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Abstract Programmed cell death 1(PD-1)/programmed cell death ligand 1(PD-L1) have emerged as

one of the most promising immune checkpoint targets for cancer immunotherapy. Despite the inherent

advantages of small-molecule inhibitors over antibodies, the discovery of small-molecule inhibitors

has fallen behind that of antibody drugs. Based on docking studies between small molecule inhibitor

and PD-L1 protein, changing the chemical linker of inhibitor from a flexible chain to an aromatic ring

may improve its binding capacity to PD-L1 protein, which was not reported before. A series of novel

phthalimide derivatives from structure-based rational design was synthesized. P39 was identified as

the best inhibitor with promising activity, which not only inhibited PD-1/PD-L1 interaction
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Figure 1
(IC50 Z 8.9 nmol/L), but also enhanced killing efficacy of immune cells on cancer cells. Co-crystal data

demonstrated that P39 induced the dimerization of PD-L1 proteins, thereby blocking the binding of PD-

1/PD-L1. Moreover, P39 exhibited a favorable safety profile with a LD50 > 5000 mg/kg and showed sig-

nificant in vivo antitumor activity through promoting CD8þ T cell activation. All these data suggest that

P39 acts as a promising small chemical inhibitor against the PD-1/PD-L1 axis and has the potential to

improve the immunotherapy efficacy of T-cells.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

After decades of development, immunotherapy regimens have
been gradually refined, and in recent years, one of the most rapidly
developing treatment regimens is PD-1/PD-L1 therapy1e4. Im-
mune checkpoints are a series of molecules that are expressed on
immune cells and can regulate the activation degree of immune
cells. They play an important role in combating autoimmunity and
suppressing excessive activation of immune cells, and PD-1/PD-
L1 is one of the most important checkpoint molecules5,6. PD-1/
PD-L1 regulates the immune system and promotes self-tolerance
by down-regulating the immune system’s response to human
cells and by suppressing T-cell inflammatory activity5,7. Tumor
cells can express PD-L1 and achieve immune escape through this
mechanism to avoid being killed by T cells8. By inhibiting the PD-
1/PD-L1 axis, the ability of T cells to attack tumor cells can be
restored to cure cancer9.

There are 4 PD-1 antibodies (pembrolizumab, nivolumab,
cemiplimab, dostarlimab) and 3 PD-L1 antibodies (avelumab,
atezolizumab, and durvalumab) approved by U.S. Food and Drug
Administration (FDA) for clinical applications10. As an example,
the approved indications of pembrolizumab have been increased
to 18 types of cancer including and not limited to non-small cell
lung cancer, classical Hodgkin lymphoma, head, and neck squa-
mous cell carcinoma, primary mediastinal large B-cell lym-
phoma11. Global sales of pembrolizumab and nivolumab reached
$14.38 billion and $7.92 billion respectively in 2020. However,
antibody drugs have some natural drawbacks, such as poor oral
bioavailability, poor permeability of tumor tissues, immune-
related adverse events, and high medical costs12,13. One
improving strategy is to investigate small molecule PD-L1
Structures of representative sm
inhibitors. After several antibody drugs came to market and
showed good efficacy, small molecule PD-1/PD-L1 inhibitors had
become a hot research topic.

In the past few years, there have been some important advances
in this area. The Bristol-Myers Squibb company has discovered a
series of biphenyl derivatives14,15 that can lead to dimerization of
PD-L1 molecules. Holak’s group16,17 has disclosed the co-crystal
structures of the complex which provides a very good research
basis for subsequent small molecule inhibitor studies. A large
number of companies and research institutions are involved in
developing novel PD-1/PD-L1 small molecule inhib-
itors11,13e15,18e27 (Fig. 1), but the vast majority of small mole-
cules are still in preclinical studies. This indicates that druggable
small molecule inhibitors are still to be discovered and further
exploration is needed to find small molecule inhibitors for clinical
use.

In this study, we designed and synthesized novel phthalimide
derivatives as small-molecule inhibitors against the PD-1/PD-L1
pathway. Their structure‒activity relationships were systemati-
cally evaluated, and P39 was identified as the most promising
leading compound with an IC50 value of 8.9 nmol/L which was
assessed by a TR-FRET assay. P39 reduced the PD-1/PD-L1
interaction and enhanced the cytotoxicity of PBMCs against
cancer cells in a dose-dependent manner. P39 also showed
outstanding in vivo antitumor activity in a MC38 mouse model
and a humanized LLC-hPD-L1 tumor model, which was worthy
of further evaluation. Notably, this study identified the possibility
of replacing flexible chains with aromatic rings as the linker in
PD-1/PD-L1 inhibitors, which was verified by crystal structure
and would well guide the subsequent exploration of potential
drugs using aromatic rings as the linker.
all-molecule inhibitors of PD-1/PD-L1.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Results and discussion

2.1. Drug design

Crystal structure of human PD-1/PD-L1 complex was first re-
ported by Holak in 201516. Three hot spots were recommended
and key amino acid residues on the interaction surface of the
complexes were disclosed, which included Tyr 56, Glu 58, Arg
113, Met 115, Ala 121, and Tyr 123 on PD-L1. Moreover, this
research group determined the co-crystal structure of PD-L1 dimer
by using a small molecule (BMS202). It could be found that the
binding surface of the PD-L1 dimer (Fig. 2A and B) is overlapping
with the PD-1/PD-L1 binding surface17. This is the mechanism of
how BMS202 inhibits PD-1/PD-L1 protein‒protein interactions.

It is known from the data of molecular docking that biphenyl
moiety is necessary for maintaining inhibitory activity17 (Fig. 2D).
Ring A would form a T-stacking interaction with the residue ATyr
56, and further stabilized by the sidechains of BAla 121 and AMet
115 through p‒alkyl interactions, and the ring B creates a hy-
drophobic interaction with AAla 121 and BMet 115. The pyridine
ring is involved in p‒p stacking with BTyr 56. These substituents
are presumed to be important for maintaining activity and appear
in almost all reported small molecules. Ethers are commonly
chosen as the linkers and play a limited role in SARs. Replacing
the ether linker with a better moiety could create more interactions
and is the desired strategy. The co-crystal structure of PD-L1/
BMS202 was further analyzed. BTyr 56 would be able to form a
p‒p stacking with the linker if replace the linker from the ether
moiety into an aromatic ring.

Based on this rational-design strategy, a series of phthalimide
derivatives were designed and the docking results were consistent
with expectations (Fig. 2E). The molecule docking showed that
the newly designed molecule not only retains all the hydrophobic
bonds formed by BMS202 with the dimer cavity after replacing
the ether bond with the phthalimide ring but also forms strong p‒
Figure 2 Mechanism of PD-1/PD-L1 complex formation inhibition by

the pink cartoon, PD-L1 shown as the blue cartoon, PDB: 4ZQK16). (B) BM

PD-L1; PDB: 5J8917). (C) Docking analysis of newly designed leading com

structure of BMS202 and PD-L1 dimer (cyan, model A; grey, model B; PD

P1 (3D model, cyan, model A; grey, model B). (F) Binding conformation o

interactions were shown as a red dash line, and hydrogen-bonding interac
p stacking with BTyr 56, supporting the correctness of our
rational-design strategy.

2.2. Chemistry

To verify the PD-1/PD-L1 inhibitory activity of designed mole-
cules, a series of phthalimide derivatives were synthesized. The
synthesis of phthalimide derivatives P1‒P8, P11‒P16, P18‒P41
are described in Schemes 1 and 2. Suzuki-Miyaura coupling of
compounds 7a‒d with phenylboronic acid yielded intermediates
8a‒d, respectively. Using acetic acid as the solvent, compounds
8a‒d reacted with 4-hydroxyphthalic acid to yield intermediates
9a‒d. Compounds 9a‒d reacted with hexamethylenetetramine to
yield intermediates 10a‒d through a Duff reaction. The ether-
ification of intermediates 10a‒d with the appropriate benzyl
bromides provided the intermediates 11a‒h, followed by NaB-
H(OAc)3-mediated reductive amination with an appropriate amine
to yield the final compounds P1, P3‒P8, P11‒P16, P18‒P41.
While for target compound P2, intermediate 10a directly reacted
with ethanolamine to yield the product.

The synthesis of phthalimide derivatives P9‒P10 is described
in Scheme 3. Intermediate 12 is a by-product of the reaction that
produces intermediate 10a (Scheme 2). Similar to the design of
compounds P7‒P8, P11‒P16, and P18‒P41, we conducted a
two-step reaction and obtained the target products P9‒P10 to
investigate the structureeactivity relationship of the R4

substituent.
The synthesis of target compound P17 is described in

Scheme 4. The Suzuki-Miyaura coupling reaction between 7a
and phenylboronic acid derivatives provided biphenyl compound
14. Using acetic acid as the solvent, compound 14 reacted with
5-hydroxybenzene-1,2,4-tricarboxylic acid to yield intermediate
15. Followed by reduction and oxidation to yield intermediates
16 and 17. Finally, compound P17 was prepared according to the
similar procedure of compound P1 in two steps.
small molecule inhibitor. (A) PD-1/PD-L1 interaction (PD-1 shown as

S202 (yellow) induced dimerization of PD-L1 (orange, PD-L1; green,

pound P1 (3D model, cyan, model A; grey, model B). (D) Co-crystal

B: 5J89). (E) Docking analysis of newly designed leading compound

f the leading compound P1 in PD-L1/PD-L1 dimer. The p‒p stacking

tions were shown as a green dash line.



Scheme 1 Synthesis of compounds P1‒P6. Reagents and condition: (a) phenylboronic acid, Pd(OAc)2, K2CO3, EtOH/H2O (1:1), rt, 14 h, 82%;

(b) AcOH, 120 �C, 7 h, 83%; (c) hexamethylenetetramine, CF3COOH, 120
�C, 10 h, 35%; (d) DMF, Cs2CO3, 80

�C, 2 h, 76%e80%; (e)

appropriate amine, NaBH(OAc)3, CH2Cl2, rt, 6e10 h, 21%e30%.

Scheme 2 Synthesis of compounds P7‒P8, P11‒P16, and P18‒P41. Reagents and condition: (a) phenylboronic acid, Pd(OAc)2, K2CO3,

EtOH/H2O (1:1), rt, 14 h, 79%e82%; (b) AcOH, 120 �C, 7 h, 79%e83%; (c) hexamethylenetetramine, CF3COOH, 120
�C, 10 h, 30%e35%; (d)

DMF, Cs2CO3, 80
�C, 2 h, 77%e80%; (e) appropriate amine, NaBH(OAc)3, CH2Cl2, rt, 6e10 h, 21%e69%.

Scheme 3 Synthesis of compounds P9‒P10. Reagents and condition: (a) hexamethylenetetramine, CF3COOH, 120
�C, 10 h, 10%; (b) DMF,

Cs2CO3, 80
�C, 2 h, 75%; (c) appropriate amine, NaBH(OAc)3, CH2Cl2, rt, 6e10 h, 40%e55%.

Scheme 4 Synthesis of compounds P41. Reagents and condition: (a) phenylboronic acid derivatives, Pd(OAc)2, K2CO3, EtOH/H2O (1:1), rt,

14 h, 84%; (b) AcOH, 120 �C, 7 h, 72%; (c) BH3$THF, THF, 10 h, rt, 70%; (d) Dess-Martin periodane, CH2Cl2, rt, 2 h, 75%; (e) DMF, Cs2CO3,

80 �C, 2 h, 80%; (f) appropriate amine, NaBH(OAc)3, CH2Cl2, rt, 10 h, 52%.
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Table 2 PD-1/PD-L1 inhibitory activity of compounds P7‒‒
P10.

Compd. R3 R4 IC50 (nmol/L)

P7 / 45.6

P8 / 52.1

P9 / 1141.0

P10 / 4382.0

BMS202 17.0

Table 3 PD-1/PD-L1 inhibitory activity of compounds
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2.3. Biochemical evaluation and structural optimization

For all the final compounds, the inhibitory activities regulating the
PD-1/PD-L1 interactions were evaluated using TR-FRET method.

To verify the effect of the R2 substituent on activity, new de-
rivatives P1‒P6 were designed and further synthesized, and the
IC50 values were shown in Table 1 and BMS202 was tested as the
positive compound. All six derivatives used ethanolamine as the
hydrophilic tail. Based on the docking results between PD-L1 and
leading compound P1 in Fig. 2F, the 3-cyanobenzyl group in P1
formed a strong hydrogen bond interaction with the residue AThr
20. To confirm the importance of the 3-cyanobenzyl group as a R3

substituent, we firstly removed it directly and synthesized com-
pound P2. The results indicated that the inhibitory activity of
compound P2 was dramatically decreased, which elucidated the
important role of the 3-cyanobenzyl substituent. Furthermore, we
changed the cyano position on the benzyl ring and synthesized
P3‒P4 to explore the influence of the substituent position on the
activity. The meta-substituted compound P1 showed the best ac-
tivity (P1: IC50 Z 45.4 nmol/L), while the ortho- and papa-
substituted compounds P3 and P4 only showed moderate activities
(P3: IC50 Z 170.9 nmol/L, and P4: IC50 Z 153.1 nmol/L).
Meanwhile, if we removed the cyano substituent to get compound
P5, its activity was similar to P3 and P4. Also, if we replaced the
para-cyano group of compound P4 with a 4-isopropylbenzyl
group, its inhibitory activity decreased six folders. All these re-
sults indicate that the 3-cyanobenzyl used in compound P1 is the
optimal substituent, which will be kept for further modification.

Both the docking study and above SAR results indicate that
introduction of the R3 substituent at the 5-position is the preferred
design strategy. However, we obtained the intermediate 12 as a by-
product during the synthesis of intermediate 10a (Schemes 2 and
3). Therefore, we could obtain target compounds P7 and P8 with
3-R4 substituent instead of 5-R3 at ring C, and the IC50 values
were shown in Table 2. Comparing compounds P7/8 with P9/10,
the position change of the R3 substituent caused a significant
decrease in the activity (P7: IC50 Z 45.6 nmol/L vs P9:
IC50 Z 1141.0 nmol/L), which verifies that the strategy of our
rational design is correct. Therefore, we will maintain the 5-R3

substituent in further modification.
After exploring the influence of R3 on ring C, we further

investigated the effect of R1 on ring B (Table 3). The methyl
substituent on ring B was modified to a cyano, fluorine, or chlorine
Table 1 PD-1/PD-L1 inhibitory activity of compounds P1‒‒
P6.

Compd. R2 IC50 (nmol/L)

P1 45.4

P2 H 739.4

P3 170.9

P4 153.1

P5 216.4

P6 920.7

BMS202 17.0
group. Interestingly, all the final compounds showed slightly
improved activity (Tables 2 and 3: P11 vs P12, P8 vs P14 vs P16).
Although fluoro- or chloro-substituted compounds P16 and P14
showed a little better activity, raw material for methyl-substituted
products is the most accessible. Therefore, methyl substituent was
selected for the follow-up studies.

Besides keeping R5 as a phenyl ring, R5 was also replaced by a
heterocycle benzodioxane group. Although this strategy led to a
slightly decreased activity, the inhibitory activity of these two
compounds (P7: 45.6 nmol/L vs P17: 50.4 nmol/L) was still at the
same level and the synthesis of phenyl derivatization P7 was
easier. Therefore, we kept R5 as a phenyl substituent for further
modification. Of course, the heterocycle benzodioxane group may
be a good direction to improve the physicochemical properties of
the target compounds in future studies.

As shown in Table 3, the hydrophilic R3 tail was reported to
play an important role in binding with PD-L1 and serve as
hydrogen-bond donors21,23. To further investigate the diversity of
hydrophilic substituents R3, a series of new derivatives with a
chain or cyclic hydrophilic tail were designed and synthesized,
including ester groups, alcohol groups, amide groups, and
carboxyl groups (Table 4). Among these newly designed com-
pounds, P22‒‒P27 bearing a cyclic substituent showed weaker
P11‒‒P17.

Compd. R1 R3 R5 IC50 (nmol/L)

P11 CH3 117.5

P12 CN 100.0

P13 Cl 39.3

P14 Cl 22.1

P15 F 58.7

P16 F 31.6

P17 CH3 50.4

BMS202 17.0



Table 4 PD-1/PD-L1 inhibitory activity of compounds

P18‒‒P41.

Compd. R3 IC50

(nmol/L)

Compd. R3 IC50

(nmol/L)

P18 79.1 P31 835.8

P19 150.4 P32 1155.0

P20 395.4 P33 13.3

P21 188.9 P34 >10,000

P22 250.7 P35 46.6

P23 216.1 P36 1667.0

P24 738.1 P37 11.6

P25 187.4 P38 >10,000

P26 563.7 P39 8.9

P27 42.4 P40 1686.0

P28 867.4 P41 527.1

P29 607.0 BMS202 17.0

P30 14.0

Figure 3 Cytotoxicity effect of P39 on tumor cell and killing effect

of human PBMCs toward H460 cells. (A) Treated with different

concentrations of P39, cell viability in A375 cells was measured using

the xCELLigence system. (B) Cell impedance test was used to

examine the killing effects of human PBMCs on H460 cells after

treated with P39 (100 or 200 nmol/L) for 24 h.
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activities when compared with compounds P18‒‒P21 with a chain
tail. This indicates that a R3 chain tail may be a better choice for
further modification. Meanwhile, replacing the hydroxyl group
with a carboxyl group greatly improved the activity (P25 vs P27).
Therefore, we further introduced the chain tail with a carboxyl
group into the new derivatives and explored their structure-activity
relationship. This strategy offered us a series of new compounds
(P30, P33, P35, P37, and P39), which exhibited activities of great
improvements. Especially, compound P39 exhibited the best IC50

value of 8.9 nmol/L. While we converted the carboxyl acid group
to different ester groups (P31, P32, P34, P36, P38, and P40), their
activities were remarkably decreased. This result further
confirmed that the carboxyl acid group played a critical role to
maintain the favorable activity.

2.4. Cytotoxicity evaluation

When developing a small molecule PD-L1 immuno-oncology
agent, we hope that its inhibitory activity on cancer cells is derived
from the regulation of T-cell function rather than the cytotoxicity
of the inhibitor. To evaluate the cytotoxicity of these new com-
pounds, 10 representative compounds (P1, P3, P4, P8, P15, P17,
P30, P33, P37, and P39) were chosen and tested using the Real-
Time Cell Analyzing (RTCA) method. A375 cells were treated
with 20 mmol/L of the selected compound. As illustrated in
Fig. 3A and Supporting Information Fig. S1, real-time growth of
A375 cells was measured and found to be almost identical
between the experimental and control groups, demonstrating that
these compounds were essentially non-toxic to A375 cells.
Therefore, the cytotoxicity effects can be excluded in the subse-
quent cellular assays and in vivo antitumor experiments.

2.5. Binding affinity of P39 to PD-L1

Considering the inhibitory action of PD-1/PD-L1 and cellular
cytotoxicity, compound P39 was chosen as the top candidate and
its binding affinity to hPD-L1 was further analyzed using micro-
scale thermophoresis (MST) method. As shown in Supporting
Information Fig. S3, the KD value for compound P39 binding to
hPD-L1 was 24.4 � 0.02 nmol/L, while the KD value for positive
control compound BMS202 was 134.8 � 0.10 nmol/L. It indicated
that compound P39 exhibited a strong binding affinity with human
PD-L1 protein than BMS202.

2.6. P39 reduces PD-1/PD-L1 interaction and increases PBMC
cytotoxicity

Based on the above experimental results, compound P39 was
shown to have a high affinity for PD-L1 protein and blocked the
protein interaction of PD-1/PD-L1. To assess its inhibitory activity
on tumor cells, further cellular assays were performed. It was
established that PD-L1 on tumor cells would bind to the homol-
ogous receptor PD-1 on tumor-infiltrating T cells thus inhibiting
their antitumor activity28. To confirm whether P39 would influ-
ence the protein interaction of PD-1 and PD-L1, tumor cells
pretreated with P39 were cultivated with recombinant human PD-
1 Fc. A diminished fluorescent signal indicates the decreased
interaction between PD-1 and PD-L129. It was found that the
binding capacity of PD-1 to H460 cells and MDA-MB-231 cells
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was significantly decreased in a dose-dependent manner after
treatment with P39. At a concentration of 200 nmol/L, compound
P39 showed a stronger inhibitory activity compared to the positive
compound BMS202 (Fig. 4A and B). Moreover, PD-1/PD-L1
blockade bioassay30 (Fig. 4C and D) also showed the significant
increase of transcriptional-mediated bioluminescent signal in P39-
treated H358 cells in a concentration-dependent manner compared
to untreated cells. A549 cells with very low PD-L1 expression
served as a positive control. Luciferase signal increases when the
protein interaction of PD-1/PD-L1 is blocked. These results sug-
gested that P39 could block the interaction of PD-1/PD-L1,
thereby inhibiting the checkpoint activity of PD-L1.

Furthermore, cell impedance assay was used to evaluate the
cytotoxicity of activated human PBMCs against co-cultured can-
cer cells. Consistently, P39 greatly increased the sensitivity of
tumor cells to T cell killing, and showed a stronger killing ability
compare to the BMS202 group (Fig. 3B). In conclusion, all these
results suggest that P39 blocked the interaction of PD-1/PD-L1
and improved the immune killing ability of PBMCs against can-
cer cells.

2.7. Structural basis for the interaction between P39 and PD-L1
protein

Crystals of the PD-L1/P39 complex diffracted to 2.7 Å resolution
(Supporting Information Table S1). The asymmetric unit contains
eight molecules of PD-L1. Six molecules form three dimers and
the other two molecules form two dimers with molecules from
neighboring asymmetric unit, respectively (Fig. 5A). The interface
of each dimer contains one inhibitor, which forms a cylindrical
hydrophobic pocket (Fig. 5B and C). This interaction mode of PD-
L1 with P39 is in high agreement with the previous computer-
aided drug design (CADD) results, and all hydrophobic bond
Figure 4 P39 attenuates PD-1/PD-L1 interaction and strengthens the cy

treated with the indicated dose of P39 for 24 h, was measured by flow cyto

After treatment with P39 (0e200 nmol/L, 24 h) on the MDA-MB-231 and

fluorescence intensity indicates the binding of PD-1 to tumor cells. (C)

interaction results in NFAT-RE-mediated luminescence. (D) Interaction

P39-treated A549 or H358 cells were measured using the PD-1/PD-L1 blo

controls.
formation is consistent with the calculated results. The ring A of
compound P39 forms T-stacking interactions with the side chain

CTyr 56 and additional p‒d and p‒alkyl interactions with EAla
121 and CMet 115, respectively. Ring B is stabilized by hydro-
phobic interactions with CAla 121 and EMet 115. Both ring C and
the phthalimide ring form p‒p stacking with ETyr 56, which is
consistent with the computational design. By adding the phthali-
mide ring, the small molecule inhibitor forms a stronger hydro-
phobic interaction with the PD-L1 dimer, which helps stabilize the
binding of the inhibitor to the dimer. In addition, 3-cyanobenzyl in
the tail of P39 forms p‒cation interaction with CArg 125. The
tails of compound P39 form a hydrogen bond with CAsp 122,

CLys 124, and ETry 56, respectively, which greatly enhances the
interaction of the inhibitor with the PD-L1 dimer (Fig. 5E).

Comparison of the co-crystal structures of PD-L1/P39 com-
plex and PD-L1/BMS202 complex (PDB ID: 5J89) revealed no
significant displacement of key amino acid residues for the
interaction of the two inhibitors and PD-L1 dimer (Fig. 5D),
which suggested that changing the linker chain from a flexible
chain to an aromatic heterocyclic may not result in significant
change in protein conformation.

2.8. In vivo antitumor activity of compound P39

Prior to the in vivo efficacy evaluation experiments, acute toxicity
experiments and pharmacokinetic (PK) experiments were per-
formed to assess the safety properties of P39 and to define the
appropriate mode of administration. Oral administration of P39 at a
single dose of 5000 mg/kg for two weeks showed no mortality and
obvious body weight loss, which proved that compound P39 had a
favorable safety profile (Supporting Information Fig. S4). We
evaluated the PK properties of P39 using SD rats, which showed
hopeful PK properties included acceptable t1/2 and AUC by
totoxicity of PBMCs. (A) Binding of PD-1 to H460 cells, which were

metry. The Y-axis shows the mean fluorescence intensity of PD-1. (B)

H460 cells, the changes in immunostaining were monitored. The green

Addition anti-PD-L1 inhibitor that interfered with the PD-1/PD-L1

of PD-1/PD-L1 between Jurkat NFAT-luciferase reporter cells and

ckade assay. Data are shown as fold induction compared to untreated



Figure 5 Co-crystal structure of PD-L1/P39 complex. (A) Each asymmetric unit contains eight PD-L1 molecules (mixed ribbon/surface

representation). Six molecules form three dimers and the other two molecules form two dimers with molecules from the other unit,

respectively. (B) Structure of a single dimer, color coding as in Fig. 5A. (C) The small-molecule inhibitor P39 is embedded in a hydrophobic

cavity formed by the PD-L1 dimer. (D) Overlay of the PD-L1/P39 and PD-L1/BMS202 dimer (PDB ID: 5J89). Both P39 (yellow) and BMS202

(gray) induce the PD-L1 dimerization and form a similar binding pocket (PD-L1/P39 complex: slate and green, PD-L1/BMS202 complex: violet

and grey). (E) Detailed interaction of the inhibitor P39 with key amino acid residues of the PD-L1 dimer.
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injectable administration (Supporting Information Table S2).
However, the low oral bioavailability (F%) was similar to the re-
ported compounds. These results guided us to use intraperitoneal
injection for the in vivo evaluation, while not oral administration. A
MC38 mouse model in C57BL/6 mice was used to assess the
in vivo antitumor efficacy of top compound P39. After the tumor
volume reached 100 mm3, the mice were divided equally into three
groups, a blank control group and two experimental groups (dos-
ages: 10 and 25 mg/kg). Compound P39 was administered by
intraperitoneal injection once daily for 4 weeks. The tumor growth
inhibition of the different groups was shown in Fig. S5A. Com-
pound P39 inhibited tumor growth in a dose-dependent manner.
After 4 weeks of administration with a low and high dosage of P39,
the tumor volume growth inhibition was 54.9% and 68.3%,
respectively (Supporting Information Fig. S5C). No weight loss or
death of mice occurred during treatment (Fig. S5B), consistent with
the acute toxicity assay, and the mice were well tolerated to com-
pound P39. Compared with the control group, two P39-treated
groups significantly decreased the final tumor weight (Fig. S5D).
All these results indicate that compound P39 exhibited desired
in vivo antitumor activity and safety profile as a PD-1/PD-L1 in-
hibitor. To further validate the in vivo antitumor efficacy of P39, the
therapeutic effect of P39 was evaluated with a humanized mouse
model (hPD-1-knockin C57BL/6 mice bearing Lewis lung carci-
noma (LLC) cells overexpressing hPD-L1 (LLC-hPD-L1)). Addi-
tionally, BMS202 was used as the control compound and the other
test parameters were consistent with previous experiments
(Fig. 6A‒D). P39 is a small molecule inhibitor designed based on
the human PD-L1 protein, and the results assessed on a humanized
mouse model would theoretically provide a better reflection of its
effect on human. P39 showed similar tumor inhibitory effect as the
control BMS202 at 10 mg/kg, while exhibited much better activity
at 25 mg/kg. After 12 days of administration, the tumor inhibition
rate in the high dose administration group reached 79.0%. Nude
mice experiments were completed to demonstrate the ability of P39
to kill tumor cells in immunodeficient mice. The results showed that
without the support of immune cells, P39 had no ability to clear
tumor cells (Supporting Information Fig. S7). All these results
demonstrated the great potential of P39 as a drug candidate for
follow-up studies.

2.9. P39 enhances infiltration of CD8þ T cells in tumor tissues

To demonstrate compound P39-mediated antitumor T-cell im-
munity on two mouse models, we collected tumor tissues from
mice treated with vehicle or P39 and tumor infiltrating lympho-
cytes (TILs) were analyzed. We observed a significant increase in
T cell population in TILs (Fig. 6E). The ratio of CD8þ to CD3þ T
cells was greatly increased in the tumor of P39-treated mice
(Supporting Information Fig. S6B and 6E), which indicated that
P39 enhanced the infiltration of CD8þ T cells in tumor tissues and
improved tumor immune response. In addition, the population of
CD4þ T cells in the tumor tissue of mice treated with P39 did not
change compared to the control group (Fig. S6C). Two important
cytokines were detected. IFN-g and GzmB levels in CD8þ T-cells
were measured by flow cytometry (Fig. 6F and G), which showed
that P39 significantly activated the antitumor activity of CD8þT
cells. IHC experiments also demonstrated that P39 led to
increased expression of CD8, IFN-g, and GzmB (Supporting
Information Fig. S8).



Figure 6 In vivo antitumor activity of P39. hPD-1-knockin C57BL/6 mice bearing Lewis lung carcinoma (LLC) cells overexpressing hPD-L1

(LLC-hPD-L1) were treated with PBS, BMS202 (10 mg/kg) and P39 (10 and 25 mg/kg). The tumor growth was monitored (n Z 6). (A) Ex vivo

observation of the tumors from the treated mice. (B) Comparison of the weight of the tumors from the mice treated with PBS, BMS202 or P39.

(C) Body weight of the treated mice was measured every 2 days. (D) Tumor volume was measured every 2 days. (E) Flow cytometry analysis of

infiltrating CD8þ T cells (n Z 6) frequency in BMS202 or P39 treated mice. (F and G) Flow cytometry detecting the IFN-g (F) and GzmB level

(G) in CD3þ CD8þ TILs from PBS, BMS202 or P39 treated tumors (n Z 6). Data shown are mean value � standard error of mean (SEM).

*P < 0.05, **P < 0.01, ***P < 0.001, ns, no significant.
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3. Conclusions

In the present study, a series of phthalimide derivatives were
rationally designed and synthesized based on the binding model of
PD-1/PD-L1 with BMS202. The possibility of replacing the
flexible ether chain with a rigid aromatic ring as a linker to
enhance the binding strength to PD-L1 protein was further
explored via systematic structure‒activity relationship studies.
Most of the new derivatives exhibited strong inhibitory ability to
block the protein interaction between PD-1 and PD-L1. Among
them, P39 was the most promising small-molecule inhibitor with
an IC50 value of 8.9 nmol/L. Furthermore, the cytotoxicity eval-
uation demonstrated that these compounds were essentially non-
toxic to cancer cells. Via in vitro studies of inhibitory activity
and cytotoxicity, P39 was confirmed as the top candidate for
further evaluations.

Subsequently, a series of cellular assays indicated that P39
significantly inhibited the PD-1/PD-L1 protein interaction and
improved the cytotoxicity of PBMCs toward cancer cells. Co-
crystal experiments revealed the binding mode of P39 to PD-L1
protein, which indicated that the newly designed phthalimide
ring could form an additional p‒p stacking with Tyr 56, greatly
contributing to a stable binding to the PD-L1 dimer. These results
provided valuable information to guide the chemical modification
of novel PD-1/PD-L1 inhibitors.

Meanwhile, the acute toxicity assay was conducted with oral
administration of P39 at four different dosages. No mortality and
obvious bodyweight loss were observed even at the high dose of
5000 mg/kg, which showed the excellent safety profile of P39.
Intraperitoneal injection of P39 significantly inhibited the prolif-
eration of MC38 tumor cells in vivo in a dose-dependent manner.
In MC38 mouse model, the inhibition rate of tumor growth in the
low dose of 10 mg/kg group was 54.9% after four weeks of
treatment with P39, while the inhibition rate in the high dose of
25 mg/kg group was increased to 68.3%. While in the LLC-hPD-
L1 mouse model, the inhibition rate of tumor growth in the low
and high dose group were 66.2% and 79.0% respectively, which
indicated that P39 has significant in vivo antitumor activity.
Furthermore, the flow cytometry experiment demonstrated the
antitumor mechanism of P39 via enhancing the activity of im-
mune cells towards tumor cells. Overall, this study discovered P39
as a promising candidate to develop novel antitumor drugs against
the PD-1/PD-L1 pathway, and also provided valuable guiding
information for further chemical modification.
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4. Experimental

4.1. Cell culture

A549, H358, H460, and MDA-MB-231, as well as Jurkat (E6-1)
cells were all obtained from the Institute of Basic Medicine,
Chinese Academy of Medical Sciences (Beijing, China). PBMCs
were purchased from StemEry Biotech (Fuzhou, China). Cells
were cultured in a humidified incubator with 5% CO2 at 37

�C.

4.2. Docking method

The co-crystal structure of human PD-L1 dimer and BMS202
(PDB code: 5J89) was downloaded from protein data bank (PDB)
(https://www.rcsb.org/). Discovery Studio 2021 (DS2021, Accel-
rys, CA, USA) was used as the docking program. Following the
protocol of DS2021, the protein was prepared. Compound P39
was prepared and docked via the LibDock mode. PyMOL soft-
ware was used to generate images.

4.3. TR-FRET assay

The TR-FRET assay was used to measure the IC50 value of
synthesized compounds. Dye-labeled acceptor, PD-1-Eu, and
PD-L1 biotin were purchased from BPS Bioscience. Following
the instructions of the manufacture, the TR-FRET assay was
performed to measure the inhibition activities of all com-
pounds. In brief, the solution of the dye-labeled acceptor, PD-
1-Eu, and PD-L1 biotin with a suitable concentration was
prepared at first. Then, 5 mL of PD-L1-biotin and 5 mL of the
target compound were added and incubated for 15 min at rt.
Subsequently, 5 mL of PD-1-Eu and 5 mL of dye-labeled
acceptor were added to reach a total 20 mL volume, which
was then incubated at rt. The fluorescent intensity was read
with EnVision multilabel plate reader (PerkinElmer). Data
analysis was performed using the TR-FRET ratio (665 nm
emission/620 nm emission). The IC50 values were calculated
with GraphPad Prism 6.0 software.

4.4. Cytotoxicity evaluation

According to our previous report30, the cytotoxicity of P39 on the
tumor cells was evaluated using the xCELLigence system (Agi-
lent) and the results were analyzed with RTCA Software.

4.5. Binding affinity

The binding affinity of the compound P39 with hPD-L1 ligand-
binding domain was analyzed by microscale thermophoresis
(MST). Purified hPD-L1 ligand-binding domain was labeled with
the Monolith RED-NHS 2nd Generation protein labeling kit
(Nano Temper Technologies). Serially diluted compounds, with
concentrations of 10 to 0.0006 mmol/L, were mixed with a con-
stant labeled hPD-L1 ligand-binding domain at room temperature
in assay buffer (10 mmol/L HEPES pH 8.5, 20 mmol/L NaCl) and
loaded into Monolith standard-treated capillaries. The MST
measurement was performed on a Monolith NT.115 instrument
(Nano Temper Technologies) at a constant LED power and
varying microscale thermophoresis power of 20%, 40%, and 80%.
KD values were fitted using MO. Affinity Analysis v2.2.4. soft-
ware (Nano Temper Technologies).
4.6. PD-1/PD-L1 blockade bioassay

The interaction of PD-1/PD-L1 between Jurkat NFAT-luciferase
reporter cells and PD-L1 antibody-treated A549 or H358 cells has
been validated previously (Fig. S2). P39 mediated functional
changes in PD-1/PD-L1 interaction were examined using the
blockade Assay Kit (Promega, J1250) as described before30,31.
The results were analyzed using ICE software.

4.7. PD-L1/PD-1 interaction assay

To explore the PD-1/PD-L1 interaction, H460 cells or MDA-MB-
231 cells were treated with P39 (0e200 nmol/L) followed by
incubation with recombinant human PD-1 Fc (Peprotech, 310-40)
and anti-human Alexa Fluor 488 dye conjugated (Abcam,
ab97003). Microscope (Zeiss Axio Vert A1, Carl Zeiss, Thorn-
wood, NY, USA) was used to capture green fluorescence signals.
Novocyte flow cytometer (Agilent) was utilized to conduct
quantitative analysis.

4.8. PBMCs-mediated tumor cell-killing assay

According to the previous report30, PBMCs-mediated tumor cell-
killing assay was carried out using the xCELLigence system
(Agilent).

4.9. Acute toxicity test

To evaluate the safety of compound P39 in vivo, 40 ICR mice
were randomly divided into 5 groups (8 mice in each group),
which included a control group and four experimental group (500,
1000, 2500, and 5000 mg/kg). The body weight of each mouse is
18e22 g. Mice were observed for 14 days after a single dose,
symptoms of poisoning and death were recorded and dead animals
were examined post-mortem. The body weight was weighed at the
end of the experiment, and after the mice were sacrificed, the
organ weights were weighed.

4.10. Protein expression and purification

The method to express and purify human PD-L1 protein (resi-
dues 18e134, C-terminal His tag) were described as previ-
ously32. In brief, the Escherichia coli strain BL21 was cultured,
and inclusion bodies were collected, washed, and dissolved. A
solubilized fraction was clarified by centrifugation and refolded
by drop-wise dilution. And then, the protein was dialyzed and
purified by size exclusion chromatography in buffer (pH 8.5,
10 mmol/L Tris, 20 mmol/L NaCl). The purity was evaluated by
SDS-PAGE.

4.11. Crystallization of the complex of hPD-L1 with small
molecule inhibitor

The hPD-L1 was purified in buffer (pH 8.5, 10 mmol/L Tris,
20 mmol/L NaCl) and mixed with small-molecule P39 at a
1:2 mol/L ratio. The PD-L1/P39 complex was concentrated to
8.5 mg/mL, and commercially available sets of conditions
(Hampton Research, Rigaku, Molecular Dimensions) were used to
screen with the sitting-drop vapor diffusion method, and 0.1 mol/L
Tris, pH 7.5, 2% 1,4-dioxane, 17% PEG 3350 were used to make
diffraction-quality crystals at 16 �C.

https://www.rcsb.org/
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4.12. Determination and refinement of co-crystal structure

After cryoprotection, the crystals were flash-cooled in liquid ni-
trogen. The diffraction measurements were taken at the Shanghai
Synchrotron Radiation Facility (SSRF) BL19U beamline. XDS33

was used to index and integrate the data. Scala34 was used to
scale and merge the data. Phaser35 was used to calculate molecular
replacement and the PDB ID of a search model was 5C3T. Coot36

was used to build the protein model. Phenix37 or Refmac 5.038 was
used to perform restrain refinement. The final model was depos-
ited in the PDB with accession number 7VUN.

4.13. In vivo antitumor activity study

All animal experiment protocols and operations followed the
guiding principles of the Animal Care and Use Committee of the
China Pharmaceutical University. C57BL/6 mice (female, 4 weeks
old) were purchased from Slac Laboratory Animal Technology
(Shanghai, China). A MC38 mouse model was established by
subcutaneously implanting 1 � 106 MC38 cells into the right flank
of each mouse. The mice were randomly assigned into vehicle
control and P39-treated groups (7 mice in each group) when the
tumors reached a volume of 100 mm3. Mice were treated with
vehicle control and P39 (dosages: 10 and 25 mg/kg) by intra-
peritoneal injection once a day for 28 days. The tumor volume and
body weight were recorded and calculated with formula
0.5 � length (mm) � width (mm) � width (mm). On Day 28, the
mice were sacrificed, and tumors were excised and weighed.
Tumor growth inhibition (TGI) rates were calculated with Eq. (1):

TGI (%) Z [1‒Vt/Vv] � 100 (1)

where Vt presents tumor volumes of the treatment group, Vv,
tumor volumes of vehicle control.

hPD-1-knockin C57BL/6 (6- to 8-week-old females, Gem-
Pharmatech, Nanjing, China) were conducted under guidelines
approved by the animal ethics committee of the Institute of Me-
dicinal Biotechnology, Chinese Academy of Medical Sciences. An
LLC-hPD-L1 mouse model was established by subcutaneously
implanting 1 � 106 Lewis lung carcinoma (LLC) cells (over-
expressing hPD-L1) into the right flank of each mouse. The other
procedures were similar to the MC38 mouse model.

Balb/c-nude mice mouse model (6- to 8-week-old females,
Beijing HFK bioscience, Beijing, China) was established by
subcutaneously implanting 1 � 106 Lewis lung carcinoma (LLC)
cells (overexpressing hPD-L1) into the right flank of each mouse.
The other procedures were similar to the MC38 mouse model.

4.14. Flow cytometry

Tumors tissues from vehicle or P39 group (dosages: 10 mg/kg and
25 mg/kg) were collected and digested to single cells. Then single
cells were collected and washed three times using PBS. Suspen-
sion cells were blocked using anti-CD16/CD32 antibodies and
stained with fixable viability dye. Antibodies CD45 (Biolegend,
157,605/103,113), CD3 (Biolegend, 100,217/100,203), CD8
(Biolegend, 140,403/100,721), CD4 (Biolegend, 116,005/
100,407), IFN-g (Biolegend, 505,841) and GranzymeB (Bio-
legend, 396,413) were used to stain cells in the dark for 30 min in
the condition of 4 �C. Cell staining buffer (Biolegend, San Diego,
CA, USA) was used to wash the cells three times and quantitative
analysis was performed with BECKMAN COULTER CytoFLEX
and Guava easy Cyte (Luminex, USA).

4.15. Immunohistochemistry (IHC)

For IHC, tumor tissueswere fixed in fresh 10% formaldehyde and cut
to 4-mm thick paraffin sections. After incubated with primary anti-
bodies against CD8, IFN-g and granzyme B (1:300) for the deter-
mination of relative protein expression, PBS was used to replace the
primary antibody for the negative control. The slides were probed
with an HRP-labeled secondary antibody for 30 min. Subsequently,
these slides were counterstained with DAB. Images were obtained
using fluorescence microscopy (Zeiss, Axio Vert. A1).
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