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Abstract 

Background  Intratumoral injection of oncolytic viruses (OVs) shows promise in immunotherapy: ONCOS-102, 
a genetically engineered OV that encodes Granulocyte–Macrophage Colony-Stimulating Factor (GM-CSF) demon-
strated efficacy in early clinical trials, enhancing T cell infiltration in tumors. This suggests OVs may boost various forms 
of immunotherapy, including tumor-specific bi-specific antibodies (BsAbs).

Methods  Our study investigated in vitro, how ONCOS-204, a variant of ONCOS-virus expressing the ligand of induc-
ible T-cell co-stimulator (ICOSL), modulates the process of T cell activation induced by a BsAb. ONCOS-102 was used 
for comparison. Phenotypic and functional changes induced by combination of different OVs, and BsAb in T cell 
subsets were assessed by flow cytometry, viability, and proliferation assays.

Results  Degranulation and IFNγ and TNF production of T cells, especially CD4 + T cells was the most increased 
upon target cell exposure to ONCOS-204. Unexpectedly, ONCOS-204 profoundly affected CD8 + T cell prolifera-
tion and function through ICOS-L/ICOS interaction. The effect solely depended on cell surface expression of ICOS-L 
as soluble ICOSL did not induce notable T cell activity.

Conclusions  Together, our data suggests that oncolytic adenoviruses encoding ICOSL may enhance functional activ-
ity of tumor-specific BsAbs thereby opening a novel avenue for clinical development in immunotherapeutics.
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Introduction
Tumor infiltrating lymphocytes (TILs) presence and 
quantity correlate with survival and decrease recurrence 
in cancer [1–3]. In certain cancers such as melanoma and 
non-small cell lung cancer, the repressed anti-tumor and 
proliferative functions induced by tumor cells and tumor 
microenvironment (TME) can be rescued by immune 
checkpoint blockade (ICB) [4–6]. Despite this advance-
ment in cancer therapy many clinical trials using ICB 
have also highlighted their limitations as monotherapy 
[7, 8]. Logically, combination of multiple immunothera-
pies or integration of immunotherapies with other can-
cer treatment modalities, such as cytostatic drugs or 
radiation therapy have demonstrated improved outcomes 
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compared to single-agent therapies [9]. Among these 
combinatory strategies, the preconditioning with onc-
olytic viruses (OVs) followed by bi-specific antibod-
ies (BsAbs) has resulted in tumor regression in various 
tumor mouse models [10]. When replicating within 
tumor cells, Ovs give multiple essential advantages: (i) 
inducing tumor cell lysis, (ii) promoting immunogenic 
cell death of tumors and (iii) facilitating the spread of 
tumor antigen that enhance lymphocyte infiltration and 
provide immune cells stimulation to virus/tumor-specific 
epitopes/ligands. This recognition can lead to an abscopal 
effect and development of long-term protection through 
a specific antitumor memory response. Moreover, the 
dual-targeting capability of BsAbs allows the redirection 
of T cells towards tumor-specific antigens and/or overex-
pressed molecules. As of today, six BsAbs have received 
FDA approval, and many more are in clinical develop-
ment [11].

In the pursuit of boosting/rescuing anti-tumor T cell 
responses, one approach involves targeting the induc-
ible T-cell costimulator (ICOS), an immune checkpoint 
member in the CD28 superfamily, expressed by activated 
T cells. The engagement of ICOS with its ligand (ICOSL) 
leads to T cell activation and proliferation, offering the 
potential to augment T cell activity further. However, it’s 
worth noting that the use of monoclonal agonists target-
ing ICOS, such as vopratelimab and feladilimab, have not 
lived up to expectations in their clinical development. 
This discrepancy may be partly attributed by the dual role 
of the ICOS ligand (ICOSL) and the ICOS costimulatory 
pathway in tumor immunity, where it can exhibit both 
anti-tumor and pro-tumor activities (especially in regula-
tory T cells) [12]. This duality may help explain the dis-
appointing results and discontinuations observed in early 
conducted clinical trials (INDUCE-3, INDUCE-4 and 
ICONIC).

The OV ONCOS-102 which encodes Granulocyte–
macrophage colony-stimulating factor (GM-CSF) has 
exhibited promising results in recent Phase I/II clinical 
trials for patients with advanced melanoma resistant or 
recurring to anti-PD-1 therapy [13]. GM-CSF enhances 
antitumor immunity by inducing the recruitment and 
maturation of different immune cells such as dendritic 
cells and macrophages but also T cells [14]. Yet, the pre-
cise impact of ONCOS-102 on T cell functions remains 
incompletely understood. Therefore, for this study, we 
sought to comprehensively evaluate the T cell pheno-
type, function, and anti-tumor activity through two dis-
tinct approaches: (i) the combination of ONCOS-102 
with an EGFRxCD3 BsAb and (ii) the use of the newly 
engineered OV ONCOS-204, which encodes for ICOSL. 
These assessments were carried out in  vitro, shedding 
light on their potential in strengthening anti-tumor 

T cell responses to improve efficacy in future cancer 
treatments.

Our study unveils a promising composition of engi-
neered OV encoding for ICOSL and BsAb, illuminating 
pathways for enhanced anti-tumor T cell responses for 
development of a  promising era in immunotherapeutics.

Methods
EGFR + tumor cell lines and peripheral blood mononuclear 
cells
EGFR + A375 malignant melanoma and A549 lung car-
cinoma cell lines were cultured and expanded in DMEM 
(Sigma-Aldrich, D6546) supplemented with 4  mM 
l-Glutamine (Hyclone) and 10% fetal bovine serum (FBS, 
Hyclone). Peripheral blood mononuclear cells (PBMCs) 
from buffy coat obtained from healthy donors (n = 8) 
were isolated using Ficoll-Hypaque density gradient 
(Cytiva) and cryopreserved in FBS supplemented with 
10% dimethysulfoxide (Sigma-Aldrich) until use.

Modified oncolytic adenoviruses
ONCOS-102 and ONCOS-204 are modified chimeric 
adenoviruses with a serotype 5 backbone, serotype 
3-derived fiber knob and a 24-base pair (bp) deletion 
in the retinoblastoma (Rb) protein binding site of the 
E1A region, restricting virus replication to cancer cells. 
In addition, the viruses have a 965  bp deletion in the 
E3 region and an associated insertion of a transgene 
encoding either GM-CSF (ONCOS-102: Ad5/3-D24-
GM-CSF, Uniprot: P04141) or ICOSL (ONCOS-204: 
Ad5/3-D24-ICOS-L, Uniprot: O75144), Fig. 1A. A vehi-
cle virus (AdV5/3-D24-E3) was used as control in the 
current study. ONCOS-102 was produced by Biovian 
(Turku, Finland) and ONCOS-204 and vehicle virus were 
produced by OD260 Inc (ID, USA).

Details for generation of ONCOS-102 have been 
described previously [15] along with characteristics and 
use in preclinical and clinical settings [13, 16]. ONCOS-
204 was constructed, amplified, and purified by OD260 
Inc. using the same ONCOS-backbone but with the 
insertion of the 909  bp complimentary DNA (cDNA) 
encoding ICOSL instead of GM-CSF. The shuttle plas-
mid construction was done using standard cloning 
methods, verified by restriction analysis and sequencing, 
followed by cosmid construction and transfection into 
immortalized human embryonic kidney cells (HEK293). 
Virus plaques were harvested, amplified, and verified. 
Expression of the transgene ICOSL was confirmed by 
western blot (WB) before additional amplification and 
purification.
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The generated viral stocks were aliquoted in PBS 
and stored at − 80 °C until use. The virus particles (vp) 
were used at indicated concentrations in the study.

GM‑CSF production and ICOSL expression by cancer cell 
lines
In a 24-well plate (AH diagnostics), human melanoma 
(A375) cancer cells were seeded at 50 k/ml concentra-
tion in 0,5  ml appropriate culture medium described 
above. Culture medium was changed 24 h later and dif-
ferent concentrations of OVs (vehicle, ONCOS-102 or 
ONCOS-204, from 0 to 1000 viral particle/target cell) 
were added to the culture. Supernatants and cells were 
collected + 24  h, + 48  h and + 72  h after the addition 
of different OVs. GM-CSF production was evaluated 
in the supernatant by ELISA following the manufac-
turer instructions (Mabtech AB). Cell surface ICOSL 
expression (A647 conjugated, clone 2D3/B7-H2, BD) 
was evaluated together with the surface expression of 
EGFR (PE conjugated, clone EMab-134, BD) after via-
bility staining (Live/dead fixable Aqua dead cell stain, 
Thermo Fisher Scientific). Cells were fixed (Fixation 
and Permeabilization Solution, BD) before analysis by 
flow cytometry.

ICOSL immunoblot
After following similar design as above, infected A375 
cells were harvested in PBS and centrifuged at 1200 rpm 
at 4  °C for 5 min. Cell pellets were collected and resus-
pended in 50 μl RIPA buffer supplemented with protease 
inhibitors. Lysate was incubated for 20 min and then cell 
debris was collected by centrifugation at 12,000×g at 4C 
for 15  min. Supernatant was collected, and protein lev-
els quantified using BCA assay (Thermo Fisher Scien-
tific). For WB, 3ug of protein was used for analysis. Prior 
to WB, equal volume of 2xSDS loading buffer [125 mM 
Tris–HCl pH 6.8, 20% glycerol, 5% SDS, and 0.2 M DTT] 
was added to 3ug of protein lysate and briefly boiled at 
95  °C for 5  min before loading on a 12% Tris–Glycine 
SDS-PAGE gel (Thermo Fisher Scientific) and run for 
approximately 1.5  h at 125  V. The proteins were trans-
ferred to a PVDF membrane (BioRad) by wet-blotting 
for 2  h at 4  °C at 30  V. Subsequently, the membrane 
was pre-blocked for 1  h at room temperature with 10% 
skim milk, followed by 1 h incubation with primary Ab 
(1:1,000; ab233151, Abcam) and 1  h with secondary Ab 
(1:10,000; ab6721, Abcam). After each Ab incubation, the 
membrane was rinsed 3 × 5 min in PBS + 0.05% Tween20 
and 1 × 5  min wash with PBS. The protein bands were 
developed using SuperSignal West Femto Maximum 
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Fig. 1  ONCOS-102 and ONCOS-204 action on tumor cells. A Vehicle, ONCOS-102 and ONCOS-204 plasmids design. A375 tumor cells GM-CSF 
production (B) and ICOSL production (C) and surface expression (D, E) 24, 48 and 72 h after infection with different concentrations of ONCOS-102 
or ONCOS-204 viral particles/target cells (vp/target cells)
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Sensitivity Substrate kit (Thermo Fisher Scientific) and 
ChemiDoc XRS + (Biorad). Β-actin was used as control 
(primary Ab; 1:20,000; A5441, Sigma-Aldrich, and sec-
ondary Ab; 1:10,000; ab90723, Abcam).

Titration of EGFRxCD3 bispecific antibody
A375 cancer cells were seeded in a 24-well plate, as 
described above to allow adherence. Twenty-four hours 
later, PBMCs were added at effector:target (E:T) ratio 
of 10:1 and different concentration of CD3xEGFR BsAb 
(Creative Biolab, custom-made) were added. Following 
24  h co-incubation, PBMCs were collected, stained for 
viability and the surface markers CD3, CD4, CD8, CD25 
and CD69 as listed in Additional file 1: Table S1.

T cell phenotype and functional assay
Following the same infection design, of A375 tumor cells 
with the different OVs, 24  h after addition of the virus, 
medium was removed, and wells were washed once with 
PBS. PBMCs were added to each well at a 10:1 E:T ratio 
at 0.5 × 106/ml in RPMI supplemented with 10% FBS.

For phenotype assay, EGFRxCD3 BsAb were added at 
suboptimal concentration of 0.02 ng/ml and co-cultured 
for 48 h at 37  °C. After the co-incubation, PBMCs were 
collected, stained for viability, and using the surface 
antibodies listed in Additional file 1: Table S1 and fixed 
(Fixation and Permeabilization Solution, BD). For each 
sample, no BsAb (negative) and a high concentration of 
BsAb (positive, 10 ng/ml) were used as controls.

For functional readout, 2 different EGFR + target cells 
were used: A375 and A549 tumor cell lines following the 
same transduction infection design and a concentration 
of 0.5  ng/ml of CD3xEGFR BsAb was added together 
with 10ug/ml Brefeldin A (Sigma-Aldrich), Golgi stop 
(BD Biosciences), and anti-CD107a antibody. The co-
culture was kept for 6  h when PBMCs were collected, 
stained for viability followed by surface antibodies before 
fixation and permeabilization (Fixation/Permeabilization 
Kit from BD). PBMCs were then stained for intracellu-
lar cytokines (List of antibodies can be found in Addi-
tional file 1: Table S2). For each donor, conditions with no 
added BsAb, a 10  ng/ml BsAb concentration, and PMA 
(25 ng/ml)/ionomycin (1 μg/ml) were used as controls.

Following similar design, phenotype, and function of 
γδ T cells were analyzed using antibodies listed in Addi-
tional file 1: Tables S3, S4.

Proliferation assay
Following A375 cells seeding and addition of the different 
OVs as described above, PBMCs were stained with cell 
trace violet (CTV, Thermo Fisher Scientific) following the 
manufacturer instructions. PBMCs were then incubated 
with infected A375 and 0.02 ng/ml EGFRxCD3 BsAb for 
5 days. PBMCs were then collected, and the viability was 
assessed using the BD Horizon Fixable Viability Stain 780 
(BD) before staining with CD3-PE/Cy7 (BD), CD4-FITC 
(BD) CD8-APC (BD) and TCRγδ-PE (Miltenyi Biotec).

ONCOS viruses’ infectivity
A375 cells were seeded in a 24-well at 50  k/ml and 
infected with different OVs at 100 and 1000vp/target cells 
as described above. After 24 h, A375 cells were collected, 
pelleted, and stored in -20  °C until use. RNA extrac-
tion was conducted by adding 1  ml of TriZol (Thermo 
Fisher Scientific) to each sample. RNA was extracted by 
phenol–chloroform extraction following TriZol manu-
facturers guidelines (Thermo Fisher Scientific). One μg 
of DNase-treated total RNA was reverse transcribed 
using the M-MLV Reverse Transcriptase kit (Thermo 
Fisher Scientific) according to manufacturer’s protocol 
with the use of random hexamers to prime the reaction. 
For quantitative PCR, cDNA was mixed with Platinum 
SYBR Green I Master kit (Invitrogen) and ran on 7500 
Fast Real-Time PCR System (Applied Biosystem). The 
reactions were carried out in technical triplicates. The 
obtained Ct values for each triplicate were transformed 
(2-Ct) and averaged (σ). All samples were normalized to 
GAPDH (i.e. E1A/GAPDH).

Killing assay
A375 cells were seeded at 15 K cells/ml by adding 100ul 
per well in 96-well plate. After 24 h, different OVs were 
added at 100vp/target cells for 24  h before medium 
change and initiation of the coincubation with 15  k 
PBMCs (E:T ratio 10:1) and 1  ng/ml BsAb in in RPMI 
supplemented with 10% FBS. After 24, 48  h and 4  days 
con-incubation, supernatant was removed followed by a 
gentle wash with PBS before addition of DMEM (Sigma-
Aldrich, D6546) supplemented with 4 mM L-Glutamine 
(Hyclone) and 10% fetal bovine serum (FBS, Hyclone). 
and CellTiter 96® AQueous One Solution Cell Prolifera-
tion Assay (Promega) following manufacturer’s instruc-
tions. Controls were medium only, virus infection 
only and no BsAb addition. Absorbance at 490  nm was 
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recorded after 2  h incubation using CLARIOstar multi-
reader (BMG Labtech). PBMCs + BsAb specific killing 
was calculated using the absorbance (Abs) as follows:

Intracellular expression of ICOS
Intracellular ICOS was evaluated after the co-incuba-
tion at 10:1 E:T ratio with A375 cancer cells infected 
with ONCOS-204 at 100 vp/target cells. Briefly, PBMCs 
were collected after 24 h co-incubation with target cells 
and 0.05 ng/ml EGFRxCD3 BsAb, washed with PBS and 
stained for viability followed by surface antibodies CD3-
PE/Cy7 (Biolegend), CD4-FITC (BD), CD8-APC/Cy7 
(BD) and CD69-APC (Biolegend). Intracellular staining 
with ICOS-BV785 (Biolegend) was performed for 30 min 
after using Fixation/Permeabilization Kit (BD).

ICOSL expression on effector T cells
PBMCs were harvested after 24  h co-incubation with 
ONCOS-204 infected A375 cancer cells and 0.05  ng/
ml EGFRxCD3 BsAb. After washing, and staining with 
viability dye, PBMCs were stained with EGFR-PE (BD), 
CD3-PerCP (Biolegend), ICOSL-A647 (BD), CD4-A700 
(BD), CD8-APC/Cy7 (BD), ICOS-BV421 (BD) and 
CD69-BC785 (Biolegend).

ICOSL plasmid transfection
Transfection of 25 k A375 tumor cells with ICOSL plas-
mid (2ug DNA) was performed using the Lipofectamine™ 
3000 Transfection Reagent kit (ThermoFisher Scientific) 
following the manufacturer’s instructions.

Soluble ICOSL production and quantification
Different concentrations of ONCOS-204 were added to 
A375 tumor cells. Supernatants were collected after 48 h 
and stored at − 20 °C until use. Soluble ICOSL was quan-
tified using the Human B7-H2/ICOS Ligand ELISA Kit 
(Invitrogen) following the manufacturer’s instructions.

For western blotting, supernatant was collected and 
centrifuged at 1200 rpm at 4 °C for 10 min to remove cell 
debris. Following centrifugation, 20 µl of supernatant was 
mixed with equal volume of 2xSDS loading buffer and 
briefly boiled at 95 °C. For western analysis, 35 µl of each 
sample was loaded and western blotting was conducted 
as described above.

Data acquisition and statistics
All cell acquisition was performed by CytoFlex flow 
cytometer (Beckman Coulter). Flow cytometry data were 
data analyzed using FlowJo V.10.8 Software (BD Life 

% specific killing = 100×

(

1−
Abs of PBMCs + BsAb+ OV − Abs of OV only

Abs of PBMCs + BsAb

)

Sciences). Graphical representation and statistical analy-
sis were performed using Prism 9 (GraphPad Software). 
For analysis, percentage change was calculated as follows:

Comparisons of paired samples exposed to different 
conditions (OVs or presence of BsAb) were performed 
using Student t test or Friedman test with Dunn’s correc-
tion. Comparisons of paired samples of two groups were 
performed using Wilcoxon matched- pairs signed rank 
test. The p-value was set at p < 0.05.

Data availability
All data supporting the current study are presented 
within the article. Data related to this study may be 
requested from the authors.

Results
Dose‑ and time‑dependent activity of ONCOS‑102 
and ONCOS‑204 on cancer cell lines
ONCOS-102 and ONCOS-204 share a similar design 
(Fig.  1A). ONCOS-102 induced high GM-CSF produc-
tion by the human melanoma A375 cancer cells, evi-
dent within 24  h post-infection at 100 virus particles/
target cell (vp/target cell, Fig.  1B). The newly generated 
OV ONCOS-204 induced protein ICOSL production 
(Fig.  1C), with expression levels evaluated across vari-
ous ONCOS-204 concentrations. Notably, ICOSL was 
rapidly and consistently expressed on the surface of A375 
tumor cells for at least 72 h post-infection (Fig. 1D, E).

Titration of EGFR‑CD3 bi‑specific antibody to achieve 
sub‑optimal activation
To evaluate the specific impact of virus-induced payloads 
produced by the tumor cells on T cells, we titrated the 
concentration of EGFRxCD3 BsAb. We aimed for a sub-
optimal activation level (i.e. 30% of maximum stimula-
tion) by testing different concentrations. After 48  h, we 
found that 0.02 ng/ml was suitable, as indicated by CD69 
expression on the T cell surface (Fig. 2A). This subopti-
mal activation was chosen to ensure enough T cell activa-
tion by BsAb while allowing for additional co-stimulation 
from virus-expressed substances in subsequent experi-
ments. Throughout the paper, we used this dose unless 
specified otherwise.

%change =
value of interest

value with BsAb, noAdv
× 100− 100
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Phenotypical changes induced by EGFRxCD3 bi‑specific 
antibody are further amplified by ONCOS‑102 
and ONCOS‑204
PBMCs supplemented with BsAb were co-incubated 
with A375 tumor cells infected with different concentra-
tions of vehicle, ONCOS-102 or ONCOS-204 viruses as 
described (Fig.  2B). After 48  h of co-incubation, T cell 
phenotype was evaluated. The addition of suboptimal 
concentration of EGFRxCD3 BsAb increased the CD4/
CD8 ratio and expression of activation markers (4-1BB, 
CD25, CD69, GITR and OX40) regardless of the infection 
status of the target cells (p < 0.05, compared to control 
condition with no BsAb, no OVs, Fig. 2C and Additional 
file 2: Fig. S1A, B).

Comparing the impact of the different OVs on T cells 
revealed that ONCOS-204-infected tumor cells, express-
ing ICOSL, induced the highest proportion of CD4 + T 
cells expressing activation markers CD69, GITR and 

OX40 (p < 0.01, Fig.  2D and Additional file  2: Fig. S1C). 
For CD8 + T cells, this increase was significant only for 
CD69 (p < 0.05, Fig.  2D and Additional file  2: Fig. S1C). 
Additionally, ONCOS-204 increased the proportion of T 
cells expressing LAG-3 and PD-1 compared to the vehi-
cle virus and ONCOS-102 (p < 0.05, Fig.  2E and Addi-
tional file  2: Fig. S1D). Consequently, co-expression of 
activation markers CD69, GITR and OX40 were found 
at significantly higher proportions among CD4 + and 
CD8 + T cells exposed to ONCOS-204-infected tumor 
cells (p < 0.05, Fig.  2F). Similarly, the proportion of cells 
co-expressing LAG-3 and PD-1 were higher among 
CD4 + and CD8 + T cells exposed to ONCOS-204 
infected target cells compared to the other conditions 
(p < 0.05, Fig. 2G).

Overall, the infection of target tumor cells with OVs 
leading to the expression of ICOSL, activates CD4 + and 
CD8 + T cells as indicated by the increased expression of 

Fig. 2  Phenotype changes induced by EGFRxCD3 BsAb and OVs. A Titration of EGFRxCD3 BsAb by the activation (CD69 expression) of CD4 + and 
CD8 + T cells (n = 3). B Experimental design. C CD4/CD8 ratio of T cells after 48 h incubation with target cells in different conditions: presence 
or absence of BsAb and different A375 tumor cell infections (v: vehicle, ONCOS-102 or ONCOS-204). D Percentage change of expression of CD69, 
GITR and OX40 in CD4 + (white) and CD8 + (blue) T cells upon exposure to infected A375 tumor cells. E Percentage change of expression of LAG-3 
and PD-1 in CD4 + (white) and CD8 + (blue) upon exposure to infected A375 tumor cells. F CD69, GITR and OX40 co-expression analysis in CD4 + and 
CD8 + T cells in different conditions: non-infected tumor cells (no virus) vs. tumor cells infected with vehicle or ONCOS-102 or ONCOS-204. G LAG-3 
and PD-1 co-expression analysis in CD4 + and CD8 + T in different conditions: non-infected tumor cells (no virus) vs. tumor cells infected with vehicle 
or ONCOS-102 or ONCOS-204. Friedman test with Dunn’s correction was used (C–G) to compare groups of paired samples exposed to different 
conditions (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001. Medians are represented
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CD69, GITR, OX40 as well as the immune checkpoint 
markers LAG-3 and PD-1.

Function and proliferation of BsAb activated T cells are 
further enhanced by ONCOS‑102 and ONCOS‑204
To examine the functional effects induced by ONCOS-
102 and ONCOS-204, we initially investigated the 
response solely induced by the EGFRxCD3 BsAb used 
at a high concentration of 10  ng/ml (Additional file  2: 

Fig. S2A). Results indicated that the BsAb primarily 
increased the frequency of degranulating (CD107a +) and 
TNF-producing T cells (median up to 30%) while mod-
est increases were observed in IFNγ-producing T cells 
(median up to 15% of CD8 + and 3% of CD4 + T cells, 
respectively). For the 6 h functional assay, a BsAb concen-
tration of 0.5 ng/ml was used to better observe changes 
induced by ONCOS-102 and ONCOS-204 infection.

Overall, the addition of OVs increased the frequency 
of degranulating and cytokine-producing CD4 + and 

Fig. 3  Functional changes induced by EGFRxCD3 BsAb and OVs. A Radar plot of the frequency of CD107a + , IFNγ, TNF + and IL-2 + CD4 + and 
CD8 + T cells after co-culture with A375 tumor cells infected with different virus. B Frequency of ICOS expression on CD4 + and CD8 + T cells 
induced by incubation of no or 10 ng/ml EGFRxCD3 bsAb and A375 target cells. C Percentage change of cytokines producing (TNF and IFNγ) 
and CD107a expressing T cells between CD4 + and CD8 + after co-incubation with tumor cells infected with ONCOS-102 (left) or ONCOS-204 (right). 
D Differences between change of CD107a expressing and cytokines producing (IL-2, TNF and IFNγ) CD4 + T cells induced by ONCOS-102(top, 
green) or ONCOS-204 (bottom, red) infected tumor cells. E CD107a, IFNγ and TNF co-expression analysis in CD4 + (top) and CD8 + (bottom) T cells 
in different conditions: non-infected tumor cells (no virus) vs. tumor cells infected with vehicle or ONCOS-102 or ONCOS-204. Representative 
histogram of T cells proliferation (F) and proportion of proliferative CD4 + (top) and CD8 + (bottom) T cells (G) after 10 days of incubation 
with target cells in different conditions: presence BsAb and the different A375 tumor cell infections (v: vehicle, ONCOS-102 or ONCOS-204) and viral 
concentration (100 vs. 1000 vp/target cells), n = 5. A–E, n = 8. Friedman test with Dunn’s correction was used to compare the groups of paired 
samples exposed to different conditions. *p < 0.05, **p < 0.01, ***p < 0.001. Medians are represented
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CD8 + T cells (Additional file  2: Fig. S2B, C). Normal-
izing the data using the condition without virus (only 
BsAb, no OV) revealed that ONCOS-204-infected tar-
get cells augmented the proportion of T cells express-
ing CD107a, TNF, IFNγ (and IL-2 for CD4 + T cells) 
compared to virus vehicle and ONCOS-102-infected 
target cells (p < 0.05, Fig. 3A). Observing the basal ICOS 
expression and expression after BsAb stimulation were 
around 20% higher among CD4 + compared to CD8 + T 
cells (p < 0.01, Fig. 3B), we investigated how this trans-
lated to functionality. Consistent with earlier findings, 
ONCOS-204 infection of target cells more significantly 
enhanced the functionality of CD4 + T cells compared 
to CD8 + T cells (p < 0.05, Fig.  3C). The proportion of 
IFNγ-producing CD4 + T cells was also more promi-
nently increased by the exposure to ONCOS-102-in-
fected target cells compared to CD8 + T cells (p < 0.05).

The function of CD4 + or CD8 + T cells remained 
largely unaffected by exposure to the vehicle virus or 
ONCOS-102 (Fig. 3D and Additional file 2: Fig. S2D, E). 
In contrast, degranulation (CD107a +) of CD4 + T cells 
was significantly increased when exposed to ONCOS-
204-infected target cells (median 370% increase, 
p < 0.05, Fig.  3D). In line with the observed pheno-
typical changes, T cells (CD4 + and CD8 +) exposed to 
ONCOS-204-infected target cells exhibited the high-
est multifunctional proportion among the conditions 
(CD107a + IFNγ + TNF + , p < 0.05, Fig. 3E) while T cells 
exposed to vehicle virus-infected target cells showed the 
highest inactive proportion (p < 0.01).

In addition, we investigated the T cell functional effects 
induced by infection of A549 lung cancer cells line by 
ONCOS-102 and ONCOS-204 (Additional file  2: Fig. 
S3A–D). A549 exhibited a higher level of EGFR expres-
sion than A375 cells line (Additional file 2: Fig. S3A). At 
100vp/target cell, ONCOS-204 induced ICOS-L surface 
expression comparable to A375 (Additional file  2: Fig. 
S3B). Similar to the observation made using A375 cells, 
CD4 + and CD8 + T cell functions were increased by 
exposure to the ONCOS-204-infected A549 tumor cells 
as compared to vehicle virus or ONCOS-102 (Additional 
file 2: Fig S3C, D).

Furthermore, T cell proliferation mirrored the func-
tional changes, depending on the stimuli induced by the 
different infection of target cells (Fig. 3F). CD8 + T cells 
demonstrated a higher proliferative fraction (median 
47%) than CD4 + T cells (median 20%). However, both 
CD4 + and CD8 + T cells exposed to ONCOS-204-in-
fected target cells displayed a higher proliferative fraction 
in a virus dose-dependent manner (p < 0.05, Fig. 3G).

To summarize, the exposure to ONCOS-204-infected 
target tumors expressing ICOSL significantly increased 

the functional activity and proliferation of T cells. These 
effects were most pronounced in the CD4 + T cell subset.

Modified OVs do not impact γδ T cells phenotype 
to the same extent as conventional αβ T cells.
In addition to conventional αβ T cells, we explored the 
impact of combining EGFRxCD3 BsAb with different 
OVs on γδ T cells, constituting approximately 1–10% of 
peripheral blood T cells. Similar to conventional T cells, 
the BsAb effectively stimulates γδ T cells proportion-
ally to the concentration used (0.5 vs 10  ng/ml, Addi-
tional file  2: Fig. S4A). Overall, the infection of target 
cells infected with various OVs, with or without addi-
tion of BsAb, did not affect the frequency of γδ T cells or 
the proportion of Vδ1 or Vδ2 subsets (Additional file 2: 
Fig. S4B, C). No change in the expression of CD69 was 
observed under any conditions, and only the addition of 
BsAb increased the frequency of TNF-, IFNγ- and MIP-
1β-producing γδ T cells with no additional enhancement 
attributed to specific viral-derived stimuli (Additional 
file 2: Fig. S4D, E). There was a trend for increased pro-
liferation of γδ T cells when co-incubated with ONCOS-
204-infected target cells (p = 0.054, Additional file 2: Fig. 
S4F).

Killing potency of T cells is enhanced by ONCOS‑102 
and ONCOS‑204
To assess the cytotoxic capacity of T cells, consider-
ing the increased function and proliferation observed in 
the ONCOS-204 condition, we conducted experiments 
with a similar design. We ensured that the different OVs 
had similar infectivity (Fig. 4A) and evaluated their sole 
tumor oncolytic ability by monitoring A375 cells viability 
overtime after OVs infection. While no significant reduc-
tion in viability observed after 24 h, ONCOS-102 exhib-
ited stronger oncolytic capacity compared to the vehicle 
virus and ONCOS-204 at a similar vp/target cell concen-
tration at 48 h and 4 days after infection (Fig. 4B). After 
24  h co-incubation of infected A375 cells with PBMCs 
and EGFRxCD3 BsAb, the viability of tumor cells was 
most decreased in the ONCOS-204 condition compared 
to the control condition (no BsAb, no virus, p < 0.05, 
Fig. 4C). After 48 h, A375 cells in the ONCOS-102 con-
dition appeared to have most reduced viability as com-
pared to the control condition (p < 0.01). By day 4, the 
median viability of conditions with BsAb, regardless of 
OV infections reached background levels, suggesting the 
absence of viable tumor cells (Fig. 4C).

No difference in specific killing attributed to T cells 
and BsAb were observed between the different OVs con-
dition after 24  h co-incubation. However, after 48  h, T 
cells in combination with BsAb incubated with ONCOS-
204-infected tumor cells showed higher specific killing 
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compared to when incubated with ONCOS-102-infected 
tumor cells (p < 0.05, Fig. 4D).

In summary, while ONCOS-102 demonstrated 
superior oncolytic activity compared to the vehicle 
OV and ONCOS-204, ONCOS-204-infected tumor 
cells enhanced the killing capacity of T cells via the 
EGFRxCD3 BsAb interaction more than ONCOS-
102-infected tumor cells.

ONCOS‑204 induced soluble production of ICOSL
We previously demonstrated that ONCOS-204 
induces ICOSL expression at the surface of the A375 
tumor cells in a time- and concentration-dependent 

manner (Fig.  1D). Consistent with the earlier pheno-
type changes (Additional file  2: Fig. S1A), the addition 
of the EGFRxCD3 significantly increased BsAb surface 
ICOS expression (Figs.  3C and 5A). Interestingly, mini-
mal expression of ICOS was observed when CD4 + and 
CD8 + T cells were co-cultured with target cells infected 
with ONCOS-204 (p < 0.05, Fig. 5A). A similar observa-
tion was made when target cells were transfected with 
an ICOSL plasmid before addition of T cells and BsAb 
co-culture; a decrease of ICOS surface expression was 
noted among CD4 + and CD8 + T cells exposed to ICOSL 
plasmid-transfected tumor cells, and although T cell 

Fig. 4  Cytotoxic activity of T cells in combination with EGFRxCD3 BsAb and oncolytic viruses. A Viruses infectivity quantification of A375 tumor 
cells by RT-qPCR. B Overtime (24 h, 48 h, 4 days) A375 tumor cells viability exposed to 100vp/target cells of vehicle (v), ONCOS-102 or ONCOS-204 
virus, assessed by absorbance (490 nm). n = 2 repeats. C A375 tumor cells viability exposed to 100vp/target cells of vehicle, ONCOS-102 
or ONCOS-204 virus. Viability assessed 24 h, 48 h and 4 days after PBMCs and BsAb addition. Dot horizontal line corresponds to the medium 
background absorbance. D specific PBMCs cytotoxic capacity induced by BsAb and vehicle, ONCOS-102 or ONCOS-204 virus. C, D, n = 4. Friedman 
test with Dunn’s correction was used to compare the groups of paired samples exposed to different conditions. *p < 0.05, **p < 0.01. Medians are 
represented
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cytotoxic function was improved, it was not statistically 
significant (Additional file 2: Fig. S5A, B).

To validate ICOS/ICOSL-dependent activation, tar-
get cells were infected with various concentrations of 
ONCOS-204 before co-incubation with T cells and 
BsAb. As anticipated, the increase in the proportion of 
T cells expressing CD69 was directly proportional to 
viral particle concentration (Additional file  2: Fig. S5C). 
Conversely, the surface ICOS expression, assessed with 
two different anti-ICOS antibodies (clones C398.4A and 
Dx29), decreased with the concentration of ONCOS-204 
(p < 0.05, Additional file 2: Fig. S5C).

We hypothesized that ICOSL/ICOS interaction might 
induce the internalization of ICOS molecules from the 

cell surface. To investigate this, we assessed the pres-
ence of intracellular ICOS after co-culture of T cells in 
different conditions. Although evident activation induced 
by BsAb and different co-stimuli, no intracellular ICOS 
molecules were observed among CD4 + or CD8 + T cells 
when co-incubated with ONCOS-204-infected target 
cells (Fig. 5B, Additional file 2: Fig. S5D). Consequently, 
internalization of ICOS upon engagement was ruled out 
as an explanation for the absence of ICOS at the cell sur-
face upon ONCOS-204 exposure.

To investigate the possibility for the process of trogocy-
tosis—a phenomenon where molecules from target cells 
are harvested and then expressed by the effector cells—
we assessed the expression of EGFR and ICOSL at the T 

Fig. 5  ONCOS-204 induced broad co-stimulation by the soluble production of ICOSL. A Surface ICOS expression on CD4 + (top) and CD8 + (bottom) 
T cells after 48 h incubation with target cells in different conditions: presence or absence of BsAb and the different A375 tumor cell infections (v: 
vehicle, ONCOS-102 or ONCOS-204), n = 8. B intracellular ICOS expression on CD4 + (top) and CD8 (bottom) T cells after 48 h incubation with target 
cells in different conditions. C Surface expression of EGFR (left) and ICOSL (right) on CD4 + (top) and CD8 (bottom) T cells after 48 h incubation 
with target cells in different conditions (presence of BsAb and ONCOS-204). Quantification of soluble ICOSL concentration in supernatant (in ng/ml, 
D) and WB of sICOL presence (E) in supernatants 24, 48 and 72 h after infection of A375 with different concentrations of ONCOS-204 (0, 5, 10, 100 
and 1000 vp/target cells). F Surface expression of CD69 on ICOSL + and ICOSL- population of CD4 + and CD8 + T cells. G Radar plot of the frequency 
of CD107a + , IFNγ and TNF + CD4 + and CD8 + T cells after co-culture with A375 tumor cells infected with virus or A375 tumor cells and supernatant 
issue from virus-infected A375 cells. Student t test or Friedman test with Dunn’s correction was used to compare the two conditions or groups 
of paired samples exposed to different conditions, B, C, F, G; n = 3. *p < 0.05
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cell surface (Fig. 5C). We observed the presence of EGFR 
molecules on the surface of a proportion of CD8 + T cells 
after co-incubation with target cells and EGFRxCD3 
BsAb (p < 0.05) suggesting that some degree of trogo-
cytosis did occur. Interestingly, no significant EGFR 
expression was observed among CD4 + T cells nor in the 
ONCOS-204 condition. Yet, exclusive, and high expres-
sion of ICOSL (median > 80%, p < 0.05) was observed at 
the surface of both CD4 + and CD8 + T cells when co-
incubated with target cells infected with ONCOS-204 
suggesting that ICOSL presence on the surface of T cells 
was not caused by trogocytosis.

To explore further, the production of soluble ICOSL 
(sICOSL) by target cells infected with ONCOS-204 was 
investigated. Interestingly, high levels of sICOSL were 
observed for at least 72 h at different viral particle con-
centrations (Fig.  5D, E). Since higher proportions of 
CD69 + CD4 + and CD8 + T cells were found in the T cell 
fraction that expressed ICOSL at the surface (Fig.  5F), 
we questioned the single impact of soluble ICOSL on T 
cells activity and function. For this purpose, we trans-
ferred supernatant from virus-infected A375 cells (vehi-
cle, ONCOS-102 and ONCOS-204) to a co-culture of T 
cells and target cells that were not infected by OVs before 
assessing the proportion of T cells expressing CD107a, 
IFNγ and TNF. As expected, no difference in T cell func-
tion was observed between the two conditions involv-
ing vehicle virus and ONCOS-102 (i.e. co-cultured with 
A375 cells infected with virus versus supernatant from 
virus-infected A375 cells, Fig.  5G and Additional file  2: 
Fig. S5E). On the other hand, the transfer of superna-
tant containing sICOSL from ONCOS-204-infected 
A375 cells did not show a T cell functionality equivalent 
to T cells that were co-cultured with A375 with surface 
ICOSL surface expression (Fig. 5G).

Altogether, these data identified a high secretion of 
sICOSL induced by ONCOS-204 infection of the tumor 
cells, but sICOSL did not impact T cell function in our 
setting, suggesting that ONCOS-204 would have a local 
and intratumoral effect on T cell function.

Discussion
Different strategies of immunotherapy have revolution-
ized cancer treatment, yet their effectiveness often faces 
limitations in ensuring long-term patient survival when 
used alone. This study delved into the potential of com-
bining different OVs with EGFRxCD3 BsAb in  vitro, 
focusing on patients with EGFR + tumor cells like mela-
noma, brain cancer or NSCLC. Our findings demonstrate 
a significant enhancement in T cell function and cytotox-
icity when exposed to ONCOS-204-infected tumor cells 
combined with BsAb activation.

While Talimogene laherparepvec (T-VEC), the sole 
FDA-approved oncolytic therapy encoding GM-CSF, has 
proven effective for advanced melanoma [17], challenges 
such as TME, delivery strategies, and host-developed 
neutralizing antibodies impede the broader clinical use of 
T-VEC and other OVs in development. Treatment strat-
egies exploring OVs either as neoadjuvant [18] and/or 
in combination with other therapies such as checkpoint 
inhibitors are currently being expanded [13, 19]. In this 
study, we highlight how pre-conditioning tumor cells 
with various OVs (AdV5/3-D24-E3-based) enhanced T 
cell activation and function when combined with BsAb. 
Combining OVs with BsAbs has proven effective, either 
by preconditioning the TME with the virus followed by 
BsAb treatment [10] or using OVs encoding T cell engag-
ers or BsAbs, resulting in increased T cell functionality 
and stronger anti-tumor activity [20, 21]. Precondition-
ing with ONCOS-102 before EGFRxCD3 BsAb and T 
cell co-culture demonstrated improved T cell activation 
and functionality. The transfer of ONCOS-102-infected 
tumor medium to the functional assay between unin-
fected tumor cells with BsAb and T cells demonstrated 
the potential systemic effects of GM-CSF production 
by ONCOS-102-infected tumor cells, as observed in a 
humanized NOG mouse model [22].

Furthermore, our study reveals that preconditioning 
with ONCOS-204 outperformed ONCOS-102 in terms 
of T cell activation, functionality, proliferation, and T cell 
cytotoxicity. This distinction in T ell engagement is likely 
attributed to the different mechanisms of action induced 
by the expressed payloads and selection of readouts and 
time points. The ICOSL/ICOS immune complex, known 
for its multifaceted functions, activates CD8 and CD4 T 
cells with anti-tumor properties but also controls regu-
latory T cells (Treg) homeostasis [23]. Our study found 
that ONCOS-204-induced ICOSL/ICOS complex signifi-
cantly improved T cell proliferation and cytotoxic activ-
ity, suggesting that the impact of ICOS + Treg cells, if 
present, was minimal. Nevertheless, further investigation 
into the ONCOS-204 effect on ICOS + Treg cells is war-
ranted, as higher proportions of Tregs and ICOS + Tregs 
have been observed in the TME [24].

The impact of ONCOS-204-infected tumor cells on 
CD4 T cells appeared more pronounced than on CD8 T 
cells. Highlighting the higher inherent ICOS-L surface 
expression on CD4 T cells. Unlike CD8 T cell co-stimula-
tion that is primarily driven by the engagement of CD28 
and 4-1BB molecules, CD4 T cell co-stimulation is also 
largely dependent on the ICOS-L/ICOS pathway [25, 26]. 
Even while the role of ICOS pathway is less well described 
in CD8 T cells, there are data elucidating that its overex-
pression elevates CD8 T cell expansion and function dur-
ing Listeria infection [27]. In concordance with this, we 
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also showed that the ICOS-L/ICOS interaction induced 
by ONCOS-204 enhanced the cytotoxic profile and pro-
liferation of CD8 T cells. The ICOSL/ICOS interaction is 
also known to be critical to the development of the Th2 
[28], and Th17 [29] immunity, as well as different mem-
ory subsets [23]. Notably, our study unveils that CD4 
T cells influenced by ONCOS-204 exhibited a higher 
cytotoxic capacity with increased degranulation and the 
production of Th1 cytokines like TNF and IFNγ. These 
effects present multiple anti-tumor effects by inhibit-
ing/killing tumor growth and modulating the immune 
response to enhance anti-tumor activity [1, 30]. Further 
characterization of the impact of ONCOS-204 on T cell 
memory subsets, and specific CD4 T cell subsets such as 
Th1, Th2, and Th17 would be valuable and investigating 
the implications in a tumor model context.

The presence of soluble ICOSL produced by ONCOS-
204 infected tumor cells also requires further investiga-
tion. The question whether sICOSL or membrane-bound 
ICOSL is responsible for the loss of surface and intra-
cellular ICOS on T cells is still not fully resolved by our 
data. In our setting, T cells exposed to ONCOS-204-in-
fected tumor cells displayed a highly activated phenotype 
and increased function. These changes were not induced 
by the transfer of sICOSL loaded supernatant. A possi-
ble conclusion would be that the soluble form may lack 
immunostimulatory function, suggesting that the absence 
of T cells activation may reduce the risk of unwanted “off-
site” ICOSL/ICOS-dependent T cell activation gener-
ated by ONCOS-204 therapy. Increased plasma sICOSL 
has been observed during active lupus, compared to 
inactive one suggesting an immunopathological role of 
sICOSL [31]. Therefore, assessing the impact of sICOSL 
on activated T cells, known to increase their ICOS sur-
face expression would be interesting. Furthermore, the 
impact of ONCOS-204-infected cells causing the expres-
sion of ICOSL and production of sICOSL in the tumor 
microenvironment should be extended beyond T cells to 
encompass a broader spectrum of immune cells such as 
NK cells with a focus on understanding their role in gen-
erating antibody-dependent cellular cytotoxicity and NK-
specific cytotoxicity functions remains to be investigated.

Surprisingly, aside from trending increase in prolifera-
tion, there were no apparent phenotypical or functional 
changes observed among γδ T cells when triggered by 
OVs. In our study, using suboptimal concentrations of 
BsAb, the proportion of γδ T cells was approximately 5%, 
it is therefore possible that the dominant presence of con-
ventional T cells may have mobilized majority of avail-
able BsAb, leading to an underestimation of the effect of 
OVs on the γδ T cells. Notably, ICOSL/ICOS interaction 
among γδ T cells has been implicated in the development 
of IL-17A-producing γδ T cells [32]. Therefore, a more 

in-depth investigation into the impact of ONCOS-204 on 
intratumoral γδ T cells and their various subsets in can-
cer patients is needed.

Conclusion
Our study highlights an encouraging potential of com-
bining OVs, specifically ONCOS-204, with EGFRxCD3 
BsAbs to enhance T cell activation and cytotoxicity 
in the context of EGFR + tumor cells, such as mela-
noma. The superior performance of ONCOS-204 over 
ONCOS-102 in promoting T cell function by modulating 
the response through the ICOSL/ICOS pathway under-
scores the complexity and significance of leveraging OVs 
in combination therapies. Further investigations into 
the role of ICOS + Treg cells, the impact of sICOSL, and 
the response of γδ T cells will contribute to refining the 
potential therapeutic strategies.

Abbreviations
TILs	� Tumor infiltrating lymphocytes
TME	� Tumor microenvironment
ICB	� Immune checkpoint blockade
OVs	� Oncolytic viruses
BsAbs	� Bi-specific antibodies
ICOS(L)	� Inducible T-cell costimulatory (ligand)
GM-CSF	� Granulocyte–macrophage colony-stimulating factor
EGFR	� Epithelial growth factor receptor
FBS	� Fetal bovine serum
Bp	� Base pair
Rb	� Retinoblastoma
cDNA	� Complimentary DNA
WB	� Western blot
Treg	� Regulatory T cells
sICOSL	� Soluble ICOSL

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12967-​024-​05049-2.

Additional file 1. Supplementary Tables S1–S4 and Legends for Sup-
plementary Figures S1–S5

Additional file 2. Supplementary Figures S1–S5

Acknowledgements
Not applicable.

Author contributions
NS performed experiments, analyzed data, and wrote and reviewed the 
manuscript; EF conceptualized the project, designed the experiments and 
reviewed the manuscript; EOL performed experiments, analyzed data and 
reviewed the manuscript; RM performed experiments; TBH provided reagents; 
VL conceptualized and supervised the project and reviewed the manuscript; 
TP conceptualized the project, designed, and performed experiments, ana-
lyzed data, and wrote and reviewed the manuscript; MU conceptualized and 
supervised the project, designed, experiments and reviewed the manuscript.

Funding
Open access funding provided by Karolinska Institute. This work was sup-
ported by the Swedish Research Council (2021-01755), Swedish Cancer 
Society (22 2257Pj), The Swedish Childhood Cancer Fund (PR2022-0066), 

https://doi.org/10.1186/s12967-024-05049-2
https://doi.org/10.1186/s12967-024-05049-2


Page 13 of 14Saffarzadeh et al. Journal of Translational Medicine          (2024) 22:250 	

Radiumhemnet Research Grant (211393) and Knut and Alice Wallenberg 
Foundation (2018).

Availability of data and materials
Data generated and used and/or analyzed during are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
The authors consent for publication.

Competing interests
EF and EOL report employment by Circio Holding ASA. TBH and VL report 
employment by Circio Holding ASA and stock in Circio Holding ASA.

Received: 9 January 2024   Accepted: 28 February 2024

References
	1.	 Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages 

C, Tosolini M, Camus M, Berger A, Wind P, et al. Type, density, and loca-
tion of immune cells within human colorectal tumors predict clinical 
outcome. Science. 2006;313:1960–4.

	2.	 Gooden MJ, de Bock GH, Leffers N, Daemen T, Nijman HW. The prognostic 
influence of tumour-infiltrating lymphocytes in cancer: a systematic 
review with meta-analysis. Br J Cancer. 2011;105:93–103.

	3.	 Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M, Regnani 
G, Makrigiannakis A, Gray H, Schlienger K, Liebman MN, et al. Intratumoral 
T cells, recurrence, and survival in epithelial ovarian cancer. N Engl J Med. 
2003;348:203–13.

	4.	 Fridman WH, Zitvogel L, Sautes-Fridman C, Kroemer G. The immune 
contexture in cancer prognosis and treatment. Nat Rev Clin Oncol. 
2017;14:717–34.

	5.	 Liu Y, Zugazagoitia J, Ahmed FS, Henick BS, Gettinger SN, Herbst RS, 
Schalper KA, Rimm DL. Immune cell PD-L1 colocalizes with macrophages 
and is associated with outcome in PD-1 pathway blockade therapy. Clin 
Cancer Res. 2020;26:970–7.

	6.	 Asrir A, Tardiveau C, Coudert J, Laffont R, Blanchard L, Bellard E, Veerman 
K, Bettini S, Lafouresse F, Vina E, et al. Tumor-associated high endothelial 
venules mediate lymphocyte entry into tumors and predict response 
to PD-1 plus CTLA-4 combination immunotherapy. Cancer Cell. 
2022;40:318-334.e319.

	7.	 Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and 
cancer. Trends Immunol. 2015;36:265–76.

	8.	 Sharma P, Siddiqui BA, Anandhan S, Yadav SS, Subudhi SK, Gao J, 
Goswami S, Allison JP. The next decade of immune checkpoint therapy. 
Cancer Discov. 2021;11:838–57.

	9.	 Zhu S, Zhang T, Zheng L, Liu H, Song W, Liu D, Li Z, Pan CX. Combination 
strategies to maximize the benefits of cancer immunotherapy. J Hematol 
Oncol. 2021;14:156.

	10.	 Groeneveldt C, Kinderman P, van den Wollenberg DJM, van den Oever 
RL, Middelburg J, Mustafa DAM, Hoeben RC, van der Burg SH, van Hall T, 
van Montfoort N. Preconditioning of the tumor microenvironment with 
oncolytic reovirus converts CD3-bispecific antibody treatment into effec-
tive immunotherapy. J Immunother Cancer. 2020;8: e001191.

	11.	 Krishnamurthy A, Jimeno A. Bispecific antibodies for cancer therapy: a 
review. Pharmacol Ther. 2018;185:122–34.

	12.	 Zhao X, Wang Y, Jiang X, Mo B, Wang C, Tang M, Rong Y, Zhang G, Hu M, 
Cai H. Comprehensive analysis of the role of ICOS (CD278) in pan-cancer 
prognosis and immunotherapy. BMC Cancer. 2023;23:194.

	13.	 Shoushtari AN, Olszanski AJ, Nyakas M, Hornyak TJ, Wolchok JD, Levitsky 
V, Kuryk L, Hansen TB, Jaderberg M. Pilot study of ONCOS-102 and 
pembrolizumab: remodeling of the tumor microenvironment and clinical 

outcomes in anti-PD-1-resistant advanced melanoma. Clin Cancer Res. 
2023;29:100–9.

	14.	 Soiffer R, Lynch T, Mihm M, Jung K, Rhuda C, Schmollinger JC, Hodi FS, 
Liebster L, Lam P, Mentzer S, et al. Vaccination with irradiated autolo-
gous melanoma cells engineered to secrete human granulocyte-
macrophage colony-stimulating factor generates potent antitumor 
immunity in patients with metastatic melanoma. Proc Natl Acad Sci USA. 
1998;95:13141–6.

	15.	 Koski A, Kangasniemi L, Escutenaire S, Pesonen S, Cerullo V, Diaconu I, 
Nokisalmi P, Raki M, Rajecki M, Guse K, et al. Treatment of cancer patients 
with a serotype 5/3 chimeric oncolytic adenovirus expressing GMCSF. 
Mol Ther. 2010;18:1874–84.

	16.	 Kuryk L, Vassilev L, Ranki T, Hemminki A, Karioja-Kallio A, Levalampi O, 
Vuolanto A, Cerullo V, Pesonen S. Toxicological and bio-distribution 
profile of a GM-CSF-expressing, double-targeted, chimeric oncolytic 
adenovirus ONCOS-102-Support for clinical studies on advanced cancer 
treatment. PLoS ONE. 2017;12: e0182715.

	17.	 Andtbacka RH, Kaufman HL, Collichio F, Amatruda T, Senzer N, Chesney 
J, Delman KA, Spitler LE, Puzanov I, Agarwala SS, et al. Talimogene 
laherparepvec improves durable response rate in patients with advanced 
melanoma. J Clin Oncol. 2015;33:2780–8.

	18.	 Dummer R, Gyorki DE, Hyngstrom J, Berger AC, Conry R, Demidov L, 
Sharma A, Treichel SA, Radcliffe H, Gorski KS, et al. Neoadjuvant talimo-
gene laherparepvec plus surgery versus surgery alone for resectable 
stage IIIB-IVM1a melanoma: a randomized, open-label, phase 2 trial. Nat 
Med. 2021;27:1789–96.

	19.	 Rohaan MW, Stahlie EHA, Franke V, Zijlker LP, Wilgenhof S, van der Noort V, 
van Akkooi ACJ, Haanen J. Neoadjuvant nivolumab + T-VEC combination 
therapy for resectable early stage or metastatic (IIIB-IVM1a) melanoma 
with injectable disease: study protocol of the NIVEC trial. BMC Cancer. 
2022;22:851.

	20.	 Heidbuechel JPW, Engeland CE. Oncolytic viruses encoding bispecific T 
cell engagers: a blueprint for emerging immunovirotherapies. J Hematol 
Oncol. 2021;14:63.

	21.	 Jin J, Wang R, Yang J, Hu H, Wang D, Cai L, Fang Z, Dong S, Hu S, Wang Y, 
Liu B. Bispecific antibody expressed by an oncolytic herpes simplex virus 
type 2 can transform heterologous T cells into uniform tumor killer cells. 
Hum Gene Ther. 2022;33:649–63.

	22.	 Kuryk L, Moller AW, Jaderberg M. Abscopal effect when combining onco-
lytic adenovirus and checkpoint inhibitor in a humanized NOG mouse 
model of melanoma. J Med Virol. 2019;91:1702–6.

	23.	 Burmeister Y, Lischke T, Dahler AC, Mages HW, Lam KP, Coyle AJ, Kroczek 
RA, Hutloff A. ICOS controls the pool size of effector-memory and regula-
tory T cells. J Immunol. 2008;180:774–82.

	24.	 Sainson RCA, Thotakura AK, Kosmac M, Borhis G, Parveen N, Kimber R, 
Carvalho J, Henderson SJ, Pryke KL, Okell T, et al. An antibody target-
ing ICOS increases intratumoral cytotoxic to regulatory T-cell ratio and 
induces tumor regression. Cancer Immunol Res. 2020;8:1568–82.

	25.	 Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopou-
los I, Kroczek RA. ICOS is an inducible T-cell co-stimulator structurally and 
functionally related to CD28. Nature. 1999;397:263–6.

	26.	 Watanabe M, Hara Y, Tanabe K, Toma H, Abe R. A distinct role for ICOS-
mediated co-stimulatory signaling in CD4+ and CD8+ T cell subsets. Int 
Immunol. 2005;17:269–78.

	27.	 Liu D, Burd EM, Coopersmith CM, Ford ML. Retrogenic ICOS expression 
increases differentiation of KLRG-1hiCD127loCD8+ T Cells during listeria 
infection and diminishes recall responses. J Immunol. 2016;196:1000–12.

	28.	 Watanabe M, Watanabe S, Hara Y, Harada Y, Kubo M, Tanabe K, Toma H, 
Abe R. ICOS-mediated costimulation on Th2 differentiation is achieved 
by the enhancement of IL-4 receptor-mediated signaling. J Immunol. 
2005;174:1989–96.

	29.	 Paulos CM, Carpenito C, Plesa G, Suhoski MM, Varela-Rohena A, Golovina 
TN, Carroll RG, Riley JL, June CH. The inducible costimulator (ICOS) is 
critical for the development of human T(H)17 cells. Sci Transl Med. 
2010;2:55ra78.

	30.	 Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, Schreiber 
RD. IFNgamma and lymphocytes prevent primary tumour development 
and shape tumour immunogenicity. Nature. 2001;410:1107–11.

	31.	 Her M, Kim D, Oh M, Jeong H, Choi I. Increased expression of soluble 
inducible costimulator ligand (ICOSL) in patients with systemic lupus 
erythematosus. Lupus. 2009;18:501–7.



Page 14 of 14Saffarzadeh et al. Journal of Translational Medicine          (2024) 22:250 

	32.	 Buus TB, Schmidt JD, Bonefeld CM, Geisler C, Lauritsen JP. Development 
of interleukin-17-producing Vgamma2+ gammadelta T cells is reduced 
by ICOS signaling in the thymus. Oncotarget. 2016;7:19341–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Inducing expression of ICOS-L by oncolytic adenovirus to enhance tumor-specific bi-specific antibody efficacy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	EGFR + tumor cell lines and peripheral blood mononuclear cells
	Modified oncolytic adenoviruses
	GM-CSF production and ICOSL expression by cancer cell lines
	ICOSL immunoblot
	Titration of EGFRxCD3 bispecific antibody
	T cell phenotype and functional assay
	Proliferation assay
	ONCOS viruses’ infectivity
	Killing assay
	Intracellular expression of ICOS
	ICOSL expression on effector T cells
	ICOSL plasmid transfection
	Soluble ICOSL production and quantification
	Data acquisition and statistics
	Data availability

	Results
	Dose- and time-dependent activity of ONCOS-102 and ONCOS-204 on cancer cell lines
	Titration of EGFR-CD3 bi-specific antibody to achieve sub-optimal activation
	Phenotypical changes induced by EGFRxCD3 bi-specific antibody are further amplified by ONCOS-102 and ONCOS-204
	Function and proliferation of BsAb activated T cells are further enhanced by ONCOS-102 and ONCOS-204
	Modified OVs do not impact γδ T cells phenotype to the same extent as conventional αβ T cells.
	Killing potency of T cells is enhanced by ONCOS-102 and ONCOS-204
	ONCOS-204 induced soluble production of ICOSL

	Discussion
	Conclusion
	Acknowledgements
	References


