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ABSTRACT
Combinatorial strategies, such as targeting different immune checkpoint receptors, hold promise to 
increase the breadth and duration of the response to cancer therapy. Here we describe the preclinical 
evaluation of CTX-8371, a protein construct which combines PD-1 and PD-L1 targeting in one bispecific, 
tetravalent antibody. CTX-8371 matched or surpassed the activity of anti-PD-1 and PD-L1 benchmark 
antibodies in several in vitro T cell activation assays and outperformed clinically approved benchmarks in 
the subcutaneous MC38 colon and the B16F10 lung metastasis mouse tumor models. Investigation into 
the mechanism of action revealed that CTX-8371 co-engagement of PD-1 and PD-L1 induced the 
proteolytic cleavage and loss of cell surface PD-1, which is a novel and non-redundant mechanism that 
adds to the PD-1/PD-L1 signaling axis blockade. The combination of CTX-8371 and an agonistic anti- 
CD137 antibody further increased the anti-tumor efficacy with long-lasting curative therapeutic effect. In 
summary, CTX-8371 is a novel checkpoint inhibitor that might provide greater clinical benefit compared 
to current anti-PD-1 and PD-L1 antibodies, especially when combined with agents with orthogonal 
mechanisms of action, such as agonistic anti-CD137 antibodies.
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Introduction

Programmed death protein 1 (PD-1, CD279) is a transmembrane 
protein expressed by multiple lymphoid and myeloid cells and is 
upregulated in response to antigenic stimulation in T and 
B lymphocytes.1 PD-1 binds to PD-L1 (B7-H1) and PD-L2 (B7- 
H2), which are expressed by several immune and nonimmune 
cells including cancer cells. PD-1 delivers an inhibitory intracel-
lular signaling cascade and provides negative feedback to the 
activated cells.2–7 While the suppressive activity of PD-1 is neces-
sary to ensure homeostasis and control the tissue destructive 
potential of cytotoxic cells, it is also a mechanism exploited by 
cancerous cells to avoid cytotoxic T cell attack.8,9 FDA-approved 
mAbs inhibiting the PD-1/PD-L1 signaling axis have been 
remarkably successful in the clinic,10–14 however, acquired and 
intrinsic resistance to immune checkpoint blockade impedes anti-
tumor immunity.15,16 To overcome resistance to checkpoint inhi-
bitors (CPIs) monotherapy, combinations of different CPIs and 
CPIs plus chemotherapy or radiation have been explored and 
some, such as Nivolumab with either ipilimumab or relatlimab 
(anti-LAG-3) are in clinical use. Furthermore, bispecific antibo-
dies with dual-targeting specificities are being developed and 
several such molecules have already been approved.17–20 Using 
the StitchmabTM platform technology we generated and tested 
combinations of approved immunomodulatory antibodies in 
a bispecific format.21 Stitchmabs of pembrolizumab 
x atezolizumab and nivolumab x atezolizumab (PD-1 × PD-L1) 
displayed increased potency over the combined non-linked 

antibodies in a mixed lymphocyte reaction (MLR), thus providing 
the rationale to generate anti-PD-1 × PD-L1 bispecific antibodies 
with suitable pharmaceutical properties. Here we present 
a comprehensive characterization of CTX-8371, a tetravalent bis-
pecific antibody which blocks the PD-1/PD-L1 pathway by simul-
taneously binding PD-1 and PD-L1. Investigations into the 
activity of CTX-8371 revealed a mechanism of action not pre-
viously described for PD-1 or PD-L1 CPIs, namely the bispecific 
antibody-induced proteolytic cleavage of cell surface PD-1.

Methods

Ethics statement

All mandatory laboratory health and safety procedures have 
been complied with within the course of conducting any 
experimental work reported. All animal procedures were con-
ducted under Compass Therapeutics IACUC-approved proto-
col (CTX19–1).

Assessment of CTX-8371 activity in vitro

Human PBMCs activated for 72 h with anti-CD3ε and 
anti-CD28 antibodies (0.25 µg/mL each) or 
Staphylococcus aureus Enterotoxin A (SEA) (Sigma), were 
incubated with test antibodies for additional 24 h. In some 
experiments, the next day, cells were washed thoroughly, 
further incubated with anti-CD3/anti-CD28 for 5 days and 
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sampled daily for Western Blot (WB), FACS, qPCR, or 
ELISA. In others, parental anti-PD-L1 was added in excess 
(50 nmol/L) 5 min before addition of CTX-8371. 
Epoxomicin, (5 µmol/L), chloroquine, or batimastat 
(Millipore), were added as shown in figures. In kinetic 
experiments, human PBMCs were activated for 72 h with 
anti-CD3ε and anti-CD28 antibodies in the presence of 
test antibodies. For PDCD1 gene expression, human 
PBMCs activated for 72 h with anti-CD3ε and anti-CD28 
antibodies (0.25 µg/mL each) were washed and cells incu-
bated with test antibodies for additional 24 h. For MLR, 
CD4+ T cells and CD14+ monocytes were isolated from 
PBMCs of two donors by Dynabeads (Thermo Scientific) 
and EasySep monocyte purification kit (Stem Cell 
Technologies), respectively. Monocyte-derived myeloid 
dendritic cells (DCs)22 were co-incubated at 2:1 ratio (T 
cell:monocyte) with 10 pmol/L antibodies for 5 days 

(Figure 1a). CD14+ monocytes isolated from stimulator 
PBMCs were mixed with total CD3+ T cells from PBMCs 
of HLA mismatched responders (1:3) (Figure 2d). IFN-γ 
was assessed in triplicates by MSD. For cytotoxicity, 
CMV-specific CD8+T cells from CMV and HLA-A2 posi-
tive donors were isolated using pp65-loaded HLA-A2 tet-
ramers and expanded in vitro using autologous DCs for 
14 days.22 K562 cells, transduced with an HLA-A2-coding 
lentivirus and sorted based on HLA-A2 expression, were 
further transduced with a lentiviral construct expressing 
PD-L1 (bystanders). The CMV pp65 protein and an IRES- 
GFP cassette under the EF1a promoter were introduced by 
lentiviral transduction to generate the K562-A2-CMV-PD- 
L1-pp65 targets. CMV+T cells were labeled with Cell 
Trace violet and were plated (2.5×104 cells/well) with 
tumor targets, bystanders (0.5:1:1), and antibodies for 2  
days. GFP+targets and GFP−bystander cells were 

Figure 1. Discovery and binding profile of CTX-8371. (a) One-way MLR assay where monocyte derived DCs were used as stimulators and donor mismatched 
CD4+T cells as responders. The activity of StitchMab™ bispecifics was compared to that of their unstitched combinations. IFN-γ was determined by MSD 
(mean ± SEM, n = 3) *, p < 0.05, one-way ANOVA. (b) CTX-8371 domain organization. (c) Sensorgrams of CTX-8371 binding to recombinant human PD-1 
(left) and PD-L1 (right). The different curves correspond to determinations obtained with increasing concentrations of analyte (PD-1 or PD-L1, light to 
darker shades of blue). Red profiles represent the mathematical interpolation of the experimental data which was used to derive the kinetic parameters. (d) 
Binding of CTX-8371 to primary activated CD3+ T cells from each species by FACS (mean ± SEM, n = 3).
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enumerated after gating out the T cells, and specific killing 
was calculated as follows: 

% Specific killing ¼ 100 � 1 �
% TargetsþTcells

% BystandersþTcells
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Jurkat T cell reporter assay

TCR activation following receptor-ligand blockade was evalu-
ated using the PD-1/PD-L1 Blockade Bioassay kit per manu-
facturer’s recommended protocol (Promega). In this assay, 
antibodies inhibition of the PD-1/PD-L1 axis results in the 
increase of a luminescent reporter.

Jurkat cells experiments

Jurkat-PD-1 and Jurkat-PD-L1 (1:1) or Jurkat and Jurkat-PD 
-1/PD-L1 (1:1) were cocultured (1×106 cells/well) overnight 
in the presence of test antibodies. Half of the cells were 
processed for FACS using a CTX-8371 noncompetitive 
fluorescently labeled anti-PD-1 mAb, and half were pro-
cessed for WB. PD-1 ECD levels were determined in super-
natants collected at 0, 2, 4, 6, and 16 h. In some experiments, 
batimastat or MG132 (Sigma) were added 30 min in 
advance. Jurkat cells expressing either PD-1 or PD-L1 were 
labeled with 1 mmol/L CellTracker Green and CellTracker 
Red, respectively mixed (1:1, 1 × 106 cells/well), and co- 

cultured in the presence of 1 nmol/L antibodies. Images 
were acquired at 0, 4 and 14 h with the IncuCyte® instrument 
(Sartorius).

In vivo studies

C57BL/6-Pdcd1tm1(hPDCD1) Cd274tm1(hCD274)/Bcgen (C57BL/ 
6-hPD-1hPD-L1) mice, harboring human/mouse chimeric 
PD-1 and PD-L1 were from Biocytogen. Experiments were 
conducted with 6–10-week-old female mice. For the tumor 
isograft studies, mice were inoculated with 1 × 106 tumor cells 
s.c. in the flank. Tumor volume (mm3) was calculated as 
(Lx2W)/2, where L and W are the respective length and 
width measurements (mm). Tumor-bearing mice were rando-
mized in groups and administered mAbs treatment i.p., in 
sterile PBS at 10 mg/Kg or CTX-8371 at the molar equivalent, 
16 mg/Kg. Percent tumor growth inhibition (%TGI) was cal-
culated on day 27 when the first 100% TGI (tumor-free mouse) 
occurred, using the following formula: 

% TGI ¼
Largest TVol before Day 27 � TVol Day 27

Largest TVol before Day 27
� 100 

For CTX-8371/anti-CD137 combination, the mouse cross- 
reactive anti-CD137 antibody23 was administered Q7Dx2 at 
1.25 mg/kg. For the MC38-hPD-L1 re-challenge, tumor-free 
mice were paired with age-matched naïve controls and injected 
with 1 × 106 tumor cells, on the opposite flank. Mice in the 
B16F10-hPD-L1 melanoma metastases model in Figure 3e 

Figure 2. CTX-8371 enhances T cell function in primary human cells. (a) Jurkat-PD-1/NFAT-Luciferase reporter assay (mean ± SD; n = 3); (b) SEA polyclonal PBMC 
activation; (c) Antigen specific killing of tumor targets; (d) IFN-γ levels in the MLR (mean± SEM, n = 3). In this experiment, CD14+ monocytes were used as stimulators 
and mismatched CD3+ cells as responders.
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Figure 3. CTX-8371 anti-tumor activity in vivo. (a) Average tumor volume over time (mean ± SEM, n = 8). (b) Individual tumor growth curves. (c) %TGI on Day 27 
(mean ± SEM, n = 7). ****, p < 0.0001, *, p < 0.05, one-way ANOVA, Tukey’s multiple comparisons test. (d) Experimental design for lung metastasis prevention study. 
(e, g) Lungs, 15 (e) or 14 (g) Days after tumor cell injection and treatment. (f) Number of metastatic nodules in individual lungs (mean ± SEM, n = 7), ***, p = 0.001, 
one-way ANOVA and Tukey’s multiple comparisons test. The lung nodules in control mice were too numerous to count (TNTC) and were excluded from the statistical 
analysis. (h) Number of lung metastatic nodules in individual mice (mean ± SEM, n = 9). **, p < 0.01, one-way ANOVA.
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received 3 × 105 cells, whereas mice in Figure 3g received 1 ×  
105 cells i.v. together with the first dose of antibody. Next two 
doses were administered 3 days apart. On day 15 (Figure 3e) or 
14 (Figure 3g), mice were euthanized, lungs were perfused with 
PBS, collected, and lung metastases counted by two indepen-
dent operators. The lung nodules were distributed in three 
categories according to their size with a corresponding score 
of 1, 3 or 5, and counted. For immunophenotyping, groups of 4 
mice bearing MC38-hPD-L1 tumors were injected i.v. with 
CTX-8371 at 0.1, 1, or 10 mg/kg, or vehicle. Single cell suspen-
sions were prepared from tumors on days 1, 3, and 7, processed 
and analyzed by FACS. For PD-1 surface expression, groups of 
6 mice bearing MC38-hPD-L1 tumors were injected i.v. with 
10 mg/kg of CTX-8371 or IgG1. PBMCs and single cell suspen-
sions prepared from tumors, tumor-draining lymph nodes, 
and spleen on days 3 and 6 were processed and analyzed by 
FACS.

Statistical analysis

GraphPad Prism v9.2 was used for all statistical analyses. p <  
0.05 was considered significant.

Results

Discovery and binding profile of the anti-PD-1/PD-L1 
bispecific antibody CTX-8371

Bispecific constructs of FDA approved antibodies in the 
StitchMabTM format were tested in MLR. Pembrolizumab 
x atezolizumab and nivolumab x atezolizumab Stitchmabs 
emerged as the strongest IFN-γ inducers and were more 
potent than the combination of their parental antibodies 
(Figure 1a). This result prompted the generation of CTX- 
8371, a bispecific, tetravalent antibody composed of an 
anti-PD-1 aglyco-IgG1 with the Fab of anti-PD-L1 (heavy  
+ light chain) fused at the C-terminus of each of its heavy 
chains through a glycine-serine (G4S)4 linker (Figure 1b). 
The anti-PD-1 IgG1 and anti-PD-L1 Fab share a common 
light chain, which greatly simplifies its manufacturability. 
The IgG1 Fc of CTX-8371 is aglycosylated to abrogate 
effector functions. Single-step protein A purification yielded 
highly homogeneous material (>98% monomer by HPLC- 
SEC) and the final producing cell line exceeded industry 
standards. The affinity of CTX-8371 to recombinant human 
PD-1 and PD-L1 was determined as 3.8 nmol/L and 17.3  
nmol/L respectively (Figure 1c). CTX-8371 affinity for 
recombinant murine PD-1 and PD-L1 proteins was 179- 
fold and 7.7-fold lower than human targets, therefore the 
molecule was deemed not suitable for testing in mice 
(Table S1). CTX-8371 bound with similar, low nanomolar 
affinity, to both human and cynomolgus monkey PD-1 and 
PD-L1 orthologs (Table S1). Binding to cell surface PD-1 
and PD-L1 was evaluated on activated primary human or 
cynomolgus monkey PBMCs, murine C57BL/6-hPD-1hPD- 
L1 transgenic T cells, or CHO cells expressing ectopic 
human PD-1 or PD-L1. CTX-8371 bound to primary cells 
of human, mouse, and monkey origin, with comparable 
EC50 values (Figure 1d, table S2). Binding data using 

CHO cells overexpressing human PD-1 or PD-L1 showed 
CTX-8371 binding to the targets with similar avidity as the 
monoclonal anti-PD-1 or anti-PD-L1 parental antibodies, 
with EC50 values in the nanomolar range (Figure S1, 
table S2).

In vitro functional characterization of CTX-8371

To assess PD-1 blocking activity, we used an NFAT-Luciferase 
reporter assay in which disruption of the PD-1:PD-L1 interac-
tion was followed by an increase in the activity of the reporter. 
In this setting, sub-nanomolar concentrations of CTX-8371 
had similar potency as combination of parental anti-PD-1 
and anti-PD-L1 mAbs. CTX-8371 blocking activity was com-
parable to an in-house generated atezolizumab-similar anti-
body (referred to as atezolizumab), but superior to 
pembrolizumab (Figure 2a). We next tested the effect of 
CTX-8371 inhibition in SEA-activated PBMCs. CTX-8371 
induced a dose-dependent IL-2 increase 1.8-fold more potent 
than pembrolizumab, and 9-fold more potent than atezolizu-
mab or the combination of CTX-8371’s parental anti-PD-1 and 
PD-L1 antibodies (Figure 2b). Moreover, CTX-8371 more 
potently killed tumor cells expressing the CMV peptide com-
pared to either the combined CTX-8371 parental mAbs or 
pembrolizumab (Figure 2c). In standard MLRs, CTX-8371 
inhibitory activity was comparable to the activity of pembroli-
zumab and atezolizumab and their combination (Figure 2d).

CTX-8371 provides enhanced in vivo anti-tumor activity

Anti-tumor efficacy of CTX-8371 was investigated against 
solid tumors grown in transgenic C57BL/6-hPD-1hPD-L1 
mice in which the inhibitory PD-1/PD-L1 signaling axis is 
functional, and PD-1 or PD-L1 blockade leads to regression 
of MC38-hPD-L1 colon tumors.24 C57BL/6-hPD-1hPD-L1 
mice bearing approximately 400 mm3 MC38-hPD-L1 s.c. iso-
grafts received three doses of antibodies on days 15, 18, and 21 
post tumor cell inoculation. CTX-8371 was highly effective and 
superior to both pembrolizumab and atezolizumab in control-
ling tumor growth (Figure 3a,b). The individual tumor growth 
Inhibition on day 27%TGI) was significantly higher 
(Figure 3c). In this model, pembrolizumab yielded two com-
plete responses (25%) as did atezolizumab, albeit only transi-
ently. CTX-8371 treatment led to durable tumor regression in 5 
out of 8 mice (62.5%) (Figure 3b). Next, we tested whether the 
in vivo advantage of CTX-8371 was maintained in the more 
aggressive model of melanoma lung metastases B16F10-hPD- 
L1, where both tumor cells and antibodies were administered 
intravenously (Figure 3d). In this setting, CTX-8371 demon-
strated significantly greater efficacy in preventing lung metas-
tases than both pembrolizumab and atezolizumab 
monotherapies (3.11- and 3.64-fold less metastatic lung 
lesions) (Figure 3e,f). Since CTX-8371 was superior to the 
combination of the parental mAbs in vitro (Figures 2b,c), we 
assessed how this translated in vivo. Compared to isotype 
control (IC), each of the mAbs alone provided modest protec-
tion against B16F10-hPD-L1 metastases (1.46- and 1.32-fold 
fewer metastases respectively for anti-PD-1 and anti-PD-L1 
mAbs), while their combination resulted in a significant 2.56- 
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fold reduction in the number of metastatic nodules (Figure 3g, 
h). CTX-8371 was superior to all treatment groups showing 
a 5.37-fold reduction in metastatic nodules, with some animals 
presenting barely visible lesions. CTX-8371 treatment also 
resulted in 2.1-fold fewer nodules than the monoclonal anti-
body combination-treated mice (Figure 3g,h). The results sug-
gest that additional mechanisms besides the blockade of PD-1: 
PD-L1 interaction might influence the activity of CTX-8371.

CTX-8371 drives sustained loss of surface PD-1 by 
proteolytic cleavage

One such mechanism might be PD-1 and/or PD-L1 down-
regulation in response to CTX-8371 treatment. To test this, 
anti-CD3/anti-CD28-activated PBMCs were cultured with 
antibodies and PD-1 expression was determined by WB. 
PBMCs incubated with CTX-8371, but not IC or other anti-
bodies targeting PD-1 or PD-L1, alone or in combination, 
demonstrated a substantial loss of PD-1 (Figure 4a). 
A bispecific bivalent anti-PD-1/anti-PD-L1 antibody (in 
which only one Fab’ bound to each target) induced PD-1 
loss, albeit less potently (Figure S2A). Pre-treatment with anti- 

PD-L1 prevented CTX-8371-induced PD-1 loss (Figure 4a), 
suggesting that both the N- and C-terminal ends of CTX- 
8371 must be engaged for PD-1 loss to occur. Notably, co- 
engagement of PD-1 and PD-L1 by CTX-8371 did not affect 
PD-L1 (Figure S2B). An approximately 15 kDa band, likely 
corresponding to the cleaved intracellular domain of PD-1, was 
consistently present in samples treated with CTX-8371 
(Figures S2B-D, S3B). We tested whether ubiquitin/proteaso-
mal or endosomal/lysosomal protein degradation pathways 
were involved in cleaving PD-1, by treating the stimulated 
cells with inhibitors of these pathways and examining whether 
they prevented the loss of PD-1. The proteasome inhibitor 
epoxomicin did not rescue the CTX-8371-mediated PD-1 loss 
(Figure S2C). We next tested whether the endo-lysosomal 
pathway was involved in the CTX-8371-mediated cleavage of 
PD-1. Treatment with chloroquine, which inhibits lysosomal 
proteases by preventing lysosomal acidification, did not rescue 
the PD-1 loss induced by CTX-8371 (Figure S2D). 
Chloroquine, however increased the intensity of the ~ 15kDa 
band, indicating that the intracellular PD-1 fragment might 
undergo lysosomal degradation. Since CTX-8371 did not 
induce PD-1 shedding via the intracellular or the 

Figure 4. CTX-8371 promotes the loss of PD-1 in T cells. (a) PBMCs were stimulated with anti-CD3/CD28 for 72 h and treated overnight with antibodies. Endogenous 
levels of total PD-1 protein were detected by WB using a commercial rabbit monoclonal antibody directed against the intracellular domain of PD-1. (b) WB of PBMCs 
from (a), treated with antibodies overnight ± increasing concentrations of batimastat. (c) PD-1 surface expression and levels of PD-1 ECD in the supernatant of PBMCs 
stimulated as in (a) and treated overnight with antibodies (mean ± SEM, n = 2). *, p < 0.05, ***, p < 0.005, unpaired t test. (d) PDCD1 fold change compared to naive 
PBMCs of PBMCs activated with anti-CD3/CD28 for 72 h and activated PBMCs treated with antibodies overnight in the absence of anti-CD3/CD28. (e, f) PBMCs were 
stimulated for 72 h with anti-CD3/CD28 in the presence of IgG1 or CTX-8371. PD-1 surface expression (e) and PD-1 ECD (f) were determined every 24 h (mean ± SEM, n  
= 2). ****, p < 0.0001 for PD-1 MFI, ***, p < 0.005 for PD-1 ECD, two-way ANOVA. (g) 4 day-stimulated PBMCs were incubated overnight with antibodies, washed and 
restimulated with anti-CD3/anti-CD28 for 5 more days. The 5-day kinetics of PD-1 loss by WB after overnight exposure to CTX-8371. Pembro, pembrolizumab.
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internalization routes, we hypothesized that PD-1 loss might be 
occurring extracellularly. Increasing concentrations of batima-
stat, a broad-spectrum protease inhibitor, were added to the IC 
or CTX-8371-treated samples. Batimastat rescued PD-1 loss in 
a dose-dependent manner indicating that an extracellular pro-
tease is involved (Figure 4b). PD-1 cleavage was confirmed by 
FACS (Figure 4c left, E) and using an ELISA method developed 
to specifically detect the N-terminal PD-1 fragment. The extra-
cellular domain of PD-1 (referred to as PD-1 ECD) but not 
full-length PD-1 accumulated in the supernatant of CTX-8371- 
treated PBMC (Figure 4c right, 4F, S2E, and not shown). To 
test the possibility that CTX-8371 transcriptionally downregu-
lates the expression of PDCD1 gene, mRNA levels of PD-1 
were measured. It was found that PDCD1 mRNA levels were 
similar in activated human PBMCs treated with CTX-8371 or 
IC (Figure 4d). Finally, we asked whether PD-1 loss was tran-
sient or durable, by removing CTX-8371 after TCR stimulation 
while continuing the incubation with anti-CD3/anti-CD28 and 
sampling the cells for WB every day for 5 days. Overnight 
exposure to CTX-8371 but not IC resulted in a marked 
decrease in PD-1, which was not replenished for up to 5 days 
of additional stimulation (Figure 4g). These findings indicate 
that CTX-8371 promotes the shedding of the PD-1 protein 
expressed within days after TCR stimulation. Continuous cell 
stimulation after CTX-8371 removal neither resumed PD-1 
expression nor increased it on the IC-exposed cells. Thus, 
exposure to CTX-8371 results in durable proteolytic cleavage 
of PD-1 from the cell surface and the release of PD-1 ECD.

PD-1 shedding occurs when CTX-8371 co-engages 
PD-1-expressing with PD-L1- expressing cells

Since co-engagement of PD-1 and PD-L1 produced a loss of 
PD-1 in a mixed population of cells, we asked whether PD-1 
shedding occurs when CTX-8371 binds PD-1 and PD-L1 tar-
gets expressed by different cells (trans), or by the same cell (cis). 
CTX-8371 mediated the loss of PD-1 on Jurkat cells when the 
targets were in trans but not in cis configuration (Figure 5a). 
PD-1 loss was dose-dependently prevented by batimastat, 
demonstrating that proteolytic cleavage occurred in Jurkat 
cells (Figure 5a, left). WB of mixed Jurkat cell lysates confirmed 
that PD-1 loss occurred mainly in trans (Figure 5b). Batimastat 
prevented PD-1 cleavage in a dose-dependent manner 
(Figure 5b left) whereas proteasome inhibition did not rescue 
PD-1 loss from the cell surface (Figure S3). The rescue of PD-1 
was also shown by the simultaneous disappearance of the 15 
kDa band (Figure 5b, left). PD-1 ECD accumulation in the 
supernatant of trans configuration was dose dependent 
(Figure 5c, left) and there was no significant increase of PD-1 
ECD in cis configuration (Figure 5c, right). We next visualized 
the interaction between Jurkat-PD-1 and Jurkat-PD-L1 cells in 
the presence of various antibodies by live imaging. 
Combination of the parental antibodies or pembrolizumab 
resulted in a minimal increase in the size of the cell clusters 
over time (Figure 5d). CTX-8371 led to the formation of large 
cell clusters, as early as 4 hours, and growing for up to 14 hours. 
These results suggest that CTX-8371 can bridge PD-1- with 
PD-L1-expressing cells, leading to a sustained loss of cell sur-
face PD-1 and its accumulation in the supernatant.

CTX-8371-mediated efficacy is dose-dependent, relies on 
CD8+ tumor-infiltrating lymphocytes (TILs) and correlates 
with PD-1 loss from TILs

We determined whether PD-1 loss occurred in vivo by analyzing 
the phenotype of MC38-hPD-L1 tumor infiltrating CD8+ T cells. 
Compared to control, CTX-8371 enhanced the number of CD45+ 

cells, including CD8+ T cells which are the main effector cells in 
this model25 (Figure 6a,b). CTX-8371 at 10 mg/kg enhanced the 
number of CD45+ cells in a dose-dependent manner on day 7 
after dosing when these cells also accumulated in higher numbers 
compared to days 1 and 3 (Figure 6b). Likewise, CD8+ T cells 
infiltrated tumors in a dose-dependent manner on day 7 and in 
significantly higher numbers compared to both day 1 and 3. CD8+ 

T cells already reached significant infiltrating numbers on day 3 
after 10 mg/kg dosing. In addition, tumor-infiltrating CD8+T cells 
on day 7 were significantly enriched by 1 mg/kg of CTX-8371 
compared to day 1 (Figure 6b).

To study PD-1 expression in vivo we analyzed the phenotype 
of TILs on days 3 and 6 after 10 mg/kg single dose of CTX-8371. 
Percentages of PD-1+ populations of CD4+ and CD8+ TILs, were 
significantly reduced on day 3 and remained reduced through day 
6 (Figure 6c,d data not shown). Furthermore, the TILs infiltration 
and PD-1 loss correlated with the biological anti-tumor response. 
CTX-8371 treatment of MC38-hPD-L1 tumor-bearing mice 
resulted in a complete and durable anti-tumor response in 45% 
(4 of 9) of mice dosed with 10 mg/kg and 33% (3 of 9) of mice 
dosed with 1 mg/kg. No tumor regression was observed at 0.1 mg/ 
kg (Figure S4A). Thus, 1 mg/kg was the lowest dose of CTX-8371 
capable of inducing complete responses.

To examine the effect of CTX-8371 treatment on systemic 
levels of PD-1 protein, percentages of PD-1+CD4+ and PD- 
1+CD8+ T cells were assessed in mouse blood, tumor-draining 
lymph nodes, and spleen. Significant reductions in frequencies 
of these cells were detected on day 3 after treatment in the 
secondary lymphoid organs but not in circulation (Figure 4Sb). 
On day 6, the PD-1+ T cell frequencies were reduced in lymph 
nodes, spleen, and in PBMCs (Figure 6e). Based on the kinetics 
of PD-1 shedding, CTX-8371 appeared to facilitate PD-1 loss 
more efficiently in organized lymphoid tissues than in circula-
tion. Thus, CTX-8371 treatment resulted in a global reduction 
of PD-1 protein in tumor-bearing mice. Overall, the PD-1 loss 
appeared more durable in CD4 than CD8 T cells.

CTX-8371 drives PD-1 loss on cynomolgus macaques 
peripheral T lymphocytes

To assess whether the loss of cell surface PD-1 could be used as 
PD biomarker, we analyzed the surface levels of PD-1 on CD4+ 

and CD8+ T cells of cynomolgus macaques one day after CTX- 
8371 treatment. Almost complete CTX-8371-mediated loss in 
the frequency of PD-1+ T cells and significantly lower expres-
sion of PD-1 was observed in peripheral blood compared to 
pre-treatment values in all treatment groups, while the total 
CD4+ or CD8+ T cell percentages did not change (Figure 7). 
Altogether, the data show that CTX-8371 treatment produces 
a long-lasting PD-1 loss in human T cells treated in vitro, in 
tumor-bearing mice, and peripheral blood T cells from treated 
non-human primates.
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Figure 5. Loss of PD-1 by CTX-8371 occurs in trans and requires proteolytic activity. (a) Trans or cis Jurkat systems were treated with antibodies and increasing 
concentrations of batimastat. PD-1 expression by FACS is plotted as a function of batimastat concentration. Dotted lines represent the cut-off PD-1 expression on Jurkat- 
PD-L1 (left) or Jurkat parental cells (right). (b) WB of PD-1 expression in lysates of mixed Jurkat cells from (a). (c) PD-1 ECD levels in the mixed reactions (mean ± SD, n =  
3). ****, p < 0.0001 between CTX-8371 and IgG1 or α-PD1+α-PD-L1 at all concentrations, one-way ANOVA and Tukey’s multiple comparisons test. (d) Representative 
images of trans Jurkat cells by IncuCyte.
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CTX-8371 curative anti-tumor efficacy in combination with 
anti-CD137 antibody

In addition to PD-1 loss, CD8+ TILs in the MC38-hPD-L1 
tumors treated with CTX-8371 markedly upregulated the 
expression of the costimulatory receptor CD137 and granzyme 
B, indicating activation (Figure 8a,b). This observation 
prompted the investigation of the efficacy of CTX-8371 in 
combination with an agonist anti-CD137 antibody. Mice bear-
ing MC-38-hPD-L1 tumors were treated with CTX-8371 and 
a mouse cross-reactive variant of our clinical lead, CTX-471.23 

This treatment resulted in a dramatic enhancement of the anti- 

tumor effect, with tumor regressions occurring in all animals 
(Figure 8c,d). Tumor-free mice from the CTX-8371 and the 
combination groups were observed for 30 days without any 
relapse indicating that CTX-8371 alone or in combination led 
to durable tumor regression. Mice were subsequently re- 
challenged with MC38-hPD-L1 tumor cells. No tumor grew 
in any of the CTX-8371 and CTX-8371+ anti-CD-137 cured 
mice during a three-week observation phase, whereas tumors 
grew in all naïve control mice (Figure 8e). This indicated 
a strong protective immunological memory elicited by the 
first tumor challenge.

Figure 6. CTX-8371 causes CD8 T cell infiltration in tumors and global loss of PD-1 on T cells. mice received a single dose of CTX-8371. Spleen, tdLns, PBMCs, and tumor 
cell suspensions were analyzed by FACS. (A) CD8+ T cells percentages out of CD45+ immune cells on day 7. (B) Absolute numbers of CD45+ (upper) and CD8+T cells 
(lower) per gram of tumor tissue (mean ± SEM, n = 4), ****, p < 0.0001, ***, p < 0.005, **, p < 0.001, *, p < 0.05. Two-way ANOVA and Tukey’s multiple comparisons test. 
(C) Representative dot plots of PD-1-expressing T cells on day 3 after dosing with CTX-8371 or IgG1. (D) PD-1+ T cell frequencies in all tumors (mean ± SEM, n = 6). *, p <  
0.05, **, p < 0.001, ***, p < 0.005, ****, p < 0.0001 unpaired t test. (E) CTX-8371 reduces PD-1 on CD4+ and CD8+ T lymphocytes in the periphery on day 6. (mean ± SEM, 
n = 6), ****, p < 0.0001, ***, p < 0.005, **, p < 0.001, *, p < 0.05 unpaired t test.
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Discussion

We presented compelling evidence that co-targeting of PD1 
and PD-L1 with a bispecific tetravalent Ab outperforms mAbs 
in a series of in vitro and in vivo experimental settings. These 
results were not anticipated since both arms of CTX-8371 
inhibit the same receptor:ligand interaction, the PD-1:PD-L1 

signaling axis. Slight advantages for CTX-8371 were predicted 
over mAbs, as blocking PD-1 can also affect the interaction of 
PD-1 with PD-L2 and blocking PD-L1 may have liberated 
CD80 costimulatory molecule.26 Increased benefit of blocking 
the PD-1:PD-L1 receptor:ligand interaction using combina-
tions of mAbs in vivo has been reported before27,28 and, more 
recently, the activity of bivalent bispecific molecules co- 

Figure 7. CTX-8371-mediated loss of PD-1 on peripheral T lymphocytes of cynomolgus monkeys. (a, c) Representative dot plots of monkey PD-1+ CD4+ and CD8+ T cells 
at pre-treatment and on days 2 and 9 after CTX-8371 dosing. (b, d) peripheral blood PD-1+ CD4+ and CD8+ T cell frequencies and PD-1 MFI in all monkeys (mean ± SEM, 
n = 3). **, p < 0.001, *, p < 0.05, one-way ANOVA and Dunnett’s multiple comparisons test.
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targeting PD-1 and PD-L1 has also been disclosed.29 Given the 
enhanced activity of the bispecific constructs, we asked 
whether additional mechanisms could have conferred the func-
tional advantage. We discovered that CTX-8371 induced 

proteolytic stripping of the extracellular domain of PD-1 in 
polyclonally stimulated T cells. This occurred only when CTX- 
8371 co-engaged PD-1 and PD-L1 expressed on different cells. 
Our studies suggest a model in which CTX-8371 binding to 

Figure 8. Anti-tumor efficacy of CTX-8371 in combination with anti-CD137 antibodies. (a) Representative contour plots for each dose and time point showing CTL 
frequencies, gated on CD8+ T cells. (b) CD137+Granzyme B+CD8+ T cell frequencies in the 10 mg/kg and control (mean ± SEM, n = 4). ****, p < 0.0001, **, p < 0.001, *, p  
< 0.05. One-way ANOVA and Dunnett’s multiple comparisons test. (c) Individual tumor growth curves (n = 7) (d) Average tumor volume (mm3) for each treatment 
group. (e) MC38-hPD-L1 tumor growth plot of re-challenged tumor-free and naïve control mice (mean ± SEM, n = 4–10).
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PD-L1 may facilitate the reorientation of PD-1 ECD resulting 
in the exposure of a protease recognition site in the PD-1 stalk 
region, which would trigger the shedding of PD-1 from the cell 
surface. In support of this, a bispecific version of CTX-8371 in 
which only one Fab’ bound to each target, induced shedding 
less potently. Whereas PD-L1 cleavage has been documented as 
a resistance mechanism,30 CTX-8371 appears to uniquely facil-
itate cleavage of PD-1, which to the best of our knowledge is 
not known to be physiologically subjected to shedding. While 
the precise events initiated by CTX-8371 targets engagement 
have yet to be elucidated, the putative protease likely is T-cell 
derived since we observed cleavage in Jurkat cells. Potential 
candidates and known targets for batimastat are sheddases like 
MMPs or ADAMs. These enzymes have been involved in 
ectodomain shedding of numerous surface immunomodula-
tors and other proteins.31 Likely, the efficacy of CTX-8371 
might be further enhanced in vivo by virtue of other proteases 
present in the tumor microenvironment (TME). These could 
amplify PD-1 loss if their specificity for PD-1 overlaps with 
that of the putative sheddase. The ability of CTX-8371 to 
bridge cells expressing PD-1 with cells expressing PD-L1 
appears to be essential for exposing the proteolytic cleavage 
site. The kinetics of PD-1 loss, both in activated primary cells 
and in Jurkat cell trans system, indicates that the cleavage 
occurs within the time frame of cellular aggregation. It is 
tempting to speculate that the CTX-8371 might promote loss 
of PD-1 primarily where APCs and T cells interact (e.g. lymph 
nodes, spleens, tumors). This would be followed by the accu-
mulation of PD-1 ECD,32,33 which could act as a decoy soluble 
receptor for PD-L1, further amplifying its blockade of the PD- 
1/PD-L1 signaling axis.33 Since PD-1 loss correlated with 
robust anti-tumor response, monitoring PD-1 ECD levels 
before and after treatment has the potential to serve as 
a pharmacodynamic biomarker for patients treated with 
CTX-8371. With the current tools, we were not able to reliably 
quantify PD-1 ECD in the serum of treated mice and monkeys. 
We are now developing better methods to test this hypothesis 
directly in the clinic.

Analysis of the PD-1 loss in the peripheral T cells of tumor- 
bearing mice and of treated healthy monkeys, suggests that 
shedding of PD-1 can occur in blood. It is conceivable that i. 
v. injected CTX-8371 may engage melanoma cells and circulat-
ing PD-1-expressing effector cells in the B16F10-hPD-L1 
metastases model, explaining the superior efficacy of CTX- 
8371 over the standard blocking antibodies, and even their 
combination.

CTX-8371 outperformed FDA-approved antibodies in both 
the immunologically responsive MC38 colon carcinoma, and 
a classic model of “cold” TME, the B16F10 melanoma metas-
tasis model and combination of CTX-8371 with anti-CD137 
antibody resulted in long-lasting, complete anti-tumor 
responses. These findings offered a strong scientific rationale 
to pursue a therapeutic approach where PD-1 or PD-L1 target-
ing agents are combined with a CD137 agonist. We initiated 
the clinical evaluation of Keytruda® plus CTX-471, our anti- 
CD137 agonistic antibody23 (NCT03881488). Combinations of 
CPIs have already shown enhanced therapeutic effect in mel-
anoma and other malignancies34–36 and the demand for novel 
immunomodulatory drugs continues to remain high. CTX- 

8371 may offer superior clinical benefit over single agents 
targeting the PD-1/PD-L1 pathway due to its novel differen-
tiated and non-redundant mechanism of action. This potential 
could be further harnessed in combinatorial approaches with 
agents that target additional immunomodulatory receptors, 
such as CD137, or other orthogonal anti-cancer agents.
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