin sections were prepared, dewaxed in xylene, 
rehydrated with ethanol, and washed with distilled water. Then, 
antigen repair was performed in a microwave oven with EDTA 
antigen repair buffer (pH 8.0). After 3% BSA was added for 
blocking at RT for 30 min, primary antibody (listed in online 
supplemental table S1) staining was performed at 4°C overnight. 
After the sections were washed with PBS (pH 7.4), 
a corresponding secondary antibody was added and incubated 
in the dark at RT for 1 h. Next, DAPI was added and incubated 
for 10 min at RT to stain nuclei. Finally, epifluorescence multi-
spectral images of whole sections were acquired on a NIKON 
ECLIPSE C1 system (Nikon company), and scanned with 
a Panoramic SCAN II system (3DHISTECH Ltd.) with high 
resolution. For image acquisition, 5–6 images were randomly 
collected for each tumor sample for quantitative analysis at 
40× magnification. The number of nucleated cells was counted 
with ImageJ software (V1.53). Then the numbers of CD133+ or 
Jarid1b+ cells were manually counted, and finally the propor-
tions of CD133+ or Jarid1b+ cells were calculated. The quanti-
tative expression of PDGFRβ, VCAM-1 and Lectin in tumor 
blood vessels was calculated with the ROI Manager function of 
ImageJ software. Quantitative analysis of T/B cell numbers and 
DC-T interactions was performed by manual counting. All 
immunofluorescence images were derived from representative 
images of three or more tumor samples.

Multicolor flow cytometry

Subcutaneous tumor tissues were collected from mice, 
chopped and digested by incubation in RPMI-1640 medium 
supplemented 1 mg/mL collagenase I (Gibco) and 1 mg/ml 
collagenase IV (Gibco) at 37°C for 1–2 h. Then, the cell sus-
pension was passed through a 70-μm cell filter and resus-
pended in cell staining buffer (BioLegend) after washing with 
PBS. Finally, the single cell suspension was incubated with 
different fluorochrome-conjugated antibodies for 15 min at 
RT. Single cell suspensions derived from mouse spleen and 
peripheral blood were prepared as described25 and stained 
according to the scheme described above. For intracellular 
cytokine detection, single cell suspensions of cells from spleens 
or tumor tissues were distributed into 12-well plates and sti-
mulated with a 1× PMA/ionomycin mixture and 1× BFA/ 
monensin mixture at 37°C for 4–5 h. Then, surface antibody 
staining was performed as previously described. Subsequently, 
the cells were collected, permeabilized and fixed by incubation 
with Fixation/Permeabilization Solution (BD Biosciences) at 
4°C for 20 min. The cells were then washed with Perm/Wash 
Buffer (BD Biosciences) and stained with intracellular factor 
antibodies at 4°C for 30 min. To determine the effects of OVs 
on normal tissue, a single-cell suspension of C57 mouse lung 
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tissue was collected and infected with Ad/Ad-IL15 (MOI = 50) 
for 72 h. The proportion of dead cells was determined after 
7-AAD staining for 10 min. Surface and intracellular factor 
staining was performed using antibodies recognizing the fol-
lowing markers: mouse CD45 (30-F11), mouse CD3 (17A2), 
mouse CD4 (GK1.5), mouse CD8 (53–6.7), mouse CD69 
(H1.2F3), mouse CD103 (2E7), mouse CD11c (N418), mouse 
CD86 (GL-1), mouse CD54 (YN1/1.7.4), mouse PD-1 
(29 F.1A12), mouse MHCII (M5/114.15.2), mouse CCR7 
(4B12), mouse CD19 (6D5), mouse Granzyme B (QA16A02), 
mouse Perforin (S16009A), mouse TNF-α (MP6-XT22), mouse 
IFN-γ (XMG1.2) (all from Biolegend) and mouse NK1.1 
(PK136, Thermo Fisher Scientific). Data were acquired on 
a FACSCanto II system or FACSFortessa system (BD 
Biosciences) and analyzed using FlowJo X.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from CD11c+ DCs or enzymatically 
dissociated tumors using an RNA-Quick Purification Kit 
(Esunbio, China). Then, 1 μg of total RNA was converted 
into cDNA with PrimeScript RT Master Mix (Takara). The 
cDNA products were used as a template for qPCR amplifica-
tion using TB Green Premix Ex Taq (Takara) on 7500 Fast 
Real-Time PCR System (Applied Biosystems). According to 
the manufacturer’s protocol, the cycle conditions were 95°C 
for 30 seconds followed by 40 cycles of 95°C for 5 seconds and 
60°C for 34 seconds. GAPDH was used as a housekeeping gene 
for the standardization of target gene expression. The fold 
changes in target gene expression were determined using the 
2–ΔΔct method. The primer sequences are shown in online 
supplemental table S2.

RNA-seq and analysis

Total RNA was extracted from frozen treated cells by the 
TRIzol-chloroform extraction method. Subsequently, the iso-
lated total RNA was qualified and quantified using a Nano 
Drop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, 
MA, USA). mRNA was purified by Oligo(dT)-attached mag-
netic beads and fragmented at RT. First-strand cDNA was 
generated by random hexamer-reverse transcription, 
and second-strand cDNA was synthesized. Then, the generated 
cDNA was amplified and purified with Ampure XP Beads, and 
the final library was obtained by splint oligonucleotide 
sequence circulation. In vitro, sscir cDNA was rolled and 
amplified under the action of phi29. When it was amplified 
to 100–1000 copies, it formed a DNA nanoball (DNB) and was 
run on a Bgiseq500 sequencing platform. Bgiseq500 contains 
patterned nanoarrays, which are a kind of binding site array 
chip formed and processed on the surface of a silicon wafer. 
The spacing of modification sites on the chip is uniform, and 
only one DNB is fixed at each site, to ensure that the optical 
signals of each DNB will not interfere with those of the others 
and to improve the accuracy of subsequent sequencing. 
Subsequently, a single-ended 50-base reading was generated 
on the Bgiseq500 platform (BGI, Shenzhen, China).

The sequencing data were filtered with SOAPnuke (v1.5.2) 
by (1) removing reads containing sequencing adaptors; (2) 
removing reads whose low-quality base ratio (base quality 
less than or equal to 5) was more than 20%; (3) removing 
reads whose unknown base (‘N’ base) ratio was more than 
5%, afterward clean reads were obtained and stored in 
FASTQ format. The clean reads were mapped to the reference 
genome using HISAT2 (v2.0.4). Bowtie2 (v2.2.5) was applied to 
align the clean reads to the reference coding gene set, then 
expression level of gene was calculated by RSEM (v1.2.12). The 
heatmap was drawn by pheatmap (v1.0.8) according to the 
gene expression in different samples. Essentially, differential 
expression analysis was performed using the DESeq2(v1.4.5) 
with Q value ≤ 0.05. The significant levels of terms and path-
ways were corrected by Q value with a rigorous threshold (Q 
value ≤ 0.05) by Bonferroni.

Bioinformatic analysis

The “Gene-DE” module in TIMER2.026,27 was used to analyze 
IL-15 mRNA differential expression in date from The Cancer 
Genome Atlas (TCGA) database, and the Wilcoxon test was 
applied to assess statistical significance. In the R environment, 
Kaplan-Meier curves were generated using the “survival” and 
“survivminer” packages, and Cox analysis was performed. P  
< .05 was considered to be significant, and significant results 
were visualized. The “Immune-Gene” module of TIMER2.0 
was used to evaluate the relationship between the mRNA expres-
sion level of IL-15 and the degree of immune cell infiltration into 
tumors, and the “TIMER” algorithm was used to quantify it.27,28 

The p value and partial correlation value (cor) were obtained by 
Spearman’s rank correlation test with purity adjustment.

Statistical analysis

Except for the bioinformatics analysis, all the statistical ana-
lyses were carried out with GraphPad Prism version 8.3 
(GraphPad Software). The corresponding statistical test 
method is described in each figure. Results are expressed as 
the mean ± SEM. P values <.05 were considered significant.

Results

A modified oncolytic adenovirus successfully proliferates 
and produces IL15 in tumor cells

IL-15 is a pleiotropic cell stimulating factor that plays impor-
tant roles in innate and adaptive immunity. By analyzing the 
mRNA expression of different cancer and normal tissues in 
the TCGA database, we found that the expression of IL-15 
differed between the tumor group and normal group for many 
cancer types (Figure 1a). Moreover, the expression level of IL- 
15 was positively correlated with a better survival rate in 
patients with skin cutaneous melanoma (SKCM) (Figure 1b) 
or rectum adenocarcinoma (READ) (Figure 1c). 
Subsequently, we analyzed the correlation between the expres-
sion level of IL-15 and the degree of tumor infiltration by 
immune cells. We found that in patients with SKCM, high 
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Figure 1. Expression of IL-15 and its relationship with tumor prognosis and immune cell infiltration. (a) The expression status of the IL-15 gene in different 
cancers was analyzed using TIMER2.0. Tumor abbreviations are shown in Table S3. Red represents tumor tissue, blue represents corresponding normal tissue, and purple 
represents melanoma metastasis. (b - c) Correlation between the expression level of IL-15 and the survival rate of patients with SKCM (b) or READ (c). (d - e) The 
correlation between the expression level of IL-15 and immune cell infiltration in SKCM (d) or READ (e) was analyzed by TIMER2.0.
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expression of IL-15 was associated with the infiltration of 
CD8+T cells, CD4+T cells and DCs (Figure 1d). In READ 
patients, high expression of IL-15 was associated with the 
infiltration of CD8+T cells and DCs (Figure 1e). These results 
suggest that the expression of IL-15 may be associated, at least 
in part, with more tumor-infiltrating lymphocytes (TILs). 
However, the use of recombinant IL-15 in the treatment of 
solid tumors has disadvantages, such as its short half-life and 

the potential toxicity associated with high-dose 
administration.29 Therefore, arming an OV with IL-15 to 
establish stable IL-15 expression has become a feasible 
strategy.

Here, we designed a new OV, Ad-IL15, and its structure is 
shown in Figure 2a. Next, to investigate whether Ad-IL15 can 
infect tumor cells and stably secrete mIL-15, we infected three 
human tumor cell lines (A549, U87, and MDA-MB-231) and 

Figure 2. A modified oncolytic adenovirus successfully proliferates and produces IL15in tumor cells. (a) A schematic diagram of recombinant Ad-IL15. (b) The 
expression of IL-15. ELISA was used to measure IL-15 levels in the supernatant of cell cultures. Different human and mouse tumor cell lines were treated with Ad-IL15 for 
24, 48, 72 or 96 h at the indicated dose (MOI = 50). The supernatant of untreated cell cultures was used as a control (CTR). (c) Cell proliferation analyses of Ad/Ad-IL15- 
infected human and mouse tumor cell lines. A CCK-8 assay was performed to evaluate the viability of different human and mouse cell lines treated with Ad/Ad-IL15 at 
different MOIs for 3 days. (d) Assessment of viral protein expression in three mouse cell lines infected with Ad-IL15 by western blotting.
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three mouse tumor cell lines (LLC, MC38, and B16-F10) with 
Ad-IL15 at an MOI of 50. As shown in Figure 2b, the IL-15 
levels in the supernatant of Ad-IL15-treated cells were detected 
with ELISA kits, which proved that mIL-15 was efficiently 
produced by and released from Ad-IL15-infected human and 
mouse tumor cells. The concentration of IL-15 reached higher 
values at 96 h after infection of human tumor cells with Ad- 
IL15, while the peak of IL-15 secretion appeared to occur at 
72 h after Ad-IL15 infection in the three mouse tumor cells 
lines. Subsequently, to evaluate the oncolytic ability of Ad- 
IL15, three human tumor cell lines (A549, U87, and MDA- 
MB-231) and three mouse tumor cell lines (LLC, MC38, and 
B16-F10) were infected with Ad or Ad-IL15 at different MOIs 
for 72 h. Both Ad and Ad-IL15 induced time-dependent and 
dose (MOI)-dependent killing activity against the human and 
mouse tumor cells (Figure 2c). However, the human tumor cell 
lines were more easily infected than the mouse tumor cell lines, 
which probably occurred because human cells are natural hosts 
of adenovirus.30 After the indicated cell line was infected with 
an increasing amount of Ad-IL15, the upregulated expression 
of E1A and fibers (early and late regulatory proteins in the 
virus cycle, respectively) was found (Figure 2d). In addition, to 
evaluate the safety of OV, we infected mouse lung tissue cells 
with Ad or Ad-IL15 at an MOI = 50 for 72 h. We found that Ad 
and Ad-IL15 did not kill normal tissue cells (Fig S2A). These 
results suggest that Ad-IL15 can exert an oncolytic effect on 
both mouse tumor cells and human tumor cells in vitro, can 
stably release IL-15, and is very safe.

Ad-IL15 plays an antitumor role by increasing TILs in vivo

To characterize the effects of the oncolytic adenovirus, we 
evaluated its use in two different immunocompetent mouse 
models. B16-F10 and MC-38 tumor bearing C57BL/6 mice 
were intratumorally injected with PBS, Ad or Ad-IL15 every 
other day for a total of 3 times. Compared with that of PBS 
treated mice, the tumor volume of Ad/Ad-IL15-treated mice 
was significantly smaller, although Ad-IL15 treatment signifi-
cantly reduced tumor volume compared with Ad treatment in 
only the B16-F10 model, not in the MC-38 model (Figure 3a). 
Additionally, these results also indicated that there was no 
correlation between the in vivo efficacy and the in vitro cyto-
toxicity of these murine cell lines, suggesting that direct onco-
lytic activity was not the only factor that contributed to the 
antitumor effects observed in mouse models; for example the 
immune response in the TME might be involved.31 To evaluate 
virus-induced immune responses, treated tumors were har-
vested on day 14 and subjected to multicolor flow cytometry 
for TIL analysis. As expected, our FACS analysis revealed 
a significant increase in the frequency of CD45high lymphocytes 
after the administration of Ad or Ad-IL15 in both models 
(Figure 3b,). In the B16-F10 model, compared with PBS- or 
Ad-treated mice, Ad-IL15-treated mice had a significantly 
higher proportion of lymphocytes including CD45+ cells, 
CD8+ T cells, CD4+T cells, NK cells and natural killer 
T (NKT) cells in the TME (Figure 3b). In addition, we exam-
ined whether Ad-IL15 can express mIL-15 in tumor tissues. 
Consistent with the in vitro results, we observed the release of 
mIL-15 in tumor tissues after Ad-IL15 infection (Fig S3A). In 

the MC-38 model, similar trends were observed for 
infiltratingCD45+, CD4+, and CD8+ T cells as well as NKT 
cells (Figure 3c). However, we did not observe an increase in 
infiltrating NK cells. Notably, the frequency of tissue-resident 
memory (TRM) cells in Ad-IL15-treatedmice was also elevated 
compared to PBS-treated mice and had an increased tendency 
in comparision with Ad-treated mice in both models 
(Figure 3b,). The infiltration of TRM cells into tumors corre-
lates with an enhanced response to immunotherapy and is 
often associated with a favorable clinical outcome in patients 
with cancer.32 Interestingly, intratumoral administration of 
Ad-IL15 increased the rates of tumor-infiltration by CD8+ 

T cells in an activated state, as evidenced by their increased 
CD69 expression. However, it also increased the expression of 
inhibitory checkpoint molecules, such as PD-1 in CD8+ T cells 
(Figure 3d,), indicating that there may be a negative feedback 
loop mediated by PD-1 to limit the expansion of effector T cells 
during the immune response. Therefore, is the difference in 
therapeutic efficacy between Ad and Ad-IL15 due to host 
immunity? We monitored changes in the subcutaneous B16- 
F10 tumor volume in C57 and Rag-1−/− mice (lack T/B cell, Fig 
S3B) treated with Ad or Ad-IL15. The results showed that the 
efficacy of Ad and Ad-IL15 in Rag-1−/− mice was significantly 
inhibited compared with that in C57 mice (Fig S3C). This 
suggests that Ad-IL15 can elicit stronger host immune system 
activation. Overall, these results suggested that the Ad- 
IL15–mediated inhibition of tumor growth might stem from 
the ability of this OV to increase TILs.

Intratumoral administration of Ad-IL15 promotes VN

Many studies have confirmed that OVs are powerful antian-
giogenic agents that can significantly improve the hypoxic 
state of the TME.14 However, whether OVs can achieve 
tumor VN remains to be further studied. To determine the 
effect of Ad-IL15 on tumor vessels, we collected tumor tissues 
from the B16-F10 model on day 7 after treatment. Compared 
with the PBS group, the intratumoral Ad or Ad-IL15 treat-
ment group exhibited significantly decreased expression of 
HIF-1α, which suggested that OV significantly diminished the 
hypoxia state in the TME (Figure 4a). CD133 and Jarid1b are 
considered markers of hypoxia-responsive cancer stem 
cells,33,34 so we measured the expression of CD133 and 
Jarid1b in the TME. Immunofluorescence staining showed 
that the levels of CD133 (Figure 4b) and Jarid1b (Figure 4c) 
were significantly decreased in the intratumoral Ad-IL15 
treatment group compared with the PBS and Ad treatment 
groups. Moreover, compared with PBS or Ad treatment, Ad- 
IL15 treatment promoted the expression of antiangiogenic 
(CXCL10 and TNFsf15) and vascular maturation (CXCL9) 
factors (Figure 4a). This evidence supported our hypothesis 
that Ad-IL15 treatment can diminish the hypoxic state in the 
TME and promote tumor VN. To further evaluate the effect of 
Ad-IL15 on indices of VN, immunofluorescence analysis was 
performed and showed that the percentage of platelet-derived 
growth factor receptor β (PDGFRβ) + pericyte-covered blood 
vessels was significantly higher in Ad-IL15-treated mice, 
which indicated that more mature blood vessels were present 
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in the tumor tissues in these mice (Figure 4d). In addition, in 
the Ad-IL15-treatment group, there was a significant increase 
in the number of lectin+ functional vessels (Figure 4e) and 
vascular cell adhesion protein-1 (VCAM-1) + blood vessels 
(figure 4f), which indicated improvements in vascular perfu-
sion and maturation. VCAM-1+ vascular endothelial cells 

(VECs) can respond to exposure to foreign inflammatory 
factors and can promote leukocyte adhesion to VECs and 
leukocyte entry into the parenchyma via diapedesis.35 

Lymphatic vessels are another important component of the 
TME and are responsible for the return of interstitial fluid and 
the delivery of antigen-presenting cells (APCs) to initiate 

Figure 3. Ad-IL15 plays an antitumor role by increasing TILs. Mice were subcutaneously inoculated with B16-F10 or MC-38 cells. When tumors reached 
approximately 50 mm3, they were directly injected with PBS, Ad (5 × 108 PFU) or Ad-IL15 (5 × 108 PFU) every other day for a total of three injections. (a)The tumor 
growth in mice treated with PBS, Ad or Ad-IL15 was shown. n = 7–8. **P < .01, ***P < .001 and ****P < .0001 by an unpaired t test. (b - e) Eleven days after the last 
treatment, tumors were collected and analyzed by flow cytometry to calculate the percentages of TILs in the tumors. (b to c) Intratumoral CD45+ cells, CD8+ T cells, TRM 
cells, CD4+ T cells, NK cells, and NKT cells in B16-F10 (b) and MC-38 (c) tumor models. (d - e) Intratumoral CD8+CD69+T cells and CD8+PD-1+ T cells in B16-F10 (d) and 
MC-38 (e) tumor models. n = 5–8. * P < .05, **P < .01 and ***P < .001 by the Mann-Whitney U test. ns, not significant.
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Figure 4. Intratumoral administration of Ad-IL15 promotes VN. Mice bearing subcutaneous B16-F10 tumors (approximately 50 mm3) were intratumorally injected 
every other day for a total of three times with PBS, Ad or Ad-IL15 (5 × 108 PFU). (a) Seven days after the last treatment, tumor tissues were collected, and RNA was 
isolated. RT-PCR was used to analyze gene expression. The mRNA levels of antiangiogenic factors (CXCL10 and TNFsf15), vascular maturation factors (CXCL9) and HIF1α 
were measured. n = 5–6. *P ≤ .05 and **P ≤ .01 by the Mann-Whitney U test. (b-c) Representative immunofluorescence staining and image quantification of the 
hypoxia-reactive tumor stem cell markers CD133 (b) and Jarid1b (c). (d) Representative immunofluorescence staining and image quantification of PDGFRβ+ pericyte 
coverage on tumor VECs. (e) Representative immunofluorescence staining and image quantification of lectin-perfused functional vessels. (f) Representative immuno-
fluorescence staining and image quantification of VCAM-1 expression on tumor VECs. (g) Representative immunofluorescence staining and image quantification of 
Lyve-1+ lymphatic endothelial cells. Statistical significance was assessed by an Unpaired Student’s t test. *P ≤ .05, **P ≤ .01. Scale bars: 50 μm.
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adaptive immunity. Therefore, we evaluated the lymphatic 
vessel density of the TME in the three groups and found 
that the density of Lyve+ lymphatic endothelial cells was 
significantly higher in the Ad-IL15 treatment group than in 
the control group (Figure 4g). In conclusion, our data suggest 
that intratumoral Ad-IL15 therapy can increase tumor VN 
and tumor lymphatic vessel density.

Intratumoral injection of Ad-IL15 induces nonclassical TLS 
formation

To date, TLSs have been found in a variety of human tumor 
tissues,36 and studies have confirmed that TLSs are related to 
a favorable prognosis in patients.37 While evaluating the effect 
of intratumoral Ad-IL15 therapy on TLS formation, we 
observed that Ad-IL15 treatment increased LTβR agonists 

Figure 5. Intratumoral injection of Ad-IL15 induces nonclassical TLS formation. Mice bearing subcutaneous B16-F10 tumors (about 50 mm3) were 
intratumorally injected every other day for a total of three times with PBS, Ad or Ad-IL15 (5 × 108 PFU). (a-b) Seven days after the last treatment, tumor 
tissues were collected, and RNA was isolated. RT-PCR was used to analyze gene expression. The mRNA levels of TLS-inducing LTβR agonists (LTα, LTβ and 
TNFsf14) (a) and TLS-inducing homeostatic chemokines (CCL19, CCL21 and CXCL13) (b) were measured. n = 5–6. *P ≤ .05 and **P ≤ .01 by the Mann-Whitney 
U test. (c) Representative immunofluorescence staining images showing CD45 (green), PNAd (red) and DAPI (nuclei, blue) staining in PBS, Ad and Ad-IL15 
treated tumors. PANd+ HEV area was quantitatively analyzed. The arrow in C indicates PANd+ HEV. *P ≤ .05 and **P ≤ .01 by Unpaired Student’s t test. Scale 
bars: 50 μm. (d) Representative immunofluorescence staining images showing CD3 (red), B220 (white), PNAd (green) and DAPI (nuclei, blue) staining in PBS, 
Ad and Ad-IL15-treated tumors. B220+ B cell numbers were quantitatively analyzed. Arrows in D indicate B220+ cells. *P ≤ .05 by Unpaired Student’s t test. 
Scale bars: 50 μm. (e) Representative immunofluorescence staining images showing nonclassical TLSs composed of CD11c+ DC, CD3+ T cell and CD31+ blood 
vessel staining in PBS, Ad and Ad-IL15-treated tumors. Quantification of the physical contact between DC-T cells. Arrows in E indicate the physical contact 
between DC-T cells. *P ≤ .05, **P ≤ .01 and ***P < .001 by Unpaired Student’s t test. Scale bars: 50 μm.
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(LTα, LTβ and TNFsf14) (Figure 5a) and lymphoid tissue 
steady-state cytokines (CCL19, CCL21 and CXCL13) 
(Figure 5b) in the TME. These data suggest that the tumor 
locally produces “soil” that initiates and promotes TLS forma-
tion. It has been reported that PANd+ high endothelial venules 
(HEV) are crucial structures in TLS formation.38 Therefore, we 
explored the expression of CD45 and PNAd. The results 
showed that compared with control treatment, intratumoral 
treatment with either Ad or Ad-IL15 could promote the infil-
tration of CD45+ lymphocytes, and the lymphocytes were 
spatially arranged in clusters (Figure 5c). Interestingly, com-
pared with the control and Ad groups, intratumoral treatment 
with Ad-IL15 promoted the formation of PNAd+ HEVs, and 
CD45+ lymphocytes were spatially more closely associated with 
PNAd+ HEVs to form a TLS-like structure (Figure 5c). These 
results suggest that Ad-IL15 treatment may induce the forma-
tion of classical TLSs. Subsequently, we used CD3, B220 and 
PNAd to characterize classical TLSs. We found that Ad-IL15 
induced the formation of structures similar to classical TLSs 
(Figure 5d) and increased CD3+T cells infiltration (Fig S4A); 
however, the B cell infiltration in this group was lower than 
expected and scattered, although the numbers of infiltrating 
B cells were increased compared with those in the Ad and PBS 
groups (Figure 5d). This suggests that this TLS may be in the 
early stage and that its function is not perfect. Therefore, we 
continued to explore whether Ad-IL15 can induce the forma-
tion of nonclassical TLSs including CD11c+ DCs, CD3+ T cells 
and CD31+ blood vessels in the TME, and add an isotype 
control comparison (Fig S4B). Interestingly, we found non-
classical TLSs in the TME after Ad-IL15 treatment (Figure 5e), 
and there was spatial contact between CD11c+ DCs and CD3+ 

T cells in the TME, which provided the spatial possibility for 
antigen presentation by DCs to T cells and subsequent T cell 
activation. Subsequently, we further verified the existence of 
nonclassical TLSs using CD11c, CD3 and PNAd. As expected, 
we observed the presence of nonclassical TLSs containing 
CD11c+ DCs, CD3+ T cells, and PNAd+ HEVs in the TME 
after Ad-IL15 treatment (Fig S4C). Altogether, our data sug-
gest that Ad-IL15 treatment may mainly stimulate the forma-
tion of nonclassical TLSs to exert antitumor effects.

Ad-IL15 induces VN and TLS formation by activating the 
STING pathway in CD11c+ DCs

DCs not only function as activators of CD8+ T cells but also 
maintain the phenotype and function of HEVs in adult mouse 
lymph nodes (LNs)39 to support the formation of TLSs. 
Therefore, we hypothesized that Ad-IL15 promotes VN 
improvement and TLS formation by activating DCs. We per-
formed RNA-seq analysis of mouse CD11c+ BMDCs treated 
with Ad-IL15 or PBS for 12 h. A list of 3808 differentially 
expressed genes (1705 downregulated and 2103 upregulated, 
|log2FC|>1 and p < .05) is shown in Fig S5A. Gene Ontology 
(GO) enrichment analysis of the differentially expressed genes 
showed that Ad-IL15 induced vascular development, lympha-
tic development and IL-15-mediated signaling pathway 
changes in DCs (Figure 6a). Subsequently, we further evaluated 
the specific differential gene changes induced by Ad-IL15. 
Consistent with our hypothesis, Ad-IL15 treatment 

significantly downregulated the expression of angiogenic fac-
tors (VEGFA, VEGFB and Ang-2) and significantly upregu-
lated the expression of vascular homeostasis factors (CXCL9, 
CXCL10, TNFSF15 and VCAM-1) in DCs (Figure 6b). 
Moreover, a biomarker panel related to the promotion of 
local TLS formation in tumors was also markedly increased, 
as previously described40 (Figure 6b). In the Ad-IL15 stimula-
tion group, CD11c+DCs expressed more maturation factors 
and costimulatory molecules (Figure 6c). Moreover, the 
expression of CD54hi+, CD86hi+, MHCIIhi+ and CCR7hi+ of 
DCs was confirmed by flow cytometry (Figure 6d). 
Considering that Ad-IL15 is a DNA virus, the host can sense 
double-stranded DNA (dsDNA) through cGAs to activate the 
SITNG signaling pathway and subsequently induce the down-
stream secretion of IFN and other cytokines, which can activate 
antitumor immune responses.41 Recently, a number of studies 
have confirmed that treatment with low-doses of STING ago-
nists can promote tumor VN and TLS formation.24,42 

Therefore, we explored whether Ad-IL15 mediates VN and 
the formation of TLSs by activating the STING pathway in 
DCs. STING oligomerizes after binding of cGAMP, leading to 
the recruitment and activation of the kinase TBK1.43 We tested 
our hypothesis with Amlexanox, which is a small-molecule 
drug that can bind to the TBK1 protein in the STING-TBK1- 
IRF3 signaling pathway and inhibit its phosphorylation, result-
ing in inhibited STING signaling.44 We observed that the 
expression levels of LTα, CXCL10, IFN-β and IL-6 were sig-
nificantly increased, and this effect could be blocked by 
Amlexanox. (Figure 6e). The expression of STING, p-TBK1/ 
TBK1 and p-IRF3/IRF3 was also increased in DCs treated with 
Ad-IL15 compared with those treated with PBS, and inhibition 
of TBK1 reduced the expression of these proteins (figure 6f). In 
summary, our data suggest that Ad-IL15-activated DCs may 
serve as sponsors for VN and TLS formation within the TME.

Intratumoral administration of Ad-IL15 leads to DC 
maturation and T-cell activation

We observed that CD11c+ DCs activated by Ad-IL15 in vitro 
showed VN-inducing and TLS-inducing properties (Figure 
6b). Therefore, we next evaluated the effect of Ad-IL15 on 
DCs in vivo. We used the unilateral B16-F10 subcutaneous 
tumor model and collected the spleen, blood and tumor tissue 
of mice on day 7 after the last intratumoral injection. We 
observed that Ad-IL15 treatment increased the numbers of 
DCs and CD86+ DCs in the TME (Figure 7a). We found that 
the Ad group had the highest number of DCs in the peripheral 
blood, while the Ad-IL15 group had the highest number of 
CD86+ DCs in peripheral blood (Figure 7b). In addition, there 
was no significant difference in the number of DCs in mouse 
spleen tissue, but the Ad group had the highest number of 
CD86+ DCs in the spleen (Figure 7c), indicating that local 
treatment with Ad or Ad-IL15 may induce a systemic immune 
response, promote the proliferation and activation of DCs in 
the spleen, and recruit mature DCs to local tumor tissues 
through the peripheral blood. Consistent with these results, 
RT-PCR analysis of tumor tissues further confirmed the upre-
gulated expression of genes involved in DC-specific costimu-
latory signaling (CD40) and DC maturation (CD86) 
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(Figure 7d). Subsequently, we evaluated functional changes in 
CD8+ T cells using flow cytometry and found that Ad-IL15 
treatment significantly increased the number of activated- 
CD8+T cells, which were characterized by high expression of 
IFN-γ, TNF-α, Granzyme B and Perforin compared with Ad or 
PBS treatment (Figure 7e). Collectively, these findings suggest 
that local Ad-IL15 treatment can induce systemic DC matura-
tion and ultimately restore the effector function of CD8+ T cells 
in the TME, resulting in strong antitumor immunity.

Amlexanox inhibits Ad-IL15-induced immune activation, 
tumor VN and nonclassical TLS formation

We found that the immune-activating effect induced by Ad- 
IL15 might be mediated by the STING pathway of activating 
DCs. Therefore, we next explored whether Amlexanox can 
inhibit the immune activation induced by Ad-IL15 in vivo. 
We found that Amlexanox combined with Ad/Ad-IL15 

significantly reduced the tumor growth inhibition induced by 
Ad/Ad-IL15 (Figure 8a). Next, we analyzed the changes in TILs 
after treatment by flow cytometry. We found that the increased 
infiltration of CD8+ T cells (Figure 8b), CD4+ T cells 
(Figure 8c) and NK cells (Figure 8d) induced by Ad-IL15 
treatment was significantly inhibited by Amlexanox. 
Moreover, the number of infiltrating DCs (Figure 8e) and the 
proportion of DCs expressing CD86 (figure 8f) and CD54 
(Figure 8g) were also significantly reduced. Subsequently, we 
used VN markers (PDGFRβ and VCAM-1) to explore whether 
Amlexanox can inhibit Ad-IL15-mediated tumor VN. As 
expected, Amlexanox significantly reduced PDGFRβ+ pericyte 
coverage (Figure 8h) and VCAM-1 expression (Figure 8i) on 
the vascular surface after Ad-IL15 treatment. In addition, we 
also observed that intratumoral Amlexanox treatment hin-
dered the formation of nonclassical TLSs, that DCs and 
T cells were more spatially dispersed, and that DC-T connec-
tions were reduced (Fig S6A). These results further suggest 

Figure 6. Ad-IL15 induces VN improvement and TLS formation by activating the STING pathway in CD11c+ DCs. BMDCs were isolated from C57 mice and 
cultured with rmGM-CSF (20 ng/mL) + rmIL-4 (20 ng/mL). The BMDCs were collected and purified on day 5, and then stimulated in vitro   . (a-c) BMDCs were collected 
and stimulated with PBS, Ad or Ad-IL15 for 12 h. RNA was isolated and analyzed by RNA-seq. GO analysis of differentially expressed genes (a). VN-induced and TLS- 
induced gene expression (b). DC maturation related gene expression (c). (d) BMDCs were stimulated with PBS Ad or Ad-IL15 for 12 h, and the state of DC maturation was 
analyzed by flow cytometry . (e-f) BMDCs were stimulated with PBS, Ad, Ad + Amlexanox, Ad-IL15 or Ad-IL15 + Amlexanox for 12 h . Gene expression of LTα, CXCL10, 
IFN-β and IL-6 (e). Protein expression of components of the STING-TBK1-IRF3 pathway (f). Statistical significance was assessed by Unpaired Student’s t test. *P ≤ .05, 
**P ≤ .01, ***p < .001, ****p < .0001.
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that the activation of the STING pathway plays an important 
role in Ad-IL15 induced immune activation, tumor VN and 
nonclassical TLS formation.

Discussion

Vascular-targeted therapy is an important part of immu-
notherapy. The current clinical data show that antiangiogenic 
therapy alone cannot produce long-term survival benefits.45 At 
present, the field is more inclined toward the strategy of tumor 
VN, which can allow effective transport of drugs and oxygen 
into the TME.46 Here, we constructed and identified a novel 
oncolytic adenovirus, Ad-IL15, which could directly lyse tumor 
cells in vitro and enhance host antitumor immunity by pro-
moting the infiltration of TILs. In addition, local Ad-IL15 

treatment could also induce tumor VN and the formation of 
local nonclassical TLSs, which might depend on the activation 
of the STING pathway in CD11c+ DCs.24,47

As an emerging immunotherapy, a variety of OVs such as 
Imlygic, H101 and Rigvir,48 have been approved by the Food 
and Drug Administration (FDA) of various countries. 
Oncolytic adenoviruses are the most widely studied OV at 
present, and their transformation mainly focuses on the E1 
and E3 regions. E1A is an essential gene for adenovirus repli-
cation and can promote S-phase entry in infected cells.49 

E1ACR2-deleted mutants can replicate only in Rb/p16 path-
way-deficient tumor cells, which has been confirmed in most 
cancers; they cannot replicate in normal cells.50Telomeres are 
proteins that stabilize cell chromosomes and are regulated by 
telomerase. Telomerase is usually highly expressed in tumor 

Figure 7. Intratumoral administration of Ad-IL15 leads to systemic DC maturation and T-cell activation. Mice bearing subcutaneous B16-F10 tumors were 
intratumorally injected every other day, for a total of three times, with PBS, Ad or Ad-IL15 (5 × 108 PFU). (a - c) Seven days after the last treatment, tumors, blood and 
spleen were collected and analyzed by flow cytometry. Frequencies of DCs and activated DCs (CD86+DCs) in tumors (a), blood (b) and spleen(c) from treated mice. (d) 
Seven days after the last treatment, tumor tissues were collected and RNA isolated. Quantitative RT-PCR was used to analyze gene expression. The mRNA levels of genes 
associated with DC-specific costimulatory signaling (CD40) and DC maturation (CD86) were measured. (e) Seven days after the last treatment tumors were collected and 
analyzed by flow cytometry  . Expression of IFN-γ, TNF-α, Granzyme B and Perforin in tumor-infiltrating CD8+ T cells. n =5-6. Statistical significance was assessed by 
Unpaired Student’s t test. *P ≤ .05, **P ≤ .01, ***P ≤ .001. ns, not significant.
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cells, but silent in normal cells.51 Therefore, using the human 
telomerase reverse transcriptase (hTERT) promoter as the 
promoter of an OV can make the OV replicate specifically in 
tumor cells.52 Deletion of the CR2 region of E1A and replace-
ment with the hTERT promoter are two common ways to 
enhance the specific replication of an oncolytic adenovirus in 
cancer cells. Interestingly, Zhang et al53 constructed an onco-
lytic adenovirus with the above two strategies. They found that 
the antitumor effect of the bispecific oncolytic adenovirus was 
better than that of a monospecific oncolytic adenovirus. In 
addition, E3 encodes a protein that inhibits the antiviral 
immune response and participates in the interaction between 
the virus and host, thus reducing the probability of immune 
recognition of infected cells.54 The reconstruction of the E3 
region is controversial. E3 deletion can allow accommodation 
of additional foreign genes, but it also leads to a decline in viral 

gene expression, weakening replication, increasing clearance 
and reducing antitumor effects.49 Therefore, based on the 
above strategy, we constructed an oncolytic adenovirus with 
hTERT initiation, E1ACR2 deletion and E3 retention.

We observed that the therapeutic effect of Ad-IL15 was 
different in the two mouse subcutaneous tumor models. In 
TME after Ad-IL15 treatment, the infiltrating T cells and NK 
cells were also inconsistent. This may be due to tumor hetero-
geneity. B16-F10 cells are tumor cells with low immunogeni-
city, while MC-38 cells are tumor cells with high 
immunogenicity.55 The main role of oncolytic adenovirus is 
to promote the transformation of “cold tumors” into “hot 
tumors”. Therefore, the chemotactic effects of Ad-IL15- 
treated B16-F10 and MC-38 on NK cells may be different. 
Interestingly, Ad-IL15 inhibited the growth of subcutaneous 
tumors compared with PBS treatment in the B16-F10 model of 

Figure 8. Amlexanox inhibits Ad-IL15-induced immune activation, tumor VN and nonclassical TLS formation. Mice bearing subcutaneous B16-F10 
tumors (approximately 50 mm3) were intratumorally injected every other day for a total of three times with PBS, Amlexanox, Ad, Ad + Amlexanox, Ad- 
IL15, or Ad-IL15 + Amlexanox. (a)Tumor growth in mice treated with PBS, Amlexanox, Ad, Ad + Amlexanox, Ad-IL15, or Ad-IL15 + Amlexanox is shown. 
n=6–9. * P < .05, **P < .01 by Mann-Whitney U test. (b - g) Eleven days after the last treatment, tumors were collected and the percentage of immune 
cells was analyzed by flow cytometry. (b - d) Changes in the proportion of CD8+T cells, CD4+T cells and NK cells in the TME. (e - g) Changes in the 
proportion of DC, CD86+ DC and CD54+ DC in the TME. n = 6-9. * P < .05, **P < .01 and ***P ≤ .001 by Mann-Whitney U test. (h) Representative 
immunofluorescence staining and quantification of PDGFRβ+ pericyte coverage on tumor VECs. (i) Representative immunofluorescence staining and image 
quantification of VCAM-1 expression on tumor VECs. Statistical significance was assessed by Unpaired Student’s t test. *P ≤ .05, **P ≤ .01, ****P ≤ .0001. 
Scale bars: 50 μm.
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Rag-1−/− mice, which may be mediated by Ad-IL15-induced 
NK cell infiltration. Recently, an oncolytic vaccinia virus armed 
with IL15-Rα has demonstrated effective tumor growth inhibi-
tion in the intraperitoneal model of MC-38 colon cancer.56 The 
virus induced increased infiltration of immune cells, but deple-
tion experiments showed that its antitumor effect was mainly 
dependent on CD8+T cells rather than NK cells. This may be 
due to the fact that the virus can inhibit NK cell functions in 
the TME through direct infection or the virus encodes multiple 
genes whose products are to inhibit NK cells via inhibition of 
the nuclear factor ĸB (NF- ĸB) pathway. This suggests that NK 
cells may play different roles in different types of viruses and 
tumor models.

The strategy of promoting tumor VN has a long history. 
Exogenous factor intervention can improve tumor vascular 
function, which is a marker of VN.57 In our model, tumor 
vascular perfusion, hypoxia and pericyte coverage were sig-
nificantly improved, indicating VN. Moreover, the Ad-IL15 
-induced tumor VN may be caused by the activation of 
STING pathway of DCs. These data suggest a mechanism 
by which Ad-IL15 promotes the stability of tumor blood 
vessels and lymphatic vessels by changing the TME, to 
restore tumor blood perfusion and enhance the develop-
ment of antitumor immunity.24,42 Moreover, the stabiliza-
tion of tumor blood vessels and lymphatic vessels can 
reduce tumor IFP and promote the infiltration of antitumor 
factors and immune cells into tumor tissues, indicating that 
VN and antitumor immunity can promote each other. 
Interestingly, studies have confirmed that the growth rate 
of tumors is not affected by the blood flow velocity, vascu-
lar volume or use of oxygen or glucose,15 indicating that 
VN does not accelerate tumor growth.

TLSs, as the starting site for in situ immunity, often have 
different formation mechanisms under pathological 
conditions.47 B-cell follicles and germinal centers (GCs) 
are key components of TLSs.20,38 CXCL13 secreted by 
immune cells can chemoattract B cells and initiate TLS 
formation. However, we did not observe significant B-cell 
infiltration or GC formation, despite increased CXCL13 
gene expression. This shows that the formation of TLSs 
requires the joint action of many factors. However, studies 
have shown that nonclassical TLS formation is also asso-
ciated with a good prognosis.58 Therefore, the combination 
of OVs and factors promoting the infiltration of B cells and 
T follicular helper (Tfh) cells may be a feasible strategy to 
induce the formation of mature TLSs. Additionally, in 
a mouse influenza virus model,59 CD11b+ DCs-mediate 
the maintenance of tertiary lymphoid organs (LTOs) by 
continuously secreting LTβ, as DCs can retain T cells and 
B cells in dense clusters to maintain GCs, which is also 
consistent with our data. STING is a cytoplasmic DNA- 
sensing protein, that plays important roles in apoptosis 
induction and immune surveillance. STING agonists have 
shown strong vascular targeting and the ability to induce 
nonclassical TLS formation in lung cancer,42 melanoma24 

and colon cancer60 models. As a dsDNA virus, Ad-IL15 is 
a powerful activator of the STING pathway and has natural 
advantages. These features are also related to the reduced 
DNA repair ability and high mutational load of melanoma 

cells, which make it easier to transform the TME into 
a “hot tumor” and form an environment that induces TLS 
formation.61 In addition, the existence of TLSs is closely 
related to immune checkpoint blockade (ICB).38 Remark 
et al.62 found that TLSs were present in the tumors of 
patients undergoing neoadjuvant therapy (PD-1 inhibitor), 
which was associated with longer disease-free survival and 
overall survival. Moreover, B cells in TLSs may contribute 
to the effective T-cell response after ICB treatment.36 In 
tumors without TLSs, T cells have a dysfunctional molecu-
lar phenotype.63 Mature TLSs may be a marker of the 
effectiveness of immune checkpoint inhibitors in solid 
tumors, and TLS formation is related to patient responses 
to ICB and high survival rates.64 Moreover, this correlation 
was not related to the PD-L1 expression status and CD8+ 

T-cell density.65

Taken together, our preclinical study results show that in 
addition to its effect in activating immune responses, an 
oncolytic adenovirus (Ad-IL15) can promote VN and non-
classical TLS formation in tumors. Furthermore, Ad-IL15 can 
transform the TME from “cold” to “hot” and induce VN and 
TLS formation via STING pathway-mediated activation of 
tumor-infiltrating DCs. Our findings provide insight into 
the mechanism underlying OV treatment and suggest that 
targeting the TME is a promising strategy for further studying 
antitumor OVs.
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