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Abstract
Purpose Recent studies have shown that TIM3 plays an important role in T-cell failure, which is closely related to the resist-
ance to anti-programmed cell death protein 1 (PD-1) treatment. However, there have been no reports on the application of 
peptide blockers to TIM3. In this study, we endeavored to identify the in vitro and in vivo anti-tumor activities of a TIM3-
targeting peptide screened from the phage peptide library.
Methods Phage display peptide library technology, surface plasmon resonance, flow cytometry, and mixed lymphocyte reac-
tion were utilized to screen and demonstrate the bioactivities of P26, a TIM3-targeting peptide. Meanwhile, tumor growth 
assay was performed to evaluate the anti-tumor effect of P26.
Results In terms of affinity, we demonstrated that P26 specifically binds to TIM3 at the cellular and molecular levels, which 
therefore blocks the interaction between TIM3 and Galectin-9 (Gal-9) and competes with Gal-9 to bind TIM3. Additionally, 
P26 significantly increases T-cell activity and elevates IFN-γ and IL-2 levels in a dose-dependent manner. Notably, P26 also 
counteracts Gal-9-mediated T-cell suppression. More importantly, P26 can inhibit growth of MC38-hPD-L1 tumor in mice.
Conclusions P26, as a novel TIM3-binding peptide, has the ideal bioactivity connecting to TIM3 and the potential prospect 
of application in immunotherapy as an alternative or adjuvant to existing agents.
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Introduction

Immunotherapy is increasingly recognized as one of the 
most promising treatments for cancer therapy, and there has 
been a focus on the development of treatments aiming at 
some immunological checkpoint molecules such as anti-
cytotoxic T-Lymphocyte-Associated Protein-4 (CTLA-4) 

and PD-1 in melanoma, kidney cancer, Hodgkin’s disease, 
and lung cancer [1]. However, tumors grow in the complex 
networks consisting of epithelial cells, blood vessels and 
lymphatic vessels, cytokines and chemokines, and infiltrat-
ing immune cells [2]. In some cancers including colorectal 
cancer, the blockade of CTLA-4 or PD-1 does not achieve an 
ideal therapeutic effect and incentivizes the efforts to locate 
other immune checkpoint inhibitors, such as TIM3. Recent 
studies have shown that TIM3 plays an important role in 
T-cell failure. The resistance to anti-PD-1 treatment is partly 
due to the up-regulation of TIM3 expression in T cells, and 
the use of anti-TIM3 antibodies in combination with anti-
PD-1 inhibitors can override drug resistance [3, 4].

The TIM gene family contains eight members (TIM1-8) 
in mouse chromosome 11B1.1 and three members (TIM1, 
TIM3, and TIM4) in human chromosome 5q33.2 [5]. Human 
TIM3, also known as HAVCR2, is a type I membrane pro-
tein with 302 amino acids, of which 63% are identical to 
murine TIM3 (281 amino acids) [6]. The main ligands of 
TIM3 are carcinoembryonic antigen cell adhesion molecule 
1 (CEACAM-1), phosphatidylserine (PS), high-mobility 
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group protein B1 (HMGB1), and Galectin-9 (Gal-9) [3], 
among which Gal-9 was the first being identified and its 
interplay with TIM3 triggers an immunosuppressive out-
come through the activation of JUN N-terminal kinase 
(JNK) and AKT signaling pathways [7]. Some of the lat-
est findings have shown that TIM3 acts as a biomarker that 
represses the spontaneous immune reactions in the high 
grade serous ovarian cancers (HGSC) [8], and up-regulation 
of TIM3 and regulatory T-cell infiltration could mediate the 
resistance to radiation therapy and PD-L1 blockade [9].

Phage display technology, as a selection-based system, 
is a well-used biological method and has been successfully 
applied to various fields [10]. We previously identified pep-
tides blocking VEGF–VEGFR-1 interaction using this tech-
nique [11–13]. In the study, we focused on screening the 
peptides specifically targeting TIM3. Here, four rounds of 
subtractive screening were performed using the 293T cells 
stably expressing human TIM3 and the 12-mer phage dis-
play peptide library to identify the TIM3-binding peptides. 
A novel high-affinity TIM3-targeting peptide with excellent 
biological activities, P26, was identified. P26 can compete 
with Gal-9 for binding to TIM3 and diminish the biological 
functions of TIM3/Gal-9. P26 also exhibits the anti-tumor 
function in vivo. These results suggest that P26 may have 
potential applications as an immunological checkpoint 
inhibitor or supplementation to other immune checkpoint 
inhibitors.

Materials and methods

Reagents

The Ph.D.-12 phage display peptide library kit was pur-
chased from New England Biolabs. Histopaque-1077 
(10771) was from Sigma-Aldrich.  CD4+ T-cell isolation kit 
(130-096-533) and Mo-DC Generation Toolbox I (130-093-
568) were obtained from Miltenyi Biotech. The Human IFN-
gamma DuoSet ELISA (DY285B) and Human IL-2 DuoSet 
ELISA (DY202) were from R&D Systems. The TMB sub-
strate single solution (D0022) was purchased from Yacoo. 
Opdivo (NDC 0003-3772-11) was obtained from Bristol-
Myers Squibb. Gal-9 fusion protein (CHI-HF-210GAL9) 
and TIM3 fusion protein (CHI-MF-210T3-C050) were 
obtained from Chimerigen. The anti-TIM3 monoclonal anti-
body C23 was generated by our laboratory. Anti-GAPDH 
(10494-1-AP) was purchased from Proteintech. HRP-anti-
mouse (ab6789) was obtained from Abcam.

Cell lines and cell culture

Human renal epithelial cell line 293T and 293T-TIM3 
were obtained from KYinno and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) at 37 ℃, 5%  CO2. The 
media were supplemented with 10% FCS (Gibco) plus Peni-
cillin/Streptomycin. Mouse colon cancer cell line MC38-
hPD-L1 was obtained from Biocytogen (Beijing, China) and 
cultured in RPMI-1640 plus 10% FBS (Gbico) and hygromy-
cin B (100 μg/mL) at 37 ℃, 5%  CO2. Mo-DC Differentiation 
Medium (130-094-812) and Mo-DC Maturation Medium 
(130-094-813) were purchased from Miltenyi Biotech.

Western blot analysis

Cells were lysed in buffer containing 50 mM Tris–HCl pH 
7.0, 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol, 1% 
SDS, and 1 × protease inhibitor cocktail from Roche. The 
protein concentration was quantified by the BCA protein 
detection kit. Samples were separated by SDS-PAGE and 
electro-blotted to the nitrocellulose membranes, which were 
blocked with 5% non-fat milk in PBS for 1 h at room temper-
ature, probed with the indicated primary antibodies at 4 ℃ 
overnight, and incubated with HRP-conjugated secondary 
antibody for 45 min at room temperature. Protein bands were 
visualized with the enhanced chemiluminescence system.

Screening of TIM3‑targeting peptides by phage 
display random peptide library

293T-TIM3 (target cells) and 293T (negative absorption 
cells) were used to screen the random phages display peptide 
libraries. Panning was performed by procedures suggested 
by Peptide Library Kit with some modifications. After 
amplification of the ultimate phage peptide library obtained 
by subtractive screening, one part of phage supernatant was 
subjected to next-generation sequencing (NGS, completed 
by Abace-Biology) to select frequently occurring peptide 
coding sequences. Another part was subjected to ELISA to 
select positive clones. Finally, preferred peptide sequences 
were selected based on the results of both NGS and ELISA. 
The candidate peptides and a control peptide (P0) were 
synthesized by Apeptide using standard solid-phase Fmoc 
chemistry. FITC conjugates were produced by DGpeptides.

Examination of binding specificity and ligand 
competition binding assays

Surface plasmon resonance (SPR) assay. The affinity iden-
tification between P26 and TIM3 was performed by immo-
bilizing the TIM3 protein (50 μg/mL) on the surface of the 
nanogold sensor chip after the chip was activated by EDC/
NHS. P26/Gal-9 competition assay was performed by immo-
bilizing Gal-9 protein (25 µg/mL) on the sensor chip. Each 
sample was injected at a flow rate of 20 μL/min for about 
7 min. KD, ka, and kd were calculated by Trace Drawer 
Evaluation (version 2.0).
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Flow cytometry. After blocking with 1% BSA-PBS for 
30 min at room temperature and washing, 500 μL of cell 
suspension (2 × 106 293T-TIM3 or 293T cells) was incu-
bated with FITC-conjugated P26 peptide and/or Gal-9. After 
incubation for 30 min at room temperature and washed twice 
with PBS, the cells were resuspended in 200 μL PBS for 
flow cytometry analysis.

Isolation and purification of dendritic cells (DCs) 
and  CD4+ T cells and mixed lymphocyte reaction 
(MLR)

The blood of donors was diluted (volume ratio 1:1) with 
physiological saline, and human peripheral blood mononu-
clear cells (PBMCs) were isolated with the human lympho-
cyte separation solution Histopaque-1077 by centrifuga-
tion at 400 g for 40 min at room temperature. The obtained 
PBMCs were washed for three times with PBS and subjected 
to magnetic bead sorting.  CD4+ T cells were isolated from 
the remaining cells after isolation of DCs by the Mo-DC 
generation kit I and  CD4+ T cell isolation kit. DCs were 
cultured in Mo-DC differentiation medium for 7 days and 
then replaced with Mo-DC mature medium for 3 days.

Mature DCs and newly isolated T cells (different donors) 
were mixed for MLR. About 1 × 104 DCs and 1 × 105 T cells 
per well were mixed and cultured in 200 µL RPMI-1640 
medium plus 10% FBS. To evaluate the activity of P26 (gra-
dient effect), competitive inhibition (P26 and Ligand), as 
well as synergistic effect (P26 and PD-1 inhibitor OPDIVO), 
indicated concentrations of peptide, OPDIVO, and Gal-9 
were added to the corresponding wells to interact with the 
cells. The expression levels of IFN-γ or IL-2 secreted in the 
cell supernatant were measured on the fifth day by ELISA 
assay.

ELISA assay for T‑cell activity

IFN-γ and IL-2 in MLR cell supernatants were detected 
according to the ELISA kit procedure. Briefly, 100 μL of 
capture antibody solution (2 μg/mL) was coated in a 96-well 
plate overnight at room temperature. On the second day, 
the capture antibody solution was aspirated out, and the 
wells were washed three times with 300 μL of PBST con-
taining 0.05% Tween 20. Afterwards, wells were blocked 
with 300 μL of 1% BSA-PBS for 1 h. After sealing, the 
wells were similarly washed and incubated with 100 μL of 
test samples or standards per well for 2 h. After that, each 
well was incubated with the detection antibody (125 ng/mL, 
100 μL) for 2 h. After incubation with 100 μL of HRP-con-
jugated secondary antibody for 20 min, color was developed 
with TMB. The test wells were read at the wavelength of 
450/570 nm using an ELISA plate reader (Bio-Rad).

Tumor growth assay

C57BL/6 mice transgenic for B-hHAVCR2 (TIM3) (Biocy-
togen, Beijing, China) were used to evaluate the anti-tumor 
activity of P26 in vivo. After 1 week of adaptive feeding, 
6-week-old female mice were inoculated with 0.1 mL of 
MC38-hPD-L1 cells (1 × 106 cells) by subcutaneous injec-
tion on the right scapula followed by the measurements of 
tumor volume and body weight. When the average tumor 
volume reached about 80 mm3, mice were randomly divided 
into three groups and administrated with different drugs: 
(A) PBS (control), (B) ATE (PD-L1 inhibitor Atezolizumab, 
10 mg/kg/4d, as the positive group), (C) P26 (5 mg/kg/d), 
and (D) P26 (5 mg/kg/d) plus ATE (10 mg/kg/4d). The 
weight and tumor volume of the mice were measured twice a 
week. When the body weight loss (% BWL) was above 20%, 
the drug was discontinued, and then, ethically acceptable 
execution to mice was adopted upon the failure of weight 
loss recovery in 72 h. The weight and volume of tumors 
were then analyzed.

Statistics analysis

All the data were expressed as means ± SEM of duplicate or 
triplicate samples. Histograms and line charts were gener-
ated by GraphPad Prism 6.0. T tests or one-way ANOVA 
was used to determine the p values. Statistical significance 
was determined as a p value < 0.05.

Results

Screening of specific peptides binding to TIM3 
from a random library

293T-TIM3 and 293T cells were, respectively, used as the 
target cells and negative absorption cells to select a ran-
dom phage display 12-mer-peptide library. The expression 
of TIM3 in the 293T-TIM3 cell line was verified by Western 
blot analysis (Fig. 1a) and flow cytometry (Fig. 1b). The 
enriched phage clones showed a significant increase in rela-
tive yield during four rounds of step-by-step bio-panning 
(Fig. 1c). After the fourth round, one part of phage super-
natant of the ultimate phage peptide library was subjected 
to NGS, and another part was subjected to ELISA. Twenty 
clones from the screen-amplified round 4 phage library were 
subjected to cell ELISA, and the relative ratios of the  OD490 
values of the positive clones (binding with 293T-TIM3 cells 
to binding with 293T cells) were compared and analyzed 
(Fig.  1d). Twenty frequently occurring peptide coding 
sequences were screened by NGS, and then, ten peptides 
were synthesized based on the results of NGS and phage 
ELISA for further study (Fig. 1e). The result showed that 
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there was no homology or consensus motif in these clones. 
Next, we sought to test whether the peptides could activate 
 CD4+ T cells. Peptides (100 μg/mL) were added to the co-
culture of DCs and T cells, and ELSIA was proceeded to 
detect IFN-γ produced by DCs and T cells in cell superna-
tants during the co-culture. Peptide P26 with the strongest 
activity in inducing IFN-γ was selected for further analysis 
(Fig. 1f).

Affinity of P26 to TIM3

Affinity of P26 to TIM3 was examined by SPR and flow 
cytometry. In SPR assay, P26 dose-dependently associated 
with TIM3 and 3.44 × 10–5 M of affinity constant (KD), 
4.94 × 10–2  Ms−1 of ka, and 1.70 × 10–2  s−1 of kd were 
obtained (Fig. 2a). No specific binding between P0 and 
TIM3 was found (Fig. 2b). In flow cytometry, P26 exhibited 

Fig. 1  Screening and synthesis of TIM3-targeting peptides from 
a random Phage Display 12-mer-Peptide Library. a Stable expres-
sion of exogenous human TIM3 protein in 293T cells was detected 
by Western Blot. b Expression of TIM3 on the surface of 293T cells 
was detected by flow cytometry. c Recovery of positive clones of 
TIM3-binding phages from each round by subtractive bio-panning 
in the Phage Display 12-mer-Peptide Library. d Relative ratio of 
the OD490 value of the positive clone’s association with target cells 

(293T-TIM3) to the control cells (293T) was compared and analyzed 
by ELISA. e Amino acid sequences of 20 clones screened by NGS, 
and 10 peptides (boxed) were synthesized based on the results of 
ELISA and NGS. f Secretion of IFN-γ by peptides and cells incuba-
tion after co-culture. The BC0 group contained only T cells, the BC 
group contained only DCs and T cells, and the other groups were 
mixed cultures of peptides and DCs and T cells. Data were showed as 
mean ± SEM, *p < 0.05, **p < 0.01
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a higher binding curve to 293T-TIM3 cells than to 293T cell 
(Fig. 2c). Therefore, P26 can specifically recognize either 
free or adherent TIM3.

P26 blocks the interaction between TIM3 and Gal‑9

The competitive binding test between P26 and Gal-9 to 
TIM3 was also conducted by SPR and flow cytometry. The 
results of flow cytometry also indicated a competitive rela-
tionship between P26 and Gal-9′s bindings to 293T-TIM3 
cells (Fig. 2c). In addition, the binding between Gal-9 and 
TIM3 was validated by SPR and the KD, ka, and kd values 

were 6.27 × 10–7 M, 1.07 × 10–4  Ms−1, and 6.71 × 10–3 s−1, 
respectively (Fig. 2d). However, P26 significantly decreased 
TIM3/Gal-9 interaction (Fig. 2e). Therefore, P26 can not 
only specifically bind to TIM3 but also compete with Gal-9, 
resulting in diminished TIM3/Gal-9 interaction.

P26 activates T cells and reverses Gal‑9‑inhibited 
T‑cell activation

To evaluate the impact of P26 on T-cell activation and pro-
liferation, MLR experiments were performed. The levels of 
IFN-γ and IL-2 in the supernatant were slightly increased 

Fig. 2  The binding affinity of peptide P26 to TIM3. a The KD 
value of P26 binding to TIM3 was examined by SPR (sensor chip of 
TIM3). b SPR-binding curves of negative control peptide P0 (sensor 
chip of TIM3). c The binding specificity of P26-FITC (25 µg/mL and 
50  µg/mL) to293T-TIM3 cells and the capacities of FITC-P26 and 

FITC-Gal-9 (10 µg/mL) to compete for binding to 293T-TIM3 cells 
were examined by flow cytometry. d The KD value of Gal-9 bind-
ing to TIM3 was detected by SPR (sensor chip of TIM3). e Effects 
of indicated concentrations of P26 on Gal-9-TIM3 binding tested by 
SPR (sensor chip of Gal-9)



788 Cancer Chemotherapy and Pharmacology (2020) 86:783–792

1 3

after DC-cell presentation, but were markedly elevated by 
P26 in a dose-dependent fashion (Fig. 3a and b). Further-
more, P26 and the PD-1 inhibitor, OPDIVO, jointly stimu-
lated T cells, and the combined indexes (CI) [14, 15] of 
P26 and OPDIVO were 0.736 for IFN-γ and 0.771 for IL-2, 
respectively (Fig. 3c and d). In addition, we evaluated the 

competitive effect of P26 on TIM3/Gal-9-regulated T-cell 
activation. Gal-9 (5 µg/mL) reduced the levels of IL-2 and 
IFN-γ from DC-primed T cells. However, in the presence 
of P26, Gal-9-mediated inhibition on T-cell activation was 
abrogated (Fig. 3e and f). Therefore, P26 has the capacity to 
reverse Gal-9-inhibited T-cell activation.

Fig. 3  The secretion of IFN-γ and IL-2 after co-incubation of P26 
and P26 with other drugs in MLR was detected by ELISA. a and b 
IFN-γ (a) and IL-2 (b) secretion levels after incubation of different 
concentrations of P26. c and d Secretion of IFN-γ (c) and IL-2 (d) 
after co-incubation of P26 (25 µg/mL) and PD-1 inhibitor OPDIVO 

(0.1 µg/mL). e and f Secretion levels of IFN-γ (e) and IL-2 (f) after 
co-incubation of P26 (100 µg/mL) and Gal-9 (5 µg/mL). Data were 
analyzed and presented as mean ± SEM, *p < 0.05, **p < 0.01. n.s. no 
significance
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P26 inhibits tumor growth in vivo

The MC38-hPD-L1 tumor-bearing B-hTIM-3 humanized 
mice model was used to evaluate whether P26 has an inhibi-
tory effect on tumor growth in vivo. A dosing regimen was 
established (Fig. 4a), and the PD-L1 inhibitor ATE was used 
as a positive control. One week after withdrawal, tumor nod-
ules were separated and then weighed for statistical analy-
sis, the differences between the tumors in each group were 
compared, and tumor volume growth curves were shown. 
The results showed that, compared with the solvent control 
group, both P26 and ATE groups could significantly inhibit 
the growth of MC38-hPD-L1 tumor cells (Fig. 4b and c). In 
terms of tumor volume, the inhibition rates were 43.71% for 
ATE and 34.19% for P26 (Fig. 4d). The differences between 
P26 and ATE-inhibited tumor growth were statistically 
insignificant (Fig. 4b and d). Likely due to the small sample 
size, the differences between co-treatment (P26 plus ATE) 
and single treatment (P26 or ATE) were insignificant, but 
combination of P26 and ATE did show a stronger inhibition 
on tumor weight (Fig. 4b) and volume (54.98%) (Fig. 4d). 

These results demonstrate that P26 has a considerably nega-
tive impact on tumor growth.

Discussion

In this report, a panel of 12aa peptides targeting TIM3 were 
screened and identified by the phage peptide library display 
technology (screening procedures shown in Fig. 5a). Finally, 
peptide P26 was singled out as a focus and its binding prop-
erties as well as biological activities were examined. In 
terms of affinity, the results showed that P26 can specifically 
bind to TIM3 at the cellular and molecular levels. Addition-
ally, P26 can block the TIM3/Gal-9 interaction and compete 
with Gal-9 to bind TIM3. The competition and blocking 
effects of P26 and Gal-9 may be due to the shared binding 
site of P26 and Gal-9 on TIM3, and thus, the occupation by 
P26 to TIM3 will significantly thwart the recruitment and 
binding of Gal-9. On the other hand, the topologically struc-
tural alteration of TIM3 protein upon the interaction with 
P26 may lead to the augmented difficulty of TIM3 binding 

Fig. 4  P26 inhibited tumor growth in mice. a Schema for subcutane-
ous implantation of MC38-hPD-L1 cells in mice on day 0, therapeu-
tic injection of indicated drugs on day 10, and the mice were sacri-
ficed on day 36. b and c Weight (b) and photos (c) of MC38-hPD-L1 

tumor nodules on day 36. d Curves showing the changes of tumor 
volume. Data represent mean ± SEM, (n = 7). *p < 0.05, **p < 0.01. 
n.s. no significance
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to Gal-9 resulted from the covered or disappeared binding 
sites. Collectively, the mechanism related to the blockade 
of TIM3 and Gal-9 by P26 is worthy of exploration. With 
regard to biological functions and activities, P26 is able to 
activate CD4 + T cells; notably, P26 also reactivates Gal-
9-mediated T-cell suppression in a mock physiological envi-
ronment (Fig. 5b).

From the in vivo experiment, our results indicate that P26 
can inhibit MC38-hPD-L1 tumor growth in mice. The dose 
of P26 selected for in vivo experiments is 5 mg/kg, which 
is partly based on the in vitro SPR analysis. Besides, the 
previous studies offered us some valuable reference on the 
dosage, which utilized 5 mg/kg [16] or 2–4 mg/kg [17] of 
peptides.

It should be emphasized that our present study failed to 
outline P26′s in vivo distribution in tumor and other tis-
sues. We realized that measuring the in vivo levels of P26 
and establishing its correlation with the endpoint of tumor 

growth inhibition are still problematic, which need to be 
solved in future work of positioning P26 as a therapeutic 
drug. TIM3 predominates on the surface of T cell existing 
in the blood and peripheral tissues apart from infiltrated 
tumor tissues [16–18], which forms a severely big hurdle and 
abrogates the precise tracing of P26 even with the fluores-
cence labels. Furthermore, the traditional fluorescent labels 
are susceptible to multiple factors such as pH and prone to 
cancelation in the long term [19, 20]. In general, fluorescent 
dyes with varied colors last amid the scope of delectability 
within minutes to 7 days under the fixation status [21–23]. 
For the present study of 36-day observation course, the fluo-
rescence conjugated to the P26 would definitely disappear or 
formidably fatigue upon excitation. Besides, peptide might 
be degraded at some sites with the fluorescent probes alive, 
so the fluorescence from either chemicals or proteins may 
fail to reflect the authentic status of peptides in vivo [24–26]. 
Thus, fluorescence labeling of P26 bears the incompatibility 

Fig. 5  a Schematic diagram of 
the design and screening proce-
dure for TIM3-binding peptides. 
b The mechanism by which 
the TIM3-binding peptide P26 
activates T cells in a simulated 
organism environment
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in our study. Additionally, mass spectrometry analysis of 
in vivo levels of P26 may be a viable option, but the pro-
cedures require some optimizations. Finally, P26-specific 
antibody is in the process of development for the purpose of 
establishing antibody-based detection techniques and assist-
ing the further therapeutic development of P26.

TIM3 has emerged as a promising target for tumor immu-
notherapy, and a few antibodies against TIM3 have been 
reported to exhibit excellent effects in enhancing antiviral 
immune responses, stimulating IFN-mediated anti-tumor 
immunity of T cells, and counteracting tumor growth [27]. 
Also, there are some reports on TIM3 inhibitors, but mecha-
nisms of the action are still unclear. It has been shown that 
the anti-tumor mechanism of anti-TIM3 requires  CD4+ T 
cells and  CD8+ T cells producing IFN-γ, and the model 
dependence on host  CD11+ DC is relatively minimal [28]. 
Plus, it has also been reported that anti-PD-1 immunother-
apy could develop resistance due to selective activation of 
TIM3, leading to immune escape [29]. Additional studies 
have shown that the use of combined antibodies against 
TIM3 and anti-PD-1 can prevent resistance to PD-1 therapy 
and reverse T cell failure and enhance anti-tumor activity of 
NK cells [17, 30]. In view of these resistance mechanisms, 
the combination of PD-1 and TIM3 inhibitors after anti-
PD-1 treatment may be an effective treatment strategy for 
reversing anti-PD-1 resistance in the future.

Peptides have the advantages of small molecular mass, 
low cost, and easy access to synthesis, and are gradually 
becoming attractive for drug research and development [31]. 
Studies of related peptides on CTLA-4, PD-1, and PD-L1 
have demonstrated the ideal functional activities in tumor 
immunotherapy [31–34]. However, so far, there have been 
no reports on the application of peptide inhibitors of TIM3, 
and the mechanism and development of TIM3-targeting pep-
tides still require further research and optimization. Encour-
agingly, this study proposes the novel peptide P26 which is 
involved in the interference of TIM3/Gal-9 interaction and 
activation of  CD4+ T cells through increased expression of 
cytokines (IFN-γ, IL-2). Moreover, in the in vivo experi-
ments, P26 also played a beneficial role in inhibiting tumor 
growth in MC38-hPD-L1 colon cancer cell-bearing mice. 
To maximize and optimize the suppressive effect of P26 on 
tumor, key residues in the P26 peptide sequence and under-
lying mechanism are worthy of further research. In addition, 
it is necessary to study the selectivity and specificity of P26, 
which will assist clinical selection of drugs. Hence, the pros-
pect of peptide P26 is bound to be attractive, and may have 
the potential to act as an alternative, adjuvant, or supplement 
to antibody-based therapy in immunotherapy of cancer.

Acknowledgements We thank Zhuona Rong, Shanmei Chen, 
Bing Wang, and Yizhe Sun for their discussion and technical support 
in experiments. Also, we appreciate North Medicine and Function Food 

Discipline of Heilongjiang Province (Grant No. 2018-TSXK-02) for 
partial funding support to this research.

Author contributions TZ designed and performed most of experiments 
and wrote the manuscript. CS and SM supervised this project. SW and CZ 
screened the peptide library. DT completed some data analysis and charting.

Funding This work was funded by the National Natural Science 
Foundation of China (No. 81773219), Basic Research Projects 
(No.12Z1201501), and the Basic Medical Discipline Team (No. 
JDXKTD-2019002) of Jiamusi University, China.

Data availability All data generated or analyzed during this study are 
included in this published article.

Compliance with ethical standards 

Conflict of interest We declare that we have no financial conflict of 
interest or non-financial conflict of interest.

Ethical approval The animal study was approved and supervised by the 
Biomedical Ethical Committee of Peking University Cancer Hospital 
and Institute (Permit Number: Animal-2012-01) and performed along 
established institutional animal welfare guidelines concordant with the 
US guidelines (NIH Publication #85–23, revised in 1985). Study using 
blood from human donors was approved and supervised by the Ethical 
Committee of Peking University Cancer Hospital and Institute.

Consent to participate All donors of blood gave informed consent 
before participating in this study.

Consent for publication All author read and approved publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Das M, Zhu C, Kuchroo VK (2017) Tim-3 and its role in regu-
lating anti-tumor immunity. Immunol Rev 276(1):97. https ://doi.
org/10.1111/imr.12520 

 2. Fridman WH, Pagès F, Sautès-Fridman C, Galon J (2012) The 
immune contexture in human tumours: impact on clinical out-
come. Nat Rev Cancer 12(4):298–306. https ://doi.org/10.1038/
nrc32 45

 3. He Y, Cao J, Zhao C, Li X, Zhou C, Hirsch FR (2018) TIM-3, a 
promising target for cancer immunotherapy. Onco Targets Ther 
11:7005–7009. https ://doi.org/10.2147/ott.S1703 85

 4. Romero D (2016) Immunotherapy: PD-1 says goodbye, TIM-3 
says hello. Nat Rev Clin Oncol 13(4):202–203. https ://doi.
org/10.1038/nrcli nonc.2016.40

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/imr.12520
https://doi.org/10.1111/imr.12520
https://doi.org/10.1038/nrc3245
https://doi.org/10.1038/nrc3245
https://doi.org/10.2147/ott.S170385
https://doi.org/10.1038/nrclinonc.2016.40
https://doi.org/10.1038/nrclinonc.2016.40


792 Cancer Chemotherapy and Pharmacology (2020) 86:783–792

1 3

 5. Freeman GJ, Casasnovas JM, Umetsu DT, DeKruyff RH (2010) TIM 
genes: a family of cell surface phosphatidylserine receptors that reg-
ulate innate and adaptive immunity. Immunol Rev 235(1):172–189. 
https ://doi.org/10.1111/j.0105-2896.2010.00903 .x

 6. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova 
T, Manning S, Greenfield EA, Coyle AJ, Sobel RA, Freeman GJ, 
Kuchroo VK (2002) Th1-specific cell surface protein Tim-3 regu-
lates macrophage activation and severity of an autoimmune disease. 
Nature 415(6871):536–541. https ://doi.org/10.1038/41553 6a

 7. Starling S (2017) Immune tolerance: a mother’s greatest gift is 
TIM3. Nat Rev Immunol 17(11):662–663. https ://doi.org/10.1038/
nri.2017.120

 8. Fridman WH, Zitvogel L, Sautès-Fridman C, Kroemer G (2017) 
The immune contexture in cancer prognosis and treatment. Nat 
Rev Clin Oncol 14(12):717–734. https ://doi.org/10.1038/nrcli 
nonc.2017.101

 9. Oweida A, Hararah MK, Phan A, Binder D, Bhatia S, Lennon S, 
Bukkapatnam S, Van Court B, Uyanga N, Darragh L, Kim HM, 
Raben D, Tan AC, Heasley L, Clambey E, Nemenoff R, Karam 
SD (2018) Resistance to radiotherapy and PD-L1 blockade is 
mediated by TIM-3 upregulation and regulatory T-cell infiltration. 
Clin Cancer Res 24(21):5368–5380. https ://doi.org/10.1158/1078-
0432.Ccr-18-1038

 10. Rahbarnia L, Farajnia S, Babaei H, Majidi J, Veisi K, Ahmadza-
deh V, Akbari B (2017) Evolution of phage display technology: 
from discovery to application. J Drug Target 25(3):216–224. https 
://doi.org/10.1080/10611 86x.2016.12585 70

 11. An P, Lei H, Zhang J, Song S, He L, Jin G, Liu X, Wu J, Meng 
L, Liu M, Shou C (2004) Suppression of tumor growth and 
metastasis by a VEGFR-1 antagonizing peptide identified from 
a phage display library. Int J Cancer 111(2):165–173. https ://doi.
org/10.1002/ijc.20214 

 12. Hetian L, Ping A, Shumei S, Xiaoying L, Luowen H, Jian W, Lin 
M, Meisheng L, Junshan Y, Chengchao S (2002) A novel peptide 
isolated from a phage display library inhibits tumor growth and 
metastasis by blocking the binding of vascular endothelial growth 
factor to its kinase domain receptor. J Biol Chem 277(45):43137–
43142. https ://doi.org/10.1074/jbc.M2031 03200 

 13. Zhou Z, Zhao C, Wang L, Cao X, Li J, Huang R, Lao Q, Yu 
H, Li Y, Du H, Qu L, Shou C (2015) A VEGFR1 antagonistic 
peptide inhibits tumor growth and metastasis through VEGFR1-
PI3K-AKT signaling pathway inhibition. Am J Cancer Res 
5(10):3149–3161

 14. Chou TC (2006) Theoretical basis, experimental design, and 
computerized simulation of synergism and antagonism in drug 
combination studies. Pharmacol Rev 58(3):621–681. https ://doi.
org/10.1124/pr.58.3.10

 15. Chou TC, Talalay P (1984) Quantitative analysis of dose-effect 
relationships: the combined effects of multiple drugs or enzyme 
inhibitors. Adv Enzyme Regul 22:27–55

 16. Wolf Y, Anderson AC, Kuchroo VK (2020) TIM3 comes of age 
as an inhibitory receptor. Nat Rev Immunol 20(3):173–185. https 
://doi.org/10.1038/s4157 7-019-0224-6

 17. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, 
Anderson AC (2010) Targeting Tim-3 and PD-1 pathways to 
reverse T cell exhaustion and restore anti-tumor immunity. J Exp 
Med 207(10):2187–2194. https ://doi.org/10.1084/jem.20100 643

 18. Anderson AC, Joller N, Kuchroo VK (2016) Lag-3, Tim-3, 
and TIGIT: co-inhibitory receptors with specialized functions 
in immune regulation. Immunity 44(5):989–1004. https ://doi.
org/10.1016/j.immun i.2016.05.001

 19. Zhao JJ, Chen J, Wang ZP, Pan J, Huang YH (2011) Double labe-
ling and comparison of fluorescence intensity and photostability 
between quantum dots and FITC in oral tumors. Mol Med Rep 
4(3):425–429. https ://doi.org/10.3892/mmr.2011.457

 20. Kaieda T, Kobatake S, Miyasaka H, Murakami M, Iwai N, 
Nagata Y, Itaya A, Irie M (2002) Efficient photocyclization of 
dithienylethene dimer, trimer, and tetramer: quantum yield and 
reaction dynamics. J Am Chem Soc 124(9):215–224. https ://doi.
org/10.1021/ja011 5722

 21. Süel G (2011) Use of fluorescence microscopy to analyze genetic 
circuit dynamics. Methods Enzymol 497:275–293. https ://doi.
org/10.1016/b978-0-12-38507 5-1.00013 -5

 22. Yagi A, Hamano S, Tanaka T, Kaneo Y, Fujioka T, Mihashi K 
(2001) Biodisposition of FITC-labeled aloemannan in mice. 
Planta Med 67(4):297–300. https ://doi.org/10.1055/s-2001-14314 

 23. Hermanson TG (2013) Bioconjugate Techniques, 3rd edn. Else-
vier, Amsterdam, pp 395–463

 24. Böttger R, Hoffmann R, Knappe D (2017) Differential stability 
of therapeutic peptides with different proteolytic cleavage sites in 
blood, plasma and serum. PLoS ONE 12(6):e0178943. https ://doi.
org/10.1371/journ al.pone.01789 43

 25. Hamman JH, Enslin GM, Kotzé AF (2005) Oral delivery of pep-
tide drugs: barriers and developments. BioDrugs 19(3):165–177. 
https ://doi.org/10.2165/00063 030-20051 9030-00003 

 26. Yi J, Liu Z, Gelfand CA, Craft D (2011) Investigation of pep-
tide biomarker stability in plasma samples using time-course 
MS analysis. Methods Mol Biol 728:161–175. https ://doi.
org/10.1007/978-1-61779 -068-3_10

 27. Li G, Hou C, Dou S, Zhang J, Zhang Y, Liu Y, Wang Z, Xiao H, 
Wang R, Chen G, Li Y, Feng J, Shen B, Han G (2019) Monoclonal 
antibody against human Tim-3 enhances antiviral immune response. 
Scand J Immunol 89(2):e12738. https ://doi.org/10.1111/sji.12738 

 28. Ngiow SF, von Scheidt B, Akiba H, Yagita H, Teng MW, Smyth 
MJ (2011) Anti-TIM3 antibody promotes T cell IFN-gamma-
mediated antitumor immunity and suppresses established tumors. 
Cancer Res 71(10):3540–3551. https ://doi.org/10.1158/0008-
5472.CAN-11-0096

 29. Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, 
Richards WG, Gandhi L, Redig AJ, Rodig SJ, Asahina H, Jones 
RE, Kulkarni MM, Kuraguchi M, Palakurthi S, Fecci PE, Johnson 
BE, Janne PA, Engelman JA, Gangadharan SP, Costa DB, Free-
man GJ, Bueno R, Hodi FS, Dranoff G, Wong KK, Hammerman 
PS (2016) Adaptive resistance to therapeutic PD-1 blockade is 
associated with upregulation of alternative immune checkpoints. 
Nat Commun 7:10501. https ://doi.org/10.1038/ncomm s1050 1

 30. Seo H, Kim BS, Bae EA, Min BS, Han YD, Shin SJ, Kang CY 
(2018) IL21 therapy combined with PD-1 and tim-3 blockade 
provides enhanced NK cell antitumor activity against MHC class 
I-deficient tumors. Cancer Immunol Res 6(6):685–695. https ://
doi.org/10.1158/2326-6066.Cir-17-0708

 31. Li C, Zhang N, Zhou J, Ding C, Jin Y, Cui X, Pu K, Zhu Y 
(2018) Peptide blocking of PD-1/PD-L1 interaction for cancer 
immunotherapy. Cancer Immunol Res 6(2):178–188. https ://doi.
org/10.1158/2326-6066.CIR-17-0035

 32. Boohaker RJ, Sambandam V, Segura I, Miller J, Suto M, Xu B 
(2018) Rational design and development of a peptide inhibitor for 
the PD-1/PD-L1 interaction. Cancer Lett 434:11–21. https ://doi.
org/10.1016/j.canle t.2018.04.031

 33. Chang HN, Liu BY, Qi YK, Zhou Y, Chen YP, Pan KM, Li WW, 
Zhou XM, Ma WW, Fu CY, Qi YM, Liu L, Gao YF (2015) Block-
ing of the PD-1/PD-L1 interaction by a D-peptide antagonist for 
cancer immunotherapy. Angew Chem Int Ed Engl 54(40):11760–
11764. https ://doi.org/10.1002/anie.20150 6225

 34. Davila E, Kennedy R, Celis E (2003) Generation of antitumor 
immunity by cytotoxic T lymphocyte epitope peptide vaccina-
tion, CpG-oligodeoxynucleotide adjuvant, and CTLA-4 blockade. 
Cancer Res 63(12):3281–3288

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.0105-2896.2010.00903.x
https://doi.org/10.1038/415536a
https://doi.org/10.1038/nri.2017.120
https://doi.org/10.1038/nri.2017.120
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1158/1078-0432.Ccr-18-1038
https://doi.org/10.1158/1078-0432.Ccr-18-1038
https://doi.org/10.1080/1061186x.2016.1258570
https://doi.org/10.1080/1061186x.2016.1258570
https://doi.org/10.1002/ijc.20214
https://doi.org/10.1002/ijc.20214
https://doi.org/10.1074/jbc.M203103200
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.3892/mmr.2011.457
https://doi.org/10.1021/ja0115722
https://doi.org/10.1021/ja0115722
https://doi.org/10.1016/b978-0-12-385075-1.00013-5
https://doi.org/10.1016/b978-0-12-385075-1.00013-5
https://doi.org/10.1055/s-2001-14314
https://doi.org/10.1371/journal.pone.0178943
https://doi.org/10.1371/journal.pone.0178943
https://doi.org/10.2165/00063030-200519030-00003
https://doi.org/10.1007/978-1-61779-068-3_10
https://doi.org/10.1007/978-1-61779-068-3_10
https://doi.org/10.1111/sji.12738
https://doi.org/10.1158/0008-5472.CAN-11-0096
https://doi.org/10.1158/0008-5472.CAN-11-0096
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1158/2326-6066.Cir-17-0708
https://doi.org/10.1158/2326-6066.Cir-17-0708
https://doi.org/10.1158/2326-6066.CIR-17-0035
https://doi.org/10.1158/2326-6066.CIR-17-0035
https://doi.org/10.1016/j.canlet.2018.04.031
https://doi.org/10.1016/j.canlet.2018.04.031
https://doi.org/10.1002/anie.201506225

	The biologically functional identification of a novel TIM3-binding peptide P26 in vitro and in vivo
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Reagents
	Cell lines and cell culture
	Western blot analysis
	Screening of TIM3-targeting peptides by phage display random peptide library
	Examination of binding specificity and ligand competition binding assays
	Isolation and purification of dendritic cells (DCs) and CD4+ T cells and mixed lymphocyte reaction (MLR)
	ELISA assay for T-cell activity
	Tumor growth assay
	Statistics analysis

	Results
	Screening of specific peptides binding to TIM3 from a random library
	Affinity of P26 to TIM3
	P26 blocks the interaction between TIM3 and Gal-9
	P26 activates T cells and reverses Gal-9-inhibited T-cell activation
	P26 inhibits tumor growth in vivo

	Discussion
	Acknowledgements 
	References




