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Abstract

Maintaining a healthy intestinal barrier, the primary physical barrier between intestinal microbiota
and the underlying lamina propria, is critical for optimal health. Epithelial integrity is essential for
prevention of the entrance of luminal contents, such as bacteria and their products, through the
large intestinal barrier. In this study, we investigated the protective functions of biosynthetic,
specific sized, hyaluronan around 35 kDa (HA35) on intestinal epithelium in healthy mice, as well
as mice infected Citrobacter rodentium, an established model that mimics infection with a serious
human pathogen, enteropathogenic £. coli (EPEC). Our results reveal that treatment with HA35
protects mice from Citrobacter infection and enhances the epithelial barrier function. In particular,
we have found that HA35 induces the expression of tight junction protein zonula occludens
(ZO)-1 in both healthy and Citrobacterinfected mice, as demonstrated by immunoflurorescence
and Western blot analyses. Furthermore, we determined that HA35 treatment enhances ZO-1
expression and reduces intestinal permeability at the early stages of dextran sulfate sodium (DSS)-
induced colitis in mice. Together, our data demonstrate that the expression and functionality of
tight junctions, is increased by HA35 treatment, suggesting a novel mechanism for the protection
from Citrobacter infection.
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1. Introduction

The gastrointestinal tract is a major interface between the contaminated external
environment and a sterile body, and functions in the digestion of food, the absorption of
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water and nutrients, and the maintenance of an enormous population of largely beneficial
bacteria, known as the microbiota. A healthy gastrointestinal tract is maintained by multiple
host defense mechanisms that exist to protect the gut from constant microbial challenges.
Dysregulation of the intestinal epithelial barrier leads to inflammatory diseases, which
include inflammatory bowel disease (IBD) and necrotizing enterocolitis (NEC) [1,2].
Intestinal host defense mechanisms are subdivided into extracellular (mucus) and cellular
(mucosa) components [3]. Inside the gut lumen, the mucus layer that covers the epithelium
is mainly composed of mucins, a family of heavily glycosylated proteins. In the colon and
the stomach, the mucus is comprised of two layers, inner and outer, as opposed to a single-
layer in the small intestine [4]. In the colon, the inner mucus layer is dense, attached to the
epithelium, and contains secretory immunoglobulin A and antimicrobial proteins that
prevent the invasion of bacteria [5]. The outer mucus layer is loose, non-attached and is the
habitat for microbiota [4]. The cellular intestinal barrier is composed of a monolayer of
epithelial cells lining the gastrointestinal tract and is the primary physical barrier between
microbiota and the underlying lamina propria [6]. Gut permeability is crucial for nutrient
and water absorption in the intestine but epithelial integrity is essential for prevention of the
entrance of luminal contents such as bacteria and their products through the large intestine.
The apical junctional complex (AJC) regulates the intestinal permeability and is comprised
of both tight junctions and adherens junctions which form the AJC [3].

The tight junction is the most apical junctional complex of the intestinal epithelium barrier
and plays a critical role in the regulation of permeability and prevention of pathogen
invasion. Transmembrane proteins, claudins, occludin, and junctional adhesion molecule
(JAM) as well as the cytoplasmic scaffolding proteins zonular occludens (ZO-1, Z0O-2, and
Z0-3) form the tight junction complex [7]. In fact, it has been reported that tight junction
proteins are dysregulated in diseases such as IBD and celiac disease, which are commonly
associated with a leaky gut [1]. Specifically, decreased levels of ZO-1 were observed in the
luminal surface epithelium of colons from IBD patients as compared to non-IBD controls
[8,9].

Control of permeability of the epithelial barrier by functional tight junction complexes is
especially critical to inhibit or prevent infection by specific bacterial strains. For example,
Citrobacter rodentium is an attaching and effacing bacterial pathogen in mice that resembles
human enteropathogenic £.coli (EPEC). EPEC is known to cross the epithelium through the
epithelial tight junctions [10]. Therefore, the tight junction complex plays a critical role in
preventing EPEC infection in humans and Citrobacter infection in mice. In fact, many
bacteria, including EPEC, Sal/monella, and Helicobacter pylori are known to have virulent
mechanisms that alter tight junctions of host epithelium by decreasing or dissociating ZO-1
proteins [11].

ZO proteins are plaque proteins, which act as adaptors that connect transmembrane tight
junction proteins to the actin cytoskeleton. ZO-1 plays a central role in clustering and
stabilizing the tight junction complex by binding to claudins and occludin, as well as by
forming dimers with other ZO proteins [12,13]. Studies have shown that decreased levels of
Z0-1 correlate with increased permeability /n vitro [14,15]. Furthermore, it has been found
that the changes in phosphorylation of ZO-1 modify the assembly of complexes, resulting in
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alterations in the permeability of cell monolayers. [16-19]. However, the reported levels of
Z0-1 phosphorylation and tight junction complex association are not always consistent. This
suggests that both cell type as well as the level of phosphorylation due to multiple
phosphorylation sites within the ZO-1 protein are important [19]. In epithelial cells, ZO-1
phosphoryaltion mediates the dissociation of ZO-1 from the occludin complex, resulting in
an increased permeability [18,20].

Hyaluronan (HA) is a glycosaminoglycan polymer, which consists of repeating
disaccharides of B-glucuronic acid and N-acetylglucosamine. HA of varying sizes is
synthesized by HA synthases (HAS1,2 and 3) and is commonly present as a high molecular
weight polymer of up to 10,000 kDa in the extracellular matrix of most tissues [21-23].
During inflammation, large sized HA polymers are degraded into small fragments by
specific enzymes, as well as through non-specific pathways, including reactive oxygen
species (ROS)-mediated mechanisms [24,25]. The function of HA is known to be size-
specific, and in general, small fragments of HA are pro-inflammatory, pro-angiogenic, and
induce cell proliferation, while large polymers of HA have the opposite effects and promote
homeostasis [21].

In addition to the extracellular matrix, HA fragments (<500 kDa) are also present in human
milk [26,27], which indicates that the developing human intestine is meant to be exposed to
naturally occurring HA. This suggests that HA may be beneficial for newborns, similar to
other human milk oligosaccharides that are known to protect infants from infections [28]. A
focus of our research is to investigate the mechanisms through which HA, both milk-derived
and pure biosynthetic, mediate gut protection.

In agreement with the concept of HA mediated gut protection, Reich et al. have shown that
intermediate molecular weight HA (750 kDa), when delivered via intraperitoneal injection,
promotes colonic epithelium growth and protection from colitis in mice [29,30]. We have
previously reported that hyaluronan purified from human milk (milk HA) enhances innate
intestinal epithelial antimicrobial defense /n vitro and in vivo and inhibits Salmonella
infection /n vitro [26]. In addition, we have established that a specific sized commercially
available highly purified biosynthetic HA (HA 35 kDa) can mimic the protective effects of
HA from human milk /n vitroand in vivo. Both the biosynthetic HA 35 kDa (HA35) as well
as natural milk HA promote the expression of an innate antimicrobial peptide human -
defensin 2 (hBD-2) in intestinal epithelial cells (HT29) in a time- and dose-dependent
manner [26,31]. Furthermore, oral administration of HA35, as well as milk HA, promotes
the expression of an hBD-2 ortholog in the colonic epithelium of wild-type mice [26,31].

We now hypothesize that, in addition to the induction of hBD-2, HA35 treatment leads to
upregulation of additional defense mechanisms. In this study, we demonstrate that
administration of HA35 in mice induces the expression of ZO-1 in a size specific manner
within the colonic epithelium. This ZO-1 inducing effect of HA35 may be a novel
mechanism through which how HA35 treatment protects mice from Citrobacter rodentium
infection. Importantly, HA35-mediated ZO-1 induction occurs /n vivo even during the
challenge of Citrobacterinfection and DSS-induced colitis. Moreover, increased intestinal
permeability following DSS treatment is significantly abrogated in HA35-treated mice
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compared to water fed controls, giving further evidence for functional effects of HA35
dietary supplementation on enhancing intestinal epithelial barrier integrity.

2. Results

2.1. HA35 treatment protects mice from Citrobacter rodentium infection

Our group previously showed that HA treatment enhanced antibacterial activity in gut
epithelial cells. We have found that HA35 treatment increases hBD-2 expression in human
colonic epithelial cells and mBD-3 /7 vivo [31]. Furthermore, milk HA treatment inhibits
Salmonella infection /n vitro in a colonic epithelial cell line [26]. Therefore we wanted to
determine whether HA35 treatment affects intestinal bacterial infection /n vivo, and
therefore used the Citrobacter rodentium infection model established by the Vallance group
[32]. We measured loss of body weight (%) as an indicator of the severity of infection and
also measured recoverable Citrobacterin stool. Mice were gavaged with water or HA35
once daily, for 5 days pre-infection and during the post-infection period. Animal weights
were recorded daily post-infection. The results show that the water-treated control mice lost
weight immediately post-infection (Fig. 1A). However, HA35-treated mice lost significantly
less weight compared to water-treated mice (Fig. 1A). Additionally, comparison of colonies
grown from feces collected from the infected mice shows that the HA35-treated group had a
~50% decrease in live Citrobacterat days 4 and 6 post infection (Fig. 1B). Furthermore, we
asked whether the levels of Citrobacter present in the colon changed with HA35 treatment
and whether they correlated with bacterial analysis of stool samples. We identified
Citrobacterin colon sections by immunostaining with anti- Citrobacter antiserum, an
antibody that recognizes 0152 antigen on Citrobacter. Non-infected mouse colon was used
as a non-specific staining control. The immunodetection results show that the water-treated
control mice have overall higher number Citrobacter residing on the surface epithelium
compared to HA35-treated mice (Fig. 1C). Importantly the staining in water-treated mice
seemed to be located further into the crypts implying greater bacterial invasion. When
sections were viewed under higher magnification, Citrobacterwas observed in the
subepithelial area in colons of mice treated with water whereas Citrobacter was mostly
restricted to the surface epithelium of colons of HA35-treated mice (Fig. 1C). These results
show that HA35 treatment reduces Citrobacter rodentium infection in mice and suggest that
it prevents Citrobacter from invading into crypts and subepithelial regions.

2.2. Hyaluronan (HA) induces ZO-1 expression in mouse intestinal epithelium of distal
colon in vivo in a size dependent manner

Attaching/effacing (AE) bacteria, such as Citrobacter rodentium, are non-cell invading
bacteria that alter the permeability of intestinal epithelium and evidence suggests that AE
bacteria can cross through colonic epithelial junctions [10]. Our data indicate that HA35
treatment prevents Citrobacter from being able to invade into the subepithelial area (Fig.
1C), suggesting that HA treatment modulates the tightness of epithelial barrier. To determine
whether HA treatment affects the levels of tight junction proteins in colonic epithelium, we
used both fluorescence histochemistry and immunoblot analysis. The expression levels of
tight junction proteins in proximal, transverse, and distal colons of healthy C57/BI6 mice
gavaged with 300ug of various sizes of HA (4.7, 16, 35, 74, and 2000 kDa) once daily for 3

Matrix Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 5

days were examined. By performing immunofluorescent staining for the tight junction
proteins, claudins 1, 2, and 3, occludin and ZO-1 in colon sections, we found no change in
protein expression or cell location of claudins 1, 2, and 3 or occludin (data not shown).
However, HA35 significantly and specifically induced ZO-1 expression, in the distal colon
(Fig. 2A and 2B); increased ZO-1 was not observed in proximal or transverse colons (data
not shown). Strikingly, treatment with large size HA, that is HA2000, did not affect ZO-1
expression in colonic epithelium (Fig. 2A and 2B). Quantification of immunofluorescent
staining revealed that the treatment of mice with several small sizes of HA (4.7, 16, 35, 74
kDa) increased ZO-1 expression in the distal colon in some of the treated animals, but HA35
treatment showed the most consistently potent induction of ZO-1, and reached statistically
significant levels (Fig. 2B). To further confirm the histological findings, we performed
Western blot analysis for ZO-1 in lysates of distal colon tissue from mice treated with water
or HA35 for five consecutive days (300ug/day). Villin-1, which is an epithelial cell marker,
was used to normalize ZO-1 expression levels to colonic epithelial cells from whole colon
lysates. The epithelial expression of ZO-1 protein was significantly increased in HA35-
treated mice as compared to control animals treated with water (Fig. 2C). Together, these
data indicate that HA35 treatment increases ZO-1 expression levels in colonic epithelium of
the distal colon in healthy mice.

2.3. HA35 treatment enhances ZO-1 expression in disease models of mice

Next, since HA35 treatment protected mice from Citrobacter infection (Fig.1), we tested
whether ZO-1 expression is increased /in vivo in Citrobacterinfected mice treated with
HA35. We found that there was a pronounced increase in expression levels of ZO-1 protein
in distal colon of Citrobacterinfected mice (Fig. 3).

Additionally, we wanted to test whether HA35 also promotes ZO-1 expression in an
additional inflammation model, the DSS-induced colitis model. DSS is a chemical agent that
damages epithelium and facilitates bacterial activation of intestinal inflammation. We orally
administrated mice with water or HA35 (300uug/mouse) once per day for 5 days and then
administrated 2.5% DSS in the drinking water for 3 days while gavaging water or HA35
once daily during DSS administration [33]. We collected proximal, transverse, and distal
colons from mice and immunostained for ZO-1. Analysis of ZO-1 expression levels revealed
that HA35 treatment significantly increases ZO-1 expression in mice at the early stage of
DSS-induced colitis when the colonic epithelium is not yet destroyed (Fig. 4). Strikingly,
HAZ35 treatment promoted the expression of ZO-1 not only in the distal colon but also in the
transverse colon of the DSS-induced mice (Fig. 4). As noted in figure 2, we did not observe
HA-mediated induction of ZO-1 in the transverse colon of healthy mice and only the distal
colon showed protein induction with HA treatment. This might be due to a higher
constitutive expression of ZO-1 in the transverse colon than in the distal colon of healthy
mice that made detection of differences harder to measure. A previous report demonstrated
that 3% DSS treatment reduces ZO-1 expression in mouse colons starting on day 1 and
results in total absence on day 7 [34]. We also observed decreased ZO-1 expression in
transverse colon with the DSS treatment and therefore we were able to detect ZO-1
induction with HA35 treatment. Collectively, our data (Fig. 3 and 4) indicate that treatment
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with HA35 promotes significant increases in ZO-1 expression in colonic epithelium of mice
challenged with Citrobacter and with DSS, in addition to unchallenged healthy mice.

2.4. HA35 treatment does not change the intestinal permeability in healthy mice but
reduces it in DSS-treated mice

Studies have shown that disrupted or decreased expression of ZO-1 resulted in increased
paracellular permeability /n vitro[12,35]. Furthermore, a report demonstrated that an
increase in ZO-1 protein expression in colonic epithelium was sufficient to inhibit intestinal
permeability /n vivo [34]. Since we established that HA35 treatment enhances ZO-1 protein
expression (Fig. 2), we next wanted to investigate the effect of HA35 treatment on intestinal
barrier function by measuring leakiness. We employed the standard FITC-dextran gut
permeability assay [32] that assesses translocation of 4 kDa FITC-dextran from the Gl tract
to serum during a 4 h window. We measured the concentration of FITC-dextran in the serum
of healthy mice that had been treated with 300pug of HA35 or water once daily for 5 days.
We found that FITC-dextran concentrations in serum did not significantly differ between
water and HA35-treated healthy mice (Fig. 5A), suggesting that HA35 treatment does not
alter the intestinal permeability of healthy mice with an already intact barrier.

To determine whether HA35 can protect under conditions known to disrupt barrier function,
we again employed the DSS treatment model. Mice were gavaged with HA35 (300ug, once
daily) or water for 5 days before initiation and during the 3 days of 2.5% DSS drinking
water treatment. Again, FITC-dextran was administered 4 h before the end of the experiment
and serum levels determined. As seen in Fig. 5B, in water-treated mice there was an overall
statistically significant increase in serum FITC-dextran levels in serum with DSS treatment,
although there was obvious variability among the mice. However the HA35-treated group
had some of the lowest serum FITC-dextran levels and displayed much less variability.
These results suggest that HA35 may promote barrier function under damaging conditions,
consistent with the role of ZO-1.

3. Discussion

Our previous studies have demonstrated that HA treatment enhances protection of colonic
epithelium, in part via promoting expression of the antimicrobial peptide human beta
defensin-2 (hBD-2) and inhibiting Sa/monella enterica intracellular infection [26,31]. In the
present study, we investigated whether HA treatment has additional protective effects that
involve modulation of barrier function by intestinal epithelium. In this report, we show that
HAZ35 treatment protects mice from Citrobacter rodentium, an organism that infects
paracellularly across the epithelium barrier. We also found that HA35 treatment specifically
and significantly increases the expression of ZO-1, a regulator of tight junctions /in vivo: 1)
in healthy murine colonic epithelium; 2) during early stages of Citrobacter infection; and 3)
during DSS-induced colitis. Additionally, our data revealed that HA35 treatment may reduce
the DSS-induced increase in colonic permeability.

The specific effect of intermediate-sized HA (35 kDa) on ZO-1 induction observed /n vivo
confirms results from an in vitro study by Zahm et al. [36]. In their report the authors
showed that treatment of cultured human lung epithelial cells with HA 40 kDa increases
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expression of ZO-1. Importantly, and similar to our findings, the authors showed that
another large form, HA1000 kDa, did not enhance the expression of ZO-1 [36].
Additionally, Ghazi et al. [37] also reported that medium molecular weight HA (100~200
kDa) treatment increases ZO-1 expression in cultured human skin keratinocytes, although
that study did not include the ~35 kDa HA. To our knowledge, our report is the first to
demonstrate that HA treatment mediates enhanced ZO-1 expression in colonic epithelium,
and that HA35 functions /n vivo.

An as yet unanswered question is why the induction of ZO-1, or for that matter of human p-
defensin-2, by HA is so size specific. HA is linear polymer of unmodified repeating
disaccharides of N-acetyl glucosamine and glucuronic acid. HA35 contains ~175
monosaccharides, whereas HA2000 contains ~10,000. Theoretically each HA receptor
recognizes a 6-10 sugar span of the polymer, no matter the length. One possible explanation
in our /n vivo system is that large HA cannot penetrate through the mucus layer of the
intestinal epithelium, and therefore would be excluded from contacting receptors on
epithelial cells. Conceivably, HA of smaller sizes is much more likely to traverse the charged
glycan-rich surface layer, but only HA of the intermediate size would efficiently engage, or
multimerize receptors to transmit appropriate signals for ZO1 upregulation. In the cell
culture models previously reported, the cell glycocalyx may act as the barrier to the large
molecular weight anionic HA polymer [38].

Citrobacteris a genus of attaching and effacing (A/E) bacteria that is known to cross the
epithelial barrier viathe paracellular route [10]. Therefore tightening of the epithelial barrier
is likely to play an important role in preventing Citrobactertranslocation. The epithelial
barrier is regulated by apical junctional complexes, and among these the tight junction
complex is the most apically located. The importance of ZO-1 and tight junctions for
mucosal integrity is supported by a study that demonstrated that probiotic Escherichia coli
Nissle 1917 (EcN) could upregulate ZO-1 and also protect mice from DSS-colitis, including
the associated increase in gut permeability [39]. Interestingly, ECN 1917 produces heparosan
which has the identical monosaccharides as HA but different glycosidic linkages [40,41].
Oral administration of heparosan has been shown to improve the gut health, which raises the
question of whether heparosan may also affect ZO-1 expression in the intestinal epithelium
similar to HA35 [42,43]. Our data demonstrate that oral HA35 treatment delivered once per
day can protect mice from Citrobacter rodentium infection. In exploring the role of HA35 in
modulation of tight junctions, we found specific increases in ZO-1 protein localized to the
distal colon of healthy mice. Interestingly, Guttman et al. [44] showed that Citrobacter
rodentium infection causes dissociation of ZO-1 from tight junction complexes and
disruption of barrier function /n vivo. Importantly, we found that water-treated mice had a
higher incidence of crypt and subepithelium invasion of Citrobacter, compared to HA35-
treated animals. Our report suggests that HA35 treatment may help with epithelial barrier
tightening, and supports the possibility that HA35 treatment protects mice from Citrobacter
infection by modulating tight junctions. Likely, HA35 treatment protects mice from bacterial
infection using multiple mechanisms including induction of beta defensins [31], and
epithelial junction modulation, and even perhaps in additional unexplored ways, for example
by inducing mucin secretion.
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Balanced intestinal permeability is critical for maintaining healthy barrier function.
Increased colonic permeability augments the chance of bacterial invasion yet decreased
permeability can impair normal absorption of water or nutrients [3]. Here, we examined the
effect of HA35 treatment on colonic permeability /n vivo because tight junctions are known
to regulate the paracellular permeability. Importantly, HA35 treatment did not alter the
overall intestinal permeability in healthy mice, suggesting that the induction of ZO-1 in the
distal colon post HA35 treatment would not result in significant decrease in gut
permeability. In our study, we used the FITC-dextran permeability assay, which is well
established for measurement of intestinal permeability. When we examined the sections of
colons from FITC-dextran injected mice, most of the absorbed FITC-dextran was detected in
proximal or transverse colon rather than distal colon (data not shown). Therefore, we think
that one possible reason why HA35 treatment did not significantly reduce FITC-dextran
levels in the serum of healthy mice is because ZO-1 induction only occurs in distal colon.
However, during DSS treatment where transverse and distal colon ZO-1 is reduced, HA35
has the opportunity to restore or maintain the levels of this apical junction protein.

Taken together, our study demonstrates a novel innate host defense mechanism induced by a
highly purified HA35. Our data show that HA35 treatment enhances intestinal health by
modulating the epithelial barrier integrity. The effect of HA35 is analogous to the effects of
the probiotic £.coliNissle, previously demonstrated to be able to enhance the intestinal
barrier function including v/a the induction of ZO-1 and hBD-2 [39,45]. Our data supports
the concept that HA35 may be useful as a dietary supplement for promoting intestinal health
for individuals at high risk for infections due to dysregulated colonic permeability.
Specifically, for IBD patients or babies with NEC where decreased ZO-1 levels are thought
to contribute to the high incidence of bacterial infections, HA35 may be a generally safe
prophylactic strategy to increase host defense [8,46,47].

4. Methods

4.1. Animals

All experiments were conducted according to protocols approved by Lerner Research
Institute’s Institutional Animal Care and Use Committee (IACUC). Wild type C57/BI6 male
mice (6 to 8 weeks old) were used in the experiments and all were purchased from Jackson
Laboratory (Bar Harbor, ME).

4.2. HA preparation

Commercially available highly purified HA fragments (Lifecore Biomedical, LLC) were
dissolved at 1.2mg/ml in the drinking water provided in our animal housing facility and kept
on a shaker at 4°C overnight before being aliquoted and frozen in —80°C until use.

4.3. Citrobacter rodentium infection

The kanamycin (Km)-resistant Citrobacter rodentium strain DBS100 strain CR:lux was a
kind gift of Dr. Bruce A. Vallance (University of British Colombia) [48]. Two days before
the infection, bacteria were streaked out on Luria-Bertani (LB) plates and the next day, a
single colony was grown overnight in LB broth containing 50ug/ml of Km at 37°C on a
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shaker. On the day of infection, 3x108 Citrobacter (150pl) per mouse was delivered by
gavage. The CFU was confirmed by plating serial dilutions of the gavage stock on Km
containing McConkey agar plates. Bacteria were grown overnight at 37°C and counted on
the following day.

To determine the number of viable bacteria in the feces, fecal pellets were collected,
weighed and homogenized in 500pl of PBS. Serially diluted (1:10~1:107°) samples were
plated on Km containing McConkey agar plates. The number of colony forming units (CFU)
was counted after overnight incubation at 37°C, and normalized to fecal weight.

4.4. DSS-induced epithelial damage

The dextran sulfate sodium (DSS) treatment was performed as previously described[33].
Briefly, mice received in-house water ad libitum in water bottles without or with 2.5%
dextran sodium sulfate (#160110, MP Biomedicals, Solon, OH). Mice were weighed and
monitored daily for signs of colitis. Mice were sacrificed according to IACUC approved
methods on days 0 and 3. Colons were removed then fixed in ten times the tissue volume of
molecular biology grade Histochoice (AMRESCO, Solon, OH) for overnight prior to
paraffin embedding and tissue sectioning.

4.5. Immunofluorescence staining

Cut tissue sections (5u) were deparaffinized by repeated dipping in the following solutions:
Clear-Rite 3 (2 x 3mins), Flex 100 (2mins, 1min), Flex 95 (2mins, 1min) (Richard
Allanermo Scientic, Kalamazoo, MI), and tap water. Sections were incubated in blocking
solution of Hank’s buffered saline solution containing 2% Fetal Bovine Serum (HBSS+ 2%
FBS) for 30 minutes at room temperature. Primary antibodies were diluted in HBSS+ 2%
FBS, applied to the sections and incubated at 4°C for overnight in a humidified chamber. For
Citrobacter detection, rabbit anti- Citrobacter antiserum (Statens Serum Institute,
Copenhagen, Denmark), that recognizes O-antigen (0152) expressed on Citrobacter, was
used at a 1:200 dilution [49,50]. For ZO-1 detection, affinity purified rabbit polyclonal
antibody against ZO-1 (ThermoFisher Scientific, Waltham, MA) was used at a 1:50 dilution.
After primary antibody exposure, sections were washed with HBSS three times for 5
minutes each and then incubated with secondary antibody, goat anti-rabbit Alexa 568
(ThermoFisher Scientific, Waltham, MA) (1:1000 dilution in HBSS+ 2% FBS), for 1hr at
room temperature. Slides were again washed in HBSS three times for 5 mins each. After
washing, nucleus staining and mounting were done using Vectashield with DAPI (Vector
laboratories, Burlingame, CA). Images of ZO-1 stained sections were obtained using a Leica
DM5500B upright microscope equipped with a Leica DFC425C camera and LAS software
(Leica Microsystems, GmbH, Wetzlar, Germany) and a Retiga SRV Cooled CCD camera
and QCapture Plus software (QImaging, Surrey, BC Canada). Images of Citrobacter (low
magnification) were acquired using a Leica TCS-SP8-AOBS inverted confocal microscope
(Leica Microsystems, GmbH, Wetzlar, Germany). Images of Citrobacter (high
magnification) were obtained using a Leica TCS-SP5I1 upright confocal/multiphoton
microscope (Leica Microsystems, GmbH, Wetzlar, Germany). The quantification of image
fluorescence was conducted using Image-Pro Plus computer software (Media Cybernetics,
Rockville, MD).
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4.6. Immunoblotting detection of ZO-1

Mouse colon lysates were made from 1cm-length of mouse distal colons that were
homogenized in 2x RIPA buffer (Cell Signaling Technology, Danvers, MA) containing 1x
Halt Phosphatase inhibitor cocktail (ThermoFisher Scientific, Waltham, MA) and 1x
Protease inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, MO). A Pellet Pestle cordless
motor (Fisherbrand, Pittsburgh, PA) was used to homogenize the tissue on ice and the
remaining undissolved tissue was removed with forceps. Samples were centrifuged for 10
mins at 14000 rpm and then the supernatants were collected. 13l of each sample was mixed
with 5pl of lithium dodecyl sulfate (LDS) sample buffer (4x) (ThermoFisher Scientific) and
2yl of Sample reducing agent (10x) (ThermoFisher Scientific). Mixed samples were boiled
at 95°C for 10 mins. Proteins were separated on SDS-PAGE using 4~15% Mini-
PROTEAN® TGX™ Precast Gels (Biorad, Hercules, CA) run at a constant voltage of 100 V
for 90 mins. Separated proteins were transferred at 4°C to 0.45mm PVDF membrane
(Millipore, Billerica, MA) using the Trans-blot Turbo system (Biorad, Hercules, CA) using
the preprogrammed protocol for high molecular weight proteins. PVDF membranes were
blocked in PBST (PBS with containing 0.1% tween) containing 5% milk for one hour and
then incubated with a rabbit polyclonal antibody against ZO-1 (Thermo Fisher Scientific,
Waltham, MA) at 1:1000 or rabbit polyclonal antibody against Villin-1 (Cell signaling,
Danvers, MA) at 4°C overnight on a shaker. Afterwards, membranes were washed with
PBST 3 times, for 10 mins each, and then incubated with HRP-conjugated donkey
polyclonal anti-rabbit 1gG (GE Healthcare, Little Chalfont, UK) at 1:20,000 dilution in
PBST containing 5% milk for 1hr at room temperature. Membranes were then washed with
PBST 3 times for 10 mins each, and protein bands were visualized using Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare, Little Chalfont, UK).

4.7. FITC-dextran permeability assay

4 kDa FITC-dextran (Sigma-Aldrich, St. Louis, MO) was prepared by dissolving in sterile
PBS at a concentration of 80 mg/ml. Mice were gavaged with 150ul 4 hrs prior to sacrificing
and food was removed after gavage. Mice were then euthanized and blood was collected via
aortic clip (thoracic cavity). BD Microtainer serum separators were used to collect serum.
Collection tubes were spun down at room temp for 10 mins at 4100 rpm and serum from the
top layer was collected and transferred into sterile tubes. The FITC-dextran standard curve
was prepared by diluting the 80mg/ml stock gavage solution to the following concentrations
in PBS: 800, 400, 200, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78 and Oug/ml. Standards and
samples were loaded into Black 96well Micro Assay plate (Greiner Bio-one, Kremsmiinster,
Austria) and the florescence was quantified using FlexStation 3 (Molecular Devices,
Sunnyvale, CA) fluorometer using excitation wavelength of 485nm and emission
wavelength of 535nm.

4.8. Statistical Analysis

The statistical difference between groups was evaluated where appropriate by the unpaired
one-tailed Student’s ftest or Mann-Whitney test to compare two groups and ANOVA for
more than two groups as indicated. All error bars drawn indicate the standard error of mean
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(SEM). All graphs and statistical analysis were done using GraphPad Prism version 5.0a
(GraphPad Software, Inc, La Jolla, CA).
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1. Oral administration of Hyaluronan 35 kDa (HA35) inhibits murine

2. Biosynthetic HA fragments induce ZO-1 expression in the intestinal

3. Oral HA35 treatment enhances epithelial ZO-1 expression in murine infection

4, Treatment with HA35 reduces the intestinal permeability in mouse intestine

5. Treatment with HA35 promotes intestinal barrier function /in vivo.

Highlights

Citrobacter rodentium infection, a model of human enteropathogenic £. coli.

epithelium of the distal colon in healthy mice.

and colitis models.

damaged with dextran sulfate sodium (DSS).
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Figure 1. Oral administration of HA35 inhibits Citrobacter rodentium infection in adult mice
A. Mice were orally administered HA35 (300ug/mouse) or water once daily for 5 days by

gavage before the infection and post infection. After pretreatment, Citrobacter (3x108
bacteria per mouse) were delivered by gavage. Mice were weighed daily post Citrobacter
infection. Average body weight is calculated from 4 mice/group of non-infected mice and 6
mice/group of infected mice and data are combined from two independent experiments.
Statistical analysis was done using a one-tailed unpaired t-test and the significance of
differences is indicated in the figure (*, p<0.05, **, p<0.01). Error bars=S.E.M. B. The
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number of kanamycin resistant Citrobacterin the stool of infected mice (n=3 per group) was
determined by growth on kanamycin containing McConkey agar plates. Statistical analysis
was done using the one-tailed unpaired t-test and the significance of differences is indicated
in the figure (*, p<0.05). C. Colons were collected from mice treated with HA35 (300ug/
mouse) or water once per day for 5 days before the infection and 7 days post infection.
Distal colon sections from Citrobacter infected mice were immunostained for Citrobacter
(red) and nuclei were stained blue (DAPI) as described in “Methods”, and non-infected
mouse colons were used as negative bacterial staining controls. Low magnification images
were generated with tile scanning fluorescent imaging and high magnification images were
taken using confocal microscopy of a single plane.
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Figure 2. Oral delivery of low molecular weight HA to healthy mice increases ZO-1 expression in
the distal colon in a size dependent manner

A. Sections of distal colon from wild type mice gavaged once daily with water or 300pg of
multiple sizes of hyaluronan (HA) (4.7, 16, 35, 74, and 2000 kDa) for three days were
immunostained for ZO-1 (red) and nuclei were stained blue (DAPI). Representative
fluorescent micrographs show ZO-1 staining in the colonic epithelium of distal colons of
mice treated with water or with HA35 or with HA2000. Non-specific (NS) indicates the
secondary antibody staining control. B. Images were quantified using 3 stained sections per
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mouse and 3 mice per group. ZO-1 staining intensity was measured as described in
“Methods” and normalized to the number of epithelial cells by counting the number of
epithelial cell nuclei. One-way ANOVA was used to test the significance of the differences
between various sizes of HA-treated groups and water-treated group. (**, p<0.0I). C.
Western blot analysis of ZO-1 protein in distal colon tissue lysates from water- or HA35-
treated wild type mice (300pug/mouse, once daily for 5 days). The same volume of each
lysate was loaded per lane and the levels of ZO-1 were normalized to the expression levels
of villin-1 (an epithelial cell marker). The densitometric quantification of ZO-1 and villin-1
protein bands was used to calculate the relative expression level of ZO-1 in epithelium of
water and HA35-treated mice (5 mice per group). The one-tailed Mann-Whitney test was
used to test the significance of difference between groups, and a significant difference is
indicated in the figure (*, p<0.05). Error bars=S.E.M.
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Figure 3. HA35 treatment increases ZO-1 expression in Citrobacter rodentium infected mice
A. Distal colon sections from Citrobacter-infected mice were immunostained for ZO-1(red)

and nuclei were stained with DAPI (blue). Colons were collected from mice treated with
HA35 (300ug/day) or water for 5 days before the infection and 4 days post infection. B. The
quantification of ZO-1 intensity was performed on 2 stained sections per mouse, 6 mice per
group and normalized to the number of epithelial cells. The statistical analysis was done
using the one-tailed unpaired t-test. (*, p<0.05).
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Figure 4. HA35 treatment increases ZO-1 expression in both the distal and transverse colon of
DSS-treated mice

A.. Groups of mice orally treated with HA35, HA2000 (300ug/mouse) or water once per day
for 5 days before, as well as 3 days during 2.5% DSS administration were euthanized and
their colons collected for histology. Transverse and distal colon sections were
immunostained for ZO-1 (red) and nuclei were stained with DAPI (blue). B. The intensity of
Z0-1 staining was quantified using 2 stained sections per mouse, 5 mice per group and
normalized to the number of epithelial cells. One-way ANOVA was used to test the
statistical significance of differences between HA-treated groups and the water-treated
group. (*, p<0.05, **, p<0.01). N.S.=not significant. Error bars=S.E.M.
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Figure 5. HA35 treatment prevents increased gut permeability during DSS exposure
A. Groups of mice (5 mice per group) were orally treated with HA35 (300ug/mouse) or

water once per day for 5 days. On the day of euthanasia, mice were gavaged with FITC
labeled-4kDa dextran 4 hours before serum collection. FITCdextran in serum was measured
by spectroflurorometer. The serum of mice not given FITC-dextran (n=2) was used as the
negative control, and the O.D. value was subtracted from all samples. Each dot represents an
individual mouse in the graph. B. Groups of mice (5 mice per group) were orally treated
with HA35 (300pg/mouse) or water once daily for 5 days before as well as 3 days during
2.5% DSS administration. On the day of euthanasia, mice were gavaged with FITC
labeled-4 kDa dextran 4 hours before serum collection. The one-tailed Mann-Whitney test
was used to test the significance of difference between groups, and a significant difference is
indicated in the figure (*, p<0.05). N.S.=not significant. Error bars=S.E.M.
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