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Background: Hyaluronan fragments promote innate defense responses in a variety of cell types.
Results: 35-kDa HA fragments induce expression of �-defensin in intestinal epithelium through a TLR4-dependent
mechanism.
Conclusion: Specific-sized HA fragments induce �-defensin expression in intestinal epithelium in vitro and in vivo.
Significance: HA fragments may contribute to defense of the intestinal epithelium.

Hyaluronan (HA) is a glycosaminoglycan polymer found in
the extracellular matrix of virtually all mammalian tissues.
Recent work has suggested a role for small, fragmented HA
polymers in initiating innate defense responses in immune
cells, endothelium, and epidermis through interaction with
innate molecular pattern recognition receptors, such as
TLR4. Despite these advances, little is known regarding the
effect of fragmented HA at the intestinal epithelium, where
numerous pattern recognition receptors act as sentinels of an
innate defense response that maintains epithelial barrier
integrity in the presence of abundant and diverse microbial
challenges. Here we report that HA fragments promote
expression of the innate antimicrobial peptide human �-de-
fensin 2 (H�D2) in intestinal epithelial cells. Treatment of
HT-29 colonic epithelial cells withHA fragment preparations
resulted in time- and dose-dependent up-regulated expres-
sion of H�D2 protein in a fragment size-specific manner,
with 35-kDa HA fragment preparations emerging as the most
potent inducers of intracellular H�D2. Furthermore, oral
administration of specific-sized HA fragments promotes the
expression of an H�D2 ortholog in the colonic epithelium of
both wild-type and CD44-deficient mice but not in TLR4-
deficient mice. Together, our observations suggest that
a highly size-specific, TLR4-dependent, innate defense
response to fragmented HA contributes to intestinal epithe-
lium barrier defense through the induction of intracellular
H�D2 protein.

The mammalian gastrointestinal tract processes and
absorbs the nutrients, water, and electrolytes required to
sustain every cell of the body. In addition, the intestine has

the added challenge of 1) supporting a large and diverse ben-
eficial bacterial population, the intestinal “microbiome,”
while 2) excluding potentially harmful microbes and 3)
allowing education of the systemic immune system so that
appropriate responses to pathogenic organisms, commensal
bacteria, and dietary antigens are developed. A continuous
single-cell layer of epithelial cells serves as the interface
between host and an intestinal environment containing high
concentrations of microbes and ingested foreign substances.
Therefore, the integrity of this barrier is of paramount
importance to the continued function of the digestive and
immune systems and thus to the organism as a whole.
Numerous processes, both innate and adaptive, contribute
to the continuous maintenance and renewal of the intestinal
epithelial barrier (1). Among these, the production of small
cationic antimicrobial proteins, the defensins, has an essen-
tial role in the preservation of epithelial integrity against
persistent microbial challenges.
Hundreds of unique defensins are found throughout the

animal kingdom in species as evolutionarily distinct from
humans as the horseshoe crab (2), and at least 12 human
defensins have been characterized in detail (3). A common
characteristic of human defensins is a structure that contains
six cysteine residues that form three disulfide bonds, which
facilitate folding of the peptide chains into the �-helix or
�-sheets that define the protein as an �- or �-defensin (4).
Defensins have direct antimicrobial activity against a broad
range of human pathogens, including Gram-negative and
Gram-positive bacteria, fungi, virus, and protozoa (5), and
are expressed by gastrointestinal, urogenital, and pulmonary
mucus membranes as well as skin (6) and ocular surfaces (7).
Thus, �-defensins contribute to a potent innate defense
arsenal against potentially invasive commensal bacteria in
organs where the epithelium directly encounters the envi-
ronment, such as in the mammalian gastrointestinal tract
(8).
Whereas �-defensin 1 is constitutively expressed in intesti-

nal epithelial cells (9, 10), �-defensins 2, 3, and 4 are inducible
by bacterial stimuli (9, 11–13), cytokine signals (9, 14, 15), and
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dietary components (16–18). H�D22 has strong antimicrobial
effects against several common opportunistic pathogens,
including Escherichia coli (19, 20), Pseudomonas aeruginosa
(19, 21), and Candida albicans (21, 22). In the intestine, patho-
gen-associated molecular patterns (PAMPs) act as critical local
activators of H�D2 expression through specific interactions
with Toll-like receptors (TLRs) and other recognition mole-
cules expressed by epithelial cells (15). The consequence of the
interactions between an array of unique PAMPs expressed by a
givenmicrobe and specific cell surface receptors on epithelium
is the expression of an innate response finely tuned to a distinct
microbial challenge. Increased transcription of the gene encod-
ing theH�D2peptide,DEFB4, has been reported in some intes-
tinal epithelial cell lines following treatment with lipopolysac-
charide (LPS) derived from cell membrane of Gram-negative
bacteria and by peptidoglycan, a component of the cell wall of
Gram-positive bacteria, through TLR4- and TLR2-dependent
mechanisms, respectively (13). Salmonella enteritidis flagellin
also promotes H�D2 expression (12) via TLR5 (23). Additional
PAMPs have been shown to up-regulate H�D2 expression in
respiratory epithelial cells, including dsRNA, which binds via
TLR3 (24), and CpG (unmethylated C-G dinucleotides more
common in bacteria and viral DNA) signaling through TLR9
(25). Fragments of peptidoglycan, muramyl dipeptide, found in
the cell wall of intracellular microbes, induce NOD2-depen-
dent H�D2 up-regulation inHEK293 cells (26), enhancing host
defenses against invasive microorganisms.
Hyaluronan (HA) is a glycosaminoglycan polymer found in

the extracellular matrix of virtually all tissues of the body and is
composed of repeating disaccharides of �-glucuronic acid and
N-acetylglucosamine covalently bound end-to-end into a sim-
ple linear glycosaminoglycan. HA is most commonly found in
vivo as high molecular weight polymers (up to 107 Da), but
these large polymers can be broken down into fragments by a
number of enzymatic and non-enzymatic processes (27). A
growing body of evidence implicates HA as an “information-
rich” molecule with diverse molecular weight-dependent sig-
naling functions reported in angiogenesis, inflammation, and
tumorigenesis among other fields of research (28). Low molec-
ular weight HA is increasingly being characterized as an endog-
enous danger signal that promotes the expression of immune
mediators. Noble et al. (29) were the first to report induction of
IL-1� and TNF-� in macrophages following stimulation with
HAof indeterminatemolecular weight below 105Da. The same
group demonstrated dependence of the response upon the cell
surface HA receptor CD44 (29) and later implicated NF-�B in
the HA-mediated inflammatory response (30). Termeer et al.
(31) demonstrated that HA oligosaccharides of 1.5–2 kDa, but
notHApolymers greater than 80 kDa, promotematuration and
cytokine release in monocyte-derived dendritic cells (31) via

Toll-like receptor 4 (TLR4) (32). Similarly,HAoligosaccharides
have been shown to promote TLR4-dependent immune activa-
tion of endothelial cells, both in vitro and in vivo (33).
Fragmented HA may also have a role in epithelial defense

that is potentially independent of the proinflammatory cyto-
kine release observed in other tissues and cell types following
exposure to HA fragments. Intraperitoneal injection of a poly-
dispersed HA preparation of less than 750 kDa suppresses the
epithelium-damaging, proinflammatory effects of DSS-in-
duced murine colitis through a TLR4-dependent mechanism
(34). Additionally, intermediate molecular mass HA (�200
kDa), but not high molecular mass HA (�1,000 kDa) promotes
the expression of H�D2 peptide in human keratinocytes par-
tially through interaction with TLR4 without the accompany-
ing inflammatory cytokine response elicited by LPS (35). Thus,
endogenous HAmay act as a signal to increase innate epithelial
defense without provocation of the potentially damaging pro-
inflammatory mechanisms of immune cells.
In this study, we demonstrate highly size-specificHA-depen-

dent induction of the antimicrobial protein H�D2 in intestinal
epithelial cells grown in culture as well as in the colonicmucosa
ofHA fragment-treatedmice. Themost potentHApreparation
evaluated was 35 kDa in average molecular mass, whereas a
panel of both larger and smaller HA fragment preparations had
little apparent activity. Importantly, this process also occurred
in vivo because oral administration of HA fragments to mice
induced increased expression of the murine ortholog of H�D2
in a size-specific manner in the colonic epithelium through a
mechanism that is TLR4-dependent.

EXPERIMENTAL PROCEDURES

Cell Culture

HT29 epithelial cells, a line initially derived from a human
intestinal tumor, were cultured in RPMI medium supple-
mented with 10% fetal bovine serum (FBS) and incubated at
37 °C in a humidified environment containing 5% CO2. Stock
cultures were split at a ratio of 1:20 once per week.

Experimental Cultures

HT29 cells were released from stock cultures by dissociation
with solution containing 0.05% trypsin and 0.53 mM EDTA in
phosphate-buffered saline for 1.5 min. Collected cells were
washed and plated at a 1:15 area/area ratio in 12-well plates (BD
Biosciences) and grown until 70–80% confluent (3 days). On
the day of the experiment, growth medium was removed, and
the HT29 cells were treated with fresh RPMI containing 10%
FBS without or with specific molecular weight range HA prep-
arations at the concentrations (0–100 �M) and times (0–24 h)
specified in the figure legends. Purified, lyophilized HA was
purchased from Lifecore Biomedical, LLC (Chaska, MN). The
HA size designations were made on the basis of average molec-
ular mass: 4.7 kDa (HA-4.7), 16 kDa (HA-16), 28.6 kDa (HA-
28), 35 kDa (HA-35), 74 kDa (HA-74), and 2000 kDa (HA-2M)
(see Fig. 3F for full size spectrum) and suspended in sterile H2O
for concentrated stock solutions (10mg/ml) prior to dilution in
medium for cell treatment.

2 The abbreviations used are: H�D2, human �-defensin 2; PAMP, pathogen-
associated molecular pattern; HA, hyaluronan; TLR, Toll-like receptor;
HA-35, 35-kDa hyaluronan fragment preparation; HA-4.7, 4.7-kDa hyaluro-
nan fragment preparation; HA-16, 16-kDa hyaluronan fragment prepara-
tion; HA-74, 74-kDa hyaluronan fragment preparation; HA-2M, 2000-kDa
hyaluronan fragment preparation; HA-28, 28.6-kDa hyaluronan fragment
preparation; Mu�D3, murine �-defensin 3; Tricine, N-[2-hydroxy-1,1-
bis(hydroxymethyl)ethyl]glycine; HBSS, Hanks’ balanced salt solution.
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HA Fragment Sizing

Highly purified HA fragment preparations (Lifecore Bio-
medical, LLC) were electrophoretically separated on a 4–20%
gradient polyacrylamide gel (HA-4.7 and HA-16), 5% agarose
gel in TBE buffer (HA-35 and HA-74) or on 0.5% agarose in
TAE buffer (HA-2M) along with HA standards of known
molecular weight (Hyalose LLC, Oklahoma City, OK) to deter-
mine the size range of each preparation. Polyacrylamide or aga-
rose gelswere staineddirectlywith Stains-All (Sigma), andopti-
cal densitometry was used to quantify the polydispersion of
Lifecore HA fragments in comparison with HA polymer stan-
dards (36).

Detection of H�D2 by Immunoblot (Western) Analysis

Whole cell lysates fromHT29 cells were isolated forWestern
blotting in the following lysis buffer: 300mMNaCl, 50 mMTris,
pH 8.0, 0.5%Nonidet P-40, 1mM EDTA, 10% glycerol, protease
inhibitor for mammalian tissue P8340 (Sigma). Cell lysate pro-
teinswere separated by SDS-PAGEusing precast Tricine-based
4–20% gradient gels (Invitrogen). Separated proteins were
transferred at 4 °C to PVDF membrane with an electroblotting
apparatus (Bio-Rad) at 100V for 45min. In caseswhere analysis
of numerous replicate samples or multiple protein targets of
differing molecular weight were required, the multistripWest-
ern blotting protocol developed by Aksamitiene et al. (37) was
used to increase quantitative output and improve signal consis-
tency. PVDF membranes were air-dried at room temperature
for 60 min prior to blocking with Odyssey Blocking Buffer (LI-
CORBiosciences, Lincoln, NE) diluted to 50% concentration in
Tris-buffered saline. The membrane was incubated with rabbit
polyclonal antibody against H�D2 at 1:750 (Abcam, Cam-
bridge, MA), and the primary antibody was followed by biotin-
conjugated anti-rabbit IgG at 1:25,000 (Jackson Immuno-
Research Laboratories Inc., West Grove, PA), and finally
horseradish peroxidase (HRP)-conjugated streptavidin was
added at 1:100,000 (GE Healthcare). Membrane-bound
GAPDH protein expression was detected by incubation with
rabbit polyclonal antibody against GAPDH at 1:5,000 (Abcam,
Cambridge, MA) followed by HRP-conjugated donkey poly-
clonal anti-rabbit IgG (1:20,000, GE Healthcare). All washing
steps were conducted in Tris-buffered saline with 0.1% Tween
20. Protein bandswere visualized using ECLplus chemilumines-
cent development (GEHealthcare) anddetectionbyBioMaxXAR
scientific imaging film (Carestream Health Inc., Rochester, NY).
Differences in chemiluminescent signal intensity were quantified
using the NCBI ImageJ software package (38).

Detection of H�D2 by Fluorescence Histochemistry

Descriptions of fluorescence histochemistry and confocal
microscopy were provided previously (39). Briefly, HT-29 cells,
grown on coverslips, were treated as described in the figure
legends, fixed in �20 °C methanol for 5–10 min, and air-dried.
For staining, the dry coverslips were incubated in a blocking
solution of Hanks’ balanced salt solution (HBSS) containing 2%
FBS for �30 min. The coverslips were then transferred to a
solution containing rabbit polyclonal antibody against H�D2
(Abcam, Cambridge, MA) at 1:500 dilution in HBSS with 2%
FBS overnight at 4 °C. Coverslips were washed three times with

HBSS before incubation in a solution containing Alexa-568-
tagged goat anti-rabbit IgG (1:1,000) (Invitrogen) in HBSS with
2% FBS for 1 h at 25 °C. The coverslips were washed an addi-
tional three times inHBSS, inverted, and attached to glass slides
with Vectashieldmountingmedium (Vector Laboratories, Inc.,
Burlingame, CA) containing 4�,6-diamidino-2-phenylindole
(DAPI), which fluorescently labels DNA. For tissue section
staining, fixed, paraffin-embedded mouse colon sections were
deparaffinized and processed similarly to the cultured cells.
Sections were incubated with blocking buffer (HBSS with 2%
FBS) for 30 min followed by overnight incubation at 4 °C in a
solution of rabbit polyclonal antibody against Mu�D3 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) at 1:100 dilution in
HBSSwith 2%FBS. Slideswerewashed three times inHBSS and
incubated in a solution containing Alexa-568-tagged goat anti-
rabbit IgG (1:1,000) in HBSS with 2% FBS for 1 h at 25 °C. After
washing, Vectashield with DAPI was used to adhere coverslips
to antibody-labeled colon sections. Slideswere stored at�20 °C
until imaged. Confocal images were obtained using a Leica
TCS-SP laser-scanning confocal microscope (Leica, Heidel-
berg, Germany).

Detection of H�D2 by Enzyme-linked Immunosorbent Assay
(ELISA)

HT-29 cells were cultured as described above, and replicate
wells were treated with medium alone or medium containing
HA-35 (10 �M) for 9 h. Culture fluid was then harvested and
stored at �80 °C. To remove high molecular weight medium
components and to improve the specificity of ELISA detection
of the 7-kDa H�D2 protein, thawed medium samples were
transferred to 10-kDa cut-off Amicon Ultra-2 centrifugal filter
devices (Millipore Corp., Billerica, MA) and centrifuged in a
swinging bucket rotor at 4,000 � g for 45 m at 4 °C. H�D2
contents of filteredmedium sampleswere then quantified by an
ELISA kit according to the manufacturer’s protocol (Pepro-
Tech, Rocky Hill, NJ).

Specificity of HA-35 Induction of H�D2 in HT29 Cells

Two experimental strategies were employed to determine
whether HA was the active component of the HA-35 prepara-
tion for inducing H�D2 protein expression: 1) hyaluronidase
digestion ofHA-35 and 2) comparison ofHA-35 and endotoxin
effects on H�D2 expression.
Hylauronidase Digestion of HA-35—The HA-35 fragment

preparation was specifically degraded to disaccharides by incu-
bating 1.4 mM HA-35 fragment solution with 0.025 unit/ml
Streptococcus dysgalactiae hyaluronidase (Seikagaku Corp.) for
16 h at 37 °C in PBS and subsequently heat-inactivated prior to
use as a cell treatment.
Comparison of HA-35 and Endotoxin Effects on H�D2

Expression—To determine whether the increased production
of H�D2 by HT29 cells could be due to bacterial endotoxin
contamination, the effects of HA-35 preparation were com-
pared with high levels of LPS (1 �g/ml) (Sigma-Aldrich) treat-
ment in the in vitro assays. The LPS preparation positive con-
trol activity was determined by its ability to activate T-cells.
HT-29 cells were treated withmedium alone, medium contain-
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ingHA-35 (10�M), ormediumcontaining LPS (1�g/ml) for 9 h
and harvested and analyzed as described above.

In Vivo Induction of Murine H�D2 Ortholog by HA-35

Wild-type adult C57BL/6 mice were provided with conven-
tional drinking water (5mice), or drinking water supplemented
with HA-35 at a final concentration of 1.0 �M (5 mice). Water
bottles were changed each day, and the animals were kept on
this regimen for 7 days. Mice were sacrificed on day 7, and
0.5-cm sections of the distal colon were harvested and fixed in
Histochoice (AMRESCO, Inc., Solon, OH) and paraffin-em-
bedded. Representative cross-sections of the mouse distal
colon were deparaffinized and stained for Mu�D3, the murine
ortholog of H�D2, as described above.

Evaluation of Size-specific Induction of Murine H�D2 Ortholog
in Vivo

Male wild-type adult C57BL/6 mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and housed by conven-
tional methods. All treatments were conducted according to
Institutional Animal Care and Use Committee-approved pro-
tocols. A total of 18 mice were divided equally among six treat-
ment groups: control, HA-4.7, HA-16, HA-35, HA74, or
HA-2M. All animals were gavage-fed 0.25ml of water (control)
or 300 �g of HA of the fragment preparation corresponding to
the treatment group designation (e.g. HA-4.7 animals received
300�g of 4.7-kDaHA) suspended in 0.25ml of water once daily
for three consecutive days. Mice were sacrificed 16–18 h after
the final gavage treatment, and a 0.5-cm cross-section of the
proximal colon descending from the ileocecal junction was
excised from each mouse, fixed in Histochoice (AMRESCO,
Inc., Solon, OH), and paraffin-embedded. These cross-sections
of mouse proximal colon were deparaffinized and stained for
Mu�D3, the murine ortholog of H�D2, as described above.
Replicate staining was quantified in a blinded manner by a sci-
entific panel according to the method described below.

Detection of TLR4 by Fluorescence Histochemistry

Fixed, paraffin-embedded mouse proximal colon sections
were deparaffinized, and sectionswere incubatedwith blocking
buffer (HBSS with 2% FBS) for 30 min followed by overnight
incubation at 4 °C in a solution of rabbit polyclonal antibody
againstmurineTLR4 (Abcam,Cambridge,MA) at 1:50 dilution
in HBSS with 2% FBS. Slides were washed three times in HBSS
and incubated in a solution containing biotin-conjugated anti-
rabbit IgG suspended in HBSS with 2% FBS at 1:1,000 (Jackson
ImmunoResearchLaboratories Inc.) for 1 h at 25 °C. Slideswere
subsequently washed three times in HBSS before incubation in
a solution containing Alexa-488-tagged streptavidin (Invitro-
gen) at 1:1,000 for 1 h at 25 °C. After final washing, Vectashield
with DAPI was used to adhere coverslips to antibody-labeled
and nonspecifically stained control colon sections. Slides were
stored at �20 °C until imaged.

Evaluating the Role of TLR4 and CD44 in HA-35-induced H�D2
Expression in Vivo

Male C57/Bl6 (wild-type), B6.129(Cg)-CD44tm1Hbg/J
(CD44�/�), and B6.B10ScN-Tlr4lps-del/JthJ (TLR4�/�) mice

were purchased from Jackson Laboratory and housed by con-
ventional methods. All treatments were conducted according
to Institutional Animal Care and Use Committee-approved
protocols. Five mice of each of the three genotypes were fed
once per day with tap water alone (250 �l) or a solution con-
taining HA fragments in tap water (300 �g in 250 �l) with an
average molecular mass of 28.6 kDa (HA-28, Lifecore Biomed-
ical, LLC) or an equivalent volume of tap water alone by oral
gavage once daily for three consecutive days. HA-28 was sub-
stituted for the HA-35 used in previous studies due to its nearly
identical molecular weight distribution and its availability in
sufficient quantity for practical use in animal studies.Micewere
sacrificed 16–18 h after the final gavage treatment, and a 2-cm
section of the proximal colon descending from the ileocecal
junction was excised from each mouse, opened, pressed flat
between two layers of paper towel (40), fixed overnight in His-
tochoice (AMRESCO, Inc., Solon, OH), and paraffin-embed-
ded. Representative longitudinal sections of the mouse proxi-
mal colon were deparaffinized and stained for Mu�D3 as
described above.

Quantification of Histological Observations

Individual sections were labeled in a random fashion to
shield themicroscopists from knowledge of mouse genotype or
HA treatment status. Ideal fluorescent signal exposure times
for capturing the complete range of Mu�D3 staining intensity
were determined at the outset of the experiment by a survey of
10 random sections and were held constant for subsequent
image capture. Three Mu�D3-stained fields of colonic epithe-
lial structures aswell as one unstained control fromeach animal
were digitally captured from longitudinal sections of each of the
mouse proximal colon samples. Capture fields were selected on
the basis of epithelial tissue morphology as determined by
DAPI staining. Each of the images (three stained fields and one
unstained field from each mouse) were graded on a 0–4 scale
by a panel of four blinded researchers, with a grade of 0 indicat-
ing noMu�D3 staining and a grade of 4 corresponding to peak
Mu�D3 staining intensity (supplemental Fig. 1). The mean
scores given by the evaluating panel for each of the images were
averaged for each mouse before treatment or genotype status
were revealed according to a key.

Statistical Analysis

The statistical difference between treatment groups was
evaluated where appropriate by unpaired one-tailed Student’s t
test, and all error bars were drawn to indicate the S.E. values.
Differences were considered significant when pwas�0.05. Sta-
tistical analysis was performed using R version 2.12.1 for Mac
OS X (R Foundation for Statistical Computing; available on the
World Wide Web). Graphing was completed using R version
2.12.1 for Mac OS X or GraphPad Prism version 4.0c.

RESULTS

HA-specific Induction of H�D2 Expression in HT-29 Colonic
Epithelial Cells Occurs in a Time-dependentManner—H�D2 is
up-regulated in keratinocytes treated with a broadly polydis-
persed preparation of HA fragments less than 200 kDa in size
(35), and we hypothesized that fragmented HA would induce
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H�D2 expression in intestinal epithelium. Therefore, we first
tested the ability of fragmented HA to promote expression of
H�D2 protein in the human intestinal epithelial tumor cell line
HT-29. Cultured HT-29 cells were treated with or without a
polydispersedHA fragment preparation averaging 35 kDa (HA-
35) at a concentration of 1�M for 12 h and fluorescently stained
with a specific antibody against H�D2 and observed using con-
focal microscopy. The micrographs (Fig. 1A) reveal substan-
tially increased intracellular H�D2 staining. Strikingly, H�D2
protein staining has a granular cytoplasmic arrangement after
HA-35 treatment (inset).

Defensins, includingH�D2, have been principally character-
ized as secreted peptides produced by the epithelium, which
participate in innate extracellular host defense (5). Surprisingly,
treatment ofHT-29 cellswithHA-35 at concentrations up to 10
�M for 9 h resulted in no significant change in secreted H�D2
peptide concentration (p � 0.845 versus medium alone) com-
pared with treatment with medium alone (Fig. 1B).
Induction of intracellular H�D2 protein in HT-29 cells by

HA-35 is observed within hours of the initial treatment. Fig. 1C
demonstrates that the ratio of H�D2 protein relative to
GAPDH protein in whole cell lysates increases with HA-35
treatment, peaking 9 h after the addition of the HA-35 (p �
0.0006 versus 0-h HA-35 treatment), and returning to base-line

expression by 24 h. To test whether increases in intracellular
H�D2 protein expression were specifically induced by HA,
HT-29 cells were treated with medium alone, HA-35 (10 �M),
or HA-35 (10 �M) that was specifically degraded into disaccha-
ride components with no known activity by predigestion with
Streptococcus dysgalactiae hyaluronidase. Western blot analy-
sis (Fig. 1D) of HT-29 whole cell lysates reveals an increase in
intracellular H�D2 protein expression relative to GAPDH pro-
tein expression following treatmentwith 10�MHA-35 that was
entirely reversed by specific destruction of HA-35 with hyalu-
ronidase. Together these findings strongly suggest that frag-
mentedHApromotes expression of intracellularH�D2protein
in colonic epithelium.
Induction of H�D2 Expression in HT29 Colonic Epithelial

Cells Is Specific to HA—Bacterial lipopolysaccharide (LPS), or
endotoxin, is a component of the outer membrane of Gram-
negative bacteria that has long been understood to elicit essen-
tial innate immune responses through numerous mechanisms
(42), including promoting increased transcription of the gene
encoding the H�D2 peptide, DEFB4, in certain epithelial cell
lines (13). The potential for endotoxin contamination during
reagent preparation has long been a caveat to studies on the
immune-stimulatory properties of hyaluronan polymers (28),
and with this in mind, we compared the induction of H�D2 in

FIGURE 1. A, representative confocal micrographs show H�D2 expression in confluent cultures of HT-29 cells that were treated with medium alone or
containing HA-35 (1 �M) for 12 h. Cells were fluorescently immunostained for H�D2 protein (red), and nuclei were stained with DAPI (blue). NS, immunostaining
control in which no �-H�D2 antibody was utilized. B, mean secreted H�D2 as measured by ELISA in the culture medium of HT-29 cells treated for 9 h with
medium alone or containing HA-35 (10 �M). No significant difference in secreted H�D2 peptide was detected between media or HA-treated cultures. C, average
densitometric quantification of immunoblots from four individual experiments in which the abundance of H�D2 protein relative to GAPDH protein was
evaluated in whole cell lysates of HT-29 cells. Replicate cultures were treated with HA-35 (1 �M) at 3-h time intervals (0 –24 h) in each experiment. Significance
of differences in normalized H�D2 expression was evaluated by comparison of each time point with control treatment using Student’s t test (***, p � 0.001).
D, representative Western blots demonstrating H�D2 protein expression relative to GAPDH in the whole cell lysates of HT-29 cells treated with medium alone,
medium containing HA-35 (10 �M), and medium containing HA-35 (10 �M) that was predigested with Streptococcus dysgalactiae hyaluronidase at 0.025 unit/ml
for 16 h at 37 °C. Error bars, S.E.
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HT-29 cells treated with LPS with those cultured in medium
containing HA-35. As shown in Fig. 2, A–C, treatment of
HT-29 cells with an LPS preparation with demonstrated effi-
cacy in T-cells (data not shown) does not result in increased
intracellular H�D2 protein expression compared with treat-
ment with medium alone, even at high concentrations (1
�g/ml). Conversely, treatment with HA-35 (10 �M) consis-
tently resulted in up-regulation of intracellular H�D2 peptide,
as evaluated by confocal microscopy of immunostained cul-
tures (Fig. 2A) as well as densitometric Western blot analysis
(Fig. 2, B and C). Collectively, our data (Figs. 1D and 2, A–C)
indicate that the induction of intracellularH�D2 isHA-specific
and is unlikely to be accounted for by inadvertent contamina-
tion of HA fragment preparations with stimulatory agents.
Induction of H�D2 in HT29 Cells Is Dependent on HA Size

and Concentration—Specific signaling by HA is hypothesized
to be polymer size-dependent (28), and therefore we deter-
mined the optimal size of HA fragments for induction of H�D2
in intestinal epithelial cells. HT-29 human intestinal epithelial
cells were treated with hyaluronan fragments with an average
molecular mass of 4.7 kDa (HA-4.7), 16 kDa (HA-16), 35 kDa

(HA-35), and 74 kDa (HA-74) at equal molar (Fig. 3, B and C)
concentrations ranging from 0.01 to 100 �M or at equal mass
concentration (Fig. 3, A and D) for 9 h. Both immunofluores-
cent staining (Fig. 3A) andWestern blot analysis (Fig. 3,B–D) of
HT-29 cells treated with HA polymers demonstrate specific
induction of H�D2 peptide following treatment with HA-35.
The peak intracellular H�D2 peptide expression was observed
at a 10 �M (350 �g/ml) concentration of HA-35 (Fig. 3C).
Immunofluorescence histochemistry confirmed that HT-29
cells treated with equal mass doses (100 �g/ml) of HA frag-
ments are also optimally induced to express H�D2 protein by
HA-35, as seen by red immunofluorescent staining with an
H�D2-specific antibody (Fig. 3A). Additionally, the H�D2-in-
ducing properties of HA-35 were compared against an equal
mass concentration of a large 2,000-kDaHApolymer (HA-2M)
or medium alone. HA-2M had no effect on H�D2 protein
expression when compared with medium alone, whereas
HA-35 treatment doubled the relative abundance of intracellu-
lar H�D2 protein (Fig. 3D). Whether used at equal molar or
equal mass concentrations, HA-35 was the most active inducer
of H�D2 protein expression among the fragmented HA prepa-

FIGURE 2. A, representative confocal micrographs of HT-29 cell cultures that were treated with medium alone, medium containing HA-35 (10 �M), or
medium containing LPS (1 �g/ml) for 9 h. H�D2 protein is immunostained (red), and nuclei are stained with DAPI (blue). B, representative Western blot
of H�D2 protein expression relative to GAPDH protein expression in whole cell lysates of HT-29 cells treated with medium alone, media supplemented
with HA-35 (10 �M), or media containing LPS (1 �g/ml). C, average densitometric quantification of Western blot results of three experiments in which
HT-29 cultures were treated with media alone, HA-35 (10 �M), or LPS (1 �g/ml) for 9 h. H�D2 protein expression is normalized to GAPDH protein in whole
cell lysates. Significance of differences in normalized H�D2 expression was evaluated by comparison of each treatment with medium treatment using
Student’s t test (*, p � 0.05). Error bars, S.E.
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rations evaluated. Notably, cell growth rate, as determined by
cell counting and trypan blue dye exclusion (data not shown),
was unchanged inHT-29 cells treatedwithHA fragments at the
concentrations evaluated (�100 �M).

Finally, we wanted to evaluate whether the presence of
smaller (HA-4.7) or larger (HA-2M) HA fragments could alter
the activity of HA-35. HT-29 cells were incubated with media
containing equal molar (10 �M) concentrations of HA-4.7
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alone, HA-35 alone, orHA-35 andHA-4.7 in combination at 10
�M each or with medium alone for 8 h (Fig. 3E). In addition,
HT-29 cells were treated with equal mass concentrations (350
�g/ml) ofHA-35 alone,HA-2Malone, orHA-35 andHA-2M in
combination at 350�g/ml each or withmedium alone (Fig. 3E).
In concordance with our prior experiments, quantitativeWest-
ern blot analysis of replicate samples revealed a 2.5-fold mean
induction of H�D2 protein expression in HT-29 cultures
treated with media containing HA-35 alone relative to control-
treated cultures. Neither HA4.7 alone nor HA-2M alone pro-
moted significant increases in H�D2 protein expression.
Although co-treatment of HT-29 cells withHA-2M andHA-35
at equal mass concentration resulted in H�D2 induction com-
parable with treatment with HA-35 alone, strikingly, HT-29
cells treated with an equal molar combination of HA-4.7 and
HA-35 exhibited no statistically significant increase in H�D2
protein expression relative to control-treated cultures (Fig. 3E).
Thus, although the presence of HA-2M has no apparent effect
on the activity of HA-35 when HT-29 cells are treated in com-
bination, equalmolar concentrations ofHA-4.7 are sufficient to
interfere with the H�D2-inducing activity of HA-35 fragment
preparations.
To further define and compare the distribution of HA frag-

ment sizes in each of the preparations, HA-4.7, HA-16, HA-35,
HA-74, and HA-2M were electrophoretically separated by
polyacrylamide gel electrophoresis, and the molecular weight
distributions were compared against a series of HA polymer
standards (Fig. 3F). Predictably, the HA preparation of greatest
molecular weight (HA-2M) contained an entirely distinct HA
polymer population; however, HA-4.7, HA-16, HA-35, and
HA-74 fragment preparations share varying degrees of overlap-
ping distribution with high similarity between HA-35 and
HA-74. TheHA-35preparationnonetheless contains the great-
est proportion of HA fragments between 20 and 45 kDa of any
HA preparation evaluated, and it is this HA fragment popula-
tion that most distinguishes HA-35 from HA-16 and HA-74
(Fig. 3F), neither of which promote increased H�D2 protein
expression in HT-29 cells (Fig. 3, A–C).

In summary, the experiments of Fig. 3 demonstrate that the
induction of intracellular H�D2 protein expression by frag-
mented HA is highly size-specific, with HA-35 emerging as the
most potent inducer of H�D2. Smaller (4.7- and 16-kDa) or
larger (74- and 2,000-kDa)HA fragments alone do not promote

significant intracellularH�D2protein expression, and compar-
ative electrophoretic polymer sizing analysis suggests that the
active HA fragments present in our polydispersed HA-35 prep-
aration are between 20 and 45 kDa in size. Furthermore, the
activity of HA-35 is partially inhibited in the presence of equal
molar HA-4.7 but not HA-2M.
Orally Administered HA-35 Induces the Expression of the

H�D2 Orthologue in Mouse Intestinal Epithelium in Vivo—To
test whether our in vitro observation, that HA-35 promotes
expression of H�D2 protein in intestinal epithelial cells, also
occurs with normal intestinal epithelium in vivo, we enriched
the drinking water of five adult wild-type C57BL/6 mice with
HA-35 (1 �M) and compared them with five age- and sex-
matched controls supplied with standard drinking water. Mice
were sacrificed after 7 days of ad libitum consumption of HA-
supplemented drinkingwater. Distal colon tissuewas excised in
cross-sections for immunofluorescent staining. Analysis of
cross-sectioned intestinal tissue by confocalmicroscopy reveals
increased expression of murine �-defensin 3 (Mu�D3, the
mouse ortholog of H�D2 (43)) in the intestinal mucosa of mice
consuming HA-supplemented water compared with mice con-
suming standard water (Fig. 4). Higher magnification reveals
increasedMu�D3 protein expression localized to the epithelial
layer, and in particular the base of the intestinal crypts where
putative epithelial stemcells reside (44), in themucosal tissue of
mice consuming HA-35-supplemented water (Fig. 4, bottom
panels).
Induction of H�D2 Orthologue in Mouse Intestinal Epithe-

lium by HA Fragments Is Highly Size-specific—Induction of
H�D2 following HA fragment treatment in the HT-29 human
intestinal epithelial tumor cell line was found to be highly spe-
cific to an HA fragment preparation enriched with HA poly-
mers between 20 and 45 kDawith an averagemolecularmass of
35 kDa (Fig. 3). Furthermore, supplementation of the drinking
water of adult wild-type mice with HA-35 promoted increased
Mu�D3 protein expression in the colonic mucosa relative to
control-fed animals (Fig. 4). However, it remained unclear
whetherHA size-specific induction of defensin occurred in vivo
in a manner similar to our in vitro observations in HT-29 cells.
In order to address this question, 18 age- and sex-matched
wild-type C57BL/6 mice were segregated equally into the fol-
lowing six treatment groups: control, HA-4.7, HA-16, HA-35,
HA74, or HA-2M. All animals were gavage-fed 0.25ml of water

FIGURE 3. A, representative confocal micrographs of HT-29 cells treated with medium alone or equal mass (100 �g/ml) concentrations of HA-4.7, HA-35, or
HA-74 for 6 h. Cells were fluorescently immunostained for H�D2 protein (red), and nuclei were stained with DAPI (blue). B, representative Western blot showing
H�D2 protein relative to GAPDH protein expression in whole cell lysates of HT-29 cells treated with HA-4.7, HA-16, HA-35, or HA-74 at equal molar concentra-
tions (10 �M). C, average densitometric quantification of immunoblots from four separate experiments in which H�D2 protein expression was evaluated
relative to GAPDH protein expression in whole cell lysates of HT-29 cells. Confluent cultures of HT-29 cells were treated for 9 h with medium alone, or a range
of concentrations (0.01–100 �M) of HA fragment preparations of different average molecular weight (HA-4.7, HA-16, HA-35, and HA-74). The solid black
horizontal line indicates the mean H�D2/GAPDH ratio in medium-treated cells, and the surrounding gray-shaded region denotes the S.E. among replicate
medium-treated samples. D, average densitometric quantification of immunoblots from four separate experiments in which H�D2 protein expression was
evaluated relative to GAPDH protein expression in whole cell lysates of HT-29 cells. Confluent cultures of HT-29 cells were treated for 9 h with medium alone
or containing HA-35 or HA-2M at equal mass concentrations (350 �g/ml). E, average densitometric quantification of immunoblots from two separate exper-
iments, each with four replicates of each treatment group, in which H�D2 protein expression was evaluated relative to GAPDH protein expression in whole cell
lysates of HT-29 cells. Confluent cultures of HT-29 cells were treated for 9 h with medium alone, medium containing equal molar concentrations (10 �M) of
HA4.7 alone or HA-35 alone, a combination of HA-4.7 and HA-35 (10 �M each), HA-2M at equal mass concentration (350 �g/ml) relative to HA-35 alone (350
�g/ml � 10 �M for HA-35), or a combination of HA-2M and HA-35 (350 �g/ml each) for 8 h. Significance of differences in normalized H�D2 expression was
evaluated by comparison of each treatment and dosage with medium treatment using Student’s t test (*, p � 0.05; **, p � 0.01; ***, p � 0.001). N.S., not
significant. F, molecular weight distribution and relative quantity of HA polymers in commercial HA fragment preparations used for in vitro experiments. The
blue-shaded region indicates the portion of HA-35 fragment distribution that is enriched relative to other HA fragment preparations evaluated (�20 – 45 kDa).
Error bars, S.E.
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(control) or 300 �g of HA of the fragment preparation corre-
sponding to the treatment group designation (e.g. HA-4.7 ani-
mals received 300 �g of 4.7-kDa HA) dissolved in 0.25 ml of
water once daily for three consecutive days. Mice were sacri-
ficed within 16–18 h of the final gavage treatment. Proximal
colon tissue was fixed and cut in cross-sections for immunoflu-
orescent staining. Analysis of cross-sectioned intestinal tissue
by fluorescent microscopy revealed increased epithelial
Mu�D3 protein expression only in the HA-35-treated animals
relative to control-treated animals (Fig. 5). Fig. 5A presents rep-
resentative high magnification images of murine colonic epi-
thelium from each of the treatment groups immunostained for
Mu�D3 protein expression. Blinded analysis of fluorescent
microscopy imaging revealed significantly increased Mu�D3
staining intensity in the epithelial cells of the proximal large
intestine of wild-type mice fed HA-35 compared with control-
fed wild-type mice (p � 0.0184; Fig. 5B), whereas no significant
difference relative to control animals was observed in mice fed
HA4.7, HA-16, HA-74, or HA-2M.
Specific-sized HA Fragment-mediated Induction of H�D2

Orthologue Expression inMice Is Dependent on TLR4—Anum-
ber of cell surface receptors have been associated with the acti-
vation of innate defense responses by HA, including most
prominently Toll-like receptor TLR4 (32–35, 45) and CD44,

the major HA receptor that is involved in inflammation as well
as homeostasis (29, 45–48). Thus, both TLR4 and CD44 were
evaluated as candidate HA fragment receptors for the induc-
tion of murine H�D2 orthologue in vivo. Adult wild-type,
CD44�/�, and TLR4�/� C57BL/6mice were gavage-fed a solu-
tion containing 300 �g of fragmented HA averaging 28.6 kDa
(HA-28) dissolved in 0.25 ml of water (�100 �M) or 0.25 ml of
water alone once daily for 3 days. HA-28was substituted for the
HA-35 used in previous studies due to its similar average
molecular weight, ability to promote H�D2 protein expression
in vitro (supplemental Fig. 2), and commercial availability.Mice
were sacrificed at 16–18 h after the final treatment, and the
colon tissue was extracted for histological analysis. Wild-type
and CD44�/� mice exhibited comparable TLR4 protein
expression levels at base line, and TLR4�/� mice did not
express TLR4 protein in the intestinal epithelium (supplemen-
tal Fig. 3). Fig. 6A presents representative images of colonic
epithelium immunostained for Mu�D3 protein from each of
the treatment groups. Blinded analysis by fluorescent micros-
copy revealed significantly increasedMu�D3 staining intensity
in the epithelial cells of the proximal large intestine of wild-type
mice fed HA-28 compared with control-fed wild-type mice
(p � 0.0003; Fig. 6B). No increase in Mu�D3 staining intensity
was observed in the colonic epithelium of TLR4�/� mice fed

FIGURE 4. Representative confocal micrographs of distal colon cross-sections from adult mice provided with standard drinking water or drinking
water supplemented with HA-35 (1 �M) ad libitum for 7 days. The mouse orthologue of H�D2, Mu�D3, is fluorescently immunolabeled (red), and nuclei are
stained with DAPI (blue). Bottom panels represent a more highly magnified portion of the lower power (top) field (as indicated by white boxes).
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HA-28 relative to control-fed TLR4�/� mice. Increased
M��D3 protein expression was observed in CD44�/�-fed
HA-28 relative to control-fed CD44�/� (p � 0.04). Unexpect-
edly, control-fed CD44�/� mice had significantly higher levels
of base-line Mu�D3 protein expression in comparison with
their wild-type counterparts (p � 0.005; Fig. 6B).

The experiments summarized in Figs. 4–6 provide compel-
ling evidence that our in vitro observations in HT-29 human
intestinal epithelium tumor cells translate to the healthy
colonic mucosa of adult mice, with two HA fragment prepara-
tions (HA-35 and HA-28) supplied by two distinct methods
(prolonged ad libitum consumption or controlled oral admin-
istration) reproducibly promoting increased expression of the
murine H�D2 orthologue (Mu�D3) in the epithelium of both
the distal and proximal colon. As with our in vitro studies, this
response to fragmented HA is highly size-specific, with only
HA-35 and HA-28 promoting significantly increased expres-
sion of Mu�D3 protein in the colonic epithelium relative to
control animals. Furthermore, through the use of gene-specific
knock-out mice, we have identified TLR4 as a requisite cell
surface receptor for the induction of Mu�D3 expression with
fragmented HA.

DISCUSSION

Taken together, our data demonstrate that specific-sizedHA
fragments promote increased intracellular expression of the
key innate antimicrobial peptide H�D2 in intestinal epithelial
cells, both in vitro and in vivo through induction of murine
H�D2 orthologue Mu�D3 (43) in both the proximal and distal
large intestine. Although activation of innate defense responses
by HA fragments has been shown using a variety of cell types
(29, 32, 45), little was previously known regarding the effects of
HA fragments on intestinal epithelium. Furthermore, we have
identified TLR4 as a requisite cell surface receptor for the
induction of Mu�D3 following oral administration of specific-
sized HA in vivo, thus contributing to the mounting evidence
that TLR4 is a central mediator of cellular responses to frag-
mented HA.
Size-specific HA signaling has been reported previously in

other cell types (29, 32, 33, 45), often defining HA size broadly
as either “high” or “low”molecularweight, with no consensus in
the literature on what size range defines either category. Induc-
tion of H�D2 in intestinal epithelium requires HA polymers
within a relatively narrow molecular mass range; �35-kDa HA

FIGURE 5. A, representative fluorescent micrographs of epithelium of proximal colon sections from adult C57BL/6 wild-type mice. The mice were fed single daily
doses of HA-4.7, HA-16, HA-35, HA-74, or HA-2M (300 �g/0.25 ml), and controls were given an equivalent volume of water alone by oral gavage for 3
consecutive days. Mu�D3 is immunolabeled (shown in red), and nuclei are blue as a result of DAPI staining. NS, an immunostaining control in which no Mu�D3
antibody was utilized. B, average scored Mu�D3 staining intensity of proximal colon tissue sections from wild-type mice fed single daily doses of HA-4.7, HA-16,
HA-35, HA-74, or HA-2M or an equivalent volume of water alone once daily for 3 consecutive days. Average Mu�D3 staining intensity score represents 3
mice/group, with 3 stained sections/mouse, as judged by a blinded panel of four researchers on a scale of 0 – 4, with a score of 4 corresponding to peak Mu�D3
staining for this data set. Significance of differences in mean Mu�D3 staining intensity was evaluated using Student’s t test in a pair-wise manner as indicated
in the figure (*, p � 0.05). Error bars, S.E.
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specifically promotes increased intracellular H�D2 protein
accumulation that is not observed following treatment with
either smaller (HA-4.7, HA-16) or larger (HA-74, HA-2M) HA
polymers when compared at either equal molar or equal mass
concentrations (Figs. 3 and 5). HApreparationswith an average
molecular mass of 28.6 kDa also induce intracellular H�D2
peptide expression comparable to HA-35 in HT-29 cells (sup-
plemental Fig. 2), and we have demonstrated that both HA-28
and HA-35 up-regulate Mu�D3 expression in vivo (Figs. 4–6).

Equal molar application of HA fragments presumes a ligand-
receptor relationship in which one HA fragment or polymer
interacts in a specific manner with single receptors, whereas an
HA polysaccharide may be capable of interacting with multiple
receptors due to its extended molecular conformation and
repeating structuralmotif (49). Therefore, we evaluated the size
specificity of H�D2 induction by HA in vitro using both equal
molar and equal mass dosing for the HA fragment preparations
�74 kDa in average molecular mass. Importantly, HA-35 is the

FIGURE 6. A, representative fluorescent micrographs of epithelium of proximal colon sections from adult C57BL/6 wild-type, TLR4�/�, and CD44�/� mice. The
mice were fed single daily doses of HA-28 (300 �g/0.25 ml), and controls were given an equivalent volume of water alone by gavage for 3 consecutive days.
Mu�D3 is immunolabeled (red), and nuclei are blue. B, average scored Mu�D3 staining intensity of proximal colon tissue sections from wild-type, TLR4�/�, and
CD44�/� mice fed HA-28 (300 �g) or an equivalent volume of water alone by oral gavage once daily for 3 consecutive days. Average Mu�D3 staining intensity
score represents 5 mice/group, with 3 stained sections/mouse, as judged by a blinded panel of four researchers on a scale of 0 – 4, with a score of 4 corre-
sponding to peak Mu�D3 staining. The mean staining intensity score of nonspecifically stained sections (1 section/mouse) was 0.24 � 0.09. Significance of
differences in mean Mu�D3 staining intensity was evaluated using Student’s t test in a pair-wise manner as indicated in the figure (*, p � 0.05; **, p � 0.01;
***, p � 0.001). N.S., not significant. Error bars, S.E.
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most active inducer of H�D2 protein expression using either
method of comparison with other HA preparations. Thus, the
size range of functionally activeHA fragments is defined here as
no less than 16 kDa and no greater than 74 kDa. Gel electro-
phoresis analysis of the HA fragment preparations employed in
our studies suggests that the optimal HA fragment(s) for intra-
cellular H�D2 induction is probably in the range of 20–45 kDa
(�53–132 disaccharides) (Fig. 3F). To our knowledge, no sig-
naling activity of any kind has been previously ascribed to an
HA polymer within this specific size range. HA found in living
tissue assumes awidely polydispersed distribution (28), and it is
unclear how HA signaling systems respond to HA fragments
within this active range in the presence of larger or smaller HA
fragments. Our findings indicate that although high molecular
mass HA (2000 kDa) has no impact on the induction of H�D2
by HA-35, equal molar HA-4.7 is sufficient to inhibit H�D2
protein expression during treatment of cultured HT-29 cells
with HA-35 (Fig. 3E). This could be accomplished through a
number of different mechanisms, including direct competition
for receptor binding sites, or through an unknown alternate
signaling pathway acting counter to the TLR4-dependent path-
way activated by HA-35. Conversely, the TLR4-dependent
mechanism of H�D2 induction by HA-35 is unaffected by the
presence of an equal mass concentration of HA-2M, indicating
selectivity among chemically identical polymers of differing
length. Our results contrast with the findings of Campo et al.
(50), who proposed that high molecular weight HA displaces
small HA oligosaccharides at the cell surface, inhibiting the
TLR4-dependent inflammatory response to HA oligosaccha-
rides (�1.5 kDa) in chondrocytes. Co-receptor complexes
incorporating a variety of HA-binding transmembrane pro-
teins, including TLR4, CD44, and others, similar to those pro-
posed by Taylor et al. (45), may confer the size and structural
specificity indicated by our experimental findings. However,
additional studies are required to clarify the molecular mecha-
nisms of HA selectivity.
Bearing in mind that questions of purity have arisen to chal-

lenge several early reports of innate responses to HA (28), we
have tested theHA-35 preparation and compared its effect with
that of endotoxin (LPS). Predigestion of HA fragments with
hyaluronidase fully abrogated the effect of HA treatment in
HT-29 cells (Fig. 1D), confirming that HA is the specific stim-
ulatory component of HA-35 required for induction of H�D2
protein expression. Second, despite reports of increased defen-
sin gene transcription following treatment with LPS in certain
epithelial cell lines transgenically expressing TLR4 (13), we
demonstrated that 35-kDaHA fragments promote intracellular
H�D2 peptide accumulation in HT-29 cells, whereas high con-
centrations of LPS do not (Fig. 2, A–C). Lee et al. (51) have
reported that sensitivity to LPS is decreased in HT-29 cells due
to low TLR4 expression. Induction of the murine H�D2 ortho-
logue by fragmented HA is TLR4-dependent, as we report in
Fig. 5. Differing sensitivity of the TLR4 receptor to the ligands
HA and LPS or the presence of ligand-specific co-receptors
could account for this discrepancy. In either case, we offer com-
pelling evidence to eliminate inadvertent endotoxin contami-
nation of HA-35 as a contributing factor in the induction of
intracellular H�D2 in HT-29 cells.

The effect of intermediate-sized HA on intestinal epithelium
appears to be divergent from its effect on skin keratinocytes
grown in vitro (35) in that no significant change in secreted
H�D2 protein concentration is observed in HT-29 cells follow-
ing treatmentwith 35-kDaHA (Fig. 1E). Althoughdefensins are
best characterized as secreted effector molecules of innate
defense (5), intracellular expression of H�D2 protein has been
suggested by positive immunostaining of mucosal tissue (7, 14,
52, 53) and epithelial cell cultures (13, 35) for some time. The
function of intracellular H�D2 peptide has not been studied
extensively, particularly in epithelium. A recent report by
Arnett et al. (54) describes a mechanism by which intracellular
defensins inhibit proliferation of the obligate intracellular
pathogenListeriamonocytogenes inmacrophages.Given that 1)
high concentrations of secreted H�D2 cause membrane dis-
ruption in human epithelial cells (55), 2) extraordinary num-
bers of beneficial (56) and protective (57) microbes reside in
direct proximity to the colonic epithelium (1), and 3) that intra-
cellular pathogens and their PAMPs are among themost potent
inducers of H�D2 expression (12, 24–26), it is possible that
intracellular compartmentalization of H�D2may contribute to
the process of epithelial barrier maintenance without causing
undue harm to epithelial integrity and commensal flora popu-
lations and without promoting unnecessary activation of
immune cells (58).
An accumulating body of literature has implicated both

TLR4 (32, 33, 35, 45) and CD44 (29, 45–48, 59) as major cell
surface receptors in the activation of innate defense responses,
as well as homeostatic maintenance, upon exposure to HA of
various size ranges. In addition, two previous studies have dem-
onstrated TLR4-dependentmechanisms by which HA contrib-
utes to the integrity of the intestinal epithelium inmice (34, 60).
However, both of these studies utilized HA polymer prepara-
tions predominantly �500 kDa in size. With these reports in
mind, TLR4 and CD44 were the natural choices for evaluation
as candidate HA fragment receptors for the induction of
murine H�D2 orthologMu�D3 (43) in vivo. Both HA-35 (Figs.
4 and 5) and HA-28 (Fig. 6) promote enhanced expression of
Mu�D3 in the colonic epithelium of adult C57BL/6 mice,
whereas no up-regulation of Mu�D3 was observed in HA-28-
fed mice deficient in TLR4 (Fig. 6). CD44�/� mice exhibited
greater base-line Mu�D3 expression in comparison to water-
fed wild-typemice that was increased further byHA-28 feeding
(Fig. 6). Thus, it was evident that expression of TLR4 is required
for the in vivo induction of Mu�D3 by HA-28, with CD44 pos-
sibly having a regulatory role in base-line Mu�D3 expression.
We found no evidence of altered TLR4 protein expression
between wild-type and CD44�/� mice, suggesting that a com-
pensatory relationship between the HA receptors TLR4 and
CD44 is unlikely to account for the observed increase in base-
line Mu�D3 expression among CD44-deficient animals (sup-
plemental Fig. 3). CD44 is thought to contribute to the mainte-
nance of tissue homeostasis (61), andCD44-deficientmice have
been associated with a proinflammatory phenotype in some
contexts, including LPS-induced septic shock (62). At least one
report places CD44 andTLR4 in opposing regulatory positions,
with binding of highmolecular weight HA to CD44 attenuating
TLR4 signaling in response to LPS (63). One possible explana-
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tion for increased backgroundMu�D3 expression in CD44�/�

mice could be a relative deficiency in prohomeostatic signaling
favoring release of inflammatory cytokines (62, 64), several of
which are associated with increased defensin expression (9, 14,
15), in the presence of commensal microbes. Despite the many
open questions regarding the nature of specific-sized HA sig-
naling in intestinal epithelium, it is now clear that the induction
ofH�D2 orthologueMu�D3 by specific-sizedHAoccurs in the
intestinal mucosa of live animals and that TLR4 expression is a
necessary component of this innate defense response.
Our observations regarding induction of H�D2 by specific-

sized HA must certainly reflect an endogenous in vivo process
maintained and enhanced by natural selection, yet defining the
larger physiologic role of fragmentedHA in the digestive tract is
difficult. One analogy is that of butyrate and the histone
deacetylase inhibitor sulforaphane, dietary compounds found
in vegetables of the Brassicaceae family, such as broccoli (16),
and the F(ab�)2 fragments of immunoglobulin A secreted in
human milk (18), all of which have been demonstrated to pro-
mote enhanced H�D2 expression and secretion in intestinal
epithelium. HA is ubiquitous in vertebrate animals (65) and is
almost certainly consumed routinely in theWesternworld, and
further, HA has recently been reported in both human and
bovine milk (66). Although digestive processing of fragmented
HA has not been fully evaluated, particularly with regard to
alterations in polymer sizing, our results suggest that orally
ingested HA-35 remains sufficiently intact within the digestive
tract to promote Mu�D3 expression in the distal colon of mice
(Fig. 4). TheGI tractmay have limited ability to absorb ingested
HA; Balogh et al. (67) have demonstrated that radioactivity is
almost entirely recovered in the feces of rats fed radiolabeled
high molecular weight HA polymers. Induction of defensin
expression by dietaryHA could conceivably contribute to shifts
in microflora species distribution or quantity, as has been
shown to follow altered expression of�-defensins (68). Perhaps
more importantly, fragmented HA may have therapeutic
potential for patients with diseases affecting the integrity of the
intestinal epithelial barrier (69). In Crohn disease, deficient
induction of H�D2 in the colonic epithelium (53) may contrib-
ute to the loss of barrier integrity and vulnerability to invasive,
and proinflammatory, mucosal flora (41).
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