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C E L L  B I O L O G Y

Discovery of anti-inflammatory physiological peptides 
that promote tissue repair by reinforcing  
epithelial barrier formation
Yukako Oda1*, Chisato Takahashi2,3, Shota Harada4, Shun Nakamura5,6, Daxiao Sun7, 
Kazumi Kiso1, Yuko Urata1, Hitoshi Miyachi8, Yoshinori Fujiyoshi5,6, Alf Honigmann7, 
Seiichi Uchida4, Yasushi Ishihama2, Fumiko Toyoshima1

Epithelial barriers that prevent dehydration and pathogen invasion are established by tight junctions (TJs), and 
their disruption leads to various inflammatory diseases and tissue destruction. However, a therapeutic strategy to 
overcome TJ disruption in diseases has not been established because of the lack of clinically applicable TJ-inducing 
molecules. Here, we found TJ-inducing peptides (JIPs) in mice and humans that corresponded to 35 to 42 residue 
peptides of the C terminus of alpha 1-antitrypsin (A1AT), an acute-phase anti-inflammatory protein. JIPs were 
inserted into the plasma membrane of epithelial cells, which promoted TJ formation by directly activating the 
heterotrimeric G protein G13. In a mouse intestinal epithelial injury model established by dextran sodium sulfate, 
mouse or human JIP administration restored TJ integrity and strongly prevented colitis. Our study has revealed 
TJ-inducing anti-inflammatory physiological peptides that play a critical role in tissue repair and proposes a pre-
viously unidentified therapeutic strategy for TJ-disrupted diseases.

INTRODUCTION
Epithelial cells have barrier functions that separate internal com-
partments of the body from the outside environment to maintain 
homeostasis of multicellular organisms. In vertebrates, this barrier 
function requires tight junctions (TJs) that bond adjacent cells in 
epithelial tissues throughout life. TJs consist of multiple protein 
complexes including the transmembrane proteins claudins and 
cytosolic adapter zonula occludens (ZO) (1–7). Knockout or knock-
down of claudin family genes in mice impairs the functional barrier, 
which leads to neonatal lethality or various diseases, including elec-
trolyte abnormalities and inflammatory diseases such as dermatitis, 
hepatitis, and colitis (8, 9).

In response to tissue injury and inflammation, the epithelium is 
repaired by epithelial cell self-renewal and barrier reconstruction, 
which are mediated by the interplay of epithelial cells and infiltrat-
ing immune cells (10). Although the intestinal epithelium regener-
ates from Lgr5-negative epithelial cells during recovery in colonic 
injury models (11), the mechanism of TJ reconstitution during epi-
thelial tissue repair remains unclear.

Here, we searched for tissue damage–responding TJ-inducing 
humoral factors from mouse epithelium and identified C-terminal 
fragments of alpha 1-antitrypsin (A1AT), which we designated as 
TJ-inducing peptides (JIPs). Similar peptides have been found in 

sera of humans with various inflammatory diseases (12–14). Our 
data demonstrate a critical role of JIPs in TJ reconstruction of the 
intestinal epithelium during recovery in a colonic injury model and 
reveal the underling mechanism of JIP-inducing TJ formation. 
We also demonstrate the clinical relevance of JIPs for acute tissue 
destruction.

RESULTS
A1AT C-terminal peptides are tissue  
damage–responding JIPs
To assess TJ reconstitution during epithelial tissue repair, we ana-
lyzed recovery from a dextran sulfate sodium (DSS)–induced colitis 
model in mice. Claudin-3 apico-lateral localization of intestinal 
epithelial cells in control mice was impaired in DSS-treated mice as 
reported for ZO-1 (15). However, TJs were reconstituted at 2 days 
after recovery from DSS treatment (Fig. 1, A and B). Unexpectedly, 
conditioned medium prepared from colon culture supernatant (CCM) 
had an activity that induced claudin assembly at cell-cell boundaries 
in human A431 epidermoid carcinoma cells that usually do not as-
semble TJ structures (Fig. 1, C and D) (16). CCM from recovery day 
1 mice exhibited the highest claudin-assembling activity (Fig. 1E 
and fig. S1, A and B). Conditioned medium of peritoneum culture 
(PCM) also had a claudin-1–assembling activity that was increased 
by lipopolysaccharide (LPS) administration (fig. S1, C to E). Perme-
ability analysis confirmed that PCM treatment promoted the barri-
er potential of A431 cell monolayers (fig. S1F). Notably, the protein 
level of claudin-1 was unchanged in A431 cells when treated with or 
without PCM (fig. S1G), indicating that PCM induced claudin 
assembly in a mechanism that is independent of claudin-1 gene ex-
pression regulation. Furthermore, PCM treatment induced or en-
hanced claudin assembly at cell-cell boundaries of MCF7, HT29, 
and EpH4 cells (fig. S2, A to F). These results showed that CCM and 
PCM contained a TJ-inducing humoral factor(s) that accumulated 
after inflammation.
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Fig. 1. A1AT C-terminal peptides induce TJ assembly. (A) Schema of recovery from the DSS-induced colitis model in mice. (B) Immunofluorescence of claudin-3 and 
DAPI in colon sections from mice treated as in (A). Scale bar, 20 m. (C) Schema of the CCM treatment of A431 cells. (D) Immunofluorescence of claudin-1 and -catenin 
in A431 cells treated for 3 hours with CCM from mice treated as in (A). Scale bar, 20 m. (E) Quantification of relative claudin-1 intensity at cell-cell boundaries shown in 
(D) [n = 5 images (ctrl and recover), n = 6 images (DSS) from two independent samples]. (F) Amino acid sequences of the JIPm35, JIPm36, and JIPm40. (G) Western blot of CCM 
with anti-A1AT C terminus antibodies. Quantitative value of each band was presented. (H) Quantification of relative claudin-1 intensity at cell-cell boundaries of A431 cells 
treated with the indicated peptides (20 M) or HBSS for 3 hours. See fig. S5B (n = 5 images from two independent samples). (I) Relative barrier permeability of A431 cells 
(n = 3 independent samples). (J) Immuno freeze-fracture replica electron microscopy of A431 cells treated with JIPm35 (20 M) or HBSS and immunolabeled with anti–claudin-1 
antibodies. NM, nuclear membrane; Cyt, cytoplasm; PF, P face. Scale bar, 500 nm. (K) Immunofluorescence of claudin-4 and Ε-cadherin in EpH4 cells treated with or with-
out JIPm35 (70 M) for 3 hours. Scale bars, 10 m. (L) TER measurements of EpH4 cells treated with or without JIPm35 for 3 hours (70 M, n = 3 independent samples). 
(M) TER measurements of EpH4 cells treated with or without JIPm35 for 3 hours at day 6 (n = 3 independent samples). Tukey’s test (E), (H), and (I), and two-tailed t test (L) 
and (M). *P < 0.05, **P < 0.01, ***P < 0.001. Similar results were obtained in two independent experiments in (B), (E), (G), (H), and (J).
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The TJ-inducing molecule(s) in PCM was heat stable (fig. S3, A 
to C) with a molecular mass of 1.0 to 3.5 kDa (fig. S3D). We purified 
TJ-inducing molecules from heat-treated PCM by sequential chro-
matography on Q Sepharose and Con A Sepharose (fig. S4, A to 
D) and then identified them by trypsin digestion and nano-liquid 
chromatography (LC)/mass spectrometry (MS)/MS analysis. We 
identified 67 peptides that corresponded to 22 proteins, among 
which 3 were extracellular proteins, all of which belonged to the 
serpin A family of secretory proteins, including A1AT (fig. S4E, 
source data fig. 1). The C18 column chromatogram of anti-A1AT 
immunoprecipitates showed three peaks for claudin-assembling 
activity (fig. S4, F to J). MS analysis of the fractions identified four 
peptides [22, 35, 36, and 40 amino acids (aa)], all of which corre-
sponded to the C-terminal region of A1AT (fig. S4K, source data 
figs. 2 to 5). Synthetic peptides of the 35, 36, and 40 aa, but not 
22 aa, showed peaks in active fractions (fig. S4L, see H). We therefore 
designated the 35, 36, and 40 aa peptides as putative JIPs (Fig. 1F). 
Intriguingly, antibodies against JIPs (anti-JIPs Ab) (fig. S5A) indi-
cated that JIPs had accumulated in CCM during DSS treatment and 
recovery and in PCM after LPS treatment (Fig. 1G and fig. S1H). 
Critically, synthetic JIPm35, JIPm36, and JIPm40 induced claudin as-
sembly at cell-cell boundaries (Fig. 1H and fig. S5B) and promoted 
the barrier activity of A431 cell monolayers (Fig. 1I). Other TJ 
components, including ZO-1 and occludin, were also recruited to 
cell-cell boundaries by JIPm35 (fig. S5C). Freeze-fracture electron 
microscopy showed that JIPm35 induced a cluster of TJ strands, but 
not the mature form of a ribbon-like TJ structure (17) in A431 cells 
(Fig. 1J). Consistently, JIPm35 did not increase transepithelial re-
sistance (TER) values of A431 cell monolayers (fig. S5, D and E), 
which indicated that JIPm35 induced an immature form of TJs in 
A431 cells. However, JIPm35 increased TER values in EpH4, MCF7, 
and HT29 cell monolayers (Fig. 1, K to M, and fig. S5, F to I), which 
suggested that the properties of JIPm35-induced TJs varied between 
cell types. Notably, JIPm35 had no serine protease inhibitory ac-
tivity against trypsin, elastase, or chymotrypsin (fig. S6, A to D), a 
well-known function of full-length (FL) A1AT (18). These data in-
dicate that A1AT C-terminal peptides function as tissue damage–
responding JIPs that promote TJ formation by a mechanism 
independent of protease inhibitory activity. Moreover, JIPm35 did 
not reduce LPS-induced release of proinflammatory cytokines 
[tumor necrosis factor– (TNF) and C-X-C motif chemokine 
ligand 1 (CXCL1)] from mouse neutrophils (fig. S6, E and F), which 
suggested that JIPs had no or little if any immunosuppressive effects 
on neutrophil activation.

JIPs are required for TJ restoration during tissue repair
To assess the role of JIPs in TJ restoration during tissue repair, we 
used the neutralizing activity of anti-JIPs Ab, which inhibited 
JIPm35-induced claudin-1/ZO-1/occludin assembly at cell-cell bound-
aries of A431 cells (fig. S7, A to C) and suppressed JIPm35-induced 
TER enhancement in EpH4 cell monolayers (fig. S7D). We administrated 
anti-JIPs Ab intraperitoneally into Lgr5creERT2;R26-tdTomato 
mice, which label intestinal epithelial cells (19), and analyzed recon-
stitution of intestinal crypt structures and epithelial TJs upon recovery 
from DSS treatment (Fig. 2A). We observed fully Tomato-labeled 
crypts in both preimmune and anti-JIPs Ab administration, sug-
gesting that administration of anti-JIPs Ab at the onset of recovery 
had a minor effect on crypt regeneration. However, restoration 
of ZO-1 apico-lateral localization at recovery day 2 was impeded 

(Fig. 2B and fig. S11A), and restoration of the stool condition and 
suppression of Gr-1–positive neutrophil infiltration into epithelial 
layers at recovery day 2 was significantly reduced in anti-JIPs Ab–
injected mice (Fig. 2, C and D). Furthermore, intestinal barrier in-
tegrity at recovery day 2 was significantly reduced in anti-JIPs 
Ab–injected mice (Fig. 2E). These results indicate that JIPs have a 
critical role in TJ reconstitution of intestinal epithelial cells during 
tissue repair.

Matrix metalloproteinases (MMPs) cleave human (h)A1AT in 
the C-terminal region (Fig. 5A) (20–24). To assess the functional 
relevance of MMPs to TJ formation, FL-hA1AT recombinant pro-
tein was treated with MMP-1, MMP-8, or MMP-9. MMP-treated 
FL-hA1AT generated ~5-kDa fragments of the 37–amino acid A1AT 
C-terminal peptides (Fig. 2F, source data figs. 6 to 8) and induced 
claudin assembly at cell-cell boundaries of A431 cells, whereas 
FL-hA1AT or MMPs alone did not show a TJ-inducing activity (Fig. 
2G and fig. S7E). In addition, CCM prepared from colon tissues in 
the presence of MMP inhibitor GM6001 had an attenuated claudin- 
assembling activity at DSS recovery day 1 (Fig. 2H and fig. S7F). These 
data show that A1AT acquires TJ-inducing activity upon cleavage 
by MMPs.

JIPs penetrate the plasma membrane and activate G13 
to induce TJ assembly
Next, we investigated the mechanism by which JIPs induce TJ as-
sembly. Exogenously applied JIPm35 was localized at cell-cell bound-
aries of A431 cells (fig. S8A), which suggested that JIPs function on 
plasma membranes. Intriguingly, JIPs harbored three hydrophobic 
amino acid clusters (Fig. 1F). Claudin-assembling activity was sig-
nificantly reduced when the N-terminal hydrophobic cluster or 
C-terminal hydrophobic clusters were replaced by a hydrophilic 
amino acid, Asp (Fig. 1, H and I, and fig. S5B; JIPm35-mut1, JIPm35-mut2, 
and JIPm35-mut3), which indicated that the N-terminal and C-terminal 
hydrophobic amino acid clusters are essential for the TJ-assembling 
activity of JIPs. Because hydrophobic amino acid clusters can insert 
into the plasma membrane, we hypothesized that JIPs penetrate 
plasma membranes. To test this, we introduced anti-JIPs Ab into 
the cytosol, and cells were treated with or without JIPm35. Intracel-
lularly introduced anti-JIPs Ab, but not control preimmune serum, 
shifted from the cytosol to cell-cell boundaries upon JIPm35 treat-
ment (Fig. 3A and fig. S8, B and C). This indicated that the antibody 
epitopes resided intracellularly and that JIPm35 penetrated the plasma 
membrane. In addition, a liposome pull-down assay showed that 
JIPm35 and JIPm35-mut2, but not JIPm35-mut1, were coprecipitated with 
liposomes, which indicated that JIPm35 associates with lipid bilayers 
through C-terminal hydrophobic clusters (Fig. 3B and fig. S8D). 
These results suggest that JIPm35 interacts directly with cytosolic 
proteins by penetrating the plasma membrane.

PCM treatment of claudin-deficient L cells and HeLa cells (25, 26) 
resulted in patch-like assembly of ZO-1 proteins at cell-cell bound-
aries (fig. S8, E to H), which suggested that JIPs assemble ZO-1 in a 
claudin-independent manner. It has been reported that phase sepa-
ration of ZO proteins drives TJ formation (27). However, JIPm35 had 
no significant effect on in vitro ZO-1 phase separation assays (fig. S8I) 
or recruitment of ZO-1 proteins to liposome membranes (fig. S8J). 
These results suggest that JIPm35 promotes TJ assembly via a path-
way upstream of ZO proteins.

Trimeric G protein–coupled receptors induce TJs (28, 29). Be-
cause JIPm35 was localized under the cell membrane, we examined 
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Fig. 2. JIPs are produced by MMP-mediated cleavage from A1AT and promote TJ reconstruction during recovery from the DSS-induced colitis model in mice. 
(A) Schema of anti-JIPs Ab administration to Lgr5-EGFP-IRES-creERT2/tdTomato mice with DSS-induced colitis at the recovery stage. (B) Immunofluorescence of ZO-1 and 
DAPI in colon sections from mice treated as in (A). Scale bar, 20 m. Similar results were obtained in two independent experiments. (C) DAI in accordance with assessment 
of stool consistency and fecal blood in ICR mice, in which 2% DSS was used for recovery (n = 5 mice). (D) Quantification of the numbers of Gr-1–positive cells (9 to 12 im-
ages from five mice) treated as described in (C). (E) Relative intestinal permeability measured by plasma leakage of FITC-dextran (4 kDa) treated as described in (C) (n = 5 
mice from ctrl + preimmune or Ab, DSS + vehicle, n = 6 mice from ctrl + vehicle, recover + preimmune or Ab). (F) Silver staining of recombinant hA1AT incubated with or 
without MMP-1, MMP-8, or MMP-9. Similar results were obtained in two independent experiments. (G) Quantification of relative claudin-1 intensity at cell-cell boundaries 
of A431 cells treated with the indicated products or control HBSS (n = 5 images from independent two samples). Similar results were obtained in two independent exper-
iments. See fig. S7E. (H) Quantification of the relative claudin-1 intensity at cell-cell boundaries of A431 cells treated with CCM prepared from control, DSS-treated mice, 
or DSS-recovery mice in the presence or absence of GM6001, or control HBSS for 3 hours (n = 5 images from independent two samples). Similar results were obtained in 
two independent experiments. See fig. S7F. Tukey’s test (C, D, G, and H) and the two-tailed t test (E). *P < 0.05, ***P < 0.001.
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Fig. 3. JIPs penetrate the plasma membrane lipid bilayer and activate heterotrimeric G protein G13. (A) Immunofluorescence of rabbit IgG and ZO-1 in A431 cells 
transfected with anti-JIPs Ab or preimmune. Transfected cells were treated with JIPm35 (20 M) or HBSS for 3 hours. Scale bar, 20 m. (B) Liposome cosedimentation assay 
using biotinylated JIPm35 peptides or IgG (20 nmol each), which were bound to streptavidin-FITC (n = 3 independent samples). (C) Relative barrier permeability measured 
by paracellular tracer flux analysis using FITC-dextran (4 kDa) in A431 cells transfected with G12 and/or G13 siRNA. See fig. S10B (n = 3 independent samples). (D) TER mea-
surements of EpH4 cells transfected with G12 and/or G13 siRNAs. See fig. S10D (n = 3 independent samples). (E) Pull-down assay of A431 cells treated with biotinylated-
JIPm35, biotinylated-JIPm35-mut2, or buffer using streptavidin-Sepharose. Precipitates were immunoblotted with anti-G12 (upper), G13 (bottom) antibodies. Asterisk indicates 
a nonspecific band. Quantitative value of each band was presented. (F) Measurement of G13 activation by JIPm35, JIPm35-mut1, and JIPm35-mut2 (n = 3 independent samples). 
JIPm35 was prepared at the indicating concentrations. (G) Measurement of G protein (G13, Gi2, Gs, and Gq) activation by JIPm35 (n = 3 independent samples). 
(H) Immunofluorescence of occludin, GFP, and G13 in A431 cells transfected with GFP, G13, or G13Q226L. Scale bar, 10 m. (I) Line scans represent the fluorescence inten-
sity of occludin along the white arrow in (H), and a black arrowhead represents the position of cell junction. (J) The value represents the maximum value minus the mini-
mum value of occludin intensity (n = 9 cells). Data represent means ± SD (F and G); Tukey’s test (B and J) and Dunnett’s test (C, D, F, and G). n.s., not significant. *P < 0.05, 
**P < 0.01, ***P < 0.001. Similar results were obtained in two independent experiments in (A) and (E).
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the possibility of direct activation of G protein alpha subunits by 
JIPs. Treatment of A431 cells with Pasteurella multocida toxin, 
which activates Gi, Gq, and G12/13 (30, 31), but not with Gs-activating 
cholera toxin (32), induced TJ assembly (fig. S9, A to C). Inhibition 
of either Gs, Gi, or Gq by NF449 (33), pertussis toxin (34), or YM-
254890 (35), respectively, did not reduce JIPm35-mediated TJ assembly 
(fig. S9, D and E). Conversely, small interfering RNA (siRNA)–mediated 
knockdown of G12/13 suppressed JIPm35-induced claudin/ZO-1/actin 
assemblies at cell-cell boundaries of both A431 and EpH4 cells (fig. 
S10, A to D) and attenuated JIPm35-induced barrier activity in mono-
layers of these cells (Fig. 3, C and D). Ectopic expression of a consti-
tutively active form of G13 (G13QL), but not wild-type G13, induced 
occludin assembly at cell-cell boundaries of A431 cells (Fig. 3, H to J), 
which indicated that G13 activation is sufficient to assemble TJ 
components. These results indicate that JIPm35 induces TJ assembly 
via G12/13.

JIPm35 pull-down assays showed that JIPm35 bound to endoge-
nous G12/13 proteins in A431 cells, and this interaction was reduced 
by JIPm35-mut2 (Fig. 3E). In addition, G13 protein activity, which was 
measured by exchange of the guanine nucleotide in in vitro reactions, 
was increased by JIPm35 in a dose-dependent manner but not by 
JIPm35-mut1 or JIPm35-mut2 (Fig. 3F), which indicated that JIPm35 di-
rectly binds to and activates G13 through the N-terminal hydropho-
bic cluster. JIPm35 activated G13, but not Gi, Gs, or Gq (Fig. 3G and 
fig. S10E), which demonstrated the specificity of JIPm35 for G13. 
Together, these results demonstrate that JIPs insert into plasma 
membranes and induce TJ assembly by directly activating G13.

Administration of mouse or human JIPs restores TJs 
and ameliorates the symptoms of DSS-induced colitis in mice
We next examined whether JIPs restore TJs in the intestinal epithe-
lium of a mouse colitis model. Administration of JIPm35 to DSS- 
treated mice every other day for 10 days sustained epithelial TJs and 
crypt structures, whereas JIPm35-mut1 did not show these effects 
(Fig. 4, A to C and fig. S11B). In addition, the intestinal barrier in-
tegrity was sustained in DSS-treated mice by JIPm35 administration 
(Fig. 4D). Notably, immunofluorescence signals of the administered 
JIPm35 were detected at cell-cell boundaries of intestinal epithelial 
cells (Fig. 4E), which suggested that JIPm35 restored TJs by acting on 
epithelial cells in vivo. JIPm35 administration resulted in no marked 
changes in epithelial TJs or crypt structures in control mice (Fig. 4, 
B to D, and fig. S11B), which suggested that JIPs facilitate TJ reas-
sembly only in damaged epithelial cells.

We next investigated whether JIPs alleviated the symptoms of 
DSS-treated mice. Hematogenous diarrhea (Fig. 4F and fig. S11C) 
and inflammation-associated infiltration of Gr-1–positive neutro-
phils within epithelial layers (Fig. 4G and fig. S11D) were ameliorat-
ed by administration of JIPm35 but not by JIPm35-mut1 (Fig. 4, F and G, 
and fig. S11, C and D). In addition, consecutive administrations of 
JIPm35 starting at 4 days after DSS treatment, when the mice had 
manifested the bloody feces symptom, alleviated DSS-induced body 
loss and sustained survival for >4 weeks (Fig. 4, H and I). No signif-
icant changes in body weight or the survival rate were observed af-
ter administration of JIPm35 to control mice during the experimental 
period under our conditions (Fig. 4, H and I). Together, these re-
sults indicate that JIPs restore epithelial TJs in a mouse intestinal 
epithelial injury model and therefore reduce symptom onset.

In humans, 36- to 44–amino acid polypeptides corresponding to the 
C terminus of hA1AT are present in circulating blood of patients 

with sepsis, nipple aspiration fluid of patients with breast cancer, 
and urine of patients with glomerulonephritis (12–14). These pep-
tides include JIPh42/CAAP48, a biomarker of sepsis (12). Therefore, 
we assessed the TJ-inducing activity of JIPh42/CAAP48. JIPh42/
CAAP48 induced claudin assembly at cell-cell boundaries and 
increased the barrier activity in A431 cell monolayers at the same 
concentrations as JIPm35 (JIPh42/CAAP48; Fig. 5, A to D). Claudin- 
assembling activity was significantly reduced when mutations were 
introduced into hydrophobic clusters of JIPh42/CAAP48 (JIPh42-mut1, 
JIPh42-mut2, and JIPh42-mut3; Fig. 5, A to D), which suggested that hy-
drophobic amino acid clusters are essential for the TJ-assembling 
activity of JIPh42/CAAP48 similar to mouse JIPs. This was con-
firmed by the in vitro G13 activation assay, in which G13 activity was 
increased by JIPh42/CAAP48, JIPh42-mut3, and JIPh42-mut4, but not 
by JIPh42-mut1 or JIPh42-mut2 (Fig. 5E), which indicated that JIPh42/
CAAP48 directly activated G13 through the N-terminal hydrophobic 
cluster. Next, we examined whether human CAAP48 had a similar 
tissue repair activity. JIPh42/CAAP48 administration sustained epi-
thelial TJs (Fig. 5, F and G) and ameliorated hematogenous diarrhea 
(Fig. 5H) and infiltration of Gr-1–positive neutrophils into epithe-
lial layers (Fig. 5, I and J) of DSS-treated mice. Because N-terminal 
hydrophobic amino acids were conserved in both JIPm35 and JIPh42/
CAAP48, these hydrophobic clusters may be essential for the DSS 
colitis–alleviating activity. These data indicate that the TJ-induced 
tissue-repairing activity of A1AT C-terminal peptides is conserved 
in mice and humans.

DISCUSSION
TJ formation is regulated by extracellular factors. For example, 
treatment of cells with trypsin or nonspecific serine proteases in-
duces TJ formation (36–38), and a series of proteinase-activated 
receptors regulate TJ formation (39). Urine extracts from animals 
exhibit TJ-enhancing activity associated with epidermal growth 
factor (40, 41). In this study, we showed that C-terminal fragments 
of anti-inflammatory protein A1AT were physiological JIPs that 
induced TJ formation in response to tissue damage. JIPs penetrated 
plasma membranes and induced TJ assembly by directly activating 
G13. Since cell-penetrating peptides penetrate preferentially to in-
flammatory cells or cancer cells, which have high membrane per-
meability (42, 43), JIPm35 may penetrate plasma membrane of 
damaged intestinal epithelial cells in DSS-treated mice. G13 stimulates Rho 
signaling by directly activating RhoGEFs, such as PDZ-RhoGEF and 
p115-RhoGEF (44), which leads to cortical actin remodeling. Because 
junctional actin is essential to regulating apical junctional complexes, 
whereby adhesion receptors accumulate at nascent adhesion sites 
(45), we speculate that the JIPm35-G13 axis induces TJ assembly by 
activating RhoGEF-Rho-cortical actin remodeling (Fig. 4J).

A1AT is an abundant serine protease inhibitor in serum and has 
important roles in suppression of inflammation and tissue de-
struction by inhibiting serine proteases. However, additional unclear 
mechanisms have been suggested (46). A1AT deficiency predisposes 
patients to the onset of various inflammatory diseases, including 
chronic obstructive pulmonary disease, cirrhosis, and colitis (18). 
FL-A1AT binds irreversibly to elastase, a serine protease released 
from neutrophils during inflammation, and inhibits its activity to 
avoid connective tissue degradation caused by persistent activation 
of elastase (18). In addition to FL-A1AT, C-terminal peptides of 
A1AT are present in patients with inflammatory diseases and cancer 
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Fig. 4. Administration of JIPs restores TJs and ameliorates the symptoms of the DSS-induced colitis model in mice. (A) Schema of JIPm35 administration to DSS-induced 
colitis mice. (B) Immunofluorescence of claudin-3 and E-cadherin in colon sections from mice treated with DSS or tap water with 2.3 mg/kg per dose JIPm35, JIPm35-mut1, or 
the vehicle control for 10 days. Scale bar, 20 m. Similar results were obtained in two independent experiments. (C) H&E staining of colon sections on day 10. Scale 
bar, 50 m. Similar results were obtained in two independent experiments. (D) Relative intestinal permeability measured by plasma leakage of FITC-dextran (4 kDa) 
(ctrl + vehicle, DSS + JIPm35; n = 8 mice, ctrl + JIPm35; n = 7 mice, DSS + vehicle; n = 6 mice, DSS + JIPm35-mut1; n = 4 mice). (E) Immunofluorescence of JIPm35 and E-cadherin 
in colon sections from mice treated with DSS or tap water with 11.1 mg/kg JIPm35 or the vehicle control for 10 consecutive days. Scale bar, 20 m. Similar results were 
obtained in two independent experiments. (F) DAI in accordance with assessment of stool consistency and fecal blood (n = 3 mice). (G) Quantification of the numbers of 
Gr-1–positive cells in colon sections from mice treated as described in Fig. 4A (n = 3 images from three mice). See fig. S11D. (H) Body weight changes in mice treated with 
DSS or tap water with daily administration of JIPm35, JIPm35-mut1, or the vehicle control for up to 25 consecutive days at 1.1 mg/kg per day. Peptide administration started 
4 days after DSS treatment (n = 4 mice). (I) Kaplan-Meier survival curve of mice treated as in (H) (n = 6 mice). (J) Model of TJ formation by JIPs through direct G13 activation 
during tissue repair. Tukey’s test (D, F, and G), Kruskal-Wallis test (H), and log-rank test (I). *P < 0.05, ***P < 0.001.
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Fig. 5. Human A1AT C-terminal peptides induce TJ assembly in A431 cells and DSS-induced colitis mice. (A) Amino acid sequences of the human A1AT C terminus, JIPh42/
CAAP48, and mutant forms of JIPh42/CAAP48 used in this study. (B) Immunofluorescence of claudin-1 and -catenin in A431 cells treated with the indicated peptides at 20 M 
or control HBSS for 3 hours. Scale bar, 20 m. (C) Quantification of relative claudin-1 intensity at cell-cell boundaries of A431 cells shown in (B) (n = 5 images from independent 
two samples). Similar results were obtained in two independent experiments. (D) Relative barrier permeability measured by paracellular tracer flux analysis using FITC-dextran 
(4 kDa) in A431 cells treated as in (B) and (C) (n = 3 independent samples). (E) Measurement of G13 activation in the presence of JIPh42, JIP h42-mut1, JIP h42-mut2, JIP h42-mut3, and JIP 
h42-mut4, which was assayed in GEF buffer with 5 pmol G13, 10 M GTP, and 10 mM DTT. Synthetic peptides were prepared at the indicated concentrations (n = 3 independent 
samples). (F) Schema of JIPh42/CAAP48 administration to DSS-induced colitis mice. (G) Immunofluorescence of claudin-3 and E-cadherin in colon sections from mice treated 
with DSS or tap water with 1.5 mg/kg per dose JIPh42/CAAP48 or vehicle control for 10 days. Scale bar, 20 m (H) DAI in accordance with assessment of stool consistency and 
fecal blood (n = 5 mice). (I) Immunofluorescence of Gr-1 in colon sections from mice treated as in (F). Scale bar, 40 m. (J) Quantification of the numbers of Gr-1–positive cells 
shown in (I) (ctrl + vehicle, ctrl+ JIPh42; n = 14 images, DSS + vehicle, DSS + JIPh42; n = 15 images from five mice each). Dunnett’s test (C to E, H, and J). ***P < 0.001.
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(12–14), although their physiological functions have not been clari-
fied. Our study revealed a TJ-inducing activity of A1AT C-terminal 
peptides, which was independent of serine protease inhibitory ac-
tivity. The amount of JIPs was increased upon tissue damage and 
during repair processes, which suggested that cleavage of FL-A1AT is 
mediated by inflammatory regulators. JIPs are generated by cleavage 
of FL-A1AT by MMPs, which are secreted from neutrophils and 
macrophages in inflammation (47), suggesting involvement of in-
flammatory-related immune cells in this process. The balance of 
epithelial damage and the amount of JIPs is critical for tissue recov-
ery. Upon tissue damage, A1AT exerted anti-inflammatory effects 
via two mechanisms: FL protein suppressed elastase activity, and 
C-terminal peptides reconstituted epithelial TJs.

Sixty and 36 serine protease inhibitor (serpin) genes have been 
reported in mice and humans, respectively (48). Our MS analysis 
identified C-terminal peptides of serpin other than A1AT (source data 
fig. 9). Since C-terminal regions of some other serpins are structurally 
conserved (48), it would be interesting to determine whether 
C-terminal peptides released from FL-serpins also have a TJ-inducing 
activity. Hydrophobic clusters in the C-terminal region of A1AT are 
evolutionally conserved in vertebrates, which suggests that JIP-
mediated TJ formation is a common anti-inflammatory response 
against barrier dysfunction. Thus, JIP administration might be a novel 
therapeutic strategy for TJ disruption in inflammatory diseases.

MATERIALS AND METHODS
Mice
Mice were housed individually in controlled environmental condi-
tions at 22° ± 2°C, with a 12-hour light-dark cycle and ad libitum 
access to food and tap water. All experiments were performed in 
accordance with the guidelines of the Kyoto University Regulation 
on Animal Experimentation. All procedures for animal experiments 
were approved by the animal experiments committee of the Institute 
for Frontier Life and Medical Sciences, Kyoto University. Institute of 
Cancer Research (ICR) female mice (8 weeks old) were purchased from 
Shimizu Laboratory Supplies. Lgr5-EGFP-IRES-creERT2/tdTomato 
mice were gifts from R. Kageyama and T. Tateya. Tamoxifen (4 mg) 
was injected intraperitoneally twice before DSS treatment.

Colon-conditioned medium
The colon (0.1 g) was harvested from 8- to 12-week-old ICR mice 
(Shimizu Laboratory Supplies) and cultured in 0.4 ml of Hanks’ balanced 
salt solution (HBSS; 14025, Gibco) for 18 hours. The supernatant was 
collected and boiled for 10 min. After centrifugation, the super-
natant was filtrated through a 0.22-M Millex-GV filter (Millipore).

Peritoneum-conditioned medium
The peritoneum was harvested from 8- to 12-week-old ICR mice 
(Shimizu Laboratory Supplies) and cultured in 0.7  ml of HBSS 
(14025, Gibco) for 18 hours. The supernatant was collected and 
boiled for 10 min. After centrifugation, the supernatant was filtrated 
through a 0.22-m Millex-GV filter (Millipore). Thirty mice yielded 
~15 ml of PCM. LPS-stimulated PCM was prepared from mice in-
jected intraperitoneally with LPS (10 mg/kg).

Purification of TJ-inducing factors
PCM (8 ml) was subjected to chromatography on Q Sepharose (GE 
Healthcare) and eluted with a stepwise pH gradient. The active 

fractions (pH 4.5 to 3.0) were further subjected to chromatography on 
Con A Sepharose (GE Healthcare) and eluted with 0.5 M mannoside. 
The eluted fraction was applied to nano-LC/MS/MS. The immunopre-
cipitants with anti-A1AT antibody from 24 ml of PCM were treated 
with 8 M urea and glycine-HCl (pH 2.6). The eluted substances were 
applied to a C18 column (Inertsil ODS-3, GL Sciences) on a high-
performance LC system (Shimadzu). The injection volume was set to 
100 l, and the flow rate was 800 l/min. The mobile phases consisted of 
(A) 0.5% acetic acid and (B) 0.5% acetic acid in 80% acetonitrile. Two-
step linear gradient programs ranging from 5 to 99% B were used.

Nano–liquid chromatography tandem mass spectrometry
Nano-LC/MS/MS was conducted using a Q Exactive mass spectrometer 
(Thermo Fisher Scientific) or an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Fisher Scientific) equipped with an Ultimate 3000 
pump (Thermo Fisher Scientific) and an HTC-PAL autosampler (CTC 
Analytics). Peptides were separated by a self-pulled analytical column 
(150 mm length by 100 m internal diameter) packed with ReproSil-Pur 
C18-AQ materials (3 m, Dr. Maisch, Germany). The injection volume 
was set to 5 l, and the flow rate was 500 nl/min. The mobile phases 
consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid in 80% acetoni-
trile. Two-step linear gradient programs ranging from 5 to 99% B over 
50 to 90 min were used. An MS1 survey scan followed by MS2 scans 
were performed according to the data-dependent acquisition mode.

Peptide/protein identification
Peptides were identified by automated database searching using Mascot 
v2.6 (Matrix Sciences) against UniprotKB/Swiss-Prot (release 2017/04) 
with a precursor mass tolerance of 5 or 10 ppm, a fragment ion mass 
tolerance of 0.02 Da or 20 ppm, and strict trypsin/P specificity allowing 
up to two missed cleavages. Cys carbamidomethylation was set as a 
fixed modification, and Met oxidation was set as a variable modifica-
tion. Peptides were identified if the Mascot score was over the 95% con-
fidence limit (P < 0.05) for each peptide; at least two identified peptides 
per protein were required for protein identification except for immuno-
precipitated samples. Note that the standard target-decoy approach 
could not be used as the identification number was too small (49).

Cell culture
A431 cells [Japanese Collection of Research Bioresources Cell Bank 
(JCRB)], EpH4 cells (a gift from E. Reichmann, University Children’s 
Hospital Zurich, Switzerland), L cells, and HeLa cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% fetal calf serum (FCS). MCF7 cells (RIKEN BRC) were cultured 
in Eagle's Minimum Essential Medium (Wako) supplemented with 
10% FCS and 1% nonessential amino acids. HT29 cells (American 
Type Culture Collection) were cultured in McCoy’s 5A (Gibco) sup-
plemented with 10% FCS. Cell cultures were incubated at 37°C in a 
humidified 5% CO2 atmosphere. cDNA transfection was performed 
using the Lipofectamine LTX Reagent (Invitrogen) according to the 
manufacturer’s instructions. The following G alpha agonists and 
antagonists were used: cholera toxin A subunit (036-20601, Wako), 
P. multocida (01-507, BioAcademia), pertussis toxin (168-22471, 
Fujifilm/Wako), NF-449 (1391/10, R&D Systems), and YM-254890 
(257-000631, Fujifilm/Wako).

Peptide treatment
Synthetic peptides were manufactured by SynPeptide Co. Ltd. Each 
peptide was dissolved in 30% AcOH (JIPm40, JIPm36, JIPm35, JIPm35-mut3, 
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JIPh42/CAAP48, and JIPh42-mut3), MilliQ (JIPm35-mut1, JIPh42-mut1, 
and JIPh42-mut2), or 2% NaOH (JIPm35-mut2 and JIPh42-mut3). The 
stock solution concentration was 25 g/l. The peptide solutions 
were added to the cell cultures at 20 M in HBSS buffer after neu-
tralization to pH 7.0, unless indicated otherwise in the legends, 
for 3 hours.

Small interfering RNA
The siRNA targeted sequences used were the following: mouse 
GNA12 (5′-GCGACACCAUCUUCGACAATT-3′; SI02736958, 
Qiagen), mouse GNA13 (5′-CCAUAAUCCUCUUCUUAAATT-3′; 
SI02670157, Qiagen), human GNA12 (5′-GGAUCGGCCAG-
CUGAAUUATT-3′; SI00096558, Qiagen), and human GNA13 
(5′-CAAGGGUUUUCUUACAAUAtt-3′; S20992, Ambion). Trans-
fection was performed using the Lipofectamine RNAiMax Reagent 
(Invitrogen) according to the manufacturer’s instructions.

Antibodies
The following primary antibodies were used: claudin-1 polyclonal 
antibody (1:1000; 51-9000, Thermo Fisher Scientific), claudin-3 
polyclonal antibody (1:1000; 34-1700, Thermo Fisher Scientific), 
claudin-4 monoclonal antibody (3E2C1, 1:1000; 32-9400, Thermo 
Fisher Scientific), claudin-4 monoclonal antibody Alexa Fluor 488 
(3E2C1, 1:500; 329488, Thermo Fisher Scientific), ZO-1 polyclonal 
antibody (1:1000; 61-7300, Thermo Fisher Scientific), ZO-2 polyclonal 
antibody (1:1000; 71-1400, Thermo Fisher Scientific), -catenin 
monoclonal antibody (1G5, 1:1000; MA1-2000, Thermo Fisher Sci-
entific), -catenin polyclonal antibody (1:2000; C2081, Sigma-Aldrich); 
E-cadherin antibody (ECCD-2, 1:1000; M108, Takara), CD144 
(VE-cadherin) monoclonal antibody (BV13, 1:100; 16-1441-81, 
eBioscience), keratin 5 polyclonal antibody (1:500; PRB-160P, 
Covance), rabbit immunoglobulin G (IgG) isotype control (1:100; 
02-6102, Thermo Fisher Scientific), A1AT polyclonal antibody (1:100; 
A0012, Dako), Gr-1 monoclonal antibody (RB6-8C5, 1:100; 14-
5931-81, eBioscience), CD16/CD32 monoclonal antibody (2.4G2, 1:25; 
70-0161-U500, TONBO), fluorescein isothiocyanate (FITC) CD11b 
monoclonal antibody (M1/70, 1:100; 35-0112-U100, TONBO), 
anaphase-promoting complex (APC) Ly-6G (Gr-1) monoclonal an-
tibody (RB6-8C5, 1:100; 20-5931-U025, TONBO), G12 monoclo-
nal antibody (1:100; sc-515445, Santa Cruz Biotechnology), GNA12 
polyclonal antibody (1:500; ab154004, Abcam), G13 monoclonal 
antibody (6F6-B5, 1:100; sc-293424, Santa Cruz Biotechnology), 
GNA13 monoclonal antibody (E-12, 1:500; ab128900, Abcam), and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) polyclonal 
antibody (1:500; 2275-PC-100, Trevigen). ZO-1 monoclonal anti-
body T8-754 and occludin monoclonal antibody MOC-37 were 
gifts from M. Furuse (National Institute for Physiological Sciences, 
Japan). Homemade rabbit polyclonal antibodies against JIPs (used 
at 1:500 for immunofluorescence and 1:50 for inhibitory antibodies 
assay) were raised against a keyhole limpet hemocyanin–conjugated 
peptide encoding amino acids 379 to 413 of mouse A1AT1B. The 
following secondary antibodies were used: Alexa 488–conjugated don-
key anti-rat and anti-mouse IgG (1:1000; Jackson ImmunoResearch 
Laboratories); Cy3/Cy5–conjugated donkey anti-rat, anti-mouse, 
and anti-rabbit IgG (1:1000; Jackson ImmunoResearch Laboratories); 
horseradish peroxidase (HRP)–conjugated anti-rabbit IgG (1:1000; 
GE Healthcare); streptavidin-HRP conjugate (1:2000; RPN1231, 
GE Healthcare); and 4′,6-diamidino-2-phenylindole (DAPI; 1:2000; 
34007971, Dojindo).

Immunofluorescence staining
Cultured cells were fixed with 1% formaldehyde in phosphate-buffered 
saline (PBS) for 10 min at room temperature, treated with 0.2% 
Triton X-100 in PBS for 10 min, and washed with PBS. Subsequent-
ly, samples were blocked with 1% bovine serum albumin for 10 min, 
incubated with primary antibodies for 30 min, washed, and then 
incubated with secondary antibodies for 30 min. For Gr-1 staining, 
Blocking One (Nacalai Tesque) was used as the blocking solution. 
Samples were mounted in FluorSave (Calbiochem). For frozen 
tissue sections, dissected samples were frozen in liquid nitrogen, 
and 5-m-thick sections were prepared using a cryostat (Leica 
Microsystems). Before fixation, A431 cells were plated in 24-well 
plates (5 × 104 cells per well) and cultured for 4 days. MCF7 cells 
were plated in 24-well plates (8 × 104 cells per well) and cultured for 
3 days. HT29 cells were plated in 24-well plates (2.4 × 105 cells per 
well) and cultured for 2 days. EpH4 cells were plated in 24-well 
plates (2 × 105 cells per well) and cultured for 3 days. L cells were 
plated in 24-well plates (8 × 104 cells per well) and cultured for 2 days. 
HeLa cells were plated in 24-well plates (6 × 104 cells per well) and 
cultured for 2 days. For immunofluorescence of colon sections, 
image acquisition was performed using a wide-field fluorescence 
microscope (IX81-ZDC, Olympus) using a 40× oil immersion ob-
jective lens (UPlanSApo/NA0.95). All other images were obtained 
using an inverted confocal fluorescence microscope (Leica Microsys-
tems, TCS SP8 with a Hybrid Detector) with an oil immersion ob-
jective lens (40× HC PL APO/NA1.3, 100× HCX PL APO/NA1.46) 
and LAS-X software.

Quantification of relative TJ formation
The methodology for evaluating the formation rate of TJ at the cell-
cell border comprised the following steps. First, a Gaussian filter 
was applied to the immunofluorescence images of -catenin to sup-
press image intensity fluctuations that cause many spurious edges 
in the later steps. Second, the rotational-watershed algorithm (50) 
and binarization were used to obtain border candidates. A candi-
date was identified as a cell-cell border if the number of its compo-
nent pixels was larger than the threshold. Last, the relative TJ 
formation at a border was obtained by the average pixel intensity of 
claudin at the border. For fig. S8 (F and H), the total fluorescence 
intensity of ZO-1 was divided by the total area of DAPI. The value 
relative to the one value of HBSS was calculated and presented.

Statistical analyses
The respective n values are shown in the figure legends. The P val-
ues were obtained by t test, Dunnett’s test, Tukey’s test, Kruskal- 
Wallis test, or log-rank test. For Figs. 3 (F and G) and 5E, means ± 
SD were calculated and presented in bar graphs. Other data were 
presented as box and whisker plots using R, where horizontal lines 
represent median values, boxes encompass values between the first and 
third quartiles, and whiskers give the 1.5-times interquartile range.

Paracellular flux
To measure the paracellular tracer flux, 1 × 104 cells per well were 
plated in Transwells (3413, Corning) and cultured for 4 days. After 
treatment with peptides or PCM on both apical and basolateral 
sides, 4 kDa FITC-dextran (FD4, Sigma-Aldrich) was added to the 
upper well at 1 mg/ml. After 1 hour, a medium aliquot was collected 
from the bottom well. The paracellular tracer flux was determined 
as the fluorescence intensity of FITC-dextran, which was measured 
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with a fluorometer (ARVO X3, PerkinElmer). The PBS blank fluo-
rescence value was subtracted from the experimental value, and the 
relative value was calculated and presented.

TER measurement
Cells were plated on Transwell polycarbonate filters (Corning, 
6.5 mm in diameter, three filters for each sample). A431 cells, MCF7 
cells, HT29 cells, or EpH4 cells were plated at a density of 5 × 104, 
6 × 104, 9 × 105, or 1.6 × 104 cells per well, respectively. After treat-
ment with peptides on both apical and basolateral sides for 3 hours, 
TER was measured using a Millicell ERS-2 electrical resistance sys-
tem (Merck Millipore). The TER values were calculated by subtract-
ing the background TER of blank filters and by multiplying by the 
surface area of the filter.

Freeze-fracture electron microscopy
JIPm35-treated A431 cells were fixed using 0.1 M phosphate buffer 
containing 4% formaldehyde for 1 hour at 4°C and cryo-protected 
by overnight incubation with PBS containing 30% glycerol and 
0.01% sodium azide at 4°C. The cells were snap frozen by immer-
sion in liquid nitrogen. A replica membrane was prepared using 
a JFD-II freeze-etching system (JEOL). The frozen cells were frac-
tured with a metal knife cooled to −150°C and shadowed by 
unidirectional platinum-carbon evaporation from a 60° angle, fol-
lowed by rotary carbon evaporation from the top. The cell debris 
was digested in a solution containing 2.5% SDS, 20% sucrose, 
and 15 mM tris-HCl (pH 8.3), for 20 min at 121°C. The replicas 
were immunostained using anti–claudin-1 antibody (Thermo Fisher 
Scientific), followed by anti-rabbit antibody conjugated to 15-nm 
colloidal gold (BBI Solutions). The replicas were imaged by a 
JEM-1010 electron microscope (JEOL) equipped with a 4 k × 4 k 
complementary metal-oxide semiconductor (CMOS) camera TemCam 
F416 (TVIPS).

Western blotting and silver staining
For Western blotting, A431 cells were lysed with buffer containing 
1% SDS, 50 mM tris-HCl (pH 7.5), and 150 mM NaCl. Dried CCM 
was eluted in Laemmli buffer, and 35 g of proteins was loaded for 
each lane. After boiling in Laemmli sample buffer, the samples were 
separated by SDS–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto Immobilon-P polyvinylidene difluoride mem-
branes (Millipore). The Western blotting procedure was performed 
as previously described (51). Signals were detected using Western 
Lightning Plus-ECL (PerkinElmer) and a LAS 4000 mini imaging 
system (Fujifilm). Band intensities were quantified using Imagequant 
software (Molecular Dynamics). For silver staining, the samples 
were separated by tricine–SDS-PAGE and stained with 2D-Silver 
Stain Reagent II (Cosmo Bio).

Liposome binding assay
Coatsomes EL-01-A (YUKA SANGYO) were suspended in H2O 
at 5 mg/ml, and liposomes were formed with stirring. Biotinylated 
peptides or IgG (134303, BioLegend) were mixed with streptavidin- 
FITC (0.25 g; 405201, BioLegend) for 30 min. Biotin-streptavidin 
complexes were incubated with liposomes (0.25 mg) in 100 l of H2O 
for 30 min at room temperature and were then centrifuged at 23,200g 
for 60 min at 25°C. The fluorescence intensity of supernatants and 
pellets was measured with a fluorometer (ARVO X3, PerkinElmer). 
Relative fluorescence unit values were presented.

Antibody transfection and microinjection
Anti-JIP serum or preimmune serum was transfected into A431 
cells by ProteoCarry (Funakoshi) according to the manufacturer’s 
instructions. Microinjection of anti-JIPs serum or preimmune serum 
was performed using a digital microinjection system (Eppendorf, 
FemtoJet).

Phase separation assay
ZO-1–green fluorescent protein (GFP) was purified as previously 
described (27). ZO-1–GFP was diluted from storage buffer into 
phase separation buffer [20 mM Hepes (pH 7.4), 150 mM NaCl, and 
2% poly(ethylene glycol)] to the indicated concentration. For testing 
the peptide influence on ZO-1–GFP phase separation, the indicated 
peptide is added to the ZO-1–GFP storage first and then diluted to 
the phase separation buffer.

Lipid-coated beads recruitment assay
Silica beads (10 m; C-SIO-10.0, Corpuscular) were coated with a 
supported lipid bilayer as described (52) with 1-palmitoyl-2- 
oleoyl-glycero-3-phosphocholine (POPC; 850457C, Avanti). The lipid 
bilayer was labeled with 0.1% DPPE-KK114 (1,2-dipalmitoyl-sn- 
glycero-3-phosphoethanolamine). The lipid-coated beads are 
incubated with the indicated peptide (5 M) for 2 hours in buffer 
A [20 mM Hepes (pH 7.4) and 150 mM NaCl]. Uninserted pep-
tides were washed away with buffer A for six times. ZO-1–GFP 
(100 nM) was then added to the beads for 30 min. Ten percent 
l--phosphatidylinositol-4,5-bisphosphate (porcine brain, 840046X, 
Avanti) (ammonium salt) [PI(4,5)P2], 90% POPC-coated beads was 
used as a positive control.

The activity of G proteins assay
The activity of G proteins (Abcam) was measured using GTPase- 
Glo assay (V7681, Promega) according to the manufacturer’s 
instructions. The assay was performed in GEF buffer containing 
5 pmol G, 10 M guanosine 5′-triphosphate (GTP), and 10 mM 
dithiothreitol (DTT). Relative light unit values were presented.

Pull-down experiments
A431 cells treated with biotinylated-JIPm35, biotinylated-JIPm35-mut2, 
or control HBSS buffer were lysed with radioimmunoprecipitation 
assay buffer (1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 
50 mM tris-HCl, and 150 mM NaCl). Pull down was performed with 
Streptavidin Sepharose (GE Healthcare), and the precipitates were 
eluted by boiling in SDS sample buffer. The samples were separated 
by SDS-PAGE or tricine–SDS-PAGE and immunoblotted with an-
ti-G12 (upper), G13 (middle), and streptavidin-HRP conjugate anti-
bodies (bottom).

Dialysis
A dialysis membrane was prepared according to the manufacturer’s 
instructions. The PCM was dialyzed twice at 4°C with HBSS for 
2 hours and then overnight. A Micro Float-A-Lyzer device with 
MWCO 500–1000 D (Spectra) was used for a 1-kDa cutoff, and 
Oscillatory Microdialysis System with MWCO 3500 cup (Bio-Tech) 
was used for a 3.5-kDa cutoff.

Matrix metalloproteinases
Recombinant MMP-1, MMP-8, or MMP-9 (1 g; R&D Systems) 

was activated by 1 mM p-aminophenylmercuric acetate (A9563; 
Sigma-Aldrich) at 37°C for 2  hours (MMP-1 and MMP-8) or 
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24 hours (MMP-9). FL recombinant hA1AT (40 M; A6150, Sigma- 
Aldrich) was incubated with the indicated MMP at 37°C for 24 hours. 
For MMP inhibition, MMP inhibitor GM6001 (50 M; ab120845, 
Abcam) was added to the colon culture.

Measurement of protease activity
Protease activity was measured with an Amplite Universal Fluori-
metric Protease Activity Assay Kit according to the manufacturer’s 
instructions. For trypsin assays, the kit’s components were used. 
Human neutrophil elastase (HNE) (0.5 M; ab91099, Abcam) was 
analyzed in 100 mM tris-HCl (pH 7.5) and 500 mM NaCl. Porcine 
pancreas elastase (PPE) (0.5 M; V189A, Promega) was analyzed in 
10 mM tris-HCl (pH 9.0). Chymotrypsin (0.5 M; V106A, Promega) 
was analyzed in 100 mM tris-HCl (pH 8.0) and 10 mM CaCl2. Data 
are presented as relative fluorescence units.

Isolation of mouse neutrophil
Femurs and tibias were obtained from 8-week-old mice. Bone 
marrow–derived neutrophils were prepared as previously described 
(53). The cells were resuspended in 1.2 ml of HBSS and 800 l of 
100% Percoll, layered over a 62.5% Percoll gradient, and centri-
fuged at 800g for 30 min. Neutrophils were harvested from the bot-
tom layer of the gradient.

Enzyme-linked immunosorbent assays
Bone marrow–derived mouse neutrophils (2 × 106 cells/ml) from 
two mice were preincubated for 1 hour with or without JIPm35 and 
then treated with LPS (10 ng/ml) for 18 hours at 37°C. Culture su-
pernatants were collected and analyzed for TNF and CXCL1 using 
the kits (MTA00B and DY453, R&D Systems).

Experimental design, induction of colitis,  
and tissue collection
Acute colitis was induced with 4% (w/v) DSS (molecular weight, 
5000 Da; Wako) dissolved in drinking water until the end of the 
experiment. The first day of DSS treatment was designated day 0, 
and all mice were sacrificed on day 10. After euthanasia, stools from 
mice were collected and photographed using a digital camera 
(NEX-5N, Sony). For histological staining, colon tissues close to the 
anus were collected and immediately frozen in liquid nitrogen. 
Hematoxylin and eosin (H&E) staining was performed with a 
standard protocol, and the images were obtained using an all-in-one 
microscope (BZ8000, Keyence) with a 20× dry objective lens (Plan 
Apo/NA0.75, Nikon).

For recovery period experiment, the mice were randomly as-
signed to two groups: group 1, control; group 2, 4% DSS-induced 
colitis and changed to 1% (Lgr5-EGFP-IRES-creERT2/ROSA26td-
Tomato mice) or 2% (ICR mice) DSS on day 10. Colon (0.1 g) was 
collected on days 11 and 12 (n = 4 for each group) and cultured for 
CCM. Anti-JIPs antibodies or preimmune serum was injected on 
days 9 and 11 (n = 6 for each group; 250 l injection per mice).

For JIPm35 administration analysis, the mice were randomly as-
signed to five groups: group 1, control treated with vehicle (n = 5); 
group 2, control treated with JIPm35 (n = 5); group 3, DSS-induced 
colitis treated with vehicle (n = 5); group 4, DSS-induced colitis 
treated with JIPm35 (n = 5); and group 5, DSS-induced colitis treated 
with JIPm35-mut1 (n = 5). Mice receiving drinking tap water alone 
were used as controls. JIPm35 or JIPm35-mut1 peptides (2.3 mg/kg per 
dose) were subcutaneously administered to mice every other day.

For JIPh42/CAAP48 administration analysis, mice were randomly 
assigned to four groups: group 1, control treated with vehicle (n = 
5); group 2, control treated with JIPh42/CAAP48 (n = 5); group 3, 
DSS-induced colitis treated with vehicle (n = 5); and group 4, 
DSS-induced colitis treated with JIPh42/CAAP48 (n = 5). Mice 
receiving drinking tap water alone were used as controls. JIPh42/
CAAP48 peptides (1.5 mg/kg per dose) were subcutaneously ad-
ministered to mice every other day.

Intestinal permeability assay
Mice (n = 8 for each group) were fasted for 4 hours, and 4-kDa 
FITC-dextran (80 mg/ml in PBS, 150 l per mouse; FD-4, Sigma- 
Aldrich) was applied orally at a single dose. Blood was collected 
4 hours after gavage, and plasma was obtained after centrifugation 
at 2000g for 5 min. Plasma samples were diluted 1:10 in PBS and 
transferred to a black opaque-bottom 96-well plate. Fluorescence 
was determined as the fluorescence intensity of FITC-dextran mea-
sured with a fluorometer (ARVO X3, PerkinElmer). The PBS blank 
fluorescence value was subtracted from the experimental value, and 
the value relative to the one value of control was calculated and 
presented.

Disease activity index
The disease activity index (DAI) for DSS colitis was scored accord-
ing to the mean of two parameters: stool consistency and fecal blood. 
The scoring system was as follows: stool consistency—0  =  well-
formed pellets, 1 = soft, and 2 = diarrhea; fecal blood—0 = no blood, 
1 = blood traces visible outside of the stool, and 2 = blood traces 
visible inside and outside of the stool, gross rectal bleeding. Stool 
consistency scores and bleeding scores were added and presented as 
a clinical score. The sum of the two values constitutes the DAI, re-
sulting in a total clinical score ranging from a minimum of 0 to a 
maximum of 4 (n = 3).

Body weight loss and survival rate
Mice (n = 6 for each group) were treated with 4% (w/v) DSS dis-
solved in drinking water until the end of the experiment, whereas 
the control groups received only tap water. Peptide-treated groups 
were subcutaneously administered JIPm35 or JIPm35-mut1 (1.1 mg/kg 
per day) every day following the 4-day DSS treatment. The vehicle- 
treated animals were administered HBSS. The body weight of each 
mouse was monitored daily, and the percentage of body weight 
loss was calculated. The survival rate was analyzed by the Kaplan- 
Meier test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj6895

View/request a protocol for this paper from Bio-protocol.
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