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Hyaluronan is an abundant extracellular matrix component prevalent in the vertebrate intestinal tract. Here we discuss what is
known about hyaluronan distribution during homeostasis and inflammatory diseases of the gut and discuss ways in which this
glycosaminoglycan can participate in regulating innate host defense mechanisms. These natural responses include mechanisms
promoting rapid leukocyte recruitment after bacterial challenge/colon tissue damage as well as promoting epithelial defense

mechanisms in the intestine.

1. Introduction

Hyaluronan is an abundant extracellular matrix component
prevalent in the vertebrate intestinal tract [I, 2], as it is
in most organs in the body. HA consists exclusively of
repeating disaccharides of N-acetyl glucosamine and glu-
curonic acid in a nonbranched, linear structure. Uniquely,
this glycosaminoglycan does not have a protein core and
does not naturally carry additional chemical modifications
[3], such as sulfate or nitrate groups. In normal tissue, HA
is present as large size polymers (typical range between 10°
and 107 Da or from 2500 to 25000 disaccharide units) where
it plays a role in tissue hydration, structure maintenance,
and elasticity. HA interaction with water is critical for the
polymer’s biophysical properties, as was appreciated many
years ago and reviewed by Comper and Laurent in 1978 [4]. A
recent estimate suggests that 15 water molecules can associate
with each HA disaccharide of a polymer in a hydration
layer [5]. Additionally, due to the fact that HA is mostly
present as uniquely large size polymers in the extracellular
matrix of healthy tissue, the flexible HA macromolecules
form hydrodynamic domains that occupy large water vol-
umes, which inhibit penetration of protein molecules while
allowing free diffusion of small molecules [4]. Intrachain
covalent bonds between the sugars somewhat restrict HA
polymer flexibility, which promotes the formation of larger

hydrodynamic domains than a random coil structure would
occupy. This HA domain structure directly contributes to the
stiffness and flexibility of tissues [4].

2. Discussion

2.1. The Role of HA in Normal Intestinal Physiology. The intes-
tine plays numerous specialized roles in the body, the best
known of which are those of water and nutrient absorption
and HA likely facilitates these functions through interactions
with water. Of the average 9 L of fluid presented to the human
intestine daily, 80% is absorbed by the small intestine, 18%
is absorbed by the colon, and only 2% is not absorbed [6]
(Granger). The lymphatic and blood microvessels control
water and solute transport, through continuous interaction
with glycosaminoglycan-collagen rich ECM of the inter-
stitium. The dynamic matrix, specifically the hyaluronan
component, ensnares water and regulates fluid exchange to
and from the blood [6]. GoOransson et al. demonstrated
in rodent models that HA content in the colon, is up to
four times higher than in small intestine [7]. However, HA
levels do not change in the colon with water loading, unlike
kidney levels of HA, which are loading dependent. Indeed,
HA is prominently located immediately beneath the barrier
epithelium of the gut (Figure 1) in both healthy humans [8]
and mice [9]. Interestingly, during pathologic conditions,


http://dx.doi.org/10.1155/2015/481301

FIGURE 1: Hyaluronan is a normal component of the large intestine.
Cross-section of the distal colon from a healthy mouse, fixed and
stained for HA [8] (using biotinylated HA binding protein and
a fluorescent detection reagent, green), shows normal deposition
around the epithelial-lined crypts. Muscle cells are stained red and
cell nuclei are stained blue.

such as colitis, the distribution of HA is severely altered [8, 9]
at the same time in which water and nutrient uptake are
impaired, suggesting a causal connection, although concrete
data are scarce.

An additional function of the intestine, one frequently
overlooked, is that of playing host to the majority of
the microbiome or the collection of beneficial, symbiotic
microorganisms that live at especially high concentrations in
the large intestine (colon). An estimated 2.5 kg of bacteria
make up the microbiome in an adult human [10], and it is the
intestine’s responsibility to foster the bulk of this beneficial
microorganism population while still excluding them from
the sterile space within the body. As all body surfaces in
contact with the nonsterile environment, the epithelium
accomplishes this function. When the intestinal barrier is
attacked by invading pathogens (viruses and bacteria) or
when colonizing microorganisms cross the epithelial border
as a consequence of intestinal damage or disease, rapid
innate responses by epithelium and the immune system are
critical for defense. HA is now recognized to have important
functions in multiple innate host defense mechanisms [11-
15] (Figure 2), and dysregulation of production and/or break-
down of HA may promote intestinal disease in ways discussed
further below.

2.2. HA in Intestinal Inflammation. Far from being merely a
static structural component, HA is a dynamic substance that
can participate in innate immune responses of the intestine.
In cell culture models, it has been known for some time
that cytokine-activated leukocytes, that is, blood cells already
involved in an immune response, can bind to HA via the cell
surface receptor, CD44 [16, 17]. More than 15 years ago, direct
binding of nonactivated mononuclear leukocytes to HA
produced by virally activated intestinal mesenchymal cells
was also demonstrated [18], and this data suggested that HA
could also function in leukocyte retention and/or recruitment

International Journal of Cell Biology

Tissue homeostasis

Innate responses

Microbial defense Innate immune defenses

Dysregulated

Infection Disease Chronic inflammation

FIGURE 2: HA plays roles in normal intestinal tissue homeostasis
and functions in innate immune and antimicrobial responses.
Dysregulation of HA-mediated responses may contribute to chronic

inflammation or insufficient protection against intestinal infection.

in the intestinal extravascular space during intestinal dis-
ease/damage. Importantly, in patients with chronic intestinal
inflammation, as happens in Crohn’s disease and ulcerative
colitis (two major forms of inflammatory bowel disease), HA
accumulates in the colon in the nonvascular space and is
in intimate contact with the infiltrating leukocytes [8]. This
finding is consistent with many reports associating increased
HA deposition in other organs, such as the liver, kidney, and
lung (reviewed recently by Jiang et al. [12]) when undergoing
inflammation.

HA, as mentioned, is an abundant matrix component
within the colon and does not ordinarily promote inflam-
mation. This raises the question of what modifications need
to occur to confer leukocyte adhesive properties during
inflammation? First, large HA “cable-like” structures appear
and their formation is dependent on crosslinking of HA with
the heavy chain proteins of the serum component, inter-
alpha trypsin inhibitor (IxI) [8]. The heavy chains of I«I,
whose attachment to HA had previously been shown in a
noncell system to increase adhesiveness of HA for leukocytes
[19], were also found to be essential for leukocyte binding
ability by cells [8]. HA cable-like structures containing
heavy chains of inter-alpha trypsin inhibitor, similar to those
produced by colon cells, are now known to be produced
by cells of many other tissues, including the kidney [20],
lung [21], and vasculature [22] indicating that the process
of HA leukocyte recruitment/retention into extravascular
tissue is not intestine specific. Importantly, in colon tissue
from patients with IBD [8], as well as mice with induced
colitis [23], the HA that accumulates in the tissue specifically
during inflammation is associated with components of inter-
alpha trypsin inhibitor, presumably supplied as serum leaks
through the microvasculature during inflammation.

The presence of Ial-decorated HA during inflammation
raises the question of whether HA is the cause or the
consequence of intestinal inflammation. The answer is most
clearly demonstrated in the mouse colitis model [9] where
intestinal changes in HA deposition were followed over time
during the development of inflammation. In this model,
animals fed dextran sulfate sodium (DSS) develop breaches
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in their intestinal epithelial lining allowing intestinal bacteria
to cross into the sterile tissue and induce inflammation. Even
before the increased presence of leukocytes is observed in the
colon, evident changes occur in HA distribution and levels
of deposition. One of the earliest changes observed during
the course of inflammation in this model is HA presence
in the blood vessels of the colon, which is then followed by
increased deposition in the submucosa. In the vascular and
extravascular tissue of the colon, HA remodeling precedes the
infiltration of leukocytes consistent with a role in leukocyte
recruitment. Importantly, Kessler et al. [24], in this issue of
the journal, demonstrate using the same DSS colitis model,
in which mice that have a null deletion of one of the possible
HA synthases, HAS3 (but not HASI), have highly decreased
leukocyte infiltration into colon tissue. Whereas the wild type
mice eventually show major tissue architecture breakdown,
the HAS3 null mice have strikingly less inflammation and less
tissue disruption. These results are particularly interesting
because HAS3 is regulated by inflammatory cytokines in
human endothelial cells derived from the intestinal microvas-
culature, and the data suggest that microvascular HA may
contribute to leukocyte recruitment during colitis.

Several recent studies have also addressed how HA may
also be used therapeutically to down regulate inflammation in
intestinal disease settings. Work by Zheng and colleagues [25]
has shown that intraperitoneal injection of fragmented yet
fairly large molecular weight (ave ~0.5 x 10° Da) HA protects
mice from damage during induced colitis and this was
mediated via TLR4 receptors driving COX2 production that
promotes epithelial repair. The cellular mechanism mediating
protection is similar to that Misra et al. [26] have previously
demonstrated in colonic epithelium in vitro. In addition,
Riehl and his colleagues [27] have gone on to demonstrate
that the protection afforded by intraperitoneal injection of
HA provides benefit in radiation induced damage models as
well, by sparing the intestinal mucosa. The route of delivery
in these therapeutic studies suggests that HA acts to system-
ically decrease inflammation and promote epithelial repair
in vivo.

2.3. A Role for HA in Intestinal Protection and Antibacterial
Defense. Asari et al. [28], using oral delivery of HA around
0.9 x 10°Da, also demonstrated protection of immune
compromised mice from inflammation in a TLR4 requir-
ing process. However, in dog and rat models, it has been
demonstrated that very little large molecular weight HA is
absorbed through the gastrointestinal tract [29]. Therefore,
theoretically, because the intestinal epithelium is a barrier
to large molecular weight HA, the effect reported may
better reflect protection of gut epithelium and prevention
of bacterial translocation rather than direct inhibition of
inflammatory responses.

Hill et al. [15] recently showed that HA of average
molecular weight ~35,000 Da (HA-35), but neither smaller
nor larger sized HA, increases epithelial expression of human
B-defensin 2 (HBD2) protein. This induction also relies on
TLR4 in vivo, as mice lacking the specific receptor were
not sensitive to HA-35 induction of the murine orthologue

of HBD2 [15]. HBD2 is a naturally produced antimicrobial
peptide that has broad-spectrum activity against bacteria,
fungus protozoa, and viruses [30]. HBD2 is one of the enteric
defensins which is thought to shape the intestinal microflora
composition [31], and dysregulation of HBD2 is associated
with subtypes of IBD [32]. Therefore, consumption of HA
stimulates innate epithelial responses that conceivably could
protect the intestine from pathogenic microbes or regulate
the homeostatic balance of the intestinal microflora. Low
molecular weight HA induction of TLR4-mediated HBD2
production has also been identified in skin [13] and vaginal
epithelium [14] suggesting that the HA response is a common
epithelial innate response. But, biologically, why would this
mechanism exist?

As a partial answer to HA’s intestinal role, it was recently
demonstrated that HA is a natural component of human milk
[33,34]. Our group has determined that HA is produced at the
highest concentrations during the first months after giving
birth (~500 ng/mL) and tapers to a steady level (~100 ng/mL)
throughout the first year [34]. HA in human milk, therefore,
may help protect the mostly sterile newborn gastrointestinal
tract from intestinal pathogens and foster colonization with a
beneficial microbiota over time (Figure 3). This is consistent
with the function of other milk glycans, the human milk
oligosaccharides (HMOs) that have been appreciated as
beneficial agents that promote healthy commensal bacteria
and pathogen protection within the infant gut for over sixty
years [35].

Importantly, HA purified from milk, when provided at
the physiological concentrations provided to babies, induces
increased expression of HBD2 protein by human epithelial
cell lines, as well as protection from intracellular Salmonella
typhimurium infection in vitro. Milk derived HA also induces
in vivo expression of the orthologue of HBD2 in the intestine
of mice fed the preparation once daily for three days.
However, the activity of milk HA differed from HA-35 in
two major ways; in the case of purified milk HA, both TLR4
and a second HA receptor, CD44, are required to induce the
HBD2 orthologue in vivo. Additionally, the peak effective
dose of milk HA began at ~500ng/mL, a 700-fold lower
concentration compared to that required for HA-35 peak
activity. Perhaps milk HA is more potent because it engages at
least two HA receptors [34]. Examination of molecular mass
indicates that less than 5% of milk HA is in the range of HA-
35, and 95% is much closer to the effective size [36] described
by Asari et al. [28] for intestinal protection.

3. Conclusion

The intestine relies on HA not only for homeostatic functions
but also in innate responses. Although there are many aspects
still to be explored, the best understood responses are in the
innate immune context, where HA promotes rapid leukocyte
recruitment upon colon tissue damage or bacterial chal-
lenge, and fragmented HA stimulates inflammatory cytokine
production by mononuclear leukocytes. This role of HA
during inflammation, with slightly differing permutations, is
common to many other organ systems such as the lung [21],
liver [37], kidney [20], and skin [38] too.



International Journal of Cell Biology

Commensal bacteria

Immediate
HA receptors: microbial

TLR4, CD44 protection
Development of
beneficial intestinal
microbiota
@ u Epithelial barrier
{ and/or
Maternal microbiota disruption
influencemilk Sustained —
health Opportunities

for HA based treatments?

FIGURE 3: HA in milk may strengthen epithelial defense in the infant gut and foster development of a beneficial microbiota as the baby
matures. Appropriate microbial colonization of the intestine is thought to contribute to sustained health into adulthood.

Recent data also highlight a less appreciated function for
HA, that of promoting epithelial defense mechanisms in the
intestine [15, 34]. In this arena, HA has the potential to be a
novel dietary supplement for formula fed infants and children
at risk for enteric bacterial infection, as well as patients who
suffer from bacterial dysbiosis, for example, individuals with
inflammatory bowel disease (IBD). Due to growing bacterial
antibiotic resistance, there is an increasing call for a larger
arsenal of nontraditional antibacterial strategies. We think
HA fits in that category and will function to heighten innate
defenses.

Conflict of Interests

The authors declare that they have no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors are supported by NIH Grants HD061918 and
HL17147 (to Carol A. de la Motte).

References

[1] B. Gerdin and R. Héllgren, “Localisation of hyaluronan in the
human intestinal wall,” Gut, vol. 32, no. 7, pp. 760-762, 1991.

[2] C. Wang, M. Tammi, H. Guo, and R. Tammi, “Hyaluronan

distribution in the normal epithelium of esophagus, stomach,

and colon and their cancers,” The American Journal of Pathology,

vol. 148, no. 6, pp. 1861-1869, 1996.

A.J. Day and J. K. Sheehan, “Hyaluronan: polysaccharide chaos

to protein organisation,” Current Opinion in Structural Biology,

vol. 11, no. 5, pp. 617-622, 2001.

[4] W. D. Comper and T. C. Laurent, “Physiological function of
connective tissue polysaccharides,” Physiological Reviews, vol.
58, no. 1, pp. 255-315, 1978.

[3

[5] J.Hunger, A. Bernecker, H. J. Bakker, M. Bonn, and R. P. Richter,
“Hydration dynamics of hyaluronan and dextran,” Biophysical
Journal, vol. 103, no. 1, pp. L10-L12, 2012.

[6] P. R. Kvietys and D. N. Granger, “Role of intestinal lymphatics
in interstitial volume regulation and transmucosal water trans-
port,” Annals of the New York Academy of Sciences, vol. 1207,
supplement 1, pp. E29-E43, 2010.

[7] V. Goransson, C. Johnsson, O. Nylander, and P. Hansell,
“Renomedullary and intestinal hyaluronan content during body
water excess: a study in rats and gerbils,” The Journal of
Physiology, vol. 542, no. 1, pp. 315-322, 2002.

[8] C. A.delaMotte, V. C. Hascall, ]. Drazba, S. K. Bandyopadhyay,

and S. A. Strong, “Mononuclear leukocytes bind to specific

hyaluronan structures on colon mucosal smooth muscle cells
treated with polyinosinic acid: Polycytidylic acid. Inter-«-
trypsin inhibitor is crucial to structure and function,” American

Journal of Pathology, vol. 163, no. 1, pp. 121-133, 2003.

S. Kessler, H. Rho, G. West, C. Fiocchi, J. Drazba, and C. de

la Motte, “Hyaluronan (HA) deposition precedes and promotes

leukocyte recruitment in intestinal inflammation,” Clinical and

Translational Science, vol. 1, no. 1, pp. 57-61, 2008.

[10] NIH Human Microbiome Project defines normal bacterial
makeup of the body, http://www.nih.gov/news/health/jun2012/
nhgri-13.htm.

[11] B. Beutler, “Neo-ligands for innate immune receptors and
the etiology of sterile inflammatory disease;” Immunological
Reviews, vol. 220, no. 1, pp- 113-128, 2007.

[12] D.Jiang, J. Liang, and P. W. Noble, “Hyaluronan as an immune
regulator in human diseases,” Physiological Reviews, vol. 91, no.
1, pp. 221-264, 2011.

[13] S. Gariboldi, M. Palazzo, L. Zanobbio et al., “Low molecular
weight hyaluronic acid increases the self-defense of skin epithe-
lium by induction of -defensin 2 via TLR2 and TLR4,” The
Journal of Immunology, vol. 181, no. 3, pp. 21032110, 2008.

[14] G. F. Dusio, D. Cardani, L. Zanobbio et al., “Stimulation of
TLRs by LMW-HA induces self-defense mechanisms in vaginal
epithelium,” Immunology & Cell Biology, vol. 89, no. 5, pp. 630-
639, 2011.

=



International Journal of Cell Biology

(15]

(16]

(17]

(20]

[21]

[22]

(25]

[26]

(27]

D. R. Hill, S. P. Kessler, H. K. Rho, M. K. Cowman, and C.
A. de la Motte, “Specific-sized hyaluronan fragments promote
expression of human beta-defensin 2 in intestinal epithelium,”
The Journal of Biological Chemistry, vol. 287, no. 36, pp. 30610—
30624, 2012.

H. C. DeGrendele, P. Estess, L. J. Picker, and M. H. Siegel-
man, “CD44 and its ligand hyaluronate mediate rolling under
physiologic flow: a novel lymphocyte-endothelial cell primary
adhesion pathway,” Journal of Experimental Medicine, vol. 183,
no. 3, pp. 1119-1130, 1996.

M. Mohamadzadeh, H. DeGrendele, H. Arizpe, P. Estess, and
M. Siegelman, “Proinflammatory stimuli regulate endothe-
lial hyaluronan expression and CD44/HA-dependent primary
adhesion,” Journal of Clinical Investigation, vol. 101, no. 1, pp. 97-
108, 1998.

C. A. de la Motte, V. C. Hascall, A. Calabro, B. Yen-Lieberman,
and S. A. Strong, “Mononuclear leukocytes preferentially bind
via CD44 to hyaluronan on human intestinal mucosal smooth
muscle cells after virus infection or treatment with poly I:C,” The
Journal of Biological Chemistry, vol. 274, pp. 30747-30755, 1999.

L. Zhuo, A. Kanamori, R. Kannagi et al., “SHAP potentiates
the CD44-mediated leukocyte adhesion to the hyaluronan
substratum,” Journal of Biological Chemistry, vol. 281, no. 29, pp.
20303-20314, 2006.

W. Selbi, C. A. de la Motte, V. Hascall, and A. Phillips,
“BMP-7 modulates hyaluronan-mediated proximal tubular cell-
monocyte interaction,” Journal of the American Society of
Nephrology, vol. 15, no. 5, pp. 1199-1211, 2004.

M. E. Lauer, D. Mukhopadhyay, C. Fulop, C. A. de la Motte, A.
K. Majors, and V. C. Hascall, “Primary murine airway smooth
muscle cells exposed to poly(I,C) or tunicamycin synthesize
a leukocyte-adhesive hyaluronan matrix;” Journal of Biological
Chemistry, vol. 284, no. 8, pp. 5299-5312, 2009.

T. S. Wilkinson, S. L. Bressler, S. P. Evanko, K. R. Braun,
and T. N. Wight, “Overexpression of hyaluronan synthases
alters vascular smooth muscle cell phenotype and promotes
monocyte adhesion,” Journal of Cellular Physiology, vol. 206, no.
2, pp. 378-385, 2006.

S. K. Bandyopadhyay, C. A. de la Motte, S. P. Kessler, V. C.
Hascall, D. R. Hill, and S. A. Strong, “Hyaluronan-mediated
leukocyte adhesion and dextran sulfate sodium-induced colitis
are attenuated in the absence of signal transducer and activator
of transcription,” The American Journal of Pathology, vol. 173,
no. 5, pp. 1361-1368, 2008.

S. P. Kessler, D. R. Obery, and C. A. de la Motte, “Hyaluronan
synthase 3 null mice exhibit decreased intestinal inflammation
and tissue damage in the DSS-induced colitis model,” Interna-
tional Journal of Cell Biology. In press.

L. Zheng, T. E. Riehl, and W. E. Stenson, “Regulation of colonic
epithelial repair in mice by Toll-like receptors and hyaluronic
acid,” Gastroenterology, vol. 137, no. 6, pp. 2041-2051, 2009.

S. Misra, L. M. Obeid, Y. A. Hannun et al., “Hyaluronan con-
stitutively regulates activation of COX-2-mediated cell survival
activity in intestinal epithelial and colon carcinoma cells,” The
Journal of Biological Chemistry, vol. 283, no. 21, pp. 14335-14344,
2008.

T. E. Riehl, L. Foster, and W. E Stenson, “Hyaluronic acid is
radioprotective in the intestine through a TLR4 and COX-2-
mediated mechanism,” American Journal of Physiology: Gas-
trointestinal and Liver Physiology, vol. 302, no. 3, pp. G309-
G316, 2012.

(28]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

A. Asari, T. Kanemitsu, and H. Kurihara, “Oral administration
of high molecular weight hyaluronan (900 kDa) controls
immune system via toll-like receptor 4 in the intestinal epithe-
lium,” Journal of Biological Chemistry, vol. 285, no. 32, pp. 24751-
24758, 2010.

L. Balogh, A. Polyak, D. Mathe et al., “Absorption, uptake and
tissue affinity of high-molecular-weight hyaluronan after oral
administration in rats and dogs,” Journal of Agricultural and
Food Chemistry, vol. 56, no. 22, pp. 10582-10593, 2008.

M. Zasloff, “Antimicrobial peptides of multicellular organisms,”
Nature, vol. 415, no. 6870, pp. 389-395, 2002.

N. H. Salzman, K. Hung, D. Haribhai et al., “Enteric defensins
are essential regulators of intestinal microbial ecology;” Nature
Immunology, vol. 11, no. 1, pp. 76-83, 2010.

J. Wehkamp, M. Koslowski, G. Wang, and E. E Stange, “Barrier
dysfunction due to distinct defensin deficiencies in small
intestinal and colonic Crohn’s disease,” Mucosal Immunology,
vol. 1, no. 1, pp. S67-574, 2008.

G. V. Coppa, O. Gabrielli, D. Buzzega et al., “Composition
and structure elucidation of human milk glycosaminoglycans,”
Glycobiology, vol. 21, no. 3, pp. 295-303, 2011.

D. R. Hill, H. K. Rho, S. P. Kessler et al., “Human milk hyaluro-
nan enhances innate defense of the intestinal epithelium,” The
Journal of Biological Chemistry, vol. 288, no. 40, pp. 29090-
29104, 2013.

L. Bode, “Human milk oligosaccharides: every baby needs a
sugar mama,” Glycobiology, vol. 22, no. 9, pp. 1147-1162, 2012.
H. Yuan, R. Amin, X. Ye, C. A. de la Motte, and M. K. Cowman,
“Determination of hyaluronan molecular mass distribution in
human breast milk;” Analytical Biochemistry, vol. 474C, pp. 78—
88, 2015.

B. McDonald, E. E McAvoy, F. Lam et al., “Interaction of CD44
and hyaluronan is the dominant mechanism for neutrophil
sequestration in inflamed liver sinusoids,” Journal of Experimen-
tal Medicine, vol. 205, no. 4, pp. 915-927, 2008.

T. A. Jokela, J. Kuokkanen, R. Kirni et al., “Mannose reduces
hyaluronan and leukocytes in wound granulation tissue and
inhibits migration and hyaluronan-dependent monocyte bind-
ing,” Wound Repair and Regeneration, vol. 21, no. 2, pp. 247-255,
2013.



