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Abstract

The trefoil peptides, a recently recognized family of prote-
ase-resistant peptides, expressed in a regional specific pat-
tern throughout the normal gastrointestinal tract. Although
these peptides have been hypothesized to act as growth fac-
tors, their functional properties are largely unknown. Addi-
tion of recombinant trefoil peptides human spasmolytic
polypeptide (HSP), rat and human intestinal trefoil factor
(RITF and HITF) to subconfluent nontransformed rat in-
testinal epithelial cell lines (IEC-6 and IEC-17), human co-
lon cancer-derived cell lines (HT-29 and CaCO2) or non-
transformed fibroblasts (NRK and BHK) had no significant
effect on proliferation. However addition of the trefoil pep-
tides to wounded monolayers of confluent IEC-6 cells in an
in vitro model of epithelial restitution resulted in a 3-6-fold
increase in the rate of epithelial migration into the wound.
Stimulation of restitution by the trefoil peptide HSP was
enhanced in a cooperative fashion by the addition of mucin
glycoproteins purified from the colon or small intestine of
either rat or man, achieving up to a 15-fold enhancement
in restitution. No synergistic effect was observed by the addi-
tion of nonmucin glycoproteins. In contrast to cytokine stim-
ulation of intestinal epithelial cell restitution which is medi-
ated through enhanced TGF8 bioactivity, trefoil peptide,
and trefoil peptide-mucin glycoprotein stimulation of resti-
tution was not associated with alteration in concentrations
of bioactive TGF-13 and was not affected by the presence
of immunoneutralizing anti-TGFB antiserum. Collectively,
these findings suggest that the trefoil peptides which are
secreted onto the lumenal surface of the gastrointestinal
tract may act in conjunction with the mucin glycoprotein
products of goblet cells to promote reestablishment of muco-
sal integrity after injury through mechanisms distinct from
those which may act at the basolateral pole of the epithe-
lium. (J. Clin. Invest. 1994.94:376-383.) Key words: muco-
sal injury , growth * goblet cells * healing

Introduction

Over the past several years a family of small peptides expressed
at various sites throughout the gastrointestinal tract and desig-
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nated trefoil factors have been identified through a range of
approaches. The members of this family share an array of struc-
tural features including, most notably, a motif of six cysteine
residues termed a trefoil or a P domain, which is distinct from
those found in other peptide families. Noting the shared cysteine
motif present in the first two members of this family to be
identified, Thim (1) postulated that the six cysteine residues
could contribute to the formation of three intrachain loops via
the formation of disulfide bonds; the resultant predicted three
looped structure prompted the trefoil (three leaf) designation.
A recent nuclear magnetic resonance (NMR) analysis of one
of the trefoil peptides supported the presence of a distinctive
secondary structure consistent with the putative three intrachain
loop formation (2). Various members of the family identified
in mammals include one or two P domains (3-5 ). Amphibians
have been found to express trefoil proteins with one to as many
as four P domains (6).

Members of the trefoil peptide family appear to be expressed
in a regional specific fashion throughout the gastrointestinal
tract in a manner which has been conserved through evolution.
Thus pS2, a peptide which was first identified through its ectopic
expression in many hormonally responsive breast carcinomas
is normally expressed predominantly in gastric mucosa (7, 8).
The trefoil peptides containing two P domains (e.g., human and
porcine spasmolytic polypeptides [HSP and PSP])' are found
in the distal stomach and pancreas while intestinal trefoil factor
(ITF) containing one P domain, is found in small and large
intestinal mucosa from the duodenum to the rectum (4, 5, 9,
10). The trefoil peptide family appears to be relatively ancient
with homologues present in the amphibian stomach and skin
(designated XSL) (6, 11-14). However regional specific fac-
tors appear to have been individually conserved; the overall
homologies among trefoil peptides found at different sites in
the gastrointestinal tract within a single species range from 35
to 45% (e.g., human ITF vs. human pS2 = 37% homology),
while the corresponding trefoil factors from different species
may be as much as 85% identical (e.g., human vs. rat ITF
- 82% identity) (9).

Although the high degree of evolutionary conservation of
trefoil peptides and their abundance suggest that these peptides
subserve important functions, insights into their physiological
actions have been limited ( 11). Interestingly, increased expres-
sion of trefoil peptides has been observed in association with
ulceration in the gastrointestinal tract and has been localized to
a cell thought to contain growth regulatory peptides (15-17).
It has been suggested that they may serve as growth factors and
one member has been reported to modestly stimulate prolifera-

1. Abbreviations used in this paper: HSPand PSP, human and porcine
spasmolytic polypeptide; RCGPand HCGP, rat and human colonic
mucin glycoproteins; RITF and HITF, rat and human intestinal trefoil
factor.
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tion of colon cancer-derived cell lines (18). However, the
abundance of these peptides in the mucosa contrasts with the
relatively low concentrations of previously described "conven-
tional" peptide growth factors which modulate proliferation
through interaction with high affinity specific cell surface recep-
tors. Early studies suggested that at least one member of the
family, porcine spasmolytic polypeptide (PSP), could alter both
gastric acid secretion and gastrointestinal tract motility but
whether these reflect direct physiological functions remains un-
clear (19-21).

Although it is possible that the trefoil peptides serve a sys-
temic function, it is notable that these peptides appear to be
produced by goblet cells in the small and large intestine and
their counterparts in other areas of the gastrointestinal tract,
which secrete them onto the lumenal mucosal surface, presum-
ably in conjunction with mucin glycoproteins (9, 10). It is
therefore possible that these peptides exert their most important
function at the lumenal-mucosal interface where they are most
abundant, possibly contributing in some fashion to the integrity
of mucosal surface continuity. Indeed, these peptides may be
structurally well suited to survive in a functional state despite
the inevitable exposure to the lumenal proteases present
throughout the gastrointestinal tract. Jorgenson et al. (21 ) have
directly demonstrated a high degree of resistance to protease
digestion of PSPwhich they ascribed to a compact structure of
the PSPmolecule. Comparable protease resistance has also been
observed for ITT (H. Kindon and D. K. Podolsky, manuscript
in preparation). In the present study, we explore the effects of
model trefoil peptides alone and in conjunction with mucin
glycoproteins on the restitution of wounded intestinal epithelial
monolayers. Although the trefoil peptides did not appear to
alter proliferation of these cell lines, they acted in a synergistic
fashion to enhance the rate of restitution through a pathway
distinct from that utilized by cytokines present at the basolateral
surface.

Methods

Materials. Recombinant HSP (rHSP) was produced in yeast and puri-
fied as previously described (22). In the present study the nonglycosyl-
ated form of rHSP was used, though essentially equivalent results were
observed with glycosylated rHSP. Recombinant rat and human ITF
(RITF and HITF) were produced after cloning the corresponding full
length cDNAs into a commercially available baculovirus vector (Max-
bac; Invitrogen, Sunnydale, CA) and expressed in the Sf9 insect cell
line (H. Kindon and D. K. Podolsky, manuscript in preparation); equiva-
lence with the native protein was confirmed by Western blot and SDS-
PAGEanalysis using a previously characterized anti-FIT specific anti-
sera (10).

Mucin glycoproteins were purified from human colonic mucosa as
previously reported (23, 24); mucin glycoproteins were purified and
used without further chromatographic fractionation into individual spe-
cies. Nonmucin glycoproteins from human and rat colonic mucosa were
separated on Sepharose 4B from the mucin glycoproteins obtained for
comparative studies by chromatography performed as previously re-
ported (23, 24). The nonmucin glycoproteins recovered in the included
volume were exhaustively dialyzed against water and lyophilyzed. Mu-
cin glycoproteins were also purified from colonic mucosa and small
intestinal mucosa from Sprague-Dawley rats essentially by application
of the same techniques as used by others (25). In all instances, mucin
glycoproteins were recovered after CsCl density centrifugation with a
buoyant density of > 1.45 g/ml.

Porcine TGFf31 (26, 27) was obtained from R&Dsystems (Minne-
apolis, MN), turkey anti-human TGF/31 antiserum from Collaborative

Research (Bedford, MA). Previous studies in this laboratory have dem-
onstrated that 50 ul of this antisera can immunoneutralize up to 100 ng
of either human or rat TGF,/1 (see references 29 and 39). Bovine serum
albumin (BSA) was obtained from Sigma Chemical Co. (St. Louis,
MO). IEC-6, a nontransformed intestinal epithelial cell line established
in this laboratory from neonatal rat intestine was used in 16th- 19th
passage (28). MvlLu cells, a TGF,61 sensitive line was obtained from
the ATCC(48th-SOth passage).

Restitution (migration) in an in vitro model of wounding. Wound
assays were performed as previously described (29, 30) using a modifi-
cation of the method developed by Sato and Rifkin (31). Confluent
monolayers of IEC-6 cells in 24-well multiwell plates were wounded
with a razor blade sized to yield a 4-5-mm X 1 cm wound in each
well. Cells were washed with fresh serum-deprived medium to remove
any residual cell debris and the wounded monolayers were subsequently
cultured for a further 24 h in fresh serum-deprived medium in the
presence or absence of various proteins or glycoproteins in a range of
concentrations individually or in combination: rHSP, RITF, HITF,
HCGP, RCGP, HCNMGP,RCNMGP,BSA, TGFP1, or anti-TGFf3
antiserum.

Migration of IEC-6 cells was assessed by blinded counting of the
number of IEC-6 cells observed across the wound border expressed as
the mean number of cells present across the wound border in a standard-
ized length (2 mm) using photomicrographs taken at 10OX with an
inverted microscope Nikon Diaphor TMSand a Nikon N6006 camera.
Duplicate wells were used in each experiment and three wound areas
per well were used to quantitate migration; data from a minimum of
three separate experiments were used for the determination of the effects
of various substances on restitution (interassay variation < 10%). Data
are expressed as mean cell number across the standard wound edge unit
±SD.

Determination of latent and bioactive TGF/3. Latent and bioactive
TGF/3 were determined by a bioassay measuring inhibition of prolifera-
tion (incorporation of radiolabeled thymidine) by subconfluent mink
lung epithelial cells (MvlLu) as described elsewhere (32). Briefly, for
the determination of total (latent and bioactive) TGF/3, samples were
first activated by acidification with 0.15 N HCOfor 60 min, followed
by neutralization before assay for TGF-/3 bioactivity. Bioactive TGF/3
was determined using samples without prior acidification. MvlLu cells
(1 x 105 cells/well in 24-well plates) were seeded in 0.2% FCS in
DME; 5 h after seeding, test samples or varying concentrations of the
standard porcine platelet TGFP31 were added and cells cultured for 24
h at 37°C. [3H]thymidine (1.5 pCi/well) was added and the incubation
was continued for an additional 4 h. Cells were then washed with PBS
and fixed in methanol:acetic acid (3:1 vol/vol). Acid insoluble material
including thymidine incorporated into DNAwas solubilized by addition
of 1 N NaOH and incorporated radioactivity determined in a liquid
scintillation counter.

Effects of trefoil factors on cell proliferation. Cells (IEC-6, LEC-
17, HT-29, CaCO2, T84, LS180, NRK, BHK and AGS, [33], all ob-
tained from the ATCC) were seeded into 24-well plate (1-5 X I04
cells/well) in the presence of DMEcontaining 5%FCS. When - 50%
confluent, cells were washed three times and then further cultured for
24 h in DMEcontaining 0.1% FCS. Cultures were then supplemented
with rHSP, RITF, HMT, HCGP, RCGP, RSIGP, or RGGPindividually
or in combination in concentrations ranging from 0.1-5 Itg/,ul as cited
in the text. After 20 h at 37°C, [3H]thymidine (1.8 .Ci/well; 1 yCi/
p1) was added and after 4 h, incorporation of radiolabeled thymidine
determined as described above.

Results

Although the existence of a distinctive family of molecules
designated trefoil peptides which in mammals are normally ex-
pressed almost exclusively in gastrointestinal mucosa and pan-
creas has been recognized, the physiological role(s) of these
abundant constituents which appear to be differentially secreted
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onto the mucosal surface have remained unclear. Some investi-
gators have speculated that trefoil peptides may act fundamen-
tally as growth factors, stimulating proliferation through interac-
tion with cell surface receptors ( 18, 34, 35 ). To test this hypoth-
esis, the purified human trefoil peptide normally expressed in
the proximal gastrointestinal tract HSP or semi-purified forms
of the predominant trefoil peptide present in the small and large
intestine ITF (rat and human) were added to subconfluent cul-
tures of nontransformed rat intestinal epithelial cells (IEC-6
and IEC-17), human colon cancer-derived cell lines including
those which retain the capacity to undergo phenotypic differen-
tiation (CaCO2 and HT-29) (33), a human gastric cancer-de-
rived cell line (AGS) and a rodent nontransformed fibroblast
line (NRK). As shown in Table I, none of the trefoil peptides
had a significant effect on the proliferation of any of these cell
lines within the 24-h time frame assessed by incorporation of
thymidine into acid precipitable material; previous studies in
this laboratory have confirmed that the latter correlates directly
with proliferation in the intestinal, colon cancer-derived and
fibroblast lines. Trefoil peptides were evaluated over a range of
concentrations from 0.1-1 jig/ pl without significant stimula-
tion or inhibition of proliferation; incorporation of thymidine
remained within 22% of the untreated controls in all studies. In
contrast, the intestinal derived cell lines IEC-6 and IEC-17 were
highly sensitive to the growth inhibiting effect of TGFJ3I
(> 90% inhibition at 5pM) and the growth stimulatory effects
of TGFa ( > 100% stimulation at 0.1 jig/ml) used as compara-
tive controls consistent with earlier observations in this labora-
tory and elsewhere (36). The effect of the trefoil peptides on
proliferation of the cell lines in the copresence of human or rat
colonic mucin glycoproteins was also determined insofar as
circumstantial observations suggest that these may be co-se-
creted onto the mucosal surface in vivo. However, the addition
of these large molecular weight glycoproteins did not result in
emergence of previously latent effects on proliferation by the
trefoil peptides (data not shown).

Although the trefoil peptides had no significant effect on
growth in a variety of cell lines derived from gastrointestinal
tract epithelium, we speculated that these proteins secreted in
abundance onto the mucosal surface might promote epithelial
integrity in a manner distinct from typical peptide growth fac-
tors. Subsequently, we evaluated the effect of these peptides on
restitution in an in vitro model of mucosal (epithelial) injury.
A contact-inhibited confluent monolayer of IEC-6 cells was
wounded in a standard fashion with a razor blade and migration
into the defect to reconstitute the continuity of the monolayer
was monitored. Previous studies have demonstrated that several
cytokines and "classical" growth factors which may be present
at the basolateral side of the epithelial surface monolayer in
vivo enhance the rate of restitution in this model (29, 37-39).
To determine whether trefoil peptides which are present at the
apical surface in vivo might have a complementary role in
promoting the reestablishment of epithelial integrity, the trefoil
peptides alone or in combination with mucin glycoproteins were
added to wounded IEC-6 cell monolayers.

As demonstrated in Figs. 1 and 2, HSPenhanced the migra-
tion of IEC-6 cells into the wound approximately fourfold. No
similar enhancement was seen when HSPwas replaced with a
nonspecific protein (BSA). Interestingly, the purified human
mucin glycoprotein (HCGP) also enhanced restitution though
to a lesser extent. However, the combined presence of HSPand
HCGPled to a significant increase in the rate of restitution

Table I. Effect of Trefoil Peptides on Proliferation In Vitro

Cell line Trefoil peptide* Incorporation of [3H]thymidinet Percentage control

cpm±SD/105 cells
IEC-6 None 1280±90

HSP 1410±230 110.2
RITF 1520±280 118.8
HITF 1440±210 112.5

IEC-17 None 960±110
HSP 1230±140 128.1
R1ITF 1070±160 111.4
HIT 1150±180 119.8

HT-29 None 2580±350
HSP 2930±420 113.6
R1TF 3850±740 149.2
HITF 2360±390 91.5

CaC02 None 1020±100
HSP 1210±130 118.6
RITF 1100±160 107.8
H1EM 530±70 52.0

T84 None 11280±140
HSP 14500±1380 128.5
R1TF 9890± 1250 87.7
HIWT 9540±930 85.0

AGS None 250±40

HSP 180±30 72.0
RITF ND
IEITF ND

NRK None 15520± 1690
HSP 17890±2170 115.3
R1TF 13090±2410 84.3
HITF 18140±2760 116.9

* Purified recombinant HSPwas added to DMEat a concentration of
100 ug/ml. RITF and H1TF were added as supernatant from Sf9
transfected with baculovirus vector containing full length cDNAs encod-
ing these peptides. Control cultures for comparative assays were supple-
mented with an equal volume (50 u1/500 pl total culture volume) from
supernatant of nontransfected Sf9 cells. t [3Hlthymidine was added 20
h after addition of factor to subconfluent cells. After further incubation
for 4 h, incorporation of radiolabel into acid precipitable material was
determined as detailed in Methods. ND, not determined.

achieving a rate 6-15-fold higher than that observed in controls.
The effect of the mucin glycoproteins was specific insofar as
no comparable alteration in the rate of restitution was seen
when nonmucin glycoproteins isolated from human colon were
substituted either alone or in combination with HSP.

As demonstrated in Fig. 3, the ability of the human colonic
mucin glycoproteins to act in a cooperative fashion with HSP
appeared to be commonto gastrointestinal tract mucin glycopro-
teins generally. Thus, rat colonic mucin glycoproteins alone and
in combination with the trefoil peptide enhanced cell migration
in this wounding model to a similar extent as that observed with
the human colonic mucin glycoproteins. Furthermore, mucin
glycoproteins isolated from another site of the rat gastrointesti-
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Figure 1. Cell migration in an in vitro model of restitution. Standard wounds were made with a razor blade in confluent monolayers of IEC-6 cells
as previously described. After washing with fresh medium, wounded monolayers were cultured for 24 h in control media (A) or media supplemented
with the trefoil peptide HSP, 1 Ag/pl (B), purified human colonic mucin glycoproteins, 1 jsg/ysl (C), or HSPand HCGPin combination (D).
Cells were fixed and photomicrographs taken (x 100). Scratch indicates original margin of wound.

nal tract (small intestine) also stimulated restitution in this
model in combination with HSP. These data suggest that the
mucin glycoproteins may interact functionally with HSP as a
reflection of structural features common to these glycoconju-
gates as a class. Subsequent experiments suggested that these
observations may also reflect properties common to the family
of trefoil peptides. Partially purified rat and human ITF, the
trefoil peptide normally expressed in the small and large intes-
tine, also stimulated restitution of wounded IEC-6 and IEC-17
monolayers. Promotion of migration by the two species of ITF
was further enhanced by the copresence of colonic mucin glyco-
proteins (Fig. 4). Collectively, these observations suggest that
the ability to promote restitution, at least in this simplified in
vitro model, is a property characteristic of the mammalian trefoil
peptides as a family which may be enhanced through interaction
with secreted mucin glycoproteins generally.

The relationship between rate of restitution in this in vitro
model and the relative and absolute concentrations of trefoil
peptides and mucin glycoproteins was explored through the
assessment of migration following addition of varying amounts
of HSP and HCGP. The limited quantities of ITFs precluded
extending these studies to encompass these factors at this time.
As demonstrated in Fig. 5, the rate of restitution was propor-
tional to both the absolute and relative concentrations of HSP

and HCGP. A dose-response relationship was seen when either
HSPor HCGPwere added alone in increasing concentrations:
maximal levels of migration for HSPand HCGPwere observed
at concentrations of 2.5 Og/lsl for both proteins. It should be
noted that previous estimates suggest that each of these constit-
uents may be physiologically present in essentially equal or
greater concentrations at the mucosal surface. Cooperative stim-
ulation of restitution was seen at lower concentrations of the
individual substances when added together; enhancement ob-
served in the presence of the "optimal" concentrations was
greater than that observed at maximal effective concentrations
of either individual component.

As noted above, previous studies in this laboratory and else-
where have demonstrated that a number of cytokines and pep-
tide growth factors (ILl, LL-2, IFNy, TGFa/EGF, and TGF,/)
also promote enhanced restitution in this in vitro model (29,
37-40). The studies in this laboratory also demonstrated that
all of these peptides acted through a TGF,3-dependent pathway:
stimulation of restitution could be entirely abrogated by the
addition of neutralizing anti-TGF,6 antiserum. Further, all of
these factors stimulated endogenous production of bioactive
TGFPby the wounded monolayer and enhanced restitution by
these exogenous peptides (except TGF,3 itself) could also be
blocked by addition of protease inhibitors (e.g., aprotinin or
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Figure 2. Effect of HSPand mucin glycoproteins on restitution in
wounded IEC-6 monolayers. Wounds were established in confluent
monolayers of IEC-6 as detailed in text and wounded monolayers cul-
tured for 24 h after addition of control media or media containing HSP
and/or HCGP(former 1.0 pg/pul, the latter 1.0 usg/lsl). Nonmucin
glycoproteins (1.0 /.g/pjl) isolated in parallel from human colonic mu-
cosa were also assessed and the nonspecific protein BSA (1 ig/lul)
were also evaluated. Cells migrating across the wound margin as de-
picted in Fig. 1, were quantitated by blinded determination of the number
of cells/standard distance obtained in quadruplicate from each of two
wells in at least three separate experiments. Results presented as mean
±SD. *P < 0.001 compared with DME; +P < 0.01 compared with
HCGP+ HSP.

epsilon amino caproic acid) which prevent the bioactivation of
TGFJ from its precursor state (41). To determine whether the
trefoil factors and/or the mucin glycoproteins also stimulate
restitution through the same or a comparable TGFB-dependent
pathway, migration after addition of these substances was as-
sessed in the presence of an excess of the same immunoneutral-
izing anti-TGFfO antiserum. In contrast to the previously studied

I
I

Figure 3. Effects of gastrointestinal tract mucin glycoproteins on restitu-
tion in wounded IEC-6 monolayers. Wounds were established in con-

fluent monolayers of IEC-6 as detailed in text and wounded monolayers
cultured for 24 h after addition of control media or media containing
mucin glycoproteins (1 tg/ /l) isolated from rat small intestine or colon
(designated RSIGP and RCGP, respectively) or in combination with
HSP (1 jsg/lil). Cells migrating across the wound margin as depicted
in Fig. 1, were quantitated by blinded determination of the number of
cells/standard distance obtained in quadruplicate from each of two wells
in at least three separate experiments. Results presented as mean ±SD.
*P < 0.001 compared with control; +P < 0.004 compared with respec-
tive glycoprotein alone.
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Figure 4. Effects of intestinal trefoil factor on restitution in wounded
IEC-6 monolayers. Recombinant rat and human 1TF (RITF and H1TF)
were produced by molecular cloning of full length cDNAs encoding
these peptides into a baculovirus expression system and crude factor
obtained in the media from transfected Sf9 cells. Wounds were estab-
lished in confluent monolayers of IEC-6 as detailed in text and wounded
monolayers cultured for 24 h after addition of control media or media
containing RITF or HITF (10% vol/vol CMin serum deprived DME;
estimated concentration 1 ug/lA) alone or in the presence of either
RSIGP or HCGP(2 ,g/jA). Cells migrating across the wound margin
as depicted in Fig. 1, were quantitated by blinded determination of the
number of cells/standard distance obtained in duplicate from each of
two wells in at least three separate experiments. Results presented as
mean +/-SD. *P < 0.001 compared with control; +P < 0.004 com-
pared with RITF/HITF alone.

cytokines, anti-TGFB had no effect on the stimulation of restitu-
tion by HSP, HCGP, or the combination of HSP and HCGP
(Fig. 6). Subsequently, the effects of the trefoil peptides and
mucin glycoprotein on production of TGFB peptide by the
wounded monolayer were also assessed. As demonstrated in
Fig. 7, in contrast to the previously studied cytokines, neither
HSP nor HCGPalone or in combination significantly altered
the production of TGF,3 by the wounded monolayer. Addition
of TGFB (1 pM) itself in the presence of HSP and HCGP
function increased migration 28%±6%(not pictured). Collec-
tively, these findings indicate that the trefoil peptides do not
promote restitution through a TGFJ3-dependent pathway.

Discussion

The mucosal surface of the gastrointestinal tract forms an ex-
tended interface with the environment. Although the full com-
plexity of the various host defenses present in the lamina propria
has not been delineated, it is evident that the physical continuity
of the surface epithelium and its barrier function are essential.
In the normal mucosa, tight junctions between epithelial cells
are especially important, preventing penetration of large molec-
ular weight materials through paracellular pathways (42, 43).
In addition, a continuous viscoelastic coat overlying the lumenal
(apical) surface has also been appreciated, though its functional
importance in preserving or reestablishing mucosal continuity
has been largely presumptive. This coat has been thought to
consist largely, if not entirely of hydrated mucin glycoproteins
secreted by the large population of goblet cells or their counter-
parts in the proximal gastrointestinal tract which are inter-
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Figure 5. Effects of varying concentrations of
HSPand HCGPon restitution in wounded IEC-
6 monolayers. The effects of HSPand HCGPon
cellular restitution were assessed as described in
text and legend to Fig. 2, using various concen-
trations of each of these factors alone or in com-
bination as indicated in the figure.

spersed among the other epithelial cell populations that collec-
tively form the mucosal surface.

In addition to the structural continuity of the normal surface
epithelium, mechanisms to reestablish this integrity after the
many forms of injury that affect the gastrointestinal mucosa
are essential. Although replacement of cells lost after mucosal
ulceration through proliferation is ultimately necessary, this pro-
cess requires an extended period of time. A number of investiga-
tors have demonstrated that the continuity of the epithelial sur-
face population is more rapidly established by the process of
restitution in which cells at the margins of areas of mucosal
injury extend themselves and migrate over a period of hours
(44-48). This process which has been observed after a variety
of forms of mucosal injury in both the upper and lower gastroin-
testinal tract is remarkable for the rapidity through which even
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Figure 6. Role of TGF/3 in HSPand mucin glycoprotein stimulation of
intestinal epithelial restitution. HSPand/or HCGPwere added to
wounded IEC-6 monolayers as described in legend to Fig. 2 in the
presence of an immunoneutralizing anti-TGF,6 antiserum or nonspecific
serum and cellular migration quantitated as described. Confirmation of
immunoneutralizing ability of anti-serum was confirmed by ability to
inhibit migration stimulation by exogenous rodent TGF/3, as previously
reported (29, 39).

extensive surface ulceration may be re-epithelialized; Feil et al.
(49) have demonstrated that fully 80% of the colonic surface
area denuded by instillation of acetic acid will be recovered by
the migration of epithelium within 4 h.

Previous studies from this laboratory have demonstrated the
capability of a number of cytokines and growth factors to pro-
mote restitution using a simplified in vitro model (29, 39).
These regulatory peptides which effect their actions through
specific high-affinity cell surface receptors are produced by cel-
lular constituents of the lamina propria especially in the context
of cellular activation of inflammatory and immune response
commonly seen after damage to the overlying epithelium (50).
These factors may be reasonably presumed to promote gastroin-
testinal tract epithelial migration through the basolateral pole.
The studies described in this report suggest that the important
process of restitution may also be promoted through the com-
bined action of trefoil peptides and mucin glycoproteins. This
complex would appear complementary to the previously identi-
fied mechanisms insofar as it is localized exclusively to the
apical surface. The fundamental distinction between the restitu-
tion promoting effects of the trefoil peptide containing complex
and mucosal cytokines and growth factors is underscored by
the lack of dependence of the former on modulation of TGF/3
as an intermediate effector peptide.

These observations provide new insights into the dimensions
of mucosal function. It appears that a complex of trefoil peptide
and mucin glycoprotein produced by goblet cells both provides
a continuous physical interface with the lumen and promotes
rapid reestablishment of that continuity after injury. It is possi-
ble that this activity is directly related to the ability of trefoil
peptides to promote formation of a surface viscoelastic gel by
physical interaction with mucin glycoproteins. Preliminary stud-
ies have demonstrated that HSP, PSP, and ITF specifically en-
hance viscosity in mixtures with mucin glycoproteins (K.
Lynch-Devaney and D. K. Podolsky, unpublished observation).
Although the studies described in this report demonstrate the
functional effect of trefoil peptides in promoting restitution
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Figure 7. Effects of HSPan HCGPon production of bioactive TGF/3
by wounded IEC-6 monolayers. After treatment of wounded monolay-
ers with HSPand/or HCGP, media and cells were harvested and the
level of active and latent (defined as the total amount of bioactive
TGF,3 present after acidification less that present in the absence of
acidfication) was determined by the ability to inhibit proliferation of
the MvlLu cell line and quantitated against a standard curve estab-
lished with reagent TGFb. (m) latent; (o) bioactive.

through a TGF3-independent pathway, the mechanistic basis of
this activity will be the focus of further studies.

Finally, the present study provides a new perspective on the
functional role of trefoil peptides as a class. Despite an initial
report of modest growth promoting effects of PSP when added
to the media of some colon cancer-derived cell lines (18), we
were unable to identify within the experimental conditions used
in these studies any consistent stimulatory or inhibitory effect
of any of the three trefoil peptides studied in a variety of cell
lines. While it is possible that the lack of effect of the trefoil
peptides could reflect the absence of suitable receptors, it is
notable that one of these lines was responsive to the restitution-
promoting effects of these factors. Nonetheless, it is possible
that trefoil factors could act as typical peptide growth factors
in suitable target cells via receptors which are not involved in
the pathway through which cell migration and restitution are
mediated. In this context, it will be important to distinguish
putative receptors from cell surface binding sites which might
serve to anchor trefoil factors to the mucosal surface, perhaps
complexed with mucin glycoproteins.

In addition, the present study suggests that trefoil peptides
may share generic functional properties. Thus both HSP and
ITF had comparable abilities to promote restitution of the IEC-
6 intestinal epithelial cell line although the former peptide is
normally found in the proximal gastrointestinal tract. Wepre-
sume that the gastric trefoil factor pS2 would have similar ef-
fects on restitution, and conversely all of these trefoil factors
would promote restitution in gastric epithelium as well. Further,
the ability of both human and rodent trefoil peptides to enhance
migration of the rodent line underscores the conserved func-
tional properties of this family of peptides in the gastrointestinal
tract. Wealso anticipate that the rodent trefoil peptide (or other
mammalian and perhaps amphibian trefoil peptides) could simi-
larly stimulate restitution in non-transformed human gastroin-
testinal epithelium.

In parallel, these studies indicate that the trefoil peptides
possess a common structural basis for functional interaction

with mucin glycoproteins broadly. Thus mucin glycoproteins
from either rat or man appeared to function in a cooperative
fashion with the rodent and human trefoil peptides. Similarly,
mucin glycoproteins isolated from two different sites of the rat
gastrointestinal tract functioned in an essentially comparable
manner in their interaction with trefoil peptides to enhance resti-
tution in the in vitro model.

Although these studies have highlighted the interchangeable
function of the trefoil peptides and mucin glycoproteins in the
assays employed, insofar as the individual members of this
family appear to have been evolutionarily conserved in a region-
specific manner, it is also reasonable to assume that each peptide
possesses properties which may be specifically adapted to the
sites of normal expression. These specific properties may in-
clude more exquisite specific interaction with site-specific mu-
cin glycoproteins than could be resolved in the present model.
Alternatively, these more specific features of the individual tre-
foil peptides and mucin glycoproteins could play a key role in
functional properties of these substances in addition to their
effects on restitution. While these studies have demonstrated
the ability of trefoil peptides to promote restitution, it is possible
that they also serve in other ways to protect the gastrointestinal
tract mucosal integrity from damage.
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