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Abstract

Necrotizing enterocolitis (NEC) develops in response to elevated Toll-like receptor-4 (TLR4)
signaling in the newborn intestinal epithelium, and is characterized by TLR4-mediated inhibition
of enterocyte migration and reduced mucosal healing. The downstream processes by which TLR4
impairs mucosal healing remain incompletely understood. In other systems, TLR4 induces
autophagy, an adaptive response to cellular stress. We now hypothesize that TLR4 induces
autophagy in enterocytes, and that TLR4-induced autophagy plays a critical role in NEC
development. Using mice selectively lacking TLR4 in enterocytes(TLR4A!EC) and in TLR4-
deficient cultured enterocytes, we now show that TLR4 activation induces autophagy in
enterocytes. Immature mouse and human intestine showed increased expression of autophagy
genes compared to full-term controls, and NEC development in both mouse and human was
associated with increased enterocyte autophagy. Importantly, using mice in which we selectively
deleted the autophagy gene ATG7 from the intestinal epithelium (ATG7A'EC), the induction of
autophagy was determined to be required for and not merely a consequence of NEC, as
ATG7AIEC mice were protected from NEC development. In defining the mechanisms involved,
TLR4-induced autophagy led to impaired enterocyte migration both in vitro and in vivo, which in
cultured enterocytes required the induction of RhoA-mediated stress fibers. These findings depart
from current dogma in the field by identifying a unique effect of TLR4-induced autophagy within
the intestinal epithelium in the pathogenesis of NEC, and identify that the negative consequences
of autophagy on enterocyte migration play an essential role in its development.

Introduction

Necrotizing enterocolitis (NEC) is a devastating disease of preterm infants, and is the
leading cause of death from gastrointestinal disease in neonates (1). Despite advances in the
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care of premature infants overall, the overall survival of infants with NEC is unchanged
since its initial description over 30 years ago (2). NEC is characterized by patchy areas of
inflammation and necrosis that predominantly involve the small intestine, and is thought to
develop from an uncontrolled inflammatory response to bacterial colonization of the
premature intestine (3, 4). While initial studies to explain the pathogenesis of NEC have
focused on various aspects of the immune system that render the premature host susceptible
to intestinal inflammation, none of these approaches has yielded a unifying cause for NEC
(5). By contrast, more recent studies have focused on the ability of the normal infant to
adapt to the events surrounding the exposure to bacteria and their products, such as
lipopolysaccharide. For instance, we (6) and others (7, 8) have identified that the receptor
for lipopolysaccharide i.e. Toll Like Receptor 4 (TLR4) is elevated in the premature
intestinal epithelium in humans and mice, and that excessive TLR4 signaling during this
vulnerable period is required for NEC development (6, 9, 10). At the cellular and tissue
levels, we (6, 11, 12) have shown that a primary event leading to NEC involves a TLR4-
mediated reduction in enterocyte migration, which can significantly impairs the extent of
intestinal healing, leading to bacterial translocation and sepsis (13). Importantly however,
the downstream processes by which TLR4 activation leads to impaired mucosal healing
remain incompletely understood (14).

One such response that is downstream of TLR4 signaling and that could play a role in the
pathogenesis of NEC through regulation of migration is autophagy (15), a highly conserved
process of cellular catabolism which has been shown to be active in adaptive responses to
metabolic stress (16). Autophagy is characterized by the activation of ATG7 and ATG16
among other molecules leading to the transfer of LC3-1 to LC3-I1 which results in the
formation of double membrane vesicles called autophagosomes (17). Although traditionally
considered a cellular survival mechanism directed at the retrieval of membrane and energy
substrates (18), recent evidence has shown that impaired autophagy has been linked to the
development of intestinal inflammation, as mutation of the autophagy gene ATG16 has been
identified as a risk factor for the development of Crohn’s disease (19) and experimental
colitis (20). More recently, a variety of studies have linked the autophagy pathway with the
regulation of migration in several cell types (21-24). Studies such as these have expanded
the role of autophagy beyond that of the control of individual cell survival, to a pathogenetic
role that could be critical in diseases such as necrotizing enterocolitis that are characterized
by impaired mucosal healing.

We now hypothesize that activation of TLR4 induces autophagy in enterocytes, and that the
activation of autophagy through TLR4 plays a critical role in NEC development. In support
of this hypothesis, using mice in which either TLR4 or the autophagy gene Atg7 were
selectively deleted from the intestinal epithelium, we now show that TLR4 signaling within
the intestinal mucosa leads to an induction of autophagy, and that the induction in autophagy
is required for the development of NEC. In seeking to define how autophagy induction could
lead to NEC, we further reveal that the induction of autophagy leads to an impairment in
enterocyte migration through the activation of RhoA-GTP-ase. These findings depart from
current dogma in the field by identifying a unique effect of TLR4-induced autophagy within
the intestinal epithelium — as opposed to other cells — on the pathogenesis of necrotizing
enterocolitis, and identify that the negative consequences of autophagy on enterocyte
migration play an essential role in its development.

Material and Methods

Cell culture and reagents

The enterocyte line IEC-6 was obtained from the American Type Culture Collection
(ATCC) and maintained as described (25). Atg16-deficient and Atg7-deficient IEC-6
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enterocytes were generated by transduction of lentiviral particles (Invitrogen) containing
Atg16 shRNA or Atg7 shRNA (Open Biosystems) using the four plasmid lentiviral
packaging system in HEK 293 cells. Stable integration of lentivirus was obtained by
selection of cells using puromycin-containing media (5ug/ml), and knockdown of Atg16 or
Atg7 was verified by SDS-PAGE, g-RT-PCR and immunocytochemistry. TLR4-deficient
IEC-6 enterocytes were generated as described (26). Where indicated, cells were treated
with LPS (Escherichia coli0111:B4 purified by gel filtration chromatography (>99% pure;
Sigma-Aldrich) for 0-12hrs at a concentration of 50 pg/ml LPS which corresponds to our
recent measurement of ~15-20 EU/ml as determined by L/mulus assay, which is within the
range of fecal LPS that is observed in NEC in both mice and humans (6). Cells were treated
with scrambled lentivirus as described (27).

Antibodies used in this study are as follows: LC3, Atg16 - MBL International (Woburn,
MA), Atg7, f-actin — Sigma; E-cadherin — R&D Systems Inc (Minneapolis, MN), sucrase
isomaltase — Santa Cruz, BRDU detection kit — Pharmingen (San Jose, CA), actin (Sigma),
phalloidin — Invitrogen (Grand Island, NY). The LC3 antibody was validated for
immunohistochemistry as shown in Supplemental Figure 1.

Constitutively active (RhoA L63) and dominant negative RhoA (RhoA N19) adenoviruses
were obtained from Cell Biolabs and infected into IEC-6 cells for 36h prior to further
treatment.

For immunohistochemistry, cells were processed as described and fluorescent images were
captured using either an Olympus Fluoview 1000 confocal microscope under a x60 oil
immersion objective using standard filter sets. Digital images were prepared, quantified and
labeled using ImageJ software. SDS-PAGE was performed as described (28).

Pull-down assay to determine RhoA activation

RhoA activation was determined in a pull-down assay as we have previously described
according to the manufacturer’s protocol (Cytoskeleton) (11, 12). This assay, in which
Rhotekin-bound beads are incubated with cellular lysates, is based upon the finding that
activated RhoA (i.e. RhoA-GTP) selectively binds to the effector molecule Rhotekin (29),
while inactive RhoA (i.e. RhoA-GDP) does not. Where indicated, IEC-6 wild-type, Atg7-k/
d or Atg16-k/d cells were treated with the autophagy inducer rapamycin (Calbiochem,
30nm, 30minutes), or the Rho inhibitor, soluble C3 exotoxin (Calbiochem, 0.1ug/ml, 2hr)
and/or LPS (25ug/kg, 3hr). GTPyS treated lysates served as a positive control for Rho
activation in all cases. Biochemical findings of RhoA activation were confirmed by
immuno-histochemical techniques in which the formation of stress fibers provides a reliable
marker of RhoA activation, and in which cells were imuostained with fluorescent phalloidin
and examined by confocal microscopy.

Quantitative real-time PCR

Total RNA was isolated from cultured enterocytes or ileal mucosal scrapings from control
and NEC mouse and human intestine using the RNeasy kit (Qiagen), and reverse transcribed
(1 ug of RNA) using the QuantiTect Reverse Transcription Kit (Qiagen). Quantitative real-
time PCR was performed as previously described using the Bio-Rad CFX96 Real-Time
System (Biorad, Hercules, CA) using the primers described below, and are reported as fold
change relative to GAPDH as a housekeeping gene:

GAPDH: Mouse: Forward: TGAAGCAGGCATCTGAGGG,; Reverse;
CGAAGGTGGAAGAGTGGGAG; 102bp; Human: Forward:
TCTCCTCTGACTTCAACAGCGACA,; reverse:
CCCTGTTGCTGTAGCCAAATTCGT,; 126bp.
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Atg7: Human/mouse/rat: Forward: AGCCCACAGATGGAGTAGCAGTTT,; Reverse:
TCCCATGCCTCCTTTCTGGTTCTT,; 184bp

Atg16: Human/mouse/rat: Forward: TGTCTTCAGCCCTGATGGCAGTTA,; Reverse:
AGCACAGCTTTGCATCCTTTGTCC; 189bp

LC3: mouse: Forward: CCGCAGCCCTTGAGCTCGAG,; Reverse:
GGGTGCTGGTCGCGGATCTG; 192 bp; human: forward:
CCATGTCAACATGAGCGAGTTGGT,; reverse:
TGGGAGGCGTAGACCATATAGAGGAA; 192 bp

Beclinl: Human/mouse: Forward: TGCTCTGGCCAATAAGATGGGTCT; Reverse:
GGAAAGCCACCATTGCATGGTCAA 173 bp

CxCI15 (mouse IL-8): Mouse: Forward: GCTGGGATTCACCTCAAGAA,; Reverse:
TCTCCGTTACTTGGGGACAC; 180bp

PCNA: mouse: Forward: AAAGATGCCGTCGGGTGAATTTGC; Reverse:
AATGTTCCCATTGCCAAGCTCTCC.

Measurement of enterocyte migration in vitro and in vivo

To measure enterocyte migration /n vitro, IEC-6, Atg7 k/d and ATG16k/d cells were grown
in antibiotic-free medium in 35mm glass bottom dishes for 24hours and a confluent
monolayer was formed. Cells were treated with LPS (50 pug/ml), rapamycin (30nM),
chloroquine (20uM, Sigma), or soluble C3 exotoxin (01.ug/ml) for 1 h before scraping. In
experiments that involved the combination of LPS with another treatment, cells were treated
with the experimental compound for 30 minutes prior to exposure to LPS. In order to
measure enterocyte migration, a wound was created within the confluent monolayer by
scraping a layer of confluent cells with a pipet tip. Cells were then observed as they moved
into the wound on the stage of a Vivaview FL Incubator and Fluorescence Microscope
(Olympus) which allowed for incubation at 37°C over a 12 hour period. Static images were
obtained at hourly intervals, and an identically sized region of interest overlapping the
wound was selected between fixed points in the visible field which were constant for all
experiments in all groups using Metamorph software (Universal Imaging Corp.). The
kinetics of wound closure were then determined by identifying the movement of cells in the
x-y plane across the regions of interest. Using Metamorph, the area of the region of interest
covered by cells was calculated at each time point, and the change in area of a 24 hour
period at each fixed time point was assessed. The rate of enterocyte migration was then
calculated as percent wound closure as the cells migrated across the fixed region of interest.

To measure enterocyte migration /in vivo, animals were injected with 5'-BrdU (50 mg/kg;
Sigma-Aldrich) i.p. and then sacrificed 24 h later. Samples of terminal ileum were then
immunostained using anti-BrdU Abs as described (30) and then counterstained with
hematoxylin according to the manufacturers protocol. Enterocyte migration was determined
by measuring the distance from the bottom of the crypt to the foremost labeled enterocyte
and expressing the distance as a percentage of total villus height at each time point using
Metamorph software.

Generation of knockout and transgenic ATG7AEC, TLR4~/~ and TLR4A/EC mice

All animal studies were approved by the Institutional Review Board at the University of
Pittsburgh and conducted in accordance with the guidelines set forth by the Animal
Research and Care Committee at the University of Pittsburgh and the Children’s Hospital of
Pittsburgh of UPMC. C57BI/6 mice were obtained from The Jackson Laboratory and housed
in accordance with University of Pittsburgh animal care guidelines. TLR4™~ mice were
generated by first generating a floxp-TLR4 mice which we then bred with the Ella-Cre
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mouse (Jackson Labs) to generate the global TLR4™/~ mouse as we recently described (31).
In order to selectively remove TLR4 from the intestinal epithelium the floxp-TLR4 mice
were bred with the Villin-Cre mice (Jackson Labs) to generate an enterocyte-specific TLR4
knock-out mouse (TLR4AIEC mice), as we have recently described (26). ATG7flox/flox mice
were the generous gift of Dr. Tomoki Chiba (University of Tokyo). To generate intestinal
epithelial-specific ATG7 conditional knockout mice (strain ATG7AIEC), (32), we bred the
ATG7flox/flox mouse on a C57/BI-6 background with transgenic mouse line expressing
villin-cre (B6.SJLTg (Vil-cre)997Gum/J, Jackson Labs). Mice were then backcrossed seven
times before use, and were shown to be deficient in Atg7, and characterized in detail as
shown in Supplemental Figure 2.

Induction of experimental necrotizing enterocolitis and endotoxemia

Experimental NEC was induced in 10 day old mice as we have described (33)using a
combination of formula gavage (Similac Advance infant formula (Ross Pediatrics):Esbilac
canine milk replacer 2:1) five times/day, and hypoxia (5%05,, 95%N,) for 10min in a
hypoxic chamber (Billups-Rothenberg, DelMar, CA) twice daily for 4 days. Animals are fed
50 pl/g of mouse body weight by gavage over 2—3 min, using a 24-French angiocatheter
which is placed into the mouse esophagus under direct vision. Samples of the terminal ileum
were harvested at day 4 for analysis. This protocol induces patchy intestinal inflammation in
mice that is predominantly localized to the small bowel, and which resembles human NEC
(27). Control (i.e., non-NEC) animals of all tested strains remained with their mothers and
received breast milk. The severity of experimental NEC was graded by a blinded pathologist
using a previously validated scoring system from 0 (normal) to 3 (severe) as previously
described (27).

Where indicated, formula fed mice were treated with either rapamycin (EMD Millipore,
5mg/kg) or chloroquine (Sigma, 60mg/kg) via i.p. route once daily on each day of the NEC
model, under conditions which have been shown to induce or inhibit autophagy, respectively
(34, 35). All groups included a vehicle alone control in all cases (saline with 1% EtOH)
alone. Endotoxemia was induced in 3 week old mice for all strains by intraperitoneal
injection of LPS (5mg/kg) as previously described. After 24 hours, animals were euthanized
and the terminal ileum was harvested for analysis.

Human tissue

Discarded human tissue was obtained via waiver of consent in accordance with University
of Pittsburgh anatomical tissue procurement guidelines with approval from the University of
Pittsburgh Institutional Review Board. In all cases, tissue was obtained from either aborted
fetuses, from human infants undergoing surgical resection for the management of severe
NEC, or from control infants at the time of stoma closure during which all intestinal
inflammation had resolved. Control infants underwent intestinal resection and stoma closure
in all cases beyond 40 weeks post-conceptual age and were thus full term at the time at
which analysis was undertaken. Lysates were then purified from mucosal scrapings after
irrigation of the bowel to remove luminal contents.

Electron microscopy

Samples obtained from both control and experimental groups were fixed in 2.5%
gluteraldehyde for processing for electron microscopy. Scanning electron microscopy
(SEM) was performed using a JEOL electron microscope, model number JSM6335F after
tissues were placed into 8mm? blocks and post-fixed in 1% Osmium tetroxide (OsO4) in 0.1
M PBS. Following alcohol dehydration, tissues were washed with hexamethyldisilizane and
mounted on studs for sectioning. For transmission electron microscopy (TEM), tissues were
placed on 1mm3 blocks and post-fixed with 1% OsO4 containing 1% potassium
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ferricyanide. Following alcohol dehydration, tissues were further dehydrated with propylene
oxide and then infiltrated with a 1:1 mix of propylene oxide and epon overnight. Samples
were then infiltrated with pure epon overnight at 4° C, embedded in pure epon at 37° C for
24 hours, and cured for 48 hours at 60° C. Samples were 70nm sectioned on an Ultra
Microtome, placed on copper grids, and stained with urinal acetate and lead citrate.

Statistical analysis

Results

Data are means + SEM, and comparisons are by two-tailed Student’s t test or ANOVA, with
statistical significance accepted for p < 0.05. All experiments were performed at least in
triplicate. For mouse studies, at least 5 mice per group were included.

TLR4 induces autophagy in intestinal epithelial cells in vitro and in vivo

We first sought to determine whether TLR4 activation could induce autophagy in
enterocytes, and to then evaluate whether enterocyte autophagy may play a role in the
pathogenesis of NEC. As shown in Figure 1, treatment of IEC-6 enterocytes with the TLR4
agonist lipopolysaccharide (LPS) led to a significant increase in autophagy, as demonstrated
by an increase in the detection of autophagosomes within IEC-6 enterocytes by confocal
microscopy using the autophagy maker LC3 (Figure 1 panel A i—i), by an increase in the
accumulation of double-membrane bound vesicles that resemble autophagosomes as
revealed by electron microscopy (Figure 1 panel A v—vi), and by an increase in the ratio of
LC3-11 to actin as detected by SDS-PAGE (Figure 1 panel C i—ii). To confirm a specific
role for TLR4 in enterocytes in the induction of autophagy in response to LPS stimulation,
we utilized a stable line of IEC-6 cells that lack TLR4 that we had recently generated
(TLR4-k/d) (26). As shown in Figure 1, TLR4-k/d cells showed no increase in autophagy in
response to LPS addition, as reflected by reduced accumulation of LC3-positive vesicles
(Figure 1, pand A iii-iv) and reduced LC3-11 to actin conversion via SDS-PAGE (Figure 1
panel C i—ii). As an important control, depleting serum from the growth media — which is
known to induce autophagy in other cells (36) — was found to increase autophagy in TLR4-
k/d cells (Figure 1 panel A vii), confirming that the autophagy machinery in the TLR4-
deficient cells is still largely intact, yet is non-responsive to LPS. In parallel experiments, we
confirmed the validity of the anti-LC3 antibody by treating RAW 264.7 macrophages with
rapamyecin or exposing these cells to serum free media — which resulted in increased LC3
staining — then replenishing the serum, which diminished LC3 expression within the
cytoplasm (Supplementary Figure 1).

To evaluate whether TLR4 activation could induce enterocyte autophagy /n vivo, we next
injected newborn mice with LPS or saline and evaluated the induction of enterocyte
autophagy. As shown in Figure 1, LPS injection caused an increase in the intracellular
accumulation of LC3 within the intestinal epithelium (Figure 1 panel B i—ii) as well as an
increase in the expression of LC3-11 to actin by SDS-PAGE (Figure 1 panel D i—ii). It is
noteworthy that LPS injection caused a similar increase in the induction of autophagy as
determined by SDS-PAGE in mice that were both 10 days and 21 days old (Supplemental
Figure 1 panel B). Importantly, LPS injection did not induce autophagy in TLR4~/~ mice as
revealed both by confocal microscopy (Figure 1 panel B iii-iv) and SDS-PAGE (Figure 1
panel D i—ii). Taken together, these findings illustrate that TLR4 activation leads to an
increase in enterocyte autophagy, both /n vitroand in vivo. We next sought to evaluate the
expression of autophagy genes in the intestine of premature versus full term intestine in
order to evaluate the potential role of TLR4-induced enterocyte autophagy in the
pathogenesis of necrotizing enterocolitis.
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Autophagy genes are increased in the premature versus full term intestine in both mice

and humans

In order to evaluate a potential role for TLR4-induced autophagy in the pathogenesis of
NEC, we next examined the expression of critical autophagy genes in the premature versus
mature intestine of both mice and humans. As shown in Figure 2 panel A, the expression of
TLR4, as well as the expression of the autophagy genes ATG7, LC3, ATG16 and Beclinl
were significantly higher in premature versus mature mouse intestine. Importantly, this
pattern was also seen in the human, as the expression of TLR4, ATG7, LC3, ATG16 and
Beclinl were significantly greater in the intestine from fetal as compared to full term
subjects (Figure 2 panel B). These findings suggest that the molecular machinery necessary
for the induction of autophagy is upregulated in the premature state, raising the possibility
that the subsequent induction of autophagy may play a role in the development of
necrotizing enterocolitis, a disease that predominantly favors the premature intestine.

Enterocyte autophagy occurs in mice and humans with NEC, and in mice requires TLR4

activation

We next examined whether NEC was associated with an induction in enterocyte autophagy,
and if so, whether TLR4 signaling within the intestinal epithelium was required for this
induction to occur. To do so, NEC was induced in newborn mice using a combination of
hypoxia and formula feeding as we have previously described (27), and the degree of
autophagy within the intestinal mucosa was determined by microscopic and biochemical
means. As shown in Figure 3 panel Ai, the development of NEC in mice was associated
with a significant increase in the extent of autophagy in enterocytes, as manifest by an
accumulation of double membrane vesicles by electron microscopy, that were not observed
in control, breast fed mice (Figure 3 panel Aii, arrows show double membrane vesicles).
Findings of increased enterocyte autophagy in mice with NEC were also observed by
confocal microscopy, in which the accumulation of LC3-positive autophagosomes were
increased as compared with breast fed controls (Figure 3 panel B i and ii). Importantly,
increased enterocyte autophagy was also observed in tissue obtained from human patients
with NEC, in which an increase in the expression of LC3-positive autophagosomes was
detected, as compared with control tissue that was obtained at the time of stoma closure
(Figure 3 panel C i and ii). Intestinal tissue that had been obtained from aborted fetuses also
showed a significant increase in staining for LC3 within the intestinal epithelium (Figure 3
panel C iii), in findings that are consistent with the results shown in Figure 2, in which
autophagy gene expression was elevated in fetal tissue as compared with full term tissue.
These findings further support the possibility that the premature infant may be susceptible to
NEC in part through increased predisposition to the induction of autophagy within the
intestinal epithelium, and suggest the physiological relevance of the murine findings.

We next sought to determine whether TLR4 signaling in the intestinal mucosa was required
for the induction in autophagy in mice with NEC. To do so, we generated mice that
selectively lacked TLR4 within enterocytes (strain TLR42!EC) by crossing TLR4-loxp mice
with villin-cre mice as we have recently described (26), and then subjected wild-type,
TLR4AEC and TLR4™/~ mice to experimental NEC. As shown in Figure 3 panelsD i, the
induction of NEC in TLR4™/~ mice did not cause an increase in enterocyte autophagy as
determined by confocal microscopy, indicating that TLR4 activation in NEC is required for
this response. The requirement for TLR4 signaling in the induction of enterocyte autophagy
in NEC was confirmed biochemically, in which the ratio of LC3-I1 to actin was not
increased in TLR4™/~ mice after the induction of NEC, despite this ratio being increased in
wild-type mice that were induced to develop NEC at the same time (Figure 3 panel Ei and
ii). Importantly, TLR4 signaling in the intestinal epithelium as opposed to immune cells was
required for the development of enterocyte autophagy, as the induction of NEC in
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TLR4AEC mice did not induce enterocyte autophagy, as measured by confocal microscopy
(Figure 3D panel ii) and biochemically (Figure 3 panel E). Taken together, these findings
illustrate that TLR4 signaling leads to a corresponding induction of autophagy in
enterocytes.

In order to evaluate whether the induction of autophagy was a cause or a consequence of the
development of NEC, we next generated mice that specifically lacked Atg7 within the
intestinal epithelium, by crossing Atg7-loxp mice with villin-cre mice. This mouse strain -
(heretofore designated strain ATG72!EC) — was found to be healthy and fertile, showed
normal lifespan, expressed TLR4 at normal levels within the intestinal mucosa, and were
protected from the induction of autophagy in enterocytes after the injection of LPS.
Moreover, the ATG7A!EC mice did not demonstrate any difference in the frequency or
distribution of any of the intestinal epithelial derived lineages or of the extent of enterocyte
proliferation within the intestinal crypts, as shown in Supplemental Figure 2. Importantly,
ATG7AIEC mice did not show an induction in enterocyte autophagy after exposure to the
model of experimental NEC, as demonstrated both by confocal microscopy (Figure 3 panel
Diii) and SDS-PAGE (Figure 3 panel E i and ii).

The induction of autophagy in the intestinal epithelium is required for the pathogenesis of

NEC

To directly test whether the induction on autophagy in the intestinal epithelium was required
for the development of NEC, we next assessed the severity of NEC that occurred in the
newly created ATG72!EC strain. As shown in Figure 4, ATG72IEC mice were ignificantly
protected from the severity of NEC, as manifest by preservation of the intestinal architecture
as revealed by scanning electron microscopy in which wild-type mice with NEC show
blunting and destruction of the intestinal villi that were not observed in ATG7AEC mice
(Figure 4 panel A i-iv). Moreover, ATG7A!EC mice subjected to experimental NEC showed
normal mucosal histology (Figure 4 panel A v—viii) and a marked reduction in the extent of
intestinal edema and necrosis that is apparent on gross inspection of the small intestine at the
time of sacrifice (Figure 4 panel A ix-xii). The reduction in NEC severity in ATG7AIEC
mice was confirmed by blinded histological score (Figure 4 panel Di), and the detection of a
reduced expression of CXCL15 (mouse I1L-8 homologue) within the intestinal mucosa
(Figure 4 panel D ii). Further evidence to support the conclusion that autophagy induction is
required for NEC development was revealed by the observation that mice treated with the
autophagy inducer rapamycin showed increased NEC severity as manifest by increased
tissue injury (Figure 4 panel C ii and D iii), whereas mice that were administered the
autophagy inhibitor choloroquine showed a reduction in the severity of NEC (Figure 4 panel
C iii and D iii). It is noteworthy that the injection of rapamycin did not attenuate the degree
of LPS-induced expression of the pro-inflammatory cytokines IL-1 or IL-6 within the
intestinal mucosa, excluding the possibility that rapamycin exerted a broad inhibition in LPS
signaling (Figure 4 panel B). Taken in aggregate, these findings support the conclusion that
the induction of autophagy within the intestinal epithelium is required for the development
of NEC. We next sought to determine the mechanisms by which the induction of autophagy
could such a deleterious effect on the intestinal mucosa.

TLR4-induced enterocyte autophagy leads to impaired enterocyte migration in vitro

We have identified in a series of studies that TLR4 induction in enterocytes leads to the
development of NEC in part through a significant impairment in enterocyte migration,
which leads to impaired mucosal healing and persistent mucosal defects (6, 11, 12, 14, 37).
However, the mechanisms by which TLR4 activation impairs enterocyte migration remain
incompletely understood, although activation of small molecular G-protein RhoA was found
to play a role through its ability to increase cell matrix adhesiveness (11, 28). In order to
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determine how autophagy induction by TLR4 could lead to NEC, we next considered the
possibility that the induction of autophagy by activation of TLR4 could lead to impaired
enterocyte migration. To do so, we first evaluated the ability of IEC-6 enterocytes to migrate
into a scraped wound under conditions in which autophagy was either activated or inhibited.
As is shown in Figure 5 panels Ai-iv and quantified in Figure 5 panel C, whereas control
IEC-6 cells closed a scraped wound within 12 hours, the activation of autophagy using
rapamycin significantly inhibited the rate of enterocyte migration. Because rapamycin may
have other effects in cells, we next sought to confirm its specificity for autophagy induction,
and therefore engineered IEC-6 cells that were deficient in the critical autophagy genes
Atg16 or Atg7 by adenoviral delivery of sShRNA. As shown in Figure 5 panel B and
quantified in Figure 5 panel C, treatment of Atg7-k/d or Atg16-k/d cells with rapamycin did
not impair enterocyte migration. Importantly, both Atg7-k/d and Atg16-k/d cells showed a
significantly greater extent of wound closure as compared to wild-type IEC-6 cells (Figure 5
panel C), confirming that the induction in autophagy leads to an inhibition in enterocyte
migration. (Figure 5 panel C). Based upon these findings, we next sought to evaluate
whether the impairment of enterocyte migration that occurs in the setting of LPS exposure
actually requiredan induction in enterocyte autophagy. To do so, enterocytes were treated
with LPS under conditions in which autophagy could not be induced, either through
treatment with the autophagy inhibitor chloroquine (Figure 5 panel A vii-x and quantified in
Figure 5 panel C), or through selective knockdown of either Atg7 or Atg16 (Figure 5 panel
B v—vi and quantified in Figure 5 panel C). . In parallel experiments, the knockdown of
Atg7 and Atg16 were confirmed by SDS-PAGE in the indicated cell line (Figure 5 panel
D). As shown, under conditions in which enterocyte autophagy could not be induced, LPS
did not impair enterocyte migration. By showing that the extent of wound closure in
enterocytes that lack the ability to induce autophagy are not affected by either LPS or
rapamycin — both of which induce autophagy as shown above — these findings provide
strong confirmation that the induction of autophagy in response to LPS is required for the
inhibition of enterocyte migration, and illustrate that TLR4-induction of enterocyte
autophagy is largely responsible for the impairment in enterocyte migration that occurs after
TLR4 activation.

TLR4-induced enterocyte autophagy leads to impaired enterocyte migration in vivo and in
the pathogenesis of NEC

We next sought to evaluate whether TLR4 activation inhibits enterocyte migration via the
induction of enterocyte autophagy /n vivo, and if so, to determine the relevance of these
findings to the development of NEC. To do so, we injected wither wild type or ATG7AIEC
mice with the nucleotide analogue BrDU — which becomes incorporated into dividing
enterocytes at the base of the intestinal crypts — and tracked their migration along the crypt-
villus axis in the presence or absence of LPS or the induction of NEC. As shown in Figure 6
panel A and quantified in Figure 6 panel C, wild-type mice that were injected with LPS
showed a significant reduction in the extent of migration of BrDU-labelled enterocytes
along the crypt-villus axis, consistent with our earlier findings (6, 11). Importantly, the
injection of LPS into ATG7AEC mice showed no impairment in enterocyte migration
(Figure 6 panel A iii-iv and quantified in panel C), confirming that TLR4 activation inhibits
enterocyte migration /7 vivo through the induction of autophagy. To assess the relevance of
these findings to the pathogenesis of NEC, wild-type mice and ATG7AEC mice were
subjected to experimental NEC and the extent of enterocyte migration was assessed. As
shown in Figure 6 panel B i—i and quantified in Figure 6 panel D, the induction of NEC in
wild-type mice was associated with significantly reduced enterocyte migration along the
crypt-villus axis, consistent with our previous studies (6, 11). Importantly however, the
induction of NEC in ATG7AIEC mice did not show an impairment in enterocyte migration,
in whom the degree of enterocyte migration was similar to that of breast fed controls (Figure
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6 panedl B iii-iv and quantification in panel D). It is noteworthy that although both LPS
injection (Figure 6 panel E) and the induction of NEC (Figure 6 panel F) resulted in a
decrease in enterocyte proliferation as measured by the expression of the proliferation
marker PCNA within the intestinal epithelium — consistent with our prior studies (31) — the
deletion of Atg7 from the intestinal epithelium did not reverse the inhibition in enterocyte
proliferation, excluding the likelihood that the induction of autophagy in response to TLR4
was exerting protective effects on NEC development by restoring enterocyte proliferation.
Taken together, these results demonstrate that TLR4 inhibits enterocyte migration through
the induction of autophagy in enterocytes /n vitro and in vivo, and in the pathogenesis of
NEC. We next sought to evaluate the molecular mechanisms by which the induction of
autophagy could impair enterocyte migration.

TLR4-induced autophagy leads to the activation of Rho-GTPase in enterocytes which is
required for the impairment in enterocyte migration

We and others have shown that the inhibition of enterocyte migration in response to LPS
occurs via the activation of the small GTP-ase RhoA, which leads to an increase in actin rich
stress fibers, filamentous structures that traverse the cytoplasm and anchor the cell to the
underlying matrix (11). Given our current findings that TLR4 activation reduced enterocyte
migration through the induction of autophagy, we next considered whether the induction in
autophagy leads to RhoA activation, and whether such an increase in RhoA activation is
requiredfor the autophagy-mediated inhibition of enterocyte migration in response to TLR4.
As shown in Figure 7 panel A, while LPS treatment led to an induction of RhoA in wild-
type IEC-6 cells, as assessed using a pull-down assay for rhotekin which binds only to active
RhoA (29), LPS did not cause an increase in RhoA activation in autophagy deficient Atg16-
k/d cells (Figure 7 panel A), indicating that the induction of autophagy was required for the
activation of RhoA. These findings were confirmed by confocal microscopic evaluation of
stress fiber formation in Figure 7 panel B, in which although LPS caused an increase in
stress fibers in wild-type cells (Figure 7 panel B ii versusi), there was no increase in stress
fibers upon LPS treatment in Atg16-k/d cells (Figure 7 panel C ii vsi), confirming the
importance of autophagy induction in mediating the increase in RhoA. Activation of
autophagy with rapamycin also resulted in an increase in stress fibers in wild-type IEC-6
cells — consistent with an increase in RhoA activity — that was not seen in autophagy
deficient Atg16-k/d cells (Figure 7 B panel iii versus 7 C pandl iii). In control experiments,
transfection of wild-type and Atg16-k/d IEC-6 cells with constitutively active RhoA restored
stress fiber formation (Figure 7 panel B iv and Panel C iv), indicating that the RhoA
signaling pathway was otherwise intact, and confirming that activation of RhoA could
rescue the formation of stress fibers in autophagy deficient cells. Taken together, these
findings illustrate that the induction of autophagy is required for TLR4-induce RhoA
activation and stress fiber formation in enterocytes in vitro.

We next sought to evaluate whether the activation of RhoA in response to autophagy
induction was requiredfor the inhibition of enterocyte migration by TLR4. To do so,
autophagy-deficient Atg7-k/d and Atg16-k/d IEC-6 cells were transfected with
constitutively active RhoA, treated with LPS, and assessed for their ability to migrate into a
scraped wound. As shown in Figure 7 panel D, in autophagy-deficient cells that were
transfected with active RhoA, LPS now significantly inhibited enterocyte migration,
indicating that transfection with active RhoA could reverse the phenotype observed in the
autophagy-deficient cells. In control experiments, transfection of wild-type IEC-6 cells with
constitutively-active RhoA had minimal effects on enterocyte migration in the absence of
LPS treatment (Figure 7 panel D). Taken together, these findings illustrate that TLR4-
induced autophagy leads to an inhibition in enterocyte migration in vitro through the
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activation of RhoA and increased stress fibers, and identify a novel paradigm explaining the
effects of autophagy on enterocyte migration in the setting or TLR4 activation.

Discussion

We now demonstrate that the development of NEC requires a TLR4-dependent increase in
autophagy within the intestinal epithelium, and moreover, using conditional knockout mice
that specifically lack Atg7 within the intestinal epithelium, we provide evidence that the
increase in autophagy is requiredfor the development of this disease. And while previous
authors have recently described that autophagy is induced in the intestine of animals with
NEC (38), the current findings extend those prior observations by identifying that the
induction in autophagy within the intestinal epithelium is a cause and not a consequence of
NEC, and also by providing a molecular mechanism to explain how the induction of
autophagy occurs in NEC (namely via TLR4 signaling) and how the induction of autophagy
leads to NEC (namely via inhibition of enterocyte migration). It is noteworthy that while the
premature infant tissue (i.e. fetal tissue) had increased expression of autophagy genes, this
was insufficient to cause spontaneous disease; rather, a second hit in the form of TLR4
activation was required, which resulted in impaired migration and the development of NEC.

The current findings represent a marked departure from prevailing thinking in the autophagy
field regarding the physiological role of autophagy within cells, which has been chiefly
viewed as a response to stress aimed at recycling damaged organelles (39). While previous
authors have shown that TLR4 signaling can induce autophagy in leukocytes which can
positively regulate microbial clearance and NFKB signaling (15, 40-42), the current studies
are unique in that we now identify a role for TLR4-induced autophagy in the regulation of
the cytoskeleton and cell migration, and provide the first description of TLR4-induced
autophagy specifically within the intestinal epithelium. We readily acknowledge that the
current findings do not permit us to determine whether other TLR ligands could activate
autophagy with similar versus opposing effects on cell migration, nor whether factors that
have been identified to limit TLR4 signaling in the intestinal epithelium — including
amniotic fluid-derived epidermal growth factor (33) and intracellular heat shock protein 70
(27) - could also limit TLR4-induced autophagy. However, it is clear that the current
findings extend our knowledge of the physiological role that autophagy can serve within
cells and tissues, and that the induction of TLR4-induced autophagy is critical in the
pathogenesis of NEC via effects on enterocyte migration.

It is interesting to speculate on how the current findings could fit within the prevailing
notion that autophagy represents a cell survival role to offset the induction of cell death
pathways via apoptosis (43). We now posit that in the initial phases of the development of
NEC, such as may occur during a brief hypoxic episode within the intestine of the stressed,
preterm infant, the induction of autophagy in enterocytes that is induced by early TLR4
signaling events may actually have a primarily protective role. We further speculate that
ongoing TLR4 activation — as would occur in the setting of intestinal colonization within the
neonatal intensive care unit — and within the premature intestine in which the expression of
critical autophagy genes is significantly increased (see Figure 2), an exaggerated degree of
autophagy would occur, which could then readily serve not a protective but rather a
primarily pathophysiological role. These dichotomous roles for autophagy within cells
suggests that the development of impaired mucosal healing in NEC may actually represent
the failure to down-regulate autophagy — a finding that may also play a role in other
inflammatory diseases in which exaggerated autophagy has been implicated (16).

The current findings serve also to distinguish the molecular mechanisms that underlie the
pathogenesis of necrotizing enterocolitis — in which autophagy induction serves a causative
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role — from the colitis seen in adult inflammatory bowel disease — in which autophagy is
largely thought to be protective, as inhibitory mutations in the autophagy gene ATG16L are
found in patients with inflammatory bowel disease, and in which genetic deletion of
Atg16L1 increased the severity of experimental colitis (19) (20, 44). There are several ways
to reconcile these apparent differences. First, TLR4 has a significantly different role in the
pathogenesis of colitis as compared with NEC: in inflammatory bowel disease, TLR4 is
markedly down-regulated and has a minor pathogenic role(45, 46), while in NEC, which
occurs in the newborn period in which the expression of TLR4 within the newborn intestinal
mucosa is extremely high, TLR4 plays a causative role through the deleterious effects on
intestinal mucosal injury and repair (6, 31). Second, autophagy has been shown to play a
significant role in the regulation of paneth cells in inflammatory bowel disease, as
hypomorphic ATG16L expression in mice causes severe defects in paneth cell granule
content and release (47), while in NEC, a role for paneth cells remains uncertain(48).
Thirdly, the pathological features of NEC and IBD are obviously quite different, as NEC is
associated with impaired intestinal restitution and the development of necrosis, while IBD is
characterized by the influx of inflammatory cells and the presence of transmural
inflammation. Fourth, there may be a cell type-specific effect of autophagy on disease
pathogenesis, in which for instance autophagy in leukocytes in IBD may be protective while
autophagy in epithelial cells could be deleterious leading to NEC. And finally, the current
studies reflect the situation within the premature or newborn gut — in which autophagy genes
are elevated, while studies in models of colitis are largely restricted to adults. It is likely
therefore that the induction of autophagy could effect each of these pathways that differ
between NEC and IBD, and that the timing and mechanisms by which autophagy is induced
within the intestine of the premature versus the adult gut would have substantially different
effects.

In summary, we now show that TLR4-induced autophagy plays a critical step in the
pathogenesis of NEC, which occurs through the negative regulation of enterocyte migration.
Based upon these findings — which lie in distinction to studies on leukocytes and in adult
models of inflammatory bowel disease — we now expand on the known roles of autophagy,
which has previously been viewed to serve a largely cell protective function. These results
also provide novel insights into the effects of TLR4 activation within enterocytes, provide
novel mechanistic insights into the pathogenesis of necrotizing enterocolitis, and suggest
new therapeutic approaches based upon the regulation of autophagy for this devastating
disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLR4 induces autophagy in intestinal epithelial cellsin vitro and in vivo

A: Representative confocal (panelsi—v and vii) and transmission electron (panels v—vi)
micrographs showing autophagosomes within IEC-6 cells under after treatment with saline,
LPS or serum starvation as noted in the bottom right corner of each panel. Red=LC3,
green=f-actin, blue=DAPI. Size bar = 10um in confocal images, 10nm in electron
microscopic images. Arrows show double-membrane autophagosomes. B: Representative
confocal micrographs showing the terminal ileum of newborn wild-type (panelsi—ii) or
TLR4™~ mice (panelsiii-iv) after treatment with saline or LPS as shown, and stained for
LC3 (red) and DAPI (blue). C-D: SDS-PAGE showing the expression of LC3-1 and LC3-I1
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in either wild-type or TLR4-k/d IEC-6 cells (panel C) or mucosal scrapings from wild-type
or TLR4™/~ mice (panel D): blots were stripped and re-probed for f-actin. Quantification of
LC3-11 to actin expression ratio is shown in Cii and Dii. *p<0.05 vs saline; **p<0.05 vs
LPS-treated wild-type. Representative of 3 separate experiments. Size bar = 1um.
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Figure 2. Autophagy genes areincreased in the premature versusfull term intestine in both mice

and humans

gRT-PCR of the indicated gene in the intestine of the newborn versus adult mouse (A) and
the fetal versus full term intestine of the human (B). Representative of at least 3 separate

samples per group; *p>0.05 between groups.
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Figure 3. Enterocyte autophagy occursin mice and humanswith NEC, and in micerequires
TLR4 activation

A: Representative transmission electron micrographs obtained from the terminal ileum of
mice that were breast fed (i) or induced to develop NEC (ii); arrows in ii shows double-
membrane autophagosomes; inset shows a representative double-membrane bound
autophagosome at 3.2 x magnification corresponding to the dotted line in ii. B-D:
Representative confocal micrographs showing the expression of the autophagosome marker
LC3 (red) and DAPI (blue) in either wild-type mice (B i—ii), human tissue (C i—ii) or mice
that were globally deficient in TLR4 (D i), selectively lacking TLR4 within the intestinal
epithelium (D ii), or selectively lacking Atg7 within the intestinal epithelium (D iii); mouse
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or human tissue was obtained from either control (breast fed, B i, C i) or NEC (B ii, Cii, D
i—ii). Representative of at least 3 separate experiments. Size bar = 10um Ei: SDS-PAGE
showing the expression of LC3-11 in the mucosal scrapings from mice of the indicated strain
that were either breast fed or subjected to experimental NEC as indicated. Blots were
stripped and re-probed for f-actin. Quantification of LC3-11 to actin expression ratio is
shown in Eii. *p<0.05 vs breast fed; **p<0.05 vs wild-type NEC. Representative of 3
separate experiments.
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Figure 4. Theinduction of autophagy in theintestinal epithelium isrequired for the pathogenesis
of NEC

A: Representative micrographs showing scanning electron microscopy (i—iv), H&E staining
(v—viii), and gross morphology of the intestine at the time of euthanasia (ix-xii) in either
wild-type or ATG7AIEC mice that were either breast fed or subjected to experimental NEC
as indicated. Size bar=100um. B. gRT-PCR relative to RPLO of mucosal scrapings obtained
from the terminal ileum of newborn mice injected with LPS for 6h (5mg/kg), after pre-
injection overnight with rapamycin (5mg/kg); shown are the expression of 1L-6 (red bars)
and IL-1 (blue bars); *p<0.05 vs saline for each group. C: H&E micrographs of the terminal
ileum of newborn mice who were either breast fed and subjected to rapamycin (i), or
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induced to develop NEC and also subjected to rapamyecin (ii) or chloroquine (iii). Size
bar=100um. D: Quantification of NEC severity score (i and iii) and expression of CxCI15
(i) in the terminal ileum of mice that were either breast fed or induced to develop NEC
under the strain (i and ii) or treatment condition (iii) indicated. Representative of 3 separate
experiments with at least 5 mice per group. *p<0.05 vs breast fed; **p<0.005 vs NEC-
chloro vs NEC-saline; Tp<0.05 NEC-rapamycin vs NEC-saline, representative of 3 separate
experiments.
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Figure 5. TLR4-induced enterocyte autophagy leadsto impaired enterocyte migration in vitro
A-B: Representative paired confocal micrographs from wound scrape assays that are
obtained at t=0 at the time of scrape (Ai, Aiii, Av, Avii, Aix and Bi, Biii, Bv) or at a point 8
hours later (Aii, Aiv, Avi, Aviii, Ax and Bii, Biv, Bvi) in wild-type (A) or Atg7-k/d (B)
IEC-6 cells that had been treated with either saline (Ai-ii, Bi-ii), rapamycin (Aiii-iv, Biii-iv),
LPS (Av-vi, Bv-vi), LPS+chloroquine (Avii-viii), or chloroguine alone (Aix-x). All panels
were obtained at same magnification, size bar=10um, dashed line indicates the starting point
of cell migration at which the scrape was performed C: Quantification of migration of wild-
type, Atg7-k/d or Atgl6-k/d IEC-6 cells expressed as a percent of wound closure, under the
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indicated conditions. *p<0.05 vs saline treated wild-type IEC-6 cells; **p<0.05 vs LPS
treated wild-type IEC-6 cells; ***p<0.05 vs rapamycin treated wild-type IEC-6 cells.
Representative of 4 separate experiments. D. SDS-PAGE of Atg7-k/d and ATG16-k/d IEC-6
cells which were immunoblotted using antibodies against Atg7 and Atg16, respectively, as
indicated. Blots were stripped and re-probed with antibodies against f-actin. Representative
of 3 separate experiments.
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Figure 6. TLR4-induced enterocyte autophagy leadsto impaired enterocyte migration in vivo

and in the pathogenesis of NEC

A-B: Representative confocal micrographs obtained from the terminal ileum of wild-type

(Ai-ii, Bi-ii) and ATG7AIEC (Ajii-iv, Biii-iv) mice that were either injected with either saline
(Ai, Aiii), or LPS (Aii, Aiv) or were either breast fed (Bi, Biii) or induced to develop NEC
(Bii, Biv) 36h after injection with BrDU, then stained for BrDU (red) and DAPI (blue). Size

bar=10um. C-D: Quantification of enterocyte migration along the crypt-villus axis

expressed as a percentage of maximum villus height obtained in wild-type or ATG7AIEC
mice as indicated; *p<0.05 vs saline or breast fed controls in wild-type mice; **p<0.05 vs

LPS treated wild-type mice; ***p<0.05 vs NEC-treated wild-type mice. Representative of 3
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separate experiments. Quantification based upon over 100 fields with over 10 villi per field.
E—F: qRT-PCR showing the expression of the proliferation marker PCNA in the intestinal
mucosa in the strain indicated after either injection of LPS (1mg/kg, 12h) or saline (E) or
after the induction of NEC (F); *p<0.05 vs either saline or breast fed groups in the paired
strain as indicated.
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Figure 7. TLR4-induced autophagy leadsto the activation of Rho-GTPasein enter ocyteswhich
isrequired for theimpairment in enterocyte migration

A: SDS-PAGE in which wild-type and Atg16-k/d IEC-6 cell lysates were blotted with
antibodies to GST beads after pull-down with rhotekin-bound beads which binds to active
RhoA. Blots were then probed with antibodies to total RhoA (lower bands). B—C: Confocal
micrographs of wild-type IEC-6 cells (panels Bi-iii), IEC-6 cells that were virally transduced
with constitutively active RhoA (Biv), Atg16-k/d cells (Ci-iii) or Atg16-k/d cells that were
subsequently virally transduced with constitutively active RhoA (Civ) that were stained for
actin stress fibers with phalloidin (green) and DAPI (blue) after treatment with either saline
or LPS as indicated. Size bar=10pm. D: Quantification of migration of wild-type or
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transfected IEC-6 cells under the treatment conditions indicated as expressed as a percentage

of wound closure as indicated. Representative of 3 separate experiments. *p<0.05 vs saline
treated wild-type cells.
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