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a b s t r a c t

Inhibitor targeting immune checkpoint is a promising new anticancer therapy. Blocking the interaction

between PD-1 and PD-L1 can reverse the immunosuppression state and improve the lethality of im-

mune cells to tumor cells. Here, we report PROTAC-based PD-L1 degraders to enhance T cell killing ac-

tivity against melanoma. Four series of PD-L1 degraders were designed and synthesized to VHL, CRBN,

MDM2 or cIAP E3 ligase system, in which CRBN-ligand-based compound BMS-37-C3 was identified as

the most active PROTAC molecule. BMS-37-C3 also significantly enhanced the killing ability of T cells in a

co-culture model of A375 and T cells. Furthermore, western blot data and flow cytometry demonstrated

that BMS-37-C3 could reduce the protein levels of PD-L1 in dose and time dependent manner, which may

provide a new therapeutic method for tumor immunotherapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Targeting immune checkpoint pathway is a promising new anti-

cancer therapy. Immunotherapy can stimulate or mobilize the hu-

man immune system to kill tumor cells rather than directly kill

tumor cells [1–3]. Encouraged by the approval of ipilimumab, a

growing number of immune checkpoint inhibitors are under in-

tense development. Among them, the development of PD-1/PD-L1

immune checkpoint inhibitors is the most popular [4–7]. Block-

ing the interaction between PD-1 and PD-L1 by anti-PD-1/PD-L1

monoclonal antibody has shown great anti-tumor efficacy in var-

ious kinds of solid tumors [8]. However, a number of immune-

related adverse reactions with fatal consequences of monoclonal

antibodies have been reported in these years. Although PD-1/PD-

L1 is the most popular small molecule immunotherapy pathway,

no small molecule inhibitors have been approved by the FDA.

Compared with monoclonal antibodies, small molecule drugs show

great advantages, such as oral administration possibility, stabil-

ity, non-immunogenicity and membrane permeability [9]. Bristol-

Myers Squibb disclosed the first patent of biphenyl immunomodu-

lators in 2015 [10]. Since then, many scientific research institutions
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have modified these structures of diphenyl immunomodulators in

order to obtain PD-1/PD-L1 inhibitors with better activity, such as

BMS-37 [11], NP19 [12], NB [13] and I-2-A (Fig. S1 in Supporting

information) [14].

The idea of proteolysis-target chimera (PROTAC) has gradually

entered the field of drug development, which uses the mechanism

of ubiquitination to degrade the target protein to achieve the inhi-

bition of the target protein. Traditional small molecules and an-

tibodies are driven by occupation, and this mode of action re-

quires a high concentration of inhibitors or monoclonal antibod-

ies to occupy the active site of the target and block the transduc-

tion of downstream signal pathways. PROTAC is event-driven and

mediates the degradation of target proteins rather than affecting

the function of proteins. At the same time, the target protein can

be labeled by ubiquitin, which in theory can be used over and

over again, so the catalytic dose can come into play [15]. On the

whole, PROTAC is a novel strategy for removing unwanted proteins

through the ubiquitin-proteasome system [16].

Recent studies have shown that PD-L1 protein is subject to

ubiquitin-mediated proteasome degradation [17,18]. Therefore, it

seems feasible to design a novel PD-L1 small molecule degradant

based on PROTAC technology. Some studies have pointed out that

the two benzene ring structures of biphenyl compounds are lo-

cated in the deep hydrophobic channel-like pocket of PD-L1 ho-
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Fig. 1. The design and synthesis of title compounds. (A) PD-L1 inhibitor and interaction with PD-L1 dimer. (B) The synthesis of BMS-37-linker-E3 ligand.

modimer (Fig. 1A) [19]. Therefore, in this article, we selected the

four biphenyl compounds described in Fig. S1 as PD-L1 ligands,

and designed PROTAC molecules with different chain lengths or

E3 (CRBN, VHL, cIAP, MDM2) ligands [20], in order to improve the

degradation activity of PD-L1 degrading agent and provide a new

immunotherapy strategy for cancer.

Firstly, in order to determine the reasonable linker derivatiza-

tion sites, PoseView (https://proteins.plus/) was used to analyze

the interaction between biphenyl compound and PD-L1 homod-

imer (Fig. 1A). The diphenyl moiety is located inside the binding

pocket and forms a π-π stacking with Tyr56C, in addition, it also

forms extensive hydrophobic interaction with Met115C, Met115D,

Ala121C, Ala121D, Ile54D and Tyr56D. The pyridine ring at the

outlet of the pocket is formed a π-π stacking with Tyr56D. The

carbonyl group of terminal acetamide forms a hydrogen bond

with Lys124C. Based on the above conclusions, terminal acetamide

was selected as the connecting site and Linkers were connected

through amide condensation reaction (PDB ID: 5J89).

We next synthesized 21 PD-L1 PROTACs based on differ-

ent PD-L1 ligands (Table S1 in Supporting information). Eight

PROTACs with BMS-37 as PD-L1 ligand were synthesized ac-

cording to Fig. 1B. Raw material 1 was etherified with 4–

hydroxy-2,6-dimethoxybenzaldehyde to obtain intermediate 3.

Then NaBH(OAc)3-mediated reductive amination reaction con-

verted intermediate 3 into intermediate 7. Finally, N3-linker-E3 lig-

and compounds with different lengths were connected with 7 by

click reaction, respectively. Schemes S1-S3 (Supporting informa-

tion) showed the synthesis of the remaining compounds.

Western blotting (WB) experiments were then used to assay

the degradation efficiency of the synthesized compounds in B16-

F10 and A375 cell lines. The experimental results demonstrated

that BMS-37-C3 and BMS-37-C1 exerted the most efficient im-

pact on the degradation of PD-L1 protein in the A375 cell line.

Both compounds started to affect the expression of PD-L1 pro-

tein at 0.3 μmol/L. BMS-37-C2 was also effective in the degra-

dation of PD-L1, but its degradation effect was weaker than that

of BMS-37-C3. BMS-37-C4 and BMS-37-C5 did not affect the level

of PD-L1 protein in the A375 cell line (Fig. S2A in Supporting

information).

Fig. 2. BMS-37-C3 and BMS-37-C1 degraded PD-L1 in a time-dependent manner in

both A375 cells (A) and B16-F10 cells (B).

Furthermore, BMS-37-C3 and BMS-37-C1 inhibited PD-L1 more

effectively than other drugs in the B16-F10 cell line (Figs. S2B and

S3 in Supporting information). No significant degradation of PD-L1

was observed in the combination of non-BMS series compounds

and different E3 ligands (Figs. S5-S7 in Supporting information).

So BMS-37-C3 and BMS-37-C1 were chosen in the subsequent ex-

periments. To further demonstrate the degradation kinetics of syn-

thesized PROTACs, time-dependent experiments were carried out.

From the results, BMS-37-C3 showed the best degradation ability

at 48h in both cell lines (Fig. 2 and Fig. S4 in Supporting infor-

mation). Moreover, the growth inhibition effect of the above com-

pounds was evaluated (Table S2 and Fig. S8 in Supporting informa-

tion).

The impact of BMS-37, CRBN, and VHL ligand on PD-L1 expres-

sion was further investigated to confirm if the reduction in PD-

L1 protein produced by BMS-37-C3 is a PROTAC-mediated degra-

dation. The results demonstrated that the administration of the

same dose concentrations revealed that BMS-37, CRBN, and VHL

ligand did not affect PD-L1 expression, suggesting that BMS-37-

C3 achieved inhibition of PD-L1 expression through a degradation

pathway (Fig. 3A). To further verify that the degradation of proteins

in cells by BMS-37-C3 functions via the ubiquitination pathway,

the effect of BMS-37-C3 was assayed by introducing the protea-

some inhibitor MG132. The inhibitory effect of BMS-37-C3 on PD-

L1 disappeared after the intervention by giving MG132 (Fig. 3B).

This experiment demonstrated that this compound could degrade

PD-L1 through the ubiquitination pathway.
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Fig. 3. Exploration of specific degradation pathways. (A) Effect of BMS-37, CRBN

and VHL on PD-L1 expression in A375 and B16-F10 cells. (B) MG132 reverses the

inhibitory effect of BMS-37-C3 on PD-L1 in A375 and B16-F10 cells.

To determine whether the compounds could degrade PD-L1 on

the cell surface, flow cytometry was used to detect PD-L1 pro-

tein levels on the cell membrane. A375 and B16-F10 cells were

chosen for screening the degradation efficiency of the synthesized

PROTAC molecules. Flow cytometry assay revealed that BMS-37-

C1 at 1 μmol/L reduced cell surface PD-L1 expression to 28.6%

when compared with 36.4% of the DMSO-treatment group (Fig. 4).

BMS-37-C3 at 1 μmol/L reduced cell surface PD-L1 expression to

38.7% when compared with 46.5% of the DMSO-treatment group

(Fig. 4). Other compounds, such as BMS-37–5C-V2, however, did

not show statistically significant effects on the degradation of PD-

L1 protein. In all, in both B16-F10 and A375 cells, compounds

decreased the expression of PD-L1 on cell surface between 0.1

μmol/L and 1 μmol/L, but HOOK effect occurred at 3 μmol/L to

10 μmol/L.

The above experiments demonstrated that compound BMS-37-

C3 could reduce the expression level of PD-L1 through the ubiqui-

tination pathway, indicating that BMS-37 can successfully degrade

PD-L1 after modification by PROTAC strategy. However, the specific

ability of BMS-37-C1 and BMS-37-C3 still needs to be reflected in

the ability to increase T cell efficiency. T cell co-culture with tumor

cells is a model that can respond to the killing effect of T cells on

tumor cells [21]. PD-L1 can bind to PD-1 on T cells and conduct

immunosuppressive signals, thus inhibiting the activity of effector

T cells from hindering their killing of tumor cells. Therefore, BMS-

37-C1 and BMS-37-C3 can be introduced to test whether they can

affect T-cell killing.

The morphology of activated T cells after stimulation was

shown in Fig. 5A. T cells could kill about 50% of tumor cells when

the ratio of tumor cells and T cells was 1:3 in co-culture. When

the corresponding compounds were added and co-cultured with

T cells, BMS-37-C1 and BMS-37-C3 enhanced T cell killing ability

to A375 between 0.3 and 1.0 μmol/L in a concentration-dependent

manner (Figs. 5B and C). As can be seen from Fig. 5D, the anti-

tumor immune effect of synthetic PROTACs was stronger than the

BMS-37 and Atezolizumab.

In order to further confirm the target engagement of

these synthesized PD-L1 PROTACs, microscale thermophoresis

(MST) was employed to assay the binding affinity between

PD-L1 and three representative PROTACs, BMS-37-C1 (CRBN

based), BMS-37-C3 (CRBN based), and BMS-37–5C-V2 (VHL

based). As shown in Figs. S9 and S10 (Supporting informa-

tion), the equilibrium dissociation constants Kd of BMS-37, BMS-

37-C1, BMS-37-C3, and BMS-37–5C-V2 were 0.12±0.02nmol/L,

28.70±4.94μmol/L, 1.61±0.37μmol/L and 9.10±2.11μmol/L, re-

spectively. It was further demonstrated that synthetic PROTACs

can bind to PD-L1 protein, recruit E3 ligase, and degrade protein

through the proteasome pathway.

In this study, a series of PD-L1 PROTAC degraders were syn-

thesized based on four small molecule inhibitors of PD-L1. Two

previous studies have reported the synthesis of PROTACs by using

BMS-1198 and BMS-37 as PD-L1 inhibitors. Only CRBN was used as

ligase system [21,22], while in this paper, a variety of inhibitors

of PD-L1 were selected to synthesize PROTACs, such as BMS-37

[11], NP19 [12], NB [13] and I-2-A [14]. Different ligase systems,

such as VHL, CRBN, MDM2 and cIAP E3 ligase system were se-

lected. We connected target protein ligand and linker-E3 ligands

by click reaction, and applied PEG-linker with different length. The

protein degradation level of PD-L1 was detected in different can-

cer cell lines by intracellular western blot, and the killing ability

of T cells on tumor cells was examined in a co-culture model of

A375 and T cells. Compared with the previous reported two PD-

L1 PROTACs, we systematically studied the effect of BMS-37, BMS-

37-C1 and BMS-37-C3 on the killing ability of T cells, and Ate-

zolizumab, a marketed monoclonal antibody (mAb) was used as

a positive control. Cell-surface expression of PD-L1 was examined

by flow cytometry to evaluate the degradation effect of BMS-37-

C1, BMS-37-C3 and BMS-37–5C-V2. In addition, this study showed

that the PROTACs of BMS-37 combined with VHL ligands had a cer-

tain degradation effect on PD-L1 in dose and time dependent man-

ner. PROTACs of BMS-37 combined with VHL ligands were first re-

ported here with potent degradation effects of PD-L1. In general,

this study found a series of strong and effective PD-L1 PROTACs,

which had effects in immunotherapy and can enhance the killing

ability of T cells.

Fig. 4. Cell-surface expression of PD-L1 was examined by flow cytometry. (A) The expression levels of PD-L1 protein were determined in B16-F10 by flow cytometry. (B) The

expression levels of PD-L1 protein were determined in A375 by flow cytometry.
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Fig. 5. The activity of synthesized PD-L1 PROTACs was evaluated by T cell co-culture killing assay. (A) Microscopic view of stimulated T cells after primary culture. (B) The

exploration of co-culture ratio of T cells and tumor cells. (C) Cytotoxic effect of BMS-37, BMS-37-C1, BMS-37-C3 on A375 cells after co-culture with T cells. (D) Statistical

graph of T cell killing activity of BMS-37, BMS-37-C1, BMS-37-C3 and Atezolizumab.
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