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Abstract PD-1 and PD-L1 antibodies have brought about extraordinary clinical benefits for cancer pa-

tients, and their indications are expanding incessantly. Currently, most PD-1/PD-L1 agents are adminis-

tered intravenously, which may be uncomfortable for some cancer patients. Herein, we develop a novel

oral-delivered small molecular, YPD-29B, which specifically targets human PD-L1. Our data suggested

that YPD-29B could potently and selectively block the interaction between PD-L1 and PD-1, but did not

inhibit any other immune checkpoints. Mechanistically, YPD-29B induced human PD-L1 dimerization

and internalization, which subsequently activated T lymphocytes and therefore overcomes immunity

tolerance in vitro. YDP-29B was modified as the YPD-30 prodrug to improve druggability. Using human-

ized mice with human PD-1 xenografts of human PD-L1 knock-in mouse MC38 cancer cells, we demon-

strated that YPD-30 exhibited significant antitumor activity and was well tolerated in vivo. Taken

together, our results indicate that YPD-30 serves as a promising therapeutic candidate for anti-human

PD-L1 cancer immunotherapy.
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1. Introduction

Cancer immunotherapy is a breakthrough for cancer therapy,
changing the landscape of cancer treatment not only by pro-
longing the overall survival of cancer patients, but also by
improving the quality of life1. Currently, the most successful
immunotherapies include immune checkpoint inhibitors and
chimeric antigen receptor (CAR) T-cell therapies2. Anti-human
cytotoxic T lymphocyte antigen 4 (CTLA4) antibody was the
first immune checkpoint inhibitor to be officially approved by the
U.S. Food and Drug Association (FDA), followed by anti-
programmed death protein 1 (PD-1)/programmed death-ligand
1 (PD-L1) antibodies3. As the pronounced therapeutic effects
of these immune checkpoint inhibitors have been repeatedly
reported in different clinical trials, the indications of these
immunotherapy drugs are now expanding to melanoma, skin
cancer, bladder cancer, head and neck cancer, lung cancer,
lymphoma, gastric cancer, pancreatic cancer4 and urothelial
carcinoma. Furthermore, anti-PD-1 antibody can also be used in
the treatment of patients with unresectable or metastatic tumors
with high microsatellite instability (MSI-H), or mismatch repair
deficient tumors5,6. More importantly, immune checkpoint in-
hibitors have been shown to combine with other therapies such as
chemotherapy to bring synergistically prognostic advantages to
cancer patients. Therefore, many clinical trials are currently
underway to investigate more indications and particularly anti-
PD-1/PD-L1 antibodies7,8.

Although the available clinical immune checkpoint inhibitors
showed great antitumor activities including immune-related
adverse events, a low response rate, and limitations in intrave-
nous administration9,10 to overcome such shortcomings, small
inhibitors targeting the immune checkpoint interaction that can
be administered orally are emerging as a novel strategy for
immunotherapy11e15. For example, CA-170 developed by the
Curis, Inc. is the first small oral inhibitor tested in a human
clinical trial targeting VISTA and PD-L116, and the Phase I re-
sults already suggest antitumor activity of CA-170 including
tumor shrinkages and stabilized disease progression. Our com-
pound YPD-29B is a small molecule non-peptide compound that
directly targets PD-L1. Compared the PD-1/PD-L1 antibody or
peptide, such as CA-170, the molecular weight of YPD-30 is
relatively small. Thus, it exhibits significant advantages, with
improved oral administration, high stability, membrane perme-
ability, and non-immunogenicity. The disadvantage of YPD-30,
compared to other small-molecule drugs, is that its molecular
weight is relatively large, which may affect its solubility and
membrane permeability. YPD-30, which was designed as a
prodrug for the potent PD-1/PD-L1 inhibitor YPD-29B, is
currently in a phase I clinical trial in China. As the first small
molecule compound PD-L1 in clinical trials in China, we believe
that YPD-30 will achieve great success in the treatment of lung
cancer.

In this study, our objective was to develop a potent and se-
lective small molecular human PD-L1 inhibitor and to evaluate its
therapeutic potential for cancer therapy using both in vivo and
ex vivo models.
2. Materials and methods

2.1. Cell line

The hPD-L1 MC38 cell line was purchased from Nanjing Galaxy
Biopharma Co., Ltd. (Nanjing, China) and was cultured in Gibco
RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% Gibco FBS (Thermo Fisher Scientific),
100 mg/mL hygromycin B (InvivoGen, Pak Shek Kok, Hong
Kong, China), and 100 IU/mL penicillin/streptomycin (Livning
Biological Technology Co., Ltd., Beijing, China). Cells were kept
in a humidified incubator at 37 �C with 5% CO2.

2.2. PD-1/PD-L1 binding assay with homogeneous time-
resolved fluorescence

The PD-1/PD-L1 binding assay was performed with the human
PD-1/PD-L1 binding assay kit (Cisbio, Codolet, France) according to
the manufacturer’s instructions. Briefly, 2 mL of compound/antibody
or diluent (vehicle control), 4 mL of 25 nmol/LTag1-PD-L1 protein,
and 4 mL of 250 nmol/L Tag2-PD-1 protein were mixed in a white
384-well plate for 15 min at room temperature. Next, 10 mL of pre-
mixed anti-Tag1-Eu3þ and anti-Tag2-XL665 were dispersed in the
wells. After 2 h of incubation, the homogeneous time-resolved
fluorescence (HTRF) signal was detected by the EnSpire micro-
plate reader (PerkinElmer, MA, USA) and calculated using Eq. (1):

HTRF ration Z Signal 665 nm/Signal 615 nm � 104 (1)

2.3. Surface plasmon resonance analysis

Surface plasmon resonance (SPR) was used to determine binding
affinity with the PD-L1 protein was carried out on Biacore T200
instruments using NTA sensor chips (GE Healthcare Life Sciences,
Marlborough, MA, USA). First, 5 mg/mL PD-L1 protein was
immobilizedon the surface of the sensor chip to reach1500RUfor the
compound assay or 10 RU for the antibody assay, note that one of the
four flow cells on the chip was left free as a negative control. Com-
pounds at different concentrations were injected into the surface of
the sensor chip for association analysis, followed by dissociation
analysis. All data were obtained at 25 �C with running buffer HBS-P
(10 mmol/L HEPES, 150 mmol/L NaCl and 0.005% (v/v) surfactant
P20, pH 7.4) and 0.01% dimethyl sulfoxide (DMSO). The equilib-
rium dissociation constant (KD) was determined by steady-state
fitting mode with Biacore T200 Evaluation Software, version 2.

2.4. Flow cytometry assay

The hPD-L1 MC38 cells were cultured in 12-well plates and
exposed to various concentrations of compounds for 24 h. The
cells were then digested with trypsin and then collected. Blood
samples were treated with red blood cell lysate (Solarbio Life
Sciences, Beijing, China) to remove red blood cells according to
the manufacturer’s recommended procedures. For the tumor tis-
sues, the tumors were minced with scissors and then homogenized
with a homogenizer to prepare a single cell suspension. The red
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YPD-30 is an oral small-molecule inhibitor targeting PD-L1 2847
blood cells in the cell suspension were lysed by the same method
described above. All cells were incubated with fluorescence
labeled antibodies for 1 h at room temperature (RT) and then
washed with phosphate-buffered saline (PBS) for 3 times. The
ratio or fluorescence intensity of the required cells was determined
by flow cytometry (BD Verse, New Jersey, USA).

2.5. Immunoblotting analysis

The method was adapted according to the previous report17. Briefly,
tumor tissues were collected and lysed in lysis buffer containing 1%
sodium dodecyl sulfate (SDS), 10 mmol/L ethylenediaminetetra-
Figure 1 The chemical structure ofYPD-29B and its activity in vitro. (A)C

interaction as shown by the HTRF assay. The PD-L1 neutralizing antibody ac

concentration. (C) The specific KD value of YPD-29B by the SPR method. ka
dissociation constant (kd/ka). (D) YPD-29B blocks the hB7-1/hPD-L1 interac

positive control. The assays were performed in duplicate at each concentratio

hPD-1 neutralizing antibody is a positive control. The assays were performed
acetic acid, 50 mmol/L Tris-HCl (pH 8.1), and 1% protease in-
hibitor mixture (SigmaeAldrich, MO, USA). The lysates were then
centrifuged at 13,000 rpm (Thermo Fisher Scientific) for 10 min
and the supernatants were collected. Protein concentrations were
determined using the BCA protein assay kit (Beyotime biotech-
nology, Shanghai, China). In total, 60 mg protein samples were
loaded and separated by 10% SDS polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose membrane using semi-
wet electrophoresis. The membranes were blocked with 3% fat
free dry milk in Tris-buffered saline-Tween 20 (TBS-T) and then
incubated overnight with primary antibodies (1:1000 dilution) at
4 �C. After washing three times with TBS-T, the membranes were
hemical structure ofYPD-29B. (B)YPD-29Bdisturbs the hPD-1/hPD-L1

ts as the positive control. The assays were performed in duplicate at each

, association rate constant; kd, dissociation rate constant; KD, equilibrium

tion as determined by ELISA. hPD-L1 neutralizing antibody acts as the

n. (E) YPD-29B has no effect on hPD-1/hPD-L2 interaction by ELISA.

in duplicate at each concentration.



Table 1 The selectivity of YPD-29B on different immune

checkpoints.

Immune checkpoint IC50 (nmol/L)

YPD-29B Positive control

hPD-1/hPD-L1 0.32 2.2 (PD-1 antibody)

hB7-1/hPD-L1 0.3 2.5 (PD-L1 antibody)

mPD-1/mPD-L1 >10,000 2.7 (mPD-L1 antibody)

hPD-1/hPD-L2 >10,000 2.2 (PD-1 antibody)

hCD28/hB7-1 >10,000 7.8 (CTLA4 Fc)

hCD28/hB7-2 >10,000 13 (CTLA4 Fc)

hCTLA4/hB7-1 >10,000 2.8 (CTLA4 antibody)

hCTLA4/hB7-2 >10,000 5.3 (CTLA4 antibody)

LAG3/MHC IIa >10,000 30 (LAG3 antibody)

aHTRF.
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incubated with secondary antibodies (1:1000) for 1 h. The blots
were visualized using a chemiluminescence detection kit (BIO-
RAD, Hercules, CA, USA) using Image Quant LAS 4000 (GE
Healthcare, Marlborough, MA, USA).

2.6. Proteineprotein interaction assay

The effects of the compounds on proteineprotein interaction
including hPD1-hPD-L1, hPD-L1-hB7-1, hPD1-hPD-L2, hCD28-
hB7-1, hCD28-hB7-2, hCTLA4-hB7-1, hCTLA4-hB7-2, and
mPD1-mPD-L1 were analyzed by the BPS Bioscience company
(San Diego, CA, USA). Briefly, the ligand protein was coated with
50 mL at 2e5 ng/mL at 4 �C overnight. Test compounds or
neutralizing antibodies were added to the coated plate followed by
the addition of the receptor protein biotin. The reaction was
incubated for 2 h at room temperature. Binding assays were per-
formed in duplicate at each concentration. The luminescence data
were analyzed using the computer software, GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

2.7. Homogeneous time-resolved fluorescence-based
dimerization assay for PD-L1

For the homogeneous time-resolved fluorescence (HTRF)-based
dimerization assay, 200 nmol/L His-tag hPD-L1 protein (Acro-
Biosystems, Beijing, China), 60 nmol/L FC-tag PD-L1 protein
with or without test compounds were incubated in a black 384-
well polystyrene plate for 30 min at room temperature. Then
10 mL of HTRF detection buffer supplemented with Europium
cryptate-labeled anti-hIGg (PerkinElmer, MA, USA) specific for
Fc and anti-His antibody conjugated to Allophycocyanin (Perkin-
Elmer, MA, USA) were added to the wells for 2 h. The HTRF
signal was detected by the EnSpire microplate reader (Perkin-
Elmer, MA, USA). The HTFR ratio and dimerization are calcu-
lated as Eqs. (1) and (2), respectively:

Dimerization Z the HTRF ratio with compound/the HTRF ratio
of control (2)

2.8. Native page assay for PD-L1 protein dimerization

hPD-L1 protein (0.1 mg/mL) (Sino Biological, Beijing, China) and
different concentrations of compounds were incubated in a tube for
2 h. The samples were then separated by polyacrylamide gel elec-
trophoresis without SDS. The gel was photographed after staining
with Coomassie brilliant blue (Sino Biological, Beijing, China).
2.9. PD-L1 cell-based assay

The activity of compounds in the PD-L1 cell-based assay was
determined by the BPS Bioscience Company (San Diego, CA, USA)
using a kit. Briefly, 100 mL TCR activator/PD-L1 CHO cells were
seeded at a density of 35,000 cells per well in a 96-well white clear
bottom microplate. After 24 h, the media was removed from the
TCR/PD-L1 CHO cells and 50 mL/well of diluted compounds or
control antibody was added. After a 30-min of incubation, 2 � 104

PD-1/NFAT reporter-Jurkat cells were added to the CHO cells. After
5e6h, cellswere lysedanda luciferaseassaywasperformedusing the
ONE-Step luciferase assay system (BPS Bioscience Company, San
Diego,CA,USA). Luminescencewasmeasured using a luminometer
(BioTek Synergy™ 2 microplate reader, Winooski, VT, USA).

2.10. Peripheral blood mononuclear cellecell activation assay

Lectin from Phaseolus vulgaris (PHA), hPD-L1 protein (Sino
Biological, Beijing, China), and PD-L1 antibody (Bio X Cell,
Lebanon, NH, USA), or compounds were added to primary human
T cell cultures (HemaCare, Los Angeles, CA, USA) for 3 days. The
final concentration of PHAwas 1 mg/mL and hPD-L1 was 5 mg/mL.
The release of interferon-gamma (IFN-g) in the media was
measured by IFN-g Human Simple Step ELISA Kit (Abcam,
Waltham, MA, USA). Briefly, the cell supernatant was diluted 5
times with the sample dilution solution. Next, 50 mL of standard or
test sample was added to each well in the ELISA plate, and 50 mL
of antibody mixture was added to each well and incubated on a
shaker at RT for 1 h. The cells were rinsed 3 times with wash buffer,
and 100 mLTMB solution was added to the wells and incubated on
the shaker for 10 min. Finally, 100 mL stop solution was added to
each well and the absorbance OD value was measured at 450 nm.

2.11. Immunofluorescence and immunohistochemical staining

A total of 2.5 � 105 hPD-L1 MC38 cells were seeded in 35-mm
glass bottom cell culture plates (Nest Scientific, Rahway, NJ,
USA). After treating cells with YPD-29B for 24 h, cells were fixed
and permeabilized, then incubated with anti-PD-L1 (Cell
Signaling Technologies, Danvers, MA, USA) overnight. After
washing, cells were stained with goat anti-mouse IgG conjugated
to Alexa Fluor Plus 488 (Thermo Fisher Scientific) and cell nuclei
were stained with DAPI (Thermo Fisher Scientific). Finally, the
cells were observed and analyzed with a Zeiss LSM 710 confocal
microscope (Carl Zeiss, Oberkochen, Germany). For immuno-
histochemical staining, formalin-fixed tumors were embedded in
paraffin and cut into slides. The 4-mm sections were then incu-
bated with the primary antibodies anti-CD3, anti-CD8a, and anti-
hPD-L1 (Abcam, Cambridge, UK) overnight. After washing, the
tumors were stained with a DAB Quanto Kit (Golden Bridge
Biological Technology, Beijing, China) and photographed.

2.12. Animal studies

All animal experiments were approved by the Animal Care and Use
Committee of the Institute of Materia Medica, Chinese Academy of
Medical Sciences, and Peking Union Medical College (Beijing,
China). Five-to six-week-old female hPD-1 C57BL/6 mice were
obtained from the Nanjing Biomedical Research Institute of
Nanjing University (Nanjing, China). hPD-L1 MC38 cell lines were
cultured and harvested in saline. A total of 5 � 105 cells were
injected subcutaneously into the right flank of the mice. When the



Figure 2 The effects of YPD-29B on T lymphocyte activation. (A) YPD-29B activates the PD-1/NFAT reporter-Jurkat cells. TCR Activator/

PD-L1 CHO cells were seeded first, then next day the compounds or antibody were added to the cells. After 30-min incubation, the PD-1/NFAT

reporter-Jurkat cells were added to the CHO cells. After 5 h incubation, luciferase assay was determined by ONE-Step luciferase assay system in

triplicate at each concentration. (B) YPD-29B rescues IFN-g expression in human PBMC cells from PD-L1 inhibition. 3 � 105/well PBMC cells

were stimulated by 5 mg/mL PHA and then exposed to 1 mg/mL hPD-L1 protein. The IFN-g concentration was determined by ELISA assay. The

assays were performed in triplicate at each concentration. Data are presented as mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. indicated,

data is analyzed using Student’s t-test.
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average tumor volume reached 100e200 mm3, the mice were
randomly enrolled in the control and experimental groups (n Z 7)
and treatment was started on Day 1. For the control group, 0.5%
(w/v) sodium carboxymethyl cellulose Na (CMCNa) was admin-
istered orally every day. YPD-30, a prodrug for YPD-29B with
significantly higher bioavailability than YPD-29B, was dissolved in
0.5% CMCNa for oral treatment every day and anti-PD-L1 anti-
body (Bio X Cell, Lebanon, NH, USA) was dissolved in saline for
intraperitoneal treatment twice a week. Tumor volumes were
measured twice a week. At the end of the experiment, the mice
were sacrificed and the tumors were collected, weighted, and
analyzed. The tumor volume was calculated as Eq. (3):

V Z 1/2 � L � W2 (3)

in which L is the maximum tumor length andW is the maximum tum-
or width. Tumor growth inhibition (TGI) was calculated as Eq. (4):

TGI Z (1 � Tumor weight of treatment group/Tumor weight of
vehicle group) � 100% (4)



Figure 3 YPD-29B binds to hPD-L1 and the hPD-L1 is then internalized. (A) The PD-L1 protein is bound by YPD-29B on the cell surface.

The hPD-L1 MC38 cells were treated with anti-PDL1 antibody (10 nmol/L), BMS202 (10 mmol/L), and YPD-29B (0.1, 1, 10 mmol/L) for

24 h. The cells were collected and stained for PE-marked-hPD-L1. The cell surface expression of PD-L1 was determined by flow cytometry.

The combined data at least triplicates were shown. Occupancy ratio Z (MFI of Control � MFI of Treated group)/(MFI of Control � MFI of

blank group) � 100%, MFI (Median Fluorescence Intensity). Data are presented as mean � SD, (n Z 3); *P < 0.05, **P < 0.01,

***P < 0.001 vs. indicated, data is analyzed using Student’s t-test. (B) YPD-29B induces PD-L1 protein internalization. After a 24-h

treatment, the PD-L1 protein present in the cytoplasm (Cyto) and membrane (Mem) fractions of the cells were determined by Western

blotting and a representative image is shown. Na/K-ATPase and b-actin are loading as controls, respectively. (C) Statistical analysis of the

Western blotting findings in (B). The densitometric analysis of the bands was determined by Image J. Statistical analysis was used to compare

each YPD-29B treated group and the control group. (D) The internalization and localization of hPD-L1 is determined by immunostaining. The

hPD-L1 MC38 cells were treatment with 1 and 10 mmol/L YPD-29B for 24 h. Then the cells were immunostained with hPD-L1 antibody

(green) and the nuclei were stained with DAPI (Blue). Scale bar Z 20 mm. (E) YPD-29B induces total PD-L1 degradation. hPD-L1

MC38 cells were treated with 0.1, 1, and 10 mmol/L of YDP-29B for 24 h. Then the whole cells are collected for Western blotting. (F)

YPD-29B induces PD-L1 degradation through the lysosome pathway. The hPD-L1 MC38 cells were treated with 5 mmol/L MG132 or

100 mmol/L chloroquine for 1 h, then followed by treatment with 10 mmol/L YPD-29B for 24 h. Then the whole cells are collected for Western

blotting.

2850 Fangfang Lai et al.
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2.13. Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0
software and the significance level was evaluated with one-way
ANOVA.

3. Results

3.1. Development of YPD-29B as a potent and selective
inhibitor targeting PD-L1

To develop a potent and selective inhibitor targeting hPD-1/hPD-L1,
we screened a small pool of molecular compounds to evaluate their
inhibitory effect on the interaction of PD-1 and PD-L1 by the HTRF
assay. Among these compounds, YPD-29B (Fig. 1A) showed strong
inhibitory activity in human PD-1 (hPD-1) and PD-L1 (hPD-L1)
interaction with an IC50 value of 0.087 pmol/L, while the IC50 for the
neutralized antibody of hPD-1 was 1.1 nmol/L (Fig. 1B). To inves-
tigatewhether YPD-29B binds to hPD-1 or hPD-L1, we first detected
theKD value of YPD-29Bwith the recombinant PD-L1 protein using
the SPRmethod. TheKD value ofYPD-29Bwas 2.03� 10�11mol/L,
compared to 6.74 � 10�10 mol/L for the hPD-L1 antibody (Fig. 1C
and Supporting Information Fig. S1), but YPD-29B did not interact
with the hPD-1 protein (data not shown). Since the functional ligands
of PD-1 also include B7-1, we also examined the disrupted effect of
YPD-29B on the interaction between hPD-L1 and B7-1. Interest-
ingly, YPD-29B also suppressed the interaction of hPD-L1/hB7-1
with an estimated IC50 value of 0.3 nmol/L, compared to 2.5 nmol/L
for the IC50 value of the PD-L1 antibody (Fig. 1D). Furthermore,
since hPD-L2 shares some homology with PD-L1, we also evaluated
the effects ofYPD-29Bon the interaction of hPD-1/hPD-L2.Our data
suggest that YPD-29B did not show any inhibitory effect on the
hPD-1/hPD-L2 interaction (Fig. 1E). These data demonstrate that
YPD-29B was a potent small molecular inhibitor targeting hPD-L1
in vitro.

Next, to examine whether YPD-29B was a specific hPD-L1
checkpoint inhibitor, we investigated its effects on different
checkpoint proteins using a binding assay. As shown in Table 1
and Supporting Information Fig. S2, all interactions, including
hCD28/B7-1, hCD28/B7-2, hCTLA4/B7-1, and hCTLA4/B7-2
and LAG3/MHCII, were not affected by YPD-29B (IC50 values
much higher than 10,000 nmol/L). Altogether, YPD-29B is a
highly specific inhibitor of hPD-L1.

3.2. YPD-29B activates T lymphocytes

To explore whether YPD-29B can activate T lymphocytes and
overcome immunity tolerance by disrupting the hPD-1/PD-L1
interaction, we performed a PD-L1 cell assay using a TCR
activator/PD-L1 HEK293 cell model and a PD-1/NFAT reporter-
Jurkat cell system (Fig. 2A). YPD-29B could significantly activate
PD-1/NFAT reporter-Jurkat cells in a dose-dependent manner,
which was much more effective than BMS202, a known small
molecular PD-L1 inhibitor18,19. Another positive control, the anti-
PD-L1 neutralizing antibody, also effectively stimulated PD-1/
NFAT reporter-Jurkat cells, which was comparable to YPD-29B.
Furthermore, we investigated the T cell response to YPD-29B
by detecting IFN-g levels. T cells circulating in PBMC were
activated by 1 mg/mL PHA as reflected by increased IFN-g
secretion. This activation could be blocked by the recombinant
hPD-L1 protein. Interestingly, 10 nmol/L or higher concentrations
of YPD-29B significantly rescued T cell inhibition, which was
induced by the hPD-L1 protein in a dose-dependent manner,
which was also observed by adding anti-PD-L1 antibody
(Fig. 2B).

3.3. YPD-29B induces internalization and degradation of PD-
L1

It is known that the PD-L1 antibody binds to PD-L1 on the cell
surface and leads to subsequent PD-L1 internalization20. To
explore whether YPD-29B had a similar function as PD-L1 anti-
body, we evaluated the occupancy ratio in hPD-L1 MC38 cells
(Fig. 3A). Indeed, the occupying ratio of PD-L1 increased much
more significantly after anti-PD-L1 treatment, similar effects were
observed in YPD-29B treated cells in a dose-dependent manner,
such capacity to induce PD-L1 internalization of YPD-29 was
much stronger than BMS202. Meanwhile, membrane and cyto-
plasm proteins were extracted from hPD-L1 MC38 cells exposed
to YPD-29B. We found that membrane-anchored PD-L1 was
negatively regulated while PD-L1 distribution in the cytoplasm
increased with YPD-29B treatment (Fig. 3C), suggesting that
YPD-29B could efficiently induce internalization of PD-L1 in
cancer cells. This was further confirmed by the immunofluores-
cence staining assay (Fig. 3D). With YPD-29B treatment, PD-L1
protein on the cell membrane decreased significantly, and cyto-
plasmic PD-L1 expression was increased. Meanwhile, the total
expression of PD-L1 in hPD-L1 MC38 cells decreased after
treatment with YPD-29B (Fig. 3E), which was consistent with the
results obtained in the tumor tissue samples of the animal exper-
iments (Fig. 7E). The PD-L1 protein will be degraded in protea-
somes or lysosomes via autophagy. We used the proteasome
inhibitor MG132 and the lysosomal inhibitor chloroquine (CQ) to
treat hPD-L1 MC38 cells. The expression of PD-L1 increased
with MG132 and chloroquine treatments, which indicated that in
hPD-L1 MC38 cells the PD-L1 protein was degraded in both the
proteasomes and the lysosome pathways. With MG132, YPD-29B
still induced PD-L1 degradation; however, in the presence of the
chloroquine lysosomal inhibitor, YPD-29B could no longer
decrease PD-L1 expression (Fig. 3F). Altogether, the data indi-
cated that YPD-29 induced PD-L1 degradation in the lysosomes
but not via the proteasome pathway.

3.4. YPD-29B induces PD-L1 dimerization

Next, we questioned how YPD-29B interacted with PD-L1 and
caused internalization of PD-L1. The HTRF assay (Fig. 4A) was
performed to examine whether YPD-29B could induce the
dimerization of PD-L1. Our data indicated that YPD-29B was
superior to BMS202 in terms of inducing PD-L1 dimerization,
with EC50 values of 94.8 nmol/L and 1740 nmol/L, respectively
(Fig. 4B and C). This finding was further supported by the native
PAGE result (Fig. 4D), of note, the anti-PD-L1 antibody did not
induce PD-L1 dimerization according to the PAGE result.

To examine the exact interaction sites betweenYPD-29B and the
human PD-L1 dimer, the structure of YPD-29B was bound to the
dimer structure of human PD-L1 (PDB code: 5J8O) using a docking
study (Fig. 5A and B). Our data reveal that the residues of TYR56
(Chain A), TYR56 (Chain B), and TYR123 (Chain B) of the PD-L1
dimer showed solid pep stacking interactions with YPD-29B, and
LYS124 (chain B) as well as ARG125 (chain B) exhibited weak
cationep interaction with the 3-pyridyl ring of YPD-29B.
Furthermore, there was a salt bridge between the side chain of
LYS124 (chain B) and the carboxyl group of YPD-29B. The phenyl



Figure 4 PD-L1 protein dimerization induced by YPD-29B. (A) HTRF experimental scheme. (B) The schematic illustration of PD-L1 protein

dimerization induced by YPD-29B. The assays were performed in triplicate at each concentration. Dimerization Ratio Z HTRF Ration of

compound/HTRF Ration of Control, HTRF Ratio Z Signal 665 nm/Signal 615 nm � 104. The EC50 was calculated using GraphPad using the

lg(agonist) vs. responseevariable slope (four parameters) method. Data are presented as mean � SD, n Z 3. (C) YPD-29B increased PD-L1

protein dimerization in the HTRF assay. Different concentrations of YPD-29B or BMS202 were added to the HTRF assay to induce PD-L1

dimerization for 1 h. The dimerization ration was determined and the histogram was prepared using GraphPad software. Data are presented

as mean � SD, n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. (D) YPD-29B increased PD-L1 protein dimerization by native page

assay. Indicated compounds with different concentration were incubated with 1 mg PD-L1 for 1 h. The treatment proteins were loaded to native

PAGE and then the gel was stained with Coomassie brilliant blue.
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ring of YPD-29Bwas surrounded by the hydrophobic cavity formed
by residues ILE54 (chain B), TYR56 (chain B), MET115 (chain B),
ALA121 (chain A), TYR123 (chain A), ALA121 (chain B),
MET115 (chain A), and ILE54 (chain A). All interactions between
the YPD-29B and the hPDL1 dimer ensured strong binding.

3.5. Evaluation of in vivo antitumor activity of YPD-29B

Although YPD-29B exhibited potent activity by targeting PD-L1
in vitro, but during drug chemistry, manufacturing, and controls
(CMC), YPD-29B encountered intractable concerns21. Therefore,
we modified YPD-29B to the ester prodrug form, YPD-30
(IMMH-010) (Fig. 6A). HTRF results indicated that the IC50

value of YPD-30 as PD-L1 inhibitor was 45.2 nmol/L, which was
lower than YPD-29B (IC50 1.1 nmol/L). In addition, a cell-based
experiment was conducted to compare the activities of the two
compounds (Fig. 6C). When the concentration of YPD-30 reached
more than 1 mmol/L, the T cells (PBMC) could be activated to
produce IFN-g. However, YPD-29B could activate T cells starting
at a concentration of 10 nmol/L, which was much stronger than
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YPD-30. Importantly, since YPD-29B did not block the interac-
tion between mouse PD-1 and PD-L1 (Suporting Information
Fig. S3), we then evaluated the affinities of YPD-29B to various
PD-L1 protein forms from different species. As shown in Table 2,
the KD values of YPD-29B for the rat, cynomolgus monkey, and
human PD-L1 protein were 2.77 � 10�8, 8.64 � 10�11, and
3.67 � 10�11 mol/L, respectively, suggesting that YPD-29B was
more affinitive to the cynomolgus monkey and human. Thus, we
implanted hPD-L1 MC-38 cells in humanized hPD-1 mice to
assess the antitumor activity of YPD-30 in vivo (Fig. 6D). Mice
received oral YPD-30 at doses of 2.5, 5, and 10 mg/kg every day,
while hPD-L1 antibody was administered intraperitoneally at a
dose of 10 mg/kg twice a week. We observed that tumor pro-
gression was significantly delayed in YPD-30 treated mice in a
dose-dependent manner compared to the vehicle group (Fig. 6E).
Tumor growth inhibitions (TGI) in the YPD-30 groups were
40.5% (2.5 mg/kg), 60.9% (5 mg/kg), and 67.9% (10 mg/kg),
respectively, while anti-PD-L1 TGI was 72.0% (Fig. 6F,
Supporting Information Table S1). The body weight of the mice
treated with YPD-30 increased steadily as the vehicle group
throughout the experiments (Fig. 6G).

Next, we evaluated T lymphocyte infiltration in different
treated mice. As expected, the infiltration of CD3þCD4þ and
CD3þCD8þ T cells into tumors was markedly increased
(Fig. 7AeC). Similarly, CD3þCD8þ T cells were also elevated in
blood collected from YPD-30 treated mice (Supporting
Informaiton Fig. S4B). Meanwhile, the spleen index and the
thymus index of mice showed an increasing trend after adminis-
tration of YPD-30 (Fig. S4A). These phenomena indicated that the
immune systems of mice were activated by YPD-30. Since active
YPD-29B caused internalization of PD-L1, we also analyzed the
in vivo binding ratio of hPD-L1 in tumors exposed to YPD-30.
Consistent with the in vitro results, YPD-30 indeed significantly
reduced the fluorescence intensity of PD-L1, especially in mice
treated with 10 mg/kg YPD-30 (Fig. 7D and E). A similar result
was observed in the anti-PD-L1 antibody treatment group.
Figure 5 Predicted binding modality of YPD-29B with hPD-L1. (A) Y

formations of compound YPD-29B in the active site of protein. Compou

residues are gray. pep stacking interactions are in yellow dotted lines and a

orange dotted line.
Importantly, the protein levels of hPD-L1 in tumor tissues were
down-regulated upon YPD-30 treatment (Fig. 7F). Furthermore,
immunohistochemical staining of an independent set of tumor
tissues showed that YPD-30 significantly increased T cell infil-
tration by increasing CD3 and CD8 expression in the anti-PD-L1
treatment group (Fig. 8A and B). Meanwhile, hPD-L1 expression
was markedly decreased by YPD-30 and antibody treatment
(Fig. 8A and B). Taken together, our data indicated that YPD-30,
the prodrug of YPD-29B, showed great antitumor activity by
inhibiting PD-L1 in vivo.

4. Discussion

Unlike chemotherapy, cancer immunotherapy has represented a
breakthrough approach for cancer treatment22. Among various
immunotherapy methods, immune checkpoint inhibitors hold a
prominent role23,24. At present, all the currently available immune
checkpoint inhibitors are antibodies25. Although they exhibited
excellent clinical efficacy, there are also many limitations.
Immune-related adverse events (irAEs) arise during clinical
application. Due to a long half-life and high target occupancy,
irAEs especially grade 3 and 4 adverse events cannot be easily
resolved despite treatment cessation26,27. Furthermore, the clinical
response rates are not as high as expected. One reason is that
antibodies have a limited ability to penetrate to the inner regions
of the tumor. Small molecular inhibitors target immune check-
points, exhibiting the potential to overcome the shortcomings of
antibody-based checkpoint inhibitors. In addition, small molecular
inhibitors can be administered orally compared to intravenous
injection of antibodies. Furthermore, the short half-life of small
molecular molecules will benefit the management of irAEs and
provide more potential for treatment combinations28.

The first series of small molecule compounds from Bristol-
Myers Squibb (BMS) is still in pre-clinical research, and include
BMS202 and BMS116629. In addition, small molecules targeting
PD-L1 and VISTA (CA-170) or TIM3 (CA-327) are currently
PD-29B in the PD-L1 dimer binding pocket. (B) The binding con-

nd YPD-29B is shown as a cyan stick structure and the surrounding

nionep interactions are in purple dotted lines, and the salt bridge is in



Figure 6 The antitumor activity of YPD-30 in vivo. (A) Chemical structure of YPD-30. (B) YPD-30 interrupts the hPD-1/hPD-L1 interaction

as shown by the HTRF assay. (C) YPD-30 weakly activates T cells. The PBMC cells were treated with or without PHA (1 mg/mL) and PD-L1

(5 mg/mL). Then different concentrations of YPD-29B or YPD-30 were used to treat the cells for 72 h, and the IFN-g in the supernatant was

determined by ELISA (nZ 3). Data are presented as mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the group only with PHA and PD-L1

(in black). (D) Diagram of double humanization mouse model. In this model, the expression of mouse PD-L1 in the mouse colon MC38 cancer

cells is knocked out and then human PD-L1 is knocked in. In addition, the PD-1 protein in the tumor bearing mouse is humanized. (E) Images of

the stripped tumor (n Z 7). On Day 21, the mice were euthanized and the tumor tissue was excised and then photographed. (F) The growth curve

of tumor volume (nZ 7). The tumor volume is measured on Days 1, 3, 7, 9, 13, 16, 20. Quantitative data are presented as mean � SD, *P < 0.05,

**P < 0.01; ***P < 0.001 vs. vehicle. (G) The inhibitory effect of YPD-30 on tumor weight (n Z 7). Quantitative data was presented as

mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle. (H) The body weight of each group (nZ 7). Mice weight was measured every day

and the quantitative data are presented as mean � SD.
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being tested in clinical trials30,31. CA-170 has completed a first-in-
human phase I trial. Clinical data suggested that CA-170 has an
acceptable safety profile and the results from a small population of
patients showed preliminary signs of antitumor activity, including
tumor shrinkage and a prolonged stable disease. However, evi-
dence showed that there was no direct binding between CA-170



Table 2 The affinity of YPD-29B in different species of PD-L1.

Affinity Rat Cynomolgus monkey Human

YPD-29B rPD-L1mab YPD-29B cmPD-L1mab YPD-29B hPD-L1mab

Ka (1/ms) 2.02 � 10�5 6593 2.34 � 10�6 7.15 � 10�4 1.53 � 10�6 3.28 � 10�6

Kd (1/s) 5.59 � 10�3 5.60 � 10�4 2.02 � 10�4 5.74 � 10�4 5.60 � 10�5 2.82 � 10�4

KD (mol/L) 2.77 � 10�8 8.49 � 10�8 8.64 � 10�11 8.03 � 10�9 3.67 � 10�11 8.58 � 10�11

Rmax (RU) 5.33 306.10 27.18 94.82 31.99 47.28
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and PD-L130. Another oral small molecular PD-L1 inhibitor from
Incyte, INCB86550, is also being tested in clinical trials32. These
data indicated that small inhibitors targeting immune checkpoints
have potential for cancer immunotherapy. However, the efficacy
and safety of small inhibitors are still required for clinical testing
in large numbers of cancer patients.

Here, we develop and test a small molecular, YPD-29B, tar-
geting PD-L1. YPD-29B showed potent and selective activity
targeting human PD-L1 in vitro. As shown in Table 2, the KD val-
ues of YPD-29B for rat, cynomolgus monkey, and human PD-L1
protein were 2.77 � 10�8, 8.64 � 10�11, and 3.67 � 10�11 mol/L,
respectively. In addition, as shown in Table 1, YPD-29B does not
bind to mouse PD-L1, as also further confirmed by the SPR assay
(data not shown). All data indicated that the affinity of YPD-29B
to PD-L1 decreased from mammals to rodents and with no affinity
to mouse PD-L1. We verified the amino acid sequence of different
species of PD-L1 protein using PubMed. The amino acid sequence
of the extracellular domain of human PD-L1 was 96%, 73%, and
72% homologous to monkey cynomolgus, rat, and mouse PD-L1,
respectively. Thus, it is easy to understand that YPD-29B shows
an extremely high affinity for human and cynomolgus monkey
PD-L1. We also evaluated the homology of the rat and mouse
extracellular domain of PD-L1; only 85% identity was observed.
We speculated that the rat protein retained several important
amino acids required for binding to YPD-29B, which were not
present in the mouse protein. Indeed, coupling data indicated that
an important amino acid, MET115, was missing in the mouse
protein, which was necessary to form the hydrophobic cavity
necessary for the binding of YPD-29B to PD-L1 protein. To better
understand the binding of the YPD-29B and PD-L1 proteins, we
are currently analyzing the crystal structures of the YPD-29B/
hPD-L1 complex in collaboration with Shuimu Bioscience of
Tsinghua University.

The T cell activation data (Fig. 2A) show that YPD-29B at the
highest concentration tested (25 mmol/L) did not match the effi-
cacy of treatment with the PD-L1 antibody. In addition, in the
rescue assay evaluating IFN-g induction in human PBMC, a dose
of 2000 nmol/LYPD-29B showed less efficacy than the 10 nmol/L
PD-L1 antibody. However, as shown in Fig. 1 and Table 1, YPD-
29B shows greater affinity and selectivity for PD-L1 than the
PD-L1 antibody. There was an obvious discrepancy between the
protein and cell-based assay. We also found that the small mole-
cule BMS202 inhibitor presented a similar incongruity. BMS-202
could inhibit the interaction of PD-1/PD-L1 with an IC50 of
18 nmol/L, but in the T cell activation assay, more than 10 mmol/L
of BMS202 was required. We speculated that this could be
attributed to differences in the purified PD-L1 protein and the
endogenous structure of the transmembrane protein. This differ-
ence may be caused by glycosylation, acylation, or other post-
translational modifications. This modification has little effect on
the strong binding of antibody complementary determinants and
antigen epitopes. However, the formation of the PD-L1 dimer is
required before YPD-29B can bind to the complex. Any glyco-
sylation, acylation, or other post-translational modification pre-
venting dimerization would also preclude YPD-29B binding. The
effect of this modification on the formation of the PD-L1 dimer
has been discussed in the literature reported by Zak et al.33. As
mentioned above, a study is currently underway to analyze the
crystal structures of the YPD-29B/PD-L1 complex in collabora-
tion with Shuimu Bioscience of Tsinghua University. Once the
key amino acids for the YPD-29B/PD-L1 complex are identified,
this will allow the study of the post-translational modification of
these amino acids, which will undoubtedly lead to the develop-
ment of a new generation of PD-L1 small molecules.

Furthermore, YPD-29B could activate T lymphocytes in a
dose-dependent manner by inducing dimerization and internali-
zation of PD-L1 in vitro. Thus, humanized PD-1 mice implanted
with humanized PD-L1 mice were established for the in vivo
pharmacodynamics assay. Furthermore, YPD-29 is too hygro-
scopic to be formulated for use as a pharmaceutical compound.
Thus, the carboxylic acid of YPD-29B was masked, generating the
ester prodrug YPD-30. This prodrug strategy may improve the
druggability of YPD-29B. Pharmacokinetics studies showed that
the transformation of YPD-30 in liver S9 of mouse, rat, dog,
monkey, and human were all complete (100% transformation)
within 40 min. After oral administration, compound YPD-30 was
easily transformed into YPD-29B in mouse plasma and then
achieved higher exposure in tumor tissues21. Next, we assessed its
therapeutic effects on humanized hPD-1 mice implanted with
hPD-L1 MC38 cells. Daily oral administration of YPD-30
exhibited strong antitumor activities in vivo with decreased
expression of PD-L1 and increased infiltration of T lymphocytes
in tumor. BMS202 has been reported to present a 50.1% inhibition
rate in B16F10 tumor with a dose of 60 mg/kg18 and a 41% in-
hibition rate in humanized mouse-transplanted human SCC-3
tumor with a dose of 20 mg/kg19. In contrast, YPD-30 showed
greater efficacy at a lower dose (10 mg/kg) and achieved much
more significant efficacy, reaching a 67.9% inhibition rate.
Furthermore, compared to compound BMS202, YPD-29B showed
no toxicity to normal human cells or cancer cells (Supporting
Information Table S2). Therefore, the activity of YPD-30 (YPD-
29B) was significantly superior to that of BMS202, both in our
in vitro assays and in in vivo assays reported by other groups19,33.
Whereas, only CD8þ T lymphocytes exhibited significant upre-
gulation in blood with YPD-30 administration. There were no
significant changes in CD4þ T lymphocytes in the YPD-30 and
PD-L1 antibody treatment groups. Furthermore, during treatment,
the body weight of the mice in the YPD-30 groups increased and
no serious adverse reactions were observed. In the repeated-dose
cytotoxicity study, we again did not observe any serious adverse
effects in SpragueeDawley rats and Cynomolgus monkey (data
not shown). Pathological changes were observed in different or-
gans after treatment with YPD-30. Only after a large dose of
1000 mg/kg for 4 weeks there was evidence of an obvious



Figure 7 The antitumor mechanism of YPD-30 in vivo. (A) Multicolor flow cytometry images of different groups treated by YPD-30. The

tumors were homogenized to single cell suspensions and subjected to PerCP-Cy5.5-CD3þ, PE-CD4þ, FITC-CD8þ and APC-PD-L1 staining for

1 h. First the positive PerCP-CY5.5-CD3þ cells from the total living cells are circled as P2 gate, and then PE-CD4þ, FITC-CD8þ from CD3þ cells

are distinguished. (B) CD3þCD4þ tumor infiltrated T lymphocytes in tumor tissues. The proportion of CD3þCD4þ cells in the total living cells

were shown. Quantitative data are presented as mean � SD (n Z 7). *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle. (C) CD3þCD8þ tumor

infiltrated T lymphocytes in tumor tissues. The proportion of CD3þCD8þ cells in the all living cells is shown. Quantitative data are the

mean � SD (n Z 7), *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle. (D) PD-L1 expression of the tumor cells is decreased by YPD-30. The

representative data of each group is shown. (E) Membrane PD-L1 expression of tumor cells were decreased by YPD-30. The quantitative data of

each group are presented as mean � SD (n Z 7), *P < 0.05, **P < 0.01 vs. indicated. (F) Total PD-L1 expression is decreased by YPD-30. The

tumors were homogenized and subjected to Western blotting for PD-L1 expression. A representative Western blot is shown (n Z 3). Quantitative

data are presented as mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle control.
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Figure 8 The antitumor mechanism of YPD-30 in vivo by immunohistochemical staining. (A) CD3þ, CD8þ and hPD-L1 in hPD-L1 MC38

xenograft tumor tissue was collected and subjected to immunohistochemical staining with specific antibodies. Scale bar Z 10 mm. (B) Quan-

tification of CD3þ, CD8þ and hPD-L1 expression in tumor tissue (n Z 8). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. indicated.

YPD-30 is an oral small-molecule inhibitor targeting PD-L1 2857
inflammatory reaction in the rat heart; however, this dose was
much higher than the therapeutic dose of 10 mg/kg. All the data
show that the immune-related side effects of PD-L1 small mole-
cule were attenuated, indicating that small molecular inhibitor
YPD-30 is better tolerated orally and exhibits a good safety
profile.

5. Conclusions

We developed a potent and selective small molecular YPD-29B
targeting human PD-L1, which can down-regulate levels of PD-L1
by inducing PD-L1 dimerization and internalization, further
activating T lymphocytes. Its prodrug, YPD-30, exhibits profound
antitumor activity and is well tolerated in vivo, which may serve as
a therapeutic agent for cancer therapy.
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