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a b s t r a c t

Programmed cell death protein 1/programmed cell death 1 ligand 1(PD-1/PD-L1) protein-protein interac-

tion represents an appealing target for cancer therapy. Several antibody drugs have been developed to

target this interaction, but they are less effective in the treatment of melanoma. To overcome the limi-

tations, the first proteolysis-targeting chimeric (PROTAC) small molecules simultaneously targeting PD-L1

and Src homology phosphotyrosyl phosphatase 2 (SHP2) were designed. By employment of PD-1/PD-L1

inhibitors BMS01 or BMS-37, SHP2 inhibitor SHP099 and E3 ligase ligands, a series of potent PD-L1 and

SHP2 dual PROTACs were synthesized. The most promising compounds BS-7C-V2 and BS327V2 efficiently

induced PD-L1 and SHP2 degradation and demonstrated significantly improved immune potency in B16-

F10 and A375 cell lines. More importantly, the efficacy of BS-7C-V2 and BS327V2 in a B16-F10 trans-

planted mouse model was further evaluated based on their degradation ability in vivo. Taken together,

our work qualifies the new dual PROTACs as a potent degrader of PD-L1 and SHP2. The biological and

mechanism investigations with BS-7C-V2 and BS327V2 prove that dual PROTACs can play an anti-tumor

role in vivo and in vitro, and can provide a new therapeutic strategy for melanoma.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Immunotherapy and targeted therapy are the main non-surgical

treatment methods for melanoma [1]. Due to its ability to per-

sistently control the progression of melanoma and achieve a bet-

ter prognosis, immune checkpoint blockade therapy has attracted

much attention [2]. At present, multiple programmed cell death

protein 1/programmed cell death 1 ligand 1 (PD-1/PD-L1) antibody

drugs have been used for the treatment of melanoma [1]. How-

ever, studies have shown that the overall response rate to PD-L1

antibody drug therapy is not high for melanoma (26%), non-small

cell lung cancer (21%), and renal cell carcinoma (13%) [3,4]. To im-

prove the treatment response rate of PD-1/PD-L1 blockade therapy,

many drug development institutions have explored the potential of

combination therapy strategies in clinical trials. However, the com-

bination therapy strategy not only improves treatment efficacy and

response rate but also increases the incidence of treatment-related

serious adverse events [5]. Therefore, it is urgently needed to pro-

pose more reasonable combination therapy strategies.
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Src homology phosphotyrosyl phosphatase 2 (SHP2) is the first

reported oncogenic tyrosine phosphatase, encoded by the PTPN11

and widely expressed in various tissues and cells [6]. Research has

shown that the SHP2 inhibitor SHP099 can reduce tumor burden

by restoring or enhancing CD8+ T-cell-mediated anti-tumor im-

munity. In addition, this study also demonstrated that the com-

bination of SHP099 and PD-1 antibody can block the transmission

of inhibitory immune signaling and demonstrate a synergistic ef-

fect in a colon cancer mouse model [7]. Between 2021 and 2024,

Jacobio Pharmaceuticals Co., Limited and Novartis Pharmaceuticals

respectively launched phase I/II clinical trials for the combination

of PD-1 antibodies and SHP2 small molecule inhibitors [8]. The

above research results suggest that the combination of SHP2 and

PD-1/PD-L1 is of great value for cancer treatment.

Inspired by bispecific antibody drugs, our research group was

the first to propose the concept of dual proteolysis-targeting

chimeric (dual PROTAC), designing and synthesizing a dual-

targeted degradation agent that can simultaneously degrade

epidermal growth factor receptor (EGFR) and poly ADP-ribose

polymerase (PARP). This technology simultaneously absorbs the

advantages of PROTAC and dual-targeted drugs, while maintaining
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Scheme 1. The synthesis of the BS series of dual PROTACs. Reagents and conditions: (a) HATU, DIPEA, DMF, r.t.; (b) NaOH, CH3OH/H2O=4:1, r.t.; (c) EDCI, HOBt, DIPEA, DCM,

0 °C to r.t.; (d) CuSO4, l-sodium ascorbate, THF/H2O=1:1, r.t.

the properties of small molecule drugs [9]. Given that immune

checkpoint blockade therapy for melanoma requires a more ratio-

nal combination therapy strategy and the enormous potential of

PD-1/PD-L1 and SHP2 combination therapy, this study used dual

PROTAC technology to design and synthesize PD-L1/SHP2 dual

PROTACs to clarify the synergistic therapeutic effect of targeting

PD-L1 and SHP2 on melanoma. This study is a supplement to

the direct combination strategy of PD-L1 and SHP2, which may

provide a promising new treatment option for melanoma from the

field of target protein degradation drug development.

The rational design of PD-L1/SHP2 dual PROTACs is mainly

based on the SHP2 PROTAC and PD-L1 PROTAC reported by our re-

search group. The SHP2 degrader SP4 with pomalidomide as the

CRBN-E3 ligase ligand, displays the best SHP2 degradation activ-

ity. Compared to SP4, SP3 exhibits a similar activity [10]. In ad-

dition, the SHP2-degrading agent D26 base on VHL-E3 ligase lig-

and was reported by Wang’s group, and 30nmol/L D26 can cause

complete degradation of SHP2 in KYSE520 cells [11]. PD-L1 PRO-

TACs were designed with biphenyl compounds as PD-L1 ligands,

which have gradually attracted the attention of many researchers

in recent years. However, different biphenyl PD-L1 ligands have a

great impact on the degradation activity of the final compounds.

Successful cases include BMS-37-C3 and P22 (Fig. S1 in Supporting

information) [12,13].

Subsequently, based on the workflow of dual PROTAC technol-

ogy [9], SHP099 was selected as the SHP2 ligand, while BMS-37

and BMS01 (PD-L1 inhibitors, which have not been used in PD-L1

degradation agent research) [14] were chosen as PD-L1 ligands, and

a star-type linker with serine as the basic structure was used for

the rational design of SHP2/PD-L1 dual PROTACs. Inspired by suc-

cessful SHP2 degraders, we determined that the transverse length

X of the dual PROTAC molecule is 19 or 16 atoms (Fig. S2A in Sup-

porting information).

In step 1, we fixed X and connected PD-L1 ligands directly to

a star-type linker (longitudinal length Y = 0 atoms) and designed

and synthesized six final compounds (Fig. S2B and Scheme S1

in Supporting information). Western blot results showed that the

dual-targeted degradation activities of the above six compounds

were low, with no discernible change in the expression of PD-L1 or

SHP2 (Fig. S3 in Supporting information). We speculated that the

SHP2 ligand and PD-L1 ligand are so close in these compounds that

there is a large spatial steric resistance between them. Thus, they

cannot bind to their respective target proteins. According to previ-

ous literature, the rigid structure of the PD-L1 degrader is benefi-

cial for degradation [13]. In step 2, we extended the longitudinal

length Y of the BSS series of compounds to determine whether the

above hypothesis was true.

In step 2, we fixed X and extended the longitudinal linker Y

to 4 atoms (Fig. S2C in Supporting information). This plan was

achieved by introducing ethyl 3-aminopropanoate to the carboxyl

group of the PD-L1 ligand BMS01, and three compounds were

synthesized (Scheme 1). BS-3P-C showed modest degradation at

10μmol/L (the half-maximal degradation concentration (DC50) of

SHP2 is 2.85 μmol/L and PD-L1 DC50 =0.82 μmol/L in A375 cells;

SHP2 DC50 =11.82μmol/L and PD-L1 DC50 =3.20μmol/L in B16-F10

cells). BS-7C-V2 had the most potent degradation efficiency in a

concentration-dependent manner, starting to degrade at 1 μmol/L

and reaching a peak at 10μmol/L with a degradation rate of more

than 90% (Figs. 1A and B, Fig. S4 in Supporting information) (SHP2

DC50 =0.56μmol/L and PD-L1 DC50 =0.37 μmol/L in A375 cells;

SHP2 DC50 =0.12μmol/L and PD-L1 DC50 =2.19μmol/L in B16-F10

cells). This result proves the feasibility of this reasonable design

and demonstrates that steric hindrance has a great influence on

the degradation activity of dual PROTACs.

To obtain compounds with better activity, we optimized BS-

3P-C and BS-7C-V2 (Figs. S2D and E in Supporting information).

Since BS-2P-C (X = 16 atoms) did not achieve dual-targeted degra-

dation, we mainly extended the transverse length X of BS-3P-

C (X = 19 atoms). Four compounds (BS-4P-C, BS123C, BS223C,

and BS323C) were synthesized by introducing linkers of differ-

ent lengths to adjust X to 22, 22, 23, or 24 atoms, respectively

(Scheme S2 in Supporting information). For the optimization of BS-

7C-V2, we shortened or extended the linker, adjusted X to 12, 14,

19, 20, or 21 atoms, and synthesized five compounds (BS-3C-V2,

BS-5C-V2, BS127V2, BS227V2 and BS327V2). BS-7C-V1 was syn-

thesized by replacing VHL-E3 ligase ligands (Scheme S3 in Sup-

porting information). The dual PROTACs recruited CRBN without

degrading both the PD-L1 and SHP2 proteins (Fig. S5 in Support-

ing information), while those recruiting VHL degraded both PD-

L1 and SHP2, and the degradation became more pronounced with

increasing linker concentration. BS327V2 exhibited comparable or

even better PD-L1/SHP2 degradation activity than BS-7C-V2 (SHP2

DC50 =0.42μmol/L and PD-L1 DC50 =0.015μmol/L in A375 cells;

SHP2 DC50 =5.40μmol/L and PD-L1 DC50 =0.11μmol/L in B16-F10

cells) (Figs. 1C and D, Fig. S6 in Supporting information). In addi-

tion, the degradation activity of BS-7C-V2 was better than that of
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Fig. 1. The PD-L1 and SHP2 level in A375 and B16-F10 cells after treatment with BS-3P-C (A), BS-7C-V2 (B) and BS327V2 (C) for 48 h. (D) The structure of BS327V2. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

Fig. 2. The verification of degradation mechanism and the determination of inhibitory activity of compounds on PD-1/PD-L1 interactions. (A) Investigation of the mechanism

of PD-L1/SHP2 degradation by BS-7C-V2 or BS327V2. (B) The ability of Atezolizumab, BMS01, BS-7C-V2 and BS327V2 to inhibit the interaction between PD-1 and PD-L1.

Data are presented as mean ± standard deviation (SD) (n = 3).

BS-7C-V1 (Figs. S6 and S7 in Supporting information). Thus, BS-7C-

V2 and BS327V2 were selected for subsequent research.

In A375 or B16-F10 cells, proteasome inhibitor MG132 can re-

verse the simultaneous degradation of PD-L1/SHP2 mediated by

BS-7C-V2 or BS327V2 (Fig. 2A). Due to the formation of the ternary

complex (Target Protein-PROTAC-E3 ligase) being a key step in

the degradation activity of PROTAC molecules, the ligand compe-

tition method was used to further validate the degradation mech-

anisms of BS-7C-V2 and BS327V2. The results showed that PD-L1

ligand BMS01 had no significant effect on the protein expression

level of PD-L1, but could inhibit the degradation activity of BS-7C-

V2 and BS327V2, indicating that BMS01 inhibits the formation of

ternary complexes by competitively binding to PD-L1, thereby re-

ducing the degradation activity of dual PROTACs (Fig. 2A). SHP2 lig-

and SHP099 displayed a similar effect on BS-7C-V2 and BS327V2

(Fig. 2A). In addition, the effect of VHL-E3 ligase ligand VH032

on the degradation activity of BS-7C-V2 and BS327V2 was also

tested in this section, and the results showed that VH032 can also

hinder the degradation effect of BS-7C-V2 and BS327V2 (Fig. 2A).

In summary, the degradation of PD-L1 and SHP2 mediated by

BS-7C-V2 and BS327V2 depends on the ubiquitin-proteasome

pathway.

The cytotoxicity of all compounds on A375 and B16-F10 cells

was evaluated using the cell counting kit-8 (CCK-8) method. The

results showed that most compounds did not exhibit excellent cy-

totoxic activity against A375 and B16-F10 cells (Table S1 in Sup-

porting information), indicating that the simultaneous degradation

of PD-L1 and SHP2 induced by BS-7C-V2 and BS327V2 was not

caused by the cytotoxic activity of the compounds.

The activities of the compounds as inhibitors of PD-1/PD-L1 in-

teractions were evaluated using the well-established HTRF assay,

and the inhibitory activities are presented as the half maximal

inhibitory concentration (IC50) values [15]. Therefore, we tested

prescreened BS-7C-V2 and BS327V2, and found that their IC50

values against PD-1/PD-L1 were 1.05± 0.21μmol/L and 282.44±
2.56nmol/L, respectively (Fig. 2B). At the same time, the PD-L1

monoclonal antibody atezolizumab was selected as a positive con-

trol with an IC50 value of 182.30± 2.43nmol/L (Fig. 2B). In addi-

tion, the PD-L1/PD-L1 inhibitory activity of BMS01, the PD-L1 lig-

and used for the synthesis of PD-L1 from BS-7C-V2 and BS327V2,

was also tested, with an IC50 value of 0.97± 0.09nmol/L (Fig. 2B).

The above results indicate that BS-7C-V2 and BS327V2 can signifi-

cantly inhibit the interaction between PD-1/PD-L1.

The above experiments showed that the synthesized dual PRO-

TACs could indeed reduce the levels of PD-L1 and SHP2 pro-

teins at the cellular level. However, the unique capabilities of PD-

L1/SHP2 dual PROTACs also need to be reflected in their ability

to improve the efficiency of T-cells. Therefore, we established a T-

cell co-culture model to detect the killing effect of T-cells on tu-

mor cells. The morphology of activated T-cells after stimulation is

shown in Fig. 3A. When the ratio of tumor cells to T-cells was 1:3

in co-culture, T-cells killed approximately 50% of the tumor cells

(Fig. 3B). Therefore, we used this ratio in subsequent co-culture

experiments. When combined with T-cells, BS-7C-V2 and BS327V2

significantly increased the killing activity of T-cells against A375

cells (Figs. 3C and D). As shown in Figs. 3D and E, the anti-tumor

immune effect of the synthesized dual PROTACs was comparable

to that of atezolizumab, a monoclonal antibody against PD-L1.
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Fig. 3. The killing activity of the BS327V2 and BS-7C-V2 was evaluated by a T-cell co-culture assay. (A) Microscopic view of stimulated T-cells after primary culture. Scale

bar: 50 μm. (B) Study of the efficiency and target ratio of tumor cell and T-cell co-culture. Tumor cells and T-cells were co-cultured at ratios of 1:1, 1:2, 1:3, 1:4, and 1:6

for 2 days, and then fixed, stained and photographed were counted. Each data point represents three independent experiments. ∗∗P < 0.01, ∗∗∗P < 0.001 vs. negative control

(NC) group. (C) Cytotoxic effect of BS327V2 and BS-7C-V2 on A375 cells after co-culture with T-cells. The cells were stained with 4′ ,6-diamidino-2′-phenylindole (DAPI).

Scale bar: 100μm. (D) Statistical graph of the T-cell killing activity of BS327V2, BS-7C-V2, and Atezolizumab. Each data point represents three independent experiments. ∗∗P
< 0.01, ∗∗∗P < 0.001 vs. T-cell group. (E) Statistical graph of the cytotoxic effects of BS-7C-V2, BS327V2, and Atezolizumab on A375 cells. Each data point represents three

independent experiments. ∗P < 0.05 vs. NC group. Data are presented as mean ± SD (n = 3).

Fig. 4. Evaluation of the efficacy of BS-7C-V2 and BS327V2 in the B16-F10 tumor model. (A) Differences in B16-F10 tumor weight after 11 days of treatment with SP4,

BMS-37-C3, BS-7C-V2, BS327V2 and Atezolizumab. n = 8 mice per group. (B) Compounds had no effect on mouse body weight. (C) Final tumor size of each group. NS, not

significant. ∗P < 0.05, ∗∗P < 0.01 vs. control group. Data are presented as mean ± SD (n = 3).

The in vivo anti-tumor activity of BS-7C-V2 and BS327V2 was

evaluated in a B16-F10 transplanted tumor mouse model. All pro-

tocols were approved by the Animal Experimentation Commit-

tee of Tongji Medical College, Huazhong University of Science

and Technology (IACUC Number: 3408). The experimental results

showed that SHP2 PROTAC SP4 can significantly inhibit tumor

growth, with a tumor growth inhibition rate (TGI) of 53.65%. The

TGI of PD-L1 PROTAC BMS-37-C3 and Atezolizumab were 42.57%

and 32.60%, respectively (Fig. 4A). In contrast, the tumor growth

inhibitory activity of BS-7C-V2 is better than BMS-37-C3 and Ate-

zolizumab, with a TGI of 52.75%. In addition, no significant weight

changes or significant adverse reactions were observed during the

experiment (Figs. 4B and C). The above results indicated that SP4,

BMS-37-C3, BS-7C-V2 and BS327V2 all exhibit certain anti-tumor

activity against melanoma in vivo.

In addition, we also weighed the tumors and spleens of the

mice to further validate our previous findings (Fig. S8A in Support-

ing information). After the mice were sacrificed, two tumor sam-

ples from the six treatment groups were randomly collected and

probed for PD-L1 and SHP2 expression. As expected, all dual PRO-

TACs were capable of inducing the degradation of the PD-L1 and

SHP2 proteins, but no significant changes in the vehicle control

group or positive control group were observed (Fig. S8B in Sup-

porting information). Overall, these findings are consistent with

the in vitro experiments. To further examine the effect of drugs

on tumor immunity in mice, we randomly selected three samples

from each group for flow-through assays. The results showed that

both the antibody and drug treatments promoted tumor immunity,

but the effect in the dual PROTAC group was greater than that in

the other groups (Fig. S8C in Supporting information).

In recent years, some PD-1/PD-L1 inhibitors have shown def-

inite efficacy in the treatment of advanced malignant melanoma

[16,17]. In addition, many studies have shown that PD-L1 combined

with other targets, such as PD-1, histone deacetylase 2 (HDAC2),

and Toll-like receptor 1/2 (TLR1/2), has great research and appli-

cation potential in the treatment of melanoma [18–20]. However,

in the case of monotherapy or combination therapy, the majority

of studies are based on PD-L1 or PD-1 antibody drugs, showing

some limitations in their clinical application. The combined utiliza-

tion of multiple drugs may also cause toxic stacking. To address the

above issues, we integrated the concepts of cancer immunotherapy,

dual targeting, and PROTAC, replacing the combined application of

these two drugs with a small-molecule degrader. We also utilized

the catalytic properties of PROTACs to reduce toxic side effects and

synergistically increase anti-cancer effects.

The combination of PD-L1 and SHP2 is effective and reason-

able in many cancer treatments [21,22], but its therapeutic poten-

tial in melanoma needs to be studied. In this study, we described

the design, synthesis, optimization, and activity evaluation of dual

PD-L1/SHP2 PROTACs. This study successfully achieved the simul-
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taneous degradation of PD-L1 and SHP2 in A375 and B16-F10 cell

lines, further enriching the application examples of the dual PRO-

TAC concept and providing alternative small molecule drugs for

the treatment of melanoma based on immune checkpoint block-

ing (ICB) therapy. Moreover, studies have shown the great poten-

tial of the combination of PD-L1 and SHP2 for the treatment of

melanoma.

One study showed that the degradation of PD-L1 can reprogram

the inhibitory tumor microenvironment [23], and our study further

confirmed this conclusion. PD-L1/SHP2 dual PROTACs had little ef-

fect on the survival rate of the two kinds of melanoma cells, but

BS-7C-V2 enhanced the ability of the T-cells to kill the melanoma

cells. The above results suggest that BS-7C-V2 may exert anticancer

effects by regulating the immune microenvironment. In addition,

BS-7C-V2 showed better tumor growth inhibitory activity than PD-

L1 monoclonal antibody in vivo, and the impact on mouse body

weight was equivalent. PD-L1/SHP2 dual PROTACs indeed achieved

the objective of increasing anti-tumor activity and reducing toxic

side effects. This will overcome the limitations of existing thera-

peutic drugs and will also provide a new strategy for the treatment

of melanoma.

In this study, nineteen SHP2/PD-L1 dual PROTACs were synthe-

sized through reasonable design, among which BS-7C-V2 is the

most promising compound. BS-7C-V2 can simultaneously induce

protein degradation of PD-L1 and SHP2 in a time-dependent man-

ner and exert antimelanoma effects by enhancing the killing abil-

ity of T-cells. In addition, BS-7C-V2 showed better anti-tumor ac-

tivity than the PD-L1 monoclonal antibody in vivo. To further im-

prove the activity of PD-L1/SHP2, optimization will be carried out

for linker types and E3 ligands [24,25]. This study clarifies the syn-

ergistic effect of SHP2 and PD-L1 in the treatment of melanoma

and provides a new approach for the treatment of melanoma.
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