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Abstract
We examined the fate of neutrophils following transmigration through an endothelial monolayer
cultured on “Transwell” membrane filters. Treatment of human umbilical vein endothelial cells
(HUVEC) with increasing doses of tumor necrosis factor-α increased the efficiency of
transmigration and markedly reduced apoptosis among the transmigrated neutrophils in a dose-
dependent manner. Apoptosis was also inhibited after transmigration of neutrophils through
HUVEC stimulated with interleukin (IL)-1β but not so effectively after chemotaxis through
unstimulated HUVEC driven by IL-8 added below the filter. Inhibition of β2-integrin binding after
transmigration or coating the lower chamber with a nonadhesive polymer (polyhydroxyl-ethyl-
methacrylate) abrogated neutrophil survival. Although integrin engagement during migration itself
was not essential to inhibit apoptosis, activation of neutrophils through CXC chemokine receptors
was necessary. Quite brief exposure to the HUVEC (30–120 min) was effective in reducing
subsequent apoptosis, although if coincubation with the HUVEC were prolonged, neutrophil
apoptosis was reduced further. Neutralization of granulocyte macrophage-colony stimulating
factor inhibited this additional effect. Thus, a complex interplay between migration- and
activation-dependent signals and adhesive interaction in tissue may combine to effectively prolong
the survival of neutrophils recruited during inflammation.
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INTRODUCTION
Peripheral blood neutrophils (PBN) circulate through the vascular system with a lifespan of
6–12 h, after which, they die by apoptosis (programmed cell death) and are removed by
macrophages of the reticuloendothelial system [1, 2]. In vitro, neutrophils typically undergo
spontaneous apoptosis over a period of 18–36 h, but under inflammatory conditions,
neutrophil lifespan is thought to be prolonged, presumably allowing sustained effector
function. This concept is based partly on findings that PBN from patients with systemic
inflammation [3, 4] or from mice exposed to inflammatory agents [5, 6] underwent
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apoptosis relatively slowly in vitro. Functionally, however, the state of the neutrophils,
which have undergone adhesion and migration through the endothelium, may be more
important. In this context, neutrophils from inflammatory exudates from humans, rats, or
mice typically showed evidence of protection against apoptosis ex vivo [5, 7, 8]. However,
the mechanisms prolonging lifespan of the neutrophils derived from the vascular
compartment or from tissues may not be the same.

During recruitment, circulating neutrophils are first captured by selectin receptors expressed
by cytokine-activated endothelial cells (EC) and then engage chemokines or lipidderived
chemotaxins on the endothelial surface [9]. These agents induce stable adhesion through
activation of β2-integrins, which bind to intercellular adhesion molecule 1 (ICAM-1), and
also stimulate motility, which enables migration over and through the endothelial
monolayer. Neutrophils must then engage matrix proteins, probably using β1- as well as β2-
integrins, and penetrate the basement membrane before chemotaxis to the inflammatory
locus [10]. Although several factors associated with recruitment (soluble inflammatory
mediators, adhesive interactions, chemotaxis, and transendothelial migration) might prolong
the lifespan of a neutrophil, their relative importance remains hard to define.

Interleukin-8 (IL-8) and granulocyte macrophage-colony stimulating factor (GM-CSF) can
be released by EC and tended to prolong neutrophil survival [11, 12], as did the cytokine
interferon-β (IFN-β) [13]. It is perhaps surprising that adhesion of neutrophils to matrix
proteins, such as fibronectin or laminin, tended to increase the rate of apoptosis compared
with neutrophils adherent to plastic [14] or nonadherent cells [15]. Conversely, binding of
neutrophils to the plasma protein fibrinogen, through the neutrophil αmβ2-integrin, (CD11b/
CD18), delayed apoptosis [16]. This integrin was also implicated in the prolonged survival
of neutrophils adhered to the surface of IL-1-treated EC [17]. Spontaneous apoptosis of
neutrophils was delayed by engagement of CD11b or CD18 with clustering or activating
antibodies or with surface-immobilized, purified ICAM-1 [8, 14]. Conversely, cross-linking
or activation of CD11b/CD18 increased apoptosis in the presence of tumor necrosis factor
(TNF) [14, 18]. Clearly, the mechanisms regulating apoptosis in the complex milieu of the
migrating neutrophil are hard to deduce from the above.

Studies of apoptosis of neutrophils actually undergoing transendothelial migration have been
rare. Coxon et al. [6] found that neutrophils, which had migrated through monolayers of EC
that had been cultured on filters and treated with TNF and IL-1, exhibited a lower level of
apoptosis than control neutrophils after 6 h. Protection was attributable to a transferable
factor in the medium, most probably, GM-CSF released by the human umbilical vein EC
(HUVEC). However, the migrated neutrophils were incubated on a nonadherent surface, and
the delay in apoptosis was short-lived. In parallel studies of GM-CSF-deficient mice treated
with a combination of TNF and IL-1 [6], prolonged survival of PBN ex vivo was
attributable to GM-CSF, but the low level of apoptosis seen among migrated neutrophils in
the cerebrospinal fluid was not. Thus, neutrophils migrating into tissue presumably receive
signals other than those from soluble mediators. Chemotaxis across endothelial monolayers
in response to the bacterial peptide formyl-Met-Leu-Phe (fMLP; rather than cytokine-
induced transendothelial migration) has been shown to give a weak protection against
apoptosis [6] or to accelerate it [8, 18]. In contrast, chemotaxis through epithelial cell lines
toward fMLP or IL-8 caused a reduction in rate of neutrophil apoptosis [19, 20].

In summary, antiapoptotic effects have been attributed to soluble mediators, adhesive
interactions, and migratory responses, but these effects can vary depending on the milieu in
which the neutrophils are placed. During transendothelial migration, such responses will be
integrated in a manner hard to tease apart by studying these factors in isolation. Therefore,
we investigated the survival of neutrophils in a model where they migrated through an
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endothelial monolayer stimulated with varying levels of cytokines and were allowed to
migrate away from the endothelial monolayer and re-establish adhesion. We modified
adhesive interactions during and after transendothelial migration and revealed a cytokine
dose-dependent and adhesion-dependent signal that inhibited apoptosis. Although leaving
neutrophils in coincubation with the EC could also prolong survival through soluble
mediators, this effect was clearly separate from the adhesion/migration-dependent effects
and may be less important when neutrophils migrate away from endothelium into tissue.

MATERIALS AND METHODS
Isolation of human neutrophils

Venous blood from healthy individuals was collected in EDTA tubes (Sarstedt, Leicester,
UK), and neutrophils were isolated using two-step histopaque density gradients as described
previously [21]. The neutrophils were washed twice and resuspended in Medium-199
(M199; Gibco Invitrogen Compounds, Paisley, UK) containing 0.15% bovine serum
albumin (BSA; 1/50 of 7.5% w/v sterile-filtered Fraction V solution, tissue-cultured and
endotoxin-tested to be not more than 13 EU/ml, Sigma-Aldrich, Poole, UK).

Isolation and culture of EC
HUVEC were isolated from umbilical cords using collagenase as described previously [22]
and cultured in M199 supplemented with 20% fetal calf serum (FCS), 10 ng/ml epithelial
growth factor, 35 μg/ml gentamycin, 1 μg/ml hydrocortisone (all from Sigma-Aldrich), and
2.5 μg/ml amphotericin B (Gibco Invitrogen Compounds). Primary HUVEC were
dissociated using trypsin/EDTA (Sigma-Aldrich), seeded onto uncoated, low-density, 3.0
μm pore polycarbonate Transwell filters, which were placed in matching 24-well plates (BD
PharMingen, Oxford, UK), and cultured for 4 days. Each experiment used first-passage cells
from a single, different cord. Immediately before assays, the HUVEC were stimulated for 4
h with 0–100 U/ml TNF-α or 50 pg/ml IL-1β (both from Sigma-Aldrich). In some
experiments, 10 ng/ml IL-8 (R&D Systems, Abingdon, UK) was added to the lower
chamber.

Measurement of neutrophil adhesion and migration and subsequent apoptosis
The medium was removed from HUVEC, and 700 μl M199 + BSA was added to the lower
chamber of the plate, and 200 μl neutrophils (2×106 cells/ml) were added to the upper
chamber. The neutrophils were allowed to settle, adhere to HUVEC, and migrate at 37°C in
a CO2 incubator. Migration was stopped at the chosen time by transferring the filter into a
fresh well, leaving the transmigrated cells in the original, lower chamber. Medium
containing nonadherent neutrophils was removed from the upper chamber and transferred to
another well. The filter was washed twice, and cells in the washes were pooled with the
upper chamber sample and taken to represent nonadherent neutrophils. These nonadherent
cells and the transmigrated cells washed from the lower chamber were counted using a
Coulter Multisizer II (Coulter Electronics Ltd., Essex, UK). The number of adherent cells
remaining in the filter could be calculated by subtracting nonadherent and transmigrated
cells from the known number of cells added. All counts were expressed as a percentage of
the number added.

For analysis of apoptosis, nonadherent or transmigrated neutrophils were incubated at 37°C
for up to 72 h, where time zero was the time of original addition of the neutrophils to the
HUVEC. Samples of cells were centrifuged onto glass slides for 3 min at 10 g in a Shandon
Cytospin II (Scientific Instruments, South Trentham, UK) and stained with Diff Quik. The
level of apoptosis was determined by counting at least 100 cells using a light microscope.
Apoptotic neutrophils were defined as cells containing one or more darkly stained,
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condensed nuclear fragments [13, 23]. Alternatively, we assessed the reduction in
mitochondrial transmembrane potential as an early and irreversible step in apoptosis,
reported by reduced incorporation of the lipophilic fluorochrome 3′3′-
dihexyloxacarbocyanine iodide (DiOC6) [24]. Neutrophils were incubated with 40 nM
DiOC6 (Molecular Probes, Cambridge, UK) for 30 min at 37°C, centrifuged at 800 g for 4
min, and resuspended in ice-cold phosphate-buffered saline containing 16% FCS. Samples
were analyzed using a Coulter XL flow cytometer (Beckman Coulter, High Wycombe, UK),
and data were expressed as a percentage of DiOC6 low cells, by comparison with freshly
isolated, control neutrophils.

Treatments with antibodies and inhibitory agents
The following monoclonal antibodies (mAb) were used at 10 μg/ml: mAb 13 (β1-integrin/
CD29 functional blocker, gift of Professor Martin J. Humphries, School of Biological
Sciences, University of Manchester, UK); R6.5E (β2-integrin/CD18 functional blocker),
KIM249 (αM-integrin/CD11b functional blocker), and 1G11 (anti-vascular cell adhesion
molecule 1 (VCAM-1)/CD106 functional blocker, all gifts of Dr. Tony Shock, Celltech
R&D, Slough UK); and SZ21 (β3-integrin/CD61 functional blocker, Immunotech,
Marseille, France). Antibodies against CXC chemokine receptor 1 (CXCR1) or CXCR2
(Clones 501 and 19, Biosource International Inc., Camarillo, CA) were used at 2 μg/ml,
according to the manufacturer’s recommendation. In recent, flow-based studies, we have
found these antibodies to inhibit neutrophil migration through TNF-treated HUVEC and also
to increase the percentage of the captured cells undergoing rolling [25, 26]. This indicates
that they inhibit migration through blockade of activation rather than by mimicking the
natural CXC chemokine agonists. Although these agonists can inhibit transmigration when
added exogenously, they also have the opposite effect of converting rolling to stationary
adhesion [27]. Neutralizing antibody against GM-CSF (Clone 3209, R&D Systems) was
used at 2 μg/ml, which is four times the manufacturer’s stated neutralization dose for 500
pg/ml GM-CSF, a concentration well above that detected in supernatants from endothelial
cultures and found to provide an antiapoptotic effect [6].

As all the antibodies were of immunoglobulin G1 isotype, those that had no functional
effects (see Results) acted effectively as relevant isotype-matched controls for those that
modified migration or apoptosis. In addition, antibody against VCAM-1 was included as an
EC-binding control for any antibody, which was used to treat neutrophils but might also
bind to EC (e.g., antibody against β1-integrin).

CT7010 is a low molecular weight, nonpeptide inhibitor of β2-integrin function (gift of Dr.
Tony Shock, Celltech R&D), synthesized as a reference compound by Celltech R&D, and
based on a compound patented by Genentech Inc. (San Francisco, CA; Patent No.
WO99/49856) [28]. It was used at 1 μM, after verification of its antiadhesive action in
independent studies of neutrophil migration through HUVEC in a flow-based assay (N. Thin
Luu, G. B. Nash, unpublished observations). The inhibitor of phosphatidylinositol-3 kinase
(PI-3K) LY294002 was used at 10 μM [29]. The specific inhibitor of Src kinase was
PD0173952 (10 μM, gift from Pfizer Ltd., Ann Arbor, MI) [30].

Neutrophils were incubated with inhibitor or mAb for 30 min at room temperature before
the assay, and agents were present throughout subsequent incubations in the upper chamber.
HUVEC were treated with mAb against VCAM-1 for the last 30 min of the 4-h treatment
with TNF, and mAb was washed out prior to the addition of neutrophils to the upper
chamber. In some experiments, the antibodies, including the neutralizing antibody against
GM-CSF, or inhibitors were added to the lower chamber of the Transwell at the time of
neutrophil addition to the upper chamber. They were present throughout the assay, including
any subsequent incubation of the transmigrated neutrophils in the lower chamber.
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Before some experiments, lower chambers of the tissue-culture plate were made
nonadhesive by coating with 50 mg/ml polyhydroxyl-ethyl-methacrylate (polyHEMA;
Sigma-Aldrich) for 48 h at 37°C, as described [15, 31]. Independent tests with neutrophils
stimulated with 10 ng/ml IL-8 and allowed to settle in polyHEMA-coated or uncoated wells
showed that coating reduced adhesion by 99 ± 0.5% (mean±SEM from three experiments).

Statistical analysis
Variation between multiple treatments was evaluated using ANOVA, followed by
comparison of treatments with controls by the Dunnett test when indicated. Comparisons of
individual treatments with controls were done by paired t-test.

RESULTS
Neutrophil migration through TNF-stimulated HUVEC and subsequent apoptosis

When neutrophils were added to TNF-stimulated HUVEC for 2 h, transmigration increased
in a TNF dose-dependent manner (Fig. 1A). It is interesting that the transmigrated
neutrophils were strongly protected against apoptosis over the next 22 h (compared with
controls incubated in empty wells), and the protection increased the higher the dose of TNF
used to pretreat the HUVEC (Fig. 1B). The protection evidenced by maintenance of normal
nuclear morphology (Fig. 1D) was also evident if mitochondrial membrane integrity was
assessed by measuring fluorescence intensity of DiOC6 staining (Fig. 1C). There was a
significant, TNF dose-dependent effect of transmigration on fluorescence intensity. A higher
proportion of transmigrated neutrophils showed loss of DiOC6 fluorescence rather than
nuclear condensation. This was presumably because the DiOC6 fluorescence reflects an
early stage in apoptosis (changes in mitochondrial membrane potential), and nuclear
morphology reflects an end stage. Thus, the strong protection against nuclear changes seen
in transmigrated cells at 24 h, but lesser protection against changes in membrane potential,
suggests that some of the cells were in the early stages of apoptosis (i.e., migration caused a
delay in apoptosis over 24 h rather than total protection). To investigate this point further,
apoptosis was assessed at intervals up to 72 h (Fig. 2). It was evident that apoptosis was
essentially complete for all samples by 72 h and that apoptosis was delayed (or slowed)
more effectively, i.e., the higher the dose of TNF that was used to pretreat the HUVEC. For
instance, protection at 48 h was only evident for the highest dose of TNF (Fig. 2).

HUVEC that had been stimulated with IL-1β (50 pg/ml) supported neutrophil transmigration
at a similar level to TNF (33±5% of added neutrophils; mean±SEM, n=4). Again, neutrophil
apoptosis was reduced markedly 22 h following transmigration through IL-1β-stimulated
HUVEC (percentage of cells with abnormal nuclear morphology=9±2% compared with
80±3% for cells migrated through unstimulated HUVEC; mean±SEM, n=4; P<0.01 by paired
t-test). In contrast, in the same experiments, migration through unstimulated HUVEC in
response to IL-8 (10 ng/ml) added to the lower chamber had only a modest effect on
apoptosis, which did not reach statistical significance (percentage of cells with abnormal
nuclear morphology=60±10%; mean±SEM, n=4). The IL-8 did induce effective neutrophil
chemotaxis (41±5% of added neutrophils migrated; mean±SEM, n=4).

To test the specificity of the effect of transmigration on apoptosis further, we compared
survival of freshly isolated neutrophils, nonadherent neutrophils, which had settled on
HUVEC for 2 h, and transmigrated cells, all cultured for 24 h in medium conditioned by 2 h
contact with the HUVEC (Table 1). There were no significant differences between the
different types of neutrophils when suspended in medium from unstimulated HUVEC,
although there was a trend toward lesser apoptosis for the cells that had transmigrated
through the unstimulated HUVEC. Nor was apoptosis significantly reduced for any cells
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compared with freshly isolated cells in nonconditioned medium (Table 1). Neutrophils
suspended in medium from HUVEC which had been treated with 100 U/ml TNF, did tend to
show increased survival compared with fresh cells in non-conditioned medium, although
this effect was only statistically significant for the cells that had transmigrated through the
stimulated HUVEC, which showed the lowest level of apoptosis. Thus, contact with the
apical surface of HUVEC, and any soluble factor(s) released by TNF-treated HUVEC over
the 2-h assay, were not the major contributors to survival of transmigrated cells. It is
interesting that in the medium from HUVEC, which had been treated with 100 U/ml TNF,
there was a trend for the freshly isolated cells to survive better than the nonadherent cells in
the same medium. This suggests that the improved survival of the transmigrated cells may
have been partly a result of a subpopulation of efficient migrators being inherently more
resistant to apoptosis, and nonmigrators were less resistant than the original, “fresh” cells.
However, this is not consistent with the finding that when a progressively greater proportion
of neutrophils migrated through HUVEC with an increasing dose of TNF (i.e., the process
became less selective), the survival of the migrated cells increased. Thus, overall, the data
indicate that migration through cytokine-stimulated HUVEC provides a specific, dose-
dependent survival signal to the migrating neutrophils— greater, e.g., than that generated
during neutrophil chemotaxis.

The role of adhesive interactions in enhanced survival of transmigrated neutrophils
We inhibited binding to various adhesion molecules, which could potentially deliver a
survival signal. First, CT7010 (a low molecular weight, nonpeptide inhibitor of β2-integrin
function [28]) or mAb against β1-, β2-, or β3-integrins were incubated with neutrophils and
were present in the upper chamber during the 2-h adhesion and migration assay. Neutrophil
migration through HUVEC was reduced in the presence of CT7010 or mAb against β2-
integrins but not by the other antibodies (Fig. 3A). However, none of the agents significantly
modified the level of apoptosis among the transmigrated neutrophils (Fig. 3B). This suggests
that engagement of these receptors prior to transmigration was not necessary for survival or
that the small number of cells that did undergo transmigration after treatment with antibody
against β2-integrins still had some remaining, unblocked CD18 so that an adhesive signal
was still operative. The results also indicate that binding of the antibodies themselves was
not proapoptotic. As β2-integrins may have become up-regulated upon neutrophil
transmigration [32], antibody against β2-integrins or CT7010 was added to the lower
chamber prior to the addition of the neutrophils to the upper chamber. The neutrophils were
allowed to transmigrate for 2 h through the TNF-treated HUVEC into the lower chamber
and were incubated in the medium in the presence of the inhibitor or antibodies for a further
22 h. Under these conditions, there was a significant increase in the percentage of
transmigrated neutrophils undergoing apoptosis when β2-integrins were inhibited in the
lower chamber, which was not observed when β1-integrins were blocked (Fig. 4).

These results suggested that β2-integrin engagement was important for the survival of
transmigrated neutrophils, presumably by supporting adhesion to the bottom of the chamber.
The only protein in the medium added to this chamber was albumin, which would tend to
coat the surface. Albumin-coated surfaces are known to support neutrophil adhesion through
the β2-integrin CD11b/CD18 [33], and so, we carried out a series of experiments where
antibody KIM249 against CD11b was added to the lower chamber. In this case, after 24 h,
apoptosis of neutrophils, which had transmigrated through HUVEC stimulated with 100 U/
ml TNF, was increased to 71 ± 5.3% compared with 33 ± 1.2% for untreated controls (mean
±SEM, n=5, P<0.05 by paired t-test). Taking this further, we precoated the lower chamber of
the Transwell with the nonadhesive substrate polyHEMA [15, 31]. With this coating,
neutrophil apoptosis was increased to 80 ± 5.7% compared with 30 ± 3.5% for uncoated
wells (mean±SEM, n=4, P<0.01 by paired t-test).
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The results thus far suggest that an increasing signal for transmigration at higher doses of
TNF occurred along with an increasing signal for survival, which induced and required
adhesion for its protective function. CXC chemokine(s) presented by the TNF-treated
HUVEC are able to induce transmigration [27]. To test their role here, we used function-
blocking antibodies against the neutrophil chemokine receptors CXCR1 and CXCR2. We
found that migration of neutrophils through TNF-treated HUVEC was partially reduced by
each of these antibodies and more efficiently reduced when both receptors on neutrophils
were blocked (Fig. 5A). It is interesting that the neutrophils that did transmigrate received
lesser protection against apoptosis, and apoptosis was greatest when both receptors were
blocked (Fig. 5B). These results suggest that the chemokine-activating signal(s) transduced
through CXCR during transmigration were responsible for the increased adhesion-dependent
survival of neutrophils in this model.

To test possible mechanisms by which adhesion-dependent signals might prolong survival,
we treated neutrophils with inhibitors of Src kinases (PD0173952) or PI-3K (LY294002),
which have been implicated in signaling through ligated β2-integrins [34]. Neither agent had
a significant effect on neutrophil transmigration through HUVEC treated with 100 U/ml
TNF when neutrophils were treated before assay or when the agent was added to the lower
well (Table 2). However, although PD0173952 had no significant effect on subsequent
apoptosis of the transmigrated cells, LY294002 significantly increased apoptosis, whether
added to neutrophils in advance or only to the lower well (Table 2).

Ability of soluble mediators to prolong survival of transmigrated neutrophils
In light of the data in Table 1, suggesting that some contribution to survival might come
from released substances, we carried out studies to vary the duration of coincubation of
neutrophils with HUVEC and hence, the time over which soluble mediators were released.
Neutrophils were added to Transwell filters containing unstimulated or TNF-stimulated
HUVEC for 0.5, 2, or 24 h before removal of the Transwell filter and assessment of
apoptosis among the migrated cells at 24 h. Neutrophil transmigration through unstimulated
or TNF-stimulated HUVEC increased with time (Fig. 6A), and there were several trends in
apoptosis. First, neutrophils that migrated through TNF-treated monolayers within 30 min
underwent markedly reduced apoptosis compared with those migrating through unstimulated
HUVEC (Fig. 6B). Second, although apoptosis of neutrophils that had transmigrated
through TNF-treated HUVEC tended to decrease the longer the coculture, this effect was not
strong (Fig. 6B). In contrast, apoptosis of neutrophils that had migrated through
unstimulated HUVEC did decrease strongly, the longer the coincubation. Finally,
neutrophils which had transmigrated through TNF-treated HUVEC, underwent a lesser
degree of apoptosis than those that had migrated through unstimulated HUVEC at every
time-point. These results indicated that progressive release of soluble factor(s) over a 24-h
period enhanced survival of neutrophils. Although this effect could improve survival of
neutrophils that had migrated through TNF-treated HUVEC, it was not great compared with
the effect of transmigration itself.

To test the possible role of GM-CSF [6], a neutralizing antibody was added to the lower
chamber prior to the addition of the neutrophils to the upper chamber for 2 h or 24 h.
Neutralization of GM-CSF did not have any consistent effect on the percentage of
neutrophils migrating through unstimulated or TNF-treated HUVEC (data not shown). In
addition, it had little effect on the subsequent apoptosis of neutrophils that had migrated
through either type of HUVEC after 2 h (Fig. 7). Neutralization did increase apoptosis of
neutrophils that had migrated and been coincubated with TNF-treated or unstimulated
HUVEC for 24 h (Fig. 7). Nevertheless, after neutralization, a survival advantage was
retained by neutrophils that had migrated through TNF-treated HUVEC. Conversely,
increased survival of neutrophils that had transmigrated through unstimulated HUVEC was
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largely attributable to the effects of GM-CSF (Fig. 7). We also carried out limited studies
with double the antibody concentration (4 μg/ml) in the 24-h coincubations but found no
extra increase in apoptosis (e.g., 81% of transmigrated neutrophils underwent apoptosis after
incubation with unstimulated HUVEC, and 53% after incubation with TNF-treated HUVEC;
means from two experiments in the presence of antibody). As these values are nearly
identical to those shown in Figure 7, we conclude that adequate neutralizing antibody was
present in those studies. It seems therefore that soluble mediators had little effect on the
apoptosis of neutrophils which were exposed to HUVEC for up to 2 h, but had greater effect
in prolonged coincubations.

Finally, although HUVEC were washed free of TNF before addition of neutrophils, we
checked whether survival could have been influenced by any residual TNF. A wide range of
concentrations of TNF was added to fresh neutrophils (increasing in decades from 0.001 to
100 U/ml), which were then cultured alone for 24 h. In three experiments, an average of
88% of untreated neutrophils underwent apoptosis, judged from nuclear morphology. Means
for those treated with the six different doses of TNF ranged from 83% to 94% with no
significant trends or effects of dose detectable. Thus, any residual TNF could not have been
responsible for reduction in apoptosis of migrating neutrophils.

DISCUSSION
There is extensive literature about the signaling pathways and biochemical and
environmental factors that regulate neutrophil apoptosis (e.g., refs. [35, 36]), but much less
is known about the mechanisms by which apoptosis may be delayed during migration into
tissue. Here, we found that when neutrophils transmigrated through endothelial monolayers,
which had been stimulated with different concentrations of TNF, apoptosis was delayed in a
dose-dependent manner. Although transmigration through IL-1-treated HUVEC had a
similar effect, chemotaxis through resting HUVEC in response to a gradient of IL-8 was
much less effective in delaying neutrophil apoptosis. Migration-induced survival required
engagement of β2-integrins after transmigration, and apoptosis was accelerated if migrated
neutrophils were incubated on a nonadhesive substrate. In prolonged coincubations with
HUVEC, neutrophil survival was enhanced further through the action of soluble GM-CSF.
However, this effect was distinct from the signal transduced through CXCRs during
migration, which was apparent after short-term contact with EC. Thus, cytokine-stimulated
EC can signal to migrating neutrophils to delay their apoptosis in a manner that is dependent
on the degree of endothelial stimulation and on subsequent attachment to an adhesive
substrate.

Coxon et al. [6] found that neutrophils, which had migrated through HUVEC that had been
stimulated with a combination of IL-1 and TNF, exhibited a lower level of apoptosis than
control neutrophils after 6 h. However, the migrated cells were incubated on a nonadherent
surface, the protection was short-lived, and it was attributable to GM-CSF released by the
HUVEC during the 1-h migration phase. Here, we observed low levels of apoptosis at 6 h
under all conditions but obtained long-term suppression of apoptosis in transmigrated cells,
which was lost when a nonadherent surface was used. Moreover, there was much less
protection if neutrophils, which had been incubated on HUVEC for 2 h (but not
transmigrated), were incubated in the conditioned medium for prolonged periods.
Nevertheless, we could clearly demonstrate antiapoptotic effects of soluble mediator(s) on
top of the migration-induced signal if HUVEC and neutrophils were cultured together for
longer periods. By using a neutralizing antibody, we also identified the dominant agent in
this effect as GM-CSF. A variety of soluble agents, including IL-8, TNF, IFN-β, and GM-
CSF, can influence the rate of neutrophil apoptosis [6, 11, 13, 37]. However, it is uncertain
how long endothelial-derived, soluble agents can be expected to continue to act on
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neutrophils in vivo after they have migrated away from the subendothelial space into tissue.
For instance, Coxon et al. [6] found that in cytokine-treated mice, the prolonged survival of
PBN was dependent on the presence of GM-CSF, but the survival of neutrophils that had
migrated into the cerebrospinal fluid was not.

Other studies have tested effects of chemotaxis across the unstimulated cell line ECV304
(previously thought to be of endothelial in origin) in response to a gradient of fMLP [8, 18].
Apoptosis was actually accelerated by chemotaxis, although in one of the studies, it was
slower compared with unmigrated controls if the neutrophils had been preactivated with
lipopolysacharride [8]. We found that chemotaxis across unstimulated HUVEC toward IL-8
caused a modest effect on apoptosis, as did Coxon et al. [6] for chemotaxis to fMLP. Studies
of chemotaxis toward fMLP across epithelial cell lines also showed protection against
apoptosis [19, 20]. Although chemotactic stimulation of neutrophils may delay apoptosis,
there does not seem to be a specific role for EC in this process. Recruitment and
transmigration induced by endogenous, endothelial-derived receptors and agents mimic an
inflammatory response in vivo more accurately than chemotaxis across unstimulated
monolayers. In the former case, the EC play an active part in prolonging neutrophil survival,
and our results indicate that presentation of CXC chemokines underlies this effect. Growth-
regulating oncogene-α [CXC chemokine ligand 1 (CXCL1)], epithelial cell-derived,
neutrophil-activating peptide-78 (CXCL5), granulocyte chemotactic protein-2 (CXCL6),
neutrophil-activating protein 2 (CXCL7), and IL-8 (CXCL8) have been reported to be
expressed by HUVEC and are able to transduce signals through CXCR1 and/or CXCR2
[38-40]. We have not previously been able to define the roles of the individual CXC
chemokines in neutrophil transmigration through TNF-treated HUVEC, although it seems
likely that increasing transmigration with an increasing dose of TNF is a result of increasing
presentation of chemokines [27, 41]. Increasing presentation could also explain the TNF
dose-dependent increase in survival of transmigrated neutrophils. As IL-8 added alone to
unstimulated HUVEC did not induce comparable survival, it seems that the antiapoptotic
effect of the chemokines operates more effectively when they are presented on the EC
surface or when a combination of chemokines is present.

It is interesting that our results indicated that binding of β2-integrins after transmigration
was necessary for the survival signal. The requirement for integrin engagement during the
transendothelial migration was not so clear-cut. Antibody against β2-integrin or a small
molecule inhibitor (CT7010) markedly reduced the level of transmigration, as expected from
previous reports [41, 42]. However, the neutrophils that did transmigrate showed prolonged
survival. Although this might mean that β2-engagement during this phase was not essential
for survival, it is also possible that the residual migration arose from imperfect blockade of
integrins, which still contributed to survival. During transmigration, de novo expression of
β2-integrin CD11b/CD18 occurs, and this “unblocked” integrin could also have supported
survival upon attachment to the lower chamber. In any case, when the same blocking agents
were added to the lower chamber of the Transwell system, the neutrophils transmigrated, but
their survival was reduced greatly. Coating the lower chamber with polyHEMA so that it
was nonadherent or adding antibody to CD11b had similar effects. Thus, regardless of a
contribution during transendothelial migration, adhesion after transmigration did seem
essential for protection against apoptosis. Clustering of β2-integrins on neutrophils has been
reported to induce activation and signaling through Src kinases and PI-3K (see ref. [34] for
review). Moreover, PI-3K phosphorylation is associated with a number of antiapoptotic
pathways [43]. Here, treatment with the Src kinase inhibitor had no effect on the survival of
neutrophils post-transmigration, but there was an increase in apoptosis of transmigrated
neutrophils in the presence of LY294002 (PI-3K inhibitor). These findings imply that β2-
integrin engagement generates a Src kinase-independent signal, which acts, in part, at least,
through PI-3K to increase survival.
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The role of β2-integrins in neutrophil apoptosis has not always been clear-cut. Others found
a prosurvival effect when neutrophils were incubated with IL-1-stimulated HUVEC for 24 h,
which was reduced by blockade of β2-integrin or ICAM-1 [17]. However, all the neutrophils
added to the monolayers were tested, not just the transmigrated cells. The effect of integrin
inhibition could have arisen because transmigration itself was reduced, or because cells on
the upper surface required adhesion to respond to soluble agents released in these prolonged
incubations. Engagement of CD11b or CD18 with antibodies (with or without cross-linking)
or with immobilized ICAM-1 could accelerate or delay apoptosis, depending on whether
neutrophils were cotreated with TNF or not, respectively [8, 14, 18]. It is not obvious how
relevant these results are to the migration process in vivo. Studies of inflammatory responses
in mice deficient in CD11b indicated that low levels of apoptosis among neutrophils
recruited to peritoneal fluid or cerebrospinal fluid did not require expression of CD11b [5,
6]. Ex vivo survival of neutrophils lacking CD11b/CD18 was also unimpaired, but that was
for cells incubated on a nonadherent surface, and so integrin engagement and signaling
presumably could not occur. Overall, it seems that in the “correct” milieu, β2-integrin
engagement can promote survival, possibly when combined with migration-dependent
signal(s).

The foregoing indicates that a linked sequence of responses prolong neutrophil survival
during the physical process of migration through cytokine-stimulated endothelium. At an
early stage, CXCR-mediated signaling acts as the major inducer of β2-integrin activation
and migration. The TNF dose-dependent signals also promote prolonged survival, which
becomes more effective with increasing stimulation of the EC. This response requires
subsequent binding to substrate through β2-integrins (especially CD11b/CD18) for its effect
to be felt. Activation of PI-3K (which is not required for transmigration itself) contributes to
the integrin-mediated survival signal. Although soluble growth factors such as GM-CSF can
clearly augment survival, they are not necessary in the context of the relatively brief contact
between neutrophils and EC during migration and do not appear to require adhesion judging
from previous studies [6]. In vivo, prolongation of survival may depend on different
mediators in different compartments. In mice treated with cytokines, circulating neutrophils
had increased survival ex vivo, which was reduced in mice lacking GM-CSF [6]. However,
prolonged survival of migrated neutrophils from cerebrospinal fluid was not reduced in
these mice. Within solid tissue, it may be that migration-induced, adhesive signals have the
dominant effect on lifespan rather than soluble mediators. Thus, while progressing from the
vascular compartment into sites of inflammation, neutrophils may benefit from a series of
signals that prolongs their lifespan and their protective function.
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Fig. 1.
Percentage of neutrophils undergoing transmigration and subsequent apoptosis after
incubation with HUVEC on Transwell filters. HUVEC were treated with different
concentrations of TNF for 4 h and washed free of TNF, and then neutrophils were added for
2 h before removal of the filter. (A) Percentage of added neutrophils migrating into the
lower chamber of the Transwell. (B) Percentage of transmigrated neutrophils undergoing
apoptosis after 24 h, judged by nuclear morphology. Control = Freshly isolated neutrophils
incubated for 24 h in matching plates. (C) Percentage of transmigrated neutrophils showing
decreased mitochondrial transmembrane potential (i.e., low level of fluorescence of DiOC6).
(D) Photomicrographs of stained neutrophils used to assess apoptosis from nuclear
morphology: Fresh = Freshly isolated cells; 100 U/ml = neutrophils 24 h after
transmigration through HUVEC treated with 100 U/ml TNF; 0 U/ml = neutrophils 24 h after
transmigration through untreated HUVEC. A = Examples of apoptotic cells; R = red blood
cell found in the fresh isolate. Data are the mean ± SEM from seven to 10 independent
experiments. ANOVA showed a significant effect of TNF concentration on migration and
on apoptosis assessed by either method (P<0.01 in each case).
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Fig. 2.
Time course of apoptosis of neutrophils, which have transmigrated through HUVEC.
Comparisons were made between freshly isolated neutrophils (▲) and neutrophils that had
migrated for 2 h through unstimulated HUVEC (□) or through HUVEC that had been
treated with 1 U/ml TNF (△) or 100 U/ml TNF (■). Data are the mean ± SEM from three of
more independent experiments, except at 72 h, where n = 2. ANOVA showed significant
effects of time and treatment on apoptosis (P<0.01 in each case).
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Fig. 3.
Effects of function-blocking mAb or agents against β1-, β2-, or β3-integrins or mAb against
VCAM-1 on (A) transmigration of neutrophils or (B) apoptosis of transmigrated cells.
HUVEC were treated with 100 U/ml TNF for 4 h and washed free of TNF, and then
neutrophils were added for 2 h before removal of the filter. Antibodies against integrins
(mAb13=anti-β1; R6.5E=anti-β2; SZ21=anti-β3) or CT7010 were added to the neutrophils,
or mAb against VCAM-1 (1G11) were added to HUVEC for 30 min prior to addition of
neutrophils to the HUVEC. Data are the mean ± SEM from four experiments. ANOVA showed
a significant effect of treatment on transmigration (P<0.05). *, P < 0.05, compared with
untreated control (None) by Dunnett test.
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Fig. 4.
Effects of adding function-blocking antibodies or agents against β1- or β2-integrins to the
lower chamber on apoptosis of transmigrated cells. HUVEC were treated with 100 U/ml
TNF for 4 h and washed free of TNF, and then neutrophils were added for 2 h before
removal of the filter. Antibodies or CT7010 were added to the lower chamber immediately
before addition of neutrophils. Data are the mean ± SEM from four independent experiments.
ANOVA showed a significant effect of treatment on apoptosis (P<0.01). **, P < 0.01,
compared with untreated control (None) by Dunnett test.
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Fig. 5.
Effects of function-blocking antibodies against CXCR1 and/or CXCR2 on (A)
transmigration of neutrophils or (B) apoptosis of transmigrated cells. HUVEC were treated
with 100 U/ml TNF for 4 h and washed free of TNF, and then neutrophils were added for 2
h before removal of the filter. Antibodies against CXCR1, CXCR2, or both were added to
the neutrophils for 30 min prior to addition of neutrophils to the HUVEC. Data are the mean
± SEM of three to seven experiments. ANOVA showed a significant effect of treatment on
transmigration and on apoptosis (P<0.01 in each case). *, P < 0.05; **, P < 0.01, compared
with untreated control (None) by Dunnett test.
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Fig. 6.
Percentage of neutrophils undergoing transmigration and subsequent apoptosis after
incubation with HUVEC on Transwell filters for different times. HUVEC were unstimulated
(open bars) or treated with 100 U/ml TNF (solid bars) for 4 h and washed free of TNF, and
then neutrophils were added for 0.5, 2, or 24 h before removal of the filter. (A) Percentage
of added neutrophils migrating into the lower chamber of the Transwell. (B) Percentage of
transmigrated neutrophils undergoing apoptosis after 24 h, judged by nuclear morphology.
Data are the mean ± SEM from four to eight independent experiments. ANOVA showed a
significant effect of TNF concentration and of time of coincubation on migration and on
apoptosis (P<0.01 in each case).
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Fig. 7.
Effect of neutralizing mAb against GM-CSF on apoptosis of neutrophils, which had
transmigrated through HUVEC for different periods. HUVEC were unstimulated (open bars)
or treated with 100 U/ml TNF (solid bars) for 4 h and washed free of TNF, and then
neutrophils were added and incubated for 2 or 24 h before removal of the filter. Apoptosis
was evaluated after a total of 24 h incubation. Antibody was added to the lower chamber
prior to the addition of the neutrophils. Data are the mean ± SEM from four independent
experiments. ANOVA showed a significant effect of TNF dose (P<0.01) but not antibody on
apoptosis for 2-h incubations and a significant effect of TNF dose and antibody on apoptosis
for 24-h incubations (P<0.01 in each case). *, P < 0.05, compared with control without
antibody at the same time of incubation by Dunnett test.
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TABLE 1

Apoptosis of Freshly Isolated, Nonadherent, or Transmigrated Neutrophils in Fresh or Endothelial-
Conditioned Media

Neutrophils
Apoptosis

(% of cells)

A. Fresh medium Freshly isolated 79 ± 6

B. Medium conditioned by HUVEC
 treated with 0 U/ml TNF Nonadherent 80 ± 9

Freshly isolated 74 ± 8

Transmigrated 72 ± 4

C. Medium conditioned by HUVEC
 treated with 100 U/ml TNF Nonadherent 67 ± 7

Freshly isolated 53 ± 8

Transmigrated 29 ± 4*

Neutrophils were added to HUVEC for 2 h after any TNF had been removed. Nonadherent neutrophils from the upper chamber were removed and
cultured for 24 h in the conditioned medium. In addition, freshly isolated and transmigrated (lower chamber) neutrophils were cultured overnight in
the conditioned medium. Freshly isolated neutrophils were also cultured in fresh medium for 24 h. Data are mean ± SEM from four experiments.
ANOVA showed a significant effect overall of different treatments (P<0.01).

*
P<0.01 compared with the freshly isolated neutrophils cultured in fresh medium by Dunnett test.
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TABLE 2

Effects of Inhibitors of Src Kinase (PD0173952) or PI-3K (LY294002) on Transmigration of Neutrophils
through HUVEC, which Had Been Treated with 100 U/ml TNF or Apoptosis of the Transmigrated Cells

Treatment
Transmigrated
neutrophils (%)

Apoptotic
neutrophils (%)

A. Inhibition of Src kinase

Control 44 ±5 41 ± 5

PD added to upper well 40 ±5 34 ± 10

PD added to lower well 44 ±6 33 ± 7

B. Inhibition of PI-3K

Control 39 ±8 27 ± 3

LY294002 added to upper well 31 ±4 51 ± 5*

LY294002 added to lower well 34 ±4 46 ± 6*

Data are mean± SEM from four or five experiments. Neutrophils were treated with inhibitors before being added to the upper well, or inhibitors
were added to the lower well only.

*
P < 0.05 compared with the untreated controls by paired t-test.
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