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ABSTRACT
Background  The discovery of checkpoint inhibitors 
towards cytotoxic T-lymphocyte protein 4 (CTLA-4) 
and programmed cell death protein 1 (PD-1) has been 
revolutionary for the treatment of cancers. These therapies 
have only offered an average of 20%–30% response 
rates across the tumor spectrum and the combination 
of agonists towards the tumor-necrosis superfamily 
members, such as 4-1BB and CD40, has shown potent 
efficacy in preclinical studies; however, these agonists 
have exhibited high degrees of toxicity with limited efficacy 
in human trials. In this study, we have generated a single-
domain antibody towards a unique epitope of 4-1BB that 
limits its potential on-target toxicity while maintaining 
sufficient potency. This 4-1BB binder is ideal for use in 
the engineering of multispecific antibodies to localize 
4-1BB activation within the tumor microenvironment, as 
shown here by a anti-PD-L1/4-1BB bispecific candidate 
(PM1003).
Methods  To determine the functional activity of the 4-
1BB- and PD-L1-binding elements of PM1003, in vitro 
luciferase reporter and primary cell assays were used 
to test the potency of programmed cell death 1 ligand 1 
(PD-L1) blockade and PD-L1-mediated 4-1BB activation 
via cross-bridging. X-ray crystallography was conducted 
to resolve the binding epitopes of the respective binding 
arms, and accurate binding kinetics were determined 
using standard affinity measurement techniques. Human 
4-1BB and/or PD-L1 knock-in mice were used in cancer 
models for testing the in vivo antitumor efficacy of 
PM1003, and safety was evaluated further.
Results  PM1003 shows potent activation of 4-1BB 
and blockade of PD-L1 in cell-based assays. 4-1BB 
activation was exerted through the bridging of PD-L1 
on target cells and 4-1BB on effector cells. No PD-L1-
independent activation of 4-1BB was observed. Through 
X-ray crystallography, a unique binding epitope in the 
cysteine-rich domain 4 (CRD4) region was resolved that 
provides high potency and potentially low on-target toxicity 

as determined by primary immune cell assays and toxicity 
evaluation in vivo.
Conclusions  A unique single-domain antibody was 
discovered that binds to the CRD4 domain of 4-1BB. When 
incorporated into a 4-1BB/PD-L1 bispecific (PM1003), 
we have shown the potent inhibition of PD-L1 activity 
with 4-1BB agonism upon cross-bridging with PD-L1 in 
vitro. Antitumor activity with minimal toxicity was found in 
vivo. Thus, PM1003 is a uniquely differentiating and next 
generation therapeutic agent for cancer therapy.

INTRODUCTION
The ultimate goal for the immunotherapy of 
cancer is to activate immune responses towards 
and kill tumor cells. Although these immune 
reactions often require the induction of inflam-
matory responses, these activation signals must 
be restrained to limit excess inflammation. A 
certain class of ‘checkpoint’ molecules mediate 
this process in a spatial and temporal manner.1 
Although the CTLA-4 and PD-1/PD-L1 class 
of inhibitors spurred this revolution in cancer 
therapy by conducting the so-called ‘releasing 
of the brake’ on the immune system, a large 
number of patients still do not respond, and 
early combination strategies with chemothera-
pies have tried to raise the survival rate of cancer 
patients.2–5 Thus, the combination of these 
checkpoint inhibitors6 and the investigation/
identification of the biological mechanisms 
that determine whether a patient may respond 
to these therapies7–9 was and still is of utmost 
importance.

Lymphocytes express costimulatory receptors 
that, when activated, can improve effector and 
memory responses. As such, the tumor necrosis 
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factor receptor superfamily of receptors (TNFRSF), which 
includes CD27, 4-1BB (CD137), OX40 (CD134) and GITR 
(CD357) have been targeted using agonist antibodies.10 4-1BB 
is a potent stimulator of T cells and natural killer (NK) cells 
and when activated in combination with checkpoint inhibi-
tors may improve anticancer immune responses, especially 
in immunogenic-poor tumors.11 Unfortunately, inherent 
on-target-related hepatotoxicity has been observed during 
the clinical development of Urelumab.12 13 The next wave of 
discovery campaigns for 4-1BB agonists has been launched to 
address this issue by targeting different epitopes, optimizing 
binding affinities and through engineering different modes 
of Fc-mediated crosslinking.14–16

Most TNFR-superfamily members, such as 4-1BB, 
consist of four cysteine-rich domains (CRDs). The current 
understanding is that agonism towards TNFR-superfamily 
members (modeled on CD40) is strongest when antibodies 
bind to CRD1 (membrane distal) and weakest at CRD4 
(membrane proximal).17 Interestingly, Urelumab binds to 
CRD1 of 4-1BB and has shown potent agonist activity yet 
induces high liver toxicity, whereas Utomilumab, which 
binds between CRD3 and CRD4, has shown relative safety 
but with limited activity towards 4-1BB.18 There is a concern 
that monospecific agonist antibodies may only offer a linear 
correlation between potency and toxicity. One strategy to 
reduce their liver-related on-target effects has been to opti-
mize FcγR binding to FcγRs that are normally enriched in 
tumors,16 but next-generation bispecific antibodies have 
an advantage through crosslinking 4-1BB receptors only in 
the presence of tumor-associated antigens (TAAs) through 
cross-bridging, and various programs are currently entering 
the clinic targeting TAAs such as epidermal growth factor 
receptor (EGFR) and human epidermal growth factor 
receptor 2 (HER2).19–22

PD-L1 (CD274, B7-H1), one of the ligands for PD-1, 
is a checkpoint regulator that restrains T cell activation 
during antigen presentation and effector function. PD-L1 
expression has been identified in a wide variety of solid 
tumors, which makes it a potential TAA for PD-L1/4-1BB 
bispecific antibody development. In preclinical studies, 
significant synergistic effects have been observed when 
antibodies targeting both of these pathways are combined. 
PD-L1/4-1BB bispecific antibodies could therefore combine 
PD-L1 blockade and 4-1BB agonism to provide a substantial 
survival benefit in multiple mouse tumor models with low/
no toxicity.22

Here, we report the discovery and development of a bispe-
cific antibody towards PD-L1 and 4-1BB (PM1003). PM1003 
potently blocks the interaction between PD-1 and PD-L1 and 
binds to 4-1BB at the CRD4 domain allowing for effective 
dose-dependent activation of 4-1BB in the presence of PD-L1, 
with minimal toxicity. The unique 4-1BB binding epitope has 
potential for hitting a sweet spot between efficacy and toxicity 
and we believe this discovery has resulted in the generation of 
a valuable 4-1BB agonist for creating more effective and safer 
4-1BB-based multispecific therapeutics for cancer.

METHODS
Mice
Human PD-L1/PD-1/4-1BB triple knock-in mice were 
purchased from Gempharmatech (Jiangsu, China). 
Human PD-L1/4-1BB double knock-in mice and human 
4-1BB knock-in mice were purchased from Biocytogen 
(Beijing, China). All mice were maintained under 
specified pathogen-free conditions, and all studies were 
approved by the Animal Care and Use Committee of 
HUST-Suzhou Institute for Brainsmatics.

Cells and cell lines
CT-26 and MC-38 cells knocked-in with human PD-L1 
(CT-26-huPD-L1 and MC-38-huPD-L1 cells, respectively) 
were obtained from Gempharmatech (Jiangsu, China). 
Chinese hamster ovary (CHO) cells were obtained from 
Life technologies. Human PD-L1 (CHO-huPD-L1) and 
4-1BB (CHO-hu4-1BB) overexpressing CHO cells were 
generated by the transduction of CHO cells with full 
length human coding sequences. 4-1BB-NF-κB luciferase 
reporter cells (Jurkat-hu4-1BB-Luc) were generated by 
the transduction of Jurkat cells (ATCC) with lentivirus 
from a NF-κB luciferase reporter plasmid (Promega) and 
a human 4-1BB-encoding vector.

Antibodies
The sequences of Urelumab and Utomilumab 
were obtained from patents US8137667B2 and 
US2012/0237498A1, respectively. Heavy and light chain 
genes were cloned into mammalian expression vector 
pcDNA3.1, expressed using the ExpiCHO system (Invit-
rogen) and protein was purified by protein A chromatog-
raphy (GE).

Alpaca immunization and library construction
Alpacas were immunized subcutaneously with approx-
imately 500 µg recombinant human PD-L1 (ACRO 
Biosystems) or 4-1BB protein (ACRO Biosystems) on 
days 0, 14, 28 and 42 with Freund’s adjuvant (Sigma). 
Blood was collected 7 days after the final immunization 
to isolate peripheral blood mononuclear cell (PBMC). 
RNA was isolated using TRIZOL reagent (Life technol-
ogies). cDNA was synthesized using the SuperScript IV 
First-Strand Synthesis kit (Life technologies) primed with 
oligo (dT) and subsequently used to amplify the single 
domain antibody (vHH) repertoire. vHH libraries were 
constructed by cotransforming linearized pFabVH vector 
and the PCR product containing homology arms by yeast 
gap-repair. The pFab vector system allows the display of 
fusion proteins containing a vHH followed by Aga2p and 
a Myc tag (online supplemental figure 1A).

Selection of vHH by yeast display
Expression of vHH on the yeast cell surface was induced 
by culturing in G/RCAA (substituting 2 g/L galactose and 
raffinose for the dextrose in the SDCAA medium), and 
expression-positive yeast cells were sorted by magnetic 
bead aided cell sorting (Miltenyi) then 4× by fluores-
cence activated cell sorting (FACS) (BD, Aria III) using 
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biotinylated antigens). Individual clones were picked for 
sequencing.

Protein expression and purification
The DNA sequences for PD-L1 (19–134) was synthesized 
with a C-terminal 6x His-tag fusion and cloned into the 
pET21b vector for expression in E. coli. Protein was puri-
fied on a Ni-NTA column and then polished through a 
Superdex 75 Increase 10/300 GL Sciences (GL) column. 
The vHH HZ-C-Ye-18 was fused to human g1-Fc (HZ-C-
Ye-18-Fc) in a pcDNA3.1 vector. The ExpiCHO expres-
sion system (Life technologies) was used to express the 
vHH-Fc antibodies according to the manufacturer’s 
instructions. Cell culture was collected 5 days after trans-
fection and purified by a Protein A column. The eluted 
protein was concentrated and first cleaved by IdeS. The 
resulting mixture was passed through Protein G columns 
to remove Fc, and then digested by GingisKHAN to 
generate HZ-C-Ye-18. 4-1BB (25-162) and HZ-L-Yr-16 were 
individually constructed by similar approaches as HZ-C-
Ye-18. However, a truncated Fc with only Leu-Gly-Gly 
in the hinge region was cloned into the vector.23 The 
encoded plasmid was transiently transfected into Expi293 
cells (Life technologies) using polyethylenimine (PEI). 
For 4-1BB, the eluted protein was concentrated, cleaved 
by IdeS and purified by a Protein A column. The 4-1BB 
monomer was separated from 4-1BB homodimer using 
on a Superdex 75 Increase 10/300 GL column. For HZ-L-
Yr-16, only one step purification was performed using a 
Protein G column after IdeS cleavage.

Crystallization, X-ray data collection and structure determination
vHH and antigen were mixed in a 1:1 molar ratio and 
purified on a Superdex 75 Increase 10/300 GL column. 
Crystals were grown in 96-well plates by sitting drop vapor 
diffusion (protein:buffer:reservoir of 0.4 µL:0.4 µL:40 µL). 
The PD-L1:HZ-C-Ye-18 complex and 4-1BB:HZ-L-Yr-16 
complex were crystallized in 0.2 M (NH4)2SO4, 0.1 M 
Bis-Tris pH 5.5, 25% w/v PEG 3350 and 1.5 M Li2SO4, 
100 mM Tris pH 8.5, 10 mM NiSO4, respectively. For data 
collection, the crystals were soaked in a reservoir solution 
containing 20% (v/v) glycerol and flash-frozen in liquid 
nitrogen (Viva Biotech (Shanghai) Limited).

Diffraction images were collected at the Shanghai 
Synchrotron Radiation Facility beamline BL19U1 (for 
PD-L1:HZ-C-Ye-18) and BL18U1 (for 4-1BB:HZ-L-Yr-16) 
on a Pilatus detector and were indexed, integrated 
and scaled using XDS.6 Resolution limits were cut 
off at I/σ(I)=2.2 and 3.1 for PD-L1:HZ-C-Ye-18 and 
4-1BB:HZ-L-Yr-16 complex, respectively.24 Phases were 
determined by molecular replacement with Phaser25 using 
the PD-L1 structure (PDB: 5JDS) and the vHH structure 
(PDB: 5M2J) for the PD-L1:HZ-C-Ye-18 complex, 4-1BB 
structure (PDB: 6MGP) and the vHH structure (PDB: 
4XTA) for 4-1BB:HZ-L-Yr-16 complex as search models. 
Structure refinement was carried out using Refmac5.26 
Model inspection, manual rebuilding and structure valida-
tion was performed using crystallographic object-oriented 

toolkit (COOT).27 Figures and structural alignments and 
superpositions were generated using PyMOL.

Cell binding assay
CHO-hu4-1BB or CHO-huPD-L1 cells were incubated for 
30 min with a series dilution of antibodies. After washing, 
the cells were incubated with phycoerythrin (PE)-goat 
(ab’)2 antihuman Fc antibody (abcam) for 30 min at 
4°C. Stained cells were analyzed on a CytoFlex system 
(Beckman). Median fluorescent intensity values were 
plotted against the concentration of primary antibody.

Cell based blocking assay
Antibodies were incubated with CHO-hu4-1BB cells for 
30 min, followed by incubation with biotinylated human 
4-1BB ligand (ACROBiosystems) for 30 min at room 
temperature. The cells were washed and subsequently 
incubated with Streptavidin, R-Phycoerythrin Conjugate 
(SA-PE) (ThermoFisher) at 4°C for 20 min. Fluorescence 
signals were determined on a CytoFlex system and results 
were analyzed using GraphPad7 software.

Biotinylated human PD-L1 (ACROBiosystems) was 
incubated with a concentration gradient of antibodies 
for 30 min. The mixtures were added to CHO-huPD-1 
cells and incubated for 1 hour at 4°C. The cells were then 
stained with SA-PE for 20 min. The fluorescence signals 
were determined on a CytoFlex system and results were 
analyzed using GraphPad Prism software.

Production of a 4-1BB/PD-L1 bispecific antibody PM1003
A PD-L1/4-1BB bispecific antibody named PM1003 was 
generated by fusing the anti-4-1BB vHH to the C terminus 
of anti-PD-L1 vHH-Fc through a 20-residue-long linker. 
PM1003 incorporates LALA mutations (leucine to alanine 
at positions 234 and 235 according to Eu numbering) 
in the CH2 domain to reduce Fc receptor binding.28 29 
PM1003 was expressed transiently using HEK293F cells 
(Invitrogen). Supernatants were purified on MabSelect 
SuRe LX Protein-A prepacked columns on an ÄKTAx-
press instrument (GE Healthcare Life Sciences).

Cell bridging
CHO-huPD-L1 cells were stained with Cell Trace CFSE 
(ThermoFisher), while CHO-hu4-1BB cells were stained 
with CellTracker Deep violet (ThermoFisher) following 
the manufacturer’s standard methodology. After staining, 
cells were washed and resuspended. Labeled cells were 
mixed and incubated for 2 hours at 37°C with titrated 
antibodies. After incubation, samples were evaluated on 
a CytoFlex system. Data were plotted using GraphPad 
Prism Software.

Binding ELISA
Human 4-1BB, GITR, OX40 or CD40 (ACRO Biosystems) 
were coated onto a 96-well plate overnight at 4°C. The 
plate was washed and blocked for 1 hour in 5% bovine 
serum albumin/phosphate buffered saline (BSA/PBS) at 
room temperature. Serially diluted antibodies were added 
to the plate in duplicate and incubated for 1 hour at room 
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temperature. After washing, Goat (ab’)2 antihuman IgG 
Fc (HRP) (Abcam) was added and incubated at room 
temperature for 1 hour. Plates were washed and signal 
developed using 3,3’,5,5’-tetra-methylbenzidine substrate 
solution (Solarbio) according to manufacturer’s instruc-
tions. Absorbance at 450 nm was read on a Molecular 
Devices SpectraMax i3 system with SoftMax Pro software.

Co-binding ELISA
Human 4-1BB protein was coated onto a 96-well plate over-
night at 4°C. After washing and blocking, serially diluted 
antibodies were added to the plate and incubated for 
1 hour at room temperature. After washing, biotinylated 
human PD-L1 protein (KACTUS) was added and incu-
bated at room temperature for 1 hour. Plates were washed 
and the signal was developed using streptavidin (HRP) 
(Abcam) according to manufacturer’s instructions.

Primary T cell activation assay
Human primary T cells were isolated from frozen PBMC 
(SAILYBIO) using the human total T cell isolation kit 
(STEMCELL) according to the manufacturer’s instruc-
tions. Anti-CD3 antibody, OKT-3 (Biolegend), was coated 
(1 µg/mL) on NUNC flat-bottom plates (ThermoFisher) 
for 2 hours at 37°C then washed twice with PBS. Seri-
ally diluted anti-4-1BB antibodies or control antibodies 
were either coated after OKT-3 for 2 hours followed 
by washing or added to the culture medium and incu-
bated with human primary T cells for 4 or 5 days. Cell 
supernatants were measured for secreted IFN-γ levels 
by ELISA (eBioscience). PD-L1 negative or PD-L1 posi-
tive CHO cells were co-cultured with human primary T 
cells in X-VIVO15 medium (LONZA) in the presence 
of plate bound 1 µg/mL OKT3 and serially diluted test 
antibodies for 2 days at 37°C. After incubation, cell super-
natants were measured for secreted IL-2 levels by ELISA 
(eBioscience).

Mixed lymphocyte reaction (MLR) assay
Monocytes were isolated from PBMC. Monocyte-derived 
dendritic cells (moDCs) were generated by culturing the 
monocytes in X-VIVO15 medium with 10 ng/mL GM-CSF 
and 20 ng/mL IL-4 (R&D Systems) for 6 days. Human 
primary T cells were isolated from a different PBMC 
donor source and then cocultured with the moDCs in 
a 96-well plate and serially diluted antibodies for 3 days. 
Cell supernatants were measured for secreted IL-2 levels 
by ELISA (eBioscience).

NF-κB luciferase reporter assay
PD-L1-negative or PD-L1-positive CHO cells were co-cul-
tured with Jurkat-hu4-1BB-NF-κB-Luc cells in the pres-
ence of 1 µg/mL OKT-3 and serially diluted antibodies for 
16 hours at 37°C. Bio-Glo Reagent (Promega), prepared 
according to manufacturer’s instructions, was added and 
fluorescence measured using a SpectraMax i3 system with 
SoftMax Pro software (Molecular Devices).

In vivo efficacy studies
Human PD-L1/PD-1/4-1BB triple knock-in BALB/c mice 
aged 8–10 weeks each received 1×106 CT-26-huPD-L1 cells 
injected subcutaneously in the left flank. Tumor volume 
measurements were taken with calipers to determine the 
longest and shortest axes of the tumor and the following 
formula was used to calculate tumor volume: ‘tumor 
volume (mm3)=Length×Width2/2’. Dosing was initiated 
when tumors were an average of 100 mm3. Antibodies 
were injected intraperitoneally into mice on days 7, 9 and 
11.

Hepatotoxicity measurement
To study the hepatotoxic effects of our samples, 
human 4-1BB knock-in mice were treated with 10 mg/
kg Urelumab or 6.67 mg/kg PM1003 i.p. every 5 days 
for four doses in total. Seven days after the final dose, 
alanine aminotransferase (ALT) levels in the blood were 
analyzed using the Alanine Transaminase Activity Assay 
Kit (abcam) following the manufacturer’s instructions. 
Liver pathology was assessed by H&E and immunohisto-
chemistry (IHC) staining by Servicebio (Wuhan, China).

RESULTS
Discovery of a 4-1BB-specific vHH with agonist activity
To generate vHHs specifically recognizing 4-1BB, alpacas 
were immunized with recombinant human 4-1BB protein 
and a yeast display library was generated. The library was 
screened against both human and cynomolgus (cyno) 
4-1BB to identify human and cyno cross-reactive vHH 
sequences with a broad range of binding affinities and 
epitope coverage. In mind of potential efficacy versus 
safety issues, clone L-Yr-16 was chosen for humanization 
(HZ-L-Yr-16) due to its mild agonist activity, and fused 
to a human g1-Fc containing LALA mutations (online 
supplemental figure 1B) to remove Fc effector function 
(HZ-L-Yr-16-Fc).

HZ-L-Yr-16-Fc binds to both human and cyno 
4-1BB-overexpressing CHO cells in a dose-dependent 
manner (figure 1A,B), whereas Urelumab only bound 
to human 4-1BB-expressing cells due to the lack of 
cyno 4-1BB cross-reactivity. ELISA-based binding 
data revealed that HZ-L-Yr-16-Fc binds strongly to 
human 4-1BB, but not to any other TNFR-superfamily 
members (figure  1C). A cell-based blocking assay 
was used to show that HZ-L-Yr-16-Fc is a ligand non-
blocker, while Utomilumab is a blocker and Urelumab 
is a partial blocker (figure 1D).

To demonstrate that HZ-L-Yr-16-Fc can induce 
human 4-1BB signaling, activated human primary T 
cells (by plate-bound OKT3), were cocultured with 
anti-4-1BB antibody either plate-bound or in solu-
tion. Both plate-bound HZ-L-Yr-16-Fc and Urelumab 
showed T cell stimulation activity as measured by 
IFN-γ release, while Utomilumab showed the weakest 
agonism in the assay (figure 1E). HZ-L-Yr-16-Fc did not 
show any stimulation in solution phase, indicating that 
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crosslinking is required for HZ-L-Yr-16-Fc-mediated 
agonism. However, Urelumab could stimulate T cells 
when added into the solution phase without cross-
linking (figure  1F). These data indicate that HZ-L-
Yr-16-Fc has a different binding and agonism profile 
compared with Urelumab and Utomilumab.

Structural determination of the 4-1BB:anti-4-1BB vHH 
complex
Based on the unique functional traits of HZ-L-Yr-16-Fc, we 
sought to understand better its binding profile towards 
4-1BB by X-ray crystallography. HZ-L-Yr-16 was found to 
interact with 4-1BB at a unique epitope located at the 
membrane-proximal CRD4 region of 4-1BB (figure 2A). 
The primary interaction sites of HZ-L-Yr-16 with 4-1BB 
are located in the CDR2 and CDR3 regions of the vHH. 
The CDR2 and CDR3 loops form hydrogen bonds with 
residues D142, R154, V156, C158 and G159 of 4-1BB 
(figure  2B, online supplemental table 1). Additionally, 
HZ-L-Yr-16 grips the two β-strands of CRD4 at the hydro-
phobic pocket formed by the residues V32, A33, Y37, L47, 
I52, Y97, Y102, Y112 and W115 (online supplemental 
figure 2A). The binding interface is also mediated by salt 
bridges between R154 of 4-1BB and D55 or D57 of HZ-L-
Yr-16 (online supplemental figure 2B).

Urelumab (PDB: 6MHR) binds to the N-terminus of 
4-1BB (CRD1), whereas Utomilumab (PDB: 6MI2) inter-
acts with the domain 3–4 junction.18 HZ-L-Yr-16 binds 

to the membrane-proximal region and does not appear 
to interfere with ligand engagement (figure 2C). These 
differences in binding were consistent with our compet-
itive epitope binning data which shows that HZ-L-Yr-16 
does not compete with Urelumab and Utomilumab for 
binding to 4-1BB (online supplemental figure 3). Inter-
estingly, on binding to ligand or the different antibodies, 
4-1BB shows conformational changes by bending between 
the A2 and A1 motifs of CRD3 (online supplemental 
figure 2C).

Discovery of a PD-L1-specific vHH with potent PD-L1 blocking 
activity
Alpacas were immunized with recombinant human 
PD-L1 protein, followed by vHH selection by yeast display. 
Clone C-Ye-18 was selected as the final lead, which binds 
specifically to PD-L1 with an estimated affinity in the 
low nM range. C-Ye-18 was humanized and fused to a 
human g1-Fc (HZ-C-Ye-18-Fc) with its Fc effector function 
silenced (LALA). In vitro cell-based binding and blocking 
experiments indicated that HZ-C-Ye-18-Fc could bind to 
cell surface PD-L1 and competes with PD-1 for PD-L1, 
with a potency similar to that of Atezolizumab (online 
supplemental figure 4A,B). In vivo efficacy experiments 
indicated that HZ-C-Ye-18-Fc can effectively control tumor 
growth in a hPD-L1 knock-in tumor mouse model (online 
supplemental figure 4C).

Figure 1  Characterization of anti-4-1BB antibody (HZ-L-Yr-16-Fc). Binding activity of HZ-L-Yr-16-Fc to human 4-1BB (A) 
or cyno 4-1BB (B) overexpressing CHO cells as revealed by flow cytometry analysis. (C) Binding of HZ-L-Yr-16-Fc to OX40, 
GITR, CD40, 4-1BB determined by ELISA. (D) Effect of indicated anti-4-1BB antibodies blocking 4-1BB ligand binding to 4-1BB 
measured by flow cytometry. (E) Purified T cells from human PBMC were stimulated with plated anti-CD3 and indicated anti-
4-1BB antibodies. Five days later, IFN-γ in the culture medium was analyzed by ELISA. (F) Purified T cells from human PBMC 
were stimulated with plated anti-CD3 and indicated anti-4-1BB or anti-CD28 antibodies in solution. Five days later, IFN-γ in the 
culture medium was analyzed by ELISA. Data are mean±SD, ***p<0.001.
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Structural determination of the PD-L1:anti-PD-L1 vHH 
complex
To investigate the binding epitope of our anti-PD-L1 
vHH the structure of the PD-L1:HZ-C-Ye-18 complex was 
resolved to a 1.64 Å resolution. The overall structure of 
the PD-L1:HZ-C-Ye-18 complex is shown in figure  3A. 
Analysis of the PD-L1:HZ-C-Ye-18 binding interface with 
proteins, interfaces, structures and assemblies (PISA) 
shows how each protein buries within a ~838 Å2 surface 
area. All three CDRs of HZ-C-Ye-18 contain contact resi-
dues with PD-L1 through a number of hydrogen bonds 
and hydrophobic interactions (figure  3B). The CDR1, 
CDR2 and CDR3 loops were observed to form hydrogen 
bonds with the residues Y56, N63, H69, D73, K75, S117 
and G119 of PD-L1. Additionally, Y32, W33 and Y35 
from the highly hydrophobic CDR1 are involved in the 

hydrophobic interface between HZ-C-Ye-18 and PD-L1, 
as well as Y59 from CDR2 and P100/Y103 from CDR3. 
The binding epitope for HZ-C-Ye-18 shows similarity 
with FDA-approved PD-L1 antibodies, including Atezoli-
zumab (PDB: 5X8 L),30 Avelumab (PDB: 5GRJ)31 and 
Durvalumab (PDB: 5X8M)30 (online supplemental figure 
5A). The low contact area did not affect its in vitro cell-
based binding and blocking activities (online supple-
mental figure 4A,B), even though Atezolizumab possesses 
almost twice the area at the interface (~1646 Å2 by PISA). 
Comparison of HZ-C-Ye-18 with another PD-L1 vHH 
termed KN035 (PDB: 5JDS)32 shows that both these mole-
cules contact with several PD-1 interaction sites on PD-L1, 
including I54, Y56, M115 and A121 (online supplemental 
figure 5B,C).

Figure 2  Detailed interaction sites between the 4-1BB and HZ-L-Yr-16 and epitope comparison between different antibody 
agonists. (A) Overall structure of the 4-1BB: HZ-L-Yr-16 complex. 4-1BB is shown in green; HZ-L-Yr-16 is shown in cyan. (B) 
The interactions between 4-1BB and HZ-L-Yr-16. Hydrogen bonds are shown as black dashed lines. (C) Epitope comparison of 
HZ-L-Yr-16 (in cyan), Urelumab (yellow) and Utomilumab (orange). 4-1BBL (in magenta) is also aligned for comparison.

Figure 3  Detailed interaction sites between PD-L1 and HZ-C-Ye-18. (A) Overall structure of the PD-L1:HZ-C-Ye-18 complex 
(PDB: 7CZD). PD-L1 is shown in magenta, while HZ-C-Ye-18 is shown in purple. The CDR1, CDR2 and CDR3 domains of 
HZ-C-Ye-18 are colored green, cyan and yellow, respectively. (B) The interactions between PD-L1 and HZ-C-Ye-18. Hydrogen 
bonds are shown as black dashed lines.
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Design and characterization of an anti-PD-L1/4-1BB bispecific 
therapeutic
We proceeded to generate a bispecific molecule by 
fusing HZ-L-Yr-16 to the C terminus of HZ-C-Ye-18-Fc 
via a 20-residue-long linker (PM1003, figure  4A). The 
binding activity of each arm was similar to the parent 
antibodies in cell-based assays (figure  4B,C). Biolayer 
interferometry (BLI) analyses demonstrated high affinity 
binding to PD-L1 and 4-1BB (online supplemental 
figure 6A,B). More importantly, PM1003 did not show 
any non-specific binding to non-transfected CHO cells 
(online supplemental figure 6C) or 293F cells (online 
supplemental figure 6D). Functional assays showed that 
PM1003 efficiently inhibited PD-L1 binding to PD-1 on 
CHO-huPD-1 cells (figure 4D). The ability of PM1003 to 
facilitate co-binding of PD-L1 and 4-1BB was also evalu-
ated by both BLI (online supplemental figure 6E) and 
ELISA (figure 4E). To evaluate if PM1003 facilitated cell 
bridging through simultaneously binding to both recep-
tors, we fluorescently labeled CHO-huPD-L1 cells and 
CHO-hu4-1BB cells with different dyes and then treated 
them with PM1003 followed by flow cytometry anal-
ysis (online supplemental figure 6F). PM1003 induced 
the formation of doublets of CHO-huPD-L1 and CHO-
hu4-1BB cells, while the combination of HZ-C-Ye-18-Fc 
and HZ-L-Yr-16-Fc did not (figure 4F).

PM1003-mediated T cell activation is dependent on 
crosslinking via PD-L1 cross-bridging
To demonstrate that PM1003 is an effective PD-L1-
mediated 4-1BB agonist, Jurkat-4-1BB-NF-κB-Luc cells 
were cocultured with empty CHO or CHO-huPD-L1 cells 
and OKT-3/PM1003, then tested for NF-kB signaling 
through detection of luciferase activity. Maximum acti-
vation/luciferase signals were detected upon co-cul-
ture with CHO-huPD-L1 cells and PM1003 (figure 5A). 
Similarly, human primary T cells were stimulated by 
plate-bound OKT-3 mAb, then co-cultured with CHO-
huPD-L1 or empty CHO cells with serially diluted 
PM1003 or HZ-L-Yr-16-Fc. T cell activation induced by 
PM1003 was only observed upon co-incubation with 
CHO-huPD-L1 cells (figure  5B,C). These data indicate 
that PM1003-mediated T cell activation was dependent 
on crosslinking via PD-L1-mediated cross-bridging. The 
activity of PM1003 was tested via an MLR, which utilizes 
human primary T cells and moDC expressing endoge-
nous levels of both targets. PM1003 showed stronger T 
cell activation than the combination of anti-PD-L1 and 
anti-4-1BB antibodies (figure 5D), whereas HZ-L-Yr-16-Fc 
alone did not elicit any activation showing that PD-L1-
mediated cross-bridging is a major contributor for the 
agonist activity of PM1003.

Figure 4  Structure of PM1003 and the binding activity of the bispecific antibody to both 4-1BB and PD-L1. (A) Structural 
representation of PM1003. (B) Binding of PM1003 to human PD-L1 overexpressed on CHO cells measured by flow cytometry. 
(C) Binding of PM1003 to human 4-1BB overexpressed on CHO cells measured by flow cytometry. (D) PM1003 blocks the 
interaction between PD-1/PD-L1 determined by flow cytometry. (E) PM1003 simultaneous binding to both human PD-L1 
and human 4-1BB as determined by ELISA. (F) PM1003 simultaneous binding to both human PD-L1 and human 4-1BB 
overexpressing cells as determined by a cell bridging flow cytometry assay.
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PM1003 suppresses tumor growth in syngeneic tumor models
To study the antitumor efficacy of PM1003 in vivo, 
CT-26-huPD-L1 cells and MC38-huPD-L1 cells were 
injected subcutaneously into the flank of human PD-1/
PD-L1/4-1BB triple knock-in BALB/c mice and human 
PD-L1/4-1BB double knock-in C57BL/6 mice, respec-
tively. In the CT-26-huPD-L1 tumor model, PM1003 
was shown to substantially reduce tumor growth 
(figure  6A–C). Tumor inhibition was dose-dependent 
and significantly higher than that of the equimolar dose 
of Urelumab or the combination of the single agents. 
Dose-dependent antitumor efficacy was also observed 
in a MC38-huPD-L1 tumor model (figure 6D). In order 
to determine whether these complete responses (CRs) 
resulted in the induction of immune memory, mice with 
CRs were rechallenged with the same cell line in the 
inguinal mammary fat pad on the opposite flank. The 
inhibition of the ‘rechallenged’ tumor growth indicated 
that immune memory was induced in the PM1003-treated 
group (figure 6E).

PM1003 shows negligible hepatotoxicity
Since 4-1BB agonists have been shown to induce hepa-
totoxicity, we compared the toxicity profile of PM1003 
with Urelumab in mice. Human 4-1BB knock-in mice 
were injected i.p. with PBS, Urelumab, or PM1003 
every 5 days for four doses in total then euthanized 
1 week later (figure 7A). Urelumab treatment induced a 
significant increase in liver and spleen weight, whereas 
PM1003 itself had no substantial effect (figure  7B,C). 
Serum levels of ALT increased on Urelumab treatment 
but not with PM1003 (figure  7D). Liver-infiltrating 
lymphocytes were also evaluated by H&E and CD8 
IHC staining. Urelumab treatment induced significant 
levels of lymphocyte/CD8+ T cell infiltration into liver 
tissues, whereas PM1003 did not (figure 7E–G). These 
results were consistent with the clinical toxicity profile 
of Urelumab. Collectively, PM1003 showed limited anti-
4-1BB-mediated hepatotoxicity.

Figure 5  4-1BB agonism via PM1003 is dependent on crosslinking via PD-L1-mediated cross-bridging. (A) PM1003 activity of 
Jurkat-hu4-1BB-NF-κB luciferase cells incubated with CHO-huPD-L1 cells or PD-L1-negative CHO cells. (B) PM1003 activity 
in a human primary T cell activation assay with non-transfected CHO cells. (C) PM1003 activity in a human primary T cell 
activation assay with CHO-huPD-L1 cells. (D) PM1003 activity in a mixed lymphocyte reaction with monospecific components 
and in combination.
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DISCUSSION
We have discovered a novel single-domain antibody (HZ-
L-Yr-16) with agonistic activity towards 4-1BB for the 
treatment of cancer. The differentiating traits of HZ-L-
Yr-16 over its competitors ensures that desirable agonistic 
potency is facilitated with derisked on-target related liver 
toxicity—an issue that has hindered the clinical devel-
opment of this class of therapeutic.12 33–35 As such, HZ-L-
Yr-16 is a valuable building-block for the engineering 
of 4-1BB-targeting multispecific therapeutics that may 

rely on tumor-specific crosslinking and cross-bridging 
between effector and tumor target cells.

HZ-L-Yr-16 binds to human and non-human primate 
4-1BB strongly and specifically, targeting a novel binding 
epitope of 4-1BB at its CRD4 domain as determined by 
X-ray crystallography. This ensures that HZ-L-Yr-16 does 
not interfere with the natural interaction between 4-1BB 
and its ligand 4-1BBL. The binding epitope of HZ-L-Yr-16 
is novel and unique compared with Urelumab and Utomi-
lumab, which bind to CRD1 and between the CRD3 and 

Figure 6  In vivo efficacy of PM1003 in CT-26-huPD-L1 and MC38-huPD-L1 mouse model. (A) Human PD-1/PD-L1/4-1BB 
triple knock-in mice were injected subcutaneously with 1×106 CT-26-huPD-L1 tumor cells, then molar equivalent doses of 
indicated antibodies were administrated on days 7, 9, 11. Tumor size was measured every other day. (B) Images of tumors 
(left) and tumor weight from mice (right). (C) Individual tumor growth spaghetti plots. Data are mean±SEM, *p<0.05, **p<0.01. 
(D) Dose-dependent efficacy and long-term immune memory induction of PM1003 were tested in a MC38-huPD-L1 mouse 
model. Human PD-L1/4-1BB double knock-in mice were injected subcutaneously with 1×106 MC-38-huPD-L1 tumor cells, then 
different doses of the indicated antibodies were administrated on days 7, 9, 11. Tumor size was measured every other day after 
the first treatment. (E) Tumor-free mice were re-challenged by injection of 1×106 MC-38-huPD-L1 tumor cells subcutaneously. 
Tumor size was measured every other day after the first treatment and on rechallenge.
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CRD4 domains, respectively.18 It has been suggested that 
the agonist activity of antibodies directed to the TNFR-
superfamily members—as modeled on CD40—weakens 
from CRD1 to CRD4.17 This suggests that the binding of 
agonist antibodies to more membrane proximal regions 
offer milder agonist activity. This could directly explain 
the vast differences in potency between Urelumab and 
Utomilumab, which have shown strong and weak agonist 
activity, respectively. HZ-L-Yr-16 binds to a unique epitope 
closer to the membrane proximal region compared with 
Urelumab and Utomilumab, providing some rationale 
for HZ-L-Yr-16 having a lowered risk of toxicity compared 
with Urelumab. To support this notion, we have shown 
that HZ-L-Yr-16 exhibits dose-dependent cross-bridging 
activity without activation of 4-1BB on primary T cells 
when added in solution. However, unlike Utomilumab, 
HZ-L-Yr-16 retains significant agonist activity.

It is unclear as to why Utomilumab binds to a more 
membrane-distal epitope as compared with HZ-L-Yr-16 

but shows weak agonism activity and whether this lack of 
agonistic activity is connected to its ligand blocking ability. 
The alignment of our structure with ligand-bound 4-1BB 
(PDB: 6A3V) reveals the potential structural model for 
the ternary complex. Notably, as 4-1BB naturally exists as 
both monomers and dimers mediated by C121, how these 
associate with their ligand and agonist antibodies remain 
to be elucidated. The limited crosslinking of 4-1BB by 
4-1BBL was proposed previously,36 suggesting that the 
clustering of 4-1BB may occur in multiple modes. Struc-
tural analysis and modeling revealed the possibility for 
HZ-L-Yr-16 to bind either monomeric or dimeric 4-1BB 
molecules in the presence of its ligand (online supple-
mental figure 2D). Thus, HZ-L-Yr-16 and 4-1BBL might 
synergistically promote 4-1BB signaling during T cell 
activation. As mentioned, other studies have shown that 
the antibody binding epitope towards TNFR-superfamily 
members (CD40 and OX40) may determine agonistic 
strength. Agonist activity was observed to be stronger for 

Figure 7  PM1003 was tested for liver pathology in a 4-1BB knock-in C57 mouse model. (A) Experimental protocol for the 
toxicity model. Human 4-1BB knock-in C57 mice (n=4 or 5/group) were treated with 10 mg/Kg Urelumab, 6.67 mg/Kg PM1003 
or PBS on days 0, 5, 10 and 15. 7 days after the final treatment, (B) liver weight, (C) spleen weight, (D) serum ALT activity, (E) 
liver tissue HE staining, (F) liver tissue CD8-positive T cell IHC staining and (G) percentage of CD8-positive cell infiltration, were 
measured. Data are mean±SEM, **p<0.01, ***p<0.001.
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antibodies that bind to the membrane distal domain of 
CD40, but weaker for those binding to membrane distal 
domain of OX40.17 37 Although we do not have access to 
a panel of antibodies that bind to every domain of 4-1BB, 
it is clear that different clones exhibit very distinct agonist 
profiles, and that the current evidence suggest that the 
binding to the distal N-terminal domain of 4-1BB may 
naturally offer a higher degree of agonist activity with 
potential toxicity issues (as with Urelumab). It is also 
understood that a fast association/dissociation (fast-on/
fast-off) binding profile may improve the agonist activity 
of mAbs by offering a constant on/off binding flux. Thus, 
the strong binding strength and ligand blocking activities 
of Utomilumab might contribute to reduced activity.

To ensure that the toxicity related to 4-1BB agonists is 
restricted to the local tumor microenvironment, investi-
gators have engineered bispecific molecules to bind to 
tumors with one arm and bridge over to 4-1BB receptors 
using the other.19–22 This bridging effect between the 
effector and target cells ensures that 4-1BB is only activated 
in the presence of tumor cells. Here, we fused HZ-L-Yr-16 
to the C-terminus of an anti-PD-L1 vHH that contains an 
effector-silenced human g1 Fc (HZ-C-Ye-18-Fc) resulting 
in the therapeutic candidate PM1003. HZ-C-Ye-18 is a 
potent blocker of the interaction between PD-1 and PD-L1 
and through structural determination has an overlapping 
binding epitope similar to Atezolizumab. Both the PD-L1 
and 4-1BB binding sites of PM1003 retain their potency 
in this bispecific form. Moreover, the bispecific antibody 
was shown to cross-bridge PD-L1- and 4-1BB-expressing 
cells and can bind to both antigens simultaneously at 
the protein level. These properties were reflected in cell-
based activation assays using luciferase reporter cell lines 
and primary cells with and without PD-L1-expressing 
targets.

The synergy of combining both PD-L1 and 4-1BB 
binders in PM1003 was displayed in a tumor model where 
CT-26 cells with human PD-L1 knocked-in to replace the 
murine sequence were implanted into human PD-1/
PD-L1/4-1BB triple knock-in mice. Our results show that 
PM1003 was much superior compared with the combi-
nation of anti-PD-L1+anti-4-1BB antibodies at medium 
(4 mg/kg) and high (12 mg/kg) doses. Dose-dependent 
antitumor efficacy was also confirmed in MC38-huPD-L1 
knock-in cells implanted into human PD-L1/4-1BB 
double knock-in mice. PM1003 was also able to induce 
memory as shown in rechallenged mice. Finally, we 
showed that hepatotoxicity was kept at a minimum in 
mice treated with PM1003 compared with Urelumab, 
where liver weight, spleen weight and CD8+ T cell infiltra-
tion were significantly lower than the Urelumab group. 
Non-human primates are not a suitable model for eval-
uating the toxicity of Urelumab due to its known low to 
minimal cross-reactivity. As PM1003 has cross-reactivity 
to both cynomolgus PD-L1 and 4-1BB, we conducted a 
non-good laboratory practice (GLP) safety assessment in 
cynomolgus monkeys at 60 mg/kg without any signs of 
untoward toxicity (data in revision). These safety studies 

have helped to de-risk any potential toxicity issues before 
entering clinical trials.

There are a number of anti-PD-L1/4-1BB programs 
under development at present,22 towards other tumor 
antigens/stromal markers, or using 4-1BBL instead of 
an antibody binder to activate 4-1BB.20 38 39 Recently, 
RO7122290, an antibody targeting fibroblast activation 
protein (FAP), fused to 4-1BBL, was well-tolerated up to 
2000 mg as a single-agent and 1000 mg in combination 
with atezolizumab, without reaching a maximum toler-
ated dose, showing the potential safety of this class of 
agent (DOI: https://​doi.​org/​10.​1016/​j.​annonc.​2020.​08.​
1145). From the current literature and information from 
the public domain, there is yet to be a fully characterized 
bispecific antibody that binds to the CRD4 domain of 
4-1BB. We believe that this mild agonist activity is suitable 
for a PD-L1-based 4-1BB bispecific due to the high doses 
used for current anti-PD-L1 treatments. We also believe 
that PD-L1, which is upregulated after T cell activation 
and IFN-γ exposure, would provide a safer cross-bridging 
pair that is localized to the local tumor microenvironment.

CONCLUSION
PM1003 is a highly differentiating drug candidate 
that binds to a unique epitope on 4-1BB and facilitates 
receptor agonism with a lowered risk for toxicity issues. 
PM1003 has been shown to block potently the interaction 
between PD-1 and PD-L1 and to induce agonism towards 
4-1BB only in the presence of PD-L1-mediated cross-
bridging. Thus, PM1003 is a promising bispecific agent to 
be developed for the treatment of multiple solid tumors.
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