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ABSTRACT: γδ T cells possess significant anti-tumor potential; however,
the expression of immune checkpoint molecules on tumor cells often leads to
functional exhaustion of these T cells, resulting in variable outcomes in
clinical trials. Targeting these immune checkpoints may alleviate the
inhibitory effects of the tumor microenvironment on γδ T cell functionality.
In this study, we developed a PD-L1-targeting peptide conjugated with
maleimide, facilitating self-assembly on the surface of γδ T cells to form
fibrous structures via Michael addition reactions with thiol groups on the cell
membrane. Our findings demonstrate that this peptide effectively binds and
self-assembles without impairing the proliferation or effector functions of γδ
T cells. Notably, peptide-modified γδ T cells exhibited enhanced cytotoxic
activity against tumor cells in vitro and significantly inhibited tumor growth
in vivo. Furthermore, these modified γδ T cells promoted the infiltration of
CD8+ T cells and M1 macrophages into the tumor microenvironment. These results indicate that peptide-modified γδ T cells not
only inhibit tumor progression but also mitigate the suppressive effects of the tumor microenvironment, thereby enhancing the
synergistic anti-tumor responses of other immune cells. This research presents a straightforward and effective strategy for improving
the immunosuppressive tumor microenvironment and augmenting the anti-tumor efficacy of γδ T cells.
KEYWORDS: Self-assembly, Peptide, Tumor microenvironment, Nanofiber, γδ T cells

■ INTRODUCTION
γδT cells represent a unique subset of lymphocytes,1 comprising
approximately 1% to 10% of CD3+ T cells in peripheral blood.2

Although they are present in low abundance, they demonstrate
significant anti-tumor efficacy in cancer immunotherapy. Firstly,
γδ T cells are not constrained by major histocompatibility
complex (MHC) molecules and do not require specific antigen
presentation for activation.3 They possess the capability to
directly identify tumor cells via cell surface receptors,
subsequently initiating cytotoxic responses.4 This unique
recognition mechanism imparts γδ T cells with extensive anti-
tumor potential. Secondly, γδT cells have the capacity to secrete
a range of cytokines, including interferon-gamma (IFN-γ),5
tumor necrosis factor-alpha (TNF-α),6 and granulocyte-macro-
phage colony stimulating factor (GM-CSF),6 among others.
These cytokines play a crucial role in activating and augmenting
the anti-tumor responses of other immune cells, such as natural
killer (NK) cells,7 CD8+ T cells,8 and macrophages.8

Furthermore, γδ T cells exhibit memory-like characteristics9

and long-term anti-tumor immune functions. Through their
interactions with tumor cells, these cells can facilitate the
generation of immune memory cells and sustain enduring anti-
tumor immune responses. These attributes render γδ T cells
essential effector cells in immunotherapy, presenting novel

therapeutic opportunities for cancer patients. Despite compre-
hensive research demonstrating the potent anti-tumor effects of
γδ T cells, patient responses to γδ T cell therapy in clinical
settings display considerable heterogeneity.10 This heteroge-
neity is partly attributable to the elevated expression of immune
checkpoints within the tumormicroenvironment.11 Upon ligand
binding, these checkpoints inhibit the immune response of γδ T
cells, resulting in their functional exhaustion.12−14 Therefore, it
is imperative to devise the strategies to mitigate the influence of
the tumor microenvironment on the functionality of γδ T cells,
with the objective of enhancing the effectiveness of immuno-
therapy.
Immune checkpoint molecules within the tumor micro-

environment, including PD-L1, CD24, and galectin 9, represent
critical elements in tumor progression.15 These checkpoints are
markedly expressed on tumor cells and function to suppress the
proliferation and activation of immune cells through interactions
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with receptors on the immune cell surface.16,17 Consequently,
tumors are able to circumvent immune surveillance, thereby
facilitating their growth and progression. Immune checkpoint
therapy represents a novel anti-tumor approach that reinstates
the capacity of immune cells to target tumors by inhibiting
specific immune checkpoint molecules.18 As of now, the United
States Food andDrug Administration (FDA) has sanctioned the
use of over 50 immune checkpoint antibodies for the treatment
of various cancers.19,20 Nonetheless, immune checkpoint
antibody therapy continues to face several challenges, such as
limited bioavailability, physiological barrier constraints, the
development of drug resistance, and immune-related adverse
effects.21 Consequently, a small-molecule peptide that is readily
synthesizable, exhibits high permeability, possesses low
immunogenicity, and lacks Fc receptor-associated toxicity may
represent the optimal alternative strategy for targeting immune
checkpoint proteins (ICPs) to activate the immune system in
the battle against cancer.22 In prior researches, a variety of PD-
L1-specific peptides were identified through phage display
technology. These peptides demonstrated the ability to restore
T cell activity and function when co-cultured with tumor cells in
vitro, as well as effectively inhibit tumor growth in vivo.23

Furthermore, peptides targeting emerging immune checkpoint

proteins�including T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3),24 lymphocyte activation gene 3
(LAG-3),25 and T cell immunoreceptor with Ig and ITIM
domains (TIGIT)26�were also identified. These peptides
augment T cell activity and demonstrate significant efficacy in
inhibiting tumor growth in vivo. Due to the inherently short half-
life of peptides in vivo and their susceptibility to protease-
mediated degradation, conjugating them to a carrier molecule
can significantly enhance their stability and bioavailability.27

This approach not only extends their half-life but also augments
their therapeutic efficacy.
In this study, we employed an approach that involved

targeting tumor immune checkpoint molecules with peptides,
enhancing the ability of γδ T cells to overcome the inhibitory
effects of the tumor microenvironment, and improving their
anti-tumor efficacy. Specifically, we utilized a PD-L1-specific
binding peptide that conjugated to the γδ T cell surface through
a Michael addition reaction between the maleimide on the
peptide and the sulfhydryl groups present on the cell surface.
The peptide was organized on the γδ T cell surface through
hydrophobic interactions and π-π stacking, leading to the
formation of nanofibers. Our in vitro investigations demon-
strated that peptide assembly and modification did not influence

Figure 1. Schematic diagram of peptide-modified γδ T cells targeting tumor PD-L1 to enhance anti-tumor efficacy. PD-L1-binding peptide-modified
γδ T cells specifically target tumor cells, reduce the suppressive influence of the tumor microenvironment, and enhance the infiltration of γδ T cells,
CD8+ T cells, and M1 macrophages, thereby augmenting the synergistic anti-tumor efficacy of these immune cells.
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the proliferation or effector functions of γδ T cells. Importantly,
γδ T cells modified with peptides exhibited enhanced cytotoxic
effects against tumor cells. Simultaneously, the integration of the
self-assembled moiety into the alternative peptide contributed
to the stabilization of a β-sheet structure, promoting aggregation
into various spatial configurations, multivalent interactions, and
increased affinity. This modification enhanced the specificity
and binding affinity for tumor cells. As expected, γδ T cells
modified with self-assembling peptides further retarded tumor
growth and reduced the suppressive impact of the tumor
microenvironment on CD8+ T cells and M1 macrophages in
vivo. This modification promoted their infiltration into the
tumor and facilitated a synergistic anti-tumor response (Figure
1). This work presents an innovative approach for non-genetic
editing through straightforward and efficient peptide modifica-
tion of γδ T cells, aimed at augmenting anti-tumor responses,
which holds significant promise for the clinical application of γδ
T cells in the future.

■ MATERIALS AND METHODS
Materials. 6- to 8-week-old C57BL/6J female mice were

purchased from the Laboratory Animal Resources Center at
Westlake University. TCR δ−/−mice were provided by Prof. Yan
Xu (Jinan University, Guangzhou). Fmoc-amino acids were
obtained from Shanghai Gil Biochemical Co., Ltd. The following
reagents were purchased from BD Biosciences (USA): CFSE,
PE rat anti-mouse CD8a, purified rat anti-mouse CD16/CD32,
BD Cytofix/Cytoperm fixation/permeabilization, and BD
Pharmingen Leukocyte Activation Cocktail. The LIVE/DEAD
Fixable Blue Dead Cell Stain Kit was acquired from Invitrogen.
Antibodies including PerCP/Cyanine5.5 anti-mouse CD3,
FITC anti-mouse CD4, Brilliant Violet 421 anti-mouse TCR
γ/δ, Brilliant Violet 650 anti-mouse CD45, Alexa Fluor® 700
anti-mouse CD107a (LAMP-1), Brilliant Violet 605 anti-mouse
IFN-γ, Brilliant Violet 510 anti-mouse TNF-α, PE/Cyanine7
anti-human/mouse Granzyme B, Ultra-LEAF Purified anti-
mouse CD28 and PE-conjugated anti-mouse TCR γδ antibody
were sourced from BioLegend (San Diego, USA). InVivoMAb
anti-mouse Vγ2 TCR was obtained from BioXCell (USA).
Gibco RPMI-1640, Gibco DMEM, Oregon Green 488-
conjugated malemide, Hoechst 33342 and CellMask Deep
Red plasma membrane stains were acquired from Thermo
Fisher (USA), while recombinant murine IL-2 was purchased
fromPeprotech (Hamburg, Germany). Red blood cell lysate was
obtained from Biyuntian Company, and propidium iodide (PI)
was sourced from Absin Co. (Shanghai, China). EasySep Ms PE
Positive Selection Kit II was purchased from Stemcell (Canada).

Synthesis of Peptides. All peptides were synthesized using
solid-phase peptide synthesis. Their purity was determined by
analytical HPLC and verified by mass spectrometry in positive
mode.

TEM Characterizations. TEM images were obtained using
a FEI T12 microscope operated at an accelerating voltage of 120
kV. Standard TEM samples were prepared by dropping diluted
products onto carbon-coated copper grids.

Isolation of Murine Splenocytes and Culture of γδ T
Cells. To prepare γδ T antibody-coated 48-well plates,
InVivoMAb anti-mouse Vγ2 TCR was incorporated into
serum-free RPMI 1640 medium at a concentration of 10 μg/
mL and thoroughly mixed. Subsequently, 100 μL of the
prepared medium was dispensed into each well of a 48-well
plate and incubated at 37°C for 4 h. Spleens from female
C57BL/6mice aged 6 to 8 weeks were homogenized and filtered

through a 70-μm cell strainer. Erythrocytes were eliminated
using a red blood cell lysis buffer, followed by two washes with
PBS. The resulting cell pellet was resuspended in RPMI 1640
complete medium, adjusting the cell suspension to a
concentration of 2 × 106 cells/mL.
The cell suspension was supplemented with recombinant

mouse interleukin-2 (IL-2) at a concentration of 2 ng/mL and
purified anti-mouse CD28 at 1 μg/mL. The medium from the
48-well plate was aspirated, and 500 μL of cell suspension was
added to each well. The plate was incubated at 37°C, with the
medium replaced every 2 days. On the sixth day, experiments
utilizing magnetic bead cell sorting were performed to enrich γδ
T cells. Initially, cells were harvested and resuspended in a
sorting buffer at a concentration of 2 × 108 cells/mL. Then, they
were incubated with anti-mouse CD16/CD32 (Fc block) for 10
min at room temperature, shielded from light. Subsequently, a
PE-conjugated anti-mouse TCR γδ antibody was introduced
and incubated at room temperature for 15 min under light-
protected conditions. The cells were washed once with PBS and
then resuspended in 1 mL of sorting buffer. 100 μL selection
cocktail from EasySepMs PE Positive Selection Kit II was added
to the cell suspension and thoroughly mixed, followed by
incubation at room temperature for 15 min. Subsequently,
magnetic beads were introduced to the cell suspension after
vortexing for 30 seconds. Following a 10min incubation at room
temperature, sorting buffer was added to reach a final volume of
2.5 mL. The tubes were then placed on a magnetic stand for 5
min. Unbound cells were gently aspirated. Finally, the bound
cells were washed three times with sorting buffer to obtain
purified γδ T cells.

Peptide Modification of γδ T Cells. The peptide was
initially dissolved in water, and the solution’s pH was adjusted to
6.5. γδ T cells were harvested and washed twice with PBS before
resuspension at a concentration of 1 x 106 cells/mL. The peptide
was then added to the cell suspension to achieve a final
concentration of 50 μM and allowed to react at room
temperature for 30 min. After incubation, the cells were washed
once with PBS, and further experiments were conducted.

Culture of MC38 Cell.MC38 cells were cultured in DMEM
medium supplemented with 10% heat-inactivated fetal bovine
serum and 100 U/mL penicillin-streptomycin.

Confocal Imaging. Following a 30min incubation of FITC-
peptide with γδ T cells at room temperature in PBS, the cells
were further incubated for an additional 24 h. After harvesting,
the cells were washed once with PBS. The nuclei were
counterstained using Hoechst 33342, and the cell membranes
were labeled with CellMask Deep Red plasma membrane stains
for 10 min. The cells underwent two additional washes with PBS
before being placed onto glass slides. Mounting medium was
applied, and coverslips were positioned over the samples.
Confocal imaging was conducted using a Zeiss 980 microscope.

Scanning Electron Microscopy (SEM). For SEM sample
preparation, the peptide was added to the γδT cell suspension at
a final concentration of 50 μM and incubated at room
temperature for 30 min. The cells were then washed once
with PBS. SEM samples were prepared according to standard
protocols, and imaging was conducted using a field-emission
scanning electron microscope (FEI Nova Nano SEM 450).

Cell Viability Measurements. γδ T cells and peptide-
modified γδ T cells were harvested and washed twice with PBS.
The cells were seeded at a density of 800,000 cells in 100 μL per
well in 96-well plates. Cultures were maintained at 37°C in a
humidified atmosphere with 5% CO2 for 24 h. Cell viability was
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assessed using the CCK-8 assay according to the manufacturer’s
protocol.

In Vitro Killing of Cancer Cells by γδ T Cells. MC38 cells
were harvested, washed twice with PBS, and resuspended in

serum-free RPMI 1640 medium. Carboxyfluorescein succini-
midyl ester (CFSE)was added to the cell suspension to achieve a
final concentration of 2 μM, followed by incubation at 37°C for
10 min. To terminate the staining process, pre-chilled complete

Figure 2. Peptide 1 reacted with sulfhydryl groups on the surface of γδ T cells. (A) The proportion of γδ T cells on days 0 and 6 in splenocyte cultures
maintained in vitro was quantified using flow cytometry. (B) The levels of sulfhydryl groups on the surface of γδ T cells on days 0 and 6 of in vitro
culture were assessed via flow cytometry. (C) TEM image of Peptide 1. (D) Following a 24-hour incubation with Peptide 1, the viability of γδ T cells
was evaluated using the CCK8 assay. (E) SEM image of γδ T cells treated with peptide 1 (100 uM). The pseudocolor in green represents peptide 1,
while the purple color indicates the γδT cell. (F) Flow cytometry plot showing the proportion of fluorescent peptide on the surface of γδ T cells. (G)
Bar graph depicting the percentage of fluorescent peptides on the surface of γδT cells. (H) Confocal images of FITC peptide-modified γδT cells taken
after 24 h of culture. (I) Fluorescence intensity profiles of FITC-peptide interactions with γδT cell membranes. p value, ns > 0.05, ***p < 0.001, ****p
< 0.0001.
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medium (three times the volume of the cell suspension) was
added, and the mixture was placed on ice for 5 min. The cells
were then washed twice with PBS and resuspended in medium
for counting.

γδ T cells and peptide-modified γδ T cells were harvested and
washed twice with PBS. CFSE-labeled MC38 cells were co-
incubated with either γδT cells or peptide-modified γδT cells at
a 1:10 ratio for 6 h at 37°C. After incubation, the cells were
washed once with PBS, resuspended in PBS, and propidium
iodide (PI) dye was added. Tumor cell mortality was evaluated
using flow cytometric analysis.

Flow Cytometry Analysis. Standardized protocols were
employed to stain cell surface markers. Cells were harvested and
washed once with PBS. To prevent non-specific binding, anti-
mouse CD16/CD32 (Fc block) was applied to block Fc
receptors prior to staining. The LIVE/DEAD Fixable Blue Dead
Cell Stain Kit (Invitrogen) was used to discriminate dead cells,
with the incubation at 4 °C for 30 min. Following this, cells were
washed again with PBS. Specific markers were then used to stain
the cell surface: Brilliant Violet 650 anti-mouse CD45, PerCP/
Cyanine5.5 anti-mouse CD3, FITC anti-mouse CD4, PE rat
anti-mouse CD8a, and Brilliant Violet 421 anti-mouse TCR γ/δ.
Cells were incubated with these antibodies in PBS at 4 °C for 30
min and then washed once with PBS.
For intracellular staining, cells were fixed and permeabilized

using the BDCytofix/Cytoperm Plus Fixation/Permeabilization
Kit. They were then stained with Brilliant Violet 785 anti-mouse
IL-2, Brilliant Violet 605 anti-mouse IFN-γ, PE/Cyanine7 anti-
mouse Granzyme B, Brilliant Violet 510 anti-mouse TNF-α,
Alexa Fluor® 700 anti-mouse CD107a (LAMP-1), and Pacific
Blue anti-mouse Ki-67 antibody at 4 °C in the absence of light
for 30 min. Afterward, the cells underwent one wash with a 1x
washing buffer and an additional wash with PBS. Finally, the
cells were analyzed using a Beckman CytoFlex LX flow
cytometer.
The levels of sulfhydryl groups were detected by Flow

cytometry. Cells were harvested and subjected to a single wash
with PBS. Subsequently, the cells were incubated with a 0.1 μg/
mL solution of Oregon Green 488-conjugated maleimide probe
for 10 min at room temperature. Following incubation, the cells
underwent two additional washes with PBS. Sulfhydryl levels on
the cell surface were detected using flow cytometry.
The linking efficiency of FITC peptides on the cell surface was

detected by Flow cytometry. Cells were collected, washed with
the PBS and incubated with different concentrations of the
FITC-peptide for 30 min at room temperature in the dark. The
cells were then washed twice with PBS, and the FITC-peptide on
the cell surface was detected by flow cytometry.

Animal Experiments. All animal experiments were
conducted with the approval of the Ethical Committee for
Animal Experimentation at Westlake University. Female TCR
δ−/− mice, aged 6 to 8 weeks, were used for in vivo studies, while
female C57BL/6J mice of the same age range were employed for
splenocyte extraction to culture γδT cells. On day 0, MC38 cells
(5 × 105) were subcutaneously injected into the right flank of
eachmouse. Body weight and tumor volume were assessed every
2 days post-tumor inoculation. Upon reaching an approximate
tumor volume of 50 mm3 on day 8, mice were randomly
allocated into three groups of four mice each. A total of 4 million
γδ T cells or peptide-modified γδ T cells were administered via
intravenous injection through the tail vein every 3 days,
culminating in five infusions. Mice were euthanized when
tumor volume expanded to 1500 mm3, followed by dissection.

Blood samples were collected via the orbital sinus prior to the
initial cell infusion and again before euthanasia. Plasma was
isolated, and inflammatory factors were analyzed using flow
cytometry. The heart, liver, spleen, lungs, and kidneys were
excised for hematoxylin and eosin (HE) staining. Immuno-
fluorescent staining was conducted on tumor sections. Tumor-
associated cells were isolated via enzymatic digestion of tumor
tissues, followed by debris removal using a Percoll density
gradient and lysis of red blood cells. The cells were then stained
with antibodies and analyzed using the Beckman CytoFlex LX
flow cytometer.

Statistical Analysis. Data were analyzed using GraphPad
Prism 9 (GraphPad Software). Comparisons between two
groups were conducted using the t-test. For comparisons among
multiple groups, one-way repeated measures analysis was
performed. A p-value of <0.05 was considered statistically
significant.

■ RESULTS AND DISCUSSION
Peptide 1 Interacts with the Sulfhydryl Groups on the

Surface of γδ T Cells. PD-L1 functions as an immune
checkpoint for tumor cells by interacting with PD-1, thereby
inhibiting immune cell activity. Recent studies have demon-
strated that a peptide, identified and optimized through phage
display (sequence: GQSEHHMRVYSF),28 exhibits selective
binding to PD-L1. This interaction effectively disrupts the PD-
1/PD-L1 axis, leading to amarked increase in IFN-γ secretion by
CD8+ T cells in human peripheral blood mononuclear cells. In
addition, in vivo experiments have shown that this peptide
substantially suppresses tumor progression in murine models of
colorectal cancer andmelanoma.Moreover, the D-type anti-PD-
L1 peptide (NYSKPTDRQYHF)29 has been engineered to form
a novel peptide−polymer conjugate with polyethylene glycol
(PEG) and MP9, serving as a systemic drug delivery vehicle
characterized by PD-L1 targeting specificity and favorable
pharmacokinetic properties. This conjugate demonstrates the
ability to specifically target PD-L1 in tumor tissues and exhibits
significant immunotherapeutic efficacy in murine models. Based
on above consideration, we chose above two peptide sequences
for the modification in our work.
Since the maleimide can form a stable linkage with cell surface

sulfhydryl groups via the Michael addition reaction, we first
assess the levels of sulfhydryl groups on the surface of γδ T cells.
Due to the low abundance of γδ T cells in mice, it is necessary to
expand these cells in vitro. To achieve this, mouse splenocytes
were extracted and cultured for 6 days. The proportion of γδ T
cells was quantified using flow cytometry on both day 0 and day
6. The results indicated a significant increase in the proportion of
γδ T cells after 6 days of culture (Figure 2A). Concurrently,
there was a notable increase in the levels of sulfhydryl groups on
the surface of γδ T cells (Figure 2B). After selecting a peptide
with specific binding affinity to PD-L1 from existing literature,
we synthesized it and conjugated it to maleimide, henceforth
referred to as peptide 1 (S1). Transmission electron microscopy
(TEM) analysis revealed that peptide 1 predominantly exists in
an aggregated state (Figure 2C).
We also evaluated the potential cytotoxic effects of varying

concentrations of peptide 1 on γδT cells. Purified γδT cells were
exposed to peptide 1 at different concentrations and
subsequently cultured for 24 h. Cellular activity measurement
by CCK-8 assay demonstrated that peptide 1 could not
significantly impact the activity of γδ T cells (Figure 2D). To
investigate the morphology of peptide 1 on the surface of γδ T
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cells, we employed scanning electron microscopy (SEM). SEM
results indicated that the peptide formed aggregates and adhered
to the surface of the γδ T cells (Figure 2E). To quantify the
proportion of peptide attached to the cell surface at varying
concentrations, we utilized flow cytometry to measure the

fluorescence intensity of fluorescein isothiocyanate (FITC)-
labeled peptide on the cell surface after treating γδ T cells with
FITC-peptide. Results showed that the intensity of FITC
fluorescence on the surface of γδ T cells increased with the
increase of peptide concentrations (Figures 2F, G). Confocal

Figure 3.Modification of peptide 1 did not affect the proliferation and effector function of γδ T cells. (A) The expression of Ki-67 in γδ T cells was
assessed following the culture of peptide-modified γδ T cells for 24, 48, and 72 h, respectively. (B) The expression levels of IL-2, IFN-γ, CD107a,
granzyme B, and TNF-α in γδ T cells were evaluated after culturing peptide1-modified γδ T cells for 72 h. p value, ns > 0.05.
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microscopy analysis revealed the colocalization of the
fluorescent peptide with the membrane of γδ T cells (Figures
2H, I). These results suggest that maleimide-linked peptide 1
can be stably anchored to the surface of γδ T cells.

Modification of Peptide 1 and Its Impact on γδ T Cell
Function. To investigate whether the modification of peptide 1
could affect the proliferation or effector function of γδT cells, we
assessed Ki67 expression for cell proliferation. Following
exposure of γδ T cells to peptide 1, the cells were cultured
further, and Ki67 expression was evaluated using flow cytometry
at 24, 48, and 72 h. The results indicated that there is no
significant difference in Ki67 expression between peptide 1-
modified γδ T cells and their unmodified counterparts (Figure
3A). Additionally, we evaluated the capacity of peptide 1-
modified γδT cells to secrete key cytokines, including IL-2, IFN-
γ, CD107a, Granzyme B, and TNF-α, after a 72-hour culture
period. These cytokines are crucial for the anti-tumor response.
The findings showed that there is no significant difference in
cytokine secretion between modified and unmodified γδ T cells
(Figure 3B). Overall, these results suggest that the proliferation
and effector functions of γδ T cells remain unaltered after
modification.

Modification of Peptide 1 Enhanced the Ability of γδ T
Cells to Kill Tumor Cells in Vitro.We investigated whether γδ
T cells modified with peptide 1 could enhance their cytotoxic
effect on tumor cells. MC38 cells were labeled with CFSE dye,
and both MC38 cells and γδ T cells were modified with peptide
1, respectively. The modified or unmodified MC38 cells and γδ
T cells were then co-cultured at a ratio of 1:10 and incubated for
6 h. Following incubation, propidium iodide (PI) dye was

introduced to assess tumor cell viability via flow cytometry. The
results indicated that the presence of γδ T cells increased tumor
cell mortality, which was further augmented when the γδ T cells
were modified with peptide 1 (Figure 4).
The MC38 tumor cells express the PD-L1 immune

checkpoint. Targeting PD-L1 with peptide 1 partially reverses
the inhibitory effects of MC38 cells on γδ T cells, enhancing
their cytotoxic activity. Flow cytometry shows that tumor cells
have sulfhydryl groups that conjugate with FITC-peptide in a
concentration-dependent manner (S8). After incubation with
peptide 1, a covalent bond forms between the peptide and
sulfhydryl groups through a maleimide linkage, inhibiting PD-
L1’s interaction with PD-1 on γδ T cells and boosting their
cytotoxic potential. However, the rapid proliferation of tumor
cells leads to a dilution of the peptides, reducing therapeutic
efficacy. Conjugating peptides to γδ T cells can enhance
targeting in vivo. Therefore, we conducted experiments using
the peptide incubated with γδ T cells.

Peptide 2-Modified γδ T Cells Delay Tumor Growth in
Vivo. To enhance the assembly capacity of peptides and their
affinity for cell membranes, we employed BipFF,30 a self-
assembly motif to conjugate an additional peptide to the specific
target PD-L1. This peptide, designated as peptide 2 (S2A). LC-
MS analysis (S2B,C) and MALDI-TOF characterization (S2D)
of peptide 2 were verified its identity and purity. TEM imaging
revealed that peptide 2 self-assembles to form nanofibrous
structure (S2E). To evaluate the potential cytotoxicity of
peptide 2 against γδ T cells, we performed a CCK-8 assay.
Following exposure of purified γδ T cells to varying
concentrations of peptide 2 (25 μM, 50 μM, 100 μM), the

Figure 4.Modification of peptide 1 enhanced the ability of γδ T cells to kill tumor cells in vitro. Following labeling with 5 μMCFSE, MC38 cells were
subjected tomodification with Peptide 1 alongside γδT cells. The experimental setup consisted of five distinct groups:MC38,MC38-Peptide 1,MC38
+ γδ T, MC38-Peptide 1 + γδ T, and γδ T-Peptide 1 + MC38. The MC38 cells and γδ T cells were combined at a ratio of 1:10 and incubated for a
duration of 6 h. Subsequently, the cells were stained with PI and analyzed using flow cytometry. (A) Flow cytometry diagram of tumor cell mortality.
(B) A bar graph showing the percentage of dead tumor cells. p value, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Polymer Science & Technology https://pubs.acs.org/PolySciTech Article

https://doi.org/10.1021/polymscitech.5c00053
Polym. Sci. Technol. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/polymscitech.5c00053/suppl_file/ps5c00053_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/polymscitech.5c00053/suppl_file/ps5c00053_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/polymscitech.5c00053/suppl_file/ps5c00053_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/polymscitech.5c00053/suppl_file/ps5c00053_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/polymscitech.5c00053/suppl_file/ps5c00053_si_001.pdf
https://pubs.acs.org/doi/10.1021/polymscitech.5c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/polymscitech.5c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/polymscitech.5c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/polymscitech.5c00053?fig=fig4&ref=pdf
https://pubs.acs.org/PolySciTech?ref=pdf
https://doi.org/10.1021/polymscitech.5c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cells were incubated for an additional 24 h. Subsequent
assessment of cellular activity via the CCK-8 assay revealed

that the peptide 2 did not significantly influence the activity of γδ
T cells (S2F). Concurrently, SEM results revealed the presence

Figure 5. Peptide 2-modified γδT cells delay tumor growth in vivo. TCR δ‑/‑C57BL/6J female mice were subcutaneously inoculated withMC38 cells.
Upon tumor development to an approximate volume of 50 mm3, the mice were randomly allocated into three groups, with each group comprising four
mice (n = 4). Tumor volume and body weight of the mice were systematically measured every 2 days. (A) Tumor growth curves. (B) Body weight
curves of mice. (C) Tumor growth curves of each individual mouse from each group. (D) The proportions of CD8+ T cells, γδ T cells, and M1
macrophages in tumor were measured by flow cytometry. (E) Immunofluorescence staining was performed on CD8+ T cells (red), M1 macrophages
(green), and nuclei (blue), Scale bar: 100 μm. Histograms depict relative fluorescence intensity of CD8+ T cells and M1 macrophages. p value, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of peptide aggregates associated with the γδ T cell membrane
(S2G). In addition, this study sought to evaluate the cytotoxic
effects of peptide 2-modified γδ T cells on tumor cells. Initially,
MC38 cells were labeled with CFSE dye and subsequently
combined with peptide 2-modified γδ T cells at a 1:10 ratio.
Following a 6-hour incubation period, PI dye was introduced to
assess tumor cell mortality via flow cytometry. The results
indicated that peptide 2-modified γδ T cells significantly
enhanced the tumor cell killing ratio, approximately doubling
the efficacy compared to unmodified γδ T cells (S3).
We further investigate whether γδ T cells modified with

peptide 2 exhibit enhanced anti-tumor efficacy in vivo. To
mitigate the influence of γδ T cells in murine models, TCR δ‑/‑

C57BL/6J female mice were subcutaneously inoculated with
MC38 (5 X 105) cells. Upon tumor growth reaching
approximately 50 mm3 by day 8, the mice were randomly
allocated into three experimental groups: PBS, γδ T, and γδ T-
peptide 2. All the groups were administered via tail vein injection
into the mice assigned to each respective group. The mice
received these cellular inoculations every 3 days, for a total of five
administrations. Tumor volumes and body weights of the mice
were assessed bi-daily. Mice were euthanized when tumor
volumes reached approximately 1500 mm3, at which point
tumor samples were collected and measured.
Subsequently, we assessed the efficacy of peptide 2-modified

γδ T cell infusions on tumor growth, body weight, and immune
responses in vivo. Compared to the PBS control group, both γδ
T cell and peptide 2-modified γδ T cell infusions resulted in a
significant reduction in tumor growth (Figure 5A, C). Although
the difference in tumor volume between the γδ T cell group and
the peptide 2-modified γδ T cell group did not reach statistical
significance, greater inhibition of tumor growth was observed in
the peptide 2-modified group. In this study, γδ T cells were
engineered with a peptide targeting the immune checkpoint PD-
L1 to suppress tumor growth. Nevertheless, the tumor
immunosuppressive microenvironment is a complex and
dynamic entity. The therapeutic efficacy of this approach is
constrained by other immunosuppressive elements within the
tumor microenvironment, including additional immune check-
points (such as galectin 931 and Siglec32) and immunosup-
pressive cells33 (such as tumor-associated macrophages and
myeloid-derived suppressor cells), as well as metabolites
produced by tumor cells. These factors collectively impede the
activity of immune cells in vivo, leading to an absence of
significant differences in treatment outcomes between γδ T cells
and peptide 2-modified γδ T cell group. Subsequent
optimization experiments could focus on targeting multiple
immunosuppressive pathways. In other words, the synthesis of
peptides designed to target immune checkpoints and reverse the
function of immunosuppressive cells, alongside the concurrent
modification of γδ T cells by multiple peptides, aims to enhance
anti-tumor efficacy.
Throughout the experimental period, no weight loss was

noted in any of the three groups, suggesting that the cell
treatment did not induce significant adverse effects (Figure 5B).
An in-depth analysis of immune cell populations within the
tumors revealed an elevated proportion of infiltrating CD8+ T
cells, γδ T cells, and M1 phenotype macrophages (Figure 5D).
Immunofluorescence staining of tumor sections corroborated
these findings, demonstrating enhanced infiltration of CD8+ T
cells and M1 macrophages within the tumor microenvironment
(Figure 5E). These findings suggest that peptide 2-modified γδ
T cell therapy effectively suppresses tumor growth and mitigates

the immunosuppressive effects of the tumor microenvironment,
thereby facilitating increased immune cell infiltration.
To evaluate the safety profile of peptide 2-modified γδ T cell

therapy, we systematically recorded both systemic and localized
safety parameters post-treatment. Following euthanasia, the
heart, liver, spleen, lungs, and kidneys were harvested from each
mouse and subjected to hematoxylin and eosin (H&E) staining.
Comparative analysis revealed no significant histopathological
differences among the tissues across the three experimental
groups (S5). Additionally, we collected peripheral blood from
the mice both before cell infusion and prior to euthanasia to
detect inflammatory factors in plasma. We found no significant
differences in inflammatory factor levels among the groups (S6).
These results suggest that peptide 2-modified γδ T cell infusions
did not cause organ damage or a cytokine storm, indicating that
these infusions were biocompatible.

■ CONCLUSION
Within the tumor microenvironment, immune checkpoint
molecules significantly hinder the functionality of γδ T cells,
resulting in their functional depletion and limiting the
therapeutic efficacy observed in clinical trials. Addressing the
challenges posed by these immune checkpoints is crucial for
enhancing γδ T cell therapy. In this study, we employed
innovative chemical modification techniques to conjugate PD-
L1-specific binding peptides to the surface of γδ T cells. Our
findings indicate that these modified γδ T cells retained their
proliferation and effector functions while demonstrating
targeted anti-tumor activity against PD-L1-expressing tumor
cells.
A key aspect of our approach involved the self-assembly of

peptide structures, which enhanced the specificity and stability
of the modified γδ T cells. By utilizing self-assembled peptide
constructs,34−48 we achieved a more effective presentation of
PD-L1 binding sites, facilitating improved targeting and
engagement with tumor cells. This self-assembly not only
reinforces the therapeutic potential of the γδ T cells but also
provides a robust platform for further modifications, allowing
the incorporation of additional functional elements to amplify
the anti-tumor response. Importantly, the peptide-modified γδT
cells increased cytotoxicity against tumor cells and promoted the
infiltration of CD8+ T cells andM1macrophages into the tumor
microenvironment. This modulation of immune checkpoints,
particularly through the targeting of PD-L1, mitigates the
suppressive effects of the tumor microenvironment and
enhances the synergistic anti-tumor responses of other immune
cells.
These results underscore an effective strategy for alleviating

immunosuppressive conditions within the tumor microenviron-
ment, thereby improving the anti-tumor efficacy of γδ T cells.
The application of peptide self-assembly in this context not only
enhances the specificity of γδ T cell therapy but also opens new
avenues for the development of multifunctional immunother-
apeutic strategies. Future research should focus on validating
this approach in clinical settings, with an emphasis on
elucidating the underlying mechanisms and evaluating its
impact on diverse immune cell populations.
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Additional experiments were conducted, encompassing
peptide characterization, LC-MS spectra, MALDI-TOF
mass spectra, TEM and SEM imaging, determination of
peptide critical micelle concentration, flow cytometry
analysis, assessment of peptide cytotoxicity, evaluation of
inflammatory factor release in mice, and H&E staining
imaging (PDF)
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