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C A N C E R

A PSMA-targeted bispecific antibody for prostate 
cancer driven by a small-molecule targeting ligand
Sung Chang Lee1†, Jennifer S. Y. Ma1, Min Soo Kim1‡, Eduardo Laborda1, Sei-Hyun Choi2§,  
Eric N. Hampton1, Hwayoung Yun2‖, Vanessa Nunez1, Michelle T. Muldong3, Christina N. Wu4, 
Wenxue Ma4, Anna A. Kulidjian5, Christopher J. Kane4, Vadim Klyushnichenko1, Ashley K. Woods1, 
Sean B. Joseph1, Mike Petrassi1, John Wisler1, Jing Li1, Christina A. M. Jamieson3, Peter G. Schultz1,2*, 
Chan Hyuk Kim1¶*, Travis S. Young1,2*

Despite the development of next-generation antiandrogens, metastatic castration-resistant prostate cancer (mCRPC) 
remains incurable. Here, we describe a unique semisynthetic bispecific antibody that uses site-specific unnatural 
amino acid conjugation to combine the potency of a T cell–recruiting anti-CD3 antibody with the specificity of an 
imaging ligand (DUPA) for prostate-specific membrane antigen. This format enabled optimization of structure and 
function to produce a candidate (CCW702) with specific, potent in vitro cytotoxicity and improved stability compared 
with a bispecific single-chain variable fragment format. In vivo, CCW702 eliminated C4-2 xenografts with as few 
as three weekly subcutaneous doses and prevented growth of PCSD1 patient-derived xenograft tumors in mice. 
In cynomolgus monkeys, CCW702 was well tolerated up to 34.1 mg/kg per dose, with near-complete subcutaneous 
bioavailability and a PK profile supporting testing of a weekly dosing regimen in patients. CCW702 is being evaluated 
in a first in-human clinical trial for men with mCRPC who had progressed on prior therapies (NCT04077021).

INTRODUCTION
Prostate cancer is the second most common cancer in men, which 
will affect one in nine men in the United States over the course of 
their lifetime (1). Treatment of localized disease (Gleason <6, 
PSA <10 ng/ml) by radiation, radical prostatectomy, or active surveil-
lance is successful at controlling early-stage disease; however, relapse 
occurs in 20 to 50% of men (2). Patients who continue to progress on 
first- and second-line androgen deprivation therapies (ADT) develop 
castration-resistant prostate cancer (CRPC), which often metastasizes 
(mCRPC) to the bone, brain, liver, and lungs (3). Chemotherapies 
such as docetaxel and cabazitaxel have demonstrated improved sur-
vival in this population, but there is no cure for mCRPC (4).

Immunotherapies have demonstrated mixed success in prostate 
cancer. While the first cell-based immunotherapy sipuleucel T 
(Provenge) was approved in 2010 for mCRPC, checkpoint blockade 
targeting immunoinhibitory receptors PD-1 and CTLA-4 have 
shown markedly lower response rates in prostate cancer compared 
with other solid tumor malignancies (5). This is putatively due to 
the immunologically “cold” tumor microenvironment of primary 

prostate cancer tumors, characterized by low immune cell infiltration, 
and a weak neoantigen burden shown to be required for response to 
checkpoint blockade inhibitors (6). One way to circumvent this 
requirement for preexisting immunity to neoantigens is to directly 
recruit and activate effector T cells in a major histocompatibility 
complex–independent manner via engagement of CD3 on T cells 
with a bispecific antibody. Bispecific antibodies have been shown to 
increase T cell infiltration to tumors in preclinical models and to be 
active against quiescent stem cells and metastatic tumor cells, as 
well as those that have developed resistance to chemotherapy, making 
them a highly promising therapeutic modality (7–9). While this has 
been highly successful for treating hematological malignancies with 
the CD19-targeting bispecific blinatumomab, there is a high unmet 
need for further development in solid tumors. We and others have 
reported on the development of CD3 engaging bispecific antibodies 
targeting prostate-specific membrane antigen (PSMA, also known 
as glutamate carboxypeptidase 2 or folate hydrolase 1) for prostate 
cancer (10–14).

PSMA is an ideal prostate cancer target, predominantly expressed 
in the prostate epithelium with lower levels found on tissues outside 
the prostate (15). PSMA is highly up-regulated in all stages of prostate 
cancer, including bone metastases in mCRPC (16) after ADT (17, 18), 
and is expressed on tumor-associated neovasculature (19). In addi-
tion to being a target for bispecific antibodies, PSMA has been tar-
geted by multiple experimental therapies, including antibody-drug 
conjugates, chimeric antigen receptor–engineered T cells, and 
radiotherapeutics (20).

Here, we describe CCW702, a humanized, cynomolgus (cyno) 
cross-reactive, semisynthetic T cell–recruiting bispecific antibody 
targeting PSMA. CCW702 recruits T cells through a CD3-specific 
antibody Fab and selectively binds PSMA on prostate cancer cells 
via a synthetic small molecule inhibitor, 2-[3-(1,3-dicarboxy propyl)-
ureido] pentanedioic acid (DUPA) (10, 21, 22). DUPA derivatives 
have been validated as imaging agents and radiotherapeutic ligands 
in more than a dozen clinically tested molecules (23). In our studies, 
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we demonstrate that CCW702 binds to PSMA with high specificity 
and cross-links tumor cells to T cells, resulting in T cell activation 
and target cell lysis akin to the function of a bispecific antibody. 
Profiling of CCW702 demonstrates high potency in vitro and 
in vivo with good tolerability and subcutaneous bioavailability in 
nonhuman primate models. CCW702 is currently being evaluated 
in a phase 1 clinical trial in patients with mCRPC.

RESULTS
Optimization of a humanized, cyno cross-reactive DUPA-CD3 
conjugate bispecific antibody
In our previous studies, we demonstrated that increased binding 
affinity to PSMA correlates with enhanced in vitro efficacy of PSMA-
targeting bispecific antibody conjugates (Fig. 1A) (10). To increase 
the affinity of DUPA for PSMA, we used structure-based design to 

develop DUPA-linker analogs that target both the PSMA glutamate-
urea–binding active site and two hydrophobic binding pockets distal 
and proximal to the active site (24, 25). To optimize the hydrophobic 
interactions, the C9 amide in P-Phthal (p-phathalamide) [first-
generation candidate (10)] was substituted with bioisostere 1,2,3-triazole 
that improved the polarization of the interaction. The linkage to the 
second aromatic group phthalimide was optimized to include a 
short hydrocarbon chain to create P-TriA (triazole) (Fig. 1B). In an 
enzymatic inhibition assay using recombinant PSMA, P-TriA demon-
strated substantially enhanced (~400-fold) inhibitory activity com-
pared with P-Phthal and a 1600-fold increase in inhibitory activity 
[inhibition constant (Ki) = 0.005 nM] compared to DUPA alone 
(fig. S1), indicating that enhanced P-TriA bidentate binding is a 
result of the two identified hydrophobic pockets.

To compare the in vitro activity of P-Phthal to P-TriA, the mol-
ecules were conjugated to two p-acetylphenylalanine residues in-
corporated via unnatural amino acid mutagenesis in the heavy and 
light chains (HC and LC, respectively) of the Fab region from the 
previously reported anti-CD3 antibody clone UCHT1 (fig. S2) (10). 
Briefly, conjugation was carried out by incubation of the DUPA-
linker under pH 4.5 to form the oxime bond between the amino-oxy 
group of the linker and the ketone of the pAcF (p-acetylphenylalanine) 
residue. This reaction enabled nearly 100% site-specific DUPA con-
jugation efficiency at a 2:1 stoichiometry as previously reported (10). 
Comparison of the in vitro activity against prostate cancer cells in a 
coculture assay with human peripheral blood mononuclear cells 
(PBMCs) and PSMA-positive C4-2 tumor cells demonstrated that 
the UCHT1-P-TriA-DUPA conjugate exhibited fivefold greater po-
tency [median effective concentration (EC50) = 45 pM)] compared 
with UCHT-Phthal-DUPA conjugate (EC50 = 210 pM) (Fig. 1C).

The UCHT1 anti-CD3 antibody does not cross-react with non-
human primate, which precludes toxicology assessment in a relevant 
higher species, such as the cynomolgus monkey. To develop such a 
candidate, we humanized a cynomolgus-monkey cross-reactive anti-
body clone (murine origin) using CDR (complementary determining 
region) grafting to human germline frameworks with accompanying 
stability mutations to create clone huL5H2. Binding of huL5H2 to 
cynomolgus monkey CD3+ HSC-F cells was within twofold of binding 
to human CD3+ Jurkat cells by flow cytometry (EC50 = 3.76 nM 
versus 5.92 nM, respectively) (Fig. 2, A and B).

To determine the likelihood of huL5H2 to produce an antidrug 
antibody (ADA) response in patients, we used in silico analysis for 
potential T cell epitopes. This assessment identified a low potential 
for immunogenicity in LC L5 (score, −38.57) but a high potential 
for immunogenic response to HC H5 in human (score, 27.74) by 
regulatory T cell (Treg)–adjusted EpiMatrix score (fig. S3). To ad-
dress this, we identified four HC mutations (K19R, S41P, K89R, and 
T90A) to remove these liabilities. These mutations further introduced 
potential Tregitopes, which significantly reduced the Treg-adjusted 
immunogenicity score to −51.19 (26, 27). These mutations alone, or 
in combination (referred to hereafter as huL5H2_DI), had minimal 
impact on the binding affinity to both human and cynomolgus 
T cells (Fig. 2, A and B). Thus, clone huL5H2_DI was used for further 
development.

Next, we sought to optimize valency for the huL5H2_DI clone. 
Leveraging the site-specific nature of the pAcF-mediated conjuga-
tion, we tested conjugation of P-TriA to the HC (1× HC at residue 
K141), the LC (1× LC at residue S205), or both chains (2× LC/HC) 
of the huL5H2_DI Fab. In vitro coculture assays with human PBMCs 

Fig. 1. Affinity optimization of DUPA. (A) General structure of the DUPA–
linker–anti-CD3 Fab (DUPA-CD3) conjugate showing the unnatural amino acid 
p-acetylphenylalanine and oxime ligation (bond) formed between the ketone and 
amino-oxy group. (B) Chemical structures of DUPA and DUPA with P-Phthal, 
and P-TriA linkers with measured PSMA inhibition constant (Ki) shown from fig. S1. 
(C). In vitro cytotoxicity assay by lactate dehydrogenase (LDH) release, of coculture 
of PBMCs with C4-2 cells [E:T (Effector to Target ratio) = 10:1], 24 hours, comparing 
dose titration of UCHT1-2× Phthal-DUPA and UCHT1-2× P-TriA-DUPA with wild-type 
(wt) UCHT1 Fab that was not conjugated to DUPA. UCHT1 is the anti-CD3 antibody 
clone used in (10). Each data point is a mean of three samples, and error bars represent 
SD. Sigmoidal dose response (variable slope) curve fit was applied.
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and target C4-2 cells demonstrated that the potency of designs followed 
the trend 1× HC > 2× LC/HC > 1× LC (Fig. 2C). By monitoring the 
kinetics of cytotoxic activity induced by the bispecific antibodies, 
we further confirmed that the 1× LC design elicited the slowest rate 
of cytotoxicity from PBMCs compared with 1× HC, 2× LC/HC, or 
fully recombinant control BiTE, pasotuxizumab (Fig. 2D). Of these 
molecules tested, 1× HC exhibited the fastest rate of cytotoxicity.

To further profile the activity of 1× HC and 2× LC/HC, we 
cocultured PBMCs in vitro with PSMA-positive C4-2 cells or PSMA-
negative DU145 cells and assayed them for target cells lysis, T cell 
cytokine production, up-regulation of CD25 and CD69 activation 
markers on T cells, and induction of T cell proliferation (Fig. 3, A to D). 
Corresponding with the mechanism of action, both 1× HC and 2× 
LC/HC induced dose-dependent T cell proliferation in the presence 
of C4-2 cells (Fig. 3D). Neither 1× HC nor 2× LC/HC lysed or elicited 
cytokine production or up-regulation of activation markers on 
human T cells in the presence of DU145 cells, indicating that bind-
ing of CCW702 to T cells does not cause activation in the absence of 
cross-linking to target (PSMA). Overall, 1× HC induced more potent 

cytotoxicity, induced greater cytokine production, and up-regulated 
activation markers on T cells significantly better than the 2× LC/HC 
design. Thus, the 1× HC construct was chosen for further develop-
ment under the name CCW702.

In vitro characterization of CCW702
Profiling of CCW702 demonstrated that the semisynthetic format 
was stable and well behaved. CCW702 exhibited a thermal melt 
temperature (Tm) of 72°C by differential scanning fluorimetry and 
little to no high–molecular weight (HMW) species after storage in 
phosphate-buffered saline (PBS) at 4°C for 2 weeks (fig. S5). This 
was compared with the bispecific single-chain variable fragment 
(bis-scFv) comparator (pasotuxizumab), which had a Tm = 65°C 
and 3.5 to 4% HMW species under the same conditions, consistent 
with reports for bis-scFv formats (28). CCW702 was also stable in 
serum and exhibited no loss or gain of potency or change in molec-
ular weight by high-resolution mass spectrometry in mouse, 
human, and nonhuman primate serum for 48 hours (fig. S6). Thus, 
the oxime linkage between the P-TriA-DUPA and the ketone of the 
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Fig. 2. Characterization of deimmunized and optimized Fab-DUPA conjugates. Flow cytometry–based binding curves of deimmunized anti-CD3 Fab (huL5H2_DI)–
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pAcF unnatural amino acid residue of the anti-CD3 Fab had no 
overt metabolic liability.

CCW702 demonstrated comparable affinities for human, 
cynomolgus monkey, and mouse PSMA by biolayer interferometry 
(Octet) (Fig. 4A and fig. S7). CCW702 also bound comparably to 
human and cynomolgus monkey CD3 but not to mouse CD3, 
consistent with the species reactivity of the parent clone (29). The 
affinity of CCW702 was approximately sixfold stronger for human 
PSMA than for human CD3 (1.41 ± 0.67 nM versus 8.58 ± 1.91 nM, 
respectively).

To determine the most sensitive biological marker of activity, we 
profiled CCW702 with full-dose titration for cytotoxicity, cytokine 
production, and up-regulation of activation markers in the presence 
of PSMA-positive C4-2 target cells with two sets of healthy donor–
derived PBMCs (Fig. 4B and fig. S8). Of these assessments, cytotoxicity 
was the most sensitive marker of in vitro biological activity com-
pared with cytokine release and up-regulation of activation markers, 
consistent with reports for other T cell–engaging bispecific antibodies 
(30). Insignificant cytotoxicity, cytokine release, or activation of 
T cells was observed in the presence of PSMA-negative DU145 cells 
even at 100 nM CCW702, indicating a lack of antigen-independent 
T cell activation.

Next, the impact of soluble and of the cell-surface density of PSMA 
on CCW702 activity was evaluated. Toward this end, five cell lines, 
LNCaP, C4-2, VCaP, 22Rv-1 (sorted), and 22Rv-1 (parent), and 
PSMA-negative DU145 cells were enumerated for PSMA antigen 
density using quantitative flow cytometry (Fig. 4C and fig. S9). 
In vitro cytotoxicity by coculture assay with human T cells demon-
strated a sigmoidal relationship between antigen density and the EC50 
of in vitro potency. Soluble PSMA had insignificant impact on the 

activity of CCW702: No inhibition of activity was observed up to 
approximately 10,000 pM soluble PSMA (approximately 103-fold 
above the EC50 of CCW702) using a competition assay with Jurkat 
NFAT-luciferase cells cocultured with C4-2 cells (Fig. 4D). This 
concentration of PSMA is above what has been reported for detection 
of soluble PSMA in serum and thus is not expected to have a significant 
impact on activity (31, 32).

In vivo efficacy in xenograft and patient-derived 
xenograft models
To determine exposure of CCW702 in non–severe combined 
immunodeficient  (NSG) mice, we carried out pharmacokinetic 
studies as a single intravenous and subcutaneous dosing. Sub-
cutaneous administration exhibited a half-life of 5.1 hours and 39% 
bioavailability (in PBS) (fig. S10); therefore, subcutaneous dosing 
was pursued in mouse models.

Efficacy was tested in the C4-2 xenograft model in NSG mice 
with immune function reconstituted with human T cells [2 × 107 
cells, intraperitoneally (ip)]. Three subcutaneous treatment regimens 
were compared: Every other day (QAD) at three-dose levels (0.15, 
0.7, and 3.5 mg/kg; groups D to F, respectively), every 7 days (Q7D) 
at four-dose levels (1.13, 3.5, 11.1, and 35.2 mg/kg; groups G to J), 
or every 4 days (Q4D) at one-dose level (3.5 mg/kg; group L). 
A PSMA-targeted bispecific antibody comparator, pasotuxizumab, 
was dosed at 3.75 mg/kg every day (QD) for 28 days as previously 
reported (12). On the basis of the reported clearance for pasotuxizumab 
in NSG mice, this dose was expected to afford exposure similar to 
that of the 0.7 mg/kg QAD group for CCW702.

Tumors were eliminated to below detection limits in the majority 
of mice (>50% at the end of the dosing period) in groups treated 
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with CCW702 QAD, Q4D, or doses >3.5 mg/kg Q7D, and in mice 
treated with the comparator pasotuxizumab (Fig. 5, A and B, and 
fig. S11). The 1.1 mg/kg Q7D group significantly reduced tumor 
burden but did not completely clear tumors by the end of the dosing 
period, indicating that the minimal efficacious dose in this model had 
been reached. Body weight loss was observed with CCW702 treat-
ment but was generally transient and recovered through the course 
of the study (fig. S12).

Human cytokines interferon- (IFN-), interleukin-2 (IL-2), and 
tumor necrosis factor– (TNF-) measured in plasma at 24 hours 
after the first dose of CCW702 exhibited a dose-dependent increase 
for IFN- and TNF-, while IL-2 remained relatively consistent 
over the dose range (fig. S13). Very low levels of cytokines were ob-
served in the pasotuxizumab group, putatively because of the lack of 
cross-reactivity of pasotuxizumab with mouse PSMA compared with 
the high affinity of CCW702 to mouse PSMA. Human CD3+, CD4+, 
and CD8+ T cells counts in peripheral blood on day 18 exhibited an 
inverse relationship to cytokines with decreasing counts at the high-
est doses of CCW702 (fig. S14). This was expected to be due to T cell 
extravasation upon T cell activation as previously reported and is a 
useful pharmacodynamic marker (33, 34).

CRPC metastases commonly take residence in the bone. To evaluate 
the efficacy of CCW702 on primary, patient-derived tumors, we 
tested potency on Prostate Cancer San Diego 1 (PCSD1) primary, 
patient-derived cells. The PCSD1 model closely mimics the bone 
metastatic disease that manifests in the patient with prostate cancer, 
which includes mixed osteolytic and osteoblastic bone lesion for-
mation and resistance to ADT, specifically in the bone (35–37). 
CCW702 exhibited cytotoxic potency against PCSD1 (EC50 = 10.0 pM, 
average two donors) that was comparable to C4-2 in in vitro coculture 

assays (fig. S15). This was consistent with PCSD1 and C4-2 expressing 
similar levels of PSMA (approximately 105 PSMA per cell).

In vivo treatment of PCSD1 tumors was tested using an intra
femoral inoculation of tumors in NSG male mice, with immune 
function reconstituted with human T cells (2 × 107 cells, ip). CCW702 
was administered daily, intravenously, for 10 doses at 0.2 mg/kg. 
Although treatment with T cells alone had some impact on tumors, 
because of potential alloreactivity of donor T cells, tumors treated 
with T cells and CCW702 were eliminated to near the limit of detec-
tion by caliper measurement and demonstrated significant decrease 
in tumor luminescence at the end of the dosing period (Fig. 5C and 
fig. S16). Treatment with CCW702 only had no effect on tumor growth 
compared with vehicle control. Tumors in the CCW702 group showed 
resumed growth after the initial dosing, between days 50 and 60 of 
the model. Retreatment with CCW702 eliminated relapsed tumors 
to near the limit of detection.

Pharmacokinetics and pharmacodynamics 
in nonhuman primate
To guide CCW702 dose selection in humans, we carried out a series 
of pharmacokinetic studies in cynomolgus monkey using subcuta-
neous and intravenous routes of administration. CCW702 exposure 
was detectable by electrochemiluminescence bioanalytical assay at 
doses of ≥9.8 g/kg. Noncompartmental analysis of subcutaneous 
and intravenous data demonstrated that apparent clearance was 
comparable, whereas volume of distribution was six times larger for 
the subcutaneous route compared to the intravenous route. Subcu-
taneous dosing had near complete bioavailability (F = 108 ± 20.2%) 
with a maximum concentration (Cmax) and half-life (t1/2) of 
1.5 (ng/ml)/(mg/kg) and 11.4 hours compared with the intravenous 
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route of administration Cmax of 28.3 (ng/ml)/(mg/kg) and t1/2 of 
1.6 hours, respectively (fig. S17). The large volume of distribution 
estimated from the subcutaneous data is consistent with a slow 
absorption rate constant. The elimination following subcutaneous 
administration appears to be limited by lymphatic absorption rate. 
While the systemic elimination rate was around 2 hours, lymphatic 
absorption and subsequent delivery of CCW702 to the systemic 

circulation occurred much more slowly, effectively increasing the 
duration of the molecule in systemic circulation, a hallmark of flip-
flop kinetics (38).

A repeat dose administration study was carried out to determine 
tolerability and pharmacodynamic effects of CCW702 on peripheral 
blood T cell redistribution and serum cytokine levels in cynomolgus 
monkey. Doses of 2, 9.8, and 34.1 g/kg were administered to ani-
mals QAD for 10 days (five total doses). CCW702 administration 
was generally well tolerated at these dose levels with no changes in 
animal body weight, food consumption, or body temperature and 
the no-observed-adverse-effect level (NOAEL) determined to be 
the highest dose in the study of 34.1 g/kg. CCW702 induced tran-
sient and dose-dependent up-regulation of cytokines and redistri-
bution of T cell populations, consistent with the mechanism of 
action. Of the 17 cytokines measured, increases in IL-10, IL-2, 
IL-1Ra, IL-6, IL-8, monocyte chemoattractant protein 1 (MCP-1), 
macrophage inflammatory protein- (MIP-), and TNF- occurred 
earliest and peaked between approximately 2 and 8 hours after the 
first dose (Fig. 6A and fig. S18, A to C). IL-1, IL-17, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were not detect-
ed in any animals. All measured cytokines decreased significantly 
by 24 hours after the first dose. Notably, cytokine levels after the 
fifth dose of CCW702 (on day 9) were significantly reduced in the 
higher-dose groups (9.8 and 34.1 g/kg) compared with the first 
dose. This occurred despite similar exposure of CCW702 on day 1 
and on day 9 (1.02 hours·g/ml versus 0.705 hours·g/ml for the 
34.1 g/kg group) (fig. S17). This was putatively due to tachyphylaxis 
after multiple doses in these groups. CD4 and CD8 T cell counts 
corroborated this phenomenon with significant decreases in 
peripheral blood by 4 hours after the first dose, which trended higher 
by the fifth dose (Fig. 6B).

DISCUSSION
Bispecific antibodies have the potential to be transformative therapies 
for patients with cancer, but their development has been challenged 
by difficulties in engineering, poor biophysical properties, immuno-
genicity, and short half-life (7, 9). Here, we leveraged the semisyn-
thetic format of CCW702 to address these challenges. To optimize 
function, site-specific unnatural amino acid conjugation was used 
to assess the optimal valency and geometry of CD3 and PSMA 
engagement created through variation of the conjugation point of 
DUPA to the anti-CD3 Fab (10). This contrasts with fully recombi-
nant bispecific technologies, such as bis-scFv or knob-in-hole approaches, 
which are generally fixed in the orientation of the CD3-binding do-
main relative to their antigen-targeting domain (39). Conjugating 
DUPA to the HC of the huL5H2_DI Fab (1× HC) produced a more 
potent molecule compared to conjugation to both the HC and the 
LC (2× LC/HC). This negative contribution of the 1× LC orientation 
to the 2× LC/HC construct suggests that 1× LC forms a suboptimal 
immunological synapse, which is less productive than 1× HC. The 
influence of binding orientation to the formation of productive 
versus nonproductive immunological synapses is supported by pre-
vious work from us and others and underscores the importance of 
optimization (39, 40).

Another advantage of the semisynthetic format is that it uses the 
most stable portion of the antibody, the CH1 domain [domain 1 of 
the constant portion of the immunoglobulin (Ig) HC], in a native 
chain-pairing orientation that lacks added protein-based linkers. 
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This format is less prone to aggregation, compared with bis-scFv–
based formats, which may form aggregates because of “domain 
exchange” (10, 28, 39). Furthermore, the lack of non-native protein 
linkers reduces the potential for introduction of T cell epitopes, 
which play an important role in the development of ADA responses 
to biologics. To further mitigate the potential for immunogenicity, 
we used the EpiMatrix (EpiVax Inc.) to eliminate identified T cell 
epitopes through the incorporation of four mutations in the HC (27). 
While potential for the induction of an immune response to the 
small molecule P-TriA-DUPA cannot be taken into account using 
this approach, the resulting overall EpiMatrix score of the huL5H2_
DI Fab was comparable to palivizumab and trastuzumab, which 
have low incidences of immunogenic responses in human (fig. S3). 
Assessment in patients will be necessary to determine the incidence 
of ADA responses and whether these responses are neutralizing.

CCW702’s optimized, stable bispecific format resulted in picomolar-
level PSMA-positive cell lysis in  vitro with no activity against 
PSMA-negative cells even at concentrations of 104-fold above the 
EC50. Notably, bell-shaped curves indicating autoinhibition or pro-
zone effects were not observed in any of the in vitro activity assays 
even at these high concentrations. This may indicate that CCW702 
achieved optimal three-body binding equilibria between the target 
cell, CCW702, and T cell (41). In vitro, the most sensitive assay of 
biologic activity was target cell cytotoxicity, compared with cyto-
kine release or up-regulation of T cell activation markers, consistent 
with reports for other bispecific antibodies (30). Thus, the capacity 
to induce T cell–mediated tumor cell lysis occurred at lower 

concentrations of CCW702 than concentrations that elicit a cyto-
kine production (42). Because cytokine release syndrome is a frequent 
adverse event associated with T cell agonistic antibodies, a lower 
threshold for cytotoxicity may be important in the ability to estab-
lish a therapeutic index in humans. Accordingly, using the most 
sensitive assay of activity to develop a minimal anticipated biological 
effect level (MABEL) is a recommended approach to determining 
the maximum recommended starting dose in clinical trials (43).

CCW702 also demonstrated antigen density–dependent target 
cell lysis, which is expected to facilitate the discrimination of PSMA 
on prostate cancer cells from low levels of PSMA expressed on 
healthy/normal tissues, including salivary glands, a subset of proxi-
mal renal tubules, and the duodenal brush border (15, 44). Notably, 
in the clinical testing of DUPA-based radiotherapeutics, renal toxicity 
was reported as generally low (45) with dose-dependent xerostomia 
noted (46). This further supports the potential to selectively target 
PSMA-positive tumor over healthy tissue.

In in vivo studies, CCW702 demonstrated complete elimination 
of tumors in a C4-2 xenograft model over a wide range of dose con-
centrations and regimens. Human T cells were adoptively transferred 
into immunodeficient mice because of the lack of cross-reactivity of 
CCW702 with mouse T cells. Three doses of CCW702 administered 
subcutaneously weekly at 3.5 mg/kg cleared tumor, similar to the 
comparator pasotuxizumab, which was dosed daily 3.75 mg/kg sub-
cutaneously as previously reported (12). This dosing regimen for 
CCW702 amounted to just three doses. On the basis of the short 
half-life of CCW702 in mice, it is not expected that this dosing regimen 
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resulted in continuous plasma exposure in the predicted therapeutic 
range. Thus, continuous on-target exposure of CCW702 may not be 
required for antitumor efficacy in the xenograft mouse model. Further 
studies to assess tumor-infiltrating T cells in patients treated with 
CCW702 will provide insights into the dose-efficacy relationship. 
In addition, in vivo testing of CCW702 in the patient-derived xeno-
graft (PDX) model PCSD1 showed that CCW702 was able to eliminate 
tumors in the bone, a typically therapy-resistant site in the PDX 
model and in patients.

In cynomolgus monkey, CCW702 demonstrated near complete 
subcutaneous bioavailability with a Cmax nearly 20-fold lower com-
pared with intravenous dosing, and an 11.4-hour half-life. The low-
ered Cmax via the subcutaneous route of administration is expected 
to mitigate the potential for cytokine release syndrome—a Cmax-
driven toxicity associated with T cell agonistic agents (43). The half-life 
and relatively “flat” pharmacokinetics profile of subcutaneous dosing 
in nonhuman primate, in addition to the Q7D mouse model efficacy 
data, support the potential to test a weekly dosing regimen in the 
clinic. This is expected to be a significant advantage from a patient 
convenience and compliance perspective compared with continuous 
infusion, which is required for other bispecific antibodies that have 
very short half-lives, such as blinatumomab (47). Notably, although 
CCW702 has a similar size compared with blinatumomab (approxi-
mately 50 kDa), it has a significantly longer projected half-life com-
pared with blinatumomab (1.25 ± 0.63 hours) (48)). This small size 
is expected to facilitate tumor penetration compared with large-format 
bispecifics that use an Fc domain for extended half-life (49).

CCW702 induced dose-dependent up-regulation of cytokines and 
extravasation of T cells in peripheral blood of cynomolgus monkeys, 
consistent with the reactivity of CCW702 with cyno PSMA and 
CD3. Notably, multiple doses of CCW702 induced a tachyphylactic 
effect on T cells with the fifth dose producing a weaker amplitude of 
cytokine response than the first dose, despite comparable exposure 
of CCW702 (50). This nonmonotonic dose-toxicity curve has been 
well described for bispecific antibodies and may support use of a 
step dose, or priming dosing, as is used for several bispecifics in 
clinical testing, including the U.S. Food and Drug Administration–
approved CD19-bispecific antibody blinatumomab (47). In summary, 
the studies reported here provide the efficacy, pharmacology, and 
differentiated design attributes that support the testing of CCW702 
in patients. CCW702 is currently in phase 1 testing for patients with 
mCRPC (NCT04077021).

MATERIALS AND METHODS
Cell lines, PDX, and human T cells
C4-2 cells were purchased from Urocor Inc., and DU145, LNCaP, 
VCaP, and 22Rv-1 cells were purchased from the American Type 
Culture Collection and cultured as per the supplier’s instructions. 
Human PBMCs were obtained via Ficoll-Pacque from normal 
donor whole blood from The Scripps Research Institute’s Normal 
Blood Donor Service at Scripps General Clinical Research Center, 
under The Scripps Research Institute’s Institutional Review Board 
(IRB) approval. For assays that used PBMCs, purified PBMCs were 
incubated in flasks in RPMI 1640 medium with 10% (v/v) fetal bovine 
serum (FBS) for 1 hour to remove adherent cells. For activated T cells, 
T cells were activated using CD3/CD28 Dynabeads (Thermo Fisher 
Scientific) and subsequently expanded in Aim-V media supplemented 
with 5% (v/v) heat-inactivated human serum (Valley Biomedical) 

and 300 IU/ml IL-2 (R&D Systems). For the in vivo PDX model, the 
study was carried out in strict accordance with the recommenda-
tions in the guide for the University of California San Diego (UCSD) 
IRB protocol number 090401. Approval was received from the 
UCSD IRB to collect surgical specimens from a patient for research 
purposes. For all experiments involving human participants, informed 
consent was obtained from all participants. A surgical prostate cancer 
bone metastasis deidentified specimen was harvested from a patient 
who progressed to castrate-resistant bone metastatic prostate cancer, 
which was named PCSD1. Intrafemoral injection of PCSD1 was 
performed to establish a PDX model representing a preclinical model 
of bone metastatic prostate cancer as previously shown (35–37). All 
animal protocols were performed under a UCSD animal welfare 
Institutional Animal Care and Use Committee–approved protocol.

Production of anti-CD3 Fab–DUPA conjugates
Production and conjugation DUPA-CD3 conjugates using oxime 
ligation was carried out as previously described in (10) and (51) and 
as depicted in fig. S2. Briefly, anti-CD3 Fab sequences inserted 3′ of 
a STII leader peptide in a vector that harbors the suppressor transfer 
RNA (tRNA) E9RS aminoacyl-tRNA synthase. To enable site-specific 
unnatural amino acid incorporation for DUPA conjugation, the 
following residues were mutated to the TAG amber nonsense codon, 
where indicated (UCHT1 at HC residue K138 and/or LC residue 
S202; huL5H2-based conjugates at HC residue K141 or LC residue 
S205). Production of Fabs was carried out in Escherichia coli, with 
media containing the unnatural amino acid p-acetylphenylalanine. 
Fabs were purified using CaptureSelect IgG-CH1 affinity matrix 
(Thermo Fisher Scientific) and eluted using low-pH buffer. Conju-
gation was carried out with similar conditions as previously described 
(10), using 30 to 40 molar excess of DUPA-linker in 50 mM sodium 
acetate buffer (pH 4.5). Conjugations were carried out for 24 to 
48 hours. Subsequent buffer exchange and polishing by strong cation 
exchanger resin SP Sepharose Fast Flow (GE Healthcare Life Sciences) 
were performed to remove free, nonconjugated DUPA-linker.

Flow cytometry–based binding
Binding activity of humanized Fabs specific for human and cyno-
molgus CD3 were evaluated by flow cytometry. Briefly, cells were 
incubated with humanized Fabs at 4°C for 30 min and washed twice 
with staining buffer (1% bovine serum albumin in PBS). Bound anti-
bodies were revealed with R-phycoerythrin–conjugated anti-human 
 secondary antibodies (Southern Biotech). After several washes, 
samples were acquired on a BD LSR II or BD Accuri C6 and ana-
lyzed using FlowJo 7.6.2 software. In each study, observed the mean 
fluorescence intensity of cells incubated with secondary antibody 
alone was used to subtract for background and nonspecific staining.

In vitro coculture (cytotoxicity) assays
Target cells were dissociated with 0.05% trypsin/EDTA solution 
(HyClone) and washed with RPMI 1640 with 10% (v/v) FBS. Target 
cells were mixed with PBMCs at a 1:10 ratio in 100 l of RPMI 1640 
with 10% (v/v) FBS and incubated with indicated concentrations of 
conjugates, 24 hours, 37°C. Cytotoxicity was measured by quantifi-
cation of lactate dehydrogenase (LDH) in supernatant using the 
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega). Maximum 
target cell lysis was afforded via additional lysis solution and instruc-
tions per the manufacturer. Spontaneous killing was measured in wells 
with effector and target cells treated with vehicle (10 l of PBS). 
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Absorbance at 490 nm was recorded using a SpectraMax 250 plate 
reader (Molecular Devices Corp.). Where indicated, supernatant was 
removed to quantify cytokines [(Human Th1/Th2 Cytokine Bead 
Array Kit II (CBA; BD)]. Percent cytotoxicity was calculated by the 
following equation: % Cytotoxicity = (absorbance experimental − 
absorbance spontaneous average)/(absorbance maximum killing 
average − absorbance spontaneous average).

C4-2 xenograft model
NSG mice (the Jackson Laboratories) were injected subcutaneously 
with C4-2 cells (2.5 × 106 cells per mouse) resuspended in 1:1 
PBS:Matrigel. Tumors were engrafted for 7 days. On day 8, when 
tumors reached ~200 mm3, mice were injected intraperitoneally 
with expanded T cells (20 × 106 per mouse). On day 9, CCW702 at 
the indicated routes of administration (intravenously or subcutaneously), 
regimens [every other day (QAD), every four days (Q4D), or every 
seven days (Q7D)], and at the indicated doses was administered for 
20 days (QAD, 10 doses; Q4D, 5 doses; and Q7D, 3 doses). Groups 
with tumor only (no T cells and no CCW702) and only tumor with 
T cells (no CCW702) were used as controls. Pasotuxizumab dosed 
every day (QD) for 28 days at 3.75 mg/kg, subcutaneously, was used 
as benchmark control. Tumor volume was determined by caliper 
measurements and tumor volumes calculated using the following 
formula (long axis/2 × short axis2). Mice were bled 24 hours after 
the first dose, and cytokines were analyzed on serum by a multi-
plexed sandwich immunoassay for three cytokines (IL-2, IFN-, 
and TNF-) using a MESO QuickPlex SQ 120 detection system. On 
day 18, after tumor cell injection, mice were bled for T cell (CD3, 
CD4, and CD8) enumeration by flow cytometry using CountBright 
Absolute Counting Beads (Thermo Fisher Scientific).

PCSD1 green fluorescent protein–luciferase PDX model
Model was conducted as previously described ((37) and (36)). Briefly, 
green fluorescent protein–luciferase PCSD1 cells were injected intra
femorally (2.5 × 104 cells in 15 l per mouse) into the right femur of 
6-week-old male NSG mice (the Jackson Laboratories). Mice were 
monitored weekly for health, body weight, and appearance of 
palpable tumor. Tumor engraftment was confirmed using in vivo 
bioluminescence measured in a Xenogen IVIS 200 system (IVIS 200; 
PerkinElmer Inc.) within the Moores Cancer Center Vivarium 
immunodeficient mouse area. IVIS imaging was performed once 
per week and just before euthanizing mice at the termination of the 
experiment. Once the tumor reached a minimum of 200 to 400 mm3 
by caliper measurement, at approximately 6 weeks after implant
ation, mice were randomized into treatment groups. Activated T cells 
(20 ×106/100 l in PBS per mouse) were injected intraperitoneally 
on day 30. Starting the next day (day 31), mice received daily intra-
venous injections of 100 l of PBS or CCW702 for a total of 10 days. 
Mice were weighed, health status recorded, and tumors measured 
using calipers twice a week. Tumor volume was calculated using the 
formula: Tumor volume (mm3) = [length (mm) × width (mm2) × 0.5]. 
Caliper measurements in the intrafemoral model include the upper 
leg because of the location of the tumor. Treatment was reinitiated 
for additional 10 doses upon tumor relapse. Tumor volume was also 
assessed using an in  vivo bioluminescence imaging system (IVIS 
200; PerkinElmer Inc.) once per week. When tumors reached the 
maximal allowable size of 2.0 cm in length by caliper measure-
ment, the mice were euthanized according to UCSD Animal Care 
Program standards.

Pharmacokinetic and pharmacodynamic 10-day study in 
cynomolgus monkeys dosed QOD with CCW702 (non-Good 
Laboratory Practice)
Nine naïve male cynomolgus monkeys (Macaca fascicularis, Chinese 
origin), age 2 to 4 years, weighing 2.5 to 3.2 kg were used for the 
study. Animals were randomly assigned to three dosing groups (three 
animals per group). The study and all analyses were carried out at 
Charles River Laboratories. There were no CCW702-related clinical 
signs, changes in body weight, food consumption (qualitative), body 
temperature, or macroscopic findings at terminal necropsy, and all 
animals survived until necropsy. Dose administration of >2 g/kg 
per dose was associated with clinical pathology changes and micro-
scopic findings that were not determined to be adverse. CCW702-related 
microscopic findings at terminal necropsy present in the >2 g/kg 
per dose included perivascular mononuclear to mixed cell infiltrates 
in the adrenal gland, epididymis, kidney, liver, prostate, seminal vesicle, 
and subcutaneous administration sites, and increased cellularity of 
the bone marrow. The minimal to mild perivascular mononuclear 
to mixed cellular infiltrates in the adrenal medulla were of unknown 
biological significance. The NOAEL was determined to be 34.1 g/kg 
under the study conditions. Cytokines collected in K2EDTA tubes and 
analyzed by a multiplexed immunoassay for 17 cytokines/chemokines 
[IL-1, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23 (p40), IL-13, 
IL-17, G-CSF, GM-CSF, IFN-, TNF-, MCP-1, and MIP-1)] using 
a Luminex detection system and a validated analytical method. Flow 
cytometry samples were collected in BD TruCount tubes in combina-
tion with CD45 labeling for real-time quantification of lymphocyte 
absolute counts. Samples were analyzed utilizing the FACSCanto 
II Flow Cytometer and DIVA 6.1.3 software. CD4 cells were gated as 
CD45+/CD4+/CD8− and CD8 cells were gated as CD45+/CD8−/CD4+. 
The following equations were used for this data analysis: Total cell 
count = {[number of events in the lymphocytes region (R1)] / 
[number of events in the TruCount beads region (R2)]} × {[number 
of beads per test (as per insert)] / [test volume (50 l)]}; absolute 
count = % gated × total cell count / 100.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/33/eabi8193/DC1
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