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ABSTRACT

Immune checkpoint inhibitors (ICl) targeting the PD-1/PD-L1 axis have changed the treatment paradigm
for advanced solid tumors; however, many patients experience treatment resistance. In preclinical models
4-1BB co-stimulation synergizes with ICl by activating cytotoxic T- and NK-cell-mediated anti-tumor
immunity. Here we characterize the mechanism of action of a mouse-reactive Fc-inert PD-L1x4-1BB
bispecific antibody (mbsAb-PD-L1x4-1BB) and provide proof-of-concept for enhanced anti-tumor activity.
In reporter assays mbsAb-PD-L1x4-1BB exhibited conditional 4-1BB agonist activity that was dependent
on simultaneous binding to PD-L1. mbsAb-PD-L1x4-1BB further blocked the PD-L1/PD-1 interaction
independently of 4-1BB binding. By combining both mechanisms, mbsAb-PD-L1x4-1BB strongly
enhanced T-cell proliferation, cytokine production and antigen-specific cytotoxicity using primary
mouse cells in vitro. Furthermore, mbsAb-PD-L1x4-1BB exhibited potent anti-tumor activity in the CT26
and MC38 models in vivo, leading to the rejection of CT26 tumors that were unresponsive to PD-L1
blockade alone. Anti-tumor activity was associated with increased tumor-specific CD8" T cells and
reduced regulatory T cells within the tumor microenvironment and tumor-draining lymph nodes. In
immunocompetent tumor-free mice, mbsAb-PD-L1x4-1BB treatment neither induced T-cell infiltration
into the liver nor elevated liver enzymes in the blood. Dual targeting of PD-L1 and 4-1BB with a bispecific
antibody may therefore address key limitations of first generation 4-1BB-agonistic antibodies, and may
provide a novel approach to improve PD-1/PD-L1 checkpoint blockade.
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Introduction

While PD-1/PD-L1 immune checkpoint inhibitors (ICI) have
changed the treatment paradigm and prognosis for patients
with advanced solid tumors, durable clinical responses are
observed only in a limited number of patients."”> Many patients
experience innate or acquired treatment resistance, and over-
coming resistance remains a major challenge. Therefore, com-
bination therapies designed to enhance immune responses by
targeting complementary pathways may be necessary to
address the unmet need in treating the patient population
with ICI resistant cancer.

ICI treatment resistance may be overcome by simulta-
neously targeting immunostimulatory receptors such as
4-1BB, which is a co-stimulatory member of the TNF receptor
superfamily and is predominantly expressed by activated
T cells and NK cells.” Binding to its natural ligand 4-1BBL
induces clustering of 4-1BB and intracellular signaling, result-
ing in cellular activation, proliferation and cytokine secretion.
4-1BB represents an attractive immunotherapy target, as its
engagement activates T-cell and NK-cell-mediated anti-
tumor immunity.* Various therapeutic 4-1BB monoclonal
antibodies (mAbs) have been developed, which induce 4-1BB

clustering directly by high-avidity binding and/or through Fcy
receptor (FcyR)-mediated antibody crosslinking.” Promising
initial efficacy signals were observed with urelumab, a fully
human IgG4 mAb with strong 4-1BB agonist activity.
However, further development of this mAb was hampered by
dose-limiting hepatotoxicity, which was characterized by ele-
vations in serum transaminase levels.>® By contrast, utomilu-
mab, a fully human IgG2 mAb with weak 4-1BB agonist
activity, was well tolerated, but showed limited efficacy as
monotherapy.®® Preclinical studies reported that immune
checkpoint blockade combined with 4-1BB co-stimulation
enhanced activation of CD8" T cells and induced potent anti-
tumor activity in murine models,”"* leading to the evaluation
of 4-1BB and PD-1/PD-L1 mAb combinations in patients with
advanced solid tumors.'*">

An alternative approach is to develop therapies that activate
4-1BB in a conditional manner, i.e. dependent on crosslinking
to a tumor-associated antigen using an Fc-inert bispecific anti-
body (bsAb). Targeting 4-1BB agonist activity to the tumor
microenvironment (TME) may provide for an effective anti-
tumor immune response.'®'® Bispecific next-generation
checkpoint immunotherapies that provide dual targeting of
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PD-L1 and 4-1BB have the potential to activate T cells through
PD-L1 blockade and simultaneous conditional 4-1BB co-
stimulation. This PD-L1 x 4-1BB bispecific approach offers
the advantage of acting on two complementary immune-
oncology targets within one compound and may also be safer
than a combination of PD-(L)1 and 4-1BB-specific mAbs, due
to the conditional nature of 4-1BB co-stimulation.

Here, we characterized an Fc-inert bsAb that monovalently
binds to mouse PD-L1 and mouse 4-1BB (mbsAb-PD-L1x4
-1BB). In reporter assays we demonstrated that mbsAb-PD-
L1x4-1BB activated the 4-1BB receptor in a conditional manner,
dependent upon simultaneous binding to PD-L1. mbsAb-PD-
L1x4-1BB blocked the PD-1/PD-L1 interaction independently of
4-1BB binding. By combining these mechanisms, mbsAb-PD-
L1x4-1BB enhanced T-cell activation and effector functions
in vitro. In mice bearing subcutaneous tumors, mbsAb-PD-L1x4
-1BB induced potent antitumor activity that was superior to PD-
L1 blockade alone. Anti-tumor activity was dose-dependent and
required simultaneous engagement of both targets. Anti-tumor
activity was further associated with an increased prevalence of
tumor antigen-specific T cells as well as reduced immunosuppres-
sion in the TME and tumor-draining lymph nodes (tdLNs).
Furthermore, changes in liver immune cell composition or trans-
aminase activity in the peripheral blood were not detected in mice
treated with mbsAb-PD-L1x4-1BB. While some of our findings
are in line with data previously published on PD-L1x4-1BB
bispecific antibodies,'®' we now provide further insights into
the mode-of-action in vivo, thereby highlighting specific advan-
tages of targeting both pathways simultaneously with a bispecific
agent compared to PD-1/PD-L1 blockade alone or a combination
of mAbs.

Materials and methods
Antibodies and cell lines

Commercially available antibodies used in the experiments are
listed in Table S1. Monoclonal antibodies (mAbs) that are
listed in Table S2 (amino acid sequences in Table S3) were
recombinantly produced in a mouse IgG2a backbone, using
previously described methods.”” Double matched point muta-
tions in the CH3 domain (F405L/R411T in one and T370K/
K409R in the other) were introduced to facilitate controlled
Fab-arm exchange (cFAE). In addition, L234A and L235A Fc-
silencing mutations were introduced that were previously
described to reduce binding to FcyR and Clq.***’ BsAbs
were generated by cFAE as described previously,”” a process
in which the matched CH3 mutations drive heterodimerization
of the Fab arms and formation of bispecific molecules
(Figure 1a). The HIV-1 gp120-specific mAb-ctr] that comprises
CDR sequences based on IgG1-b12** were used to generate
bsAbs with one non-binding Fab arm. Antibodies were bio-
chemically characterized using hydrophobic interaction chro-
matography  (HIC), high-performance size-exclusion
chromatography (HP-SEC), and capillary electrophoresis-
sodium dodecyl sulfate (CE-SDS) (Table S2).

The MC38 colon carcinoma cell line (Kerafast, cat. no.
ENH204-FP) and the CT26 colon carcinoma cell line (ATCC,
cat. no. CRL-2638) were expanded in MC38 or CT26 culture

medium, respectively (Table S4). The cell lines were passaged
at least three times after culture initiation and harvested when
growing in log-phase for in vivo experiments. The B16_OVA-
MO4 cell line (a kind gift of Kris Thielemans, University
College London) and the B16-F10 cell line (ATCC, cat. No.
CRL-6475) were cultured in B16 culture medium (Table S4).

Mice and tumor models

C57BL/6 were initially purchased from Charles River or
Envigo. BALB/c and OT-I mice were initially purchased from
Janvier and Charles River, respectively. Throughout all experi-
ments, age-matched (8-12 weeks) female animals were used.
Procedures and experimental group sizes were approved by the
animal welfare committee appointed by local regulatory autho-
rities of Rhineland-Palatinate (ID: 00009690-1-X). All mice
were kept in accordance with federal and state policies on
animal research.

C57BL/6 mice were injected subcutaneously (SC) in the
upper flank with 5 x 10> MC38 cells in 100 uL DPBS (Life
Technologies GmbH, cat. no. 14190250). BALB/c mice were
injected SC in the upper flank with 5 x 10°> CT26 cells in 100 uL
Dulbecco’s phosphate-buffered saline (DPBS). Treatment was
commenced when tumors had reached median volumes indi-
cated in the figure legends. Mice were randomized with the
ANOVA-P method using Daniel’s XL Toolbox, an open-
source add-in for Microsoft Excel for data analysis and visua-
lization. Tumor-bearing mice were treated by intraperitoneal
(IP) injection of mbsAb-PD-L1x4-1BB or control antibodies
(Table S2) in 200 pL PBS.

Tumor growth was evaluated at least twice per week using
a caliper and tumor volumes (mm?®) were calculated from
caliper measurements as ([length] x [width]?)/2, where the
length is the longest tumor dimension and the width is the
longest tumor dimension perpendicular to the length.

For liver immune profiling experiments, tumor-free C57BL/
6 mice were treated with 250 ug mbsAb-PD-L1x4-1BB or
control antibodies (Table S2) in 200 uL PBS by IP injection.

Reporter assays

The effect of mbsAb-PD-L1x4-1BB on the functional inter-
action of PD-1 with PD-L1 was determined using the mouse
PD-1/PD-L1 Blockade Bioassay (Promega, cat.no.
CS303201), according to manufacturer’s instructions.
Briefly, a PD-L1-expressing CHO-K1 cell line functioning
as artificial APC was co-cultured with a PD-1-expressing
effector cell line in the presence of mbsAb-PD-L1x4-1BB
or control antibodies for 6 h. Luciferase reporter activity
was determined by luminescence measurement using an
Infinite F200 Pro plate reader (Tecan Life Sciences). 4-1BB
agonist activity was evaluated using mouse 4-1BB effector
cells (Promega, early access) and the BioGlo™ Luciferase
Assay system (Promega, cat. no. G7940). 4-1BB effector cells
were co-cultured with B16F10 cells, which had been stimu-
lated overnight with 5 ng/mL IFN-y (Biolegend, Cat.
No. 714006) to achieve high levels of PD-L1 expression, or
left unstimulated (PD-L1'). Luminescence was recorded
using an Infinite F200 Pro plate reader.



Cell isolation and enrichment

Spleens were mechanically dissociated to a single-cell sus-
pension and washed. Erythrocytes were lysed with erythro-
cyte lysis buffer (Table S4) for 5 min at RT. Draining
(inguinal) as well as non-draining (axillary, brachial, man-
dibular) lymph nodes were mechanically dissociated and
incubated with 1 mg/mL Collagenase D (Sigma-Aldrich,
cat. No. 11088866001) for 10 min at 37°C. Blood was
collected by puncture of the retrobulbar venous plexus
with  heparinized microhematocrit capillary tubes
(Hirschmann, cat. No. 9030208). Tumor single-cell suspen-
sions were prepared by enzymatic digestion using the
mouse tumor dissociation kit (Miltenyi, cat. no. 130-096-
730) and the gentleMACS dissociator (Miltenyi, cat. no. -
130-093-235) following the manufacturer’s manual.

CD8" T cells were enriched by negative selection from
mouse splenocytes by magnetic activated cell sorting
(MACS), using the mouse CD8a" T cell isolation kit
(Miltenyi, cat. no. 130-104-075) and LS columns (Miltenyi,
cat. no. 130-042-401), according to the manufacturer’s instruc-
tions. In some experiments, CD8" T cells were labeled with
CFSE using the Vybrant CFDA SE Cell tracer kit (Life
Technologies GmbH, cat. no. V12883).

Bone marrow was flushed from resected femurs and
tibias and collected into a culture dish using mature den-
dritic cell (mDC) medium (Table S4). Bone marrow cells
were resuspended, filtered through a 70 um cell strainer,
centrifuged and incubated with 5 mL erythrocyte lysis
buffer for 3 min at RT, filtered through a 70 um cell
strainer and washed.

Differentiation of bone marrow-derived dendritic cells
(BMDCs)

Bone marrow cells were incubated in a T75 culture flask
(Greiner Bio-One, cat. no. 658175) in mDC medium supple-
mented with 1000 U/mL granulocyte-macrophage colony-
stimulating factor (GM-CSF; Peprotech, cat. no. 315-03).
After two days, 5 mL fresh mDC medium with 1000 U/mL
GM-CSF was added. Four days after culture initiation, non-
adherent cells were pelleted by centrifugation (300 x g, 6 min),
resuspended in 20 mL mDC medium supplemented with
1000 U/mL GM-CSF and transferred to a new T75 culture
flask. On day 7, non-adherent cells (designated BMDCs) were
collected, washed, frozen and stored in liquid nitrogen until
further use.

T-cell proliferation assay

CFSE-labeled CD8" T cells and BMDCs (T-cell:DC ratio 15:1
or 30:1) were plated in mDC medium in round-bottom 96-well
plates (Costar, cat. no. 734-1797). Cells were treated simulta-
neously with anti-CD3 antibody and mbsAb-PD-L1x4-1BB or
control antibodies (Tables S1-S2) for 72 h. Supernatants were
harvested for cytokine analysis. Cells were analyzed for T-cell
proliferation by flow cytometry.
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Cytotoxicity assay

Splenocytes from OT-I or C57BL/6 mice were stimulated
with 50 ng/mL OVA,s5;64 and 50 U/mL rhIL-2 overnight
(O/N). CD8" T cells were enriched and co-cultured with
B16_OVA-MO4 cells that had been seeded in an
xCELLigence E-plate at 7 x 10> cells per well on the
previous day (1.05 x 10° T cells per well, effector:target
cell ratio 15:1). mbsAb-PD-L1x4-1BB or control antibodies
(Table S2) were added at 1 pug/mL and the cells incubated
for 120 h. The impedance was measured in 30-minute
intervals in an xCELLigence Real-Time Cell Analysis
Instrument (Acea Biosciences). Data from impedance mea-
surements were first normalized to the time-point of co-
culture start for each treatment condition individually.
Subsequently, data were expressed relative to the isotype
control-treated co-cultures (mAb-Ctrl set to 100%).

After 48 h of incubation supernatants were removed for
cytokine analysis from replicate wells that were not sub-
jected to impedance measurement. Fresh media containing
Brefeldin A (BD Biosciences, cat. No. 555029) was added to
the cells, followed by incubation for 4 h and flow cytometry
analysis. Proliferation analysis based on CFSE dilution was
performed using the proliferation modeling tool from
FlowJo, the generation peaks were automatically fit and
expansion index values were calculated using the integrated
formula.

Flow cytometry

Cells were isolated from spleens, lymph nodes, and tumors as
described under ‘cell isolation and enrichment’. Cultured cells,
splenocytes, lymph node cells, peripheral blood samples or
tumor digests were stained for cell surface antigens, and in
some experiments an MHC class I-gp70 tetramer (Table S1),
for 30 min at 4°C. For intracellular staining, cells were fixed
and permeabilized followed by intracellular staining for 30 min
at 4°C. Blood samples were incubated with erythrocyte lysis
buffer (BD Biosciences, cat. No. 349202) after completion of
staining. Data were acquired on a FACSCanto™ or a -
FACSCelesta™ flow cytometer (BD Biosciences). Data was ana-
lyzed using FlowJo™ software V10.3.

Cytokine analysis

Cell culture supernatants were analyzed using the V-PLEX
Proinflammatory Panel 1 Mouse Kit (MSD LLC, cat. no.
K15048D) on a MESO QuickPlex SQ 120 instrument (MSD
LLC., cat. no. R31QQ-3), according to the manufacturer’s
instructions.

ELISpot

A 96-well ELISpot plate (Millipore, cat. no. MSIPS4510) was
coated O/N at 2-8°C with an anti-IFN-y antibody (Table SI).
2 x 10° freshly isolated lymph node cells per well were added
and restimulated with 2 ug/mL H2-L restricted gp70 peptide
(SPSYAYHQF),® 5 x 10* CT26 cells or media only. After O/N
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incubation at 37°C, cells and supernatant were removed and
ELISpot plates developed using a biotinylated anti-IFN-y anti-
body followed by biotin-coupled enzyme (ExtrAvidin-Alkaline
Phosphatase; Sigma-Aldrich, cat. no. E2636) and BCIP/NBT
substrate (Sigma-Aldrich, cat. no. B1911). IFN-y spots were
counted using the ImmunoSpot® Series S6CORE analyzer
(CTL Europe) and the ImmuniCaptureTM Image Acquisition
as well as the ImmunoSpot® Professional Software.

Immunohistochemistry

From the liver immune profiling experiments, livers were
dissected, fixed in formalin and paraffin embedded and
sectioned (4 pm). For histologic assessment, the liver sec-
tions were deparaffinized and stained with Mayer’s hema-
toxylin (Carl Roth, cat. no. T865.2) and Eosin-G 0.5% (Carl
Roth, cat. no. X883.2) using the Leica ST5020 multistainer.
For evaluation of CD8" T cells or F4/80" cells within the
liver, liver sections were deparaffinized, antigens were
retrieved using antigen retrieval buffer, followed by quench-
ing of endogenous peroxidase and blocking of unspecific
binding sites with blocking buffer (Table S4). Subsequently,
sections were incubated with primary and HRP-labeled
secondary Abs (Table S1), and HRP was visualized using
the VECTOR®*NovaRED® Peroxidase (HRP) Substrate kit
(Vector Laboratories, cat. no. SK-4800), according to man-
ufacturer’s instructions. Nuclei were counterstained by
incubation with Mayer’s hematoxylin. Stained slides were
subjected to whole-slide imaging (Zeiss; AxioScan Z1), and
whole slide images were uploaded to and analyzed with
Halo software (Indica Labs, Albuquerque) using pre-
programmed software analysis tools to determine CD8a
and F4/80 cells (Immune Cell v 1.3), lymphocytes
(Multiplex ITHC v 1.2), and tissue slice area (Area
Quantification v 1.0). For the number of lymphocytes per
area, the number of lymphocytes was determined and
related to the respective area of the cut.

Clinical chemistry

Alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and glutamate dehydrogenase (GLDH) activity levels
in serum samples were analyzed using the INDIKO clinical

chemistry system (Thermo Fisher Scientific, cat.
no. 98631000), according to the manufacturer’s
instructions.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism.
Statistical analysis including multiple conditions were con-
ducted by One-Way ANOVA with either Dunnett’s (com-
parison to mbsAb-PD-L1x4-1BB) or Tukey’s (comparison
between all groups, or paired test) multiple comparisons
test. Survival analysis was conducted by Log-Rank (Mantel-
Cox) test. Tumor growth curves were analyzed by Two-
Way ANOVA with Tukey’s multiple comparisons test.

Results
Generation of mbsAb-PD-L1x4-1BB

To evaluate the immunostimulatory and anti-tumor potential
of simultaneously targeting PD-L1 and 4-1BB with a bsAb, we
generated mbsAb-PD-L1x4-1BB by cFAE (Figure 1a). The
bsAb was designed to induce crosslinking of 4-1BB exclusively
upon simultaneous binding to PD-L1, by introducing Fc-
silencing mutations that abrogate binding to FcyR and C1q.*
The binding affinities of the PD-L1 specific and 4-1BB specific
Fab arms in mbsAb-PD-L1x4-1BB to mouse PD-L1 and mouse
4-1BB were in the nanomolar range (Kp PD-L1: 5.9 nM; Kp,
4-1BB: 5.0 nM; Figure S1, Table S5).

mbsAb-PD-L1x4-1BB exhibited conditional T-cell
stimulatory activity

We performed studies using reporter assays and primary T cells
to assess the functional activity of mbsAb-PD-L1x4-1BB and
dissect its mechanism-of-action (MoA). To evaluate whether
mbsAb-PD-L1x4-1BB exhibited blocking or agonist activity by
binding to a single target, or whether simultaneous engagement
of both targets was required, we included monovalent control
bsAbs comprised of a PD-L1 or 4-1BB binding Fab arm and
a non-binding Fab arm (mbsAb-PD-L1xCtrl and mbsAb-ctrlx4
-1BB) individually and/or in combination. First, the effect of
mbsAb-PD-L1x4-1BB on PD-1/PD-L1 inhibitory signaling was
assessed using a cell-based reporter assay. mbsAb-PD-L1x4-1BB
and mbsAb-PD-L1xCtrl efficiently blocked PD-1/PD-L1 inhibi-
tory signaling, as maximal blocking activity was comparable to
bivalent mAb-PD-L1 (Figure 1b). As mbsAb-PD-L1x4-1BB
blocked the PD-1/PD-L1 axis also in the absence of 4-1BB
binding, the PD-L1-specific Fab arm of mbsAb-PD-L1x4-1BB
functioned as a classical immune checkpoint inhibitor.
Furthermore, mbsAb-PD-L1x4-1BB activated 4-1BB signaling
in reporter cells upon co-culture with IFN-y pre-stimulated
B16F10 cells, which expressed high levels of PD-L1 (Figure lc
and Figure S2). Importantly, 4-1BB activation was not achieved
by a combination of PD-L1-specific and 4-1BB specific mono-
valent control bsAbs. In addition, mbsAb-PD-L1x4-1BB did not
activate 4-1BB in co-cultures with B16F10 cells that had not been
pre-stimulated with IFN-y. Therefore, 4-1BB agonist activity of
mbsAb-PD-L1x4-1BB was strictly conditional, i.e. dependent
upon crosslinking to PD-L1-expressing cells.

To further explore the immunostimulatory effect of mbsAb-
PD-L1x4-1BB on primary cells, T-cell proliferation and cytokine
production was analyzed in co-cultures of C57BL/6-derived
anti-CD3 stimulated CD8" T cells and autologous BMDCs.
mbsAb-PD-L1x4-1BB enhanced proliferation of CD8" T cells
(Figure 1d; Figure S3A), which was associated with increased
production of IFN-y and TNF-a (Figure 1d). A combination of
mbsAb-PD-L1xCtrl and mbsAb-Ctrlx4-1BB was unable to
enhance proliferation or cytokine secretion, confirming that
the effect of mbsAb-PD-L1x4-1BB was strictly dependent on
simultaneous binding to both targets. In addition, mbsAb-PD-
L1x4-1BB-induced T-cell proliferation and cytokine production
were strictly dependent on prior T-cell stimulation, as no effect
was observed in the absence of anti-CD3. Similar to what was
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Figure 1. Generation of mouse-reactive Fc-inert mbsAb-PD-L1x4-1BB and characterization in vitro. (a) Generation of mbsAb-PD-L1x4-1BB by controlled Fab arm
exchange (cFAE) of Fc-silenced analogues of PD-L1 clone MPDL3280A (mAb-PD-L1) and 4-1BB clone 3H3 (mAb-4-1BB). The parental antibodies contain double matched
point mutations in the CH3 domain (F405L/R411T in one and T370K/K409R in the other [EU numbering]) that drive heterodimerization of the Fab arms and formation of
bispecific molecules during cFAE, as well as L234A and L235A Fc-silencing mutations that abrogate binding to FcyR and C1q. (b) Blockade of PD-1/PD-L1 interaction by
mbsAb-PD-L1x4-1BB or the indicated control antibodies was assessed using a mouse PD-1/PD-L1 blockade bioassay. RLU, relative light units. (c) Induction of 4-1BB
signaling by mbsAb-PD-L1x4-1BB or the indicated control antibodies was assessed using a mouse 4-1BB reporter assay. (d) CFSE-labeledCD8* T cells from C57BL/6 mice
were co-cultured with autologous BMDCs (T-cell:DC ratio 15:1) and stimulated with 5 ng/mL anti-CD3, or left unstimulated (w/o anti-CD3). mbsAb-PD-L1x4-1BB or the
indicated control antibodies were added at 1 pg/mL each. Proliferation was measured by CFSE dilution after four days (pooled data are shown in upper panel) and
expressed as expansion index (a measure of T-cell expansion at population level). IFN-y and TNF-a concentrations in the supernatants were measured 48 hours after
initiation of the culture (one representative experiment is shown in the middle and lower panels). (e) CFSE-labeledCD8" T cells were co-cultured with autologous BMDCs
and stimulated with anti-CD3 in the presence of increasing concentrations of mbsAb-PD-L1x4-1BB. Proliferation and IFN-y concentration were measured as in (d). Data

shown are mean (£ SD) of triplicate wells of one representative experiment. *, P < .05; One-way ANOVA with Sidak’s multiple comparisons test.

previously described in the literature,”* > bivalent 4-1BB anti-
bodies based on clone 3H3-induced T-cell proliferation and
cytokine production both in the presence or absence of Fc-
mediated crosslinking, to an extent comparable to mbsAb-PD-
L1x4-1BB (Figure S3B). The induction of T-cell proliferation
and IFN-y production by mbsAb-PD-L1x4-1BB was dose-
dependent (Figure 1e), with ECs, values of 0.05 + 0.05 pg/mL
(proliferation) and 0.03 pg/mL (IFN-y), i.e. in the subnanomolar
range (0.32 £ 0.34 nM [proliferation] and 0.18 nM [IFN-y]).
Comparable dose-dependent induction of T-cell proliferation
and cytokines by mbsAb-PD-L1x4-1BB was observed using
T cells derived from BALB/c mice (Figure S3C).

The capacity of mbsAb-PD-L1x4-1BB to enhance T-cell
mediated cytotoxicity was tested using co-cultures of ovalbumin
(OV Azs7.264) peptide-stimulated CD8" OT-I T cells and ovalbu-
min-expressing B16 (B16_OVA-MO4) tumor cells. mbsAb-PD-
L1x4-1BB enhanced antigen-specific T cell-mediated

cytotoxicity, which became apparent at 20 h after start of the
bsAb treatment and was maintained over time until the termina-
tion of the experiment after 5 days (Figure 2a). mbsAb-PD-L1x4
-1BB-induced T-cell-mediated cytotoxicity was similar to mAb-
PD-L1 or the combination mbsAb-PD-Llxctrl and mbsAb-
ctrlx4-1BB, suggesting that cytotoxicity was enhanced predomi-
nantly by PD-L1 checkpoint blockade activity under these experi-
mental conditions. Co-culture with B16-OVA cells alone was
sufficient to induce high levels of granzyme B in essentially all
OT-IT cells across experimental conditions (Figure $4), indicat-
ing an overall strong stimulation in co-culture. However, expres-
sion levels of granzyme B (P < .0001) and the degranulation
marker CD107a (P < .01) on a per-cell level were significantly
increased in mbsAb-PD-L1x4-1BB-treated cells compared to
controls that only blocked PD-L1 (Figure 2b). In addition,
mbsAb-PD-L1x4-1BB was able to enhance cytokine production
in the B16-OVA co-culture setting, as shown by significantly
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Figure 2. mbsAb-PD-L1x4-1BB enhances antigen-specific T-cell effector functions in vitro. CD8" T cells were isolated from OT-I splenocytes by magnetic separation
following overnight activation with OVA,s;.564. The isolated CD8* T cells were co-cultured with OVA-expressing B16 tumor cells in the presence of mbsAb-PD-L1x4-1BB
or the indicated control antibodies for 2-5 days. (a) Cytotoxicity of the CD8" T cells toward B16-OVA cells was monitored over time using the xCELLigence real-time cell
analysis system. Representative data from co-cultures derived from one individual mouse are shown (n = 14). Data were normalized to the time-point of co-culture start,
and expressed as relative to the isotype control-treated co-cultures (mAb-Ctrl set to 100%). (b and c) The expression of cytotoxic mediator granzyme B, degranulation
marker CD107a and IFN-y by the CD8" T cells was assessed by intracellular staining. Pooled data from three experiments (n = 14) are shown. (d) Cytokines measured in
supernatant after 48 h with multiplexed ECLIA. Pooled data from three experiments (n = 14) are shown. Data are expressed as relative to mAb-Ctrl. **** P < .0001; ***,
P <.001; **, P < .01; **, P < .05; ns, not significant; One-Way ANOVA with Tukey’s multiple comparisons test.

increased intracellular IFN-y in CD8" T cells (P < .05, Figure 2c
and Figure S4) and increased secretion of IL-2 and TNF-a
(Figure 2d) compared to all control groups. Therefore, additional
4-1BB co-stimulation was able to elicit functional changes that
may confer enhanced cytotoxicity in the presence of weaker TCR
stimuli or a lower frequency of cytotoxic T cells.

Taken together, mbsAb-PD-L1x4-1BB dose-dependently
enhanced T-cell proliferation and effector functions
in vitro. The 4-1BB agonist activity was conditional as it
required TCR stimulation and 4-1BB crosslinking by simul-
taneous binding to PD-L1, whereas PD-L1 blocking activity
of mbsAb-PD-L1x4-1BB was also retained in the absence of
4-1BB. Furthermore, mbsAb-PD-L1x4-1BB demonstrated
superior immunostimulatory effects compared to PD-L1
blocking agents alone.

mbsAb-PD-L1x4-1BB-treatment did not alter the
prevalence of CD8" T cell or F4/80" cells in the liver, or
liver enzyme levels

Treatment of mice with 4-1BB agonistic mAbs, including clone
3H3 that provided the 4-1BB-specific Fab arm of mbsAb-PD-
L1x4-1BB, has previously been associated with liver inflamma-
tion, which manifested as elevated transaminase activity and
liver immune cell infiltration.”®"***° Since 4-1BB agonist activity
of mbsAb-PD-L1x4-1BB was conditional, we assessed whether
liver inflammation was reduced compared to the bivalent agonist
4-1BB antibody. Therefore, immune cells in the liver and liver
enzyme activity in the blood were evaluated in healthy C57BL/6

mice after treatment with 250 upg/mouse (approximately
12.5 mg/kg) mbsAb-PD-L1x4-1BB, mAb-PD-L1 or agonistic,
bivalent 4-1BB mAbs (three IP injections on days 0, 3, and 6).
Compared to isotype control and mAb-PD-L1, mbsAb-PD-
L1x4-1BB did not induce any significant increase in lymphocyte,
CD8" T cell or F4/80" cell density (Figure 3a—c and Figure S5A),
liver weight (Figure 3d) or liver enzyme activity in the blood
(Figure 3e and Figure S5B) on day 16. By contrast, bivalent
agonistic 4-1BB mAbs induced a significant increase in CD8"
T cell density (P <.0001), liver weight (P < .05) and liver enzyme
activity (P < .05) compared to mbsAb-PD-L1x4-1BB. The
increase in these parameters was further aggravated after com-
bined administration of mAb-PD-L1 together with the bivalent
Fc-active 4-1BB mAb (P < .0001 for CD8" T cell density and
liver enzyme activity, P < .01 for liver weight). Transaminase
activity levels were similarly increased in agonistic 4-1BB mAb-
treated, but not mbsAb-PD-L1x4-1BB-treated mice 8 days after
administration, with slightly lower overall ALT and AST levels
compared to day 16 (data not shown).

Given that signs of immune-mediated liver inflammation
were not detected in mbsAb-PD-L1x4-1BB-treated mice, we
aimed to confirm that mbsAb-PD-L1x4-1BB is pharmacologi-
cally active in vivo. To this end, the capacity of mbsAb-PD-
L1x4-1BB to expand antigen-specific T cells was determined in
C57BL/6 mice that received an adoptive OT-1 CD8" T-cell
transfer and were subsequently vaccinated with ovalbumin
(OVA). Both 20 and 100 pg/mouse mbsAb-PD-L1x4-1BB sig-
nificantly enhanced expansion of OVA-specific OT-I CD8"
T cells, compared to monovalent control antibodies targeting
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Figure 3. mbsAb-PD-L1x4-1BB does not induce infiltration of CD8" T cells in the liver, increase liver wet weight or liver enzyme activity in peripheral blood
in healthy C57BL/6 mice. C57BL/6 mice received three IP injections with mbsAb-PD-L1x4-1BB or the indicated control antibodies (250 pg each) on days 0, 3, and 6. (a)
Livers were resected on day 16, and sections were stained with H&E (left panels) or using CD8 antibodies (right panels). Representative images are shown. Arrowheads
indicate lymphocytic infiltrates. (b) Quantification of lymphocytes in the liver sections (n = 5) (c) Quantification of CD8" cells in the liver sections. (d) Wet weights of
livers 16 days after treatment (n = 5). (e) ALT enzyme activity was measured in sera collected 16 days after the first treatment before the mice were sacrificed. Data from
individual mice are shown, as well as group mean + SD (n = 10). Statistical significance was determined by Ordinary one-way ANOVA with Dunnetts's multiple
comparisons test (treatment groups vs. isotype control). *P < .05; **, P < .01; ***, P < .001; ****, P < .0001.
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Figure 4. mbsAb-PD-L1x4-1BB exhibits anti-tumor activity. (a and b) C57BL/6 mice were inoculated SC with 5 x 10° MC38 cells. Groups of mice were administered IP
with the indicated doses of mbsAb-PD-L1x4-1BB, mAb-PD-L1 or isotype control antibody on days 8, 12, 15 and 19 after tumor inoculation (vertical dotted lines; median
tumor volume at the start of treatment 7.8 mm?3). Tumor growth curves shown in (a) depict group mean + SEM tumor volume over time. Growth curves were
discontinued when less than 3 mice remained alive within groups (last observation carried forward [LOCF] > 3). ***, P < .001; ****, P < .0001; Two-way ANOVA with
Tukey's multiple comparisons test. Percent survival is shown in (b). **, P < .01; ***, P < .001; ****, P < .0001; log-rank (Mantel-Cox) test (n = 8). (c and d) BALB/c mice
were inoculated SC with 5 x 10° CT26 cells. Groups of mice were administered IP with the indicated doses of mbsAb-PD-L1x4-1BB or PBS only, on days 11, 13, 16, 19, 22,
26, 33 and 40 after tumor inoculation (vertical dotted lines; median tumor volume at the start of treatment 18 mm?). Tumor growth curves shown in (c) depict group
mean + SEM tumor volume over time (LOCF > 3). ¥, P <.05; **, P < .01; **** P < .0001. Percent survival is shown in (d). Statistical significance was determined as in (b).
(e) The percentage of CD8* T cells recognizing the tumor-associated gp70 epitope in peripheral blood samples was determined by tetramer staining 18 days after tumor
inoculation. **** P < .0001; One-way ANOVA with Dunnett's multiple comparisons test (treatment groups vs. PBS).
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either PD-L1 or 4-1BB (P < .001, Figure S6). Importantly,
mbsAb-PD-L1x4-1BB-mediated T-cell expansion was similar
to that of the agonist mAb-4-1BB with an active Fc region.

Taken together, these findings have shown that while
mbsAb-PD-L1x4-1BB treatment did not alter liver immune
cell homeostasis or liver enzyme activity in the blood, it pro-
moted the expansion of vaccine epitope-specific CD8" T cells
in vivo.

mbsAb-PD-L1x4-1BB exhibited potent anti-tumor
activity in vivo

Given the strong immunostimulatory properties of mbsAb-PD
-L1x4-1BB, we next evaluated anti-tumor activity of mbsAb-
PD-L1x4-1BB in vivo using murine syngeneic tumor models.
We first treated C57BL/6 mice bearing subcutaneous MC38
tumors with mbsAb-PD-L1x4-1BB at 50 or 250 pg/mouse
(approximately 2.5 or 12.5 mg/kg) or with mAb-PD-L1 at
250 pg/mouse (twice weekly for two weeks, IP, starting at day
8 after tumor inoculation). mbsAb-PD-L1x4-1BB elicited
strong antitumor activity at both dose levels, so that 7/8 mice
remained tumor-free until the end of the observation period
(Figure 4a and data not shown). mAb-PD-L1 also inhibited
tumor growth, with slightly higher mean tumor volumes com-
pared to mbsAb-PD-L1x4-1BB, resulting in 4/8 tumor-free
mice. In the isotype control group rapid tumor outgrowth
was observed in all animals. Both mbsAb-PD-L1x4-1BB and
mAb-PD-L1 significantly increased survival compared to the
isotype control (P < .001, Figure 4b). To demonstrate anti-
tumor activity against larger tumors, we conducted an addi-
tional study where MC38 tumors were allowed to grow until
they had reached a median size of 46 mm® before treatment

with mbsAb-PD-L1x4-1BB (50 pg/mouse, twice weekly for 2
weeks, IP) was commenced at day 14 after tumor inoculation.
In this setting, mbsAb-PD-L1x4-1BB treatment also signifi-
cantly inhibited tumor growth (P < .05) and conferred signifi-
cant survival benefit (P < .01) compared to isotype control
treatment (Figure S7).

In BALB/c mice bearing subcutaneous CT26 tumors,
mbsAb-PD-L1x4-1BB significantly inhibited tumor growth
(P < .01) at 10 and 100 pg/mouse (approximately 0.5 or
5 mg/kg; twice weekly for 3 weeks followed by weekly for 2
weeks, IP; Figure 4c). Accordingly, a dose-dependent
improvement of survival was observed upon treatment
with mbsAb-PD-L1x4-1BB (Figure 4d). Anti-tumor activity
was associated with a dose-dependent increase in the
expansion of CD8" T cells specific for a gp70 peptide, an
immunodominant CT26 tumor antigen, in the peripheral
blood. This increase was statistically significant at 100 ug/
mouse mbsAb-PD-L1x4-1BB compared to vehicle control
(P < .0001, Figure 4e).

To determine whether the anti-tumor activity of mbsAb-
PD-L1x4-1BB was conditional, its activity was compared to
monospecific controls mbsAb-PD-L1xCtrl and mbsAb-
Ctrlx4-1BB in the CT26 model, either alone or in combi-
nation (twice weekly for 3.5 weeks, IP; 100 pg/mouse
[approximately 5 mg/kg]). mbsAb-PD-L1x4-1BB signifi-
cantly inhibited tumor growth compared to the combina-
tion of mbsAb-PD-L1xCtrl and mbsAb-Ctrlx4-1BB
(P < .001, Figure 5a). Furthermore, mbsAb-PD-L1x4-1BB
treatment significantly improved survival in comparison to
treatment with isotype control mAb (P < .05), whereas the
combination of monovalent control antibodies did not
(Figure 5b).
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Figure 5. Anti-tumor effect of mbsAb-PD-L1x4-1BB is dependent on conditional agonist activity. (a and b). BALB/c mice were inoculated SC with 5 x 10° CT26 cells.
Groups of mice were administered IP with 100 pg/dose mbsAb-PD-L1x4-1BB, the monovalent control antibodies mbsAb-PD-L1xCtrl and mbsAb-Ctrlx4-1BB alone or in
combination, or isotype control antibody (mAb-Ctrl) on days 20, 23, 26, 29, 34, 37 and 40 after tumor inoculation (vertical dotted lines; median tumor volume at the start
of treatment 76.1 mm?>). Tumor growth curves shown in (a) depict group mean + SEM tumor volume over time (LOCF > 3). ¥, P < .05; ***, P < .001; **** P < .0001; Two-
way ANOVA with Tukey’s multiple comparisons test. Percent survival is shown in (b). ¥, P < .05; ns, not significant; log-rank (Mantel-Cox) test. (c and d) Groups of CT26
tumor-bearing BALB/c mice (n = 10) were administered IP with 100 ug/dose mbsAb-PD-L1x4-1BB, mAb-PD-L1 or isotype control antibody (mAb-Ctrl), twice weekly for
three weeks on days 14, 18, 21, 25, 28, 32 and 40 days after tumor inoculation (vertical dotted lines; median tumor volumes at the start of treatment 28.7 mm?). Tumor
growth curves shown in (c) depict group mean + SEM tumor volume over time (LOCF=3). **** P < .0001. Percent survival is shown in (d). ***, P < .001. (e) The
percentage of CD8" T cells recognizing the tumor-associated gp70 epitope in peripheral blood samples of mice treated as in (c and d) was determined by tetramer
staining 27 days after tumor inoculation. ***, P < .001; One-way ANOVA with Dunnett’s multiple comparisons test.



Next, the anti-tumor activity of mbsAb-PD-L1x4-1BB was
compared to bivalent mAb-PD-L1 in the CT26 model (twice
weekly for 3.5 weeks, IP; 100 ug/mouse). Similar to previous
experiments in the CT26 model, mbsAb-PD-L1x4-1BB
strongly and significantly inhibited tumor growth compared
to both mAb-PD-L1 and the isotype control (P < .0001), and
led to tumor rejection in the majority of mice (Figure 5c).
Furthermore, mbsAb-PD-L1x4-1BB induced a significant
increase in survival compared to both the mAb-PD-L1 and
isotype control groups (P < .001, Figure 5d). Both mbsAb-PD-
L1x4-1BB and mAb-PD-L1 augmented expansion of CD8"
T cells recognizing the immunodominant tumor antigen
gp70 in the peripheral blood (Figure 5e). Notably, comparable
expansion was observed in both groups, despite the great
difference between the two treatments in controlling tumor
growth.

Taken together, mbsAb-PD-L1x4-1BB demonstrated
strong anti-tumor activity in two murine tumor models.
Anti-tumor activity was dose-dependent and required the
simultaneous engagement of both targets vivo.
Importantly, mbsAb-PD-L1x4-1BB treatment greatly
improved survival even in tumor models where PD-L1
blockade alone was completely ineffective. Furthermore,
anti-tumor activity was observed at dose levels that did
not alter liver immune cell homeostasis or liver enzyme
activity in tumor-free mice.

in
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mbsAb-PD-L1x4-1BB enhanced anti-tumor immunity by
modulating immune responses in the tdLNs and the TME

To further characterize the mbsAb-PD-L1x4-1BB-dependent
anti-tumor immune responses in vivo, we performed immuno-
phenotyping of the tdLNs and TME in the CT26 model. Within
the TME, the proportion of CD8" T cells was significantly
increased in mbsAb-PD-L1x4-1BB-treated mice both compared
to groups treated with mAb-PD-L1 and isotype control
(P < .001), whereas the proportion of NK cells was reduced in
mbsAb-PD-L1x4-1BB-treated mice (Figure 6a and Figure S8A)
Intratumoral CD8" T cells were mostly gp70-specific and
expressed PD-1 across treatment groups. As a result, gp70-
specific CD8" T cells were significantly more frequent among
hematopoietic cells and among total cells in mbsAb-PD-L1x4
-1BB-treated mice compared to the other groups (P < .01,
Figure 6a and Figure S8B). Intratumoral gp70-specific CD8"
T cells contained a subset that expressed the transcription factor
Tcf-1, which is endowed with a stem cell-like capacity of self-
renewal and may mediate extended tumor control.>’ The fre-
quency of the Tcf-1% gp70-specific cells was significantly higher
in mbsAb-PD-L1x4-1BB-treated mice compared to the other
groups (P < .01, Figure 6a). Together these findings indicated
that mbsAb-PD-L1x4-1BB treatment enhanced tumor-specific
CD8" T cell responses. In contrast, a substantially increased
frequency of FoxP3"CD25"CD4" regulatory T cells (Treg) was
observed in the TME of mice treated with mAb-PD-L1. As
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Figure 6. mbsAb-PD-L1x4-1BB modulates the tdLNs and TME in favor of anti-tumor immunity. BALB/c mice were inoculated SC with 5 x 10° CT26 cells. Groups of mice
were administered IP with 100 g of the indicated antibodies on days 12 and 17 after tumor inoculation (median tumor volume at the start of treatment 37.7 mm>).
Mice were sacrificed on day 18 after inoculation for analysis. (a and b) Flow cytometry analysis of enzymatically dissociated tumors. (c and d) Flow cytometry analysis of
tdLNs. (e and f) tdLN cell suspensions were either left unstimulated (medium control; e) or restimulated with a gp70 peptide or CT26 cells (f), and IFN-y secretion was
assessed by ELISpot. (g) IFN-y ELISpot using distant ndLN cell suspensions of mbsAb-PD-L1x4-1BB treated mice. Data from individual mice are shown, as well as group
mean (+ SD). ¥, P < .05; **, P <.01; *** P <.001; **** P <.0001; One-way ANOVA with Dunnett’s multiple comparisons test, (treatment groups vs. isotype control group,
n = 8-10 [Two mbsAb-PD-L1x4-1BB-treated mice were excluded from analyses shown in (a and b), because their tumors were too small for flow cytometry analysis]).
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a result, the tumor-specific CD8" T cell-to-Treg ratio was sig-
nificantly increased in mbsAb-PD-L1x4-1BB-treated mice com-
pared to other groups (P < .001, Figure 6b and Figure S8C).

While the frequency of total CD8" T cells in the tdLNs was
comparable across all treatment groups, proportions of PD-1"
activated CD8" T cells and NK cells were significantly
increased in mbsAb-PD-L1x4-1BB-treated mice compared to
both isotype control and mAb-PD-L1 (P < .0001, Figure 6¢).
Importantly, the frequency of gp70-specific CD8" T cells was
also significantly increased compared to the isotype control
group (P < .05). In contrast, Treg proportions were reduced
in mbsAb-PD-L1x4-1BB-treated mice, resulting in
a significantly increased ratio of gp70-specific CD8" T cells to
Treg (P < .05, Figure 6¢ and d). Increased proportions of
tumor-specific CD8" T cells and PD-1" T cells were also
detected in the peripheral blood (Figure S8D). IFN-y produc-
tion was increased in ex vivo tdLN cell suspensions of mbsAb-
PD-L1x4-1BB-treated mice compared to mAb-PD-L1 or iso-
type control-treated mice (Figure 6e). IFN-y production was
further augmented upon restimulation with the tumor-derived
gp70 peptide or CT26 tumor cells, which resulted in the highest
proportions of IFN-y secreting cells in the mbsAb-PD-L1x4
-1BB-treated mice (Figure 6f). The spontaneous IFN-y produc-
tion is hypothesized to be a consequence of residual tumor
antigen presented in the tdLN, as IFN-y production in distant
non-draining lymph nodes (ndLN) was much lower
(Figure 6g). Taken together, the mbsAb-PD-L1x4-1BB treat-
ment-induced modulation of lymphocyte populations within
the TME was consistent with enhanced tumor-specific CD8"
T-cell responses and a reduction of Treg abundance in the
tdLN. These findings suggested that mbsAb-PD-L1x4-1BB
treatment led to a pronounced shift within the balance of
tumor-reactive CD8" T cells and immunosuppressive Tregs
in favor of anti-tumor immunity.

Discussion

Here we demonstrated PD-L1 blocking and conditional 4-1BB
agonist activity of the bispecific antibody mbsAb-PD-L1x4
-1BB in multiple in vitro systems and tumor models. mbsAb-
PD-L1x4-1BB elicited potent anti-tumor activity, as it was
recently described for another Fc-inert mouse PD-L1x4-1BB
bsAb.'® We further provide evidence for in vivo activation and
expansion of vaccine epitope-specific or tumor antigen-specific
T cells as well as a qualitatively improved immune response
within the TME and the tdLNs compared to PD-L1 blockade.
In addition, mbsAb-PD-L1x4-1BB did not affect liver function
as assessed by liver enzyme levels or liver immune cell compo-
sition in treated tumor-free mice at an efficacious dose level.
Collectively, these findings provided proof-of-concept for dual
targeting of PD-L1 and 4-1BB with an Fc-inert bsAb as an
efficacious cancer immunotherapy approach that may further
present with reduced liver pharmacology, and provided novel
insights into the mode-of-action in vivo.

Agents designed to focus 4-1BB agonist activity to the TME
typically combine a component with 4-1BB agonist activity and
a component that specifically targets tumor-associated
antigens.'®”'®*? Targeting inhibitory pathways by blocking
PD-L1 offers the advantage of conferring dual

immunomodulatory activity to the bispecific agent in addition
to localizing its activity to the tumor and tdLNs. As such,
mbsAb-PD-L1x4-1BB functioned as a checkpoint inhibitor
independently of 4-1BB binding. On the other hand, 4-1BB co-
stimulation by mbsAb-PD-L1x4-1BB was strictly conditional
upon simultaneous binding to PD-L1. By combining these
mechanisms, mbsAb-PD-L1x4-1BB enhanced several T-cell
functions, including proliferation, cytokine production and
cytotoxicity compared to PD-L1 blockade, consistent with the
acquisition of a potent and highly activated T-cell effector
phenotype.

Combinations of PD-1/PD-L1 and 4-1BB mAbs mediate
potent anti-tumor activity in mouse models, including aggres-
sively growing and poorly immunogenic tumors.” ">
Importantly, the combination treatment conferred signifi-
cantly and substantially improved survival in models where
both treatments as monotherapy are ineffective in previous
studies."””* These underlying synergies could also be
addressed by next-generation bispecific agents. Indeed, here
we showed that treatment with mbsAb-PD-L1x4-1BB resulted
in the rejection of CT26 tumors, which were insensitive to PD-
L1 blockade alone. While this was in line with previous
observations,’>>® we also provided novel mechanistic insights
that allow for further dissection of the immune responses
triggered by simultaneous targeting of both pathways com-
pared to PD-L1 blockade alone. Hence, this bispecific approach
is a promising strategy to guide the immune system to attack
the tumor, and may have potential in treating cancers resistant
to PD-1/PD-L1 blockade.

In agreement with previous studies showing that 4-1BB*
intratumoral CD8" T cells are enriched for tumor antigen-
specific =T cells,)”” mbsAb-PD-L1x4-1BB  induced
a significant expansion of CD8" T cells within the TME, the
majority of which was tumor-antigen specific. Since PD-L1
blockade alone did not result in a similar increase, this effect
required conditional 4-1BB agonist activity and led to
a profound shift in the CD8" T cell-to-Treg ratio, which may
have contributed to the potency of mbsAb-PD-L1x4-1BB in
the PD-L1 blockade-insensitive CT26 model. While the precise
mechanism causing this shift remains unclear, it may be attri-
butable to a direct effect of mbsAb-PD-L1x4-1BB on Tregs, as
Tregs were reported to express both PD-1 and 4-1BB.**™*
Alternatively, reduced Treg numbers may be an indirect effect
of a pro-inflammatory TME, as high local IFN-y concentra-
tions may impair Treg stability.*' In addition, both PD-1/PD-
L1 blockade and 4-1BB co-stimulation were shown to inhibit
differentiation of conventional T cells into adaptive Tregs,*>*’
which could therefore be effectively achieved by simultaneous
modulation of both pathways in vivo.

Our immunophenotyping data further showed that
mbsAb-PD-L1x4-1BB treatment exhibited effects beyond
the TME, since modulation of CD8" T cell and Treg-
prevalence in tdLNs was consistent with the changes in
TME immune composition. It is conceivable that mbsAb-
PD-L1x4-1BB supported the expansion of recently primed
T cells in the tdLNs, which were specific for tumor anti-
gens released as a consequence of mbsAb-PD-L1x4-1BB-
induced TME inflammation and tumor cell lysis. PD-LI
upregulation by DCs in tdLNs has been demonstrated in



several murine tumor models,** suggesting that crosslink-
ing with recently primed 4-1BB* T cells could occur in the
tdLN. Our observation that mbsAb-PD-L1x4-1BB boosted
the expansion of vaccine epitope-specific T cells in tumor-
free mice further supported the idea that PD-L1 expres-
sing cells in lymphoid tissue are able to support target
crosslinking and thereby augment antigen-specific T-cell
responses. Importantly, the expansion of antigen-specific
T cells required conditional 4-1BB agonist activity in both
settings, since PD-L1 blocking antibodies only had
a modest effect.

While compelling evidence has validated 4-1BB as
a therapeutic target, clinical development of 4-1BB mAbs was
hampered by the occurrence of severe hepatotoxicity at effica-
cious doses.”> Murine studies have demonstrated that toxicity
in 4-1BB mAb-treated animals is dependent on T cells and
4-1BB expression, and that activation of liver-resident 4-1BB™
T cells may critically contribute to the inflammatory cascade
that leads to liver damage.‘ls’46 In line with previous studies,*®”
%30 the parental anti-4-1BB mAb clone 3H3 in a bivalent
format induced elevated transaminase levels and increased
intrahepatic CD8" T-cell numbers, which was further aggra-
vated by combination treatment with mAb-PD-LI. Notably,
comparable liver inflammation was observed in mice treated
with Fc-inert or Fc-active bivalent 3H3, indicating that agents
with strong intrinsic 4-1BB agonist activity may induce liver
pathology through high target-binding avidity, without the
requirement for Fc receptor-mediated crosslinking.*®
Although the 4-1BB-specific Fab arm of mbsAb-PD-L1x4
-1BB was derived from clone 3H3, the 4-1BB agonist activity
is directed to the TME and tdLNs by its dependence on cross-
linking to PD-L1. As a consequence, mbsAb-PD-L1x4-1BB
treatment did not evoke manifestations of hepatic inflamma-
tion such as elevated serum transaminase activity levels or
CD8" T-cell infiltration of the liver, at dose levels that provided
anti-tumor activity in vivo.

In conclusion, through its unique MoA, mbsAb-PD-L1x4
-1BB combined PD-1/PD-L1 immune checkpoint blockade
and conditional 4-1BB co-stimulation to boost CD8" T-cell
activation and effector functions in vitro. Furthermore, we pro-
vided proof-of-concept that dual targeting of PD-L1 and 4-1BB
using Fc-inert bispecific antibodies can enhance tumor antigen-
specific CD8" T-cell responses while reducing the prevalence of
immunosuppressive cells, resulting in potent antitumor activity
in murine tumor models, including those unresponsive to PD-
L1 blockade. Our combined targeted approach of a bispecific
antibody may have the potential to improve the clinical benefit
observed with anti-PD-1/PD-L1 therapy. These findings sup-
ported the development of a clinical candidate, GEN1046
(BNT311/DuoBody-PD-L1x4-1BB), which is currently being
evaluated in the clinical setting for the treatment of advanced
solid tumors (NCT03917381).
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