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ABSTRACT

T cell-based immunotherapies for solid tumors have not achieved the clinical success observed in hematolo-
gical malignancies, partially due to the immunosuppressive effect promoted by the tumor microenvironment,
where PD-L1 and TGF-f play a pivotal role. However, durable responses to immune checkpoint inhibitors
remain limited to a minority of patients, while TGF- inhibitors have not reached the market yet. Here, we
describe a bispecific antibody for dual blockade of PD-L1 and TFG-f3, termed AxF (scFv),, under the premise that
combination with T cell redirecting strategies would improve clinical benefit. The AxF (scFv), antibody was well
expressed in mammalian and yeast cells, bound both targets and inhibited dose-dependently the correspond-
ing signaling pathways in luminescence-based cellular reporter systems. Moreover, combined treatment with
trispecific T-cell engagers (TriTE) or CAR-T cells significantly boosted T cell activation status and cytotoxic
response in breast, lung and colorectal (CRC) cancer models. Importantly, the combination of an
EpCAMXCD3XEGFR TriTE with the AxF (scFv), delayed CRC tumor growth in vivo and significantly enhanced
survival compared to monotherapy with the trispecific antibody. In summary, we demonstrated the feasibility
of concomitant blockade of PD-L1 and TGF-3 by a single molecule, as well as its therapeutic potential in
combination with different T cell redirecting agents to overcome tumor microenvironment-mediated
immunosuppression.
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Introduction orchestrates a complex molecular network that can modulate the

susceptibility to anti-PD-(L)1 mAb treatment. Indeed, response
rates to a series of cancer such as NSCLC and head and neck,

Immunotherapy has revolutionized cancer treatment landscape,
boosting strong antitumoral responses in patients with advanced

tumors. However, the success of immunotherapy in solid tumors
has been more limited than in hematological malignancies due to
several factors, including the biological complexity of the immu-
nosuppressive tumor microenvironment (TME)." Soluble factors
(such as TGF-f) and ligands of immune checkpoints, secreted or
expressed by stromal or tumor cells, are among major immuno-
suppressive mechanisms. In particular, the interaction of PD-L1
in the TME with PD-1 expressed by tumor infiltrating lympho-
cytes promotes an exhausted T cell phenotype, limiting their
proliferation rate and effector functions.” Interestingly, anti-PD-
L1 blockade has also been shown to reinvigorate costimulatory
dendritic cell activity over T cells.” As of March 2024, ten
immune checkpoint inhibitors (ICI) preventing PD1/PD-L1
interaction had been approved by FDA and/or EMA, atezolizu-
mab being the first anti-PD-L1 monoclonal antibody (mAb) in
the market. Despite the therapeutic potential of ICI, the TME

gastroesophageal, and bladder and urothelial cancers are in the
range of 15% to 25%," indicating that a significant unmet need
remains.

TGEF-B plays a key role in immunosuppression within the
TME, contributing to tumor immune evasion and poor
responses to cancer immunotherapy, especially in solid
tumors, where enrichment in cancer-associated fibroblast and
other tumor stromal cells strongly increases TGFb levels in the
tumor site.””” In fact, TGF-B molecular signature has been
associated with resistance to ICI through several pathways,
such as blockade of Ty1 cell phenotype, polarization of immu-
nosuppressor cell populations, including Treg, and effector
T cell exclusion.* '° In addition, TGF-B promotes epithelial-
mesenchymal transition (EMT), which enhances tumor prolif-
eration, migration, stemness and chemoresistance.'
Accumulating evidence suggests that TGF-f inhibition can
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restore cancer immunity and synergize with other immu-
notherapies, including ICI, to unleash potent immune
responses in preclinical cancer models.””'>"?

Different strategies have been developed to target TGF-f
mainly in solid tumors® with small molecule inhibitors (such
as galunisertib) and mAb (such as fresolimumab) being the most
advanced approaches in clinical development, although no TGF-
B inhibitor has been approved for clinical use."* Fresolimumab
recognizes the three TGF-p isoforms with high affinity and has
shown a suitable safety profile, but exhibited moderated anti-
tumor activity in patients with melanoma and renal cell
carcinoma.'” In general, results of TGF-p inhibitors as mono-
therapy in cancer clinical trials have been inconsistent.'® In
addition, with TGF-p being a pleiotropic cytokine crucial for
tissue homeostasis, targeting of TGF-{ has been associated with
on-target cardiovascular toxic side effects.'”

Since TGF-p neutralization could improve the susceptibility
to PD-(L)1 blockade, combined treatment was an obvious
alternative to the use of single-targeted agents. Interestingly,
the concomitant therapy with an anti-PD-L1 mAb and an anti-
TGF-B mAb'” or a small molecule targeting TGF-p’ facilitated
intratumoral CD8" and CD4" T cell infiltration, and promoted
strong immune responses and tumor eradication in breast and
colorectal cancer murine models, respectively. An optimized
version of fresolimumab, SAR439459, modified for a better
manufacturability, triggered complete tumor regression in
combination with an anti-PD1 antibody in syngeneic tumor
models.'> However, SAR439459 was discontinued in a clinical
trial (NCT03192345) due to insufficient efficacy and bleeding
risk.'® Overall, combination therapies tested in advanced solid
tumors showed limited objective responses."”

Based on the hypothesis that confining TGF- blockade to
the PD-L1-expressing TME compartment could increase anti-
tumoral efficacy and decrease potential side effects, we generated
a bispecific antibody (bsAb) in tandem scFv (single-chain Fv) or
(scFv), format for dual targeting of PD-L1 and TGF-f. Such
a bsAb could have the potential to enhance the effect of T cell-
redirecting immunotherapies. These strategies, which endow
T cells with the ability to recognize tumor associated antigens
(TAA) and kill cancer cells irrespectively of their TCR specificity,
are based on the administration of recombinant T cell engagers
(TCE) or the ex vivo modification of T cells for the expression of
chimeric antigen receptors (CAR-T cells) on their membrane”
and/or in vivo secretion of TCE (STAb-T cells).*!

Bispecific* and trispecific TCE* are anti-CD3 fragment-based
antibodies able to redirect T cells specifically against one or two
TAA and activate them for tumor cell lysis. The first TCE
approved by the FDA (2014) was the BiTE® blinatumomab, an
anti-CD19 x anti-CD3 tandem scFv with a remarkable clinical
success in B cell malignancies.”** From October 2022 to
August 2023, the FDA granted approval to six new TCE: the anti-
BCMA teclistamab and elranatamab, the anti-CD20 mosunetu-
zumab, glofitamab and epcoritamab and the anti-GPRC5D tal-
quetamab, all indicated for hematological malignancies,”® and two
more are currently in review. However, there is no TCE approved
for the treatment of solid tumors yet,”” with the exception of the
non-canonical fusion protein tebentafusp, highlighting the chal-
lenges posed by the paucity of TAA not expressed in essential
normal tissues and the immunosuppressive TME.*® If approved

this year for the treatment of small cell lung cancer, the half-life
extended BiTE® tarlatamab (DLL3xCD3) may be first TCE bsAb
for solid tumors.”® Similarly, CAR-T cell therapies have achieved
unprecedented success in the treatment of B cell acute lympho-
blastic leukemia, non-Hodgkin lymphoma and multiple mye-
loma, but no CAR-T cell has reached the market for the
treatment of non-hematological malignancies.”'

Here, we show the enhancing effect of a new PD-L1xTGEF-$
bsAb on activation of T cells redirected by TCE or ex vivo
modified CAR-T cells. The bsAb was expressed in a functional
state and was able to simultaneously bind to PD-L1 and TGF-f
and block both signaling pathways. Moreover, a significant
increase in IFN-y secretion and lysis of tumor cells was
observed in vitro when combined with T cells engaged with
two different trispecific TCE (EpCAMxCD3xEGFR and
HER2xCD3xEGFR) or anti-EGFR  CAR-T  cells.
Furthermore, increased antitumor efficacy mediated by the
EpCAMxCD3xEGFR TriTE was observed when colorectal
cancer (CRC) tumor-bearing mice were treated in combination
with the PD-L1xTGEFpB bsAb. In summary, this combination
treatment may improve clinical activity of T cell redirecting
strategies in solid tumors and reduce the toxicity related to the
administration of anti-PD-L1 and anti-TGF-f single agents.

Materials & methods
Antibodies

The mAb used included: mouse anti-c-myc clone 9E10 (Abcam,
Cambridge, UK), mouse anti-human CD3e clone OKT3 (Thermo
Fisher Scientific, London, UK), rabbit anti-human N-Cadherin
(CST, Danvers, MA), rabbit anti-human E-Cadherin (CST),
mouse anti-human EpCAM clone Ber-EP4 (Dako, Agilent,
Santa Clara, CA), PE-conjugated anti-human CD69 clone FN50,
mouse anti-human CD3 clone OKT3, FITC-conjugated anti-CD3
clone OKT3, mouse anti-CD28 clone CD28.2 (all from BD
Biosciences, San Jose, CA), mouse anti-B-actin clone 8226
(Abcam) and mouse anti-TGF-p 1, 2,3 mAb clone 1D11 (R&D
Systems, Minneapolis, MN). Fresolimumab is a humanized ver-
sion of this mAb. Anti-human EGFR cetuximab, anti-human PD-
L1 atezolizumab and anti-human HER2 trastuzumab mAb were
obtained from the pharmacy at Hospital Universitario Puerta de
Hierro (HUPH). Polyclonal antibodies included: biotinylated
anti-human TGF-B1 (R&D Systems), PE-conjugated goat F(ab’),
fragment anti-mouse IgG, Fc specific, PE-conjugated goat F(ab’),
fragment anti-human IgG (H&L) (Jackson Immuno Research,
Newmarket, UK), horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG, HRP-conjugated goat anti-human IgG
(Sigma-Aldrich St Louis, MO), DyLight 800-conjugated anti-
mouse IgG (RockLand, Pottstown, PA), IRDye800CW-
conjugated donkey anti-rabbit and IRDye680RD-conjugated don-
key anti-mouse (LI-COR Biosciences Lincoln, NE).

Cells and culture conditions

Human 293T (CRL-3216), HCT116 (CCL-247), SKBR3 (HTB-
30), A549 (CCL-185) and Jurkat (TIB-152) cell lines were
obtained from ATCC. Generation of HCT116, SKBR3 and A549
cell lines expressing the firefly luciferase (Luc) has been described



previously."" Peripheral blood mononuclear cells (PBMCs) from
healthy donors were provided by the Biobank of HUPH/
Biomedical Research Institute Puerta de Hierro-Segovia de
Arana (IDIPHISA) (PT17/0015/0020, Spanish National Biobank
Network), with the approval of the Ethics Committee and based
on informed consent. Adherent cells, including mink lung epithe-
lial cells (MLEC),” were cultured in DMEM medium supplemen-
ted with 10% FCS and 1% penicillin/streptomycin/glutamine.
Jurkat cells and PBMCs were maintained in RPMI-1640 supple-
mented as above. All cells were routinely screened for myco-
plasma contamination by PCR (Biotools, Madrid, Spain) at the
Tissue Culture Core Facility IDIPHISA and were authenticated at
the Genomics Unit of Universidad Complutense de Madrid
(AmpFLSTR Identifiler PCR Amplification kit, Applied
Biosystems). Pichia pastoris KM71H cells were cultured with
YPD (1% yeast extract, 2% peptone, 2% dextrose) or BMXY (1%
yeast extract, 2% peptone, 100 mM potassium phosphate buffer
pH 6.0, 4 x 10~ biotin) supplemented with 1% glycerol (BMGY)
or 0,5% methanol (BMMY).

Construction of expression vectors

To generate the anti-PD-L1 and the anti-TGF-p scFv, the
sequences encoding the VH and VL domains of atezolizumab
and fresolimumab IgG, respectively, were obtained from the
Drugbank database and fused by a 15-mer linker. Both scFv
were joined by a 5-mer linker, and the sequence was synthe-
sized by GeneArtAG (Thermo Fisher Scientific) and subcloned
into a pCR3.1 backbone. For medium scale protein production,
the AxF (scFv), construct was subcloned into the pPicza vector
(Invitrogen). All plasmids were amplified in chemically com-
petent Escherichia coli TOP10 and purified using Qiagen
(Hilden, Germany) plasmid Midi kit.

Expression in mammalian cells

293T cells were transiently transfected with pCR3.1 vectors
encoding the Atezo scFv, Freso scFv or AxF (scFv), using cal-
cium phosphate and conditioned media (CM) were collected
after 48 h. Antibody expression was analyzed using ELISA and
Western Blotting.

Expression in P. pastoris and purification of recombinant
antibodies

Linearized pPicza-AxF (scFv), plasmid was electroporated
in electrocompetent P. pastoris KM71H strain cells using
Bio-Rad (Hercules, CA) Gene pulser apparatus. Yeast cells
were selected in YPD plates with zeocin and protein expres-
sion was induced using BMMY (buffered media for yeast
containing methanol 0,5% v/v) as previously described.*
The AxF (scFv), was purified by affinity chromatography
with HisTrap™ HP columns (GE Healthcare, Uppsala,
Sweden) using an AKTA Prime plus system (GE
Healthcare). Endotoxin levels were <0.25 EU/ml as deter-
mined by the LAL Endotoxin Kit (Pierce).
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Size exclusion chromatography

Purified AXF (scFv), was injected into a Superdex 200 Increase 10/
300 GL column (Cytiva, MA, US) on an AKTA GO chromato-
graphy system (Cytiva) at room temperature, while monitoring
light absorbance at 280 nm. The column was equilibrated in PBS
pH 7.4 plus 150 mM NaCl and run in the same buffer at 0.5 ml
per minute. The column was previously calibrated with a set of Gel
Filtration Standards (Biorad, from 1.4 to 670 kDa).

Circular dichroism

Circular dichroism measurements were performed with a Jasco
J-810 spectropolarimeter (JASCO, Tokyo, Japan). The spectra
were recorded on protein samples at 0.2 g/L in PBS using 0.2
cm path length quartz cuvettes at 25°C.

Western blot

Cell-free CM containing the proteins or the purified AxF (scFv),
antibody were analyzed under reducing conditions on 12% Tris-
glycine gels. After transference to nitrocellulose membranes
using iBlot system (Life Technologies, California, US) and incu-
bation with LI-COR blocking solution, proteins were detected
with 1 ug/mL anti-c-myc mAb. Subsequently, the membranes
were incubated with DyLight800-conjugated goat anti-mouse
IgG (1:5000 dilution) and the visualization of protein bands
was performed with the Odyssey system (LI-COR Biosciences).

Enzyme-linked immunosorbent assay

Maxisorp plates (Nunc Brand Products) coated with 5 pg/mL
human PD-L1-Fc or human TGF-p1 were blocked with PBS 5%
BSA, followed by an incubation with CM or serial dilutions of
purified AXF (scFv), for 1 h at room temperature. After washing,
wells were incubated with anti-c-myc mAb (1 pg/mL) for 1 h at
room temperature and recombinant antibodies were detected
with HRP-conjugated goat-anti-mouse IgG (1:1000 dilution) for
45 min at room temperature. Finally, the plates were developed
using OPD in citrate phosphate buffer and the reaction was
stopped using sulfuric acid 1 M. Atezolizumab and 1D11 IgG
(5 pg/ml) were used as positive controls and detected with HRP-
conjugated goat-anti-human IgG (1:1000 dilution) or HRP-
conjugated goat-anti-mouse IgG (1:1000 dilution), respectively.

Simultaneous binding assessed by two-step sandwich
ELISA

Human PD-LI1-Fc chimera was immobilized (5ug/ml) on
Maxisorp plates overnight at 4°C. After washing and blocking
with PBS 5% BSA for 1 h at 37°C, serial dilutions of AXF (scFv),
were added for 1 h at room temperature. After a series of washes,
wells were incubated with biotinylated TGF-p (2 pug/ml) for 1
h at room temperature. Wells were again washed and subse-
quently incubated with HRP-conjugated streptavidin (1:10.000
dilution) for 45 min at room temperature. Finally, OPD was
added and the reaction was stopped using sulfuric acid 1 M.
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Flow cytometry

For titration experiments, CHO"®™" cells were incubated with
tenfold dilution series of AXF (scFv), ranging from 100 nM to 1
pM for 1 hour at 4°C. After washing, the antibody was detected
with anti-c-myc mAb (1 pg/ml), followed by (PE)-conjugated
goat-anti-mouse antibody (1:200 dilution) for 30 min at 4°C.
Atezolizumab was used as a positive control. To analyze the
expression profile of EGFR, EpCAM, HER2 or PD-L1 on the
cell surface, CHO, CHO" ™, HCT116, SKBR3 or A549 were
stained with cetuximab (1 pg/ml), anti-EpCAM clone Ber-EP4
(1:200 dilution), trastuzumab (1 pg/ml) or atezolizumab (1 ug/
ml), respectively, and detected using a PE-conjugated goat-anti-
human antibody (1:50 dilution) or a PE-conjugated goat-anti-
mouse antibody (1:200 dilution). Cells incubated with secondary
antibodies were used as negative controls. Samples were
acquired on a MACSQuant Analyzer 10 (Miltenyi Biotec,
Bergisch Gladbach, Germany) and analyzed using FlowJo (BD
Biosciences) at the Flow Cytometry Core Facility, IDIPHISA.

Serum stability

Purified AXF (scFv), (6 ug) was incubated in PBS 60% human or
mouse serum at 37°C for 5 days. Samples (1 ug) were collected at 3
h and every 24 h until day 4, and their binding activities were tested
by ELISA, representing the sample at 0 h 100% of functionality.

TGF-B neutralizing activity

Mink lung epithelial cells (MLEC), transfected in a stable way with
a PAI-1 promoter-Luciferase construct,” were plated in triplicates
(4 x 10* cells/w) into microtiter 96-well plates and incubated for
24 h at 37°C. Then, cells were treated with DMEM containing 10
ng/ml of TGF-f and serial dilutions of the AXF (scFv), antibody
for 20h at 37°C. Then, culture medium was replaced by PBS
containing 20 pg of D-luciferin (Promega) and the TGF-p neu-
tralizing activity of AXF (scFv), was measured with the lumines-
cence plate reader Infinite 1200 (Tecan, Mannedorf, Switzerland).
TGEF-p receptor inhibitor SB431542 or anti-TGF-P clone 1D11
IgG were used as positive controls of TGF-§ blockade and cells
only treated with TGF-p as a positive control of stimulation. This
MLEC-based bioassay was also used to quantify TGF-p in CM of
the three tumor cell lines as previously described.* A standard
curve with different concentrations of human recombinant TGF-
B1 was obtained at each experiment.

Effect of PD-L1xTGF-B bispecific antibody on TGF-£-
induced gene expression

Human brain vascular pericytes (HBVP) were seeded (1 x 10°
cells/w) into 12-well plates and treated with TGF-p (10 ng/ml)
and AxF (scFv), (50nM) for 24 h at 37°C. Total RNA was
isolated using RNeasy Micro Kit (Qiagen). Synthesis of
cDNA from 500 ng of total RNA was performed by random
primed reverse transcription with NZY First-Strand cDNA
Synthesis Kit (Nzytech, Lisboa, Portugal). Expression of
selected genes was determined by quantitative real-time PCR
(qRT-PCR) using specific primers obtained from Roche
Diagnostics'' and the Lightcycler 480 apparatus. Fold-

expression changes were calculated using the equation
27(82€) a5 previously described.'’ Samples were tested in
triplicates. To study modulation of EMT markers, 6-well plates
were seeded with A549 (1 x 10 cells/w) for 24 h and starved in
DMEM 0.1% FECS for 5 h. Then, cells were stimulated with 10
ng/ml human TGF-p1 in the presence of AxF (scFv), or 1D11
IgG (both 100 nM) for 72 h. Expression of N-Cadherin and
E-Cadherin was determined by western blotting using 1 ug/ml
of each mAb, and detected with 1:5000 IRDye800CW-donkey
anti-rabbit Ab. Anti-B-actin mouse clone 8226 (2 pg/ml)
detected with 1:5000 IRDye680RD-donkey anti-mouse was
used as loading control. In T cell experiments, 1 x 10° preacti-
vated cells were seeded into 12-well plates and treated with
TGF-B (10 ng/ml) and AXF (scFv), or 1DI11 (50 nM) for 24
h at 37°C.

PD-1/PD-L1 neutralizing activity by PD-1/PD-L1 blockade
bioassay

The luciferase reporter assay (PD-1/PD-L1 Blockade Bioassay,
Promega) was performed according to the manufacturer’s
instructions. Microtiter 96-well plates were seeded with
aAPC/CHO-K1PP M cells (3 x 10* cells/w). After incubation
for 20 h at 37°C, ten-fold serial dilutions of the AXF (scFv), or
atezolizumab antibodies were added, followed by Jurkat™ !
cells (15 x 10* cells/w). After 6 h of coculture at 37°C, Bio-
Glo Luciferase Assay Reagent (Promega) was added and luci-
ferase activity was analyzed using the Infinite luminometer.

CAR-EGFR vector generation, lentivirus production and
T cell transduction

To generate the lentiviral transfer vector, the anti-EGFR Vyuy
Egal gene’® was synthesized by GeneArt and cloned into the
vector ~ pCCL-EFla-CAR-CD1a-T2A-GFP,>*  encoding
a second-generation (CD8-41BB-CD3() CAR, to obtain the
plasmid pCCL-EFla-CAR-Egal-T2A-GFP. CAR-expressing
viral particles pseudotyped with VSV-G were generated by
transfection of 293T cells using polyethylenimine and a third-
generation plasmid system comprising pMDLg/pRRE,
pRSVrev and envelope pMD2.G plasmids. Supernatants were
collected 48 h after, concentrated by ultracentrifugation and
titrated. Microtiter 96-wells were coated with anti-human
CD3/anti-human CD28 antibodies (1 pg/ml) for 3 h at 37°C.
Then, PBMC from healthy donors were isolated using
Lymphoprep and seeded at a concentration of 1x 10° cells/
ml. After activation and expansion for 24 h in the presence of
IL-7 and IL-15 (10 ng/ml), cells were transduced with lentiviral
particles encoding CAR-EGFR at MOI of 10. Non-transduced
cells (N-T T cells) were used as a negative control.

T cell activation assays

Microtiter 96-well plates were seeded with HCT116, SKBR3
(both at 2 x 10*/well) or A549 (1x10"/well) cell lines. After 24
h, wells were incubated with increasing amounts of two trispe-
cific T-cell engagers in TriTE format, the EpCAMxCD3xEGFR
(named AxOxE)* or HER2xCD3XEGFR (named CxOxE)
TriTE, with or without 100 nM AxF (scFv), for 30 min at



37°C. After washing, human PBMC were added at 5:1 effector:
target (E:T) ratio. After 24 h, the expression profile of the
activation marker CD69 was determined by flow cytometry
using PE-conjugated anti-CD69 mAb and FITC-conjugated
anti-CD3 mAb incubated for 30 min on ice. Samples were
analyzed with a MACSQuant Analyzer 10.

Cytotoxicity assays

HCT116"", SKBR3"™ or A549" cells were seeded in triplicates
in 96-well microtiter plates for 24 h. In TriTE-based experi-
ments, tumor cells were incubated with increasing amounts of
purified HER2xCD3xEGFR or EpCAMxCD3xEGFR TriTE and
100 nM of AxF (scFv), for 30 min at 37°C. Then, human PBMCs
were added at 5:1 E:T ratio. Wells with target and effector cells in
the absence of purified antibodies were set as 100% viability. In
single concentration experiments, tumor and T cells were incu-
bated with 10 pM of EpCAMxCD3xEGFR TriTE and 100 nM of
AXF (scFv),, atezolizumab or 1D11 IgG. In CAR-EGFR T cell-
based experiments, tumor cells were cocultured with CAR-
EGFR or N-T T cells at different E:T ratios in the presence of
100 nM AxF (scFv),. Wells with target cells and N-T T cells in
the absence of AxF (scFv), were set as 100% viability. After 48 h,
specific cytotoxicity was quantified adding 20 pg/well
D-luciferin substrate and measured with the luminescence
plate reader. CM were collected and assayed for IFN-y by
ELISA (Diaclone, Besancon, France) following manufacturer’s
instructions.

In vivo antitumoral efficacy

HCT116 (2 x 10° cells/mouse) in PBS mixed with 30% matrigel
(BD Biosciences) were implanted subcutaneously (s.c.) into the
right dorsal space of 5-week-old female Hsd:Athymic Nude-
Foxnl™ mice. At day 3, mice were randomized into groups
with average diameter of 0.3 cm and inoculated i.p. with 1 x 10
PBMCs from a healthy donor. PBS and AxOxE TriTE (4 mg/
kg) were administered i.p. daily for 7 days, and AxF (scFv), (3
mg/kg) for 6 days, starting 1 day after the first dose of AxOxE
TriTE. Daily administration of the recombinant antibodies was
based on their small size and short half-life. Atezolizumab was
used as a control with i.p. injections of 100 ug at day 5 and 10.
Tumors were measured three times a week and their volumes
estimated by using the formula: length x width® x 0.52. Mice
were euthanized when tumor size reached a volume of 0.8 cm’
or at the onset of any sign of distress. All experiments were
conducted in compliance with the institutional guidelines pro-
vided by the HUPH/IDIPHISA Animal Ethics Committee.
Procedures were additionally approved by the Animal
Welfare Division of the Environmental Affairs Council,
Comunidad Auténoma de Madrid (PROEX 066/14).

Statistical analysis

Results were showed as mean + standard deviation (SD). Data
were analyzed by unpaired two-tailed Student’s t-test, assum-
ing a normal distribution, using Prism software v5 (GraphPad,
San Diego, CA, USA). Data were considered statistically sig-
nificant when p < 0.05.
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Results

Design and expression of a PD-L1xTGF-f bispecific
tandem scFv antibody

To generate the bsAb, we designed scFv derived from the anti-
PD-L1 mAb atezolizumab and the anti-TGF- mAb fresolimu-
mab and fused them with a five-amino acid (G,4S) linker in
a single polypeptide chain, hereafter referred to as AxF (scFv),
(Figure 1a). Western blot analysis of conditioned media (CM)
from 293T cells transfected with the AxXF (scFv), showed
a migration pattern consistent with the calculated molecular
weight, around 55 kDa (Supplementary Figure S1A). The AxF
(scFv), was able to bind both antigens immobilized on plastic
by ELISA (Supplementary Figure S1B) and PD-L1 expressed
on the membrane of stably transfected CHO"™' cells.
However, no binding was detected when the recombinant anti-
body was incubated with wild-type CHO cells (Supplementary
Figure S1C).

Purification and characterization of the PD-L1xTGF-f3
bispecific antibody

Then, the sequence encoding AXF (scFv), was subcloned in the
pPICZa vector and electroporated in P. pastoris cells. After 48
h of methanol induction, the protein was purified by IMAC,
with a yield of 2.5mg/L of induction medium. SDS-PAGE
analysis of the purified antibody showed a single band (>95%
pure) with the expected molecular weight (Figure 1b).
Accordingly, size exclusion chromatography (SEC) analysis
revealed a single peak in the volume corresponding to the
monomeric globular structure of 55 kDa (Figure 1c). The
circular dichroism spectrum of AXF (scFv), (Figure 1d) was
typical of proteins with predominant B-sheet structure.

Functionally, the AxF (scFv), showed dose-dependent binding
curves against plastic-immobilized PD-L1 and TGF- by ELISA
(Figure 1le), as well as PD-L1 expressed on the cell surface of
CHO"™! cells by flow cytometry (Figure 1f). Importantly, AxF
(scFv), was able to bind simultaneously both targets, as assessed
by two-step sandwich ELISA (Figure 1g), demonstrating that
interactions with the two antigens were sterically compatible.

Long-term stability of the AXF (scFv), incubated in 60%
mouse or human serum for 4 days at 37°C was analyzed. The
recombinant protein was able to retain 90% of its binding
activity to PD-L1 after 96 h of incubation, showing its high
stability and resistance to the proteolytic activity of serum
proteases (Figure 1h).

Inhibition of the TGF-B signalling pathway by the PD-
L1xTGF-B bispecific antibody

The ability of the AxF (scFv), to block TGF-B/TGF-BR
interaction was assessed using a mink lung epithelial cell
(MLEC)-based reporter system, with luciferase expression
driven by the PAI promoter, conditionally activated by
TGF-B.>*> MLEC cells were treated with 10 ng/mL TGE-
and serial dilutions of purified AXF (scFv), or the anti-TGF
-p IgG 1D11, both ranging from 100 to 0.4 nM. Treatment
with the bsAb promoted a dose-dependent inhibition of
luciferase expression, with an IC50 value of 2.6nM,
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Figure 1. Structural and functional characterization of the PD-L1xTGF-B bispecific antibody. (a) Genetic structure of the tandem scFv anti-PD-L1 x anti-TGF-f named AxF
(scFv),. Oncostatin M signal peptide is used to direct the secretion of the recombinant antibody, and the myc/6xHis tags (light blue and dark red boxes) were appended
for immunodetection and affinity purification, respectively. A 3D model of AxF (scFv), was built with AlphaFold and refined using Pymol. (b) Reducing SDS-PAGE of the
construct, (c) size exclusion chromatography analysis with the indicated molecular weight measured at the center of the chromatography peak (red line) and (d) circular
dichroism analysis of the purified AxF (scFv),. (e) ELISA titration against plastic-immobilized human PD-L1 or TGF-{ of the purified AxF (scFv), and (f) dose-dependent
binding curve to the CHO™®"" cell surface by FACS. (g) Simultaneous binding of the recombinant antibody to PD-L1 and TGF-B by two-step ELISA. (H) Serum stability of

the AXF (scFv), incubated in mouse or human serum for 96 hours.

demonstrating strong blockade of the TGF-f axis (Figure 2a).
These results confirmed preliminary data with CM from
293T expressing AXF (scFv),, which decreased light emission
nearly to background levels, effect comparable to that
observed with 5pug/ml of the TGF-PRI kinase inhibitor
SB431542 (Supplementary Figure S1D).

To analyze the biological effect of TGF-B/TGEF-BR pathway
disruption, the expression profile of several TGF-p-inducible
genes was assessed in human pericytes."' RT-qPCR analyzes
showed that treatment with AxXF (scFv), significantly inhibited
expression of a series of genes stimulated with TGF-f, includ-
ing IGFBP3 (p < 0.0001), VCAN (p < 0.001) and SMAD? (p <
0.0001) (Figure 2b). In aCD3/aCD28- activated T cells, AxF
(scFv), also reversed PDCDI overexpression promoted by
TGF-PB (p =0.004) as assessed by RT-qPCR (Figure 2c¢).

In addition, TGF-p is well known to promote the EMT, which
has been widely associated to increased invasiveness and tumor
progression.'® Therefore, we proceeded to investigate whether
AXF (scFv), could modulate the expression of EMT markers as
assessed by WB. Interestingly, the AxF (scFv), was able to block
up to 74% upregulation of the mesenchymal marker N-cadherin
promoted by 10 ng/ml of TGF-f, and completely inhibited the
downregulation of the epithelial marker E-cadherin (Figure 2d).

Inhibition of PD1/PD-L1 axis by the PD-L1xTGF- bispecific
antibody

Next, we assessed the capability of AXF (scFv), to block
the PD-1/PD-L1 pathway using a luciferase-based reporter
system. Jurkat"®' reporter cells were cocultured with
aAPC/CHO-K1"P™ cells in the presence of increasing
amounts of the AxF (scFv),, atezolizumab or trastuzumab
(0-50 nM). While treatment with trastuzumab showed no
effect in the PD-1/PD-L1 axis activity, both AxF (scFv),
and atezolizumab IgG triggered a dose-dependent inhibi-
tion of that interaction, leading to NFAT activation and
light emission (Figure 2e).

Combination of the PD-L1xTGF-B bispecific antibody and
trispecific TCE promoted T cell activation and lysis of
cancer cells

We next assayed whether the AXF (scFv), could enhance
the antitumor activity promoted by two different TriTE.*
For this purpose, PBMC from three healthy donors were
cocultured with TGEF-B-secreting tumor cell lines expres-
sing different levels of PD-L1, EGFR, HER2 and EpCAM
(Supplementary Figure S2A and 2B) at a 5:1 effector to
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Figure 2. Disruption of PD-L1 and TGF-f signaling axes promoted by purified PD-L1XTGF-B bispecific antibody. (a) Dose-dependent blockade of TGF-B/TGF-BR
interaction triggered by the AxF (scFv), using a mink lung epithelial cell (MLEC)-based reporter system. 1D11 IgG was used as a control. (b) Suppression of TGF-f3-
dependent gene expression in human pericytes treated with TGF-f in the presence of AxF (scFv),, as assessed by qRT-PCR. (c) TGF-B-mediated increase of PDCD1 gene
expression in T cells is reversed by AxF (scFv), and anti-TGF-B 1D11 IgG. Experiments were performed at least twice in triplicates. (d) Modulation of E- and N-cadherin
expression in A549 cells treated with TGF-f in the presence of the AxF (scFv),. (e) Inhibition of PD-1/PD-L1 axis by the AxF (scFv), as assessed with a luciferase-based
reporter bioassay. Statistical differences were examined by unpaired Student’s t-test assuming a normal distribution. Mean + SD are shown at each condition.

target (E:T) ratio. Cocultures were treated with
a concentration range of TriTE (from 0 to 100nM), in
the presence or not of 100 nM AxF (scFv),. The trispecific
constructs used in these experiments were an anti-EpCAM
(clone A2) x anti-CD3 (clone OKT3) x anti-EGFR (clone
EGal), abbreviated as AxOxE TriTE,>® and a previously
unpublished anti-HER2 (clone CE4) x anti-CD3 X anti-
EGFR (Supplementary Figure S3), named CxOxE TriTE.
As shown in Figure 3a, while both TriTE triggered dose-
dependent T cell activation against target cells, the combi-
nation with the AxF (scFv), could decrease up to 3-fold the
ECso value. In HCT116, cotreatment with AxXF (scFv),
doubled the number of CD69" T cells stimulated with 1
nM AxOxE TriTE. Furthermore, the combined treatment
increased the cytotoxic response against HCT116 tumor
cells more than 34-fold after 48 h of coculture, with EC50
values of 0.6 pM vs 20.8 pM for monotherapy with AxOxE
TriTE (p=0.03) (Figure 3b). The increase in cytotoxic
activity of T cells stimulated with AxOxE or CxOxE
TriTE against A549 or SKBR3 cells was also statistically
significant (p=0.045 and p=0.034, respectively). These
results showed the enhancing effect of the dual blockade
of PD-L1 and TGF-B on TriTE-mediated antitumoral
response. Interestingly, the effect of AxF (scFv), was super-
ior to that of control 1D11 and atezolizumab at equimolar
concentrationos (Supplementary Figure S$4).

In agreement with the previous data, the combined
treatment also elicited a stronger IFN-y secretion, increas-
ing the levels of the cytokine up to 30% at the highest dose
in cocultures with HCT116 and up to 20% with SKBR3
(Figure 3c).

Combination of PD-L1xTGF- bispecific antibody and anti-
EGFR CAR-T cells promoted lysis of EGFR*PD-L1* cancer
cells

To determine if the effect of the dual blockade of PD-L1 and TGF-
B promoted by the AXF (scFv), could be extensible to other T cell-
based cancer immunotherapies, its combination with CAR-T cells
was also studied. For this purpose, an anti-EGFR Egal-based
second generation CAR (referred to as CAR-EGFR) was designed
(Supplementary Figure S5A) and T cells were transduced with
lentiviral particles at MOI of 10. Transduction efficiency was
determined after 6days by flow cytometry based on
GFP"CAR'CD3" phenotype. Lentivirus-transduced CAR-EGFR
primary T cells showed a higher proportion of CD8" than CD4"
T cells (Supplementary Figure S5B). CAR-EGFR T cells were
efficiently activated in the presence of immobilized EGFR, EGFR-
coated beads or EGFR" target cells (Supplementary Figure S5C).

HCT116 or SKBR3 tumor cells were cocultured with non-
transduced T cells (N-T T cells) or CAR-EGFR T cells at
different effector:target (E:T) ratios, in the presence or not of
the AxF (scFv),. Interestingly, a 70% of specific lysis against
HCT116 tumor cells was triggered by CAR-EGFR T cells com-
bined with the AXF (scFv), at the highest E:T ratio, compared
to the 50% reached by the CAR-EGFR T cells alone (p=
0.0009) (Figure 4a). Moreover, the addition of the bsAb
decreased 10-fold the number of CAR-EGFR T cells required
to kill the 50% of SKBR3 tumor cells (p = 0.042) (Figure 4b). As
expected, no cytotoxic effect was observed when N-T T cells
cells were cocultured with target tumor cells at the highest E:T
ratio, independently of the presence of the AxF (scFv),.
Treatment with the AXF (scFv), also promoted efficiently
IFN-y secretion by CAR-EGFR T cells, as shown in Figure 4c,d.
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Figure 3. TriTE-mediated T cell activation, cytotoxicity and IFN-y secretion is enhanced by purified PD-L1XTGF-B bispecific antibody. A549, HCT116 or SKBR3 cells were
cocultured in 96-well plates with PBMCs at the effector/target (E:T) ratio of 5:1 in the presence of different concentrations of purified TriTE antibodies and 100 nM of AxF
(scFv),. (a) Expression of T cell activation marker CD69 at 24 hours, determined by FACS analysis. (b) Specific cytolysis of tumor cells as assessed by bioluminescence.
Percent specific lysis was calculated relative to an equal number of tumor cells cultured with PBMCs in the absence of purified antibodies. EC50 values are provided
according to the color code. (c) IFN-y production was determined in CM by ELISA. PBMCs were obtained from 3 different donors, and experiments were performed in

triplicate. Results are expressed as a mean =+ SD.

In vivo effect of the TriTE EpCAMxCD3xEGFR in
combination with PD-L1xTGF- bispecific antibody

To study the therapeutic effect of combined treatment in vivo,
2x10° HCT116 cells were implanted in Hsd:Athymic Nude-

Foxnl™

mice, followed 3 days later by intraperitoneal (i.p.)

administration of 1x 10" PBMC. Treatment with AxOxE
TriTE, AXF (scFv), or a combination of AXOxE TriTE plus
AXF (scFv), was initiated when the tumors reached diameters
of 0.3 cm. Equimolar doses of the antibodies (3 mg/kg for AxF
(scFv), and 4 mg/kg for AXOXE TriTE) were administered i.p.
daily for 7 days (Figure 5a). Atezolizumab (100 pg/mice) was
administered at days 5 and 10. While mice receiving PBS had
been all euthanized at day 29 after tumor implantation, mice
treated only with AXOXE TriTE showed a significant delay in
tumor growth (Figure 5b). As expected, the AxF (scFv), by
itself did not exert a remarkable effect. However, the combina-
tion significantly decreased tumor growth and increased survi-
val compared to the AxOxE TriTE group (p=0.003)
(Figure 5c). Importantly, whereas 50% of AxOxE TriTE-
treated mice had been sacrificed at day 43 after tumor cell
implantation, all the mice receiving the combination treatment
were still alive, and 50% survived beyond day 53 post-

inoculation.

Discussion

Currently, there is no TCE or CAR-T cell strategy approved for
the treatment of solid tumors. Undoubtedly, this is due to
a plethora of factors, including the difficulty to find target
antigens with a favorable safety profile. On the other hand,
T cells activated by TCE or armed with CAR will eventually
face the same risk of exclusion and/or exhaustion due to the
hostile TME in solid tumors than T cells of untreated patients,
and additional strategies to revert immunosuppression are
needed. TGF-B is a pleiotropic cytokine that can play
a suppressive or pro-tumorigenic role depending on the
tumor stage.’> Moreover, it has been reported that the TGF-
signature promotes anti-PD-L1 therapy resistance.” For exam-
ple, PSMA-targeting CAR-T cells armored with a dominant
negative TGF-p receptor have demonstrated promising effi-
cacy in a phase 1 trial with prostate cancer patients.”®

Here, we characterize an anti-PD-L1 x anti-TGF-p bsAb in
tandem scFv format, which can simultaneously block both
targets. The dose-dependent disruption of the TGF-f axis by
the bsAb was demonstrated in a luminescence-based cellular
reporter system, resulting in strong blockade of TGF-p-driven
gene transcription, as well as in efficient downregulation of key
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Figure 4. Cytotoxicity and IFN-y secretion elicited by CAR-T cells improved by purified PD-L1XTGF-f bispecific antibody. HCT116 or SKBR3 cells were cocultured in 96-well plates
CAR-EGFR or non-transduced (N-T) T cells at different E:T ratios in the presence of 100 nM of AxF (scFv),. (a, b) After 48 hours, specific cytolysis of tumor cells were measured by
bioluminescence assay. Percent specific lysis was calculated relative to an equal number of tumor cells cultured with N-T T cells in the absence of AxF (scFv),. (c, d) IFN-y secretion
was determined in CM by ELISA. PBMCs were obtained from 3 different donors, and experiments were performed in triplicate. Results are expressed as a mean + SD.
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Figure 5. In vivo antitumor efficacy of EpCAMXCD3xEGFR TriTE enhanced by PD-L1xTGF- bispecific antibody. (a) Hsd:Athymic Nude-Foxn1nu mice were inoculated
subcutaneously with 2 x 10® HCT116 tumor cells. When tumors reached 0.3 cm in diameter, mice were randomized into groups (n = 4/group) and 107 freshly isolated
PBMCs were injected intraperitoneally. PBS, atezolizumab, AxOXE TriTE and/or AXF (scFv), were administered intraperitoneally daily for 6 or 7 d. (b) Tumor volume
growth curves for individual mice are represented for each group. (c) Kaplan-Meier survival curves for each treatment group are shown. Overall survival was analyzed

with log-rank (Mantel-Cox) test.

EMT markers in TGF-B-treated cells. Similarly, blocking of
PD-1 binding to PD-L1 was shown as a dose-dependent rever-
sion of luciferase gene repression in Jurkat-PD1 T cells.

Such a construct could be used in combination with T cell-
redirecting strategies to prevent immunosuppression of
recruited T cells in the TME. Of note, the combination of the
AXF (scFv), with TriTE-stimulated PBMC or CAR-T cells

markedly improved in vitro the antitumor activity of T cells
against colorectal, breast and lung carcinoma cell lines, even
though these coculture models without stromal cells are not
a perfect correlate of the TME, since they have a profound
impact on the biology of both cancer and infiltrating immune
cells and can be a major source of TGF-p and PD-L1 in the
TME. Indeed, we and other have reported that reciprocal
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interplay between stromal and cancer cells increases TGF-f
production in both compartments, even if tumor cells have
inactivated the TGF-B pathway."!

In a hypothetical clinical context, we could presume that
administration of AxF (scFv), could be more beneficial than
the combination of anti-PD-L1 and anti-TGF-B mAb, based on
two principles: firstly, the colocalization of the anti-TGF-f bind-
ing domain to the tumor via PD-L1 targeting would enable the
bsAb to block TGF-f more efficiently relative to single agent
combination; and, secondly, this approach could also ameliorate
side effects derived from systemic TGF-B inhibition.'>" In fact,
dual targeting of TGF-B and PD-L1 in a single molecule has
already been pursued using bifunctional agents, composed of an
anti-PD-L1 IgG fused to human TGF-p receptor II extracellular
domain. Three of them have reached phase clinical trials, bin-
trafusp alfa (BA) being the first developed.”” BA inhibited cell
proliferation in TGF-p-dependent and PD-L1-expressing cells
more potently than the TGF-B trap or fresolimumab,”® and
enhanced the antitumoral response in murine breast and colon
carcinoma models compared to anti-TGF-B monotherapy.>
However, BA phase III clinical trials in NSCLC and biliary
tract cancer did not fulfill efficacy endpoints despite preliminary
encouraging clinical data. SHR-1701 (retlirafusp alfa) is another
bifunctional fusion protein targeting PD-L1 and TGF-f, with
structure and mechanism of action comparable to those of
BA,***! which has demonstrated antitumor activity and safety
in phase 1 study of recurrent or metastatic cervical cancer.*” In
addition, preclinical data of YM101, a tetravalent bispecific TGF-
B x PD-L1 antibody, have shown better antitumor activity than
the combination of anti-TGF-P and anti-PD-L1 treatments in
several mouse tumor models. Moreover, YM101 effectively over-
came anti-PD-L1 resistance in immune-excluded tumor
models* and, combined with activation of the STING pathway
in immune-desert models, promoted T cell infiltration.** Its

Granzymes
and perforins

AxF(scFv),

Granzymes °
and perforins

human counterpart, BiTP* or Y101D, is been evaluated
in patients with advanced-stage solid tumors (NCT05028556).>®

Beyond the obvious similarities between BA and SHR-
1701, these three agents share their elevated molecular weight,
even superior to that of a conventional IgG (172 kDa for BA
and 204 kDa for YM101), which can hinder their tumor
bioavailability. On the other hand, engineering of smaller
antibody fragments has shown to improve tumor uptake
rate and intratumoral distribution.*® In this sense, the AxF
(scFv), here described, with a molecular weight of 55 kDa,
may offer a competitive advantage in terms of tumor penetra-
tion and therefore increased therapeutic effect. Undoubtedly,
it comes at the cost of faster clearance, which can be amelio-
rated using half-life extension strategies, such as fusion to
anti-albumin binding domains,*” albumin fragments*® or
even modifying T cells for endogenous secretion of the AxF
(scFv),.*° Transduction of T cells with the corresponding
gene could circumvent the need for continuous antibody
administration and enable expression locally at the tumor
site. Moreover, the reinvigorating effect of the AXF (scFv),
would not be limited to only those cells that have been
transduced ex vivo, as is the case with CAR-T cells, but wild-
type T cells could also benefit from the “bystander” effect.
More extensive genetic engineering of CAR-T cells to include
a second transgene has been proven viable,” enabling CAR-T
cells to locally secrete an anti-PD1 scFv’' or anti-PD-L1
IgG.>* Similarly, T cells could be engineered to secrete a bi-
or tri-specific TCE along with the AXF (scFv),.

Here, we have joined anti-PD-L1 and anti-TGF-f bind-
ing domains in a single small molecule able to simulta-
neously disrupt both signaling pathways. The combination
of this bsAb with different T cell-based strategies promoted
a remarkably superior tumor-specific activation and cyto-
toxic effect in vitro in comparison with untreated CAR-T

TGFBRII

Figure 6. Schematic representation of the combined effect of T cell redirection and PD-L1/TGF-B blocking. Graphic interpretation of how T cell-mediated lysis of tumor

cells is improved in the presence of AxF (scFv),.



cells or wild-type T cells treated only with TriTE (repre-
sented in Figure 6). Importantly, in vitro results are
strongly supported by the increased antitumor response
and prolonged survival observed in vivo. In conclusion,
the AXF (scFv), could be a promising candidate to reverse
resistance to immunotherapy in solid tumors. Further stu-
dies will be needed to confirm the potential of this combi-
nation strategy.
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