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Defective intestinal tight junction (TJ) barrier is an important pathogenic factor of inﬂammatory bowel
disease. To date, no effective therapies that speciﬁcally target the intestinal TJ barrier are available. The
purpose of this study was to identify probiotic bacterial species or strains that induce a rapid and sustained
enhancement of intestinal TJ barrier and protect against the development of intestinal inﬂammation by
targeting the TJ barrier. After high-throughput screening of >20 Lactobacillus and other probiotic bacterial species or strains, a speciﬁc strain of Lactobacillus acidophilus, referred to as LA1, uniquely produced
a marked enhancement of the intestinal TJ barrier. LA1 attached to the apical membrane surface of intestinal epithelial cells in a Toll-like receptor (TLR)-2edependent manner and caused a rapid increase in
enterocyte TLR-2 membrane expression and TLR-2/TLR-1 and TLR-2/TLR-6 hetero-complexedependent
enhancement in intestinal TJ barrier function. Oral administration of LA1 caused a rapid enhancement in
mouse intestinal TJ barrier, protected against a dextran sodium sulfate (DSS) increase in intestinal
permeability, and prevented the DSS-induced colitis in a TLR-2e and intestinal TJ barrieredependent
manner. In conclusion, we report for the ﬁrst time that a speciﬁc strain of LA causes a strain-speciﬁc
enhancement of intestinal TJ barrier through a novel mechanism that involves the TLR-2 receptor complex and protects against the DSS-induced colitis by targeting the intestinal TJ barrier. (Am J Pathol 2021,
191: 872e884; https://doi.org/10.1016/j.ajpath.2021.02.003)

Intestinal epithelial tight junctions (TJs) are the apical-most
junctional complexes and act as a functional and structural
barrier against the paracellular permeation of harmful
luminal antigens, which promote intestinal inﬂammation.1
The increased intestinal permeability caused by defective
intestinal epithelial TJ barrier or a leaky gut is an important
pathogenic factor that contributes to the development of
intestinal inﬂammation in inﬂammatory bowel disease
(IBD) and other inﬂammatory conditions of the gut,
including necrotizing enterocolitis and celiac disease.2,3
Clinical studies in patients with IBD have found that a
persistent increase in intestinal permeability after clinical
remission is predictive of poor clinical outcome and early
recurrence of the disease, whereas normalization of intestinal permeability correlates with a sustained long-term

clinical remission.4e6 Accumulating evidence has found
that a defective intestinal TJ barrier plays an important role
in exacerbation and prolongation of intestinal inﬂammation
in IBD. Currently, no effective therapies that speciﬁcally
target the tightening of the intestinal TJ barrier are
available.
Intestinal microbiota play an important role in modulating the immune system and in the pathogenesis of
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intestinal inﬂammation.7 Patients with IBD have bacterial
dysbiosis in the gut, characterized by a decrease in bacterial diversity and an aberrant increase in some
commensal bacteria, which are an important factor in the
pathogenesis of intestinal inﬂammation.8,9 Normal microbial ﬂora of the gastrointestinal tract consists both of
bacteria that are known to have beneﬁcial effects (probiotic bacteria) on intestinal homeostasis and bacteria that
could potentially have detrimental effects on gut health
(pathogenic bacteria).10 The modulation of intestinal
microﬂora affects the physiologic and pathologic states in
humans and animals. For example, fecal transplantation
from healthy, unaffected individuals to patients with refractory Clostridium difﬁcile colitis is curative in up to
94% of the treated patients, and transfer of stool microbiome from obese mice induces obesity in previous lean
mice, whereas transfer of microbiome from lean mice
preserves the lean phenotype.11e13 The beneﬁcial effects
of gut microbiota are host and bacterial species-speciﬁc.14
Although multiple studies indicate that some commensal
bacteria play a beneﬁcial role in gut homeostasis by
preserving or promoting the intestinal barrier function,
because of conﬂicting reports, it remains unclear which
probiotic species cause a persistent predictable enhancement in the TJ barrier and could be used to treat intestinal
inﬂammation by targeting the TJ barrier. For example,
some studies suggest that Lactobacillus acidophilus,
Lactobacillus casei, Lactobacillus plantarum, or Lactobacillus rhamnosus cause a modest enhancement in the
intestinal epithelial TJ barrier, whereas others have found
minimal or no effect of these probiotic species on the
intestinal TJ barrier.15e25 The major aim the current study
was to perform a high-throughput screening of Lactobacillus and other bacterial species to identify probiotic
species that induce a rapid, predictable, and marked increase in the intestinal epithelial TJ barrier and protect
against the development of intestinal inﬂammation by
preserving the intestinal TJ barrier.
In the studies described herein, most of the probiotic
species tested (>20 species or strains) had a modest or
minimal effect on intestinal TJ barrier function. L. acidophilus uniquely caused a rapid and marked increase
in intestinal TJ barrier function. Further analysis indicated that the effect of L. acidophilus was strain-speciﬁc, limited to a speciﬁc strain of L. acidophilus, and
did not extend to other L. acidophilus strains. The L.
acidophilus enhancement of the intestinal TJ barrier was
mediated by live bacterial-enterocyte interaction that
involved Toll-like receptor (TLR)-2 heterodimeric
complexes on the apical membrane surface of intestinal
epithelial cells. Our animal studies also found that L.
acidophilus causes a marked enhancement in mouse
intestinal barrier function and protects against the
dextran sodium sulfate (DSS)einduced colitis by preserving and augmenting the mouse intestinal barrier
function in a strain-speciﬁc manner.
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Materials and Methods
Determination of Caco-2 Epithelial Monolayer
Resistance and Paracellular Permeability
Caco-2 cells (passage 18) were purchased from ATCC
(Manassas, VA) and maintained at 37 C in a culture medium as previously described.26 For growth on ﬁlters, Caco2 cells were plated on Transwell for 3 to 4 weeks until the
transepithelial resistance (TER) reached 400 to 550 U$cm.2
The Caco-2 monolayer paracellular permeability was
determined by using an established paracellular marker
inulin (14C-250 mCi-radioactive tracer).27

Preparation of Bacterial Culture and Cell-Free Culture
Supernatant
The following Lactobacillus species and strains were purchased from ATCC: L. acidophilus, Lactobacillus johnsoni,
L. rhamnosus, L. plantarum, Lactobacillus brevis, Lactobacillus helveticus, and L. casei. These bacteria were grown
overnight in MRS broth (Difco, Detroit, MI) at 37 C with
shaking. Live bacteria were spun down by centrifuging at
12,000  g for 10 minutes and pellets were stored at 80 C
for additional experiments. Supernatants were separated
from spun-down bacteria, ﬁltered, and diluted in cell culture
media Dulbecco’s modiﬁed Eagle’s medium (with no fetal
bovine serum and no antibiotics) for further use. Viable
lactobacilli were heat-killed by incubations in a water bath
at 60 C for 1 hour. Viable count was performed to make
sure no viable bacteria survived. Bacteria were stored at
80 C as heat-killed lactobacilli. In the treatment of Caco-2
monolayers, the bacterial pellet was suspended in Dulbecco’s modiﬁed Eagle’s medium and diluted to
OD600nm Z 0.135 (1  108 CFU) in the same media and
applied to the apical surface of cell monolayers. Other
probiotic species studied include Biﬁdobacterium biﬁdum,
Biﬁdobacterium longum, Biﬁdobacterium breve, and
Escherichia coli Nissle, which were grown in an anerobic
environment in MRS broth.

Determination of Mouse Small Intestinal Permeability
In Vivo and Measurement of TER
Studies were approved by the Penn State University and
University of New Mexico Institutional Animal Care and
Use Committee. TLR-2 null (TLR-2/) and wild-type
(WT) mice (both of C57BL/6 background) 9 to 12
weeks of age were obtained from The Jackson Laboratory
(Bar Harbor, ME). The effect of L. acidophilus on intestinal permeability in an in vivo mouse model system was
determined using a recycling intestinal perfusion method.
For in vivo studies, 1  109 CFU of L. acidophilus in 200
mL of phosphate-buffered saline was administered daily by
oral-gastric gavage, and mouse intestinal permeability was
measured at different treatment periods. A 10-cm segment
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of mouse small intestine was isolated and cannulated with
a small-diameter plastic tube (in an anesthetized mouse
maintained in 1% isoﬂurane in oxygen) and continuously
perfused with 5 mL of Krebs phosphate saline buffer for a
2-hour perfusion period. An external recirculating pump
was used to recirculate the perfusate at a constant ﬂow rate
(0.75 mL/minute). Intestinal permeability was assessed by
measuring luminal-to-serosal ﬂux rate of paracellular
probe, ﬂuorescein isothiocyanateelabeled dextran (molecular weight, 10,000 g/mol), as described previously.28
For measurement of TER, intestinal tissues were harvested immediately after euthanasia, cut longitudinally,
and placed on 0.11-cm2-aperture Ussing chambers. TER
(U$cm2) was calculated from the spontaneous potential
difference and short-circuit current.29 Mice were euthanized by inhalation of carbon dioxide, as recommended by
the American Veterinary Medical Association. Mice were
placed in a chamber and exposed to carbon dioxide until
all signs of respiration ceased.

Induction of DSS-Induced Colitis and Determination of
Mouse Colonic Permeability in Vivo
Mice received 3% (w/v) DSS (molecular weight, 36,000 to
50,000; MP Biomedicals, Santa Ana, CA) in autoclaved
drinking water for 7 days. The body weights of mice were
monitored daily, and histologic grading of colitis lesions
was performed as described previously.29,30 To quantify
the extent of mucosal damage, a segment from the distal
colon was ﬁxed in 4% paraformaldehyde, parafﬁn
embedded, sectioned (5 mm), and stained with hematoxylin
and eosin. For prevention studies, L. acidophilus was
gavaged starting 2 days before DSS treatment and
continued throughout DSS administration. For active
treatment studies, L. acidophilus was gavaged once daily
starting at day 4 after DSS administration and continued
up to 9 days. Colonic permeability was measured by
recycling colonic perfusion method at the end of 7 or 9
days of DSS treatment, as previously described.29,30 The
colonic permeability was assessed by measuring the
luminal-to-serosal ﬂux rate of a paracellular probe, ﬂuorescein isothiocyanateelabeled dextran (molecular weight,
10,000 g/mol).

Gel Electrophoresis and Western Blotting
The lysates of Caco-2 monolayers and mouse intestinal
tissues were prepared and processed for SDS-PAGE as
described previously.26 Equal amounts of protein were
loaded in individual wells on the SDS-PAGE gel. After
protein transfer to membrane, the membranes were probed
using antieTLR-1, -2, -4, -5, and -6 (Abcam, Cambridge,
MA) and b-actin (Santa Cruz Biotechnology, Dallas, TX)
antibodies.
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Confocal Immunoﬂuorescence
Immunolocalization of L. acidophilus and TLR-2 was
assessed by confocal immunoﬂuorescence. L. acidophilus
was labeled with Vybrant DiO cell-labeling solution
(Thermo Fisher Scientiﬁc, Waltham, MA) before treatment. The labeled L. acidophilus was added to Caco-2 at
the apical bathing buffer solution for 2 hours; monolayers
were then rinsed twice in cold phosphate-buffered saline,
and ﬁxed with methanol for 10 minutes. The cell monolayers were then blocked in normal serum and labeled with
TLR-2 primary antibody (Abcam; catalog number
191,458) in blocking solution overnight at 4 C. After
being washed with phosphate-buffered saline, the cells
were incubated in Cy3-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove,
PA). All the primary and secondary antibodies were used
at the concentrations suggested by the manufacturers.
ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA),
containing DAPI as a nuclear stain, was used to mount the
cell ﬁlters on glass slides. The slides were examined using
a confocal ﬂuorescence microscope (Leica SP8). Images
were processed with LAS X software (Leica Microsystems, Wetzlar, Germany).

siRNA Cell Transfections
Caco-2 monolayers were transiently transfected with
TLR-1, -2, -4, -5, and -6 siRNA using DharmaFect
transfection reagent (Dharmacon, Lafayette, CO), as
described previously.27 In brief, ﬁlter-grown Caco-2
monolayers were treated with 5 ng (0.5 nmol) siRNA and
DharmaFect transfection reagent in Accell media
(Thermo Fisher Scientiﬁc). The efﬁciency of silencing
was conﬁrmed by Western blot analysis after 72 hours of
treatment.

RNA Isolation, Reverse Transcription, and
Quantiﬁcation of Gene Expression Using Real-Time PCR
Total RNA was isolated using the miRNeasy kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol.
Reverse transcription was performed using the QuantiTect
Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol. Real-time PCR was performed using
the PikoReal 96 Real-Time PCR system (Thermo Scientiﬁc). TaqMan Gene expression master mix kit was used for
gene expression studies, and glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control. A predeveloped TaqMan Gene expression assay for TLR-2 and
glyceraldehyde-3-phosphate dehydrogenase was used to
determine the real-time gene expression (Qiagen). Primer
sets for TLR-2 were purchased from Applied Biosystems
(Foster City, CA) (50 -TCTGGGCAGTCTTGAACATTT-30
50 -AGAGTCAGGTGATGGATGTCG-30 ).
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Statistical Analysis
The values of experimental data are expressed as the
means  SE and analyzed using analysis of variance
(2 groups or treatments) or unpaired t-test (2 groups or
treatments) (Graph Pad Prism version 6.00 for Windows;
GraphPad Software, San Diego, CA). All experiments were
repeated at least three times to ensure reproducibility. P <
0.05 was considered signiﬁcant.

Results
Effect of Probiotic Bacterial Species on Caco-2
Intestinal Epithelial TJ Barrier Function
To determine the intestinal TJ barrieremodulating effects of
probiotic bacterial species, the effects of >20 commercially
available probiotic species within Lactobacillus and Biﬁdobacterium genus as well as other bacterial species were
examined. Lactobacillus species, including L. acidophilus,
L. rhamnosus, L. plantarum, L. johnsonii, L. brevis, L.
casei, and L. helveticus, were evaluated for their effects on
intestinal epithelial TJ barrier function by measuring TER in
ﬁlter-grown Caco-2 monolayers. Bacterial concentrations
were measured by bacterial absorbance (600 nm).31 On the
basis of previous studies that found the beneﬁcial concentrations of probiotic bacterial species to range from OD600
0.1 to 0.2 or 1  107 to 1  109 CFU/mL,32e34 bacterial
concentration of 1  108 CFU/mL corresponding to an
OD600 of 0.135 was used in the current studies. Probiotic
bacteria were applied to the apical compartment of ﬁltergrown Caco-2 monolayers for up to 7 days in the experimental period. Bacterial concentration of 1  108 CFU/mL
was maintained throughout the entire experimental period
by daily rinsing off of the bacteria and recharging the apical
compartment with 1  108 CFU/mL bacteria. The effects of
various species of Lactobacillus on Caco-2 TER measurement were determined. L. johnsonii and L. rhamnosus
(1  108 CFU/mL) caused a modest time-dependent
enhancement (10% to 20% increase) in Caco-2 TER,
whereas L. plantarum, L. brevis, L. helveticus, and L. casei
did not have a signiﬁcant effect on Caco-2 TER (data not
shown). In contrast, L. acidophilus caused a marked increase (80% to 100%) in Caco-2 TER by 24 hours
(Figure 1A), which persisted throughout the 7-day experimental period. L. acidophilus also caused a corresponding
decrease in apical-to-basolateral ﬂux of paracellular marker
inulin (Figure 1B). The graph plot of the L. acidophilus
effect on inulin ﬂux versus TER indicated a direct linear
correlation between increasing TER and decreasing transepithelial ﬂux of inulin with a correlation coefﬁcient of
r Z 0.911 (Figure 1C), conﬁrming that the increase in
Caco-2 TER correlates with a decrease in paracellular
permeability. Other probiotic species studied had a modest
or no effect on Caco-2 TER (data not shown).
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Whether the observed L. acidophilus effect on the Caco-2
TJ barrier was a species-wide or a strain-speciﬁc effect was
examined. In these studies, the effects of three different L.
acidophilus strains (referred to as LA1, LA2, or LA3)
(obtained from ATCC) on Caco-2 TER were studied. LA1
(1  108 CFU/mL) caused a near-doubling of Caco-2 TER
(90% to 100% increase), whereas LA2 caused a moderate
(50%) increase, and LA3 did not affect the TER in the 24hour experimental period (Figure 1D). Together, these data
suggest that the L. acidophilus enhancement of Caco-2 TJ
barrier function is strain speciﬁc. Next, the effects of L.
acidophilus bacterial supernatant or heat-killed L. acidophilus on Caco-2 TER was determined. Neither the supernatant nor heat-killed L. acidophilus affected the Caco-2
TER (Figure 1E), suggesting that live bacterial-epithelial
cell interaction was required for the L. acidophilus increase in Caco-2 TER. Similar to LA1, neither the supernatant from LA2 or LA3 culture nor the heat-killed LA2 or
LA3 affected the Caco-2 TER (Figure 1, F and G). None of
the supernatant from other lactobacilli bacterial culture or
heat-killed bacteria affected the Caco-2 TER, except for the
supernatant from L. casei culture, which caused a small but
signiﬁcant increase in Caco-2 TER (data not shown).
Each of the three strains was authenticated to be L. acidophilus species by 16S rRNA gene sequencing and by total
genome sequencing.

L. acidophilus Enhancement of Caco-2 TJ Barrier
Function Is Mediated by TLR-2
TLRs are pathogen recognition receptors and play a critical
role in innate immune response of intestinal epithelial cells.35
Previous studies have found that bacterial/host cell interactions are mediated by plasma membrane-localized TLRs
and activation of various TLR signal transduction cascades,
including TLR-2, TLR-4, and TLR-5.36,37 In the following
studies, the effects of LA1 on expression of TLR-2, TLR-4, or
TLR-5 on ﬁlter-grown Caco-2 monolayers were determined.
LA1 (1  108 CFU/mL) caused an increase in TLR-2 protein
expression by day 1 (Figure 2A) but not in TLR-4 or TLR-5
protein expression (Figure 2A) in Caco-2 monolayers. LA1
also caused an early increase in TLR-2 mRNA expression in
Caco-2 monolayers by 6 hours of treatment (Figure 2B). To
determine the requirement of TLR-2 in LA1 enhancement of
Caco-2 TER, the effect of siRNA-induced knockdown of
TLR-2 was examined on LA1-induced increase in Caco-2
TER. The TLR-2 siRNA transfection caused a nearcomplete depletion of TLR-2 in ﬁlter-grown Caco-2 monolayers (Figure 2C) and inhibited the LA1-induced increase in
Caco-2 TLR-2 expression and TER (Figure 2D). The siRNAinduced knockdown of TLR-4 or TLR-5 did not inhibit the
LA1-induced increase in Caco-2 TER (Figure 2E). To further
investigate the role of TLR-2 in LA1 enhancement of Caco-2
TJ barrier, the expression of TLR-2 was examined in response
to the L. acidophilus strain (LA3) that did not affect the Caco-2
TER. In contrast to LA1 and LA2, LA3 did not cause an
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Figure 1

increase in TLR-2 expression (Figure 2F), and knocking down
TLR-3 did not have a signiﬁcant effect on Caco-2 TER after
LA3 treatment (Figure 2G). Together, these studies suggest
that the LA1-induced increase in Caco-2 TJ TER requires an
increase in TLR-2 expression.
TLR-2 is known to form a functional heterodimeric receptor complex with TLR-1 and TLR-6.38 In the following
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studies, the speciﬁc dimeric complex, TLR-2/TLR-1 or TLR2/TLR-6, responsible for the LA1 enhancement of Caco-2 TJ
barrier function was examined. LA1 treatment produced an
increase in both TLR-1 and TLR-6 protein expression, but the
effect on TLR-6 was more pronounced (Figure 3A). The
siRNA-induced knockdown of TLR-1 or TLR-6 resulted in a
similar level of inhibition of the LA1-induced increase in
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Caco-2 TER (Figure 3B). The simultaneous knockdown of
both TLR-1 and TLR-6 completely inhibited the LA1induced increase in Caco-2 TER (Figure 3B).

LA1 Attachment to the Caco-2 Apical Membrane
Surface Is Dependent on TLR2-Membrane Expression
In the following studies, the mechanistic role of TLR-2
receptor complex in LA1/enterocyte interaction was
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studied by examining the requirement of TLR-2 in LA1
attachment to the Caco-2 apical membrane surface. In
the untreated Caco-2 monolayers, TLR-2 was diffusely
distributed on the apical membrane surface as seen in the
en face and x-z plane views (Figure 3C). The LA1
addition to the ﬁlter-grown Caco-2 monolayers caused a
rapid redistribution, leading to a focal aggregation of
TLR-2 at discrete points of LA1 attachment to the apical
membrane surface. The siRNA-induced knockdown of
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TLR-2 inhibited the LA1 attachment to the Caco-2 apical membrane surface. The apical membrane localization
of TLR-2 along the apical-to-basal axis (x-z plane) is
also shown in Figure 3C. In the control Caco-2 monolayers, TLR-2 diffusely distributed at the apical membrane surface. LA1 caused an aggregation of TLR-2
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along the apical membrane surface (Figure 3C), which
was absent after TLR-2 knockdown. These immunostaining studies suggest that LA1 attaches to the Caco-2
cell surface at discrete points of TLR-2 aggregation and
that TLR-2 expression is required for the LA1 attachment to the cell surface.
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Effect of LA1 on Mouse Intestinal Permeability in Vivo

an increase in mouse small intestinal tissue electrical resistance (Figure 4B) compared with that in the control mouse
as determined by intestinal tissue mounting in a Ussing
chamber. In contrast, LA3 did not cause a decrease in mouse
small intestinal permeability (Figure 4C). The regulatory
involvement of TLR-2 on LA1 in decreasing mouse intestinal permeability was also determined. LA1 (1  109 CFU/
mL) administration caused an increase in mouse small intestinal tissue TLR-2 expression by day 1 (Figure 4D). The
LA1-induced decrease in small intestinal permeability was
prevented in the TLR-2edeﬁcient (TLR-2/) mice
(Figure 4E), suggesting that the increase in TLR-2 expression was necessary for the LA1 enhancement in mouse
small intestinal barrier function.
Next, the therapeutic efﬁcacy of LA1 on DSS-induced
increase in colonic permeability and colitis was determined.
Oral administration of 3% DSS for 7 days caused a timedependent increase in colonic permeability, starting from
day 1 (Figure 5A). Administration of 3% DSS caused a mild

To assess the in vivo relevance of the effect of L. acidophilus on the intestinal epithelial TJ barrier, the effects of
LA1 on mouse intestinal epithelial barrier function in vivo
were examined. The effects of LA1 administration via oralgastric gavage on mouse intestinal permeability were
determined in vivo by recycling perfusion of small intestine
in live mice.27,39,40 The time-course effect of LA1 (1  109
CFU/mL) administered daily via oral-gastric gavage on
mouse small intestinal permeability was determined during
the 5-day experimental period by measuring intestinal absorption of paracellular marker (dextran, 10 kDa) from the
perfusate solution. LA1 caused a rapid decrease in mouse
small intestinal permeability by day 1 of LA1 administration. LA1 decrease in intestinal permeability continued for
the entire 5-day treatment period (Figure 4A). Of note, LA1
decrease in intestinal permeability persisted up to 6 weeks of
administration (data not shown). LA1 treatment also caused
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colitis by day 3 to 4 and more severe colitis by day 5 to 7.
The increase in colonic permeability precedes the initial
development of colitis.41 Similar to the small intestine, LA1
oral-gastric gavage, but not LA3, caused a rapid decrease in
colonic permeability (Figure 5B). The daily LA1 (1  109
CFU/mL) treatment starting 2 days before DSS
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administration and continuing throughout the 7 days of DSS
ingestion inhibited the DSS-induced increase in colonic
permeability (Figure 5C) and the development of colitis
(Figure 5, D and E). DSS-induced weight loss was also
signiﬁcantly inhibited in the LA1-treated mice (Figure 5F).
In contrast, LA3 did not cause a decrease in colonic
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permeability (Figure 5B) and did not inhibit the DSSinduced increase in mouse colonic permeability
(Figure 5C), colitis (Figure 5, D and E), or weight loss
(Figure 5F). Next, the involvement of TLR-2 in LA1
protection against DSS-induced increase in colonic
permeability and colitis was determined. The LA1 protection of intestinal TJ barrier and colonic inﬂammation in
DSS-treated mice was abolished in TLR-2 knockout
(TLR-2/) mice (Figure 5, C and D), conﬁrming the
requirement of TLR-2 in LA1 enhancement and protection
of mouse colonic barrier. Lastly, short-term therapeutic effects of LA1 on DSS-induced colitis were examined. LA1
treatment was started on day 4 of DSS administration, after
the initial onset of colonic inﬂammation. In these studies,
mice were administered DSS for an additional 5 days for a
total of 9 days. LA1 treatment was started on day 4 and
continued daily to day 9 of DSS administration. LA1
treatment after the initial onset of DSS-induced increase in
colonic permeability and colitis resulted in a decrease in
colonic permeability or a retightening of the colonic barrier
(Figure 5G) and healing of the DSS-induced colitis (reduced
inﬂammatory changes, preservation of colonic crypts, and
regeneration of surface epithelium) (Figure 5H).

Discussion
A defective intestinal TJ barrier is an important pathogenic
factor that contributes to the development of gut inﬂammation.42,43 Bacterial dysbiosis is also an important factor
that contributes to the development of gut inﬂammation.9,10
The major aim of the present study was to identify probiotic
bacteria able to produce a rapid and marked enhancement of
intestinal TJ barrier function that can treat intestinal
inﬂammation by targeting the TJ barrier. Although a wide
variability exists among individuals, the intestinal microﬂora of full-term, healthy, breastfed infants consists predominantly of Lactobacillus species.44 The presence of
Lactobacillus species is associated with healthy gut, and
they have been widely used as probiotic agents to improve
gut health.45 Many of the beneﬁcial effects of probiotic
bacteria in ameliorating gut inﬂammation have been attributed to their effects on preserving the intestinal barrier
function.15,46e48 High-throughput screening of probiotic
bacteria indicated that L. acidophilus produced a rapid and
marked enhancement in intestinal epithelial TJ barrier
function. In prior publications, L. acidophilus was reported
to have a minimal or modest effect on intestinal epithelial
monolayer TER. Lepine et al19 reported that L. acidophilus
caused a 15% increase in Caco-2 TER, whereas Guo et al17
found L. acidophilus to cause a 25% increase in Caco-2
TER. VSL#3, which contains nine probiotic bacterial species, including L. acidophilus, produced an approximately
20% increase in TER in T84 colonic monolayers.49,50 In the
studies described herein, L. acidophilus (LA1) produced an
approximately 80% to 100% increase in Caco-2 TER, which
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is by far the highest reported increase in TER by L. acidophilus. The L. acidophilus effect on intestinal epithelial
TJ barrier was strain speciﬁc, with LA3 having no effect and
LA2 having an intermediate effect.
Most lactobacilli possess acid and bile salt tolerance,
allowing them to survive the hostile environment of the
acidic gastric content and bile acideﬁlled proximal small
intestine.51,52 Several cell surface components of
commensal bacteria are recognized by the intestinal and
immune cells via pattern recognition receptors, which are
key regulators of innate epithelial cell response to microbeassociated molecular patterns.53 In this regard, TLRs present
on the enterocyte plasma membrane surface, including
TLR-1, TLR-2, TLR-4, TLR-5, and TLR-6, are an important class of pattern recognition receptors that mediate host
response to microbe-associated molecular patterns.54e58
Data from the current study indicate that TLR-2 is present
on the apical membrane surface of the enterocytes and LA1
colonization causes a rapid increase in apical membrane
expression of TLR-2 in Caco-2 cells; moreover, LA1
enhancement in Caco-2 TJ barrier function was dependent
on the presence of the TLR-2 receptor complex and the
activation of the TLR-2 signal transduction pathway. In
support of the TJ barrier-protective role of TLR-2, previous
studies have found that TLR-2 pathway activation by synthetic lipopeptide Pam3Cys-SK4 causes an enhancement of
Caco-2 TJ barrier and protects against stress-induced damage of Caco-2 TJ barrier via the downstream activation of
phosphatidylinositol 3-kinaseeAkt.59
TLR-2 forms a functional heterodimeric complex with
TLR-1 or TLR-6 on enterocyte and immune cell membrane
surface,60 and TLR-1 and TLR-6 subunits play a critical role
in the recognition of microbe-associated molecular patterns.
The bacterial cell wall components, including triacyl and
diacyl lipopeptides, are typically recognized by TLR-2/
TLR-1 and TLR-2/TLR-6 heterodimers, respectively.61,62
Diacyl lipopeptides are typically associated with grampositive bacteria and are recognized by TLR-2/TLR-6 heterodimers,63 whereas triacyl lipopeptides are typically
associated with gram-negative bacteria but may also be
present in gram-positive bacteria, and are recognized by
TLR-2/TLR-1 complex.61 Current studies suggest that both
TLR-2/TLR6 and TLR-2/TLR-1 heterodimers are involved
in the LA1-induced up-regulation of the Caco-2 TJ barrier.
As would be expected, LA1 caused a disproportionally
greater increase in expression of TLR-6. Interestingly, targeted knockdown of TLR-1 or TLR-6 caused a partial but
signiﬁcant inhibition of LA1 enhancement of the TJ barrier.
The combined knockdown of TLR-1 and TLR-6 inhibited
the LA1 effect, suggesting that the LA1 up-regulation of the
Caco-2 TJ barrier was entirely regulated through TLR-2/
TLR-6 and TLR-2/TLR-1 receptors.
The studies described herein provide insight into the role
of TLR-2 in LA1 and intestinal epithelial cell interaction.
Previous studies with L. acidophilus suggested that bacterial
supernatant or bacterial secreted product from L.
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acidophilus was sufﬁcient to produce an enhancement in
intestinal epithelial TJ barrier function.19,20,64 In the current
studies, LA1 enhancement of the Caco-2 TJ barrier function
required live bacterial-intestinal epithelial cell interaction,
and heat-killed bacteria or bacterial supernatant had no effect on the Caco-2 TJ barrier, suggesting a direct cell-to-cell
interaction. The LA1 Caco-2 epithelial cell attachment
studies found that the LA1 attachment to the Caco-2 apical
membrane surface caused a rapid redistribution and aggregation of TLR-2 at the focal points of LA1 contact, and LA1
only attached to the membrane surface at the points of TLR2 aggregation. Moreover, this LA1 attachment was inhibited
in Caco-2 cells that lacked the TLR-2, demonstrating the
central role of TLR-2 in LA1 attachment. The LA3 strain
was not able to attach to the apical membrane surface and
did not cause an enhancement in Caco-2 TJ barrier function.
Together, the bacterial attachment and TJ barrier function
studies, suggest that the TLR-2 receptor complexes play a
crucial role in LA1 up-regulation of the TJ barrier, in part,
by facilitating LA1 attachment to the intestinal epithelial
apical membrane surface and activation of the TLR-2 signal
transduction pathway.
in vivo proof-of-concept studies were performed in live
mice to investigate the effects of LA1 and LA3 in the
enhancement of mouse intestinal barrier and the therapeutic
efﬁcacy of LA1 in maintaining intestinal barrier and protecting against the DSS-induced colitis. The DSS-induced
colitis is the most commonly used murine inﬂammation
model to study the linkage between defective intestinal TJ
barrier and the development of intestinal inﬂammation.65,66
The live mouse intestinal perfusion studies found that LA1,
but not LA3, caused a rapid and marked enhancement of
small intestine and colonic epithelial barrier in mice. The
oral administration of 3% DSS causes an early increase in
intestinal permeability (by day 1), which precedes the
development of mild histologic inﬂammation by day 4, and
progressively more severe colitis by day 7. In the present
studies, LA1 administration, but not LA3, prevented the
DSS-induced increase in intestinal permeability and the
development of DSS-induced development of colitis, suggesting that LA1 enhancement of intestinal barrier was
required for its colitis-protective effect. Treatment studies
after the onset of colitis also found that LA1 was effective in
the healing of intestinal barrier and DSS-induced colitis.
Thus, our data indicate that LA1, the bacterial strain that
targets the intestinal TJ barrier, but not LA3, is able to
prevent colonic inﬂammation formation and promote colitis
healing in a TLR-2 receptor complexedependent manner.
To examine the possibility that LA1-induced enhancement
of TJ barrier function might be related to an alteration in TJ
protein expression, LA1 effect on TJ proteins, including
occludin, claudin-1, claudin-2, claudin-3, ZO-1, and
MLCK, was determined. In these preliminary studies, LA1
did not affect the protein expression of claudin-1, caludin-2,
claudin-3, ZO-1, or MLCK, but caused an increase in
occludin expression (data not shown), suggesting that the
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increase in occludin protein expression may be a contributing factor to the LA1-induced enhancement of TJ barrier
function. Interestingly, LA1 also appeared to prevent DSSinduced down-regulation of occludin in mouse intestinal
tissue, suggesting a possible role in intestinal barrier preservation. More detailed studies are being planned to fully
elucidate the role of occludin expression in LA1 enhancement and preservation of intestinal TJ barrier.
In conclusion, our studies indicate that LA1 causes a
strain-speciﬁc, rapid enhancement of intestinal epithelial TJ
barrier function. The LA1 enhancement of intestinal TJ
barrier was mediated by the TLR-2 heterodimeric complexes TLR-2/TLR-1 and TLR-2/TLR-6. The TLR-2 receptor complexes play a key mechanistic role in LA1
attachment to the intestinal epithelial cells and in the upregulation of intestinal epithelial TJ barrier. The LA1
enhancement and maintenance of the intestinal epithelial
barrier were required for the prevention of DSS-induced
colitis and for accelerated healing of the colitis. These
studies identify a speciﬁc strain of L. acidophilus that is
uniquely capable of producing a rapid and marked
enhancement of intestinal TJ barrier and protect against
DSS-induced colitis by targeting the TJ barrier.

Acknowledgment
We thank the Core Imaging Resources, Pennsylvania State
University College of Medicine, for technical support.

Author Contributions
R.A.-S. and T.Y.M. conceived and designed experiements
and wrote the manuscript; P.N, M.N., M.H. and M.R. performed experiments; R.A.-S., P.N. analyzed the data; R.A.S. and T.Y.M. interpreted results of experiments; R.A.-S.
and P.N. prepared ﬁgures; R.A.-S. wrote the manuscript;
T.Y.M. edited and revised the manuscript; and T.Y.M.
approved ﬁnal version of manuscript.

References
1. Ma TY, Nighot P, Al-Sadi R: Tight junctions and the intestinal
barrier. Edited by Physiology of the Gastrointestinal Tract. ed 6.
Burlington, MA: Elsevier Academic Press, 2018
2. Hollander D, Vadheim CM, Brettholz E, Petersen GM, Delahunty TJ,
Rotter J: Increased intestinal permeability in patients with Crohn’s
disease and their relatives. A possible etiologic factor. Ann Intern
Med 1986, 105:883e885
3. Turner JR: Molecular basis of epithelial barrier regulation: from basic
mechanisms to clinical application. Am J Pathol 2006, 169:
1901e1909
4. Arnott ID, Kingstone K, Ghosh S: Abnormal intestinal permeability
predicts relapse in inactive Crohn disease. Scand J Gastroenterol
2000, 35:1163e1169
5. Irvine EJ, Marshall JK: Increased intestinal permeability precedes the
onset of Crohn’s disease in a subject with familial risk. Gastroenterology 2000, 119:1740e1744

ajp.amjpathol.org

-

The American Journal of Pathology

LA1 Enhancement of Intestinal Barrier
6. Iwata M, Nakano H, Matsuura Y, Nagasaka M, Misawa M, Mizuta S,
Ito I, Saito T, Ito T, Hokama M, Kamiya M, Hobara R, Watanabe M,
Takahama K: [Intestinal permeability in Crohn’s disease and effects
of elemental dietary therapy]. Nihon Shokakibyo Gakkai Zasshi
2001, 98:636e643
7. Seksik P, Sokol H, Lepage P, Vasquez N, Manichanh C, Mangin I,
Pochart P, Dore J, Marteau P: Review article: the role of bacteria in
onset and perpetuation of inﬂammatory bowel disease. Aliment
Pharmacol Ther 2006, 24(Suppl):11e18
8. Ostergaard MV, Cilieborg MS, Skovgaard K, Schmidt M,
Sangild PT, Bering SB: Preterm birth reduces nutrient absorption
with limited effect on immune gene expression and gut colonization
in pigs. J Pediatr Gastroenterol Nutr 2015, 61:481e490
9. Yu LC: Microbiota dysbiosis and barrier dysfunction in inﬂammatory
bowel disease and colorectal cancers: exploring a common ground
hypothesis. J Biomed Sci 2018, 25:79
10. Hold GL, Smith M, Grange C, Watt ER, El-Omar EM,
Mukhopadhya I: Role of the gut microbiota in inﬂammatory bowel
disease pathogenesis: what have we learnt in the past 10 years? World
J Gastroenterol 2014, 20:1192e1210
11. Lan N, Ashburn J, Shen B: Fecal microbiota transplantation for
Clostridium difﬁcile infection in patients with ileal pouches. Gastroenterol Rep (Oxf) 2017, 5:200e207
12. Lopez J, Grinspan A: Fecal microbiota transplantation for inﬂammatory
bowel disease. Gastroenterol Hepatol (N Y) 2016, 12:374e379
13. Kulecka M, Paziewska A, Zeber-Lubecka N, Ambrozkiewicz F,
Kopczynski M, Kuklinska U, Pysniak K, Gajewska M, Mikula M,
Ostrowski J: Prolonged transfer of feces from the lean mice modulates gut microbiota in obese mice. Nutr Metab (Lond) 2016, 13:57
14. Grover S, Rashmi HM, Srivastava AK, Batish VK: Probiotics for
human health -new innovations and emerging trends. Gut Pathog
2012, 4:15
15. Blackwood BP, Yuan CY, Wood DR, Nicolas JD, Grothaus JS,
Hunter CJ: Probiotic Lactobacillus species strengthen intestinal barrier function and tight junction integrity in experimental necrotizing
enterocolitis. J Probiotics Health 2017, 5:159
16. Eun CS, Kim YS, Han DS, Choi JH, Lee AR, Park YK: Lactobacillus
casei prevents impaired barrier function in intestinal epithelial cells.
APMIS 2011, 119:49e56
17. Guo S, Gillingham T, Guo Y, Meng D, Zhu W, Walker WA,
Ganguli K: Secretions of Biﬁdobacterium infantis and Lactobacillus
acidophilus protect intestinal epithelial barrier function. J Pediatr
Gastroenterol Nutr 2017, 64:404e412
18. Hummel S, Veltman K, Cichon C, Sonnenborn U, Schmidt MA:
Differential targeting of the E-cadherin/beta-catenin complex by
gram-positive probiotic lactobacilli improves epithelial barrier function. Appl Environ Microbiol 2012, 78:1140e1147
19. Lepine AFP, de Wit N, Oosterink E, Wichers H, Mes J, de Vos P:
Lactobacillus acidophilus attenuates Salmonella-induced stress of
epithelial cells by modulating tight-junction genes and cytokine responses. Front Microbiol 2018, 9:1439
20. Montalto M, Maggiano N, Ricci R, Curigliano V, Santoro L, Di
Nicuolo F, Vecchio FM, Gasbarrini A, Gasbarrini G: Lactobacillus
acidophilus protects tight junctions from aspirin damage in HT-29
cells. Digestion 2004, 69:225e228
21. Mujagic Z, de Vos P, Boekschoten MV, Govers C, Pieters HH, de
Wit NJ, Bron PA, Masclee AA, Troost FJ: The effects of Lactobacillus plantarum on small intestinal barrier function and mucosal gene
transcription; a randomized double-blind placebo controlled trial. Sci
Rep 2017, 7:40128
22. Parassol N, Freitas M, Thoreux K, Dalmasso G, Bourdet-Sicard R,
Rampal P: Lactobacillus casei DN-114 001 inhibits the increase in
paracellular permeability of enteropathogenic Escherichia coliinfected T84 cells. Res Microbiol 2005, 156:256e262
23. Resta-Lenert S, Barrett KE: Live probiotics protect intestinal
epithelial cells from the effects of infection with enteroinvasive
Escherichia coli (EIEC). Gut 2003, 52:988e997

The American Journal of Pathology

-

ajp.amjpathol.org

24. Wang H, Zhang Q, Niu Y, Zhang X, Lu R: Surface-layer protein from
Lactobacillus acidophilus NCFM attenuates tumor necrosis factoralpha-induced intestinal barrier dysfunction and inﬂammation. Int J
Biol Macromol 2019, 136:27e34
25. Zakostelska Z, Kverka M, Klimesova K, Rossmann P, Mrazek J,
Kopecny J, Hornova M, Srutkova D, Hudcovic T, Ridl J, Tlaskalova-Hogenova H: Lysate of probiotic Lactobacillus casei DN-114
001 ameliorates colitis by strengthening the gut barrier function
and changing the gut microenvironment. PLoS One 2011, 6:
e27961
26. Al-Sadi R, Ye D, Dokladny K, Ma TY: Mechanism of IL-1betainduced increase in intestinal epithelial tight junction permeability.
J Immunol 2008, 180:5653e5661
27. Al-Sadi R, Khatib K, Guo S, Ye D, Youssef M, Ma T: Occludin
regulates macromolecule ﬂux across the intestinal epithelial tight
junction barrier. Am J Physiol Gastrointest Liver Physiol 2011, 300:
G1054eG1064
28. Ye D, Guo S, Al-Sadi R, Ma TY: MicroRNA regulation of intestinal
epithelial tight junction permeability. Gastroenterology 2011, 141:
1323e1333
29. Nighot P, Al-Sadi R, Rawat M, Guo S, Watterson DM, Ma T: Matrix
metalloproteinase 9-induced increase in intestinal epithelial tight
junction permeability contributes to the severity of experimental DSS
colitis. Am J Physiol Gastrointest Liver Physiol 2015, 309:
G988eG997
30. Wirtz S, Neufert C, Weigmann B, Neurath MF: Chemically induced
mouse models of intestinal inﬂammation. Nat Protoc 2007, 2:
541e546
31. Johnson-Henry KC, Donato KA, Shen-Tu G, Gordanpour M,
Sherman PM: Lactobacillus rhamnosus strain GG prevents enterohemorrhagic Escherichia coli O157:H7-induced changes in epithelial barrier function. Infect Immun 2008, 76:1340e1348
32. Cenci G, Rossi J, Trotta F, Caldini G: Lactic acid bacteria isolated from dairy products inhibit genotoxic effect of 4nitroquinoline-1-oxide in SOS-chromotest. Syst Appl Microbiol
2002, 25:483e490
33. Laparra JM, Glahn RP, Miller DD: Assessing potential effects of
inulin and probiotic bacteria on Fe availability from common beans
(Phaseolus vulgaris L.) to Caco-2 cells. J Food Sci 2009, 74:
H40eH46
34. Makras L, Triantafyllou V, Fayol-Messaoudi D, Adriany T,
Zoumpopoulou G, Tsakalidou E, Servin A, De Vuyst L: Kinetic
analysis of the antibacterial activity of probiotic lactobacilli towards
Salmonella enterica serovar Typhimurium reveals a role for lactic
acid and other inhibitory compounds. Res Microbiol 2006, 157:
241e247
35. Lundin A, Bok CM, Aronsson L, Bjorkholm B, Gustafsson JA,
Pott S, Arulampalam V, Hibberd M, Rafter J, Pettersson S: Gut ﬂora,
Toll-like receptors and nuclear receptors: a tripartite communication
that tunes innate immunity in large intestine. Cell Microbiol 2008, 10:
1093e1103
36. Nandakumar NS, Pugazhendhi S, Ramakrishna BS: Effects of
enteropathogenic bacteria & lactobacilli on chemokine secretion &
Toll like receptor gene expression in two human colonic epithelial
cell lines. Indian J Med Res 2009, 130:170e178
37. Paolillo R, Romano Carratelli C, Sorrentino S, Mazzola N, Rizzo A:
Immunomodulatory effects of Lactobacillus plantarum on human
colon cancer cells. Int Immunopharmacol 2009, 9:1265e1271
38. Seya T, Funami K, Taniguchi M, Matsumoto M: Antibodies against
human Toll-like receptors (TLRs): TLR distribution and localization
in human dendritic cells. J Endotoxin Res 2005, 11:369e374
39. Al-Sadi R, Guo S, Ye D, Dokladny K, Alhmoud T, Ereifej L,
Said HM, Ma TY: Mechanism of IL-1beta modulation of intestinal
epithelial barrier involves p38 kinase and activating transcription
factor-2 activation. J Immunol 2013, 190:6596e6606
40. Al-Sadi R, Guo S, Dokladny K, Smith MA, Ye D, Kaza A,
Watterson DM, Ma TY: Mechanism of interleukin-1beta induced-

883

Al-Sadi et al

41.

42.
43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

884

increase in mouse intestinal permeability in vivo. J Interferon Cytokine Res 2012, 32:474e484
Iwaya H, Maeta K, Hara H, Ishizuka S: Mucosal permeability is an
intrinsic factor in susceptibility to dextran sulfate sodium-induced
colitis in rats. Exp Biol Med (Maywood) 2012, 237:451e460
Madsen KL: Inﬂammatory bowel disease: lessons from the IL-10
gene-deﬁcient mouse. Clin Invest Med 2001, 24:250e257
Mankertz J, Schulzke JD: Altered permeability in inﬂammatory
bowel disease: pathophysiology and clinical implications. Curr Opin
Gastroenterol 2007, 23:379e383
Jost T, Lacroix C, Braegger C, Chassard C: Impact of human milk
bacteria and oligosaccharides on neonatal gut microbiota establishment and gut health. Nutr Rev 2015, 73:426e437
Bengmark S: Colonic food: pre- and probiotics. Am J Gastroenterol
2000, 95:S5eS7
Barbara G, Zecchi L, Barbaro R, Cremon C, Bellacosa L,
Marcellini M, De Giorgio R, Corinaldesi R, Stanghellini V: Mucosal
permeability and immune activation as potential therapeutic targets of
probiotics in irritable bowel syndrome. J Clin Gastroenterol 2012,
46(Suppl):S52eS55
Cucchiara S, Falconieri P, Di Nardo G, Parcelii MA, Dito L,
Grandinetti A: New therapeutic approach in the management of intestinal disease: probiotics in intestinal disease in paediatric age. Dig
Liver Dis 2002, 34(Suppl):S44eS47
Dai C, Zhao DH, Jiang M: VSL#3 probiotics regulate the intestinal
epithelial barrier in vivo and in vitro via the p38 and ERK signaling
pathways. Int J Mol Med 2012, 29:202e208
Madsen K, Cornish A, Soper P, McKaigney C, Jijon H, Yachimec C,
Doyle J, Jewell L, De Simone C: Probiotic bacteria enhance murine
and human intestinal epithelial barrier function. Gastroenterology
2001, 121:580e591
Mennigen R, Nolte K, Rijcken E, Utech M, Loefﬂer B, Senninger N,
Bruewer M: Probiotic mixture VSL#3 protects the epithelial barrier
by maintaining tight junction protein expression and preventing
apoptosis in a murine model of colitis. Am J Physiol Gastrointest
Liver Physiol 2009, 296:G1140eG1149
Albertini B, Vitali B, Passerini N, Cruciani F, Di Sabatino M,
Rodriguez L, Brigidi P: Development of microparticulate systems for
intestinal delivery of Lactobacillus acidophilus and Biﬁdobacterium
lactis. Eur J Pharm Sci 2010, 40:359e366
Martin FP, Sprenger N, Montoliu I, Rezzi S, Kochhar S,
Nicholson JK: Dietary modulation of gut functional ecology studied
by fecal metabonomics. J Proteome Res 2010, 9:5284e5295
Swerdlow MP, Kennedy DR, Kennedy JS, Washabau RJ,
Henthorn PS, Moore PF, Carding SR, Felsburg PJ: Expression and

54.

55.
56.

57.

58.

59.
60.
61.
62.

63.

64.

65.

66.

function of TLR2, TLR4, and Nod2 in primary canine colonic
epithelial cells. Vet Immunol Immunopathol 2006, 114:313e319
Wells JM, Rossi O, Meijerink M, van Baarlen P: Epithelial crosstalk
at the microbiota-mucosal interface. Proc Natl Acad Sci U S A 2011,
108(Suppl):4607e4614
Aoyama T, Paik YH, Seki E: Toll-like receptor signaling and liver
ﬁbrosis. Gastroenterol Res Pract 2010, 2010:192543
Carvalho FA, Aitken JD, Gewirtz AT, Vijay-Kumar M: TLR5 activation induces secretory interleukin-1 receptor antagonist (sIL-1Ra)
and reduces inﬂammasome-associated tissue damage. Mucosal
Immunol 2011, 4:102e111
Chen LW, Chang WJ, Chen PH, Liu WC, Hsu CM: TLR ligand
decreases mesenteric ischemia and reperfusion injury-induced
gut damage through TNF-alpha signaling. Shock 2008, 30:
563e570
Ferwerda G, Girardin SE, Kullberg BJ, Le Bourhis L, de Jong DJ,
Langenberg DM, van Crevel R, Adema GJ, Ottenhoff TH, Van der
Meer JW, Netea MG: NOD2 and toll-like receptors are nonredundant
recognition systems of Mycobacterium tuberculosis. PLoS Pathog
2005, 1:279e285
Cario E: Barrier-protective function of intestinal epithelial Toll-like
receptor 2. Mucosal Immunol 2008, 1(Suppl):S62eS66
Schenk M, Belisle JT, Modlin RL: TLR2 looks at lipoproteins. Immunity 2009, 31:847e849
Kang JY, Lee JO: Structural biology of the Toll-like receptor family.
Annu Rev Biochem 2011, 80:917e941
Motoi Y, Shibata T, Takahashi K, Kanno A, Murakami Y, Li X,
Kasahara T, Miyake K: Lipopeptides are signaled by Toll-like
receptor 1, 2 and 6 in endolysosomes. Int Immunol 2014, 26:
563e573
Matsumoto C, Oda T, Yokoyama S, Tominari T, Hirata M,
Miyaura C, Inada M: Toll-like receptor 2 heterodimers, TLR2/6 and
TLR2/1 induce prostaglandin E production by osteoblasts, osteoclast
formation and inﬂammatory periodontitis. Biochem Biophys Res
Commun 2012, 428:110e115
Chang JH, Shim YY, Cha SK, Chee KM: Probiotic characteristics of
lactic acid bacteria isolated from kimchi. J Appl Microbiol 2010, 109:
220e230
Rao YX, Chen J, Chen LL, Gu WZ, Shu XL: [Changes in tight
junction protein expression and permeability of colon mucosa in rats
with dextran sulfate sodium-induced inﬂammatory bowel disease].
Zhongguo Dang Dai Er Ke Za Zhi 2012, 14:976e981
Poritz LS, Garver KI, Green C, Fitzpatrick L, Ruggiero F,
Koltun WA: Loss of the tight junction protein ZO-1 in dextran sulfate
sodium induced colitis. J Surg Res 2007, 140:12e19

ajp.amjpathol.org

-

The American Journal of Pathology

