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ABSTRACT

Calcineurin (CN) controls the immune response by regulating nuclear factor of activated T cells (NFAT).
Inhibition of CN function is an effective treatment for immune diseases. The PVIVIT peptide is an artificial
peptide based on the NFAT-PxIXIT motif, which exhibits stronger binding to CN. A bioactive peptide
(named pep4) that inhibits the CN/NFAT interaction was designed. Pep4 contains a segment of A238L as
the linker and the LxVP motif and PVIVIT motif as CN binding sites. Pep4 has strong binding capacity to
CN and inhibits CN activity competitively. 11-arginine-modified pep4 (11 R-pep4) inhibits the nuclear trans-
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location of NFAT and reduces the expression of IL-2. 11 R-pep4 improves the pathological characteristics
of asthmatic mice to a certain extent. The above results indicated that pep4 is a high-affinity CN inhibitor.
These findings will contribute to the discovery of new CN inhibitors and promising immunosuppres-

sive drugs.

Introduction

Calcineurin (CN) is a serine/threonine protein phosphatase. It is
widely distributed in various tissues, especially in nerve tissues
and lymphocytes'?. CN is a heterodimer composed of the cata-
lytic subunit CNA and the regulatory subunit CNB. Its activity is
regulated by Ca?" and calmodulin (CaM). CN has a variety of sub-
strates and plays an important role in various processes, including
the immune response, autophagy and other biological systems®. T
cell activating transcription factor (NFAT) is one of the substrates
of CN. NFAT plays an important role in the development, activa-
tion and function of the immune system. In addition to T cells,
NFAT is also expressed in a variety of other immune cells, regulat-
ing the expression of a variety of cytokines, such as IL-2, IL-3 and
TNF o,

In the resting cytoplasm, NFAT is highly phosphorylated. When
cells are activated, the intracellular calcium concentration
increases, and Ca?* binds to specific sites of CNB. CaM is also acti-
vated upon binding to calcium. Activated CNB and CaM change
the conformation of CNA to expose active sites*>°, Activated CN
dephosphorylates NFAT, and the nuclear localisation signal (NLS)
of NFAT is exposed. Thus, NFAT is transported into the nucleus to
regulate the expression of target genes. Given this important cas-
cade event, the interaction between CN and NFAT is considered a
T cell activation switch. Because of the important role of the CN/
NFAT complex in regulating the immune response, it can be used
as an important therapeutic target for immunosuppression”’ '°.

Cyclosporin A (CsA) and tacrolimus (FK506) are immunosuppres-
sive drugs. Both drugs significantly inhibit the activity of CN and
have been widely used in clinical practice. However, CsA and
FK506 need to bind to the corresponding ligands to exert their
function. There are some unavoidable side effects in application,
especially hepatotoxicity, nephrotoxicity and neurotoxicity.
Therefore, it is very important to identify new CN inhibitors with
low toxicity.

NFATs have two CN binding sites, including the PxIXIT motif
and LxVP motif. In 1999, Aramburu et al. constructed combinator-
ial peptide libraries based on the NFAT-PxIXIT motif and the opti-
mal peptide PVIVIT (MAGPHPVIVITGPHEE)'" was selected.
Experiments have shown that this fragment has a stronger bind-
ing ability with CN than the PxIXIT motifs of NFATs. This fragment
binds to the A subunit of CN and dephosphorylation and trans-
location of NFAT were inhibited. The transcription and expression
of immune-related genes downstream of NFAT are subse-
quently inhibited.

The LxVP motif in the NFAT family also plays an important role
in the combination of CN and NFAT. According to research on the
binding ability of each LxVP motif of NFAT with CN, the LxVP
motif binds to the binding interface of CNA and CNB. This motif
has also attracted the attention of researchers and can be used as
a potential inhibitory sequence of the CN/NFAT pathway.

African swine fever virus (ASFV) is a large icosahedral double-
stranded DNA virus. A238L is a protein inhibitor expressed by
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ASFV at the initial stage of infection. A238L expression in the host
inhibits the CN/NFAT pathway and subsequently inhibits the
host's immune response. Thus, immune evasion of ASFV is
achieved'®'®, The A238L protein includes a total of 238 amino
acids. There are two binding motifs that can specifically bind to
CN. The two motifs are linked by a 16-amino acid linker
(GCEDNVYEKLPEQNSN).

We selected the optimised PVIVIT motif (GPHPVIVIT) and the
YLAVP motif (YLAVPQHPYQWAK) from NFATc1 as the main com-
ponents, used a 16-AA linker (GCEDNVYEKLPEQNSN) from A238L
as the linker, and then designed a short peptide named pep4
with a full length of 38 amino acids. Compared with our previ-
ously published pep3'®, we replaced the EV motif from RCAN1
with the PVIVIT motif selected from the peptide library. Pep4 is 11
amino acids shorter than pep3. We used a series of experimental
techniques and methods to explore the binding ability of pep4 to
CN and its effect on the CN/NFAT signalling pathway.

Materials and methods
Cell culture and drug treatment

HEK293 cells and Jurkat cells were obtained from cryopreserved
cells in the laboratory. HEK293 cells were cultured in DMEM
medium (Gibco, USA) containing 10% FBS. Jurkat cells were cul-
tured in RPMI 1640 medium (Gibco, USA) containing 10% FBS. All
cells were grown in a humidified incubator with 5% CO, at 37°C.
CsA (2uM) (Beyotime, China) was used to pretreat the cells for
1h, and ionomycin (1 uM) (Beyotime, China) was used to stimulate
the cells for 0.5h.

Plasmid construction and transfection

The EGFP-pep4 plasmid was generated by cloning pep4 into the
EGFP-C1 empty vector. GST-pep4 and its mutant were constructed
using the pGEX-4T-1 empty vector. Plasmid DNA was transfected
into cells with Lipofectamine 2000 (Invitrogen).

Western blotting

The cells and tissues were lysed with an appropriate amount of
RIPA lysis solution (Applygen, China) containing protease inhibi-
tors, PMSF, and f-ME. The proteins were separated by SDS-PAGE
and then transferred to PVDF membranes for primary antibodies
incubation and secondary antibodies incubation. Mouse anti-GFP
and mouse anti-f-actin were purchased from Abbkine. Rabbit
anti-calcineurin A, mouse anti-GST, and rabbit anti-NFAT1 were
purchased from Cell Signalling Technology. Rabbit anti-lamin B1
was provided by Proteintech. Goat anti-mouse IgG and goat anti-
rabbit 1gG secondary antibodies were purchased from SGB-BIO.
After the secondary antibody incubation was completed, ECL lumi-
nescent solution (Tanon, China) was used for colour development.
A Tanon instrument was used to obtain images, and ImageJ was
used for image analysis.

GST pull-down assay

GST fusion proteins were expressed in the BL21 Escherichia coli
strain and obtained from the lysate (50 mM Tris-HCI, 0.1 mM PMSF,
2mM DTT, 0.1% f-mercaptoethanol, and protease inhibitors). The
lysate was centrifuged to obtain the supernatant. The supernatant
was incubated with 50 pul 50% Glutathione-Sepharose 4B beads at
4°C for 3h and then washed 5 times with wash buffer (50 mM

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 203

Tris-HCI). The mouse brain was lysed with lysis buffer (RIPA,
0.1 mM PMSF, 2mM DTT, 0.1% f-mercaptoethanol, and protease
inhibitors) to obtain crude CN. Then, 500 ul diluted mouse brain
lysate (500 mg/pl) was added to the mixed solution, incubated at
4°C for 1h, and washed with wash buffer (50 mM Tris-HCI) 7
times. Finally, the samples were boiled in loading buffer and ana-
lysed by western blotting.

Co-immunoprecipitation assays

50 pl Protein A/G plus Agarose was incubated with the antibody
at 4°C for 2h in buffer | (1x TBS, pH 7.6). Transfected HEK293
cells were treated with lysate (1x TBS, 0.1 mM PMSF, 2mM DTT,
0.1% f-mercaptoethanol, 1 mM EDTA, 0.5% NP-40pH 7.6, and pro-
tease inhibitors), and the supernatant was centrifuged. The super-
natant was added to the corresponding mixture of Protein A/G
plus Agarose and antibody and then incubated at 4°C for 3h.
Finally, the samples were boiled in loading buffer and analysed by
western blotting.

Immunofluorescence assay

Cells were cultivated (37°C, 0.05% CO,) on coverslips located on
the bottom of the 12-well plates for 12 h. After incubation with
FITC-11R-pep4 for 1h, the cells were fixed with preprepared 4%
paraformaldehyde (Applygen Technologies Inc. Beijing, China) at
room temperature (RT) for 10 min and then permeated with 0.3%
Triton X-100 in PBS for 10 min. The 5% BSA was diluted in PBS
and incubated with cells at RT for 1h. The cell nucleus was
stained with 5mg/ml Hoechst 33258 at RT for 10 min and incu-
bated with an antifluorescence quencher. The coverslips were
observed using a ZEISS LSM700 microscope system.

Flow cytometry

The incubated Jurkat cells were resuspended in 500 ul PBS and fil-
tered through a flow cytometer tube to obtain a single cell sus-
pension. Then, the cells were collected, and the cells with
fluorescein (FITC)-conjugated peptide were counted using the
ACEA Flow Cytometry System (NovoCyte).

Preparation of cytoplasmic and nuclear extracts

According to the instructions of the kit (Beyotime, China), the
treated HEK293 cells were washed with PBS and collected. Then,
cytoplasmic protein extraction reagent A containing PMSF (1 mM)
was added. The mixture was vortexed at high speed for 5s and
placed on ice for 15min. Then, cytoplasm extract reagent B was
added to the solution. The mixture was vortexed at high speed
for 55, placed in an ice bath for 1 min, and vortexed at high speed
for 5s. The supernatant, which contained the cytoplasmic protein,
was centrifuged. Then, nuclear protein extraction reagent contain-
ing PMSF (1 mM) was added to the remaining nuclear pellets. The
mixture was vortexed at high speed for 30s, placed in an ice bath
for 30 min, and centrifuged to obtain the supernatant, which con-
tained the nuclear protein. The samples were analysed by west-
ern blotting.

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using the RNeasy Plus Mini Kit
(Qiagen, China). Reverse transcription was performed using the
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Takara PrimeScriptTM RT Reagent Kit. Real-time quantitative
reverse transcription PCR (gQRT-PCR) was performed using the ABI
QuantStudio6 Flex full-function quantitative PCR instrument.
p-actin served as a reference gene for gRT-PCR.

Constructing a mouse model of asthma and dosing

Twenty-four male BALB/C mice aged 6-8weeks were purchased
from Charles River. The animals were group-housed under the fol-
lowing laboratory conditions: temperature of 20+ 1°C, humidity
of 40-60%, and 12:12-h light/dark cycle. Mice had free access to
food and water throughout the course of the experiments. The
animals were treated in accordance with the current law and the
NIH Guide for Care and Use of Laboratory Animals. The protocol
number of animal ethics evaluation in this study (CLS-EAW-
2020-007) is approved by Ethic and Animal Welfare Committee,
College of Life Science, Beijing Normal University.

The mice were randomly divided into 4 groups with 6 mice in
each group. 10 ug OVA was injected intraperitoneally on the 7th
and 14th days to provoke allergic reactions. Intranasal 1% OVA
was administered from the 21st to 24th days to generate an acute
asthma model. Before challenge, 11 R-pep4 (200 ug) was adminis-
tered to the experimental group. In addition, 11 R-PVIVIT (200 png)
was used as a positive control, and physiological saline was used
as a negative control. On the 25th day, the mice were anaesthe-
tized with ether, and their lungs were obtained for section stain-
ing. All work was conducted with the formal approval of the
animal care committee. All experimental procedures were
approved by the Animal Ethics Committee of College of Life
Sciences, Beijing Normal University.

Data analysis

We used identical settings and exported them to Image) (NIH) to
obtain images for imaging analyses to quantitatively assess pro-
tein distributions. The data were analysed using GraphPad Prism 5
based on the means + SEM. Statistical significance was determined
by comparing the means of different groups and conditions
using ANOVA followed by Tukey's test. *p<0.05, **p<0.01,
#+¥p < 0.001.

Results

Pep4 has strong binding ability to both endogenous and
exogenous CN

Pep4 is composed of pepls (PVIVIT), linker and pep2 (NFATc1-
LxVP). We compared the CN binding ability of pep4 with that of
two single binding motifs. The GST pull-down results showed that
the binding ability of pep4 with CN was stronger than that of a
single binding motif (Figure 1(A,B)). We performed site-directed
mutations of the main CN binding sites in pep4 (Figure 1(C)). The
first mutation (Mutant 1) changed pep4-PVIVIT (pepls) to pep4-
PAIAIT, and the second mutation (Mutant 2) changed pep4-YLAVP
(pep2) to pep4-YAAAA. The third mutation (Mutant 3) is the com-
bination of the first two mutations. Using GST pull-down assay,
we compared the CN binding ability of pep4 with three mutants.
The results showed that the mutations in PVIVIT, YLAVP or both
affected the binding of pep4 to CN (Figure 1(D,E)). It is obvious
that the key amino acids in the two binding motifs are mutated,
which has a significant impact on the binding force between
pep4 and CN. This finding indicated that the binding sites in pep4

were consistent with our expected design and that the corre-
sponding binding regions on CN could be identified.

We not only verified the binding ability between pep4 and CN
in vitro but also verified the binding ability between pep4 and
endogenous CN in HEK293 cells. We transfected 4 g EGFP-pep4
plasmids into HEK293 cells. After 24h, we stimulated the cells
with ionomycin (1 uM) for 0.5 h. The immunoprecipitation results
showed that EGFP-pep4 binds to endogenous CN in HEK293 cells
(Figure 1(F)).

We also compared the CN binding ability of A238L, pep3, and
pep4. The GST pull-down experiment was performed using the CN
from mouse brain. The results showed that there was no signifi-
cant difference in the CN binding ability of pep4 compared with
pep3 (composed of RCANT-EV, linker, NFATc1-LxVP) and A238L,
and all three peptides exhibit strong CN binding ability
(Figure 1(G,H)).

Li et al. reported that the binding constant K; of PVIVIT with
CN is approximately 0.5 uM. Carme Mulero et al. used the fluores-
cence polarisation method to obtain a binding constant K; of
approximately 1.25 uM for the RCAN1-EV motif with CN. The bind-
ing constants of PVIVIT and RCAN1-EV are on the micromolar lev-
els, and the difference is not significant. Our experimental results
also showed that the two artificial peptides exhibited similar bind-
ing ability to CN.

Pep4 significantly inhibits purified CN activity

Pep4 specifically binds to CN and inhibits the activity of CN by
occupying the corresponding binding site of CN. We used RlII
(DLDVPIPGRFDRRVpPSVAAE) as the substrate to detect the effect of
pep4 on CN enzyme activity in vitro based on malachite green col-
orimetry. Given that CN is highly expressed in the brain, we used
the protein extract of the mouse brain as the crude enzyme
extract. The synthesised peptide pep4 was incubated with the
crude extract of mouse brain enzyme, and the substrate RIl was
added for the dephosphorylation reaction. Finally, malachite green
was added for colour development. The results showed that pep4
inhibited CN enzyme activity in a dose-dependent manner (Figure
2(A)). The ICso of pep4 was 5.1 nM, indicating that pep4 had a
strong inhibitory effect on CN.

To compare the effect on the CN enzyme activity of pep4 and
its single binding motif, we measured the activity of CN with
pepls, pep2 and pep4 at the same concentration of 25nM. We
found that pepls and pep2 had minimal effects on CN activity,
but pep4 significantly inhibits CN activity (Figure 2(B)).

We also explored the type of inhibition mediated by pep4. A
fixed concentration of pep4 was incubated with a concentration
gradient of RIl to determine the enzyme activity. The CN enzyme
kinetic curves were plotted with or without pep4 (Figure 2(Q)).
Comparing the kinetic curves of CN with or without pep4, we
found that the V. values of the two groups were very close,
whereas the K, of the pep4 group increased significantly (Table
1). These results showed that pep4 inhibited CN enzyme activity
through competitive inhibition.

Pep4 effectively targets the CN/NFAT pathway

Normal cells can only allow a small number of lipid soluble, non-
polar or uncharged molecules to enter and exit freely. In 2004,
Noguchi et al. first linked polyarginine (11R)'® to the short pep-
tide PVIVIT and successfully realised the efficient entry of the short
peptide into the cell. The peptide exhibited proper physiological
function in the cell. We also linked 11 R to the N-terminus of pep4
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Figure 1. Pep4 strongly binds CN. (A) Pep4 binds CNA from mouse brain lysates in GST pull-down assays. GST-pep4, GST-pep1s, and GST-pep2 were incubated with
CN from the mouse brain, CN monoclonal antibody was used to observe the combined CN by western blotting (upper panel), and the same amount of mouse brain
lysates was added to each group middle panel). Western blotting was performed on the fusion protein with GST antibody to confirm the amount of GST-fusion protein
added in each group (bottom panel). (B) The optical density of CN bound to pep4, pepls, and pep2 was measured. The histogram reflects the relative ability of com-
bining CN. Data are presented as the mean + SEM of three independent experiments. **p < 0.01 and ***p < 0.001 compared with the pep4 group. (C) Schematic dia-
gram of pep4 and its mutants. Pep4 is composed of pep1s, linker and pep2. The important binding sites of pepls and pep2 were mutated to obtain mutants 1, 2
and 3. (D) Pep4 and its mutants bind CNA from mouse brain lysates in GST pull-down assays. The pull-down experiment was performed under the same experimental
conditions as B. (E) The optical density of the CN bound to pep4 and its mutants was determined. The histogram reflects the relative ability of combining CN. Data
are presented as the mean +SEM of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the pep4 group. (F) The binding of pep4
to endogenous CN in HEK293 cells. GFP empty plasmids or GFP-pep4 plasmids were transfected into HEK293 cells for 24 hours. The cell lysate was subjected to immu-
noprecipitation experiments with GFP antibody. The final lysate was subjected to western blotting detection, and CN monoclonal antibody was used to detect the
binding of CN in each group. The IgG group and GFP group serve as negative controls. (G) A238L, pep3 and pep4 bind CNA from mouse brain lysates in GST pull-
down assays. The pull-down experiment was performed under the same experimental conditions as B and D. (H) The optical density of the CN bound to A238L, pep3
and pep4 was determined. The histogram reflects the relative ability of combining CN. Data are presented as the mean + SEM of three independent experiments.
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Figure 2. Pep4 competitively inhibits the enzymatic activity of CN. (A) The effect of pep4 on CN enzyme activity in the mouse brain. The horizontal axis represents
the concentration of pep4, and the vertical axis represents the inhibition degree of enzyme activity. (B) The effect of pep4 and its single binding motif on CN enzyme
activity. Pepls, pep2 or pep4 at the same concentration of 25nM were incubated to detect the enzyme activity of CN. The horizontal axis represents the different
short peptides, and the vertical axis represents the enzyme activity of CN. (C) Kinetic analysis of CN in brain extracts with or without pep4. Lineweaver-Burk plots of

activity against substrate concentration in mouse brain extracts.

Table 1. Kinetic parameters of CN in brain extracts with or without pep4.

Vinax (nmol-min’1-mg’1) Ky (mmol/L)
CN 0.30+0.03 0.59+0.02
Pep4 4+ CN 0.32+0.03 2.80+0.22

The values reported are the average of at least three independent determina-
tions with the standard error of the mean.

to enhance its ability to enter cells. To observe whether 11 R-pep4
entered the cells, FITC was used for fluorescence labelling.

To explore whether 11R-pep4 successfully enters the cell and
determine the timeline of its entry, we incubated Jurkat cells with
FITC-11R-pep4 and set the incubation time gradient (1-14h).
Immunofluorescence staining showed that FITC-11R-pep4 success-
fully entered the cells and was evenly distributed in the cytoplasm
(Figure 3(A)). We collected 20,000 cells and analysed the fluores-
cence intensity using flow cytometry. The results showed that
when the peptide was incubated for 1h, the average fluorescence
intensity of the cells reached a high level and was maintained for
approximately 7 h. After 7h, the fluorescence intensity gradually
decreased (Figure 3(B,C)). We hypothesised that this was due to
the degradation of short peptides in cells. We incubated Jurkat
cells with different concentrations of FITC-11R-pep4 (1-10 uM) for

6 h. We collected 20,000 cells and analysed the fluorescence inten-
sity by flow cytometry. Compared with the blank control group,
the fluorescence intensity increased with increasing peptide con-
centrations in a concentration-dependent manner (Figure 3(D)).
These results indicated that FITC-11R-pep4 can enter the cells suc-
cessfully and remain stable in the cells for a certain period
of time.

It has been reported that the charge of polypeptides may
affect their ability to penetrate the cell membrane. According to
the dissociation constant pK, of the amino acid side chain, we
roughly calculated that pep3 has more negative charges than
pep4. However, 11 arginine modifications make both peptides
positively charged. From our observations, minimal differences in
the ability of the two peptides to penetrate the cell membrane
were noted.

After being dephosphorylated by CN, NFAT enters the nucleus
and binds to downstream immune-related genes, thereby activat-
ing the immune response. Pep4 exhibits strong binding ability
with CN. Pep4 inhibits the binding of CN and NFAT by occupying
the binding site of CN and NFAT. Thus, the dephosphorylation
and nuclear translocation of NFAT was inhibited. We verified the
ability of pep4 to prevent NFAT from entering the nucleus in
HEK293 cells. We transfected 4pg EGFP-pep4 plasmids into
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Figure 3. Cell-permeable pep4 can block the ionomycin-induced nuclear translocation of NFAT1 and the gene expression of the CN/NFAT downstream pathway. (A)
Immunofluorescence staining of Jurkat cells incubated with FITC-11R-pep4. Green represents FITC-11R-pep4. The nucleus is stained with Hoechst 33258. Scale bar,
10 um. (B) The curve between incubation time and fluorescence intensity of FITC-11R-pep4. Incubation time is 1-14 h. (C) Average fluorescence intensity of FITC-11R-
pep4 at different incubation times determined by flow cytometry. The incubation times were 1, 3, 5 and 7 h. (D) Average fluorescence intensity of FITC-11R-pep4 at
different concentrations after 6 h incubation by flow cytometry. The concentrations of FITC-11R-pep4 were 1, 2, 5, and 10 uM. (E) 11R-pep4 inhibits NFAT1 from enter-
ing the nucleus. HEK293 cells are incubated with 11R-pep4. The nuclei and cytoplasm of HEK293 cells were separated and analysed by western blotting. NFAT1 mono-
clonal antibody was used to detect the amount of NFAT1 in the nucleus and cytoplasm, and B-actin and lamin B1 were used as the loading controls. CsA served as
the positive control. (F) The optical density of NFAT1 in the cytoplasm and nucleus was measured. The histogram reflects the relative content of NFAT1 in each group.
Data are presented as the mean = SEM of three independent experiments; ***p < 0.001 compared with the ionomycin group. (G) 11R-pep4 inhibits /-2 mRNA expres-
sion. Jurkat cells were pre-treated with different concentrations of 11R-pep4 and stimulated with 1 uM ionomycin and 50 mg/mL PMA. Total RNA was extracted for
quantitative real-time PCR to detect the mRNA expression of the /L-2 gene, and CsA served as the positive control.

NFAT. Then the expression of downstream cytokines subsequently
decreased, and the immune response was influenced.

HEK293 cells and separated the nuclear and cytoplasmic NFAT1
fractions. The results showed that pep4 can effectively inhibit
NFAT1 from entering the nucleus, and similar inhibitory effects
were noted of the positive control drug CsA (2 uM) (Figure 3(E)).

To explore whether pep4 can achieve an immunosuppressive
effect, we chose to assess IL-2, which is the downstream expres-
sion factor of the CN/NFAT signalling pathway. We incubated
Jurkat cells with 11 R-pep4 and detected /L-2 mRNA expression by
RT-PCR. When the concentration of pep4 was 1uM and 5 uM, IL-2
mRNA expression was significantly inhibited (Figure 3(G)). These
results indicated that 11 R-pep4 exerts a relatively stable biological
effect in the cell. Moreover, 11 R-pep4 inhibits CN from activating

11R-pep4 improves the airway pathological characteristics in
OVA-induced asthmatic mice

To further explore the role of 11 R-pep4 in the body, we evaluated
the physiological effects of 11R-pep4 on the tracheal inflamma-
tory response in a mouse asthma model. We established a mouse
model of asthma and administered 11R-PVIVIT and 11 R-pep4.
Here, 11R-PVIVIT served as the positive control 10 (Figure 4(A)).
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Figure 4. 11R-pep4 can alleviate the inflammatory response in asthmatic mice. (A) Schematic diagram of the mouse asthma experimental design. Male BALB/c mice
were selected and sensitised by intraperitoneal injection of 10 ug OVA on the 7th and 14th days. Mice were challenged with 1% OVA for four consecutive days from
the 21st day to construct an acute asthma model. Then, 11R-pep4 was administered before each OVA challenge. The mice were sacrificed on the 25th day for analysis.
(B) Lung tissue was prepared for histological analysis, including morphology and the infiltration of inflammatory cells, by H&E staining. Representative results of H&E
staining in the four groups are shown. Scale bar, 200 um. (C) Lung tissue was prepared for histological analysis. PAS-stained airway cross-sections of each group are
shown. Scale, 10 pm. (D) Inflammatory changes were graded by histopathological assessment using a semiquantitative scale of 0-5. The results are presented as the

mean + S.E.M. for each group (n=4). *p < 0.01 and **p < 0.001 compared with the OVA group.

We obtained the mice lungs to observe inflammation (Figure
4(B)). Compared with the normal group, the OVA group exhibited
obvious infiltration of inflammatory cells, and the tracheal wall
was thickened. The tracheal mucosa exhibited high levels of secre-
tion, and eosinophils were visible. In the 11R-PVIVIT group and
11 R-pep4 group, the inflammatory status was improved, only a
small number of inflammatory cells infiltrated, and no obvious
thickening of the tracheal wall or eosinophils appeared. PAS stain-
ing (Figure 4(C)) showed that the number of goblet cells in the
OVA group was significantly increased, indicating a severe inflam-
matory reaction. Administration of 11 R-pep4 reduced the inflam-
matory reaction. These results indicated that 11R-pep4 can also
exert its immunosuppressive effect at the animal level.

##p <0.001 compared with the mock group.

Discussion

The CN/NFAT pathway plays an important role in various physio-
logical processes, including T cell activation, which is conducive to
the immune response. However, in some special cases, such as
allergic reactions, autoimmune diseases, and organ transplant-
ation, immunity needs to be suppressed. CsA and tacrolimus are
classical CN inhibitors and are currently the most effective
immunosuppressive drugs in clinical application'®'’. They play an
immunosuppressive role by binding their respective intracellular
ligands cyclosphilin (CyP) and FK506 binding protein (FKBP).
Because CyP and FKBP still have their own physiological functions,

CsA and FK506 have some side effects, such as nephrotoxicitym'w,



neurotoxicity, and hypertension?’. Therefore, the development of
new immunosuppressive drugs is highly desirable.

In our previous studies, we focussed on screening small mol-
ecule inhibitors of CN. We used CN as a target enzyme to screen
its inhibitors and identified some small molecule compounds,
such as quercetin?', kaempferol??, and isogarcinol®*?*. For
example, isogarcinol inhibits the activity of CN in vitro and has an
immunosuppressive effect on experimental autoimmune enceph-
alomyelitis. Compared with CsA, this compound has fewer adverse
effects in experimental animals. However, how isogarcinol exerts
its immunosuppressive effect, especially its effect on the down-
stream NFAT signalling pathway, needs to be further explored.

In addition to the focus on enzyme activity, there have been
an increasing number of studies on the interaction between CN
and NFAT in recent years. Protein-protein interactions®> are widely
found in biological systems controlling diverse cellular events.
These interactions are implicated in many diseases, such as neuro-
degenerative diseases®® and cancer”’. Regulation of protein-pro-
tein interactions provides ideal targets for drug intervention. For
example, disruption of the interaction between CN and NFAT may
block the immune response associated with this signalling path-
way. NFAT has two binding motifs that bind to CN: the PxIxIT
motif and the LxVP motif. Noguchi first designed a cell-permeable
PVIVIT peptide. This peptide affects the binding of CN and the
NFAT-PxIXIT motif and the subsequent immune response.

Compared with small molecule inhibitors, peptide inhibitors
that destroy the interaction between CN and NFAT exhibit clearer
effects. We think that active peptides have more advantages than
small molecule drugs in the design of drugs to disrupt CN-NFAT
interactions. Using the combination of CN and NFAT-LxVP as an
example, many discontinuous amino acid residues from the two
proteins play a key role in the interaction, such as Y, L and V from
the NFAT-LxVP motif and F352, W363, and Y351 from CN. Low
molecular weight compounds are difficult to use to prevent this
substantial high affinity interaction. In this respect, Cheng et al.
reported?® that the design of small molecular inhibitors for pro-
tein-protein interactions remains challenging. The greatest diffi-
culty faced by scientists is that the interface between the protein
and small molecule is approximately 300-1000 A, but the contact
surface of the protein-protein interaction is 1500-3000 A.
Furthermore, some small molecule inhibitors have inhibitory
effects on protein-protein interactions in vitro, but they have little
or no activity in tissue culture. In addition, many inhibitors are not
sufficiently specific. Therefore, the mechanism by which small mol-
ecule inhibitors affect protein-protein interactions in vivo remains
worthy of further study.

Peptides designed according to protein-protein interactions
offer great advantages in the specificity of targets. We designed a
bioactive peptide (named pep3) against the CN/NFAT interaction
that has two binding sites derived from the RCAN1-PxIXIT motif
and the NFATc1-LxVP motif. Cell-permeable 11-arginine-modified
pep3 (11 R-pep3) blocks the NFAT downstream signalling pathway
and immune response in vivo. In this study, we replaced the
RCAN1-EV motif with the PVIVIT peptide to study the effect of this
peptide on the CN/NFAT signalling pathway. Although pep4
exhibits stronger enzymatic inhibition than pep3, its effects on the
subsequent signalling pathway and in vivo immunosuppression
are basically the same as that noted for pep3.

Most peptides exhibit good water solubility, so they do not
easily penetrate the lipid bilayer of cells*. Peptides need to be
modified by transmembrane peptides to enter cells. We used pol-
yarginine®®®' to modify pep4. FITC-labelled 11R-pep4 was
observed as a fluorescent signal in all living Jurkat cells. FITC
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fluorescence was visualised in the cytoplasm. We also observed
the fluorescence intensity in the time course and dose-dependent
experiments. Our results also showed that the fluorescence inten-
sity of FITC-labelled 11 R-pep4 decreased by half in approximately
8h. These intracellular data remind us that pep4 as a peptide
inhibitor still has some unavoidable problems, such as its chemical
and metabolic stability. The modification and optimisation of
pep4 need to be strengthened in the future research.

In general, our results show that pep4 has a strong CN binding
ability and inhibitory effect on CN both intracellularly and extrac-
ellularly and competitively inhibits the binding of CN and NFAT.
Pep4 inhibits NFAT1 dephosphorylation and nuclear translocation,
thus inhibiting the expression of downstream immune-related fac-
tors and finally achieving the goal of immunosuppression. These
findings will contribute to the discovery of new CN inhibitors and
promising immunosuppressive drugs.
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