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ABSTRACT
◥

Purpose: CD137 is a T- and NK-cell costimulatory receptor
involved in consolidating immunologic responses. The potent
CD137 agonist urelumab has shown clinical promise as a cancer
immunotherapeutic but development has been hampered by on-
target off-tumor toxicities. A CD137 agonist targeted to the pros-
tate-specific membrane antigen (PSMA), frequently and highly
expressed on castration-resistant metastatic prostate cancer
(mCRPC) tumor cells, could bring effective immunotherapy to
this immunologically challenging to address disease.

Experimental Design: Wedesigned andmanufactured CB307, a
novel half-life extended bispecific costimulatory Humabody VH

therapeutic to elicit CD137 agonism exclusively in a PSMA-high
tumor microenvironment (TME). The functional activity of CB307
was assessed in cell-based assays and in syngeneic mouse antitumor

pharmacology studies. Nonclinical toxicology and toxicokinetic
properties of CB307 were assessed in a good laboratory practice
(GLP) compliant study in cynomolgus macaques.

Results: CB307 provides effective CD137 agonism in a PSMA-
dependentmanner, with antitumor activity both in vitro and in vivo,
and additional activity when combined with checkpoint inhibitors.
A validated novel PSMA/CD137 IHC assay demonstrated a higher
prevalence of CD137-positive cells in the PSMA-expressing human
mCRPC TME with respect to primary lesions. CB307 did not show
substantial toxicity in nonhuman primates and exhibited a plasma
half-life supporting weekly clinical administration.

Conclusions: CB307 is a first-in-class immunotherapeutic that
triggers potent PSMA-dependent T-cell activation, thereby allevi-
ating toxicologic concerns against unrestricted CD137 agonism.

Introduction
Prostate cancer is the most common lethal male malignancy, with

high morbidity associated with metastatic disease. Unlike other tumor
histologies where immunotherapy has been transformative for patient
outcomes, results in prostate cancer have been disappointing (1).

Prostate-specific membrane antigen (PSMA; HGNC:FOLH1) is
frequently and highly expressed by prostate cancer. PSMA is involved
in glutamate and folate mobilization, uptake, and signaling, with wide-
ranging oncogenic functions, including activation of the PI3K–AKT–
mTOR pathway, cellular bioenergetics, and the DNA damage repair
response (2). PSMA has also been reported on the neovasculature of
nonprostate solid tumors (3–5), but not on normal vasculature (6).

PSMA is an attractive tumor antigen for both prostate cancer
disease imaging and therapeutics due to its high prevalence in prostatic
tissue (7) including a trend towards greater expression during the

course of disease progression (2). PSMA-specific PET imaging agents
have been shown to be more accurate at imaging prostate cancer than
traditional CT and bone scan techniques (8) and have been widely
adopted in clinical practice (9). High clinical response rates to 177Lu-
PSMA radioligand (10) and the subsequent regulatory approval of
177Lu vipivotide tetraxetan provide further support for therapeutic
targeting of PSMA in prostate cancer.

CD137 (HGNC:TNFRSF9, also known as 4–1BB), is a member of
the TNFR superfamily primarily expressed on the surface of activated
T cells as a costimulatory receptor. In combination with other signals,
CD137 agonism enhances T-cell cytotoxicity and proliferation (11, 12)
and drives T-cell mitochondrial function and metabolism (13, 14),
increases cytokine production (15), and promotes T-cell survival
through upregulation of survival genesBCL-xL andBFL-1 (16). CD137
function is activated by molecular clustering of CD137 monomers
driven ordinarily by interactionwith the homotrimeric CD137 cognate
ligand TNFSF9 (17, 18), a mechanism shared by other TNFR super-
family members (19).

Despite these attractive functional properties and early signs of
clinical activity withCD137 agonistmAbs, the therapeutic windowhas
been limited by on-target off-tumor treatment-related liver toxici-
ty (20). Attempts to circumvent such toxicity with either reduced
exposure to more potent CD137 agonist antibodies, or administration
of reduced potency CD137 agonist antibodies (21), have thus far met
with limited success.

To address the unmet medical need for effective immunotherapy in
metastatic castration-resistant prostate cancer while avoiding systemic
toxicity, we developed the novel immunotherapeutic CB307. Mech-
anistically, CB307 is designed to bridge PSMA-expressing tumor cells
and CD137-expressing T cells to induce PSMA-dependent CD137
clustering on T cells. CB307 is a Humabody single-polypeptide chain
made of three peptide-linked fully human heavy chain variable (VH)
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domains derived from theCrescendo transgenicmouse (22), where the
individual VH domains in CB307 monovalently target PSMA, CD137,
and human serum albumin (HSA). The smaller molecular weight of
CB307 (46 kDa) with respect to traditional mAbs may aid tumor
penetration (23)while binding toHSAextends serumhalf-life (24) and
may further improve biodistribution.

Here we describe for the first time the nonclinical pharmacology,
toxicokinetics, and toxicology of CB307. We hypothesize that by
restricting CD137 agonism to areas of PSMA expression, CB307 will
induce potent, targeted T-cell activation in patients with PSMAþ

tumors while maintaining acceptable systemic tolerability, thereby
overcoming therapeutic limitations of earlier generation CD137
agonists.

Materials and Methods
Generation of CB307

VH generation methods and the Crescendo mouse platform are
described inTeng and colleagues (22). CB307 consists of three peptide-
linked VH that bind the human targets PSMA, CD137, and HSA,
respectively. Additional details are in Supplementary Materials and
Methods.

CB307 kinetics
Kinetics of CB307 binding to PSMA, CD137, and HSA were

assessed using a Biacore 8K (Cytiva) platform; 2 mg/mL Fc-tagged
CD137 protein or 5 or 10 mg/mL Fc-tagged PSMA protein (Acro
Biosystems) were captured on Protein G biosensors, 2.5 mg/mL HSA
(Sigma) was immobilized directly on a CM5 biosensor, and CB307
binding was assessed in a 5-point 3-fold dilution series over a range of
concentrations. After background subtraction, interactions weremod-
eled on the basis of the expected 1:1 binding stoichiometry.

Cell lines and primary human cells
CHO cells (female; RRID:CVCL_4099) were purchased from Life

Technologies; DU145 parental cells (male; RRID:CVCL_0105) were
purchased from ATCC; LNCaP cells (male; RRID:CVCL_0395) were
purchased from ECACC. Cell lines were not otherwise authenticated.
Cultured cells are tested twice yearly for mycoplasma with a LookOut

Mycoplasma PCR Detection Kit (Sigma). Cells were cultured for up to
20 passages and used in experiments between passage 5 and 20.

PSMA stably expressing cell line DU145-PSMA was generated in
house by lentivirus transduction. Tetracycline-inducible CHO-CD137
and CHO-PSMA cells were made in house by plasmid transfection
using lipofectamine. Prior to an experiment requiring induced expres-
sion, CD137 or PSMA expression was induced by addition of 1 mg/mL
tetracycline for a minimum of 16 hours. DU145 parental, DU145-
PSMA, and LNCaP cells were maintained in RPMI 1640 medium
supplemented with 10% FBS, 2 mmol/L L-glutamine, 50 U/mL
penicillin, and 50 mg/mL streptomycin. CHO cells were maintained
in DMEM medium supplemented with 10% FBS, 2 mmol/L L-gluta-
mine, 50 U/mL penicillin, and 50 mg/mL streptomycin. An isogenic
PD-L1 gene knockout version of the DU145-PSMA cell line was
commissioned using CRISPR technology (Synthego).

Peripheral blood mononuclear cells (PBMC) were isolated from
leukocyte reduction system cones from healthy human donors by
density gradient centrifugation over Lymphoprep (STEMCELL
Technologies).

Dual binding assay
The capacity of CB307 to bind either PSMA-expressing or CD137-

expressing cell lines and to simultaneously engage the second target
(CD137 or PSMA, respectively) was measured using Fluorescence
Microvolume Assay Technology (FMAT). Full details are found in
Supplementary Materials and Methods.

Jurkat–NFkB–CD137 reporter assay
DU145-PSMA or DU145 parental cells were plated overnight

in cell assay media (RPMI-based as above) with PBMCs in 384-well
tissue culture plates. Serial dilutions of CB307 were prepared in cell
assay media and added to plates followed by Jurkat human CD137
NFkB luciferase reporter gene cells (Promega). Where indicated,
serial dilutions of vipivotide tetraxetan (Cambridge Bioscience)
were added. After a 5.5-hour incubation at 37�C/5% CO2, the
level of luciferase reporter expression was determined by addition
of Bio-Glo reagent (Promega) and measurement of luminescent
signal on a PHERAstar FS plate reader (BMG Labtech).

In vitro 2D coculture assay
DU145-PSMA and DU145-Parent cells were plated in cell assay

media in tissue culture plates with either anti-CD3 antibody or SEB
(staphylococcal enterotoxin B) stimulation using serial dilutions of
CB307 with various additional drug combinations. Full details are
found in Supplementary Materials and Methods.

Drug synergy experiments were performedwith CB307 and an anti-
PD-1 antibody utilizing the in vitro 2D coculture assay methods with
SEB stimulation described above. Drug synergy was assessed with the
SynergyFinder online resource (25) using the Bliss/Loewe consensus
scoring method.

In vitro NK coculture assay
NKcells were isolated fromhealthy humanPBMCsusing aNegative

Selection Kit (STEMCELL) according to the manufacturer’s instruc-
tions and activated with IL2 (BioLegend) for 24 hours. Activated NK
cells were harvested and cocultured with DU145-PSMA or DU145-
Parent cells at a plating ratio of 2 (NK) to 1 (DU145). Next, 1 nmol/L
CB307 was prepared in assay media and added to the plates, which
were subsequently incubated for 2 days at 37�C/5% CO2. Supernatant
was harvested and CCL3, CCL4, and IFNg were quantified using
human DuoSet reagents (R&D Systems).

Translational Relevance

The first-in-class PSMA-directed CD137 agonist CB307 is in
clinical development both as monotherapy and in combination
with the anti-PD-1 checkpoint inhibitor pembrolizumab to treat
cancers including metastatic castration-resistant prostate cancer
(mCRPC). Herein, we present preclinical mechanistic evidence
demonstrating antitumor immune responses induced by this novel
approach. PSMA clusters CB307 to agonize CD137 on T cells but is
not necessarily the target of the T cells themselves. Thereby,
following tumor-antigen triggered activation of T cells by CB307,
T cells continue to surveille polyclonal targets for tumor cell killing
even should PSMA expression be heterogeneous or lost. Single-
agent checkpoint inhibitor approaches in prostate cancer have been
largely ineffective, highlighting the need for novel immuno-
modalities and combination-based approaches. Quantitative
determination of CB307–pembrolizumab combination pharma-
cology indicates at least additive activity and supports this com-
binatorial clinical development strategy.
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In vitro 3D tumor spheroid cell killing assay
DU145-PSMAcells were transduced (MOI of 3)withmKate2 (RFP)

encoding lentivirus (Sartorius) in the presence of 8 mg/mL polybrene.
Transduced cells were selected for permanent expression of RFP using
2 mg/mL puromycin. RFP-DU145-PSMA cells were plated at
2.5 � 104 per well in a 96-well ultra-low adhesion plate for 24 hours
prior to the addition of 1 � 105 PBMCs. The cells were treated with
25 nmol/L CB307, 25 nmol/L pembrolizumab, 25 nmol/L atezolizu-
mab as monotherapy or in combination and 5 mg/mL anti-CD3
antibody (Clone OKT3; BioLegend). Plates were incubated inside an
IncuCyte ZOOM Live-Cell analysis system (Essen Bioscience), during
which live images were acquired every 2 hours. At the conclusion of the
experiment after 10 days of coculture, cells were gently mechanically
disaggregated by trituration and quantified for tumor and T-cell
content by flow cytometry.

Flow cytometry
PSMA, PD-L1, and markers of immune activation were assessed

using a Cytek Aurora flow cytometer; data were analyzed using FlowJo
software (Becton, Dickinson & Company; RRID:SCR_008520). Full
details are in Supplementary Materials and Methods.

Cytokine analysis
For PBMC and NK-cell coculture assays, soluble analytes in super-

natants were analyzed using human DuoSet reagents (R&D Systems)
according to themanufacturer’s instructions with the following excep-
tions: capture antibody was coated on Multi-Array SECTOR plates
(Meso Scale Discovery); biotinylated detection antibody was detected
by 1 nmol/L streptavidin-SULFO-TAG reagent (Meso Scale Discov-
ery); plates were read on an MSD Sector Imager and analyzed using
MSD Workbench software.

CD137 and PSMA IHC
We developed a novel protocol for visualizing CD137 using

chromogenic IHC. Briefly, a rabbit monoclonal anti-CD137 anti-
body (clone E6Z7F, #19541; Cell Signaling Technology) was diluted
1:100 in Bond primary antibody diluent (AR9352; Leica Biosys-
tems), applied to formalin-fixed paraffin-embedded (FFPE) tissue
following Bond Epitope Retrieval Solution 1 (ER1; AR9961; Leica
Biosystems) antigen retrieval for 30 minutes and detected using the
Bond Polymer Refine Detection Kit (DS9800; Leica Biosystems).

The assay was optimized and validated (Supplementary Fig. S1)
by performing Western blotting of protein lysates and IHC stain-
ing of cell pellets from HDLM-2 cells (male; RRID:CVCL_0009)
known to express cell-surface CD137 (26) treated with nonsilen-
cing control siRNA compared with HDLM-2 cells treated with
CD137-targeting siRNA (Supplementary Fig. S1A), as well as wild-
type Jurkat cells (male; RRID:CVCL_0065), which express mini-
mal CD137 (26) compared with CD137-transfected Jurkat cells
treated with nonsilencing control siRNA and CD137-transfected
Jurkat cells treated with CD137 targeting siRNA (Dharmacon;
Supplementary Fig. S1B). Western blotting showed expected bands
between 35 and 40 kDa and a decrease in both bands with
knockdown and in the wild-type Jurkat cells compared with
CD137þ Jurkat cells (Supplementary Fig. S2). These findings were
corroborated by IHC of contemporaneously collected cell pellets.
Appropriate tissue localization for CD137 was observed by the
pathologist (B.G.) in human tonsil, appendix, and normal prostate
tissue (Supplementary Fig. S1C).

The CD137 IHC assay was subsequently developed in a dual-
chromogenic PSMA/CD137 protocol, incorporating a previously

validated PSMA IHC method. Full details are in Supplementary
Materials and Methods.

We applied the dual-chromogenic PSMA/CD137 protocol to
human castration-resistant prostate cancer (CRPC) biopsies from
patients treated at the Royal Marsden Hospital. Tissue was collected
from primary prostate tumors (n¼ 10) andmetastatic prostate lesions
from different anatomical contexts: bone marrow (n ¼ 19), lymph
node (n ¼ 20), soft tissue (n ¼ 10), and liver (n ¼ 10). Using a
pathologist-supervised HALO image analysis software (Indica Labs),
we segmented tumor from stroma, and determined the percentage of
PSMA-positive tumor cells as well as the density of CD137-expressing
cells in each compartment.

Separately, three multitumor tissue microarrays (TMA: Tis-
sueArray LLC #BCN911, #MC1501A, #MC2082D) were stained
(HistologiX) using the PSMA/CD137 dual-chromogenic protocol
and images analyzed (OracleBio) to determine the percent of viable
cells per core that were PSMAþ and the number of CD137þ cells per
mm2 of viable tissue on each core. Where duplicate cores were provid-
ed, results were averaged. Analysis was restricted to only those tumor
types represented with at least 10 nonduplicate scorable cores.

CB307 pharmacokinetics in mice
CB307 is not cross-reactive with mouse serum albumin (MSA) so

the feasibility of coadministration of HSA/drug was established as a
method of half-life extension in mice in a dedicated mouse pharma-
cokinetic (PK) study conducted at TransCure bioServices, utilizing a
highly related CB307 precursor molecule that like CB307 is a three VH

domain polypeptide with PSMA, CD137, and HSA binding specifi-
cities. Mice received a single dose of 3 mg/kg drug premixed with
10mg/kgHSAor, alternatively, 3mg/kg drugwithout exogenousHSA.
Mice were either transgenic double-humanized for both serum
albumin and the neonatal Fc receptor (FcRn) (groups 1 and 2:
GenOway S.A.) or were NCG mice wild-type for both mouse serum
albumin and mouse FcRn (groups 3 and 4: Charles River Labora-
tories). Mice transgenic for HSA and hFcRn display PK properties
for HSA-binding drugs reflective of those expected in the human
system (27) and serve as a positive control for the coadministered
drug with exogenous HSA method of PK extension. Because of
veterinary restrictions on the number of permissible blood draws
per individual animal, groups were subdivided into subgroups
of animals with interleaved blood sampling timepoints to collec-
tively make up one complete PK profile. The study scheme is shown
in Supplementary Fig. S3A. Detailed mouse PK methods are in
Supplementary Materials and Methods.

Syngeneic mouse in vivo pharmacology antitumor activity
study

Antitumor activity of CB307 was evaluated with an RM1 mouse
(male; RRID:CVCL_B459) prostate cancer cell line engineered to
express doxycycline-inducible human PSMA (Crown Bioscience:
HuCell PSMA-RM1) implanted into C57BL/6mice that are transgenic
for exons 4 to 7 of human CD137 (Crown Bioscience: HuGEMM
HUCD137). Each mouse was inoculated subcutaneously in the right
rear flank region with 1 � 106 RM1-hPSMA tumor cells in 0.1 mL of
PBS for tumor development. When mean tumor volume reached
69 mm3, mice were randomly assigned to four groups with 10 mice
per group in each of three CB307 dose/response arms and 12 mice in
an HSA control group from which four were used to monitor the
hPSMA expression level postinduction with doxycycline. Dosing of
CB307/HSA was initiated 1 day after randomization. Mice were
treated intraperitoneally with either HSA only at 10 mg/kg or with
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CB307 co-dosed with HSA at 1 mg/kg þ 10 mg/kg, 3 mg/kg þ
10 mg/kg, and 10 mg/kg þ 20 mg/kg, respectively. Mice were dosed
both in themorning and again in the evening for daily doses nominally
8 and 16 hours apart. All groups received drinkingwater supplemented
with doxycycline for continuous hPSMA induction after the start of
treatment. Tumor volumes were measured with calipers twice per
week after randomization.

Select tumors were quantified for hPSMA expression. Tumors were
disaggregated into single-cell suspensions with a Miltenyi Tumor
Dissociation Kit (#130–096–730) and the gentleMACS Octo dis-
sociator (Miltenyi, #130–096–427). The resulting cell suspensions
were filtered and enumerated. For each sample, 1 � 106 cells were
treated with mouse Fc Block solution (#553141, BD Biosciences) for
10 minutes in the dark. Cells were stained with anti-mCD45-
PerCP/CY5.5 (30-F11, #103132, BioLegend), anti-hPSMA-PE
(LiN-17, #342503, BioLegend), and live/dead stain (eBiosciences,
#65–0865–14) for 30 minutes at 4�C. Following the incubation,
all samples were washed and subsequently analyzed on an LSRFor-
tessa X-20 (BD Biosciences).

GLP toxicology study in nonhuman primates
An IND-enabling GLP-toxicology study evaluated the potential

toxicity of CB307 when given by intravenous infusion for three doses
(days 1, 8, and 15) over 3 weeks to cynomolgus macaques. Recovery
animals were also included to determine the potential reversibility of
any toxicologic findings. In addition, the TK characteristics of CB307
were determined.

The dosing strategy is given in Supplementary Fig. S3B. Three
weekly doses were administered tomale and female juvenileMauritian
cynomolgus macaques. Animals were between 23 and 27 months old
and weighed between 2.3 and 3.5 kg at the initiation of dosing. In
addition to a nondrug-dosed control group, CB307 groups were dosed
at 1, 5, or 30 mg/kg. Detailed nonhuman primate (NHP) PK assess-
ment methods are found in Supplementary Materials and Methods.

Ethical approvals
All studies involving human subjects were conducted in accordance

with the Declaration of Helsinki, and consistent with the Belmont
Report. Written informed consent was obtained from each subject.

NHP ethical approval
The in-life experimental procedures undertaken during the

course of this study were subject to the provisions of the United
Kingdom Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012. The number of animals used was the minimum
consistent with scientific integrity and regulatory acceptability,
consideration having been given to the welfare of individual animals
in terms of the number and extent of procedures to be carried out
on each animal.

Mouse ethical approval
All mouse-based protocols and procedures were reviewed and

approved by the Institutional Animal Care and Use Committee
(IACUC) of CrownBio. The care and use of animals was conducted
in accordance with the regulations of the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC).

Human primary tissue ethical approval and informed consent
Use of human primary tissue was approved under the Royal

Marsden Hospital ethics committee protocol CCR2472, REC refer-
ence: 04/Q0801/60.

Primary human cells ethical approval
All healthy donor human blood cells were obtained with patient

consent from the NHS Blood and Transfusion service at Adden-
brooke’s hospital, under East Midlands–Leicester South Research
Ethics Committee approval, REC reference 20/EM/0100.

Availability of data and material
Data generated or analyzed are included in this published article and

its Supplementary Information files. Raw data are available from the
corresponding author(s) upon request.

Results
CB307 target binding-kinetics

A schematic of CB307 shows the individual VH domains and
separating peptide linkers thatmake up themolecule (Fig. 1A). CB307
bound to PSMA, CD137, and HSA with KD of 6.2 � 10�11 M,
6.0 � 10�10 M, and 8.2 � 10�9 M, respectively. A full summary of
binding kinetics (Supplementary Fig. S4A) and kinetic profiles of
CB307 interacting with human PSMA, CD137, and HSA (Supple-
mentary Fig. S4B) are given in Supplementary Data.

CB307 binding to cell-expressed targets
CB307 binding to target-expressing cell lineswasmeasured using an

FMAT dual-binding assay, demonstrating that CB307 can simulta-
neously bind cell-presented PSMA and soluble CD137 (Supplemen-
tary Fig. S5A), and likewise cell-presented CD137 and soluble PSMA
(Supplementary Fig. S5B).

Detection of CB307 binding to cell-expressed PSMA was measured
using Fc-tagged recombinant human CD137 protein and anti-Fc-
AF488 antibody. CB307 bound to DU145-PSMA cells, engineered to
express PSMA receptors, in a concentration-dependent manner, but
not to DU145-Parent cells. The mean (�SD) EC50 for engagement to
DU145-PSMAcells was 0.35 (�0.06) nmol/L (n¼ 4). Similarly, CB307
bound to LNCaP cells, which express native levels of PSMA, where the
mean (�SD) binding EC50 was 0.22 (�0.06) nmol/L (n ¼ 4).

CB307 binding to human orNHPPSMAwas compared using CHO
cells engineered to overexpress PSMA from either species. Here,
CB307 bound with mean (�SD) EC50 of 0.25 (�0.04) nmol/L and
0.56 (�0.11) nmol/L for CHO-huPSMA and CHO-cyPSMA, respec-
tively (n ¼ 4).

CB307 binding to CD137-expressing cells was measured using
biotinylated recombinant human PSMA protein and streptavidin-
AF488. CB307 bound to CHO cells engineered to express human
CD137 with a mean (�SD) EC50 of 0.20 (�0.05) nmol/L (n ¼ 4). No
binding of CB307 was detected on CHO-Parent cells.

CB307 requires PSMA-expressing cells for CD137 agonist
activity

PSMA expression was analyzed in engineered prostate cell lines
(Fig. 1B), confirming high expression in lines engineered to express
PSMA, with PSMA levels equivalent to those in the natively PSMA-
expressing, but less technically facile, tumor LNCaP cell line.

To assess theCB307dependence uponPSMAexpression in the local
microenvironment, we used a CD137 reporter cell line (Fig. 1C) to
measure CD137 signaling mediated by CB307 in an isogenic pair of
PSMA-expressing (DU145-PSMA) and PSMA-nonexpressing cells
(DU145-Parent). CB307 induced concentration-dependent increases
in CD137 reporter gene expression when Jurkat–NFkB–CD137
reporter cells were cocultured with DU145-PSMA cells but not in
cocultures containingDU145-Parent cells (Fig. 1D). Themean (�SD)
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EC50 for CB307 induction of CD137 agonist reporter activity with
DU145-PSMA cells was 0.120 (�0.24) nmol/L (n ¼ 3). These data
confirm the specificity of CB307 to agonizeCD137 only in the presence
of PSMA-expressing cells.

CB307-driven CD137 agonism induces T- and NK-cell activation
The PSMA-specific nature of CB307 to drive functional T-cell

activities was also assessed using activated primary human immune
cells (Fig. 1E). CB307 induced concentration-dependent increases in
IFNg production from PBMCs activated with anti-CD3 and cocul-
tured with DU145-PSMA cells, but not when cocultured with DU145
parental cells (Fig. 1F). CB307 was able to elicit, in a PSMA-dependent
manner, expected phenotypes in T cells resulting from CD137 agon-
ism, including production of Granzyme B (Fig. 1G), induction of the
anti-apoptotic protein Bcl-xL (Fig. 1H), and T-cell proliferation
particularly in the CD8þ compartment as shown by increased Ki67
expression (Fig. 1I).

CB307 also demonstrated activities consistent with the known
activity of CD137 agonists on NK cells (28), again in a PSMA-
dependent manner. Production of the chemokines CCL3 and
CCL4, as well as IFNg , each significantly increased when primary

stimulated human NK cells were treated with CB307 in the pres-
ence of PSMA-expressing, but not PSMA-nonexpressing tumor
cells (Fig. 1J). Together these data confirm that CB307 displays
potent CD137 agonist activity only in the presence of PSMA-
expressing cells.

CB307 combined with PD-(L)1 checkpoint inhibitors: (i) 2D cell
cocultures

The functional activity of CB307 was tested in combination with
antagonistic anti-PD-1 or anti-PD-L1 antibodies, to investigate the
potential for synergy with established immunotherapies. PBMCs from
healthy human donors were stimulated with SEB toxin, cocultured
with DU145-PSMA cells and treated with CB307, anti-PD-1 antibody,
anti-PD-L1 antibody or various combinations (Fig. 2A). IL2 was
measured in coculture supernatants as a biomarker of T-cell activity.

When treated alone, CB307, the anti-PD-1 antibody, and the anti-
PD-L1 antibody increased co-culture IL2 production by 2.01 (�0.28)
fold, 1.61 (�0.23) fold, and 1.76 (�0.33) fold comparedwith untreated
cells, respectively. The response was significantly increased upon
combination treatment, with a mean (�SD) fold change in IL2
concentration of 2.9 (�0.20) with anti-PD-1 antibody (P ¼ 0.0002),

Figure 1.

CB307 design and induced T-cell phenotypes. A, Illustration of CB307 format: three VH domains separated by peptide linkers. B, PSMA expression on cell lines.
DU145-PSMA is isogenic to DU145-Parent other than for constitutive stable PSMA expression. C, Schematic of a Jurkat-based CD137 agonism reporter system
whereby CB307 confers the clustering status of PSMA upon CD137 to generate a CD137 agonist signal. CD137 signaling is measured by luciferase expression from an
NFkB-based reporter gene.D,Comparisonof the reporter gene signal in the presence (DU145-PSMA) and absence (DU145-parent) of PSMAexpression.E,Schematic
of a primary cell CD137 activity assay whereby PBMCs stimulated by plate-bound aCD3 are co-incubated with tumor cells in the presence of CB307, leading to
(F) PSMA-dependent secretion of IFNg , (G) PSMA-dependent production of granzyme B, and (H) PSMA-dependent production of Bcl.xL. I, PSMA-dependent
proliferation indicated by Ki67 expression. J, CB307 pharmacodynamic effects on NK cells. Statistical significance of CB307 treated versus untreated outcomeswith
PSMA-expressing tumor cells is indicated: �� , P < 0.01; ����, P < 0.0001.
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and 3.16 (�0.49) with anti-PD-L1 antibody (P ¼ 0.0035; n ¼
5; Fig. 2B).

To investigate the potential for synergy between CB307 and the
anti-PD-1 antibody pembrolizumab, both molecules were titrated in
the 2D in vitro coculturemodel with SEB-activated PBMCs, adopting a
checkerboard design. IL2 production across this matrix was analyzed
using SynergyFinder open source software (25), using a Bliss/Loewe
consensus scoring method where the resulting synergy score of 3.52
suggests that although the drugs have additive activities, drug inter-
action does not appear to be highly synergistic in vitro (Fig. 2C;
Supplementary Fig. S6).

Because the DU145-PSMA cell line also expresses high levels of
PD-L1, to disentangle the mechanism by which the combination of
CB307 with a checkpoint inhibitor increases immunologic activity, we
used CRISPR technology to knockout (KO) PD-L1 fromDU145-PSMA
cells. Flow cytometric analysis confirmed loss of PD-L1 expression and
retained PSMA expression (Supplementary Fig. S7). We obtained
nearly identical results from the PD-L1–expressing DU145-PSMA cells
as from the PD-L1 CRISPR KO version (Fig. 2D). These indicate that
PD-L1 expression on tumor cells is not driving the response to
checkpoint inhibitors in this experimental system, and that the com-
bination benefit is likely derived from stimulation of CD137 and
inhibition of PD-1 signaling on PBMCs themselves. Our results in this
regard are consistent with previous observations of immune checkpoint

inhibitor pharmacodynamics in a tumor-cell–independent system,
where PD-L1 expression on CD4þ T cells, monocytes, and dendritic
cells may be mediating the PD-1 T-cell response (29).

CB307 combined with PD-(L)1 checkpoint inhibitors: (ii) 3D
spheroid cocultures

CB307 treatment of PSMA-expressing 3D tumor spheroids co-
cultured with aCD3-stimulated primary human PBMCs (Fig. 2E)
caused a statistically significant (P¼ 0.0355) reduction in tumor cell
numbers versus stimulated primary human PBMCs in the absence
of CB307 treatment (Fig. 2F). PD-1 or PD-L1 inhibitors without
CB307 had only a modest tumor growth inhibition effect. Com-
bining CB307 with either a PD-1 or PD-L1 inhibitor increased the
tumor growth inhibition versus single-agent CB307 (P ¼ 0.003 and
P ¼ 0.0001, respectively). We also observed a significant increase in
the number of CD8þ T cells upon treatment with CB307 (P ¼
0.0161), and further increases in CD8þ T cells when CB307 was
combined with either an anti-PD-1 or anti-PD-L1 antibody (P ¼
0.0092 and 0.0496, respectively; Fig. 2G). The reduction in tumor
cells and increase in T cells can be visualized in this system by a
decrease in the size of the red fluorescent tumor spheroid and an
increase in size in the surrounding “black cloud” of proliferating T
cells, respectively (Fig. 2H; Supplementary Fig. S8; Supplementary
Video S1).

Figure 2.

CB307 activity in combination with immune checkpoint inhibitors. A, Schematic of a 2D primary cell-based experimental system assessing CB307 combination with
immune checkpoint inhibitors. SEB is used to induce CD137 expression on primary T cells. B, IL2 secretion following drug treatment in the presence of PSMA-
expressing tumor cells. Statistical significance: � P < 0.05, �� P < 0.01, ��� P < 0.001. C, Isobologram of CB307-pembrolizumab additivity as assessed in 2D cocultures.
D,Comparison of IL2 production between PD-L1–expressing versus PD-L1 CRISPR gene deleted nonexpressing tumor cells. In both cases, PSMA expression is similar.
E, Schematic of a 3D tumor spheroid experimental system, whereby tumor cells fluoresce red whilst immune cells appear black. F, Single-agent versus combination
drug activitymeasured as reduction in tumor cell count and (G) increasingCD8þT-cell count after 10days in culture. Statistical significance: � ,P<0.05; �� ,P<0.01; ��� ,
P < 0.001. H, Changing red fluorescent tumor spheroid and surrounding black immune cell “cloud” over time.
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Collectively, the combination in vitro pharmacology data presented
provides a mechanistic underpinning for the combination of CB307
with checkpoint inhibitor therapeutics in clinical development.

Clinical relevance of PSMA-dependent CD137 targeting in
human cancers

Validation and optimization of CD137 staining on control tissues
resulted in a staining pattern consistent with expectations for CD137
expression (Fig. 3A; Supplementary Fig. S1). A survey of multitumor
TMAs showed that PSMA expression was largely restricted to prostate
cancer samples (Fig. 3B). CD137 expression showed considerable
variability across tumor types and was highest in lymphomas (both
Hodgkin and non-Hodgkin lymphomas) and lowest in bladder, brain,
and prostate tumors (Fig. 3C).

We considered that commercially available tumor samples such as
TMAs are generally constructed from archival surgical resections of
primary tumors with unknown provenance and may differ from
metastatic tumors. Accordingly, we determined the degree of PSMA-
or CD137-expressing cells in a set of samples collected from a single
clinical site. Samples included primary human prostate tumors as well
as prostate cancer metastases to bonemarrow, lymph node, soft tissue,
and liver. PSMA expression was higher in primary tumors and in
metastases to bone marrow, lymph node, and soft tissues, compared
with substantially reduced PSMA expression in liver metastases

(Fig. 3D). Interestingly, in our dataset there were almost no CD137þ

cells in either tumor or stroma from primary prostate cancer lesions,
consistent with the data from prostate cancer TMA samples. In
contrast, there was significant CD137þ cell presence in sites of
metastatic prostate cancer with tumoral CD137þ cell densities gen-
erally lower than intrastromal CD137þ cell densities (Fig. 3E and F).
As was the case with PSMA expression, CD137 densities were in
aggregate higher in prostate cancer metastases to bonemarrow, lymph
node, and soft tissues compared with CD137þ cell density in liver
metastases, particularly in the tumor-surrounding stromal tissue.
Pathologist (B.G.) examination of hematoxylin and eosin (H&E)
stained slides from prostate cancer liver metastases showed 4/10
samples either exhibited or were suspicious for neuroendocrine dif-
ferentiation; however, lower levels of PSMA and CD137 expression
were also observed in the liver metastases that did not show obvious
neuroendocrine features (Supplementary Fig. S9), potentially due to
epigenetic modification of PSMA expression (30).

Mouse in vivo pharmacology: (i) pharmacokinetics
CB307 pharmacokinetics in mice and NHPs is shown in Fig. 4. The

impact of species-specific serum albumin and FcRn-mediated drug
recycling was demonstrated with plasma exposure in NCG mice
that express neither human albumin nor the human FcRn (Fig. 4A,
Group 4), where the half-life of CB307 precursor was on the order of
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Figure 3.

PSMA andCD137 expressionmeasured by IHC.A,Primary human prostate cancer tumor co-stained for PSMA (green) and CD137 (brown). Arrows indicate patches of
CD137-positive cells. B, PSMA positivity across a selection of human multitumor tissue microarrays. Shown are percent of cells in a core showing any level of PSMA
positivity by IHC as quantified by image analysis. Where duplicate cores have been stained and scored, results are presented as the average. C, Density of CD137-
positive cells per mm2 of viable tissue. Cells with any level of CD137 expression as determined by image analysis of IHC staining on sample cores are shown. Where
duplicate cores have been stained and scored, results are presented as the average.D,PSMAexpression in sites of primary andmetastatic humanprostate cancer are
shown—any level of PSMA expression in a given cell is counted as positive. The median value for each anatomical site is indicated. Boxes represent inner quartiles.
Each dot represents a sample from an individual patient. E, CD137-positive cell density in regions determined by image analysis to be tumor. F, The density of CD137-
positive cells in the tumor-adjacent nontumor stromal tissue.
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45 minutes, consistent with anticipated rapid renal clearance (31) of
proteins with a molecular weight of 46 kDa. Pre-mixing CB307
precursor with exogenous HSA sufficed to significantly extend the
drug’s serumhalf-life to over 11 hours (Fig. 4A, Group 3). As expected,
coadministration of exogenous HSA with the CB307 precursor mol-
ecule in mice transgenic for both HSA and hFcRn did not significantly
impact the serum half-life of the CB307 precursor compared with
CB307 precursor administration alone in the HSA/hFcRn model
(Fig. 4A, Groups 1 and 2, respectively), in both cases with a half-
life of slightly over 1 day. The half-life extension demonstrated in
group 4 for drug co-dosed withHSA, albeit not as effective as that from
HSA/hFcRn transgenic mice, was sufficient to enable implementation
of mouse in vivo efficacy studies in mice transgenic for hCD137, but
wild-type for both mouse albumin and FcRn, dosing CB307 itself
rather than a murine albumin binding surrogate molecule. Full mouse
summary PK statistics are shown in Supplementary Table S1.

Mouse in vivo pharmacology: (ii) antitumor activity
CB307 when coadministered with HSA was well-tolerated by RM-

1-hPSMA tumor-bearing mice in the designed dosing regimens,
illustrated in Fig. 5A. CB307 displayed increased antitumor activities
from day 7 to day 24. All three dose levels of CB307 tested demon-
strated approximately equivalent antitumor activity relative to the
HSA-only dosed control group (Fig. 5B). In the HSA control group
tumors grew in size until day 10, at which point most animals
demonstrated a temporary and limited reduction in tumor size with
tumor escaping growth control by day 21. This observation suggests an
initial immunogenic response to induced expression of human PSMA
in mice which is insufficient to clear the tumor. In contrast, mice
treated with CB307 were able to consolidate this initial antitumor
response, consistent with the T-cell costimulatory mechanism of
CD137 agonism (32), resulting in deep tumor size regressions by day
24 of treatment relative to the peak of tumor growth around day 10,
including in some cases regressions below the tumor volume at which
treatment was initiated on study day 0. Almost all animals, including

those in the CB307-treated groups, began to lose tumor growth control
by day 28, perhaps because, notwithstanding the continuous exposure
of the mice to doxycycline to induce hPSMA expression in the tumors,
high tumor hPSMA expression on day 7 had decreased substantially by
day 14 (Supplementary Fig. S10) suggesting hPSMA expression could
not be constitutively sustained in this model system, even in the
absence of selective pressure against hPSMA expression from CB307.

Interestingly, in this range of doses tested there was no obvious
dose/response relationship and no evidence of a prozone or “hook
effect” (33) reduction in antitumor activity at the highest 10 mg/kg
CB307 dose level. The tumor volumes on day 24 in the three CB307-
treated groups were not appreciably different from group to group
(Kruskal–Wallis test for k ¼ 3) and each CB307-treated group was
individually statistically distinct with respect to the HSA-only treated
control group (Mann–Whitney test; assessed usingVassarStats (RRID:
SCR_010263; Fig. 5C). The heterogeneity of response within a given
group is a characteristic of syngeneic models generally (34).

CB307 NHP toxicology and toxicokinetics
In a GLP toxicology study in cynomolgus macaques, there were no

unscheduled deaths, nor changes in body weight, ophthalmic exam-
inations, electrocardiology, coagulation, clinical chemistry or urinal-
ysis, or cytokine release considered related to CB307. There were no
gross findings or organ weight changes associated with administration
of CB307.

There were no adverse clinical observations in any animals follow-
ing two doses of CB307 (on day 1 and 8). However, adverse clinical
signs consistent with an acute hypersensitivity response were noted
during the infusion in the first four males in the low dose group
(1 mg/kg/dose), following CB307 administration on the third dosing
occasion (day 15). Consequently, upon veterinary advice, the infusion
of these animals was stopped (with these animals only receiving a
partial dose ranging from 18% to 31% of the total intended dosing
volume) and the other animals in this group and animals in higher dose
groups (5 or 30 mg/kg/dose) were not administered a third dose.
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Figure 4.

Pharmacokinetic properties of CB307 and related molecules in mice and NHPs. A, A three-VH precursor molecule to CB307 in vivo plasma concentration following
single-dose injection intomice. CB307 precursor PK is shownwith andwithout exogenous HSA addition, inmice either wild-type or humanized for albumin and FcRn
(“NCG” and “HSA FcRn,” respectively). B, CB307 plasma concentration over time following single-dose intravenous injection of three different dose levels in
cynomolgus macaques. Error bars in A and B represent the SD of the individual measurements.

Archer et al.

Clin Cancer Res; 30(8) April 15, 2024 CLINICAL CANCER RESEARCH1602



Clinical parameters of individual animals displaying an immune-
mediated hypersensitivity response had generally returned to pre-
treatment levels by 24 hours after dosing. Increases in the liver enzyme
aspartate aminotransferase and increased C-reactive protein noted
24 hours after dose in three of the four animals were possibly related to
an acute inflammatory response associated with immune complex
clearance in the liver as a secondary effect of ADA formation (35). All
parameters normalized within 72 hours (the next scheduled time
point) of the third 1 mg/kg dose and no liver histopathologic findings
were noted. Similar immunogenic findings with human biological
entities dosed to nonhuman species in nonclinical studies have been
observed previously and are not considered predictive of immunoge-
nicity responses in the clinic (36).

Following a single 30-minute intravenous infusion administration,
the increase in systemic exposure to CB307 on day 1 (based on Cmax

and AUCinf values) was linear and dose-proportional from 1 to
30 mg/kg/dose. Half-life (t1/2) was slightly longer as dose increased
from 1 to 30 mg/kg/dose for males and females on day 1 (Fig. 4B). No
sex-related differences in systemic exposure to CB307 were noted
across the dose range. TK summary statistics from a single adminis-
tered dose are shown in Table 1. Allometric scaling predicts that the
CB307–albumin complex will have amean terminal half-life in human
patients of 3.5 days.

Discussion
CB307 potently binds to PSMA- and CD137-expressing cells and

enhances T- and NK-cell function through CD137 agonism. Inten-
tionally, the CB307 requirement for colocalization of cell presented
PSMA with CD137-expressing cells to effect CD137 agonism restricts
CB307 enhancement of immune cell activity to regions, such as the
tumor microenvironment of prostate cancer metastatic lesions, in
which both targets are present. By this means, we hope to avoid the
toxicities found with first-generation CD137 agonists resulting from
CD137 expression broadly on immune cells in the periphery, liver, and
other on-target off-tumor organs (37). Although CB307 is, to our
knowledge, the first-in-class clinical asset for using PSMA expression
to restrict drug-mediated CD137 agonism, this type of tumor-antigen
conditional CD137 agonism is a contemporary therapeutic approach
with encouraging data reported by targeting CD137 agonism to
other tumor-associated antigens including HER2 (38), FAP (39), and
PD-L1 (40, 41).

Multispecific molecules when applied in vitro at high concentra-
tions can exhibit a prozone or “hook effect,” whereby monospecific
saturation of the individual targets replaces intramolecular bridging
between the targets leading to a reduction in functional activity (42). As
expected, we can observe such an effect in vitrowith CB307; we do not,

Figure 5.

In vivo pharmacology of CB307 in syngeneic mouse tumor models. A, In vivo pharmacology study scheme. B, Individual animal tumor size graphs over time. HSA
control (gray symbols) contrasts with CB307 co-injected with HSA (blue symbols). Indicated drugs were administered twice per day. C, Statistics of end-of-study
tumor volumes.
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however, see any evidence of drug oversaturation leading to reduction
of antitumor activity in vivo over a 10-fold range of drug dose levels in
syngeneicmouse tumormodels.Notably, the plasmahalf-life of CB307
in both transgenic mice and cynomolgus macaques is considerably
shorter than the half-life of traditional mAb, whereby we hypothesize
that the relatively flat dose/response relationship of CB307 and the lack
of a hook effect arises from transient sampling of optimal drug
concentration for CD137 agonism over the dosing interval. Indeed,
as sustained T-cell signaling may promote an exhausted T-cell phe-
notype (43), it may well prove advantageous for an agonist therapeutic
to have a shorter plasma half-life than checkpoint inhibitors which
require sustained target coverage.

The pharmacokinetic characteristics of CB307 enable weekly clinical
administration for sustained target coverage, where allometric model-
ing from nonclinical data predicts an approximate four-fold range of
exposure over the dosing interval, or potentially biweekly administra-
tion for a more pulsatile exposure approach. In our hands, VH-based
molecules have pharmacokinetic properties that seem to be significantly
determined by choice of VH employed for HSA binding where selection
of alternative HSA-binding VH permits a degree of pharmacokinetics
“tuning.” In addition, there are several well-established possibilities
for half-life extension other than through HSA-binding VH moieties
(44), including direct fusions to albumin itself, PEGylation, and/or
fusion to an appropriate antibody-based Fc-domain.

Although prostate cancer has been considered to be an “immuno-
logically cold” tumor type (45), our data assessing the co-prevalence of
CD137-expressing cells with PSMA-expressing tumor cells in various
metastatic tumor lesion settings support a role for CD137 therapeutics
in the treatment of metastatic prostate cancer. More broadly, whilst
results of checkpoint inhibitors in prostate cancer have been disap-
pointing (46), a combination approach may be a way forward for
checkpoint inhibitors (47) in this historically difficult tumor type.
Accordingly, our preclinical data showing the increased activity of a
conditional CD137 agonist when combined with PD-(L)1 checkpoint
inhibitors, independent of PD-L1 expression on tumor cells, support
clinical exploration of such a combination.

Emerging characterization of the capacity for themCRPC approved
radiotherapeutic 177Lutetium-PSMA-617 (177Lu vipivotide tetraxetan)
to induce immunogenic cell death (48) suggests another potential path
for clinical development in combination with CB307. To be tested is
that nascent antitumor immunologic responses triggered by 177Lu-
mediated cellular damage could be consolidated through localized
CD137 costimulation. Addressing the feasibility of this hypothesis, we
have determined that although vipivotide tetraxetan and CB307 both
target PSMA, even relatively high levels of vipivotide tetraxetan do not

appreciably inhibit the PSMA-dependent function of CB307 (Supple-
mentary Fig. S11). Early reporting of clinical findings resulting from
combining 177Lu vipivotide tetraxetan with the checkpoint inhibitor
pembrolizumab have also been promising (49), such that in the future,
as the standard of care in mCRPC continues to evolve, immuno-
radiotherapy combined with immunotherapy such as CB307 could be
considered.

Notably, although the T-cell–enhancing CD137 agonism activity of
CB307 is localized to and contingent upon microenvironmental
regions of PSMA positivity, the polyclonally stimulated T cells retain
specificity against their cognate tumor antigens, whichmay or may not
include PSMA itself. Because heterogeneity in PSMA expression is
common in CRPC (44, 45), CB307’s ability to stimulate polyclonal
T-cell–mediated antitumor responses, including against PSMA-
negative cells, could overcome resistancemechanisms that may impact
PSMA-directed bispecific T-cell engager (BiTE) therapeutics (50, 51),
which, by ligating T cells directly to PSMA-expressing tumors, may
prove to be comparatively dependent upon homogeneous tumor
PSMA expression for activity. In the future, combinations of CD3-
engagers with tumor antigen–mediated T-cell enhancers such as
CB307 may provide an additional route for clinical development.

In summary, CB307 is a potent and PSMA-dependent T-cell–
enhancing half-life extended bispecific Humabody with promising
therapeutic potential in PSMA-positive tumors. Clinical studies
exploring use of monotherapy CB307 and the PD-1 inhibitor pem-
brolizumab combined with CB307 for the treatment of solid tumors
(NCT04839991) and a radiolabeled-CB307 drug biodistribution study
(NCT05836623) are currently open for patient accrual.
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Table 1. Sex-combined summarized toxicokinetic parameters of CB307 in cynomolgus macaque serum following 30-minute
intravenous infusion administration of CB307 at 1, 5, and 30 mg/kg/dose on day 1.

Dose (mg/kg
per dose)

Statistical
analysis

Cmax

(mg/mL)

Cmax /dose
(mg/mL)/
(mg/kg/dose)

AUCtlast

(mg�day/mL)

AUCtlast/dose
(mg�day/mL)/
(mg/kg/dose)

AUCinf

(mg�day/mL) t1/2 (h)

1 Mean 23.5 23.5 28.4 28.4 28.6 22.5
SD 3.38 3.38 2.55 2.55 2.60 2.02

5 Mean 122 24.4 187 37.4 193 34.2
SD 14.6 2.92 33.5 6.70 36.6 3.17

30 Mean 603 20.1 941 31.4 995 42.7
SD 54.4 1.81 130 4.34 148 3.78

Note: All time-related parameters have been calculated from the start of the 30-minute intravenous infusion administration.
Abbreviations: AUCinf, area under the curve from time of dosing extrapolated to time¼infinity; AUCtlast, area under the curve at the time of last measurable
concentration.
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