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Introduction

Immune checkpoint inhibitors (ICIs) are monoclonal antibodies that target immune checkpoints that suppress immune cell activity. Low efficiency and high resistance are currently the main barriers to their clinical application. As a representative technology of targeted protein degradation, proteolysis-targeting chimeras (PROTACs) are considered to have potential for addressing these limitations.





Methods

We synthesized a stapled peptide-based PROTAC (SP-PROTAC) that specifically targeted palmitoyltransferase ZDHHC3 and resulted in the decrease of PD-L1 in human cervical cancer cell lines. Flow cytometry, confocal microscopy, protein immunoblotting, Cellular Thermal Shift Assay (CETSA), and MTT assay analyses were conducted to evaluate the effects of the designed peptide and verify its safety in human cells.





Results

In cervical cancer celllines C33A and HeLa, the stapled peptide strongly downregulated PD-L1 to < 50% of baseline level at 0.1 μM. DHHC3 expression decreased in both dosedependentand time-dependent manners. MG132, the proteasome inhibitor, can alleviate the SP-PROTAC mediated degradation of PD-L1 in human cancer cells. In a co-culture model of C33A and T cells, treatment with the peptide induced IFN-γ and TNF-α release in a dose-dependent manner by degrading PD-L1. These effects were more significant than that of the PD-L1 inhibitor, BMS-8.





Conclusions

Cells treated with 0.1 μM of SP-PROTAC or BMS-8 for 4 h revealed that the stapled peptide decreased PD-L1 more effectively than BMS-8. DHHC3-targeting SP-PROTAC decreased PD-L1 in human cervical cancer more effectively than the inhibitor BMS-8.
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1 Introduction

Cervical cancer is the second most widespread malignant tumor in women, with more than 500,000 new cases and 300,000 deaths annually worldwide (1–3). Patients diagnosed with early-stage cervical cancer remains a curable disease and are expected to have excellent survival outcomes, but most advanced or recurrent cervical cancer casesprognosis have rather disma prognoses (4). Effective treatments available for advanced cervical cancer are limited and are currently restricted to radiotherapy supplemented with chemotherapy (5–8). In the past several years, tumor-immunotherapy has emerged as a key candidate therapy. The cancer checkpoint blockade with inhibitors that target the programmed cell death-1/programmed cell death-ligand 1 (PD-1/PD-L1) pathway have demonstrated promising results for a wide variety of tumors (9, 10). Some PD-1/PD-L1 inhibitors have been evaluated for their effects on cervical cancer in clinical trials, revealing a degree of clinical benefits. Among these, a monotherapy using the PD-1 inhibitor pembrolizumab has been approved by the U.S. Food and Drug Administration (FDA) to treat patients with persistent, recurrent, or metastatic cervical cancer with positive PD-L1 expression, which provides hope for future clinical interventions (11, 12). However, as a single agent, pembrolizumab has limited efficacy in treating cervical cancer and should be combined with other treatments. One clinical study reported that the response rate to anti-PD-L1 treatment in patients with PD-L1 positive tumors was less than one fifth (13, 14). Furthermore, primary and acquired drug resistance gradually reduce the efficiency of immune checkpoint inhibitors (ICIs) treatment, especially in cervical cancer (15). Multiple mechanisms would result to the drug-resistance to ICIs, but PD-L1 overexpression is a common outcome in this situation (16, 17).

To improve its efficiency and overcome potential drug resistance, targeted protein degradation has been evaluated as a potential strategy (18). Proteolysis-targeting chimeras (PROTACs) have been applied in cancer treatment strategies for several years, and many of these drugs manufactured have entered the clinical experimentation stage (19). However, the limitation of this tech so far is linking small molecular drug (20). The reason for that is targeting human protein is challenging due to the difficulty of identifying kinase or protein binding pocket structure that bind small molecules. Thus, around 80% of proteins are currently considered “untargetable” or “undruggable” (21–23).Protein–protein interaction (PPI) has been easier to integrate into protein or peptide drug development, especially for intracellular targets (24). Compared to small molecules inhibitors, PROTACs bring the degradation function to the target, negating the need for an active site and expands the accessible targets well beyond those that are druggable by traditional stoichiometric inhibition (25–28). Meanwhile, peptide drugs are less toxic than small molecules inhibitors (29–31).Stapled peptides are a modified peptides by a covalent bonds to form a local alpha-helical structure. Compared to linear peptides, stapled peptides can yield improved stability, target affinity, and ability to cross the cell membrane (32–34). In our previous studies, we designed peptide-based PROTACs to decrease PD-1/PD-L1 expression (35). However, we found that targeting DHHC3, the acyltransferase of palmitoylation of PD-L1, yielded a significantly better effect than that obtained by directly targeting PD-L1 in human cancer cells. Here, we synthesized and optimized a stapled peptide to bind DHHC3 and compared its effects on decreasing PD-L1 expression in human cervical cancer cells in contrast to those of the FDA approved PD-L1 inhibitor.




2 Materials and methods



2.1 Synthesis design of peptide and characterization of stapled peptide

The synthesis design of peptide was introduced in previous studies (25), and the characterization of stapled peptide was illustrated in Figure 1.




Figure 1 | Amino acid sequence of SP-PROTAC and mechanism of DHHC3-targeting stapled peptide. (A) The amino acid sequence of the designed SP-PROTAC. (B) The linear and unconstrained peptide incorporated non-natural amino acids ((S)-N-Fmoc-2-(4´-pentenyl) alanine (S5) and (R)-N-Fmoc-2-(7´octenyl) alanine) (R8) at the respective positions, which stapled the hydrocarbon linker to improve the affinity and selectivity for targets.






2.2 Cell lines

Human cervical cancer cell lines C33A and HeLa were purchased from the American Type Culture Collection (ATCC) and authenticated by short tandem repeat profiling and tested for mycoplasma contamination. Cells were maintained at 37 ˚C in 5% CO2 atmosphere. C33A was cultured in minimum essential medium (Gibco) containing 1% nonessential amino acids supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin–streptomycin. HeLa was cultured in Dulbecco’s modified Eagle medium (Gibco) supplemented with 10% FBS and 1% penicillin–streptomycin.




2.3 Western blotting

C33A and HeLa cells were plated in 6-well plates and treated with the stapled peptide at the indicated concentrations for the specified time, followed by lysis in RIPA buffer containing protease inhibitor. Protein samples were prepared using a BCA Protein Assay Kit (Beyotime). A total of 50 µg of protein were added per lane, separated by 10% SDS-PAGE, and subsequently transferred onto polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% skimmed milk for 2 h at room temperature. Primary antibodies including anti-PD-L1 (Abcam, ab213524) and anti-GAPDH (Abcam, ab9485) antibodies were diluted in primary antibody dilution buffer (Biosharp) and incubated with PVDF membrane at 4°C overnight. Next, the membrane was incubated with goat anti-mouse/anti-rabbit secondary antibodies (Proteintech, SA00001-1, SA00001-2) at room temperature for 1 h. After washing with TBST thrice for 5 min each, the proteins were detected using enhanced chemiluminescence (ECL) reagents (Vazyme) and a ChemiDoc XRS imaging system (Bio-Rad Laboratories).




2.4 Flow cytometry

C33A cells were treated with the stapled peptide, digested with 0.05% trypsin (Gibco), and collected and washed with ice-cold phosphate buffered saline (PBS) two times before flow cytometry assay. The fluorescence intensity of cells was tested by a FACS Calibur (BD Biosciences) flow cytometer. For each individual experiment, 10,000 cells were counted.




2.5 Cellular thermal shift assay (CETSA)

C33A seeded in 6-well chamber slides were first treated with the stapled peptide and then removed and resuspended in PBS. Aliquots (500 μl) in 1.5 ml reaction tubes were exposed to various temperatures (room temperature and 37, 40, 43, 46, 49, 52, 55, 58, and 61°C) in pairs (control and peptide-treated) using a thermocycler PCR machine for 3 min, then moved to room temperature for another 3 min before being flash-frozen in liquid nitrogen and stored at −80°C. The frozen cell samples from each thermal denaturation point were lysed by adding RIPA buffer containing protease inhibitor followed by incubation on ice for 15 min and sonication at 4°C for 10 s. The lysates were centrifuged at 20,000 × g for 20 min. Western blotting was performed, and the bands were quantified as described above.




2.6 Immunofluorescence

The stapled peptide was labeled with rhodamine, so immunofluorescence was used to determine its distribution and interactions with the targeted POIs. After treatment with stapled peptide, the medium was removed, and cells were washed with PBS buffer. Then, 4% paraformaldehyde was added in 6-cell plates for 30 min at room temperature. Then cells were permeabilized with PBS buffer containing 0.3% Triton X-100 for 15 min at room temperature. The coverslips were incubated with 1% bovine serum albumin (BSA) for 30 min. Primary antibody anti-PD-L1 (ab213524; Abcam) diluted (1:1000) in PBS with 1% BSA was added to cells for 1 h at room temperature. Fluorescein isothiocyanate-conjugated anti-rabbit IgG was applied as the secondary antibody. Cells were counterstained with DAPI to observe the nuclei and washed three times with PBS. Anti-quenching reagent was added on glass slides, and coverslips were sealed with cells facing down on glass slides for confocal observation. Imaging was performed on a Nikon Eclipse Ni-U microscope (Nikon) equipped with Prog Res MFcool (Jenoptik AG). Digital images were processed with ImageJ (NIH).




2.7 T cell–C33A cell co-culture

Human peripheral blood mononuclear cells (PBMCs) were isolated from a healthy donor in an ethylenediamine tetraacetic acid anticoagulant tube by Ficoll-Paque (Sigma-Aldrich) via density gradient separation. CD3 T cells were isolated from PBMCs using the EasySep Human T Cell Isolation Kit (STEMCELL Technologies). C33A cells were then seeded and cocultured with the T cells at a 1:2 ratio (2.5 × 104 in 50 μl/well and 5 × 104 in 100 μl/well, respectively) in a 96-well plate at 37°C under 5% CO2. Then, SP-PROTAC and BMS-8 were added as described and maintained for 4 h. The 96-well plates were washed with PBS and stained with Hoechst 33258 (Biosharp) staining solution. The cells were washed twice and observed by fluorescence microscopy using appropriate bandpass filters.




2.8 Enzyme-linked Immunoassay (ELISA)

After the T cell–C33A cell co-culture assay was conducted, cell-free supernatants were collected and kept in the refrigerator at −80°C. TNF-α and IFN-γ were tested using ELISA kits (Neobioscience) following the supplier’s instructions.




2.9 MTT assay

Cell viability was determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay after a series of treatment. C33A and HeLa cells were collected, counted, and seeded in 96-well plates at a concentration of 5000 cells per well. After waiting 24 h for cells to adhere to the wall, cells were treated with the compounds at the indicated doses and times. Then, the medium was replaced by MTT solution at a final concentration of 0.5 mg/mL and incubated for 2 h at 37°C. Solutions were removed from the wells, and formazan crystals were dissolved in 100 μl of dimethyl sulfoxide for 10 min at 37 °C. Absorbance was read at 490 nm using a microplate reader (Perkin Elmer Inc).




2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.1.1 software. All experiments were repeated thrice, and data were expressed as mean ± standard error of the mean (SEM). The significance of the difference between multiple groups was determined with one-way analyses of variance (ANOVA) followed by Tukey’s post-hoc test analysis (36). The following symbols were used: * for P<0.05, ** for P<0.01, and *** for P<0.001.





3 Results

We treated cervical cancer cell lines C33A and HeLa with the designed stapled peptide for 4 h and observed strong degradation activity against PD-L1. Moreover, we found that treatment downregulated the target protein to < 50% of baseline level at 0.1 μM. PD-L1 degradation occurred rapidly, with significant degradation occurring after 4 h of treatment with 250 nM peptide (Figure 2). Palmitoyltransferase ZDHHC3 (DHHC3) as the main acyltransferase required for the palmitoylation of PD-L1. When C33A was treated with the stapled peptide in the same dose and time-dependent manners, the expression of DHHC3 was gradually decreased (Figure 3A). To determine if the stapled peptide was able to engage with DHHC3 in the complex cellular milieu across a range of temperatures (37–61°C), lysate from C33A cells was incubated with peptide at a single compound concentration (0.1 μM). The results indicated that the peptide promoted DHHC3 stabilization at the concentrations examined (Figure 3B).




Figure 2 | PD-L1 levels in C33A (A) and HeLa (B)cells after treatment with increasing amounts of the stapled peptide for 4 hr or 250 nM stapled peptide for the indicated times tested by western blotting assay. Gray values are presented as mean ± SEM. One-way ANOVA followed by Tukey’s post-hoc test compared to control (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 3 | C33A cells targeted DHHC3 after treatment with the stapled peptide at indicated doses and times were immunoblotted with indicated antibodies. (A) Representative data set from three independent experiments. (B) CETSA-based determination of binding between the stapled peptide and DHHC3. CETSA curves of DHHC3 in C33A cells were determined in the absence and presence of 1 μM peptide and analyzed by western blotting. Tubulin was used as an internal control. The band intensities of DHHC3 were normalized with respect to the intensity at 40°C. (-) without peptide treatment, (+) with peptide treatment. *P < 0.05, **P < 0.01, ***P < 0.001.



Flow cytometry was used to measure fluorescence intensity, which revealed that degradation changed in a time- and dose-dependent manner (Figure 4A). We used electronic and confocal laser microscopy to assess whether the peptides penetrated the cell membrane, and the results demonstrated that the peptide could completely cross the cell membrane after 4 h of incubation (Figure 4B). In a separate experiment, we found that the proteasome inhibitor MG132 could alleviate the peptide-mediated degradation of PD-L1 in C33A and HeLa (Figure 5A). Moreover, the fluorescence intensity of PD-L1oberserved in cells through electronic and confocal laser microscopy was rescued with MG132 treatment, and the fluorescence intensity tendency remained corresponding with that of PD-L1 tested by western blotting (Figure 5B). Therefore, the data demonstrated that the stapled peptide degraded PD-L1 in a proteasome-dependent manner.




Figure 4 | (A) C33A cells were incubated with rhodamine-labeled peptide targeting PD-L1 at the indicated concentrations and timepoints, then fluorescent cells were quantified by flow cytometry. Results are reported for 100,000 cells. n = 3. (B) Distribution of rhodamine-labeled stapled peptide in C33A and HeLa cells was observed by confocal laser microscopy in different time points. Red, Peptide; Blue, Nucleus; Scale bar, 10 μM.






Figure 5 | Cells were treated with 0.1 μM of rhodamine-labeled stapled peptide targeting PD-L1 in the presence or absence of MG132. (A) After 4 h, the PD-L1 level was detected by western blotting and quantitative analysis of the protein level in C33A and HeLa. Values are presented as mean ± SEM. One-way ANOVA followed by Tukey’s post-hoc test compared to control (n = 3). (B) After 4 h, the distribution of peptides in cells was observed by confocal laser microscopy. Red, peptide; blue, nucleus. Scale bar, 10 μM. ***P < 0.001.



Because the PD-1/PD-L1 pathway is closely connected to T cell proliferation and inflammatory cytokine expression, we established a T cell–C33A cell co-culture assay to evaluate the effects of the stapled peptide. Treatment with the peptide induced IFN-γ and TNF-α release in a dose-dependent manner by degrading PD-L1, with the effects being more significant than those resulting from BMS-8 treatment (Figure 6A). Hoechst 33528 staining was used to measure fluorescence intensity, revealing that the stapled peptide enhanced T cell killing ability of C33A in a concentration-dependent manner after co-culture (Figure 6B).




Figure 6 | (A) The activity of synthesized compounds was evaluated by T cell co-culture killing assay. Effects of on IFN-γ and TNF-α secretion from T cells co-cultured with C33A cells. Values are presented as mean ± SEM. One-way ANOVA followed by Tukey’s post-hoc test compared to control (n = 3). (B) Cytotoxic effect of peptide and BMS-8 on the mortality status of C33A cells after coculture with T cells observed by flurescence microscopy on the left. Blue, nucleus. Scale bar, 10 μM. Statistical graph of T cell killing activity of peptide and BMS-8 on the right. ns, No significance,  **P < 0.01, ***P < 0.001.



To further confirm the effects of stapled peptide on PD-L1 degradation, we compared the PD-L1 inhibitor BMS-8 and our stapled peptide in terms of PD-L1 degradation ability in C33A and HeLa cells. Cells were treated with 0.1 μM peptide or BMS-8 induced within 4 h, the results showed the stapled peptide decreased PD-L1 more effectively than BMS-8 (Figure 7A). Western blotting further revealed that the stapled peptide induced PD-L1 degradation with a DC50 = 0.054 μM, while BMS-8 induced degradation with a IC50 = 7.789 μM, in C33A cells. Similarly, in HeLa cells, the stapled peptide showed a significant decrease of PD-L1 (DC50 = 0.044 μM) compared with BMS-8 the stapled peptide (IC50 = 7.485 μM). These results suggest that the stapled peptide exerted a striking downregulation effect on PD-L1 (Figure 7B).




Figure 7 | (A) Western blotting was conducted to reveal the effect on PD-L1 levels after treatment with peptide and BMS-8 at 0.1 μM after 4 h. Values are presented as mean ± SEM. One-way ANOVA followed by Tukey’s post-hoc test compared to control (n = 3). (B) DC50 of peptide and IC50 of BMS-8 with 4 h treatment in C33A and HeLa cells. Data are presented as mean ± SEM of 3 independent experiments. ns, No significance; ***P < 0.001.



The stapled peptide was also tested for cytotoxicity by the MTT assay in C33A and HeLa cells. Both cell lines were exposed to increasing concentrations of the peptide for 4 h or treated with 0.1 μM for increasing periods. Our results demonstrated that the SP-PROTAC had low toxicity in C33A and HeLa cells up to a 24 h incubation time and dose of 2.5 μM (Figure 8).




Figure 8 | Cytotoxicity of stapled peptide in (A) C33A and (B) HeLa cells measured by the MTT assay. Data are presented as mean ± SD of three or more spheroids from three independent experiments. ns, No significance.






4 Discussion

PROTACs are designed to utilize intracellular bioactivity mechanisms and difficult to target for the checkpoint proteins (18–20). In a previous study, we evaluated the ability of a peptide-PROTAC to degrade PD-1 and PD-L1 proteins in human cancer cells, which exhibited potent function at micro-mol/L concentrations (34). However, linear peptide–based drugs are generally unstable under in vivo or plasma conditions, and peptide degradation significantly limits their applicability (33). Stapled peptide modification is considered to be useful for achieving a stable and potent mini-protein structure–like binding effect with targets. The stapled peptide can be connected with an amino acid peptide linker and binder to E3 ubiquitin ligases, forming a new staple peptide–based PROTAC compound (37).

In the present study, we first synthesized a degrading compound with a stapled structure based on linear peptide binding of DHHC3 with the aim of degrading PD-L1 in human cervical cancer; the stapled peptide exhibited a potent inhibition effect. we treated human cervical cancer cells lines C33A and HeLa to asssess whether the SP-PROTAC has a more stable structure. Our results show that the modified peptide drug effectively penetrated the cell membrane. Penetration ability is one primary issue limiting the utility of peptide-based drugs as they cannot easily enter cells due to their relatively large molecular weights (26). Recently reported cell penetrating peptides (CPPs) have addressed this obstacle to some extent. The trans-activator protein Tat was first identified the function of cell membrane penetrating in HIV-1 transcription (38). Since then, numerous CPPs have been confirmed and applied in peptide-based drug development (39–41). However, there are some limitations regarding the application of CPPS: firstly, the low specificity of CPPs may result in toxicity to human cells; secondly, CPPs are relatively unstable in vivo before the drug arrives to the target (21). These shortcomings make them unfavorable for the clinical translation of peptide-based drugs. In contrast to CPPs, stapled peptides can better penetrate cell membranes by forming a relative stereo structure modified by the substitution or change of the net charge in the designed peptides. Moreover, the modified structure can also hide the restriction sites of linear peptide to promote stability (35). In this study, we observed a potent and stable inhibition effect as our synthesized SP-PROTAC compound effectively degraded PD-L1 at a dose of 25 nmol. Furthermore, to confirm that our observations were attributed to proteolysis degradation, we blocked the E3 ubiquitin pathway by MG132, and the decrease in PD-L1 recovered correspondingly.

Thus, we verified that our SP-PROTAC effectively limited PD-L1 in human cervical cancer cells. Because stapled peptides are a relatively new class of synthetic compounds, we tested whether the peptide itself conferred any toxicity to human cells. The MTT assay was performed to evaluate cell viability after treatment. We found that the SP-PROTAC had a low toxicity to C33A cells up to a 24 h incubation time and a dose of 50 μM. The compounds still showed significantly higher inhibition of cell-intrinsic PD-1/PD-L1 interaction in T cells and beneficial effects on T cell function. Additionally, and treatment with SP-PROTAC induced TNF-α and IFN-γ release in a dose-dependent manner, which confirmed the function of our SP-PROTAC.

Although several small molecule inhibitors have been identified to affect the PD/PD-L1 pathway, small molecules remain high challenging to utilize in drug development (21). Immobilization in the design process of SP-PROTAC improves controllability and subsequent applicability. We used an amino acid linker to connect with the binder of von Hippel-Lindau, a high-efficiency E3 ligase, which induced potent degradation for targeting proteins (18). Small molecules may be more advantageous for diversifying the selection of E3 ligases, but they are limited to relatively few binding structures in most proteins (21), which hinders their targeting ability. In our previous study, an appropriate binding peptide sequence for targeting DHHC3 was determined through PPI by a program utilizing artificial intelligence (34). Bristol-Myers Squibb (BMS) has disclosed the patent claim with structures of a number of BMS compounds, which are the potential inhibitors of the PD-1/PD-L1 pathway. One of the BMS compounds, BMS-8, binds to PD-L1 directly and induces formation of PD-L1 homodimers, which in turn prevents PD-1 interaction in previous studies (42, 43). Here, we optimized the sequence to synthesize the SP-PROTAC. The effect of our synthesized SP-PROTAC compound was much better than the conventional small molecule inhibitor of PD-L1, BMS-8 as the control to compare its effect with SP-PROTAC.

There are three main mechanisms of small molecule inhibition of PD-L1 function: blocking reaction of PD-1 to SHP2, inducing the autophagic reaction of PD-L1, and blocking PDL1/PD-1 interaction (44–47). BMS-8 can strongly bind to the monomer molecule of PD-L1 and result in homodimer formation, which inhibits the interaction between PD-1 and PD-L1 (48, 49). With a molecular weight of only 494.4, BMS-8 can work effectively on a low micro-mol/L IC50 value in some cell lines (37). Here, in both T cell function testing in co-culture model and cervical cancer lines, our synthesized SP-PROTAC compound exerted a much more potent inhibition function than that of BMS-8, especially in cancer cells, and the IC50 value of BMS-8 was more than 144–170-fold the DC50 value of the SP-PROTAC compound. Therefore, our stapled peptide may play an important role in anti-PD-1/PD-L1 pathway. Although ICIs have shown clinically significant effects in some patients with cancer, the response rate for patients with cervical cancer remains very low. In some clinical studies on patients with advanced cervical cancer, the objective response rate was not satisfactory (50, 51). To date, no small molecule inhibitors have been approved for clinical use. Considering our findings regarding safety and efficacy, the SP-PROTAC compound may have significant potential for clinical development in treating cervical cancer compared to the existing PD-L1 inhibitor.
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