
Acta Pharmaceutica Sinica B 2020;10(6):1047e1060
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
A novel cyclic peptide targeting LAG-3 for
cancer immunotherapy by activating antigen-
specific CD8D T cell responses
Wenjie Zhaia, Xiuman Zhoua, Hongfei Wanga, Wanqiong Lib,
Guanyu Chenb, Xinghua Suib, Guodong Lia, Yuanming Qia,*,
Yanfeng Gaoa,b,*
aSchool of Life Sciences, Zhengzhou University, Zhengzhou 450001, China
bSchool of Pharmaceutical Sciences (Shenzhen), Sun Yat-sen University, Guangzhou 510006, China
Received 29 June 2019; received in revised form 10 October 2019; accepted 26 November 2019
KEY WORDS

LAG-3;

Phage display;

Cyclic peptide;

Immune checkpoint
*

Pee

http

221

by
blockade;

CD8þ T cell;

Cancer immunotherapy
Corresponding authors. Tel.: þ86 20 8

E-mail addresses: qym@zzu.edu.cn (Y

r review under responsibility of Institu

s://doi.org/10.1016/j.apsb.2020.01.005

1-3835 ª 2020 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract PD-1 and CTLA-4 antibodies offer great hope for cancer immunotherapy. However, many

patients are incapable of responding to PD-1 and CTLA-4 blockade and show low response rates due

to insufficient immune activation. The combination of checkpoint blockers has been proposed to in-

crease the response rates. Besides, antibody drugs have disadvantages such as inclined to cause

immune-related adverse events and infiltration problems. In this study, we developed a cyclic peptide

C25 by using Ph.D.-C7C phage display technology targeting LAG-3. As a result, C25 showed a rela-

tive high affinity with human LAG-3 protein and could effectively interfere the binding between

LAG-3 and HLA-DR (MHC-II). Additionally, C25 could significantly stimulate CD8þ T cell activa-

tion in human PBMCs. The results also demonstrated that C25 could inhibit tumor growth of CT26,

B16 and B16-OVA bearing mice, and the infiltration of CD8þ T cells was significantly increased

while FOXP3þ Tregs significantly decreased in the tumor site. Furthermore, the secretion of IFN-

g by CD8þ T cells in spleen, draining lymph nodes and especially in the tumors was promoted.

Simultaneously, we exploited T cells depletion models to study the anti-tumor mechanisms for

C25 peptide, and the results combined with MTT assay confirmed that C25 exerted anti-tumor effects

via CD8þ T cells but not direct killing. In conclusion, cyclic peptide C25 provides a rationale for

targeting the immune checkpoint, by blockade of LAG-3/HLA-DR interaction in order to enhance
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anti-tumor immunity, and C25 may provide an alternative for cancer immunotherapy besides anti-

body drugs.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immune checkpoint blockade that activates body immunity for
anti-tumor therapy has achieved great success1,2, especially by
targeting cytotoxic T cell antigen 4 (CTLA-4, CD152) and pro-
grammed death 1 (PD-1, CD279)/PD-L1 (programmed cell death
ligand 1, CD274, the ligand of PD-1). Until now, at least seven
CTLA-4 or PD-1/PD-L1 antibody drugs have been approved by
the U.S. Food and Drug Administration (FDA) for the treatment of
different types of cancer, including one CTLA-4 (ipilimumab),
three PD-1 antibodies (nivolumab, pembrolizumab and cemipli-
mab) and three PD-L1 antibodies (atezolizumab, avelumab and
durvalumab). These antibodies have been used to treat patients
with melanoma, lung cancer, head and neck cancers, bladder
cancer, Merkel cell carcinoma and classic Hodgkin’s lymphoma,
etc3e9. However, a large number of patients with solid tumors
showed resistance to the anti-PD-1 and anti-CTLA-4 therapy10.
Such as colorectal cancer, only a small percentage of patients are
able to respond to single immune checkpoint3,11. It is reported that
various immune checkpoints are up-regulated on exhausted T cells
in the tumor microenvironment (TME), such as T-cell immuno-
globulin and mucin containing protein-3 (TIM-3, CD366), T-cell
immunoglobulin and ITIM domain (TIGIT) as well as lymphocyte
activation gene 3 (LAG-3, CD223)12e14. Blockade of these indi-
vidual checkpoints may be insufficient to elicit a potent immune
response15,16. Thus, combinational blockade of multiple immune
checkpoints can be one way to increase the patient’s response
rates17,18.

LAG-3 is a type I transmembrane protein expressed mainly
on activated T cells as well as natural killer cells, and consists
of four extracellular immunoglobulin (Ig)-like domains
(D1eD4) that are highly homologous to CD419,20. Studies on
LAG-3 knockout mice and LAG-3 antibodies revealed that
LAG-3 primarily negatively regulates the proliferation, activa-
tion, effector function and homeostasis of T cells21e24. It was
also found that LAG-3 was constitutively expressed on regu-
latory T cells (Tregs) and contributed to their suppressive
function25,26. It was reported that LAG-3 bound to major his-
tocompatibility complex class II (MHC-II) with high affinity27.
Currently, monoclonal antibodies that block the interaction of
LAG-3 with MHC-II are undergoing clinical trials for antitumor
activity14,28. Among them, BMS-986016 initiated Phase I
clinical trials in 2013, and LAG-3 was identified as the third
clinically targeted immune checkpoint with antagonistic mAb
after CTLA-4 and PD-129. LAG-3 and PD-1 are shown to be
co-expressed on tumor-infiltrating lymphocytes of transplant-
able tumor models30, and LAG-3 antibodies alone or in com-
bination with PD-1 blockers can reduce malignant cancer cell
growth and promote tumor clearance in mice tumor
models17,30,31. In ovarian cancer patients, co-expression of
LAG-3 and PD-1 was also found on antigen-specific CD8þ T
cells, and the co-blockade behavior promoted the T cell
proliferation and facilitated cytokine release32. Accordingly, the
combination of LAG-3 and PD-1 antibodies has entered clinical
trials for various cancer entities against solid tumors. It has
been reported that the combination treatment using BMS-
986016 (relatlimab) and anti-PD-1 (nivolumab) has shown
more promising anticancer effects in melanoma patients
compared with using only anti-PD-1 therapy29.

Currently, the mainly blocking agents of immune checkpoints
are therapeutic antibodies. Antibodies have the characteristics of
high specificity and significant therapeutic effects33. However,
there are drawbacks involved, such as high immunogenicity which
may cause side effects, low tumor penetration, and high treatment
costs34. In contrast to therapeutic antibodies, peptides and small
chemical compounds have smaller molecular weights, lower
immunogenicity, better tissue and tumor penetration, as well as
lower manufacturing costs35e37. Therefore, this can be a prom-
ising complement to antibody therapy, in order to achieve greater
synergistic effects38.

Compared with linear peptides, cyclic peptides have a more
stable spatial structure and a longer in vitro half-life39, and studies
have shown that macrocyclic peptides were capable to block the
PD-1/PD-L1 pathway40. Therefore, it demonstrates that cyclic
peptides are one of the effective blockers of immune checkpoints.

In this study, by using phage display technology41, a high-
affinity cyclic peptide C25 that specifically binds to LAG-3 was
firstly developed. Further, the in vitro and in vivo experiments
showed that C25 could effectively block the LAG-3 signaling
pathway and achieve great antitumor effects.
2. Methods and materials

2.1. Subtractive phage bio-panning

The bio-panning was performed by using a commercially
available Ph.D.-C7C library (New England Biolabs, Beijing,
China). The first round of bio-panning was conducted on
rhLAG-3-Fc protein (Sino Biological, Beijing, China) to select
all binders. Briefly, mixed 2 � 1011 pfu phages and rhLAG-3-
Fc protein (2.5 mg) for 20 min at room temperature, the
mixture was then added into 5 mL Protein A/G Mix Magnetic
Beads (Thermo Fisher Scientific, Waltham, MA, USA) for
20 min at room temperature, the beads were blocked by 1%
bovine serum albumin (BSA, SigmaeAldrich, Shanghai,
China) at 4 �C for 1 h before used. Beads were washed five
times using TBST (TBS with 0.1% tween-20) and then eluted
in 0.2 mol/L glycine-HCl (pH 2.2) for 20 min at room tem-
perature. The solution was neutralized with 1 mol/L TriseHCl
(pH 9.1), then tittered and amplified according to New England
Biolabs protocol. For subtractive bio-panning, 2 � 1011 pfu of
the amplified eluate was first applied to 2.5 mg hIgG1-Fc
protein (Sino Biological) for 20 min at room temperature,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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and then added the mixture into 5 mL Protein A/G Mix
Magnetic Beads for 20 min at room temperature. Finally, the
mixture was centrifuged, and the supernatant was applied to
rhLAG-3-Fc protein (1.5 mg at second to fourth and 1.0 mg at
fifth bio-panning process). Phages were eluted from rhLAG-3-
Fc protein and amplified. Subtractive bio-panning was repeated
four times, using the amplified eluate from the previous cycles
the starting library for each round. Plaques from the fifth round
of panne were selected for DNA sequencing. The nucleotide
sequences encoding for peptides on the phage clones were
determined by Suzhou Genewiz Biotechnology Co., Ltd.
(Suzhou, China).

2.2. Cyclic peptide synthesis

The cyclic peptides with disulfide bond were chemically synthe-
sized by Nanjing ChenPeptide Biotech Ltd. (Nanjing, China). The
molecular weights and purity were confirmed by mass spectrom-
etry and RP-HPLC, respectively.

2.3. Affinity measurements by microscale thermophoresis (MST)

MST is an effective method for the characterization of bimolec-
ular interaction quantity depends on the thermal motion42. Here
MST was applied to determine the binding constants for
Blocking rate ð%ÞZPositive control mean value � Experimental group mean value

Positive control mean value
� 100 ð1Þ
peptideseprotein interactions and used the dissociation constant
(Kd) as the affinity parameter for both molecules. MST mea-
surements were performed using the Monolith NT.115 system
(NanoTemper Technologies GmhH, München, Bayern, Germany)
to assess the affinity of the cyclic peptide to human LAG-3 pro-
tein. Briefly, LAG-3 protein (Sino Biological) was labeled with
Red-NHS647 dye (NanoTemper Technologies GmhH), the label-
ing efficiency was determined by MST, and the successfully
labeled protein was used for subsequent experiments. First, the
cyclic peptide was diluted to 200 mmol/L with MST buffer, and 2-
fold serial dilutions were carried out to obtain 16 concentration
gradients subsequently. Equal volume of Red-NHS647 dye-
labeled protein and peptide were incubated at room temperature
for 5 min, the mixture was loaded onto standard capillaries
(NanoTemper Technologies GmhH) and immediately placed in an
MST instrument for detection. The dissociation constant (Kd) was
determined using the NanoTemper analysis software MO. Affinity
Analysis v2.2.4.

2.4. Cell lines and cell culture

Murine colorectal cancer cell lines CT26 and human myeloid
leukemia mononuclear cells THP-1 were cultured in DMEM
medium (GIBCO, Grand Island, NY, USA), murine melanoma cell
lines B16 and B16-OVA were cultured in RPMI 1640 medium
(GIBCO). DMEM and RPMI 1640 medium were supplemented
with 10% FBS (Biological Industries, Kibbutz Beit HaEmek,
Israel), 100 U/mL penicillin (Solarbio, Beijing, China) and
100 mg/mL streptomycin (Solarbio) at 37 �C with 5% CO2 under
fully humidified conditions.
2.5. Inducing THP-1 cell to express HLA-DR protein

THP-1 cells with a density of 4 � 105 cells/mL were cultured for
4 h in DMEM medium containing 0.3% FBS, and stimulated by
80 ng/mL of rhIFN-g (Peprotech, Rocky hill, CT, USA) for
48 h43. The cells were then harvested and incubated with human
HLA-DR flow antibody (eBioscience, San Diego, CA, USA) for
30 min at 4 �C and the cells were washed and analyzed by a FACS
Calibur flow cytometry (BD Bioscience, San Jose, CA, USA).
2.6. Cell-based blocking assay

THP-1 cells expressing HLA-DR (represented subtype of human
MHC-II) were used for cell-based blocking assay. Briefly, the
assay was carried out in PBS pH 7.2, each 50 mL reaction system
contained a final concentration of 0, 0.1, 1, 10 and 100 mmol/L of
cyclic peptide and 400 ng of hLAG-3-Fc protein. After incubation
for 30 min at 4 �C, the mixture was added to 5 � 105 THP-1 cells
with further incubation at 4 �C for 30 min. Subsequently, the anti-
Fc-PE antibody (eBioscience) was added and incubated at 4 �C for
30 min, and the cells were washed and analyzed by a FACS
Calibur flow cytometry (BD Bioscience).

The reaction system without peptide was used as a positive
control, and the system in which cells only reacted with the flow
anti-Fc-PE antibody served as a negative control.
2.7. PBMC function assay

Peripheral blood mononuclear cells (PBMCs) from healthy donors
were separated by means of density gradient centrifugation
(Tianjin Hao Yang Biological Manufacture Co., Ltd., Tianjin,
China). PBMCs (2 � 105 cells/well) were cultured in 48-well flat-
bottomed plates with 500 mL IMDM containing 10% FBS. The
PBMCs were stimulated by 1 mg/mL anti-CD3 (eBioscience) and
0.5 mg/mL anti-CD28 antibodies (eBioscience), the activated
PBMCs were incubated with 100 mmol/L peptide or 5 mg/mL anti-
LAG-3 blocking antibody (Abcam, Cambridge, England) or
10 mg/mL anti-PD-1 antibody (Nivolumab, Bristol-Myers Squibb,
New York, NY, USA). Protein transport inhibitor cocktail (0.5 mL,
BD Bioscience) was added to each well and incubated over 4 h.
Cells were collected and stained with surface markers antibodies
anti-human CD4-PerCP-Cy5.5 (OKT4, eBioscience), anti-human
CD8-APC (SK1, eBioscience) prior to fixation and per-
meabilization. Permeabilized cells were then stained with anti-
human IFN-g PE (4S.B3, eBioscience) and analyzed by FACS
Calibur flow cytometry (BD Bioscience).

For cytokine detection assay, cells were incubated for 5 days,
the levels of IFN-g were evaluated by ELISA kit (eBioscience).
Briefly, ELISA plate was coated with 100 mL/well of IFN-g
capture antibody overnight at 4 �C, aspirated and washed 3 times
with washing buffer (PBS pH 7.2 with 0.05% Tween-20), and then
blocked with ELISA/ELISPOT buffer for 1 h at room temperature.
The diluted supernatant samples or IFN-g standard were added
into wells and incubated for 2 h at room temperature. Bound
biotinylated IFN-g were detected using avidin-HRP and 1 � TMB
solution. Finally, stop solution of 50 mL/well was added and the



Table 1 The frequency was indicated and the affinity of

cyclic peptides to hLAG-3 was measured by MST.

Peptide No. Sequence Frequency MST Kd (mmol/L)

C17 CNMHTPMVC 5/75 1.83 � 1.29

C19 CNWMINKEC 4/75 5.05 � 2.96

C25 CVPMTYRAC 2/75 0.66 � 0.35

Data are mean � SD, n Z 3.
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plate optical density was measured at 450 nm using an EMax Plus
Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.8. Mice

Six-week-old female BALB/c and C57BL/6 mice were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The animals had free access to food and water
and were maintained in a specific pathogen free facility
(24 � 1 �C). Animal welfare and experimental procedures were
carried out and approved in accordance with the Ethical Regula-
tions on the Care and Use of Laboratory Animals of Zhengzhou
University (Zhengzhou, China).

2.9. Tumor model and treatments

Female BALB/c mice were subcutaneously injected with 1 � 105

syngeneic CT26 cells to establish colorectal cancer xenograft
model. Female C57BL/6 mice were subcutaneously injected with
1 � 105 syngeneic B16 or 2 � 105 syngeneic B16-OVA cells to
establish melanoma xenograft model.

For depletion of indicated T cells, BALB/c mice were intra-
peritoneal injected with 250 mg of CD8-depleting antibody (clone:
YTS.192.4) the day before CT26 tumor inoculation and every 4
days thereafter, 200 mg Rat Ig (SigmaeAldrich) injected as con-
trol. The depletion efficacy was confirmed by the flow cytometry.

Tumor sizes were measured using a digital caliper, and tumor
volumes were calculated as Eq. (2):

V Z 1/2 � a (length) � b (width) � c (height) (2)

Treatment of mice was initiated after the tumors had been
grown for 8e10 days until reaching a palpable size of
40e80 mm3. Tumor bearing mice were randomly grouped, C25
was paraneoplastic injection at a dose of 2 mg/kg/day over 14
days, and normal saline (NS) was used as a negative control. The
tumor volume was measured every 2 days and the body mass was
weighed.

2.10. MTT assay

CT26, B16 or B16-OVA cells were seeded at 3 � 103 cells/well in
96-well plates and allowed to grow for 24 h before treatment.
Then cells were treated with PBS pH 7.2 or test peptides (at
concentrations of 12.5e200 mmol/L). After 24, 48, and 72 h, the
cell viability was measured using 5 mg/mL MTT reagent (Sig-
maeAldrich) dissolved in PBS pH 7.2 and incubated at 37 �C for
4 h. After removing incubation medium, formazan crystals were
dissolved in 150 mL DMSO. Spectroscopic readings (490 nm)
were taken.

2.11. CD4þ T cells, CD8þ T cells and FOXP3þ tregs infiltration
in tumor

Tumor-bearing mice were sacrificed on the last day of treatment.
Tumor tissues were minced and digested in collagenase IV
(Invitrogen, Carlsbad, CA, USA) and Dnase I (SigmaeAldrich)
for 30 min at 37 �C, and passed through a 70 mm cell strainer.
After centrifuging, part of the cells were collected and stained
with surface markers antibodies anti-mouse CD45 FITC (30-F11,
eBioscience), anti-mouse CD3 PerCP-eFluor710 (17A2,
eBioscience), anti-mouse CD8a PE (53e6.7, eBioscience) for
30 min at 4 �C to detect CD4þ T cells and CD8þ T cells.

Another part of the cells was stained with surface markers
antibodies anti-mouse CD45 FITC (30-F11, eBioscience), anti-
mouse CD4 APC (GK1.5, eBioscience) and anti-mouse CD25 PE
(PC61.5, eBioscience) prior to fixation and permeabilization.
Permeabilized cells were then stained with anti-mouse FOXP3
PE-Cy7 (FJK-16s, eBioscience) for 30 min at 4 �C to detect
FOXP3þ Tregs. The cells were washed and analyzed by a FACS
Calibur flow cytometry.

2.12. Intracellular cytokine staining assay

Single cell suspension of mouse spleen and draining lymph node
were prepared by gentle mechanical disruption, tumor-infiltrating
lymphocytes (TIL) were isolated from tumor tissues. Cells from
CT26 xenograft model were stimulated with 20 ng/mL Phorbol
12-myristate 13-acetate (PMA, SigmaeAldrich) and 1 mmol/L
ionomycin (SigmaeAldrich), and cells from B16-OVA xenograft
model were stimulated with 10 mg/mL OVA257e264 peptide in the
presence of protein transport inhibitor cocktail (eBioscience) for
4 h. Cells were then stained with surface markers antibodies anti-
mouse CD3 PerCP-eFluor710 (17A2, eBioscience), anti-mouse
CD8a APC (53e6.7, eBioscience) or anti-mouse CD4 APC
(GK 1.5, eBioscience) prior to fixation and permeabilization.
Permeabilized cells were then stained with anti-mouse IFN-g PE
(XMG1.2, eBioscience), analyzed by a FACS Calibur flow
cytometry.

2.13. The immunogenicity and distribution of C25 in mice

To determine whether the cyclic peptide C25 has immunogenicity
during the treatment, CT26 tumor bearing mice were treated with
C25 or normal saline for 14 or 21 days. Naı̈ve mice were injected
as the same for 14 days.

To further determine whether the in vivo quantity of the pep-
tides was affected during the treatment, after the last treatment,
each mouse was injected subcutaneously around the tumor (naı̈ve
mice were injected at the same site) with 800 mg of cyclic peptide
C25. The serum of each group of mice was taken at 0, 15, 30, 60,
120, 240 min. A part of the serum was mixed with a half volume
of 10% HClO4, and the supernatant was taken after high-speed
centrifugation at 4 �C, the content of the cyclic peptide C25
was analyzed by HPLC.

The levels of mouse IgG in serum at the indicated time points
were evaluated by ELISA kit (eBioscience). Briefly, ELISA plate
was coated with 100 mL/well of IgG capture antibody overnight at
4 �C, aspirated and washed twice with washing buffer (PBS pH
7.2 with 0.05% Tween-20), then blocked with ELISA/ELISPOT
buffer 1 h at room temperature. Serially diluted supernatant
samples or IgG standard and 50 mL detection antibody were added
into wells and incubated for 2 h at room temperature. Bound
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biotinylated IgG was detected using 100 mL 1 � TMB solution for
15 min at room temperature. Finally, 50 mL/well stop solution was
added and the plate optical density was measured at 450 nm using
an EMax Plus Microplate Reader (Molecular Devices).

To determine the tissue specificity of cyclic peptide C25, CT26
tumor bearing mice were treated with C25 or normal saline for 14
days. The day after the last treatment, each mouse was injected
subcutaneously around the tumor with 800 mg of cyclic peptide
C25. After 120 min of peptide injection, the heart, liver, spleen,
lung, kidney and tumor of mice were separated. Tissue lysate
containing protease inhibitor was added at a concentration of
1 mL/g tissue, and the tissue was ground sufficiently on ice. The
Figure 1 Binding detection of cyclic peptides to hLAG-3 by MST. Che

disulfide bond that forms the peptide into cyclic was identified within the c

(F) C25 to hLAG-3.
tissue slurry was collected, centrifuged at high speed, and the
supernatant was mixed with a half volume of 10% HClO4. After
precipitation, the supernatant was harvested after high-speed
centrifugation at 4 �C, and the content of the cyclic peptide C25
was analyzed by HPLC.

2.14. Statistical analysis

The data was shown as means � standard deviation (SD) and
statistical significance between groups was determined by Stu-
dent’s t test. P values < 0.05 were considered statistically sig-
nificant. *P < 0.05, **P < 0.01, and ***P < 0.001.
mical structures of cyclic peptide (A) C17, (C) C19 and (E) C25, the

ircle. The MST binding curves of cyclic peptide (B) C17, (D) C19 and
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3. Results

3.1. Phage display screening

To obtain the LAG-3 binding peptides, 5 rounds of bio-panning on
the rhLAG-3-Fc protein were performed, and the phage clones
were randomly selected. A total of 75 efficient nucleotide se-
quences were obtained, and the amino acid sequences with the
enriched phage clones were shown in Table 1. The three peptides
(C17, C19 and C25) were synthesized.

3.2. Affinity measurement between cyclic peptides and LAG-3
protein

The MST binding curves of cyclic peptide C17, C19 and C25 to
hLAG-3 were shown in Fig. 1B, D and F. The Kd values for the
binding of C17, C19 and C25 to hLAG-3 were shown in Table 1.
The results showed that C25 had the highest affinity among these
three peptides with the Kd value of 0.66 mmol/L.

The SPR binding curves and Kd values of cyclic peptide C17,
C19 and C25 to hLAG-3 were shown in Supporting Information
Figs. S1AeC. Consistent with the results of MST, C25 showed
the highest affinity with the Kd value of 0.215 mmol/L.

3.3. C25 impaired the interaction of LAG-3 and HLA-DR

To further identify whether C25 could block the interaction of
LAG-3 and HLA-DR, a ligand inhibition assay and a cell-based
analysis were performed to investigate the interference of C25 on
LAG-3 binding to HLA-DR (Fig. 2A). First, the expression of
Figure 2 The effect of cyclic peptides on LAG-3/HLA-DR interaction w

cell-based blocking assay. (B) Flow cytometry analysis of HLA-DR on

rhIFN-g for 48 h. (C) Cell-based blocking assay of different concentrati

diagram of LAG-3/HLA-DR blocking by different concentrations of cycli
HLA-DR on THP-1 cells were induced with different concentra-
tions (0e100 ng/mL) of rhIFN-g for 48 h, and HLA-DR expres-
sion was monitored by a flow cytometry. As shown in Fig. 2B, the
concentration of rhIFN-g was determined to be 80 ng/mL. Cell-
based blocking assays showed that cyclic peptide C25 had the
highest efficacy to block HLA-DR/LAG-3 among these three
peptides. As shown in Fig. 2C, C25 effectively blocked the
binding of LAG-3 to HLA-DR in a dose-dependent manner. With
the increased concentration of C25, the fluorescence signals
decreased. At 10 mmol/L, the blocking rate of C25 exceeded 40%,
when the concentration reached 100 mmol/L, the blocking rate
could reach 60% (Fig. 2C and D).
3.4. C25 activated CD8þ T cells in vitro depends on LAG-3

LAG-3 could be inducible expressed on peripheral CD4þ and
CD8þ T cells upon activation. To verify whether C25 can activate
T cells in vitro, PBMCs from the blood of healthy donor were
isolated, CD3 and CD28 antibody were added to stimulate T cells
and incubated with PBS or C25. The IFN-g secretion by the cells
was measured using ELISA. The IFN-g production in PBMC cells
was significantly enhanced when treated with C25 (100 mmol/L,
Fig. 3A). At the same time, we detected the percentage of CD8þ

and CD4þ T cells producing IFN-g in each T-cell subset by a flow
cytometry. As shown in Fig. 3BeE, C25 increased the percentage
of CD8þ IFN-gþ (Fig. 3B and C) but not that of CD4þ IFN-gþ

(Fig. 3D and E) compared with the control. After blocking the
LAG-3 protein with the anti-LAG-3 antibody, C25 could no longer
enhance IFN-g release and CD8þ T cells activation (Fig. 3A and
as determined via cell-based blocking assay. (A) Schematic diagram of

THP-1 cells induced by different concentrations (0e100 ng/mL) of

ons of cyclic peptides C17, C19 and C25. (D) A representative flow

c peptide C25. Data are expressed as the mean � SD (n Z 3).
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C). Overall, these results indicated that C25 could recover the
function of CD8þ T cells in vitro by acting on LAG-3.

3.5. C25 did not impact tumor cells proliferation

To evaluate the direct killing effects of C25 on CT26, B16 and
B16-OVA tumor cells, MTT assays were conducted. C25 showed
no significant effects on proliferation (Figs. 4A, 7A and 8A) when
compared with the control (PBS, pH 7.2).

3.6. C25 could inhibit CT26 tumor growth via a T-cell
dependent manner

To identify the in vivo effects of C25, CT26 tumor bearing micewere
treated with C25 (2 mg/kg/day) for 14 days. The results showed that
C25 could significantly inhibit the growth of the established CT26
tumors (Fig. 4B and C). However, the C25 did not show pronounced
killing effects on CT26 tumor cells (Fig. 4A), therefore, this can be
deduced that C25 might function by activating the body immunity.
The infiltration of CD8þ T cells, CD4þ T cells and FOXP3þ Tregs
were detected in tumors. As a result, the infiltration of CD8þ and
Figure 3 The activation of cyclic peptide C25 on CD8þ T cells was dete

secretion of IFN-g by human PBMCs. Effects of cyclic peptide C25 on the

IFN-gþ T cells. Data are expressed as the mean � SD (n Z 3) and statis
**P < 0.01; ns, not significant.
CD4þ T cells in the C25 group significantly increased comparedwith
the control group (Fig. 5AeC), and the infiltration of FOXP3þ Tregs
in the C25 group significantly decreased (Fig. 5D and E). The per-
centages of IFN-g producing CD8þ and CD4þ T cells in the spleen,
draining lymph node and TIL were determined. The results showed
that the ratio of CD8þ IFN-gþ T cells in the C25 group increased
compared with the control group (Fig. 5F, G, J and K), while the ratio
of CD4þ IFN-gþ T cells had no significant differences (Fig. 5H, I, L
and M). All these results indicated that C25 was capable to inhibit
CT26 tumor growth via a CD8þ T cell dependent mechanism.
3.7. Anti-tumor effect of C25 mainly depends on CD8þ T cells

Further, CD8þ T cells depleting model was established to verify
the role of CD8þ T cells in the process of tumor inhibition by C25.
In the CD8þ T cells depletion mouse model, the tumor grew
rapidly and C25 treatment showed no obvious effects on the tumor
growth compared with the control group (Fig. 6A and B), indi-
cating that the C25 functioned to inhibit tumor growth dependent
on the activation of CD8þ T cells.
rmined in vitro. (A) Cyclic peptide C25 has the function of stimulating

percentage of (B and C) CD8þ IFN-gþ T cells and (D and E) CD4þ

tical significance between groups was determined by Student’s t test:
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3.8. C25 could inhibit B16 tumor growth

To further evaluate the anti-tumor effect of C25, B16 xenograft
mouse model with a more malignant phenotype was used. The
results showed that C25 could significantly inhibit the growth of
B16 tumors (Fig. 7B and C). However, at the later stage, the
growth of the tumor gradually deviated from the inhibition of the
C25 and the tumor started to grow rapidly. In this model, it
demonstrated C25 might only play a role in delaying tumor
development. We speculated that B16 cells could be stimulated by
inflammatory factors such as IFN-g in tumor microenvironment to
express PD-L1 which thus mediate immune escape through the
PD-1/PD-L1 pathway.
3.9. C25 killed B16-OVA tumor cells by antigen-specific CD8þ

T cells reaction

To verify whether C25was capable of eliciting antigen-specific CD8þ

T cell responses, a B16-OVAxenograft mousemodel was established.
The results showed that the C25 treatment significantly reduced the
tumor size (Fig. 8B). The results of infiltration of CD8þ T cells and
Foxp3þTregs in tumors showed that theCD8þTcell infiltration in the
C25 group significantly increased (Fig. 8C and D), while the infiltra-
tion of FOXP3þ Tregs significantly reduced (Fig. 8E and F). In the
isolated spleen, draining lymph nodes cells and TIL, the proportion of
antigen-specific CD8þ IFN-gþ T cells stimulated by OVA257e264

peptide significantly increasedwith the treatment of C25 (Fig. 8G,H, I
and J). These results indicated that the promising tumor inhibition
effect of C25 may result from the increasing of CD8þ T cells infil-
tration and decreasing of FOXP3þ Tregs infiltration in tumors, and
effectively triggering antigen-specific CD8þ T cell responses to kill
tumor cells.
Figure 4 Cyclic peptide C25 could inhibit CT26 tumor growth not direc

C25 on the proliferation of CT26 tumor cells in vitro. CT26 xenograft mice

for 14 days when the tumor grew to 40e80 mm3. The (B) tumor volumes,

group. Data are expressed as the mean � SD (n Z 5) and statistical signifi
3.10. The immunogenicity and distribution of C25 in mice

The immunogenicity of C25 was assessed in mice with or without
CT26 xenograft. The results showed that the IgG levels in the
blood of naı̈ve mice, tumor bearing mice after 14 days of C25
treatment were not significantly different from those in the control
group, indicating that C25 did not cause significant immune
response in mice, as shown in Supporting Information Fig. S2A.
At the same time, we examined the elimination of peptide C25 in
mice, and found that the elimination of C25 between naı̈ve mice
and tumor bearing mice showed no significant difference,
regardless of the C25 treatment for 14 days, as shown in Fig. S2B.

The distribution of peptide in normal tissues and tumors in
mice after 120 min treatment with peptide C25 was analyzed by
HPLC. It was found that peptide mainly distributed in tumors and
livers, as shown in Fig. S2C, indicating that peptide C25 had good
tumor penetration.
4. Discussion

With the gradual deepening of the immune checkpoints of CTLA-
4 and PD-1/PD-L1 and the approval of their blocking antibodies
for the treatment of various tumors, other immune checkpoints as
TIM3, TIGIT and LAG-3 also attract great attention12e14.
Ongoing clinical trials are not only combined different immune
checkpoints, but also combined with radiation therapy, chemo-
therapy, or cancer vaccines, in order to achieve synergistic ther-
apeutic effects. LAG-3 is considered as a promising immune
checkpoint44, the combination of anti-LAG-3 (relatlimab) and
anti-PD-1 (nivolumab) exhibited exciting efficacy in melanoma
patients with resistance to the previous anti-PD-1/PD-L1 therapy
(NCT01968109). Most importantly, the combination therapy
tly killing tumor cells. (A) MTT analysis of the effect of cyclic peptide

model was established, cyclic peptide C25 (2 mg/kg/day) was treated

(C) tumor sizes and (D) body weight of cyclic peptide C25 and control

cance between groups was determined by Student’s t test: **P < 0.01.



Figure 5 Cyclic peptide C25 inhibits CT26 tumor growth by activating CD8þ T cells and reducing FOXP3þ Tregs. Tumor, spleen and draining

lymph nodes were isolated from tumor bearing mice. (A and B) CD8þ T cells infiltration, (A and C) CD4þ T cells infiltration and (D and E)

Foxp3þ Tregs infiltration in cyclic peptide C25 and control group (n Z 4). The ratio of (F and G) CD8þ IFN-gþ T cells and (H and I) CD4þ

IFN-gþ T cells in the spleen and draining lymph nodes (nZ 5). The ratio of (J and K) CD8þ IFN-gþ T cells and (L and M) CD4þ IFN-gþ T cells

in the tumors (n Z 4). Data are expressed as the mean � SD and statistical significance between groups was determined by Student’s t test:
*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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showed a safety profile similar to that of nivolumab monotherapy
with rare grade of 3/4 adverse events45.

In this study, a cyclic peptide C25 with high affinity to the
human LAG-3 protein by phage display was identified. The results
showed that the affinity Kd values of C25 and human LAG-3
protein was 0.66 mmol/L by MST and 0.215 mmol/L by SPR,
indicating that C25 could effectively bind with LAG-3. In addition
to the effective interaction with LAG-3, it is essential to identify
the blocking efficiency of the molecule in the binding of LAG-3
with the ligands. Thus, we measured the blocking ability of the
C25 by cell-based blocking assay and found that C25 could block
the HLA-DR from binding to LAG-3 in a dose-dependent manner.
In addition, when the concentration of C25 was at 100 mmol/L, the
blocking rate achieved up to 60%, indicating that the C25 could
Figure 6 Effect of cyclic peptide C25 on CT26 tumor cells after deplet

with 250 mg of CD8-depleting antibody the day before CT26 tumor inocu

peptide C25 (2 mg/kg/day) was treated for 14 days when the tumor grew to

T cell deletion. Data are expressed as the mean � SD (n Z 5) and statis

*P < 0.05, ***P < 0.001; ns, not significant.

Figure 7 Cyclic peptide C25 could inhibit B16 tumor growth by not dire

C25 on the proliferation of B16 tumor cells in vitro. B16 xenograft mice mod

days when the tumor grew to 40e80 mm3. (B) Tumor volumes, (C) Tumor

group. Data are expressed as the mean � SD (nZ 5) and statistical signific
effectively block the LAG-3/HLA-DR protein interactions. The
LAG-3 protein consists of four Ig-like extracellular domains,
D1eD419,20. MHC-II interacts with LAG-3 via the D1 domain of
the LAG-3 protein19. Our study found that C25 could block the
binding of LAG-3 to MHC-II, therefore, we hypothesized that C25
might bind to the D1 region of LAG-3, occupying the key site of
MHC-II and preventing the binding of LAG-3 to MHC- II.

The clinical efficacy of tumor immunotherapy by using im-
mune checkpoint blockers depends on the activation and expan-
sion of tumor-infiltrating CD8þ T cells46,47. LAG-3 acts as a
negative regulator of T cells and has a direct inhibitory effect on
CD8þ T cells22,24,48. LAG-3 is expressed at a lower level on un-
activated CD8þ T cells49 but overexpressed in tumor-infiltrating
CD8þ T cells, such as in hepatocellular carcinoma, renal cell
ion CD8þ T cells in mice. BALB/c mice were intraperitoneal injected

lation and every four days thereafter, 200 mg Rat Ig as control. Cyclic

40e80 mm3. The (A) tumor volumes and (B) tumor sizes after CD8þ

tical significance between groups was determined by Student’s t test:

ctly killing tumor cells. (A) MTTanalysis of the effect of cyclic peptide

el was established, cyclic peptide C25 (2 mg/kg/day) was treated for 14

sizes, and (D) Body weight of cyclic peptide C25 group and the control

ance between groups was determined by Student’s t test: *P < 0.05.



Figure 8 Cyclic peptide C25 kills B16-OVA tumor cells by antigen-specific CD8þ T cell reaction and FOXP3þ Tregs decreased. B16-OVA

xenograft mice model was established, cyclic peptide C25 (2 mg/kg/day) was treated for 14 days when the tumor grew to 40e80 mm3. (A)

MTT analysis of the effect of cyclic peptide C25 on the proliferation of B16-OVA tumor cells in vitro (n Z 5). (B) The tumor volumes of mice

(n Z 5). The (C and D) CD8þ T cells (n Z 5) and (E and F) FOXP3þ Tregs infiltration (n Z 4) in cyclic peptide C25 and control group. (G and

H) The ratio of CD8þ IFN-gþ T cells in the spleen and draining lymph nodes (n Z 4). (I and J) The ratio of CD8þ IFN-gþ T cells in the tumors

(n Z 4). Data are expressed as the mean � SD and statistical significance between groups was determined by Student’s t test: *P < 0.05,
**P < 0.01, ***P < 0.001.
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carcinoma and other solid tumors50. In self-tolerance models,
LAG-3 blockade enhances the effector function of CD8þ T cells
and release more IFN-g24. Treatment of melanoma tumor model
with LAG-3 antibody can result in an increase of CD8þ IFN-g
producing cells and a reduction in tumor growth30. In our study,
the ratio of tumor-infiltrating CD8þ T cells in CT26 xenograft
mouse models increased after treatment with C25 peptide, and the
proportion of CD8þ IFN-gþ T cells in the spleen and draining
lymph nodes also significantly increased. In B16-OVA xenograft
mouse models, the ratio of tumor-infiltrating CD8þ T cells
increased after treatment with C25 peptide. We stimulated T cells
in vitro using OVA257-264 peptide which capable of causing
peptide-specific antigen T cells response, and found that the
proportion of IFN-gþ CD8þ T cells in the spleen, draining lymph
nodes and tumors also significantly increased. Based on the above
results, C25 treatment could reactivate CD8þ T cells.

MHC-II, is a shared ligand for CD4 and LAG-3, and the
LAG-3/MHCeII interaction can negatively regulate the expan-
sion of CD4þ T cells and inhibit the cytokine response21,31.
Tumor-infiltrating CD4þ T cells showed up-regulation of LAG-3
expression during tumor progression, with a gradual depletion
feature38. LAG-3 blockade may potentially affect the CD4þ T
cell population, resulting in a relative skew of the Treg pheno-
type51. In the mice tumors treated with cyclic peptide C25, the
number of tumor-infiltrating CD4þ T cells was significantly
increased, which should attenuate the inhibitory effect of LAG-3
on CD4 T amplification with LAG-3 blockade. However, in the
isolated spleen and draining lymph node cells, there was no
significant change in the proportion of activated CD4þ T cells
(CD4þ IFN-gþ T cells), which was consistent with the previous
in vitro experiment that C25 could not activate CD4þ T cells in
PBMCs. The results demonstrated that the blockade of LAG-3
signaling may not be the main influencing factor for activation
of CD4þ T cells.

In tumor microenvironment, Tregs belong to a subset of CD4 T
cells that worsen the anti-tumor immune responses and Tregs can
damage the production of tumor killing cytokines and inhibit the
activity of the immune system52. The accumulation of Tregs in
tumors is associated with poor prognosis in many malignancies53.
LAG-3 is highly expressed in regulatory Tregs and is critical for
Tregs to trigger maximum inhibition25. Recent studies have found
that LAG-3 could promote Treg differentiation, LAG-3 blockade
could reduce the inhibitory function of Tregs as well as promote
the activity of effector T cells51,54. In addition, the expression of
FOXP3 is considered as the most reliable marker of Tregs26.
Therefore, in our study, we examined the change in the proportion
of tumor-infiltrating CD4þ CD25þ FOXP3þ Tregs after treatment
with cyclic peptide C25. The results showed that post 14 days of
C25 treatment, the tumor size of the mice significantly reduced,
and the proportion of tumor-infiltrating Tregs significantly
decreased. We conclude that LAG-3 blockade by the cyclic pep-
tide C25, Tregs mediated immunosuppression can be attenuated
by reducing the proportion. The decreased proportion of Tregs
may be due to the LAG-3 inhibition skews CD4 cells away from
Treg phenotype51.

The above results showed that the cyclic peptide C25 had
promising antitumor effect. However, peptides have inherent dis-
advantages relative to blocking antibodies, they are easily
degraded by enzymes in plasma or cleared by glomeruli in the
body, resulting in short half-lives35. In our study, the first and last
amino acids of a peptide are both cysteine, which allows the
peptide to form a ring by generating a disulfide bond between the
amino acids. Cyclic peptides can theoretically slow down the de
novo degradation of enzymes, suggesting that their anti-enzymatic
ability is better than linear peptides39. Our studies demonstrated
that cyclic peptides that bind PD-1 have better stability in vitro
than linear peptides of the same sequence (data not shown). In
fact, the degradation of peptides in the body is not necessarily a
bad event, it avoids excessive immune response in the body to
produce a “cytokine storm”. Therefore, to appropriately prolong
the retention time of the peptide rather than infinitely extending
the retention time is crucial. Meanwhile, phage display technology
is an effective means of high throughput screening for specific
targets41. Our research demonstrates that cyclic peptides with high
affinity can be screened for negative regulatory proteins such as
PD-1. If the cyclic peptide is effective in blocking ligand and
receptor interaction, it may become an effective molecule that
blocks the negative regulatory signaling pathway and activates the
immune response.

5. Conclusions

This study has developed a novel cyclic peptide C25 targeting
LAG-3 by phage display bio-panning. The C25 peptide binds to
the LAG-3 protein with high affinity in vitro and is capable of
preventing the binding of LAG-3 to its ligands HLA-DR. The
phenomenon of anti-tumor immune activity is expected in vivo by
the evidence of CD8þ T cells activation and the reduction of
Tregs. Therefore, our findings provide a novel candidate peptide
and strategy targeting LAG-3 for cancer immunotherapy.
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