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SUMMARY

Recruitment of polymorphonuclear leucocytes (PMN) across the intestinal epithelium is dependent on
specific adhesion molecules and chemoattractants diffusing from the intestinal lumen. The present
understanding is that in response to fMLP, PMN migration across a T84 colon carcinoma monolayer is
dependent on the S, integrin, Mac-1 (CD11b/CD18). To further understand PMN transepithelial migra-
tion, we sought to determine whether migration to C5a, IL-8 and LTB, was similarly Mac-1-, or even
CD18-dependent. T84 epithelial cell monolayers growing on Transwell filters were used in combination
with radiolabelled peripheral blood PMN. The number of migrated PMN was established by the amount
of radioactivity recovered from the well after the migration period. Monoclonal antibodies were used
to block integrin function. Whereas essentially all migration to fMLP across T84 monolayers was pre-
vented by anti-CD18 antibody, significant migration to C5a, IL-8 or LTB, persisted despite anti-CD18
antibody, indicating PMN are capable of 3, integrin-independent transepithelial migration. An antibody
to CD11b but not CDI1la blocked migration to an extent similar as with anti-CD18. CD18-
independent PMN migration to C5a occurred only in the basolateral-to-apical direction across
epithelial cells. Co-stimulation of PMN with C5a and fMLP or IL-8 plus LTB, and fMLP still resulted
in CD18-independent migration. Thus CD18 use during PMN migration across this model epithelium is
a function of the chemoattractant inducing migration. The finding of CD18-independent migration
mechanisms needs to be considered when developing antiadhesion molecule strategies to reduce or

reverse intestinal inflammation.
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INTRODUCTION

Many intestinal inflammatory illnesses are marked by infiltration
by polymorphonuclear leucocytes (PMN) including into the
lumen. Indeed, PMN have been implicated in the damage to the
epithelium during these diseases since the numbers of infiltrating
cells is positively associated with disease activity, for example
during inflammatory bowel disease [1]. PMN may injure epithe-
lial cells through secretion of inflammatory products [2,3] and
transepithelial migration can affect epithelial permeability,
potentially exposing the mucosa to bacteria [4-6]. Otherwise
migration of PMN through the epithelium may directly stimulate
epithelial cytokine production [7] and large numbers of migrat-
ing PMN provoke epithelial cell apoptosis [8]. Once in the
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lumen, PMN release additional products which elicit secretory
diarrhoea [9]. Thus one strategy to reduce and possibly reverse
inflammation is to specifically impede the influx of PMN into the
intestinal lumen.

Migration of PMN across cellular barriers such as vascular
endothelium and epithelium is the result of the combined effect of
chemoattractants and specific cell adhesion molecule interactions.
Precisely which chemoattractants are active in the inflamed
human intestinal lumen are unknown but IL-8, LTB, and comple-
ment split products have all been found in the stool of IBD
patients [10-13], and McCormick et al. [14] described a novel
chemoattractant secreted apically following infection of T84 cells
with S. typhimurium. In regards to the adhesion interactions dur-
ing transepithelial migration, the principal adhesion molecule is
reportedly Mac-1 (CD11b/CD18) because almost all migration to
fMLP across a model intestinal epithelial monolayer can be
blocked with anti-CD11b or anti-CD18 (3, integrin) antibodies
[15,16]. However, multiple lines of evidence suggest CD18-
independent PMN migration into or across the epithelium likely
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occurs. CD18 blockade failed to prevent damage to the ileum in a
phorbal myristate acetate treated cat ileitis model [17], and block-
ade failed to entirely prevent PMN infiltration of the small intes-
tinal epithelium during 7. spiralis infection in rats [7] or increased
myeloperoxidase (MPO) in the intestine following ischaemia/rep-
erfusion [18]. Finally, freshly passaged HT-29 colon carcinoma
cells supported CD18-independent adhesion to PMN [19].

In our experiments we examined whether PMN migration to
chemoattractants other than fMLP also employed CD18. We
report here that PMN may utilize CD18-independent mecha-
nisms to cross the intestinal epithelium depending on the
chemoattractant. This discovery has implications in our effort to
target adhesion mechanisms as a means of controlling intestinal
inflammation.

MATERIALS AND METHODS

T84 epithelial cell culture on Transwells
T84 cells (ATCC, Bethesda, MD, USA) were cultured in
medium consisting of a 1 : 1 mix of DMEM and Ham F12 which
was then supplemented with 15 mM HEPES, 50 U/ml penicillin,
50 pg/ml streptomycin and 5% newborn calf serum (Life Tech-
nologies, Burlington, Canada). Polystyrene 0-33 cm” Transwell fil-
ters (Fisher Scientific, Nepean, Canada) with 3 um pore size
were used. In order to grow the T84 on the filter bottom the
Transwell cup was inverted and fitted with a tight plastic collar
then placed in a bath of DMEM for 4 h at room temperature
with 200 ul of 0-3% type 1 collagen (ICN, Montreal, QC, Can-
ada) diluted 1:50 with DMEM added into the collar. T84 cells
were harvested and 5x 10° cells added to the collagen-coated
surface of each filter which was then left to incubate at 37°C in
5% CO,. The collars were subsequently removed and the Tran-
swells righted and placed into a 24 well plate with fresh media
with final volumes of 600 ul in the well below and 100 ul in the
cup above the filter. Monolayers were used 8 days after applying
the T84 cells.

Prior to use the integrity of the monolayers was tested by add-
ing 30 ul "*I-human serum albumin (HSA, approximately 100 000
cpm) into the cup, generating a 1 mm positive water pressure.
After 30 min a 30 ul sample was taken from the well and the
amount of '*I was determined in a j~counter (LKB 1282 Com-
pugamma, Wallac). Monolayers were considered suitable for use
if less than 2% of the '”I-HSA diffused into the well. For com-
parison, typically 35% of the labelled albumin diffused across
bare filters and 30% across collagen-coated filters.

Human PMN isolation

PMN were isolated from adult donors, with the approval of the
IWK Health Centre Research Ethics Board, as described previ-
ously [20]. Briefly, blood was drawn into acid citrate dextrose
(Travenol, Milton, Canada) and red cells sedimented (1 x g) with
6% dextran-saline (Travenol). The leucocyte rich plasma (LRP)
was harvested, the cells pelleted by centrifugation, then resus-
pended in Ca** Mg** free Tyrode’s solution with 5% autologous
platelet poor plasma (PPP). The leucocytes were then labelled
with Na,'CrO, (25 uCi/ml, Amersham Corp, Oakville, Canada)
at 37°C for 30 min followed by PMN enrichment using a discon-
tinuous 58%/72% Percoll (Pharmacia, Uppsala, Sweden). PMN
recovered from the 58%/72% interface were washed then
counted in crystal violet and resuspended to 1 x 10° cells/ml in
DMEM containing 5 mg/ml pyrogen-free HSA (Canadian Blood

Services, Toronto, Canada) and 15 mM HEPES. Purity of PMN
was routinely >95% with >95% viability.

Chemoattractants and monoclonal (mAb) antibodies
Recombinant human C5a was a gift from CIBA-Geigy (Summit,
NJ, USA), recombinant human IL-8 (72 amino acids) was pur-
chased from Peprotech Inc. (Rocky Hill, NJ, USA), fMLP from
Sigma Chemical Company (Oakville, Canada) and LTB, from
Cayman Chemical Company (Cedarlane, Hornby, Canada).

The following adhesion blocking mAbs were used as purified
immunoglobulin: 60-3 (anti-CD18, IgGy, a gift from Bristol-Myers
Squibb, Seattle, WA, USA) [21]; IB, (anti-CD18, IgG,,, ATCC,
Bethesda, MD, USA); 9D4 (anti-f3; integrin, Genetech, South San
Francisco, CA, USA). Monoclonal clone TS1/22 (anti-CDl11a,
1gGy, a gift from Dr T. Springer, Boston, MA, USA) was used as
ascites and clone 2LPm19C (anti-CD11b, IgG, a gift from Dr K
Pulford, Oxford, UK) was used as culture supernatant. Antibody
clones W6/32 (anti-MHC class I, IgG,,, ATCC) and 543 (anti-CR1
or CD35, 1gG,, ATCC) were used in some experiments as PMN
binding control antibodies.

For E-cadherin studies, mAb clone SHE78-7 was purchased
from R & D Systems (Minneapolis, MN, USA). Recombinant E-
cadherin-Fc and mAb clone E4-6 (inhibits E-cadherin binding to
og:f7) were kindly provided by Drs J. Higgins and M. Brenner
(Harvard Medical School, Boston, MA, USA) [22], respectively.
Anti-fractalkine mAb 81506 and anti-uPAR mAb were both from
R & D Systems.

PMN transmigration assay

The media was removed from the Transwells, the monolayers
washed with serum free DMEM, then 1 x 10° PMN containing
approximately 1500 cpm of *'Cr in 100 ul were placed in the Tran-
swell cups. The cups were then placed in wells containing 600 ul of
DMEM-HSA-HEPES and chemoattractant as indicated in the
Figures. Anti-CD18 antibodies were used at 30 yg/ml, a concen-
tration shown previously by flow cytometry to be at least 5 fold
greater than required for saturation of binding this number of
PMN. PMN were preincubated with antibodies for 20 min at room
temperature prior to addition to the cup and all mAbs remained
present during the migration period. Migration across monolayers
occurred over 2 h, then the medium and PMN remaining in the
cup were removed by washing. The T84 monolayers were washed
with media to dissociate loosely adherent PMN which were then
pooled with the ‘migrated’ fraction in the well. TritonX100 (1%
final concentration) was added to the well to lyse the migrated
PMN. Finally, the filters were placed in 0-2 M NaOH to lyse the
monolayers and any remaining PMN. Cells recovered from the
monolayer and filter (adherent PMN) and the contents of the well
plus monolayer wash (migrated PMN) were analysed for *'Cr con-
tent. Aliquots of stock cells from each different PMN treatment
group (e.g. = mADb) served as a standard for determining the total
(100%) radioactivity added to the Transwell.

Data analysis

The numbers of migrating or adherent PMN are reported as a
percentage of the number of cells added into the Transwell cup.
The data for percent migrated PMN was found suitable for para-
metric analysis using the Levene test for homogeneity-of-
variance. One Way ANOVA was then used and if significant
(P < 0-05), post hoc testing was conducted using Tukey’s test. All
statistical analyses were performed using SPSS Version 10-1.
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RESULTS

fMLP, C5a, LTB, and IL-8 induced PMN migration across
T84 monolayers

PMN migration across T84 monolayers in the absence of chemoat-
tractant was less than 1% (Fig.1). Figure 1 shows the extent of
migration using the optimal concentration of each chemoattrac-
tant determined for 10° PMN, a number of cells which reportedly
does not alter the monolayer electrical resistance [23] and is below
the limit of detection using myeloperoxidase to enumerate
migrated cells [15]. Inclusion of 5 mg/ml HSA in the media
resulted in greater migration than assays run without added pro-
tein (not shown). Neither the type of filter, polystyrene or poly-
carbonate, nor substituting laminin for the collagen coating on the
filters made any difference on migration (not shown). Also shown
in Fig. 1 is the potency of blocking mAb to CD18 to inhibit PMN
migration. There was almost complete inhibition of migration to
fMLP while considerable migration persisted to C5a (65% of con-
trol migration), IL-8 (30% control migration) and LTB, (23% of
control migration). The extent of inhibition was similar using
either anti-CD18 mAb and when we increased the concentration
to 50ug/ml. To confirm that 2 h was sufficient time to expect PMN
migration to C5a in the presence of anti-CD18 mAb, we con-
ducted time course experiments and observed that the numbers of
PMN recovered in the well plateau by 1-5 h, whether mAb was
present or not (Fig. 2). The sum of these results led us to conclude
that PMN can migrate across the T84 monolayer to C5a, IL-8 and
LTB, using CD18-independent mechanisms.

Since PMN migration to fMLP across T84 monolayers is
reportedly Mac-1 (CD11b/CD18) dependent we used function
blocking anti-CD11b (Fig. 3a) and anti-CD11a (Fig. 3b) mAbs to
determine whether the CD18-dependent fraction of migration to
C5a was also CD11b dependent. Indeed, migration was blocked
by anti-CD11b but not by anti-CD11la mAb and furthermore,
anti-CD11b was as effective as anti-CD18 mAb at blocking PMN
migration to C5a or fMLP.

Migration in the apical-to-basolateral direction to CSa is
CD18-dependent

We next tested whether the adhesion molecules supporting
CD18-independent migration to C5a showed cell polarization. In
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Fig. 1. PMN migrate using CD18-independent mechanisms across T84
monolayers growing on the bottom of Transwell filters. Migration to fMLP
(107 M), C5a (107 m), IL-8 (10* M) and LTB, (10° M) of PMN without
added mAD (Jll) or anti-CD18 mAD pretreated PMN (i1). The data is from
between six and 11 experiments and the mean of means + standard error
of the mean are shown. Values with control mAb treatment were similar
to migration in absence of antibody for each chemoattractant (not shown).

order for PMN to first encounter the epithelial apical surface T84
were grown on the top of collagen coated Transwell filters. Shown
in Fig. 4a, total PMN migration was lower in the apical to baso-
lateral direction (30% versus 62% in the basolateral to apical
direction using 10 M C5a). Moreover, migration across T84 cells
to C5a in the apical to basolateral direction was completely
blocked by anti-CD18 mAb. At the highest dose of C5a the num-
bers of monolayer adherent PMN was roughly inversely propor-
tional to the number of cells migrating through the monolayer
and adhesion to the apical T84 surface was entirely CD18-
dependent (Fig. 4b). These results led us to conclude that the
ligands used for CD18-independent migration are expressed only
on the basolateral surface of the T84 cells.

Influence of multiple chemoattractants on CD18-independent
migration

It is likely that PMN migrating in vivo to and across the inte-
stinal epithelium encounter multiple chemoattractants or at least
sequential exposures to several chemoattractants. Indeed,
Kitayama et al. [24] showed that one chemoattractant could de-
sensitize PMN to a second chemoattractant during transendothe-
lial migration. We therefore sought to determine whether C5a, IL-
8 or LTB, could elicit CD18-independent migration in the pres-
ence of fMLP. When fMLP was combined with C5a in the well, the
CD18-independent migration was reduced yet remained signifi-
cantly higher than due to fMLP alone (Fig. 5a). In similar exper-
iments examining the use of IL-8 and LTBy; first, combining
both chemoattractants resulted in a similar extent of CD18-
independent migration as either chemoattractant used alone, and
secondly, when fMLP was included the CD18-independent migra-
tion persisted albeit at a lower level than when fMLP was
excluded (Fig. 5b).

Mechanism of CD18-independent PMN migration

To begin to identify the CD18-independent transmigration mech-
anisms we first focused on E-cadherin since it is expressed later-
ally and mediates adhesion with lymphocytes [25]. However,
in comparison to PMN migration to C5a alone (54:6 = 1-:3%
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Fig. 2. Time course of PMN migration to C5a, in the absence of mAb ()
or with anti-CD18 mAb () across T84 monolayers growing on the bottom
of Transwell filters. PMN were incubated with the mAb prior to adding to
the Transwell and the migrated fraction was harvested at the time indicated
and the *'Cr content determined. Shown is the mean + standard deviation
of three Transwells of a representative experiment.
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Fig.3. PMN CD18-dependent migration across T84 monolayers is
CD11b-dependent. PMN were incubated with mAb to (a) CD18, CD11b
or (b) CD11a prior to adding to the well, then after 2 h incubation the
migrated fraction of cells was recovered. All the treatment groups in (b)
were migrated in response to C5a.

migration), neither mAb E4-6 (52-7 £ 3-2% migration), nor the
soluble E-cadherin-Fc (52-9 + 6-8% migration) affected migra-
tion. There also was no significant effect on C5a induced migra-
tion by E4-6 or E-cadherin-Fc in the presence of anti-CD18 (30-2
+ 147%, 29-1 £ 22% and 28-4 = 1-5% migration, respectively).
Finally, mAb SHE78-7 had no effect on the numbers of PMN
migrating to C5a, including in the presence of mAb to CD18 and
thus E-cadherin does not appear to be involved in PMN transep-
ithelial migration. In similar mAb blocking experiments we have
ruled-out fractalkine, a membrane-bound chemoattractant,
uPAR, a coreceptor for CD18 [26], and f3; integrins (not shown).

DISCUSSION

PMN feature prominently in the cellular infiltrate, including in the
lumen, in various intestinal inflammatory diseases but how the
cells get through the epithelium is incompletely understood.
Here we contribute to this understanding with the discovery of

CD18-(f, integrin) independent transepithelial migration. That
multiple chemoattractants support CD18-independent migration
implies this mechanism may be widely employed. Indeed it
remains possible that critical CD18-independent adhesion events
even follow PMN CD11b/CD18 engagement of the T84 cells
migrating in the presence of fMLP. Using C5a we further demon-
strate that the CD18-independent mechanisms apply to migration
in the physiological, basolateral to apical direction only. The most
likely explanation is that the epithelial ligand(s) that support
CD18-independent migration are not available on the apical sur-
face of the T84 cells. This is consistent with the results of Meenan
et al. [19] who showed CD18-independent PMN adhesion only to
recently (within 18 h) passaged HT29 colon carcinoma cells, pre-
sumably because basolateral molecules were still exposed. As for
the CD11b/CD18-dependent ligand on the T84 apical surface, sul-
phated fucose moieties on T84 reportedly bind to CD11b/CD18
[27] and these proteoglycans are likely abundantly expressed in
the apical brushborder.

Despite evidence that intestinal epithelial cells are a potent
source of multiple chemokines [28] and the abundance of other
PMN chemoattractants, precisely which molecules draw PMN
into the lumen has not yet been determined. IL-8 [29] and LTB,
[30], both of which support CD18-independent migration, have
been detected in lumen dialysates recovered from humans.
McCormick et al. [14] described a PMN chemoattractant secreted
apically following infection of T84 with S. typhimuriums; it is not
known whether this factor mediates CD18-independent migra-
tion. In rabbits with shigellosis, in which PMN migrate into the
intestinal lumen, animals treated with blocking IL-8 mAb showed
reduced numbers of PMN infiltrating the lamina propria and
none in the epithelium, inferring that IL-8 was recruiting cells
across the epithelium [31]. A nonintestinal example of chemok-
ine-dependent PMN transepithelial migration used a model
murine urinary tract infection. In those studies PMN reached but
failed to cross the uroepithelium in anti-MIP-2 treated [32] or
CXCRI1 gene knockout mice [33]. We interpret all this evidence to
suggest that PMN recruitment is likely a product of the epithelial
cell response, rather than leakage of bacterial products across the
epithelium. In regards to the relevance of C5a to migration into
the lumen, intestinal epithelial cells make and secrete comple-
ment components C3 and C4 apically but C5 has not been mea-
sured [12,34]. Complement activation has been reported on the
intestinal epithelial surface of IBD patients [12,13] and combined
with the fact that epithelial cells express decay accelerating factor
[35], split complement components could establish a gradient
from the lumen, a hypothesis possibly testable using gene knock-
out animal models.

The inflamed bowel likely contains multiple chemoattracta-
nts, for example different molecules may recruit cells out of the
blood versus across the epithelium, and thus it is important to
understand how multiple stimuli may affect PMN migration. Oth-
ers had shown a hierarchy in the potency of chemoattractants to
‘desensitize’ PMN during transendothelial migration to a second
chemoattractant [24] but whether CD18-independent migration
was also affected was not examined. In our experiments PMN
were exposed to both C5a and fMLP and while CD18-indepen-
dent migration was reduced it remained significantly greater than
in the presence of fMLP alone (Fig.5a). This was likewise the
case using a combination of IL-8, LTB, and fMLP, indicating
that the CDI18-independent mechanisms are preserved. Thus
even if bacterial products such as fMLP were to mediate some
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Fig. 4. Migration of PMN across T84 monolayers in the apical-to-basolateral direction is CD18-dependent. (a) Comparison of migration
in the basolateral-to-apical (T84 grown on the filter bottom) versus apical-to-basolateral (T84 grown on the filter top) directions to multiple

C5Sa concentrations. Jll migration across T84 monolayers in absence of antibody;

migration in presence of mAb to anti-CD18. (b) Fraction

of PMN remaining adherent to T84 monolayers following a two hour migration period in response to C5a; the data is collected from the
same experiments as (a). [ll adherent PMN in absence of antibody;
means + standard deviation of three Transwells from one experiment. The experiment was repeated twice more using only the 10 C5a

concentration, with similar results.

transepithelial migration the CD18-independent mechanisms are
likely to remain active.

Finally, it is important to identify the molecules involved in
the CD18-independent migration, not only to consider these as a
means of inhibiting migration but also because of collateral activ-
ities such molecules may have in the inflammatory response. In
identifying these adhesion events it is noteworthy that the lessons
from transendothelial migration have provided only limited
insights into transepithelial migration, presumably because the
two cell types have quite different surface molecules. Another
limitation is the lack of availability of normal human intestinal
epithelial cells for these studies and most information on transep-
ithelial migration is derived using T84 cells. For example, while
ICAM-1 is the principal ligand for CD11b/CD18 during transen-
dothelial migration it was ruled-out as an adhesion molecule in
migration across T84 cells [36]. In view of the apparent discord
between T84 versus endothelial adhesion mechanisms and the

adherent PMN in the presence of anti-CD18 mAb. Shown are the

basolateral bias of the CD18-independent mechanism we chose to
first test whether E-cadherin was involved as there is a precedent
for this molecule to bind to leucocytes [25]. However our results
indicate this is not the case; neither blocking homophilic interac-
tions, the use of an E-cadherin antagonist, nor blocking binding to
ox:f3; prevented PMN migration in response to C5a. We subse-
quently also ruled-out epithelial membrane-bound fractalkine
[37] and PMN uPAR, a coreceptor for Mac-1-dependent adhesion
[26]. We also determined that the f3; integrins are not involved
although this integrin has been implicated in PMN locomotion in
other systems. PMN expression of ; integrins is increased after
transendothelial migration [38] and presumably this would be rel-
evant to cells arriving at the epithelium. In our early experiments
we have observed up to a 25% reduction in migration to C5a
using a mAb to f3; integrin but only in the presence of anti-
CD18 mAb. This result needs to be confirmed with additional
antibody clones. Clearly more investigation is required to identify
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Fig. 5. CD18-independent PMN migration induced by C5a or IL-8 plus
LTB, persists in the presence of fMLP. (a) The effect 10®* M C5a and
10”7 M fMLP combined in the bottom chamber on PMN migration. Pooled
data of four experiments * standard error of the mean are shown. The
difference between the three nonmAb treated groups (Jll) in which a
chemoattractant was used were not significant; however, each of the anti-
CD18 treated groups () were significantly (P < 0-001) different from each
other. (b) CD18-independent migration persists when IL-8 and LTB, are
combined with fMLP in the bottom chamber of the Transwell. No mAb
(Il); PMN pretreated with anti-CD18 mAb (). nd = not done. Shown is
the mean + standard deviation of three wells from a single donor; one of
two experiments.

the ligands supporting CD18-independent migration. Meanwhile
our new evidence for CD18-independent PMN migration across
intestinal epithelium will need to be considered in any strategy to
block PMN migration to reduce inflammation.
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