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ABSTRACT
◥

Purpose: While patients responding to checkpoint blockade
often achieve remarkable clinical responses, there is still significant
unmet need due to resistant or refractory tumors. A combination
of checkpoint blockade with further T-cell stimulation mediated
by 4-1BB agonism may increase response rates and durability
of response. A bispecific molecule that blocks the programmed
cell death 1 (PD-1)/programmed cell death 1 ligand 1 (PD-L1)
axis and localizes 4-1BB costimulation to a PD-L1–positive (PD-
L1þ) tumor microenvironment (TME) or tumor draining lymph
nodes could maximize antitumor immunity and increase
the therapeutic window beyond what has been reported for
anti–4-1BB mAbs.

Experimental Design:We generated and characterized the PD-
L1/4-1BB bispecific molecule PRS-344/S095012 for target binding
and functional activity in multiple relevant in vitro assays. Trans-
genicmice expressing human 4-1BB were transplanted with human
PD-L1–expressing murine MC38 cells to assess in vivo antitumoral
activity.

Results: PRS-344/S095012 bound to its targets with high
affinity and efficiently blocked the PD-1/PD-L1 pathway, and
PRS-344/S095012-mediated 4-1BB costimulation was strictly
PD-L1 dependent. We demonstrated a synergistic effect of both
pathways on T-cell stimulation with the bispecific PRS-344/
S095012 being more potent than the combination of mAbs.
PRS-344/S095012 augmented CD4-positive (CD4þ) and CD8-
positive (CD8þ) T-cell effector functions and enhanced antigen-
specific T-cell stimulation. Finally, PRS-344/S095012 demon-
strated strong antitumoral efficacy in an anti–PD-L1–resistant
mouse model in which soluble 4-1BB was detected as an early
marker for 4-1BB agonist activity.

Conclusions: The PD-L1/4-1BB bispecific PRS-344/S095012
efficiently combines checkpoint blockade with a tumor-localized
4-1BB–mediated stimulation burst to antigen-specific T cells, more
potent than the combination ofmAbs, supporting the advancement
of PRS-344/S095012 toward clinical development.

See related commentary by Shu et al., p. 3182

Introduction
The clinical success of immune checkpoint inhibitors, particu-

larly antibodies blocking the programmed cell death 1 (PD-1)/
programmed cell death 1 ligand 1 (PD-L1) pathway, has funda-
mentally changed the treatment of various advanced solid cancers,
such as melanoma, bladder, and non–small cell lung carcinoma
(1–3). While patients who respond to anti–PD-1/PD-L1 mAb
monotherapy can achieve durable clinical responses, there is still

significant unmet need due to e.g., checkpoint refractory or resistant
patients. Substantial efforts are being made to identify novel bio-
logic agents and patient stratification methods that increase the
fraction of patients responding to immunotherapy. While it is
hypothesized that blocking the PD-1/PD-L1 pathway is “releasing
the brakes” of T cells, we believe that the antitumor response could
be further augmented by enhancing T-cell activation through 4-
1BB–mediated costimulation.

4-1BB (CD137) is a costimulatory immune receptor belonging to the
tumornecrosis factor receptor (TNFR) superfamily and is expressed on
activated immune cells, including T cells (4). On T cells, 4-1BB is
transiently expressed after T-cell receptor (TCR) engagement. Binding
of 4-1BBL or agonistic anti–4-1BB antibodies increases T-cell effector
functions, including cytokine release and cytotoxicity, as well as
proliferation, survival, and memory formation (5, 6). It has been
further described to modulate the metabolic reprograming of
T cells (7, 8) and to mediate reinvigoration of exhausted CD8-positive
(CD8þ) tumor-infiltrating lymphocytes (TIL; ref. 9).

The potential of 4-1BB costimulation as effective cancer immuno-
therapy has been extensively demonstrated in multiple preclinical
studies (10–14) and is further supported by clinical data from adoptive
chimeric antigen receptor (CAR) T-cell therapy validating that 4-1BB
signaling elements in the cytoplasmic domain of CAR molecules are a
prerequisite for durable and effective clinical responses (15, 16).
Agonistic anti–4-1BB mAbs, such as urelumab (17) and utomilu-
mab (18, 19) were clinically tested, yet did not advance to later
stage clinical trials. While severe liver toxicity was reported for
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urelumab (20), utomilumab monotherapy showed only limited pre-
liminary antitumor activity (21), which is concordant with preclinical
observations indicating a potential lower stimulatory capacity com-
pared with urelumab (22). These clinical observations suggest that
efficacy of systemic 4-1BB stimulation is limited by its potential to
induce severe liver toxicity.

To gain tumor specificity and reduce peripheral toxicity, we gen-
erated 4-1BB–targeting bispecific molecules designed to mediate
hyperclustering of 4-1BB by binding to a tumor-localized target,
thereby bridging 4-1BB–positive (4-1BBþ) T cells with tumor cells
and inducing a potent 4-1BB signaling in the tumor microenviron-
ment (TME). We previously described cinrebafusp alfa (PRS-343),
a HER2/4-1BB bispecific molecule generated by recombinant fusion
of a 4-1BB–specific Anticalin protein to an Fcg receptor (FcgR)-
silenced IgG4 variant of trastuzumab (23). Anticalin proteins are
18 or 21 kDa protein therapeutics engineered from human lipocalins,
a family of natural extracellular binding proteins that provide several
benefits, such as a compact target engagement interface, which can
be engineered to bind specifically to a wide range of relevant targets,
and a straightforward recombinant engineering profile. Despite
low amino acid identity, lipocalins are characterized by a highly
conserved, robust tertiary structure that enables the generation
of multispecific molecules with high formatting flexibility (24). In
a clinical phase I dose escalation study, single-agent cinrebafusp
alfa demonstrated antitumor activity, including stable disease,
partial and complete responses, in heavily pretreated patients across
multiple HER2þ tumors. Beyond demonstrating clinical benefit,
cinrebafusp alfa showed strong increases in CD8þ T-cell numbers
and proliferative index in the TME of responders, indicative of
4-1BB agonism on T cells (25). In addition, cinrebafusp alfa was
deemed safe and well tolerated as a single agent or in combi-
nation with atezolizumab, highlighting the advantage of tumor-
localized 4-1BB stimulation and supporting the further develop-
ment of cinrebafusp alfa for treatment of HER2þ malignancies.

To expand 4-1BB agonistic opportunities beyond HER2þ carci-
nomas, we generated PRS-344/S095012, a PD-L1/4-1BB bispecific
molecule, by fusing 4-1BB–specific Anticalin proteins to a PD-L1–
specific antibody, and its preclinical characterization is described
in this study.

Materials and Methods
Generation of the antibody–Anticalin fusion PRS-344/
S095012

The Anticalin protein J10 specifically targeting human 4-1BB
with high affinity was obtained utilizing phage display selection and
protein engineering as previously described (23). A humanized
PD-L1 targeting mAb obtained from immunization of BALB/C
mice and standard hybridoma generation was reformatted to an
IgG4 backbone containing F234A, L235A, and S228P mutations. To
generate PRS-344/S095012, J10 was recombinantly fused to the
C-terminal heavy chain of the anti–PD-L1 mAb building block
using a flexible glycine-serine linker (G4S)3. PRS-344/S095012,
Fc-J10 (J10 fused to an IgG4 isotype with F234A, L235A, S228P),
huPD-L1-huFc-Bio, and the anti–PD-L1 mAb building block were
produced from mammalian expression in CHO cells using standard
techniques.

Reagents and cells
Recombinant human 4-1BB, PD-L1, huPD-1-huFc, CD80-Fc,

FcgRI, FcgRIIa, and FcgRIIIa protein were obtained from R&D
Systems (9220–4B; 9049-B7; 1086-PD-01M; 140-B1; 1257-FC;
1330-CD; 4325-CD), IgG4 isotype control from Sigma Aldrich
(14639) and atezolizumab (Tecentriq) from Genentech, avelumab
(Bavencio) from Merck, nivolumab (Opdivo) from Bristol-Myers
Squibb, and trastuzumab (Herceptin) from Roche. The sequences for
anti–4-1BB mAbs 20H4.9 (expected to correspond to urelumab;
ref. 26), CTX-471 (27), and PF-05082566 (utomilumab; ref. 18) were
extracted from patents and constructs were produced from expression
in CHO cells using standard techniques.

Human colon carcinoma cell line RKO (CRL-2577; ATCC) was
maintained in 90%RPMI1640þGlutaMAX (61870–010;Gibco), 10%
FBS (F7524; Sigma-Aldrich), and 1% Pen/Strep (15140–122; Gibco).
CHO cells expressing human PD-L1 or 4-1BB were established by
stable transfection using the Flp-In system (Invitrogen) and cultured in
Ham’s F12 Nut Mix þ GlutaMAX (31765–027; Gibco), 10% FBS, 1%
Pen/Strep, and 500 mg/mL Hygromycin B (CP12.2; Gibco). NF-B-
Luc2/4-1BB Jurkat, Jurkat_PD1_NFATLuc2, PD-L1 aAPC/CHOK1,
and CHO:FcgRIIb cells (Promega) were cultured according to the
manufacturer’s instructions. Murine colon carcinoma MC-38 cell line
was genetically engineered to knock out murine and knock in human
PD-L1. MC-38-huPD-L1 (Biocytogen) were cultured in DMEM
(Excell) and 10% FBS. All cells were cultured at 37�C, 5% CO2.
Authentication of human cell lines was performed by genotyping-
based cell line authentification service (Eurofins). All cell lines were
used within 3 months of thawing and checked for Mycoplasma using
PCR every 3 months.

Human buffy coat samples from healthy volunteers were
obtained from the Institute for Clinical Transfusion Medicine and
Immunogenetics (Ulm, Germany) after obtaining written informed
consent.

Peripheral blood mononuclear cells (PBMC) were isolated from
buffy coats by centrifugation through a polysucrose density gradient.
Cellular subsets of PBMCs were further purified by using pan–T-cell
isolation kit, CD4, CD8, or CD14 MicroBeads (130–096–533, 130–
096–495 and 130–050–201; Miltenyi Biotec) according to the man-
ufacturer’s instructions.

For mixed lymphocyte reaction (MLR) assays, cones remaining
after platelet apheresis from healthy volunteers were obtained through
the Etablissment Francais du Sang (EFS), section de Poissy-France, in
line with French regulation.

Translational Relevance

Resistance to immunotherapy is common in patients with
cancer. To develop a more potent immune modulator, we com-
bined 4-1BB activation and programmed cell death 1 ligand 1
(PD-L1) checkpoint inhibition in a novel bispecific format. The
PD-L1/4-1BB bispecific PRS-344/S095012 was generated by fusing
a 4-1BB–targeting Anticalin protein to a PD-L1–specific antibody
to promote PD-L1–dependent 4-1BB activation. This offers the
clinical advantage of localizing 4-1BB engagement to PD-L1–
positive tissues like the tumor microenvironment, promoting
antitumoral immune responses while reducing the risk of peri-
pheral 4-1BB stimulation. The in vitro and in vivo characterization
we show here highlights the potential of PRS-344/S095012 to
provide a novel treatment option for patients who do not benefit
from current immunotherapies. Furthermore, we show that sol-
uble 4-1BB is a specific marker of 4-1BB pathway activation by
PRS-344/S095012 in in vitro and in vivo models, highlighting its
potential as an exploratory biomarker in patients.
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Mice
Human 4-1BB knock-in mice (Hu4-1BB KI; developed and

purchased from Biocytogen) are genetically engineered C57BL/6
mice in which the human 4-1BB extracellular domain is knocked
in to replace the murine 4-1BB extracellular domain. Animals
were housed in a temperature- and humidity- controlled specific
pathogen-free (SPF) barrier at the Animal Center of Beijing Bio-
cytogen in individual ventilated cage with 5 animals per cage.
Animals were housed for at least 7 days of acclimation before the
start of experiment.

ELISA
Recombinant protein of 4-1BB or PD-L1 was coated onto

microtiter plates and incubated with a titration series of constructs.
Binding was detected using a peroxidase-conjugated anti-human
IgG Fab mAb (209–035–097; Dianova) or using an affinity purified
polyclonal anti-Anticalin mAb, generated by rabbit immunization
(Pieris Pharmaceuticals GmbH/Biogenes). For dual target engage-
ment, recombinant His-tagged 4-1BB was coated onto a microtiter
plate followed by the addition of test constructs. Bound molecules
were detected via biotinylated PD-L1–Fc and Extravidin horserad-
ish peroxidase (Sigma-Aldrich). For competition ELISA, His-tagged
CD80-Fc was coated onto microtiter plates. Ten nanomoles per liter
of huPD-L1-huFc-Bio as free tracer and a titration series of con-
structs was preincubated for 1 hour and then added to the CD80
coated plate. Binding was detected using a Streptavidin Sulfo-Tag
(R32AD-1; MSD).

Biacore
A CM5 chip was immobilized with an anti-IgG or anti-His

antibody via N-Hydroxysuccinimide and 1-Ethyl-3-(3-dimethyla-
minopropylcarbodiimide (EDC/NHS) chemistry using commercial
capture kits (GE Lifesciences) following the distributor’s instruc-
tions. Test constructs or FcgR were captured on the chip via
the anti-Fc or His-tag and hu4-1BB, huPD-L1, nivolumab, trastu-
zumab, or PRS-344/S095012 were used as analytes. Constructs
were applied in with a flow rate of 30 mL per minute. The sample
contact time was 180 seconds and the dissociation time was 900 or
450 seconds. All measurements were performed at 25�C on a
Biacore 8K or T200 (GE Lifesciences). The kinetics data (but not
FcgR) were fitted using a 1:1 binding model using Biacore 8K
evaluation software.

Flow cytometry
All steps were performed on ice or at 4�C. Cells were incubated with

test constructs diluted in PBS (Gibco) þ 5% FCS, followed by an
incubation with anti-human IgG-Alexa488 labelled secondary anti-
body. Fluorescence signals were quantified using an Intellicyte iQue
Screener Plus (Sartorius).

Reporter assays
For the 4-1BB/NFkB bioassay, 2.5 � 105 cells/mL of PD-L1–

positive (PD-L1þ) target cells and 1.875 � 106 cells/mL of NFkB-
Luc2/4-1BB Jurkat cells were cocultured for 4 hours in presence of test
constructs. For the PD-1/NFAT bioassay, 3.2� 105 cells/mL of PD-L1
aAPC/CHOK1 and 5 � 105 cells/mL of Jurkat_PD1_NFATLuc2 cells
were cocultured for 6 hours in presence of test constructs. Bio-Glow
luciferase reagent (Promega) was added and luminescence was
measured as relative light units (RLU) using a luminescence plate
reader (Cytation 5; Biotek). All incubation steps were performed at
37�C, 5% CO2.

T-cell coculture assay
CHO:huPD-L1 or CHO:mock cells were treated with 10 mg/mL of

mitomycin C (M4287; Sigma-Aldrich) for 30 minutes to inhibit
proliferation. After washing with PBS, cells were seeded into culture
plates precoated with 0.25 mg/mL anti-CD3 (OKT3; 16–0037;
eBioscience). The next day, 1.25 � 106/mL T cells and test constructs
were added in assay medium (RPMI 1640 þ 10% FBS þ 1% Pen/
Strep). After 48 hours of coculture, supernatants were collected and
analyzed for IL2 secretion in an electrochemiluminescence (ECL)
immunoassay (Mesoscale Discovery) using an IL2 DuoSet kit (DY202;
R&D Systems). All incubation steps were performed at 37�C, 5% CO2.

Staphylococcal enterotoxin B assay
PBMCs were seeded at a cell density of 1.25� 106 cells/mL in assay

medium. PBMCs were stimulated with 0.25 ng/mL staphylococcal
enterotoxin B (SEB; S4881; Sigma-Aldrich) and a titration series of
constructs for 72 hours at 37�C, 5% CO2. Supernatants were collected
and analyzed for IL2 secretion as described above.

MLR assay
Freshly isolated CD14þ monocytes were cultured in RPMI1640 þ

10% FBS þ 1% Pen/Strep þ 50 ng/mL IL4 þ 100 ng/mL of GM-CSF
(130–093–922 and 130–093–864 both fromMiltenyi Biotec) for 6 days
at 2� 106 cells/mL. At day 3, fresh medium containing cytokines were
added. At day 6, monocyte-derived dendritic cells (moDC) were
harvested and cultured with CD8þ or CD4-positive (CD4þ) T cells
obtained from another healthy donor in a 1:5 ratio in the presence of
test constructs. All incubation steps were performed at 37�C, 5% CO2.

MLR supernatants were harvested and kept frozen at �80�C until
quantification of cytokines in a luminex assay was performed. For
CD4-based MLR, the HCYTOMAG-60K-04 kit (Merck) was used
to quantify IL2, IFNg , IL10, and TNFa. For CD8-based MLR, the
HCD8MAG-15K-13 kit (Merck) was used to quantify IL2, IFNg ,
TNFa, IL5, IL13, granzyme A, granzyme B, FasL, and perforin.
Measurement was carried out using a Biorad Bioplex 200 machine
and data analysis was performed with the provided software.

Antigen-specific T-cell assay
PBMCs were thawed and seeded onto six-well plates in assay

medium consisting of RPMI1640 supplementedwith 5%human serum
(BioIVT)þ 1% Pen/Strepþ 25 mg/mL gentamycin (15750060; Gibco)
þ 50 mmol/L b-mercaptoethanol (21985023; Gibco). After overnight
resting, PBMCs were seeded in assay plates and stimulated with
0.25 mg/mL of a peptide pool containing HLA-class I restricted T-
cell epitopes from cytomegalovirus (CMV), Epstein–Barr virus (EBV),
and influenza (CEF peptide pool; PM-CEF-E; JPT Peptide Technolo-
gies).After 48hours, supernatantswere collected and analyzed for IFNg
secretion in an ECL immunoassay using an IFNg DuoSet kit (DY285B;
R&D Systems). For antigen reexposure, PBMCswere stimulated with 1
mg/mLCEF peptide pool 1 day after thawing. IL2 (78036.3; STEMCELL
technologies), 20 U/mL, was added on day 2, 5, and 7. On day 12, cells
were collected and equally seeded in assay plates. 0.25mg/mL of peptide
pool and 5 nmol/L of respective constructs were added. After 48 hours,
supernatants were collected and analyzed for IFNg secretion. All
incubation steps were performed at 37�C, 5% CO2.

T-cell–mediated cytotoxicity and antibody-dependent cell-
mediated cytotoxicity

RKO cells were seeded into E-Plates (5867681001; Agilent) com-
patible with the xCELLigence RTCA HT instrument. RKO cells were
allowed to attach and proliferate for 48 hours. One day after thawing,
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CD8þ T cells were transferred to RKO cells in a 5:1 ratio. 0.3 mg/mL
anti-CD3 antibody and 10 nmol/L of each test construct were added.
For antibody-dependent cell-mediated cytotoxicity (ADCC) experi-
ments, PBMCs were added in a 40:1 ratio without anti-CD3 antibody.
Cytotoxic activitywas detected as decreasing cell adhesion of RKOcells
measured as unitless cell index (CI) in real-time using the RTCA HT
Software V1.0.1 (ACEABiosciences). CI values were normalized to the
first measurement after adding T cells. Specific lysis was calculated
using the following formula: 100 - (normalized mean CI of test
molecule/normalized mean CI of isotype control) x 100. Specific
killing values were exported to GraphPad Prism v8.3 and plotted over
time. All incubation steps were performed at 37�C, 5% CO2.

In vivo model
PRS-344/S095012 in vivo activity was evaluated in a MC38-huPD-

L1model using human 4-1BB knock-inmice (Biocytogen). Briefly, 5�
105 MC38-huPD-L1 cells were subcutaneously injected in the right
flank of hu4-1BB KI mice (males and females, aged 6–8 weeks). When
tumors reached a mean value of 103 mm3 (D0), the mice were
randomized based on equivalent average tumor volume in seven
groups (n¼ 10; samples sized based on pilot study data) and treatment
schedule started with twice weekly intravenous injections for 3 weeks
(operator blinded). Tumor growth was monitored twice weekly and
tumor volume was calculated as follows: (length � width2)/2. Plasma
from mice was drawn in K2-EDTA tubes at indicated timepoints
before drug administration. S4-1BB in plasma was detected using a
custom-made assay and analyzed in the gyrolab platform. All animal
studies were performed following ethical protocols reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) of Biocytogen in accordance with the guidelines by the
Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC).

Statistical analysis
Nonlinear regression was performed using a sigmoidal 4-parameter

dose-responsemodel (GraphPad Prism v8.3). All graphs and statistical
analysis were generated using GraphPad Prism v8.3 software. Values
of � ¼ P < 0.05; �� ¼ P < 0.01; ��� ¼ P < 0.001 were considered
significant.

Data availability
The data generated in this study are available upon request from the

corresponding author.

Results
Generation and binding characteristics of PRS-344/S095012

To combine PD-1/PD-L1 pathway blockade with PD-L1–
dependent 4-1BB costimulation, the PD-L1/4-1BB bispecific mol-
ecule PRS-344/S095012 was generated by fusing the human 4-1BB
targeting Anticalin protein J10 with an anti–PD-L1 antibody. We
selected an IgG4 isotype with the hinge stabilizing mutation
S228P (28), as well as F234A and L235A mutations to reduce
binding to FcgRs and to avoid FcgR-mediated effector functions,
while maintaining FcRn binding (29). J10 was fused via a glycine-
serine linker to the C-terminus of the antibody heavy chain
(Fig. 1A), resulting in a bivalent binding mode of PRS-344/
S095012 towards both targets requiring further hyperclustering
mediated by PD-L1 binding to induce 4-1BB activation.

PRS-344/S095012 demonstrated no significant binding to FcgRI,
FcgRIIA, and FcgRIIIA in a surface plasmon resonance (SPR) assay, as

expected (Supplementary Fig. S1A–S1C). In line with lack of effector
function in the Fc part, PRS-344/S095012 did not showADCC activity
on PD-L1þ cells (Supplementary Fig. S1D).

PRS-S344/S095012 demonstrated binding to recombinant human
4-1BB and PD-L1 (Fig. 1B and C) with EC50 values each in the
subnanomolar range (4-1BB: 0.29 � 0.02 nmol/L; PD-L1: 0.61 �
0.01 nmol/L; mean � SEM). Binding affinities were comparable
with the respective building blocks and simultaneous binding to both
targets was shown in dual target binding ELISA experiments (Fig. 1D;
EC50: 1.3 � 0.06 nmol/L; mean � SEM). SPR experiments of PRS-
344/S095012 demonstrated binding to human 4-1BB and PD-L1
with a KD of 4.84 � 0.24 nmol/L and 0.68 � 0.14 nmol/L (mean �
SD), respectively (representative SPR sensorgrams and kinetic
parameters in Supplementary Fig. S2A–S2E). Comparable with
atezolizumab and recombinant PD-1, PRS-344/S095012 and the
anti–PD-L1 mAb building block inhibit the interaction of CD80
with PD-L1 (Supplementary Fig. S2F). In flow cytometry experi-
ments using transfected CHO cells, we confirmed binding to cellular
expressed human 4-1BB and PD-L1 with EC50 values in the low
nanomolar range (Fig. 1E and F; 4-1BB: 1.31 � 0.18 nmol/L;
PD-L1: 3.79 � 1.27 nmol/L; mean � SEM), while no binding to
mock transfected, target negative cells was detected (Fig. 1G).

PRS-344/S095012–mediated T-cell activation is superior to the
combination of anti–PD-L1 and anti–4-1BB mAbs

To demonstrate that PRS-344/S095012 can combine PD-L1–
dependent 4-1BB costimulation with PD-1/PD-L1 checkpoint block-
ade, we confirmed both activities independently. First, checkpoint
blockade activity was assessed by coculturing PD-L1–expressing cells
with PD-1–overexpressing Jurkat cells having an NFAT luciferase
reporter gene. Addition of PRS-344/S095012 to the coculture signif-
icantly enhanced NFAT signaling, which is comparable with the anti–
PD-L1 mAb building block and the anti–PD-L1 mAb atezolizumab
demonstrating effective blockade of the PD-1/PD-L1 pathway
(Fig. 2A; EC50 and fold stimulation values in Supplementary Table S1).

The ability of PRS-344/S095012 to induce PD-L1–dependent 4-1BB
stimulation was assessed using an NFkB-Luc2/4-1BB Jurkat cell
reporter assay. In the presence of PD-L1þ cells, PRS-344/S095012
enhancedNFkB activity in Jurkat cells, leading to a significant increase
in luciferase activity (Fig. 2B). PRS-344/S095012 thereby demonstrat-
ed a significantly higher efficacy and potency than the anti–4-1BB
agonistic antibody 20H4.9 alone or in combination with atezolizumab.
In the absence of PD-L1þ cells, PRS-344/S095012 did not induce
NFkB signaling, while 20H4.9-mediated signaling was retained and
comparable with the condition with PD-L1þ cells (Fig. 2C; Supple-
mentary Table S1). Furthermore, we demonstrated that FcgR-silenced
PRS-344/S095012 does not induce 4-1BB signaling in the presence of
FcgRIIb-positive cells, as expected (Supplementary Fig. S3). This is in
contrast to 20H4.9 and other anti–4-1BB mAbs which have been
reported to mediate FcgR-dependent 4-1BB activation (27). In this
experiment, PD-L1–mediated 4-1BB activation also showed higher
efficacy and potency than FcgRIIb-mediated clustering.

The ability to engage 4-1BB signaling in a strictly PD-L1–dependent
manner was further confirmed using primary human T cells. T cells
from healthy donors were stimulated with suboptimal doses of anti-
CD3 antibody in the presence of human PD-L1–transfected CHO cells
and IL2 secretion was analyzed to measure T-cell activation. PRS-344/
S095012 increased IL2 secretion in a dose-dependent manner
(Fig. 2D), that was significantly higher than the combination of
20H4.9 and atezolizumab. When cocultured with mock-transfected
CHO cells, PRS-344/S095012 did not increase IL2 secretion, while
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activity of 20H4.9 was retained and comparable with that observed
with PD-L1–expressing cells (Fig. 2E). Adding excess anti–PD-L1
mAb building block to the coculture with PD-L1–transfected CHO
cells diminished PRS-344/S095021–mediated activation, further con-
firming PD-L1 dependency (Supplementary Fig. S4A). No increase in
IL2 secretion was detected with any construct in the absence of anti-
CD3, demonstrating that 4-1BB costimulation requires prior TCR
stimulation.

Beyond PD-L1þ cells, antigen-presenting cells (APC) represent a
major source of PD-L1. Therefore, we assessed PRS-344/S095012
activity by stimulating healthy blood donors PBMCs with suboptimal
doses of SEB to induce basal TCR stimulation. Single treatment with
anti–4-1BB mAb 20H4.9 or anti–PD-L1 mAb showed only modest T-
cell costimulation measured by an increase in IL2 secretion (Fig. 3).
The combination of anti–4-1BB and anti–PD-L1 mAbs, however,
significantly enhanced T-cell stimulation, demonstrating a synergistic
effect of PD-L1 and 4-1BB modulation. Finally, PRS-344/S095012
resulted in superior T-cell activation compared with equimolar doses
of mAb combination, indicating that the bispecific format brings a
synergistic effect. Comparable results were obtained for IFNg secretion
(Supplementary Fig. S4B).

Overall, these data demonstrate that PRS-344/S095012 enhances T-
cell activity only in the context of PD-L1–expressing cells, as opposed

to 20H4.9, whose stimulatory properties are not restricted to the
presence of PD-L1. Furthermore, stimulation via 4-1BB requires
preactivated T cells, potentially focusing the activity of PRS-344/
S095012 to antigen-specific T cells in the TME and avoiding toxicitis
by stimulating nonactivated T cells in the periphery.

PRS-344/S095012 increases T-cell effector functions by
enhancing effector molecule secretion and T-cell–mediated
lysis of tumor cells

4-1BB costimulation and its synergistic effect with checkpoint
blockade have been mainly described to increase CD8þ T-cell effector
functions. In an MLR assay of isolated CD8þ T cells with allogenic
moDCs, agonistic anti–4-1BB, or anti-PD-L1 mAb had only a modest
impact on CD8þ T-cell activation measured by the release of IFNg ,
IL2, perforin, and granzyme A and B (Fig. 4). PRS-344/S095012
induced a T-cell response that was significantly stronger than the
single treatments and superior to the combination of both mAbs. This
demonstrates that PRS-344/S095012 induces a strong proinflamma-
tory and cytotoxic CD8þ T-cell phenotype and suggests that the
synergistic effect of 4-1BB and PD-L1 is further enhanced by the
bispecific format. Similar results were observed in MLR experiments
using isolated CD4þ T cells, although overall IL2 values were lower
than in the CD8 MLR assay (Supplementary Fig. S5).

Figure 1.

Design and target engagement of PRS-344/S095012. A, Structure and design of PRS-344/S095012. Binding of PRS-344/S095012 to recombinant human 4-1BB (B)
andhumanPD-L1 (C)was assessedbyELISA.D,Dual-target engagementwasdetermined in dual-target bindingELISAby coating4-1BBanddetecting PD-L1 binding.
Binding to cellular expressed target proteinswas confirmed by FACS using CHO cells transfectedwith human 4-1BB (E), PD-L1 (F), or mock transfected (G). Data are
depicted as mean � SD. Exemplary data of three independent experiments are shown. RFU, relative fluorescence unit; MFI, mean fluorescence intensity.
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Figure 2.

PRS-344/S095012 increases T-cell stimulation by checkpoint blockade andPD-L1–dependent 4-1BB costimulation.A,PD-1/NFAT reporter cellswere coculturedwith
PD-L1þ target cells in the presence of test constructs. 4-1BB/NF-kB reporter cells were cocultured with constructs in the presence (B) or absence (C) of PD-L1–
expressing RKO cells. Luminescence activity for both reporter assays was measured in RLU and has been normalized to baseline as fold stimulation. Data are
representative of three independent experiments. Primary T cells were activated with 0.25 mg/mL anti-CD3 (aCD3) and cocultured with CHO:huPD-L1 cells (D) or
mock-transfectedCHOcells (E). After 48 hours, IL2 secretion levelsweremeasured. The highest concentration of each constructwas additionally testedwithout anti-
CD3 stimulation. Representative data of T cells from six different healthy blood donors are shown. <LOD, below limit of detection. Dashed lines indicate IL2 secretion
in the absence of test constructs. All data are shown as mean � SEM. Significance was calculated comparing AUC using an unpaired one-way ANOVA with Tukey
multiple comparisons test.

Figure 3.

PRS-344/S095012 increases T-cell activation in SEB assay. Human PBMCswere stimulatedwith 0.25 ng/mL SEB in the presence of indicated constructs. The highest
concentration of each construct was added to unstimulated PBMC as a negative control. IL2 secretion levels were measured from the supernatant after 72 hours.
Dashed lines indicate IL2 secretion of SEB-stimulated PBMCs without constructs. Data are shown as mean � SEM. Results of two of eight tested PBMC donors are
shown. nd, not detected, because values are below limit of detection. Significance was calculated comparing AUC using an unpaired one-way ANOVA with Tukey
multiple comparisons test.
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In the CD8 MLR assay, we also detected the release of soluble 4-
1BB (s4-1BB) after treatment with PRS-344/S095012, at levels
comparable with 20H4.9 (Figure 4). In contrast, atezolizumab
resulted in limited s4-1BB release indicating that s4-1BB allows to
specifically measure the 4-1BB arm activity of PRS-344/S095012. In
an independent SEB stimulation assay, PRS-344/S095012 and
20H4.9 resulted in s4-1BB increase, while binding of J10 fused to

the Fc portion of an IgG4 isotype (a molecule able to bind 4-1BB but
unable to induce signaling) did not lead to s4-1BB secretion
(Supplementary Fig. S4C).

To further investigate the impact of PRS-344/S095012 on cytotoxic
CD8þ T cells, we activated primary CD8þ T cells with suboptimal
doses of anti-CD3 and measured the allogenic lysis of cocultured
PD-L1þ RKO tumor cells over time. PRS-344/S095012 further

Figure 4.

PRS-344/S095012 increasesCD8þT-cell effector functions inMLRexperiments. CD8þTcellswere coculturedwith allogenicmonocyte-deriveddendritic cells (DC) in
the presence of 1 mg/mL of indicated constructs. After 6 days, levels of effector molecules were measured using a Luminex panel. Data is shown for four individual
healthy donors as mean � SEM. Significance was calculated using an unpaired one-way ANOVA with Holm–Sidak multiple comparisons test.

Figure 5.

PRS-344/S095012 increases T-cell–mediated lysis of PD-
L1þ tumor cell line and increases antigen-specific T-cell
responses. A, RKO tumor cell line was plated to E-plates
and allowed to attach. Primary human CD8þ T cells were
added in a 5:1 ratio and activated with 0.3 mg/mL anti-
CD3 in the presence of 10 nmol/L of respective test
constructs. Changes in cell impedance mediated by RKO
cells were measured over time. Data are normalized to
start of the coculture with T cells. Specific lysis was
calculated by normalizing the CI values of test molecules
with the CI values of the IgG4 isotype control using the
following formula: 100� (normalized mean CI of the test
molecule/normalized mean CI of isotype control) � 100.
Results are shown as mean � SEM. B, PBMCs were
stimulated with a CEF peptide pool in the presence of
indicated constructs and IFNg secretion levels weremea-
sured after 48 hours. C, PBMCs were stimulated with a
CEF peptide pool and further expanded for 12 days by
adding 20 U/mL IL2 on days 2, 5, and 7. On day 12, cells
were collected and equally distributed to assay plates
following a restimulation with a CEF peptide pool in the
presence of indicated constructs. IFNg secretion levels
were measured after 48 hours. Constructs were added at
5 nmol/L. Data is shown asmean� SEM and is exemplary
for the three tested healthy blood donors. Significance
was calculated using an unpaired one-way ANOVA
with Holm–Sidak multiple comparisons test. n.s., not
significant; h, hours.
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enhanced the T-cell killing capacity superior as compared with single
treatments or the combinationof anti–4-1BBandPD-L1mAbs (Fig. 5A).

PRS-344/S095012 stimulation supports antigen-specific T-cell
response to antigen rechallenge

Given the strong proinflammatory and cytotoxic response of CD8þ

T cells observed upon stimulation with PRS-344/S095012, we aimed to
further investigate its impact on antigen-specific T-cell responses.
Tumor antigen-reactive T cells are expected to represent only a minor
fraction of cells in the TME. To mimic this situation in vitro, we
stimulated PBMCs from healthy donors with a pool of peptides from
defined HLA class I-restricted T-cell epitopes from EBV, CMV, and
influenza, and measured IFNg secretion as common cytokine in
antiviral responses.

20H4.9 alone or in combinationwith anti–PD-L1mAb showed only
limited effect on antigen-specific T-cell activation in this setting
(Fig. 5B) while PRS-344/S095012 significantly increased the anti-
gen-specific T-cell response. In a next step, we made use of an antigen
reexposure model to mimic repetitive antigen stimulation in the TME.
In this model, adding PRS-344/S095012 during antigen reexposure
resulted in enhanced T-cell activation, which was significantly higher
compared with the combination of anti–4-1BB and anti–PD-L1mAbs
or single treatments (Fig. 5C). These data validate the beneficial effect
of PRS-344/S095012 on antigen-specific T-cell responses even after
multiple rounds of antigen stimulation.

PRS-344/S095012 induces a strong antitumoral response
in vivo and significantly increases survival

Finally, we investigated the antitumor effect of PRS-344/S095012
in vivo. Since PRS-344/S095012 is not cross-reactive to murine 4-1BB
and PD-L1 (data not shown), we utilized a previously described hu4-
1BB KI mouse model (30) subcutaneously implanted with MC38-
huPD-L1 carcinoma cells. Treatment with PRS-344/S095012 resulted
in a significant and dose-dependent tumor growth inhibition
(TGI; Fig. 6A; Supplementary Table S2). In contrast, treatment with
equimolar doses of the anti–PD-L1 mAb building block did not
decrease tumor growth compared with vehicle control indicating that
this model is resistant to anti–PD-L1 treatment. Furthermore, we
observed complete tumor regression in 5 out of 10mice at the 10mg/kg
PRS-344/S095012 dose level as well as significantly enhanced overall
survival, with all animals in this treatment group surviving until study
end at day 50 (Fig. 6B and C). The analysis of plasma samples from a
satellite study revealed that s4-1BB was detected as early as 2 hours
after the first administration of 10 mg/kg of PRS-344/S095012. Levels
of s4-1BB plateaued after the third dose and were detectable until the
end of the experiment in mice with complete and partial responses
(Fig. 6D). This indicates that 4-1BB agonism with PRS-344/S095012
induces the release of s4-1BB in a dose-dependent manner in this
model.

Discussion
While checkpoint inhibition with anti–PD-1/-PD-L1 mAbs has

achieved durable clinical responses in certain patient populations,
there is still a significant unmet need due to e.g., checkpoint
refractory or resistant patients. Therefore, novel agents are required
to increase the number of patients and indications benefiting from
immunotherapy. Targeting the 4-1BB pathway offers an approach
for enhancing T-cell reactivity against tumor-derived neoantigens,
which can be combined with checkpoint blockade to simultaneously
prevent their inhibition within the TME.

4-1BB, like other human TNFR superfamily members, requires the
binding of homotrimeric ligand as a minimal unit for receptor
clustering leading to activation (31). 4-1BBL is expressed on activated
APCs (32) and can be proteolytically cleaved into a soluble trimeric
ligand. It has been demonstrated that the soluble trimeric ligand is not
an effective 4-1BB agonist due to limited cross-linking of 4-1BB,
providing evidence that hyperclustering of 4-1BB on the cell surface
is required to induce sufficient intracellular signaling (22, 33, 34).
Bivalent anti-4-1BB mAbs can mediate hyperclustering by the bind-
ing of the Fc domain to FcgR-expressing cells, especially to the inhib-
itory FcgRIIb (27, 35). In addition to urelumab and utomilumab,
further agonistic anti-4-1BB mAbs have entered clinical develop-
ment (NCT04144842, NCT03881488, NCT03707093), all relying on
FcgR-dependent clustering. The limitations of this approach include
undesirable toxicity associated with FcgR interactions in the liver (36)
as well as suboptimal efficacy hampered by differential FcgR expres-
sion levels and polymorphisms. Furthermore, FcgRIIb engagement
has been described to reduce efficacy of several mAbs, including
anti–PD-1 mAbs, potentially through FcgRIIb-mediated internaliza-
tion (37, 38). To gain tumor specificitywhile remaining independent of
FcgR interaction-associated limitations, FcgR-silenced bispecific
molecules have been designed, inducing potent 4-1BB signaling
by hyperclustering through binding to a tumor-localized target.
This includes bispecific constructs targeting HER2 (23), fibroblast
activation protein (FAP; NCT04049903), CD19 (36), or PD-L1
(NCT03917381, NCT04937153, NCT03809624, NCT04740424,
NCT04762641, NCT03922204, NCT04442126; ref. 39) which are
currently in preclinical or clinical development.

In the work reported within, we describe the preclinical character-
ization of the FcgR-silenced PD-L1/4-1BB bispecific molecule PRS-
344/S095012, whose anticipatedmode of action (MoA) is versatile and
synergistic. The molecule is designed to (i) mediate blockade of the
PD-1/PD-L1 pathway; (ii) provide a stimulation burst to antigen-
specific 4-1BB-expressing TILs; (iii) localize 4-1BB activity to theTME,
maximizing the therapeutic window; and (iv) combine checkpoint
blockade with 4-1BB T-cell costimulation, preferentially on the same
cell. This multi-layered MoA is achieved by bridging 4-1BBþ immune
cells and PD-L1–expressing tumor cells or myeloid cells including
myeloid-derived suppressor cells (MDSC) in the TME (40) or, poten-
tially, APCs in the tumor draining lymph node (TDLN; refs. 41, 42).

The rationale to combine PD-1/PD-L1 and 4-1BB modulation is
supported by previous preclinical studies demonstrating the syner-
gistic effect of both pathways on antitumor immune responses (8, 43).
Further evidence is provided by single-cell RNA sequencing data
demonstrating enrichment of 4-1BB and PD-1 in CD8þ T cells with
an exhausted phenotype (44, 45) and that 4-1BB agonism can rein-
vigorate exhausted CD8þ TILs (9).

In this present study, we demonstrated that PRS-344/S095012
not only mediates effective checkpoint blockade comparable with
the anti–PD-L1 mAb atezolizumab, but also induces potent 4-1BB
costimulation. PRS-344/S095012-mediated 4-1BB costimulation
was strictly dependent on the presence of PD-L1–expressing cells
as well as simultaneous TCR stimulation by anti-CD3, SEB, or
synthetic viral HLA peptides, demonstrating the molecule’s ability
to boost preactivated T cells in a PD-L1–dependent manner.
Tumor-localized 4-1BB stimulation via PRS-344/S095012 is an
effective mechanism to target tumor-specific T cells with the
promise of an improved therapeutic window.

The preclinical activity of PRS-344/S095012 described in this
manuscript demonstrates the synergistic impact of potentiating 4-
1BB agonism and PD-1/PD-L1 blockade via a bispecific-mediated
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MoA. In vitro assays confirmed superior efficacy of PRS-344/S095012
comparedwith anti–4-1BBor anti–PD-L1mAbs, individually, but also
to the combination of both mAbs, as evidenced by enhanced effector
functions of CD8þ and CD4þ T cells, including the release of proin-
flammatory cytokine secretion and cytotoxicity.Differentmechanisms
likely contribute to the observed enhanced synergy and may be
associated with the bispecific nature of PRS-344/S095012, like the
ability of PRS-344/S095012 to bridge effector and target cells towards
an optimal synapse. According to this hypothesis, the IFNg released by
PRS-344–/S095012-stimulated T cells can locally increase PD-L1

expression on tumor cells in trans and create a positive feedback loop,
ultimately enhancing the activity of PRS-344/S095012 (46). At the
same time, bridging of effector with target cells could stabilize the
immunologic synapse, potentially enhancing activation and facilitat-
ing the killing of target cells (47). The latter hypothesis is supported by
the data we generated in our T-cell killing experiments.

In a model mimicking antigen reexposure, we show that antigen-
specific T cells benefit from stimulation with PRS-344/S095012. PRS-
344/S095012 was superior to the combination of anti–4-1BB and anti–
PD-L1 mAbs in enhancing the activation of T cells, rendering them

Figure 6.

PRS-344/S095012 drives potent in vivo antitumoral responses superior to PD-L1 blockade alone. Hu4-1BB KI were subcutaneously implanted with MC-38-huPD-L1
cells and treatedwith equimolar doses of constructs twiceweekly for 3weeks.A, Tumor volumewasmeasured twiceweekly and plotted asmean� SEM. Dashed line
indicates that at least one mouse in this group was sacrificed due to ethical considerations. B, Kaplan–Meier curves plotting the survival of all treated groups.
C, Individual growth curves of the seven study groups.D, s4-1BB levels in the plasma of individual mice treatedwith the indicatedmolecules and doses. Dashed lines
indicate treatment days. Data are representative of two independent studies. Kruskal–Wallis test with Dunn multiple comparisons test was performed to calculate
significance.
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more responsive towards antigen challenge and, thus, leading to a
strong increase in their proinflammatory response. At the same time,
this data as well as preclinical results employing SEB and MLR
experiments, suggest that PRS-344/S095012 could enhance the prim-
ing of novel tumor-specific T cells in TDLNs. PD-L1 which is
expressed on APCs can mediate 4-1BB hyperclustering and stimula-
tion of T cells, providing a synergistic feedback loop to increase the
pool of tumor-reactive T cells benefitting from this intervention.

Using hu4-1BB KI mice, we demonstrated the capacity of PRS-344/
S095012 to eradicate established human PD-L1þ tumors, which were
resistant to anti–PD-L1 treatment alone. One caveat of the model is
that it is not suitable for an evaluation of toxicity as human PD-L1
expression is limited to the tumor site. Based on our in vitro data and
previous publications (23), we anticipate that the T-cell compartment
contributes to the antitumor response in this model. Nevertheless, it is
likely that other immune cell populations, such as natural killer (NK)
cells are also involved in 4-1BB agonist-driven antitumoral
responses (48, 49). This is in line with clinical data from cinrebafusp
alfa demonstrating NK cell expansion in the TME of patients (25).

We previously demonstrated with cinrebafusp alfa that HER2
tumor-localized 4-1BB agonism results in a favourable safety pro-
file (25). As PD-L1 may be present in different human tissues beyond
the tumor, includingmyeloid cells (41) as well as Kupffer cells and liver
sinusoidal endothelial cells (LSEC; ref. 50), and hepatotoxicity in
general remains a potential risk for any 4-1BB agonist, it is important
to monitor liver function closely in clinical studies. For preclinical
characterization of 4-1BB–mediated side effects humanized mouse
models including a hu4-1BB/hu4-1BBL and huPD-1/huPD-L1 KI
model, which also recapitulates human pattern of PD-L1 expression
across all compartments, is required. To the best of our knowledge no
mouse exists where the complete receptor and ligand pairs have been
humanized for both pathways therefore the establishment of such
models and the characterization of their suitability to address liver
toxicity should be the focus of future research. While current preclin-
ical models have been valuable in identifying the liver as a key organ to
monitor 4-1BB agonism, the lack of translational relevance of currently
available mouse models makes characterization of bispecifics more
challenging.Models based onwild-typemice require use of a surrogate
molecule that may have different properties from the drug candidate.
Clinical data for one PD-L1/4-1BB bispecific indicate an emergence of
some liver toxicity (albeit manageable; ref. 51), however this was not
reported in their preclinical studies with amouse surrogate (52). This is
in line with earlier data from 4-1BB agonist antibodies which reported
hepatic changes in mice only occurred at high doses, not necessarily
aligning with clinical observations (30, 35). Humanizedmousemodels
as outlined abovemay help overcome such shortcomings and facilitate
better preclinical characterization of both safety and efficacy of PD-L1/
4-1BB bispecifics, including a determination of therapeutic window.

S4-1BB is emerging as an interesting biomarker to assess 4-1BB
agonism. To our knowledge, the data presented herein is the first
preclinical report showing s4-1BB correlates with the dose and activity
of an agonistic 4-1BB–targeting molecule. Different mechanisms have
been described that may drive such release of s4-1BB including
alternative splicing of 4-1BB transcripts (53, 54) or shedding from
the cell surface by metalloproteases like ADAM17 (55). Our in vitro
data showed that s4-1BB release is strongly enhanced in presence of a
4-1BB agonist but not by anti–PD-L1 treatment. Using control
reagents, we also show that pathway agonism as opposed to mere
4-1BB binding is required for s4-1BB release. In vivo assessment
demonstrated that mice with durable responses to PRS-344/
S095012 had significantly elevated s4-1BB levels, suggesting that s4-

1BB is indicative of the generation of an antitumoral response by PRS-
344/S095012.

While future studies should elucidate themechanism of s4-1BB and
clinical implications such as impact on exposure levels, data from a
recent clinical trial with cinrebafusp alfa, where s4-1BB concentrations
were highest in patient cohorts obtaining clinical benefit, further
highlight the clinical relevance and potential utility of s4-1BB as an
exploratory biomarker (25).

4-1BB receptor hyperclustering by 4-1BBL or 4-1BB agonists
including PD-L1/4-1BB bispecifics has been described to mediate
receptor internalization, which enhances 4-1BB intracellular signal-
ing (56, 57). A topic of future research could be to assess whether 4-
1BB– and/or PD-L1–mediated internalization contributes to theMoA
as described for PD-1/CTLA-4 bispecifics (58). The impact of PD-L1
expression levels and its modulation on PRS-344/S095012 activity is
also of interest. A future biodistribution study in patients would help to
characterize PRS-344/S095012 accumulation in PD-L1þ tissues, and
clinical consequences.

There are a number of PD-L1/4-1BB bispecifics in early clinical
testing, for which preclinical data is available supporting PD-L1–
dependent 4-1BB agonism. These bispecifics differ in terms of the
bispecific technology, target binding affinity, differences between the
affinity to the two targets, distance, valency, geometry, and Fc back-
bone as summarized in Supplementary Table S3 based on published
data (39, 51, 57, 59–61).

PRS-344/S095012 uniquely utilizes an antibody-Anticalin fusion
design inwhich theAnticalin protein is fused via a glycine-serine linker
to the C-terminus of the antibody heavy chain resulting in bivalent
binding towards both targets and providing the bispecific the required
flexibility and distance to optimally stimulate T cells (as shown for
cinrebafusp alfa/PRS-343; ref. 23). Other PD-L1/4-1BB bispecific
technologies utilize single chain variable fragment (scFv) domains
fused to the C- or the N-terminus of the Fc, or antibody arm exchange
technologies to create heterodimeric bispecifics, with monovalent
binders to each one of the targets. Since 4-1BBL is expressed as a
homotrimer, with the natural 4-1BB/4-1BBL complex being a 3:3
multimer (62, 63), we hypothesize that bivalent bispecifics like PRS-
344/S095012, that contain two binding moieties to 4-1BB, could favor
the avidity-driven effective clustering of 4-1BB (64)which is essentially
required to induce efficient intracellular signaling (33).

With the exception of one PD-L1/4-1BB bispecific molecule which
has no Fc backbone but a human serum albumin (HSA) binding
domain to extend half-life, all other PD-L1/4-1BB bispecifics contain
a Fc backbone to increase half-life and stability, which is a silenced
IgG1 backbone for all other competitor bispecifics. As a unique feature,
PRS-344/S095012 was generated using an IgG4 backbone with F234A
and L235A mutations, to further minimize the interaction with FcgRs
and FcgR-mediated effector functions which are naturally reduced in
the IgG4 format (65, 66). Using this backbone, we could also confirm
the absence of FcgRIIb binding and resulting 4-1BB clustering which is
required for anti–4-1BB mAb activity but is also associated with
unwanted liver toxicity (35, 67).

Although most PD-L1/4-1BB bispecifics present KD values within
the low nanomolar range (KD4-1BB ¼ 0.15–13.8 nmol/L; KDPD-L1 ¼
0.007–3.1 nmol/L), the bispecifics differ in their relative affinity
difference between the anti–PD-L1 and the anti–4-1BB arm, that
varies from 1 up to 69 (Ratio KD4-1BB/KDPD-L1). PRS-344/S095012
presents a relative affinity difference of 7, with a higher affinity to PD-
L1, potentially driving the biodistribution of the drug to PD-L1–high
environments like the tumor (68). Furthermore, it has been demon-
strated in an assay format, that maximizes target bioavailability, that
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higher affinity to PD-L1 compared with 4-1BB favors the optimal
stimulation of T cells in vitro (61). However, data from patients will
educate whether this translates into the clinical setting, since in
patients, T-cell stimulation might be further impacted by other factors
such as the density, dynamic expression, and internalization events of
both targets (58, 68).

The ongoing clinical trials will shed more light on the contribution
of all these variables to enhance T-cell activation, reduce toxicity, and
significantly improve and extend the survival of patients with cancer.

In summary, we demonstrate that PRS-344/S095012 is potentiating
T-cell function beyond the activity of mAbs targeting PD-L1 or 4-1BB,
individually or in combination. Furthermore, PRS-344/S095012 offers
the advantage of localizing 4-1BB agonism to a PD-L1þ TME and
PD-L1þ TDLN. With these combined features, PRS-344/S095012
offers the promise of an improved therapeutic window relative to
systemic 4-1BB agonists while focusing immune cell stimulation to the
TME. Based on the preclinical data that demonstrates activity of PRS-
344/S095012 in a mouse model resistant to anti–PD-L1 treatment, we
suggest clinical evaluation of PRS-344/S095012 in patients whose
cancer are resistant or refractory to checkpoint inhibitors. Since 4-
1BB pathway activation offers an approach for enhancing tumor-
specific T-cell responses, clinical evaluation in patients with heterog-
enous PD-L1 expression levels could be of interest. In addition, we
provide for thefirst time preclinical in vitro and in vivo evidence using a
PD-L1/4-1BB bispecific showing that s4-1BB is a potential biomarker
to follow 4-1BB agonism in patients. Overall, we provide preclinical
evidence for the synergistic effect of combining PD-1/PD-L1 blockade
with target-dependent 4-1BB costimulation within a single molecule,
supporting the progression of PRS-344/S095012 to clinical testing.
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