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Clinically, amniotic membrane (AM) suppresses inflamma-
tion, scarring, and angiogenesis. AM contains abundant hyalu-
ronan (HA)but its function in exerting these therapeutic actions
remains unclear. Herein, AM was extracted sequentially with
buffers A, B, and C, or separately by phosphate-buffered saline
(PBS) alone. Agarose gel electrophoresis showed that high
molecular weight (HMW) HA (an average of �3000 kDa) was
predominantly extracted in isotonic ExtractA (70.1� 6.0%) and
PBS (37.7 � 3.2%). Western blot analysis of these extracts with
hyaluronidase digestion or NaOH treatment revealed that
HMWHAwas covalently linked with the heavy chains (HCs) of
inter-�-inhibitor (I�I) via a NaOH-sensitive bond, likely trans-
ferred by the tumor necrosis factor-� stimulated gene-6 protein
(TSG-6). This HC�HA complex (nHC�HA) could be purified
from Extract PBS by two rounds of CsCl/guanidine HCl ultra-
centrifugation as well as in vitro reconstituted (rcHC�HA) by
mixingHMWHA, serum I�I, and recombinantTSG-6. Consist-
ent with previous reports, Extract PBS suppressed transforming
growth factor-�1 promoter activation in corneal fibroblasts and
induced macrophage apoptosis. However, these effects were
abolished by hyaluronidase digestion or heat treatment. More
importantly, the effects were retained in the nHC�HA or
rcHC�HA. These data collectively suggest that the HC�HA com-
plex is the active component in AM responsible in part for clin-
ically observed anti-inflammatory and anti-scarring actions.

Hyaluronan (HA)4 is widely distributed in extracellular mat-
rices, tissues, body fluids, and even in intracellular compart-

ments (reviewed in Refs. 1 and 2). The molecular weight of HA
ranges from 200 to 10,000 kDa depending on the source (3), but
can also exist as smaller fragments and oligosaccharides under
certain physiological or pathological conditions (1). Investiga-
tions over the last 15 years have suggested that lowMr HA can
induce the gene expression of proinflammatory mediators and
proangiogenesis, whereas high molecular weight (HMW) HA
inhibits these processes (4–7).
Several proteins have been shown to bind to HA (8) such as

aggrecan (9), cartilage link protein (10), versican (11), CD44 (12,
13), inter-�-inhibitor (I�I) (14, 15), and tumor necrosis fac-
tor-� stimulated gene-6 protein (TSG-6) (16, 17). I�I consists
of two heavy chains (HCs) (HC1 and HC2), both of which are
linked through ester bonds to a chondroitin sulfate chain that is
attached to the light chain, i.e. bikunin. Among all HA-binding
proteins, only theHCs of I�I have been clearly demonstrated to
be covalently coupled to HA (14, 18). However, TSG-6 has also
been reported to form stable, possibly covalent, complexes with
HA, either alone (19, 20) or when associated with HC (21).
The formation of covalent bonds between HCs and HA is

mediated by TSG-6 (22–24) where its expression is often
induced by inflammatorymediators such as tumor necrosis fac-
tor-� and interleukin-1 (25, 26). TSG-6 is also expressed in
inflammatory-like processes, such as ovulation (21, 27, 28) and
cervical ripening (29). TSG-6 interacts with both HA (17) and
I�I (21, 24, 30–33), and is essential for covalently transferring
HCs on to HA (22–24). The TSG-6-mediated formation of the
HC�HAcomplex has been demonstrated to play a crucial role in
female fertility in mice. The HC�HA complex is an integral part
of an expanded extracellular “cumulus” matrix around the
oocyte, which plays a critical role in successful ovulation and
fertilization in vivo (22, 34). HC�HA complexes have also been
found at sites of inflammation (35–38) where its pro- or anti-
inflammatory role remain arguable (39, 40).
Immunostaining reveals abundant HA in the avascular stro-

mal matrix of the AM (41, 42).5 In ophthalmology, cryopre-
served AM has been widely used as a surgical graft for ocular
surface reconstruction and exerts clinically observable actions
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to promote epithelial woundhealing and to suppress inflamma-
tion, scarring, and angiogenesis (for reviews see Refs. 43–45).
However, it is not clear whether HA in AM formsHC�HA com-
plex, and if so whether such an HC�HA complex exerts any of
the above therapeutic actions. To address these questions, we
extracted AM with buffers of increasing salt concentration.
BecauseHMWHAwas found to form theHC�HAcomplex and
was mainly extractable by isotonic solutions, we further puri-
fied it from the isotonic AMextract and reconstituted it in vitro
from three defined components, i.e.HMWHA, serum I�I, and
recombinant TSG-6. Our results showed that the HC�HA com-
plex is an active component in AM responsible for the suppres-
sion of TGF-�1 promoter activity, linkable to the scarring proc-
ess noted before by AM (46–48) and by the AM soluble extract
(49), as well as for the promotion ofmacrophage death, linkable
to the inflammatory process noted by AM (50) and the AM
soluble extract (51).

EXPERIMENTAL PROCEDURES

Materials—The following reagents were from Sigma: anhy-
drous alcohol, cesium chloride, EDTA, guanidine hydrochlo-
ride, magnesium chloride, potassium acetate, sodium acetate,
sodium chloride, sodium hydroxide, Tris base, Triton X-100,
protease inhibitor mixture (including 4-(2-aminoethyl)benze-
nesulfonyl fluoride, aprotinin, bestatin hydrochloride, E-64,
leupeptin, and pepstatin A), phenylmethanesulfonyl fluoride,
Stains-all dye, �DNA-BstEII-digested restriction fragments,
and a HMWHA purified from human umbilical cords (�1000
kDa). Select-HA HiLadder (molecular mass of 1510, 1090, 966,
572, and 495 kDa) was purchased from AMS Biotechnology,
UK. Hyaluronan-binding protein (HABP) and Streptomyces
hyaluronidase (HAase) were from Seikagaku Biobusiness Cor-
poration (Tokyo, Japan). A medical grade HMWHA, Healon�
(�4000 kDa) was purchased from Advanced Medical Optics
(Santa Ana, CA). Agarose and phosphate-buffered saline (PBS)
were from Invitrogen. Phosphatase inhibitors sodium fluoride
and sodium vanadate, and dialysis tubes (Mr cutoff 3500) were
from Fisher Scientific (Pittsburgh, PA). BCA Protein Assay Kit,
Sulfo-NHS, and 1-ethyl-3-(3-dimethylaminopropyl)carbido-
diimide were from Pierce. HA Quantitative Test Kit was from
Corgenix (Westminster, CO). 4–15% gradient acrylamide
ready gels and nitrocellulose membranes were from Bio-Rad.
I�I were prepared in our laboratory from human plasma
according to the published method (52). The antibody against
human I�I and the secondary antibodies conjugated with the
peroxidase were from DAKO (Carpinteria, CA). The recombi-
nant human TSG-6 protein (TSG-6Q) was expressed in Dro-
sophila S2 cells and purified to homogeneity as described pre-
viously (53) and an antibody against the C-terminal region of
human TSG-6 (RAH-1) was as described in Ref. 29. Other anti-
bodies to TSG-6 were from R&D Systems (mAb 2104) and
Santa Cruz Biotechnology (sc-30140) (Santa Cruz, CA), respec-
tively. Western LightingTM Chemiluminesence Reagent was
from PerkinElmer Life Sciences. Luciferase assay reagents
including the cell lysis bufferwas fromPromega (Madison,WI).
Cell Proliferation Kit (MTT) was from Roche Applied Science.
BioPulverizer was from Biospec Products, Inc. (Bartlesville,

OK). The ultracentrifuge (LM8 model, SW41 rotor) was from
Beckman Coulter, Inc. (Fullerton, CA).
Sequential AM Extraction by Buffers A, B, and C—Cryopre-

served human AM, obtained from Bio-tissue, Inc. (Miami, FL),
was sliced into small pieces, frozen in liquid nitrogen, and
ground to fine powder by a BioPulverizer. The powder was
mixed with Buffer A (100 mM Tris-HCl, pH 7.6, 150 mM NaCl,
4mM EDTA, 1% (v/v) Triton X-100) at 1:1 (g/ml) at 4 °C for 1 h.
The mixture was centrifuged at 48,000 � g for 30 min at 4 °C
and the supernatant (Extract A) stored at �80 °C. The pellet
was then washed three times with Buffer A before being
extracted with Buffer B (100 mM Tris-HCl, pH 7.6, 1 M NaCl, 4
mM EDTA, 1% (v/v) Triton X-100) at 4 °C for 1 h. After the
centrifugation, the supernatant (Extract B) was stored. The
remaining pellet waswashedwith Buffer B before adding Buffer
C (100 mM sodium acetate, pH 5.8, 4 M guanidine hydrochlo-
ride, 4mMEDTA, 1%Triton X-100) at 4 °C for 24 h. Again after
the centrifugation, the supernatant (Extract C) was stored.
Buffers A–C were supplemented with the following protease
and phosphatase inhibitors: protease inhibitor mixture (1:100
dilution according to manufacturer’s suggestion), 0.5 mM phe-
nylmethanesulfonyl fluoride, 50 mM sodium fluoride, and 0.2
mM sodium vanadate. Protein concentrations in AM extracts
were determined by the BCA Protein Assay Kit, whereas HA
concentrations by an enzyme-linked immunosorbent assay-
based HA Quantitative Test Kit.
AM Extraction by PBS—The whole procedure for prepara-

tion of human AM extracts was carried out aseptically for sub-
sequent cell culture-based experiments as recently reported
(51). Most of preparation steps were the same as described
above with the following modifications. The AM powder was
mixed with the cold PBS buffer without protease and phospha-
tase inhibitors at 1:1 (g/ml). The mixture was centrifuged at
48,000 � g at 4 °C for 30 min. The supernatant was designated
as Extract PBS.
Purification of Native HC�HA (nHC�HA) Complex—Accord-

ing to a reported method (36), Extract PBS (prepared in PBS)
was dissolved in a CsCl, 4 M guanidineHClmixture at the initial
density of 1.35 g/ml, and centrifuged at 125,000 � g for 48 h at
15 °C. A total of 15 fractions (0.8 ml/fraction) were collected
from the top to the bottomof each tube. Besides the density, the
concentration of proteins and HA in each fraction were meas-
ured by the BCA Protein Assay and HA Quantitative Test Kit,
respectively. Fractions 8–15, which contain HA but no detect-
able proteins, were pooled, adjusted with CsCl, 4 M guanidine
HCl at the initial density of 1.40 g/ml, centrifuged, and fraction-
ated in the same manner as described above. Fractions 3–15,
which contained HA but no detectable proteins, were pooled
and dialyzed against distilled water to remove CsCl and guani-
dine HCl. The dialysate was mixed with 3 volumes of 95% (v/v)
ethanol containing 1.3% (w/v) potassium acetate at 0 °C for 1 h.
After centrifugation at 15,000 � g, the pellet was washed with
70% (v/v) ethanol and centrifuged again. The pellet was briefly
dried by air, stored at �80 °C, and designated as the nHC�HA
complex.
Reconstitution of HC�HA (rcHC�HA) Complex in Vitro—

HABP was covalently cross-linked to Covalink-NH 96-well
plates using a reported method (54). In brief, Covalink-NH
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plates were sterilized in 70% alcohol for 2 h and dried before
being added with 50 �l of 0.184 mg/ml Sulfo-NHS in distilled
water containing 0.04 mg/ml HABP per 96-well plate. The
cross-linking was performed by adding 1 �l of 0.123 mg/ml
1-ethyl-3-(3-dimethylaminopropyl)carbidodiimide in distilled
water per well. The plate was incubated overnight at 4 °C or for
2 h at 25 °C before the coupling solution was removed, and
washed 3 times with PBS containing 2 M NaCl and 50 mM

MgSO4 followed by 3 washes with PBS. The HABP covalently
cross-linked to the Covalink-NH 96-well plate was then incu-
bated for 24 h at 25 °Cwith 50�l of 1.5 to 200�g/ml HMWHA
(Healon) in PBS containing 5 mM MgCl2 with or without 40
�g/ml human I�I and/or 6 �g/ml recombinant human
TSG-6Q (e.g. to form rcHC�HA complex (24)); the unbound
component was removed by washing with PBS 4 times. Bound
HA was released by incubation in 100 mM sodium acetate, pH
5.8, 4 M guanidine hydrochloride, 4 mM EDTA for 15 min, and
quantitated using the HA Quantitative Test Kit after dialysis
into distilled water. It was then subjected to HAase digestion or
NaOH (see below) treatment before Western blotting.
HAase Digestion and NaOH or Heat Treatment—For bio-

chemical characterization, AM extracts denoted as A, B, and C
(with an equal volume) were dialyzed against the buffer D (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM phenylmethane-
sulfonyl fluoride) at 4 °C for 6 h. After dialysis, the volume of
each extract was measured and adjusted to the same volume
with buffer D. Extracts A, B, C, PBS (e.g. 100�l), andHMWHA
(Sigma) were digested with 20 units/ml HAase in the reaction
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% (v/v) Triton
X-100, 0.1% (w/v) bovine serum albumin, with protease and
phosphatase inhibitors) for 2 h at 37 °C. The enzymatic diges-
tion was stopped by adding 2� Laemmli sample buffer (62.5
mM Tris-HCl, pH 6.8, 25% glycerol, 2% (w/v) SDS, 0.01% (w/v)
bromphenol blue, 710 mM �-mercaptoethanol) to the reaction
mixture (1:1). For HA size analysis, Extracts A, B, and C were
treated with 0.2 N NaOH for 4 h at 25 °C to completely remove
ester bonds between HA and proteins (36). For optimizing
NaOH treatment, i.e. to determine the association betweenHA
and proteins, a series of NaOH concentrations (0–0.2 N) were
used to treat Extract A for 1 h at 25 °C (18). For the cell-based
assay,HMWHA (Healon�) and Extract PBSwere digestedwith
20 units/ml HAase in PBS, pH 7.5, for 1 h at 37 °C. For heat
treatment, HMW HA (Healon) and Extract PBS were incu-
bated into a water bath at 95 °C for 10 min followed by cooling
on ice.
Determination of HA Sizes by Agarose Gel Electrophoresis—

HA sizes in AM extracts were analyzed by an agarose gel elec-
trophoresis according to a published method (55). Briefly,
Extracts A, B, and C with or without treatment by HAase or
NaOH were separated on 0.5% (w/v) agarose gels followed by
staining with 0.005% (w/v) Stains-all dye in 50% (v/v) ethanol.
The gels were stained overnight at 25 °C with light protection
and HA visualized as bluish bands after de-staining in water
and exposure to the room light for 6 h. The HA sizes were
estimated by comparing to the Select-HA HiLadder and
HMW HA (Healon).
Western Blot—Samples were electrophoresed on 4–15%

(w/v) gradient acrylamide ready gels under denaturing and

reducing conditions. Proteins were transferred to the nitrocel-
lulose membrane. The membrane was then blocked with 5%
(w/v) fat-free milk in TBST (50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 0.05% (v/v) Tween 20) followed by sequential incubation
with specific primary antibodies against I�I, TSG-6, and their
respective secondary antibodies. Immunoreactive proteins
were detected with Western LightingTM Chemiluminesence
Reagent.
Construction of TGF-�1 Promoter/Luciferase Reporter Gene

in Adenovirus—The plasmid containing the TGF-�1 promot-
er-luciferase reporter gene was kindly provided by Dr. Seong-
Jin Kim (National Institutes of Health, Bethesda, MD) and the
TGF-�1 promoter-luciferase reporter gene was inserted at
KpnI and HindIII sites of pGL3-basic as previously reported
(56). The adenovirus containing the TGF-�1 promoter-lucif-
erase reporter genewas constructed by theDNACore facility at
the University of Michigan (Ann Arbor, MI), which also kindly
provided adeno-CMV-�-galactosidase as previously described
(48, 56).
TGF-�1 Promoter Assay with Luciferase Reporter Gene—Ex-

pression of theTGF-�1 genewasmeasured by a promoter assay
in human corneal fibroblasts cultured to 80% confluence
(�1.0 � 106 cells/10-cm dish) in Dulbecco’s modified Eagle’s
medium, 10% (v/v) fetal bovine serum as previously reported
(48). In short, after cells were washed twice with the medium,
adeno-TGF-�1 promoter-luciferase (multiplicity of infec-
tion � 37.5) and adeno-CMV-�-galactosidase (multiplicity of
infection � 30) were added to cells and incubated at 37 °C for
4 h. Cells were then trypsinized for 5 min and collected by
centrifuged at 1500 � g (�600 � g) for 5 min. Cells were re-
suspended in Dulbecco’s modified Eagle’s medium, 10% (v/v)
fetal bovine serum and cell viability was measured by trypan
blue stain. For experiments to determine the effect of Extract
PBS, human corneal fibroblasts were seeded at 3� 104/per well
in a 24-well plastic plate before adding 1–125�g/ml HMWHA
(Healon), 0.04–125 �g of protein/ml Extract PBS or PBS (both
HA and Extract PBSwere dissolved in PBS). For experiments to
determine the effect of nHC�HA and rcHC�HA, the same HA
concentration of 25 �g/ml different components described
under “Reconstitution of HC�HA (rc HC�HA) Complex in
Vitro” or nHC�HAwas added to the 96 wells with HABP cross-
linked and incubated at 25 °C for 24 h. After the wash with PBS,
human corneal fibroblasts were seeded at 3 � 103/per well in a
96-well plate, and incubated at 37 °C for 48 h. Themediumwas
then removed and cellswere rinsed twicewith PBS.After 100�l
of lysis buffer (25 mM Tris phosphate, pH 7.8, 2 mM dithiothre-
itol, 2 mM 1,2-diaminocyclohexane-N,N,N�,N�-tetraacetic acid,
10% (v/v) glycerol, 1% (v/v) Triton X-100) was added, cells were
scraped and transferred to amicrocentrifuge tube placed on ice.
Cell lysates were collected by vortexing for 10–15 s and centri-
fuged at 12,000 � g for 15 s at 25 °C. The supernatant was
assayed for both luciferase and �-galactosidase activities. The
relative luciferase activity was calculated by dividing the lucif-
erase activity by the corresponding �-galactosidase activities.
Macrophage Viability Assay (MTT)—RAW264.7 cells were

seeded at 1 � 104/per well in 96-well plates with HABP cross-
linked and coated with various components (Extract PBS, HA,
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I�I, TSG-6, and nHC�HA) as described above. The cell viability
was measured with the MTT as reported previously (51).
Statistical Analysis—Data are represented as the mean �

S.D. of 4 independent experiments with a sample size of 4 for
each condition. Student’s t test was performed to test statistical
significance from controls. A p value equal to or less than 0.05
was considered statistically significant.

RESULTS

HMWHA in AM Is Readily Extractable by an Isotonic Buffer—
Previous reports (41, 42) and immunostaining data5 showed
that HA and I�I were present in AM stroma, respectively. To
further determine the quantity and sizes of HA as well as its
potential covalently coupledwithHCs inAM,we extractedAM
sequentially with Buffers A, B, and C, which consisted of
increasing salt concentrations (0.15MNaCl, 1.0MNaCl, and 4M

guanidine HCl, respectively). As shown in Table 1, Buffer A
extracted the highest percentage (48.8 � 10.1%) of total pro-
teins (combined protein amounts in Extracts A–C), followed by
Buffer C (38.1� 8.8%) and Buffer B (13.2� 1.3%). Buffer A also
extracted more HA (70.1 � 6.0%) than either Buffer C (23.8 �
3.9%) or Buffer B (6.2 � 2.1%). As a result, the ratio of HA
concentrations divided by protein concentrations (HA/pro-
tein) was much higher in Extract A (0.20 � 0.02) as compared
with Extract C (0.07� 0.01) or Extract B (0.06� 0.02). AMwas
also extractablewith PBS, and yielded a similar ratio ofHA/pro-
tein to that of Extract A although Extract PBS had overall lower
concentrations of proteins andHA as compared with Extract A
(Table 1). A higher ratio of HA/proteins indicated that HA
present in AM could be preferentially extracted by an isotonic
buffer such as Buffer A and PBS, and would be used to guide
subsequent biochemical purification of HA-associated protein
complex (see below).
To determine the HA size in AM extracts, we used agarose

gel electrophoresis as previously described (55). Notably, HA in
all AM extracts appeared as a bluish smear and had a higher
average molecular mass than that of the control HA (�3000
kDa, Fig. 1, lanes 2–5). The bluish bands in Extracts A–C were
shown to correspond to HA because they could be removed by
digestion with a HAase from Streptomyces hyalurolyticus (Fig.
1, lanes 6–9). This HAase specifically digests HA, but not other
glycosaminglycans such as chondroitin and chondroitin sul-
fate. Interestingly, 0.2 N NaOH treatment did not reduce the
size of the control HA, but reduced those of HA in Extracts
A–C (Fig. 1, lanes 10–13), suggesting that HA in these extracts

might form aggregates with some proteins linked by NaOH-
sensitive bonds, e.g. ester bonds. A similar HMW HA asso-
ciated with proteins was also present in Extract PBS (see
below, Fig. 5C).
HA in AM Extracts Is Covalently Linked with HCs of I�I—

Oneprimeprotein candidate that can become covalently linked
with HA is HCs of I�I (14, 15, 18). It has been shown that ester
bonds are formed between twoHCs and the chondroitin sulfate
chain of bikunin in the intact I�I molecule (57), and also link
HCs to HA (18). To investigate whether I�I is covalently linked
with HMWHA in AM extracts, we used either HAase to digest
HA into small fragments (that would run on SDS-PAGE) or
weakNaOH to hydrolyze any ester bonds betweenHCs andHA
(18). As shown in Fig. 1, HMWHA in these extracts was com-
pletely digested by 20 units/ml HAase at 37 °C for 2 h, but was
not hydrolyzed by 0.2 N NaOH at 25 °C for 4 h. However, we
found the amount of total proteins visualized by Coomassie
Blue staining in Extracts A–C after 0.2 N NaOH treatment
appeared to be less than thosewithout such treatment (data not
shown). To optimize NaOH treatment so as not to cause pro-
tein hydrolysis, we subjected Extract A to a range of NaOH
concentrations at 25 °C for 1 h. Similar to what had been
reported (18, 58), purified I�I (Fig. 2A, lane 2) yielded a major
band at �250 kDa when analyzed by Western blot, represent-
ing the intact I�I. Other bands with smallerMr were also seen,
which are presumably degradation products of I�I. Untreated
Extract A contained a band corresponding to I�I, but also had a
HMWband just at the bottomof the loadingwell and two other
major bands of 75 and 120 kDa (Fig. 2A, lanes 3 and 4). The
HMW band is likely to be I�I components covalently linked
with HMW HA (see below), where their size precludes them

FIGURE 1. Presence of HMW HA in AM extracts. Extracts A, B, and C with or
without HAase digestion (HAase) or NaOH treatment (NaOH) were resolved
by 0.5% agarose gel electrophoresis and stained with Stains-all dye. The Mr of
the Select-HA HiLadder (M, lane 1) is marked at the left of the gel. Five �g of
HMW HA, with an average molecular mass of �1000 kDa (Sigma), was loaded
as a comparison.

TABLE 1
Quantitation of proteins and HA in AM extracts
Thewhole AM from one human placenta was sequentially extracted with buffers A,
B, and C, or separately extracted by PBS. Four independent experiments were per-
formed (n � 4). The amount of proteins and HA was determined by BCA Protein
Assay and an enzyme-linked immunosorbent assay-based HA Quantitative Test
Kit, respectively, and reported as mean � S.D. A higher ratio of HA/proteins was
noted in Extracts A and PBS.

AM
extract

Protein HA HA/protein
ratioAM Total AM Total

mg protein/g wet % mg HA/g wet % mg/mg
A 2.780 � 1.661 48.8 � 10.1 0.442 � 0.139 70.1 � 6.0 0.20 � 0.02
B 0.707 � 0.232 13.2 � 1.3 0.033 � 0.011 6.2 � 2.1 0.06 � 0.02
C 1.980 � 0.387 38.1 � 8.8 0.147 � 0.012 23.8 � 3.9 0.07 � 0.01
PBS 1.493 � 0.892 26.2 � 5.4 0.236 � 0.075 37.7 � 3.2 0.22 � 0.02
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from entering the gel. The 75-kDa band is presumed to corre-
spond to a free HC and the 120-kDa band is likely to be one HC
covalently coupled to either the bikunin or TSG-6 (24, 33).
Treatment with 0.02 N NaOH caused a large reduction of I�I-
immunoreactive bands, with the exception of the 120-kDa spe-
cies, and dramatically increased the intensity of the 75-kDa
band and the emergence of an 80-kDa band, where the 75- and
80-kDa species are likely to correspond to HC1 and HC2,
respectively. Treatment with 0.05–0.2 NNaOH led to complete
removal of all bands except for the 75- and 80-kDabands,where
the highest concentrations of NaOH had a somewhat lower
intensity of these bands, presumably due to protein hydrolysis.
Therefore, in the subsequent experiments 0.05 N NaOH was
chosen to treat AM extracts and the results were compared
with those digested with HAase. Coomassie Blue staining
showed that the sample loading of Extracts A–Cwas similar for
non-treated (None), HAase-digested (HAase), and NaOH-
treated (NaOH) samples (supplemental Fig. S1). Therefore, the
same samples were then used for Western blot analysis with
anti-I�I antibody. As shown in Fig. 2B, non-treated Extract C
(lane 5) had similar band profiles to that of Extract A described
above (Fig. 2, A, lane 3, and B, lane 3), whereas no I�I was

detected in Extract B (lane 4). HAase digestion (lanes 6–8)
completely removed the HMW band (retained in the well) in
Extracts A and C, suggesting that this band is a HMW I�I�HA
complex. For Extracts A and C, the 75-kDa band was increased
after HAase digestion, where it also became visible in Extract B.
These results clearly demonstrated that HCs and HA were
linked and present in both isotonic (Extract A and PBS) and
high-salt extractable Extracts B and C. Noticeably, the 250- and
120-kDa bands becamemuch sharper andmore intense follow-
ingHAase digestion (Fig. 2B, lanes 6 and 8) indicating that some
of these species may be released from HA. Because both 250-
and 120-kDa bands were completely eliminated by 0.05 N

NaOH (Fig. 2A), resulting in the most increase of the 75-kDa
band (the 80-kDa band was difficult to see at most times) (Fig.
2B, lanes 9–11), this indicated that the 250- and 120-kDa bands
are complexes of HCs and other components linked by ester
bonds. These results are therefore consistent with the conclu-
sion that the 250- and 120-kDa species correspond to intact I�I
and a HC-containing complex (e.g.HC�bikunin or HC�TSG-6),
respectively.
TSG-6Was Present in AMExtracts—Because HMWHAwas

covalently linkedwithHCs of I�I inAMextracts andTSG-6 has
been shown previously to be required for transferring HCs to
HA by forming a unique covalent bond with I�I as an interme-
diate (22, 24, 59), we wanted to know whether TSG-6 was also
present inAMextracts. Tomake sure the detection of TSG-6 in
AM extracts was genuine, we obtained three anti-TSG-6 anti-
bodies (RAH-1, mAb 2104, and sc-30140) from three different
sources. RAH-1 (29) and sc-30140 are rabbit polyclonal anti-
bodies raised against a C-terminal peptide and the full-length
human TSG-6 pre-protein (amino acids 1–277), respectively,
whereas mAb 2104 is a mouse monoclonal antibody raised
against the mature human TSG-6 protein (amino acids
18–277). All three antibodies detected a single �32-kDa band
in a preparation of recombinant human TSG-6Q protein (53)
and a �35-kDa species in non-treated Extract A by Western
blot (Fig. 3A). Such a difference in Mr between recombinant
TSG-6Q and TSG-6 in Extract A might be due to the differ-

FIGURE 2. Covalent linkage between HA and HCs of I�I in AM extracts.
Extract A was treated (in duplicate) with a series of NaOH concentrations (0,
0.02, 0.05, 0.10, and 0.2 N) before Western blot with an anti-I�I antibody to
determine the optimal NaOH concentration for cleaving the linkage between
HA and HCs (A: M, protein ladder markers, and I�I, purified from the human
plasma). Extracts A–C with or without HAase digestion or 0.05 N NaOH treat-
ment were analyzed by Western blot with anti-I�I antibody (B).

FIGURE 3. TSG-6 was present in AM extracts. TSG-6 was found to be present in
Extract A using three different antibodies that recognized the control TSG-6Q (25
ng) as a �32 kDa protein (A, bands of �35 and �50 kDa were seen in Extract A).
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ent sizes of N-linked glycans present in the Drosophila
expressed material compared with the native protein.6
Noticeably, all three antibodies also detected a strong
50-kDa band in Extract A.
Suppression of TGF-�1 Promoter Activation by AM Extract

PBS—Down-regulation of TGF-�s signaling is a strategy for
preventing scarring during wound healing. It had been shown
that AM suppresses transcription of TGF-�s and their recep-
tors in human corneal and limbal fibroblasts and hence down-
stream expression of �-smooth muscle actin, the EDA-spliced
form of fibronectin, and integrin �5 (46). Inmouse keratocytes,
suppression of TGF-� by AM was essential for maintaining
expression of keratocyte-specific keratocan and preventing dif-
ferentiation into myofibroblasts (48). To test whether Extract
PBS suppressed TGF-� transcription, we used a luciferase-
based TGF-�1 promoter assay as previously reported (48). The
suppression of TGF-�1 promoter activity in human corneal
fibroblasts was dose-dependent over the range of protein con-
centrations from 0.2 to 125�g/ml Extract PBS (Fig. 4A). As low
as 1 �g/ml proteins significantly suppressed TGF-�1 promoter
activation and there was a greater than 50% suppression when
125 �g/ml protein (containing �5 �g/ml HA) was added (p �
0.008). In contrast, 1 �g/ml HMWHA (Healon) did not signif-
icantly suppress TGF-�1 promoter activation when compared
with the control (PBS added only) (p � 0.20, Fig. 4B). The sup-
pression of the promoter activity by 5, 25, and 125�g/mlHMW
HAwas further enhanced (p� 0.10, 0.09, and 0.06, respectively,

Fig. 4B) but not as potent as Extract PBS. To further test
whether this activity was related to HA alone or HA-protein
complex, both HMW HA and Extract PBS were digested with
HAase or heated at 95 °C for 10 min before testing. The results
showed that both treatments abolished the significant suppres-
sive effect of Extract PBS (p� 0.06 and 0.12 for HAase and heat
treatment, respectively, Fig. 4, C and D). In contrast, the diges-
tion of HMWHA by HAase did not cause a significant change
in suppression of TGF-�1 promoter activity (p � 0.31) (Fig.
4C), and even less change when HMW HA was heat-treated
(p� 0.70) (Fig. 4D). These data indicated bothHA and proteins
in Extract PBSwere necessary for suppressing the TGF-�1 pro-
moter activity.
Purification and in Vitro Reconstitution of HC�HA Complex—

Having known that suppression of TGF-�1 promoter activity
by the Extract PBS required both HA and proteins and that HA
in Extract PBS was covalently linked with HCs, we speculated
that the suppressive activity was derived from theHC�HA com-
plex. To test this hypothesis, we first purified this HC�HA com-
plex away from free proteins by submitting Extract PBS to two
successive rounds ofCsCl ultracentrifugation in the presence of
4 M guanidineHCl followed by ethanol precipitation, according
to a reported method (36). After the first ultracentrifugation
step, the sample in each tube was subdivided into 15 fractions
(from low to high density). The density and concentrations of
proteins andHA in each fractionweremeasured. As the density
increased there was a corresponding increase in HA and
decrease in protein concentrations. Fromfraction8onwards, the
protein concentration was below the detection limit (Fig. 5A).6 M. S. Rugg, D. C. Briggs, and A. J. Day, unpublished data.

FIGURE 4. Suppression of TGF-�1 promoter activation by Extract PBS. A dose-dependent relationship was noted in the suppression of the TGF-�1 promoter
activity by a series of concentrations of Extract PBS (A). In contrast, HMW HA (Healon), with an average molecular mass of HA �4000 kDa, showed some
suppression of TGF-�1 promoter activity but not statistically significant (B). The suppressive effect of the TGF-�1 promoter activity was lost when HMW HA (125
�g/ml) or Extract PBS (125 �g/ml proteins) was digested with hyaluronidase (C). Heat treatment (95 °C for 10 min) also eliminated the suppressive activity by
Extract PBS but this was not significant for HMW HA (D). Data are represented as the mean � S.D. of four independent experiments (n � 4) with a sample size
of 4 for each condition. In A–D, an asterisk indicated p � 0.05.
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Therefore, fractions 8–15 (which contained the HC�HA com-
plex, but little free protein) were pooled and subjected to a
second ultracentrifugation. Samples were fractionated in the
samemanner, and fractions 3–15 in which the protein concen-
tration was below the detection limit were pooled (Fig. 5B).
After dialysis against water, this HC�HA containing material
was precipitated by ethanol. Compared with the Extract PBS,
which had 1370 �g/ml protein and 62 �g/ml HA, the purified
HC�HA complex did not contain proteins detectable by the BCA
ProteinAssay (theminimumdetection is�25�g/ml)evenwhen it
was 10-fold concentrated. We thus estimated that there was at
least 550-fold (1370 � 10/25) purification of the HA.
Agarose gel analysis demonstrated that HA in purified

HC�HA complex was the HMW species, having an average
molecular mass of greater than 3000 kDa, and was coupled
with proteins via a NaOH-sensitive bond (Fig. 5C). Purified

HC�HA was concentrated �20-fold prior to SDS-PAGE
analysis. Coomassie Blue staining showed a prominent band
likely corresponding to HC1 and/or HC2 (�75–80 kDa) and
a prominent 14-kDa band as well as few other minor protein
bands in the range between 30- and 60-kDa (Fig. 5D). West-
ern blot analysis using an anti-I�I antibody confirmed the
presence of the HC�HA complex, which was detected as a
high Mr band in the loading well and abolished or greatly
reduced after HAase digestion or NaOH treatment, respec-
tively (Fig. 5E). At the same time, the intensity of the HC
band (�75–80 kDa) was markedly enhanced due to its
release from HMW HA by HAase or because the ester bond
formed between HC and HA was hydrolyzed by NaOH.
Western blot analysis using an anti-TSG-6 antibody did not
detect any TSG-6 in the HC�HA complex purified from
Extract PBS (data not shown).

FIGURE 5. Purification of HC�HA (nHC�HA) complex from Extract PBS by ultracentrifugation. Fractions 8 –15 from the first CsCl, 4 M guanidine HCl
ultracentrifugation (1st) started at the initial density of 1.35 g/ml (A) and fractions 3–15 from the second ultracentrifugation (2nd) started at the initial density
of 1.40 g/ml (B) were pooled according to the presence of HA but the absence of proteins. The latter fraction was dialyzed in distill water to remove CsCl and
guanidine. Extract PBS, 1st and 2nd pooled fractions were then treated with or without 0.05 N NaOH at 25 °C for 1 h (2nd pooled fractions was also digested with
20 units/ml HAase at 37 °C for 2 h) and analyzed on 0.5% agarose gel before being stained with Stains-all dye (C), stained with the Coomassie Blue dye (D), or
on Western blot using an anti-I�I antibody (E). The results confirmed the nHC�HA complex was formed by HMW HA and HC of I�I via a NaOH-sensitive bond.
Please note the pooled fractions from the second ultracentrifugation (labeled as 2nd) in D were concentrated �20-fold by lyophilization before loading to
enhance the detection by the Coomassie Blue dye. AME, amniotic membrane extract.
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Biological Function of HC�HA Complex—To further define
the biological function of purified HC�HA complex, we fol-
lowed the reported methods to reconstitute this complex in
vitro using HMW HA (Healon), I�I purified from serum, and
recombinant TSG-6 (24). In a 96-well Covalink-NH plastic
plate, we first covalently cross-linked HABP to each well via
amide bonds formed between the carboxylates of HABP and
NH groups on the plate surface. We then added serial concen-
trations of 1.5 to 200 �g/ml HMWHA in the absence (Fig. 6A,
Œ) or presence of either 40 �g/ml I�I alone (Fig. 6A, f) or 40

�g/ml I�I and 6�g/mlTSG-6 together (Fig. 6A,F). Afterwash-
ing, the enzyme-linked immunosorbent assay-basedHAQuan-
titative Test showed that the amount of bound HA was greatly
decreasedwhen addedwith I�I, but increasedwhen addedwith
both I�I and TSG-6. In the latter case the increase in HA bind-
ing is likely to result from its cross-linking byHC (36) giving rise
to a greater avidity for the surface immobilized HABP, i.e. in a
manner analogous to the increased adhesion of HA for HA
receptors on leukocytes reported previously (40). However, the
reason for the reduced binding of HA to HABP in the presence
of I�I is likely due to a direct interaction betweenHABP and I�I
(Fig. 6B), which competes for the interaction ofHABPwithHA.
The above result indicated that there was maximal HA immo-
bilization onto the plate surface when 25 �g/ml HMWHAwas
used, at least for HA alone and when in the presence of I�I and
TSG-6.
To verify the formation of rcHC�HA complex, we applied 25

�g/ml HMW HA to each well under the various conditions
described above (Fig. 6A). After extensive washing to remove
unbound components, each well containing the boundHAwas
subjected to HAase digestion or NaOH treatment before being
solubilized in the Laemmli sample buffer for Western blotting
with an anti-I�I antibody. As compared with I�I (Fig. 6C, lane
2) andHMWHA alone (lane 3), intact I�I, but not its degraded
fragments, was present in the HABP/HA-coated wells and
retained after extensive washing (lane 4). As expected, there
was no I�I-immunoreactive band in lane 5 where HA was
added with TSG-6 alone. Importantly, when HA, I�I, and
TSG-6 were incubated together (lane 6), an additional HMW
band (labeled as HC�HA) was seen at the bottom of the loading
well, whereas the intensity of the I�I band was reduced, pre-
sumably because some I�I had been consumed in the transfer
of HC to HMWHA by TSG-6. This HC�HA band and I�I were
eliminated by HAase digestion (lane 10) or NaOH treatment
(lane 14), resulting in the release (appearance) of a �75–80-
kDaHC band. By a comparison, intact I�I (lane 4) was resistant
toHAase digestion (lane 8), but cleavable byNaOH into at least
two bands including higher 120- and �75–80-kDa bands (lane
12). These data verified that the HC�HA complex could be
effectively reconstituted in vitro from HA and I�I in the pres-
ence of TSG-6 (24). Consistent with our earlier studies, once
the HC�HA complex was formed, TSG-6 was released (24) and
could be washed away (i.e. it does not associate with HC�HA
and has low affinity for HA at physiological pH (60)), a finding
that was supported by Western blot using an anti-TSG-6 anti-
body (data not shown).
To determine whether suppression of the TGF-�1 promoter

activity shown by Extract PBS was derived from the HC�HA
complex, we seeded 3 � 104/ml of human corneal fibroblasts,
which had been transfected with both adenoviruses containing
TGF-�1 promoter-luciferase and the CMV-�-galactosidase
gene for 48 h before the TGF-�1 promoter activity assay, onto
HABP cross-linked plates coated with HA and HA/protein
mixtures as described above. Compared with the control (Fig.
7A, Ctrl), the TGF-�1 promoter activity was not significantly
suppressed by HA, HA/I�I, or HA/TSG-6 (p � 0.07, 0.06, and
0.10, respectively, Fig. 7A). In contrast, the rcHC�HA and
nHC�HA complexes showed significant suppression (p� 0.004

FIGURE 6. In vitro reconstitution of HC�HA (rcHC�HA) complex. The HA
binding capacity (%) on HABP cross-linked wells was determined to be max-
imal at 25 �g/ml HMW HA (Healon) by addition of both human I�I and recom-
binant human TSG-6 (A, F) when compared with HMW HA alone (A, Œ) or
HMW HA with I�I (A, f). Four independent experiments (n � 4) with a sample
size of 4 for each condition were performed and data were represented as the
mean � S.D. I�I directly bound to HABP, which was covalently cross-linked to
the 96-well surface, as shown by Western blot with anti-I�I antibody (B). Lane
1, protein marker; lane 2, purified I�I; lane 3, HABP only; lane 4, HABP � I�I; lane
5, HABP � HA; lane 6, HABP � I�I � HA. Western blot using an anti-I�I anti-
body (C) revealed that the bound HMW HA on HABP cross-linked wells
formed the HC�HA complex when added with both I�I and TSG-6 (HA � I�I �
TSG-6, lanes 6, 10, and 14) when compared with HMW HA alone (lanes 3, 7, and
11), with I�I alone (HA � I�I, lanes 4, 8, and 12) or TSG-6 alone (HA � TSG-6,
lanes 5, 9, and 13) either without (lanes 3-6) or with HAase digestion (lanes
7–10) or NaOH treatment (lanes 11–14).
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and 0.005, respectively, Fig. 7A). The extent of suppression of
the TGF-�1 promoter activity exerted by the nHC�HAcomplex
was not significantly different from the rcHC�HA complex (p�
0.20, Fig. 7A). The same result was obtained by adding the
above components as a solution in the well (without being
bound to HABP-coated dish) (data not shown).
Recently, we demonstrated that Extract PBS suppressed cell

viability inmurinemacrophages by inducing cell death via apo-
ptosis (51), an effect that was also observed with AM (50). To
further confirm that such an inhibitory activity onmacrophage
viability also resided in the HC�HA complex, we compared
nHC�HAto rcHC�HAusing theMTTassay. Comparedwith the
control cultured on the HABP cross-linked wells (Fig. 7B,Ctrl),
addition of HMW HA alone (HA) and addition of HMW HA
with either 40 �g/ml I�I (HA/I�I) or 6 �g/ml TSG-6 (HA/
TSG-6) did not cause a significant difference in macrophage
viability (p � 0.30, 0.19, and 0.08, respectively, Fig. 7B). In con-
trast, the rcHC�HA complex as well as the nHC�HA signifi-
cantly reduced macrophage viability (p � 0.0003 and 0.007,
respectively, Fig. 7B). It should be noted that the rcHC�HA
complex and nHC�HA exhibited a similar inhibitory activity
(p � 0.64, Fig. 7B). The same result was obtained by adding the
above components as a solution in the well (without being
bound to HABP-coated dish) (data not shown). Collectively,
these results indicated that nHC�HA as well as rcHC�HA exhib-
ited similar suppression of TGF-�1 promoter activity and pro-
motion of macrophage death, which have been correlated with

anti-scarring and anti-inflamma-
tory actions observed in theAMsol-
uble extract, respectively (49, 51).

DISCUSSION

HA is a multifunctional non-
sulfated glycosaminoglycan that is
a known component of extracellu-
lar matrices. Although immuno-
staining has been used previously to
show the presence of HA in the AM
(41, 42),5 this study is the first pro-
viding the baseline biochemical
characterization of HA in this
unique AM with an avascular stro-
mal matrix. Although HA could be
extracted by buffers with different
salt concentrations, the majority
(�70%) of HA in the AM was
extractable by an isotonic Buffer A
(0.15 M NaCl) (Table 1). Increasing
NaCl concentration to 1 M (as in
Buffer B) only slightly enhanced the
efficiency ofHA extraction. Because
AM extracted by PBS yielded a sim-
ilar HA/protein ratio (Table 1) and
the extract is compatible with the
functional assays because it does not
contain Triton X-100, Extract PBS
was used for further purification of
HA complexes and cell-based

assays. Importantly, HA in both isotonic and high salt-ex-
tractable extracts was of HMW with an average of �3000
kDa (Fig. 1).
Interestingly, HMWHA in the AMwas associated with pro-

tein components, which were identified as HCs of I�I based on
results by HAase digestion and immunoreactivity with anti-I�I
antibodies (Fig. 2). Furthermore, we noted that the HC
appeared to be covalently associated with HA, probably linked
via ester bonds given that the HCs could be released by mild
NaOH treatment (Fig. 2). This finding is consistent with previ-
ously published studies on HC�HA complexes, also referred to
as SHAP-HA (18), and on this basis it seems likely that HMW
complexes of HA in both isotonic and high salt extractable AM
stromal matrices extracts are cross-linked via noncovalent
HC-HC interactions as described forHC�HA fromother tissues
(36). Because the resultant free individual HA chain in AM
extracts still had a molecular mass greater than �1500 kDa
(supplemental Fig. S2) after NaOH treatment (Fig. 1), HAmust
be produced and maintained as HMW in the AM. Collectively,
these results indicated that HA in the AM is another example
utilizing ester bonds to link with HCs of I�I, a scenario resem-
bling ovulated cumulus matrix (61), synovial fluids from indi-
viduals with inflammatory disease (61), and certain pericellular
matrices (14, 62).
TSG-6 is a HA-binding protein (17) that has been associated

with the formation of HC�HA complexes (21, 22, 24). Our data
revealed that TSG-6 and TSG-6-related species (e.g. complexes

FIGURE 7. Suppression of TGF-�1 promoter activity and promotion of macrophage death by rcHC�HA
and nHC�HA complexes. As compared with the control (A, Ctrl, PBS only), rcHC�HA complex or nHC�HA signif-
icantly suppressed TGF-�1 promoter activity, i.e. as measured by the TGF-�1 promoter assay (A, p � 0.004 and
0.005, respectively), and promoted macrophage death as measured by the MTT assay (B, p � 0.0003 and
0.0007, respectively). In contrast, Healon HA alone (HA) or with additional I�I (HA � I�I) or TSG-6 (HA � TSG-6)
did not show a statistically significant effect (all p 	 0.05). Four independent experiments (n � 4) with a sample
size of 4 for each condition were performed and data were represented as the mean � S.D.
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with other components) were present in AM extracts. Besides
the 35-kDa band, which closely matched the reported size of
TSG-6 run on SDS-PAGE, a predominant 50-kDa was also
detected in extracts (Fig. 3). Whether this 50-kDa band repre-
sents an isoform of TSG-6 uniquely present in the human AM
or a complex formed between TSG-6 and one chain of I�I
awaits further studies.
We and others have demonstrated that cryopreservedAMas

a surgical graft exerted anti-inflammatory, anti-scarring, and
anti-angiogenic actions when transplanted to diseased eye sur-
faces (for review see Refs. 43–45). Herein, we showed that
Extract PBS suppressed TGF-�1 promoter activation, consist-
ent with our recent report (49), which is similar to the effect of
AMonhuman corneal (46, 48) and conjunctival (63) fibroblasts
and murine corneal keratocytes (48). As shown by our bio-
chemical analysis, Extract PBS contained HMW HA that is
likely to be associated with proteins (Fig. 5C). HMW HA
(�2000 kDa) has been shown to down-regulate TGF-�1 signal-
ing by binding to the CD44 receptor, thus affecting TGF-�1
receptor trafficking (64) and attenuating downstream SMAD
activation (65). Based on theTGF-�1 promoter assay, our study
showed that HMW HA suppressed TGF-�1 promoter activa-
tion but was not as potent as Extract PBS (Fig. 4B). In contrast,
the significant suppressive activity of Extract PBS was depend-
ent on both HMW HA and proteins (Fig. 4, C and D), where
such an effect was also seen with nHC�HA and rcHC�HA com-
plexes. Furthermore, we noted that the nHC�HA and rcHC�HA
complexes also have a similar capacity to promote macrophage
death (Fig. 7) as have recently been reported in Extract PBS (51).
These results collectively indicated that besides a well estab-
lished role in the fertility of female mice (22, 34), the HC�HA
complex is likely to be one of the active components in AM
responsible for the anti-inflammatory and anti-scarring actions
that have been clinically observed in ocular surface reconstruc-
tion. Further studies into the mechanism of how the HC�HA
complex exerts its actions at the cellular and molecular levels
might lead to the development of therapeutics that have the
ability to direct postnatal wound healing toward scarless tissue
regeneration as seen in fetal wound healing (66, 67).
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