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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-y 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.

Keywords P26 - TIM3 - Phage display peptide library - Biological activity - Anti-tumor

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)
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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 (7IM1-8)
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
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modified Eagle’s medium (DMEM) at 37 ‘C, 5% CO,. 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 pg/mL) at 37 °C, 5% CO,. 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—HCI pH
7.0, 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol, 1%
SDS, and 1 X 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 C
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 (PO) 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 pg/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 ug/mL) on the sensor chip. Each
sample was injected at a flow rate of 20 pL/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 pL of cell
suspension (2 X 10° 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 pL 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
PBMC:s 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 1x 10* DCs and 1x 10° T cells
per well were mixed and cultured in 200 nL 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-y or IL-2 secreted in the
cell supernatant were measured on the fifth day by ELISA
assay.

ELISA assay for T-cell activity

IFN-y and IL-2 in MLR cell supernatants were detected
according to the ELISA kit procedure. Briefly, 100 pL of
capture antibody solution (2 pg/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 pL of PBST con-
taining 0.05% Tween 20. Afterwards, wells were blocked
with 300 pL of 1% BSA-PBS for 1 h. After sealing, the
wells were similarly washed and incubated with 100 pL of
test samples or standards per well for 2 h. After that, each
well was incubated with the detection antibody (125 ng/mL,
100 pL) for 2 h. After incubation with 100 pL 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-hHAVCR?2 (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 x 10° 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 mm?>, 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 OD g,
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. le). The result showed that
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Rounds Input phage (pfu) Output phage (pfu) Recovery
1 1x 10'2 6.0 x 10° 6.0 x 1077
2 1x 1012 1.8 x 106 1.8 x 10
3 1x 1012 2.2% 107 2.2x 107
4 1x 1012 4.5 x 107 4.5 %107

E

Phage Clone NGS ratio  Synthetic peptide Amino Acid Sequences
N45 0.01% GHPHYNNPSLQL
N68 0.01% FEMTVFPLHHGL
N84 0.01% LTADLHVAKNDT
N25 0.01% NTMARTLFDLTV
N87 0.01% TPLLSNFGSLHT
N74 0.01% HFTDNAFNATAG
N35 0.02% QVVWVPGHELGK
N43 0.03% AWLDNTALLPAN
N64 0.03% DLHRFVTKPLTF
N57 0.05% QLFNGQLRTTFS
N67 0.06% P29 ADFRVMADMSMY
N131 0.06% P1309 SHTTTEHAKDKI
N36 0.19% P26 GLIPLTTMHIGK
N71 0.20% P1310 TFLNSVPTYSYW
N24 0.39% P1307 SHDTRSPFTWGR
N40 0.66% P24 GSWNTFRAQPTI
N32 1.55% P22 SFAGVHQFRPAP
N51 2.79% P1303 ALWPSSSMSSTI
N129 2.97% P1301 HDAFPRPHLFRN
N17 3.25% P20 LTPHKHHKHLHA

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. ¢ 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

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 pg/mL) were added to the co-
culture of DCs and T cells, and ELSITA was proceeded to
detect IFN-y produced by DCs and T cells in cell superna-
tants during the co-culture. Peptide P26 with the strongest
activity in inducing IFN-y was selected for further analysis

(Fig. 1f).
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Peptides

(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-y by peptides and cells incuba-
tion after co-culture. The BCO 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

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 x 107 M of affinity constant (KD),
4.94x 107 Ms™" of ka, and 1.70x 107 s™" of kd were
obtained (Fig. 2a). No specific binding between PO and
TIM3 was found (Fig. 2b). In flow cytometry, P26 exhibited
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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 PO (sensor
chip of TIM3). ¢ The binding specificity of P26-FITC (25 pg/mL and
50 pg/mL) to293T-TIM3 cells and the capacities of FITC-P26 and

a higher binding curve to 293T-TIM3 cells than to 293T cell
(Fig. 2¢). 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. 2¢). In addition, the binding between Gal-9 and
TIM3 was validated by SPR and the KD, ka, and kd values

787
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FITC-Gal-9 (10 pug/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)

were 6.27x 107 M, 1.07x10™* Ms™', and 6.71 x 107 57!,
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-y and IL-2 in the supernatant were slightly increased
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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-y and 0.771 for IL-2,
respectively (Fig. 3¢ and d). In addition, we evaluated the
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Fig.3 The secretion of IFN-y and IL-2 after co-incubation of P26
and P26 with other drugs in MLR was detected by ELISA. a and b
IFN-y (a) and IL-2 (b) secretion levels after incubation of different
concentrations of P26. ¢ and d Secretion of IFN-y (¢) and IL-2 (d)
after co-incubation of P26 (25 pg/mL) and PD-1 inhibitor OPDIVO
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competitive effect of P26 on TIM3/Gal-9-regulated T-cell
activation. Gal-9 (5 pg/mL) reduced the levels of IL-2 and
IFN-y 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.
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(0.1 ug/mL). e and f Secretion levels of IFN-y (e) and IL-2 (f) after
co-incubation of P26 (100 pg/mL) and Gal-9 (5 pg/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-h'TIM-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 ¢). 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).
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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 ¢ Weight (b) and photos (¢) of MC38-hPD-L1

R L

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
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volume. Data represent mean+SEM, (n=7). *p<0.05, **p<0.01.
n.s. no significance
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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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L

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
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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
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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-y, 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-y, 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.
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