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Background and purpose: PD-1/PD-L1 antibodies have achieved great success in

clinical treatment. However, monoclonal antibody drugs also have challenges, such as

high manufacturing costs, poor diffusion, low oral bioavailability and limited penetra-

tion into tumour tissue. The development of small-molecule inhibitors of PD-1/PD-

L1 interaction represents a promising perspective to overcome the above challenges

in cancer immunotherapy.

Experimental approach: We explored structural activity relationships and used bio-

chemical assays to generate a lead compound (ZE132). CD8+ T-cells killing assay and

Ifng expression assay were used to verify the in vitro cellular activity of ZE132. Off-

target study was performed to verify the selectivity. Syngeneic mouse models were

used to verify the in vivo activity of ZE132 in tumour immune microenvironment

(TIME). We also performed pharmacokinetics profiling in mice and The Cancer

Genome Atlas database analysis.

Key results: ZE132 can effectively inhibit the PD-1/PD-L1 interactions in vitro, and it

has a potent affinity to PD-L1. ZE132 shows robust anti-tumour effects in vivo, bet-

ter than anti-PD-1 antibody. In the analysis of TIME, we found that ZE132 treatment

promotes cytotoxic T-cell tumour infiltration and induces IL-2 expression. In addition,

ZE132 elicits strong inhibitory effects on the mRNA expression of TGF-β, which may

serve as a potential biomarker to predict responsiveness to PD-1/PD-L1

immunotherapies.

Conclusion and implications: We identified a new lead compound ZE132 targeting

PD-1/PD-L1 interactions, not only showing favourable drug-like properties in vitro

and in vivo but also showing the advantage of overcoming the barrier of TIME com-

pared to anti-PD-1 antibody.
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1 | INTRODUCTION

Immune checkpoint molecules, such as cytotoxic T-lymphocyte-

associated antigen-4 (CTLA-4), programmed cell death-1 (PD-1) and

programmed cell death-ligand 1 (PD-L1), play key roles in inhibiting anti-

cancer T-cell immunity in multiple cancers in humans (Zou et al., 2016).

PD-1/PD-L1 blockade is a promising strategy in cancer therapy that has

revolutionised the treatment of malignancies (Sun et al., 2020).

However, monoclonal antibody drugs also have caveats, such as

immune-related adverse effects, high manufacturing costs, poor diffu-

sion, low oral bioavailability and limited penetration into tumour tissue

(Hwang et al., 2016; Naidoo et al., 2015). Current PD-1/PD-L1

humanised monoclonal antibodies were found to develop immunoge-

nicity in humans (Hwang et al., 2016; Naidoo et al., 2015;

Postow, 2015). Moreover, the large molecular weight of antibodies

has disadvantages in membrane permeability, resulting in insufficient

infiltration in solid tumours and comprising efficacy in clinical

treatment (Perez et al., 2014). The development of small-molecule

inhibitors of PD-1/PD-L1 interaction represents a promising perspec-

tive to overcome the above challenges in cancer immunotherapy.

Currently, several patent applications regarding small molecules

targeting of PD-1/PD-L1 claim to be effective in vivo and in vitro

(Miller et al., 2014; Sasikumar et al., 2012; Sharpe et al., 2011), how-

ever most of them are still in discovery and optimization stage.

AUNP12 was reported as the first peptide PD1/PDL1 inhibitor in

2014, with a structure similar to the PD-1 extracellular domain

(Sasikumar et al., 2011). The shorter half-life of peptides reduces the

occurrence of immune-related adverse reactions compared to anti-

bodies. AUNP-12 contains 29 amino acids. Using HEK293 cells

expressing hPD-L1 and hPD-1 for in vitro binding experiments, the

EC50 of AUNP-12 was 0.72 nmol�L−1, and in proliferation experi-

ments, the EC50 reached 0.41 nmol�L−1 (Sasikumar et al., 2011;

Sasikumar et al., 2019). In addition to AUMP12, BMS-986189, a

macrocyclic peptide consisting of a 45-membered N-methylated

backbone, entered the clinical phase in 2016 (Guzik et al., 2019).

In the field of small-molecule inhibitors of PD-1/PD-L1

interaction, BMS-37 and BMS-200 are early examples that inhibit this

interaction in vitro (Guzik et al., 2017). One of the key structural

features of BMS compounds is the biphenyl moiety, which is also

observed in subsequently reported PD-1/PD-L1 inhibitors. For

example, Gong et al. reported a biphenyl-containing compound A22

inhibiting PD-1/PD-L1 interaction with an IC50 value of 92.3 nmol�L−1
in vitro (Qin et al., 2019). Furthermore, Basu et al. reported that the

biphenyl-containing compound 2b blocked PD1/PDL1 interaction

with an IC50 value of 3.0 nmol�L−1 in a homogeneous time resolved

fluorescence (HTRF) assay (Basu et al., 2019). Koneiczny et al. also

reported a biphenyl-containing compound 2k inhibited PD-1/PD-L1

interaction with an HRTF IC50 value of 15.0 nmol�L−1 and it induced

PD-1 expression on CD4+ and CD8+ T-cells (Konieczny et al., 2020).

Despite the high in vitro potency observed for these biphenyl-

containing compounds, their activities on T-cell immunity and in vivo

anti-tumour activity remains understudied. Recently, NP19, a close

analogues of BMS-37, has been investigated. It induced interferon-γ

(IFN-γ) secretion from T-cells and inhibited tumour growth in the

B16F10 melanoma mouse model (Cheng et al., 2020). Nevertheless,

how small-molecule inhibitors of PD-1/PD-L1 interaction elicit their

anti-tumour activity in vivo remains underexplored and warrants

further studies.

Tumour cells can upregulate immune checkpoints to inhibit

immune responses (Topalian et al., 2015). In the tumour immune

microenvironment (TIME), PD-1/PD-L1 interaction can cause T-cell

exhaustion and tumour cell immune escape (Hui et al., 2017;

Patsoukis et al., 2012; Sharpe & Pauken, 2018). Transforming growth

factor-β (TGF-β) in the tumour microenvironment drives immune eva-

sion, which promotes T-cell exclusion (Tauriello et al., 2018). TGF-β

shapes the tumour microenvironment to restrain anti-tumour immu-

nity by restricting T-cell infiltration. There is a significant correlation

between the tumour mutational burden (TMB) and the objective

response rate to PD-1 Inhibition. Tumour mutational burden is one of

the most widely used immunotherapy biomarkers to identify the

patient response and predict therapeutic efficacy (Yarchoan

et al., 2017). TGF-β has been widely reported in immunosuppression

in multiple cancers (Batlle & Massagué, 2019). In clinical trials, an

anti-TGF-β and anti-PD-L1 bispecific antibody shows encouraging

anti-tumour efficacy (Bang et al., 2018).

In this study, we discovered a novel and potent small-molecule

inhibitor of the PD-1/PD-L1 interaction, featuring a taurine and a

biphenyl moiety. We systematically investigated the mechanism for

this lead compound in vivo anti-tumour activity and its advantages

over antibodies in modulating the TIME, as well as to better

understand the biomarker related to treatment response.

What is already known

• PD-1/PD-L1 antibodies have achieved great success in

clinical treatment.

• Monoclonal antibody drugs have challenges in diffusion,

oral bioavailability and penetration into tumour tissue.

What this study adds

• A new lead compound-ZE132 was identified with robust

anti-tumour effects, showing advantage over anti-PD-1.

• TGF-β status links to potentially predicting responsive-

ness to PD-1/PD-L1 immunotherapies.

Clinical significance

• ZE132 has the advantage of overcoming the barrier of

tumour micromovement compared with antibody.

• ZE132 may be used to treat a wide range of cancers with

anti-PD-1 resistance.
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2 | METHODS

2.1 | The AlphaLISA assay

The AlphaLISA assay was adopted with a commercial PD-1/PD-L1

Binding AlphaLISA Kit (PerkinElmer, #AL356C) following the manufac-

turer protocol. Briefly, a DMSO stock solution of the testing

compound was serial diluted in EP tubes with 1× immunoassay buffer.

These serial diluted working solutions were 4× concentration relative

to the final testing solutions, and the volume added to each well is

10 μl. In addition, the His-tagged PD-L1 was diluted into a working

protein solution to make it 4× concentration relative to the final test-

ing solution. The same procedure was performed for the biotinylated

tagged-PD-1. Subsequently, 10 μl of the working protein solution of

the His-tagged PD-L1 and 10 μl of the working protein solution of the

biotinylated tagged-PD-1 were added to each well accordingly.

Finally, 10 μl of a freshly prepared mixture of 4× anti-His AlphaLISA

acceptor beads and 4× Streptavidin donor beads was added, resulting

in a final volume of 40 μl per well. The 384-well plate was incubated

at room temperature in the dark for 90 min and the AlphaLISA signals

were measured using an EnVision-Alpha Reader (PerkinElmer). The

GraphPad Prism (RRID:SCR_002798) was used to calculate the IC50

values.

2.2 | Tumour cell lines

The cell lines EL4 (RRID:CVCL_0255), 4T1 (RRID:CVCL_0125), CT26

(RRID:CVCL_7256), MC38 (RRID:CVCL_B288) and B16F10(RRID:

CVCL_0159) were purchased from the American Type Culture Collec-

tion (ATCC) and cultured according to the supplier's recommenda-

tions, supplemented with 10% foetal bovine serum (FBS) and

penicillin–streptomycin solution at a concentration of 100 I.U.�ml−1.

2.3 | Animals

All animal care, ethical principles and experimental procedures con-

formed to the NIH Guide for the Care and Use of Laboratory Animals

and were approved by the Department of laboratory animal science

of Fudan University (Approval number: 2020-04-YL-ZD-02)

(Shanghai, China). Animal studies are reported in compliance with the

ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-

mendations made by the British Journal of Pharmacology (Lilley

et al., 2020). Ethical approval for experimentation that is recognised

worldwide. The ethical review permissions were approved by the

Institute for Research Ethics Committee in Fudan University and the

studies was followed by institutional guidelines for the care and use

of animals. Female C57BL/6, BALB/c and male Institute of Cancer

Research (ICR) mice were purchased from Vital River Laboratories

(Beijing, China). Male OT-I transgenic mice were purchased from

Shanghai Model Organisms. The mice used in the experiments were

6–8 weeks old (18–20 g). Mice (2–3 mice per cage) were kept in

individually ventilated cages (transparent and with top filter-isolator)

with standard bedding at a constant temperature of 23 ± 1�C and

40–60% humidity with 12 h light/darkness cycle in specific pathogen-

free conditions with food and water at will. All the animal studies

were designed to generate groups of equal size using randomisation

and blinded analysis. The different group sizes are due to the purpose

of multiple trials and unexpected individual losses during the process.

2.4 | Intradermal tumour establishment

C57BL/6 mice were inoculated subcutaneously (s.c.) with B16F10

(3 × 105) or MC38 (1 × 106) cells in the right flank on Day 0. BALB/c

mice were inoculated s.c. with CT26 (3 × 105) or 4T1 (3 × 105) cells in

the right flank on Day 0.

All cells were collected from the log phase of in vitro growth

(�70% confluency). Any mouse without a developing tumour was

excluded before grouping.

Three randomised cohorts (n = 5) with tumour size between 30

and 50 mm3 were administered vehicle control (DMSO, i.p., QD) or

anti-PD-1 (BioXcell, BE0146, Clone: RMP1–14, RRID:AB_10949053)

(10 mg�kg−1, i.p., BIW) or ZE132 (40 mg�kg−1, i.p., QD). The tumour

growth and regression were determined using volume as the readout.

The volumes (V) were calculated using the following formula:

V = a * b * b/2, where a is the longest diameter and b is the

shortest diameter.

Mice were killed (CO2, 5 min) either on at least Day 14 or when

the tumour reached a maximum diameter of 15 mm. No surgical pro-

cedures and no anaesthesia were used for these studies. For each

experimental procedure, prior to, during or after the experiments,

animal welfare (e.g. humane end points) are included in the

welfare-related assessments. The tumour samples were cut for flow

cytometry, quantitative polymerase chain reaction (qPCR) and immu-

nohistochemistryanalysis. The serum was obtained for biochemical

analysis. The plasma was collected for drug's concentration analysis.

2.5 | Off-target study

2.5.1 | The methods for testing compound
inhibition activity against BCL-2/BIM, BCL-xL/BAK,
MCL-1/BID and BFL-1/BID protein–protein
interactions

The methods have been previously reported (Zhou et al., 2012)

Briefly, the fluorescein tagged BIM (141-170), BAK (69-87) and BID

(79-99) BH3 (Bcl-2 Homology 3) peptides, which were named

FAM-BIM, FAM-BAK and FAM-BID, were synthesised from

Synpeptide.com. Their Kd values to BCL-2 (1-217), BCL-xL (1-209),

MCl-1 (172-327) and BFL-1 (1-151) proteins were determined with a

fixed concentration of FAM-BIM, FAM-BAK or FAM-BID, respec-

tively, in saturation experiments. Based on our analysis of the dynamic

ranges for the signals and their Kd values, the proper pairs of the
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fluorescein peptide (the tracer) and the protein were listed

as follows: BCL2/FAM-BIM, Kd = 0.44 nmol�L−1, BCl-xL/FAM-BAK,

Kd = 12.55 nmol�L−1; MCL-1/FAM-BID, Kd = 10.4 nmol�L−1; BFL-1/

FAM-BID, Kd = 0.81 nmol�L−1.
In the competitive binding assay, the fluorescence polarisation

values were measured using the Spark™ 10 M plate reader (Tecan

U.S., Research Triangle Park, NC) in 96-well, black, round-bottom

plates. To each single well, two components were added sequentially:

(1) 4 μl of the serial diluted testing compounds in DMSO; (2) To the

assay buffer [100 mmol�L−1 potassium phosphate, pH 7.5,

100 μg�ml−1 bovine γ-globulin, 0.02% sodium azide and 0.01% Triton

X-100; in case of MCL-1; Triton X-100 was replaced with PF68

(0.01%)], the tracer was added. Subsequently, the protein was also

added to the assay buffer. Finally, 96 μl of the assay buffer containing

the tracer and the protein was added to each well. The final concen-

tration of the tracer in each well is 5 nmol�L−1. The final concentration

of individual testing protein of interest is 20 nmol�L−1 for BCL-2,

50 nmol�L−1 for BCL-xL, 20 nmol�L−1 for MCL-1 or 20 nmol�L−1 for

BFL-1. All the components were mixed in each well of the plates,

which was incubated at room temperature for 1.5 h with gentle

shaking. The polarisation values in millipolarisation units (mP) were

measured at an excitation wavelength of 485 nm and an emission

wavelength of 530 nm. The IC50 values were calculated with

Graphpad.

2.5.2 | The methods for testing compound
inhibition activity against MDM2/p53 and MDM2/p53
protein–protein interactions

MDMX (14–111, C17S) and MDMX (1–118) protein were expressed

in E. coli and purified through nickel affinity chromatography and

subsequently gel filtration chromatography. The FAM labelled PDI

peptide (Hu et al., 2007) (FAM-PDI) was used as a tracer for both

MDMX and MDM2 binding assay, and the Kd values tested for

MDMX and MDM2 are 2.1 and 0.7 nmol�L−1, respectively in the

saturation experiments.

In the competitive binding assay, the fluorescence polarisation

values were measured using the Spark™ 10 M plate reader in 96-well,

black, round-bottom plates. To each single well, two components were

added sequentially: (1) 4 μl of the serial diluted testing compounds in

DMSO; (2) To the assay buffer [10 mmol�L−1 Tris (pH 8.0)

+ 200 mmol�L−1 NaCl + 0.01% Tween20 + 0.01% TritonX-100

(MDMX); 100 mmol�L−1 potassium phosphate (pH 7.5) + 100 μg�ml−1

Bovine-r-globulin + 0.01% TritonX-100 (MDM2)], the tracer was

added. Subsequently, the protein was also added to the assay buffer.

Finally, 96 μl of the assay buffer containing the tracer and the protein

was added to each well. The final concentration of the tracer in each

well is 5 nmol�L−1 in MDMX system and 2 nmol�L−1 in MDM2 system.

The final concentration of individual testing protein of interest is

60 nmol�L−1 for MDMX or 20 nmol�L−1 for MDM2. All the compo-

nents were mixed in each well of the plates, which was incubated at

room temperature for 1.5 h with gentle shaking. The polarisation

values in millipolarisation units (mP) were measured at an excitation

wavelength of 485 nm and an emission wavelength of 530 nm. The

IC50 values were calculated with Graphpad.

2.5.3 | The methods for testing compound
inhibition activity against TEAD2/YAP1 protein–protein
interactions

TEAD2 (217-447) protein was expressed in E. coli and purified

through nickel affinity chromatography and subsequently gel filtration

chromatography. The FAM labelled YAP (60-99) mimetic (FAM-YAP)

was used as a tracer, the peptide sequence of which is

DSETDLEALFNAVMNPKTANVPQTVPMCLRKLPASFCKPP. The Kd

values tested for TEAD2/FAM-YAP is 79.4 nmol�L−1 in the saturation

experiments.

In the competitive binding assay, the fluorescence polarisation

values were measured using the Spark™ 10 M plate reader in 96-well,

black, round-bottom plates. To each single well, three components

were added sequentially: (1) 5 μl of the serial diluted testing com-

pounds in the assay buffer (+20% DMSO); (2) 40 μl of the assay buffer

[1× PBS pH 7.4 + 0.01% TritionX-100] containing TEAD2; (3) 40 μl of

the assay buffer containing the tracer. The final concentration of the

tracer and TEAD2 in each well is 5 and 500 nmol�L−1, respectively. All
the components were mixed in each well of the plates, which was

incubated at room temperature for 1.5 h with gentle shaking. The

polarisation values in millipolarisation units (mP) were measured at an

excitation wavelength of 485 nm and an emission wavelength of

530 nm. The IC50 values were calculated with Graphpad.

2.5.4 | The methods for testing compound
inhibition activity against BRD2 BD1/BD2, BRD3
BD1/BD2 and BRD4 BD1/BD2

The methods have been previously reported, (Chen et al., 2019) which

adopted herein without any changes.

2.5.5 | The methods for testing compound
inhibition activity against BCL9/β-catenin

The method has been previously reported, (Kawamoto et al., 2009)

which adopted herein without any changes.

2.6 | Immunohistochemistry

In immunohistochemistry analysis, CT26 tumour samples were used to

analysis. Immunohistochemical procedures and analysis comply with

the recommendations made by the British Journal of Pharmacology and

adhere to the BJP checklist for and immunohistochemistry. Tumour

samples were collected, fixed in 4% formalin for 24 h at 4�C, immersed
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in 75% alcohol and embedded in paraffin. Anti-CD8 (ab209775;

Abcam, RRID:AB_2860566) was used for immunohistochemistry.

Immunohistochemistry was performed using an Elivision Super HRP

(Mouse/Rabbit), immunohistochemistry Kit (KIT-9922, Maixin Biotech)

and a Catalyzed Signal Amplification System (K1500, Dako) according

to the manufacturer's instructions. Each tissue section was analysed by

using Image j software (ImageJ, RRID:SCR_003070).

2.7 | H&E staining analysis

In in vivo toxicity experiment, C57BL/6 mice (6–8 weeks old) were

randomly divided into three cohorts (n = 2) and injected with vehicle

control (DMSO, once a day/QD) or ZE132 (40 mg�kg−1, QD or

80 mg�kg−1, QD). At the end of 7 days of injection, mice were killed

(CO2, 5 min). Various organs were collected and fixed with a 4%

paraformaldehyde solution followed by embedding in paraffin and

slicing into 5-μm sections. The samples were stained with

haematoxylin and eosin (H&E) and observed using Eclipse Ti

microscope and NIS-Elements Color Cam Ver. 4.00 (Nikon, Japan).

2.8 | Pharmacokinetics profiling

Pharmacokinetics (PK) analysis of ZE132 was conducted in four male

C57BL/6 SPF mice in accordance with the standard protocol (Viva

Biotech) and ethical regulations (IACUC).

ZE132 (40 mg�kg−1) was administered through i.p. injection.

Blood samples (300 μl) were periodically collected at the retro-orbital

vein at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 h after dosing, followed by

plasma separation for pending bioanalysis. Analytic concentrations

were determined using LC–MS/MS (SCIEX Triple Quad™ 5500).

Concentrations of ZE132 were transformed to “power of 10”
form for analysis.

2.9 | Flow cytometry analysis

At the end of the experiments, the termination of syngeneic murine

models was performed, and tumours were cut and digested in a diges-

tion cocktail (collagenase and deoxyribonuclease). Cells from the

tumour were isolated and resuspended in PBS buffer.

For surface staining, antibodies targeting CD45(30-F11, RRID:

AB_1107002), CD8(53–6.7, RRID:AB_1272185), PD-1(J43, RRID:

AB_465472), PD-L1(MIH5, RRID:AB_466089), CD4(GK1.5,RRID:

AB_11157830), CD25(PC61.5, RRID:AB_465607), CD11c(N418,

RRID:AB_1548654), CD11b(M1/70, RRID:AB_469588), CD103(2E7,

RRID:AB_465799), and MHC II(M5/114.15.2,RRID:AB_469455) were

purchased from eBioscience.

After surface staining, cells were fixed and permeabilized using

the FoxP3/Transcription Factor Staining kit (5523-00, eBioscience).

Antibodies targeting IFN-γ (XMG1.2,RRID:AB_466193), Granzyme

B (NGZB,RRID:AB_11149362), IL-2 (JES6-5H4,RRID:AB_469490),

Foxp3 (FJK-16S,RRID:AB_469457) and CXCL9 (MIG-2F5.5,RRID:

AB_11218694) were purchased from eBioscience. Flow cytometry

data were acquired on FACS Aria II (BD) and analysed using FlowJo

software (RRID:SCR_008520). Data from different batches were

normalised within FlowJo CytoNorm.

2.10 | HTRF assay

PD-1/PD-L1 Binding Assay Kit (Cisbio, #64ICP01PEG) was used in

HTRF assays. Dilution buffer was used to dilute the compound dis-

solved in DMSO into a working sample solution, and 12 gradients

were set. The working sample solution was 10× concentrated relative

to the testing sample solution.

Tag1-PDL1 and Tag2-PD1 were diluted into a working protein

solution. The working protein solution was 5× concentrated relative

to the testing protein solution.

Anti-Tag1-Eu3 and Anti-Tag2-XL665 were mixed in a ratio of 1:1.

First, 2 μl of the compound solution was added to a 96-well plate.

Then, 4 μl of a Tag1-PDL1 and Tag2-PD1 mix was added. After an

incubation step of 15 min, 10 μl per well of the Anti-Tag1-Eu3 and

Anti-Tag2-XL665 mixture was added, resulting in a final volume of

20 μl per well.

After another 30 min incubation at room temperature, the

samples were measured using a Microplate Reader (SPARK 10 M,

TECAN; excitation, 320 nm; emission, 650 and 612 nm). The final

HTRF ratio was calculated as: ratio = (signal 650 nm/signal

612 nm) × 10,000. GraphPad was used to calculate the IC50 of the

compounds.

2.11 | Biacore assay

hPD-L1(Genscript, Z03371), hPD-L2(Genscript, Z03417) or hPD-1

(Genscript, Z03370) were immobilised on a CM5 chip (GE Health) by

using Biaocre T200.

Sensogram was obtained by using a series of different concentra-

tions of ZE132 (40,000, 20,000, 10,000, 5000, 2500, 1250, 625, 312.5,

156.25, 78.125, 39.0625, 19.53 and 9.76 nmol�L−1). SPR sensorgrams

have association time intervals of 45 s and dissociation time intervals of

60 s. Data were analysed by using Biacore Evaluation Software.

2.12 | Cell Counting Kit-8 and lactate
dehydrogenase assays

Cell proliferation was estimated using the Cell Counting Kit-8 and

lactate dehydrogenase assay. EL4 cells were used for the logarithmic

growth phase. Cell suspensions (2 * 104 cells per well) were added to

96-well plates in a volume of 100 μl per well. The treatment, solvent

control and control groups were treated with different concentrations

of ZE132 using the corresponding solvent (DMSO) or culture media.

The final concentrations of ZE132 were 10 and 1 μmol�L−1.
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Each group was prepared with three parallel wells and incubated

at 37�C and 5% CO2 for 48 h.

In the Cell Counting Kit-8 assay, 10 μl Cell Counting Kit-8

(MA0218, Meilunbio) was added to each well at the end of the culture

period. After a 2 h incubation step, the absorbance was measured

with Synergy H1 (BioTek).

The lactate dehydrogenase assay was performed using a lactate

dehydrogenase cytotoxicity detection kit (C0016, Beyotime), and all

procedures were performed according to the supplier's recommenda-

tions. The absorbance was measured using Synergy H1 (BioTek).

2.13 | T-cell cultures

OVA-specific CD8+ cytolytic T-cells were generated by incubating

OT-I mice splenocytes with 10 μg�ml−1 SIINFEKL peptide (Sangon

Biotech, T510212) and 20 ng�ml−1 mIL-2(R&D systems, 402-ML) for

5–7 days. At the end of culture, the culture contained >95% cytotoxic

T-cells (Gropper et al., 2017; Taylor et al., 2016).

2.14 | OT-I T-cell cytotoxicity assay

EL4 cells were treated with compounds at different concentrations

for 24 h. DMSO and anti-PD-L1 (BioXcell, BE0101, Clone:10F.9G2,

RRID:AB_10949073) were used as the vehicle and positive control,

respectively. Then, EL4 cells were harvested and resuspended in

RPMI-1640 medium at 1 × 106 cells�ml−1.

EL4 cells were pulsed with medium vehicle control or 10 mg�ml−1

SIINFEKL peptide for 2 h at 37�C and then labelled with 0.25 or

5 mmol�L−1 CFSE (Thermo Fisher Scientific, #C34554) for 10 min at

37�C, respectively. The EL4 cells were co-cultured with CD8+ T-cells

isolated from splenocytes of C57BL/6 mice at different E:T ratios for

12 h. Compounds in different concentrations were added to the

culture medium. After incubation, the percentage of specific killing

was determined by flow cytometric analysis (Beckman CytoFlex S).

Specific killing (%) = [1-Sample ratio/Negative control ratio]

* 100;

Sample ratio = [CFSE high (EL4 pulsed with OVA)/CSFE low

(vehicle control)] value of each sample co-cultured with CD8+ T-cells;

Negative control ratio = [CFSE high (EL4 pulsed with OVA)/CSFE

low (vehicle control)] value of EL4 cells not co-cultured with CD8+ T-

cells.

The killing efficiency of vehicle group was used as the baseline.

2.15 | Small interfering RNA transfection

For small interfering RNA (siRNA) knockdown, 4 * 104 cells�ml−1 EL4

cells were cultured in 24-well plate for 12 h before transfection. Dilut-

ing 2 μl of Lipofectamine 2000 (Thermo, 11,668,019) with 25 μl of

Opti-MEM and diluting 500 ng of siRNA with 25 μl of Opti-MEM.

Next, the diluted Lipofectamine 2000 and diluted siRNA were mixed

and incubated for 20 min. Non-targeting siRNA was used as negative

control. The mRNA expression level of Cd274 was measured by qPCR

after 48 h.

siRNA Sequence:

Cd274-siRNA1:

sence:50 GGCGUUUACUGCUGCAUAATT 30;

anti-sence:50 UUAUGCAGCAGUAAACGCCTT 30.

Cd274-siRNA2:

sence:50 GAGGUAAUCUGGACAAACATT 30;

anti-sence:50 UGUUUGUCCAGAUUACCUCTT 30.

Cd274-siRNA3:

sence:50 GGAGAAAUGUGGCGUUGAATT 30;

anti-sence:50 UUCAACGCCACAUUUCUCCTT 30.

2.16 | Effects of ZE132 on Ifng expression in OT-I
CD8+ T-cells in vitro

After 3 days of culture with SIINFEKL peptide and IL-2 (as men-

tioned earlier), OT-I CD8+ T-cells were plated in the 24-well plate

with a density of 2 * 106 cells per well in 500 μl 1640-RPMI

containing 10% FBS with or without mPD-L1(Abcam, ab130039)

protein (25 and 50 nmol�L−1). Then 1 and 10 μmol�L−1 ZE132 were

added to the wells, respectively, and cultured at 37�C for 24 h.

Then the CD8+ T-cells were collected for detecting of Ifng expres-

sion by using qPCR.

2.17 | Reverse transcription and quantitative real-
time PCR

Total RNA (500 ng) was isolated from cells using Trizol (Thermo,

#11596026) and reverse-transcribed to complementary DNA using

Evo M-MLV reverse transcription (RT) Premix (AG11706, Accurate

Biology). Complementary DNA was then diluted and used for quantifi-

cation by quantitative PCR, which was performed using SYBR® Green

Premix Pro Taq (AG11701, Accurate Biology) and the StepOne-Plus

real-time PCR system (Applied Biosystems).

Primer Sequence:

Gapdh:

F 50 AGGTCGGTGTGAACGGATTTG 30;

R 50 TGTAGACCATGTAGTTGAGGTCA 30.

Cxcl9:

F 50 GGAGTTCGAGGAACCCTAGTG 30;

R 50 GGGATTTGTAGTGGATCGTGC 30.
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Cd8:

F 50 CCGTTGACCCGCTTTCTGT 30;

R 50 CGGCGTCCATTTTCTTTGGAA 30.

Havcr2:

F 50 TCAGGTCTTACCCTCAACTGTG 30;

R 50 GGGCAGATAGGCATTTTTACCA 30.

Ifng:

F 50 ATGAACGCTACACACTGCATC 30;

R 50 CCATCCTTTTGCCAGTTCCTC 30.

Il2:

F 50 TGAGCAGGATGGAGAATTACAGG 30;

R 50 GTCCAAGTTCATCTTCTAGGCAC 30.

Tgfb1:

F 50 CTCCCGTGGCTTCTAGTGC 30;

R 50 GCCTTAGTTTGGACAGGATCTG 30.

The results of RT-PCR were transformed to the form of “fold
change” to show the different mRNA expression level between treat-

ment group and control group.

2.18 | Serum biochemical analysis

BALB/c mice inoculated subcutaneously (s.c.) with CT26 were used

here. After treatment, BALB/c mice were killed by CO2 inhalation and

blood was immediately collected in a sodium citrate tube and

centrifuged at 5000 xg for 10 min. Serum was stored at −80�C for

subsequent alanine aminotransferase (ALT), aspartate aminotransfer-

ase (AST), total and direct bilirubin, albumin (ALB) and alkaline

phosphatase (ALP) measurements.

2.19 | Bioinformatics analysis

RSEM-normalised gene expression and clinical data from breast invasive

carcinoma, colon adenocarcinoma and skin cutaneous melanoma

patients were downloaded from The Cancer Genome Atlas Program

(RRID:RRID:SCR_003193) data portal. The Cancer Genome Atlas

datasets, including colon adenocarcinoma and READ, were downloaded

from cBioPortal (http://www.cbioportal.org/, RRID:SCR_014555). The

expression data from these patients were uploaded to Cibersort web

server as mixed files. Default parameters were applied.

The samples were divided into high and low expression groups

based on gene median expression levels. The datasets were analysed

in KM-plot (http://kmplot.com) and were divided into high and low

expression groups based on gene median expression levels. A Kaplan–

Meier curve was constructed to compare the overall and disease-free

survival rates in the two groups. LogRank p value and HR were calcu-

lated with SPSS v 16.0. Kaplan–Meier overall survival curves of breast

invasive carcinoma (Figure S7a) and skin cutaneous melanoma

(Figure S7b) patients in different subgroups based on transforming

growth factor beta-1 (TGFB1) gene expression levels. LogRank

p value and HR were calculated with SPSS v 16.0 (RRID:

SCR_019096).

GSE141119 data set was used. These data include melanoma

patients with anti-PD-1 treatment and the patient's tumour RNA-Seq

dataset. We selected the PD-1 expression cell group for analysis, to

investigate the treatment the relationship between the expression of

PDCD1 (PD-1 gene) and TGFB1 before treatment (T0) and after treat-

ment (M1, M2).

2.20 | Statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Additional data from

different models were provided to validate the results. In our

analysis, the size of independent groups was at least 5 (exact num-

bers are provided in the figure legends). We did not perform statisti-

cal analysis for small groups, and their results are only exploratory

and preliminary. Results are expressed as mean ± SEM. Data were

analysed by Student's t-test when comparing two groups. Among

multiple groups, one-way ANOVA with Tukey's test was conducted

for comparisons. Post hoc tests were run only if F achieved p < .05,

and there was no significant variance inhomogeneity. P values <.05

were considered statistically significant, and all tests were two-tailed.

When outliers were included or excluded in analysis, this is stated

within the figure legend. Log-transformation and data normalisation

methods were used to analysis.

All statistical analyses were performed using GraphPad Prism

8 (GraphPad Software, La Jolla, CA, USA, RRID:SCR_002798).

All studies followed the editorial on experimental design and

analysis in pharmacology (Curtis et al., 2018) and followed the BJP

checklist for Design and Analysis.

3 | MATERIALS

AlphaLISA Kit(#AL356C) was from PerkinElmer. PD-1/PD-L1 Binding

Assay Kit (HTRF)(#64ICP01PEG) was from Cisbio. Immunohistochem-

istry kit(#KIT-9922) was from Maixin Biotech. CM5 chip(#29149603)

was from GE Health. Evo M-MLV RT Premix(#AG11706) and SYBR®

Green Premix Pro Taq(#AG11701) were from Accurate Biology

(Changsha, China). Trizol(#11596026), Lipofectamine 2000

(#11668019) and CFSE(#C34554) were from Thermo. SIINFEKL pep-

tide(T510212) was from Sangon Biotech (Shanghai, China). mIL-2
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(#402-ML) was from R&D Systems (Minneapolis, MN, USA). hPD-1

(#Z03370), hPD-L1(#Z03371) and hPD-L2(#Z03417) were from

Genscript (Nanjing, China). Cell Counting Kit-8 assay kit(#MA0218)

was from Meilunbio (Dalian, China) and lactate dehydrogenase assay

kit(#C0016) was from Beyotime (Shanghai, China).

Antibodies targeting CD45(30-F11, RRID:AB_1107002), CD8

(53–6.7, RRID:AB_1272185), PD-1(J43, RRID:AB_465472), PD-L1

(MIH5, RRID:AB_466089), CD4(GK1.5, RRID:AB_11157830), CD25

(PC61.5, RRID:AB_465607), CD11c(N418, RRID:AB_1548654),

CD11b(M1/70, RRID:AB_469588), CD103(2E7, RRID:AB_465799),

MHC II(M5/114.15.2, RRID:AB_469455), IFN-γ (XMG1.2, RRID:

AB_466193), Granzyme B (NGZB, RRID:AB_11149362), IL-2

(JES6-5H4, RRID:AB_469490), Foxp3 (FJK-16S, RRID:AB_469457)

and CXCL9 (MIG-2F5.5, RRID:AB_11218694) were purchased from

eBioscience. ZE138 (2-((5-Chloro-2-((5-cyanopyridin-3-yl)methoxy)-

4-((3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylbenzyl)oxy)benzyl)

(3-(dimethylamino)propyl)amino)ethane-1-sulfonic acid) and analogues

synthesis and nuclear magnetic resonance (NMR) spectra are shown in

supporting Data S.

3.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org, and are permanently archived

in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).

4 | RESULTS

4.1 | ZE132 can effectively improve the in vitro
cytotoxic killing of T-cells

In order to evaluate small molecules that competitively inhibit PD-1/

PD-L1 interaction in vitro, we used AlphaLisa test. Structures of series

compounds are shown in Figure 1a. Synthesis methods and nuclear

magnetic resonance spectra are shown in supporting information

related to Figure 1. We incorporated a taurine moiety into the modi-

fied biphenyl core structure of BMS200 and synthesised 1 (ZD45),

which has a PD-1/PD-L1 inhibitory IC50 value of 6.06 nmol�L−1
(Figure 1b). Its close analogue 2 (ZD39), comprising of a homotaurine

moiety, inhibited PD-1/PD-L1 interaction with an IC50 value of

1.86 nmol�L−1. However, both 1 and 2 have very poor solubility in

DMSO and aqueous solution, and are not suitable for further biologi-

cal evaluations. In order to improve their aqueous solubility, side

chains were incorporated and 3 (ZE132) and 4 (ZE131) were

synthesised, which also inhibited PD-1/PD-L1 interaction with IC50

values of 23.49 and 35.03 nmol�L−1, respectively. 5(BMS-1266), a

compound reported in a patent, was included as a positive control,

which inhibited PD-1/PD-L1 interaction with an IC50 value of

32.23 nmol�L−1. In addition, we also used Cisbio's HTRF binding-

affinity test (Figure S1a). These data suggested that the taurine moiety

is beneficial for optimal in vitro potency.

To further investigate the role of ZE132 in blocking the PD-1/

PD-L1 pathway, we used Biacore assay to explore the possible

mechanism. Data showed that ZE132 has a strong affinity with PD-L1

and the KD value is 19.36 nmol�L−1 (Figure 1c), which is consistent

with the results from AlphaLisa and HTRF assays. ZE132 has weaker

affinity with PD-L2 and has no affinity with PD-1(Figure S1b,c).

In order to examine whether ZE132 also blocks other protein–

proteins interactions, we tested it in 13 protein–protein interaction

assays, including BRDs/Histone, MDM2/p53, MDMX/p53, TEAD2/

YAP1, BCL2/BIM, MCL1/BID, BCL2/BAK and BFL1/BID, using the

corresponding effective inhibitors as positive controls. The results

showed that ZE132 did not elicit off-target effects, indicating it has

good selectivity (Figure S2a–m).

Subsequent in vitro cytotoxic killing experiments were performed

to verify the compounds activities at the cellular level. In many

studies, CFSE killing assay has been widely used to detect the in vitro

killing activity of cytotoxic T-cells (Gropper et al., 2017; Taylor

et al., 2016), so the OT-I CFSE cytotoxic cell assay was adopted where

the PD-L1 antibody was used as a positive control. Briefly, OT-I

genetically modified mouse splenocytes and EL4 mouse lymphoma

cells were harvested for the experiments. To test whether EL4 cells

are suitable for verifying cell killing after blocking PD-1/PD-L1 signal-

ling, we used antibodies to block PD-L1 on the surface of EL4 cells.

Using flow cytometry analysis, we found EL4 cell surface expression

of PD-L1, suitable for compound-killing detection (Figure 1d). As

shown in Figure S3d, 4 (ZE131) were inactive, indicating the necessity

of the taurine moiety and the basic side chain for optimal cellular

activity. In addition, 3 (ZE132) killed EL4 cells in a dose-dependent

manner and showed a higher tumour cell killing potency at

10 μmol�L−1 with a 2:1 E:T ratio compared to that of PD-L1 antibodies

(Figure 1e). killing assay data of other compounds were shown in

Figure S3a–e. These data suggested that the taurine moiety is benefi-

cial for optimal cellular potency. Therefore, ZE132 was chosen as the

lead compound for further characterisation.

When using siRNA to knock down the Cd274 mRNA expression

level of EL4 cells, the effect of ZE132 on improving the killing effect

of OT-I CD8+ T-cells disappeared (Figure 1f–g). Subsequently, we

used more concentration gradients to make the curve of killing assay,

and vehicle cohort was used as baseline (Figure 1h).

In the experiment, it was found that PD-L1 protein could activate

the PD-1/PD-L1 pathway in CD8+ T-cells and inhibit the mRNA

expression of Ifng in T-cells. Under treatment of ZE132, the mRNA

expression level of Ifng in T-cells was significantly increased, and there

was a concentration dependent effect. It was proved that ZE132

could effectively block the PD-1/PD-L1 interaction (Figure 1i).

To detect the specificity of the compound and whether the prolif-

eration inhibition of EL4 is due to non-immune-induced cytotoxicity

to cells, we used Cell Counting Kit-8 assay and lactate dehydrogenase

experiments to detect the effect of the compound on cytotoxicity.

The results showed that ZE132 had no significantly toxic effect to

tumour cells alone at concentrations of 1 and 10 μmol�L−1 (Figures 1j
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F IGURE 1 Structure/activity
relationship and lead optimization.
(a) The structure of a series of
compounds targeting PD-1/PD-L1
interaction. BMS-1266 is from a
publicly available patent of Bristol
Myers Squibb. (b) AlphaLISA assay
results in vitro. Customised AlphaLISA
assay detecting inhibition between

biotinylated tagged-PD-1 and His-
tagged PD-L1. ZE132 is screened as
an active compound
(IC50 = 23.49 nmol�L−1). (c)
Sensorgram and saturation curve of
the titration of ZE132 on hPD-L1
immobilised on a CM5 chip. The
binding curve was fit to get a KD
value of 19.36 nmol�L−1
(concentration gradients: 1250, 500,
250, 125, 31.25, 15.625, and
7.8125 nmol�L−1). Data were
calculated by using Biacore T200
software. (d) Flow cytometry
measurement of surface PD-L1
expression in EL4 cells. Cells treated
or untreated anti-PD-L1 were
measured respectively, and the images
were finally compared by overlapping.
(e) OT-I mice cytotoxic T-cells were
used to detect the activity of
compounds in vitro. Different ZE132
concentrations and E:T ratios were
used to prove the activity of ZE132,
and anti-PD-L1 was used as a positive
control. The killing efficiency of
vehicle group (E:T = 2:1) was used as
the baseline. (f) qPCR analysis of
Cd274mRNA expression in EL4 cells
after silenced by siRNA (*p < .05).
(g) The killing effect of OT-I CD8+ T-
cells on EL4-Cd274KD cells under
ZE132 treatment. (h) Dose–response
curves of killing efficiency of ZE132

in vitro killing assay (the killing
efficiency at concentration of 0 was
used as the baseline). (i) OT-I CD8+ T-
cells were plated in a 24-well plate
with or without mPDL1. Then, ZE132
with different concentrations was
added to the wells and cultured for
24 h. Cells were collected for
detection of Ifng mRNA expression by
using qPCR. (j) Cytotoxicity of ZE132
treatment in EL4 cells, measured by
Cell Counting Kit-8 assay. EL4 cells
were treated with 1 or 10 μmol�L−1
ZE132 over 24 h. Statistical
significance of differences between
groups was determined by unpaired
Student's t-test. All data are presented
as mean ± SD of five independent
experiments with triplicate
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and S3f). The toxicity data of other compounds were shown in

Figure S3g,h. These data show that cell growth inhibition during

in vitro OT-I cytotoxic experiments was caused by T-cell killing rather

than compounds directly killing tumour cells.

Taken together, aforementioned results indicated that the com-

pound ZE132 can effectively block PD-1/PD-L1 interaction, effec-

tively alleviate the resulting T-cell depletion and improve T-cell killing

efficiency.

4.2 | In vivo efficacy of ZE132 in mouse models

To test the in vivo efficacy of ZE132, we used four syngeneic mouse

models (B16F10, CT26, MC38 and 4T1). Following s.c. inoculation of

tumour cells, mice were treated with ZE132 to validate anti-tumour

effects in vivo.

BMS-1266 and ZD41, which are derivatives of ZE132,

showed significant anti-tumour effects in the B16F10 model (Figure S4a).

Next, we optimised ZD41 into ZE132 for in vivo experiments.

ZE132 was first tested in the B16F10 model (Figure 2a). The pic-

ture of B16F10 tumour volume was shown in Figure S4b. Mice were

grouped according to the administration regimen as follows: the vehi-

cle control group, PD-1 antibody group (i.p. 10 mg�kg−1 BIW), PD-L1

antibody group (i.p. mg�kg−1BIW) and ZE132 group (i.p. 20 mg�kg−1or
40 mg�kg−1QD). The compound ZE132 showed a dose-dependent

effect and the tumour growth inhibition rate was equal to or higher

than that of the antibody group.

ZE132 was also assessed in the CT26 mouse colorectal cancer

model established in immunocompetent mice (regular BALB/c). The

mice were grouped according to the administration regimen as fol-

lows:- blank control, PD-1 antibody group (i.p. 10 mg�kg−1BIW) and

ZE132 group (i.p. 40 mg�kg−1QD). ZE132 showed anti-tumour effects,

with a tumour growth inhibition of 64%, which is better than PD-1

antibody in the same model (tumour growth inhibition of 38%)

(Figure 2b). The picture of CT26 tumour volume is shown in

Figure S4c. The MC38 and 4T1 models were also used to detect the

anti-tumour effects of ZE132. In the MC38 model, ZE132 showed a

similar anti-tumour effect to the previous two models (Figure 2c). In

contrast, tumour growth inhibition in the 4T1 immune-competent

model was low (Figure 2d). The pictures of tumour volume 4T1

models were shown in Figure S4d.

In summary, ZE132 and its derivatives exhibited robust anti-

tumour effects in vivo by targeting PD-1/PD-L1 signalling, and these

effects were more pronounced in CT26 and B16F10 models.

4.3 | ZE132 lead compound demonstrates
favourable PK profiles

In addition to in vitro and in vivo efficacy, substantial improvement of

pharmacological features was a major goal of our lead optimization.

Pharmacokinetic experiments were conducted in C57BL/6 mice

(Figure 2e). After i.p. injection of ZE132 at 40 mg�kg−1, sampling at

different time points showed a half-life of 1.6 ± 0.4 h and a clearance

rate of 7679 ± 1840 ml�h-1�kg−1, indicating favourable metabolic con-

ditions. In addition, ZE132 demonstrated favourable bioavailability

and half-life properties, indicating the feasibility of daily dosing.

ZE132 administered at 40 mg�kg−1 via i.p. injection yielded a Cmax in

plasma ranging from1829 ± 893 ng �ml−1, much greater than the com-

pound's in vitro IC50 in cellular assays. Furthermore, ZE132 resulted in

AUC values in plasma spanning of 5204 ± 1350 h nmol�ml−1

(Figure 2e). ZE132 had a low rate of clearance, ranging from

7.68 ± 1.84 L�h-1�kg−1, and an apparent volume of distribution (Vd),

ranging from 18.1 ± 9.12 L�kg−1. Both the low clearance and extended

half-life of ZE132 in mice suggest that effective exposure levels are

achievable at therapeutic doses in humans. The pharmacokinetic data

of ZE132 i.v. 20 mg�kg−1in ICR mice were shown in Figure S4e. In

summary, ZE132 showed good pharmacokinetic characteristics

in vivo.

4.4 | ZE132 enhances the tumour growth
inhibition of cytotoxic lymphocytes by blocking PD-1/
PD-L1 interaction

Previous studies reported that PD-1/PD-L1 blocking promotes cyto-

toxic lymphocyte activity by increasing the secretion of cytokines

such as interferon-γ (IFN-γ) and interleukin 2 (IL-2) (Butte

et al., 2007). To analyse the mechanism of tumour growth inhibition

of ZE132 in vivo, we performed an analysis of key tumour-infiltrating

immune cells and cytokine expression levels. Flow cytometry analysis

of tumours was performed on tumour tissue after treatment to ana-

lyse immune cell changes in the TIME and related gating strategy are

shown in Figure 3a. After tumour dissection, tumour tissue samples

were processed into a single-cell suspension, followed by antibody

staining. In B16F10 and CT26 models, IFN-γ+, IL-2+ and granzyme B

+ CD8+ cytotoxic T-cell tumour infiltration was significantly

increased compared with the PD-1 antibody group and vehicle group

after ZE132 treatment, indicating that the function of cytotoxic T

lymphocytes in TIME was restored, increasing the cytotoxic effect of

T-cells to tumour cells (Figures 3b–d and S4f–h). We also took

advantage of quantitative PCR (qPCR) to examine the cytokine

expression levels in tumours. qPCR results showed a significant

increase in expression of the Ifng and Il2 mRNA expression upon

ZE132 treatment in B16F10 model (Figure 3e,f). A similar increase in

expression of the Ifnγ and Il2 mRNA expression can also be observed

in the CT26 model treated with ZE132 compared with vehicle

(Figure S4i,j).

Additionally, upon PD-1 antibody or ZE132 treatment, regulatory

T-cells, which promote tumour growth by inhibiting the function of

cytotoxic CD8+ T-cells and play an inhibitory role in TIME, shows

decreased tumour infiltration in B16F10 model and these results indi-

cate TIME changes favouring immune reactions (Figure 3g,h). A similar

decrease of regulatory T-cells tumour infiltration can also be observed

in the CT26 tumour treated with ZE132 compared to that of vehicle

(Figure S4k).
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F IGURE 2 In vivo efficacy of ZE132 in mice. (a) C57BL/6 mice were inoculated B16F10 cells via single flank implantation and treated with
vehicle control, ZE132 (20 or 40 mg�kg−1, i.p., QD), anti-PD-1 (10 mg�kg−1, i.p., BIW) and anti-PD-L1 (10 mg�kg−1, i.p., BIW) via i.p. injection after
tumour volume reached 30 mm3 (n = 5 per cohort) (*p < .05). (b) BALB/c mice were inoculated CT26 cells via single flank implantation and
treated with a vehicle control, ZE132 (40 mg�kg−1, i.p., QD) and anti-PD-1 (10 mg�kg−1,i.p., BIW) via i.p. injection after tumour volume reached
30 mm3 (n = 5 per cohort) (*p < .05). (c) MC38 cells were inoculated into C57BL/6 mice before treatment with a vehicle control, ZE132
(40 mg�kg−1, QD), and anti-PD-1 (10 mg�kg−1, BIW) via i.p. injection. After treatment, tumour samples were cut and displayed to show the volume
difference (n = 4 per cohort). (d) BALB/c mice were inoculated 4T1 cells via single flank implantation and treated with vehicle control and ZE132
(40 mg�kg−1, i.p., QD) via i.p. injection after tumour volume reached 30 mm3 (n = 4 per cohort). (e) ZE132 (mg�kg−1) was injected into C57/BL6
mice via i.v. or i.p., and the changes in the drug blood concentration in vivo were detected at different time points (n = 4). Results were denoted as
means ± SEM, and statistical significance of differences between groups was determined by two-way ANOVA for all tumour growth assays
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F IGURE 3 In vivo mechanism of action of ZE132. (a) C57BL/6 mice inoculated with B16F10 tumours were treated with a vehicle control,
ZE132 (40 mg�kg−1, QD) over 10 days. Representative flow panels of cytotoxic T-cells (CTLs) are shown. Gating strategies were also used in
other models. (b–d) B16F10 tumours were treated with a vehicle control, ZE132 (40 mg�kg−1, QD) and anti-PD-1 (10 mg�kg−1, BIW) over 10 days
(n = 8 from two batches). Percentages of IFN-γ+ (b) /IL-2+ (c) /Granzyme B+ (d) cells among the CD45+ CD8+ cell populations in tumours are
shown (*p < .05). (e, f) qPCR measurement of Ifng (e) and Il2 (f) expression in B16F10 tumours taken from C57BL/6 mice (*p < .05). (g) B16F10
tumours were treated with a vehicle control, ZE132 (40 mg�kg−1, QD) and anti-PD-1 (10 mg�kg−1, BIW) via i.p. injection over 10 days (n = 8 from
two batches). Representative flow panels of regulatory T-cells (Tregs) are shown. Gating strategies were used in other models. (h) Percentages of
Foxp3+ Tregs in B16F10 tumours are shown (*p < .05). Statistical significance of differences between groups was determined by unpaired

Student's t-test. Results were denoted as means ± SEM for experiments performed in triplicate
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The above results show that upon blockade of the PD-1/PD-L1

interactions by ZE132, the depletion of T-cells in the TIME is allevi-

ated, increasing cytokines expression increased, tumour suppression

enhanced and regulatory T-cells tumour infiltration decreased, leading

to robust tumour growth suppression.

4.5 | ZE132 shows a tolerable profile in vivo

We investigated the toxic effects of ZE132 in vivo to determine its

therapeutic window. As shown in previous in vitro toxicity tests,

ZE132 showed no compound-induced cytotoxicity to cells at

10 μmol�L−1, whereas ZE132 at 877 nmol�L−1 shows 2 folds activity

of cytotoxic T-cell compared with vehicle (E:T = 16:1) (Figure 1h). In a

mouse maximum lethal dose study, the median lethal dose (LD50) in

C57BL/6 mice was >400 mg�kg−1 (supporting information). In the

B16F10 (Figure 4a) and CT26 (Figure 4b) efficacy models, the change

of body weight in mice in the ZE132-treated group was an �2 g lower

(�10%) reduction than in the vehicle group, and the body weight

showed a tendency to recover from Days 4 to 8. A similar phenome-

non can also be observed in the MC38 model (Figure 4c) and 4T1

model (Figure 4d).

For the in vivo toxicity experiments, C57BL/6 mice were divided

into three groups according to the administration regimen as follows:-

vehicle control, 40 mg�kg−1 and 80 mg�kg−1, i.p. QD. Treatments

lasted for 1 week. The mice were killed and major organs such as the

liver, lung, heart, intestine and spleen were processed for histology

analysis. The staining results showed that ZE132 does not cause

direct toxicity to internal organs at both 40 and 80 mg�kg−1
(Figure 4e), indicating that ZE132 has good safety and tolerance.

Serum chemistry and haematology studies were performed after

a 2-week treatment period, and no differences were found between

animals treated with the vehicle control and ZE132 (Figure 4f). This

result indicated that ZE132 has no obvious toxicity to mice including

no liver toxicity and thus the compound was considered safe.

Overall, we concluded that ZE132 shows a tolerable toxicity pro-

file and a favourable therapeutic window.

4.6 | ZE132 in vivo efficacy is related to Tgfb1
expression level in tumour microenvironments

We found that ZE132 showed different response rates of tumour

growth inhibition in B16F10, 4T1, CT26 and MC38 models. Thus, we

further investigated the mechanism driving this response. A successful

immune reaction requires sufficient cytotoxic T lymphocytes tumour

infiltration and a favourable TIME.

Given the strong clinical relevance between dendritic cells (DCs)

infiltration and T-cells activation, we next examined whether blockage

with ZE132 can functionally modulate DCs in the cancer immunologic

microenvironment. Quantitative real-time PCR (qPCR) results showed

that Ifng mRNA expression levels were increased in the tumour envi-

ronment. IFN-γ stimulates the secretion of degeneration factors such

as CXCL9 by CD103+ DCs, thereby recruiting more cytotoxic T-cells

to inhibit tumour growth (Dangaj et al., 2019). As such, we used the

gating strategies shown in Figure 5a to identify CXCL9+ CD103+

DCs. CXCL9 secreted from CD103+ DCs is increased in Z132-treated

groups compared with PD-1 antibody-treated group, indicating that

ZE132 treatment promotes higher CXCL9 protein expression in

B16F10 and CT26 tumour (Figure 5b,c). Similar results were also

observed for Cxcl9 mRNA expression (Figure 5d,e).

CXCL9 plays an important role in the recruitment of CD8+ T-cells

(Gorbachev et al., 2007). qPCR was used to detect the Cd8 mRNA

expression in TIME, and the results showed a significant increase in

treatment group of B16F10 and CT26 model compared with vehicle

group (Figure 5f,g).

Immunohistochemistry staining of CD8 showed that infiltration

of CD8+ T-cells is increased in the ZE132 treated tumour compared

to that of anti-PD-1 treated tumour (Figure 5h). The positive rate of

vehicle cohort was 17%, and positive rate of anti-PD-1 and ZE132

cohort was 25% abd 30%, respectively. 4T1 was previously reported

as a PD-1 antibody resistance model with an immunosuppressive

tumour microenvironment (Meyer et al., 2014; Ostrand-Rosenberg

et al., 2020; Pulaski & Ostrand-Rosenberg, 2001). Similar to the PD-1

antibody, ZE132 showed better in vivo efficacy in the B16F10 and

CT26 models than in the 4T1 model.

qPCR of tumour tissue after treatment demonstrated lower

mRNA expression levels of Tgfb1 in the ZE132-treated cohort, com-

pared to the anti-PD-1 antibody and vehicle cohorts (Figures 5i–k and

S4l). This result indicated that ZE132 is more effective in targeting

intra-tumour cells compared with the PD-1 antibody and overcomes

the immune resistance driven by TGF-β.

Interleukin 10 (IL-10), an inhibitory cytokine, is one of the key

cytokines negatively impacting immune cell infiltration. qPCR analysis

of tumours showed that after treatment of PD-1 antibody and ZE132,

Il10 mRNA expression increased both in B16F10 and CT26 model,

whereas the level of Il10 mRNA expression in ZE132-treated group

was lower than that in antibody-treated group (Figure S4m,n). The

mRNA expression increases of Cd274, Lag3 and Havcr2 were

observed, but the increase in ZE132-treated group was lower than

the PD-1 antibody-treated group (Figure S4o–t). The ZE132 treated

group showed a better survival compared with the vehicle group and

also demonstrated superior longer survival compare to the anti-PD-1

treated group (Figure S5a,b).

Collectively, these data indicated that ZE132 mediates the block-

age of the immune-suppressive TGF-β pathway. This may be due to

ZE132 being a small molecule, displaying superior tissue permeability

compared to antibodies.

4.7 | TGF-β expression positively correlated with
PD-1/L1 and Tumour mutational burden in cancers

TGF-β has been reported to play an important role in cancer develop-

ment and immunology (Daniele V. F. Tauriello et al., 2018). In an anal-

ysis of patients with head and neck squamous cell carcinoma, stomach
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F IGURE 4 Safety profile of ZE132. (a–d) Body weight changes of (a) B16F10 tumour (n = 5), (b) CT26 tumour (n = 5), (c) MC38 tumour
(n = 4), and (d) 4T1 tumour-bearing mice (n = 4) (*p < .05). (e) Representative images of H&E staining for organs of C57BL/6 mice treated with
vehicle control or ZE132 (40 or 80 mg�kg−1) (n = 2). (f) Serum biochemical analysis. After 10 days of treatment, CT26 tumour-bearing mice were
killed to obtain blood samples to perform serum biochemical analysis (n = 5). Statistical significance of differences between groups was
determined by unpaired Student's t-test. Results were denoted as means ± SEM
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F IGURE 5 Mechanistic study of ZE132 in vivo. (a) C57BL/6 mice inoculated with B16F10 tumours were treated with a vehicle control,
ZE132 (40 mg�kg−1, QD), and anti-PD-1 (10 mg�kg−1, BIW) via i.p. injection for over 10 days. Representative flow panels of CXCL9+ CD103+
DCs are shown. Gating strategies were also used in other models. (b, c) In B16F10 (n = 8 from two batches) (b) and CT26 models (n = 5 per
cohort) (c), the percentages of CXCL9+ cells of CD103+ DCs are shown (*p < .05). (d, e) qPCR measurement of Cxcl9 expression in B16F10
tumours (n = 8 from two batches) (d) and CT26 tumours (n = 5 per cohort) (e) (*p < .05). (f, g) qPCR measurement of Cd8 expression in B16F10
tumours (n = 8 from two batches) (f) and CT26 tumours (n = 5 per cohort) (g) (*p < .05). (h) After 10 days of treatment, CT26 tumour-bearing mice
were killed to obtain tumour samples. Then, the immunohistochemistry assay was used to confirm the upregulated infiltration of CD8+ T-cells in
CT26 tumours. (i–k) qPCR measurement of Tgfb1 expression in B16F10 (n = 8 from two batches) (i), CT26 (n = 5 per cohort) (j), and 4T1 (n = 5
per cohort) (k) tumours (*p < .05). Results were denoted as means ± SEM for experiments performed in triplicate, and the statistical significance
of differences between groups was determined by unpaired Student's t-test
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adenocarcinoma, kidney renal clear cell carcinoma and hepatocellular

carcinoma, we found that patients with high expression of TGFB1 had

significantly shortened survival, suggesting the TGF-β1 plays an

important role in these cancers (Figure S5c–f).

To investigate the correlation between PD-1/PD-L1 and TGF-β

signalling, we performed analysis in The Cancer Genome Atlas data-

base. As shown in the heatmap, CD274 and TGF-β pathway gene

expression was significantly positively correlated in the colon adeno-

carcinoma (Figure 6a) patient samples. TGFB1 and CD274 expression

also show the positive correlation in patient samples of colon adeno-

carcinoma (Figure 6b). The same correlation-ships were also observed

in skin cutaneous melanoma (Figure 6c,d) and breast invasive carci-

noma (Figure S5g,h) patient samples. PDCD1 and TGF-β pathway gene

expression was also significantly positively correlated in the patient

samples of breast invasive carcinoma, colon adenocarcinoma and skin

cutaneous melanoma patient samples (Figure S6a–f).

Furthermore, we found that TGF-β expression was significantly

correlated with tumour mutational burden in colon adenocarcinoma

from the Cancer Genome Atlas (Figure 6e). Patients with tumour

mutational burden may not benefit from immunotherapy. We

analysed the association between tumour mutational burden and

immunotherapy outcomes using a cohort of colorectal cancer patients

treated with immune checkpoint inhibitors. Patients with high tumour

mutational burden showed significantly higher overall survival time

after immunotherapy than that of patients with low and median

tumour mutational burden (Figure 6f). This result indicates that TGF-β

may be negatively correlated with immune checkpoint inhibitors.

We performed Kaplan–Meier analyses according to the TGFB1

expression for the other cancer types including breast invasive carci-

noma and skin cutaneous melanoma, showing high TGFB1 expression

associated with a good prognosis (Figure S7a,b).

In the data set of before (T0) and after (M1 and M2) treatment of

anti-PD-1 for responders, we performed analysis with the RNA-seq

data to sort CD8+ T-cell populations according to differential PDCD1

and TGFB1 expression patterns. To check the correlation

between PDCD1 and TGFB1, we used the two PD-1 positive cell

populations, which could possibly lead to selection biases. In both T0

and M1, PDCD1 show significant positive relationship with TGFB1

(Figure S7c–g). Our data show that we observed significant positive

correlation between PDCD1 and TGFB1 gene expression before and

after treatment.

In summary, these results indicated that TGF-β signalling is posi-

tively correlated with PD-1 and PD-L1 in cancers and provided new

insights linking TGF-β to the outcome of targeting PD-1/PD-L1 in

cancers.

5 | DISCUSSION

Small-molecule PD-1/PD-L1 inhibitors may have unique pharmacody-

namic and pharmacokinetic characteristics, but it is still challenging for

designing small molecules because of the hydrophobic, flat, extended

interface between PD-1 and PD-L1 without a deep binding pocket

(Zak et al., 2015). Our study identified a potent and selective lead

compound (ZE132) that inhibits PD-1/PD-L1 interaction. ZE132

effectively suppresses tumour growth in multiple animal models and

exhibits favourable pharmacokinetic features and low toxicity in major

organs. ZE132 can overcome tumour resistance to immune check-

point inhibitors, thus showing robust anti-tumour effects. Our work

also elucidated the role of ZE132 in regulating the TIME to favour an

immune reaction. We identified the molecular mechanism underlying

resistance to ZE132 among the mouse models.

Compared to monoclonal antibodies, ZE132 have significant

advantages, including a lower synthesis cost, potential biological activ-

ity, good membrane permeability and non-immunogenicity. A shorter

half-life period makes treatment more flexible and allows clinicians to

administer these molecules intermittently to balance the risk of side

effects (Huck et al., 2018). By contrast, monoclonal antibodies are

usually polar, heat sensitive and membrane impermeable. Additionally,

the clinically approved antibody therapies can target only extracellular

molecules (Kaplon & Reichert, 2018). Because ZE132 as a small mole-

cule may have advantage in superior cell permeability compared to

antibodies, ZE132 may have a better in vivo efficacy and broader

response rate in cancer models.

Several series of small-molecule inhibitors of PD-1/PD-L1 inter-

action have been reported, while biphenyl moiety-containing com-

pounds appeared to be more potent in in vitro assay (Wang

et al., 2019). However, the in-depth cellular functional evaluations,

systemic in vivo pharmacological profiling and extensive in vivo effi-

cacy studies of these biphenyl-containing compounds remain under-

explored. In addition, the taurine moiety significantly improved the

potency of hydrophobic biphenyl-containing compounds and such

structural design has not been previously reported. Our studies also

showed that taurine-containing compounds inhibited PD-1/PD-L1

interaction with higher potency compared to that of BMS-1266. The

taurine-containing ZE132 was active in cellular assay. Furthermore,

the compound ZD41 showed as good as efficacy of ZE132 in B16F10

model, both of which have the taurine moiety in their structure.

Collectively, these data suggested taurine moiety is also beneficial for

optimal in vitro and cellular potency.

PD-1 binds to one of its two ligands, PD-L1 (also known as

B7-H1 and CD274) or PD-L2 (known as B7-DC and CD273), which

have close binding affinities (PD-1/PD-L1 Kd = 10.4 nmol�L−1, PD-1/

PD-L2 Kd = 11.3 nmol�L−1) (Ghiotto et al., 2010). ZE132 shows stron-

ger binding affinity to PD-L1 compared to that of PD-L2.

MC38 has the highest mutational load, then followed by CT26,

whereas 4T1 have the lowest mutational load. MC38 had Trp53 het-

erozygous mutations (G242 V, S258I) and a Smad4 heterozygous

mutation (G351R), and these two mutations existed in approximately

12% of human colon cancer. CT26 had homozygous Kras mutations

(G12D, V8M). Total CD45+ leukocyte infiltration in syngeneic models

is an indicator of cancer immunity and cytolytic activity, which was

also highest in CT26 and 4T1 and lowest in B16F10 among the solid

tumour models. ZE132 shows significantly improve tumour lympho-

cyte infiltration in CT26 and B16F10. The poor response in 4T1 model

may be due to high heterogenicity of mammary gland tumour of
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F IGURE 6 Expression of TGF-β is associated with the expression of PD-L1. (a, b) Relative heat map of TGF-β pathway gene expression in
colon adenocarcinoma (COAD) (a), stratified by CD274 expression level (CD274-hi vs. CD274-lo). High expression is denoted by the top quartile,
whereas low infiltration is composed of the bottom quartile of the tumours. Each column represents one sample. Pearson correlation of TGFB1
expression with CD274 expression in the COAD (b) was calculated. (c, d) Relative heat map of TGF-β pathway gene expression in skin cutaneous
melanoma (c), stratified by CD274 expression level (CD274-hi vs. CD274-lo). High expression is denoted by the top quartile, whereas low
infiltration is composed of the bottom quartile of the tumours. Each column represents one sample. Pearson correlation of TGFB1 expression with
CD274 expression in the skin cutaneous melanoma (d) was calculated. (e) The Cancer Genome Atlas colon adenocarinoma (COAD) patient
samples were divided into tumour mutational burden high and low groups based on whether their tumour mutational burden scores greater than
the median tumour mutational burden score. TGFB1 expression level were shown in boxplot within these tumour mutational burden high and low
groups. Two-tail Student's t-tests were performed to test the significance of the expression differences within these two groups (p value <.05).
(f) Correlation of tumour mutational burden with immunotherapy outcome in colorectal cancer (CRC) specimens. p ≤ .05 means statistically
significant
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mouse. CT26 was highly responsive to CTLA-4 inhibitors, but not to

PD-1 inhibitors, whereas B16F10 model did not respond to these

checkpoint inhibitors (Zhong et al., 2020). ZE132 shows good efficacy

in the high immunogenicity of the CT26 model and low immunogenic-

ity of B16F10 models, suggesting its potential targeting lager patient

population.

TGF-β is a causative factor of tumour resistance in immune check-

point therapy (Tauriello et al., 2018). Our findings provide a new

approach to improve the inhibition of TGF-β signalling via a small-

molecule PD-1/PD-L1 inhibitor. Treatment with ZE132 impacts two

immunosuppressive pathways (PD-1/L1 immune checkpoints and TGF-

β signalling), suggesting an approach for dual regulation of the TIME.

TGF-β signalling functions as both a tumour suppressor and a

tumour promoter (Yang & Moses, 2008). Synergetic inhibition of TGF-

β signalling and PD-1/PD-L1 checkpoint by small molecules suggests

a new approach for dual regulation of the TIME and checkpoint

blockade.

TGF-β in TIME is associated with cold tumours as well as resis-

tance to treatment of immune checkpoint inhibitors (Ganesh & Mas-

sagué, 2018). Existing biomarkers of immune checkpoint inhibitors

such as PD-1, PD-L1, microsatellite instability and tumour mutational

burden are not sufficient to cover and identify immuno-responsive

patients. TGF-β is a widespread and profoundly negative molecular

hallmark of immunosuppression in many tumour types. Our finding

highlights the potential of TGF-β as a novel potential biomarker to

predict responsiveness to immune checkpoint inhibitors.

Although our studies indicate that ZE132 through targeting PD-l/

PD-L1 could be potentially therapeutic for cancer, additional preclini-

cal studies, including but not limited to rat and dog models, are

needed to further validate this hypothesis.

In summary, we reported a novel set of small-molecule inhibitors

that can effectively block the PD-1/PD-L1 interaction, which not only

inhibit checkpoint to active cytotoxic T-cell but also change TIME to

reactivate anticancer immunity favouring immune reaction. The lead

compound ZE132 shows advantages compared with PD-1 antibody.

Given their favourable pharmacological features, minimal toxicity and

robust anticancer efficacy, ZE132 serial compounds may be used to

treat a wide range of human cancers.
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