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ABSTRACT
Lung cancer remains among the most difficult-to-treat malignancies and is the leading cause of cancer- 
related deaths worldwide. The introduction of targeted therapies and checkpoint inhibitors has improved 
treatment outcomes; however, most patients with advanced-stage non-small cell lung cancer (NSCLC) 
eventually fail these therapies. Therefore, there is a major unmet clinical need for checkpoint refractory/ 
resistant NSCLC. Here, we tested the combination of aPD-1 and adenovirus armed with TNFα and IL-2 
(Ad5-CMV-mTNFα/mIL-2) in an immunocompetent murine NSCLC model. Moreover, although local 
delivery has been standard for virotherapy, treatment was administered intravenously to facilitate clinical 
translation and putative routine use. We showed that treatment of tumor-bearing animals with aPD-1 in 
combination with intravenously injected armed adenovirus significantly decreased cancer growth, even in 
the presence of neutralizing antibodies. We observed an increased frequency of cytotoxic tumor- 
infiltrating lymphocytes, including tumor-specific cells. Combination treatment led to a decreased per-
centage of immunosuppressive tumor-associated macrophages and an improvement in dendritic cell 
maturation. Moreover, we observed expansion of the tumor-specific memory T cell compartment in 
secondary lymphoid organs in the group that received aPD-1 with the virus. However, although the non- 
replicative Ad5-CMV-mTNFα/mIL-2 virus allows high transgene expression in the murine model, it does 
not fully reflect the clinical outcome in humans. Thus, we complemented our findings using NSCLC ex vivo 
models fully permissive for the TNFα and IL-2- armed oncolytic adenovirus TILT-123. Overall, our data 
demonstrate the ability of systemically administered adenovirus armed with TNFα and IL-2 to potentiate 
the anti-tumor efficacy of aPD-1 and warrant further investigation in clinical trials.
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Introduction

Despite significant achievements in treatment over the past 
decade, non-small cell lung cancer (NSCLC) remains an incur-
able disease. This can be explained by multiple factors affecting 
cancer progression, including a high mutational burden, 
immunosuppressive tumor microenvironment (TME), and 
a high risk of metastasis.1–3 The options for patients with 
inoperable NSCLC are typically kinase inhibitors, chemother-
apy, and immunotherapies, and the latter two are frequently 
used in combination, depending on the PD-L1 status of the 
tumor.4,5 However, over time, patients treated with either 
approach usually become resistant,6,7 thus there is an unmet 
need for novel efficient therapies for advanced and metastatic 

NSCLC in patients failing standard treatments. Oncolytic vir-
otherapy is a promising approach because of its potential to 
overcome ICIs resistance and improve outcomes in the treat-
ment of advanced NSCLC.8

The present study focuses on the integration of immune 
checkpoint blockade, cytokine therapy, and virotherapy 
into an effective anticancer tool. Engineered oncolytic 
viruses (OVs) are attractive therapeutic agents because 
they combine the selective lysis of tumor cells with host 
immune system activation. Upon infection, OVs are also 
able to deliver transgenes to the tumor site, allowing their 
efficient local expression, and thus concomitant priming of 
infiltrating immune cells.9 Importantly, most OVs have 
proven satisfactory safety levels in clinical trials when 
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administered systemically.10,11 However, the presence of 
preexisting neutralizing antibodies, components of the 
complement system, stromal barriers, and local hypoxic 
regions, as well as poor vascularization of some types of 
tumors have been proposed to influence the anti-tumor 
efficacy of intravenously administered OVs.12–15

We believe that our approach offers several benefits in 
the context of NSCLC. First, due to high vascularization, 
NSCLC tumor cells are often accessible to intravenously 
injected viruses, which in turn can infect and lyse several 
nodules or metastases simultaneously, making the treat-
ment more effective, feasible, and comfortable for the 
patients. Second, since the replication of OVs is restricted 
to malignant cells, the toxicity of the treatment is reduced 
compared to conventional therapies.16 Thirdly, OVs are 
able to convert local TME toward inflammation,17 thus 
potentially restoring anti-tumor response to immune 
checkpoint therapy. Here, we investigated the efficacy of 
intravenously administered adenovirus encoding TNFα and 
IL-2 to improve checkpoint blockade in murine lung cancer 
tumors. Although previously we have shown that combin-
ing adenovirus-mediated intratumoral delivery of TNFα 
and IL-2 with anti-programmed cell death protein 1 
(aPD-1) is beneficial in several pre-clinical murine 
models,18–20 in this study we used intravenous route of 
administration. This approach has a high translational 
value because local treatment is not always feasible in 
clinic.

For the in vivo experiment, we used adenovirus Ad5- 
CMV-mTNFα/mIL-2 allowing higher expression of the 
murine TNFα and IL-2 under CMV promoter, but were 
unable to replicate and lyse mouse cancer cells. 
Nevertheless, we previously showed that using of Ad5- 
CMV-mTNFα/mIL-2 in murine model was able to cause 
immunological changes and induce tumor growth control 
in both injected and non-injected tumors even without 
oncolysis.21 To complement in vivo results and overcome 
non-permissiveness issue, we used clinically relevant 
patient-derived NSCLC ex vivo models. In the fully 
human system, we combined aPD-1 treatment with chi-
meric oncolytic adenovirus Ad5/3-E2F-d24-hTNFα-IRES- 
hIL2, a.k.a TILT-123, which is a human adenovirus coding 
for human transgenes, presently undergoing evaluation in 
clinical trials (NCT04695327, NCT04217473, 
NCT05271318, and NCT05222932).

We observed superior tumor growth control in vivo 
when combining aPD-1 with the virus, as well as greater 
activation of key immune cell subsets, such as NK cells and 
CD8+ T cells, and reduced local immunosuppression, com-
pared to controls. Ex vivo model showed similar increase in 
cytotoxic lymphocytes when aPD-1 was combined with the 
virus, as well as higher local production of pro- 
inflammatory cytokines.

In summary, our findings support the rationale for clinical 
investigation of the combination of ICIs with systemic deliv-
ery of oncolytic adenovirus coding for TNFα and IL-2, for 
example, TILT-123, for treatment of ICI-refractory NSCLC, 
with such a phase 1 trial being in progress (NCT code 
pending).

Materials and methods

Cell line and viruses

The Lewis lung carcinoma cell line LL/2 (LLC1) was purchased 
from ATCC (VA, USA) and cultured in DMEM supplemented 
with 10% FBS, 2 mM l-glutamine, 100 U/mL penicillin, and 
100 mg/mL streptomycin. Cells were incubated at +37°C and 
5% CO2 and passaged in vitro three to four times prior to 
in vivo use. Ad5-CMV-mTNFα, Ad5-CMV-mIL-2 (also 
referred to as Ad5-CMV-mTNFα/mIL-2), and Ad5/3-E2F- 
d24-hTNFα-IRES-hIL2 adenoviral constructs have been 
described.9,22

Murine NSCLC experimental models and treatments

LLC1 tumors (1 × 106 cells) were engrafted subcutaneously 
into 4- to 5-week-old immunocompetent female C57BL/ 
6BrdCrHsd-Tyr mice (Envigo, IN, USA). After the tumors 
reached 2–3 mm in diameter, the animals were randomized 
into one of the experimental groups and received four 
rounds of treatment. Anti-mouse PD-1 antibody (Clone 
RMPI-14, Bio X Cell, NH, USA) was administered intraper-
itoneally at 0.1 mg/dose. Equal amounts of Ad5-CMV- 
mTNFα/mIL-2 viruses, 1 × 109 virus particles (VP) per 
virus were injected into the tail vein. The mock and aPD-1 
monotherapy groups received intravenous injections of 
phosphate-buffered saline (PBS). Tumors were measured 
daily using a digital caliper, and tumor volumes were calcu-
lated as length × width2/2. The animals were euthanized 
on day 10, and their tumors and selected organs were col-
lected for subsequent analysis. None of the animals were 
euthanized due to the health issues or tumor 
overprogression.

For in vivo depletion, mice were initially injected with 400  
µg of depleting anti-CD8α (clone 2.43, Bio X Cell, NH, USA), 
anti-NK1.1 (clone PK136, Bio X Cell, NH, USA), or anti-CD4 
antibodies (clone GK1.5, Bio X Cell, NH, USA) 1 day prior to 
treatment and then 100 µg every 2 days for the duration of the 
experiment. The animals received four rounds of treatment 
and were euthanized on day 10. Blood was collected to verify 
immune cell depletion. Detailed treatment schedules are 
described in the respective figures.

Neutralization assay

Neutralizing antibodies (NAb) from complement-inactivated 
murine serum samples were determined using the Dual- 
Luciferase® Reporter Assay System (Promega, WI, USA), as 
described previously.23 The NAb titer was determined to 
have the lowest dilution of the serum that blocked at least 
80% of luciferase activity.

Flow cytometry

Murine tumors were mechanically disrupted into single-cell 
suspensions, filtered by pressing through 70 μm filters, and 
stored at −80°C. For intracellular staining, cells were cultured 
for 4 h in media containing brefeldin A (BD GolgiPlug™ con-
taining Brefeldin A, BD, NJ, USA) to inhibit protein transport. 
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Cell permeabilization and antibody staining were performed 
using a Cytofix/Cytoperm™ Plus Fixation/Permeabilization Kit 
(BD, NJ, USA) according to the manufacturer’s instructions. 
Samples were stained after Fc blocking using a Mouse BD Fc 
block (Clone 2.4G2, BD, NJ, USA). An APC-conjugated tetra-
mer (H-2Kb), loaded with the LLC1 tumor-specific peptide 
KMYQYARL, was synthesized by Tetramer Shop (Denmark). 
The complete antibody list is shown in Supplementary table s1.

All samples were acquired in duplicate using a FACS Aria II 
cell sorter (BD Biosciences), collecting at least 50,000 events 
per sample. Data analysis was performed using Flowjo software 
v10 (Flowjo LLC, BD, NJ, USA).

Patient-derived samples processing and establishment 
ofex vivo tumor histocultures

Fresh single-cell tumor digests were prepared from tumors 
using a previously described protocol.17 The resulting hetero-
geneous suspension was used to establish ex vivo tumor histo-
cultures by plating 3 × 105 viable cells in triplicate in a 96-well 
plate and treating them with 100 VP/cell of Ad5/3-E2F-d24- 
TNFα-IRES-IL-2, 20 mg/ml aPD-1, or their combination. The 
cells were collected on days 3 and 7 and stored at −140°C until 
further use. Ex vivo sample viability was assessed on days 3, 5, 
and 7 using 20% of CellTiter 96 AQueous One Solution 
Proliferation Assay reagent, as described previously.

Ex vivo tumor histocultures viability assay
Tumor cells (3 × 105) were plated in triplicate in a 96-well plate 
and treated with 100 VP/cell of either Ad5/3-E2F-d24-TNFα- 
IRES-IL-2, aPD-1, or a combination of both. Cell viability was 
measured on days 3 and 5 by incubating cells for 2 h with 20% 
of CellTiter 96 AQueous One Solution Proliferation Assay 
Reagent (Promega, WI, USA). The absorbance was read at 
490 nm using a Hidex Sense plate reader (Hidex, Turku, 
Finland). The data were normalized to those of the uninfected 
control group.

Statistical analysis

GraphPad Prism v.8.4.2 (GraphPad Software, MA, USA) was 
used for statistical analysis and graphical representation of the 
data. Two-way ANOVA with Tukey’ multiple comparison test 
was performed to evaluate tumor progression, while an 
unpaired t-test was used to compare treated groups pairwise. 
Non-parametric Mann–Whitney test was used to compare 
non-normally distributed data. The results were considered 
statistically significant when p < 0.05.

Results

Treatment with Ad5-CMV-mTNFα//mIL-2 and aPD-1 
improves anti-tumor response in mouse LLC1 tumors even 
in the presence of neutralizing antibodies

To study the anti-tumor benefits of combining aPD-1 with 
Ad5-CMV-mTNFα/mIL-2, we used mice bearing subcuta-
neous LLC1 lung carcinoma tumors (Figure 1a). After four 
rounds of treatment, mice that received the combination had 

significantly smaller tumors than the virus alone (p = 0.0177), 
aPD-1 alone (p < 0.0001), and mock groups (p < 0.0001) 
(Figure 1b). No significant differences were observed between 
the mock- and monotherapy-treated groups.

We detected NAb in all analyzed samples obtained from the 
groups treated with virus only and virus in combination with 
aPD-1 (Figure 1c). The virus +aPD-1 group showed higher 
titers of NAb, with a mean value of 1:512, whereas the mean 
NAb titer in the virus-only group was 1:140. However, no 
significant differences were observed between the treatment 
groups.

Intravenous administration leads to adenoviral presence 
in tumors and a range of normal tissues

We studied the biodistribution of the virus in various tissues 
(tumors, lungs, spleen, liver, kidneys, and heart) using quanti-
tative real-time PCR. Overall, viral DNA was detected in all the 
analyzed tissues in both the virus-only and combination 
groups (Figure 1d). The amount of DNA in the tumors was 
comparable between the virus-treated groups and reached 10 
and 13 E4 copies per pg of gDNA, respectively. Moreover, 
using viability quantitative real-time PCR,24,25 we confirmed 
the presence of viable viral particles in tumor samples from 
both virus-treated groups without a statistical difference 
between them (Figure 1e). Interestingly, the amount of viral 
DNA in the lungs was higher than in tumors, reaching 286 
copies in the virus-only group and 29 copies in the virus+aPD- 
1 group, suggesting good access to lung micrometastases. 
Hearts had the lowest amount of viral DNA detected in only 
two mice in the virus-only group and in one mouse in the 
combination group.

Overall, the data show that intravenously injected adeno-
viruses can reach tumors and organs, such as the lungs, 
through the bloodstream. Moreover, viable viral particles 
were detected in tumors upon treatment, showing that Ad5- 
CMV-mTNFα/mIL-2 can be delivered to the tumors by intra-
venous administration.

Combinatorial treatment with Ad5-CMV-mTNFα/mIL-2 
and aPD-1 improves activation and effector functions of 
tumor-infiltrating immune cells

We evaluated the frequency and diversity of tumor-infiltrating 
immune cells in the tumor samples collected from the experi-
ment described in Figure 1a. We observed a significantly 
higher percentage of cytotoxic NK cells expressing granzyme 
B (GzmB) and interferon gamma (IFNγ) in the combination 
group than in the virus-only (p = 0.0214 and p = 0.0142, respec-
tively) and aPD-1 only (p = 0.0051 and p = 0.0004, respectively) 
groups. No major differences were observed in the frequency of 
perforin (Perf) Perf-expressing cells (Figure 2a, upper panel). 
Additionally, we observed a significantly higher number of 
functional NK cells expressing the transcription factor T-bet 
(p = 0.004 and p = 0.0005, respectively) in the virus+aPD-1 
group than in the virus-only and aPD-1 only groups. 
Moreover, the number of EOMES+ NK cells in the virus 
+aPD-1 group was higher (p = 0.0083) than that in the virus- 
only group (Figure 2a, lower panel).
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Similarly, we detected a significantly higher number of 
cytotoxic GzmB+ and Perf+CD8+ T cells in the combination 
group than in the virus alone (p = 0.0025 and p = 0.0316, 
respectively) and aPD-1 alone (p = 0.001 and p = 0.111, 
respectively) (Figure 2b, upper panel). Importantly, we 
observed a higher number of tumor-specific mRiok1+CD8+ 

T cells in the combination group than in the aPD-1 (p =  
0.004) but not in the virus-only group. Moreover, compared 
to virus and aPD-1 monotherapies, the number of func-
tional T-bet+CD8+ T cells (p = 0.0228 and p = 0.0336, 
respectively) and EOMES+CD8+ T cells (p = 0.039 and p =  
0.0044, respectively) in the combination group was signifi-
cantly higher. The number of activated CD69+CD8+ T cells 
was higher in the virus+aPD-1 group than in the aPD-1 
only (p = 0.0029) but not in the virus-only group (Figure 2b, 
lower panel).

The analysis of the CD4+ T cell population revealed an 
increase in T-bet+ and TNFα+ cells in the virus+aPD-1 
group compared to the monotherapies (p = 0.0259 and p =  
0.0088, respectively, for the virus-only group, and p = 0.0271 
and p = 0.0324, respectively, for the aPD-1 only group). No 
major differences were observed in the percentage of IFN-γ 
+CD4+ T cells (Figure 2c, upper panel). No significant 

difference was observed in T regulatory cells 
(FoxP3+CD25+CD4+ T cells) or cytotoxic EOMES+CD4+ 

T cells. The number of exhausted PD-1+CD4+ T cells was 
significantly lower in the combination group than in the 
virus-only only (p = 0.0241) but not in aPD-1 only group 
(Figure 2c, lower panel).

Intratumoral NK cells are primarily involved in anti-tumor 
efficacy of Ad5-CMV-mTNFα/mIL-2 in combination with 
aPD1-1 in murine lung LLC1 tumors

To better understand the individual contribution of key 
immune cell subsets to tumor growth control, we per-
formed a depletion experiment in the same settings as 
described in Figure 1a (Figure 2d). Blood was collected to 
confirm that no circulating immune cells were present 
(Supplementary figure s1). Overall, all mice receiving 
virus+aPD-1 had significantly smaller tumors than the 
mock mice (Figure 2e). However, animals from the group 
pre-treated with anti-NK1.1 antibody had the largest 
tumors among all depleted groups, although all depleted 
animals had significantly larger tumors than non-depleted 
animals (p < 0.0001 for anti-NK1.1 depletion, p = 0.0058 for 

Figure 1. Tumor progression and biodistribution of the virus in syngeneic murine subcutaneous NSCLC model LLC1 after intravenous administration of Ad5-CMV- 
mTNFα/mIL-2 in combination with aPD-1. (a) Experiment design. C57BL/6BrdCrHsd-Tyr mice (n = 5–6 per group) were subcutaneously injected with 1 × 106 LLC1 cells 
into the right flank. After tumors reached 2-3 mm animals were assigned to a group where they were treated with eitheraPD-1 intraperitoneally (IP), 1 × 109 VPs (non- 
replicative Ad5-CMV-mTNFα/mIL-2) intravenously (IV), or in combination. Control animals received PBS IV. Treatment frequency as indicated. (b) Tumor growth until day 
10. Tumor volumes were normalized against day 0. (c) Evaluation of the neutralizing antibodies (NAb) titer in serum collected on day 10 by luciferase assay. The NAb 
titer was determined as the lowest dilution of the serum that blocked at least 80% of luciferase activity. (d) Virus distribution evaluation via qPCR using the DNA 
extracted from of snap-frozen tissue fragments. (e) Quantification of the viable virions presented in tumor samples by viability PCR. All data is presented as mean±SEM. 
Statistical significance is represented as *p < 0.05 and ****p < 0.0001.
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anti-CD8a depletion, and p = 0.0456 for anti-CD4 deple-
tion) (Figure 2e). Moreover, no significant difference was 
observed between CD8a-depleted and CD4-depleted 
animals.

These data suggest that a range of immune cells, including 
NK cells and CD4+ and CD8+ T cells, are involved in the anti- 
tumor response upon combinatorial treatment, with NK cells 
showing the most prominent impact.

Treatment with Ad5-CMV-mTNFα/mIL-2 favors 
proinflammatory M1 tumor-associated macrophages and 
improves dendritic cells maturation and migration

We evaluated the status of tumor-associated myeloid cells – 
macrophages (TAMs) and dendritic cells (DCs) in samples 

obtained from the experiments described in Figure 1a. First, 
by analyzing the activation of macrophages, we found 
a higher number of classically activated M1 type macro-
phages (p = 0.0137) and a lower percentage of alternatively 
activated M2 type macrophages (p = 0.0361) in the group 
treated with virus+aPD-1, compared to aPD-1 alone but 
not virus alone (Figure 3a). Accordingly, the ratio of M1/ 
M2 macrophages was significantly higher in the virus+aPD- 
1 group (p = 0.0334) compared than in aPD-1 only 
(Figure 3b). aPD-1 monotherapy did not affect macrophage 
status. Next, we determined the intratumoral concentration 
of GM-CSF, a cytokine that promotes immunosuppressive 
activity of myeloid cells in some pre-clinical models, 
including lung cancer.26,27 We observed a significant 
decrease in GM-CSF expression in the virus+aPD-1 group 

Figure 2. Characterization of tumor-infiltrating immune cells upon intravenous administration of Ad5-CMV-mTNFα/mIL-2 virus in combination with aPD-1. (a) 
Frequency of cytotoxic (GzmB+, Perf+, IFNγ+) and activated (T-bet+, Eomes+) NK cells, (b) cytotoxic (GzmB+, Perf+), anti-tumor specific mRiok1+ and activated 
(T-bet+, Eomes+, CD69+) CD8+ T cells and (c) activated (T-bet+, TNFα+, IFNγ+) CD4+ T cells as well as immunosuppressive Tregs (CD25+FoxP3+) and (EOMES+, PD-1+) 
CD4+ T cells. All flow cytometry experiments were run in technical duplicates, and resulting data is presented as mean±SEM. (d) Experiment design. C57BL/6BrdCrHsd- 
Tyr mice (n = 6 per group) were subcutaneously injected with LLC1 cells into the right flank. After tumors reached 2-3 mm animals were assigned to a group where they 
received depleting anti-mouse CD8a, anti-mouse NK1.1 or anti-mouse CD4 antibodies intraperitoneally. Next day animals were treated with combination Apd-1 
intraperitoneally (IP) and 1 × 109 VPs (non-replicative Ad5-CMV-mTNFα/mIL-2) intravenously (IV). Control animals received PBS IV. Treatment and depletion frequency 
as indicated. (e) Tumor growth until day 9. Tumor volumes were normalized against day 0. All data is presented as mean±SEM. Statistical significance is represented as 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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compared to that in the virus (p = 0.0272) and aPD-1 (p =  
0.0208) monotherapy groups (Figure 3c). Moreover, we 
evaluated the number of macrophages expressing the tran-
scriptional regulators of suppressive markers arginase 1 
(Arg1), PD-L1, and IRF8 for myeloid commitment and 
function. We found a decrease in Arg1+ and PD-L1+ 

macrophages in the combination group compared with 
that in the aPD-1 monotherapy (p = 0.0289 and p = 0.0062, 
respectively) but not virus monotherapy. The number of 
IRF8+ cells was also significantly higher (p = 0.0260) in the 
group treated with virus+aPD-1 compared with aPD-1 
alone (Figure 3D). The number of infiltrating dendritic 
cells was higher in the tumors treated with the combination 
than in the mock and monotherapy groups, although this 
difference was not significant (Figure 3E). Moreover, we 
observed a higher percentage of mature DCs expressing 
CD83 in the virus+aPD-1 group than in the virus (p =  

0.0151) and aPD-1 only (p = 0.0117) groups, as well as 
CD86, but only compared to virus monotherapy (p =  
0.0126). Additionally, the number of migrating CCR7+ 

DCs was higher in the group treated with combination 
therapy in the virus (p = 0.038) and aPD-1 alone (p =  
0.0077) groups (Figure 3F). The abundance of CD83 and 
CCR7 receptors on the surface of DCs was also higher in 
the virus+aPD-1 group than in the aPD-1 monotherapy (p  
= 0.0491 and p = 0.0216, respectively), whereas the expres-
sion of CD86 was similar across the groups.

Treatment with Ad5-CMV-mTNFα/mIL-2 combined with 
aPD-1 improves immune memory formation

To evaluate memory immune cell compartments, we profiled 
the peripheral lymphoid organs (inguinal lymph nodes and 
spleens), which revealed a significant increase in the CD4+ 

Figure 4. Combining Apd-1 with Ad5-CMV-mTNFα/mIL-2 improves the formation of immune memory in the secondary lymphoid organs. (a) Flow cytometric analysis of 
CD4+ T cells in splenic and (b) lymph node memory compartment (naïve, effector memory [TEM], central memory [TCM]) from mice bearing LLC tumors as measured by  
± expression of CD44 and CD62L. (c) Flow cytometric analysis of CD8+ T cells in splenic and (d) lymph node memory compartment measured in the same manner. All 
flow cytometry experiments were run in technical duplicates. (e) ELISpot quantification of reactive splenocytes to LLC cells. The resulting data is presented as mean 
±SEM. Statistical significance is represented as *p < 0.05, **p < 0.01, ****p < 0.001 and ****p < 0.0001.
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and CD8+ effector and central memory compartments when 
using combination treatment compared to monotherapies. In 
particular, the percentage of central memory (Tcm) 
CD44+CD62L+CD4+ T cells was significantly higher in the 
virus+aPD-1 group than in the virus and aPD-1 only groups 
(p = 0.0017 and p < 0.0001, respectively) in the spleen 
(Figure 4a), as well as in the lymph nodes (p = 0.0249 and p =  
0.0277, respectively) (Figure 4b). Moreover, splenic effector 
memory (Tem) CD44+CD62L−CD4+ T cells showed an 
increase in the combination group compared to aPD-1 (p =  
0.0003) (Figure 4a), while more CD4+ Tem cells were detected 
in the lymph nodes of the animals treated with the combina-
tion than in the virus-only only (p = 0.0472). In addition, 
lymph nodes from combination-treated mice showed higher 
numbers of naïve CD4+ T cells compared to virus-treated (p =  
0.05) and aPD-1-treated (p = 0.0104) animals (Figure 4b).

We further found that CD44+CD62L+CD8+ Tcm cells 
showed a significant increase in both spleens (Figure 4c) and 
lymph nodes (Figure 4d) of animals treated with the combina-
tion compared to those treated with the virus (p = 0.0197 and p  
= 0.0408, respectively) and aPD-1 only (p = 0.0137 and p <  
0.0001, respectively). The number of CD44+CD62L−CD8+ 

Tem cells in the virus+aPD-1 group was higher than that in 
the aPD-1 only both in the spleens (p = 0.0269) (Figure 4c) and 
lymph nodes (p = 0.0004), while it was also higher (p = 0.0071) 
than that in the latter (Figure 4d).

Additionally, we observed a specific anti-tumor response 
generated in LLC1 tumors via ELISpot. The raw spot count 
was statistically higher in the virus+aPD-1 group than in the 
aPD-1 group (p = 0.0372) and mock (p = 0.0374) groups. No 
significant difference was observed between the virus-treated 
and combination groups (Figure 4e).

We conclude that treatment with Ad5-CMV-mTNFα/mIL- 
2 and aPD-1 expands the population of memory immune cells 
in secondary lymphoid organs and induces tumor-specific 
immune memory.

Treatment with Ad5/3-E2F-d24-hTNFα-IRES-hIL-2 in 
combination with aPD-1 creates an immunostimulatory 
TME

To further investigate immunological changes in the TME 
upon treatment, we used a highly clinically relevant human 
ex vivo tumor model treated with a 5/3 chimeric adenovirus 
encoding human TNFα and IL-2 - Ad5/3-E2F-d24-hTNFα- 
IRES-hIL-2 (also known as TILT-123). We studied a variety 
of human lung cancer samples comprising different NSCLC 
histological subtypes and stages, PD-L1%s, and previous treat-
ments (Supplementary table s2). Due to the small size of 
patient-derived tumor samples, available samples were split 
for cytotoxicity, cytokine, and flow cytometric analyses. Cell 
viability by MTS showed effective cell killing following treat-
ment with the virus alone or in combination with aPD-1 was 
used: the viability reduced to 40–50% by day 7 in both 
HUSLU1 and HUSLU2 samples (Figure 5a).

To evaluate the expression levels of key pro- and anti- 
inflammatory cytokines, we measured the concentration of 
immune signaling molecules in the cell culture superna-
tants 3 days after infection with HUSLU3, HUSLU6, 

HUSLU7, HUSLU8, and HUSLU9. Overall, aPD-1 treat-
ment did not lead to any significant upregulation of cyto-
kine expression, while addition of the virus led to higher 
expression of proinflammatory IL-2 (p = 0.0079), TNFα (p  
= 0.0286), IL-12p40 (p = 0.0476), IL-12p70 (p = 0.0079), IL- 
9 (p = 0.0159), IL-15 (p = 0.0476), MIF (p = 0.0079), and 
CXCL10 (p = 0.05), among others (Figure 5b and 
Supplementary figure s2) compared to aPD-1 monotherapy. 
Moreover, the combination of virus and aPD-1 led to 
higher expression of IL-9 (p = 0.0476), MIF (p = 0.0317), 
and CXCL10 compared to virus only. The expression of 
anti-inflammatory IL-4, IL-10, IL-13 and MIF was also 
higher in the virus+aPD-1 group than in the aPD-1 alone 
group but not in the virus alone group. No changes were 
observed for the proinflammatory cytokines IFNγ, TRAIL, 
IL-6, IL-7, IL-16, anti-inflammatory cytokine IL-1ra, che-
mokines CCL2, CCL7, CCL11, CCL27, and CXCL1, and 
growth factors VEGF, SCF, MSCF, and HGF 
(Supplementary figure s2).

Treatment with Ad5/3-E2F-d24-hTNFα-IRES-hIL2 in 
combination with aPD-1 activates tumor-infiltrating 
lymphocytes in NSCLC ex vivo tumor histocultures

We determined the activated and cytotoxic tumor-infiltrating 
lymphocytes in ex vivo tumor histocultures HUSLU9, 
HUSLU10, and HUSLU12 treated with TILT-123, aPD-1, 
or their combination. Similar to the cytokine profiling, 
aPD-1 monotherapy did not cause significant changes in 
the studied immune cell populations. However, when com-
bined with TILT-123, the numbers of GzmB+ and Perf+CD8+ 

T cells were significantly higher (p < 0.05) in all samples 
(Figure 6a). Moreover, we observed an additive effect of 
aPD-1 and the virus when evaluating T-bet and EOMES for 
samples HUSLU9 and HUSLU12, showing higher numbers 
of T-bet+CD8+ (p < 0.01) and EOMES+CD8+ T cells (p <  
0.05) compared to monotherapies (Figure 6b). Lastly, the 
number of activated CD137+CD8+ T cells and CD69+CD8+ 

T cells was significantly higher in the combination group 
than in the aPD-1 (p < 0.05 and p < 0.01, respectively). In 
HUSLU12, the number of CD137+CD8+ T cells in the com-
bination group was also higher than in the virus-only group 
(p = 0.0288) (Figure 6c) Overall, despite the variations 
between the tumor histocultures, treatment with virus 
+aPD-1 significantly increased the number of activated cyto-
toxic CD8+ T cells (Supplementary figure s3A).

We found a significantly higher number of IFNγ+CD4+ 

and TNFα+CD4+ T cells in all samples treated with virus 
+aPD-1 than in those treated with aPD-1 alone (p < 0.01). 
The number of IFNγ+CD4+ T cells in HUSLU12 was also 
significantly higher than that in the virus alone (p < 0.05), 
while for other samples, a positive trend was observed 
(Figure 6d). Moreover, we detected a higher percentage of 
T-bet+CD4+ T cells in all samples treated with the combina-
tion compared to aPD-1 (p < 0.05) and virus alone in sam-
ples HUSLU9 (p < 0.05) and HUSLU12 (p < 0.05). Activated 
CD4+ T cells expressing CD137 and CD69 were also more 
abundant in the combination group in all samples (p < 0.05) 
than in the aPD-1 only. A similar trend was observed with 
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virus monotherapy compared with aPD-1 monotherapy, 
although the difference was not statistically significant 
(Figure 6e). Overall, the combination treatment induced 
better activation and production of proinflammatory cyto-
kines by CD4+ T cells in all NSCLC tumor samples 
(Supplementary figure s3B).

A similar trend was observed for infiltrating NK cells. 
We detected a statistically higher frequency of cytotoxic 
GzmB+ and Perf+ NK cells in all samples treated with 
virus+aPD-1 (p < 0.05), but only when compared with 
aPD-1 monotherapy (Figure 6f and Supplementary fig-
ure s3C).

Figure 5. Evaluation of cytokine expression in tumor microenvironment of NSCLC ex vivo tumor histocultures. Patient tumor samples were treated with TILT-123 (100 
VP/ml), aPD-1 (20 mg/mL) or a combination of TILT-123 and checkpoint inhibitor. Data was normalized to uninfected mock control. (a) Viability of tumor digests 
HUSLU1 and HUSLU2 from NSCLC measured by incubating cells for 2 h with 20% of CellTiter 96 AQueous One Solution Proliferation Assay reagent (Promega, Wisconsin, 
USA). Absorbance was read at 490 nm using a Hidex Sense plate reader (Hidex, Turku, Finland). Data was normalized to the uninfected mock control group. Experiments 
were performed in triplicates. (b) Selected cytokines and chemokines changes in tumor microenvironment upon treatments. Resulting data is presented as mean±SEM. 
Statistical significance is represented as *p < 0.05 and **p < 0.01.
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Figure 6. Evaluation of immune cell populations in tumor microenvironment of NSCLC ex vivo tumor histocultures: HUSLU9, HUSLU10 and HUSLU12. Patient tumor 
samples were treated with TILT-123 (100 VP/ml), aPD-1 (20 mg/mL) or a combination of TILT-123 and checkpoint inhibitor. Uninfected cells were used as a mock control. 
(a) Frequency of cytotoxic GzmB+ and Perf + CD8+ T cells; (b) T-bet+ and EOMES+ CD8+ T cells; (c) activated CD69+ and CD137+ CD8+ T cells. (d) Frequency of IFNγ+, 
TNFα+ and T-bet+ CD4+ T cells; (e) activated CD69+ and CD137+ CD4+ T cells. (f) Frequency of cytotoxic GzmB+ and Perf + NK cells; (g) T-bet+ and EOMES+ NK cells. All 
experiments were performed in duplicates, and resulting data is presented as mean±SEM. Statistical significance is represented as *p < 0.05, **p < 0.01, ***p < 0.001 
and ****p < 0.0001.
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Discussion

In this study, we evaluated the ability of intravenously admi-
nistered adenovirus armed with TNFα and IL-2 to potentiate 
immune checkpoint blockade in lung cancer. These cytokines 
were selected empirically based on their ability to activate 
T cells,28 which is important for the overall efficacy of our 
approach in the context of checkpoint blockade since it exerts 
the effects through T cells.29 Thus, for the murine in vivo 
experiment, we used adenovirus Ad5-CMV-mTNFα/mIL-2 
allowing higher expression and activity of murine version of 
transgenes under CMV promoter. Moreover, murine NSCLC 
model LLC1 which was used in the present study is reported to 
be refractory to ICIs treatment,30,31 which makes our data 
more valuable for the translation perspective.

Non-permissive murine models have their limitations and 
do not fully represent the clinical situation in humans. 
However, the Syrian hamster semi-permissive model,9 which 
we have used often in our preclinical studies of oncolytic 
adenoviruses, was not feasible due to the lack of hamster lung 
cancer models and the difficulty of intravenous injections in 
animals lacking the tail vein. A humanized murine model 
would allow adenovirus replication, but immunological studies 
would be limited due to an incomplete hybrid immune system. 
Thus, to complement in vivo results and overcome the non- 
permissiveness issue, we used clinically relevant patient- 
derived NSCLC ex vivo models. We combined aPD-1 treat-
ment with chimeric oncolytic adenovirus Ad5/3-E2F-d24- 
hTNFα-IRES-hIL2 (TILT-123) which allows high-level cyto-
kine production in human cells due to the productive virus 
replication.

In vivo data showed improved anti-tumor efficacy of aPD-1 
when combined with the adenovirus armed with TNFα and IL- 
2, whereas monotherapy did not alter tumor growth. 
Interestingly, the presence of NAb in animals treated with the 
combination did not compromise the anti-tumor response. 
Moreover, the NAb titer in this group was higher than that in 
the virus alone group, although no statistical significance was 
observed. This may be because ICIs therapy in combination 
with viruses may cause significant elevation in B plasma cells 
and IgG signatures in several pre-clinical models.19,32,33

A virus distribution study confirmed that systemically 
injected virus can reach distant tumors and several organs, 
including the lungs, and there was no significant difference if 
aPD-1 was co-administered. Importantly, the amount of viral 
DNA detected in the lungs was comparable to that detected 
in tumors, which confirms the rationale for using OVs to 
treat lung cancers, including micrometastases. A significant 
amount of viral DNA was detected in the liver, most likely 
because Kupffer cells in the liver sequester adenoviruses 
from the bloodstream.34 Moreover, our previous data 
showed that one of the mechanisms adenoviruses can use 
to avoid neutralizing antibodies and reach distant tumors is 
binding to erythrocytes and lymphocytes,35 thus we observed 
viral DNA in spleens, kidneys, and hearts. Importantly, we 
observed viable virions in both groups treated with Ad5- 
CMV-mTNFα/mIL-2 but not in every sample. One aspect 
influencing this is that the method has limitations, allowing 

detection of only viruses that did not enter the cell and 
therefore retain a fully intact capsid. Thus, sample collection 
timing is crucial for reliable results and may underestimate 
the amount of viable virus reaching the tumor cells.

Analysis of tumor-infiltrating immune cell populations 
showed a significantly higher percentage of cytotoxic NK 
cells expressing IFNγ and GzmB in animals treated with 
virus+aPD-1, which was further confirmed in ex vivo 
patient-derived model. These findings are important in the 
context of lung tumors typically infiltrated with low- 
cytotoxic NK cells possessing impaired expression of gran-
zyme B, thus leading to reduced anti-tumor efficacy and 
cancer progression.36

Indeed, the results of the depletion experiment support the 
importance of NK cells for better control of tumor growth. 
Local attenuation of NK cell killing potency is explained by the 
specific stage of NK differentiation and the immunosuppres-
sive microenvironment.37 Hence, we studied the expression of 
T-bet and EOMES – transcriptional factors regulating immune 
cell development, maturation, and effector functions.38 Our 
data show that the combinatorial treatment led to a higher 
percentage of intratumoral functional T-bet+ and EOMES+ 

NK cells, which are crucial for anti-tumor response. Indeed, 
previous studies have shown that downregulation of T-bet and 
EOMES in adoptively transferred NK cells reduced effective 
control of tumor growth.39 A higher percentage of T-bet+ and 
EOMES+ NK cells in the virus+aPD-1 group can be explained 
by the local production of several cytokines, including IL-12 
and IL-15, which are known to induce T-bet and EOMES 
expression through JAK/STAT or PI3K-AKT-mTORC1 sig-
naling pathways.40 Additionally, restored NK cell cytotoxicity 
can be influenced by the direct action of aPD-1. It was pre-
viously shown that PD-1+ NK cells demonstrate a weaker abil-
ity to secrete INFγ, GzmB, and perforin,41 and blocking this 
receptor led to the improved release of cytotoxic molecules.42 

Overall, these aspects may contribute to superior tumor growth 
control in animals treated with aPD-1 in combination with an 
oncolytic adenovirus armed with TNFα and IL-2.

The immunosuppressive microenvironment is another 
aspect of NK cell dysfunction. Myeloid-derived suppressive 
cells, M2 macrophages, and T regulatory cells contribute to 
immune exhaustion via the expression of inhibitory ligands, 
suppressive cytokines, and tumor-promoting factors.43 

Moreover, exclusion of functional mature dendritic cells 
(DCs) from NSCLC tumors and downregulation of DCs effec-
tor molecules, such as CD40, CD80, CD86, MHCII, and IL-12, 
which affect NK cell activity, migration, and survival.44,45 We 
analyzed intratumoral myeloid cells and found a higher pro-
portion of proinflammatory M1 type macrophages and 
matured DCs as well as increased expression of several DCs 
and macrophage-secreted cytokines, boosting IFNγ produc-
tion by NK cells, IL-15, IL-18, and CXCL10, in groups that 
received viruses. We also observed a higher percentage of 
macrophages expressing IRF8, which is important for myeloid 
cell lineage differentiation, and loss of this transcriptional 
factor leads to accumulation of MDCSs.46

Analysis of tumor-associated macrophages showed a lower 
number of cells expressing the M2 macrophage-related 
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proteins arginase 1 (Arg1) and PD-L1 in both groups treated 
with the virus. Interestingly, aPD-1 alone did not show any 
changes in PD-L1+ macrophages compared to untreated ani-
mals. This finding is in line with previously published data 
stating that the resistance of the LLC1 cell line to checkpoint 
blockade correlates with the presence of PD-L1-expressing 
macrophages.47 Thus, combining aPD-1 treatment with the 
virus is potentially able to break this resistance.

Similar to the NK cells, we found an increased number of 
cytotoxic CD8+ T cells expressing GzmB, T-bet, and EOMES in 
the virus+aPD-1 group. However, an important question is 
whether the treatment can stimulate specific anti-tumor 
responses. Using the recently discovered48 LLC1-specific 
neoantigen mRiok1, we confirmed a higher number of antigen- 
specific CD8+ T cells in tumors from the combination group. 
Moreover, we detected an expansion of the memory T cell 
compartment in the lymph nodes and spleens and an increased 
number of tumor-specific immune cells in the spleen.

In conclusion, our data demonstrate the ability of systemi-
cally administered adenovirus armed with TNF-α and IL-2 to 
potentiate the therapeutic efficacy of aPD-1 in mouse in vivo 
even in the presence of neutralizing antibodies. Similar trend 
was observed in human ex vivo lung cancer model when an 
oncolytic virus TILT-123 was used. The mechanism of action 
appears to involve restoration of NK cell cytotoxicity, reduced 
immunosuppression, and generation of tumor-specific immu-
nological memory. This approach is currently being translated 
clinically into an ongoing trial in patients with ICI-refractory 
NSCLC.
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