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Abstract

Altered intestinal microbial composition promotes intestinal
barrier dysfunction and triggers the initiation and recurrence of
inflammatory bowel disease (IBD). Current treatments for IBD are
focused on control of inflammation rather than on maintaining
intestinal epithelial barrier function. Here, we show that the inter-
nalization of Gram-negative bacterial outer membrane vesicles
(OMVs) in human intestinal epithelial cells promotes recruitment
of caspase-5 and PIKfyve to early endosomal membranes via sort-
ing nexin 10 (SNX10), resulting in LPS release from OMVs into the
cytosol. Caspase-5 activated by cytosolic LPS leads to Lyn phospho-
rylation, which in turn promotes nuclear translocalization of Snail/
Slug, downregulation of E-cadherin expression, and intestinal
barrier dysfunction. SNX10 deletion or treatment with DC-SX029, a
novel SNX10 inhibitor, rescues OMV-induced intestinal barrier
dysfunction and ameliorates colitis in mice by blocking cytosolic
LPS release, caspase-5 activation, and downstream signaling. Our
results show that targeting SNX10 may be a new therapeutic
approach for restoring intestinal epithelial barrier function and
promising strategy for IBD treatment.
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Introduction

Alteration of intestinal microbial composition has a crucial impact
on the intestinal barrier function. Impaired intestinal mucosal
barrier function is the trigger for the initiation and recurrence of IBD
(Plichta et al, 2019). Loss of an integrated gut mucosa barrier results
in inappropriate translocation of intestinal luminal contents,
commensal microbiota, and pathogenic microbes into the gut
lamina propria, and ultimately induces intestinal inflammation (Gra-
ham et al, 2019). Current IBD treatment focuses on inflammation
control rather than restoring intestinal epithelial barrier function.
Accumulated proportions of Gram-negative bacteria in the inflamed
lesion of intestinal epithelium have been detected in the patients of
intestinal inflammatory diseases (Seksik et al, 2003; Martin et al,
2005), indicating the elevated LPS from the augmentative Gram-
negative bacteria engages into the initiation and aggravation of
intestinal inflammation. The OMVs derived from Gram-negative
bacteria are regarded as a carrier that releases LPS into the cytosol
for activating the caspase-11-dependent signaling pathway in vivo
and in vitro (Vanaja et al, 2016). However, the precise mechanism
that triggers LPS release from OMVs and its impact on intestinal
epithelial barrier function are largely unknown. SNX10 is a member
of sorting nexin (SNX) family proteins. Our previous studies found
it acted as an adaptor protein and played crucial roles in endosome/
lysosome homeostasis and function maintenance. Since endosomal
events are related to OMV internalization and LPS release (Vanaja
et al, 2016), in the present study, we explored the role of SNX10 in
the cytosolic release of LPS from OMVs and its impact on intestinal
epithelial barrier function.
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Results

SNX10 involves in OMV-induced downregulation of E-cadherin in
intestinal epithelial cells

After LPS quantification, OMVs from Escherichia coli BL21 were
used to treat Caco-2, HT-29, and NCM460 cells, no significant cyto-
toxicity was found at the concentration below 100 pg/ml (including
100 pg/ml, Fig EV1A-D). In bone marrow-derived macrophages
(BMDMs), IL-1B and IL-18 secretion was significantly increased and
the cell viability was reduced by OMV (100 pg/ml) induction, while
undetectable IL-1f and slightly increased IL-18 secretion were found
in Caco-2, HT-29, or NCM460 cells (Fig EV1E and F, Appendix Fig
S1A). The OMV-induced IL-18 secretion in intestinal epithelial cells
was consistent with the results of the previous study (Knodler et al,
2014), and we also found that SNX10 deficiency prominently inhib-
ited OMV-induced IL-18 secretion in Caco-2 cells (Appendix Fig S2).
These results suggest OMV treatment at 100 pug/ml might trigger a
different signaling rather than inflammasome activation and pyrop-
tosis in intestinal epithelial cells.

Alterations in tight junctions (TJs) and adherens junctions
(AJs) may result in disturbance of paracellular permeability. As
shown in Fig 1A-C, OMV treatment at 10 or 100 pg/ml for 24 h
could reduce the protein and mRNA (CDHI) levels of E-cadherin
in a concentration-dependent manner. Surprisingly, SNX10 dele-
tion by CRISPR/Cas9 technique prohibited the E-cadherin reduc-
tion caused by 10 or 100 pg/ml OMV treatment in Caco-2 cells
(Figs 1A-C and EV2A). These results were also confirmed by time
course of OMV treatment (100 pg/ml) for 6, 12, and 24 h in both
Caco-2 and HT-29 cells (Figs 1D-F and EV2A-D). Conversely,
OMV treatment did not affect the expression of TJ proteins (Fig
EV2E). Confocal images of WT Caco-2 cell monolayers revealed
that E-cadherin was distributed regularly along with the cell
boundaries, exhibiting a characteristic ‘chicken wire’ markup type
(Fig 1G). In accordance with the dramatical reduction in protein
and mRNA levels, incubation of Caco-2 cells with OMV (100 pg/
ml) treatment for 6, 12, and 24 h obviously impaired the struc-
tures of E-cadherin by breaking successive band pattern and
disturbing the distribution of E-cadherin (Fig 1G and H). However,
SNX10 deficiency reversed the OMV-induced variations (Fig 1G
and H). The results from intestinal barrier permeability assay in
Caco-2 and HT-29 cells showed that SNX10 deficiency substan-
tially prevented the OMV-induced decline in transepithelial electri-
cal resistance (TEER) and strikingly restrained OMV-induced
leakage of FITC-dextran into the bottom chambers (Figs 1I and J,
and EV2F and G). Based on these findings, we propose that SNX10
deficiency potentially maintains the intestinal barrier integrity
through suppressing OMV-induced downregulation of the adhe-
rens junction.

Blockage of OMV-induced E-cadherin reduction in SNX10-
deficient cells is due to the inhibited nuclear localization of
Snail/Slug proteins

RT-qPCR showed OMV (100 pg/ml) treatment for 24 h did not
affect the mRNA levels of SNAII (encoding Snail) or SNAI2 (encod-
ing Slug; Fig 2A and B), but dramatically induced the nuclear local-
ization of Snail and Slug (Fig 2C-F). SNX10 deficiency observably
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inhibited OMV-induced nuclear localization of Snail and Slug (Fig
2C-F). Consistently, overexpression of SNX10 by infecting Caco-2
cells with Ad-SNX10 promoted OMV-induced nuclear localization of
Snail and Slug accompanied by more severe downregulation of E-
cadherin (Fig 2G). Furthermore, reintroduction of SNX10 reversed
the reduction of nuclear Snail and Slug caused by SNX10 deficiency,
resulting in the decreased protein expression of E-cadherin (Fig 2H).
These results suggest that SNX10 is involved in the maintenance of
E-cadherin expression by regulating nuclear localization of Snail
and Slug.

SNX10 deficiency impairs Lyn-mediated nuclear localization of
Snail/Slug

Lyn has emerged as an important upstream regulator of Snail and
Slug (Thaper et al, 2017). The pull-down experiment revealed a
strong interaction of SNX10-Flag with Lyn (Fig 3A), which was con-
firmed by co-localization of SNX10-Flag and Lyn (Fig 3B). OMV
treatment increased the phosphorylated Lyn (p-Lyn), which was
prevented by SNX10 deficiency along with a sustained E-cadherin
expression (Fig 3C and D). Overexpression of SNX10 facilitated Lyn
phosphorylation induced by OMVs together with a more distinct
downregulation of E-cadherin (Fig 3E and F). Rescue of SNX10 elim-
inated the reduction of Lyn phosphorylation and sustentation of E-
cadherin expression in SNX10-deleted Caco-2 cells with OMV treat-
ment (Fig 3G and H). Tolimidone (Toli), a Lyn agonist, prominently
increased the level of p-Lyn accompanied by increased nuclear
Snail/Slug proteins and decreased E-cadherin in both WT and
SNX10 KO cells (Fig 3I). Consistently, Tolimidone treatment also
enhanced OMV-induced decrease of TEER and leakage of FITC-
dextran into the bottom chambers (Fig 3J and K). These results indi-
cate that the persistence of E-cadherin expression in SNX10-
deficient cells resulted from the impaired Lyn-mediated nuclear
localization of Snail/Slug.

Interaction of SNX10 and caspase-5 is essential for OMV-induced
Lyn phosphorylation

We then explored whether OMV-induced Lyn phosphorylation was
related to caspase-4 or —5 (caspase-11 in mice). Neither OMYV treat-
ment nor SNX10 deficiency had significant effects on the expression
of caspase-4 or caspase-5 in Caco-2 cells (Fig 4A). Interestingly,
caspase-5 rather than caspase-4 was pulled down by Flag-tagged
SNX10 (Fig 4B). Co-localization of SNX10-Flag and caspase-5 was
further confirmed (Fig 4C). Immunoprecipitation revealed that OMV
treatment dramatically induced the interaction between caspase-5
and Lyn, which was blocked by SNX10 deficiency (Fig 4D). Consis-
tently, the co-localization of caspase-5 and Lyn was obviously
increased by OMV stimulation, and this was reversed by SNX10
deficiency (Fig 4E and F). Interference of caspase-5 rather than
caspase-4 could inhibit OMV-induced Lyn phosphorylation, Snail/
Slug nuclear localization, and E-cadherin reduction (Fig 4G). In
addition, OMV treatment did not affect the expression of Toll-like
receptor 4 (TLR4), and no interaction was found between TLR4 and
SNX10 (Fig EV2H and I). These results indicate that interaction of
caspase-5 with SNX10 is required for OMV-induced Lyn phosphory-
lation. To investigate which region is responsible for the interaction
of caspase-5 and SNX10, deletion mutagenesis was done as

© 2021 The Authors
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Figure 1. SNX10 involves in OMV-induced downregulation of E-cadherin in intestinal epithelial cells.

A-C  WT and SNX10 KO Caco-2 cells were treated with indicated doses of OMVs for 24 h. Protein expression of E-cadherin and SNX10 was determined by immunoblots
(A) and quantified by Image] software (B) (n = 3 independent experiments). The fold changes in mRNA levels of CDH1 (encoding E-cadherin) and SNX10 in Caco-2

cells were determined by RT-qPCR (C) (n = 6 independent experiments).

WT and SNX10 KO Caco-2 cells were treated with OMVs (100 pug/ml) for the indicated time. Protein expression of E-cadherin and SNX10 was determined by

immunoblots (D) and quantified by Image) software (E) (n = 3 independent experiments). The fold changes in mRNA levels of CDH1 and SNX10 were determined by

RT—qPCR (F) (n = 6 independent experiments).

Confocal images of E-cadherin staining in Caco-2 cells treated with OMVs (100 pg/ml) for the indicated time were captured (G), and the fluorescence intensity of

E-cadherin staining was quantified by Image] software (H) (n = 3 independent experiments, n = 18 fields analyzed). Scale bar: 20 um.

| TEER value of Caco-2 cell monolayers incubated with or without OMVs (100 pg/ml) for 24 h was analyzed (n = 9 independent experiments).

J Caco-2 cell monolayers on transwell membranes were treated with or without OMVs (100 pg/ml) for 24 h. FITC-dextran was added to these cells (top of the
membrane). After 2 h, FITC-dextran levels in the bottom chamber wells were measured (n = 9 independent experiments).

Data information: Data are means =+ SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. *P < 0.05; **P < 0.01; ***P < 0.001.

Source data are available online for this figure.

described in our previous study (Zhang et al, 2020). Deletion of the
PX domain, but not the C or N terminus region of SNX10 abolished
the interaction of caspase-5 and SNX10 (Fig 4H) and inhibited Lyn
phosphorylation induced by OMVs (Fig 4I). These results further
confirmed the essential role of the interaction of caspase-5 and
SNX10 in OMV-induced Lyn phosphorylation.

© 2021 The Authors

SNX10 deficiency blocks LPS release from early endosomes into
the cytosol

Since caspase-5 is the cytosolic receptor of LPS, we wondered whether
SNX10 deletion affected the LPS release from OMVs. Immunostaining
revealed a visible colocalization of SNX10-Flag and endosomal LPS in
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Figure 2. Blockage of OMV-induced E-cadherin reduction in SNX10-deficient cells is due to the inhibited nuclear localization of Snail/Slug proteins.

A, B WT and SNX10 KO Caco-2 cells were treated with or without OMVs (100 pg/ml) for 24 h. The fold changes in mRNA levels of SNAII (encoding Snail) (A) and SNAI2
(encoding Slug) (B) in Caco-2 cells were determined by RT—-qPCR. n = 6 independent experiments. Data are means + SD. One-way ANOVA followed by Bonferroni

post hoc test was used for statistical analyses. ns, not significant.

C WT and SNX10 KO Caco-2 cells were treated with or without OMVs (100 ug/ml) for 24 h. Cytoplasmic and nuclear proteins were extracted for Snail and Slug
determination by immunoblots.

D-F WT and SNX10 KO Caco-2 cells were treated with or without OMVs (100 pg/ml) for 24 h. Snail and Slug were assessed by immunofluorescence staining (D) and
quantified as the percentage of Snail (E) or Slug (F)-positive nuclei, respectively. Scale bar: 20 um. n = 3 independent experiments, n = 18 fields analyzed. Data are
means =+ SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. ***P < 0.001.

G Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without 100 pg/ml OMVs for 24 h. Proteins from nucleus, cytoplasm, and
total cell lysates were subjected to immunoblots with the indicated antibodies.

H

WT and SNX10 KO Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without 100 pg/ml OMVs for 24 h. Proteins from

nucleus, cytoplasm, and total cell lysates were subjected to immunoblots with the indicated antibodies.

Source data are available online for this figure.

Caco-2 cells transfected with SNX10-Flag (Fig 5A). LPS content in WT
cells was elevated in the cytosol but reduced in the residual over time.
Interestingly, SNX10 deficiency completely blocked the increase of
cytosolic LPS and a large amount of LPS was remained in the residual

4 of 16 The EMBO journal ~ 40: €108080 | 2021

(Fig SB). While, SNX10 complementation facilitated LPS release of
OMVs (Fig 5C), and SNXI0 reintroduction inhibited SNX10 KO-
induced blockage of LPS release in Caco-2 cells (Fig 5D). Immunos-
taining showed almost all of the internalized OMVs were co-localized

© 2021 The Authors
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Figure 3. SNX10 deficiency impairs Lyn-mediated nuclear localization of Snail/Slug.

with the indicated antibodies.

Lysates from Caco-2 cells transfected with SNX10-Flag were subjected to pull-down assay with anti-Flag antibody-conjugated agarose, followed by immunoblots

B Representative images of co-staining of SNX10-Flag and Lyn in Caco-2 cells expressing SNX10-Flag. Scale bar: 20 pum.

C,D Levels of p-Lyn, Lyn, E-cadherin, and SNX10 in WT and SNX10 KO Caco-2 cells treated with or without OMVs (100 pg/ml) for 24 h were determined by
immunoblots (C) and quantified by Image] software (D) (n = 3 independent experiments).

E,F  Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without OMVs (100 pg/ml) for 24 h. Lysates were extracted and
subjected to immunoblots with the indicated antibodies (E) and quantified by Image] software (F) (n = 3 independent experiments).

G, H WT and SNX10 KO Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without OMVs (100 ug/ml) for 24 h. Total cell lysates
were subjected to immunoblots with the indicated antibodies (G) and quantified by Image) software (H) (n = 3 independent experiments).

| Cytoplasmic and nuclear proteins were extracted from WT and SNX10 KO Caco-2 cells treated with or without Tolimidone (10 uM), and the indicated proteins
were analyzed by immunoblots.

J TEER value of Caco-2 cell monolayers after incubation with or without Tolimidone (10 uM) for 24 h was analyzed (n = 9 independent experiments).

K Caco-2 cell monolayers on transwell membranes were treated with or without Tolimidone (10 uM) for 24 h. FITC dextran was added to these cells (top of the
membrane). After 2 h, FITC-dextran levels in the bottom chamber wells were measured (n = 9 independent experiments).

Data information: Data are means =+ SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. *P < 0.05; **P < 0.01; ***P < 0.001.

Source data are available online for this figure.

with early endosomal marker Rab5 at 1 h of OMV stimulation,
suggesting that the endocytosis was the indispensable approach for
OMVs to acquire intracellular access (Fig S5E, Appendix Fig S3A and

© 2021 The Authors

B).

In WT cells, the co-localization of LPS with Rab5 remained
unchanged (Fig SE). Surprisingly, in SNX10 KO Caco-2 cells, begin-
ning from 6 h of OMV treatment, LPS spots were obviously enlarged
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Figure 4.

Interaction of SNX10 and caspase-5 is essential for OMV-induced Lyn phosphorylation.

A Lysates from WT and SNX10 KO Caco-2 cells treated with or without 100 pg/ml OMVs for 24 h were analyzed by immunoblots with the indicated antibodies.
B Lysates from Caco-2 cells transfected with SNX10-Flag were subjected to pull-down assay with anti-Flag antibody-conjugated agarose, followed by immunoblots

with the indicated antibodies.

Representative images of co-staining of SNX10-Flag and caspase-5 in Caco-2 cells expressing SNX10-Flag. Scale bar: 20 pm.

Representative images of costaining of Lyn and caspase-5 in WT and SNX10 KO Caco-2 cells treated with or without OMVs (100 pg/ml) for 24 h. Scale bar: 20 pm.

C

D WT and SNX10 KO Caco-2 cells were treated with or without OMVs (100 pg/ml) for 24 h and then subjected to IP with anti-caspase-5 antibody.
E

F

The co-localization of Lyn and caspase-5 was quantified by Image] software. n = 3 independent experiments, n = 18 fields analyzed. Data are means & SD. One-way

ANOVA followed by Bonferroni post hoc test was used for statistical analyses. ***P < 0.001.
G Cytoplasmic and nuclear proteins were extracted from Caco-2 cells transfected with control siRNA, CASP4 siRNA, or CASP5 siRNA and the indicated proteins were

detected by immunoblots.

H Lysates of Flag-tagged full-length SNX10 or its different truncated mutants transfected with Caco-2 cells were subjected to immunoprecipitation.
| Caco-2 cells were transfected with Flag-tagged full-length SNX10 or its indicated truncated mutant, followed by treatment with or without OMVs (100 ug/ml) for 24

h. Lysates were extracted and subjected to immunoblots with the indicated antibodies.

Source data are available online for this figure.

and much brighter than those in WT cells, and the co-localization of
cytoplasmic LPS and Rab5 dramatically increased over time (Fig SE
and F). While, almost no co-localization of cytoplasmic LPS and Rab7
or LAMP2A was observed during the time course of OMV treatment
(Appendix Fig S3A and B). In order to exclude the possible effect of
SNX10 KO on the uptake of LPS, the LPS content in the cell culture
supernatants after OMV treatment for the indicated time was
measured. As shown in Fig 5G, no significant difference was found
between WT and SNX10 KO Caco-2 cells. These results suggest that
SNX10 deficiency might directly block LPS release from early endo-
some into the cytosol. Notably, treatment with either chloroquine
(CQ; 200 nM) or bafilomycin Al (Baf Al; 50 nM) for 24 h had no
significant effect on the release of LPS into the cytosol (Fig 5H), indi-
cating that OMVs directly released LPS into the cytosol from early
endosomes rather than late endosomes or lysosomes.
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Recruitment of caspase-5 to PIKfyve by SNX10 triggers LPS
release from early endosomes into the cytosol

PIKfyve was involved in the endosome maturation (Huotari & Hele-
nius, 2011) and the cargo exit from early endosomes (Rutherford
et al, 2006). To explore the mechanism that SNX10 deficiency inhib-
ited the release of LPS in OMVs from early endosomes, we screened
the proteins that interacted with SNX10 and found PIKfyve might be
involved in this process. Neither OMV treatment nor SNX10 defi-
ciency affected the expression of PIKfyve (Fig 6A). Co-localization of
SNX10-Flag and PIKfyve was confirmed by immunostaining (Fig
6B). The interaction of PIKfyve with SNX10, caspase-5 or Lyn could
be enhanced by OMV treatment, while impaired by SNX10 deficiency
(Fig 6C). This was confirmed by immunostaining (Fig 6D and E).
Furthermore, we found that caspase-5 interference had no effect on
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OMV-induced interaction between SNX10 and Lyn or PIKfyve and
Lyn (Appendix Fig S4A). PIKfyve knockdown had no effect on OMV-
induced recruitment of caspase-5 by SNX10-Flag (Appendix Fig
S4B). Similarly, caspase-5 knockdown failed to affect OMV-induced
recruitment of PIKfyve by SNX10-Flag (Appendix Fig S4C). Interest-
ingly, OMV treatment obviously induced the co-localization between
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PIKfyve and Rab5, which was also reduced by SNX10 deficiency,
suggesting the early endosomal localization of PIKfyve was mediated
by SNX10 (Fig 6G and H). Treatment with apilimod, an inhibitor of
PIKfyve, could distinctly inhibit OMV-induced Lyn phosphorylation,
Snail/Slug nuclear localization, and E-cadherin reduction (Fig 6F),
and reduce LPS release from OMVs into the cytosol (Fig 6I).
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Figure 5. SNX10 deficiency blocks LPS release from early endosomes into the cytosol.

A Co-staining of SNX10-Flag and LPS in Caco-2 cells transfected with SNX10-Flag after treatment with OMVs (100 ug/ml) for 24 h. Scale bar: 20 pm.
B LPS levels in the cytosolic and residual fractions of Caco-2 cells treated with OMVs (100 pg/ml) for the indicated time were detected by LAL assay (n = 6

independent experiments).

C  Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without OMVs (100 pg/ml) for 24 h. LPS levels in the cytosolic and

residual fractions of Caco-2 cells were evaluated (n = 6 independent experiments).

D  WT and SNX10 KO Caco-2 cells were transfected with Ad-vector or Ad-SNX10, followed by treatment with or without OMVs (100 ug/ml) for 24 h. LPS levels in the
cytosolic and residual fractions of Caco-2 cells were detected (n = 6 independent experiments).

E,F WT and SNX10 KO Caco-2 cells were treated with OMVs (100 pg/ml) for the indicated time and stained with antibodies against LPS and Rab5 (E). Scale bar: 20 pm.
Co-localized LPS and Rab5 were quantified by Image] software (F) (n = 3 independent experiments, n = 18 fields analyzed).

G LPS levels in the cell culture supernatants of WT and SNX10 KO Caco-2 cells stimulated by OMVs (100 pg/ml) for the indicated time were detected by LAL assay

(n = 6 independent experiments).

H  LPS levels in the cytosolic and residual fractions of Caco-2 cells stimulated by OMVs (100 pg/ml) with or without chloroquine (CQ; 200 nM) or bafilomycin Al
(Baf A1; 50 nM) for the indicated time were detected by LAL assay (n = 6 independent experiments).

Data information: Data are means + SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. *P < 0.05; **P < 0.01; ***P < 0.001;

ns, not significant.

Interference of caspase-5 observably inhibited LPS release into the
cytosol (Fig 6J), while treatment with bafetinib, a specific inhibitor
of Lyn, had no effects on LPS release (Fig 6K). These results indicate
that the recruitment of caspase-5 by SNX10 to PIKfyve is essential for
triggering LPS release into the cytosol from early endosomes. Since
guanylate-binding proteins (GBPs) and the interferon-inducible
protein IRGB10 were involved in the activation of the LPS-sensing
caspase-11 (Meunier et al, 2014; Pilla et al, 2014; Man et al, 2016),
we also detected the effects of SNX10 deficiency on the expression of
GBPs and IRGB10. However, SNX10 deficiency had no effect on the
expression of GBPs (such as GBP2 and GBP5) and IRGBI10 at the
transcriptional level (Appendix Fig S6).

Targeting SNX10 protects against chronic and acute colitis
through maintaining the intestinal barrier function in mice

In order to understand the significance of SNX10-mediated LPS
release of OMVs in IBDs, the effects of SNX10 deficiency on IBDs
were confirmed by SNX10 cKO IL-10 KO mice (Fig EV3A-D).
Compared with IL-10 KO mice, SNX10 cKO IL-10 KO mice exhibited
higher body weight (Fig 7A), improved colon length (Fig 7B and C),
and decreased clinical scores (Fig 7D). By H&E staining, inflamma-
tory cell infiltration in the lamina propria, goblet cell loss, mucosal
hyperplasia, crypt abscesses, and crypt ulcers were observed in
colon tissues of IL-10 KO mice at the age of 16 weeks (Fig 7E).
While, in SNX10 cKO IL-10 KO mice, those pathologic changes were
observably improved (Fig 7E and F). The protein and mRNA levels
of pro-inflammatory factors in serum or colonic epithelium tissues
were also reduced in SNX10 cKO IL-10 KO mice (Fig 7G and H,
Appendix Fig S7A). Immunohistochemistry showed the expression
of E-cadherin in colon epithelial tissues was reduced in IL-10 KO
mice, but reserved in SNX10 cKO IL-10 KO mice (Fig 7I). This was
confirmed by western blots and RT-qPCR (Fig 7J and K). Consis-
tently, SNX10 cKO abolished the increase of Snail and Slug expres-
sion in colonic epithelium of IL-10 KO mice, suppressed the
phosphorylation levels of Lyn, and decreased the intestinal perme-
ability (Fig 71, J and L).

As described in our latest publication (Bao et al, 2021), we iden-
tified a novel small molecule DC-SX029 as a potential SNX10 inhi-
bitor. Here, we use DC-SX029 to confirm the effects of SNX10 KO on
intestinal epithelial barrier function as well as the mechanisms. The
structure of DC-SX029 is shown in Fig EV4A. Cellular thermal shift
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assay (CETSA) showed the stabilization of SNX10 protein clearly
increased at temperatures ranging from 46.7 to 63.4°C (intact cells)
by DC-SX029 (Fig EV4B). Pulled down assay revealed interaction of
SNX10-Flag with PIKfyve, caspase-5, or Lyn was impaired by DC-
§X029 in Caco-2 cells (Fig EV4C). These results demonstrate that
DC-SX029 is able to bind to the SNX10 protein and serves as a
protein—protein interaction (PPI) inhibitor to block the function of
SNX10.

Next, we investigated whether DC-SX029 could effectively repro-
duce the effects of SNX10 deficiency. In Caco-2 cells, DC-SX029 (50
uM) reduced LPS release from OMVs into the cytosol (Fig EV4D)
and inhibited OMV-induced Lyn phosphorylation, Snail/Slug
nuclear localization, and E-cadherin reduction (Fig EV4E). Further-
more, DC-SX029 (50 uM) dramatically prevented the OMV-induced
decline in TEER (Fig EV4F) and markedly restrained OMV-induced
leakage of FITC-dextran into the bottom chambers (Fig EV4G).
These results reveal a similar effect of DC-SX029 as SNX10 deletion
on maintaining intestinal epithelial barrier function.

To further explore the role of SNX10 in IBDs, we adopted DSS-
induced acute colitis mouse model to evaluate the in vivo activity of
DC-SX029. Oral administration of 2 mg/kg/day of DC-SX029 moder-
ated weight loss effectively from 5 to 7 days after DSS treatment (Fig
EV4H). The colon length of DSS group was markedly shortened at
the 7™ day, while it was visibly reserved by DC-SX029 treatment
(Fig EV4I and J). The clinical scores were representatively raised
from 3 to 7 days in DSS group but notably suppressed by DC-SX029
administration (Fig EV4K). Histological examination revealed a
significant relief by DC-SX029 on inflammatory cell infiltration,
crypt loss, and serious epithelial disruption in the colon tissues (Fig
EVAL and M). The increased protein and mRNA levels of pro-
inflammatory factors induced by DSS in serum or colonic epithelium
tissues were also reduced by DC-5X029 treatment (Fig EV4N and O,
Appendix Fig S7B). Consistent with the results of cell experiments,
immunohistochemistry showed that the expression of E-cadherin in
colon epithelial tissues was reduced in DSS group but largely
reserved by DC-SX029 administration (Fig EV5A). Consistently, DC-
§X029 abrogated the enhanced expression of Snail/Slug induced by
DSS in colon epithelial tissues (Fig EVSA). DSS treatment induced
the phosphorylation of Lyn and reduced the protein expression of E-
cadherin in the colorectal epithelium of mice (Fig EVSB). While,
DC-SX029 eliminated the effects of DSS administration (Fig EV5B).
The results from RT-qPCR confirmed DSS treatment markedly

© 2021 The Authors
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Figure 6. Recruitment of caspase-5 to PIKfyve by SNX10 triggers LPS release from early endosomes into the cytosol.

A Lysates from WT and SNX10 KO Caco-2 cells treated with or without 100 ug/ml OMVs for 24 h were analyzed by immunoblots with the indicated antibodies.

B Co-staining of SNX10-Flag and PIKfyve in Caco-2 cells transfected with SNX10-Flag. Scale bar: 20 pm.

C WT and SNX10 KO Caco-2 cells were treated with or without OMVs (100 pg/ml) for 24 h and then subjected to IP with anti-PIKfyve antibody.

D, E Co-staining of PIKfyve and caspase-5 in WT and SNX10 KO Caco-2 cells treated with or without OMVs (100 pg/ml) for 24 h (D). Anti-PIKfyve and anti-caspase-5
antibodies were used to detect endogenous PIKfyve and caspase-5, respectively. Scale bar: 20 um. Co-localized PIKfyve and caspase-5 were quantified by ImageJ

software (E) (n = 3 independent experiments, n = 18 fields analyzed).

F Caco-2 cells were stimulated by OMVs (100 pg/ml) with or without apilimod (30 nM) for 24 h. Proteins of lysates extracted from Caco-2 cells were subjected to

immunoblots with the indicated antibodies.

G, H Co-staining of PIKfyve and Rab5 in WT and SNX10 KO Caco-2 cells treated with or without OMVs (100 pg/ml) for 24 h (C). Anti-PIKfyve and anti-Rab5 antibodies
were used to detect endogenous PIKfyve and Rab5, respectively. Scale bar: 20 um. Co-localized PIKfyve and caspase-5 were quantified by Image] software (H) (n = 3

independent experiments, n = 18 fields analyzed).

| LPS levels in the cytosolic and residual fractions of Caco-2 cells stimulated by OMVs (100 pg/ml) with or without apilimod (30 nM) for the indicated time were

detected by LAL assay (n = 6 independent experiments).

J Caco-2 cells transfected with control siRNA or CASP5 siRNA were treated with OMVs (100 pg/ml) for the indicated time. LPS levels in the cytosolic and residual
fractions of Caco-2 cells were detected by LAL assay (n = 6 independent experiments).
K LPS levels in the cytosolic and residual fractions of Caco-2 cells stimulated by OMVs (100 pg/ml) with or without bafetinib (1 uM) for the indicated time were

detected by LAL assay (n = 6 independent experiments).

Data information: Data are means =+ SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. ***P < 0.001.

Source data are available online for this figure.

reduced the mRNA levels of Cdhl (encoding E-cadherin; Fig EV5C).
The intestinal permeability assay revealed that DSS dramatically
increased the intestinal permeability of mice, which was notably
inhibited by DC-SX029 administration (Fig EVSD). These results
indicate that targeting SNX10 alleviates chronic and acute colitis
through maintaining the intestinal barrier function in mice.

Discussion

Although the etiology of IBDs remains largely unknown, accumulat-
ing evidence indicates that the imbalance between resident microbes
in the gut and the host immune response at the mucosal barrier is
the essential factor for intestinal inflammation in IBDs (Plichta et al,
2019). Given that the intestinal epithelium is hyporesponsive to
luminal LPS which is constantly produced by Gram-negative bacte-
ria, it is not sufficient to only consider the impact of extracellular
LPS-mediated TLR4 signaling activation. The mechanisms underly-
ing the interaction between intestinal luminal flora and intestinal
mucosa need to be fully elucidated. OMVs are regarded as the signif-
icant secretion strategy and pathogenic factors for almost all Gram-
negative bacteria as part of their normal growth (Bielaszewska et al,
2013; Bonnington & Kuehn, 2014). OMVs can easily penetrate into
intestinal epithelium and even transport to distant location within
the host, inducing the activation of the cellular signaling response
and contributing to the development of pathogenesis (Bielaszewska
et al, 2013; Bonnington & Kuehn, 2014). LPS released from E. coli
BL21-derived OMVs was able to induce pyroptosis in various cells
including BMDMs, bone marrow-derived dendritic cells (BMDC),
THP1 macrophages, and HeLa cells (Vanaja et al, 2016). We found
that either SNX10 knockout or DC-SX029 treatment increased the
cell viability and inhibited the secretion of IL-1f and IL-18 in
BMDMs (Appendix Fig S1A and B), indicating SNX10 may be
involved in OMV-induced pyroptosis signaling. Surprisingly, our
data revealed OMVs derived from E. coli BL21 did not induce pyrop-
tosis at the commonly used concentration in the intestinal epithelial
cells including Caco-2, HT-29, and NCM460 cells. Instead, it caused
a significant reduction of E-cadherin followed by the increased
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intestinal barrier permeability in Caco-2 and HT-29 cells, supporting
a critical impact of OMVs on intestinal epithelial barrier function.
Sensing of cytosolic LPS released from OMVs by caspase-4 and
caspase-5 in humans and caspase-11 in mice has emerged as a
pivotal event during Gram-negative bacterial infections (Vanaja
et al, 2016; Wacker et al, 2017). After being internalized by the host
cells through the clathrin-dependent approach (Vanaja et al, 2016;
Chen et al, 2018b), OMVs might liberate LPS from early endosomes
into the host cell cytosol potentially through fusion with or transport
across endosomal membranes (Bielaszewska et al, 2013; Vanaja
et al, 2016; Chen et al, 2018b). It was reported that GBPs were
involved in governing LPS access to the cytosol (Meunier et al,
2014; Pilla et al, 2014) and were essential for caspase-11 (caspase-4
in human) activation in response to OMVs (Finethy et al, 2017).
Recent studies have demonstrated that the immunity-related GTPase
Irgm2 and the gamma-aminobutyric acid (GABA)-A-receptor-
associated protein GabarapL2 inhibited caspase-11 activation in
response to OMVs (Eren et al, 2020; Finethy et al, 2020). Interest-
ingly, mutations of the human IRGM gene are associated with
increased risk for Crohn’s Disease (Parkes et al, 2007; Weersma
et al, 2009). The interferon-inducible protein IRGB10 contributed to
the activation of the LPS-sensing caspase-11 and NLRP3 inflamma-
some by Gram-negative bacteria (Man et al, 2016), and we found
that SNX10 deficiency had no effect on the expression of GBPs (such
as GBP2 and GBP5) and IRGB10 at the transcriptional level prelimi-
narily (Appendix Fig S6). In response to cytosolic LPS, caspase-4
and caspase-11 were activated and then cleaved GSDMD to release
its NTD, which forms pores in the plasma membrane and induces
cell pyroptosis. In monocytes, GSDMD pore formation resulted in
NLRP3 inflammasome activation and the production of IL-18 and
IL-1B (Rathinam et al, 2019). However, whether cytosolic LPS is
also sensed by caspase-4 or caspase-5 in human intestinal epithelial
cells is currently less investigated. In the present study, we found
the recruitment of caspase-5 by SNXI10 to PIKfyve on the
membranes of early endosomes was essential for the release of LPS
into the cytosol. Unlike the known response (pyroptosis, NLRP3
inflammasome activation), the activation of caspase-5 led to the
phosphorylation of Lyn, which induced the nuclear localization of
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Snail/Slug, resulting in the downregulation of E-cadherin and the
disruption of intestinal epithelial barrier function.

Endosomes are characterized and distinguished by distinct
proteins and lipids. PtdIns-3-P, is a dominant phosphoinositide on
the organelle membranes of early endosomes (Mills et al, 1998,
1999). Synthesis of PtdIns-3,5-P2 from PtdIns-3-P by PIKfyve was

The EMBO Journal

involved in the endosome maturation (Huotari & Helenius, 2011).
However, PIKfyve was also found abundant on early endosomes
(Rutherford et al, 2006). A function or depletion of PIKfyve
increased PtdIns-3-P which facilitated the fusion of homotypic early
endosomes resulting in the blockage of cargo exit from early endo-
somes and enlarged early endosomes (Rutherford et al, 2006).
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Figure 7. SNX10 deficiency protects against IL-10 deficiency-induced chronic colitis and maintains the intestinal barrier function in mice.

SNX10 conditional knockout (SNX10 cKO) mice with or without IL-10 KO background and littermate wild-type (WT) mice with or without IL-10 KO background were

compared (n = 6 animals, each group).

A Body weight of mice was measured every 2 weeks from the 4™ week to 16" week. Data are means + SD. One-way ANOVA followed by Bonferroni post hoc test was
used for statistical analyses. **P < 0.01 and ***P < 0.001 versus WT group; ##P < 0.01 and #*##p < 0.001 versus IL-10 KO group.

B, C Length of colons from WT, SNX10 cKO, IL-10 KO, and SNX10 cKO IL-10 KO mice was measured (B) and analyzed (C) at the 16" week.

D Clinical score was evaluated every 2 weeks from the 4% week to the 16" week. Data are means & SD. One-way ANOVA followed by Bonferroni post hoc test was
used for statistical analyses. ***P < 0.001 versus WT group; *##P < 0.001 versus IL-10 KO group.

E,F Representative H&E images of colon tissues of WT, SNX10 cKO, IL-10 KO, and SNX10 cKO IL-10 KO mice at the 16" week were shown (E) and analyzed (F). Scale

bar: 100 pum.

G The content of TNF-a, IL-6, IL-12/IL-23 p40, and IL-17A in the serum of WT, SNX10 cKO, IL-10 KO, and SNX10 cKO IL-10 KO mice at the 16" week were measured by

ELISA.

H The relative mRNA levels of Tnf, 16, 1123a, and /l17a in colon epithelial tissues of WT, SNX10 cKO, IL-10 KO, and SNX10 cKO IL-10 KO mice at the 16" week were

measured.

| Representative immunohistochemistry images of E-cadherin, Snail and Slug in colon tissues from WT, SNX10 cKO, IL-10 KO, and SNX10 cKO IL-10 KO mice at the

16" week were shown. Scale bar: 100 pm.

J Protein expression of E-cadherin, p-Lyn, and Lyn in colon epithelial tissues was determined by immunoblots.
K The relative mRNA levels of Cdh1 (encoding E-cadherin) in colon epithelial tissues were measured.

L The gut permeability in vivo was evaluated using FITC-dextran.

Data information: In (C and F-L), data are means + SD. One-way ANOVA followed by Bonferroni post hoc test was used for statistical analyses. *P < 0.05; **P < 0.01;

***p < 0.001.
Source data are available online for this figure.

Consistently, our data also showed PIKfyve activity was required for
LPS release from early endosomes into the cytosol, suggesting a
new function of PIKfyve in mediating the fusion of early endosomes
with OMV. SNX10 was dominantly co-located with the early endo-
some marker Rab5. The endosomal localization of SNX10 is deter-
mined by its PX domain which dominantly binds to PtdIns-3-P
(Ellson et al, 2002). Our data showed an enhanced interaction
between SNX10 and PIKfyve by OMV treatment, and SNX10 defi-
ciency dramatically reduced the co-localization of Rab5 and
PIKfyve, suggesting a role of SNX10 in facilitating the early endo-
some location of PIKfyve. Considering the critical role of the interac-
tion between SNX10 and caspase-5, our results indicate the
scaffolding function of SNX10 plays an essential role in LPS release
and sensing on early endosomes.

The permeability of gut mucosa barrier is regulated by the apical
junctional complex which is composed of tight junctions (TJs),
adherens junctions (AJs), and desmosomes (Odenwald & Turner,
2017). AJs are the particularly classical and ample adhesion struc-
tures and have vital effects on maintaining tissue integrity and regu-
lating cell viability. E-cadherin, the transmembrane protein of AJs,
is critical for epithelial cell barrier functions (Odenwald & Turner,
2017). In ulcerative colitis (UC) (Dubois & Van Heel, 2008; McGo-
vern et al, 2010) and Crohn’s disease (CD) (Barrett et al, 2008)
patients, CDHI, which encodes E-cadherin, has been confirmed as a
susceptibility loci by genome-wide association studies. In addition,
variations of CDHI have a tremendous possibility to involve in the
disease status of IBDs (Elding et al, 2011). E-cadherin was found to
be prominently reduced in the ulcerated mucosa of colon tissues in
patients with UC and CD (Jankowski et al, 1998; Karayiannakis
et al, 1998). The downregulation of E-cadherin—catenin complex
could damage the integrity of gut barrier and expose the immune
system of submucosa to the noxious external environment, causing
the recurrence of diseases, especially CD (Wyatt et al, 1993). In the
present study, we confirm that SNX10 deficiency or inhibition with
the chemical PPI inhibitor DC-SX029 could significantly block OMV-
induced reduction of E-cadherin through PIKfyve-caspase-5-Lyn-
Snail/Slug signaling pathway. Our in vivo data also support that
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restoring E-cadherin expressions by targeting SNX10 could signifi-
cantly improve the pathologic changes of IL-10 deficiency-induced
chronic colitis and DSS-induced acute colitis.

In summary, our study provides insights into how intracellular
LPS is released and sensed in intestinal epithelial cells. Our work
uncovers a contribution of scaffold protein SNX10 in providing a
platform for the assembly and localization of molecules involved in
LPS release, sensing, and signaling transduction (Fig EVSE). We
also developed a novel small molecular compound DC-SX029 that
blocked SNX10 protein—protein interaction, which could not only
maintain the intestinal barrier function but also inhibit intestinal
inflammation. Targeting SNX10 provides a new potential therapeu-
tic approach for restoring intestinal epithelial barrier function and
may be a promising strategy for IBD treatment.

Materials and Methods
Mice

Snx10™" mice background in C57BL/6 and Vill-cre mice (C57BL/6
background) were purchased from Shanghai Research Center for
Model Organisms (Shanghai, China). The details on the production
of the Snx10 floxed mice were shown in the Appendix Fig S5. 110/~
mice (C57BL/6 background) were purchased from the Jackson
Laboratory (002251). Mice were kept with free access to sterilized
food and water at 25 + 1°C and maintained on a 12-h light/dark
cycle. Both male and female mice were used in this study. For IL-10
deficiency-induced spontaneous chronic colitis, under specific
pathogen-free (SPF) conditions, Vill-cre mice were mated with
Snx10"" mice to generate Vill-cre'Snx10™" mice. Then Vill-
cre'Snx10™™ mice were crossed with 1110~/~ mice to generate Vill-
cre"Snx10™™107* (WT) mice, Vill-cre'Snx10"™M110"" (SNX10
cKO) mice, Vill-cre~Snx10™™110~/~ (IL-10 KO) mice, and Vill-
cre'Snx 101107/~ (SNX10 cKO IL-10 KO) mice, and the condition
of all mice was monitored from 4 to 16 weeks of age. For DSS-
induced acute colitis, under SPF conditions, normal C57BL/6 mice
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aged 8-10 weeks were administrated with or without 3% (wt/vol)
DSS (MP Biomedicals) dissolved in drinking water for 7 days to
induce colitis (Wirtz et al, 2007). All animal procedures were
performed following the “Guide for the Care and Use of Laboratory
Animals” published by the National Institutes of Health (NIH) and
were approved by the ethics committee for experimental research,
Shanghai Medical College, Fudan University.

Cell culture

The human colon epithelial cell line Caco-2 (ATCC, HTB-37) was
cultured in DMEM (Gibco) supplemented with 20% FBS (ExCell
Bio) and 1x penicillin—streptomycin solution (Gibco) under 5% (v/
v) CO, atmosphere at 37°C. The human colon epithelial cell line
HT-29 (ATCC, HTB-38) was cultured in McCoy’s 5A Medium
(Gibco) supplemented with 10% FBS and 1x penicillin—strepto-
mycin solution in an appropriate atmosphere (5% CO,, 95% air,
37°C). The Human colon epithelial cell line NCM460 was purchased
from INCELL Corporation (San Antonio, TX) and cultured in
McCoy’s 5A Medium supplemented with 10% FBS at 37°C under
5% (v/v) CO, atmosphere. BMDMs were isolated from both male
and female C57BL/6 mice as described previously (You et al, 2020)
and cultured in DMEM supplemented with 10% FBS containing 10
ng/ml M-CSF (PeproTech) for 7 days under 5% (v/v) CO, atmo-
sphere at 37°C.

Purification and characterization of OMV

Purified OMVs were obtained from E. coli BL21 (Beyotime, D0337)
using centrifugation based on the previous method (Vanaja et al,
2016) with modifications. Briefly, the E. coli BL21 was cultured in
200 ml of Luria Broth till OD600 of ~0.5, and the supernatant with-
out bacteria was collected by centrifugation at 5,000 g for 10 min at
4°C, followed by filtration with a 0.45-pm filter (Millipore). OMVs
were pelleted by ultracentrifugation at ~284,100 g for 1.5 h at 4°C in
a HITACHI P40ST rotor and then resuspended with 300 pl aseptic
PBS. Agar plating was used for purified OMVs in order to confirm
exclusion of bacterial contamination. LPS was quantified by Limulus
Amebocyte Lysate (LAL) assay (Yeasen, 60402ES32) according to
the manufacturer’s instruction. BCA Protein Assay Kit (Thermo
Scientific) was utilized to measure the protein concentration of
OMV preparations on the basis of the manufacturer’s instruction.

Immunoblots

Lysates were obtained from cells or colon epithelial tissues utilizing
RIPA buffer (Beyotime). The protein content was measured by BCA
Protein Assay Kit (Thermo Scientific) based on the manufacturer’s
instruction. Equal amounts of proteins were separated by 6-12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and were then transferred on nitrocellulose membranes (Mil-
lipore). After blocking with 5% skim milk for 1 h, the membranes
were incubated with the indicated primary antibodies at 4°C over-
night. The main primary antibodies used are as follows: anti-E-
cadherin (Abcam, ab76055, 1:1,000), anti-Snail (Cell Signaling Tech-
nology, 3879, 1:1,000), anti-Slug (Cell Signaling Technology, 9585,
1:1,000), anti-Lamin B1 (Cell Signaling Technology, 13435,
1:1,000), anti-SNX10 (Abcam, ab115890, 1:1,000), anti-Flag (Cell
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Signaling Technology, 14793, 1:1,000; Cell Signaling Technology,
8146, 1:1,000), anti-caspase-4 (Abcam, ab25898, 1:1,000), anti-
caspase-5 (Abcam, ab40887, 1:1,000), anti-p-Lyn (Abcam, ab40660,
1:1,000), anti-Lyn (Abcam, ab32398, 1:1,000), anti-pB-Actin (Cell
Signaling Technology, 12262, 1:1,000), anti-PIKfyve (Santa Cruz
Biotechnology, sc-100408, 1:500), anti-claudin-4 (Santa Cruz Biotech-
nology, sc-376643, 1:500), anti-occludin (Santa Cruz Biotechnology,
sc-271842, 1:500), anti-ZO-1 (Santa Cruz Biotechnology, sc-33725,
1:500), and anti-TLR4 (Santa Cruz Biotechnology, sc-293072, 1:500).
The following day, specific secondary antibodies conjugated with
horseradish peroxidase were probed for 1 h at room temperature. The
detection and visualization of the protein bands was completed with
ECL kit (Yeasen) and ChemiDoc™ XRS system from Bio-Rad (Shang-
hai, China). The band intensity was quantified with ImageJ software.

Real-time PCR

Total RNA was isolated from cells and colon epithelial tissues using
RNA isolater Total RNA Extraction Reagent (Vazyme) and reverse
transcribed by Hifair® II 1st Strand cDNA Synthesis SuperMix for
gPCR (Yeasen) in accordance with the manufacturer’s instruction.
gPCR was performed utilizing Hieff UNICON® qPCR SYBR Green
Master Mix (Yeasen) in CFX96TM Real-Time PCR Detection System
(Bio-Rad, Shanghai, China). The specific thermal cycling profile
included initial denaturation at 95°C for 30 s, and 40 cycles at 95°C
for 5 s and 60°C for 30 s. The specificity of all the primer pairs were
verified by the analysis of melting curve and agarose gel elec-
trophoresis. B-actin was applied as the internal control. Each primer
utilized for the research of RT-qPCR was synthesized by HuanGen
Biotech (Shanghai, China). The sequences of primers employed in
the study are stated in the Table EV1.

Confocal imaging

After stimulation with or without OMVs (100 pg/ml), cells on the
coverslips (VWR) were washed with PBS and fixed by 4%
paraformaldehyde for a quarter of an hour at 4°C. Next, cells were
permeated with 0.1% saponin (Sigma-Aldrich) diluted in PBS for 5
min and were then blocked using 10% goat serum (Gibco) for an
hour. Cells were further treated with indicated primary antibodies at
4°C overnight. The main primary antibodies used for immunostain-
ing are as follows: anti-Flag (Cell Signaling Technology, 14793,
1:200; Cell Signaling Technology, 8146, 1:200), anti-Lyn (R&D
Systems, AF3206, 10 pg/ml), anti-caspase-5 (Novus Biologicals,
NBP1-77209, 2 pg/ml), and anti-PIKfyve (Santa Cruz Biotechnology,
sc-100408, 1:50). The next day, cells were washed by PBS three
times and were then treated with indicated Alexa Fluor-labeled
secondary antibodies (1:1,000, Invitrogen) diluted in PBS containing
10% goat serum at room temperature for 1 h. The coverslips were
sealed by mounting media, and the images were captured at specific
laser channels using confocal microscope (Zeiss, Germany). To
identify which subcellular organelle the LPS was stuck in, the distri-
bution of the cytoplasmic LPS versus organelle markers including
early endosomes, late endosomes, and lysosomes was visualized by
immunostaining with the antibodies against LPS (Abcam, ab35654,
1:200), Rab5 (Cell Signaling Technology, 3547, 1:200), Rab7 (Cell
Signaling Technology, 9367, 1:200) and LAMP2A (Abcam, ab18528,
1:200).
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In vitro permeability study

In 24-well plates, the Caco-2 cells or HT-29 cells (2 10* cells/cm?)
were added in the upper chamber of polyethylene terephthalate
hanging cell culture inserts (Millipore, MCHT24H48) with the pore
size of 0.4 um based on the method described previously (Kowapra-
dit et al, 2010). Complete medium was added in both upper and
lower chamber and the growth medium was replaced every second
day till 14-21 days for Caco-2 cells or 6-8 days for HT-29 cells. After
growing as monolayers, cells were treated with or without OMVs
(100 pg/ml). Millicell-ERS Volt-Ohm Meter (Millipore) was utilized
to detect the TEER. In addition, FITC-Dextran (Sigma Aldrich, FD-4)
was used in the measurement of monolayer cell permeability. After
the cell monolayers were washed with PBS for three times, 200 pl of
FITC-Dextran solution (1 mg/ml in Hank’s Balanced Salt Solution
[Gibco]) was added. After incubation for 2 h, FITC-Dextran content
in the lower chamber was detected by fluorescence with a micro-
plate reader at a 480-nm excitation wavelength and a 525-nm emis-
sion wavelength.

Generation of SNX10 knockout stable cell lines

CRISPR/Cas9 technique was utilized to establish SNX10 stable
knockout cell lines of Caco-2 and HT-29. Optimized Crispr Design
tool (http://www.e-crisp.org/E-CRISP/) was applied to design
small-guide RNA (sgRNA) targeting human SNXI0 gene. The sgRNA
sequence was reported in our previous study as follows:
GTGTCTGGGTTCGAGATCCT (Zhang et al, 2020). Lentivirus (Lenti-
CAS9-sgRNA-puro) encoding Cas9 nuclease and guide RNA target-
ing SNXI0 or the vector for wild-type control were developed. Caco-
2 and HT-29 cells were then infected with Lentivirus-CAS9-sgRNA-
puromycin. After 72 h, SNX10 knockout stable cells were screened
with 2.0 pg/ml of puromycin (Acros Organics).

Small interfering RNA (siRNA) and plasmid transfection

SiRNA, specifically targeting human caspase-4 (CASP4 siRNA),
human caspase-5 (CASPS siRNA), human PIKfyve (PIKFYVE siRNA),
and a negative control (Control) were synthesized by RiboBio
(Guangzhou, China). The sequences are as follows: CASP4_1 siRNA:
AAGUGGCCUCUUCACAGUCAU; CASP4_2 siRNA: AAGAUUUCCU-
CACUGGUGUUU; CASP5_1 siRNA: AUAGAACGAGCAACCUU-
GACAA; CASP5_2 siRNA: CUACACUGUGGUUGACGAAAA; PIKFYVE
siRNA: GGCACAAGCUAUAGCAAUU; non-targeting siRNA:
GGCUCUAGAAAAGCCUAUGC. Plasmids applied in the present
study were stated in our previous study (Zhang et al, 2020). Plas-
mids generated for the research were verified by DNA sequenc-
ing. Lipofectamine RNAIMAX (Invitrogen) and Lipofectamine
3000 (Invitrogen) were utilized to transfect indicated siRNA and
plasmids into cells according to the manufacturer’s instruction,
respectively.

SNX10 reintroduction assay

The negative control adenovirus vector (Ad-vector) and the recom-
binant adenovirus vectors in the cause of SNX10 overexpression
(Ad-SNX10) were generated by Genechem (Shanghai, China). In the
SNX10 reintroduction study, SNX10 knockout Caco-2 cells were
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incubated with Ad-vector or Ad-SNX10 virus in the existence of 4
ug/ml of polybrene (Sigma-Aldrich) up to 24 h.

Immunoprecipitation

For pull-down experiment, cells were transfected with specific plas-
mids. Cell lysates were collected with lysis buffer (50 mM Tris-HCI
[pH 8.0], 150 mM sodium chloride, 0.1% lauryl sodium sulfate,
protease inhibitors (Roche), and 1% NP-40 (Amresco)) for half an
hour at 4°C and then centrifuged for a quarter of an hour at 13,000
g. Cell lysates were then treated with 30 pl of anti-FLAG M2 agarose
beads (Sigma-Aldrich) at 4°C for 6 h. Beads were then washed with
lysis buffer three times and boiled for 5 min with 2x loading buffer
(Beyotime). The samples were then analyzed by immunoblots. In
an endogenous immunoprecipitation study, the protocol was imple-
mented as mentioned above except that cell lysates were immuno-
precipitated with indicated antibodies such as anti-IgG (Cell
Signaling Technology), anti-caspase-5 (Abcam), and anti-PIKfyve
(Santa Cruz Biotechnology) antibody.

Isolation of cytosol and residual fractions from Caco-2 cells

Subcellular fractionation of Caco-2 cells was completed through a
digitonin-dependent separation protocol as reported formerly with
modifications (Vanaja et al, 2016). Briefly, 4 10° Caco-2 cells were
stimulated with 100 pg/ml OMVs or left without treatment. After
the indicated time of stimulation, sterile PBS was used to wash the
cells three times on ice on a mechanical shaker for removing resid-
ual OMV. Next, cells were exposed to 0.005% digitonin (Sigma-
Aldrich) extraction buffer (300 pl) for 10 min and the supernatant
containing cytosol was obtained. The residual fractions of Caco-2
cells were obtained with 300 ul of 0.1% CHAPS buffer (Cell Signal-
ing Technology). Cytosol and residual sections were exposed to agar
plating for monitoring bacteria. The protein concentrations and LPS
levels in the cytosol and residual fractions were measured by the
BCA method and the LAL assay, respectively.

Cellular thermal shift assay

Cellular thermal shift assay was conducted according to the protocol
as previously described (Jafari et al, 2014). Caco-2 cells were tran-
siently transfected with the SNX10-Flag vector for 48 h. For intact
cell assay, after treatment with 50 puM DC-SX029 or DMSO for 1 h,
Caco-2 cells were collected and washed with PBS buffer several
times to avoid excess compound residue. Each cell suspension was
distributed into different 0.2-ml PCR tubes (~ 1 million cells per
tube). Then samples were denatured at various temperatures for 3
min using a PCR instrument, and the cells were freeze-thawed twice
using liquid nitrogen. Samples were centrifuged and the super-
natants were analyzed by immunoblots.

H&E staining and immunohistochemistry

The colon tissue from each mouse was fixed with 4% paraformalde-
hyde then embedded in paraffin. Colon slices (5 um) were stained
with hematoxylin and eosin. The H&E sections were scored blindly
with a light microscope (Olympus, Tokyo, Japan) by an expert in
pathology. The H&E slices of IL-10 deficiency-induced chronic colitis

© 2021 The Authors


http://www.e-crisp.org/E-CRISP/

Xu Wang et al

and DSS-induced acute colitis were scored on the basis of the
method described by Erben et al (2014). In the study of immunohis-
tochemistry, the paraffin slices of colon tissues were deparaffinized
in xylene and rehydrated with graded alcohols. Next, colon slices
were boiled for 5 min in 10 mM citrate buffer (pH 6.0). After block-
ing endogenous peroxidase with 2% hydrogen peroxide, the slices
were incubated with the indicated primary antibodies. Both
immunohistochemistry and H&E staining experiments were
conducted by Servicebio Inc. (Shanghai, China).

Enzyme-linked immunosorbent assay

The content of tumor necrosis factor alpha (TNF-a), interleukin-6
(IL-6), interleukin-12/ interleukin-23 p40 (IL-12/IL-23 p40), and
interleukin-17A (IL-17A) in serum was detected by indicated
ELISA Kkits (Dakewe) as per the manufacturer’s instructions. The
content of interleukin-1 beta (IL-1B) in cell supernatant was
detected by indicated ELISA kits (Dakewe) as per the manufac-
turer’s instructions.

In vivo intestinal permeability assay

The intestinal barrier integrity was assessed using FITC-dextran
(Sigma-Aldrich, FD-4) as previously described (Chen et al, 2018a).
In brief, mice were starved for 4 h and then gavaged with FITC-
dextran (as per 600 mg/kg animal). Then animals were fasted for 4
h before euthanization. The content of FITC-dextran in serum was
measured according to the standard curve by fluorescence with
microplate reader at a 480-nm excitation wavelength and a 525-nm
emission wavelength.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism software
(version 9). Unless stated otherwise, numeric data expressed were
representative of at least three repeated experiments and presented
as mean + SD. Two-tailed unpaired t-test between two groups, and
one-way ANOVA followed by Bonferroni post hoc test for multiple
comparisons were utilized for statistical analyses. P < 0.05 was
considered significant.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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