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ORIGINAL RESEARCH

Local therapy with an engineered oncolytic adenovirus enables antitumor response 
in non-injected melanoma tumors in mice treated with aPD-1
Dafne C. A. Quixabeira a, Victor Cervera-Carrascon a,b, Joao M. Santosa,b, James H.A. Clubba,b, Tatiana  V. Kudling a, 
Saru Basneta, Camilla Heiniö a, Susanna Grönberg-Vähä-Koskelaa,c, Marjukka Anttila d, Riikka Havunena,b, 
Anna Kanervae, and Akseli Hemminki a,b,c

aCancer Gene Therapy Group, Translational Immunology Research Program, University of Helsinki, Helsinki, Finland; bTILT Biotherapeutics, Helsinki, 
Finland; cHelsinki University Hospital Comprehensive Cancer Center, Helsinki, Finland; dPathology, Finnish Food Authority, Helsinki, Finland; 
eDepartment of Obstetrics and Gynecology, Helsinki University Central Hospital, Helsinki, Finland

ABSTRACT
Intratumoral immunotherapies are entering clinical use but concerns remain regarding their effects on 
non-injected tumors. Here, we studied the impact of local treatment with an adenovirus coding for TNFa 
and IL-2 on systemic antitumor response in animals receiving aPD-1 (anti-programmed cell death 
protein 1) therapy. Using bilateral murine melanoma models, we tested systemic tumor response to 
combined therapy with anti-PD-1 and an adenovirus coding for TNFa and IL-2 (“virus”). Virus was given 
intratumorally (to one of the two tumors only) and aPD-1 monoclonal antibody systemically. We evaluated 
both tumors’ response to treatment, overall survival, metastasis development, and immunological 
mechanisms involved with response. Consistent tumor control was observed in both injected and non- 
injected tumors, including complete response in all treated animals receiving aPD-1+ virus therapy. 
Mechanistically, virus injections enabled potent effector lymphocyte response locally, with systemic 
effects in non-injected tumors facilitated by aPD-1 treatment. Moreover, adenovirus therapy demon
strated immunological memory formation. Virus therapy was effective in preventing metastasis develop
ment. Local treatment with TNFa and IL-2 coding adenovirus enhanced systemic response to aPD-1 
therapy, by re-shaping the microenvironment of both injected and non-injected tumors. Therefore, our 
pre-clinical data support the rationale for a trial utilizing a combination of aPD-1 plus virus for the 
treatment of human cancer.
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Introduction

Encouraging results have been achieved with immune 
checkpoint inhibitors (ICIs) in patients with many types 
of advanced cancers including melanoma.1,2 Randomized 
phase III trials have reported promising results with 
improved overall survival using aPD-1 as a monotherapy,1,2 

or aPD-L1 (anti-programmed death ligand 1) together with 
BRAF and MEK inhibitors at stage IIIc-IV patients.3 

Nevertheless, nearly 60% of patients with metastatic mela
noma do not survive over five years.4

The limitations of ICIs in promoting effective response in 
advanced patients can be partially due to their inability to 
revert immunosuppression in the tumor microenvironment 
(TME).5 Conventionally, ICI therapies are able to reestablish 
anti-tumor response by effector T cells in immune-infiltrated 
tumors, and to a less extent in immune-excluded or immune 
deserted tumors.6,7 Presently, the point of inflection is how 
improve the benefits of ICI in patients with no active 
immune-response, i.e. lacking a T-cell infiltrate.8 To this 

end, immunotherapeutics given locally into tumors, that 
offer potential to re-shape the TME, are being postulated as 
potential combination agents, that could further leverage ICI 
benefits to patients.9,10

In this regard, oncolytic viruses (OV) stand as an appealing 
class of agents with demonstrated efficacy as single-agent treat
ments or in combination with other immunotherapies, includ
ing ICI.10–13 OVs comprise different families of viruses that 
hold natural or genetically modified cancer tropism and cell 
lytic capability.14 Additionally, some OVs are permissive to 
insertion of human immunomodulatory transgenes into their 
genome, which upon infection allow progressive transgene 
expression in the TME.15,16 From a clinical view, OVs have 
shown favorable results when used in combination with aPD- 
1.10 In a phase Ib trial in advanced melanoma patients, treat
ments with the EMA/FDA-approved OV talimogene laherpar
epvec (T-Vec) and pembrolizumab (aPD-1) showed 
considerable systemic tumor control with volume reduction 
in 82% of injected, 43% of non-injected non-visceral, and 33% 
of non-injected visceral lesions.10
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From the perspective of eliciting anti-tumor responses, 
oncolytic adenoviruses constitute promising candidates.17,18 

Particularly, adenoviruses possess inherent immunogenic cap
abilities for stimulation of the host immune system by direct 
cell lysis, and through anti-viral response, elicited by the viral 
infection stimulating the host immune system.19,20 Further 
immune boosting is achieved when the adenoviruses are 
armed with cytokines.21 Indeed, adenoviruses coding for 
GMCSF, OX40L, and TNFa and IL-2 have shown remarkable 
effector cell infiltration, partial or complete tumor shrinkage, 
and durable response in preclinical models and in patients.21,22

Previously, we have validated the ability of an adenovirus 
coding for TNFa and IL-2 to support melanoma debulking in 
injected lesions.23 Here, we investigate the potential of a non- 
replicating adenovirus expressing murine TNFa and IL-2 cyto
kines to elicit systemic response in the context of melanoma 
metastasis in animals treated with PD-1 blockade.

Materials and methods

Cell lines and viruses

Murine melanoma cell line B16.OVA is derived from the B16. 
F1 melanoma cell line and it was kindly provided by Professor 
Richard Vile (Mayo Clinic, MN, USA).24 The murine mela
noma cell line expressing luciferase, B16.F10-Red-Luc, was 
purchased from PerkinElmer (MA, USA), B16.F10 from 
ATCC (VA, USA), and the murine colon cancer MC-38 cell 
line was acquired from Kerafast (MA, USA).). Cells were cul
tured either in RPMI 1640 (B16.OVA and B16.F10-Red-Luc) 
or DMEM 30030 (MC-38) and supplemented with 10% FBS, 
2 mM L-Glutamine, 100 U/mL penicillin, and 100 mg/mL 
streptomycin. B16.OVA cells were further supplemented with 
G-418 (5.0 mg/mL) and B16.F10-Red-Luc cells with 
Amphotericin B (fungizone) (0.25 µg/ml) for cell positive 
selection. Cell lines were incubated at +37°C and 5% CO2, 
and were passaged in vitro three to four times prior to in vivo 
use. Ad5-CMV-mTNFa and Ad5-CMV-mIL2 adenoviruses 
constructs have been described before.25 As mice are non- 
permissive to human adenoviruses, non-oncolytic viruses cod
ing for murine transgenes were used here.

Murine melanoma models

Immunocompetent female C57BL/6JOlaHsd mice, 4 to 5 week 
old (Envigo, IN, USA) were used in the in vivo studies. To 
establish subcutaneous bilateral melanoma tumors, mice were 
engrafted with melanoma cells on their lower back in the left 
and right flanks, and the tumor engraftments were performed 
three days apart.

In the first survival study, mice were engrafted subcuta
neously with 2.5 × 105 B16.OVA cells. Tumors were allowed 
to grow for 11 days (time counted from the first tumor engraft
ment), when the primary tumors reached 4–5 mm and the 
secondary 2–3 mm in the longest diameter. Animals bearing 
tumors were then randomly assigned into one of the groups 
(n = 10 per group), and a total of 15 rounds of treatments were 
administered.

For the mechanism of action experiment, animals received 
5 × 105 B16.F10 cells injections and tumors developed for 
9 days (counted from the first tumor engraftment) when the 
longest diameter was approximately 8–9 mm in the primary, 
and 5–6 mm in the secondary tumor. After randomization, 
animals were assigned into different treatment groups 
(n = 5 per group), and three rounds of treatment were admini
strated. Tumor progression was measured daily utilizing 
a digital caliper, and tumor volume was calculated with the 
formula (length × width2)/2. Tumor volumes in percentage 
were obtained from the daily tumor volumes normalized to 
their respective day 0 tumor volume.

Animals were euthanized whenever the combined length 
from bilateral tumors in the longest diameter reached 23 mm, 
the study endpoint was met, or when the animal´s wellbeing 
was compromised.

Bioluminescence animal experiment

Murine melanoma cells expressing luciferase (B16.F10-Red- 
Luc, 5 × 105 cells) were inoculated, five days apart, on the 
lower and upper middle back of 4 to 5 week old immunocom
petent female C57BL/6BrdCrHsd-Tyrc albino mice (n = 9 per 
group). On day 7, when approximately 8 mm and 4 mm long
est diameter in the primary and secondary tumors (respec
tively) were reached, animals were randomized into the 
treatment groups. Prior to live imaging, mice were injected 
intraperitoneally with 200 μl of D-luciferin (150 mg/kg, 
PerkinElmer, MA, USA). Luminescence from growing tumors 
was detected with live luminescence detection with SPECTRAL 
Lago (Spectral Instruments Imaging, AZ, USA) imaging system 
at different days.

Animals were euthanized whenever the combined length 
from both tumors in the longest diameter reached 23 mm, or 
whenever the animal´s wellbeing was compromised.

Treatments

Anti-mouse PD-1 (Clone RMPI-14, BE0146, Bio-XCell, NH, 
USA) was given intraperitoneally (i.p.) as 0.1 mg per dose. 
Equal amounts of virus (Ad5-CMV-mTNFa and Ad5-CMV- 
mIL2), 5 × 107 virus particles (vp) per virus, were injected 
intratumorally (i.t.) into the primary tumors only. To mimic 
the mechanical disruption promoted by local injections, mock 
and aPD-1 groups received i.t. injections with phosphate buffer 
saline (PBS) into the primary tumors. Detailed treatment sche
dules are described in their respective figures.

Re-Challenge in vivo experiment

Complete responders from the bioluminescence survival study; 
mock (n = 1), aPD-1 (n = 5), virus (n = 7), and aPD-1+ virus 
(n = 9) were eligible for this experiment. Animals were re- 
challenged with another B16.F10-Red-Luc (5x105 cells) mela
noma cells inoculation on their upper left back. Additionally, 
mice were engrafted contra laterally with a new cancer cell line 
MC-38 (1.4 × 105 cells). Naïve mice (n = 3) to both cell lines 
and treatments were included as controls for the experiment. 
When tumors were visible (day 8), measurements were taken 
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with a digital caliper every three days to monitor the tumor 
progression. Tumor volumes were calculated as aforemen
tioned. On day 21, all animals were euthanized and had tumors 
and spleens collected for further immunological studies.

Mouse tumor processing and flow cytometry

Mice tissues and tumors collected were mechanically grinded 
with a tissue homogenizer OMNI Tissue Master 125 W (Omni, 
GA, USA) into single cell suspensions, and stored in freezing 
media (90% FBS and 10% DMSO) at −80°C. Samples were then 
processed for flow cytometry analysis for cell surface staining 
following the manufacturer´s recommendations. For intracel
lular staining, cells were first cultured for 5 hours with brefel
din A (BD GolgiPlug™ containing Brefeldin A, Cat.No.555028, 
BD, NJ, USA) for inhibiting protein transport. Followed by cell 
permeabilization and antibody staining according to manufac
turer protocols (BD Cytofix/Cytoperm™ Plus Fixation/ 
Permeabilization Kit, Cat.No.555028, BD, NJ, USA). Cell fluor
escence was detected with Sony SH800Z cytometer (Sony, 
Japan) or BD FACS Aria II flow cytometer (BD, NJ, USA), 
upon acquisition of 14,000 to 100,000 events per sample. Cell 
data processing and gating were performed with FlowJo 
v.10.6.1 (FlowJo LLC, OR, USA). A list of the antibodies and 
pentamer used can be found in Supplementary Table 1.

Enzyme-linked immunospot (ELISpot) assay

Effector cells were splenocytes collected from re-challenged 
mice euthanized on day 21. Target MC-38 cells were treated 
with 500 U/ml mouse IFN-γ (Peprotech, NJ, USA) for 24 h, 
then irradiated (120 Gy) utilizing the gamma irradiator OB29/ 
4 (STS, BS, DE). A mouse ELISpot IFN-γ kit (EL485, R&D 
Systems, MN, USA) was used. Target MC-38 cells were seeded 
at 25,000 cells per well, and co-cultured with effector spleno
cytes at 106 cells per well. Plate was cultured at 37°C for 48 h, 
then developed following the manufacturer´s instructions. 
Results were scanned with the ImmunoCapture Software and 
spots counted with the ImmunoSpot Professional Software in 
the SmartCount™ mode.

Tumor cytokine analysis

Tumor fragments were snap-frozen and stored at −80°C. Later, 
tumors were thawed and 20–22 mg of tissue were collected in 
500 µl of a protease inhibitory cocktail (SIGMAFast, Merck, 
HE, Germany) and mechanically grinded with a tissue homo
genizer OMNI Tissue Master 125 W. Tumor suspensions were 
pelleted and the supernatants were used for Cytometric Bead 
Array Mouse Th1/Th2/Th17 Cytokine kit (560485, BD, NJ, 
USA), according to manufacturer´s instructions. Data was 
acquired using BD Accuri C6 Cytometer (BD, NJ, USA) and 
analyzed with FCAP Array Software (BD, NJ, USA).

Histopathology of lymph nodes

Inguinal lymph nodes collected were fixed in 10% formalin, 
and histologically processed into paraffin blocks. Slides sec
tions of 5 μm thickness were stained with hematoxylin and 

eosin. The presence of melanoma metastases in the lymph 
nodes was evaluated by a veterinarian pathologist in a blind 
manner.

Statistical analysis

One-way ANOVA with post-hoc Tukey and linear mixed- 
model analyses were utilized to evaluate differences on tumor 
progression using GraphPad Prism v.8.4.2, (GraphPad 
Software Inc, CA, USA) and SPSS v.25 (IBM, IL, USA), respec
tively. GraphPad Prism v.8.4.2, was also used for log rank 
Mantel-Cox on Kaplan–Meier survival curve, and unpaired 
t-test with Welch´s correction, and for the graphical represen
tation of the data. Results were considered statistically signifi
cant when p <0.05.

Ethical statement

All animals experiments here described have been approved 
and performed in accordance to the Experimental Animal 
Experimental Board (ELLA) of the University of Helsinki and 
the Provincial Government of Southern Finland.

Results

Local virus treatment improves survival of animals with 
bilateral tumors receiving aPD-1 therapy

To evaluate the therapeutic potential of combining aPD-1 
+ virus therapy to elicit tumor control in non-injected tumors, 
we used mice bearing two B16.OVA melanoma tumors 
(Figure 1a). Virus treatments were administrated following 
the prime and boost therapy approach previously described.23 

Briefly, animals in virus treated groups received intratumoral 
virus injections on days 0 and 1. Local virus treatments enabled 
the best tumor control in injected melanoma compared to 
mock (p < .00001; virus vs mock, p < .00001; aPD-1+ virus vs 
mock), and aPD-1 (p < .00001; virus vs aPD-1, p < .00001; 
aPD-1+ virus vs aPD-1) groups (Figure 1b). Likewise, in the 
combined treatment group, systemic aPD-1 treatment 
improved the virus’ local tumor control in injected lesions 
versus virus monotherapy (p = .0002). In non-injected tumors 
(Figure 1c), both aPD-1 and virus monotherapies presented 
better control than mock control group (p < .001; aPD-1 vs 
mock, p = .015; virus vs mock). Yet, aPD-1 monotherapy 
promoted better tumor control in non-injected tumors than 
virus alone (p = .007). Interestingly, the use in conjunction of 
aPD-1+ virus showed the best tumor control of distant metas
tases (non-injected tumors) compared to mock (p < .00001), 
and aPD-1 (p < .001).

Following long-term observation, the addition of virus 
injections to aPD-1 therapy was beneficial in mice bearing 
bilateral melanoma. This group was the only one to show 
complete response and significantly extended overall survival 
compared to mock (p = .0002), and aPD-1 (p = .0006) groups 
(Figure 1d). These data suggest that it is advantageous to add 
local virus treatment for improving systemic response to aPD-1 
therapy in metastatic melanoma.
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Combination therapy with aPD-1 plus virus enhances 
cytotoxic tumor infiltrating CD4+ and tumor specific CD8+ 
T cells in injected and non-injected tumors

In order to confirm reproducibility of the treatment in 
controlling distant tumors, and to unveil the immunologi
cal mechanisms elicited by the combined therapy, 
a separate mechanism of action study was performed with 
the B16.F10 melanoma cell line (Figure 2a). Of note, B16. 
F10 cell line derives from the same parental cell line as B16. 
Ova, however, its growth pattern in vitro and in vivo are 
considerably distinct.26

Interestingly, already 7 days after treatment initiation, virus 
treatment resulted in better control of injected tumors com
pared to mock (p = .002; virus vs mock, p = .020; aPD-1+ virus 
vs mock) (Figure 2b). Virus monotherapy also promoted 

significantly better anti-tumor responses compared to aPD-1 
monotherapy (p = .027). At the same time point, aPD-1+ virus 
group was the only treatment that provided significant tumor 
control in non-injected tumors compared to aPD-1 monother
apy (p = .024) (Figure 2c).

When analyzing the immune cells infiltrating the injected 
tumors collected on day 7, aPD-1+ virus treatments induced 
the highest infiltration of CD4 + T cells compared to mock 
(p = .043), aPD-1 (p = .040), and virus (p = .074)(Figure 2d). 
Although not statistically significant, an analogous trend was 
observed at non-injected tumors with higher levels of CD4 + T 
cells in the aPD-1+ virus group (Figure 2d). Regarding 
CD4 + T-cell activation status, in both primary and secondary 
tumors, non-significant differences were detected with regard 
to CD69 expression in CD4 + T cells (Figure 2e). Similarly, 
tumor infiltrating PD-1+ CD4 + T cells levels fluctuated across 

Figure 1. Tumor progression and overall survival in a bilateral B16.OVA melanoma animal model treated with aPD-1 + virus therapy. (a) Experimental design: 10 mice 
per group were engrafted on days −11 and −8 (prior to treatment) with B16.OVA cells. Virus (Ad5-CMV-mTNFa and Ad5-CMV-mIL2) treatments were injected into 
primary tumors (left side) only. Mock and aPD-1 groups received equivalent volumes of phosphate buffer saline (PBS). Mouse anti-PD-1 was given i.p. Intratumoral 
injections were performed only into the primary tumors (injected tumors, left side). Virus treatments were initially given on days 0 and 1, then every 3 days (to follow 
a prime and boost approach). In aPD-1 + virus group, aPD-1 treatment started only on day 3, then every 3 days after that. In total, 15 rounds of treatments were 
administered. (b) Normalized individual tumor volumes of injected (left) and (c) non-injected tumors (right) from all the experimental groups until day 20 after 
treatment initiation. (d) Survival curve of animals under study until day 100. *p < .05, **p < .01, ***p < .001 and ****p < .0001.
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Figure 2. Mechanism of action animal study in a bilateral B16.F10 melanoma model treated with aPD-1+ virus therapy. (a) Experimental design: 5 mice per group were 
engrafted on days −9 and −6 (prior to treatment) with B16.F10 cells. Treatments were administered as above. On day 7, after 3 rounds of treatment all animals were 
euthanized and tumors were collected for immunological studies. (b) Normalized combined tumor volumes of injected (left) and (c) non-injected tumors (right) from all 
experimental groups until day 7. (d-n) Phenotypical analyses of adaptive immune cells with flow cytometry of tumors collected on day 7. Percentage of (d) CD4 + T cells, 
(e) CD69 mean fluorescence intensity (MFI) in CD4 + T cells, (f) PD-1+ CD4 + T cells, (g) cytotoxic CD4 + T cells, (h) Granzyme B MFI in CD4 + T cells, (i) CD8 + T cells, (j) 
CD69 MFI in CD8 + T cells, (k) PD-1+ CD8 + T cells, (l) cytotoxic CD8 + T cells, (m) Granzyme B MFI in CD8 + T cells (n) TRP-2+CD8+ T cells. Data are presented as mean + 
SEM. *p < .05, **p < .01, ***p < .001 and ****p < .0001.
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the groups with no statistically significant difference, except in 
injected aPD-1+ virus tumors that had statistically significant 
higher percentage of PD-1+ CD4 + T cells than in the mock 
treated group (p = .037) (figure 2f).

Curiously, groups receiving virus were the only ones cap
able of inducing cytotoxicity, as measured by Granzyme 
B (GrzmB) positivity in CD4 + T cells of injected tumors, 
although no statistically significant differences were present 
(Figure 2g-h). In non-injected tumors, only virus monotherapy 
induced detectable levels of CD4+ GrzmB+ T cells (Figure 2g- 
h). Importantly, combined aPD-1+ virus therapy showed strik
ing increases in CD8 + T cells infiltration of injected tumors, 
compared to its monotherapy counterparts, aPD-1 (p = .003), 
virus (p = .008), and mock (p = .003) (Figure 2i). Virus mono
therapy induced statistically significantly higher CD8 + T cells 
levels than mock (p < .0001) and aPD-1 (p = .004) treatment. In 
non-injected tumors, however, the percentage of tumor infil
trating CD8 + T cells was not statistically significant different 
in any of the experimental groups (Figure 2i). The presence of 
CD69+ CD8 + T cells was the only significant finding in non- 
injected tumors of the aPD-1+ virus group, compared to aPD-1 
alone (p = .041) (Figure 2j). The mock group showed statisti
cally significant higher levels of PD-1+ CD8 + T cells in non- 
injected tumors compared to aPD-1 (p = .010), virus (p = .025), 
and combined therapy (p = .037) groups (Figure 2k).

Notably, the potency of the virus to boost cytotoxic tumor 
infiltrating CD8 + T cells was evident in injected tumors of 
virus-treated groups. While no statistically significant differ
ences were detected between virus and aPD-1+ virus, virus 
monotherapy had higher levels of CD8 + T cells than mock 
(p = .009), and aPD-1 (p = .019) (Figure 2l), as well as higher 
GrzmB expression per CD8 + T cells compared to both groups 
(p = .011; virus vs mock, p = .012; virus vs aPD-1) (Figure 2m). 
Tumors treated with aPD-1+ virus not only showed signifi
cantly greater percentages of cytotoxic CD8 + T cells in 
injected tumors compared to mock (p = .002) and aPD-1 
monotherapy (p = .005) (Figure 2l) but also increased levels 
of GrzmB in CD8 + T cells in comparison to mock (p = .0008) 
and aPD-1 (p = .0004) (Figure 2m). Moreover, combined 
therapy efficiently enhanced infiltration of cytotoxic CD8 + T 
cells into non-injected tumors (p = .003; aPD-1) (Figure 2l). 
Likewise, it increased GrzmB expression in CD8 + T cells 
(p = .047; aPD-1+ virus vs mock, p = .001; aPD-1+ virus vs 
aPD-1) (Figure 2m). Importantly, aPD-1+ virus therapy also 
induced increase on specific anti-tumor CD8+ TRP-2 + T cells 
in injected and non-injected tumors (Figure 2n). Statistical 
significance was observed in injected aPD-1+ virus group ver
sus mock (p = .006), and aPD-1 (p = .011). Similarly, virus 
monotherapy also stimulated statistically significant high levels 
of CD8+ TRP-2 + T cells in injected tumors compared to mock 
(p = .003) and aPD-1 (p = .009). In non-injected tumors, once 
more virus-treated groups presented statistically significant 
higher levels of anti-tumor specific CD8 + T cells than aPD-1 
monotherapy. Virus monotherapy versus aPD-1 (p = .02), and 
aPD-1+ virus versus aPD-1 (p = .02). Overall, these results 
suggest that aPD-1+ virus therapy efficiently elicits specific 
anti-tumor response in injected and non-injected melanoma 
tumors, even in a model where the adenovirus is not 
replicative.

Local administration of adenoviruses coding for TNFa and 
IL-2 enhances innate lymphocyte cytotoxicity and 
dendritic cell maturation in distant tumors in animals 
receiving aPD-1 therapy

To elucidate the therapeutic effect of combined aPD-1+ virus 
treatment on other immune cells in the TME, innate lympho
cytes and myeloid cells were analyzed. There were no differ
ences in overall Natural Killer (NK) cell frequencies 
(Figure 3a). The percentage of cytotoxic NK+ cells, however, 
was lower in the aPD-1+ virus group in comparison to mock 
(p = .0007), and aPD-1 (p = .0003) in injected and non-injected 
tumors (p = .021; aPD-1+ virus vs mock, p = .031; aPD-1 
+ virus vs aPD-1) (Figure 3b).

Curiously, different results were obtained when GrzmB 
intensity per NK cell was analyzed. In injected tumors, aPD-1 
+ virus promoted significantly higher levels than mock 
(p = .030), or aPD-1 (p = .041). In non-injected tumors treated 
with aPD-1+ virus, GrzmB intensity in NKs was superior to the 
mock group (p = .044) (Figure 3c).

Although not statistically significant, natural killer T cells 
(NKT) levels in both tumors of aPD-1+ virus treated animals 
showed increased levels of infiltrating NKT cells, especially in 
non-injected tumors (Figure 3d). Of note, virus monotherapy 
induced higher levels of double-negative T cells in injected 
tumors compared to monotherapy (p = .022; virus vs mock, 
p = .024; virus vs aPD-1), or when virus was combined with 
aPD-1 (p = .010; aPD-1+ virus vs mock, p = .011; aPD-1+ virus 
vs aPD-1) (Figure 3e). Consistent with these observations, 
virus monotherapy presented significant higher GrzmB inten
sity in double-negative T cells compared to mock (p = .003) 
(figure 3f). Likewise, in non-injected tumors aPD-1+ virus 
therapy showed better results than mock treatment (p = .016) 
(figure 3f).

Differences in dendritic cell (DC) presence was also 
observed between aPD-1 and virus monotherapies (p = .048) 
in injected tumors, and in non-injected tumors comparing 
virus alone and aPD-1+ virus (p = .036) (Figure 3g). Yet, 
CD80 intensity in DCs was more prominent in virus treated 
groups in injected tumors, although statistical significance was 
obtained only in mock versus aPD-1 (p = .042) (Figure 3h). In 
non-injected tumors, aPD-1+ virus treatment induced a similar 
trend with augmented CD80 in DCs, but still no statistical 
significance was met (Figure 3h). Correspondingly, PD-L1 
expression in DCs was higher in aPD-1+ virus than all other 
treatment groups in non-injected tumors, with statistical sig
nificance compared to virus monotherapy (p = .025) 
(Figure 3i).

Immune reactions often cause immune suppressive 
counter-reactions; the stronger the pro-immune signals, 
the more potent the suppressive signals are. This was 
observed in the context of myeloid derived suppressive 
cells (MDSCs). Virus monotherapy had the highest levels 
of these cells compared to mock (p = .001) and aPD-1 
(p = .001) treatments. Likewise, combined therapy also 
amplified MDSCs in injected tumors, although at lower 
scale (p = .030; aPD-1+ virus vs mock, p = .033; aPD-1 
+ virus vs aPD-1) (Figure 3j). Non-injected tumors of 
aPD-1 (p = .041), virus (p = .004), and aPD-1+ virus 
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(p = .003) groups had significantly higher levels of MDSCs 
than mock (Figure 3j). More studies would be needed to 
investigate how the MDSCs levels change after treatment 
interruption.

Taken together, these results demonstrate the effect of 
the combined therapy on innate lymphocytes and DCs 
promoting the anti-tumor response seen in injected and 
non-injected melanoma tumors.

Combination therapy with aPD-1 and virotherapy induces 
release of immunostimulatory cytokines in distant tumors

When cytokine profiling in tumors collected on day 7 was 
performed, as expected, expression of TNFa and IL-2 (the 
arming devices of the viruses) in injected tumors was higher 
in virus treated groups than in aPD-1 and mock (not signifi
cant). In non-injected tumors, IL-2 was higher only in aPD-1 

Figure 3. Characterization of innate immune cells present in tumors upon aPD-1+ virus therapy following the experimental set-up described in Figure 2a. (a-f) 
Phenotypic analysis by flow cytometry of tumor infiltrating innate lymphocytes in tumors harvested on day 7. Percentage of (a) NK+ cells, (b) cytotoxic NK+ cells, (c) 
Granzyme B MFI in NK+ cells, (d) NKT+ cells, (e) cytotoxic double-negativeT cells, and (f) Granzyme B MFI in cytotoxic double-negativeT cells. (g-j) Phenotypic analysis by 
flow cytometry of tumor infiltrating innate dendritic cells and myeloid derived suppressor cells (MDSCs) in tumors harvested on day 7. Percentage of (g) dendritic cells 
like, (h) CD80 MFI in dendritic cells, (i) PD-L1 MFI in dendritic cells, and (j) MDSCs like. Data are presented as mean + SEM. *p < .05, **p < .01, and ***p < .001.

Figure 4. Profile of cytokine expression in tumors collected at day 7 following the experimental set-up described in Figure 2a, after virus treatment with aPD-1 therapy. 
The cytokine production was normalized by the total protein concentration in the samples. Cytokine levels in tumors for (a) TNFa, (b) IL-2, and (c) IFN-γ, Data are 
presented as mean + SEM. *p < .05.
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+ virus, although not significantly (Figure 4a-b). Interestingly, 
the combined group was the only one to show increased levels 
of IFN-γ in both tumors (Figure 4c).

Regarding markers of immunosuppression, IL-4 was signif
icantly higher in the aPD-1 than in the virus monotherapy 
group (p = .031), while in non-injected tumors no major 
changes were observed (Supplementary figure 1A). IL-6 and 
IL-10 expression varied without significant differences 
(Supplementary figures 1B-C).

Virotherapy enables complete response in injected and 
non-injected tumors treated with aPD-1

To evaluate efficacy of the combined therapy in promoting 
tumor control with fewer treatment doses, an addtional 
survival experiment was performed, this time utilizing 
a bioluminescent melanoma model (Figure 5a). Notably, 
local virus treatments promoted continued tumor response, 
even after treatment discontinuation on day 6 (Figure 5b). 
On day 39, virus monotherapy showed better tumor control 
than mock (p < .00001) and aPD-1 therapy (p = .012) 
(Figure 5c).

The combined therapy presented similar results (p < .00001; 
aPD-1+ virus vs mock, p < .0001; aPD-1+ virus vs aPD-1), with 
no treatment relapse observed at the same time-point 
(Figure 5c). In non-injected tumors, aPD-1 monotherapy and 
aPD-1+ virus anti-tumor effects were similar after a few days 
following treatment discontinuation (Figure 5d).

At later time points, aPD-1+ virus tumor control in second
ary tumors was remarkably better compared to mock 
(p = .0001) and aPD-1 (p = .006) (Figure 5e). The latter showed 
better efficacy than mock (p = .041) (Figure 5e). Importantly, 
the efficacy of combined therapy was sustained over time 
(figure 5f), which ultimately led to complete response in all 
animals (Figure 5g). Overall, combined therapy survival was 
significantly superior over mock, which was 11% (p = .0001).

Notably, addition of the virus to aPD-1 therapy significantly 
improved the 56% survival rate of aPD-1 monotherapy to 
100% (p = .027). Monotherapies, virus (p = .003) and aPD-1 
(p = .036), showed improved survival compared to mock, with 
virus alone yielding 78% survival with local treatment only 
(Figure 5g). Overall, these results demonstrated the ability of 
combined treatment to elicit complete response in local and 
distant melanoma tumors, even after treatment withdrawal.

Adenoviruses coding for TNFa and IL-2 prevent metastasis 
formation in vivo

Euthanized animals were assessed for spontaneous metastasis 
formation in inguinal lymph nodes. Metastasis formation was 
detected in 71.43% (5 out of 7) of lymph nodes of mock 
animals (Figure 5h). Similarly, 75% (3 out of 4) animals that 
relapsed after aPD-1 monotherapy had lymph nodes infiltrated 
with metastatic melanoma cells (Figure 5i; a more detailed 
description of metastatic load can be found in 
Supplementary figure 2S). Remarkably, no metastasis devel
opment was identified in lymph nodes in the virus monother
apy group (Figure 5j). This suggests that virus treatment has 

a potent anti-metastatic effect. No animals had to be eutha
nized in the combination group so lymph nodes could not be 
studied.

Virotherapy promotes immunological memory against 
tumor re-challenge and new tumor challenge

To evaluate development of immunological memory, a tumor 
re-challenge experiment was performed in complete respon
ders (Figure 6a). All cured animals fully rejected re-injection of 
the cell line to which they showed complete response earlier. 
The same was not seen in naïve animals (Figure 6b).

Curiously, when animals cured from melanoma were chal
lenged with MC-38 colon cancer, virus treated animals (here 
combined in one group) showed the best tumor control, with 
a statistically significant difference to aPD-1 (p = .017) group 
(Figure 6c). Of note, MC-38 tumors had similar tumor 
volumes in the different groups at the beginning of measure
ment, but tumor control was better in animals cured from 
melanoma with virus treatment, without any previous expo
sure to this cell line (Supplementary figure 3S).

To understand which cells were involved in this surprising 
response, MC-38 tumors were analyzed for key immune cell 
subsets. Perhaps noteworthy considering the close relationship 
between colon tissue and innate T cells,27 we observed high 
levels of cytotoxic double-negativeT cells in the virus treated 
group, although the result was not significant (Figure 6d). 
Analogous results were obtained in the virus treated group 
when cytotoxic CD4+ and CD8 + T effector memory cells 
were evaluated (Figure 6e-f).

Additionally, to evaluate a possible specific anti-tumor 
response generated towards MC-38 tumors, a mouse IFN-γ 
ELISpot was performed with splenocytes from re-challenged 
mice. Interestingly, the mean spots count was statistically sig
nificant higher in virus treated group compared to aPD-1 
group (p = .004). No significant difference was observed 
between virus treated group and mock, or virus treated group 
and naïve animals (Figure 6g). Overall, these results indicate 
that anti-tumor response following virotherapy is durable and 
show some extended protection even against clones which have 
not been previously seen by the immune system. This is poten
tially relevant in the context of clonal variation which fre
quently leads to tumor escape from targeted therapies.28

Discussion

Important progress in the treatment of advanced cancer, and 
melanoma in particular, has been achieved with ICI antibodies. 
Recently, results from a clinical trial with advanced stage mel
anoma reported 34% overall survival with pembrolizumab 
(aPD-1) therapy in a cohort of patients previously treated 
with immunotherapies or immunotherapy-naïve.2 A similar 
outcome was seen in a phase III trial with ICI-näive patients, 
where pembrolizumab demonstrated superior (38.7%) overall 
survival compared to ipilimumab (anti-CTLA-4).1

Despite ICIs not benefiting the majority of advanced stage 
melanoma patients, these clinical results are remarkable when 
compared with the modest 15% survival rate reached by sys
temic IL-2 cytokine therapy almost ten years ago, which in turn 
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Figure 5. Anti-tumor efficacy and overall survival following virotherapy and aPD-1, and protection against metastasis. (a) Experimental design: 9 mice per group were 
engrafted with B16.F10-Red-Luc cells on days −7 and −2 (in the lower and upper back, respectively), prior to treatment initiation. Treatments were administered as 
above. On day 6, treatments were stopped in all groups, and animals were observed for survival until day 98. Tumor bioluminescence was measured in vivo right after 
each tumor inoculation, and on days 0, 2, 4, 9, 14, 19, 24, 29, 34, 39, and 69. (b) Combined tumor bioluminescence in photons per second from injected tumors (lower 
tumor) until day 14. (c) Individual bioluminescence of tumors in photons per second in injected tumors (lower tumor) until day 39. (d) Combined tumor 
bioluminescence in photons per second in non-injected tumors (upper tumor) until day 14. (e) Individual bioluminescence of tumors in photons per second in non- 
injected tumors (upper tumor) until day 39. (f) Pictures of some animals from each treatment group showing the bioluminescence (photons per second) emitted by 
tumors across the experimental days until day 69. (g) View on the survival curve of mice that received treatments until day 6, and that survived until day 98. (h-j) 
Percentage of positive melanoma metastasis (red arrows) identified in histopathology slides of lymph nodes collected from mice that relapsed the treatments 
(euthanized in the survival experiment). Pictures taken from lymph nodes at the time of collection, and eosin and hematoxylin staining of microscopic findings (400x 
magnification) in (h) mock, (i) aPD-1, and (j) virus groups. Dashed lines represent the day of treatment discontinuation. Combined tumor graphs are presented as mean 
+ SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001.
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was superior to chemotherapy.29 Currently, the key goal is how 
to extend the gains from ICI therapy to those patients who 
currently do not benefit. Bearing this in mind, we present here 
pre-clinical results of a virotherapy strategy utilizing adeno
viruses coding for TNFa and IL-2, in animals receiving PD-1 
antibody. Our results demonstrate that local virotherapy pro
motes re-modeling of the microenvironment in both injected 
and non-injected tumors, mediated by effector CD4 + T, 
CD8 + T cells, innate lymphocytes, and IFN-γ expression.

With aPD-1+ virus combination treatment, the overall anti- 
tumor response in injected tumors was more robust than in 
non-injected tumors, with noteworthy changes seen also in 
non-injected tumors of animals treated with virus. We attri
bute this difference to direct intratumoral virus injections, and 
the spatially localized continuous transgene (TNFa and IL-2) 
expression, enabled by the CMV promoter inserted in the virus 
construct in the TME, which in turn stimulated effector lym
phocytes in injected tumors.21,30,31 In the work reported here, 
the viruses were not replication competent, since murine cells 
are not permissive to human adenoviruses replication, and 
therefore oncolytic spreading did not influence the 
response.25 Of note, aPD-1+ virus group was the only group 
to stimulate high levels of specific anti-tumor response (TRP-2 
+ CD8 + T cells) in injected and in non-injected tumors. 

Suggesting that absence of virus replication did not hamper 
the systemic anti-tumor response generated by the combina
tion therapy.

These results corroborate with the findings of a murine 
melanoma study, where intratumoral injections with an 
armed OV (Delta-24-RGDOX; not replication competent in 
mice) was determinant for the expansion and migration of 
tumor-specific T cells to non-injected lesions.22 Additionally, 
similar effects were obtained in a recent phase II trial in 
unresectable stage III–IV melanoma treated with T-Vec.32 

After local T-Vec injection, increased CD8 + T cells infiltration 
in non-injected tumors was associated with tumor control, 
with no reported spreading of the virus to distant tumors.32 

In our study, however, virus mediated immune response in 
non-injected tumors was only achieved upon systemic PD-1 
blockade of effector immune cells.

In line with these previous findings, our results suggest that 
injected tumors generate the immunological forces that drive 
distant tumor control through effector lymphocyte stimula
tion. In our study, the absence of viable injected tumor criti
cally hampered continuous tumor control in non-injected sites. 
After disappearance of injected tumors, animals in aPD-1 
+ virus group quickly relapsed (from day 20 onwards in 
Figure 1). This can be explained by the rapid decrease of 

Figure 6. Tumor re-challenge in complete responders. (a) View on the experimental design. Briefly, mice that completely rejected the B16.F10-Luc tumors in the 
bioluminescence survival study; mock (n = 1), aPD-1 (n = 5), virus (n = 7), and aPD-1+ virus (n = 9) were re-challenged with B16.F10-Red-Luc melanoma cells inoculation 
on their upper left back, and mice were engrafted contralaterally with a new cancer cell line, MC-38. Animals from virus monotherapy and aPD-1+ virus groups were 
merged into a single virus treated group. Tumor measurements were taken every 3 days, between days 8 and 21, when all animals were euthanized and had tumors and 
spleens collected for further immunological studies. (b) Tumor volume (mm3) measurements taken from B16.F10-Red-Luc and (c) MC-38 colon cancer tumors. (d-f) 
Phenotypic analysis by flow cytometry of (d) cytotoxic double-negative T cells, (e) effector memory CD4+, and (f) effector memory CD8+ cells. (g) ELISpot quantification 
of reactive splenocytes to MC-38 cells (violin plot). Bar graphs are presented as mean + SEM. *p < .05, and **p < .01.
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immune-cell viability due to apoptosis after antigen (cancer 
cell) clearance in the injected site.33 Of note, in the clinical 
context this should not be a limiting factor for systemic 
response, in view that virus injections can be changed to 
other lesions upon complete response of injected tumors.8,34,35

Yet, adenovirus’ inherent immunogenicity adds a non- 
redundant layer of anti-viral immunity that contributes to the 
final local tumor control.19,36 In particular, here we identified 
that virus injections stimulated a cytotoxic GrzmB 
+CD4 + T-cell response. This seemed directly related to ade
noviruses’ presence in injected tumors, considering that cyto
toxic CD4+ levels were mainly detected in these lesions, and 
this effector CD4 + T-cell subset has been previously described 
to be associated to adenovirus infections.37,38 These findings 
could have been impacted by the fact that the adenoviruses 
used here were not replicative and did not circulate 
systemically.39 In contrast, oncolytic adenoviruses are able to 
travel from tumor to tumor and their systemic effects might be 
potentiated by oncolysis in distant tumors.11 Thus, human 
translation of this approach with an oncolytic virus coding 
for TNFa and IL2 (TILT-123) could result in even more robust 
control of non-injected tumors.

In our experiments, local virotherapy was determinant for 
local disease debulking, while systemic tumor control was 
achieved when systemic aPD-1 was used in combination with 
the virus. In tumor growth curves from both survival experi
ments, it was visible that virus monotherapy efficiently con
trolled most of the primary tumors, but less therapeutic benefit 
was extended to non-injected lesions. On the other hand, aPD- 
1 systemic treatment controlled to some extent disease pro
gression in non-injected tumors, but antibody mediated tumor 
control was quickly overtaken by rapid disease progression. In 
fact, only when local virus treatment was combined to systemic 
aPD-1 therapy, complete response was achieved in 100% of 
animals bearing two tumors.

It has been proposed that including a therapeutic agent 
which enhances immune infiltration into the TME could be 
useful in increasing the frequency of tumors responding to 
ICI.8 Conventionally, tumors with low or complete lack of 
immune cells infiltration are likely to be unresponsive to ICI 
therapy.6,7 Of note, clinical trials with different locally injected 
OVs have tumor infiltrating lymphocytes into tumors, and 
subsequently improved overall survival rates in patients receiv
ing ICI.10,32,40 With regard to oncolytic adenovirus, it has been 
described that tumors not immune-infiltrated are more likely 
to respond than immune-infiltrated tumors, due to extensive 
infiltrates of exhausted cells in the latter.41 However, effector 
function on exhausted immune cells can be restored upon ICI 
administration in combination with adenovirus, as used here 
and as previously described.39

Despite the well established role of DCs in initiating the 
systemic adaptive immunity in cancer,8,42,43 the implications of 
PD-L1 expression by DCs (PD-L1/DCs) remain only partially 
understood.44,45 Recently, it has been demonstrated that PD-L1 
/DCs have a detrimental role on tumor immunosuppression, 
and the ablation of PD-L1 on DCs was crucial to enable anti- 
tumor T-cell response in mice.46 Of note, PD-L1/DCs 
mediated immunosuppression can be partially disrupted by 

aPD-1 therapy, as demonstrated by partial reestablishment of 
CD80 signaling in PD-L1/DCs after blocking the PD-L1/PD-1 
trans interaction with PD-1 antibody in vitro.47

Interestingly, in the aPD-1+ virus group, PD-L1 intensity in 
DCs of non-injected tumors was higher than in other groups. 
However, PD-L1 expression in DCs was associated with tumor 
response, suggesting that increased levels of CD80 and PD-L1 
in DCs of non-injected tumors receiving aPD-1+ virus therapy 
followed the usual expression dynamics in DCs maturation and 
immune response, rather than immunosuppression.45,46

One of the key challenges in oncology is to prevent metas
tasis, which typically ultimately determine survival.4,48,49 In 
this regard, pre-clinical evidence in murine models showed 
that local treatment with a genetically modified vaccinia virus 
(VVΔTKΔN1L) and adenovirus (rAd.DCN) prevented metas
tasis formation in the lungs of treated mice.12,50 Concurring 
with these reports, in our results adenovirus coding for TNFa 
and IL-2 cytokines impaired metastasis development in ani
mals with progressive melanoma disease.

Cancer immunotherapies have provided consistent durable 
responses across a variety of cancer types.51 In agreement with 
this premise, in our study virus treatment (monotherapy or in 
combination with aPD-1) demonstrated durable memory 
response, with complete tumor clearance upon tumor re- 
challenge.

Notably, following virus treatment, tumor control was also 
observed when an unrelated cell line (mouse colon cancer) was 
injected into animals. In conjunction with tumor control, 
effector double-negative T cells, effector memory CD4+ and 
CD8 + T cells, appeared at higher levels. Importantly, in virus 
treated animals was observed generation of specific anti-tumor 
response against MC-38 cells when compared to aPD-1 group. 
We speculate that adenovirus treatments might have promoted 
T-cell cross-reactivity (epitope spreading), and therefore, con
trol of treatment-naïve colon cancer tumors. In fact, memory 
T-cell response requires much lower peptide concentration for 
activation than naïve T cells, and peptides of a different tumor 
could show some affinity for the memory T cells’ TCR.52 

Hence, the effector memory T cells observed in our study 
could have been stimulated by cross-reactive peptides of 
colon cancer tumors.28 The same phenomenon has been 
observed before, and it could be of immense clinical benefit 
as clonal variation is a known cause of treatment resistance.21,31 

Additional studies evaluating how the virus treatments affect 
TCR populations during the re-challenge experiment would be 
relevant.

Although our results are based on murine melanoma cell 
lines, which do not fully recapitulate the complexity of human 
metastatic tumors, we believe that the outcomes here described 
could be relevant to human advanced melanomas and other 
tumor types, as previously shown with similar 
adenoviruses.11,21,23 In fact, we expect more potent response 
in human cancer cells, where Ad5/3-D24-E2F-hTNFa-IRES- 
hIL2 (TILT-123), the replicative version of the virus used 
herein, will be applied.21 However, to evaluate the systemic 
effect of aPD-1+ virus treatment in other cancer types an initial 
study optimizing the dose and treatment schedule in mice 
bearing single tumors should be performed.
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Our data provide strong preclinical evidence that local ade
novirus therapy in conjunction with systemic PD-1 antibody 
promotes superior specific tumor control and complete 
response in injected and in non-injected lesions. 
Mechanistically, virus injections boost tumor infiltrating lym
phocytes’ anti-tumor responsiveness in injected tumors, while 
aPD-1 unleashes immunity in non-injected tumors. Moreover, 
this therapy demonstrated durable response against melanoma 
re-challenge that was also extended to colon cancer tumor 
control, while metastases were prevented.

In summary, adenovirus coding for TNFa and IL-2 cyto
kines constitutes a promising asset for the treatment of 
advanced stage melanoma receiving systemic PD-1 blockade 
therapy. Clinical trials with the human counterpart TILT-123 
are ongoing (NCT04695327 and NCT04217473).
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