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Abstract

The kinetics and regulatory mechanisms of T-céjjration through endothelium have not
been fully defined. In experimental filter-basegaysn vitro, transmigration of lymphocytes
takes hours, compared to minutes in vivo. We cettiendothelial cell (EC) monolayers on
filters, solid substrates or collagen gels, andtee them with tumour necrosis facto(TNF),
interferony (IFN), or both, prior to analysis of lymphocytegration in the presence or absence
of flow. Peripheral blood lymphocytes (PBL), CDdells or CD8+ cells, took many hours to
migrate through EC-filter constructs for all cyto&itreatments. However, direct microscopic
observations of EC-filters which had been mountea flow chamber showed that PBL crossed
the endothelial monolayer in minutes and were lyighbtile in the subendothelial space.
Migration through EC was also observed on cleasti@awith or without flow. After brief
settling without flow, PBL and isolated CD3+ or Cbdells all crossed EC in minutes, but the
numbers of migrated cells varied little with tim€lose observation revealed that lymphocytes
continuously migrated back and forth across endiotine Under flow, migration kinetics and
the proportions migrating back and forth wereditiltered. On collagen gels, PBL again crossed
EC in minutes and migrated back and forth, but stblittle penetration of the gel over hours.
In contrast, neutrophils migrated efficiently thghuEC and into gels. These observations suggest
a novel model for lymphoid migration, in which emlgglial cells support migration but retain
lymphocytes (as opposed to neutrophils), and amiditisignal(s) are required for onward

migration.



Introduction

Lymphocytes of all classes must migrate througto#irelium in order to home to lymph
nodes or to enter inflamed or infected tissuethéncontext of inflammation, flowing cells are
captured by specialised, fast-acting adhesion tecefsuch as vascular cell adhesion molecule-
1, VCAM-1, and E- or P-selectin) presented by vanehdothelial cells (EC) responding to
cytokines such as tumour necrosis faddifNF), interleukin-B (IL-1) or interferony (IFN)
[1]. Initial capture is followed by activation tie lymphocytes by surface-presented
chemokine(s). Chemokines induce integrin activatind stabilisation of adhesion, followed by
migration over and through the endothelial monalayg vitro, flow-based assays have shown
that, depending on the stimulus applied to the ECgll capture is possible through VCAM-1, E-
selectin or P-selectin (although efficiency forleatay depend on the T-cell subset), and that
stable adhesion is mediated through binding ofvat#daB3:-integrin to VCAM-1 andx 32-
integrin to inter-cellular adhesion molecule-1 (KAL) [2-4]. Transendothelial migration of T-
cells has been observed within minutes of adhasisach flow systems, for TNF-treated EC
(where blockade d,-integrins was inhibitory) [3], for EC stimulatedtiv TNF plus IFN [5] and
for EC that had been stimulated with TNF and haohsal-derived factor-d (SDF, CXCL12) or
CCL19 (ELC) added to their surface [6]. In thstlstudy, little migration was seen without an
added chemokine (CXCL12 or CCL9), and even thegration was much more effective in the

presence of flow than if flow was stopped.

In contrast, most studies on the regulation of ligogyte migration through endothelium,
have used static assays in which EC have been gsovporous filters. These necessarily tests

migration away from the sub-endothelial space dsasehrough the endothelial cells, and



periods from 2 to 36 hours are required for migrathrough the construct (e.g [7-9]). In such
systems, T-cells spontaneously migrated throughtirankted endothelium/filters over time, [7,
10, 11], although the proportion migrating onlyaleed about 10% of those added. Perhaps
surprisingly, treatment of the EC with a range yibkines (IL-1, TNF, IFN or TNF+IFN) caused
modest [12, 13] or negligible [8, 10, 14] increase$ cell transmigration compared to
unstimulated EC, again over prolonged periods. iaidof inflammatory chemokines, such as
CCL2 (MCP-1), CCL3 (MIP-r) or CCL5 (RANTES), below the filter slightly incread
migration of memory T cells, although CXCL12 (a hematatic chemokine) caused marked
increase in the migration for naive and memory lIs¢&2]. Transendothelial migration studies
have also been carried out for EC grown directlgoltagen gels, where quite a small proportion
of added T cells (~10%) migrated into the gel &«h, and cytokine stimulation of the EC

again had little effect [15, 16].

Considering the T-cell phenotype, memory CD4cells migrated more efficiently than
naive cells through resting or cytokine-treated(E@ [14, 16]), and in the presence of a
chemotactic gradient [12]. Transmigration of Tkeéénds to be increased by stimulation prior to
assay, for instance, incubation with phorbol dibatty (PDB) or IL-2, culture for 2 to 24 hours
(which up-regulates expression af B,-integrin), or differentiation over weeks [7-10].
Nevertheless, studies using freshly isolated lynogtes without manipulation reported migration
through resting or ILf2 stimulated EC at 24h [11, 14] comparable to thesteoved in others
studies when T cells were cultured overnight (g5. It should be noted that in the studies
described above, where transendothelial migratamumwed in minutes under flow, the T-cells

had first been subjected to prolonged incubatigor@sence [5] or absence of IL-2 [3, 6].



The studies outlined above leave some uncertaiakiest the rate at which migration
occurs, first through the endothelial monolayer #éreh away from it, and the requirement for
flow or for pre-activation of T-cells or endothéleells for efficient transendothelial migration.
Hours are required for T-cells to cross EC/filtenstructs or enter collagen gels below EC, as
opposed to minutes to cross EC alone, suggestai@tsays are strongly influenced by
migration through the sub-endothelial matrix andileer itself. In vivo, it is likely that naivesa
well as memory T-cells are recruited to periph@ssiue [17], and peripheral blood lymphocytes
(PBL) are evidently recruited without prior actiat. While direct studies of the kinetics of
lymphocyte recruitment across inflamed endothelawmlacking, studies in the rat have shown
that T cells are recruited across the vessel wdhle peripheral lymph nodes and Peyers Patch
within 30-40mins of their infusion [18, 19T o investigate these problems, we studied kinetics
lymphocyte migration through endothelial cells atdd on filters, plastic wells or collagen gels,
and treated with different cytokines, and compaesallts in static and flow-based assays.
Previously we used similar approaches to analysetikis of neutrophil migration through
endothelial monolayers and filters [20-22]. Hemfound that lymphocytes could cross
endothelial monolayers in minutes, with little estidte of a requirement for flow. The migrated
cells were highly motile, and the prolonged perigetsuired to transit filter systems could not be
attributed to transendothelial migration itselfowever, we made the novel observations that
some lymphocytes underwent multiple transits bakfarth across endothelial monolayers, and
that few motile transmigrated lymphocytes enter@thgen gels (e.g., compared to neutrophils).
We suggest that EC tend to retain migrating lymptesxcand that a separate signal is required to

overcome this and allow lymphocytes to move inegtroma.



Methods

Isolation of human peripheral blood lymphocytesI(PH cells and neutrophils

Venous blood from healthy individuals was collecte®DTA tubes (Sarstedt, Leicester, UK).
Peripheral blood mononuclear cells (PBMC) wereataad by centrifugation of blood on
histopaque 1077, and PBL were prepared by pandiR@bC on culture plastic to remove
monocytes [23]. In some experiments, to obtaiivatdd T-cells, PBMC were cultured for 7
days in the presence of i@ ml phytohaemagglutinin (PHA; Sigma). PHA inilyeinduced
clumping and proliferation of lymphocytes, but gyd’ cells had dispersed and were spherical
and smaller than freshly isolated PBL (judged byl@&w Counter volume distribution). In other
experiments, T-cells (CDBor CD4 T-cells were purified from PBMC by negative seleati
using magnetic Dynabeafi3ynal, Wirral, U.K.) and a cocktail of monocloraitibodies to
remove cells bearing CD19, CD11b (HIB19 and ICRFeBpectively, both from BD
Pharmingen, UK), CD14, CD16 (RM052 and 3G8 respebtj Beckman Coutler, UK) and, in
the case of CD4T cell selection, CD8 (OKT8, eBioscience, UK)]24solated cells were
washed, counted, and adjusted to a final concémiraf 2x10/ml in phosphate buffered saline
containing C&" and Md* or Medium 199 (Gibco Invitrogen Compounds, Pais&gotland)
supplemented with 0.15% bovine serum albumin (Sigwdaich, Poole, UK) (PBSA or
M199BSA respectively). On a few occasions, neutilspvere isolated using a two-step density

gradient as described [20-22] and suspended af/Zmilid M199BSA.

Isolation and culture of endothelial cells
HUVEC were isolated from umbilical cords as prewlyulescribed [25] and cultured in

M199 supplemented with 20% fetal calf serum (FA8hg/ml epidermal growth factor, @§/mil



gentamycin, fig/ml hydrocortisone (all from Sigma) and @ggml amphotericin B (Gibco
Invitrogen Compounds). Primary HUVEC were dissaiaiising trypsin/EDTA (Sigma) and
seeded on either six-well tissue culture platetc@a Becton Dickinson Labware, NJ, USA),
uncoated low-density 3.bn pore polycarbonate Transwell filters (which wplaced in

matching plates; BD Pharmingen, Oxford, UK), glelsamber slides (Lab-tek, Nalge Nunc
International, Naperville, IL) or collagen gels édeelow). Seeding density was chosen to yield
confluent monolayers within 24h. Tumour necroaigtdr-alpha (TNF; 100U/ml; Sigma) and/or
interferon gamma (IFN; 10ng/ml; Peprotech Inc., dom, UK) were added to confluent

monolayers for 4 or 24h before the assay with wghifs or lymphocytes respectively.

To form collagen gels, type 1 collagen dissolve.8%6 acetic acid (2.15mg/ml; First Link Ltd,
West Midlands, UK) was mixed with 10xM199 and FQ%6ml, 0.1ml and 0.34ml
respectively). The pH was neutralised by additb.15ml 1N NaOH, and 1ml was dispensed
into a 6-well plate and allowed to gel at 37°C.e el was then equilibrated with HUVEC
culture medium for 48h before seeding and cultute WUVEC as above. In some experiments,
CXCL10 (IP-10) or CXCL12 (SDF19 (80 or 800ng/ml; Peprotech) was added to theageh
after neutralisation with NaOH. The gel was polyised as above and equilibrated with

HUVEC culture medium containing chemokine at thesaoncentration.

Analysis of lymphocyte migration

1. Migration through endothelial cells on Transwiiérs under static conditions

Lymphocyte migration was assessed using 24-wath&oiTranswell filters. HUVEC

were washed to remove residual cytokines, freshOBSA was placed in the lower chamber



and PBL were added to the upper chamber. The lyoytes were allowed to settle, adhere and
migrate through HUVEC at 8T in a CQ incubator for the desired period. Migration was
stopped at the chosen time by transferring therfitito a fresh well, leaving the transmigrated
cells in the original lower chamber. The lymphosysespended in the upper chamber were
removed, and pooled with cells obtained when titer fivas washed twice. These cells were

taken to represent non-adherent lymphocytes. Theadberent and transmigrated cells were
counted using a Coulter Multisizer 1l (Coulter Blenics Ltd, Essex, UK). From the known
number of added lymphocytes, the percentage of iyyoytes that adhered, and the percentage of

lymphocytes that transmigrated were calculated.

In some experiments, the surface phenotypes ofradhand transmigrated lymphocytes
were assessed by flow cytometry. Freshly isolated;adherent (upper chamber) or
transmigrated (lower chamber) lymphocytes werellathevith anti-CD4-PE or anti-CD8-FITC
(Becton Dickinson, Oxford, UK) for 30min on iceix&d volume counts for positively labelled
cells were made using a Coulter XL flow cytometed analysed using WinMDI. In this way,

we calculated the percentage adhesion and trarstioigfor CD4 and CD8 T-cell subsets.

2. Microscopic observation of migration through etingtlial cells under static conditions

Adhesion and transmigration were assessed by dimecbscopic observation as
previously described [26]. HUVEC in 6-well platesre washed with PBSA to remove residual
cytokines and purified PBL, CD%r CD4 T-cells were added for 5min. Non-adherent cells
were removed from the HUVEC by gentle washing WBSA (which took 2min) and video
recordings of the endothelial surface were madegushase contrast videomicroscopy as

follows: (i) 5 fields were briefly recorded immetkdy after washing to analyse number of



adherent cells and their position above or beleawtionolayer (see below); (ii) a single field
was recorded for 15 minutes to follow lymphocytédoaour; (iii) a further 5 fields were briefly
recorded to analyse the position of lymphocytes/almy below the monolayer. Manipulations

and microscopy were carried out inside a Perspgxbktd at 37°C.

The video recordings were digitised and analysélthefusing Image-Pro Plus software
(DataCell Ltd, Finchampstead, UK). The numbersdbfement cells were counted in the video
fields, averaged and then converted to cells pef usimg the calibrated microscope field
dimensions, and multiplied by the known surfacearethe HUVEC to calculate the total
number adherent. This number was divided by thevknotal number of lymphocytes added, to
obtain the percentage of the lymphocytes that dheér@d. Each lymphocyte was classified as
either: (i) phase bright, with round or distortéthge, and adherent to the surface of the HUVEC,;
(i) phase dark and spread, and migrating belovHU®EC. The percentage of adherent
lymphocytes that had transmigrated was calculatedeh time, with time zero taken as the end
of the settling period. The migration velocitiespbfase-dark lymphocytes underneath the
HUVEC were measured by digitising a sequence ofjgea.min apart for 6min. In each digitised
image, cells were outlined and the position ofrthentroid determined. Migration velocity

(um/min) was the average distance moved by theadrter minute.

3. Microscopic observation of migration through etingtlial cells into collagen gels under static

conditions
HUVEC on collagen gels were washed with M199+BSAetmove residual cytokines,
and purified PBL, PHA stimulated PBL or neutrophilere added for 10min. Non-adherent cells

were removed from the HUVEC by gentle washing WWBSA, and phase-contrast video-



microscope recording were made 0.25h, 1h, 3h ahdaftér the original addition of leukocytes.
Five video-fields were recorded. In each fieldagas were first recorded at the endothelial
surface, and then recordings were made as the sompe was focussed gradually down in 50pum
steps. Cells visible with the endothelial monolayere counted and divided into those which
were phase bright (above EC) and those which wieasgodark (just below EC). Cells within
each 50um step were counted as they came into;fhese cells were typically irregular in
shape and phase bright. The focal depth of thewa$ approximately 300um. After averaging
counts in the 5 fields, data were expressed apdtwntage of the adherent cells in each vertical
region. On some occasions, a single field at ti#helial surface was recorded for 5 minutes to
analyse migratory behaviour of the leukocytes. mMdinipulations of gels and microscopy were

carried out at 37°C.

4. Microscopic observation of migration through etingtlial cells under conditions of flow

Filters coated with HUVEC were cut from the TranBwelders and placed on a
75x25mm coverslip. Alternatively, the bases ofrabar slides coated with HUVEC were freed
from the fluid reservoirs attached to their surfadée coverslips or slides were incorporated into
a parallel-plate flow chamber and attached to &upem system mounted on the stage of a
phase-contrast videomicroscope enclosed in a Pecsaenber at 3T, as described [21, 26].
The flow channel dimensions were 20 x 4 x 0.13mendth x width x depth) for the filters, and
50 x 10 x 0.25 mm for the chamber slides. At oma, ¢hey were connected to a Harvard
withdrawal syringe pump which delivered flow atader equivalent to a wall shear stress of 0.1Pa.
At the other end, they were connected to an eleictiswitching valve (Lee Products, Gerards
Cross, UK) which selected flow from two reservoasntaining PBL in PBSA or cell-free PBSA.

A four-minute bolus of PBL was perfused over the\HRT followed by cell-free wash buffer.



Video recordings were made of a series of microsdmgbds along the centreline of the flow

channel after 2 and 11min of washout, and betweesettimes a single field was recorded.

Video recordings were analysed essentially as glessept that lymphocytes adherent to
the surface of HUVEC could be classified as eitbéing adherent (spherical cells moving over
the surface much slower than free-flowing cellsytationary adherent (typically with distorted
shape and actually migrating slowly on the surfa¢#)ase-dark transmigrated cells could be
counted for either substrate, but when observitersi in the flow chamber, recordings were also
made of the underside of the filter where a fevsamight be found. This was achieved by
focussing the microscope stage up and dowmi(.e., the filter thickness). The sum of the
numbers adherent in all categories was dividechbynumber perfused during the bolus to obtain

total PBL adhesion as % of cells perfused.

Statistical analysis
Effects of multiple treatments were tested usingysis of variance (ANOVA), followed
by comparison to control by Dunnett test. Singbatments were compared to controls by paired

t-test.

Results
Kinetics of lymphocyte migration through endothetells and 3pum-pore filters

Settling of lymphocytes onto endothelial cell/filmnstructs and quantification of the
number collected from the back has been widely tsedsess 'transendothelial’ migration. In

initial experiments with unstimulated or TNF-tredtdUVEC, we found that few PBL migrated



through the filter after 2 or 4 hours (e.g. 2.4.6@% of added cells migrated through TNF-
stimulated HUVEC at 4h; mean SEM, n=3). The prtparincreased by 24h (e.g. 11.0 £ 3.2%
of added cells which migrated through TNF-stimuat#JVEC; mean SEM, n=4) and so we
made comparisons between variously-treated HUVEGistime. Figure 1 shows that
endothelial cells treated with cytokines (TNF oFlBlone, or together) tended to support greater
lymphocyte transmigration compared to unstimuldiet/EC, although there was no consistent
difference between the cytokine treatments. Theisa was also evident when CDey CDS T

cells were analysed separately (Figure 1), antvibeypes of T-cell behaved similarly to each
other. The proportion of lymphocytes that were aghtewas high after 24 hours (~50%) and not
significantly affected by cytokine treatments (daté shown). Such long contact times are not
physiological, and presumably increase non-speldikground adhesion. We thus reduced the
initial contact time by washing off non-adheremnjghocytes after 10min, whilst maintaining the
24h migration endpoint. This decreased lymphoagtgesion, and there was now a tendency
toward greater adhesion for endothelial cells stated with TNF+IFN compared to untreated
cells (21.8 £ 3.7% vs. 14.8 + 6.0% of added PBLemdht respectively; mean = SEM from 6
experiments). However, transmigration was alsomtawer (3.4 £ 0.6% vs. 1.6 + 0.5% of

added PBL transmigrated respectively).

These findings showed that PBL and the major Tsgliclasses took hours to migrate
through endothelial/filter constructs, a distanterdy ~10um, and that cytokine stimulation of
the endothelial cells only increased recruitmemiLaliwo-fold. Lymphocyte recruitment across
the wall of inflamed vessels is expected to be mapéd and stimulus-specific. Thus we
observed lymphocyte interactions with HUVEC treatgth TNF plus IFN (the treatment

inducing most efficient transmigration) on filtersder flow conditions. Few flowing PBL



adhered to unstimulated HUVEC cultured on filtémgt, many more were adherent when the
endothelial cells had been stimulated with TNF pkis (0.6 + 0.3% vs. 5.8 £ 2.0% of PBL
perfused, respectively; mean + SEM, n=4). Thescadlherent to the cytokine-treated EC were
firmly attached with only a small percentage rallimnd within 11 minutes about 30% had
migrated through the endothelial monolayer (FigtjreAt this time, very few lymphocytes had
migrated through the filter itself (Figure 2). Timégration velocities of the phase-dark cells
under the HUVEC averaged about 5pm/min (4.9 £ @énpin; mean = SEM of means from 3

experiments).

Thus, lymphocytes adhered and migrated quicklyuginocytokine-stimulated
monolayers in the presence of flow. They then atgp freely under the monolayer but did not
appear below the filter within minutes. Indeedpitk hours to negotiate the filter in the static
assay. Since direct observation of kinetics of atign through the endothelium or the filter was
not possible in the 'standard’ static filter as#tag,not possible to conclude at this stage ttece
step at which the hold-up occurred. It is possibé transendothelial migration was slower in
the absence, compared to the presence, of flow §27hat lymphocytes quickly crossed the
endothelial monolayer but were held up by thefrfilteeither case. To clarify this point, we
compared microscopic observations of migration tkisehrough HUVEC under static or flow

conditions, using clear, solid substrates.

Lymphocyte migration through endothelial cells teac substrates in absence of flow
When PBL were allowed to settle for 5min, few (~58dhered to unstimulated HUVEC
cultured in multi-well plates, but cytokine-stimtéd endothelial cells supported much higher

levels of attachment (Figure 3A). We were surgtigefind that 2 minutes after washing, a



significant proportion of the adherent cells hahtmigrated, and that after a further 15 minutes,
this proportion remained essentially the same @&i@B). Transmigration was higher for
cytokine-treated monolayers, particularly in thegance of IFN. Although some adherent cells
did transmigrate through unstimulated HUVEC in n@sy the absolute number observed was
small due to the low level of adhesion. Examimmgration through cytokine-treated EC in
more detail, we recorded individual fields and egpdly assessed transmigration. While there
were minor fluctuations in the proportion of PBarismigrated, there were no significant upward
trends (Figure 3C). We also noted the velocitynajrated cells, which averaged about 8um/min
and tended to be faster in the presence of IFNI€TBA). Thus, in a static assay with short

initial contact times, we detected cytokine-speadifiduction of lymphocyte adhesion and could

observe transendothelial migration within minutes.

The detailed analysis of individual fields reveatawther unexpected phenomenon. PBL
were seen to continue transmigrating (going fromsghbright to phase-dark) throughout the
entire 15min period, but other cells were migraimg¢he opposite (basal to apical) direction.
The continual forward and reverse migration exm@dithe nearly constant level of
transmigration observed at any time. Some celldens&veral transits back and forth within the
observation period, and some stayed in the sameament throughout. To quantify this
behaviour, we followed individual cells second-l®eend over a period of 6 minutes, and
recorded if and when they moved between the basbhpical surfaces of the HUVEC. A
sequence of pictures of a multiply-migrating celshown in Figure 4A, and some typical
behaviours are illustrated schematically in FigiBe For cytokine-treated HUVEC, about 20%
of PBL made at least one transit during the obdemgeriod and about a third of these made

multiple transits (Table 1A). By measuring the tin@mof transits during the 6-minute period, we



calculated the average interval between transitthfise cells that moved between compartments
(mean ~4 min) (Table 1A). The values varied litttgween the cytokine treatments (TNF, IFN

or TNF+IFN). Transits were seen with unstimulat#dVEC (data not shown), but again, the
number of cells observed was small. On averagephthe transits were forward and half in the
reverse direction, which was consistent with theepbation noted above, that overall levels of

transmigration were constant over the total obsmmwaeriod.

We wondered whether specific lymphocyte sub-pdpria might be more efficient in
migration or prone to reverse migration, and soiedrout a series of experiments comparing
PBL to purified CD3 and CD4 T cells from the same donors. We observed ndfgignt
difference in the proportion of these lymphocyt@ulations adhering or transmigrating through
endothelial cells stimulated with TNF+IFN (Figure 9n addition, the multiple-transit behaviour
of purified T cell subpopulations, and the velastiof migrated cells were not significantly

different from PBL (Table 1B).

Lymphocyte migration through endothelial cells teac substrates under flow

Unstimulated endothelial cells cultured in chamdletes consistently failed to recruit
flowing lymphocytes (Figure 6A). However, aftetakine stimulation, the endothelial cells
efficiently captured much greater numbers of flagvipmphocytes, with greater adhesion
observed on endothelial cells stimulated with TMHNF+IFN compared to IFN alone (Figure
6A). As with HUVEC cultured on filters, few capag lymphocytes rolled, and most adhered
firmly. Nearly a half of the adherent PBL transnaigd through the cytokine-stimulated
monolayers within 11 minutes, with IFN being thesmeffective inducer of migration (Figure

4B). Velocity of migrated cells averaged about@pin, which is similar to that observed in



the static assay, and again, velocity tended tadter in the presence of IFN (Table 1C).

We checked whether multiple transits were obseweter flow as well as in the static
assay. In fact, the proportions of cells undergahleast one transit, or undergoing multiple
transits in a six-minute period were similar, iftde higher, in the presence of flow (Table 1C).
Overall, the average intervals between transitewearly identical to the values obtained in the
static assay (Table 1). Again, values for thes@bbes were similar for the different cytokine

treatments.

Lymphocyte migration through endothelial cells amd collagen gels

The above findings suggested that under statitoar ¢onditions, lymphocytes quickly
crossed endothelial monolayers, but were relu¢tantove on from the subendothelial space,
and that this might have been linked to repeatagtation back and forth. However, even the
filters represent a solid barrier to migration owesst of their surface, and so we decided to
observe migration out of the subendothelium intbagen gels over prolonged periods. First, we
analysed neutrophil migration through TNF-treatddMEEC into gels, since we had characterised
neutrophils previously in all the other models uketk [e.g., 21, 22, 26]. Figure 7A shows
changes in the distribution of neutrophils above st below the EC, and in the gel over time.
After 15 minutes, a high proportion of adherenttregphils had penetrated the monolayer and
were visible, phase-dark just below it. By 1 haufew more cells had migrated under the EC,
but nearly all of the transmigrated cells were riound in the gel. The cells moved further into
the gel by 3 hours, and by 24 hours, the neutreptére essentially evenly distributed
throughout the depth of the gel. The lymphocytesewmuch less efficient in entering the gels

(Figure 7B). A significant proportion of adheresils had migrated through the endothelial



monolayer within 15 minutes, as in the other maddlsis proportion increased to about 50%
after 1 hour, but <5% were found in the gel at time. By 3 hours, about 10% were in the gel,
but these had not penetrated far compared to theopdils. Even at 24 hours only 10% were in

gel, and most of these were still in the first 160

We also recorded the behaviour of the lymphocytéiseaendothelial surface after 15min,
to allow comparison to the observations on sollostate. Again, we observed cells undergoing
forward and backward migration, with some makindtiple transits through the endothelial
monolayer, at frequencies comparable to those @edime clear plastic (Table 1D). The phase-

dark cells were highly motile and had velocity aagéng 5-6pm/min (Table 1D).

Effects of lymphocyte activation or the presenca sibendothelial chemokine

We considered whether activated T-cells would nteggraore efficiently into gels.
However, while PHA activation significantly incresklymphocyte migration through the
endothelial monolayer (64.6 = 3.5% vs. 45.2 + 6@f@&dherent cells migrated at 3h following
PHA treatment vs. freshly isolated PBL respectivelgan + SEM, n=3; p<0.05 by paired t-test),
migration into the gel was not significantly altér@®.1 + 3.9% vs. 5.1 + 4.9% migrated at 24h
with or without PHA respectively; mean + SEM, n=Burthermore, we still observed multiple
transits back and forth across EC by PHA-activitagphocytes. In fact, the proportions of cells
undergoing at least one transit (~14%), or undegyoiultiple transits (~5%) in a six-minute
period were similar to freshly isolated lymphocytd$us, activation was insufficient to induce
migration away from the subendothelial space, sstyugthe need for a second signal

presumably from within the tissue.



Chemokines CXCL10 and CXCL12 were added to gedsancentration (80ng/ml) which
would be expected to increase chemotaxis throdighdi(unpublished observations). However,
in 2 experiments with each, PBL migration througtokine-treated endothelium or into the gel
were not increased, and the tendency to migratle dxaa forth across the endothelial monolayer
remained unaltered (data not shown). The chemskmast likely diffused across the EC and
into the surrounding medium during endothelial undf washing and the adhesion assay itself,
diluting any gradient. We thus increased the cotragon of CXCL10 added to the gel 10-fold,
and observed a small but consistent increase imtgetion of lymphocytes into the gel when
compared to untreated gels (Figure 7C). Of nbtatal level of transmigration across the
endothelial monolayer was not increased (averaging + 9.8% or 54.3 £ 5.6% for gels with or
without chemokine respectively; mean + SEM fromxBpeximents m,easured at 24h), but the
presence of CXCL10 tended to reduce lymphocyteatimgn back and forth across the
endothelial monolayer. The proportion of adherssiiis undergoing one or more transit over 6
minutes was reduced from 14.2 + 4.8% to 6.9 + 2.284, the proportion undergoing more than
one transit was reduced from 6.9 + 2.3% to 3.98%d(mean + SEM from 3 experiments)
although these trends did not reach statisticalifsignce. Thus the presence of a chemokine,
such as CXCL10, could promote lymphocyte migratiaray from the endothelium into the

underlying matrix.

Discussion

Using direct microscopic observation of endothehanolayers treated with different
cytokines, we found that freshly-isolated periphbtaod lymphocytes could migrate across
endothelial monolayers in minutes in the presemabeence of flow. While the lymphocytes

migrated at about 5-10pum/min underneath the entaticells, they did not move quickly



through 10pum-thick porous filters or into collaggals. Interestingly, a significant proportion of
PBL could be seen to migrate back and forth adtesgndothelial monolayer, sometimes
repeatedly. In consequence, the proportion urigeendothelium did not vary much over about
15 minutes. The above phenomena could be obs@wv&@D3+ T-cells (which would be
expected to make up the great majority of PBL) tw@dCD4+ T-cell subset, as well as PHA-
activated cells. In non-visual, static, filter-bdsassays, little transmigration was detected withi
hours, and 24 hours were needed to obtain a piopast lymphocytes under the filter
comparable to that seen in minutes during direseplations of transendothelial migration. After
24 hours, penetration of gels by lymphocytes waffiment (e.g., compared to neutrophils).
Given the speed at which lymphocytes were seeridmate under EC, it seems that EC tended to
retain lymphocytes in their vicinity, and that greal to migrate through stroma and/or across the
filters was lacking. Studies in which exogenousncbkine was added to collagen gels, and

penetration of the matrix was increased, suppdhisdconcept.

Efficient migration of T-cells through EC treatetth TNF and IFN (reaching ~40% of
those adherent) has been described previously @liegleconditions similar to those used here
[5]. In studies using TNF alone, Luscinskas etadserved that migration occurred in minutes
but did not quantify the proportion of cells mignat[3]. Cinamon et al., found that only ~5% of
adherent T-cells migrated through TNF-treated E@eufiow, but this proportion increased
greatly when SDF was added to the endothelial sefi@]. Most striking was their observation
that if flow was stopped, there was negligible sraigration. In each of these flow-based
studies, isolated T-cells were pre-incubated foigrged periods, presumably to induce

activation and greater migration, although this waly explicitly stated by Piali et al. [5].



We did not observe marked differences in migratiehaviour in the presence or absence of
flow. Flow is required to model the capture pra@sssoperating in the vasculature, and here, as
expected, cytokine-treated EC supported much gradteesion than unstimulated EC in
presence of flow. However, we found that the prbpo of adherent cells transmigrating, and
the frequency with which cells migrated in and olithe monolayer, were similar with or
without flow, for EC treated with TNF, IFN or bothnterferon tended to induce the highest level
of migration and to induce lymphocytes to migratrenrapidly, but the trends were similar with
or without flow. Throughout the study, treatmen&d with cytokines increased the efficiency of
transmigration, as well as capture in flow-baseshgs, but migration did not require addition of
an exogenous chemokine. Previously, presencewfdhd binding of SDF to the surface of
TNF-treated HUVEC were found necessary to obtdinieht trans-endothelial migration of T-
cells [6]. However, the definition of transmig@tiwas different from that used here (only cells
which were observed to change once from phasetiogbthase-dark were counted) and the T-

cells had been cultured for 15-18h before analysis.

Lymphocytes were not purposefully activated in tadour studies, on the basis that PBL
are recruited directly from the circulation durimjammation in vivo. While this recruitment
may be more efficient for memory cells, naive calis also recruited to non-lymphoid tissue
[17]. Here, migration behaviour was broadly simftar PBL, T-cells, and CD4and CD8
subsets. We have found preferential migrationDi&RA-negative (i.e., memory phenotype),
CD4" or CD§ cells through Transwell filters (assessed usiog ftytometry; unpublished
observations) in line with reports by others [16, 28]. Thus, it is likely that PBL migrating
through endothelial monolayers were enriched in prgrells, but pre-separation of naive and

memory populations would be required to definerthedative migration efficiencies e.g., in flow



models. In comparing results here to previous wathk activated T-cells, it may be worth
noting that there is considerable inter-donor temeain migration of T-cells (e.g., compared to
neutrophils) in our experience. Gathering datenfseveral studies in our laboratory, we have
observed transendothelial migration through ECtésckavith TNF and IFN in direct microscopic
flow assays between 2 and 50% of adherent PBL (m&@f0; n=26). When we did study
activated lymphocytes, they migrated more effidietitrough cytokine-stimulated endothelial
monolayers than resting lymphocytes, in agreemdhtpvevious reports [7-10]. Despite this, the
activated lymphocytes did not migrate efficientiya an underlying collagen gel, indicating that
activation per se was insufficient to generatenbeessary signals for migration away from the
subendothelial space. Nevertheless, the posygithkit antigen-presentation by EC specifically

facilitates migration of cognate T-cells cannotdounted [29].

The data presented here reveal some problemstetatinterpretation of widely-used,
filter-based migration assays. Using prolongedlrations under static conditions, there is a
high level of lymphocyte adhesion and significaahsmigration through filters, even without
cytokine stimulation of EC. With cytokine treatmielymphocytes still take far longer to cross
filters than to cross endothelial monolayers, arddnger than is required to enter tissue in vivo.
When we reduced the initial contact time betweeh BBd EC before wash-off of non-adherent
cells, fewer PBL adhered, but the proportion ofallaerent cells that migrated through the filter
was still small after many hours. PracticallystBuggests that mechanisms found to support or
regulate migration in such assays, might not beipo the transendothelial (as opposed to the

trans-filter) stage.

In our experience, neutrophils migrate throughoginelial monolayers and migrate



underneath the monolayers at similar rates toyimgphocytes observed here, but a larger
proportion can be directly observed to migrate tigiofilters in minutes in a flow assay [21]. In
static trans-filter assays, neutrophils can beectdid as early as 15-30 minutes after addition to
the upper surface. Here, we found that neutrophéshad migrated through EC quickly moved
into collagen gels, and became uniformly dispexsithl time. This suggests random diffusion
into the gel. Lymphocytes did not 'diffuse’ insthvay, and indeed it seems that most were
actually retained in or near the endothelial @Jelr. The inefficiency of lymphocyte migration
away from the sub-endothelial space was linked thiéhtendency of many migrated cells to
move back through the monolayer to the luminalemefin minutes. We have not observed such
behaviour with neutrophils. Taken together, tha@sservations suggest that lymphocytes
continually interacted with EC and that a critisjnal was lacking in the in vitro models, which
was required to drive migration of lymphocytes arayn endothelium into tissue. Here, the
addition of CXCL10 to the collagen under EC modasaeénhanced lymphocyte migration into
the gel, and reduced the tendency to move backaatidacross the endothelial monolayer. In
general, stromal chemoattractants may increasaeeftiy of migration into tissue for all
leukocytes, but it seems that neutrophils, as oggbts lymphocytes, do not need such a signal to
free themselves from endothelium. Given the hggmeity in the chemokine receptors
expressed by different lymphocytes, more than abersdothelial chemokine might be required
to induce efficient migration of the entire popwat Conversely, stromal production of a
restricted chemokine subset could provide a furghdrendothelial’ level of control within the

recruitment cascade.

Reverse migration has been described for monaaytes hours after migration though

HUVEC cultured on amniotic tissue [30] or over tefisninutes under flow after migration



through TNF-treated HUVEC cultured in glass capi#ia [31]. We described reverse migration
of neutrophils over hours in a similar flow mod&2]. Reverse migration of neutrophils has
since been observed directly in a inflamed micreetsof the zebra fish [33]. Here, some PBL
and T-cells shuttled back and forth between thesgpartments over minutes. Repeat migration
of lymphocytes between the lumen and sub-endotrsglaces has not been described previously.
Nearly 10% of all adherent cells made more thantaresit in a 6-minute period, and of cells

that started underneath the endothelial monolayer, 40% underwent reverse migration in the
same time. Whether comparable behaviour occwiis unknown, and we are not aware of
any published real-time observations of migratibtymphocyte (as opposed to neutrophils) in

inflamed vessels.

In conclusion, lymphocytes (and specifically Tispmigrated across endothelial cells in
minutes, were highly motile thereafter, and somleadt migrated back and forth across the
endothelium repeatedly. The presence of flow impdathe specificity of the assays (in the
sense that binding to unstimulated EC was negbglold effects of cytokines more clear-cut than
in static assays), but did not influence stronglyinitial migration, or the back and forth
movement in the models used here. It appearsytimgtHocytes may be actively retained by
endothelial cells and require a signal from anogioerrce to induce their migration onward from
the sub-endothelial space. Consequently, the psarfdgmphocyte recruitment appears to
involve an additional regulated stage, in all ptaliy to minimise non-specific sub-set

recruitment.
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Table 1: Characteristics of migration of lymphocytes migrating through endothelial cell monolayers ortlear substrates

Treatment/Cell Cells undergoing Cells undergoing Transit interval Migration velocity
1 or more transits (%) more than 1 transit (%) (min) (um/min)

A. Migration of PBL through EC exposed to differentokines -Static assay (n=4)

TNF 18.3+8.6 6.6 +3.8 4.4+0.9 6.4+0.2

IFN 259+5.6 7.5+3.9 44 +0.5 105+14

TNF+IFN 21.5+4.3 9.6+4.2 3.9+0.2 89+1.0

B. Different lymphocyte subsets migrating throudb teated with TNF+INF Static assay (n=3)

PBL 175+5.6 7.1+34 3.6+05 88+24

CD3+ 15.9+6.0 52+34 46+0.8 6.1+£0.3

CD4+ 19.2+2.38 5629 3.8+0.8 7.1+£1.6

C. Migration of PBL through EC exposed to differemtokines Flow-based assay (n=4)

TNF 23918 11.1+£3.8 3.7£05 5.8 £ 0.5*

IFN 31.5+4.0 13.7+4.1 3.9+£05 9.6+15

TNF+IFN 325+5.2 13.6+7.9 44+1.0

D. Migration of PBL through EC on collagen gelStatic assay (n=3)

TNF+IFN 21.0x25 7.8+4.1 42+0.4 54+0.8

Individual lymphocytes were tracked over the 6menigd and their location above or beneath the émdioim analysed every 10s. The
percentages of lymphocytes migrating through thaatayer once (1 transit) or migrating back andHdrtl transit) were determined. The
average interval between transits for those ceisdid move between compartments was also detednilhe velocity of migration under the
monolayer was measured over a 5-minute perioda Bxa the meat SEM from n independent experiments. * ANOVA showeghificant

effect of treatment on migration velocity, with Tkgnificantly different from IFN by Tukey test (thop<0.05).



Figure Legends

Figure 1: Effects of different cytokine treatments on migoatof PBL and T-cell subsets
through endothelial cells and their supporting Ereell filters. HUVEC were stimulated with
100U/ml TNF alone, 10ng/ml IFN alone or with botin 24h. Lymphocytes were allowed to
adhere and migrate for 24h after which the numbgmaphocytes transmigrating was
counted and expressed as a percentage of the e€litkedData are mean + SEM from 2-8

independent experiments.

Figure 2: Behaviour of lymphocytes recruited to cytokine-stiated endothelial cells in a
flow-based assay. A 4 min bolus of lymphocytes pagused over HUVEC that had been
cultured in Transwell inserts and treated with TINFN-for 24h. The behaviour of the
adherent lymphocytes (rolling, stationary adheremgrated through the endothelial
monolayer or migrated through the filter) was eadd 11min after bolus perfusion. Data are

mean + SEM from 4 independent experiments.

Figure 3: Effects of different cytokine treatments on lymptiecrecruitment to endothelial
cells cultured in multi-well plates. HUVEC werenstilated with 200U/ml TNF alone,
10ng/ml IFN alone or with both for 24h. Lymphocyteere allowed to settle for 5min, non-
adherent cells were washed off and lymphocyte adhesd transmigration were analysed
by phase contrast microscop) Effect of cytokines on lymphocyte adhesion measate
2min after wash-off(B) Effect of cytokines on lymphocyte transmigratibnough HUVEC
at 2min and 17min after wash-of€C) Time courses of lymphocyte transendothelial migrat
for different cytokines. Data are mean = SEM fromdependent experiments. In A and B,
ANOVA showed a significant effect of cytokine tresnt on lymphocyte adhesion and

transmigration; p<0.01. * = p<0.05, ** = p<0.01 cpaned to untreated by Dunnett test.



Figure 4: The migration behaviour of individual lymphocytever a 6min period for HUVEC
treated with TNF+IFN.(A) Video-micrographs of a lymphocyte migrating froboge the
endothelial monolayer (phase-bright) to underngaltlase dark), back to the top and then
under again.(B) Schematic representation of typical lymphocyteratigyy behaviours.
Individual cells were tracked over a 6min peridtbsitions above (a) or below (b) the
HUVEC monolayer are plotted for 5 cells: Cell lystd above the monolayer and cell 5
stayed below. The others made one or more tramsitgeen the compartments. Similar

behaviours were seen for HUVEC treated with TNIFFdf separately.

Figure 5: Comparison of recruitment of different lymphocytdbssets to endothelial cells
cultured in multi-well plates. HUVEC were stimuldtevith TNF+IFN for 24h. PBL, or
purified CD3 or CD4 T cells were allowed to settle for 5min, non-admercells were
washed off and adhesion and transmigration werkysethby phase contrast microscopy.
(A) Effects of cytokines on lymphocyte adhesion measat 2min and 17min after wash-
off. (B) Lymphocyte transmigration through HUVEC at 2min d&7min after wash-off. Data

are mean + SEM from 4 independent experiments.

Figure 6: Effects of different cytokine treatments on reanent of lymphocytes

to endothelial cells in a flow-based assay. A 4 botus of lymphocytes was perfused over
HUVEC that had been cultured on chamber slides@aded with TNF alone, IFN alone or
with both for 24h(A) Effects of cytokines on lymphocyte adhesion meadiat 2min after
wash-off.(B) The behaviour of the adherent lymphocytes (rollstgtionary adherent or
migrated through the endothelial monolayer) meakudenin after wash-off. Data are mean
+ SEM from 3-4 independent experiments. In (A), AOshowed a significant effect of

treatment (p<0.01). * = p<0.05 and ** = p<0.01 cargd to untreated by Dunnett test.



Figure 7: Migration of leukocytes through EC and into egin gels over time for A.
Neutrophils adherent to HUVEC treated with TNF4br, B. Lymphocytes adherent to
HUVEC treated with TNF+IFN for 24h. C. Lymphocyt@sherent to HUVEC treated with
TNF+IFN for 24h, with or without addition of CXCL10 the gel. Leukocytes were allowed
to settle on HUVEC for 10 min, non-adherent cel&sewvashed off. In A and B, cells were
counted that were above the EC (phase bright) peistv the EC (phase dark and spread) or
present within different regions as the microscaps focussed down into the gel. Data were
collected 0.25[ 1 ), 11 ), and 24h | ) after initial addition of leukadey, and
calculated as the percentage of the adherent céll€C, the percentage of adherent
lymphocytes which had entered the gel was asseggied M ) or without (L1 ) CXCL10
added. Data are mean + SEM from 3 experiment&, Iff* = p<0.01 compared to untreated

gel by paired t-test.
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