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Lactobacillus rhamnosus GG prevents epithelial barrier dysfunction induced by
interferon-gamma and fecal supernatants from irritable bowel syndrome
patients in human intestinal enteroids and colonoids
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ABSTRACT

Disruption of intestinal barrier homeostasis is an important pathogenic factor in conditions such
as irritable bowel syndrome (IBS). Lactobacillus rhamnosus GG (LGG) improves IBS symptoms
through unclear mechanisms. Previous studies utilizing colorectal adenocarcinoma cell lines
showed that LGG metabolites prevented interferon gamma (IFN-gamma) induced barrier damage
but the model employed limited these findings. We aimed to interrogate the protective effects of
LGG on epithelial barrier function using human intestinal epithelial cultures (enteroids and
colonoids) as a more physiologic model. To investigate how LGG affects epithelial barrier function,
we measured FITC-Dextran (FD4) flux across the epithelium as well as tight junction zonula
occludens 1 (ZO-1) and occludin (OCLN) expression. Colonoids were incubated with fecal super-
natants from IBS patients (IBS-FSN) and healthy controls in the presence or absence of LGG to
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examine changes in gut permeability. Enteroids incubated with IFN-gamma demonstrated a  SYndrome

downregulation of OCLN and ZO-1 expression by 67% and 50%, respectively (p<0.05). This was
accompanied by increased paracellular permeability as shown by leakage of FD4. Pretreatment of
enteroids with LGG prevented these changes and normalized OCLN and ZO-1 to control levels.
These actions were independent of its action against apoptosis. However, these protective effects
were not seen with LGG cell wall extracts, LGG DNA, or denatured (boiled) LGG. Intriguingly, IBS-
FSN injected into colonoids increased paracellular permeability, which was prevented by LGG.
LGG, likely due to secreted proteins, protects against epithelial barrier dysfunction. Bacterial-
derived factors to modulate gut barrier function may be a treatment option in disorders such
as IBS.

Introduction
relationship with the microbiota providing essential

functions, including antimicrobial protection as well
as development and modulation of the gut immune

The primary functions of the human gastrointestinal
tract are to absorb nutrients and serve as a protective

barrier against luminal contents including food anti-
gens and microbes. The intestinal barrier is com-
prised of a single layer of epithelial cells connected
by tight junction proteins that modulate paracellular
permeability.* Tight junctions are highly dynamic
structures which open and close continuously in
response to various stimuli.” For example, cytokines,
such as tumor necrosis factor-alpha (TNF-alpha)
and interferon-gamma (IFN-gamma), play a crucial
role in regulating tight junction protein expression
and gut barrier function.*’

The gut microbiota comprises a diverse and com-
plex community that closely interacts with the intest-
inal epithelium. There is a symbiotic host-microbe

system.®” The microbiota also play a critical role in
gut barrier function. The microbiota interacts with the
intestinal epithelium through release of microbe-asso-
ciated molecular patterns which then bind to toll-like
receptors (TLRs) and NOD-like receptors (NLRs).>?
TLRs and NLRs, in turn, are key mediators in regulat-
ing intestinal epithelial barrier function.'’™"
Microbes can further influence gut barrier function
by release of peptides, toxins, or metabolites.">*
Disruption of intestinal barrier integrity is an
important factor in the pathogenesis of several
highly prevalent and morbid diseases, including
irritable bowel syndrome (IBS),"” and inflamma-
tory bowel disease (IBD).'® Furthermore, there is
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accumulating evidence that alterations in gut
microbiota are a key pathogenic factor linked to
gut barrier dysfunction, increased intestinal per-
meability, and inflammation in these disorders.'”"
> Although it is unclear whether alterations in gut
microbiota lead to gut barrier dysfunction or vice
versa, considerable attention is focused on modify-
ing these pathogenic factors as potential therapeu-
tic options. However, the ability to modulate
intestinal barrier function remains elusive.
Probiotics are defined as “live microorganisms
that, when administered in adequate amounts,
confer a health benefit on the host.”*> Probiotics
may have beneficial actions on the host by exclud-
ing or inhibiting pathogens, enhancing epithelial
barrier function, or by modulating host immune
responses.”* Lactobacillus rhamnosus Gorbach-
Goldin (LGG) is one of the most widely used
and studied probiotics and has several biological
properties that make it potentially useful as a pro-
biotic. LGG is resistant to acid and bile, adheres
well to the human intestinal epithelium, and pro-
duces factors with activity against many bacterial
species.”” Studies suggest that LGG is important in
promoting gut immune development, protection
against inflammation-induced damage and stimu-
lating gut barrier function.”** Clinically, LGG
has been shown to improve IBS symptoms,*’
delay onset of pouchitis after surgery for ulcerative
colitis,”’ and maintain remission in ulcerative
colitis.>® Previous studies using epithelial colorec-
tal adenocarcinoma cell lines showed that LGG
prevented IFN-gamma induced epithelial barrier
damage.’*"****>** However, cancer cell lines are
unable to mimic normal physiology. For example,
it has been reported that norovirus can only infect
and replicate in human epithelial cells derived
from organoids and not from cancer cell lines.*
In this study, we employed human enteroids and
colonoids, which are three-dimensional structures of
human epithelium generated from isolated human
intestinal crypts.’® We demonstrate that enteroids/
colonoids are a physiologically relevant human
model of gut barrier function and intestinal perme-
ability that can be modulated by inflammatory cyto-
kines. We implemented these systems to investigate
whether pretreatment with LGG supernatant may
prevent cytokine-evoked changes in tight junction
protein expression and permeability in human

enteroids. This may confirm or contradict findings
using classical cell lines. To identify the component
(s) of LGG responsible for stimulating tight junction
protein expression, we investigated the effects of
LGG extracted DNA, boiled LGG supernatant,
LGG cell wall extract, and we compared the effect
of LGG on tight junction protein expression and
enteroid permeability to Lactobacillus crispatus.
Lastly, we examined whether LGG may be useful
for modulating gut barrier dysfunction seen in IBS
by using human colonoids treated with fecal super-
natants from diarrhea-predominant IBS (IBS-D)
patients and healthy subjects in the presence or
absence of LGG. We also investigated whether
LGG regulates epithelial barrier function indepen-
dent of its action against apoptosis.

Results

Human enteroid barrier function can be
modulated by EGTA

We used human enteroids to evaluate paracellular
barrier function under different conditions. FD4 was
microinjected into the lumen of enteroids and
images were obtained at different time points up to
20h. Under control conditions, the human enteroids
retained 55% of FD4 over 20h, while treatment of the
enteroids with 2mM EGTA for 2h to disrupt tight
junctions and impair permeability resulted in 7%
retention of the dye (Fig. 1). These results demon-
strate that enteroids have an intact epithelial barrier,
which can be modified by exogenous stimuli. We
used this property of enteroids to measure epithelial
barrier function and to monitor tight junction pro-
tein localization and mRNA expression over time in
subsequent experiments.

IFN-gamma disrupts epithelial barrier function in
a concentration-dependent manner

Recent studies showed that IFN-gamma released
from the colonic mucosa of IBS patients was ele-
vated compared to healthy controls.”” Hence we
used IFN-gamma to disrupt epithelial barrier func-
tion. Previous in vitro studies used concentrations
ranging from 10ng/ml to 100ng/ml of IFN-gamma
to induce epithelial barrier dysfunction.’**®* The
physiological implication of these concentrations
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Figure 1. Human Intestinal Enteroids Have An Intact Intestinal Epithelium That Can Be Modified By EGTA (A) Representative images
of FD4 dynamics in human enteroids. Human enteroids were injected with FD4 and imaged at 0, 5, 10, 20, and 23h postinjection.
Control group retained the majority of injected FD4 within the lumen over 12 h. The addition of EGTA to the media 20h after
injection resulted in the rapid loss of FD4 from the lumen, indicating the loss of epithelial paracellular barrier function. (B)
Quantitation of barrier disruption by determination of the fraction of initial FD4 fluorescence retained over time. Points represent
the medians, and bars represent the interquartile ranges. Control human enteroids retained 55% of FD4 over 20h, while the EGTA-
treated enteroids retained 7% of FD4 over 20h (p < 0.01* by Mann-Whitney test, compared to control).

is not known since we do not know the exact local
concentrations of IFN-gamma in the mucosa. In
the present study, we performed a dose-response
study (60-500 ng/ml) to determine the concentra-
tion of IFN-gamma required to induce epithelial
dysunction in the enteroids. First, human enter-
oids were injected with FD4. Enteroids exposed to
IFN-gamma showed a concentration- and time-
dependent decrease in retention of FDA4.
Exposure to 500 ng/ml IFN-gamma for 20h
resulted in a rapid loss of barrier integrity such
that the fluorescence of the enteroids at 20h was
4% of the intensity at baseline. However, when
enteroids were exposed to IFN-gamma at 60ng/
ml, there was only 70% leakage of FD4 after 20h
(Fig. 2A,2B).

We next evaluated gene expression of tight junction
proteins in order to determine if IFN-gamma
mediated disruption of barrier function is associated
with altered tight junction expression. Incubation with
increasing concentrations of IFN-gamma caused a
progressive decrease in gene expression of zonula-
occludens-1 (ZO-1) (p<0.05) (Fig. 2C). These results
indicate that IFN-gamma causes a concentration-

dependent decrease in tight junction gene expression
and a corresponding increase in transepithelial perme-
ability in human enteroids. IFN-gamma at a concen-
tration of 200 ng/ml was chosen for subsequent
experiments as this was the minimal concentration
required for inducing reproducible epithelial barrier
damage.

LGG specifically protects against enteroid barrier
dysfunction

We next investigated whether modulation of barrier
function induced by LGG was strain specific. To
address this question, we compared its performance
to Lactobacillus crispatus, another probotic, known
to prevent and treat recurrent bacterial vaginosis.
Enteroids were precultured with either LGG-condi-
tioned media (LGG-CM) or L. crispatus-CM over-
night and then exposed to IFN-gamma 200 ng/ml
for 24h. Enteroids in the presence of LGG-CM and
IFN-gamma showed expression of occludin (OCLN)
and ZO-1 similar to control levels. This was not seen
in enteroids exposed to both L. crispatus-CM and
IFN-gamma or IFN-gamma alone (Fig. 3A).
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Figure 2. IFN-gamma disrupts intestinal epithelial barrier function and reduces gene expression of ZO-1 in a concentration-
dependent manner (A) Representative images of FD4 leakage from the lumen of human enteroids treated with IFN-gamma
compared with human enteroids under control conditions. The human enteroids were injected with the fluorescence dye FD4
and then exposed to IFN-gamma at 60, 100, 200, 300, and 500 ng/ml for 20h. (B) Quantitation of retention of FD4 fluorescence in
human enteroids relative to time zero. The highest dose of IFN-gamma applied (500 ng/ml) resulted in a rapid loss with 20%
retention of fluorescence by 3h after treatment, and 4% of fluorescence remaining at 20h. Meanwhile, the lowest dose of IFN-
gamma (60 ng/ml) caused 70% loss of the fluorescence by 20h (*p<0.05, compared to control). (C) Treatment of human enteroids
with IFN-gamma caused a dose dependent decrease of ZO-1 gene expression by qPCR.

Consistent with qRT-PCR data, enteroids exposed to
IFN-gamma caused a significant loss of barrier func-
tion whereas those exposed to both LGG-CM and
IFN-gamma showed normalization of epithelial bar-
rier function comparable to control levels. This res-
cue of barrier function was not seen in enteroids
exposed to both L. crispatus-CM and IFN-gamma
(Fig. 3B). This provided further evidence that bac-
terial components of LGG can inhibit cytokine-
induced disruption of epithelial tight junction pro-
tein expression and intestinal mucosal barrier dys-
function. However, these beneficial actions were not
seen in the presence of L. crispatus suggesting this
protective property of LGG is species specific.

Proteins secreted by LGG prevents IFN-gamma
induced epithelial barrier damage

We next investigated what components of LGG are
responsible for preventing loss of mucosal barrier
function. Enteroids were incubated for 24h with
IFN-gamma with or without LGG-CM, LGG
extracted DNA, boiled LGG-CM or LGG cell wall.
Incubation of human enteroids with IFN-gamma
caused 67% and 50% downregulation of OCLN and
ZO-1 gene expression, respectively (p<0.05).
Addition of LGG-CM prevented these changes and
normalized OCLN and ZO-1 to control levels.

However, addition of boiled LGG-CM, extracted
LGG DNA or LGG cell wall abolished the protective
effects of LGG-CM against IFN-gamma (Fig. 4A).

We then tested the permeability of the intestinal
epithelium with or without LGG-CM, LGG
extracted DNA, boiled LGG-CM or LGG cell
wall. Under control conditions, the enteroids
retained 70% of FD4 over 12h, while treatment
of the enteroids with IFN-gamma impaired per-
meability resulting in 30% retention of dye after
12h. Administration of LGG-CM prevented leak-
age of dye evoked by IFN-gamma. In contrast,
additions of extracted LGG DNA, cell wall or
boiled supernatant were without effects (Fig. 4B).

We next performed immunofluorescence of the
human enteroids. ZO-1 was normally present at the
apical surface of the epithelium, whereas OCLN was
located along the lateral/basal surface of the cell.
Administration of IFN-gamma to human enteroids
led to downregulation and disruption of ZO-1 and
OCLN expression while pretreatment of enteroids
with LGG-CM restored expression of ZO-1 and
OCLN to control levels (Fig. 5). These observations
indicate that protein metabolites secreted by LGG are
responsible for preventing IFN-gamma induced
epithelial barrier damage. This effect is mediated by
normalizing the expression and localization of OCLN
and ZO-1.
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Figure 3. LGG specifically protects against human enteroid barrier dysfunction induced by IFN-gamma (A) Human enteroids were
pretreated with LGG-CM or L. crispatus-CM overnight, and then they were exposed to IFN-gamma (200 ng/ml) for 24h. LGG-CM
prevented IFN-gamma-induced downregulation of occludin and ZO-1 gene expression. However, this protective effect was not seen
in enteroids incubated with L. Crispatus (*p<0.05, compared to control, CT). (B) Similarly, LGG-CM, but not L. Crispatus-CM,
prevented leakage of the fluorescent dye FD4 induced by IFN-gamma. Under control conditions, the human enteroids retained
76% of FD4 at 12h. Treatment of the enteroids with IFN-gamma led to intestinal epithelial barrier dysfunction with only 35% of the
dye retained at 12h. Administration of LGG, but not L. crispatus-CM, prevented leakage of dye evoked by IFN-gamma (*p<0.05,
compared to control).
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Figure 4. Protein metabolites of LGG prevent IFN-gamma-induced downregulation of tight junction gene expression and epithelial
barrier dysfunction in human enteroids (A) Incubation of human enteroids with IFN-gamma (200 ng/ml) caused a 67% and 50%
downregulation of gene expression of occludin and ZO-1, respectively (P<0.05). Pretreatment of enteroids with LGG-CM prevented
these changes and normalized occludin and ZO-1 to control levels. In contrast, addition of LGG extracted DNA, boiled LGG-CM, or
LGG cell wall led to expression of occludin and ZO-1 comparable to enteroids exposed to IFN-gamma (*p<0.05, compared to control,
CT). (B) Under control conditions, the enteroids retained 70% of FD4 at 12 h, while treatment of the enteroids with IFN-gamma
resulted in 30% retention of dye at 12 h. Administration of LGG-CM prevented leakage of dye induced by IFN-gamma. In contrast,
LGG DNA, cell wall or boiled supernatant did not protect against barrier dysfunction evoked by IFN-gamma.

LGG regulates epithelial barrier function
independent of its action against apoptosis

Previous studies using cancer cell lines showed LGG
is capable of preventing apoptosis.”® We next inves-
tigated whether the protective action of LGG on
epithelial barrier function is dependent on its action
against apoptosis. Human enteroids were treated

with IFN-gamma at 200ng/ml, or the “cytokine mix-
ture” consisting of IFN-gamma (1000ng/ml) and
TNF-a (1000 ng/ml) for 24h in the presence or
absence of LGG-CM. Immunofluorescence study
showed that cleaved caspase-3 (green fluorescence)
was not expressed in enteroids exposed to IFN-
gamma at 200ng/ml. Treatment with the cytokines
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Figure 5. Lactobacillus rhamnosus GG prevents downregulation of ZO-1 and occludin expression induced by IFN-gamma Human
enteroids were pretreated with or without LGG-CM overnight, and then exposed to IFN-gamma (200 ng/ml). After treatment with
IFN-gamma for 20 h, the human enteroids were fixed and stained. ZO-1 is present at the tight junction near the apical surface of the
epithelium, whereas occludin stained in green is seen at the tight junction and along the lateral surface of the cell in control human
enteroids. In contrast, human enteroids treated with IFN-gamma, apical ZO-1 at the tight junction is lost and occludin is no longer
restricted to the lateral surface of the epithelial cell. Meanwhile, pretreatment of human enteroids with LGG-CM have immuno-

fluorescence for ZO-1 and occludin similar to those of the control.

TNF-a and INF-gamma at 1000ng/ml induced apop-
tosis which was not prevented by pretreatment of
LGG-CM, indicating that the protective effect of
LGG occurs independent of its action against apop-
tosis (Fig 6A, B).

The protective action of LGG on epithelial
function is independent of MAPK/ERK pathway in
human colonoids

Previous studies using cancer cell lines showed that
LGG-derived soluble proteins protected against
hydrogen peroxide-induced barrier dysfunction
through a MAP kinase-dependent pathway.> It is
unknown whether a similar pathway is involved in
the barrier protective actions of LGG in human
colonoids. To examine this possibility human colo-
noids were treated with LGG-CM or epidermal
growth factor (EGF) (100 ng/ml) for 90 min in the
presence or absence of 1lh pretreatment with

(epidermal growth factor receptor) EGFR inhibitor,
AG1478 (200nM). Cellular lysates were collected
for Western blot analysis of total EGFR and extra-
cellular signal-regulated kinase (ERK) levels and
EGFR (Tyr-1068) and phosphorylated ERK. In
human colonoids, LGG-CM treatment for 90min
activated EGFR and its down-stream target, ERK.
This was blocked by the EGFR inhibitor AG1478.
In separate experiments, we examined whether the
protective actions of LGG-CM on IFN-gamma
induced barrier dysfunction was affected by inhibi-
tion of EGFR. As shown in Fig. 7, although AG1478
blocked the activation of EGFR and its downstream
effects, it failed to affect the protective actions of
LGG-CM on barrier dysfunction induced by IFN-
gamma. This suggests that in humans, the actions of
LGG on barrier function are mediated by mechan-
isms different from those observed in cell lines and
animal models. Recently we showed that fecal
supernatant of IBS-D patients impaired epithelial
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Figure 6. Protective effects of LGG-CM occur in the absence of apoptosis. Human enteroids were treated with IFN-gamma (200 ng/
ml), or a “cytokine mixture” containing TNF-a (1000 ng/ml) and IFN-gamma (1000ng/ml) for 24 h in the presence or absence of 12h
pretreatment with LGG-CM. Immunofluorescence study showed that expression of cleaved caspase-3 (green fluorescence) was
absent in enteroids exposed to IFN-gamma at 200ng/ml and was similar to those of the control enteroids. Treatment with the
cytokine mixture containing TNF-a and INF-gamma induced Caspase-3 activation. Immunofluorescence staining of enteroids treated
with IFN-gamma in the presence of LGG-CM was not shown since caspase-3 immunoreactivities were not observed and were similar
to control and treatment with IFN-gamma in the absence of LGG-CM. Cell death was found in enteroids treated with TNF-a and INF-
gamma. Pretreatment with LGG-CM did not prevent apoptosis induced by the cytokine mixture IFN-gamma plus TNF-a.

barrier function in human colonoids.** We next
investigated whether LGG can prevent barrier dys-
function induced by fecal supernatant on IBS-D
patients in the human colonoids.

LGG protects against barrier dysfunction in
human colonoids induced by fecal supernatants
from IBS-D patients

Fecal supernatants (FSN) from four IBS-D patients
(IBS-ESN) as well as four healthy subjects were
injected into human colonoids and retention of
FD4 over time was measured. We observed little
difference in the abilities to retain FD4 between
colonoids from different healthy subjects. When

exposed to FSN from healthy subjects (control)
and IBS-D patients, the colonoids retained 80%
of FD4 compared with 39% at 12 hours, respec-
tively (p<0.05). Meanwhile, colonoids pretreated
with LGG showed retention of FD4 similar to
control levels, indicating a rescue of barrier func-
tion (Fig. 8).

Discussion

Although it has been demonstrated that LGG rescued
barrier function and tight junction from cytokine-
induced breakdown in mouse intestinal tissues and
cancer cell lines, these models are unable to mimic
normal physiology in humans. We demonstrated for
the first time utilizing human enteroids and colonoids
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Figure 7. Protective actions of LGG on junction proteins were mediated by pathways independent of MAPK/ERK signaling
cascade in human colonoids. Human colonoids were treated with LGG-CM or EGF (100 ng/ml) for 90 min in the presence or
absence of 1-h pretreatment with an EGFR inhibitor, AG1478 (200nM). In separate experiments, human colonoids were treated with
IFN-gamma (200 ng/ml) in the absence or presence of LGG. The protective action of LGG was examined in the presence of AG 1478
(200nM). Cellular lysates were prepared and immunoblotted for P-EGFR, total EGFR, P-ERK, total ERK, occludin, ZO-1 and GAPDH.
Bands of GAPDH were used as control for an equal protein loading. The optical density is expressed in arbitrary units normalized
against a control sample. Data in histograms represent means + SE; n = 5 in each group (control group vs EGF group *p<0.05,
control group vs LGG group #p<0.05, control group vs IFN-gamma group, §p<0.05).

that secreted factors from LGG modulate epithelial
barrier function and tight junction protein expression.
We determined that barrier disruption induced by
IFN-gamma was prevented by LGG-CM. We further
showed that LGG normalizes tight junction expres-
sion and decreases mucosal permeability in the
absence of apoptosis. In contrast to observations
made in cancer cell lines, the action of LGG on barrier
function is independent of activation of MAPK/ERK
pathway. Finally, our results reveal that IBS-FSN dis-
rupts intestinal barrier function in human colonoids
which can be reversed by LGG. Our findings provide
a molecular basis for therapeutic applications of LGG
in gastrointestinal disorders, such as IBS-D.

Previous models of host-microbe interactions have
utilized human epithelial colorectal adenocarcinoma
cell lines, such as Caco-2 and HT29. A key difference
in our model is the use of enteroids and colonoids,
which are three dimensional structures derived from
LGR5+ intestinal stem cells isolated from the small
intestine or colon crypts*' rather than cancer-derived
cell lines that are not physiologically relevant models
of human intestinal function and structure. The
human enteroids and colonoids have a single layer
of epithelial cells with structural and planar cell

polarity which assemble into polarized monolayers
that separate central apical lumens from basal
submucosa.** This system is physiologically active
which enables functional studies of tight junction
expression and intestinal barrier function.*> We have
confirmed the unique ability of enteroids and colo-
noids to study the complex host-microbe interactions.

We employed IFN-gamma to modulate tight junc-
tion protein expression and paracellular permeabil-
ity. IFN-gamma is a pro-inflammatory cytokine that
is elevated in the colonic mucosa of IBS patients’’
and has been shown to directly decrease intestinal
epithelial barrier function.* We have demonstrated
that IFN-gamma results in 40% reduction in gene
expression of OCLN and ZO-1 in human enteroids
which is consistent with previous studies.*>**
Immunofluorescence was employed to confirm
decreased expression as well as abnormal subcellular
localization of OCLN and ZO-1. This was associated
with increased paracellular permeability of enteroids
by microinjection of FD4.

We further demonstrated that IFN-gamma
induced disruption of gut epithelial permeability
was effectively inhibited when enteroids were pre-
treated with LGG-CM. This was accompanied by
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Figure 8. LGG-CM prevents barrier dysfunction in human colonoids induced by fecal supernatants from IBS-D patients.
Fecal supernatants (FSN) from IBS patients (n = 4) were used to induce epithelial barrier damage. Human colonoids were incubated
for 12 hr with FSN from healthy subjects (n = 4) and IBS patients (n = 4) with and without cell-free LGG supernatant. In the presence
of FSN from healthy subjects, the colonoids retained 80% of FD4 at 12 hr. Treatment of the colonoids with IBS-FSN impaired
permeability resulting in 39% retention of dye after 12 hr. Administration of LGG supernatant prevented leakage of dye evoked by

IBS-FSN. * p<0.05 compared to control

normalization of OCLN and ZO-1 gene expression.
Our model suggests that LGG is unique in its
ability to modulate epithelial barrier function as
these protective effects were not seen when enter-
oids were pretreated with L. crispatus. L. crispatus
is a probiotic capable of blocking uropathogens in
vaginal epithelial cells and may prevent against
recurrent urinary tract infections.*>* In contrast
to LGG, L. crispatus exacerbates murine colitis
evoked by dextran sulfate sodium.*” Hence it was
used as a negative control for our study.

Prior studies have demonstrated a cytoprotective
effect of LGG via prevention against apoptosis. Yan
et al. showed that LGG prevented cytokine induced
apoptosis in intestinal epithelial cells through activa-
tion of Akt and inhibition of p38 activation.”® In
contrast, our results indicate that LGG prevents
cytokine-induced epithelial barrier damage by a
mechanism independent from apoptosis.

LGG has been shown to be effective in treating
gastrointestinal  illnesses, such  as  acute

gastroenteritis.** However, the mechanisms by which
LGG confer benefit are largely unknown. In addition,
while probiotics are generally safe, there are potential
risks in certain populations, such as immunocompro-
mised or critically ill patients.*>>® Understanding the
complex host-microbe interactions are still in its
infancy, which is a major limitation for the prediction
of efficacy, safety, and bioavailability of probiotics.
One way to address these concerns is to understand
how LGG interacts with the gut epithelium on a
molecular level and then to isolate and purify the
active factor(s) involved in these processes.

Although this study did not identify the specific
factors responsible for LGG’s protective effects, we
demonstrated that addition of extracted LGG
DNA, LGG cell wall, and boiled LGG-CM did
not alter intestinal epithelial permeability. This
suggests that LGG exerts its effects on intestinal
epithelial barrier function via secreted proteins.
Prior studies have identified p40 and p75 as poten-
tial mediators of LGG-induced effects on epithelial



barrier function. These two novel proteins secreted
by LGG may attenuate hydrogen peroxide-induced
disruption of barrier function in Caco-2 cell
monolayers. These protective effects likely occur
via PI3K/Akt signaling pathway and MAPK-
dependent signaling.’®> Further studies have
demonstrated that p40 ameliorates intestinal
injury and colitis by stimulating ADAM17 activity
and EGFR activation in colonic epithelial cells®’
which stimulates mucin production through trans-
activation of EGFR.”> Host-microbial interactions
are complex and regulation of intestinal epithelial
barrier function may be species and tissue specific.
Actions observed in cancer cell lines may not be
applicable to normal human epithelial lining. For
example, we found that in contrast to cancer cell
lines, the protective actions of LGG on tight junc-
tion proteins in human colonoids are not
mediated by MAPK/ERK pathway. Furthermore,
in human colonoids, LGG regulates epithelial bar-
rier function independent of its action against
apoptosis which is different from the observations
made in HY-29 cell lines. Currently it is unclear
whether p40 and p75 are responsible for normal-
izing expression of ZO-1 and OCLN. Future stu-
dies may determine whether p40 and p75 can be
isolated from LGG-CM which may exert protec-
tive effects against inflammation-induced epithe-
lial barrier dysfunction.

An intriguing finding in this study was that FSN
taken from IBS-D patients, but not healthy controls,
leads to impaired intestinal barrier function in
human colonoids. However, pretreatment of colo-
noids with LGG prevented epithelial barrier dys-
function induced by IBS-FSN. De Palma et al.
recently showed transfer of fecal samples from IBS-
D patients to germ-free mice resulted in accelerated
gastrointestinal transit and intestinal barrier
dysfunction.” Similar observations were made
when fecal supernatant from IBS-D patients was
administered into the colon of naive rats.*’ These
findings indicate that soluble factors from IBS
patients, possibly derived from gut microbiota, lead
to pathophysiologic changes, including impaired gut
barrier function. Furthermore, 39% of IBS-D
patients have increased intestinal permeability as
measured by the lactulose/mannitol ratio.”® These
IBS patients demonstrate higher symptom scores
and increased hypersensitivity to visceral nociceptive
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pain. Our findings indicate that LGG may directly
improve mucosal barrier function by normalizing
expression of junction proteins independent of
immune modulation. This provides a rationale for
using LGG to treat pain in IBS, which is a difficult
symptom to treat. Future studies may investigate the
potential of bacterial-derived factors to modulate
intestinal barrier function in the treatment of condi-
tions, such as IBS.

In conclusion, this study showed that LGG
attenuates epithelial barrier dysfunction evoked by
IFN-gamma in human enteroids. Furthermore, LGG
normalizes tight junction protein expression which
occurs in the absence of apoptosis. Our results
demonstrate that protein metabolites secreted by
LGG, but not bacterial DNA or cell wall, are respon-
sible for preventing IFN-gamma induced epithelial
barrier damage. Finally, our data indicate that IBS-
FSN impaired intestinal barrier function in human
colonoids, which was prevented by LGG. These find-
ings support a potential application of bacterial com-
ponents to prevent cytokine-mediated
gastrointestinal injury and to treat epithelial barrier
dysfunction in conditions, such as IBS. Identification
of soluble factors mediating the beneficial effects of
LGG may present an opportunity to understand
their mechanism of action as well as to develop
effective pharmacological strategies that may cir-
cumvent many of the problems posed by live bacter-
ial therapies.

Methods
Human Specimens

Normal small intestinal and colonic tissue were
obtained from patients undergoing surgical resec-
tion and colonoscopy, respectively, at the
University of Michigan (UM). All human experi-
ments were approved by the institutional review
board at UM. Informed consent was obtained
prior to acquisition of tissue.

LGG Conditioned Media Preparation

Lactobacillus rhamnosus GG (ATCC 53103) and
Lactobacillus crispatus (ATCC 33820) (American
Type Culture Collection (ATCC), Manassas, VA)
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were incubated at 37 °C for 24h, then diluted in
MRS broth according to ATCC guidelines.

For LGG-CM, LGG were inoculated in 50ml
Dulbecco’s modified Eagle medium (DMEM) at
37°C overnight to reach log phase with the den-
sity determined as 0.6 at A600. The media was
centrifuged twice, adjusted to pH 7.4, then fil-
tered through a 0.2um filter to remove live
bacteria.

LGG cell wall isolation

LGG was incubated in Lactobacillus MRS broth at
37 °C to reach log phase.” Cultures were har-
vested by centrifugation and the cells were washed
with PBS at room temperature twice. Cell suspen-
sions were pipetted into 4% boiling SDS to lyse the
cells for 3h. Boiled cells were ultracentrifuged
(400,000 x g, 20 min, room temperature). The
supernatant was removed and the pellets were
resuspended in room temperature ultrapure
water. Centrifugation was repeated and the sam-
ples were washed until SDS had been fully
removed. The samples were resuspended in 10
mM Tris-HCl (pH 7.2) + 0.06% w/v NaCl. One
mg/ml activated Pronase E (100 ug/ml final con-
centration) was added to each sample and incu-
bated at 60 °C for 2h. Next, 200 pl of 6% SDS was
added to stop the Pronase E digestion.
Centrifugation and washing was repeated until
the SDS had been fully removed. Samples were
then re-suspended in 50 mM sodium phosphate
buffer.

LGG DNA Extraction

LGG was incubated for 24 h at 37 °C in the
exponential phase growth according to ATCC
guidelines. After centrifugation (12000 rpm, 10
min) the bacterial pellets were used for total
DNA extraction.’® These pellets were washed
with NaCIl-EDTA (30 mM NaCl, 2 mM EDTA,
pH = 8.0) and resuspended in lysis buffer (Tris-
HCI 20 mM, EDTA 2 mM, pH = 8.0), lysozyme
(20 mg/mL) and triton X-100 (1% v/v). After
incubation for 2h at 37°C, proteinase K (20 mg/
mL) and RNase A (0.2 mg/mL) were added and
incubated for 1h at 55°C. DNA was purified by
repeat extraction with solvent of phenol-

chloroform-isoamyl alcohol (25:24:1, v/v), pre-
cipitated with sodium acetate and ethanol, and
dissolved in TE buffer. The purity of DNA was
checked by a Nanodrop spectrophotometer.

LGG boiled supernatant preparation

LGG were inoculated in DMEM at 37°C to reach
log phase with the density determined as 0.6 at
A600. LGG-CM were denatured by boiling for
10 min.

Human intestinal enteroid isolation and
propagation

Human intestinal tissue was washed with ice-cold
Dulbecco’s Phosphate buffered saline without Ca2
+ and Mg2+ (DPBS), and secured on a silicone-
coated glass Petri dish filled with ice-cold DPBS.”’
The mucosa was dissected from the underlying
sub-epithelial tissue, washed 3-4 times with ice-
cold chelation buffer to remove villi and debris,
digested with freshly prepared 8mM EDTA chela-
tion buffer for 30 min on a horizontal orbital
shaker at 4°C. Epithelial crypts that were released
from the tissue were collected by centrifugation of
the media at 5 min at 800rpm, 4°C. Crypts were
resuspended and then cultured in human enteroid
complete medium (AdADMEM/F12 medium com-
posed 50% LWRN conditioned medium, HEPES,
Glutamax, penicillin/streptomycin, N2, B27,
N-acetyl-L-cysteine, epidermal growth factor)
mixed with Matrigel as previously described.*>**>’
The medium was replaced every other day.

Enteroid treatment (IFN-gamma) and
pretreatment (LGG-CM, L. crispatus-CM, cell wall,
DNA, boiled LGG-CM)

Three days after splitting, enteroids were cultured
in human enteroid complete medium containing
cell-free LGG-CM (5% vol/vol), LGG extracted
DNA (10 pg/ml), boiled LGG-CM (5% vol/vol),
LGG cell wall (4 mg/ml) or L. Crispatus-CM (5%
vol/vol) overnight before treatment with IFN-
gamma (200 ng/mL).



Real-time quantitative polymerase chain
reaction

Cellular RNA was extracted from the enteroids by
using Trizol Reagent (Invitrogen, Carlsbad, CA,
USA) and Qiagen (Hilden, Germany) RNeasy
mini columns, which was then reverse-transcribed
into first-strand cDNA according to the manufac-
turer’'s  recommendations  (iScript”  c¢DNA
Synthesis Kit, Bio Rad, USA).”” The resultant
cDNAs were used for RT-PCR, with primer sets
targeting ZO-1 and OCLN. GAPDH served as an
endogenous housekeeping reference gene.

Immunofluorescent labeling

Double or triple immunofluorescent staining was
performed against ZO-1 and OCLN as well as
Caspase-3, a key protease that is activated during
the early stages of apoptosis.*> Enteroids were col-
lected and fixed in 4% paraformaldehyde at 4°C
for 30 min, then washed 3 times with PBS, and
soaked in 30% sucrose for 24-48h at 4°C.
Enteroids were embedded in optimal-cutting-tem-
perature compound (4583; Sakura) for 20 min and
frozen at -80°C. Frozen sections were cut at 8 pm
for immunostaining, followed by microscopy. The
cryostat sections were next rehydrated in PBS and
blocked by 5% normal donkey serum (1:10;
Chemicon International, Temecula, CA, USA)
containing 0.3% Triton X-100 for 30 min at
room temperature. The preparations were incu-
bated overnight at room temperature with anti-
ZO-1 antibody (1:500, ThermoFisher Scientific,
USA), anti-occludin antibody (1:500, Invitrogen,
USA) or caspase-3 (1:500, cell signaling). After
incubation with the primary antibodies, the pre-
parations were washed three times in PBS and
incubated for 1h at room temperature with sec-
ondary antibodies Cy3  (1:200;  Jackson
ImmunoResearch Laboratories, West Grove, PA),
Alexa 488-conjugated goat anti-rabbit IgG (1:200;
Molecular Probes, Life Sciences Solutions)).
Sections were then washed three times in PBS,
mounted in buffered glycerol, and observed
under fluorescence microscopy (Olympus BX-51,
Tokyo, Japan). Images were captured at the same
time of exposure, gain and gamma adjustment for
the control and experimental groups.
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Human colonoids establishment

Human colonic crypts were isolated from biopsy
samples taken from healthy subjects undergoing
colonoscopy at UM. The biopsy samples were
washed 3-4 times with ice-cold PBS buffer con-
taining penicillin-streptomycin (Pen/Strep, 1x),
gentamicin (50 pug/ml), normocin (100 g/ml), and
amphotericin (2.5 pg/ml) to control contamina-
tion, as well as thiazovivin (2.5 pM), a ROCK
inhibitor.®® Crypts were isolated from biopsies by
EDTA chelation containing 8 mM EDTA with
DTT for 15 minutes, and in 8 mM EDTA for 15
minutes for further digestion. Crypts were col-
lected in LWRN complete medium (AdDMEM/
F12 medium composed of 50% LWRN condi-
tioned medium, HEPES, Glutamax, penicillin/
streptomycin, N2, B27, N-acetyl-L-cysteine, and
epidermal growth factor). The crypt pellets were
resuspended in basement membrane matrix and
maintained in culture for 2 weeks.”’

Western blot analysis

To prepare total protein lysates, colonoids were
harvested using BD Cell Recovery Solution in
order to achieve Matrigel matrix depolymeriza-
tion. The wells were washed with cold PBS and
incubated for 60 minutes in cold BD Cell Recovery
Solution. Once the colonoids were released, the
cells were centrifuged at 800rpm for 5 minutes at
4°C. The pellet was homogenized in lysis buffer
containing a mixture of proteinase and phospha-
tase inhibitors and then centrifuged at 15,000rpm
for 15 min at 4°C. The protein concentration was
determined using a BCA Protein Assay Kit (Pierce,
Rockford, IL). Total protein was resolved on
4-12% precasted SDS-PAGE gels, then transferred
to a polyvinylidene fluoride (PVDF) membrane
(Millipore, Bedford, MA). The PVDF membrane
was blocked with 5% non-fat milk in PBS contain-
ing 0.1% Tween 20 for 2 h at room temperature
and then incubated overnight at 4°C with primary
antibodies. The following antibodies were used in
this study: GAPDH, anti-EGFR (phosphor Y1068)
(1:2000, abcam, USA), total-EGFR, P-ERK, total-
EGEFR antibody (1:1000, cell signaling, USA). After
washing with TBST, the blots were incubated for
2h at room temperature with HRP-conjugated
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secondary  antibody  (1:5000;  Amersham
Biosciences, San Francisco, CA, USA), visualized
by using Electro-Chemi-Luminescence (ECL) che-
miluminescent detection system (Amersham
Biosciences).

Fecal supernatant preparation

Four healthy subjects as well as four patients meeting
Rome III criteria for IBS-D were recruited from
outpatient clinics at UM. Subjects completed a 2
week screening period during which symptom sever-
ity was assessed based on 11-point numerical rating
scale for abdominal pain, bloating and fecal urgency
as well as stool consistency (Bristol stool form scale)
and frequency.®"®* Six fecal samples were collected
from each IBS-D patients and healthy subjects and
stored at -80°C. Based on our recent studies, fecal
samples were diluted (1 g fecal sample/5 ml PBS),
homogenized on ice, and centrifuged (10,000 cpm,
10 minutes, 4°C).°"** The supernatants were recov-
ered, filtered on 0.22 pm filters to remove bacteria,
and then stored at -80°C.

Microinjection of Enteroids and Colonoids

Each group of enteroids/colonoids was checked for
integrity before injection. Thin-wall glass capillaries
and tips were prepared as previously described.*’ The
capillaries were filled with 4kDa FITC-Dextran (FD4)
and then loaded onto the microinjector (BRI
XenoWorks analog microinjector; Sutter Instrument
Company). Each enteroid/colonoid was injected with
approximately 0.2 — 0.8ul of ImMFD4 based on the
volume of enteroids, as described previously.*
Human enteroids and colonoids were imaged using
a fluorescent stereomicroscope (SZX16; Olympus) at
1x magnification. Images were taken at the indicated
time points postinjection. Disruption of barrier integ-
rity was determined by loss of FD4 from the lumen of
the enteroids/colonoids.

Determining pixel intensity of FD4 in injected
HIOs

Image] software was used to determine the starting
and final pixel intensity of the human enteroids
and colonoids.®” Both bright-field and fluorescent
images were taken from each well. Using the

bright-field image, the perimeter of the enteroids
or colonoids were outlined manually, and this
region was used to determine the mean gray
value of the enteroids or colonoids in the fluores-
cent image. These steps were repeated for each
enteroid or colonoid for all treatments. The per-
cent pixel intensity is defined as the mean gray
value of an enteroid or colonoid at a given time
point divided by the mean gray value of that same
organoids at time 0 (T = 0) multiplied by 100.*

Statistical analysis

All data were analyzed with SPSS 16.0 software
(Chicago, IL). Differences between groups were com-
pared by 2-tailed student’s t test or ANOVA for com-
parisons between 2 groups or more than 2 groups,
respectively. Statistical significance was set at a P value
of 0.05.
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