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ARTICLE INFO ABSTRACT

Keywords: Triple-negative breast cancer (TNBC) is considered one of the most incurable malignancies due to its clinical
anti-PD-1 characteristics, including high invasiveness, high metastatic potential, proneness to relapse, and poor prognosis.
Immunotherapy Therefore, it remains a critical unmet medical need. On the other hand, poor delivery efficiency continues to
Oncolytic adenovirus N . . . . . . .

TNBC reduce the efficacy of anti-cancer therapeutics developed against solid tumours using various strategies, such as
Paclitaxel genetically engineered oncolytic vectors used as nanocarriers. The study was designed to evaluate the anti-
3D-culture tumour efficacy of a novel combinatorial therapy based on oncolytic adenovirus AdV5/3-D24-ICOSL-CD40L
Spheroids with an anti-PD-1 (pembrolizumab) and paclitaxel (PTX). Here, we first tested the antineoplastic effect in
Drug delivery two-dimensional (2D) and three-dimensional (3D) breast cancer models in MDA-MB-231, MDA-MB-468 and
Nanomedicine MCF-7 cells. Then, to further evaluate the efficacy of combinatorial therapy, including immunological aspects,

we established a three-dimensional (3D) co-culture model based on MDA-MB-231 cells with peripheral blood
mononuclear cells (PBMCs) to create an integrated system that more closely mimics the complexity of the tumour
microenvironment and interacts with the immune system. Treatment with OV as a priming agent, followed by
pembrolizumab and then paclitaxel, was the most effective in reducing the tumour volume in TNBC co-cultured
spheroids. Further, T-cell phenotyping analyses revealed significantly increased infiltration of CD8+, CD4+ T
and Tregs cells. Moreover, the observed anti-tumour effects positively correlated with the level of CD4+ T cell
infiltrates, suggesting the development of anti-cancer immunity. Our study demonstrated that combining
different immunotherapeutic agents (virus, pembrolizumab) with PTX reduced the tumour volume of the TNBC
co-cultured spheroids compared to relevant controls. Importantly, sequential administration of the investiga-
tional agents (priming with the vector) further enhanced the anti-cancer efficacy in 3D culture over other groups
tested. Taken together, these results support further evaluation of the virus in combination with anti-PD-1 and
PTX for the treatment of triple-negative breast cancer patients. Importantly, further studies with in vivo models
should be conducted to better understand the translational aspects of tested therapy.

1. Introduction

Breast cancer remains one of the primary causes of cancer-related
deaths among women globally [1]. It is estimated that the number of
new cases will increase by over 40% by 2040, resulting in approximately
3 million cases annually [2]. As the most commonly diagnosed cancer in
women, it accounts for nearly 12% of all new cancer cases diagnosed in
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7.8 million women worldwide [3]. Furthermore, this type of cancer has
been categorized into three main subtypes based on the presence of
hormonal receptors: estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor 2 (HER2) [4].

Triple-negative breast cancer (TNBC) is a subtype of breast cancer
that is characterized by the absence of expression of ER and PR receptors
as well as the absence of amplification of the HER2 gene. TNBC is
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considered to be one of the most aggressive types of cancer since it
presents more aggressive clinical course, greater tendency to metasta-
size to other organs, high recurrence risk, and poor survival prognosis
[5]. Conventional cancer treatments, such as surgery, radiotherapy, and
chemotherapy, have not yielded satisfactory outcomes for this subtype
of cancer [6]. However, despite the potential for a better pathologic
complete response rate with neoadjuvant chemotherapy, the overall
prognosis remains poor [6]. Therefore chemotherapy, primarily con-
sisting of anthracyclines, taxanes, platinum salts, and antimetabolites, is
the primary systemic treatment engaged, particularly when surgical
resection is not possible or when cancer metastasized throughout the
body [7].

Therefore, there is an unmet clinical need to develop more effective
treatment strategies for patients with TNBC [8]. In this scenario, onco-
lytic virotherapy may represent a suitable approach by using genetically
modified oncolytic viruses (OVs) that specifically replicate in cancer
cells while leaving the healthy ones unharmed [9-15]. Clinical trials
testing OVs have shown promising results [16] in terms of safety,
however their efficacy as a monotherapy has been modest [16]. In fact,
single-agent therapy is rarely successful in treating cancer, especially in
metastatic or advanced stages [17-19]. Therefore, combining multiple
therapies, both conventional and novel, could enhance anti-cancer
performance and represent a promising future for cancer treatment
[11,20].

The field of oncology has been revolutionized by the development of
immunotherapy agents, such as immune checkpoint inhibitors (ICIs),
which have led to durable responses and improvements in overall sur-
vival (OS) [21]. Pembrolizumab, an anti-PD-1 antibody, for use in
combination with chemotherapy to treat patients with metastatic TNBC
whose tumours express PD-L1 [22]. It is also approved as a neoadjuvant
treatment for high-risk, early-stage TNBC patients, showing substantial
benefit in terms of event-free survival and distant recurrence-free sur-
vival, regardless of PD-L1 status [23]. Despite the recent FDA approval
of the immune checkpoint inhibitor Atezolizumab, the overall survival
benefit of these therapies remains modest [24]. Therefore, multiple as-
sociation strategies are being evaluated for the treatment of advanced
and metastatic stages of TNBC. Unfortunately, the current clinical
studies do not compare various treatment approaches, such as sequential
or simultaneous administration of oncolytic adenovirus, chemotherapy
and pembrolizumab. Clinical studies in TNBC focuses mainly on the
combination of two therapeutic agents, including OVs, chemotherapy,
tyrosine kinase inhibitors, ICIs [25]. Interestingly it has been shown that
a B7-H4 checkpoint-based photodynamic nanodrug combined with
neutrophil extracellular traps (NETs) results in a potent therapeutic
outcome of TNBC. This combination therapy demonstrates a potent
ability in suppressing TNBC growth [26]. Furthermore, recent evidence
suggests that OVs may have potential applications against TNBC,
particularly when used in combination with ICIs and chemotherapy, to
overcome the limitations of single-agent monotherapies [27]. The aim of
this study was to assess the anti-tumor effect of a tailored therapy
against TNBC, consisting of the oncolytic adenoviral vector AdV5/3-
D24-ICOSL-CD40L, the anti-PD-1 monoclonal antibody pem-
brolizumab (Keytruda) and paclitaxel (PTX), one of the most commonly
used chemotherapeutic agents in breast cancer therapies [28]. There-
fore, there is a high demand for a proper model that allows for the
assessment of diverse interactions between tested agents and the im-
mune and vascular systems [29]. It is important to note that biological
barriers to drug transport prevent optimal accumulation of therapeutics
specifically at the diseased tumour site, reducing their efficacy. Various
limitations, such as off-target distribution, low accumulation, drug
instability, and availability still remain unsolved challenges to drug
developers [30]. Here, we decided to build a three-dimensional (3D) co-
culture model based on MDA-MB-231 cells and peripheral blood
mononuclear cells (PBMCs), to create an integrated system, where
investigated agents can interact with the immune components.
Furthermore, we considered clinically relevant biomarkers that predict
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response to immunotherapy in TNBC patients [31], such as: PD-L1
expression, tumour-infiltrating lymphocytes (TILs) and tumour muta-
tional burden (TMB). We determined the density of TILs, which presence
is considered critical in anti-tumour immunity [32], and sought a po-
tential correlation with the anti-cancer efficacy.

2. Materials and methods
2.1. Cell lines, viruses, anti-PD1 antibody

The study was conducted on several human breast cancer cells pro-
vided by Prof. Rinner from the Medical University of Graz (Austria).
Luminal A MCF-7 cells and human triple-negative MDA-MB-231 cells
were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM-F12, Gibco Laboratories, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco Laboratories, USA), 1% penicillin/
streptomycin (Gibco Laboratories) and 1% L-glutamine (Gibco Labora-
tories). Human triple negative MDA-MB-468 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Sigma, Germany) supple-
mented with 10% fetal bovine serum (FBS, Gibco Laboratories), 1%
penicillin/streptomycin (Gibco Laboratories, USA) and 1% L-glutamine
(Gibco Laboratories, USA). The AdV5/3-D24-ICOSL-CD40L, and AdV5/
3-D24-mCherry-ICOSL-CD40L (mCherry) adenovirus vectors tested in
this study are chimeric serotype 5/3 adenoviruses that were engineered
and amplified using AdenoQuick 2.0 Kit (OD260 Inc, Boise, ID, USA)
[11,12]. The anti-mouse CD279 (PD1) antibody was purified and
resuspended according to the manufacturer’s instructions (BioLegend,
California, USA). Anti PD-1 antibodies (pembrolizumab) were pur-
chased from Merck.

2.2. Paclitaxel (PTX)

Paclitaxel (PTX; Selleck Chemicals) stock solutions (in DMSO) were
dissolved in cell culture medium supplemented with 10% FBS to reach
the desired concentration in each well. The concentrations used for two-
dimensional (2D) cell culture studies were 0.003 pM, 0.01 pM, 0.03 pM,
0.1 pM, 0.3 pM, 0.5 pM, 1 pM, 3 pM, 5 pM, 7.5 pM and 10 pM, while for
three-dimensional (3D) cell culture studies, PTX-cell culture medium
solutions at 5 pM, 7.5 uM and 10 pM were used.

2.3. CAR, DSG2 expression in cancer cell lines

MCF-7, MDA-MB-231, and MDA-MB-468 cells were stained with
mouse monoclonal anti-CAR antibody (Santa Cruz Biotech, Dallas, TX,
USA) followed by 1:2000 Alexa-Fluor 488 secondary antibody (Abcam,
Cambridge, UK) or mouse monoclonal anti-DSG2 antibody (Abcam,
Cambridge, UK) and then with 1:2000 Alexa-Fluor 488 secondary
antibody (Abcam, Cambridge, UK). Flow cytometry analysis was per-
formed using FlowJo v10 software.

2.4. Screening of PTX

Size measurement was performed through dynamic light scattering
(DLS) using ZetaSizer (Malvern, Worcestershire, UK) [33-35]. The for-
mulations made of PTX at the highest chosen concentrations (5 uM, 7.5
pM, and 10 pM) were transferred to a polystyrene disposable cuvette in a
final volume of the selected cell culture medium (100 pl). A range of
concentrations of PTX (PTX; Selleck Chemicals) was tested on a panel of
breast cancer cell lines named MCF-7, MDA-MB-231, and MDA-MB-468,
seeded at a density of 1 x 10 cells/well in a 96-well plate and kept
under standard growth conditions (DMEM-F12/ DMEM, supplemented
with 10% FBS, 1% L-glutamine, and 1% penicillin/ streptomycin). After
overnight incubation, cells were treated as outlined: 0.003 pM, 0.01 pM,
0.03 pM, 0.1 pM, 0.3 pM, 0.5 pM, 1 pM, 3 pM, 5 pM, 7.5 pM, and 10 pM.
Cell viability was assessed 48 and 72 h after treatment using the Cell-
Titer 96 AQueous One Solution Cell Proliferation Assay (MTS) according
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to the manufacturer’s instructions (Promega, Madison, WI, USA).
Absorbance at 490 nm was detected using a 96-well plate spectropho-
tometer (Victor NivoTM, PerkinElmer). The experiment was performed
in triplicate. PTX solubility was assessed at the highest concentrations
selected (5 pM, 7.5 pM, and 10 pM) by centrifugation in cell culture
medium at 13000 rpm using Hermle Z216 MK centrifuge (Hermle AG,
Gosheim, Germany).

2.5. Cell viability: MTS cytotoxicity assay

The MCF-7, MDA-MB-231, and MDA-MB-468 cell lines were seeded
at a density of 1 x 10* cells per well in a 96-well plate and maintained
under standard growth conditions (DMEM-F12/ DMEM, supplemented
with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin). After
overnight incubation, cells were treated as follows: (i) culture media, (ii)
AdV5/3-D24-ICOSL-CD40L (0.1, 1, 10, 100 VP/cell), (iii) PTX 5 pM, (iv)
Humanized anti-PD1 antibody pembrolizumab (100 pg/ml), (v) AdV5/
3-D24-ICOSL-CD40L (100 VP/cell) + PTX (5 pM), (vi) priming AdV5/3-
D24-ICOSL-CD40L (100 VP/cell) + PTX (5 pM), (vii) AdV5/3-D24-
ICOSL-CD40L (100 VP/cell) + pembrolizumab (100 pg/ml), (viii) PTX
(5 pM) + pembrolizumab (100 pg/ml), (ix) AdV5/3-D24-ICOSL-CD40L
(100 VP/cell) + PTX (5 pM) + pembrolizumab (100 pg/ml), (x) priming
AdV5/3-D24-ICOSL-CD40L (100 VP/cell) + PTX (5 pM) + pem-
brolizumab (100 pg/ml). Table 1 presents the treatment schedule. Cell
viability was assessed 96 h after treatment using the CellTiter 96
AQueous One Solution Cell Proliferation Assay (MTS) according to the
manufacturer’s instructions (Promega, Madison, WI, USA). Absorbance
at 490 nm was detected using a 96-well plate spectrophotometer (Victor
Nivo™, PerkinElmer). The experiment was performed in triplicate.

2.6. Immunogenic cell death (ICD)

CRT exposure. Cell lines were seeded in duplicate onto 6 well plates at
a density of 5 x 10° cells/well. The cells were treated according to the
groups listed in Table 1. After 60 h, cells were collected and stained with
a 1:1000 dilution of rabbit polyclonal anti-Calreticulin antibody
(Abcam, Cambridge, UK) for 40 min at 4 °C, followed by flow cytometry
analysis (Franklin Lakes, NJ, USA) [9].

ATP release. Cell lines were seeded in triplicate onto 96 well plates at
adensity of 1 x 10* cells/well and treated as described in Table 1 above.
After 96 h, supernatants were recovered, and luminometric analysis was
performed using the ATP Determination Kit (Promega, Madison, WI)
according to the manufacturer’s procedure (Varioscan Flash, Thermo-
Fisher Scientific, Waltham, MA) [9].

Table 1
Treatment schedule for the assessment of tested anti-cancer agents in vitro.

Treatment conditions Day 1 (24 h after Day 2 (48 h after

seeding) seeding)

Pembrolizumab 100 pg/mL Treatment
AdV5/3-D24-ICOSL-CD40L 100 VP/cell removal
Paclitaxel 5 uM
AdV5/3-D24-ICOSL-CD40L + 100 VP/cell + 100 pg/

Pembrolizumab mL (Pembro)
Co-adm. AdV5/3-D24-ICOSL- 100 VP/cell + 5 pM

CD40L + Paclitaxel (PTX)
Co-adm. AdV5/3-D24-ICOSL- 100 VP/cell + 100 pg/

CD40L + Paclitaxel + mL (Pembro) + 5 pM

Pembrolizumab (PTX)
Priming AdV5/3-D24-ICOSL- 100 VP/cell Treatment

CD40L + Paclitaxel removal + 5 pM
Pembrolizumab + Paclitaxel 100 pg/mL (Pembro) PTX

Priming AdV5/3-D24-ICOSL-
CD40L + Pembrolizumab +
Paclitaxel

100 VP/cell + 100 pg/
mL (Pembro)
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2.7. Confocal microscopy

MCF-7, MDA-MB-231, and MDA-MB-468 cells were seeded on 24-
chamber glass slides (Sigma-Aldrich, St. Louis, MO, USA) in a 24 well
plate at a concentration of 10° cells/well in the appropriated cell culture
medium. After 24 h cells were treated as follows: (i) AdV5/3-D24-
ICOSL-CD40L mCherry (100 VP/cell), (ii) PTX (5 pM), (iii) AdV5/3-
D24-ICOSL-CD40L (100 VP/cell) + PTX (5 pM), priming AdV5/3-D24-
ICOSL-CD40L (100 VP/cell) + PTX (5 pM). After 24, 48 and 72 h,
cells were washed three times with PBS (Aurogene, Rome, Italy) and
then fixed with 4% (w/v) paraformaldehyde in PBS for 15 min. Nuclei
were stained with Hoechst (Thermo Scientific, Waltham, Massachusetts,
USA) diluted 1:1000 in PBS and incubated for 10 min. Cells were washed
three times with PBS between these steps. Cover glasses were removed
from plates and mounted in microscope slides (Menzel-Glaser, Thermo
Scientific, Waltham, Massachusetts, USA) using ProlongTM Glass Anti-
fade mountant (InVitrogen, Waltham, Massachusetts, USA). A confocal
analysis was performed by Zeiss LSM800 (Zeiss, Oberkochen, Germany)
equipped with 63x oil objective. Lasers at 385/30 nm and 631/33 nm
were used to detect the fluorescence of DAPI and mCherry, respectively.
Image analyses were carried out using ImageJ.

2.8. Establishment of 3D-cell culture

For spheroids formation, the MCF-7 breast cancer cell line and the
triple-negative breast cancer cell lines MDA-MB-231 and MDA-MB-468
were seeded at varying densities (1000 — 2000 — 3000 — 5000 — 7500
—10,000 cells/well) in 96-well plates with a flat bottom. The plates were
previously coated with 50 pl of 1.5% agarose solution (Thermo Scien-
tific, Waltham, Massachusetts, USA). After seeding, the plates were
centrifuged at 1000 rpm for 5 min. Then, spheroid’s morphology and
growth were monitored using Axiovert 40 CFL microscope (Zeiss,
Oberkochen, Germany) for 9 days both for MCF-7 and MDA-MB-468 cell
lines while for 12 days for MDA-MB-231 cells. Spheroid areas were
registered every three days using imaging software (AxioVision software
by Zeiss, Oberkochen, Germany). The volume of the 3D tumour spher-
oids was calculated based on measurements of their orthogonal di-
ameters using the formula 0.52 x length x (width)?.

2.9. 3D-cell culture spheroids: PTX and oncolytic adenovirus screening

MCF-7, MDA-MB-231 and MDA-MB-468 cells were seeded at a
density of 2000 cells/well on a 96 well plate, previously coated with 50
pl of 1.5% agarose solution. After 8 days from spheroids formation,
treatments were performed as follows: (i) culture media, (ii) PTX 5 pM,
(iii) PTX 7.5 pM, (iv) PTX 10 pM, (v) AdV5/3-D24-ICOSL-CD40L 10°
VP/ml and (vi) AdV5/3-D24-ICOSL-CD40L. 10° VP/ml. Spheroid areas
were registered every three days using imaging software (AxioVision
software by Zeiss, Oberkochen, Germany).

2.10. 3D-cell culture spheroids treatment

MCF-7, MDA-MB-231 and MDA-MB-468 cells were seeded onto a 96
well plate, previously coated with 50 pl of 1.5% agarose solution, at a
density of 2000 cells/well. After 8 days from spheroids formation,
treatments were performed as outlined in Table 2. Spheroid areas were
registered every three days using imaging software (AxioVision software
by Zeiss, Oberkochen, Germany). The volume of the 3D tumour spher-
oids was calculated based on measurements of their orthogonal di-
ameters using the formula 0.52 x length x (width)z.

2.11. Establishment of 3D co-cultures of MDA-MB-231 cells with
peripheral blood mononuclear cells (PBMCs)

PBMCs were purchased from Stemcell Technologies (Vancouver,
British Columbia, Canada) prior to the experiment and stored in liquid
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Table 2
Treatment schedule for 3D cell culture breast cancer models.
Conditions/Days Day 0 Day 7 Day 10 Day 13 Day 16 Day 19 Endpoint
CTRL Cells seeded on a 96 well plate previously Medium change Follow up until day 31
AdV5/3-D24-ICOSL- coated with 1.5% agarose at a rate of 2x10° 10°VP/ml  10° VP/ml 10°vP/ml  Medium 10° VP/ml Medium change once a
CD40L cells/well change week
Paclitaxel 10 pM 10 pM 10 ypM Medium 10 pM Size and dimensions
change registered every 3 days
Co-adm. AdV5/3-D24- 10° VP/ 10° vp/ 10° vp/ Medium 10° VP/
ICOSL-CD40L + ml + 10 ml + 10 ml + 10 change ml + 10
Paclitaxel uM pM pM uM
Priming AdV5/3-D24- 10°VP/ml 10 pM 10°VP/ml 10 M 10° VP/ml

ICOSL-CD40L +
Paclitaxel

nitrogen until they were used in co-culture with the cancer cells. The
MDA-MB-231 cells were stained, according to the manufacturer’s in-
structions, with carboxyfluorescein succinimidyl ester (CFSE, Sigma-
Aldrich, Saint Louis, MO, USA) while the CellTracker Orange CMTMR
(C2927, Invitrogen, Waltham, Massachusetts, USA) was used to stain
PBMCs, following the manufacturer’s instructions. MDA-MB-231 cell
lines, previously stained with cell trace CFSE, were seeded at a density of
1000 cells/well in 96-well plates with a flat bottom, previously coated
with 50 pl of a 1.5% agarose solution (Thermo Scientific, Waltham,
Massachusetts, USA). After seeding, the plates were centrifuged at 1000
rpm for 5 min to allow spheroid formation. On day 6, co-culture was
assembled, and PBMCs, already stained with CellTracker Orange, were
added to the spheroids in a 1:1 ratio (MDA-MB-231 cancer cells count
was equal to PBMCs count). After 24 h, images were acquired using a
10x fluorescence microscope objective (Nikon Ts).

2.12. 3D co-culture combination therapy

MDA-MB-231 cells were seeded at a density of 1000 cells/well on a
96 well plate previously coated with 50 pl of a 1.5% agarose solution. On
day 6, after spheroid formation, the PMBCs infiltration inside tumour
cell-spheroids was performed as previously described [32] in a 1:1 ratio.
On day 7, the cells were treated as outlined in Table 3. Spheroids were
treated as follows: (i) culture media, (ii) AdV5/3-D24-ICOSL-CD40L
(10° VP/ml), (iii) PTX 10 pM, (iv) Humanized anti-PD1 antibody pem-
brolizumab (150 pg/ml), (v) AdV5/3-D24-ICOSL-CD40L (1 0° VP/ml) +
PTX (10 pM), (vi) priming AdV5/3-D24-ICOSL-CD40L (10° VP/ml) +
PTX (10 pM), (vii) AdV5/3-D24-ICOSL-CD40L (1 0° VP/ml) + pem-
brolizumab (150 pg/ml), (viii) PTX (10 pM) + pembrolizumab (150 pg/

ml), (ix) AdV5/3-D24-ICOSL-CD40L (10° VP/ml) + PTX (10 uM) +
pembrolizumab (150 pg/ml), (x) priming AdV5/3-D24-ICOSL-CD40L
(10° VP/ml) + PTX (10 pM) + pembrolizumab (150 pg/ml). The
treatments were administered every three days, and the culture medium
was changed once a week. The size of the spheroids was measured every
three days on two dimensions while the volume was calculated using the
formula 0.52 x length x (width)z. The area was measured using Axio-
Vision software by Zeiss.

2.13. Immune cell infiltrates — In vitro analysis

The percentage of human immune cell populations was monitored
using flow cytometry, as described earlier [36]: human: CD45+ lym-
phocytes (BD, cat. number: 564105), T cells hCD3+ (BD, cat. number:
555339), CD4+ T cells (hCD3+ hCD4+, BD, cat. number: 557852),
CD8+ T cells (hCD3+ hCD8+, BD, cat. number: 560179), FoxP3
(hCD3+ hCD4+ hFoXP3+, BD, cat. number: 560046). Spheroids were
harvested and subsequently dissociated to obtain a suitable number of
cells for further T cell phenotyping analyses. After dissociation, cells
were washed with BD Perm/Wash™ buffer (cat. no. 554723) and
stained with antibodies for 30 min at 4 °C in the dark and then sus-
pended in stain buffer FBS (BD, cat no. 554656). Samples were acquired
using BD Lyric FACS Flow. The populations were gated with forward and
side scattering (FSC-A/SSC-A dot plot) in leukocytic regions. Flow
cytometry analysis was performed using FlowJo v10 software.

2.14. Statistical analysis

GraphPad Prism software (Version 9) was used to analyse in vitro and

Table 3
Treatment schedule for the 3D co-culture model aiming at studying anti-cancer potential of investigated agents.
Conditions/Days Day 0 Day 7 Day 10 Day 13 Day 16 Day 19 Endpoint
CTRL Cells seeded on a 96 well plate Medium change Follow up until day
Paclitaxel previously coated with 1.5% 10 pM 10 pM 10 pM Medium 10 pM 31
agarose at a rate of 2x10° cells/well change Medium change once
Paclitaxel + Pembrolizumab 10pyM + 150 10pM + 150 10 pM + 150  Medium 10 uM + 150 a week
pg/mL pg/mL pg/mL change pg/mL Size and dimensions
AdV5/3-D24-ICOSL-CD40L 10° VP/ml 10° VP/ml 10° VP/ml Medium 10° VP/ml registered every 3
change days
Pembrolizumab 150 pg/mL 150 pg/mL 150 pg/mL Medium 150 pg/mL
change
AdV5/3-D24-ICOSL-CD40L + 10°VP/ml +  10°VP/ml+  10°VP/ml+  Medium 10° VP/ml +
Pembrolizumab 150 pg/mL 150 pg/mL 150 pg/mL change 150 pg/mL
Co-adm. AdV5/3-D24-ICOSL- 10° VP/ml +  10° VP/ml+  10° VP/ml +  Medium 10° VP/ml +
CD40L + Paclitaxel 10 yM 10 yM 10 pM change 10 pM
Co-adm. AdV5/3-D24-ICOSL- 10°VP/ml +  10°VP/ml+  10° VP/ml+  Medium 10° VP/ml +
CD40L + Paclitaxel + 150 pg/mL 150 pg/mL 150 pg/mL change 150 pg/mL
Pembrolizumab + 10 yM + 10 uM + 10 yM + 10 uM
Priming AdV5/3-D24-ICOSL- 10° VP/ml 10 uM 10° vP/ml 10 M 10° VP/ml
CDA40L + Paclitaxel
Priming AdV5/3-D24-ICOSL- 10°VP/ml + 10 pM 10°VP/ml + 10 pM 10° VP/ml +
CD40L + Pembrolizumab + 150 pg/mL 150 pg/mL 150 pg/mL

Paclitaxel
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in vivo variables. Statistical analysis employed repeated measures one-
way and two-way ANOVA tests. The Pearson correlation coefficient
was used to investigate possible correlations between tumour volume
and the percentage of CD4+, CD8+, and Tregs cells in tumour-
infiltrating lymphocytes (spheroids).

3. Results and discussion

3.1. Expression of Coxsackie-Adenovirus receptor (CAR) and
Desmoglein-2 (DSG2) receptors in human breast cancer cells

To assess the possibility of using the oncolytic adenovirus AdV5/3-
D24-ICOSL-CD40L to treat TNBC, we first evaluated the expression of
adenoviral receptors on a panel of different human breast cancer cells:
MCF-7, a luminal A cell line used as control since it is hormone-receptor
positive [37], and MDA-MB-231 and MDA-MB-468, which were chosen
as metastatic triple-negative cell lines. The expression levels of the
Coxsackievirus and Adenovirus (CAR) and Desmoglein-2 (DSG2) re-
ceptors were investigated first, since the chimeric nature of the fiber
protein of the AdV5/3-D24-ICOSL-CD40L can exploit both CAR and
DSG2 receptors to enter cells, thus enhancing the chances of viral up-
take. The breast cancer cell lines (MCF-7, MDA-MB-231, and MDA-MB-
468) expressed higher levels of DSG2 on their surfaces (99%, 70%, and
95%, respectively) compared to CAR (56%, 9.8%, and 70%, respec-
tively) (see Supplementary Fig. 1). Therefore, since DSG2 is a receptor
for adenovirus 3, 7, and 11, we have engineered a chimeric AdV5/3 fiber
knob to successfully infect cancer cells, targeting overexpressed mem-
brane proteins DSG [38-40]. The obtained results are in agreement with
previous findings reporting that oncolytic adenovirus internalization
mainly occurs via interaction with DSG2 receptors [11,40]. The vector
did not reduce the viability of PBMCs (data not shown).

3.2. Screening of PTX in two-dimensional (2D) breast cancer models

To assess the feasibility of a combination therapy based on AdV5/3-
D24-ICOSL-CD40L combined with pembrolizumab and PTX, for the
treatment of TNBC, before assessing the possible anti-cancer efficacy of
the combination therapy in two-dimensional (2D) cell culture, we first
needed to perform a proper screening of the PTX behavior alone (see
Supplementary Fig. 2). Prior to conducting the in vitro assays, we made
sure that PTX, drug with poor solubility, was solubilized within the wells
even at the highest concentrations (5; 7.5; 10 pM) to avoid the formation
of aggregates which will then result in a precipitation (Supplementary
Fig. 2A). The results indicate that the highest cytotoxic activity for PTX
was registered in MCF-7 and MDA-MB-231 cell lines Supplementary
Fig. B-C) thus suggesting that the MDA-MB-468 line may be more
resistant to PTX treatment (Supplementary Fig. D) [41]. The selection of
the proper suboptimal dose of tested agents played a crucial role in our
experimental design when evaluating synergism. Therefore, based on
dosing studies aimed at seeking a potential synergistic or additive anti-
cancer effect for a combinatorial therapy, we have decided to choose a
suboptimal dose of PTX (5 pM PTX). After 72 h of treatment with 5 pM of
PTX, cell viability was reduced to below 30% (22.92% for MCF-7,
12.24% for MDA-MB-231 and 27.91% for MDA-MB-468) in all the
examined cell lines, as a concentration to be tested in combination with
the oncolytic vector in upcoming experiments.

3.3. Evaluation of cell cytotoxicity and transduction efficiency in 2D in
vitro culture model

The in vitro cytotoxicity of AdV5/3-D24-ICOSL-CD40L was tested in
breast cancer cells (MCF-7, MDA-MB-231, and MDA-MB-468) (see
Supplementary Fig. 3). The results demonstrate the oncolytic potency of
tested AdV5/3-D24-ICOSL-CD40L in all tested cancer cell lines (Sup-
plementary Fig. 3).

To evaluate the oncolytic potency of AdV5/3-D24-ICOSL-CD40L in
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combination with PTX and pembrolizumab, MTS cell viability assays
were performed on breast cancer cells (Fig. 1). Since each virus
belonging to different species has its own timing of attachment, inter-
nalization, infection, and replication inside cells, we firstly needed to
figure out whether the oncolytic effect of AdV5/3-D24-ICOSL-CD40L
could be affected by the co-administration of an antimitotic agent
such as PTX [41]. After determining the proper dose of each anti-
tumoral agent (see Supplementary Figs. 2 and 3) we tested two
different modalities of co-administration. The first one involved simul-
taneous administration of both PTX and the oncolytic adenovirus, while
the second one considered the viral absorption time, needed for its
attachment to the cell surface and consequent internalization. For this
reason, the first step was to administer only the virus or the vector plus
pembrolizumab (as priming agents) and subsequently adding the PTX
48 h post priming, thus leaving the virus and anti-PD-1 sufficient time to
carry out their anti-cancer therapeutic effect. Then, once PTX is added, it
acted by inhibiting the depolymerization of the mitotic spindle and
consequently the cell division. The treatment scheme for breast cancer
cells is presented in Table 1. The results indicate that MDA-MB-231 is
the most responsive cell line, with a consistent reduction in cell viability
(co-administration AdV5/3-D24-ICOSL-CD40L. + PTX + pem-
brolizumab: 29.21% vs priming AdV5/3-D24-ICOSL-CD40L + PTX +
pembrolizumab: 14.54%) (Fig. 1C). However, the combination therapy,
particularly when using the priming agents combined with PTX, was
able to induce higher tumour cell death in all tested cell lines compared
to single monotherapies (Fig. 1). As anticipated, the inclusion of pem-
brolizumab did not enhance the cell viability in this 2D mono-cell
system.

Confocal microscopy analysis was performed to assess the effect of
AdV5/3-D24-ICOSL-CD40L (expressing mCherry) and its combination
with PTX on breast cancer cells, by the assessment of the transfection
through fluorescent protein visualization (Fig. 2). The progress of the
viral infection could be monitored by detecting the emission signal of
the protein fluorophore mCherry (excitation A: 540-590 nm; emission A:
550-650) which is expressed by the virus. The more intense the emission
of this signal, the greater the concentration of the fluorophore, and
consequently the presence of the actively replicating oncolytic virus
inside tumour cells. Confocal analysis revealed the morphological
changes induced by PTX already after 24 h in all tested cell lines
(Fig. 2A-C). In fact, the drug was able to induce polynucleation, resulting
in tumour cells with a more rounded shape, typical of prometaphase in
which they are frozen [42]. Furthermore, the obtained findings
demonstrated a higher effectiveness of PTX as compared to the oncolytic
adenovirus alone (Fig. 2A-C). In fact, PTX is a first-line chemothera-
peutic agent for treating triple-negative breast cancer. This chemo-
therapeutic suppresses the polymerization dynamic of microtubules,
resulting in the induction of mitotic arrests due to the activation of the
mitotic checkpoint [43,44]. Additionally, it is important to note that
both agents exhibit different modes of action, where chemotherapy is
more rapidly causes cell death, while adenoviruses require more time to
replicate and lyse cells. Therefore, it is crucial to consider an optimal
therapeutic window. Interestingly, in MDA-MB-231 cells, the number of
cells decreases following the combination treatment schedule (Fig. 2E).
This result is especially noticeable when priming the virus in combina-
tion with PTX (Fig. 2E), which is consistent with the results obtained
from cell viability studies (Fig. 1). Taken together, these findings suggest
that the sequential administration of priming agents combined with
chemotherapy demonstrates an improved anti-cancer effect compared
to the concomitant treatment scheme against breast cancer lines with
different characteristics.

3.4. Immunogenic cell death assessment
Markers for immunogenic cell death (ICD), such as the exposure of

calreticulin (CRT) to the cell surface and the extracellular release of ATP
were measured from breast cancer cell cultures after exposure to the
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Fig. 1. Evaluation of combination therapy through MTS cytotoxicity assay. Different combinations of AdV5/3-D24-ICOSL-CD40L 100 VP/cell, PTX 5 pM, and
pembrolizumab 100 pg/ml were tested on MCF-7, MDA-MB-231, and MDA-MB-468 after 72 h. Data are expressed as the percentage of viable cells, determined using
CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS) and measuring the absorbance at 490 nm with a 96-well plate spectrophotometer Viktor Nivo™.

Statistical analysis was performed with t-test (***P < 0.001).

virus, PTX, and pembrolizumab as monotherapies and in combination
(Fig. 3). Immunogenic cell death was observed when cells were treated
with the virus and combinatory therapy, especially in priming settings
with the vector. The study demonstrated the superiority of the priming
protocol using AdV5/-D24-ICOSL-CD40L followed by PTX combination
over the co-administration treatment regime (whether double or triple
combinations) (Fig. 3). Moreover, the release of ATP in PTX mono-
therapy was also high, particularly in MDA-MB-231 (66.49%) and MCF-
7 (69.76%) cell lines (Fig. 3A, 3B). Thus, the results reveal that all tested
cell lines were susceptible to induction of ICD when treated with
combinatory therapies, OV and PTX alone, but not pembrolizumab. In
fact, immunotherapy such as oncolytic viruses constitute of immuno-
genic anti-cancer therapy that sensitizes to subsequent immune

checkpoint blockade. Therefore, combining sequential treatment with
checkpoint inhibition of PD-1 can lead to a more potent antineoplastic
effect on primary lesions and distant tumours, emphasizing the potency
of combining ICD induction with checkpoint blockade [45].

3.5. Three-dimensional 3D breast cancer models

In order to validate novel therapies, it is crucial to develop systems
that are able to simulate tumour behavior and characteristics, bearing in
mind that monolayered cultures poorly reproduce the complexity of
TME [46]. Therefore, to further investigate the effectiveness of the
proposed anti-cancer therapies for TNBC, human 3D spheroids of breast
cancer cells have been formed, aiming to mimic a hypothetical in vivo
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Fig. 2. Transduction efficiency assessed by confocal microscopy. Breast cancer cells MCF-7, MDA-MB-231, and MDA-MB-468 were seeded onto 24-chamber
glass slides (Sigma—Aldrich, St. Louis, MO, USA) in a 24 well plate at a concentration of 10° cells/well. After incubation for 24, 48, and 72 h respectively, the
cells were washed three times with PBS (Aurogene) and fixed with 4% (w/v) paraformaldehyde in PBS for 15 min. The nuclei were stained with Hoechst (Thermo
Scientific) diluted 1:1000 in PBS, and incubated for 10 min. Confocal analysis was conducted using a Zeiss LSM800 microscope with 63x oil objective. Fluorescence of
Hoechst and mCherry was detected using lasers at 385/30 nm and 631/33 nm, respectively.

treatment, performing multiple administrations of the drug agents and a
long-term follow-up, which included the measurements of spheroid
integrity and growth kinetics by registering both the areas (um?) and the
tumour volume (mm?). Regarding the most appropriate day to start the
different treatments, it was hypothesised that all cell lines could be
treated around day 7-8 post spheroid formation, since the spheroids are
all in the linear growth phase and the initial phenomenon of spheroid
area reduction, which is particularly evident in the setting of spheroids
composed of MDA-MB-231 cells (Supplementary Fig. 4), cannot be
considered as an effect of the administered anti-cancer drug agents.

First, a dose screening for PTX and virus, both as monotherapies, was
performed to further understand how the change in cellular structure
from two-dimensional culture systems to aggregated 3D systems might
affect the diffusion and consequently the efficacy of the anti-cancer drug
(Supplementary Fig. 5). Considering that spheroids tend to be a resistant
system with lower permeability and diffusion of the drug, they may
require higher dosages comparable to those used in in vivo treatments
[47]. Therefore, breast cancer spheroids were established (Supplemen-
tary Fig. 5A) and treated with virus alone and PTX alone. The results
showed that the highest concentration of the virus (10° VP/ml) and PTX
(10 pM) were able to efficiently reduce spheroid areas in all treated cell
lines (Supplementary Fig. 5B-C-D). Interestingly, there was a rebound in
spheroids size in all PTX treated groups once the treatments were sus-
pended. This behavior seems to resemble what commonly occurs in in-
vivo experiments [48,49].

In order to better characterize the effect of both single (PTX, pem-
brolizumab, AdV5/3-D24-ICOSL-CD40L) and combinatorial therapies,

3D culture models were also investigated. Breast cancer spheroids have
been treated according to the scheme presented in Table 2. We didn’t
add pembrolizumab at that stage because the spheroids were still a
mono-system, composed of tumour cells, and there was no immune
component with which the ICI could interact properly.

The results obtained confirm the improved anti-cancer efficacy of
AdV5/3-D24-ICOSL-CD40L, especially in the MDA-MB-231 cell line as
compared to the other breast cancer models tested (Fig. 4D). Further-
more, once treatments were completed, the virus was able to further
reduce the tumour volume of the spheroid by day 33, thus demon-
strating its long-term efficacy (MCF-7: tumour volume: 0.0227 mm?;
MDA-MB-231: tumour volume: 0.0032 mm3; MDA-MB-468: tumour
volume: 0.03576 mm?) (Fig. 4C-E) compared to untreated control
spheroids (MCF-7: tumour volume: 0.104 mm3, MDA-MB-231: tumour
volume: 0.294 mms, MDA-MB-468: tumour volume: 0.107 mm®) and
PTX treated spheroids (MCF-7: tumour volume: 0.059 mms, MDA-MB-
231: tumour volume: 0.052 mm3, MDA-MB-468: tumour volume:
0.081 mm?).

In the case of MDA-MB-468, the virus was less effective, but was still
able to control tumour volume throughout the entire observation period
(Fig. 4E, Supplementary Fig. 6C). Interestingly, the combination thera-
pies showed an enhanced anti-cancer effect compared to the mono-
therapies, especially when the virus was used as a priming agent
followed by the addition of PTX 48 h post-infection, this effect was
registered especially in the MDA-MB-231 and MCF-7 cell lines (Fig. 4D-
E, Supplementary Fig. 6A-B). We can speculate that the effect of pem-
brolizumab (prevention of T cell inhibition) has synergized anti-cancer
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the concentration 100 VP/cell. Data are expressed as the % of positive cells for CRT, measured by flow cytometry (BD FACSAria III, Becton Dickinson, USA) followed
by specific antibody staining. Statistical analysis was performed with t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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effect of virus in MDA-MB-231, most probably due to higher expression
of PD-1 on T cell surfaces. Indeed, it is known that all tested cell lines
overexpress PD-L1 on their surfaces (40-100%). Also, it has been re-
ported that TNBC (MDA-MB-231 and MDA-MB-468) and non-TNBC cells
(MCF-7) upregulate the expression of PD-1 T cells [50]. Oncolytic vi-
ruses can be effective in cancer treatment by the lysing of tumour cells
and inducing immune system responses. Evidence suggests that onco-
lytic viruses combined with cancer immunotherapy-based methods,
such as immune checkpoint inhibitors, adoptive cell therapies and
chemotherapies, can effectively enhance anti-cancer effect. In addition,
the efficacy of mono-, dual-, and triple-therapies using oncolytic viruses
has been widely published and disseminated [51].

In fact, in our previous preclinical study, we evaluated the antineo-
plastic activity of combination treatment with SoC chemotherapy
(pemetrexed, cisplatin) and oncolytic adenovirus ONCOS-102 in BALB/c
xenograft model of human malignant mesothelioma. A synergistic anti-
tumour effect was observed when ONCOS-102 was combined with
chemotherapy regimens [10]. This treatment was further tested in the
randomized study (EudraCT number 2015-0051430-13), in which pa-
tients with unresectable malignant pleural mesothelioma (MPM)
received intra-tumorally ONCOS-102 and pemetrexed plus cisplatin/
carboplatin, or pemetrexed plus cisplatin/carboplatin alone. The re-
searchers reported a numerical improvement in OS (30-month OS rate
34.1% vs 0; median OS 20.3 vs 13.5 months) with ONCOS-102
compared to chemotherapy alone in chemotherapy-naive patients (n
= 17). By day 36, treatment with the virus was associated with an in-
crease in T-cell infiltration and immune-related gene expression that
was not observed in the control group [52]. Our findings are also
consistent with previously published results by Sirula et al., where
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oncolytic adenovirus combined with doxorubicin resulted in improved
anti-tumour effect against soft tissue sarcoma (STS) in Syrian hamsters
[53].

Taken together, these data highlight that the triple-negative breast
cancer line MDA-MB-231 was the most responsive to the anti-cancer
treatments, and was therefore selected for the 3D co-culture study.

3.6. 3D co-culture with MDA-MB-231 and PBM(Cs leads to reduction in
TNBC spheroids volume and increase in TILs density

To test the proposed anti-cancer treatments in a more complex cell
culture system involving both tumour cells and immune components
[54], we generated triple-negative breast cancer spheroids from MDA-
MB-231 cells, which we co-cultured with peripheral blood mono-
nuclear cells (PBMCs) from healthy donors (Fig. 5A). PBMCs were
selected with HLA matching to the chosen triple-negative breast cancer
cell line (A*02:01). HLA compatibility is crucial in order to obtain an
integrated system that should simulate the heterogeneity of the tumour
microenvironment in order to reproduce the typical interactions be-
tween tumour cells and the immune system [55]. The first step, neces-
sary to establish the 3D co-culture model was to verify the effective
integration of the immune cells (PBMCs) within the spheroid composed
of MDA-MB-231 cells by fluorescence microscopy [54]. In fact, we used
bright field and fluorescence imaging to characterize the 3D co-culture
(Fig. 5B). Furthermore, we monitored the growth of tumour spheroids
before and after PBMCs infiltration by measuring the spheroid areas
(Fig. 5B) (average spheroid area on day 3: 58943.21 um? versus average
spheroid area after PMBCs addition: 85437.32 um?), thus confirming the
correct integration of the immune components in the 3D culture system.
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Fig. 5. 3D Co-culture establishment and characterization through fluorescent microscopy. (A-B) MDA-MB-231 cells were stained with Cell Trace CFSE Green
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using 10x objective. Images were assembled using ImageJ software.
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Once the 3D co-culture system composed of MDA-MB-231 tumour
cells and the immune components deriving from PBMCs was estab-
lished, we aimed to test the three anti-tumour agents, AdV5/3-D24-
ICOSL-CD40L, PTX, pembrolizumab and their combinations according
to the treatment schedule presented in Table 3 and Fig. 6A. The results
showed that untreated control spheroids continued to grow consistently
throughout the entire experiment (spheroid area on day 33: 245892.50
pmz and tumour volume: 0.09248 mm?) (Fig. 6B-C). Nevertheless,
compared to previous experiments, where spheroids were composed of
MDA-MB-231 tumour cells only, it appears that in this experimental
setting, the addition of immune components provided by PBMCs may
somehow limit the rapid growth of the spheroids [54].

Interestingly, pembrolizumab administered as monotherapy showed
a notable anti-cancer effect, resulting in a spheroid area of 68018.18
pm? and a tumour volume of 0.01372 mm? at day 33 (Fig. 6B-C, Sup-
plementary Fig. 7). The concentration of pembrolizumab was selected
taking into account its clinical dose [56] and dose escalation studies
carried out in 3D in vitro studies. We can speculate that anti-PD-1 as a
monotherapy activated effective T cells in the spheroids. In fact, pem-
brolizumab regulates changes in T lymphocyte subsets, improving the
immune status of patients with a pre-existing immunity. Therefore,
monitoring changes in lymphocyte subsets during treatment can predict
the effect of immunotherapy [57].

In particular, the double or triple-combination treatment groups
showed an improved anti-cancer effect when compared to the mono-
therapies. These results are consistent with previous studies conducted
by the research group in other cancer indications [11,39]. In particular,
the combination of the virus and pembrolizumab was able to further
reduce both the area and volume of the spheroids as early as at day 16

A [DAYO ] E>[DAY1 ]E>[DAY10]|::>{ DAY 13 ] |:>

1 week

Spheroid 1° 2° 3° 4° treatment
formation follow-up BOOST
B 250000 Cc 012+
0.10
200000 R 0.08
0.06
0.04-]
0.03

150000 l
100000 l

2 weeks follow-up

European Journal of Pharmaceutics and Biopharmaceutics 199 (2024) 114300

(spheroid areas: AdV5/3-D24-ICOSL-CD40L as monotherapy: 59240.52
pm?2, Pembrolizumab as monotherapy: 61991.03 pm?, AdV5/3-D24-
ICOSL-CD40L + pembrolizumab: 57298.24 pm? spheroids tumour
volume: AdV5/3-D24-ICOSL-CD40L as monotherapy: 0.01087 mm?,
pembrolizumab as monotherapy: 0.0119 mm?3, AdV5/3-D24-ICOSL-
CD40L + pembrolizumab: 0.0103 mm®). Moreover, priming with the
vector, either followed by the addition of PTX (Priming Virus + PTX
spheroid area: 68018.3 pm?; tumour volume: 0.0137 mm?) or followed
by the administration of both pembrolizumab and then PTX induced
improved anti-cancer effects resulting in lower values for both spheroid
area and tumour volume (Priming Virus + Pembrolizumab + PTX
spheroid area: 37204.19 pmz; tumour volume 0.0054 mm®) (Fig. 6B-C)
compared to the co-administration treatment strategy (Virus + PTX
spheroid area: 87960.6 pm?; tumour volume: 0.0195 mm?; Virus +
Pembrolizumab + PTX spheroid area: 67500 pm? tumour volume:
0.053 mm?), demonstrating that the proposed strategy could be effective
in TNBC patients.

The obtained results are not surprising. It is well known that com-
bination therapy, that employs two or more therapeutic compounds, is a
cornerstone of modern cancer treatment. The combination of anti-
cancer agents improves efficacy compared to the mono-therapy
regime, by targeting fundamental pathways in a characteristically syn-
ergistic or additive manner. This potentially minimises drug resistance,
while concurrently providing therapeutic anti-cancer benefits such as
reducing tumour growth and metastatic potential, arresting mitotically
active cells, reducing cancer stem cell populations, triggering apoptosis,
ICD and stimulating anti-cancer immunity [58]. In fact, it has been re-
ported that most of the solid tumours express adenovirus cell entry re-
ceptors (DSG2) [59]. Therefore, it is anticipated that based on our
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Fig. 6. Assessment of anti-cancer efficacy and immune cell infiltration of tested combinatory therapy on MDA-MB-231 co-culture model. (A) MDA-MB-231
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and their combinations as described in Table 3. Spheroids were examined microscopically every three days. Statistical analysis was performed with t-test (*P < 0.05,

**P <0.01, *

*P < 0.001). (B-C) Spheroid size was measured on two dimensions every three days, while volume was obtained by applying the formula 0.52 x length

x (width)? The area was measured using Zeiss AxioVision software. (D-E-F) Levels of tumour infiltrating lymphocytes CD4+, CD8+, Tregs expression in MDA-MB-
231 3D co-culture. Samples were collected using BD Lyric FACS Flow. Statistical analyses were carried out with one-way ANOVA test. Error bars, mean + SEM, *, p

< 0.03; **, p < 0.002; ***, p < 0.001.
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findings AdV5/3-D24-ICOSL-CD40L can infect, replicate, and lyse can-
cer cells efficiently. Moreover, based on clinical data, oncolytic viro-
therapy showed promising clinical efficacy and signs of anti-tumor
immunity. Importantly, it has been previously demonstrated that
treatment with OVs resulted in the infiltration of CD8+ T cells to tu-
mours and up-regulation of PD-L1, highlighting the potential of onco-
lytic adenoviruses as an immunosensitizing agent for combinatory
therapies with checkpoint inhibitors [60]. Furthermore, it has also been
proven that the therapy with oncolytic adenovirus in combination with
pembrolizumab resulted in objective responses in patients with anti-PD-
1-resistant advanced malignancies [16]. Therefore, due to the OVs
unique mode of action we can speculate that combinatory therapy may
potentially minimise drug resistance and sensitise for other therapies,
including chemotherapy. Taking into account these considerations, in
our study, we assessed the efficacy of three different agents exhibiting
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different, suupplementary anti-cancer efficacy. Therefore, the observed
efficacy is based on interplay and interactions between cancer, immune
cells, and tested agents, resulting in enhanced efficacy.

Subsequently, as the presence of TILs has been associated with sur-
vival benefit in TNBC patients [47], we analysed the nature of TILs in the
tumour microenvironment. Increased infiltration of CD8+, CD4+ T and
Tregs cells was reported in the groups treated with the double or triple
combination regimen (Table 3). However, the highest increase was re-
ported in the group receiving: priming AdV5/3-D24-ICOSL-CD40L +
pembrolizumab + PTX (CD8+: p= <.001, vs mock; CD4+: p= <.001, vs
mock; Tregs: p = 0,049, vs mock) (Fig. 6D-E-F). A statistically significant
correlation was found between tumour volume and CD4+ TILs (Fig. 7, p
= 0,037).

In fact, in solid tumors, ICOSL expression promotes the stimulation of
CD8+ cytotoxic T cells, resulting in anti-tumor immune function. In
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turn, CD40L triggers maturation of antigen presenting cells (APCs).
ICOSL transfected tumor cells indicated that the ligand promotes tumor
regression by activating CD8+ cytotoxic T-mediated mechanisms [61].
The presence of both co-stimulatory molecules, namely, CD40L and
ICOSL, encoded by the virus, most likely contributed to enhanced
infiltration of CD4+ and CD8+ T cells in the tumors. In tumour immu-
nity, Treg cells are involved in tumour development and progression by
inhibiting anti-tumor immunity. Therefore, an increase in Tregs can be
associated with a cancer-self-protection mechanism, trying to fight back
and suppress immune responses.

Taken together, these results suggest that the presence of potent co-
stimulatory molecules: CD40L and ICOSL, which activate both adaptive
[62] and innate immunity [14,63] and are encoded by the vectors,
contributed to the increased infiltration of TILs into the tumours. In fact,
it has been demonstrated that oncolytic viruses are able to attack im-
mune cells to the tumours. It has previously been described that treat-
ment with AdV5/3-D24-ICOSL-CD40L and anti-PD1 induced enhanced
immune cell infiltration that correlated with tumour growth inhibition
in mesothelioma mouse models [9]. In addition, Shoushtari et al. re-
ported a pilot study of the oncolytic adenoviral vector, ONCOS-102,
administered in combination with pembrolizumab in patients with
melanoma resistant to prior PD-1 blockade [16]. Serial biopsies of
injected tumours taken at baseline, week 3 (following ONCOS-102 and
prior to pembrolizumab), and week 9 (following ONCOS-102 and
pembrolizumab) showed that most tumours had increased CD8+ and
CD4+ infiltration after the virus injection. Importantly, the TIL infil-
tration was associated with clinical benefit [16]. Consistent with these
findings, the Phase II study in patients with unresectable stage IIIB-IV
melanoma with herpes oncolytic virus T-VEC also showed an increase in
CD8+ T-cell density in evaluated uninjected lesions. Infiltration also
correlated with clinical response, suggesting that T-VEC activates sys-
temic immune activity and modulates the tumour microenvironment
[64].

Collectively, our study demonstrated that the combination of
different immunotherapeutic agents (virus, pembrolizumab) with PTX
was able to reduce the tumour volume of the TNBC co-cultured spher-
oids compared to relevant controls. Importantly, sequential adminis-
tration of the investigational agents (priming with the vector) further
enhanced the anti-cancer efficacy in 3D culture over other groups tested.
Taken together, these results support further evaluation of the virus in
combination with anti-PD-1 and PTX for the treatment of triple-negative
breast cancer patients.

However, despite these findings, further research aimed at extracting
human breast cancer cells directly from patients’ biopsies, together with
immune cells from their peripheral blood, will be used to generate more
complex patient-derived 3D co-culture systems that will allow compre-
hensive testing of a panel of anti-tumoural agents prior patient admin-
istration. Therefore, 3D cultures with patient-derived material could be
a model to test new therapeutic strategies that could later be translated
into the clinic. As with any model, it is important to be continually aware
of its strengths and its limitations. The proposed 3D model has limita-
tions, such as a lack of immunosuppressive TME, a different proportion
of the immune system, and a lack of a vascular system. Nevertheless, the
system has advantages over standard 2D or a co-culture of PBMCs and
2D cultures, such as the fact that multicellular spheroids provide inter-
mediate complexity between standard culture systems and tumours in
vivo. Although optimization must be performed, this 3D system can
produce important findings in various areas of anti-cancer drug
screening. Importantly, comparability studies with in vivo models should
also be further evaluated and performed to understand translational
aspects between different systems.

4. Conclusions

Overall, our study demonstrated that treatment with AdV5/3-D24-
ICOSL-CD40L as a priming agent followed by pembrolizumab with
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paclitaxel was the most effective in reducing the tumour volume of the
TNBC co-cultured spheroids. T cell phenotyping analyses revealed
significantly enhanced infiltration of CD8+, CD4+ T and Tregs cells,
indicating that anti-cancer immunity correlates with the observed effi-
cacy. Our results support the use of three-dimensional (3D) co-culture
models to investigate therapeutic efficacy and immune responses of
tested compounds. Therefore, 3D models can be considered as a useful
tool for anti-cancer drug screening, which should be further exploited
and developed.
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