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SUMMARY

Lymphocyte infiltration through vascular endothelium is one important step in the course of graft
rejection. To investigate this process more exactly we established a monolayer invasion assay which
enabled us to discriminate between adherent and penetrated cells. Detailed studies of adhesion and
penetration kinetics of peripheral blood lymphocytes (PBL) acting on allogeneic human umbilical
vein endothelial cells (HUVEC) were carried out by combined phase contrast and reflection
interference contrast microscopy. Between 30 and 35% of all PBL attached to HUVEC after 4 hr. Out
of these less than 10% penetrated. When HUVEC were prestimulated for 2 hr by interferon (IFN)-oc,
-/3, -y or interleukin (IL)- 1, PBL adhesion in the early phase of cellular attachment to endothelial cells
was accelerated. Overall adhesion however did not increase. Long-term pretreatment ofHUVEC for
72 hr with IFN-y or IL-I also modified PBL-HUVEC interactions. However, a 72-hr pretreatment
with IFN-a or -,B did not influence lymphocyte binding behaviour. PBL penetration was not only
accelerated but also enhanced by IFN-a, -/B, -y, irrespective of whether HUVEC were prestimulated
for 2 hr or PBL and cytokines were added simultaneously to HUVEC. On the other hand IL-I was

not able to enhance the amount of penetrated cells but only accelerated the infiltration process. Up-
regulation or de novo expression of the adhesion molecules ICAM-l (intercellular adhesion
molecule), ELAM- I (endothelial leucocyte adhesion molecule) and VCAM- 1 (vascular cell adhesion
molecule) did not parallel PBL binding kinetics. Therefore an ICAM-, ELAM- and VCAM-
independent modulation in the early phase of lymphocyte attachment to endothelium seems likely.
The lymphocyte cytoskeleton may have a role in this process.

INTRODUCTION

Lymphocytes play a central role in the outcome and course ofan
immune response. They can emigrate from blood into lymphoid
tissue by adhering to and penetrating through the specialized
endothelial walls of post-capillary high-endothelial venules.'
When inflammation has occurred lymphocytes can move di-
rectly from blood to the site of inflammation.2 A prime example
ofinflammation is the process of graft rejection characterized by
a massive infiltration of responder lymphocytes into the donor
graft.3 This process is accompanied by an enhanced release of
cytokines [interferons (IFN), interleukins (IL)] and an up-
regulation or new expression of several adhesion molecules on
cellular membranes.4

Although studies on lymphocyte traffic have been very
extensive the correlation to cytokine release and adhesion
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molecule expression has never been fully clarified. Moreover, in
vitro assays established measure lympocyte binding to endothe-
lial cell monolayers but fail to distinguish between adhesion and
penetration.5-8

The present study was designed to investigate the cellular
adhesion and penetration processes separately to obtain a better
understanding of inflammatory events occurring after organ
transplantation. The results clearly demonstrate that a distinct
proportion of human lymphocytes do attach to allogeneic
endothelial cells but only a small amount actually penetrate the
monolayer. Soluble mediators act differently on both processes.
Moreover, the adhesion molecules ICAM- 1 (intercellular ad-
hesion molecule),9 VCAM-1 (vascular cell adhesion molecule)'0
and ELAM-l (endothelial leucocyte adhesion molecule)" (also
known as E-selectin) assumed to participate in lymphocyte-
endothelial cell interactions are obviously not responsible for
the onset of the cellular infiltration process.

MATERIALS AND METHODS

Human umbilical vein endothelial cells (HUVEC)
Human umbilical veins were washed with phosphate-buffered
saline (PBS) and endothelial cells detached by chymotrypsin (a-
chymotrase; Hasenclever, Bonn, Germany; 10 min). The iso-
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lated endothelial cells were pooled and grown in Medium 199
(M 199; Biozol, Munchen, Germany) containing heparin
(Liquemin N 5000; Roche, Basel, Switzerland), gentamycin (50
mg/ml; Gibco, Karlsruhe, Germany), HEPES buffer (HEPES 1
M; Seromed, Berlin, Germany), 10% fetal calf serum (FCS)
(Gibco), 10% pooled human AB serum (kindly provided from
the Blood Bank of The Red Cross, Frankfurt, Germany) and
endothelial cell growth factor (ECGF, 75 mg; Boehringer,
Mannheim, Germany). The cell cultures were serially passaged
(1:3 split ratios) in tissue culture flasks (Falcon Primaria, 75
cm2; Becton Dickinson, Heidelberg, Germany). Subcultures
from passages 3-7 were selected for experimental use.

Peripheral blood lymphocytes (PBL)
Human PBL were isolated from heparinized blood of healthy
volunteer donors by Ficoll-Hypaque centrifugation. PBL were
suspended at 1 x 106 cells/ml in HUVEC medium. The cell
suspension was transferred to culture flasks (Falcon Primaria,
Becton Dickinson) and incubated overnight in a humidified
atmosphere at 370 and 5% CO2. Monocytes were depleted by
adhesion to the plastic of the culture flask. Viability of the PBL
was > 95% as assessed by trypan blue exclusion.

Monolayer invasion assay
Round cover glasses (22 mm diameter) were treated with 3-
aminopropyl-triethoxysilan (Sigma, Miinchen, Germany; 2%,
in acetone) at 20°. After I hr the cover glasses were washed in
distilled H20, dried and each placed into one well of six-well
multiplates (Falcon Primaria, Becton Dickinson). Cultured
HUVEC were trypsinized and transferred to the prepared
multiplates. When confluency was reached 1 x 106 PBL was
added carefully to each well. After incubation for various time
periods (if not otherwise indicated: 0, 1, 2, 4, 8, 12, 24, 48 and 72
hr at 370) the multiplates were washed four times with warmed
(37°) M 199 to remove all non-adherent lymphocytes. The
remaining cells were fixed with glutardialdehyde (Merck, Darm-
stadt, Germany; 1%). Bound PBL (adherent and penetrated
cells) were counted in five different fields (5 x 0-25 mm2) using a
phase contrast microscope (20 x objective). Penetrated PBL
were recognized and counted using reflection interference
contrast microscopy. Combined phase contrast and reflection
interference contrast microscopy provided direct evaluation of
(1) percentage of all PBL adhering to HUVEC and (2)
percentage of adherent PBL penetrating through the HUVEC
monolayers.

Cytokines
IFN-a (1000 U/ml), IFN-fl (1000 U/ml), IFN-y (Sigma; 500 U/
ml) or IL-l (Seromed; 10 U/ml) were added to the PBL-
HUVEC co-cultures in four different variations (I-IV).

Variations I and II. HUVEC were pretreated with cytokines
for a short (2 hr-variation I) or long (72 hr-variation II)
period. After 2 or 72 hr, respectively, cytokine-containing
medium was removed and PBL were added to HUVEC in
cytokine-free medium.

Variation III. PBL were added to HUVEC monolayers
together with cytokines. Following PBL addition both adherent
and penetrated cells were counted after 0, 1, 2, 4, 8, 12, 24, 48 and
72 hr if not otherwise indicated.

Variation IV. To investigate the adhesion and penetration
process depending on cytokine incubation time PBL were added

to HUVEC after variable time-points (0, 1, 2, 4, 8, 12, 24, 48 and
72 hr following IFN-y incubation of HUVEC). After 2 hr non-
adherent cells were washed off in each case and adherent and
penetrated cells counted.

Adhesion molecule staining
Cultured HUVEC were trypsinized and transferred to 96-well
multiplates (Falcon Primaria, Becton Dickinson). HUVEC
were stimulated with cytokines IFN-a, -/3, -y or IL-I for 2 or 72
hr, respectively. After 0, 1, 2, 4, 8, 12, 24, 48 and 72 hr following
cytokine incubation 96-well multiplates were washed and cells
fixed (Primafix, Camon, Wiesbaden, Germany). The adhesion
molecules ICAM-1, ELAM- 1 and VCAM-1 were marked by
monoclonal antibodies (clone BBIg-I1, BBIg-E6 or BBIg-Vl,
respectively; all Biermann, Bad Nauheim, Germany). For
conventional immunohistochemical staining HUVEC were
then incubated with blocking serum, biotinylated anti-mouse
IgG, avidin and biotinylated horseradish peroxidase (HRP;
Vectastain, ABC-kit, Camon). Staining intensity was investi-
gated by phase contrast microscopy and subsequently related to
steadily increasing intensity values ranging from '0' (no staining
intensity) to '7' (very high staining intensity). In addition,
quantitative analysis was performed in triplicate by fluoro-
metric measurements. HUVEC stained with primary antibody
were treated with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG (Zymed, Ade Laborbedarf, Munchen,
Germany) for 1 hr at 40 and fluorescence intensity evaluated
using a Cytofluor (Cytofluor 2300 system, Millipore, Eschborn,
Germany; ,,ex= 485 nm, lem = 530 nm).

Staining of lymphocyte subsets
To investigate the role of different PBL subpopulations in the
cellular binding process HUVEC were trypsinized and trans-
ferred to 24-well multiplates (Falcon Primaria, Becton Dickin-
son). When confluency was reached isolated PBL were added to
the monolayer. After 8 and 72 hr culture plates were washed
four times with warmed (370) M 199 to remove all non-adherent
lymphocytes. The remaining cells were dried overnight and then
fixed with ice-cold (-20°) methanol/acetone. PBL were marked
by the monoclonal antibodies anti-CD5 (Leu- I), anti-CD8
(Leu-2a), anti-CD4 (Leu-3a), anti-CD 16 (Leu-l lb) and anti-
CD22 (Leu- 14; all Becton Dickinson). Cells were then incubated
with blocking serum, biotinylated anti-mouse IgG, avidin and
biotinylated HRP (Vectastain, ABC-kit, Camon). Percentage of
positively stained PBL were evaluated by phase contrast
microscopy.

Statistics
Each experiment was repeated five times if not otherwise
indicated. All figures show data of one representative experi-
ment. Data represent the mean values of five counts. Mean SD
were c. 10%.

RESULTS

Effect of cytokines (2 hr prestimulus or continuous stimulus) on
PBL adhesion and penetration

As shown in Fig. 1 significant adhesion of PBL to unstimulated
HUVEC was detectable after 1 hr (6-1%). A plateau was
reached after 4 hr (32-1%) which lasted up to 72 hr. Simulta-
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Figure 1. Adhesion kinetics ofPBL. Lymphocytes were added to allogeneic HUVEC. Non-attached cells were washed offafter different
time periods (hr) and bound cells counted by phase contrast microscopy (%). Pretreatment ofHUVEC with either IFN-2 (a), IFN-# (b),
IFN-y (c) or IL- I (d) for 2 hr led to a significant increase in the binding rate during the early phase of the adhesion process. Simultaneous
stimulation did not change the adhesion behaviour compared to the control. Results of one out of five distinct experiments that gave
similar data. Each point represents the mean of five counts. Control, no stimulation (-); 2 hr prestimulation (0); simultaneous
stimulation (A).

neous addition ofcytokines and PBL to HUVEC did not change
cellular adhesion behaviour. However, when HUVEC were

pretreated with cytokines for 2 hr marked differences in the early
phase of PBL attachment could be observed. Compared to the
control, adhesion rate after 2 hr differed by +240% (IL-1
stimulation), + 170%, + 180% or +200% (IFN-a, -fl, -y

stimulation), respectively. After 4 hr the adhesion rate of
unstimulated PBL approximated the adhesion rate of stimu-
lated cells. Therefore, the cytokines used did not enhance overall
PBL adhesion but accelerated the early phase of attachment.

Effect of cytokines (2 hr prestimulus or continuous stimulus) on

PBL penetration

Two per cent of adherent cells penetrated unstimulated
HUVEC after 2 hr. The penetration curve was steepest between
2 and 4 hr but maximum values were obtained after 8-24 hr.
Between 8 and 9% of adherent or less than 3% of the total
number ofPBL had penetrated at this time (Fig. 2). Addition of
IFN-a, -# or -y to the HUVEC cultures resulted in a significant
enhancement of the penetration rate compared to the control,
irrespective of whether a short or a continuous stimulus was

used (Fig. 2). The penetration rate after 4 hr increased by
+300% (IFN-cx or -y stimulus) or +270% (IFN-fl stimulus).
Continuous stimulus was effective over the whole period
measured whereas a 2-hr prestimulus became ineffective after
24-48 hr (Fig. 2a-c). Interestingly, IL-1 treatment did not cause

enhancement but only acceleration of the penetration process in
the early phase of lymphocyte emigration (Fig. 2d).

Effect of long-term pretreatment with different cytokines on PBL
adhesion and penetration

PBL were added to HUVEC monolayers and adherent and
penetrated cells counted after 0 5, 1, 2, 4, 8 and 12 hr. A 72-hr
prestimulus with IFN-cx, -fl did not change the adhesion and
penetration rate. A 72-hr prestimulus with IFN-y or IL-1,
however, was able to influence both processes (Fig. 3). With
regard to lymphocyte adhesion IFN-y-and IL- 1-mediated
effects were most distinct after 1 and 2 hr, and were more

pronounced in the case of pretreatment with IL-1. Penetration
experiments again demonstrated enhancing properties of IFN-y
and accelerating properties of IL-1.

Effect of cytokine incubation time on PBL adhesion and penetra-
tion (variation IV)

To investigate possible changes in the velocity of the adhesion
and penetration processes PBL were added for only 2 hr to
HUVEC at different time-points ranging from 0 to 72 hr after
stimulation with IFN-y (Fig. 4). The rate of adherent cells per 2
hr did not change between 0 and I hr; the rate ofpenetrated cells
per 2 hr did not change between 0 and 4 hr following IFN-y
incubation. A marked increase could be observed when lympho-
cytes were added to HUVEC after 2 or 8 hr, respectively.
Interestingly, the penetration kinetics paralleled the kinetics of
IFN-y-evoked ICAM-1 up-regulation (Fig. Sc).
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Figure 2. Penetration kinetics of PBL. Lymphocytes were added to allogeneic HUVEC. Non-attached cells were washed off after
different time periods (hr) and penetrated cells evaluated by combined phase contrast-reflection interference contrast microscopy (%).

With regard to IFN-a (a), IFN-fl (b) and IFN-y (c) PBL penetration rate could be enhanced whether a short or continuous stimulus was
used. However continuous stimulus led to long-lasting changes in penetration behaviour, whereas a 2-hr prestimulus influenced
lymphocyte penetration only at 24 hr. In strong contrast IL-I treatment altered the penetration rate only in the early phase of the
emigration process. In addition maximum values never exceeded maximum control values (d). Results ofone representative experiment
of five. Each point is the mean of five counts. Control, no stimulation (-); 2 hr prestimulation (-); simultaneous stimulation (v).

Kinetics of adhesion molecule expression

Continuous stimulation of HUVEC by the different cytokines
resulted in quantitatively higher ICAM-1, ELAM-l or VCAM-
1 expressions than after 2 hr stimulation. However the time-
course of molecule expression was similar regardless of whether
a continuous or short-term stimulus was used. Cytokines up-

regulated ICAM-l expression on endothelial cell membranes
after 4 hr when IL- I was used (Fig. Sd) or after 8 hr when IFN-ax,
-# or -y were added (Fig. 5a-c). ELAM-1 expression was

initiated between 4 and 12 hr by IL-I (Fig. 6a). VCAM-l did not
respond to IFN but a weak expression on HUVEC occurred
with IL-1 (Fig. 6b). As opposed to ICAM-1, VCAM-1 and
ELAM-1 expressions were not distributed homogeneously on

the endothelial cell monolayer.

Quantification of lymphocyte subset profiles

To examine which population of lymphocytes preferably
adhered to HUVEC monolayers bound lymphocytes were

stained in an early (8 hr) and late (72 hr) phase of adhesion with
monoclonal antibodies anti-CD5, anti-CD8, anti-CD4, anti-
CD1 6 and anti-CD22. Table I shows the mean results of five
experiments. The pattern ofbound PBL did not change between
the early and late phases of the cellular emigration process.

However, when compared to distribution in peripheral blood, a

shifting of the ratio T/B lymphocytes in favour of helper T cells
was obvious.

DISCUSSION

Lymphocyte emigration from blood into the donor organ is an
important step in rejection processes. In vivo and in vitro assays

were established to gain better insight into the mechanisms of
lymphocyte-endothelial cell interactions. Stamper and Wood-
ruff" and Woodruff et al.6 demonstrated specific lymphocyte
binding to endothelium on frozen sections of rat lymph nodes.
Zweiman et al.8 measured the percentage of 51Cr-labelled
lymphocytes binding to confluent endothelial cell monolayers in
flat-bottomed microwells. However, our method of combined
phase contrast and reflection interference contrast microscopy
allowed us to distinguish PBL that only adhered to HUVEC
from PBL that had actually penetrated through the monolayer.

Under cytokine-free conditions 30-35% of all PBL, mostly
CD4+ cells (Table 1), adhered to HUVEC monolayers.
Cavender'2 and Oppenheimer-Marks and Ziff"3 reported similar
binding rates. Masuyama et al.14 estimated the proportion of
adherent T cells to be only 2-3%. They, however, removed not
only non-adhering but also loosely bound lymphocytes by
washing the culture plates on a magnetic stirrer.

We calculated the total PBL penetration rate to be < 3%. It
seems that out of all attached cells only a minor proportion will
bind firmly to endothelial cells. Of these a small percentage will
penetrate. Because the monoclonal antibodies used in our assay

did not penetrate well through the HUVEC monolayer subset
profiles of penetrated PBL could not be investigated.
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Figure 3. Modulation of adhesion and penetration by long-term stimulation. HUVEC were prestimulated for 72 hr with either IFN-a,
-/3, -y or IL- I and both adherent and penetrated cells evaluated as described in the Materials and Methods. Changes in PBL infiltration
rates could be observed when endothelial cells were pretreated with IFN-y (a,c) or IL- 1 (c,d) (but not with IFN-2, -fl). Results ofone out

of five experiments that gave similar data. Each point is the mean of five counts. Control, no stimulation (-); 72 hr prestimulation (0).

4 8 12 24 48
Time (hr)

Figure 4. Adhesion and penetration velocity of human PBL. Lympho-
cytes were added to IFN-y-stimulated endothelial cells after different
time periods (hr) and washed off after 2 hr. Both adhesion (0) and
penetration (-) rates per 2 hr were augmented when PBL were added to

the culture plates between 2 and 72 or 8 and 72 hr, respectively. Results
of one out of five similar results. Each column represents the mean of
five counts.

Lymphocyte adhesion to endothelial cells could be modified
when endothelial cells were pretreated with cytokines for 2 hr
but not when cytokines and PBL were added to HUVEC
simultaneously. This coincides with other reports revealing
pretreatment of human endothelial monolayers with IFN-y or

IL-I to be necessary for enhanced leucocyte binding. 1315-17

Analysis ofour kinetic studies might now explain this difference.
As shown in Fig. I significant lymphocyte adhesion to HUVEC

occurred within 60 min of the addition of PBL and reached a

plateau after 4 hr. In a preliminary investigation the nonbound
cells, harvested between 4 and 72 hr, did not adhere to a second
endothelial monolayer indicating that adhesion was limited not
by endothelial cells but by lymphocyte subpopulations (data not
shown). Thus cytokines are only able to interfere in the early
process of PBL adhesion when maximum binding has not yet
occurred (although their basic activity is sustained for a longer
period of time). We conclude that their mechanisms of action
consist more in accelerating than in enhancing the lymphocyte
binding process. The cytokine effect was most pronounced when
PBL were counted after 2 hr, that is 4 hr after adding the
cytokine impulse. If cytokines and PBL had been added
simultaneously to HUVEC maximum alterations of the ad-
hesion rate should, therefore, have been expected after 4 hr.
However at that time the maximum amount of (the suited) PBL
was already adherent and therefore could not be further
enhanced by IFN-oe, -/3, -y or IL-1, respectively.

As a consequence of cytokine-evoked acceleration more

lymphocytes might be able to penetrate through the endothe-
lium. Surprisingly, the emigration process was enhanced by
IFN-oc, -# or -y, but not by IL-1. This finding is of importance
because IL-1, but not IFN-a, -3 or -y, could be shown to express
adhesion molecules ELAM-I and VCAM-1 on HUVEC mem-

branes (see below). Oppenheimer-Marks and Ziff"3 measured
lymphocyte migration through HUVEC monolayers into nitro-
cellulose filters located below the monolayer. They observed an

IFN-a or -y evoked increase in PBL migration and provided
evidence that IFN-y-enhanced migration was not due to
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Figure 5. ICAM-1 up-regulation. Endothelial cells were treated for 2 or 72 hr with IFN-a (a), IFN-fi (b), IFN-y (c) or IL-I (d),
respectively. Cells were fixed and stained after different time periods (hr) as described in the Materials and Methods and the staining
intensity evaluated by phase contrast microscopy (RI =relative intensity). ICAM- I up-regulation did not depend on the cytokine
incubation time [2 hr incubation (0); 72 hr stimulation (-)]. When IFN were used in the assays staining became positive after 8 hr, when
IL-l was added after 4 hr. Mean of five experiments. Mean SD was < 10%.
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Figure 6. Fluorometric detection ofELAM- I and VCAM- I expression. Endothelial cells were incubated with IL- I for 2 (-) or 72 hr (0)
as explained in the Materials and Methods. ELAM and VCAM expression were quantified by Cytofluor analysis detecting the amount
of fluorescence/well (FU = fluorescence unit). Each column represents the mean value of six (ELAM- 1) or eight (VCAM- 1) tests. SD of
each assay was < 10%.

increased binding ofT cells to HUVEC, but rather to an action
on the endothelial cells themselves.

Although prestimulation of endothelial cells for 2 hr was

necessary to change the adhesion and penetration behaviour of
human lymphocytes, a long-term preincubation ofHUVEC for
72 hr by IFN-a or -f for 72 hr showed no effect. It seems that the
influence of IFN-a and -P on cellular emigration is only of
limited duration. In contrast, IFN-y and IL-l show long-term
activity. Hence we can distinguish between three classes of
cytokines. Class I (short efficacy): IFN-a and -fi; class II (long

efficacy) IFN-y, which accelerates PBL adhesion and enhances
PBL penetration; class III (long efficacy) IL- i, which accelerates
both PBL adhesion and penetration but does not enhance
penetration.

The cellular emigration process seems to be correlated with
up-regulation or de novo synthesis of several adhesion mol-
ecules. ICAM-l was shown to have an effect at the level of
lymphocyte adhesion mediated by endothelial cells.'8-20 Rice et
al.21'22 suggested that VCAM-l may be a central mediator of
lymphocyte recruitment into inflammatory sites. In addition T-
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Table 1. Distribution pattern of PBL subtypes attached to endothelial cell monolayerst

Subtype CD5 CD8 CD4 CD16 CD22

Distribution after 8 hr (%) 90 < 5 60-70 < 1 10
Distribution after 72 hr (%) >90 2-5 70 < 1 5-10
Distribution in peripheral blood (control, in %) 60-80 15-25 30-40 5-15 15-25

t PBL (0 5-1 x 106/ml) were added to HUVEC monolayer. Non-adherent cells were washed off after 8 or 72 hr,
respectively. Lymphocyte subpopulations were stained using monclonal antibodies (see the Materials and Methods)
and the percentage with respect to the total cell number evaluated. The distribution pattern of attached cells was
compared to the distribution pattern in peripheral blood. The results are mean values of five different tests. SD was
below 10%.

cell infiltration was accompanied by the expression ofELAM-1,
as described recently.23'24

Our analysis revealed an increased expression of ICAM-1,
VCAM- I and ELAM- I independent ofduration of the cytokine
stimulus. Observation of positively stained cells by phase
contrast microscopy showed homogeneous ICAM- 1 but hetero-
geneous ELAM-1 and VCAM-l staining. This may indicate
that there are several endothelial cell subpopulations of which
some are better qualified to express ELAM orVCAM molecules
than others.

Because lymphocytes adhered to HUVEC before up-regula-
tion or new expression of ICAM-1, ELAM-l or VCAM-l was
detected on endothelial cell membranes, these molecules cannot
be responsible for beginning the adhesion process. This assump-
tion is in strong contrast to other investigations which assume
adhesion molecules to be central mediators for lymphocyte
adhesion.'4"' 2122'25 However, extensive kinetic studies have not
been carried out. The possibility that subtle (undetectable)
increases in one or more of those molecules can nevertheless
stimulate adhesion should be excluded, because blocking anti-
bodies to ICAM-1, ELAM-1 or VCAM-l had no effect on
lymphocytes in this early adhesion period (data not shown). We
hypothesize that cytokines generate an adhesion molecule-
independent process before or immediately after attachment of
PBL to endothelial cell membranes. This process might include,
at least in part, the cytoskeletal organization of lymphocytes.
Changes in cytoskeletal structures may trigger the increase in
PBL adhesiveness and allow spreading and movement over the
endothelial cell substratum; videoscope analysis confirmed that
the early phase of PBL attachment to endothelial cells was in
fact associated with changes in cell shape and locomotion (data
not shown). An interesting explanation that supports our
hypothesis is presented by Dustin and Springer.26 They showed
that activation of lymphocytes by the T-cell receptor converted
LFA-l (lymphocyte function-associated molecule 1) to a high
avidity state in the early phase of lymphocyte adhesion. Based
on these findings they proposed an interaction between lympho-
cyte LFA-l in the high avidity state and endothelial ICAM-1,
driving the adherence-non-adherence equilibrium towards
stable adherence. Because LFA-1 integrates the extracellular
environment with the cytoskeleton,27-29 either a parallel or time
shifted regulation of cytoskeletal organization and LFA-1 by
intracellular second messengers should be taken into considera-
tion.

On the other hand, ICAM-1, ELAM-l and VCAM-l may
be responsible for stabilizing the late binding phase and/or
regulating the penetration process. This hypothesis is based on

the observation that at the same time as ICAM- 1 up-regulation
was evoked by IFN-y, PBL penetration velocity was augmented.

It should also be mentioned that the interplay between
HUVEC and PBL may involve not only physical interactions by
the activation of the cytoskeleton and (later) receptor ex-
pression, but also the production of soluble chemoattractants.
In this regard HUVEC are known to produce IL-8, which in
turn is induced by IL- I .30 IL-8 was recently described to
modulate T-lymphocyte trafficking.3'

In conclusion these results present new insights into the
course of cellular infiltration and its correlation to cytokine
release and adhesion molecule expression. Ongoing studies
should investigate possible mechanisms responsible for the
modulation of the early adhesion phase. Knowledge of such
triggering events might be helpful in understanding the rejection
mechanisms and allow for better immunosuppressive regimens.
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