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disorganized scar found in adult wound healing.
Adhesive interactions between lymphocytes and com-

ponents of the extracellular matrix (E CM) within

the inftammatory response following tissue injury. -
fetal wounds the extracellular matrix is composed pre-
dominantly of hyaluronic acid. Within this environ-
ment the inftammatory reaction as a result of injury is
minimal. We propose that this lack of an inftammatory
cell response in the fetal wound is due to the high levels
of hyaluronic acid within the ECM and the inability of
lymphocytes to adhere to this matrix component. There-
fore, we examined the adhesive properties of fetallym-
phocytes to ftbronectin, vitronectin, collagen types 1,
111, IV, V, and hyaluronic acid-ECM components in-
volved in fetal and adult wound environments. Fetal
lymphocytes from both spleen and thymus demon-
strated signiflcant binding capabilities to ftbronectin,
vitronectin, and collagen types I and 111. No intrinsic
binding capabilities were detected to hyaluronic acid.

1-

onstrate the importance of ECM-Iymphocyte interac-
tions in determining the inftammatory response during
fetal wound healing. @ 1994 Academic Pre.., loco

INTRODUCTION

Extensive wound healing research has clearly docu-
mented the remarkable characteristics of fetal tissue re-
pair following injury [1-10]. Perhaps the most striking
aspect of these investigations has been the finding that
fetal wounds heal without an inflammatory response
and generate a "scarless" repair marked by tissue regen-
eration and organized structural integrity rather than

be an important factor in thi~ procese of scarless
,repair [11-13].

The importance of lymphocytes, and in particular T-
lymphocytes, in the procese of adult wound healing and
their absence in fetal wounds has recently been reported
[14-16]. T-Iymphocytes appear to be crucial to collagen
formation and an adult-like scar response. In arder to
mediste an inflammatory response as the first stage of
tissue repair lymphocytes must be able to interact with
the glycoproteins and glycosaminoglycans that compose
the extracellular matrix (ECM) of the wound environ-
mento Though the fetal wound environment contains
the same ECM glycoproteins as the adult wound (fibro-
nectin, vitronectin, and collagen subtypes) , the majar
component of the fetal wound is the glycosaminoglycan
hyaluronic acid [1, 2, 5-7,17,18].

Hyaluronic acid is distributed in the extracellular ma-
trix of most tissues and is particularly concentrated in
developing or regenerating tissues [19]. Though present
transiently in adult wounds, it dominates the fetal
wound matrix [1, 2, 5, 9]. It is a simple glycosaminogly-
can composed of repeating units of N -acetlyglucosamine
and glucuronic acid that can forro a randomly coiled mac-
romolecule with up to 25,000 disaccharide pairs and no
protein backbone. This structure can occupy a large so-
lutional domain and is thought to create hydrated path-
ways throughout the stabilized matrix that facilitate
mesenchymal or stromal cell migration during embryo-
genesis and tissue regeneration [20].

Given the importance of lymphocyte interactions with
ECM we proposed that the lack of inflammation within
a fetal wound was due to an inability of fetal lympho-
cytes to bind to the fetal wound matrix and, in particu-
lar, hyaluronic acid. Therefore, the present studies were
undertaken to examine the adherence properties of fetal
lymphocytes to the individual components of the ECM
and to assess the effects of inflammatory cytokines in
modulating these adhesive interactions.

1 To whorn reprint requests should be addressed at Division ofPedi.

atric Surgery, Milton S. Hershey Medical Center, P.O. Box 850, Her.
shey, PA 17033.
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FIG. 1. Standard binding curve of fetallymphocytes determined
with crystal violet staining.

To determine the possible effects of inflammatory cy-
tokines on binding, lymphocytes were cocultured with
IL-1 (1 unit/ml), IFN--y (100 units/ml) (R&D Systems,
Minneapolis, MN), and phorbol dibutyrate (PDB, 50
ng/ml) (Sigma) during the 4-hr adhesion periodo A total
of three experiments for each cytokine with six wells per
matrix component were performed.

Percentage adhesion (:tSEM) was calculated with
data analysis by one-way ANOV A and P values by un-
paired Student's t test.

RESULTS

Adhesion to various components of the extracellular
matrix by thymic lymphocytes harvested from Day 16
gestational aged murine fetuses is shown in Fig. 2. Maxi-
mum fetal thymocyte binding was demonstrated to fibro-
nectin at 6.6 :t 1.0% of the cell population. Thymocyte
binding to vitronectin was 3.8:t 0.6%. Differential bind-
ing to the various collagen subtypes was exhibited with
5.8:t 1.6% of the thymocyte population binding to colla-
gentype 1 and3.1:t 0.6% bindingtocollagen type III. No
significant binding could be determined to collagen
types IV and V. Minimal bi.nding was detected to hyal-
uronic acid by fetal T-cells (1.6 :t 0.6%) (P < 0.001).

Since the fetal spleen is algo a source of developing
lymphocytes, Day 16 splenocytes were harvested and
tested for their adhesive capabilities (Fig. 3). Markedly
enhanced binding to fibronectin involving 34.2 :t 5.2%
of the cell population was detected, while binding to vi-
tronectin was 14.1 :t 1.9%. Adherence to collagen type 1
was shown by 25.3 :t 3.2% of the splenocytes and to
collagen type III by 17.5 :t 2.9% of the cells. A small
population of cells (7.8 :t 1.4%) adhered to collagen type

Sixteen-day gestational aged fetuses (term = 21 days)
were isolated from time-dated pregnant CD1 mice (n =
80) (Charles River Laboratories, MD) and placed in
RPMI containing 10% fetal calf serum (FCS) at 4°C.
Spleen and thymus tissues isolated from each fetus and
pooled in groups of eight pregnancies were homogenized
and resuspended in RPMI-10% FCS at 4°C. Contami-
nating erythrocytes were lysed with Tris-buffered ammo-
nium chloride for 15 min followed by two washes in
RPMI-10% FCS at 4°C. Suspended lymphocytes were
then isolated from debris by filtration through sterile
gauze, washed twice in RPMI-10% FCS, and resus-
pended at a final dilution of 5 X 107 cellsfml.

Ninety-six-well microculture plates (Corning, Corn-
ing, NY) were precoated and air-dried overnite with fi-
bronectin (5 ,ug), vitronectin (0.5 ,ug), laminin (5 ,ug),
collagen type 111 (5 ,ug), collagen type V (5 ,ug) (Telios
Corp., San Diego, CA), collagen type I (5 ,ug), collagen
type IV (5 ,ug), and hyaluronic acid (5 ,ug) (Sigma Corp,
Sto Louis, MO) at 6 wellsfindividual component. Wells
were then blocked with 1 % bovine serum albumin prior
to the adhesion assay.

The adhesion assay was performed by adding 5 X 106
cellsfwell and incubating the plates for 4 hr at 37°C in
5% CO2. The wells were then filled with RPMI-10%
FCS, and the nonadherent cells were removed by in-
verted centrifugation at 50g for 5 mino Adherent cells
were fixed with 1 % glutaraldehyde (Sigma) for 15 mino
The wells were then washed with Hanks' balanced salt
solution twice and air dried.

Quantification of adherent cell binding was deter-
mined using a modification of the crystal violet staining
technique [21,22]. Cells were stained by the addition of
100,u1 of a 0.1 % crystal violet solution buffered to pH 6.7
for 24 hr. Plates were then washed in distilled water for
35 min and air-dried. Dye was solubilized with 35 ,ul of
10% acetic acid solution for 30 min followed by the addi-
tion of 65 ,ul of 95 % ethanol for 2 hr. The optical density
of released dye was measured using a Dynatech MR 600
microplate reader (Dynatech Laboratories, Inc., Alex-
andria, VA) with the Biolynx Program on a HP-Vectra
QSf20 computer (Hewlett-Packard Corp., Sunnyvale,
CA). The test filter was set at 590 nm and the reference
filter at 700 nm.

For each experiment a standard binding curve was es-
tablished by manually counting six control wells pre-
coated with Peptite 2000 (Telios Corp) containing serial
dilutions oflymphocytes prior to destaining and determi-
nation of absorbance. A standard curve was then con-
structed from the cell counts and the corresponding ab-
sorbances of the calibration wells. Adherent cell binding
in the experimental plates was then determined using
the regression values acquired from the standard curve
(Fig. 1). All assays were done in duplicate.
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IV. Once again, minimal binding was detected to hyal-
uronic acid by lymphocytes developing in the spleen (2.5
:t 1.7%) (P < 0.001).

The addition of IL-1, IFN--y, or PDB for 4 hr did not
effect the binding of fetal thymic or splenic lymphocytes
to any ofthe extracellular matrix components (data not
shown).
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The data from these experiments demonstrate that
fetal lymphocytes express the necessary receptors for
and are capable of binding to a number of glycoproteins
within the extracellular environment of the fetal wound
and that such adhesive capabilities are present early in
the ontogeny ofthese cells. However, there is no intrin-
sic binding capability ofthese lymphocytes to the domi-
nant component of the wound matrix- .-
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FIG. 3. Fetal splenic Iymphocyte binding to components of the
extracellular matrix (% total cell populati<fu).

these tinaings support the hypothesis that

added to an adult wound, fibrosis and scar formation can
be decreased [24, 25]. There appears to be a direct associ-
ation between the extracellular matrix levels of this gly-
cosaminoglycan and the degree of lymphocyte infiltra-
tion and inflammation within a wound environment.

The mechanism by which the level of hyaluronic acid
within a wound environment affects the inflammatory
reaction remains unknown. Since fetallymphocytes fail
to bind to immobilized hyaluronic acid even when stimu-
lated with inflammatory cytokines, they cannot be re-
cruited into or migrate through a zone of tissue injury in
the fetus. Such processes require adhesive interactions
with elements of the ECM, of which hyaluronic acid is
the dominant component. Thus, hyaluronic acid may
prevent an inflammatory response by providing an inad-
equate matrix for lymphocyte adhesion and migration.

We conclude that the lack of binding of fetallympho-
cytes to hyaluronic acid demonstrates the importance of
lymphocyte-ECM adhesive interactions in the wound
healing response. The minimal inflammatory response
characteristic of the fetal wound environment may be
due in part to the composition of the extracellular ma-
trix, as the presence of hyaluronic acid combined with
the inability of fetallymphocytes to adhere to this ma-
trix component ultimately leads to tissue regeneration
rather than inflammation and scar formation.

lymphocyte adhesion. Without the ability to adhere to
the interstitial matrix fetal lymphocytes are unable to
migrate into the zone of tissue injury.

The exact role for hyaluronic acid and the reason for
its prolonged existence within the fetal wound environ-
ment remains unclear, although it is certain to be multi-
faceted. It has been shown to have a direct effect on
modulating the overall wound healing response. Ir the
hyaluronic acid content in the fetal wound is decreased,
an adult-like response with leukocyte infiltration, disor-
ganized collagen deposition, and neovascularization de-
velops [23]. On the other hand, ir hyaluronic acid is
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