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Immunotherapy with bispecific T cell engagers has shown effi-
cacy in patients with hematologic malignancies and uveal mel-
anoma. Antitumor effects of bispecific T cell engagers in most
solid tumors are limited due to their short serum half-life and
insufficient tumor concentration.We designed a novel serotype
5/3 oncolytic adenovirus encoding a human mucin1 antibody
and the human CD3 receptor, Ad5/3-E2F-d24-aMUC1aCD3
(TILT-321). TILT-321 is engineered to replicate only in cancer
cells, leading to a high concentration of the aMUC1aCD3mole-
cule in the tumor microenvironment. Infection and cell
viability assays were performed to determine the oncolytic
potential of the novel construct. The functionality of the
virus-derived aMUC1aCD3 was evaluated in vitro. When
TILT-321 was combined with allogeneic T cells, rapid tumor
cell lysis was observed. TILT-321-infected cells secreted func-
tional aMUC1aCD3, as shown by increased T cell activity and
its binding to MUC1 and CD3. In vivo, TILT-321 treatment
led to effective antitumor efficacy mediated by increased intra-
tumoral T cell activity in an A549 and patient-derived ovarian
cancer xenograft mouse model humanized with peripheral
blood mononuclear cells (PBMC). This study provides a proof
of concept for an effective strategy to overcome the key limita-
tions of recombinant bispecific T cell engager delivery for solid
tumor treatment.

INTRODUCTION
Immunotherapies that retarget T cells against tumors are promising
tools to treat cancer and have demonstrated promising therapeutic
potential in the last decade.1,2 The use of fusion recombinant proteins
comprising two single-chain variable fragments with dual specificity
for a tumor-associated antigen and T cell receptor (usually CD3ε),
also known as bispecific T cell engagers (BsTe), is a potential strategy
for T cell retargeting.3–5 Bispecific antibodies are composed of two
distinct epitopes combined into a single molecule, which has the
Molecula
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potential to improve tumor cell targeting and potency.5–7 The binding
of BsTe to its targets causes T cell activation, facilitating an immuno-
logical synapse between the tumor cells and T cells, ultimately leading
to apoptosis and lysis of the target tumor cell.4,8 Unlike many other
T cell-based therapies, BsTe-mediated tumor cell death is indepen-
dent of human leukocyte antigen expression and can occur in the
absence of ex vivo stimulation or costimulatory signals.3,9 The first
BsTe was synthesized in 199510 and, since its inception, numerous
bispecific antibodies have been in preclinical and clinical develop-
ment for the treatment of solid tumors, each with its molecular design
and binding properties. Blinatumomab (Blincyto), a CD19xCD3
bispecific T cell engager (BiTE), was the first CD3 bispecific to be
approved by the US Food and Drug Administration (FDA), and
catumaxomab (EPCAMxCD3) has also received regulatory approval,
although it was later withdrawn.10–12

Despite these promising initial results, BsTe treatment of non-mela-
noma solid tumors is frequently limited when delivered systemically
because of its short serum half-life and insufficient tumor penetration,
resulting in dose-limiting toxicity to organs before sufficient tumor
concentrations are achieved.12,13 To compensate for their rapid elim-
ination, BsTe proteins must be administered as a continuous infusion
over several weeks, exposing patients to high systemic doses that can
result in severe off-tumor toxicity.2 These shortcomings can be
overcome by using vector delivery, such as oncolytic viruses. In
2014, the first study of a T cell engager-armed oncolytic vaccinia virus
encoding EphA2 was reported.14 After this initial study, two studies
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proposed the use of oncolytic viruses encoding EGFR-targeting BsTe
(ICO15K-cBiTE)15 and EpCAM/CD3 targeting BsTe.16

Oncolytic viruses selectively replicate in and lyse cancer cells, causing
little or no harm to normal cells.17,18 This special feature has gained
considerable attention as a novel immunotherapeutic agent for cancer
treatment. Oncolytic adenoviruses are one of themost commonly used
oncolytic virus backbones because of their capacity to induce tumor cell
lysis and immune response stimulation.19Modified oncolytic adenovi-
ruses are tumor selective, highly immunogenic, can deliver transgenes,
and express transgenes efficiently. Additionally, adenoviruses can pro-
duce high titers, making them attractive candidates for virotherapy.
Oncolytic adenoviruses have demonstrated efficacy as monotherapy
or in combination with other immunotherapies.20–22 Several clinical
trials (NCT01147965, NCT00084316, NCT00583024, NCT03003676,
andNCT04387461)23 have demonstrated its safety andpotential, high-
lighting the importance of the immune system in cancer treatment. Of
note, previous trials have demonstrated the safety of oncolytic adeno-
viruses but have also highlighted the importance of the immune
response in achieving antitumor efficacy.24 To enhance immune sys-
tem activation, many efforts to improve oncolytic adenoviruses rely
on the insertion of immunostimulatory molecules (e.g., granulocyte-
macrophage colony-stimulating factor, interleukin-2 [IL2], tumor
necrosis factor alpha [TNF-a], orCD40L) into the viral genome, allow-
ing for localized transgene expression in the tumor microenvironment
after infection.21,25,26 These features described above render oncolytic
adenoviruses a suitable platform for tumor-specific expression of
molecules such as BsTe. Adenoviruses are strongly immunostimula-
tory through activation of danger signaling (pathogen-associated mo-
lecular patterns [PAMPs] and damage-associated molecular patterns
[DAMPs]) in the tumor microenvironment20 and consequent recruit-
ment of T cells, thus complementing the T cell-binding and -activating
effects of BsTe.19,27,28 However, despite many promising preclinical
results, currently, only one oncolytic adenovirus (H101; Oncorine)
has been approved for therapeutic use, and that is only in China.

Considering the various benefits and challenges of BsTe and oncolytic
adenoviruses, in this study, we engineered and characterized a novel
serotype 5/3 oncolytic adenovirus armed with mucin 1 (MUC1) that
targets the BsTe molecule. MUC1 is a promising immunotherapeutic
target, as it is expressed at high levels, has altered glycosylation, and
loses polarity in more than 80% of human malignancies.29–31 The
truncated glycosylation of the MUC1 protein observed in cancer cells
exposes cryptic peptide epitopes that can be recognized by antibodies
or antibody fragments (e.g., BsTe molecules).32,33 These immuno-
genic areas are cancer specific, making them potential therapeutic
targets. The cancer antigen 15-3 (CA15-3), also known as secretory
MUC1 is a widely used tumor marker that can be measured in blood
and is used to assess therapeutic efficacy in a variety of epithelial
malignancies.34 MUC1/CA15-3 is a serological clinical marker of
breast cancer that is used to track the treatment response and disease
recurrence. Increased levels, on the other hand, may indicate disease
progression. Breast, lung, gastric, pancreatic, liver, and gynecological
cancers all had higher MUC1 protein expression, according to the
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human protein atlas The Cancer Genome Atlas (TCGA) dataset.35

Therefore, serum CA15-3 could also function as a useful biomarker
for tumors that are potentially treatable with the virus characterized
here. The previously observed low tumor specificity and efficacy of
other glycan-based therapeutic strategies reveal the need for new
functional therapies and combination therapies.36,37

We hypothesized that the new oncolytic adenovirus Ad5/3-E2F-d24-
aMUC1aCD3 (TILT-321) replicates preferentially in cancer cells,
lyses them, and ensures a sufficient local distribution of BsTe mole-
cules to the tumor with minimal systemic exposure. We demon-
strated that BsTe molecules armed with an oncolytic adenovirus
can effectively redirect and activate T cells to fight solid cancer cells.

RESULTS
Oncolytic adenovirus armed with human aMUC1-targeted BsTe

exerts cytotoxic effects in cancer cell lines and exhibits synergy

when combined with T cells

The oncolytic adenovirus coding for aMUC1aCD3 utilizes the Ad5/3-
E2F-d24 virus backbone from adenovirus serotype 5, which carries the
fiber knob from adenovirus serotype 3, as previously described.21,38

Briefly, the presence of an adenovirus serotype 3 knob increases cancer
cell transduction via desmoglein 2, which is a receptor for Ad339,40 and
is abundantly expressed in different cancer types.39–48 Furthermore, a
24-bp deletion (d24) in the Rb-binding domain of adenoviral E1A
was combined with the E2F promoter to directly replicate the Rb/
p16 pathway-deficient cancer cells.38 The transgene was introduced
into the E3 region, resulting in a design in which viral replication
was associated with aMUC1aCD3 expression (Figure 1A). This
backbone has been reported as appealing because of its ability to
achieve systemic transduction despite neutralizing antibodies, owing
to its ability to use blood cells as stealth delivery vehicles.49

Western blotting detected the size of the aMUC1aCD3 transgene at a
predicted molecular weight of 59 kDa (Figure 1B).9,50 The small size
of BsTe (�55 kDa) is advantageous for penetration and distribution
throughout the tumor, as demonstrated by molecular imaging of
radiolabeled BsTe.51

To select potential tumor target candidates for the testing of TILT-321,
the expression ofMUC1 in a panel of different cell lineswas screened by
flow cytometry (Figure S1). Compared with the unarmed virus, the
aMUC1aCD3 armed virus exhibited a similar oncolytic capacity in
different human cancer cells in the absence of immune cells
(Figures 1C and 1D). These findings showed that insertion of the
aMUC1aCD3 transgene did not restrict the lytic capabilities of the virus.

Interestingly, the addition of unstimulatedT cells to cancer cells infected
with aMUC1aCD3-armed virus resulted in tumor cell lysis at a slightly
earlier time point (24–48 h post infection) in both MUC1+ cells (A549
and T47D) and aMUC1� cell line (HEK-293) compared with the con-
trols (Figures 1E–1G). TILT-321 virus-mediated cell killing was statisti-
cally significant compared with tumor cells (A549 at 96 h, ***p = 0.009;
T47D at 144 h, *p = 0.0124; and HEK-293 at 96 h, **p = 0.0086) and



Figure 1. In vitro characterization of Ad5/3-E2F-d24-aMUC1aCD3 virus

(A) Schematic representation of the genetic structure of Ad5/3-E2F-d24-aMUC1aCD3. VL and VH domains of aMUC1 and aCD3Ɛ are connected through glycine and serine

(G3S) flexible linker. (B) Western blot analysis of 59-kDa aMUC1aCD3- BsTe transgene using CHO express host cells where lane M is a protein marker, lane P is a positive

control (GenScript, catalog no. M0101), and lanes 1–2 are cell lysate supernatants from day 3 and day 6 post transfection of aMUC1aCD3, respectively. The analysis was

performed under reduced conditions. (C) Comparison of the in vitro lytic effect of TILT-321 virus with its parental Ad5/3-E2F-d24 virus in A549 and (D) T47D tumor cells. The

mean ± SEM of triplicate experiments is presented. The untreated control group is indicated by the dashed line. (E) Real-time xCELLigence-based cytotoxicity assay for

assessment of lysis of MUC1-positive A549 (F) T47D and (G) MUC1-negative HEK-293 tumor cells in the presence of virus and T cells for up to 120 h. The mean ± SEM of

duplicates is shown. Statistical significance is represented as *p = 0.0256, **p = 0.0041, and ***p = 0.0009.
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tumor cells+Tcell control group (A549at 96h, *p=0.0256;T47Dat 144
h, p = 0.0749; and HEK-293 at 96 h, **p = 0.0041).

Overall, we demonstrated that Ad5/3-E2F-d24-aMUC1aCD3 can
lyse cancer cells both positive and negative for MUC1 expression in
the presence of allogeneic T cells.
aMUC1aCD3-virus supernatant engages T cell and target

cancer antigens

aMUC1aCD3-BsTe forms a bridge between tumor cells and T cells
by simultaneously attaching to the target antigen (MUC1) and
CD3molecules on T cells.9 We observed very few T cell rosette struc-
tures (n = 9) in the uninfected control group (Figure 2A) and in
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Figure 2. Ad5/3-E2F-d24-aMUC1aCD3-derived supernatants aggregate T cells around cancer cells

Co-cultures of T47D cells and T cells were treated with concentrated supernatants from (A) uninfected cells, (B) Ad5/3-E2F-d24-, or (C) Ad5/3-E2F-d24-aMUC1aCD3-

infected cells. (D) Total count of quantified rosettes around tumor cells. A ratio of rosette-forming T cells to tumor cells equal to 4 was used for quantification. Four hours after

co-culture, fluorescent and light microscopy images were taken and later quantified by using Fiji ImageJ.
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cultures treated with the backbone virus supernatant (n = 12) group
(Figure 2B). Most importantly, the co-cultures that included the su-
pernatant of aMUC1aCD3-BsTe generated more T cell rosettes (n =
24) around the fluorescent cancer cells (Figure 2C). The frequent
engagement of T cells around tumor cells was evident from the early
time point (approximately 30 min) of incubation in quantified live-
cell imaging. When photos were acquired after 4 h followed by
washing with phosphate-buffered saline (PBS), rosettes (T cells
around cancer cells) were visible in the same co-cultures, indicating
aMUC1aCD3-BsTe-mediated attraction of T cells toward cancer
cells (Figure 2D). The newly formed active T cell rosette is an early
marker for T cell activation52 and provides additional evidence
that aMUC1aCD3 present in the virus-derived supernatant mediates
T cell activation.

Virus-secreted aMUC1aCD3 is functional and enhances T cell

function

The functionality of virally released aMUC1aCD3 was investigated
using a multistep process that included (1) binding to the target
antigen MUC1, (2) binding to CD3, and (3) overall T cell activa-
tion. For the binding of aMUC1aCD3 to MUC1 antigen, a
competitive binding study was performed with a commercially
available anti-MUC1 antibody that binds to the same epitope. A
lower signal from commercial anti-MUC1 antibodies was expected
to envision the binding of aMUC1aCD3 to the target MUC1 anti-
gen, because aMUC1aCD3-BsTe prevents binding of a labeled
commercial anti-MUC1 antibody to MUC1 antigen. As expected,
labeled anti-MUC1 antibody signal was statistically significantly
lower in the aMUC1aCD3 supernatant-treated group than in the
mock group, that is, uninfected cell supernatants at 1:1 dilution
(***p = 0.001) and Ad5/3-E2F-d24 supernatants (*p = 0.05).
Nevertheless, the binding was noticeably higher and dilution
dependent at dilutions of 1:10 and 1:100, but not statistically sig-
nificant (Figure 3A). This result revealed that aMUC1aCD3
released after virus infection and tumor cell lysis binds to target
tumor cells and inhibits commercial anti-MUC1 antibodies from
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binding to MUC1 antigen on the T47D cell surface. Next, the
binding of aMUC1aCD3-BsTe to the CD3Ɛ portion of the lympho-
cytes was studied by incubating three healthy donors of PBMC-
derived unstimulated T cells with different supernatants. We
confirmed that CD3 single-chain variable fragment can bind to
CD3 T cell receptor complexes and activate CD4+CD69+CD8�
and CD4+CD25+CD8� or CD8+CD69+CD4� and CD8+CD25+
CD4� T cell populations when treated with aMUC1aCD3-virus
supernatants (Figures S2A–S2D). T cell activation was further
confirmed by checking the expression of cytokines in the superna-
tant of infected cells (Figures S2E and S2F).

Subsequently, we infected a MUC1+ cell monolayer (T47D) with
armed and unarmed viruses followed by incubation with unstimu-
lated T cells. Compared with the experimental setting mentioned in
Figure S3, where virally released aMUC1aCD3 supernatants were
added to the monolayer of tumor cells instead of the virus, this setting
has more therapeutic relevance, as it mimics aMUC1aCD3-mediated
activation of T cells regardless of their endogenous specificity. We
found statistically higher levels of activated CD4+CD69+
CD8� (*p = 0.0225), CD4+CD25+ CD8� (****p < 0.0001), and
CD8+CD69+CD4� (****p < 0.0001) T cells in the presence of
aMUC1aCD3� virus than in the tumor + T cell group (Figures 3B
and 3C). The co-cultures treated with aMUC1aCD3-virus had statis-
tically significant levels of granzyme B (GrzmB) (*p = 0.0253), IL2
(***p = 0.0005), TNF-a (***p = 0.0004), and interferon gamma
(IFN-g) (*p = 0.0234) expression compared with T cell supernatants
(Figures 3D–3G) and backbone supernatants (GrzmB, *p = 0.0210;
IL2, ***p = 0.0006; TNF-a, ***p = 0.0004; IFN-g, *p = 0.0173). A
similar experimental setting was repeated using a co-culture of
different supernatants and unstimulated T cells in a T47D monolayer
(Figures S3A–S3F) with similar findings.

Additionally, upon co-culture with aMUC1aCD3 supernatants,
T cells presented a statistically significantly higher proliferative
capacity (****p < 0.0001), as demonstrated by the total count of



Figure 3. The functionality of virus-derived aMUC1aCD3 in co-cultures of T cells with MUC1+ tumor cells

(A) Ad5/3-E2F-d24-aMUC1aCD3-derived aMUC1 binding to MUC1 antigen. (B) Percentage of activated CD3+CD4+CD69+CD8� and CD3+CD8+CD69+CD4� and

(C) CD3+CD4+CD25+CD8� and CD3+CD8+CD25+CD4� T cells assessed by flow cytometry in co-cultures with MUC1+ T47D tumor cells. T47D cells were infected

with Ad5/3-E2F-d24 or Ad5/3-E2F-d24- aMUC1aCD3 virus using 1,000 pfu/mL and co-cultured with unstimulated T cells at ratio T:E = 5. After 72 h post infection, cells

were collected, washed, stained with antibodies, and analyzed by flow cytometry. (D) Evaluation of cytokines GrzmB, (E) IL2, (F) TNF-a, and (G) IFN-g in the supernatants

harvested from infected cells for the validation of T cell activation using BD FACS Array bioanalyzer. (H) aMUC1aCD3 expressed by Ad5/3-E2F-d24-aMUC1aCD3-

infected cells induces T cell proliferation. Carboxyfluorescein succinimidyl ester (CFSE)-labeled T cells were co-cultured with T47D cells (T:E = 5) in the presence of the

indicated supernatants. Five days after co-culture, CFSE dilution (i.e., cell proliferation) in CD3+ T cells was evaluated by flow cytometry. (I) Ad5/3-E2F-d24-

aMUC1aCD3-derived supernatant mediated T47D cell killing in the presence of an effector T cell (T:E = 5); 30 kDa concentrated supernatant was used and cell

viability was measured on day 3 under Abs 450 nm. All experiments were run in quadruplicates, and the resulting data are presented as mean ± SEM. Statistical

significance is represented as *p < 0.05, ***p < 0.001, and ****p < 0.0001.

www.moleculartherapy.org
CFSE-diluted CD3+ T cells present in co-culture with aMUC1aCD3
supernatants (Figure 3H). Cytokine analysis of the supernatants
collected from such experiments confirmed T cell activation and pro-
liferation, as shown in Figure S4.

When the concentration of aMUC1aCD3 supernatant was increased
from 100 kDa (Figure S5) to 30 kDa filtration, cell viability decreased
significantly from 50% to nearly complete lysis, demonstrating a
dose-dependent response (Figure 3I).
Ad5/3-E2F-d24-aMUC1aCD3 virus improves tumor growth

control in a human xenograft model of lung cancer

To study the therapeutic efficacy of Ad5/3-E2F-d24-aMUC1aCD3, we
employed an in vivo human xenograft model of lung cancer. Intratu-
moral injections were administered according to the therapeutic
scheme shown in Figure 4A. Human PBMC were injected intratumor-
ally into mice to reconstitute the immunological dynamics of human
tumors 48 h before virus administration. Overall, Ad5/3-E2F-d24-
aMUC1aCD3 provided statistically superior tumor growth control by
Molecular Therapy: Oncolytics Vol. 28 March 2023 63
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Figure 4. In vivo antitumor efficacy of Ad5/3-E2F-d24-aMUC1aCD3 virus

(A) Schematic diagram of the in vivo experimental plan. Mice bearing subcutaneous A549 tumors were injected intratumorally with PBS or 1� 1010 VP/tumor of Ad5/3-E2F-

d24 or Ad5/3-E2F-d24-aMUC1aCD3 virus. Two days before virus administration, mice received an intratumoral injection of either 1 � 107 PBMC or PBS. Five animals from

each group were euthanized on day 35 to collect their tumors and organs for biological assays (dashed line). (B) Overall tumor growth curve of all experimental groups

receiving PBMC. (C) Quantification of E1A gene copy number as a measure of virus replication. Resulting data are presented as mean ± SEM (n = 10, per group). Statistical

significance is represented as **p = 0.01, ****p < 0.0001.
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day 33 compared with the backbone and mock controls (Figures 4B–
4D). After sample collection on day 35, the remaining mice (n = 5)
from each group were assigned to a follow-up experiment. Mice
from the PBMC and backbone + PBMC groups were euthanized on
day 54 because of graft-versus-host disease (GVHD). All mice in the
Ad5/3-E2F-d24-aMUC1aCD3+PBMC group remained alive until
day 61, after which they developed similar symptoms recognized as
GVHD. The pathologist confirmed the graft-versus-host reaction by
identifying interstitial pneumonia (histiocytes, lymphocytes, and
plasma cells) in the lungs. The graft-versus-host was moderate in the
Ad5/3-E2F-d24-MUC1aCD3+PBMC and Ad5/3-E2F-d24+PBMC-
treated groups, while the PBMC group showed a severe reaction.
Furthermore, the Ad5/3-E2F-d24-MUC1aCD3+PBMC group had
only mild hepatitis, whereas the Ad5/3-E2F-d24+PBMC and PBMC
groups seemed to have moderate hepatitis. Presumably, the graft-
versus-host was milder in Ad5/3-E2F-d24-MUC1aCD3+PBMC
animals because more T cells were present in tumors than in normal
organs. Other organs, such as the heart, spleen, and kidneys, showed
no specific changes.

There was statistically better tumor growth control in the Ad5/3-E2F-
d24-aMUC1aCD3+PBMC group than in the Ad5/3-E2F-d24+PBMC
64 Molecular Therapy: Oncolytics Vol. 28 March 2023
(****p < 0.0001) and PBMC (****p < 0.0001) groups when PBMC
were present. The overall survival of Ad5/3-E2F-d24-aMUC1aCD3+
PBMC-treated mice was statistically significant compared with that
of Ad5/3-E2F-d24+PBMC (*p = 0.0279) and PBMC-only groups
(p = 0.0302) (Figure S6A) in the follow-up study. Quantitative anal-
ysis of viral DNA present in the tumors harvested on day 35 revealed
the expression of the E1A gene in all groups treated with adenoviruses
(Figure 4F). The levels of viral DNA in Ad5/3-E2F-d24-aMUC1aCD3
tumor samples were comparable with those in the unarmed virus,
indicating replication of Ad5/3-E2F-d24-aMUC1aCD3 in an in vivo
setting.
aMUC1aCD3-armed oncolytic virus therapy is associated with

an increase in the intratumoral cytotoxic tumor

microenvironment

The immunological mechanism of Ad5/3-E2F-d24-aMUC1aCD3
virus treatment was studied by analyzing different immune cell sub-
sets in tumors collected on day 35. The total percentage of CD3+ T
lymphocytes in the Ad5/3-E2F-d24-aMUC1aCD3 group was statisti-
cally significantly greater than that in the Ad5/3-E2F-d24 (**p =
0.0011) and PBMC-only control groups (***p = 0.0002) (Figure 5A),



Figure 5. Evaluation of immunological changes in the tumor microenvironment in Ad5/3-E2F-d24-aMUC1aCD3 virus-treated animals

(A–F) Tumors collected at day 35 were stained with fluorochrome-conjugated antibodies and analyzed by flow cytometry. The graphs show the total percentage of (A) CD3+

T cell in tumor, (B) tumor infiltrating CD3+CD4+ or CD3+CD8+ T cells, (C) CD3+CD4+CD69+ or CD3+CD8+CD69+ T cells, (D) TIM-3-expressing cells, and (E) CD3+

CD8+TIM-3+ cells. (F) PD-1+ cells out of CD3+CD4+ or CD3+CD8+ T cell. Differences in cell percentages were analyzed with the one-way ANOVA test. Mean ± SEM are

shown (n = 10). Statistical significance is represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

www.moleculartherapy.org
thus demonstrating the ability of aMUC1aCD3 to increase T cell acti-
vation and proliferation.

Next, we investigated the percentage of CD3+CD4+ and
CD3+CD8+ T lymphocytes. By day 35, the aMUC1aCD3-armed vi-
rus induced a statistically higher level of CD3+CD4+ (**p = 0.0026)
and CD3+CD8+ (****p < 0.0001) T cells (Figure 5B) than the
PBMC-only control group. Similarly, the total percentage of acti-
vated CD3+CD4+CD69+ and CD3+CD8+CD69+ T cells in tumors
treated with aMUC1aCD3-armed adenovirus was statistically
greater than that in the PBMC-only group (****p < 0.0001) (Fig-
ure 5C). The presence of higher levels of cytotoxic T lymphocytes
post viral infection in a tumor indicates a shift toward a pro-inflam-
matory tumor microenvironment.53,54 This finding confirmed that
the virus modulates the T cell compartment by increasing the
percentage of T cells, particularly activated T cells, when
aMUC1aCD3-armed virus is used.

When analyzing the profile of exhausted immune cells in the tumors,
groups treated with oncolytic adenoviruses showed a reduced fraction
of T cell immunoglobulin and mucin domain-3 (TIM-3; a marker of
immunosuppression)-positive cells, as shown in Figure 5D. The
PBMC-only control group showed the statistically highest percentage
of CD3+CD8+TIM-3 T cells (**p = 0.0026, Figure 5E). In the armed
virus group, the percentages of PD-1 cells out of CD3+CD4+
and CD3+CD8+ T cells increased noticeably, but not statistically
Molecular Therapy: Oncolytics Vol. 28 March 2023 65
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Figure 6. Evaluation of in vivo persistence of aMUC1aCD3-BsTe and comparative antitumor efficacy of Ad5/3-E2F-d24-aMUC1aCD3 virus versus

aMUC1aCD3-BsTe in PDX-OvCa xenograft mice model

(A) Schematic diagram of the in vivo experimental plan. (B) Tumor growth curve showing Ad5/3-E2F-d24- or Ad5/3-E2F-d24-aMUC1aCD3 virus-mediated antitumor efficacy

in mice bearing subcutaneous PDX-OvCa tumors. (C) Detection of aMUC1aCD3-BsTe transgene in tumors versus serum samples collected at day 22 by In-Cell ELISA. (D)

CD3+ T cell in tumor, (E) tumor-infiltrating CD3+CD4+ T cell, (F) tumor-infiltrating CD3+CD8+ T cell, (G) total percentage of CD3+CD4+CD69+ or CD3+CD8+CD69+ T cell in

tumor. Differences in cell percentages were analyzed with the one-way ANOVA test. Mean ± SEM are shown (n = 7). Statistical significance is represented as *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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significantly, compared with the unarmed virus and PBMC control
groups (Figure 5F). PD-1 expression indicates T cell activation.

Oncolytic adenovirus armed with aMUC1aCD3 improves

aMUC1aCD3-BsTe persistence in the tumor and antitumor

effects in PDX-OvCa cells

To understand the immunological mechanism behind Ad5/3-E2F-
d24-aMUC1aCD3 virus-mediated tumor growth control, we used
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an in vivo human xenograft model of PDX-OvCa tumors.55 All
groups in this study received autologous PBMC. The therapeutic
scheme for intratumoral injections is shown in Figure 6A. Overall,
these findings suggest that the Ad5/3-E2F-d24-aMUC1aCD3 virus
lysed tumor cells and released aMUC1aCD3-BsTe, resulting in
greater T cell activity and enhanced antitumor efficacy in the PDX-
OvCa model in vivo, ultimately extending the in vivo persistence of
aMUC1aCD3-BsTe at tumor.
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First, the antitumor efficacy of Ad5/3-E2F-d24-aMUC1aCD3 virus
was compared with that of aMUC1aCD3-BsTe alone. The Ad5/3-
E2F-d24-aMUC1aCD3 virus-treated group statistically significantly
outperformed all the other groups in terms of tumor growth
control, including PBMC (****p = <0.0001), Ad5/3-E2F-d24
(****p = <0.0001), aMUC1aCD3-BsTe (****p = <0.0001), and Ad5/
3-E2F-d24 + aMUC1aCD3-BsTe (****p = 0.0006) as shown in
Figure 6B.

Then, the in vivo persistence of aMUC1aCD3-BsTe was investigated
using tumor and blood serum samples. The prolonged in vivo persis-
tence of aMUC1aCD3-BsTe in tumor versus serum samples was
confirmed (Figure 6C). This finding suggests that the Ad5/3-E2F-
d24-aMUC1aCD3 virus releases aMUC1aCD3-BsTe molecules at
the tumor tissues, followed by tumor cell lysis after virus replication.
Therefore, aMUC1aCD3-BsTe is more likely to persist in tumors
in vivo. However, no aMUC1aCD3-BsTe was found in the blood
serum samples collected at both times points: 48 h (Figure S7A) after
the first treatment and on day 22.

T cell populations, such as CD3+, CD3+CD4, CD3+CD8, and those
expressing CD69+, were assessed to further investigate the immuno-
logical events that occurred in the Ad5/3-E2F-d24-aMUC1aCD3+
PBMC virus-treated group. The total percentage of CD3+ T cells
(Figure 6D) was statistically significant in the Ad5/3-E2F-d24-
aMUC1aCD3+PBMC virus-treated group compared with that
in the PBMC (**p = 0.0016), Ad5/3-E2F-d24 (*p = 0.0160),
aMUC1aCD3-BsTe+PBMC (**p = 0.0013), and Ad5/3-E2F-d24-
+aMUC1aCD3-BsTe+PBMC (*p = 0.0185) groups. When comparing
CD3+CD4+ (Figure 6E) and CD3+CD8+ (Figure 6F) T cell popula-
tions in the Ad5/3-E2F-d24-aMUC1aCD3+PBMC virus-treated
group with PBMC and Ad5/3-E2F-d24+PBMC groups, the results
were similar, with a noticeably higher level but not statistically signif-
icant in the aMUC1aCD3-BsTe+PBMC and Ad5/3-E2F-d24 +
aMUC1aCD3+PBMC groups, and the total percentage of CD3+
CD4+CD69+ T cells (Figure 6G) was higher in the Ad5/3-E2F-d24-
aMUC1aCD3 virus group, but not statistically significant compared
with the other groups. However, the total percentage of CD3+CD8+
CD69+ T cells was statistically significant compared with the
aMUC1aCD3-BsTe+PBMC (*p = 0.0165) group. In conclusion, a
T cell profiling study in PDX-OvCa tumor samples confirmed that
the Ad5/3-E2F-d24-aMUC1aCD3 virus increases T cell activity by
engaging and activating T cells in tumor cell death.

DISCUSSION
Adenoviruses are well-characterized, easily modified, and immuno-
logically powerful tools for the production of oncolytic vectors that
directly lyse tumor cells.18 They can also be armed with transgenes
to promote tumor-specific lysis, antigen presentation, and immunos-
timulation.56 In this study, we constructed and performed in vitro and
in vivo validations of a human MUC1 targeting T cell engager-armed
oncolytic adenovirus. BsTe expressed by TILT-321 virus binds to the
MUC1 antigen expressed by target tumor cells and CD3 receptors on
the T cell surface. We found that the cytotoxicity of aMUC1aCD3-
armed viruses in the presence of human T cells and MUC1-express-
ing cancer cells was higher than that of the controls, both in vitro and
in vivo. However, the cell-killing potency of Ad5/3-E2F-d24-
aMUC1aCD3 virus was not limited by the presence of MUC1 antigen
in target cells.57 The virus also replicates and lyses MUC1-negative
HEK-293 cells. While the virus replicates in tumor cells that are defec-
tive in the Rb/p16 pathway, the cell line produces adenoviral E1,
which renders the Rb/p16 pathway not needed for virus replication.57

In vivo, Ad5/3-E2F-d24-aMUC1aCD3 virus-treated tumors demon-
strated statistically superior tumor growth control and higher T cell
activation in humanized A549 and PDX-OvCa xenograft models.
These findings indicate that the virally encoded aMUC1aCD3-BsTe
binds to its target tumor antigen and T cells simultaneously and me-
diates tumor cell killing, which is independent of major histocompat-
ibility complex (MHC) presentation. However, the use of unmatched
human leukocyte antigen PBMC in the A549 xenograft model re-
sulted in a mild-to-moderate GVHD reaction, which was not
observed in the PDX-OvCa xenograft with autologous PBMC. On
day 47 of the A549 xenograft, the first mice developed visible
GVHD symptoms, which were followed by tumor size suppression,
skin rashes, and hair loss. Soon after, the experiment was terminated.
While designing and carrying out the experiment, we attempted to
minimize possible confounding factors for the antitumor efficacy
readout (i.e., survival) of the in vivo experiments. For example, the
same amount of virus and number of PBMC was administered to
each group of mice and PBMC delivered intratumorally rather than
intravenously. Given that visible signs of GVHD only appeared late
in the study, this allows us to conclude that GVHD had little impact
on tumor size or immunological (day 35) read-outs, and that anti-
tumor efficacy could still be deduced from the various therapies
tested. However, the phenomenon may have affected in vivo survival.
The GVHD is a caveat of the humanized model using heterologous
human PBMC in mice, and this is not expected to occur in humans,
where the BsTe encoded by the virus recruits and activates autolo-
gous PBMC.

Engagement of tumor antigens and T cells by aMUC1aCD3-BsTe
leads to the formation of immunological synapse structure and orga-
nization, with subsequent modulation of T cell function and persis-
tence.12 Evidence of T cell activation was confirmed through the
expression of cytokines such as GrzmB, IL2, TNF-a, and IFN-g.
Our in vitro data showing higher T cell function in the TILT-321
virus-treated group is in accordance with a study that combined an
oncolytic adenovirus expressing EGFR-BiTE.15 Activated cytokine-
induced killer cells armed with aMUC1/CD3 BsTe are currently being
tested in phase II clinical trials (NCT03146637) for the treatment of
advanced liver cancer.58 In this study, we utilized an approach in
which aMUC1aCD3-BsTe is produced locally in the tumor by an
oncolytic adenovirus. The advantage of our approach is that the virus
self-amplifies at the tumor site, while T cells are recruited and
activated to potentiate the effect of oncolysis. Oncolysis has immuno-
logical consequences that synergize with T cell activation, including
pro-inflammatory signaling in the tumor microenvironment and
induction of de novo antitumor immunity.19
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MUC1 is a heavily glycosylated transmembrane protein of the mucin
family, with a highly glycosylated extracellular domain.30 MUC1 is a
highly appealing target for cancer immunotherapy due to three key
characteristics. First, elevated levels are found in many tumors,
most notably those of the breast and ovary (Figure S1), due to tran-
scriptional upregulation. Second, although MUC1 is normally
restricted to the luminal epithelium, its expression polarity is lost in
response to stress and during transformation. Third, MUC1 glycosyl-
ation is severely dysregulated in cancer cells. Tumor-associated
MUC1 contains a higher proportion of shorter glycans, such as Tn,
sialyl Tn (STn), T (Thomsen-Friedenreich), and ST, owing to altered
glycosyltransferase expression.33 MUC1 under glycosylation reveals
cryptic epitopes within the variable-number tandem repeat, allowing
several antibodies to bind the tumor specifically.33

We tested three sets of unstimulated T cells from healthy donors and
examined the ability of virally released aMUC1aCD3 to activate
T cells against tumor cells. Different donors provided slightly
different responses, as expected. However, compared with the un-
armed and control groups, the aMUC1aCD3-BsTe-treated group
showed consistently greater T cell activity. This is also an expected
outcome, as binding to CD3 is known to cause T cell activation.
The competitive-binding In-Cell ELISA assay was used to demon-
strate the binding of aMUC1aCD3-BsTe-containing supernatant
samples from Ad5/3-E2F-d24-aMUC1aCD3-infected cells. Filtration
of supernatants with 100-, 30-, and 10-kDa filters was an attempt to
remove unwanted molecules to obtain pure aMUC1aCD3-BsTe.
Nevertheless, other unwanted debris (such as cell proteins and cell
debris) may still be present, which can ultimately affect the output
of the assay results. The ideal scenario would include commercially
available recombinant aMUC1aCD3-BsTe as a positive control.
One of the major limitations of this study was the lack of a recombi-
nant aMUC1aCD3-BsTe-positive control, which can be difficult to
synthetize in adequate amounts to use in vitro and in vivo.

The lack of aMUC1aCD3-BsTe in blood serum specifies tumor-spe-
cific lysis of the Ad5/3-E2F-d24-aMUC1aCD3 virus, resulting inmin-
imal or no aMUC1aCD3-BsTe molecule leakage outside the tumor
site. A review conducted by Goebeler and Bargou8 suggested that
the short half-life of blinatumomab in the serum is 2–3 h. In this
study, the detection of aMUC1aCD3-BsTe to target MUC1 antigen
in PDX-OvCa tumors harvested 48 h after virus treatment suggested
the extended persistence of aMUC1aCD3-BsTe in vivo and may also
signify the oncolytic adenovirus mediated half-life extension. To
further confirm this finding, aMUC1aCD3-BsTe concentrations will
need to be precisely measured using techniques such as mass spec-
trometry. In addition, a biodistribution and tolerability study of
TILT-321 should be studied under Good Laboratory Practice condi-
tions before clinical trials in future.

Furthermore, we investigated whether T cells became exhausted over
time after continuous stimulation with virally released aMUC1aCD3.
We choose an exhaustion marker, TIM-3, and examined its expres-
sion in tumors treated with Ad5/3-E2F-d24-aMUC1aCD3+PBMC.
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Adenovirus (armed and backbone virus)-treated mice had a lower
level of TIM-3, suggesting beneficial effects in the tumor microenvi-
ronment. More importantly, this finding supports the evidence pre-
sented previously59 that reported a direct inverse correlation between
TIM-3+ infiltrating CD8+ T cells and survival in patients with cancer.
We also observed an increase in PD-1+ cells from tumors treated with
BsTe virus.

Arming an oncolytic adenovirus with aMUC1aCD3-BsTe is an
appealing strategy for the treatment of solid tumors to overcome
the limitations of the short serum half-life of BsTe molecules when
used as recombinant molecules. This approach can also result in
enhanced potency overuse of unarmed viruses. In addition to
stimulating tumor-specific immunity, we can speculate that the
aMUC1aCD3-armed virus induces an antiviral response at the local
tumor site.

Conclusions

We developed a novel approach to treat cancer that overcomes the
limitations of oncolytic viruses and BsTe when used as monothera-
pies. The proposed technology could be preferentially beneficial for
the treatment of solid tumors expressing MUC1. Our results lay the
groundwork for clinical exploration, the translation of which is
currently ongoing.

MATERIALS AND METHODS
Cell lines

The human cancer cell lines A549 (lung adenocarcinoma), T47D
(breast epithelial adenocarcinoma), and HEK-293 (human embry-
onic kidney) were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). All cell lines were cultured
under the recommended conditions.

PDX-OvCa cells were generated as described previously.55

Preparation of PBMC and T cell isolation and expansion

Human PBMC were isolated from whole blood (Finnish Red Cross
Blood, Finland) using lymphoprep (StemCell Technologies, USA)
gradient density separation under sterile conditions. Cells were
washed twice with PBS (Sigma, United Kingdom) and erythrocytes
were lysed with ammonium-chloride-potassium (ACK) red blood
cell lysis buffer (Sigma). T cells were negatively isolated using a
human Pan T isolation kit (130-096-535, Miltenyi Biotec, Germany),
following the manufacturer’s instructions.

Virus construction

The Ad5/3-E2F-d24-aMUC1aCD3/TILT-321 virus was constructed
using a previously described technique.38 The genomic modifications,
such as an E2F promoter and a 24-bp deletion in the constant region
of E1A, were made for tumor-specific replication as described
previously.38

The single-chain variable fragments of both aMUC1 and aCD3
were connected through a Gly-Gly-Gly-Ser flexible linker. The
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aMUC1aCD3-BsTe sequence was optimized for human codon usage
and was synthesized using GenScript (GenScript, Germany). The
resulting sequence was introduced into the E3 region by replacing
the gp19k and 6.7k genes via a bacterial artificial chromosome
(BAC) recombineering strategy38,60 and confirmed by next-genera-
tion sequencing.

The viruses were propagated in A549 cells and purified using cesium
chloride gradient centrifugation. The tissue culture infectious dose
(TCID50) assay was used to determine viral infectivity as described
previously.38 The viral particle (VP)/mL titers of the purified viruses
were determined by optical density 260 (OD260) readings.

Supernatant production and purification

HEK-293 (MUC1 negative) cells were infected with Ad5/3-E2F-d24
and Ad5/3-E2F-d24-aMUC1aCD3 viruses at a multiplicity of infec-
tion (MOI) of 100, and supernatants were harvested 48 h post infec-
tion. The 59-kDa aMUC1aCD3-BsTe molecules in the supernatants
were filtered using Amicon Ultra-15 filter units (Merck Millipore,
USA) with a molecular weight cutoff of 100 kDa to eliminate mole-
cules >100 kDa. The supernatants were concentrated using 30- and
10-kDa filters to eliminate >30 and >10 kDa, respectively, when
needed. Supernatants from uninfected cells were used as mock or
negative controls (media only).

Competitive ELISA binding assays

A competitive binding assay was designed to detect the binding of
aMUC1aCD3 to the target tumor antigen using an In-Cell ELISA
Colorimetric Detection Kit (Invitrogen, 62200) and a commercially
available anti-MUC1 antibody (clone HMFG2) that shared the
same binding epitope as aMUC1aCD3-BsTe.

A 3-fold dilution (1:1, 1:10, and 1:100) of Ad5/3-E2F-d24-aMUC1aCD3
virus-infected 10-kDa (stock concentration 3.85 mg/mL) filtered super-
natants was added and incubated with a T47D monolayer expressing
MUC1 antigen for 1 h at 37�C to occupy the most available binding
pockets, ensuring that no places were reserved for the commercial
anti-MUC1 antibody. When evaluating aMUC1aCD3-BsTe persistence
in vivo, PDX-OvCa tumor supernatants were harvested on day 22, and
serum samples were collected at two time points (48 h after the first virus
treatment and on day 22) and were incubated with a T47D cell mono-
layer to allow it to bind with MUC1 antigen expressed on the cell
surface.

After incubation, the commercially available anti-MUC1 antibody
(BioLegend, HMFG2) was incubated overnight at 4�C. Binding was
detected by further incubating the target with horseradish peroxidase
(HRP) conjugate, which detected immunoglobulin G (IgG) at
absorbance (Abs) 450 nm and Abs 615 nm using a Hidex Sense
(Turku, Finland).

Western blot analysis

GenScript (GenScript, Germany) performed western blot analysis to
visualize the molecular weight of aMUC1aCD3-BsTe. CHO-express-
ing host cells were transfected with aMUC1aCD3, and cell lysate
supernatants were collected on day 3 and day 6 post transfection
under reducing conditions. Briefly, CHO cells were electrophoresed
on denaturing 12% SDS-PAGE gels and the resulting gels were
stained with Coomassie blue dye to assess purity.

T cell activation and proliferation assay

The functionality of the virally released BsTe was assessed through
co-culture experiments. Ten-thousand target cells per well were
seeded in 96-well plates in 100 mL of growth medium in quadrupli-
cate, unless indicated otherwise. To assess T cell activation, target cells
were mixed with 15 mL of 30-kDa concentrated supernatants and
50,000 effector cells (unstimulated T cells) per well at target to effector
(T:E) cell ratio of 5 followed by 3 days of incubation. For the T cell
proliferation assay, incubation was performed for 5 days. After incu-
bation, the supernatants were collected and the cells were stained with
antibodies targeting CD3, CD4, CD8, CD69, and CD25 surface recep-
tors for flow cytometry. A detailed list of antibodies used is provided
in Table S1.

Cell viability assay

Human cell lines A549 and T47D were plated in 96-well plates (flat
bottom) in quadruplicates at 10,000 cells/well for 24 h and infected
with 1, 10, 100, 1,000, or 10,000 VP/cell of either Ad5/3-E2F-d24 virus
(also referred to in the text as a backbone or unarmed backbone) or
Ad5/3-E2F-d24-aMUC1aCD3 (also referred to as an armed virus
or TILT-321). Cell viability was measured after 3 days for A549 cells
and 5 days for T47D cells by incubating wells for 1 h with 20% of
CellTiter 96 Aqueous One Solution Proliferation Assay reagent
(Promega, Wisconsin, USA). Absorbance was measured at 490 nm
using a Hidex Sense spectrophotometer (Turku, Finland). Cell
viability was determined by normalizing the absorbance data from
treated wells to the absorbance data of negative controls.

Alternatively, to assess the cell viability of co-cultures treated with vir-
ally released aMUC1aCD3-BsTe in supernatants, 100 mL of 100-kDa
filtered and 15 mL of 30-kDa filtered supernatants were mixed at T:E =
5. On day 3 post infection, the total supernatant was removed and the
wells were gently washed twice with 100 mL of PBS. Cell viability
was measured using 20% of CellTiter 96 AQueous One Solution
Proliferation Assay reagent, as described above.

Oncolysis-enhanced cell-mediated cytotoxicity was assessed using an
iCELLigence Real-Time Cell Analyzer (RTCA) iCELLigence system
(Agilent Technologies, USA). A total of 50,000 T47D, A549, and
HEK-293 cancer cells were seeded per well and incubated for 24 h at
37�C in a humidified chamber for overnight cell adherence. Cells
were infected with Ad5/3-E2F-d24 or Ad5/3-E2F-d24-aMUC1aCD3
viruses at 1,000 plaque-forming units (pfu)/mL. Effector cells
(unstimulated CD3+ T cells) were added at a ratio T:E = 5. Cell index
(i.e., relative cell impedance) values were monitored every 15 min for
120 h and normalized to the cell index value immediately after treat-
ment. The iCELLigence RTCA Agilent Technologies software (version
1.0) was used for data analysis.
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Cytokine analysis

Supernatants from the same virus-infected tumor cultures were
collected and pooled together on day 3, and the presence of human
GrzmB (560304), IL2 (558270), TNF-a (558273), and IFN-g
(558269) levels were determined using the BDCytometric Bead Array
(CBA) FlexSet kits following the manufacturer’s instructions. Data
were acquired on a BD Accuri (BD Biosciences, USA) and analyzed
using FCAP Array Software (catalog no. 641488).

Rosette microscopy

A total of 25,000 T47D cells per well were stained with CellTrace Far
Red dye (Invitrogen, Massachusetts, United States) and seeded in a
four-well m-Slide (Ibidi, Martinsried, Germany) glass-bottom plate.
After 24 h, unstimulated T cells were stained with CellTrace CFSE
(Invitrogen, Massachusetts, United States) dye at a T:E ratio of 5, fol-
lowed by the addition of Ad5/3-E2F-d24 or Ad5/3-E2F-d24-
aMUC1aCD3 virus-infected cell supernatant. Live-cell imaging was
performed for 4 h using Nikon Eclipse Ti-E. Each well was washed
gently with PBS, and images of T cell rosette formation (i.e., circular
or semi-circular shape of T cells [n = 4] around tumor cells) were
taken after 4 h. The total number of T cell rosettes was quantified us-
ing Fiji macro software. After red tumor cells were gated, Fiji macro
software was used to detect green T cells surrounding the red cells.
The software generated a total count of T cells around tumor cells,
which were then sorted to characterize the T cell rosettes. The forma-
tion of a rosette around the T cell was considered when the ratio of
tumor cells to T cells was greater than or equal to 4. The minimum
T cell threshold of 4 was set because it suggests the shape of a semi-
circle, which is an early indication of rosette formation.

In vivo animal experiment

Four-week-old female immunodeficient NOD/SCID/IL2rg�/�
(NSG) mice (Jackson Laboratory, USA) were used for in vivo studies.

For the Ad5/3-E2F-d24-aMUC1aCD3 virus-mediated antitumor effi-
cacy and survival study, A549 tumors (5 � 106 cells per animal) were
engrafted subcutaneously on their right lower back. When tumors
reached 3–4 mm in the longest diameter, animals were randomized
and treated intratumorally with 1 � 1010 VP per injection of Ad5/
3-E2F-d24 or Ad5/3-E2F-d24-aMUC1aCD3 virus. The mock control
group was injected intratumorally with PBS. Animals were treated
every 3 days for a total of 12 rounds of injections. Two days before
virus administration, the mice received an intratumoral injection of
either 1 � 107 PBMC (n = 10 per group) or PBS (n = 10 per group).

To compare the activity of adenovirus-delivered BsTe therapy and
BsTe therapy alone, 5 � 106 cells per animal of PDX-OvCa tumors
were engrafted subcutaneously with 50% Matrigel (Corning, New
York, USA) on their right lower back. After tumors reached 3–
4 mm in diameter, the animals were randomized, and 1 � 107 autol-
ogous PBMC (n = 7 per group) were administered intratumorally. In
addition, eight rounds of treatment with 1� 1010 VP per Ad5/3-E2F-
d24 or Ad5/3-E2F-d24-aMUC1aCD3 injection and 400 ng per tumor
of virally released 10-kDa concentrated aMUC1aCD3-BsTe alone or
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in combination with Ad5/3-E2F-d24 virus was administered intratu-
morally. PBS was injected into the PBMC group. Blood was collected
from the tails of mice after 48 h after the first virus administration to
determine the persistence of aMUC1aCD3-BsTe in vivo in the serum
sample. On day 22, tumors and blood were harvested from the mice.

A digital caliper was used to measure the tumor size, and tumor
volumes were calculated as (length � width2)/2. Tumor volumes
from the mechanism of action studies (n = 5 per group) were plotted,
while the animals enrolled in the follow-up experiment were
measured until the end of the experiment (day 53).

Histopathology analysis

Organs (liver, lung, heart, spleen, and kidney) from animals eutha-
nized on day 35 were collected for histopathological analysis, stored
in a 10% formalin solution for 24 h, and then transferred to 70%
ethanol until paraffin embedding. Paraffin blocks were sectioned
into 4- to 5-mm-thick slides and stained with hematoxylin and eosin.
A veterinary pathologist evaluated the histological changes in the
stained samples.

qPCR

Fragments of animal tumor samples were harvested on day 35, snap
frozen, and stored at �80�C until further processing. DNA was ex-
tracted from these samples using the QIAamp DNA Mini Kit (51306,
QIAGEN,Hilden,Germany) following themanufacturer’s instructions.
The purifiedDNAwas quantified to check the relative expression of the
E1A gene using Light Cycler Probes master mix (Roche, Basel,
Switzerland), 50 mM forward (50-TCCGGTTTCTATGCCAAACC
T-30) and reverse (50-TCCTCCGGTGATAATGACAAGA-30) primers
with 10 mM probes (50-FAM-TGATCGATCCACCCAGTGA-30

MGBNFQ), as described previously.61 The total gene expression was
normalized to that of the hBactin housekeeping gene.62

Flow cytometry analysis

For all in vitro assays analyzed by flow cytometry, cells were stained
with human aCD3 (PE-CF594, UCHT1, BioLegend), aCD4 (PE,
RPA-T4, BioLegend), aCD8 (fluorescein isothiocyanate [FITC],
RPA-T8, BioLegend), aCD69 (PE-Cy7, FN50, BioLegend), and
aCD25 (PE-Cy5, M-A251, BioLegend) antibodies.

A panel of different tumor cell lines was stained with human aMUC1
(APC, 16A, BioLegend), and MUC1 expression was assessed using
flow cytometry to select MUC1-positive and MUC1-negative cell
lines.

Immunological analysis of tumors derived from the humanized xeno-
graft mouse model, antibodies specific for human aCD3 (FITC,
OKT3, BioLegend), aCD4 (AF700, A161A1, BioLegend), aCD8
(BV421, SK1, BioLegend), aCD69 (PE-Cy7, 17A2, BioLegend),
aCD56 (APC, FN50, BioLegend), aTIM3 (PE, F38-2E2, BioLegend),
and aPD-1 (PE-CF594, NAT105, BioLegend) were used in the
NovoCyte Quanteon and NovoSampler Q System Bundle Flow
Cytometry analyzer (Agilent, USA). Cell data processing and gating



www.moleculartherapy.org
were performed using FlowJo v.10.6.1 (Ashland, USA). All antibodies
used in this study are listed in Table S1.

Statistical analysis

GraphPad Prism v.9.2.0 (GraphPad Software, San Diego, CA, USA)
was used for statistical analysis and graphical representation of the
data. For the comparison of two groups of in vitro assays, two-way
ANOVA with Bonferroni tests was used, and one-way ANOVA
with Tukey’s post hoc test was used to compare more than two groups
of in vitro assays.Welch’s t test was used to compare the statistical dif-
ference among different group in the iCElligence assay. Tumor
growth curves were compared using a mixed-model analysis. Survival
curves were generated using the Kaplan-Meier method, and the
differences in the two curves were compared using the log rank
test. Results were considered statistically significant at p < 0.05.
Data are presented as mean ± standard error of the mean (SEM).
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Table S1. List of antibodies used in this study. 

Experiment Antibodies Manufacturer 

Expression of cell 

surface antigens 

APC anti- human MUC1 (clone 16A) 

FITC anti- human CD3 (clone SK7) 

Biolegend, California, 

USA  

Binding assay Anti-human MUC1 (clone HMFG2) Merck, New Jersey, USA 

T cell activation and 

proliferation assay 

PE-CF594 anti-human CD3 (clone UCHT1)  

PE anti-human CD4 (clone RPA-T4) 

FITC anti-human CD8 (clone RPA-T8)  

PE-Cy™7 anti-human CD69 (clone FN50)  

PE-Cy™5 anti-human CD25 (clone M-A251) 

BioLegend, California, 

USA 

Analysis of immune 

cells populations from 

in vivo tumor samples 

FITC anti-human CD3 (clone, OKT3)  

AF700 anti-human CD4 (clone, A161A1) 

BV421 anti-human CD8 (clone, SK1) 

PE-Cy™7 anti-human CD69 (clone, 17A2)  

APC anti-human CD56 (clone, FN50)  

PE anti-human TIM3 (clone, F38-2E2)  

PE-CF594 anti-human PD-1 (clone, NAT105) 

BioLegend, California, 

USA 

 

 

Figure S1. Expression of cell surface antigen from different cells. (A) MUC1 expression in a panel 

of different cell lines. (B) Expression of CD3 T cells in different cell lines used in this study.     
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Figure S2. TILT-321 virus-derived aMUC1aCD3-BsTe functionality in T cells from three different 

healthy donors. (A-D) Isolated T cells were incubated with Ad5/3-E2F-d24 and Ad5/3-E2F-d24-

aMUC1aCD3 supernatants. Uninfected (Mock) supernatants were used a negative control. 3 days after 

coculture, CD3+CD4+CD69+ or CD3+CD4+CD25+ and CD3+CD8+CD69+ or CD3+CD8+CD25+ T 

cells activation was assessed by flow cytometry. Cytokine concentrations in culture supernatants (E) 

GranzymeB, (F) IL2, (G) TNFa and (H) IFNy were quantified using a cytometric bead array. The mean 
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± SEM of quadruplets is shown. Statistical significance is represented as *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001.  

 

Figure S3. In vitro characterization of virally released aMUC1aCD3-BsTe. Ad5/3-E2F-d24-

aMUC1aCD3-derived supernatant containing aMUC1aCD3-BsTe was added to cultures of MUC1 

positive T47D cells monolayer in the presence of unstimulated T cell at ratio of T: E= 5. Uninfected 

supernatant was used as a Mock. Total percentage of activated T cells (A) CD3+CD4+CD69+ or 

CD3+CD4+CD25+ and, (B) CD3+CD8+CD69+ or CD3+CD8+CD25+ that are cytotoxic for MUC1+ 

tumor cells. The supernatants harvested after 72 hours of co-cultures were analyzed for (C) GranzymeB, 

(D) IL2, (E) TNFa and (F) IFNy using BD FACS Array bioanalyzer by Flow cytometry. The mean ± 

SEM of quadruplets is shown. Statistical significance is represented as *p<0.05, **p<0.01, ***p<0.001, 

and ****p<0.0001.  
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Figure S4. Evaluation of cytokine expression produced by proliferated T cells (CFSE stained). 

Supernatants were analyzed for (A) GranzymeB, (B) IL2 and,  (C) TNFa by Flow cytometry.  

The mean ± SEM of duplicates is shown. Statistical significance is represented as *p<0.05, **p<0.01, 

and ***p<0.001.  

 

Figure S5. Cytotoxicity of virus-derived aMUC1aCD3 in co-cultures of T cells with MUC1+ tumor 

cells using 100 kDa filtered supernatant. (A) Ad5/3-E2F-d24-aMUC1aCD3-derived supernatant 

containing aMUC1aCD3-BsTe was added to cultures of MUC1 positive T47D cells monolayer in the 

presence of unstimulated T cell at T: E = 5. Uninfected supernatant is used as a Mock.  

The mean ± SEM of triplicates is shown. Statistical significance is represented as *p<0.05 and 

***p<0.001.  
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Figure S6. Probability of survival and Individual tumor growth curve of A549 humanized 

xenograft mice. (A) Ad5/3-E2F-d24-aMUC1aCD3+PBMC showed significantly better survival 

compared to Ad5/3-E2F-d24+PBMC and PBMC control group. Individual tumor growth of (B) PBMC 

(C) Ad5/3-E2F-d24+PBMC (D) Ad5/3-E2F-d24-aMUC1aCD3+PBMC treated mice.  Dashed line is 

indicating the time point (day 35) for tumor sample collection from mice (n = 5).  
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Figure S7. aMUC1aCD3-BsTe expression in serum sample collected from PDX-OvCa bearing 

mice. (A) Competitive binding In-cell ELISA was used to analyze the binding of aMUC1aCD3-BsTe to 

its target MUC1 antigen expressed by T47D cell monolayer. TILT-321 infected 30 kDa filtered cells 

supernatant was used as a positive control.  
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