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Background: Human milk contains hyaluronan (HA).
Results: Milk HA concentration is highest immediately after delivery. Treatment of epithelium with physiologic levels of
milk-derived HA increases intracellular expression of �-defensin (in vitro and in vivo) and resistance to Salmonella.
Conclusion:Milk HA enhances functional antimicrobial defense mechanisms of the intestinal epithelium.
Significance:Milk HA may be a mediator of maternal protection of newborns.

Breast-feeding is associated with enhanced protection from
gastrointestinal disease in infants, mediated in part by an array
of bioactive glycan components in milk that act throughmolec-
ular mechanisms to inhibit enteric pathogen infection. Human
milk contains hyaluronan (HA), a glycosaminoglycan polymer
found in virtually all mammalian tissues. We have shown that
synthetic HA of a specific size range promotes expression of
antimicrobial peptides in intestinal epithelium.Wehypothesize
that hyaluronan from humanmilk also enhances innate antimi-
crobial defense. Here we define the concentration of HA in
humanmilk during the first 6months postpartum. Importantly,
HA isolated from milk has a biological function. Treatment of
HT-29 colonic epithelial cells with human milk HA at physio-
logic concentrations results in time- anddose-dependent induc-
tion of the antimicrobial peptide human �-defensin 2 and is
abrogated bydigestion ofmilkHAwith a specific hyaluronidase.
Milk HA induction of human �-defensin 2 expression is also
reduced in the presence of a CD44-blocking antibody and is
associated with a specific increase in ERK1/2 phosphorylation,
suggesting a role for the HA receptor CD44. Furthermore, oral
administration of human milk-derived HA to adult, wild-type
mice results in induction of themurineH�D2ortholog in intes-
tinal mucosa and is dependent upon both TLR4 and CD44 in
vivo. Finally, treatment of cultured colonic epithelial cells with
human milk HA enhances resistance to infection by the enteric
pathogen Salmonella typhimurium. Together, our observations
suggest thatmaternally providedHA stimulates protective anti-
microbial defense in the newborn.

Numerous positive health outcomes are associated with
breast-feeding in infants (1–4), particularly regarding gastroin-
testinal infection. Grulee et al. (5) conducted the first major

evaluation of morbidity andmortality among 20,061 breast-fed
and artificially fed infants in 1934, reporting as much as 50%
reduction in gastrointestinal infection incidence among breast-
fed infants. Modern epidemiologic studies reinforced and
expanded upon these findings (1, 6), indicating that breast-
feeding confers remarkably enhanced protection from both
gastrointestinal and respiratory infections, including Salmo-
nella infection (7).
In addition to nutrients, breast-feeding supplies a wide array

of bioactive components that enhance both innate and adaptive
immunity in the neonatal gastrointestinal tract. Milk compo-
nents act as critical stimuli in the ontology of intestinal immune
education and microflora development (4), supplying passive
defensemediators (8, 9), growthhormones (10), prebiotics (11–
14), and immunomodulators (15).
The best characterized protective milk component is soluble

IgA (15). However,milk also contains an abundant and extraor-
dinarily diverse array of glycans, including oligosaccharides,
glycolipids, glycoproteins, mucins, glycosaminoglycans, and
other complex carbohydrates, which provide infant protection
(4, 16, 17). The ways in which humanmilk glycans shape innate
gastrointestinal defense are diverse (16, 17), and include prebi-
otic function (11–14), antiadhesive antimicrobial activity (18–
20), and intestinal epithelial cellmodulation (21–24). Induction
of altered gene expression in intestinal epithelium by human
milk oligosaccharides results in enhanced protection from
pathogenic Escherichia coli infection through modulation of
epithelial cell surface glycans (21), and milk lactose induces the
expression of antimicrobial peptide LL-37 in cultured epithe-
lium (24), suggesting that direct effects of human milk glycans
on intestinal epithelial cells may contribute significantly to the
protection from gastrointestinal infection associated with
breast-feeding.
Among the known glycan components of both human and

bovine milk are abundant glycosaminoglycans (GAGs),2 large
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linear polysaccharide polymers containing amino sugars. Hya-
luronan (HA) is a GAG usually found as a high molecular
weight polymer and consists of repeating disaccharides of
N-acetyl-�-D-glucosamine and �-D-glucuronic acid. Unlike
other GAGs, HA is synthesized without a protein core and is
not sulfated, nitrosylated, or phosphorylated in vivo (25). A
recent study determined that HA is one of the GAGs contained
inmilk (26).MilkGAGsmayplay a significant role in enhancing
intestinal defense against pathogens, as suggested by inhibition
of HIV engagement with host receptor CD4 by chondroitin
sulfate derived from human milk (27). However, the specific
function of milk HA has not been reported previously.
HA is found in every tissue of the body, primarily in the form

of high molecular weight polymers (�107 Da), and plays a fun-
damental role in tissue homeostasis (28). Current evidence
demonstrates that fragmentedHA polymers generated in dam-
aged or inflamed tissue act as endogenous “danger signals,” or
“damage-associated molecular patterns” (29–31), triggering
localized innate defense responses. Endogenous fragmented
HA is thought to be recognized in much the same way as the
conserved pathogen-associated molecular patterns, such as
LPS and peptidoglycan, via Toll-like receptors (TLRs) (31, 32).
HA fragments play a role in enhancing innate epithelial

defense independent of the proinflammatory immunomodula-
tion characteristic of macrophage (33), chondrocyte (34), or
endothelial cell activation (35) by low molecular weight HA or
the stimulation of TLR4 by bacterial pathogen-associated
molecular patterns (36). A polydispersed HA fragment prepa-
ration of polymers of less than 750 kDa injected intraperitone-
ally protects wild-typemice in aTLR4-dependentmanner from
a microflora-mediated epithelial damage model of colitis (37)
or from the epithelium-depleting effects of radiation (38). Low
molecular weight HA has been also been shown to induce ele-
vated expression of antimicrobial defensin proteins that may
contribute to enhanced epithelial defense in the intestine (39),
skin (40), and vagina (41).
Defensins are small cationic peptides that play a critical role

in the preservation of epithelial barrier integrity in the presence
of continuous microbial challenges. These antimicrobial pep-
tides are expressed by gastrointestinal, urogenital, and pulmo-
nary epithelium, skin, and the ocular surface (42, 43). Defensins
have direct antimicrobial activity against awide range of human
pathogens and commensals, including both Gram-positive and
Gram-negative bacteria, virus, fungi, and protozoa (44). Inter-
estingly, microbes stimulate the expression of inducible �-de-
fensins 2, 3, and 4 in epithelium through the interaction of a
variety of pathogen-associated molecular patterns with TLRs
(45–49). TLR4 regulates the expression of human �-defensin 2
(H�D2) in epithelium following stimulation with LPS (48). The
same cell surface receptor, TLR4, mediates the induction of
H�D2, without an accompanying increase in inflammatory
cytokine production, in human keratinocytes exposed to low
molecular weight HA (40) and vaginal epithelium (41). Our
group has recently demonstrated the TLR4-dependent induc-
tion of murine H�D2 ortholog in colonic epithelium in vivo
following the administration of synthetic, specific sized HA
(39). Therefore, it is becoming increasingly clear that low to
intermediate molecular weight HA is an endogenous ligand

capable of promoting enhanced antimicrobial defense of epi-
thelial barriers through TLR4-dependent pathways.
Despite the growing evidence of the significant role of HA in

bolstering innate defense of the intestine (37–39), an endoge-
nous source of HA responsible for mediating innate defense
remains unknown. In light of the recent report that humanmilk
contains HA (26) and our finding that that HA promotes
expression of the antimicrobial peptide H�D2 in intestinal
mucosa (39), we hypothesized that innate epithelial antimicro-
bial defense is enhanced in the intestinal epithelium by HA
supplied in breastmilk.We have determined the concentration
range of HA in human breast milk collected from a cohort of 44
mothers who provided multiple samples during the first 6
months after delivery. Our data confirm the previous finding
that human milk contains HA (26, 50) and demonstrate that
milk HA concentration is highest in the critical first weeks after
birth anddecreases in the population to a steady-state level over
the next 2months. Accordingly, using physiologic levels of HA,
we demonstrate two independent parameters of enhanced epi-
thelial antimicrobial defense that are specifically enhanced by
HA purified from human milk: 1) HA-dependent induction of
the antimicrobial peptide H�D2 in cultured human colonic
epithelial cells and in murine colonic mucosa following oral
administration of amilk HA preparation and 2) HA-dependent
protection from intracellular infection by Salmonella typhimu-
rium in cultured intestinal epithelial cells pretreated withmilk-
derived HA. Furthermore, the in vivo induction of the murine
H�D2ortholog is dependent upon expression of the cell surface
receptors TLR4 and CD44.

EXPERIMENTAL PROCEDURES

Human Milk Sample Collection—Multiple, dated human
breast milk samples were provided by 44 unique donors
between January 2011 andDecember 2012.All donors provided
informed consent in accordance with a protocol approved by
the Cleveland Clinic Institutional Review Board, and provided
de-identified samples that were assigned a code number corre-
sponding to postpartum day of milk collection. All samples
were stored at �20 °C.
Isolation of HA from Milk—Donated human milk samples

with a minimum volume of 50 ml were boiled for 10 min to
heat-inactivate endogenous milk enzymes. Digestion of milk
protein content was completed using Proteinase K (Roche
Applied Science) added to the sample at a concentration of 0.6
mg/ml and incubated at 60 °C for aminimumof 18 h. Following
proteolysis, milk samples were cooled at 4 °C for 24 h to
enhance physical separation of milk lipid content. The bulk of
milk fats were removed from the sample with a sterile spatula
before centrifugation at 35,000 � g for 10min at 4 °C to further
separate the remaining lipid content, which was removed from
the surface of the sample by suction. Milk salts and small mol-
ecules, including the peptide products of proteolysis, were
removed by overnight dialysis against ultrapure sterile H2O
using dialysismembrane cassettes with amaximumpore size of
2 kDa (Thermo Scientific, Rockford, IL). Following additional
boiling to ensure sterility, NaCl was added to the dialyzed aque-
ous milk fraction to a final concentration of 0.05 M NaCl.
Ammonium cation-based anion exchange maxicolumns
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(Thermo Scientific) were equilibrated to 0.05 M NaCl before
sample loading by centrifugation in a swinging bucket rotor at
500 � g for 5 m. Sample-loaded anion exchange columns were
washedwith 5 volumes of 0.1 MNaCl to removeweak cations or
positively charged or nonspecifically bound content. Sample
elution was completed by loading the columns with 0.7 M NaCl
elution buffer with centrifugation at 500 � g for 5 min. Eluted
content was again dialyzed for the removal of NaCl for down-
stream cell culture compatibility before slowly precipitating
HA content in 95% isopropyl alcohol overnight at 4 °C. Follow-
ing final HA precipitation by centrifugation at 30,000� g for 30
min at 4 °C, the supernatant was discarded, and the sample was
dehydrated by centrifugation under vacuum. Precipitated HA
isolates were rehydrated in sterile H2O and adjusted to 10
�g/ml HA concentrated stock solutions following determina-
tion of HA yield by an enzyme-linked sorbent assay (ELSA).
Wash and elution buffer salt concentrations used in the HA
isolation scheme were determined empirically for optimal elu-
tion of purified, lyophilizedHAwith an averagemolecularmass
of 4.7, 35, or 2000 kDa (Lifecore Biomedical, LLC, Chaska,MN)
as verified by HA ELSA assay.
Quantification ofHAbyEnzyme-linked SorbentAssay (ELSA)—

A 1-ml portion of each donated milk sample was stored sepa-
rately from the time of donation at �20 °C and labeled to indi-
cate the donor and sample number, indexed to the postpartum
day in a database. A total of 1710 unique milk samples were
assayed undiluted in triplicate and quantified by an ELSA kit
according to the manufacturer’s protocol (Echelon Biosciences
Inc., Salt Lake City, UT). HAwas similarly quantified in human
milkHApreparations prepared as described above, with appro-
priate dilutions applied to account for the increased concentra-
tion of HA in the isolate. Mass-independent detection of HA
was verified in the ELSA, using known quantities of purified,
lyophilized HA with average molecular mass of 4.7, 35, 74, or
2000 kDa (Lifecore Biomedical, LLC, Chaska, MN). Specificity
of theHAELSAwas verified by demonstrating that nonsulfated
chondroitin was not detected. (Amsbio, LLC).
Fluorophore-assistedCarbohydrate Electrophoresis—Fluoro-

phore-assisted carbohydrate electrophoresis was used to assess
the purity of milk HA preparations and to quantify carbohy-
drate constituents. A complete description of this method has
been published previously (51). A complete protocol is available
online (see the Cleveland Clinic Programs of Excellence in Gly-
cosciences Web site).
Cell Culture—HT-29 epithelial cells, a line initially derived

fromahuman intestinal tumor,were cultured inRPMImedium
supplemented with 10% fetal bovine serum (FBS) and incu-
bated 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 cellswere 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 HT-29 cells were treated with
fresh RPMI containing 10% FBS without or with human milk
HA preparations at the concentrations (0.001–5 �g/ml HA)

and times (0–48h) specified in the figure legends. In specific
experiments, mouse monoclonal IgG antibody against human
CD44 (clone A3D8, Sigma-Aldrich) or nonspecific mouse IgG
(Sigma) was supplied at 2 �g/ml in RPMI medium containing
10% FBS for 1 h prior to the addition of cell culture treatments.
In experiments that included commercial, purified HA, 35-kDa
HA (HA-35, Lifecore Biomedical, LLC, Chaska, MN) was sup-
plied at 350 �g/ml in RPMI medium containing 10% FBS as
reported previously (39).
Hylauronidase Digestion of Human Milk HA Preparations—

HA content of human milk preparations was specifically
degraded to tetra- and hexasaccharides (52, 53) by incubating
10 �g/ml milk HA preparation with 0.25 unit/ml Streptomyces
hyalurolyticus hyaluronidase (EC 4.2.2.1; Seikagaku Corp.) for
16 h at 60 °C and subsequently heat-inactivated by boiling for
10 min prior to use as a cell treatment. Complete enzymatic
digestion of hyaluronan in human milk HA isolates using the
above procedure was verified by ELSA.
Detection of H�D2 by Immunoblot (Western) Analysis—Whole

cell lysates from HT-29 cells were isolated forWestern blotting
in the following lysis buffer: 300 mM NaCl, 50 mM Tris, pH 8.0,
0.5% Nonidet P-40, 1 mM EDTA, 10% glycerol, protease inhib-
itor for mammalian tissue P8340 (Sigma-Aldrich). Cell lysate
proteins were separated by SDS-PAGE using precast Tricine-
based 10–20% gradient gels (Invitrogen). Separated proteins
were transferred at 4 °C to PVDF membrane (Millipore Corp.,
Billerica, MA) by an electroblotting apparatus (Bio-Rad) at 110
V for 60 min. In cases where analysis of numerous replicate
samples or multiple protein targets of differing molecular
weight was required, a multistrip Western blotting protocol
was used to increase quantitative output and improve signal
consistency (54). PVDF membranes were blocked in Odyssey
Blocking Buffer (LI-COR) diluted to 50% concentration in Tris-
buffered saline (TBS) for 60 m. The membrane was incubated
with rabbit polyclonal antibody against H�D2 (Abcam, Cam-
bridge, MA) at 1:750 in the blocking buffer, and the primary
antibody was followed by biotin-conjugated anti-rabbit IgG
(Jackson ImmunoResearch Laboratories Inc., West Grove, PA)
at 1:30,000 in blocking buffer and finally horseradish perox-
idase (HRP)-conjugated streptavidin (GE Healthcare) at
1:100,000 in TBS alone. Membrane-bound GAPDH protein
expression was detected by incubation with rabbit polyclonal
antibody against GAPDH at 1:5000 (Abcam, Cambridge, MA)
followed byHRP-conjugated donkey polyclonal anti-rabbit IgG
(1:20,000; GEHealthcare). All washing steps were conducted in
Tris-buffered saline with 0.1% Tween 20. Protein bands were
visualized using ECL prime chemiluminescent development
(GEHealthcare) and detection by BioMaxXAR scientific imag-
ing film (Carestream Health Inc., Rochester, NY). Differences
in chemiluminescent signal intensity were quantified using the
ImageScanner III with the ImageQuantTL version 7.0 software
package (GE Healthcare).
Real-timeQuantitative PCR—HT-29 cells were cultured and

treated with human milk HA preparations as indicated above.
Cell lysates were collected for real-time quantitative PCR anal-
ysis using the Cells-to-cDNA kit (Invitrogen) according to the
manufacturer’s instructions. Briefly, cultured epithelium were
released by dissociation with solution containing 0.05% trypsin
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and 0.53 mM EDTA in phosphate-buffered saline for 1.5 min
before being resuspended in 1 ml of sterile PBS at 4 °C.
Trypsinized cells were centrifuged at 1200 � g for 5 min at 4 °C
before removal of the supernatant and the addition of lysis
buffer. Following digestion of genomic DNA by DNase, reverse
transcription using oligo(dT) primers and M-MLV RTase was
completed in accordance with the manufacturer’s instructions.
The cDNA product was stored at �20 °C prior to quantitative
PCR analysis. Validated primerswith associated 6-carboxyfluo-
rescein fluorogenic probes for DEFB4 (defensin �-4; Assay ID
Hs00175474_m1) and 18 S rRNA (Assay ID Hs99999901_s1)
were purchased from Applied Biosystems (Invitrogen). The
real-time PCR amplifications were performed in 25-�l reaction
volumes containing TaqMan gene expression Master Mix,
primers, and fluorogenic probes (Invitrogen) and cDNA gener-
ated by the Cells-to-cDNA kit. All reactions were performed
with four replicate reactions using a Bio-Rad C1000 Touch
Thermal Cycler with attached CFX96 real-time system. The
real-time PCR conditions were 50 °C for 2 min and 95 °C for 10
min, followed by 50 cycles of 95 °C for 15 s and 60 °C for 60 s.
Real-time detection data were analyzed using Bio-Rad CFX
Manager 2.1 software.
Detection of Murine H�D2 Ortholog by Fluorescence His-

tochemistry—Descriptions of fluorescence histochemistry and
confocal microscopy were provided previously (55). For tissue
section staining, fixed, paraffin-embedded mouse colon sec-
tions were deparaffinized and incubated in a blocking solution
of Hanks’ balanced salt solution (HBSS) containing 2% FBS for
�30 min followed by overnight incubation at 4 °C in a solution
of rabbit polyclonal antibody against Mu�D3 (Santa Cruz Bio-
technology, Inc.) at 1:100 dilution in HBSS with 2% FBS. Cov-
erslipswerewashed three timeswithHBSSbefore incubation in
a solution containing Alexa-568-tagged goat anti-rabbit IgG
(1:1000) (Invitrogen) in HBSS with 2% FBS for 1 h at 25 °C. The
coverslips were washed an additional three times in HBSS.
After washing, Vectashield mounting medium (Vector Labs)
containing 4�,6-diamidino-2-phenylindole (DAPI), which fluo-
rescently labels DNA, was used to adhere coverslips to anti-
body-labeled colon sections. Slides were stored at �20 °C
until imaged. Confocal images were obtained using a Leica
TCS-SP laser-scanning confocal microscope (Leica, Heidel-
berg, Germany).
Evaluation of Murine H�D2 Ortholog Expression in Nursing

Animals—Six pups of conventionally housed wild-type adult
C57BL/6 mice were euthanized on the day of birth, 10 days
postpartum (during nursing), or after weaning (�4 weeks).
0.5-cm cross-sections were collected at regular intervals
along the entire length of the bowel, fixed in Histochoice
(AMRESCO, Inc., Solon, OH), and paraffin-embedded. Repre-
sentative cross-sections of the mouse intestine were deparaf-
finized and stained for Mu�D3, the murine ortholog of H�D2,
as described above.
In Vivo Induction of Murine H�D2 Ortholog by HumanMilk

HA—Age and sex-matched adult C57BL/6 were purchased
from Jackson Laboratory (Bar Harbor,ME) and housed by con-
ventional methods. All treatments were conducted according
to Institutional Animal Care and Use Committee-approved
protocols. Nine mice were gavage-fed once per day 0.25 ml of

water alone (control) or 1 �g of milk HA or an equivalent,
donor-matched quantity of hyaluronidase-treated milk HA
preparation suspended in 0.25 ml of water once daily for three
consecutive days. Mice were sacrificed 16–18 h after the final
gavage treatment, and 0.5-cm cross-sections of the proximal
colon descending from the ileocecal junction, the transverse
colon equidistant to the ileocecal junction and rectum, and the
last 0.5 cm of the distal colon were excised from each mouse,
fixed in Histochoice (AMRESCO, Inc., Solon, OH), and paraf-
fin-embedded. Representative cross-sections of the mouse dis-
tal colon were deparaffinized and stained for Mu�D3, the
murine ortholog of H�D2, as described above.
Evaluating the Role of TLR4 and CD44 in HA-35-induced

H�D2 Expression in Vivo—Age-matched male C57/Bl6 (“wild-
type”), B6.129(Cg)-CD44tm1Hbg/J (CD44�/�), and B6.B10ScN-
Tlr4lps-del/JthJ (TLR4�/�) mice were purchased from Jackson
Laboratory (Bar Harbor, ME) and housed by conventional
methods. All treatments were conducted according to Institu-
tional Animal Care and Use Committee-approved protocols.
Five mice of each of the three genotypes were gavage-fed tap
water alone (250 ml) or a solution containing milk HA prepa-
ration in tap water (1 �g of HA in 250 ml) once daily for three
consecutive days. Mice were 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,
fixed overnight in Histochoice (AMRESCO, Inc., Solon, OH),
and paraffin-embedded. Longitudinal sections of the mouse
proximal colon were deparaffinized and stained for Mu�D3 as
described above.
Quantization of Histological Observations—Individual sec-

tions were labeled in a random fashion so as to shield the
microscopist from knowledge of mouse genotype or 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 sec-
tions and were held constant for subsequent image capture.
Four Mu�D3-stained fields of colonic epithelial structures as
well as one unstained control from each animal were digitally
captured from longitudinal sections of each of the 30 mouse
proximal colon samples. Captured fields were selected on the
basis of epithelial tissue morphology as determined by DAPI
staining. Each of the 150 images (four stained fields and one
unstained field from each of the 30mice) were graded on a 0–4
scale by a panel of five blinded researchers, with a grade of 0
indicating no Mu�D3 staining and a grade of 4 corresponding
to peak Mu�D3 staining intensity (39). The mean scores given
by the evaluating panel for each of the 150 images were calcu-
lated for each mouse before treatment and genotype status
were revealed according to a key.
Fluorescent Immunohistological Detection of TLR4 and

CD44—HT-29 cultures grown on glass coverslips were sub-
jected to various cell culture treatments as indicated above and
fixed in ice-cold methanol for 8 min and air-dried. Coverslips
were then incubated in a blocking solution of HBSS containing
2% FBS for �30 min, followed by overnight incubation at 4 °C
in a solution of rabbit polyclonal antibody against TLR4
(Abcam, Cambridge, MA) at 1:100 dilution and mouse mono-
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clonal antibody against CD44 at 1:100 dilution (Sigma-Aldrich)
in HBSS with 2% FBS. Coverslips were washed three times with
HBSS before incubation in a solution containing biotin-conju-
gated anti-rabbit IgG (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA) at 1:1000 in blocking buffer for 1 h. Fol-
lowing another set of washes, coverslips were incubated in
Alexa-568-tagged donkey anti-mouse IgG (1:1000) and Alexa-
488 streptavidin (1:500; Invitrogen) inHBSSwith 2%FBS for 1 h
at 25 °C. The coverslips were washed an additional three times
inHBSS andmounted to slides in Vectashield containing DAPI
(Vector Labs). Slides were stored at �20 °C until imaged. Con-
focal images were obtained using a Leica TCS-SP laser-scan-
ning confocal microscope.
Quantification of Total Phosphorylated JNK1/2/3, p38

MAPK, and ERK1/2 by ELISA—HT-29 cells cultured and
experimentally treated according to the methods described
above were harvested 30 min after experimental treatment
according to the manufacturer’s protocol (Phosphotracer,
Abcam, Cambridge, MA) in cell lysis buffer containing phos-
phatase inhibitors. The volume of assayed cell lysate was nor-
malized according to protein content asmeasured by a Bio-Rad
protein assay. Two replicate experiments, containing three bio-
logical replicates per treatment group, with duplicate measure-
ments of each sample, were assayed according to the manufac-
turer’s protocol (Phosphotracer, Abcam, Cambridge, MA).
Salmonella Infection of Cultured Epithelium—HT-29 colonic

epithelial cells were cultured in 48-well tissue culture plates
(Corning Inc.) according to the protocol described above. 24 h
prior to infection, HT-29 cells were treated with new medium
containing 0.5 �g/ml milk HA or an equivalent quantity of
donor-matched hyaluronidase-treated milk HA preparation in
RPMI with 10% FBS or medium alone. Salmonella enterica
serovar Typhimurium SL1344 (gift of Dr. Mary O’Riordian,
University ofMichigan,AnnArbor,MI)was cultured overnight
in LB broth at 30 °C with shaking at 200 rpm before dilution at
1:7 in new LB broth the next day and further cultured until
A600 � 0.5 or �3.5 � 108 cfu/ml, with multiplicity of infection
(MOI) � 10. 24 h after the addition of milk HA or control
treatments, HT-29 epithelial cells werewashed twicewith fresh
RPMI medium, followed by infection with new medium con-
taining �4.7 � 107 cfu/ml Salmonella taken from the 1:7 LB
broth culture. Following a 30-min infection period, the cell cul-
ture medium containing Salmonella was removed, and HT-29
epithelium was washed twice with sterile PBS before the addi-
tion of medium containing gentamicin at 50 ng/ml (Sigma-
Aldrich) for an additional 1 h. HT-29 cells were then washed
twice and lysed in ice-cold PBS containing 1% Triton X-100.
Dilutions of cell lysates were spread on sterile LB agar plates
and cultured overnight at 30 °C. Colony-forming units were
counted on the following day. The experimental design
included no fewer than 6 replicate culture wells per treatment,
and 3 technical replicates per culture well and was separately
replicated with three separate milk HA isolates derived from
unique donors.
Statistical Analysis—Statistical difference between treat-

ment groups was evaluated where appropriate by unpaired
two-tailed Student’s t test, and all error bars were drawn to
indicate the S.E. A paired two-tailed Student’s t test was used to

evaluate the difference between sigmoidal dose-response rela-
tionships. Differences were considered significant when p �
0.05. Statistical analysis, including linear regression analysis of
milk HA concentration over days postpartum generated from
the analysis of donated milk samples by ELSA, was performed
using R version 2.12.1 for Mac OS X (R Foundation for Statis-
tical Computing; available on theWorldWideWeb). Graphing
was completed using R version 2.12.1 for Mac OS X or
GraphPad Prism version 4.0c.

RESULTS

Human Milk HA Concentrations Are Greatest in the First 60
Days Postpartum—Although human milk is known to contain
HA (26), variation in concentration between individuals and
over time after delivery is not known. We examined milk HA
concentrations during the first 6 months postpartum among a
group of 44 (41Caucasian, 2 Asian, 1 African-American)moth-
ers from the Cleveland metropolitan area who donated milk
samples at daily intervals starting in the first week after giving
birth. The HA concentration was determined in unprocessed
milk samples using a competitive ELSA. As a whole, HA con-
centrations were greatest in the immediate postpartum period,
with a mean concentration of 755.01 � 94.15 ng/ml within the
first week after birth, and decreased at a linear rate over the first
60 days postpartum (m � �10.9 � 1.2 ng/ml/day, R2 � 0.11,
p � 1.0 � 10�16) (Fig. 1). The mean HA concentration in sam-
ples collected during the first 60 days postpartumwas 452.34�
19.58 ng/ml. AverageHA concentrations were essentially static
at 215.74 � 5.77 ng/ml at time points greater than 60 days after
birth (m � �0.4 � 0.1 ng/ml/day, R2 � 0.04, p � 1.4 � 10�9)
and persisted up to 1 year.
Milk HA Specifically Induces H�D2 Expression—Our group

previously demonstrated that synthetically produced HA pro-

FIGURE 1. Distribution of milk HA concentration by postpartum day in
1710 human milk samples collected from 44 unique donors during the
first 6 months after delivery. A fourth degree polynomial regression curve
was fitted to the entire data set and is indicated by the solid black line, with the
95% confidence interval of the curve represented by the dashed blue lines
(R2 � 0.17, p � 6.1 � 10�67).
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motes enhanced expression of H�D2 in intestinal mucosa (39).
However, the function of hyaluronan contained in milk rele-
vant to epithelial antimicrobial function was unknown. We
hypothesized that hyaluronan from human breast milk would
induce H�D2 expression in intestinal epithelium. To this end,
we developed a method to purify HA from the proteins, lipids,
and sugars and charged carbohydrate polymers (described
under “Experimental Procedures”) in the chemically complex
milk. The concentration of HA in the milk HA isolates was
determined by ELSA, with an average HA yield of 55% relative
to unprocessed whole milk samples. Analysis of HA polymer
size in milk preparations by agarose gel electrophoresis (56)
revealed broad polydispersity, between 1� 105 and 2� 106-Da
polymers.3 Our milk-HA preparations also contained chon-
droitin as a contaminant (Table 1) that we were unable to spe-
cifically remove from our batch preparations. This is consistent
with the human milk analysis of Coppa et al., who reported an
excess of undersulfated chondroitin in human milk (26).
We tested the ability of ourmilkHApreparations to promote

expression of H�D2 protein in the human intestinal epithelial
cells. Cultured HT-29 cells were treated with 500 ng/ml HA
derived frompooledmilkHApreparations obtained from three
individual donors, and H�D2 protein was measured in cell
lysates by an immunoblot assay (Fig. 2A). Induction of H�D2
protein expression relative to GAPDH occurs within 12 h fol-
lowing treatment with milk HA isolates. Maximal H�D2 pro-
tein expression inmilkHA-treatedHT-29 cells was observed at

24 h after initial treatment (p � 0.006 versus 0 h), with elevated
H�D2 protein levels still present at 48 h post-treatment. To
confirm that increased H�D2 protein expression were specifi-
cally induced by HA in the milk preparations, HT-29 cells were
treated for 24 hwithmediumalone,milkHA isolates (0.5�g/ml
HA), or donor-matchedmilk HA isolates that were predigested
with a substrate-specific hyaluronidase derived from S. hyalu-
rolyticus. Fig. 2, B and C, demonstrates a highly significant 4.5-
fold increase in normalized H�D2 protein expression relative
to both treatment with medium alone and treatment with hya-
luronidase-digested milk HA isolates (p � 0.0001 and p �
0.0008, respectively). However, hyaluronidase-digested milk
HA preparations still retained the ability to induce a 2-fold
increase in H�D2 protein expression relative to treatment with
medium alone (p � 0.0101). Furthermore, we evaluated the
effects of milk HA on expression of the gene encoding the
H�D2 peptide, DEFB4 (Fig. 2D). Quantitative real-time PCR
analysis revealed notable induction of DEFB4 mRNA expres-
sion in HT-29 cells treated for 24 h with milk HA (500 ng/ml
HA) relative to treatment withmedium alone (p� 0.0073). The
effect of milk HA on DEFB4 expression was mostly dependent
upon the presence of HA, as indicated by the significant reduc-
tion in induced DEFB4 in HT-29 cells treated with hyaluroni-
dase-digested milk HA (p � 0.04 versusmilk HA 	 HAse; Fig.
2D). The data presented in Fig. 2, C and D, represent the col-
lective results of identical experiments conducted with three
separate milk HA isolates derived from unique donors. Given
that milk HA concentration varies over time and between indi-
viduals (Fig. 1), we evaluated the induction of H�D2 protein
expression in vitro following milk HA isolate treatment over a
dose range of 0.001–5 �g/ml HA for 24 h (Fig. 2E). Matched
aliquots of milk HA preparations were predigested with S. hya-
lurolyticus hyaluronidase and tested across the same dilution
range to specifically determine the contribution of HA to the
dose-response relationship of milk HA preparations to H�D2
protein induction in HT-29 intestinal epithelium. Milk HA
treatment resulted in significantly increased H�D2 protein
expression at a concentration range of 0.5–5.0 �g/ml HA.
Importantly, H�D2 induction was significantly reduced in cells
treated with hyaluronidase-digested milk isolates at doses
greater than 0.1 �g/ml HA (EC50 � 5.94 �g/ml versus 0.03
�g/ml, respectively, with p � 0.04), although H�D2 protein
expression was increased above background levels at doses
greater than 0.5 �g/ml HA (p � 0.01 versus control).

Cumulatively, these findings (Fig. 2) indicate that HA con-
tained in humanmilk specifically enhances induction ofDEFB4
transcription and H�D2 protein expression in HT-29 colonic
epithelium. These effects of milk HA are both time- and
concentration-dependent.
Oral Administration of Human Milk HA Promotes in Vivo

Expression of the Murine H�D2 Ortholog in Intestinal Epi-
thelium—After observing that milk HA greatly enhances the
induction of H�D2 protein expression in vitro, we next tested
whether isolated human milk HA could promote expression of
the murine H�D2 ortholog in colonic mucosa in adult mice.
Nine age- and sex-matched adult wild-type C57BL/6micewere
segregated equally into the following treatment groups: con-
trol, milk HA, or donor-matchedmilk HA that was predigested

3 D. R. Hill, H. K. Rho, S. P. Kessler, R. Amin, C. R. Homer, C. McDonald, M. K.
Cowman, and C. A. de la Motte, unpublished data.

TABLE 1
Carbohydrate constituents of milk HA preparations
Shown are concentrations of milk carbohydrates present in milk HA isolates used
for the presented biological assays as measured by fluorophore-assisted carbohy-
drate electrophoresis. Results represent the mean concentration � S.E. of each
saccharide species relative to 1 �g/ml HA preparation (e.g. 0.5 �g/ml HA contains
3.27 �g/ml chondroitin and 0.08 �g/ml maltose, etc.) from five donor-unique milk
HApreparations used in the biological assays presented in Figs. 2–7. Note that three
species of di- and trisulfated chondroitin could not be individually resolved and are
quantified under the term “other chondroitins.” NA, not applicable.

Saccharide species
Relative

concentration S.E.

�g/�g HA
Chondroitin 6.53 0.98


DiOS 5.49 0.75

Di4S 0.28 0.03

Di6S 0.71 0.09

Di2S �0.01
Other chondroitin 0.04 0.01


Di2,6S NA NA

Di2,4,6S NA NA

6S-Di2,4S NA NA

Heparan sulfate 0.94 0.14

Di-2S-U-6S-G-NS 0.33 0.11

Di-U-G-NS 0.26 0.06

Di-U-G-NAc 0.22 0.05

Di-2S-U-G-NS 0.08 0.02

Di-6S-G-NS 0.06 0.03


Di-U-6S-G-NS �0.01
Other sugars 0.29 0.18
Maltose 0.16 0.10
Maltotriose 0.13 0.10
Maltotetrose �0.01
GalNAc �0.01
6S-GalNAc �0.01
4S-GalNAc �0.01
Glucose �0.01
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with S. hyalurolyticus hyaluronidase. All animals were gavage-
fed 0.25 ml of water without (control) or containing isolated
milk HA (1 �g of HA) or an equivalent mass of hyaluronidase-
digestedmilkHAonce daily for 3 consecutive days. Fixed prox-
imal or transverse colon tissue sections were analyzed for
Mu�D3, the murine ortholog of H�D2 (57), using immuno-
staining and fluorescence microscopy. Blinded analysis of
intestinal tissue staining bymicroscopy revealed enhanced epi-
thelial Mu�D3 protein expression in colonic mucosa of mice
fed milk HA compared with control-treated animals or those
receiving hyaluronidase-degraded milk HA, with the greatest
Mu�D3 induction observed in the mucosa of the proximal
colon (Fig. 3A). Representative images shown in Fig. 3A are of

the median staining intensity of each of the respective treat-
ment groups.
The Intestinal Epithelium of Nursing Mice Expresses the

H�D2 Ortholog—Because milk HA isolates specifically pro-
mote the expression of Mu�D3 in adult mice, we hypothesized
that this observation may reflect a physiologic process that
occurs in nursing young. To test this in the mouse model, we
examined expression of Mu�D3 in the intestinal mucosa of
healthy, wild-type C57BL/6 mice immediately after birth, 10
days after birth, and 5 days after weaning (Fig. 3C). Analysis of
immunofluorescently stained Mu�D3 protein in cross-sec-
tioned intestinal mucosa revealed that expression was greatly
increased in the intestinal mucosa in the period between the

FIGURE 2. A, 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 0.5 �g/ml milk HA for the time intervals indicated (0 – 48
h). B, representative Western blot demonstrating H�D2 protein expression relative to GAPDH in the whole cell lysates of HT-29 cells treated for 24 h with
medium alone, medium containing milk HA isolate containing 0.5 �g/ml HA, or medium containing 0.5 �g/ml milk HA predigested with S. hyalurolyticus
hyaluronidase at 0.25 unit/ml for 16 h at 60 °C. C, average densitometric quantification of immunoblots from four individual experiments, each separately using
three donor-unique milk HA isolates 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 for 24 h with medium alone, 0.5 �g/ml milk HA, or medium containing 0.5 �g/ml milk HA predigested with S. hyalurolyticus
hyaluronidase. D, combined real-time quantitative PCR results from four individual experiments, each separately using three donor-unique milk HA isolates in
which the abundance of DEFB4 mRNA relative to 18 S rRNA was evaluated in whole cell lysates of HT-29 cells. Replicate cultures were treated for 24 h with
medium alone, 0.5 �g/ml milk HA, or medium containing 0.5 �g/ml milk HA predigested with S. hyalurolyticus hyaluronidase. Significance of differences in
normalized H�D2 or DEFB4 expression was evaluated by comparison of each time point with control treatment, unless otherwise indicated by brackets, using
Student’s t test. *, p � 0.05; **, p � 0.01; ***, p � 0.001. E, average densitometric quantification of immunoblots from six 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 for 24 h with 0.001–5
�g/ml milk HA or medium containing 0.001–5 �g/ml milk HA predigested with S. hyalurolyticus hyaluronidase. Sigmoidal dose-response relationships are
indicated, with the solid black curve corresponding to milk HA isolate treatment (EC50 � 0.03 �g/ml) and the dashed black line corresponding to hyaluronidase-
digested milk HA treatment (EC50 � 5.94 �g/ml), with the observed difference between treatment responses being statistically significant by two-sided
Student’s t test analysis (p � 0.04). Error bars, S.E.
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first and tenth day after birth, during which time the animals
were deriving complete nutrition from the mother. After
weaning, base-line Mu�D3 protein expression was relatively
reduced in intestinal mucosal tissue, suggesting a correlation
between milk consumption and intestinal mucosal Mu�D3
expression.
In Vivo Induction ofMurine H�D2 byMilk HA Is both CD44-

and TLR4-dependent—Among the known HA cell surface
receptors, TLR4 has been implicated repeatedly in the induc-
tion of augmented innate epithelial defense by HA in both in
vitro and in vivo experimental models (37–40). In addition,
CD44 is reported to mediate a wide variety of HA-dependent
signaling responses (29, 33, 34, 58, 59). Therefore, CD44 and
TLR4were evaluated as candidate receptorsmediating theHA-
enhanced induction of murine H�D2 ortholog following oral
administration of human milk HA in vivo. Adult wild-type,
CD44�/�, and TLR4�/� C57BL/6 mice were gavage-fed 0.25
ml of water alone (control) or containingmilk HA (1 �g of HA)
once daily for three consecutive days, with 10 mice per geno-
type divided equally between the two treatment groups. Mice
were sacrificed 16–18 h after the final gavage treatment. Prox-
imal colon tissue was fixed and cut in longitudinal sections for
Mu�D3 immunofluorescent staining. Fig. 4A presents repre-
sentative images of Mu�D3 protein expression in immuno-
stained murine proximal colonic epithelium of both control
andmilk HA-treated animals from each of the three genotypes.
Blinded analysis of fluorescent microscopy images utilizing an
immunostain scoring system (see “Experimental Procedures”)
revealed that significant induction of Mu�D3 protein expres-

sion occurred in the colonic epithelium of wild-type animals
following oral administration of the milk HA preparation rela-
tive to control-treated wild-type mice (p � 0.009; Fig. 4B).
However, expression of Mu�D3 in the colonic mucosa of
TLR4�/� or CD44�/� animals was unchanged after oral
administration of milk HA relative to control-treated animals
of each genotype (p � 0.387 and 0.311, respectively). Signifi-
cantly lower Mu�D3 staining intensity was observed in
TLR4�/� and CD44�/� mice following oral administration of
milk HA relative to milk HA-treated wild-type mice (p � 0.007
and 0.0002, respectively; Fig. 4B). Thus, genetic deletion of
either TLR4 or CD44 is sufficient to abrogate the induction of
Mu�D3 expression in the colonic epithelium following oral
administration of milk HA.
Anti-CD44 Antibody Abrogates the Induction of H�D2 by

Milk HA, but Not HA-35, in Cultured Epithelium—Recent
work published by our group (39) has demonstrated that oral
administration of a biosynthetic HA preparation with an aver-
age molecular mass of 35 kDa (HA-35) promotes the induction
of murine H�D2 in vivo in a manner that is dependent upon
expression of TLR4 and independent of CD44. However, the
induction of murine H�D2 ortholog in the intestinal epithe-
lium by HA isolated from humanmilk requires both TLR4 and
CD44 (Fig. 4). Given the apparent difference between the
receptor requirements of HA-35 and human milk HA for the
induction of murine defensin in vivo, we set out to evaluate
the role of CD44 in H�D2 induction by HA-35 and milk HA
using a more defined, in vitro system. Cultured HT-29 intesti-
nal epithelium was treated with medium alone; medium con-

FIGURE 3. A, representative fluorescent micrographs of epithelium in proximal colonic cross-sections from adult C57BL/6 wild-type mice. The mice were given
single daily doses of 1 �g of milk HA in 0.25 ml of water (Milk HA) or 1 �g of milk HA that had been predigested with S. hyalurolyticus hyaluronidase in 0.25 ml
of water (Milk HA 	 HAse) or water alone (Control) for 3 consecutive days. B, representative fluorescent micrographs of epithelium in intestinal cross-sections
from newborn (day 1), nursing (day 10), or weaned (28 days) mice. The mouse ortholog of H�D2, Mu�D3, is fluorescently immunolabeled (red), and nuclei are
stained with DAPI (blue). NS, an immunostaining control in which no Mu�D3 antibody was utilized.
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taining 350�g/ml HA-35, the active concentration determined
in our previous publication (39); or medium containing 0.5
�g/ml milk HA for 24 h. Additional HT-29 cultures were pre-
treated for 1 h with 2 �g/ml nonspecific mouse immunoglobu-
lin or 2 �g/ml mouse anti-human CD44 IgG prior to the addi-
tion of medium, HA-35, or milk HA (Fig. 6A). Whereas milk
HA and HA-35 resulted in significant induction of H�D2 pro-
tein expression relative to treatment with medium alone, pre-
treatment with anti-CD44 antibody abrogated the induction of
H�D2 by milk HA. Significantly, induction of H�D2 by HA-35
was robust even in the presence of anti-CD44. Nonspecific IgG
had no independent effect onH�D2 protein expression and did
not inhibit the induction of H�D2 by either milk HA or HA-35.
Milk HA Does Not Promote Significant Membrane Colocal-

ization of CD44 and TLR4—Proposedmechanistic schemes for
the integration of CD44- and TLR4-dependent effects of HA
include the colocalization of TLR4 and CD44 in the cell mem-
brane subsequent to exposure to fragmented HA, evidence of
which has been provided in a macrophage model (31). To eval-
uate this in our system, cultured HT-29 epithelium was treated
with medium alone, medium containing 0.5 �g/ml milk HA or
milk HA that had been predigested with S. hyalurolyticus hya-
luronidase, ormedium containing 350�g/mlHA-35 for 30min
(Fig. 5). Fluorescent immunolabeling of CD44 (red) and TLR4
(green) and microscopy revealed no apparent difference
between treatment groups in the relative arrangement of CD44
and TLR4 in the epithelial cell membrane. Whereas CD44
expression was predominantly associated with the cell mem-
brane, TLR4 staining was diffusely cytoplasmic. Image analysis
revealed that the arrangement of CD44 relative to TLR4 did not
differ significantly from that predicted by random chance alone
(data not shown). However, we observed an increased presence
of aggregated CD44 immunolabeling in the cell membrane of
HT-29 cells treated with intact milk HA relative to treatment
with medium alone, consistent with the induction of CD44

clustering (indicated by white arrows). This pattern of CD44
arrangement in the cell membrane was not observed inHA-35-
treated epithelium.
Milk HA Specifically Enhances Phosphorylation of ERK1/2 in

Vitro—Regulation of H�D2 expression at the level of signal
transduction occurs predominantly through ERK, JNK, and
MAPK (49), and these pathways have also been associated with
HA signaling (TLR4 through JNK and MAPK; CD44 through
ERK) (40, 60–62).We examined whether milk HA and HA35
signal HBD2 expression via similar pathways. Cultured HT-29
epithelium was treated with medium alone, medium contain-
ing 350 �g/ml HA-35, or medium containing 0.5 �g/ml milk
HAormilkHA that had beenpredigestedwith S. hyalurolyticus
hyaluronidase for 30min, and cell lysates were assayed for total
phosphorylated ERK1/2, total phosphorylated JNK1/2/3, and
phosphorylated p38 MAPK by ELISA (Figs. 5, B–D, respec-
tively). The relative abundance of total phosphorylated ERK1
and ERK2 was significantly increased by treatment with milk
HA relative to treatment withmedium alone, but no increase in
phosphorylated ERK1/2 was observed in HT-29 cells treated
with hyaluronidase-digestedmilkHAor high concentrations of
HA-35 (Fig. 6B). Although no statistically significant difference
in phospho-JNK1/2/3 was detected, treatment with milk HA
was associated with relative inhibition of JNK1/2/3 phosphor-
ylation in HT-29 epithelium (Fig. 6C). Total phosphorylated
p38 MAPK was unchanged in HT-29 cells, regardless of treat-
ment (Fig. 6D). Thus, milk HA specifically enhances ERK1/2
phosphorylation, consistent with HA-CD44 signaling (61).
Milk HA Enhances Resistance to Intracellular Salmonella

Infection in Intestinal Epithelium—Inhibition of growth and
infection by pathogenic organisms by direct interaction with
human milk glycans with varying structures and chemical
properties, including GAGs, has been previously reported (16–
20, 27). One previous report also suggests that specific human
milk oligosaccharides may directly protect intestinal epithelial

FIGURE 4. A, representative fluorescent micrographs of epithelium in proximal colon cross-sections from adult C57BL/6 wild-type, TLR4�/�, or CD44�/� mice.
The mice were given single daily doses of milk HA containing 1 �g of HA in 0.25 ml of water or water alone (Control) by oral administration for 3 consecutive
days. Mu�D3 is fluorescently immunolabeled (red), and nuclei are stained with DAPI (blue). B, average scored Mu�D3 staining intensity of proximal colon tissue
sections from wild-type, TLR4�/�, or CD44�/� mice given single daily doses of 1 �g of milk HA in 0.25 ml of water or water alone (Control) by oral administration
for 3 consecutive days. Average Mu�D3 staining intensity score represents 5 mice/group, with 4 stained sections/mouse, as judged by a blinded panel of five
researchers on a scale of 0 – 4 with a score of 4 corresponding to peak Mu�D3 staining. Mean staining intensity score � S.E. (error bars) of nonspecifically stained
sections (1 section/mouse) was 0.26 � 0.06. Significance of differences in mean Mu�D3 staining intensity was evaluated using a two-tailed Student’s t test. **,
p � 0.01 for the comparison indicated by the bracket; ## and ###, p � 0.01 or p � 0.001, respectively, for the comparison with wild-type mice receiving milk HA.
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cells from gastrointestinal infection (21). Based on our data
indicating that human milk HA promotes induction of antimi-
crobial defense in intestinal mucosa (Figs. 2–5), we hypothe-
sized that human milk HA also enhances functional resistance
of human colonic epithelium to the intracellular enteric patho-
gens. To test this hypothesis, we utilized an in vitro infection
assay (63), which employs Salmonella, a significant source of
morbidity in infants (7), as the model organism. Confluent
HT-29 colonic epithelial monolayers were treated for 24 h with
medium alone, medium containing 500 ng/ml milk HA prepa-
ration, or donor-matched milk HA that was predigested with
S. hyalurolyticus hyaluronidase. After recovery of intracellular
Salmonella, pretreatment of HT-29 cells withmilkHA resulted
in a highly significant decrease (�24.6 � 7.5%) in intracellular
Salmonella recovered relative to epithelial cells pretreated with

medium alone (p� 0.0001) or hyaluronidase-digestedmilk HA
(p � 0.0001; Fig. 7). Importantly, the data presented in Fig. 7
represent the combined results of identical experiments con-
ducted with three distinct isolates of milk HA derived from
unique donors. These data indicate that milk HA enhances
functional resistance to intracellular Salmonella infection.

DISCUSSION

Our recent report indicating thatHApromotes expression of
the antimicrobial peptide H�D2 in intestinal epithelium (39)
and the observation that humanmilk containsHA (26) resulted
in our hypothesis that HA supplied in human breast milk
enhances innate intestinal epithelial antimicrobial defense.Our
data support the finding of Coppa et al. (26) that human milk
containsHAwhile further defining the time-dependent change

FIGURE 5. Cellular localization of CD44 and TLR4 in cultured HT-29 cells
following 30-min HA treatment. Representative fluorescent micrographs of
cultured HT-29 epithelium after 30-min treatment with medium alone,
medium containing 0.5 �g/ml milk HA or 0.5 �g/ml milk HA that had been
predigested with S. hyalurolyticus hyaluronidase, or medium containing 350
�g/ml hyaluronan with an average molecular mass of 35 kDa (HA-35). CD44 is
fluorescently immunolabeled in red, and TLR4 is indicated by the green stain-
ing, whereas the nuclei are stained with DAPI (blue).

FIGURE 6. A, 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 medium alone, medium containing 350 �g/ml of a
synthetic HA preparation with an average molecular mass of 35 kDa (HA-35),
or medium containing 0.5 �g/ml milk HA for 24 h. Where indicated, HT-29
cultures were pretreated for 1 h with 2 �g/ml nonspecific mouse immuno-
globulin (IgG) or 2 �g/ml mouse anti-human CD44 IgG (CD44) prior to the
addition of medium, HA-35, or milk HA. B, relative quantification of total phos-
phorylated ERK1 and ERK2 by ELISA in cell lysates of HT-29 cells treated for 30
min with medium alone, medium containing 350 �g/ml HA-35, 0.5 �g/ml
milk HA, or medium containing 0.5 �g/ml milk HA predigested with S. hyalu-
rolyticus hyaluronidase. C, relative quantification of total phosphorylated
JNK1, JNK2, and JNK3 by ELISA in cell lysates of HT-29 cells treated for 30 min
with medium alone, medium containing 350 �g/ml HA-35, 0.5 �g/ml milk
HA, or medium containing 0.5 �g/ml milk HA predigested with S. hyalurolyti-
cus hyaluronidase. D, relative quantification of total phosphorylated p38
MAPK by ELISA in cell lysates of HT-29 cells treated for 30 min with medium
alone, medium containing 350 �g/ml HA-35, 0.5 �g/ml milk HA or medium
containing 0.5 �g/ml milk HA predigested with S. hyalurolyticus hyaluroni-
dase. Significance of differences in protein expression was evaluated by com-
parison of each time point with control treatment (medium alone), unless
otherwise indicated by brackets, using Student’s t test. *, p � 0.05; **, p � 0.01.
Error bars, S.E.
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in milk HA concentration from the start of lactation through
the first 6months postpartum. In addressing our hypothesis, we
have demonstrated two parameters of epithelial antimicrobial
defense that are greatly augmented by HA supplied in breast
milk. First, cultured human colonic epithelial cells or the intes-
tinal mucosa of wild-type mice treated with human milk HA at
physiologically relevant concentrations exhibit dramatic
induction of H�D2 expression that is significantly reduced by
predigestion with a substrate-specific hyaluronidase and is spe-
cifically associated with increased ERK1/2 phosphorylation.
Similar induction of murine H�D2 ortholog is observed in the
intestinal mucosa of nursing mice relative to newborn or
weaned animals. The induction of murine H�D2 ortholog by
milk HA is dependent upon both HA cell surface receptors
TLR4 and CD44 in vivo. Second, cultured colonic epithelial
cells exhibit enhanced resistance to infection with the enteric
pathogen Salmonella following pretreatmentwithmilkHA iso-
lates, an effect that is also abolished by hyaluronidase digestion.
Taken together, our data indicate that HA naturally supplied in
human breast milk contributes significantly to the induction of
antimicrobial defense in intestinal epithelium.
Analysis of 1710 uniquemilk samples collected froma cohort

of 44 mothers revealed high concentrations of HA in the initial
weeks of lactation (Fig. 1). Despite wide variation between indi-
vidual donors, HA concentrations in milk consistently
decreased over the first 8 weeks postpartum, reaching a steady-
state concentration by the thirdmonth after birth. Importantly,
all samples evaluated contained detectable levels of HA, adding
to the recent findings of Coppa et al. (26, 50), who utilized
pooled milk samples collected from a limited cohort to suggest
that HA is a universally expressed component of human milk.
The use of a competitive ELSA that was highly specific to HA

but independent of HA polymer size3 allowed for reproducible
quantification of HA in whole milk samples without biochem-
ical manipulation of the sample. Numerous bioactive compo-
nents of human milk are present in high concentrations in the
early stages of lactation, including other GAGs (50), sIgA (9),
and fatty acids (64). Given the critical nature of the immediate
postnatal period and the high susceptibility of newborns to
infection (1, 7), it is perhaps unsurprising to find that HA in
milk is also present at higher concentrations in the first weeks
after birth. Maternal genetics and nutrition probably contrib-
ute to the intradonor variation in HA content we have
observed.
MilkHA treatment exhibited both time-anddose-dependent

induction of H�D2 protein in culturedHT-29 epithelium (Figs.
2, A and E), with maximal activity at 500 ng/ml, the approxi-
matemean concentration of HA present inmilk within the first
30 days postpartum (Fig. 1). In addition, transcription of the
gene encoding the H�D2 peptide, DEFB4, was specifically and
significantly up-regulated bymilkHAat physiologic concentra-
tion (Fig. 2), indicating that the increased expression of H�D2
peptide is mediated by transcriptional activation. Numerous
reports have indicated that the signaling properties of HA,
including the induction of H�D2 (39), are highly size-specific
(25). Size analysis of the HA we isolated from milk indicates
broad polydispersity, containing 104- to 106-Da polymers and
with polymer size distribution varying widely between individ-
uals.3 Future studies may be required to determine the size-
specific bioactivity of naturally occurring milk HA. Impor-
tantly, the milk HA preparations isolated from unique donors
independently exhibited similar H�D2- and DEFB4-inducing
activity at similar concentrations (Fig. 2), indicating that the
expression of bioactive HA in milk is likely to be widespread
among the general population. In addition, although previous
work suggests that HA acts as a specific inducer of H�D2 in
intestinal epithelium independent of other ligands (39), we can-
not exclude the possibility that additional contaminant milk
glycans contribute to or potentiate induction of H�D2 by milk
HA. Analysis of themilk HA preparations indicates that under-
sulfated chondroitin is the predominant non-HAcomponent in
the isolates (Table 1). Indeed, hyaluronidase-treatedmilk prep-
arations promoted some, albeit greatly reduced, induction of
H�D2 protein and DEFB4 transcription at physiologically rel-
evant concentrations (Fig. 2). However, substantially increased
doses of hyaluronidase-treated milk HA isolates were required
to achieve effects comparable with treatment with milk prepa-
rations containing intact HA. The observed EC50 of hyaluroni-
dase-treated milk isolates is 200-fold higher than the HA-con-
taining milk preparation (Fig. 2E). Clearly, the presence of HA
in milk isolates contributes significantly to H�D2 induction. In
addressing our hypothesis that HA in milk enhances innate
intestinal epithelial antimicrobial defense, evaluating induction
of antimicrobial peptide H�D2 by milk HA presented in con-
text with other milk carbohydrates has merit in that it perhaps
more nearly replicates the physiologic setting of milk HA pres-
entation to the neonatal intestinal mucosa.
The intestinal mucosa of nursing mice expresses enhanced

Mu�D3 peptide relative to newborn or weaned animals (Fig.
3C), suggesting that milk components contribute to induction

FIGURE 7. A box plot representing the number of colony-forming units
(CFU) of S. enterica serovar Typhimurium SL1344 collected from host
HT-29 epithelium subject to pretreatment for 24 h with 0.5 �g/ml milk
HA or 0.5 �g/ml milk HA predigested with S. hyalurolyticus hyaluroni-
dase or medium alone. Horizontal lines indicate median colony-forming
units with interquartile range denoted by the shaded box and the full range of
observations represented by the error bars. Significance of differences in col-
ony-forming units was evaluated as indicated by the brackets using Student’s
t test. ***, p � 0.001.
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of Mu�D3. We have previously detected HA in mouse milk,3
and together these observations, this indicates that mice are a
relevant animal model for the evaluation of the hypothesis that
milk HA specifically enhances epithelial antimicrobial Mu�D3
expression in vivo. Oral administration of human milk HA to
adult C57BL/6 mice resulted in substantial induction of the
murine H�D2 ortholog in the mucosa of the proximal colon
relative to administration of control or hyaluronidase degraded
human milk preparations (Fig. 3, A and B), recapitulating the
induction of Mu�D3 observed in nursing mice (Fig. 3C). Con-
sistent with our in vitro observations, induction of murine
H�D2 ortholog in vivo by the human milk HA preparation is
substantially reduced in the absence of intact hyaluronan, sug-
gesting that the presence of HA in the milk contributes signif-
icantly to defensin induction. In addition, up-regulated expres-
sion of Mu�D3 in the murine intestinal epithelium is seen
distally in the transverse colonicmucosa (data not shown), sug-
gesting that human milk HA retains bioactivity within the
digestive tract in the context of both murine and microflora-
driven catabolic activity. Previous work by Balogh et al. (65) has
demonstrated that 87–96% of radiolabeled HA is recovered in
the feces of rats following oral administration of a high molec-
ular weight HA preparation, and the diffusion of HA through
the paracellular junctions of cultured intestinal epithelium
decreases rapidly with increasing molecular weight (66). In
light of these reports and our own observation that milk HA
promotes H�D2 expression in isolated cultures of human
colonocytes (Figs. 2 and 5), it appears highly unlikely that the
effect of oral administration of milk HA is mediated through
the circulation and instead involves a direct interaction at the
luminal surface of the intestinal epithelium.
Induction of the murine H�D2 ortholog following oral

administration ofmilkHA is dependent upon expression of cell
surface receptors TLR4 and CD44. Expression of Mu�D3 was
significantly enhanced in the intestinal mucosa of wild-type
animals following oral administration of human milk HA. In
contrast, Mu�D3 expression was similar to control treatment
in both TLR4- and CD44-deficient animals following adminis-
tration of themilkHApreparation for 3 days (Fig. 4). Priorwork
in animal models has principally implicated TLR4 in HA-de-
pendent modulation of intestinal defense (37, 38), particularly
following oral administration of HA (39, 67), and the induction
of H�D2 in cultured keratinocytes is dependent upon TLR4
(40). Our results suggest that TLR4 is an essential cell surface
receptor for the induction of murine H�D2 ortholog by milk
HA (Fig. 4), a finding that is consistent with our previous report
that induction of Mu�D3 by synthetic HA is TLR4-dependent
(39). However, CD44-dependent induction of defense effectors
has been reported in monocytes and macrophages (31, 58, 59)
and renal epithelium (29); CD44 is required for the induction of
murine H�D2 ortholog following oral administration of milk
HA (Fig. 4); and anti-CD44 antibodies specifically abrogate the
induction of H�D2 in cultured human epithelial cells (Fig. 6A).
To our knowledge, this is the first report to suggest a role for
CD44 in the regulation of defensin expression. Thus, both
TLR4 andCD44 are required in the response tomilkHA in vivo,
and genetic deletion of either putative HA receptor is sufficient
to abrogate the induction of Mu�D3.

These findings indicate differing regulation of the induction
of H�D2 bymilk HA or synthetic HA-35, because genetic dele-
tion of CD44 (39) or application of anti-CD44 antibody (Fig.
6A) did not significantly inhibit the induction of H�D2 by
HA-35. Differences in receptormembrane dynamics or the dif-
fering activation of signal transduction mediators by the two
HA preparations may account for the apparent differences in
CD44 dependence. Previous work by Taylor et al. (31) suggests
amechanism by which TLR4 and CD44 complexes, colocalized
in the cell membrane, cooperatively regulate the macrophage
response to HA fragments generated in sterile injury through a
shared signal transduction pathway. Recognition of milk HA
and subsequent signal transduction resulting in Mu�D3
expressionmay utilize similar TLR4-CD44 receptor complexes
expressed on the intestinal epithelial surface. However, analysis
of CD44 and TLR4 localization in the cell membrane of HT-29
cells treated with milk HA or HA-35 resulted in no observable
difference in the relative distribution of CD44 and TLR4. Inter-
estingly, aggregation of CD44 epitopes within the epithelial cell
membrane appeared to be increased in the presence ofmilkHA
but notHA-35 (Fig. 5). An alternate explanation of the observed
phenomenamay include separate signal transduction pathways
independently activated byTLR4 andCD44 capable of acting in
a complementary manner to enhance defensin expression in
the presence of broadly polydispersed milk HA. Although
TLR4-dependent induction of H�D2 following stimulation
with bacterial pathogen-associated molecular patterns acts
through the canonical TLR signal transduction mediators
IRAK, TRAF6, and JNK to promote translocation of the tran-
scription factor AP-1 and engagement of the DEFB4 promoter
(36, 49), H�D2 expression is also regulated by other ligands via
the MAPK/ERK signal transduction pathway (49, 68). Engage-
ment of HA with CD44 has repeatedly been demonstrated to
result in specific MAPK/ERK activation (60, 61) in a mecha-
nism that is potentially dependent onHAsize (62), andmilkHA
may induce H�D2 expression in a CD44-dependent manner
through this pathway. Analysis of HT-29 cell lysates for the
relative abundance of phosphorylated isoforms of ERK1/2,
JNK1/2/3, and p38 MAPK using an ELISA panel (Fig. 6, B–D)
revealed an increase in total phosphorylated ERK1/2 following
treatment with milk HA, but not HA-35 or hyaluronidase-di-
gested milk HA (Fig. 6D). Future studies will be required to
distinguish between cooperative and complementary signal
transduction mechanisms regulating the TLR4- and CD44-
dependent response to milk HA; however, our results indicate
that ERK1/2 activation is a specific consequence of the applica-
tion of broadly polydispersed milk HA.
Treatment of cultured colonic epithelium with human milk

HA enhances resistance to infection by the enteric pathogen
Salmonella (Fig. 7), providing functional evidence in support of
the hypothesis that endogenous human milk HA enhances
antimicrobial defense of intestinal epithelium. Although
numerous examples of the direct inhibition of pathogen-host
binding by interaction with human milk glycans have been
reported (16, 18–20, 27), experimental conditions included the
removal of medium containing human milk HA prior to the
introduction of Salmonella, suggesting that the observed
reduction in Salmonella infection occurs due tomodification of
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host epithelial cells. Infection resistance resulting from modu-
lation of epithelium by humanmilk glycans has not been exten-
sively studied; however, previous studies suggest at least two
potential mechanisms for milk HA-induced antimicrobial pro-
tection. First, treatment of cultured Caco-2 epithelium with
sialyllactose, a human milk oligosaccharide, results in the
down-regulated expression of specific glycan epitopes on the
surface of the host epithelium correlating with a reduction in
the binding of pathogenic E. coli (21). Milk HA may act simi-
larly to enhance resistance to Salmonella in HT-29 epithelium
through the modulation of surface receptor expression.
Second, peak milk HA-dependent expression of antimicro-

bial H�D2peptide occurred at the same time point as peakmilk
HA-dependent protection against Salmonella. This implies a
potential role for H�D2 in the observed resistance to intracel-
lular infection. Accumulation of intracellular defensins has
been demonstrated to inhibit replication of the obligate intra-
cellular pathogen Listeria monocytogenes in macrophages (69),
and a similar mechanistic link betweenH�D2 and resistance to
intracellular Salmonella may exist in milk HA-treated intesti-
nal epithelium. Although questions regarding the mechanism
of milk HA-mediated Salmonella infection resistance remain,
our results suggest that milk HAmay contribute to the reduced
incidence of enteric Salmonella infection associated with
breast-feeding in human infants (7). Numerous prior reports
have implicatedHA inmodulation of the immune response (25,
31, 59); however, this is the first report to our knowledge to
suggest a role for endogenous HA in resistance to enteric infec-
tion through direct effects on epithelium.
Our observations are consistent with prior publications indi-

cating that human milk contains HA (26, 50) while providing
the first evidence that this HA has biological functions at phys-
iologic concentrations. At least two previous reports have indi-
cated that oral administration of HA results in altered function
of innate (39) or adaptive (62) components of intestinal defense;
however, it was previously unclear if these observations
reflected an endogenous physiologic process. The role of
human milk glycans, including HA, in generating intestinal
homeostasis in breast-fed infants in the presence of diverse and
persistent microbial challenges is incompletely understood.
Milk contains a diverse bacterial community (70), seeding the
developing gastrointestinal microbiome along with maternally
and environmentally acquired species and interacting with the
antigen-naive adaptivemucosal immune system (71). The com-
bined effect ofmilk probiotics, prebiotics, antibiotics, immuno-
modulators, andmicrobial transfer is evident in the observation
that breast-fed infants exhibit dramatically different gastroin-
testinal microbial communities in comparison with artificially
fed infants (72–74). Given the robust correlation between
breast-feeding and gastrointestinal health (1, 4, 5, 16), the role
of breast milk in establishing the microbial-epithelial interface
may be of critical importance to lifelong gastrointestinal health
(75), potentially accounting in part for the reduced lifetime risk
of inflammatory bowel disease (2), obesity (76, 77), and allergic
disease (78, 79) associated with breast-feeding. The bioactivity
ofmilk components relative to the function of intestinal epithe-
lium, such as the induction of H�D2 in intestinal epithelium by
milk HA, could have a profound effect in shaping intestinal

microbial ecology through the modulation of epithelial sub-
strates and the generation of selective niches (80). Altered
expression of �-defensins in the intestine has been shown to
result in significant shifts in microbial species distribution (81),
and our data demonstrate that the effect of milk HA on intesti-
nal epithelium alters the interaction of host epithelium with at
least one relevant component of the human microbiome,
S. enterica. Future studieswill probably enhance understanding
of the complex dynamic regulating host epithelium andmicro-
bial interactions and the role of dietary components in shaping
the relationship between enterocyte and bacterium. Of more
immediate practical relevance, the supplementation of artificial
formulas with HA among other glycan components of human
milkmay reduce the incidence of enteric infection and diarrhea
among susceptible infants (16).
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