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This study reports a strategy to overcome immune escape of
tumors during viro-immunotherapy due to tumor heterogene-
ity. We pursued a dual-targeting approach of epidermal
growth factor receptor (EGFR) and cellular mesenchymal
epithelial transition factor (c-MET) facilitated by two bispe-
cific T cell engagers (TCEs) or one trispecific TCE encoded
by oncolytic adenoviruses (0Ads). Different bi- and trispecific
TCE formats were generated and characterized. We showed ef-
ficacy of bispecific TCEs single-chain diabody (scDb)-cMET
and tandem scFv (taFv)-EFGR in vitro, encouraging the design
of the diabody-based trispecific TCE (Db-TriTE) scDb-cMET-
scFv-EGFR. The Db-TriTE exhibited effective dual-targeting,
i.e., the induction of cytotoxicity for single-positive cells of
both targets and superior efficacy on double-positive cells.
Therefore, a panel of 0Ads was produced to test different
TCE (co-)expression strategies. Our results showed no or mi-
nor attenuation of viruses harboring the transgenes for one of
the analyzed insertion strategies, expression of TCEs, and
specific induction of both T cell activation and cytotoxicity
in co-cultures of infected tumor cells with peripheral
blood mononuclear cells (PBMCs). Importantly, we demon-
strated dual-targeting by oAds encoding the two bispecific
TCEs or the Db-TriTE with the latter featuring superior
genomic stability and the overall highest efficacy. Taken
together, we report novel bi- and trispecific TCEs and proof
of principle for their application as dual-targeted viro-anti-
body therapy.

INTRODUCTION

Immunotherapy harnesses or complements the patients’ own im-
mune system to kill cancer cells and has become a pillar of cancer
therapy in clinical oncology in recent decades. Modalities include
tumor-targeted monoclonal antibodies; genetically engineered
chimeric antigen receptor- (CAR-) or T cell receptor- (TCR-)
T cells for adoptive transfer' ; immune checkpoint inhibitors,
such as PD-1- and PD-L1-directed antibodies; and T cell engagers

(TCEs) to recruit and activate the patients’ T cells and facilitate
anti-tumor T cell action.”” Furthermore, oncolytic viruses are
capable of triggering anti-tumor immunity through in situ vaccina-
tion resulting from targeted and immunogenic tumor cell (onco-)
lysis.*” Increasingly, combination immunotherapies are being
explored to increase efficacy and provide treatment benefit to
more patients.>’

Oncolytic viruses’ (OVs) fundamental mode of action is the selective
infection and lysis of cancer cells, i.e., oncolysis.f”“) OVs have been
derived from several human pathogenic viruses by engineering of
viral genomes toward designer viruses to facilitate tumor-specific
cell entry or post-entry replication.'””'* Alternatively, vaccine strains
or viruses that do not naturally infect humans have been identi-
fied.'™"” These are sensitive to human cellular viral defenses and
exploit defects in such host-defense pathways in cancer cells. Impor-
tantly, it is now established that viral oncolysis triggers anti-tumor
T cell immune responses.”” '® These responses contribute critically
to the therapeutic outcome and facilitate systemic therapy even
after local OV application. Such immune responses are a result of
an in situ vaccination effect, caused by the release of both danger
signals and tumor (neo-)antigens from infected and lysed
cancer cells. OVs have, therefore, emerged as promising cancer
immunotherapeutics.

Another feature of several OVs that makes them especially attractive
for (combination) immunotherapy of solid tumors is the opportu-
nity to engineer their genomes to encode therapeutic proteins.'"'”
Genetic delivery of effector proteins to tumors facilitates the rational
modulation of the tumor’s immune microenvironment or the local

Received 13 June 2025; accepted 4 December 2025;
https://doi.org/10.1016/j.omton.2025.201106.

Correspondence: Dirk M. Nettelbeck, Clinical Cooperation Unit Virotherapy,
German Cancer Research Center (DKFZ), 69120 Heidelberg, Germany.
E-mail: d.nettelbeck@dkfz.de

Molecular Therapy: Oncology Vol. 34 March 2026 © 2025 The Author(s). 1

o Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.omton.2025.201106
mailto:d.nettelbeck@dkfz.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omton.2025.201106&domain=pdf
http://creativecommons.org/licenses/by/4.0/

. . . 11,12,18
delivery of immunotherapeutics,

antibody therapy)."”

especially antibodies (viro-

T cell engagement uses bispecific adapter molecules, TCEs, to link
T cells to cancer cells and thereby activate their effector functions in-
dependent of their intrinsic, TCR-mediated specificity.” This forced
interaction triggers T cell-mediated cancer cell destruction indepen-
dent of effective intrinsic anti-tumor T cells. To this end, TCEs bind
simultaneously to CD3 on T cells and to cancer cell surface mole-
cules. In addition, TCEs are also being investigated for targeting tu-
mor stromal cells, and related immune cell engagers redirect NK cells
or macrophages to tumor cells.”’ >’
links two single-chain variable fragments (scFvs) in tandem (tandem
scFv [taFv]), for which the term BiTE (for bispecific TCE) has been
established. An approved BiTE, blinatumomab, binds CD3 and the B
cell lineage marker CDI19 for treatment of B cell malignancies.”*
However, BiTEs and related Fc-less molecules have limitations
including rapid blood clearance due to their small size. Moreover,
TCEs might have systemic side effects resulting from on-target-
off-tumor cell binding.ZS’27 Furthermore, the treatment of solid

A small TCE molecule format

tumors with TCEs faces significant challenges due to low tumor
perfusion with TCEs and T cells and immunosuppressive tumor
microenvironments.>

For several reasons, the delivery of TCEs by OVs (OV-TCE therapy)
is an especially attractive match®: OV-encoded TCEs facilitate
bystander killing of tumor cells not reached by the virus with small,
Fc-less TCE formats facilitating better tumor penetration than larger
IgG-like formats. The local and extended expression of Fc-less TCEs
following genetic delivery by OVs addresses the abovementioned
problems of systemically applied TCEs regarding pharmacokinetics
and systemic side effects. Even more, TCEs redirect powerful
OV-induced anti-viral T cell responses to cancer cells. Hence,
the feasibility and efficacy of OV-TCE therapy for solid tumors
has been extensively reported in preclinical models for OVs
with taFvs (BiTEs) targeting tumor cells.'”*® Epidermal growth fac-
tor receptor (EGFR),* ! EpCAM,‘;Z’33 MUC1,*** CD44v6,*%*”
B7H3,”® EphA2,”*' CEA,* MUCI16,”** B7H4,* NKG2DL,*
Claudin 18.2," CD19,*® CD20,* PD-L1,°%! HER2,”” cancer-associ-
ated fibroblasts,”>?! or tumor-associated macrophages‘53 have been
described as targets for OV-encoded taFvs. However, all reported
TCE-encoding OV's have aimed at a singular tumor target.

Primary or secondary treatment resistance represents significant
impediments to the efficacy of targeted drugs. Heterogeneity or plas-
ticity of cancer cells with respect to targeted tumor surface markers
has been demonstrated to reduce the efficacy of antibody-based cancer
treatment modalities or to cause tumor relapse by antigen escape.”*

Dual-targeting, the concurrent treatment with two targeted drugs, is
a promising strategy to overcome treatment resistance through im-
munoediting.”>” For solid tumors, dual-targeting of EGFR and
cellular mesenchymal epithelial transition factor (c-MET) with a bis-
pecific antibody, amivantamab, is approved for treatment of patients
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with non-small cell lung cancer (NSCLC) with an exon 20 insertion
in the EGFR gene.sg’59 However, it is associated with notable limita-
tions regarding its safety profile stemming from the need of contin-
uous systemic administration.”” The rationale for dual-targeting of
both EGFR and c-MET besides heterogeneous expression is that
an interplay between EGFR and c-MET expression is seen in cancer
cells, where therapeutic targeting of one receptor leads to compensa-
tory mechanisms and upregulation of the other receptor.®' ®® While
dual-targeting of EGFR and c-MET with small molecules has shown
encouraging results, it shows a wide range of side effects that affect

. 64
various organ systems.”

The objective of this study was to develop and prove the principle of
dual-targeted OV-TCE therapy. We explored different scFv-derived
BiTE formats—notably taFvs and single-chain diabodies (scDbs)*°—
and a fusion of these formats to a novel dual-targeting trispecific
scDb-scFv we termed scDb-based trispecific TCE (Db-TriTE). The
rationale for comparing the TCE activity of scDbs to the established
taFv (BiTE) format was our previously reported observation of signif-
icantly increased serum stability of the scDb format.’® This increase in
stability most likely results from the folding of the scDb into a more
compact and rigid molecule (Figure 1A), thereby reducing accessibility
for proteolytic degradation (e.g., proteolytic separation of the two an-
tigen-binding domains) and/or thermal degeneration. Moreover, a
functional scDb TCE would allow for deriving the Db-TriTE that
uses an scDb as building block. Consequently, for dual-targeting
OV-TCE therapy, OVs need to be developed that either co-express
two BiTEs or express a single Db-TriTE. Db-TriTEs possess advanta-
geous features for OV-TCE dual-targeting, namely, the requirement
ofless genomic space in the OV genome and no risk of genomic recom-
bination between two identical or similar anti-CD3 scFvs-coding se-
quences. For proof of principle, we focused on EGFR and c-MET as
validated targets for dual-targeting therapy. We chose to produce
OV-TCEs based on oncolytic adenoviruses (0Ads), which are exten-
sively investigated OVs in pre-clinical and clinical studies.”” " Various
advantageous properties recommend adenoviruses for applications as
OVs, potency, stability, established
manufacturing to high titers, knowledge of their genome organization
and replication cycle facilitating virus engineering, and the capacity for
the genomic insertion of larger heterologous DNA sequences.”'”* We
and others have established effective strategies for the expression of one
or more transgenes at various insertion sites in the viral genome and by
different expression modalities.”*”® The present study aimed to iden-
tify an expression strategy that exhibited little to no attenuation of 0Ad-
mediated oncolysis, retains genomic stability, and facilitates the expres-
sion of functional TCEs in therapeutically effective amounts. To this
end, 0Ads encoding either two BiTEs or the Db-TriTE were generated
toward proof of principle for dual-targeting viro-antibody therapy.

including  lytic particle

RESULTS

The single-chain diabody as an alternative bispecific T cell
engager format for oncolytic virus delivery

Previously, several OVs encoding single BiTEs have been reported,
most of them encoding the clinically established taFv format
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Figure 1. Biochemical characterization of bispecific
scDb, taFv, and trispecific scDb-scFv antibody
formats

(A) Schematic illustration of taFv-cMET, scDb-cMET,
taFv-EGFR, and scDb-cMET-scFv-EGFR at DNA (top)
and protein levels (bottom). L, Igk leader; Vi, heavy chain;
Vi, light chain; L1, GGGGS; L2, (GGGGS)s; L3,
AAAGGSGGGGS; His, 6x histidine tag. Light blue,
huU3; red, c-MET; dark blue, EGFR. (B) SDS-PAGE
analysis of antibody constructs. Lane 1, taFv-cMET;
lane 2, scDb-cMET; lane 3, taFv-EGFR; lane 4, scDb-
CcMET-scFv-EGFR. Rearrangement of lanes indicated
by black lines. 12% PAA, 1 pg/lane, Coomassie blue
staining under reducing conditions. (C) Size-exclusion
chromatography by HPLC using Superdex 200 Increase
column. a.u, arbitrary unit.

(SK-Mel-23; for antigen expression profiles of
used cell lines, see Figure S1), equally weak
binding to c-MET™ control cells (SW480) at

high concentrations (Figure 2A), and some-
what stronger binding of the taFv-cMET to
CD3" T cells (Jurkat, Figure 2B). Finally, our
comparative analysis of T cell-mediated tumor
cell killing in co-cultures of tumor cells and pe-
ripheral blood mononuclear cells (PBMCs)
6 demonstrated equal efficacy for taFv-cMET
and scDb-cMET in co-cultures with ¢-MET"
target cells (Figure 3A). Thus, the difference
in CD3 binding did not have an effect on in-
duction of T cell-mediated cytotoxicity in co-
0- cultures under the conditions we used. As ex-
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(BiTE).”” We started our study with exploring scDbs as an alternative
small TCE format, which differs in the order of Viy and V; domains,
resulting in a less-flexible and likely more stable format than the taFv
(Figure 1A, we will use the term taFv rather than BiTE in the
following, as the difference in molecular structure is relevant for
our work). We thus started with the generation and comparative
analysis of a taFv and an scDb for one of our favored targets,
c-MET. To this end, we cloned expression plasmids in a previously
reported design65 using Vy and Vi, sequences of a humanized
version of CD3 antibody UCHT1 and of a reported anti-c-MET
Fab.*” Proteins were produced by transient transfection of
FreeStyle-293F cells and purified by immobilized metal ion affinity
chromatography (IMAC). SDS-PAGE analysis showed single bands
of expected size (taFv-cMET: 56.56 kDa; scDb-cMET: 53.7 kDa), and
the proteins eluted as single peaks in analytical size-exclusion chro-
matography not showing aggregates or fragments (Figures 1B and
1C). Comparative analysis of cell binding by flow cytometry with
antibody titration revealed equal binding to ¢-MET" target cells

pected from the binding analysis, comparable
levels of weak induction of tumor cell cytotox-
icity were observed in co-cultures with
c-MET"™ control cells at higher concentrations
(Figure 3A). Taken together, we generated two novel TCEs targeting
¢-MET, and the comparison of the scDb and taFv formats showed
equal efficacy of specific cell binding and T cell-mediated tumor
cell killing for this target in vitro.

A novel scDb-based trispecific T cell engager molecule for dual-
targeting of c-MET and EGFR

For our aim of dual-targeting T cell engagement after genetic deliv-
ery by OVs, two approaches are feasible: the co-expression of two
BiTE or the expression of one trispecific TCE. When using the
same building blocks (e.g., CD3- and tumor-targeted scFvs), the
latter approach has two important advantages. First, it needs less
OV genomic capacity. Second, it reduces the risk of homologous
recombination between identical or similar sequences that are
required for encoding two CD3-binding moieties for the co-expres-
sion approach, but not for the trispecific format. Therefore, we hy-
pothesized that a BiTE in the scDb format could be exploited as
building block for a novel Db-TriTE by fusing a tumor-targeting
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Figure 2. Binding properties of scDb-cMET, taFv-
cMET, taFv-EGFR, and scDb-cMET-scFv-EGFR
Comparison of cMET-binding strength and specificity of
bispecific taFv and scDb formats in (A) SK-Mel-23 cells
and SW480 cells. (B) Binding of scDb-cMET, taFv-
cMET, taFv-EGFR, and scDb-cMET-scFv-EGFR to
CD3* Jurkat cells. (C) Binding of trispecific scDb-cMET-
scFv-EGFR and parental bispecific scDb-cMET and
taFv-EGFR to single- and double-positive target cells.
Binding properties were analyzed via flow cytometry;
102 bound protein was detected using PE-anti-His mAb.
Relative MFI shown as mean + SD, (n = 2).

10° 10!

similar to the scDb at lower concentrations
but reached the median fluorescence intensity
(MFI) of the taFv-EGFR at the highest concen-
tration. Importantly, the Db-TriTE showed
equal binding compared to the respective bis-
pecific controls on single-positive target cell
lines (Figure 2C), underlining its suitability
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binding to double-positive cells was stronger
for the Db-TriTE than for both bispecific con-
trols (Figure 2C). Tumor cell killing assays in
co-cultures with PBMCs showed that the Db-
TriTE performed equally well to the bispecific
control, taFv-EGFR on c¢-MET/EGFR*
SW480 cells. On ¢-MET*/EGFR™ SK-Mel-23
cells, the induction of cytotoxicity by the Db-
TriTE was equal for lower concentrations and
visibly higher for higher concentrations

102 107 10° 10' 107 103 10?2 10

cinnM

—— scDb-cMET-scFv-EGFR
-~ scDb-cMET
-= taFv-EGFR
-0~ taFv-cMET

scFv to the C terminus (Figure 1A). This follows our previously re-
ported design of a trivalent but bispecific scDb-scFv.*' For c-MET/
EGFR co-targeting, we fused the EGFR-targeted scFv to our scDb-
cMET, generating the scDb-cMET-scFv-EGFR (Figure 1A). As this
Db-TriTE basically constitutes an overlapping scDb and taFv, we
used the corresponding bispecific scDb-cMET and taFv-EGFR as
controls. The scDb-cMET-scFv-EGFR and taFv-EGFR proteins
were produced and resulted in proteins of expected size (taFv-
EGFR: 53.3 kDa; scDb-cMET-scFv-EGFR: 80.03 kDa, Figure 1B)
without detectable fragments or aggregates (Figure 1C). Antigen
binding was analyzed using both single and double target-positive
tumor cell lines and Jurkat T cells. For CD3" Jurkat T cells, we
observed somewhat stronger binding with the taFv-EGFR than
with the scDb-cMET (Figure 2B). The Db-TriTE showed binding
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cinnM

(Figure 3B) compared to the scDb-cMET.
Finally, on double-positive SKOV3 cells, in-
duction of cytotoxicity by the Db-TriTE was
significantly higher than for the bispecific con-
trols, reflected by the ECs, values (Table 1). We
conclude that the c-MET- and EGFR-targeted
Db-TriTE performs equally to the parental
BiTEs on single-positive target cells and shows
superior binding and induction of T cell-medi-
ated cytotoxicity on double-positive tumor cells, underlining its po-
tential for genetic delivery by OVs and for dual-targeted T cell

10° 10 102

engagement.

Generation of oAds for genetic delivery of TCEs enabling dual-
targeting of c-MET and EGFR

Toward our aim of oAd-encoded T cell engagement targeting c-MET
and EGFR, we next explored different approaches in order to find the
most effective TCE expression and dual-targeting strategy. In princi-
ple, three strategies for dual-targeting are possible: co-infection (of
two viruses encoding one BiTE each), co-expression (of two BiTEs
by one virus), and the expression of a trispecific TCE. Moreover,
for a given TCE, different insertion sites in the 0Ad genome and
expression strategies are possible. Correspondingly, we generated a
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Figure 3. Induction of T cell-mediated cytotoxicity
on single-positive and double-positive target cells
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-2 -1 0 1 2 3 4 -2 -1 1 2
10 10* 10° 10* 10* 10° 10 102 10 10° 10' 10?2 10° 10° and purified. However, the after-fiber virus
cinpM cinpM Ad5/3-S-tE took longer time for rescue and
SKOV3 (EGFR*, cMET*) amplification and yielded lower viral titers,
120+ which remained unchanged with repeated
preparations and was also observed with inser-
—— scDb-cMET-scFv-EGFR < tions of other TCEs in this position (data not
& scDb-cMET E 80 shown). Virus particle to TCIDs, ratios were
= taFv-EGFR £ similar for all after—E'4 viruses and the cont'rol
8 404 (between 4 and 14, Figure S2) but was consid-
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cinpM the panel of TCE-encoding oAds

panel of TCE-encoding viruses for dual-targeting of c-MET and
EGFR depicted in Figure 4A. As oAd backbone, we used Ad5/
3A24AE3. This HAdV-5-derived virus encodes an EIA protein
with deletion of the pRb-binding domain for tumor-restricted repli-
cation®” and has the E3 genes deleted to increase capacity for trans-
gene insertion. Also, it possesses a fiber knob domain of HAdV-3 to
enable efficient entry into tumor cells.”® As single expressor viruses,
we inserted the cassettes encoding scDb-cMET, taFv-EGFR, or scDb-
cMET-scFv-EGFR with a cytomegalovirus (CMV) promoter be-
tween the right inverted terminal repeat (RITR) and the E4 genes
(“after-E4”7°) in forward and reverse (“r”) orientation generating
the 6 viruses Ad5/3-DM, Ad5/3-tE, Ad5/3-DMFE, Ad5/3-DMr,
Ad5/3-tEr, and Ad5/3-DMFEr. For co-expression, we generated a vi-
rus with scDb-cMET and taFv-EGFR coding sequences linked with a
T2A ribosomal skipping sequence and expressed from the CMV pro-
moter in forward orientation, Ad5/3-DMTtE. The order of TCE se-
quences in this cassette was chosen as it resulted in best and similar
expression of both TCE:s in transient transfection experiments (not

We next investigated whether the insertion of

TCE expression cassettes affected oncolytic ac-
tivity of 0Ads, i.e., viral cytotoxicity in the absence of T cells, and how
the insertion sites and expression strategies affect TCE expression by
the 0oAds. To determine oncolytic activity, we infected our target tu-
mor cell lines with serial dilutions of the 8 TCE-encoding viruses, the
parental control virus Ad5/3-AE3, a non-replicating Ad5/3 virus, or
mock (Figure 4B). The 4 after-E4 viruses with TCE expression cas-
settes in forward orientation, Ad5/3-DM, Ad5/3-tE, Ad5/3-DMFE,
and Ad5/3-DMTBE, showed no attenuation (SK-Mel-23) or minor
attenuation of less than 5-fold (SW480, SKOV3) compared to the
control virus. Interestingly, the 3 after-E4 viruses with TCE expres-
sion cassettes in reverse orientation showed a further attenuation of
approximately 5-fold, independent of the encoded TCE and cell
line. This points to a general effect of the transgene insertion with a
CMYV promoter in reverse orientation at that site. Finally, the after-fi-
ber virus showed the strongest attenuation in SW480 (25-fold) and
SKOV3 (>100-fold) compared with the parental viruses. This was
the case even though the assay was performed using infectious parti-
cles and thus already normalized for the lower infectivity of this virus.
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Table 1. EC5, values of bispecific and trispecific TCEs for double-positive
target cells

TCE ECsp in pM
scDb-cMET 3.54
taFv-EGFR 0.72 ¥
*
*
scDb-cMET-scFv-EGFR 0.16

ECs values for SKOV3 cells (data shown in Figure 3) were calculated using GraphPad
Prism software by a dose-response nonlinear regression with a variable slope. ECsq
values in pM as mean of 3 donors, each determined in three independent experiments,
**p < 0.01, unpaired  test.

To determine TCE expression, we infected our target tumor cells
with our panel of TCE-encoding oAds and the control virus at mul-
tiplicity of infection (MOI) of 25 (SK-Mel-23) or 5 (SW480 and
SKOV3). TCEs in supernatants were quantified 7 days post infection
via flow cytometry, using standard curves generated with purified
antibodies (Figure 4C). Notably, the after-fiber virus Ad5/3-S-tE
showed highest TCE production in all cultures. taFv-EGFR produc-
tion was significantly higher than for the two after-E4 taFv-EGFR-
encoding viruses (Ad5/3-tE and Ad5/3-tEr). taFv-EGFR production
was slightly higher for Ad5/3-tEr compared to Ad5/3-tE, although
significance was not reached. In contrast, production of scDb-
cMET was higher in 0Ads with the expression cassette in the forward
orientation, also without reaching significance. For the Db-TriTE,
insert orientation seemed to have no clear effect on the level of
TCE production. For the after-E4 viruses, highest TCE concentra-
tions were measured for oAds with scDb-cMET insertion (for SK-
Mel-23 in forward orientation, only). In comparison, concentrations
of taFv-EGFR and the Db-TriTE scDb-cMET-scFv-EGFR were
lower and very similar in SK-Mel-23 and SKOV3 cells, whereas
SW480 cells expressed scDb-cMET-scFv-EGFR somewhat stronger
than taFv-EGFR.

We also determined TCE production by Ad5/3-DMTH1E (co-expres-
sion via T2A) and after co-infection with Ad5/3-DM and Ad5/3-tE.
For the latter, MOIs of 12.5 or 2.5 per virus were used to obtain the
same total titer as for the other viruses. Note that scDb-cMET and
taFv-EGFR TCEs in the supernatants could be distinguished via
different tags. Unequal production of TCEs was observed for Ad5/
3-DMTE with dominance of taFv-EGFR (encoded downstream of
the T2A sequence), which was even more strongly expressed than
by the single-targeting Ad5/3-tE. In contrast, production of both
TCEs was very similar in all tested cell lines after co-infection.
Notably, an imbalance in T2A-mediated TCE co-production was
not observed after plasmid transfection (data not shown). This
observation and the fact that the transgene insert of Ad5/3-DMTtE
included several homologous sequences prompted us to investigate
potential recombination of the virus genome. Indeed, PCR analysis
of purified Ad5/3-DMTHE revealed at least 3 deletions within the
insert (Figure S3A). After further passaging of the virus in tumor
cell cultures, especially the smaller PCR amplicons resulting from
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the larger deletions increased in intensity and a further even smaller
amplicon and thus larger deletion mutant emerged. Sequencing of
the PCR amplicons (Figure S3B) revealed recombination between
identical or homologous sequences (1) encoding the leader peptides,
(2) encoding the two CD3-specific Viy domains, (3) encoding the Vi
domains of the c-MET- and EGFR-specific antibodies, and (4) of the
CMYV promoter and the Vi, domain-encoding sequence of the down-
stream EGFR-specific antibody (least homology, but largest dele-
tion). Hence, the deletions result in loss of the open reading frame
of the upstream scDb-cMET (leader recombination) or of both anti-
bodies (others). The former might contribute minimally to the
observed imbalance of taFv versus scDb expression. These results
encourage both the development of the Db-TriTE format (smaller
insert and less-homologous sequences), as explored here, and the
reduction of sequence homologies in the transgene insert of Ad5/
3-DMTE, e.g., by codon optimization and switching one of the
leader peptides in future work. As the PCR analysis shows that the
by far largest fraction of viruses in the Ad5/3-DMTtE preparation
lacked detectable deletions and considering the mentioned opportu-
nities for insert optimization, we included the virus in our further
experiments.

To ensure that TCE expression during oAd replication does not
compromise TCE bioactivity, we compared virus-produced with
conventionally produced protein using the Db-TriTE as an example.
Virus-encoded Db-TriTE was purified from the supernatant of Ad5/
3-DMFEr-infected A549 cells. We observed no difference in binding
to EGFR"/c-MET" SKOV3 cells and only an insignificant reduction
in inducing T cell-mediated cytotoxicity in co-cultures of SKOV3
cells and PBMCs (Figures S4A and S4B) implying no loss of bioac-
tivity after oAd genetic delivery. High-performance liquid chroma-
tography (HPLC) analysis revealed a similar peak for both proteins,
however, with a small shoulder of high molecular weight species for
the virally encoded Db-TriTE (Figure S4C). This might be due to
differences in the first steps of TCE purification and needs to be
further investigated for further development of this approach toward
clinical translation.

In summary, TCE expression in the after-fiber position via splice-
acceptor was very high compared to after-E4 expression from the
CMYV promoter, but came at the price of strongly attenuated onco-
Iytic activity. Insert orientation in the after-E4 site seemed to have
no clear effect on TCE expression, but insertion in the reverse
orientation led to attenuation of oncolytic activity for all TCEs.
Dual TCE expression by co-infection but not by co-expression
via a T2A peptide was equimolar, and the latter strategy suffered
from genomic instability that progressed with increasing viral repli-
cation cycles.

TCE-encoding oAds specifically activate T cells in co-cultures
and can implement dual-targeting

Having confirmed both production and bioactivity of virally en-
coded TCEs, we wanted to verify the potency of TCE-armed oAds
for dual-targeting of EGFR and c-MET. As a first step, we analyzed
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Figure 4. Oncolytic activity and antibody production of oAds

(A) Schematic depiction of viral genomes. S, Ad40SA (splice-acceptor sequence of HAdV-40); tE, taFv-EGFR; DM, scDb-cMET; DMFE, scDb-cMET-scFv-EGFR; DMTtE, scDb-
cMET-T2A-taFv-EGFR,; r, reverse (right-to-left) orientation; LITR, left inverted terminal repeat; E1A, E3, and E4, early viral genes; A24, 24-bp deletion; AES, deleted E3 region; 5/3
fiber, chimeric fiber with Ad5 tail and shaft and Ad3 knob; FSA, construct with splice-acceptor mediated expression downstream of fiber gene. (B) Cytotoxicity assays of oAds on
SK-Mel-23, SW480, and SKOV3 cells. Target cells were infected with serial 5-fold dilutions of oAds (MOI = TCIDsg/cell). Cells were stained with crystal violet at time point of best
visibility of differences between oAds. Representative experiments are shown. (C) Antibody concentrations in supernatants of infected target cells. Cells were infected with MOI 25
(SK-Mel-23) or MOI 5 (SW480, SKOV3) and supernatants were taken 7 days post infection and analyzed via flow cytometry with SKOV3 cells. Antibodies were detected using a
PE-anti-His antibody or in case of dual-expression, AF647-anti-Myc or PE-anti-HA antibodies. Relative MFls were used to calculate concentrations based on standard curves
created by titration of purified antibodies. Values shown as mean + SD, (n = 3), *p < 0.05, ***p < 0.0001; ns, not significant; one-way ANOVA, for select comparisons.
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T cell activation by TCE-armed oAds in co-cultures of oAd-infected
tumor cells and PBMCs. Taking into consideration the TCE produc-
tion and oncolytic activity data, we decided to focus our analysis on
dual-targeting with the Db-TriTE-encoding virus (Ad5/3-DMEFE),
co-expression of scDb-cMET and taFv-EGFR (Ad5/3-DMTtE),
and co-infection (Ad5/3-tE + Ad5/3-DM). Co-cultures infected
with individual BiTE-encoding oAds (Ad5/3-tE, Ad5/3-DM) or
the parental virus without TCE gene (Ad5/3-AE3) served as controls.
We infected single target-positive cell lines SK-Mel-23 and SW480
and the double target-positive cell line SKOV3 with this panel of vi-
ruses. PBMCs of three different healthy donors were added 1 day
post infection. Supernatants of co-cultures were taken for quantifica-
tion of secreted cytokines interleukin (IL)-2 and interferon (IFN) y.
In addition, CD69 expression was measured on CD4* and CD8"
T cells 24 h post addition of PBMCs (Figure 5 with statistics shown
only for comparisons with Ad5/3-DMFE; for the full statistical anal-
ysis see Figure S5).

As expected, on single -positive EGFR /c-MET" SK-Mel-23 cells,
Ad5/3-DM but not Ad5/3-tE triggered a significant induction of cyto-
kine secretion and activation marker expression compared to Ad5/3-
AE3 infection. Due to the relative insensitivity of this cell line to
T cell killing, the effector-to-target (E:T) ratio was increased to 6:1
for SK-Mel-23, compared to 3:1 for the other cell lines. All dual-target-
ing 0Ads triggered the induction of cytokine secretion (not reaching
significance) and activation marker expression (significant). There
were no significant differences between dual-targeting strategies and
Ad5/3-DM for any of the activation markers. On the other single-pos-
itive EGFR"/c-MET™ SW480 cell line, Ad5/3-tE triggered a strong in-
crease in cytokine release and T cell activation marker expression
compared to the control virus. Ad5/3-DM induced activation marker
but not cytokine expression, which goes along with the strong TCE
expression by this virus in these cells and the minor binding and
T cell-mediated cytotoxicity observed for the scDb-cMET protein.
Of note, all dual-targeting 0Ads induced increases in cytokine and acti-
vation marker expression with a trend toward weaker activity of the co-
infection strategy and strongest activity of the Db-TriTE-encoding vi-
rus Ad5/3-DMEFE. The latter significantly elevated cytokines and CD69
compared to the control virus and to Ad5/3-DM. Moreover, Ad5/3-
DMEFE was significantly superior to all other viruses regarding IFNy
secretion and to the co-infection strategy regarding CD69 expression
on CD8" T cells. The co-expression strategy with Ad5/3-DMTHE virus
led to significantly higher IFNy secretion and CD69 expression
compared to Ad5/3-DM and Ad5/3-AE3. In addition, it led to a signif-
icant increase in IFNy secretion compared to co-infection with Ad5/3-
tE and Ad5/3-DM. Note that for interpretation of these results, anti-
body concentrations need to be considered (see Figure 4). For example,
the Db-TriTE was stronger expressed after infection of SW480 cells
with Ad5/3-DMFE than the taFv-EGFR after infection with Ad5/3-
tE. Also, taFv-EGFR expression in all cell lines was stronger after infec-
tion with Ad5/3-DMTHE than after infection with Ad5/3-tE.

For double-positive SKOV3 cells, infection with all TCE-encoding
0Ads viruses led to a significant increase of CD69 surface expression
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of both CD4" and CD8" T cells compared to the control virus. In
both cases, infection with Ad5/3-DMEFE reached the highest level
of significance. Secretion of cytokines IL-2 and IFNy was also signif-
icantly elevated after infection with all viruses compared to the con-
trol virus, except for Ad5/3-DM for which the increase did not reach
significance. This corresponds with the lower binding and T cell acti-
vation observed for the scDb-cMET protein for this cell line. There
were no significant differences between dual-targeting strategies
for any of the markers, except for significantly higher IL-2 secretion
after Ad5/3-DMTH1E infection compared to co-infection with Ad5/3-
tE and Ad5/3-DM.

We conclude that only 0Ads implementing dual-targeting TCE stra-
tegies resulted in robust activation of T cells in co-cultures with both
single-positive tumor cells and the Db-TriTE-encoding virus Ad5/3-
DMEFE showing the best results. Infection with the 0Ad encoding the
non-cross-linking TCE led to none or little T cell activation. All
TCE-encoding oAds triggered T cell activation in co-cultures with
double-positive target cells, albeit with an overall lower T cell activa-
tion for the single-targeting Ad5/3-DM. Our results indicate efficacy
of dual-targeting approaches using TCE-armed 0Ads including the
Db-TriTE-encoding virus with respect to T cell activation.

TCE-encoding oAds combine oncolysis and T cell-dependent
killing in co-cultures of target cells and PBMCs

Last, we analyzed the combined effect of oncolysis and T cell-medi-
ated cytotoxicity via TCE-dependent dual-targeting. Tumor cell
killing was analyzed in co-cultures of oAd-infected single- or dou-
ble-positive tumor cells in the presence or absence of PBMCs. This
stringent assay requires an adequate potency of T cell-mediated
tumor cell killing in the presence of viral oncolysis. As we observed
differences in sensitivity to T cell killing between cell lines, we
adjusted virus doses, E:T ratios, and time points of PBMC addition
for SK-Mel-23 cells and SW480 cells. Results of the cytotoxicity
analysis with three independent PBMC donors are shown in
Figure 6A.

For SK-Mel-23 cells, infections were performed at high virus titers
(MOI 25) and high E:T ratios (10:1) to address lower infectivity
and especially lower sensitivity to T cell-mediated cell killing. In
these EGFR™/c-MET" cells, the viruses that did not drive production
of a c-MET-targeting TCE did not lead to a significantly reduced
viability in the presence of PBMCs. Also, co-infection with Ad5/3-
tE and Ad5/3-DM failed to significantly increase cytotoxicity in
the presence of PBMCs. Importantly, we observed combined oncol-
ysis and T cell-mediated cell killing, i.e., a significantly increased
cytotoxicity in presence of PBMCs, for Ad5/3-DM and for the
dual-targeted viruses Ad5/3-DMFE and Ad5/3-DMTtE. For
SW480 cells, the protocol was adjusted to an MOI of 0.016, an E:T
ratio 10:1, and addition of PBMCs 3 days post infection. For these
EGFR"/c-MET™ cells, no significantly enhanced cytotoxicity was
observed in co-cultures where no EGFR-targeting TCE was pro-
duced. In contrast, a significant increase in cytotoxicity by addition
of PBMCs was observed for viruses Ad5/3-tE, for co-infection with
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Figure 5. T cell activation by antibody-encoding oAds in co-cultures of infected tumor cells and PBMCs

Tumor cells were infected with MOI 5 (SK-Mel-23) or MOI 1 (SW480, SKOV3). PBMCs were added 1 day post infection and IL-2 concentrations in the supernatant and CD69
surface expression were measured 24 h post addition of PBMCs. IFNy concentrations in supernatants were measured 48 h post addition of PBMCs. Cytokine levels were
measured via ELISA and CD69 expression via flow cytometry. Data gathered from 3 independent experiments with different donors, values shown as mean + SD (n = 3),
*p < 0.05, *p < 0.01, ™ p < 0.001, ***p < 0.0001; one-way ANOVA. Only p values for significant differences of comparisons of Ad5/3-DMFE with other viruses are shown
(complete analysis in Figure S5).

Ad5/3-tE and Ad5/3-DM, and for the dual-targeting viruses Ad5/3-  showed significantly increased cytotoxicity in the presence of
DMFE and Ad5/3-DMTtE. The Db-TriTE-encoding virus Ad5/3-  PBMCs for both single-target tumor cell lines. The double-positive
DMEE showed the strongest cytotoxicity. Together, these results ~ SKOV3 cells showed the highest sensitivity to TCE-mediated killing.
demonstrate superiority of dual-TCE-targeting, as only the dual-tar-  Therefore, we detected a highly significant increase in cytotoxicity
geting TCE-encoding oAds Ad5/3-DMFE and Ad5/3-DMTtE  for all TCE-encoding oAds already at titers far below the titers
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Figure 6. Combined oncolytic and antibody-mediated tumor cell cytotoxicity of antibody-encoding oAds in co-cultures of infected tumor cells and PBMCs

(A) Cytotoxicity in single- and double-positive target cells. SK-Mel-23 cells were infected at an MOI of 25, SW480 cells at an MOI of 0.016, and SKOV3 cells at an MOI of 0.2.
For SK-Mel-23 and SKOV3 cells, PBMCs were added 1 day post infection, and for SW480 cells, PBMCs were added 3 days post infection. Effector to target cell ratios were

(legend continued on next page)
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required to show oncolytic cytotoxicity. Again, the strongest and
most significant effect was observed for the Ad5/3-DMFE.

Finally, we investigated the potency of our set of TCE-encoding 0oAds
for T cell-mediated killing of NSCLC cells, as dual-targeting of c-
MET and EGFR is clinically established for the treatment of
NSCLC patients, but modalities with reduced systemic side effects
are warranted.”® %" To this end, we performed co-culture infection
experiments with A549 and H1650 cells and PBMCs from 3 indepen-
dent donors. Both cell lines express c-MET and EGFR (Figure S1).
Our results revealed potent TCE-mediated killing for all antibody-
encoding viruses in both cell lines (Figure 6B). In A549 cells, we
detected a similar potency for this set of viruses with the Db-
TriTE-encoding Ad5/3-DMFE showing a trend toward highest
activity. This cytotoxicity profile matches the results for SKOV3 cells.
In H1650 cells, all c-MET/EGFR-dual-targeting approaches, i.e., co-
infection, co-expression, or expression of the trispecific Db-TriTE,
were superior to mono-targeting of EGFR and c-MET. Mono-target-
ing, i.e,, infections with 0Ads encoding either taFv-EGFR or scDb-
cMET, required higher virus titers to achieve potent/significant
T cell-mediated killing. These results confirm the potency of the
dual-targeting TCE viro-antibody therapy approach in NSCLC cells.

In summary, our cytotoxicity data show increases in cell killing by
oAd-encoded TCEs specifically for cell lines that are positive for
the TCE target. More importantly, the dual-targeting effect observed
for T cell activation (Figure 5) translates into TCE-mediated cell
killing during oncolysis: killing of both cell lines expressing one
TCE-target requires dual-targeting by co-infection or by the Db-
TriTE or the co-expression strategy implemented with our novel
0Ads Ad5/3-DMFE and Ad5/3-DMTHE, respectively.

DISCUSSION

Dual-targeting strategies are increasingly investigated as a means to
overcome treatment resistance and enhance the efficacy of cancer
immunotherapies. By simultaneously targeting two different anti-
gens, these approaches aim to improve treatment responses of het-
erogeneous cancers and prevent antigen escape. In this study, we
focused on dual-targeting via antibodies, specifically TCEs, geneti-
cally delivered by oAds using the validated targets EGFR and
¢-MET for proof of principle.

We investigated two BiTE formats, namely, scDb and taFv. The only
direct comparison of the two formats performed to date explored
their application as bispecific adapters for entry targeting of adeno-
% This study showed that binding properties of scDbs
and taFvs were identical, the only difference being higher stability
of the scDbs under physiological conditions,’® which would also be
advantageous for applications as TCEs. Our results show equal effi-

viral vectors.

cacy as TCEs for scDb-cMET and taFv-cMET (Figures 2 and 3), while
we previously found that the scDb-EGEFR is ineffective, suggesting
target epitope-specific limitations of the scDb format for applications
as TCEs. This might be due to the lower flexibility of the scDb format
that would not influence binding to either the tumor target or CD3 but
could lead to steric hindrance when both antigen-binding sites of the
scDb are to be engaged at the same time. Work by Asano et al.
comparing different domain orders for diabodies has shown that
binding affinities were not notably influenced by V;/Vy, domain rear-
rangement, but significant differences in cross-linking efficacies were
observed. This was not the case for taFv molecules, where antigen
binding sites can rotate freely.** In summary, we engineered novel
c-MET-targeted TCEs in both the taFv and scDb formats and showed
their potency in vitro, thereby facilitating future translation as thera-
peutics for (combination) treatment of c-MET-positive cancers.

Building on the encouraging data for scDb-cMET, we generated a
novel dual-targeting Db-TriTE, using the scDb-cMET as a base
and fusing it to the scFv-EGFR of the taFv-EGFR (Figure 1A).
This TCE format was inspired by our previous work on a trivalent
BiTE, targeting HER3,” which exhibited increased binding to
HER3" cancer cells compared to the corresponding scDb, resulting
in increased T cell activation, proliferation, and induction of
T cell-mediated killing. Furthermore, a trivalent scDb-scFv molecule
was reported linking a bispecific scDb, binding to PD-L1 and 4-1BB
for T cell co-stimulation, to a human serum albumin-binding scFv
for increased plasma half-life.®> Our novel Db-TriTE, scDb-cMET-
scFv-EGFR, demonstrated equal binding and induction of cytotox-
icity to its bispecific controls on single-positive target cells and
superior activity on double-positive target cells. While the primary
purpose of the Db-TriTE TCE format (and of our dual-targeting
approach in general) is to ensure killing of both types of single-pos-
itive target cells in order to avoid antigen escape, its superior efficacy
on double-positive target cells may be of further advantage. Potential
mechanisms underlying the latter include an increased avidity of tu-
mor cell binding resulting in a stronger and/or more persistent cell
linkage. This is supported by the somewhat stronger cell binding
compared to the better of the bispecific constructs, the taFv-EGFR
(Figure 2C). For tumor cell populations that feature heterogeneous
expression of the individual target antigens, the Db-TriTE might
bind to tumor cells more homogeneously. Moreover, in comparison
to two BiTEs applied in combination (not explored here), the “high-
dose hook effect” might apply (see below and Roy et al.”®). Overall,
our results for the recombinant Db-TriTE, scDb-cMET-scFv-
EGFR demonstrate the beneficial effects of dual-targeted T cell
engagement. Our results are in line with encouraging findings for
other small (Fc-less) trispecific single-chain TCEs targeting two can-
cer antigens of solid tumors. These include a nanobody-based trispe-
cific TCE consisting of three fused nanobodies; heavy-chain-only

10:1 for SK-Mel-23 and SW480 cells and 3:1 for SKOV3 cells. (B) Cytotoxicity in NSCLC cell lines. A549 cells were infected at an MOI of 0.04 and H1650 cells at MOls of 0.2
and 1. PBMCs were added 1 day post infection with an effector to target cell ratio of 3:1. Cell viability was measured via crystal violet staining 6 days post infection. Data
gathered from 3 independent experiments with different donors, values shown as mean + SD (n = 3), *p < 0.05, "0 < 0.01, **p < 0.001, ****p < 0.0001; one-way ANOVA. “~”,

without PBMCs; “+”, with PBMCs. Note the different scales of the y axes.
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antibodies (Vyy), targeting CD3, FAP, and PD-1%%; or a trispecific
antibody named DTriTE, constructed via fusion of 3 scFvs specific
for CD3, IL13Ra2, and EGFRVIIL® Thus, our study stimulates the
engineering of Db-TriTEs targeting further antigen combinations
and the comparative analysis with other trispecific TCE formats,
especially the DTTiTE.

Numerous studies have successfully implemented TCE delivery to
tumor cells via OVs,'>*® but an OV driving expression of multiple
TCEs or a trispecific TCE for dual-targeting has not been described
to date. Here, we report a panel of 0Ads for dual-targeting of EGFR
and c-MET, investigating different TCE expression strategies and
dual-targeting approaches. First, we explored different transgene
insertion sites within the oAd genome, with the rationale to later
insert two TCE genes in different insertion sites. We observed the
highest TCE expression for transgene insertion in the after-fiber
site, as determined for Ad5/3-S-tE encoding the taFv-EGFR, in com-
parison to all oAds encoding the taFv-EGFR in the after-E4 site.
However, this virus was produced with low infectivity and showed
a considerable attenuation of oncolytic potency. A previous study
directly compared expression from the after-fiber site with the
after-E4 site with the same expression strategy and found that the
after-fiber site showed enhanced transgene expression that came at
the expense of oncolytic potency.® This would be in line with our
findings here, although other studies, including our own previous
work, did not show this attenuation for adenoviruses expressing re-
porter genes or a prodrug convertase via an internal ribosome entry
site (IRES) or a splice-acceptor sequence in the after-fiber position,
suggesting a dependency of the attenuation on the insert sequence,
e.g., on its GC content or codon usage.”*’®**°" All other oAds re-
ported here expressed TCEs via a CMV promoter in the after-E4
site, where we revealed a link between insert orientation and onco-
Iytic activity but no clear association with transgene expression
(Figures 4B and 4C). Our observation of reduced oncolytic potency
of 0Ads with CMV-driven transgenes in the after-E4 site, specifically
in the reverse orientation, is to our knowledge the first report of such
an orientation effect in that site. Previous studies by others and us
have explored transgenes expressed from a splice acceptor site in
this position,”*”** which required insertion in the forward orienta-
tion to enable expression from the major late promoter. Oncolytic
potency was reported to be reduced approximately 5-fold”® or
unchanged.” Our result of orientation-dependent attenuation of
oncolytic potency should be considered for future engineering of
“armed” oAds. While the underlying mechanism remains to be
revealed, possible explanations include (1) attenuating effects of
readthrough transcription from inserted heterologous promoters
(transcription competition or antisense effects), (2) inhibition of
required readthrough transcription from viral elements by the
inserted polyA signal sequence, (3) interference of the inserted
heterologous promoter with viral promoters (might depend on
proximity of elements and thus insert orientation), and (4) interfer-
ence of cryptic splice sites with virus splicing in case of readthrough
transcripts. Certainly, transgene inserts might also have orientation-
independent effects, such as the destruction or separation of viral
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elements or the competition of strong transgene expression with re-
sources needed for viral gene expression, such as transcription
factors or tRNAs.”* However, in our study the orientation of the
transgene cassette did not in all cases affect expression strength
and oncolytic potency in opposing direction. Overall, our results
go along with the general observation (independent of the insertion
position) that the level of viral replication of armed oAds depends on
the transgene, the promoter, and the cassette orientation.”*

For the 0Ad co-expressing the scDb-cMET and the taFv-EGFR via
T2A-peptide (Ad5/3-DMTHE), an imbalance in TCE expression
was detected. This imbalance was not seen following transient trans-
fection of cells with the expression plasmid (data not shown). Unex-
pectedly, we observed stronger expression of the taFv encoded
downstream of the 2A peptide, while previous studies report stron-
ger expression of the upstream sequence.”*”” In consequence, this
strategy needs further optimization with respect to enabling similar
expression levels, e.g., by testing different 2A sequences. Alternative
co-expression strategies include insertion into different loci, the use
of IRESs, or the use of bidirectional promoters.%’%’()7 Our results for
insertion of the TCE expression cassette in the after-fiber site
showing clear reduction of oncolytic activity led us to prioritize
the after-E4 site for exploring co-expression strategies and disfa-
vored co-expression by using both the after-fiber and after-E4 sites.
The IRES strategy was not pursued here, due to the considerable size
of the element compared with 2A sequences. However, we explored
bidirectional promoter expression cassettes but observed reduced
oncolytic activity, genome instability, and unequimolar TCE expres-
sion for these oAds (data not shown). For our Ad5/3-DMT'E co-ex-
pressing scDb-cMET and taFv-EGFR via the T2A-peptide, we
observed genomic instability. Specifically, we detected various dele-
tions by homologous recombination in the antibody-encoding
insert. While one of the deletions results in loss of the scDb but
not the taFv coding sequence, its low prevalence in the used virus
preparation cannot explain the above-discussed imbalance in scDb
versus taFv expression. However, the detected genomic instability
of Ad5/3-DMTHE has important implications for the future develop-
ment of therapeutic protein-encoding, especially antibody-encoding
0Ads. First, our observation confirms that a strong increase of the
adenoviral genome size by transgene insertion (Ad5/3-DMTHtE:
104% of wild-type genome) should be avoided as it imposes a selec-
tion pressure to delete insert sequences. In this respect, our 0Ad en-
coding the trispecific Db-TriTE (Ad5/3-DMEFE) is an advantageous
dual-targeting format (101% of wild-type genome). Second, repeats
of elements of identical sequences or strong homology should be
avoided in (multi-) transgene inserts. Ad5/3-DMFE also addresses
this problem as it lacks second copies of sequences coding for the
leader peptide and the CD3-specific Vi and Vi domains that are pre-
sent in the co-expressing Ad5/3-DMTtE. Thus, we propose that
future research toward inserting multiple transgenes (especially an-
tibodies) into 0Ad genomes should avoid homologous sequences (1)
by rather combining sequence-different elements (e.g., promoters,
polyA signals, or leader sequences) and/or (2) by codon optimization
toward reduced sequence homology (e.g., for sequences encoding the
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framework regions of humanized antibody domains, even when
expressing single TCEs like BiTEs). By such means, also the dual-tar-
geting viruses reported in our study (Ad5/3-DMTtE and Ad5/3-
DMEFE) can be further optimized in future work. In conclusion,
our study shows proof of principle for 0Ads co-expressing two
TCEs via a 2A sequence; however, this approach would benefit
from further optimization. The mentioned limitations of this co-
expression strategy support the use of the Db-TriTE format for
dual-targeting TCE-encoding oAds.

Compared to a combination of two BiTEs, the Db-TriTE is not only
of advantage in consideration of genomic stability but also less likely
to become subject to the high-dose hook effect,”® i.e., at high concen-
trations within the tumor that could be reached during phases of
TCE-armed 0Ad replication, binding sites on both target cells and
T cells could become saturated, reducing the formation of immune
synapses. This effect would be observed at lower concentrations of
two BiTEs compared to one trispecific TCE, due to the additional
CD3-binding domain. We demonstrate expression of the oAd-en-
coded Db-TriTE scDb-cMET-scFv-EGFR after insertion of the
transgene into the after-E4 site. The virus-encoded Db-TriTE did
not show significant differences in target binding and induction of
cytotoxicity compared to the protein produced by transfected cells
(Figures S4A and S4B).

Finally, we analyzed T cell activation and cytotoxicity of the
generated TCE-encoding 0Ads in co-cultures with PBMCs. As we
observed differences in sensitivity to T cell-mediated cytotoxicity be-
tween our target tumor cell lines, we adjusted conditions of the cyto-
toxicity assays for each cell line so that the T cell-mediated effect was
not masked by strong oncolytic effects. Similar setups for character-
ization of single-targeting BiTE- (i.e., taFv-) armed oAds have been
previously described.””*>**** We observed specific T cell activation,
determined by cytokine secretion and expression of activation
markers in both CD4* and CD8" T cells, and induction of T cell-
mediated cytotoxicity in co-cultures when TCEs with specificity
for targets expressed on the tumor cells were produced. No clear cor-
relation between strength of TCE expression and T cell activation
was observed, but there was a trend toward higher T cell activation
with stronger TCE production and higher expression of the corre-
sponding target antigen on co-cultured tumor cells. Importantly,
T cell activation and cytotoxicity data showed that a dual-antigen-
targeting approach using TCE-armed oAds was feasible. All tested
dual-targeting strategies activated T cells and induced T cell killing
in addition to viral oncolysis on single target- and double target-pos-
itive cell lines. For single target-positive cell lines, no significant loss
in potency was observed when comparing dual-targeting versus sin-
gle-targeting TCE-encoding 0Ads (or even superior activity due to
stronger TCE expression as for Ad5/3-DMFE in SW480 cells).
Across all tested cell lines, the Db-TriTE-encoding Ad5/3-DMFE ex-
hibited the highest overall potency. This was encouraging consid-
ering that the Ad5/3-DMFE offered further notable advantages
compared to either co-infection or co-expression approaches, i.e.,
stable equimolar targeting of both antigens and genomic stability.

While OV-BIiTE therapy has entered clinical investigation with an
0Ad encoding an FAP-specific BiTE and further immunostimulatory
proteins (PsiOxus, virus NG-641, NCT 04053283), the problem of
immune escape has not been addressed, so far. This phenomenon
has been observed, e.g., for CD19 CAR-T cell therapy in patients
with hematopoietic cancers and is likely to be a more significant chal-
lenge in solid tumors due to their pronounced heterogeneity.””'*’
Our results recommend OV-encoded dual-targeting antibodies
and more specifically the Db-TriTE-encoding 0Ad Ad5/3-DMFE
for dual-targeting of EGFR and c-MET frequently co-expressed in
NSCLC, glioblastoma, and colorectal cancer.

The increased potency or durability of treatment responses of dual-
targeting strategies has been demonstrated for antibody-based inter-
ventions, such as therapeutic antibodies,'’" BiTE therapy,'*>'** and
CAR-T cell therapy.'”*'*” Moreover, a dual-targeting approach
combining BiTE- and CAR-mediated T cell therapy has been re-
ported,''” as have the synthetic DNA delivery of two TCEs.'"
Currently, bispecific CAR-T cells are being studied in clinical trials
for the treatment of hematopoietic and solid cancers."'>'"” In addi-
tion to the combination of two TCEs, the potency of dual-targeting
by trispecific TCEs and NK cell engagers, which are based on IgG,
scFv, and nanobody formats, has been demonstrated in preclinical
models of hematopoietic and solid cancers.*”!'*"'** Our present
study extends the dual-targeting strategy to OV-encoded TCEs.

Based on the proof of principle provided here for oAd-mediated
dual-targeting TCEs, future work will have to explore the activity
of the scDb-cMET- and taFv-EGFR-encoding Ad5/3-DMTE and
of the Db-TriTE scDb-cMET-scFv-EGFR-encoding Ad5/3-DMFE
in heterogeneous primary tumor cultures and animal tumor models
(for which, however, the Ad5/3-DMTtE should first be improved for
better co-expression as discussed above). Of note, previous studies
have shown therapeutic potency of oAds encoding TCEs targeting
single tumor antigens in several tumor models,**>?>1-2*~4447-49.51.52
demonstrating that the approach, in general, succeeds in overcoming
the potential barriers of the tumor microenvironment to T cell infil-
tration and therapeutic effectivity. Future studies based on the results
reported here can investigate the safety profile of the OV-mediated
EGFR/c-MET dual-targeting approach. This work should especially
consider systemic toxicities that were reported for amivantamab in
patients, mainly dermatological adverse events, including acneiform
eruptions, widespread inflammatory papules, and dermatitis.*’
Many other therapeutics that are administered systemically face
similar challenges due to their side effects in healthy tissues, as
described, e.g., for ICIs.'?® Local production of antibodies via OVs
can greatly reduce the systemic side effects that arise following intra-
venous application, overcoming a crucial challenge in immunother-
apeutic approaches.'”’

Furthermore, our approach facilitates dual-targeting by TCE-encod-
ing 0Ads to further target marker combinations, including those co--
targeted by other therapeutic approaches, e.g., EGFR and
HER2,'**'*” HER2 and IL13Ra2,'” or EGFR and IL13Ra2.""*'"
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Such approaches might require optimization of the TCE format and
of 0Ad-mediated (co-)expression, as discussed above.

In conclusion, our study further encourages the use of TCE-armed
0Ads for cancer immunotherapy demonstrating that dual-TCE-tar-
geting via 0Ads is feasible and effective in vitro. To this end, we intro-
duce a novel trispecific TCE antibody format, Db-TriTE. A first
representative binding to both EGFR and ¢-MET shows dual-target-
ing potency as purified protein and when encoded by an 0Ad. Our
approach suggests further applications of Db-TriTE-encoding oAds
for targeting of different antigen combinations and cancer entities.

MATERIAL AND METHODS

Antibody cloning, production, and purification

scDb-cMET and taFv-cMET were generated using variable domains
of the 5D5 antibody® and a humanized version of UCHT1 (huU3).
For the taFv-EGFR, humanized versions of the variable domains of
cetuximab (hu225) were used. The variable domain-coding se-
quences were cloned into a modified pSecTagA vector (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA, V90020) in the order
and with linkers as depicted in Figure 1A. The scDb-scFv was
generated by connecting the scFv-EGEFR to the scDb-cMET using a
(G4S)5 linker. All proteins were produced in transiently transfected
FreeStyle-293F cells using polyethylenimine (PEL branched,
~25 kDa, Sigma-Aldrich, Burlington, MA, USA, 408727). Superna-
tants were harvested when cell viability dropped below 60%. Super-
natants were then dialyzed against PBS overnight with a 6- to 8-kDa
molecular weight cutoff and purified by IMAC followed by concen-
tration on a VivaSpin concentrator column (MWCO 10 kDa, Sarto-
rius, Gottingen, Germany, VS0101) for the scDb-scFv.

Cell culture

Human cell lines A549 (lung adenocarcinoma), SK-Mel-23 (mela-
noma, kindly provided by Prof. Dr. Stefan Eichmiiller, DKFZ, Hei-
delberg, Germany), SW480 (colon adenocarcinoma), H1650 (lung
adenocarcinoma, kindly provided by Prof. Dr. Holger Siiltmann,
DKFZ, Heidelberg, Germany), and SKOV3 (ovarian serous cystade-
nocarcinoma) were cultivated using standard procedures. Cell lines
were authenticated by SNP profiling (Multiplexion GmbH, Heidel-
berg, Germany).

Generation of recombinant adenoviruses

All viruses are E3-deleted conditionally replication-competent (on-
colytic) adenoviruses. The viruses have a deletion of 24 bp in the
E1A gene responsible for tumor selectivity.*> Ad5/3 viruses have
the fiber knob domain exchanged with the knob domain of Ad sero-
type 3 for better transduction.”® In Ad5/3-tE, Ad5/3-tEr, Ad5/3-DM,
Ad5/3-DMr, Ad5/3-DMEFE, Ad5/3-DMFEr, and Ad5/3-DMTHE, the
TCE genes were inserted with an upstream CMV promoter and
downstream polyadenylation sequence between the Ad E4 genes
and the RITR. In Ad5/3-S-tE, the taFv-EGFR was inserted with an
upstream splice acceptor sequence of the Ad serotype 40 long fiber
gene downstream of the fiber gene. To enable detection of both the
taFv-EGFR and the scDb-cMET in single samples, the His-tags
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were modified to an HA-His double tag for the taFv-EGFR and a
Myc-His double tag for the scDb-cMET. Virus genomes were cloned
using homologous recombination in bacteria as described.*>”* Virus
particles were rescued in A549 cells, amplified in these cells, purified,
and titrated as described before.*” Genome identity and integrity was
determined by PCR, restriction digests, and sequencing. For ratios of
virus particles (determined by 0OD?* measurement) to infectious vi-
rus particles (determined by TCIDs, assay) of virus preparations see
Figure S2.

Biochemical characterization of T cell engagers

Purified proteins were analyzed by SDS-PAGE under reducing con-
ditions and stained with Coomassie Brilliant Blue G-250. Purity and
integrity were determined via size-exclusion chromatography using
an HPLC machine (VANQUISH; Thermo Fisher Scientific) with
the column Superdex 200 Increase (8.6 pm, 7.8 mm x 300 mm;
GE HealthCare, Chicago, IL, USA).

Binding analysis of purified antibodies

1 x 10° target cells were incubated with serial dilutions of recombi-
nant proteins for 45 min at 4°C. Bound protein was detected using
an anti-His PE-conjugated mAb (Miltenyi Biotec, Bergisch Gladbach,
Germany). Incubation and washing steps were conducted in PBS, 2%
fetal calf serum (FCS), and 2 mM EDTA. Fluorescence was measured
via flow cytometry, and data were analyzed using FlowJo (Flow]Jo
LLC, Ashland, OR, USA). Relative MFI (rel. MFI) was calculated as
follows: rel. MFI = (MFLgmpie — (MFlietection — MFleeris))/MFLep).

Cytotoxicity assays with recombinant proteins

Target cells (2 x 10* cells/well, 1.5 x 10* for SK-Mel-23) were incu-
bated 1 day post seeding with recombinant proteins for 15 min at
room temperature before addition of PBMCs (E:T ratio 10:1).
PBMC:s were isolated from buffy coats of healthy donors via density
gradient centrifugation. After 3 days, supernatants were discarded
and cells were stained with 0.05% crystal violet in 20% methanol.
Staining was dissolved in 10% acetic acid (50 pL/well), diluted
1:10, and absorbance was measured at 590 nm using Multiskan
SkyHigh microplate spectrophotometer (Thermo Fisher Scientific).

Virus-mediated cytotoxicity assays

2 x 10* tumor cells per well in 48-well plates were infected in RPMI/
2% FCS with adenoviruses from 0.0016 to 5 TCIDs/cell (MOI) in
5-fold serial dilutions or were mock infected. Cells were incubated
until cytopathic effect was observed for the lowest MOI for one virus.
Supernatants were then discarded and cells were stained with crystal
violet.

Quantification of virally produced antibodies

2 x 10* target cells per well in 96-well plates were infected with MOI
5 (SW480 and SKOV3) and MOI 25 (SK-Mel-23). Seven days post
infection, supernatants were taken for analysis via flow cytometry.
1 x 10° cells were incubated with supernatants in a dilution series
for 45 min at 4°C. Bound protein was detected using an anti-His
PE-conjugated mAb (Miltenyi Biotec), or in case of expression of
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two antibodies, an anti-HA PE-conjugated mAb (Miltenyi Biotec)
for taFv-EGFR and an anti-Myc AF647-conjugated mAb
(BioLegend, San Diego, CA, USA) for scDb-cMET were used. Incu-
bation and washing steps were conducted in PBS, 2% FCS, and 2 mM
EDTA. Fluorescence was measured via flow cytometry, and data
were analyzed using Flow]Jo. Relative MFIs (calculated as described
above) were used to calculate TCE concentrations based on standard
curves generated with titrations of purified antibodies with known
concentrations.

Early activation of T cells

2 x 10* target cells per well in 96-well plates were seeded and infected
with 0Ads on the following day with MOI 1 for SW480 and SKOV3
and MOI 5 for SK-Mel-23. One day post infection, PBMCs were
added in an E:T ratio of 3:1 for SW480 and SKOV3 and 6:1 for
SK-Mel-23. Early activation was determined by CD69 expression.
To that end, PBMCs were harvested after 24 h and CD69-expressing
CD4" and CD8" T cells were identified via flow cytometry. Effector
cells were stained for CD3, CD4, CD8, and CD69 (anti-CD3 AF700
[BioLegend], anti-CD4 PE [BioLegend], anti-CD8 APC [BD Phar-
mingen, San Diego, CA, USA], and anti-CD69 AF488 [BioLegend]).
Data were analyzed using Flow]Jo.

IL-2/IFNy release assay

2 x 10* target cells per well in 96-well plates were seeded and infected
with 0Ads on the following day with MOI 1 for SW480 and SKOV3
and MOI 5 for SK-Mel-23. One day post infection, PBMCs were added
in an E:T ratio of 3:1 for SW480 and SKOV3 and 6:1 for SK-Mel-23.
After 24 h (IL-2) or 48 h (IFNY), cell-free supernatants of the co-cul-
tures were harvested and IL-2/IFNy concentrations were determined
by sandwich ELISA using ELISA MAX Sets (ELISA MAX Deluxe Set
Human IL-2; ELISA MAX Standard Set Human IFN-y; BioLegend)
following the manufacturer’s instructions.

Cytotoxicity in co-cultures of oAd-infected tumor cells and
PBMCs

Previously seeded 2 x 10* tumor cells per well in 96-well plates were
infected the following day with 0Ads at stated MOIs selected based
on pilot experiments, exhibiting best suitability for quantification
of combined oncolytic and TCE-mediated effect. PBMCs were added
in an E:T ratio of 10:1 for SK-Mel-23 and 3:1 for SKOV3, A549, and
H1650 one day post infection. For SW480, PBMCs were added in an
E:T ratio of 10:1 three days post infection. Six days post infection, su-
pernatants were discarded and cells were stained with crystal violet.
Crystal violet was dissolved and quantified as described above.

Statistics

All data are presented as mean + SD. Significances were calculated by
GraphPad Prism 10 (Dotmatics, Boston, MA, USA), and results were
compared by ¢ test or one-way ANOVA, as indicated.
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