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Biosynthesis of Multifunctional Transformable Peptides for 
Downregulation of PD-L1
Yufei Di,a,b Zhiwen Yang,a,b Gang Song,a,b Qi Shen,a Haotian Bai,a Yiming Huang,a Fengting Lv, *a and 
Shu Wang*a,b 

Here, we present a biosynthesized material M1 for immune 
checkpoint blocking therapy. M1 could realize morphological 
transformation from globular to fibrous in situ in the presence of 
Cathepsin B (CtsB) after entering tumor cells. The GO203 peptides 
of M1 are exposed, which could bind to mucin 1 (MUC1) to suppress 
the homodimerization process of MUC1, thereby downregulating 
PD-L1 expression. 

In recent years, significant advancements have been made in 
the field of cancer immunotherapy, which enabled it a 
prominent treatment modality alongside surgery, 
chemotherapy, and radiotherapy.1,2 In contrast to traditional 
cancer treatments, immunotherapy does not directly target 
tumor cells, but instead activates the body's immune system to 
recognize and fight tumor cells.3,4 Chimeric antigen receptor T-
cell immunotherapy (CAR-T)5-7 and immune checkpoint blocking 
(ICB)8-11 have achieved outstanding clinical efficacy, providing a 
new treatment modality for many types of cancer by 
reactivating T cells to exert its anti-tumor efficacy. It is the most 
common ICB therapies that blocking the programmed cell death 
1 (PD1)/PD1 ligand 1 (PD-L1) pathway12-16 by antibodies, 
peptides, small molecule drugs, and DNA.17,18 Nevertheless, the 
clinical response of the ICB inhibitors is only 10-30%,19 
accompanying severe side effects, which owing to non-
targeting and unresponsiveness of the inhibitors. Therefore, it 
is of great significance to explore and develop cancer 
immunotherapy with high efficiency and low side effects.20,21

Researchers dedicated to the study of downregulating the 
expression of PD-L1 in cancer cells, strengthening the effect of 
antitumor immunity.22 Peptides, small interfering RNAs (siRNA), 

and small molecule inhibitors could down-regulate PD-L1 
expression levels to block the activation of the PD1/PD-L1 
pathway,23-25 which could reactivate T cells to exert its anti-
tumor efficacy, inhibiting tumor proliferation. For instance, 
GO203 peptide could target mucin 1 (MUC1) in multiple tumor 
models, suppressing PD-L1 expression levels.26,27 However, the 
current strategy was only able to maintain a single sequence, 
which was non-responsive and could not work specifically in the 
tumor area.28,29 Very recently, we reported a biosynthetic 
peptide-based material (P1) induced tumor cell apoptosis in 
vivo by decaging the functional peptide moities with the 
mophology transformation of this material.30 Here, we 
introduced functional peptide (GO203) to construct peptide-
based material M1 by replacing BAK moiety of P1, inspired by 
the morphology transformation of nanoparticles in situ.31-34 This 
enzyme catalytic transformable recombinant protein M1 (H6-
T22-GFP-GO203-KLVFF-RGD) integrated multiple functions, 
which consisted of targeting motif (T22 and RGD),35,36 imaging 
segment (GFP), tailoring motif (GFLG), functional region 
(GO203), β-sheet peptide KLVFF and delivery segment (RGD). 
M1 possesses the ability of morphological transformation from 
globular to fibrous in situ for downregulating the expression of 
PD-L1 (Figure 1). Meanwhile, the control peptide M2 without 
enzyme-cleavable site GFLG was biosynthesized with identical 
method. Peptide M3, the enzyme digestion product of M1, was 
prepared by standard solid-phase peptide synthesis. Due to the 
amphiphilic characteristics, M1 was able to self-assemble into 
nanoparticles. The presence of the CtsB enzyme cleavage site 
and intermolecular hydrogen bonding allow the structure of 
nanoparticles transform into nanofibers within the cell, thus 
releasing GO203 peptide which could bind to MUC1 with an 
active CQC site to inhibit the homodimerization process of 
MUC1.37,38 M1 could down-regulate PD-L1 expression in tumor 
cells thereby activating anti-tumor immunity. Compared to 
other strategies, the biosynthesized peptide-based material has 
not only good biocompatibility, but also tumor-target 
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Fig. 1 Schematic illustration of the modular design, expression, 
and self-assembly behavior of the recombinant protein M1. 
Morphology transformation of M1 by CtsB enzyme catalysis to 
form nanofibrous structures for downregulating intracellular PD-
L1 level.

morphology transformation capability to downregulate the PD-
L1 expression.

The recombinant protein His-T22-GFP-GO203-KLVFF-RGD was 
successfully produced in Escherichia coli Trans B (DE3), purified 
by Ni-NTA affinity chromatography to purify the 6× His-tagged 
protein products and detected as a single protein species with 
the expected molecular mass of 37.97 kDa (Figure S2a). The 
purified peptide M1 exhibited the characteristic fluorescence of 
GFP with an emission maximum at 520 nm, as depicted in Figure 
S1. The successful expression of M1 by bacteria was verified. 
Meanwhile, the SDS-PAGE assessment of the control peptide 
M2 were performed and shown in Figure S2b. The molecular 
transformation of M1 incubated with CtsB was investigated 
with high-performance liquid chromatography mass 
spectrometry (LC-MS). A new peak corresponding to M3 in LC-
MS as illustrated in Figure S3 verified that M1 was cleaved by 
CtsB at the designed digestion site GFLG. Then the enzyme 
catalytic transformation behavior of M1 assemblies was 
examined by transmission electron microscopy (TEM) and 
circular dichroism (CD). TEM of the purified extracts revealed 
that the spherical formation of M1 was about 60 nm in diameter 
(Figure 2c), which was in accordance with the dynamic light 
scattering (DLS) result of 61.3 ± 9.2 nm (Figure 2a). There was 
no spherical to fibrous morphology change of M1 observed 
after treated with CtsB for 5 h (Figure S4). While obvious 
nanofibers were observed with the incubation time up to 10 h, 
which proved that the morphology of M1 could transform from 
nanoparticles to nanofibers. On the contrary, the control 
peptide-based material M2 without CtsB cleavable sites kept 
spherical morphology even after the treatment of CtsB for 10 h, 
which were shown in Figure S5. The morphology change of M1 
was further confirmed by dynamic light scattering 

measurement, as presented in Figure 2a, an obvious positive 
shift of the particle size of M1 was observed upon the addition 
of CtsB for 10 h. To investigate the chemical driving force of 
nanofibers formation, the secondary structure was explored by 
circular dichroism. After incubation with CtsB for 10 h, the M1 
assemblies showed a positive CD signal at 195 nm and negative 
signals at 220 nm, which confirm the typical β-sheet fibrous 
structure.39 In contrast, the M1 showed a positive band around 
195 nm in the absence of CtsB and exhibited a predominant 
random structure (Figures 2b). Further, to demonstrate that 
GO230 could form complex with MUC1 in cells, MUC1 and 
GO230 were customized and cocultured. The sulfur crosslinking 
product of them could be tested by HRMS (Figure S6), proving 
the successful forming of GO203-MUC1 fragment complex, 
which effectively prevents the dimerization of MUC1.

Before investigating the morphological transformation of M1 in 
living cells, internalization behaviour and biosafety of this 
peptide were firstly evaluated. For A375 cells treated with 1 
mg/mL M1, their fluorescence enhanced with increasing the 
incubation time and reached the plateau at 12 h, then 
maintained the intensity until 24 h, as shown in Figure S7. It was 
suggested efficient cellular uptake of M1 by the cells, which may 
be ascribed to its superior hydrophilicity. To evaluate the 
biosafety of M1, A375 cells were incubated with different 
concentration of M1. As illustrated in Figure 3a, the cells 
showed high survival rates at concentrations up to 1 mg/mL, 
which verified its superior biocompatible. Given that CtsB are 
mainly distributed in lysosomes,40 efficient CtsB-catalytic 
transformation requires lysosomal cellular endocytosis.

Fig. 2 (a) Hydrodynamic diameter of M1 treated with and without 
CtsB. (b) CD spectra of M1, and M1 treated with CtsB, as well as M3. 
(c) representative TEM images of M1 and M1 in the presence of CtsB 
(1.0 μg mL−1, acetate buffer, 0.01 M, pH 5.0) for 10 h, respectively. 
Scale bars, 200 nm.
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Fig. 3 (a) CLSM images of A375 cells treated with M1 for 24 h. (b) Cell viability of A375 cells incubated with various concentrations of M1 for 
48 h. (c) Bio-TEM images of the ultrathin cell sections of M1. The red arrows indicated the nanofibers.

To probe the location of M1 in cells, fluorescent co-localization 
of M1 and lysotracker was performed. As expected, M1 with 
intensive green fluorescence from GFP shared obvious 
overlapped fluorescence with lysotracker which was labelled 
with red fluorescence (Figure 3b). These results demonstrated 
the efficient cellular endocytosis ability and lysosomal location 
of M1, which satisfy the requirement for CtsB-catalyzed 
transformation.

 
Fig. 4 (a) Western blotting analyses of the expression of PD-L1 in 
A375 cells under different treatments. (b) Cell viability of A375 cells 
with Jurkat T cells. Note that the A375 cells were pretreated with 
PBS, the single-sequence GO203, M2 and M1, respectively.

Bio-TEM was employed to study the intracellular morphology 
transformation of M1. After M1 entering A375 cells, the fibrous 
structures were observed by TEM, as presented in Figure 3c, 
while there was no similar structure found for M2-treated cells 
or PBS-treated cells (Figure S8). The introduction of the enzyme 
cleavable peptide GFLG was critical for intracellular 
transformation of M1 to fibrous structures, which was 
consistent with the phenomenon in solution. As shown in Figure 
4a, both M1 and M2 could reduce the PD-L1 expression level of 
A375 cells, and M1 displayed a greater degree than M2, 
indicating that more GO203 moieties were exposed in the 
presence of CtsB enzyme to bind MUC1, therefore, leading to 
better suppressing PD-L1 expression levels (Figure S9). The 
cellular immunity could recognize and lyse tumor cells, and the 
PD-1/PD-L1 interaction has been reported to affect T cell 
functions.41 We tested our designed peptide M1 for cellular 
immunity with Jurkat T cells. A375 cells were pretreated with 
PBS, the single-sequence GO203, M2 and M1 to influence the 
expression of PD-L1, and subsequently, these A375 cells were 
cocultured with Jurkat T cells. As illustrated in Figure 4b, Jurkat 
T cells killed A375 cells more effectively treated by M1 than that 
treated by M2 or PBS, which suggested that the designed 
peptide M1 could downregulate the expression of PD-L1, 
inducing effective cellular immunity. Moreover, the 
immunotherapeutic effect of self-assembled GO203 is better 
than that of single-sequence.

In summary, we have established a biosynthesized protein-
based material (M1) with intracellular morphology 
transformation ability that can effectively downregulate the PD- 
L1 expression of cancer cells. These findings identify that self-
assembly peptide-based materials with morphology 
transformation ability contribute better immunotherapeutic 
performance than single sequence and nanostructure of GO203, 
which reduce to some extent the off-target and side effects 
confronting for clinical immunotherapy. It is believed that 

b

a

Page 3 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
se

pt
ie

m
br

e 
20

24
. D

ow
nl

oa
de

d 
on

 7
/9

/2
02

4 
01

:2
2:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4CC03146F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc03146f


COMMUNICATION ChemComm

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

better therapeutic performance and advance more specific 
biochemical applications will be presented with further 
functionalization and integration with other therapeutic 
modalities.
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Data Availability Statement

The authors confirm that the data supporting the findings of this 

study are available within the article and its supplementary materials.
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