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Targeted degradation of membrane-associated proteins, which constitute a
crucial class of drug targets implicated in diverse disease pathologies, has
garnered considerable attention in chemical biology and drug discovery
recently. Taking advantage of the endosomal entrapment of cell-penetrating
peptides (CPPs) in delivering bioactive macromolecules, we successfully
construct a CPP-based platform for specific degradation of cell surface pro-
teins by conjugation of target protein-binding small molecules (SMs) with
different CPPs, resulting in the formation of CPP-mediated lysosome-targeting
chimeras (CPPTACs). Through the endo-lysosomal pathway, CPPTACs exhibit
a remarkable ability to degrade clinically significant plasma membrane pro-
teins, including PD-L1, CAIX, and CB,R. In contrast to LYTACs and similar
technologies, CPPTACs drive the degradation of targets in a manner inde-
pendent of specific lysosome-shuttling receptors, thus providing a widely
applicable strategy for plasma membrane protein degradation, regardless of
the cell types. Additionally, simpler structural design and broader therapeutic
window for CPPTACs are expected since CPPs-mediated endocytosis and
lysosomal degradation do not necessitate the three-component binding
model typically required by other heterobifunctional degraders. Overall,
consisting of small molecules and biocompatible cell-penetrating peptides,
CPPTACs developed in this study represent a simple, adaptable, and effective
approach for selectively degrading cell surface proteins in various cellular
contexts with potential for application in both biological research and ther-
apeutic interventions.

Plasma membrane-associated proteins constitute a significant cate-
gory of drug targets due to their accessibility at the cell surface,
involvement in numerous crucial signaling pathways, and association
with a diverse array of diseases”. In contrast to conventional drug
discovery methods that primarily concentrate on inhibiting protein
function, targeted protein degradation (TPD) strategies present the

capability to directly modulate protein levels, thereby potentially
offering a more efficacious approach for treating diseases associated
with abnormal protein expression®°. These strategies have demon-
strated considerable potential in the field of drug discovery. The
classical proteolysis-targeting chimeras (PROTACs) are heterobifunc-
tional compounds that facilitate the ubiquitination and subsequent
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degradation of the target protein through the endogenous protea-
some system, thereby confining their action to cytosolic proteins’.
Recently, novel TPD technologies, such as LYTACs®*'°, MoDE-A",
PROTABs", kineTACs"”, and others'*?¢, have emerged to specifically
target membrane proteins. In these technologies, engineered bifunc-
tional degraders are designed to tether the target protein of interest
(POI) to a specific lysosome-targeting receptor (LTR), thus facilitating
the internalization and subsequent trafficking of the cell-surface POl to
lysosomes for degradation. However, it should be noted that the
expression of such a membrane LTR varies among different cell types
and tissues, which limits the widespread application of these TPD
technologies. Furthermore, the presence of “hook effect” in the three-
component binding model significantly constrains the therapeutic
window of bifunctional degraders of this nature, thus restricting their
potential as pharmaceutical agents? . Consequently, there is a strong
need to develop TPD technologies that are not reliant on specific LTRs
for the degradation of membrane targets.

Cell-penetrating peptides (CPPs) have the ability to traverse cel-
lular membranes and promote the effective internalization of diverse
biomolecules, such as proteins, nucleic acids, and small molecules®.
Numerous CPP variants, such as PEN (Penetratin), TAT (Trans-Acti-
vator of Transcription), R9 (nona-arginine), Transportan, MPG (Pep-1),
among others, have been identified and employed for intracellular
cargo delivery. Based on the characteristics of CPPs, including their
length, concentration, and physicochemical properties, as well as the
nature of the cargoes they are associated with, the penetration of CPP-
cargo complexes into biological membranes occurs through diverse
uptake mechanisms®>?, Typically, CPPs facilitate the delivery of
bioactive macromolecules via endocytic pathways, resulting in the
rapid accumulation of CPP-cargoes within endosomes following
internalization. The successful delivery of therapeutic cargoes to their
target sites, while evading lysosomal degradation, is a significant hur-
dle in CPPs-mediated drug delivery®’. However, the entrapment of
cargo within endosomes offers a strategic opportunity for the targeted
degradation of membrane-associated proteins through CPP-induced
endocytosis followed by lysosomal trafficking. In addition, it is gen-
erally believed that CPPs can trigger endocytosis in a manner inde-
pendent of specific LTRs?’, thereby the development of CPPs-based
TPD platform may provide a widely applicable strategy for plasma
membrane protein degradation.

Herein, we present the development of CPP-mediated lysosome-
targeting chimeras (CPPTACs) achieved through the conjugation of
membrane-protein binding small molecules (SMs) with various CPPs.
These CPPTACs exhibit the ability to bind to specific membrane tar-
gets and induce endocytosis, leading to the entrapment of internalized
proteins within endosomal vesicles and their subsequent delivery to
lysosomes for degradation. We demonstrate that CPPTACs can effi-
ciently degrade a range of plasma membrane proteins, including PD-
L1, CAIX, and CB;R, independently of specific LTRs. As small molecule-
based degraders devoid of the high-dose “hook effect”, CPPTACs hold
significant promise for applications in chemical biology and drug
discovery (Fig. 1a).

Results

Design and construction of CPPTACs

CPPs are commonly distinguished by their elevated content of posi-
tively charged amino acids, such as arginine or lysine, and frequently
exhibit an amphipathic character. This particular structural config-
uration enables their interaction with negatively charged constituents
of the cell membrane, such as phospholipids and glycans. The
mechanism and cellular uptake of CPPs are predominantly influenced
by the specific sequence of the CPP and the size of the cargo it carries.
It is generally believed that endocytosis serves as the predominant
mechanism for CPPs in delivering bioactive macromolecules, particu-
larly at low concentrations. And various CPPs can act as inducers of

distinct endocytic pathways, including clathrin-mediated endocytosis
(CME), fast endophilin-mediated endocytosis (FEME), caveolae-
mediated endocytosis (Cav), clathrin-independent carrier (CLIC)/gly-
cosylphosphatidylinositol-anchored protein enriched early endocytic
compartment (GEEC) endocytosis, macropinocytosis and phagocy-
tosis, according to the current understanding of endocytosis®. Con-
sidering the significant variations in cellular uptake and endocytic
pathways observed across different CPPs, we synthesized four distinct
CPPs in this study in order to evaluate their efficacy in promoting
targeted protein degradation (Fig. 1b). To facilitate conjugation with
small molecules, an alkyne group was introduced at the N-terminal of
each peptide. Among these peptides, CPP1, CPP2, and CPP3 consist of
the PEN, TAT and R9 sequence, respectively. Additionally, CPP4 is a
fusion peptide that incorporates non-D-arginine as a cell-penetrating
sequence and NPGY as a lysosome-sorting sequence, known to
enhance the internalization and lysosomal targeting of antibodies and
nanobodies'**.

To evaluate the effect of these four CPPs on endocytosis activity,
we synthesized biotin-labeled CPPs (Biotin-CPP1-4) through the cop-
per(l)-catalyzed alkyne-azide cycloaddition reaction between Biotin-
Azide and CPP1-4, and employed these CPPTACs to investigate the
cellular uptake and lysosomal delivery of NeutrAvidin Protein Dylight
650 (NAP-650), an extracellular biotin-binding protein (Supplemen-
tary Fig. 1a). Higher fluorescence was observed in cells co-incubated
with NAP-650 and Biotin-CPP1-4 at a molar ratio of 1:2.5, as compared
to cells treated with NAP-650 alone or with Biotin-Azide. The confocal
images demonstrated that both Biotin-CPP1 and Biotin-CPP2 bearing
PEN and TAT sequence, respectively, exhibited greater efficacy in
promoting the internalization of NAP-650 compared to Biotin-CPP4
bearing nona-D-arginine and NPGY fusion sequence (Fig. 1c). Notably,
Biotin-CPP3 bearing R9 sequence exhibited the lowest internalization
activity among these peptides. These findings contrast with the
internalization patterns observed for Rhodamine B (RhB, a commonly
used fluorescent dye which is stable in acidic environment) labeled
CPPs, where PhB-CPP3 and PhB-CPP4 displayed enhanced cell mem-
brane penetration efficacy compared to RhB-CPP1 and RhB-CPP2
(Supplementary Figs. 1a, b). Furthermore, inhibiting the lysosomal
proteolytic activity using chloroquine (CQ) or Bafilomycin Al (BAF)
resulted in a higher accumulation of NAP-650 in each group (Fig. 1c
and Supplementary Figs. 1c-e), indicating that the internalized protein
underwent gradual degradation within lysosomes.

Next, four endocytosis inhibitors, chlorpromazine (CPZ), nystatin,
7-keto-cholesterol (7-KC) and ethylisopropylamiloride (EIPA), were
utilized to investigate the potential mechanism of endocytosis trig-
gered by our designed CPPTACs™*. Despite the off-target inhibition
effects, these four inhibitors are generally used to block CME, Cav/
CLIC, CLIC, and macropinocytosis, respectively®. As shown, the
internalization of NAP-650 mediated by Biotin-CPP1 decreased dom-
inantly in the presence of CPZ, supporting that CME is involved in
CPP1-based CPPTACs (Fig. 1d and Supplementary Fig. 1f). In contrast,
the internalization of NAP-650 mediated by Biotin-CPP2 appeared to
be inhibited by both nystatin and 7-KC, suggesting that CLIC is the
primary mechanism of action for CPP2-based CPPTACs (Fig. 1e and
Supplementary Fig. 1g). Similar to Biotin-CPP1, the addition of CPZ
hindered the uptake of NAP-650 mediated by Biotin-CPP4, implying
that CME is engaged in CPP4-based CPPTACs (Supplementary Fig. 1h).
To be noted, it is difficult to draw definite conclusions about the
endocytic pathways of the CPPTACs due to the non-specific and cross-
reactive nature of these endocytosis inhibitors employed in this
study®. These findings demonstrate that both the efficiency of inter-
nalization and the pathway of endocytosis are contingent upon the
specific sequence of CPPs employed in CPPTACs.

CPP1 and CPP2 were then selected for further studies due to their
superior ability to induce endocytosis of extracellular proteins. Flow
cytometry analysis was conducted with A549 cells incubated with NAP-
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650 (0.5 pM) in combination with either Biotin-CPP1 or Biotin-CPP2 at
specified molar ratios. As anticipated, a molar ratio of 1:4 facilitated
better internalization compared to ratios of 1:0.5, 11, and 1:2.
Increasing the molar ratio to 1:8 and 1:16 did not yield a significant
enhancement in the internalization of NAP-650, as one NAP-650
molecule binds with four biotin molecules (Fig. 1f and Supplementary
Fig. 2a, b). These findings are corroborated by results obtained
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through confocal laser scanning microscopy (CLSM) (Fig. 1g and
Supplementary Fig. 2c). Additionally, a Trypan Blue quenching assay
was conducted to remove proteins adhered to cell membranes during
flow cytometry analysis®. Various concentrations of FITC-labeled
NeutrAvidin protein (NAP-FITC) were utilized in place of NAP-650
because Trypan Blue does not have a quenching effect on Dylight 650.
The results demonstrated only a minor reduction in fluorescence
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Fig. 1| CPPTACs promote the degradation of extracellular proteins through the
endo-lysosomal pathway. a Schematic of the CPPTACs platform designed for
targeted degradation of cell-surface proteins. b CPP1-4 with different peptide
sequences. ¢ Fluorescence analysis of the cellular uptake and lysosomal degrada-
tion of NAP-650 (red) mediated by different Biotin-CPP in A549 cells in the presence
or absence of lysosomal proteolytic activity inhibitor, chloroquine (CQ).

d, e Fluorescence analysis of the inhibitory effect of Nystatin (50 pM), 7-KC (7-keto-
cholesterol, 30 uM), CPZ (chlorpromazine, 10 pg/mL) or EIPA (ethylisopropyla-
miloride, 10 pg/mL) on the cellular uptake of NAP-650 (red) mediated by Biotin-
CPP1 (d) or Biotin-CPP2 (e) in A549 cells. f, g Flow cytometry analysis (f) and

fluorescence analysis (g) of the cellular uptake of NAP-650 (red) in A549 cells
incubated with NAP-650 (0.5 uM) and Biotin-CPP1 at the indicated concentrations.
Mean fluorescence intensity of NAP-650 relative to the untreated group was
quantified (n = 3 biological replicates, means + SD). h Fluorescence signals in A549
cells indicating the colocalization of NAP-FITC (green) with the early endosome
marker (Rab5, red) mediated by Biotin-CPP1 or Biotin-CPP2. i Fluorescence signals
in A549 cells indicating the colocalization of NAP-650 (red) with the lysosome
marker (LysoTracker, green) mediated by Biotin-CPP1 or Biotin-CPP2. For c-e,
g-1i, the nuclei were labeled by DAPI (blue), scale bar, 10 um. Source data are
provided as a Source Data file.

signals in the Trypan Blue-treated groups compared to those without
Trypan Blue treatment, suggesting that the fluorescence signals pre-
dominantly represent internalized NAP proteins rather than those
attached to the cell membranes (Supplementary Fig. 2d, e). When co-
incubated with Biotin-CPP1, the fluorescence signals of NAP-FITC co-
localized with the early endosome marker (Rab5), and NAP-650 co-
localized with lysosome marker (LysoTracker), supporting that the
internalized proteins underwent trafficking through endosomes to
lysosomes (Fig. 1h, i, and Supplementary Fig. 2f). Similar results were
obtained when Biotin-CPP2 was employed, thereby demonstrating the
capacity of CPPTACs to facilitate the internalization and lysosomal
trafficking of extracellular proteins.

To verify whether the endocytosed protein mediated by CPPTACs
can escape from endosomes or lysosomes, we employed a pH-
sensitive fluorophore, naphthofluorescein (NF), as the reporter®’. With
a pKa value of ~7.8, NF is almost completely protonated and non-
fluorescent (when excited at 590 nm) inside the endosomes or lyso-
somes (pH < 6.0). Whilst a large increase in fluorescence intensity can
be monitored once an NF-labeled CPP escapes from the endosome or
lysosome into the cytosol, which typically has a pH of 7.4. For this
purpose, NF-labeled CPPs, including NF-CPP1, NF-CPP2, and NF-Cyclic
CPP (a well-established CPP known for its efficient endosomal escape
capability’?) were prepared along with the NF-labeled NeutrAvidin
protein (NAP-NF) (Supplementary Fig. 2g). Among the compounds
studied, NF-Cyclic CPP demonstrated a markedly higher fluorescence
intensity relative to NF-CPP1 and NF-CPP2. Under identical imaging
conditions, no fluorescence signals were detected in cells co-incubated
with NAP-NF and Biotin-CPP1/Biotin-CPP2. These observations indicate
that the target protein internalized through CPPTACs is largely unable
to escape from endosomal or lysosomal compartments (Supplemen-
tary Fig. 2h).

Although the LTR-independent endocytosis has been frequently
suggested for the majority of known CPPs, this mechanism lacks cri-
tical experimental validation. Therefore, we conducted a pooled
CRISPR knockout (KO) screen to identify candidate receptors whose
disruption would impede CPPTAC-mediated endocytosis of the tar-
geted protein®'°, Hela cells were initially transduced with a genome-
wide CRISPR-Cas9 knockout (GeCKO) library, encompassing 19,686
genes targeted by 61,058 unique guide sequences. The cells were
subsequently incubated with a mixture of Biotin-CPP1 and NAP-650.
Fluorescence-activated cell sorting (FACS) was employed to isolate
cells exhibiting a marked reduction in NAP-650 uptake. These cells
were then subjected to high-throughput sequencing to identify the
corresponding single guide RNAs (sgRNAs). The genes targeted by
these sgRNAs are hypothesized to play a critical role in CPP1-mediated
endocytosis (Fig. 2a). Our experimental findings indicate that no
typical receptors are implicated in this process. Instead, genes asso-
ciated with the regulation of glycosaminoglycan biosynthesis, heparin
biosynthesis, and heparan sulfate proteoglycan biosynthetic process
were identified as the top candidates, suggesting that heparin and
other glycans are probably crucial mediators for CPP1-driven endo-
cytosis (Fig. 2b, ¢)***°. Mechanistically, these glycans possess sub-
stantial negative charges, which facilitate their binding to cationic
CPPs, thereby promoting stable CPP association and subsequent

endocytosis. To evaluate this hypothesis, a competitive binding
experiment was performed utilizing 10-kDa branched poly-
ethylenimine (PEI-B10k), a material with a high density of positive
charges, to interact with the negatively charged constituents of the cell
membrane. As expected, the introduction of PEI-BI1Ok resulted in a
decreased internalization of NAP-650 mediated by either CPP1- or
CPP2-based CPPTAC (Fig. 2d, e). Additionally, the presence of heparin-
Na, which is capable of interacting with the positively charged CPPs,
also inhibited the uptake of NAP-650 mediated by CPP1/CPP2-based
CPPTAC (Fig. 2f, g). Moreover, the efficient uptake of NAP-650 facili-
tated by Bioin-CPP1 was observed across a range of cell lines, with
variations potentially attributable to differences in cell size or the
presence of proteoglycans on the cell surface (Supplementary Fig. 2i).
These observations suggest that the mechanism of action for CPPTACs
is reliant on electrostatic interactions with negatively charged pro-
teoglycans that are ubiquitously present on the surfaces of various cell
types. Although receptors are not entirely excluded from CPPTAC-
mediated endocytosis, our comprehensive genomic screening sug-
gests that they are not significant regulators of this process.

Development of CPPTACs as PD-L1 degraders

Subsequently, we aimed to employ the CPPTACs approach to degrade
plasma membrane proteins. As a proof of concept, we first targeted
programmed death-ligand 1 (PD-L1), an essential immune checkpoint
that is overexpressed in numerous tumor cells*’. To achieve this, we
synthesized BMS-CPP1 and BMS-CPP2 through covalent conjugation of
CPP1/CPP2 with BMS-8, a small molecule known for its high binding
affinity to PD-L1 (Supplementary Fig. 3a)*.. To examine the potential
degradation ability of these CPPTACs on cell-surface PD-L1, MDA-MB-
231 cells were treated with BMS-CPP1 and BMS-CPP2, respectively, and
the level of PD-L1 was evaluated. As shown, both BMS-CPP1 and BMS-
CPP2 caused rapid degradation of PD-L1, with 65-75% degraded within
8h and this degradation lasted for 24 h. Furthermore, BMS-CPP1
exhibited superior degradation efficiency compared to BMS-CPP2
across the concentration range of 5nM to 250 nM, with maximum
degradation rates of approximately 75% and 65% respectively (Fig. 3a,
b). Significantly, neither BMS-CPP1 nor BMS-CPP2 exhibited the ‘hook
effect’, a characteristic observed in classical heterobifunctional chi-
meras that rely on a three-component binding model, suggesting that
these CPPTACs possess a wider concentration window as membrane
protein degraders. At equivalent concentration (50 nM), BMS-CPP1
demonstrated a slightly higher performance compared to PD-LYSO, a
rationally designed peptide incorporating the lysosome-sorting signal
and the PD-L1-binding sequence of HIPIR (Fig. 3c, d)*. In addition,
treatment with either BMS-CPP1 or BMS-CPP2 resulted in a substantial
decrease of 75-80% in PD-L1 levels in HeLa cells stably expressing HA-
PD-L1 (HeLa-HA-PD-L1 cells) (Fig. 3e). In contrast, the treatment of
MDA-MB-231 cells with 5-250nM of BMS-8 for 8h resulted in an
apparent increase in PD-L1 expression, rather than its degradation
(Supplementary Fig. 3b)*>. And minimal changes in PD-L1 levels were
observed in HeLa-HA-PD-L1 cells treated with BMS-8 within the con-
centration range of 5 to 250 nM (Supplementary Fig. 3c). Accordingly,
immunofluorescent microscopy revealed a remarkable reduction of
surface HA-PD-L1 in cells treated with BMS-CPP1, whereas less impact
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was observed when BMS-8, CPP1, or a combination of both were uti-
lized, thereby excluding the influence of the protein-binding molecule
and the cell-penetrating peptide themselves (Fig. 3f). In comparison to
the significant reduction of the plasma membrane protein, HA-PD-L1
situated in the cytoplasm exhibited minimal impact following expo-
sure to BMS-CPP1 (Fig. 3g). This selective degradation may account for
the observed inability of CPPTACs to induce complete protein

degradation. The degradation effect of BMS-CPP1 on PD-L1 was simi-
larly observed in U87-MG, NCI-H1975 and NCI-H292 cells, indicating
the broad applicability of CPPTACs across different cell types (Fig. 3h).
Furthermore, the fluorescence signals of RhB-BMS-CPP1 (RhB labeled
BMS-CPP1) were markedly higher in HeLa-HA-PD-L1 cells compared to
Hela cells with low PD-L1 expression, suggesting that the internaliza-
tion of RhB-BMS-CPP1 is dependent on the expression levels of cell
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surface PD-L1 at the tested concentrations (5-100 nM) (Supplementary
Figs. 3d, e).

To confirm that CPPTACs-mediated PD-L1 degradation was pro-
gressed through endo-lysosomal pathway, we investigated the degra-
dation performance of BMS-CPP1 and BMS-CPP2 in cells that were pre-
treated with a lysosome inhibitor (BAF) and a proteasome inhibitor
(MGI132), respectively. As expected, BAF treatment, but not MG132
treatment resulted in a visible reduction of PD-L1 degradation (Fig. 3i,

MDA-MB-231

j). These findings demonstrate that CPPTACs-mediated degradation is
reliant on the lysosomal pathway. Consistent with the uptake of
extracellular protein, the degradation of surface PD-L1 mediated by
CPP1-based CPPTAC primarily relied on CME endocytosis, while CPP2-
based CPPTAC predominantly drove PD-L1 degradation through CLIC
endocytosis (Fig. 3k, 1), suggesting the possibility of employing dif-
ferent endocytic pathways in this CPPTACs platform. In addition, the
existence of Galectin-9 (Gal9) recruitment, a reporter for membrane
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Fig. 3 | CPPTACs drive the degradation of PD-L1 through the endo-lysosomal
pathway. a, b Western blot analysis of PD-L1 levels in MDA-MB-231 cells treated
with BMS-CPP1 (a) or BMS-CPP2 (b) at indicated concentration, or indicated time.
¢, d Western blot analysis of PD-L1 levels in MDA-MB-231 cells treated with PD-LYSO
(c, d) or BMS-CPP1 (d) for 8 h at indicated concentration. e Western blot analysis of
HA-PD-L1levels in HeLa cells (stably expressing HA-PD-L1) treated with BMS-CPP1 or
BMS-CPP2 for 8 h at indicated concentration. f, g Immunofluorescence analysis of
PD-L1 (red) degradation on cell membrane (f) or in whole cells (g). HeLa cells stably
expressing PD-L1 were treated with BMS-CPP1, BMS-8, CPP1, or a combination of

BMS-8 and CPP1. The nuclei were labeled by DAPI (blue). Scale bar, 10 pm.

h Western blot analysis of PD-L1 levels in different cell lines treated with 25nM of
BMS-CPP1, BMS-8 or CPPI for 8 h. i, j Western blot analysis of PD-L1 levels in MDA-
MB-231 cells treated with 25 nM of BMS-CPP1 (i) or 5nM of BMS-CPP2 (j) for 8 h
along with bafilomycin Al (100 pM) or MG132 (5 pM). k, 1 Western blot analysis of
the inhibitory effect of Nystatin (50 pM), 7-KC (7-keto-cholesterol, 30 uM), CPZ
(chlorpromazine, 10 pg/mL) or EIPA (ethylisopropylamiloride, 10 pg/mL) on the
degradation of PD-L1 mediated by BMS-CPP1 (k) or BMS-CPP2 (). Source data are
provided as a Source Data file.

damages**, was not observed in Hela-PD-L1-bla GFP-Gal9 cells upon
treatment with BMS-CPP1 or BMS-CPP2, suggesting that evasion of the
endocytosed CPPTACs and the target protein did not occur through
disruption of endosomal or lysosomal membrane integrity (Supple-
mentary Fig. 3f). Collectively, these findings indicate that CPPTACs,
comprised of small molecules and CPPs bearing diverse peptide
sequences, have the capacity to effectively induce the targeted
degradation of plasma membrane proteins through the endo-
lysosomal pathway.

Considering that the lengths of the linker utilized to connect CPPs
and POI recruiting SMs may have an influence on the degradation
efficacy of CPPTACs, we synthesized BMS-L2-CPP1 and BMS-L3-CPP1,
incorporating longer linker lengths, and assessed their effectiveness in
promoting PD-L1 degradation in comparison to BMS-CPP1 (structurally
equivalent to BMS-L1-CPP1) (Supplementary Fig 3g). As expected, both
BMS-L2-CPP1 and BMS-L3-CPP1 exhibited good degradation activity in
MDA-MB-231 cells at a concentration as low as 5nM, resulting in a
similar reduction (70-75%) of PD-L1 levels compared to BMS-CPP1
(Supplementary Fig. 3h). Furthermore, neither BMS-L2-CPP1 nor BMS-
L3-CPP1 exhibited a ‘hook effect’ within the concentration range of
5nM to 250 nM. These findings demonstrate that CPPTACs possess a
high tolerance for both linker lengths and working concentrations,
thereby offering convenience in the design and utilization of such
degraders.

Given the demonstrated ability of CPPTACs to degrade PD-L1 in
tumor cells, we proceeded to assess the in vivo antitumor effects of
BMS-CPP1 using the B16F10 tumor xenograft C57BL/6 ] mouse model
(Fig. 4a). Tumor-bearing mice were administered BMS-CPP1 (10 mg/kg),
BMS-8 (2 mg/kg), or CPP1 (4 mg/kg) via intravenous injection every
2 days. Throughout the treatment period, CPP1 displayed slight toxi-
city, leading to noticeable weight losses, while no side effects were
observed in the other groups. And the differences in body weight
between the BMS-CPP1/BMS-8 treated group and the control group
were likely due to variations in tumor sizes (Fig. 4b). As anticipated, the
tumor growth of BMS-CPP1 treated mice was significantly suppressed in
comparison to the other experimental groups (Fig. 4c). At the end of
treatment, the tumors were excised and weighed (Fig. 4d, e). As shown,
BMS-CPP1 displayed improved efficacy in inhibiting tumor growth
relative to BMS-8 and the combined administration of BMS-8 (1 mg/kg)
and CPP1 (2 mg/kg) (Supplementary Figs. 4a-e). Additionally, a reduced
incidence of metastasis was observed in the spleen of the BMS-CPP1-
treated mice, suggesting a potential role for BMS-CPP1 in metastasis
inhibition (Fig. 4f). Although BMS-8 exhibited some inhibitory effects
on tumor growth, the PD-L1 level in BMS-8-treated group were similar
to that in the control group, suggesting that BMS-8 alone did not pro-
mote PD-L1 degradation (Fig. 4g). Furthermore, immunohistochemical
analysis of tumor tissues also revealed a significant decrease of PD-L1in
the BMS-CPPI-treated group relative to both the BMS-8-treated group
and other groups (Fig. 4h). Subsequent experiments showed that two
doses of BMS-CPP1 resulted in a remarkable reduction in PD-L1 levels in
tumor tissues (Supplementary Figs. 4f-h). These observations suggest
that BMS-CPP1 and BMS-8 inhibit PD-L1 function via distinct mechan-
isms of action. By removing PD-L1 from the cell surface, BMS-CPP1 may
potentially address the drug resistance challenges commonly asso-
ciated with small-molecule inhibitors targeting PD-L1. Additionally,

Cy5.5-BMS-CPP1 (Cy5.5-labeled BMS-CPP1) exhibited enhanced tumor
accumulation and reduced distribution in non-target organs such as the
liver, spleen, lung, and kidney, relative to Cy5.5-CPP1 (Cy5.5-labeled
CPP1). Notably, the liver displayed significantly elevated fluorescence
signals compared to other organs, indicating that both Cy5.5-CPP1 and
Cy5.5-BMS-CPP1 are predominantly metabolized through hepatic
pathways (Supplementary Figs. 4i-l). Collectively, our findings
demonstrate that the newly developed CPPTAC, BMS-CPP1, has the
ability to degrade PD-L1 in vivo, leading to significant tumor suppres-
sion effects in mice with minimal side effects, thus providing new

opportunities for anticancer drug discovery*’.

Expansion of the Target Scope of CPPTACs
After confirming the efficacy of CPPTACs in vitro and in vivo for the
elimination of PD-L1, our study aimed to extend the utilization of this
approach to degrade additional plasma membrane proteins. Carbonic
anhydrase IX (CAIX), a transmembrane metalloenzyme, is known to be
overexpressed in aggressive and invasive tumors®. It plays a crucial
role in catalyzing the conversion of carbon dioxide hydrates into
bicarbonate and protons, thus creating a favorable pH environment
for the survival and growth of tumor cells within an acidic micro-
environment. Multiple studies have demonstrated that the inhibition
of CAIX function through the use of small molecule inhibitors effec-
tively suppressed tumor growth and metastasis*®. Therefore, we
intended to develop CPPTACs that possess the ability to specifically
target and degrade CAIX. To construct CAIX degraders, we selected 4,
4-[5-(aminosulfonyl)-1,3,4-thiadiazole] amino]-4-oxobutyric acid (Sul-
acid) due to its high affinity for CAIX*’, and conjugated it with CPP1 and
CPP2, resulting in the formation of Sul-CPP1 and Sul-CPP2 respectively
(Fig. 5a). In accordance with the degradation of PD-L1 mediated by
CPPTACs, the administration of Sul-CPP1 or Sul-CPP2 led to a rapid
decline of CAIX in MDA-MB-231 cells. A significant reduction (75-80%)
of CAIX was observed after 4-hour incubation of the cells with Sul-CPP1
and Sul-CPP2 at concentrations of 25nM and 50 nM, respectively
(Supplementary Fig. 5a, b). Furthermore, the presence of the “anti-
hook effect” was demonstrated as the augmentation of Sul-CPP1 and
Sul-CPP2 concentrations exerted negligible influence on their degra-
dation activity (Fig. 5b, c). The degradation effect was attributed to the
Sul-CPP1 conjugate, since neither Sul-acid nor CPP1 treatment elicited
an obvious reduction in CAIX (Fig. 5d). Additionally, the degradation of
CAIX was found to occur through the endo-lysosomal pathway, as
evidenced by its restoration following treatment with the lysosome
inhibitor bafilomycin Al (Fig. 5e). The inhibitory effect of CPZ on the
degradation of CAIX mediated by Sul-CPP1 confirms the predominant
role of CPP1-based CPPTACs in stimulating CME endocytosis (Fig. 5f).
Conversely, the inhibition of Sul-CPP2-mediated degradation by both
nystatin and 7-KC provides evidence for the primary involvement of
CPP2-based CPPTACs in promoting CLIC endocytosis (Fig. 5g). Alto-
gether, these results suggest that the degradation of cell surface
enzymes can be achieved through utilization of CPPTACs. Further-
more, the endocytic pathway of various CPPTACs is determined by the
specific peptide sequences employed, rather than being influenced by
the POI target.

Meanwhile, we investigated the impact of Sul-CPP1 on tumor
cells under a hypoxic microenvironment induced by cobalt
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Fig. 4 | CPPTAC (BMS-CPP]) exhibits antitumor efficacy in vivo through facil-
itating the degradation of PD-L1. a Schematic illustration of the tumor-inhibition
study and the general treatment procedure. Created in BioRender. OU, ZI. (2025)
https://BioRender.com/8m9xnsp. b Body weight change curves of mice from day 6
to day 18. Data represent the mean + SEM (n =5 mice per group). ¢ Tumor growth
curves for each group. Comparison of the tumor size after 18 days of different
treatments. Data represent the mean + SEM (n =5 mice per group). The statistical
significance was assessed using two-way ANOVA. d Photograph of the peeled-off
tumors of all four groups. e Comparison of the tumor weight after tumor

dissection. Data represent the mean = SEM (n =5 mice per group). The statistical
significance was assessed using two-tailed Student’s ¢-tests. f Metastasis of tumor in
the spleens of each group. g Western blot analysis of PD-L1in B16F10 tumor tissues.
Densitometry was used to calculate protein levels, and data were normalized to
control. Data represent the mean + SEM (n = 3 mice per group). Statistical sig-
nificance was assessed using two-tailed Student’s ¢-tests. h Representative immu-
nohistochemical staining of PD-L1 in tumor tissues. Scale bar, 50 pm. Source data
are provided as a Source Data file.

dichloride (CoCl,)*%. Both western blot and flow cytometric analysis
revealed an up-regulation of CAIX expression in MDA-MB-231 cells
upon CoCl, treatment, while co-incubation with Sul-CPP1 resulted in
a significant reduction of the cell surface CAIX (Fig. 5h and Supple-
mentary Fig. 5¢). Accordingly, significant inhibition of the tumor cell
survival under hypoxic conditions induced by CoCl, was achieved
upon Sul-CPP1 treatment, as determined by the CCKS8 assay (Fig. 5i).
Sul-CPP1 displayed a noteworthy capacity to suppress tumor cell
viability, comparable to that of SLC-0111, a CAIX inhibitor currently
being evaluated in clinical trials*’. Meanwhile, the administration of
Sul-acid and CPP], either individually or in combination, only resul-
ted in a minor impact on the survival of cancer cells in hypoxic
conditions (Fig. 5j). These findings underscore the potential of
CPPTACs as an effective strategy for the development of CAIX
degraders with therapeutic applications.

Finally, our attention was directed towards the advancement of
CPPTACs for the specific degradation of the cannabinoid type 2
receptor (CB,R). CB,R, classified as a class A G-protein-coupled

receptor (GPCR), predominantly located in the immune system, as
well as in microglia cells and neurons. Given its implication in diverse
pathological states, CB,R is increasingly recognized as a promising
therapeutic target for addressing tissue damage, inflammation, and
various neurodegenerative ailments®®. While numerous structurally
diverse CB,R agonists have demonstrated encouraging outcomes in
animal models, none have achieved clinical success thus far. There-
fore, the development of CB,R degraders is of great importance, as it
would provide valuable biological tools to better understand the role
of CB,R in disease pathology. Accordingly, a CPPTAC (referred to as
HU-CPP1) was constructed by the linkage of CPP1 to a HU-308 deri-
vative (HU) that exhibits a strong affinity for CB,R and a favorable
selectivity towards CB;R (Fig. 5k)*. The effectiveness of HU-CPP1 in
degrading CB,R was subsequently assessed in MDA-MB-231 and HT-
29 cancer cell lines, as well as BV2 mouse microglia cell line. As
anticipated, HU-CPP1 demonstrated a notable efficacy in promoting
the degradation of CB,R (70-75% reduction) with the “anti-hook
effect” in the concentration range of 25 nM to 1000 nM, while almost

Nature Communications | (2025)16:7575


https://BioRender.com/8m9xnsp
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62776-w

a
[0}

HzN’S’< )\ J\/WH\/\N\NJ\/W&

(0]
b
Sul-CPP1 0 5 25 50 100 250 0 25 25 25 25 nM
Tme 8 8 8 8 8 8 0 4 8 12 24 h
CAIX ..’---”-———-_.I»mma

% of control 100 62 22 21 21 22 100 24 24 24

GAPDH |------|P——L35 on

= §—RQIKlWFQNRRMKWKK-NH2 Sul-CPP1
\/)\/\)k;
§—YGRKKRRQRRR-NH2 Sul-CPP2
[+

Su-CPP2 0 5 25 50 100250 0 50 50 50 50 nM

Time 8 8 8 8 8 8 0 4 8 12 24 h
CAIX|...- --”’----Poma

% of control 100 70 58 23 23 26 100 25 21 23 24

GAPDH [ e e e w0 w0 [ @D @D e am & |

35 kDa
MDA-MB-231 MDA-MB-231
N
d o ,,,0‘6 QQ e BAF  MG132 f Nystatin 7-KC CPZ
00“ & QQ Sul-CPP1 - + - + Sul-CPP1 -  + ‘D

kDa
o R

kDa
CAIX | - ... . PO

-+ -+ -+ -+ -+
v @R = -

% of control 100 97 93 18 % of control 100 26 156 143 126 31 % of control 100 22 101 17 100 22 93 24 100 19 94 91
L= — e ————
GAPDH 5 GAPDH | | ;5 GAPDH |wnmememens | I e
MDA-MB-231 MDA-MB-231 MDA-MB-231
. 2
g h A MDA-MB-231 ° : | MDA-MB-231
Nystatin 7-KC CPZ ot %15 210 d
Sul-CPP2 - + O su-cPP1 /| 2 8
/ 240 )
[ Control 2 o
oAIX .ncnll'ni IQ-Q-PO ﬁ
c o
% of control 100 25 98 95 100 26 122 117 100 26 100 23 3 e’ 2
(@] o ©
S EE— e - e s T ©
GAPDH | [ - - - PV (I W - 2 00
MDA-MB-231 [ Untreated *QQ’ @b \$° QQ\ Q
v ‘I‘Isotype‘ ‘ \60\&@’0 Oo(‘&lo Ooﬁ\ [GXg) S .
T TSuCPPT
j 25 MDA-MB-231 CAIX FITC +CoCl,(48h) + CoCl, (48 h)
1004 —— Untreated I N AN
= i N NS
S g e Control & RN chQ A HU-CPP1
2 754 4 > :
£ > Sul-acid 0 25 25 25 o 02 1 5 25 50 100 250 500 1000 nM
% 50 § CF’P1_ +CoCl, 8 8 8 8 8 8 8 8 8 8 h
g S —e— Sul-acid+CPP1 CB2 l—“- - ||-- D oe ew e . . - W |>40kDa
25 ~e— Sul-CPP1
e SLC-0111 % of control 100 98 90 30 100 76 46 35 30 26 21 20 20 20
0 ' ' ! oy o g
! J 7 X GAPDH | S e | G e o5 e - | 45 c0n
Growth (days) MDA-MB-231
N
© N
m SO £ Hucept n
0 25 25 25 50 100 250 nM HU-CPP1 0 5 25 50 100 250 500 1000 nM
8 8 8 8 8 8 8 h Tme 8 8 8 8 8 8 8 8 h
k CB,R |'-—- -— - -—-|>40kDa CB,R ' W S e e e "‘|>40kDa
N % of control 100 99 93 31 26 22 23 % of control 100 48 28 23 24 25 30 30
2!
GAPDH [ wy we w w w w| . B-actin | w— - - — ——— |
BV2 HT-29
N o

no degradation effect was found in HU- and CPP1- treated groups
(Fig. 51-n and Supplementary Fig. 5d). These results suggest that
CPPTACs have the capacity to selectively degrade GPCR family
members that share a common architecture of the seven-
transmembrane domains. Overall, our findings provide compelling
evidence for the broad utility of the CPPTACs platform in effectively
degrading diverse plasma membrane proteins.

\/)\/\)—RQIKIWFQNRRMKWKK—NHZ HU-CPP1

Discussion

In recent years, there have been advancements in TPD technologies
that exploit the endo-lysosome pathway to effectively facilitate the
degradation of extracellular and transmembrane proteins. The initial
and pivotal step in this process is endocytosis, which entails the
creation of endocytic vesicles responsible for transporting the target
into the cell and subsequently fusing with lysosomes. As inducers of
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Fig. 5| CPPTACs facilitate the degradation of CAIX and CB,R. a The structure of
Sul-CPP1 and Sul-CPP2. b, ¢ Western blot analysis of CAIX levels in MDA-MB-231
cells treated with Sul-CPP1 (b) or Sul-CPP2 (c) at indicated concentration or indi-
cated time. d Western blot analysis of CAIX levels in MDA-MB-231 cells treated with
Sul-acid, CPP1 or Sul-CPP1 at 25 nM for 8 h. e Western blot analysis of CAIX levels in
MDA-MB-231 cells treated with Sul-CPP1 (25 nM) for 8 h along with bafilomycin Al
(100 uM) or MG132 (5 uM). f, g Western blot analysis of the inhibitory effect of
Nystatin (50 pM), 7-KC (7-keto-cholesterol, 30 uM) or CPZ (chlorpromazine, 10 pg/
mL) on the degradation of CAIX mediated by Sul-CPP1 (f) or Sul-CPP2 (g). h Flow
cytometry analysis of the degradation of CAIX in MDA-MB-231 cells mediated by

Sul-CPP1 under CoCly-induced hypoxia conditions. Mean fluorescence intensity of
CAIX-FITC relative to the isotype group was quantified (n =3 biological replicates,
means + SD). i, j The effect of Sul-CPP1 treatment on the survival of MDA-MB-231
cells under CoCl,-induced hypoxia conditions at indicated concentration (i) or
indicated time (j), analyzed by CCKS; n =3 biological replicates. Data represent the
mean * SD. Statistical significance was assessed using two-tailed Student’s t-tests or
two-way ANOVA. k The structure of HU-CPPL. I, m, n Western blot analysis of CB,R
levels in MDA-MB-231 (1), BV2 (m) or HT-29 cells (n) treated with HU-CPP1 for 8 h at
indicated concentration. Source data are provided as a Source Data file.
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endocytosis, CPPs have the capability to initiate various forms of
endocytosis, including CME endocytosis, CLIC endocytosis, macro-
pinocytosis, among others. After the formation of endocytic vesicles,
CPPs and their cargoes become predominantly confined within
endosomes and then transported to lysosomes. Given the remarkable
capacity of CPPs to induce endocytosis and direct lysosomal traf-
ficking, we have devised the CPPTACs platform to selectively degrade
membrane proteins. Through the conjugation of POI recruiting
ligands with various CPPs, CPPTACs capable of targeting both extra-
cellular and cell surface proteins have been fabricated and evaluated.
Our findings suggest that the degradation efficacy of CPPTACs is
decided by the specific sequences of CPPs employed in the CPPTACs
system. Although diverse forms of endocytosis are involved, CPP1 and
CPP2, carrying PEN and TAT sequences respectively, exhibited a
higher level of effectiveness in promoting targeted protein degrada-
tion, compared with CPP3 and CPP4 containing nona-(L/D) arginine
sequences. As reported in GlueTAC and SignalTACs*, the incor-
poration of a fusion peptide consisting of cell-penetrating and lyso-
some sorting signals (LSSs) into a nanobody/antibody enhanced the
internalization and degradation of the nanobody/antibody-antigen
complex. In those studies, LSSs containing tyrosine-based or
dileucine-based sorting signals®®> were considered essential for
achieving lysosomal localization*. In contrast to GlueTACs and Sig-
nalTACs, CPPTACs developed in this study demonstrate that various
CPPs can induce targeted protein degradation through the endo-
lysosomal pathway, without the need of any lysosome sorting
sequences.

Unlike other heterobifunctional degraders that require the
involvement of specific LTRs, such as the IFLD (integrin-facilitated
lysosomal degradation) degraders previously developed by our
group'®, CPPTACs demonstrate significant advantages: (1) CPPTACs
exhibit greater efficiency compared to IFLD degraders. For instance,
CPPTAC (BMS-CPP1) achieves a 75-80% reduction in PD-L1 levels at
concentrations of 25-50 nM, whereas the IFLD degrader (BMS-RGD)
results in only a 60-65% reduction at the same concentrations (Fig. 6a).
(2) CPPTACs have a wider application scope than IFLD degraders. The
IFLD strategy’s reliance on integrin-mediated endocytosis limits its
applicability in cells with low levels of avp3 integrin. Conversely, the
CPPTACs platform provides a more universally applicable approach
for the degradation of plasma membrane proteins across diverse cell
types. As demonstrated in Fig. 6b, CPPTAC (BMS-CPP1) efficiently
degrades PD-L1 in 4T1 cells, whereas the IFLD degrader (BMS-RGD)
exerts only a moderate effect on PD-L1 degradation in the same cells
characterized by low avp3 integrin expression®. (3) CPPTACs have a
broader therapeutic window than IFLD degraders. The mechanism of
action for a CPPTAC involves the interaction between the small
molecule ligand and its target protein, followed by the electrostatic
interaction of the CPP sequence with glycans. Given the widespread
presence of proteoglycans on the cell surface, which have the potential
to interact with CPPTACs, achieving oversaturation of these pro-
teoglycans would require a substantially high concentration of
CPPTACs. Consequently, “hook effect” is rarely observed in CPPTAC-
mediated degradation of PD-L1 in the concentration range of 16 nM to
1000 nM. This differs from the “target protein-degrader-single LTR”
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binding model commonly employed by other heterobifunctional
degraders wherein the hook effect arises when an excess of the
degrader leads to the predominance of ineffective binary species over
ternary complexes. For example, the IFLD degrader (BMS-RGD) shows
effective degradation at concentrations ranging from 5 to 50 nM.
However, its efficacy diminishes at 100 nM and is entirely lost at con-
centrations exceeding 250 nM (Fig. 6¢, d). (4) In contrast to IFLD
degraders, the effectiveness of CPPTACs is largely unaffected by the
linker length between the small molecule and the CPP peptide, thereby
streamlining the optimization process for CPPTACs. Given these
advantages, the CPPTACs approach is widely applicable for the
degradation of cell-surface proteins across diverse cell types.

As potentially effective therapeutic strategies, a majority of the
engineered degraders that aim at membrane proteins are bifunctional
conjugates based on antibodies, nanobodies, or aptamers. It is note-
worthy that the CPPTACs developed in this study are composed of
CPPs and small-molecule ligands. Due to favorable biocompatibility
and high cell membrane permeability of CPPs, numerous CPP-based
therapies have progressed to clinical trials and demonstrated promise
in the diagnosis and treatment of various diseases. In contrast to
antibodies, nanobodies, and aptamers, small molecules generally
possess structural stability and immunological tolerability. Besides,
small molecules offer advantages such as smaller size, enhanced tissue
penetration, and controllable pharmacokinetic properties. Addition-
ally, the accessibility of small-molecule ligands that specifically bind to
cell membrane receptors, enzymes, and ion channels offers con-
venience for the development of CPPTACs. Hence, by harnessing the
collective advantages of both CPP and small molecule, CPPTAC
represents a reliable approach complementary to degradation tech-
nologies relying on antibodies, nanobodies or aptamers.

As demonstrated in this study, CPPTACs are capable of degrading
both extracellular and cell surface proteins efficiently through the
electrostatic interaction of the CPP sequence with proteoglycans, which
are ubiquitously present on the cell surface, rather than via a specific
LTR. Our findings indicate that the internalization of RhB-BMS-CPP1 is
associated with the expression levels of cell surface PD-L1 at low con-
centrations (5-100 nM), suggesting that the cell selectivity of a CPPTAC
targeting amembrane protein primarily originates from the target itself,
but not from proteoglycans. For extracellular proteins, efficient uptake
mediated by CPPTAC was observed across a range of cell lines, indi-
cating its potential efficacy in depleting specific disease-related extra-
cellular proteins, such as inflammatory factors (including cytokines and
chemokines), monoclonal antibodies (mAbs), and low-density lipopro-
tein (LDL) from serum. The high abundance of these extracellular pro-
teins poses a challenge for degradation using other TPD technologies
that depend on ligand-receptor-mediated endocytosis. It should be
noted that the development of CPPTACs as degraders for extracellular
and membrane proteins is still in the early stage. The metabolic
instability and cytotoxicity inherent to CPPs may adversely affect the in
vivo application of CPPTACs. To advance the pharmaceutical applica-
tion of this strategy, modifications to the CPP motif, such as cyclization
or alteration in the peptide sequence, as well as targeted delivery or pro-
drug technologies, have the potential to enhance the stability of
CPPTACs, modify their in vivo biodistribution and metabolic char-
acteristics, and thereby make them more suitable for drug discovery.

In conclusion, the utilization of CPPs as an endocytosis inducer
has resulted in the development of a CPPTACs platform, which effec-
tively targets the degradation of cell membrane proteins via the endo-
lysosomal pathway. The remarkable efficacy of CPPTACs has been
demonstrated in the rapid degradation of various clinically significant
membrane proteins, including PD-L1, CAIX, and CB,R, at nanomolar
concentrations. As small molecule-based degraders devoid of the high-
dose “hook effect”, CPPTACs offer a straightforward, versatile, and
highly efficient degradation platform with broad applicability in the
fields of chemical biology and drug discovery.

Methods

Animal welfare

All animal experiments were undertaken in accordance with relevant
guidelines and regulations and were approved by the Institutional
Animal Care and Use Committee (IACUC) of Shenzhen Institutes of
Advanced Technology (SIAT), Chinese Academy of Sciences.

General chemistry methods
Analytical RP-HPLC was performed on an Agilent 1260 infinity system
equipped with a DAD-UV detector using an Agilent Poroshell 120, EC-
Cl18 column (4.6 mm x 100 mm, 2.7 um). The RP-HPLC gradient was
started at 10% of B (CH3CN) and then increased to 100% of B over
20 min (A: 0.1% TFA in water) with a flow rate of 0.5 mL/min. The purity
of the compounds used for biological study (>95%) was determined by
HPLC. Semi-preparative RP-HPLC was performed on the ULTIMAT
3000 instrument (DIONEX). UV absorbance was measured using a
photodiode array detector at 220 and 254 nm. The RP-HPLC gradient
was started at 10% of B (CH5CN), and then increased to 100% of B over
20 min (A: 0.1% TFA in water). High-resolution mass spectra were
measured with an ABI Q-star Elite.

Full description of the synthetic methods and compound char-
acterization data is included in the Supplementary Information.

Cell lines

A549, HeLa, MDA-MB-231, U87-MG, NCI-H292, NCI-H1975, B16F10, HT-
29, 4T1, BV2, BT474, 293 T, HepG2, HUVEC cells, and HelLa cells stably
expressing PD-L1 were maintained in DMEM medium (Biological
Industries) supplemented with 10% FBS (Invitrogen) and 1% Pen-Strep
solution (Biological Industries). NCI-N87 were maintained in RPMI-
1640 medium (Biological Industries) supplemented with 10% FBS
(Invitrogen) and 1% Pen-Strep solution (Biological Industries). And all
of them were cultured in an incubator at 37 °C under 5% CO,. PD-L1-HA-
c-Myc cells (HaLa-HA-PD-L1 cells) stably expressing PD-L1-HA-c-Myc
were constructed by infecting HeLa cells with lentivirus containing the
full-length human PD-L1-HA-c-Myc gene, identified by western blot and
an immunofluorescence microscope. HeLa cells stably expressing HA-
tagged PD-L1 and GFP-tagged Gal9 were established by co-infecting
the cells with two lentiviruses, respectively carrying the HA-PD-L1 and
GFP-Gal9 genes, selected by puromycin and blasticidin, identified by
western blot and immunofluorescence microscope.

Fluorescent staining

The cells on the coverslips were washed 2 times with PBS, fixed with 4%
formaldehyde solution for 15 min, and rinsed 3 times with PBS (10 mM,
pH 7.4) for 5 min each. Following this step, the cell nuclei were stained
with DAPI C1005 for 15 min in the dark. The cells were then washed three
times with PBS (10 mM, pH 7.4) for 5 min each. The fluorescence images
were taken by a Leica STELLARIS 5 confocal fluorescence microscope.

Immunofluorescence

The cells on the coverslips were washed 2 times in PBS, fixed with 4%
PFA for 15 min, rinsed 3 times with PBS (10 mM, pH 7.4) for 5 min each.
If itis necessary to observe changes of intracellular PD-L1, an additional
0.10% Triton X-100 is required to co-incubate with the cells at room
temperature for 15 min. Then, the cells were blocked with 3% BSA for
30 min before being incubated with the indicated primary and sec-
ondary antibodies at room temperature for 2 h and 1h, respectively.
Following this step, the cell nuclei were stained with DAPI C1005 for
15min in dark. The cells were then washed three times with PBS
(10 mM, pH 7.4) for 5 min each. The fluorescence images were taken by
a Leica STELLARIS 5 confocal fluorescence microscope.

Flow cytometry
The digested cell suspension was centrifuged at 2000 g for 3 min at
4 °C, then washed with cold PBS, centrifuged at 2000 g for 3 min at
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4 °C. And then, the cells were blocked with 1% BSA+ Fc Receptor
Blocker for 15 min before being incubated with the indicated primary
and secondary antibodies at 4 °C for 45 min, respectively, and finally
resuspended in cold PBS +1% BSA. Flow cytometry was performed on a
CytoFLEX cytometer (Beckman Coulter) using CytExpert software
(v2.3.1.22) for data acquisition. Gating was performed on single cells
and live cells before acquisition of 10,000 cells. Analysis was per-
formed using FlowJo software (v10.8.0).

Fluorescence analysis of the cellular distribution of CPPs in cells
A549 cells were incubated in a 24-well chambered coverglass slips
(Thermo Fisher Scientific) to approximately 40% to 50% confluence.
RhB-CPP1-4 were diluted with media to 1 M. Then the solution was
added into the well and the cells were cultured at 37 °C for 8 h. The
remaining steps were performed according to the fluorescent staining
method described above.

Extracellular protein uptake assay
A549 cells were incubated in a 24-well chambered coverglass slips
(Thermo Fisher Scientific) to approximately 40% to 50% confluence.
Biotin-CPP1-4 and NAP-650 protein (or NAP-FITC) were diluted to 1 uM
and 400 nM in medium, respectively. The mixture was incubated for
30 min to form CPP-tagged NAP-650 (or CPPs-tagged NAP-FITC). The
same procedure was used to incubate NAP-650 (or NAP-FITC) with
Biotin-Azide and NAP-650 alone. The resulting solution was added to the
well, and the cells were cultured at 37 °C for 20 h. When verifying the
effect of lysosomal proteolytic activity inhibitor (chloroquine, CQ; bafi-
lomycin Al, BAF) on protein uptake, the cells were co-incubated with
CPP-tagged NAP-650 and a solution of CQ (50 pM in medium) or BAF
(100 nM in medium) for 12 h. In addition, in order to study the endo-
cytosis pathway, the cells were pre-treated with 50 uM nystatin, 7-KC
(30 M), 10 pg/mL chlorpromazine (CPZ), or 10 pg/mL ethylisopropy-
lamiloride (EIPA) for 1 h before CPP-tagged NAP-650 was added, and the
cells were cultured at 37 °C for an additional 8h. A Trypan Blue
quenching assay was performed to eliminate proteins attached to cell
membranes. In this assay, following incubation with CPP-tagged NAP-
FITC, the cells were treated with 250 pg/mL Trypan Blue on ice for
1minute. The remaining steps were performed according to the fluor-
escent staining method, flow cytometry method, or SDS-PAGE gel
method described above. For analysis of the efficient uptake of NAP-650
mediated by Biotin-CPP1 in various cell lines, the cells were cultured with
the mixture of NAP-650 (100 nM) and Biotin-CPP1 (400 nM) at 37 °C for
6 h and were harvested for flow cytometry analysis as described above.
Co-localization of extracellular protein NAP-650 with the
lysosome marker (Lysotracker). A549 cells were incubated in a 24-
well chambered coverglass slip to approximately 40% to 50% con-
fluence. The resulting solution of CPP-tagged NAP-650 was added to
the well and cultured at 37 °C for 20 h. Then the sample-containing
medium was replaced by an equal volume of LysoTracker Green-
containing medium, and the cells were further incubated for 1h. The
remaining steps were performed according to the fluorescent staining
method described above.

Co-localization of extracellular protein with the early endosome
marker (Rab5)

HelLa or A549 cells were incubated in a 24-well chambered coverglass
slip to approximately 60% to 70% confluence. Rab5-RFP plasmid was
transfected into the cells with PEI transfection reagent. The cells were
cultured for 24 h to allow the expression of Rab5-RFP in the early
endosomes. Biotin-CPP and NAP-FITC protein were diluted to 1 uM and
400 nM in medium, respectively, and the mixture was incubated for
30min to form CPP-tagged NAP-FITC. The resulting solution was
added to the well, and the cells were cultured at 37 °C for 20 h. The
remaining steps were performed according to the fluorescent staining
method described above.

CRISPR knockout library screening and data analysis
Hela cells with a genome-wide CRISPR-Cas9 knockout library were a
gift from Yomebio Co. Ltd. The library (Scishare, SSLPO11) targeted
19,686 genes with 61,058 unique guide sequences (three sgRNAs/
gene). For efficient screening, two replicates of 1.8 x 10’ library-
infected Hela cells were incubated with the mixture of NAP-650
(100 nM) and Biotin-CPP1 (500 nM) for 20 h at 37 °C. Cells were har-
vested and washed three times with PBS containing 2% FBS at 4 °C, and
then sorted by FACS using SH800 Cell Sorter (SONY) to select the
bottom 5% of the fluorescence distribution in the NAP-650 channel.
Sorting was conducted until the whole cells had been processed, which
is roughly equivalent to a 300-fold coverage of the library. The col-
lected cells were pelleted and performed genomic DNA extraction. The
sgRNA-encoding regions were amplified using One-step CRISPR NGS
Library Construction Kit (Yomebio, PK201) according to manu-
facturer’s specifications. The PCR products were sequenced on an
lllumina NovaSeq Plus and were analyzed using MaGeCK-VISPR. The
enrichment genes in the sorted population were ranked by a positive
selection corresponding to the —log (PosScore). The analysis of GO
enrichment was performed using MAGeCK-Flute according to
-log (FDR).

For further verification, HeLa cells were pre-treated with PEI-B1I0K
(10, 50,100 nM) or Heparin-Na (0.4, 2, 10, 50 ng/mL) for 30 min before
the mixture of NAP-650 (100 nM) and Biotin-CPP (500 nM) was added.
Cells were cultured at 37 °C for an additional 20 h and were harvested
for flow cytometry analysis as described above.

Fluorescence analysis of Endosome escape

Hela cells were incubated in a 35 mm glass-bottomed microwell dish
(Thermo Fisher Scientific) to approximately 50% to 60% confluence.
NF-Cyclic CPP (NF-Cyclic CPP was used as a positive control), NF-CPP1/
CPP2, Biotin-CPP1/CPP2, and NAP-NF protein were diluted to 5uM,
5uM, 4 uM and 1 M in medium, respectively. The mixture of Biotin-
CPP1/CPP2 and NAP-NF protein was incubated for 30 min to form
CPP1/CPP2-tagged NAP-NF. The resulting solution was added to the
well, and the cells were cultured at 37 °C for 4 h. The cells were washed
2 times with PBS, the cell nuclei were stained with Hoechst for 5 min in
the dark. The cells were then washed with PBS (10 mM, pH 7.4). The
fluorescence images were taken by a live cell imaging confocal
microscope (Leica STELLARIS 5 confocal fluorescence microscope).

Fluorescence analysis of membrane damage

Hela-PD-L1-bla GFP-Gal9 cells were incubated in a 24-well chambered
coverglass slips to approximately 50% to 60% confluence. CPP1, CPP2,
BMS-CPP1, BMS-CPP2, and LLOMe (LLOMe was used as a positive
control) were diluted to 100 nM, 100 nM, 100 nM, 100 nM, and 1 mM in
medium, respectively. The resulting solutions of CPP1, CPP2, BMS-
CPP1, and BMS-CPP2 were added to the wells, and the cells were cul-
tured at 37 °C for 4 h. In the positive control group, LLOMe was incu-
bated with the cells at 37 °C for 1h. The remaining steps were
performed according to the fluorescent staining method
described above.

Immunofluorescence analysis of membrane protein PD-L1

Hela cells stably expressing PD-L1 (HeLa-HA-PD-L1 cells) were incu-
bated in a 24-well chambered coverglass slip to approximately 40% to
50% confluence. BMS-8, CPP1, BMS-CPP1 and a combination of BMS-8
and CPP1 were diluted with media to 25nM. Then the solution was
added into the well and the cells were cultured at 37 °C for 8 h. The
remaining steps were performed according to the immuno-
fluorescence method described above.

The uptake analysis of RhB-BMS-CPP1
HeLa and HelLa-HA-PD-L1 cells were incubated in a 24-well chambered
coverglass slip to approximately 40% to 50% confluence. RhB-BMS-
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CPP1 was diluted with media to 5nM, 25nM, and 100 nM. Then the
solution was added into the well and the cells were cultured at 37 °C for
5h. The remaining steps were performed according to the immuno-
fluorescence method described above.

Western blotting analysis of the PD-L1/CAIX/CB,R levels
MDA-MB-231, HT-29, BV2, 4T1, or Hela cells stably expressing PD-L1
were cultured in twelve-well cell plates (JET BIOFIL) to a density of
70-80%. To determine the optimal concentration, BMS-CPP/BMS-
RGD/PD-LYSO/Sul-CPP/HU-CPP was diluted to the indicated con-
centration with DMEM, and co-incubated with the cells for 8 h. For
various time intervals, BMS-CPP/Sul-CPP/HU-CPP was diluted to their
respective optimal concentrations and introduced to the cells at dif-
ferent time points. In addition, BMS-8, as the control, was treated with
the same procedure as above. In order to examine the impact of BMS-
CPP1on PD-L1 degradation in diverse cell types, BMS-8, CPP1, and BMS-
CPP1 were diluted to a concentration of 25 nM and incubated with the
cells for 8 h. For evaluating BMS-L2-CPP1 and BMS-L3-CPP1 with dif-
ferent linker lengths, they were diluted to 0.04, 0.2, 1, 5, 25, 50, 100,
and 250 nM with DMEM, and incubated with the cells for 8 h. When
verifying the degradation pathway, bafilomycin Al (100 nM) was co-
incubated with the cells 2 h before BMS-CPP was added, and the cells
were cultured at 37 °C for an additional 8 h. In another well, MG132
(5 uM) was added along with BMS-CPP, and the cells were cultured at
37 °C for 8 h. In addition, in order to study the endocytosis pathway,
nystatin (50 pM), 7-KC (30 uM), chlorpromazine (CPZ, 10 pg/mL), or
ethylisopropyl-amiloride (EIPA, 10 pg/mL) was co-incubated with the
cells for 1 h before BMS-CPP was added, and the cells were cultured at
37 °C for an additional 8 h. Then the cells were washed with cold PBS,
followed by the addition of SDS lysis buffer (Beyotime, 50-100 pL)
containing the protease inhibitor cocktail (1 mM). After centrifugation
at 14,000 g for 4 min, the protein samples were boiled for 20 min and
then boiled with SDS-PAGE sample loading buffer (5x) for 10 min. The
protein samples were separated by 10% sodium dodecyl sulfate poly-
acrylamide gel (SDS-PAGE gel) for electrophoresis and transferred to a
0.45 pm polyvinylidene fluoride (PVDF) membrane (Millipore). Then,
the membranes were blocked with 5% non-fat powdered milk in PBST
buffer (PBS +0.1% Tween-20) for 2 h at room temperature with slight
shaking. The membranes were respectively incubated overnight with
primary antibodies [PD-L1 antibody, Cell Signaling Technology (CST),
rabbit, 1:1000; PD-L1 antibody, Proteintech, mouse, 1:5000; CA9 anti-
body, Cell Signaling Technology (CST), rabbit, 1:1000; CB,R antibody,
Abcam, rabbit, 1:200; GAPDH antibody, Proteintech, mouse, 1:10000)
at 4 °C with slightly shaking. Then, the membranes were washed 3
times (each for 5min) with PBST buffer. The membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated anti-rabbit 1gG
antibodies (Proteintech, 1:10000 dilution) and anti-mouse IgG anti-
bodies (CST, 1:5000 dilution) for 1 h at room temperature. At last, the
membranes were washed 3 times (each for 5-7 min) with PBST buffer,
and the western blot bands were detected by using an electro-
chemiluminescence (ECL) western blotting substrate (Yeasen Bio-
technology, CAT: 36208ES60).

Tumor xenograft mouse models

B16F10 cells (5 x 10°) were suspended in 100 pL PBS and injected
subcutaneously into the right flank of 6-week-old sterile female C57BL/
6) mice (five mice/group, Guangdong Yaokang Biotechnology Co.,
Ltd). After the tumor size reached 30 mm?>-50 mm?®, the animals were
randomly divided into four groups (for each group, n=>5). BMS-8
(2 mg/kg), CPP1 (4 mg/kg), the mixture of BMS-8 (1 mg/kg) and CPP1
(2 mg/kg), and BMS-CPP1 (10 mg/kg) dissolved with 1% DMSO/PBS
(100 pL) were injected intravenously every two days for six con-
secutive times. An equal volume of 1% DMSO/PBS was used in the
vehicle group. Tumor size and mouse weight were measured before
each injection. The tumor volume was calculated as follows: tumor

volume = length x width x 1/2width. At Day 16 (16 days after injection of
B16F10 cells), the mean tumor volume remained under 1500 mm3.
Notably, only two tumors exceeded this threshold, reaching approxi-
mately 1700 mm?3, while all other tumors measured below 1500 mm?3,
allowing the continuation of the treatment. At Day 18, we noticed that
some tumors had exceeded 2000 mm?3. In accordance with the IACUC
guidelines at SIAT, a mouse is deemed to have reached the endpoint
and should be euthanized to alleviate suffering when the tumor
volume surpasses 2000 mm?3. Additionally, these guidelines stipulate
that subcutaneous flank tumors in mice should not exceed a volume
range of 2000-3000 mm?3, Consequently, we immediately terminated
the animal experiment, collected the tumor samples, and proceeded
with weighing and further analysis.

In another experiment, BI6F10 cells (2 x 10°) were suspended in
100 pL PBS and injected subcutaneously into the right flank of 6-week-
old sterile female C57BL/6 ] mice (five mice/group, Guangdong Yao-
kang Biotechnology Co., Ltd). After the tumor size reached 30 mm?*-50
mm?® (L x W x 1/2W), the animals were randomly divided into three
groups (for each group, n=5). BMS-8 (2 mg/kg) and BMS-CPP1 (5 mg/
kg) dissolved with 1% DMSO/PBS (100 pL) were peritumorally injected
once daily for two consecutive days. An equal volume of 1% DMSO/PBS
was used in the vehicle group. The mice were sacrificed after two doses
and tumor samples were collected and further analyzed. All the tumor
volumes did not exceed 2000 mm?® during the course of this
experiment.

Tumor tissue protein extraction

The tumor tissue was placed in 300 uL RIPA lysis buffer (Beyotime)
containing protease inhibitor and phosphatase inhibitors, and 3-5
grinding beads were added. Then the tissue was fully ground with a
grinder, and the protein was subsequently lysed by rotating at 4 °C for
30 min, centrifuged at 14,000 g for 10 min, and the supernatant was
obtained. Then the protein concentration was determined with the
BCA kit (Beyotime), and the protein samples were boiled for 10 min
after adding SDS-PAGE sample loading buffer (5x).

Immunohistochemistry of the tumor tissues

The collected melanoma tumors were fixed in 4% paraformaldehyde
for 24 h at 4 °C and then embedded in paraffin. Serial sections (4 pm)
were prepared for immunohistochemistry (IHC). The paraffin sections
were dewaxed in water, placed in xylene for 10 min, twice, then placed
in ethanol (100%, 100%, 90%, 80%, 70%, 50%) for 5 min. Then antigen
repair was performed, and citric acid repair solution was added and the
sections were heated at 95-100 °C for 20 min. After returning to room
temperature, the tissue is circled with an immunohistochemical pen to
avoid solvent dispersion. Then 3% H,0, was added to inactivate
endogenous peroxidase, and the sections were incubated at room
temperature for 30 min. The sections were blocked with 5% BSA for
1.5h. The PD-L1 antibody (Proteintech) was diluted with the primary
antibody dilution buffer at 1:2500 and the sections were incubated
with the diluted PD-L1 antibody buffer at 4 °C overnight. After washing
with PBS for 3 times, the sections were incubated with biotin-
conjugated secondary antibody for 30 min, followed by reaction
with DAB working solution for color rendering. After color develop-
ment, the slides were immediately washed with H,O and counter-
stained with hematoxylin for 20 s, then they were immediately washed
with 1% hydrochloric acid-alcohol and distilled water in turn, and then
soaked with 1% ammonia water for 5min, and washed with distilled
water. After dehydration by using an ethanol series and xylene, the
immunostained tumor sections were examined by light microscopy,
and images were photographed with a microscope camera (Olympus).

Ex vivo fluorescence imaging
B16F10 tumor-bearing C57BL/6 ] mice were intravenously injected with
Cy5.5-CPP1 (4 mg/kg) and Cy5.5-BMS-CPP1 (5 mg/kg). After 6 h, the
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organs (heart, liver, spleen, lung, and kidney) and tumors were har-
vested to photograph. The fluorescence images were acquired using
the IVIS Lumina system and analyzed by Living Image software.

Cell survival experiment (CCK8)

MDA-MB-231 cells were inoculated in 96-well plates with approxi-
mately 50% to 60% cell density. Sul-acid, CPP1, Sul-CPP1, SLC-0111 and
CoCl, solutions were diluted to 25nM, 25nM, 25nM, 25nM and
100 uM with DMEM, respectively. The resulting DMEM medium was
added into the cell plates, and incubated at 37 °C for 24 h, 48 h, and
72h. Then the medium was sucked out, and the pre-configured
CCKS solution (10 uL CCK8 solution per 100 uL DMEM) was added to
the 96-well plates (100 uL per well). After incubation at 37 °C for
10-30 min, the OD value was determined with a microplate reader at a
wavelength of 450 nm. The determination could be finished when until
OD value of the control group was between 1 and 1.2; otherwise, the
incubation was continued at 37 °C.

Statistics and reproducibility

Blots in Figs. 3a, b, 3e, 5b, c, 51, S3b-d and S4m-o are representative of
three independent experiments with similar results. Blots in Fig. 3c, d,
3h-1, 5d-g, 5m, n, 6a-d, Sle, and S4p are representative of two inde-
pendent experiments with similar results. Representative images
shown in Figs. 1c-e, 1g-i, 3f, g, 4j, Slb, c, Slh, S2c, S2f, S2h, S3e, f, and
S5h were derived from at least three independent experiments with
similar results. GraphPad Prism 8.0 was used to perform statistical
analysis. The data represent the mean + SD or SEM values of samples
obtained from three independent experiments. We performed com-
parisons between groups using an unpaired two-tailed Student’s ¢-test
or a two-way ANOVA, as specified in the figure legends. P values are
indicated in the figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw sequencing data supporting this study have been deposited in
the NCBI Sequence Read Archive (SRA) under BioProject accession
PRJNA1290636. The dataset spans SRA accessions SRR34512190-
SRR34512193. Source data are provided with this paper.
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