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Abstract Although inflammatory mediators modulate the rate
of constitutive neutrophil apoptosis in vitro the effects of micro-
environmental conditions have not been fully investigated. In this
study, we demonstrate that the rate of constitutive neutrophil
apoptosis is affected by the number of cells per unit surface area,
with enhanced survival at high cell density. Furthermore, the
presence of protein or serum in the culture medium also enhances
neutrophil survival. These effects were independent of LL2

integrin-mediated adhesion and were not influenced by specific
adhesion to extracellular matrix components. Thus, the rate of
neutrophil apoptosis is fundamentally influenced by micro-
environmental conditions and indicates that factors such as cell
density and extracellular protein concentration must be con-
sidered when investigating mechanisms regulating inflammatory
cell apoptosis in vitro.
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1. Introduction

Tissue infection by pathogens initiates an acute in£amma-
tory response characterised by rapid neutrophil recruitment
[1,2] and release of neutrophil granule contents with anti-mi-
crobial activity to facilitate pathogen destruction [3]. Follow-
ing elimination of the in£ammatory insult, resolution of acute
in£ammation requires that recruited neutrophils are removed
before they cause `inappropriate' damage to tissue due to
cytotoxic e¡ects of granule contents [4^6]. Neutrophil apop-
tosis (programmed cell death) characterised by morphological
and biochemical alterations, e.g. condensation and cleavage of
nuclear chromatin [9] together with functional alterations that
limit stimulus-driven release of cytotoxic granule contents
[7,8] provides one mechanism for limiting the tissue destruc-
tive potential of the neutrophil. Furthermore, speci¢c neutro-
phil membrane alterations signal macrophage recognition and
phagocytosis of apoptotic neutrophils [10^12] via mechanisms
which do not provoke pro-in£ammatory mediator release,
consistent with a role for apoptotic neutrophil death in reso-
lution of in£ammatory processes [13].

The rate at which neutrophils undergo apoptosis is likely to
represent a critical factor determining the absolute tissue load
of neutrophil products at in£ammatory sites. The presence of
in£ammatory mediators such as granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and bacterial lipopolysac-
charide (LPS) can prolong neutrophil longevity in vitro
[14,15], and also potentiate neutrophil e¡ector function. In
addition, local environmental conditions such as hypoxia sup-
press the apoptotic programme in neutrophils [16] and it is
likely that micro-environmental factors profoundly in£uence
progression of the in£ammatory response.

Recent studies indicate that in addition to the critical role
of neutrophil adhesion in e¤cient recruitment of cells during
development of the in£ammatory response [17], adhesion
plays an important role in regulation of cellular survival. Neu-
trophil apoptosis is potentiated following adhesion to ¢bro-
nectin in a L2 integrin-dependent manner when neutrophils
are cultured on interleukin-1-stimulated endothelial cells
[18]. A role for the L2 integrin CD11b/CD18 (Mac-1) in the
regulation of neutrophil apoptosis was further supported by
studies in CD11b/CD18 de¢cient mice [19] where neutrophil
apoptosis was found to be accelerated following engagement
of CD11b/CD18 and assembly of the NADPH oxidase during
phagocytosis. This pathway was suggested to provide a regu-
latory feedback mechanism for elimination of phagocytically
active neutrophils, although these studies suggested that the
constitutive rate of neutrophil apoptosis in suspension culture
was largely CD18-independent. Furthermore, a recent study
showing that cross-linking of CD11b/CD18 potentiated
TNFK induced human neutrophil apoptosis again suggesting
a role for L2 integrins in the rate of activated neutrophil
apoptosis [20].

In the present study, we have de¢ned the environmental
parameters which a¡ect the rate of constitutive apoptosis of
monolayers of neutrophils during in vitro culture. The rate of
apoptosis was found to be decreased in a manner that is in-
versely related to the cell density per cm2 of the culture vessel,
apparently independent of adhesion to the culture vessel. In
addition, neutrophil survival was enhanced when the cells
were cultured in medium containing protein. The results of
experiments presented in this paper together with our previous
work raises the possibility that localised hypoxic conditions
provide one mechanism for increased neutrophil survival at
high cell density. Furthermore, our data demonstrate that
careful consideration must be given to the design of culture
conditions when studying the e¡ects of agents that modulate
apoptosis.
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2. Materials and methods

2.1. Materials
All chemicals were purchased from Sigma, Dorset, UK except dex-

amethasone which was from David Bull Laboratories, Warwick, U.K.
Cell culture media were from Life Technologies, Paisley, UK, dextran
T-500 and Percoll from Pharmacia, Milton Keynes, UK, Di¡ Quick
from Baxter Healthcare, Glasgow, UK and cell culture plastic was
from Becton Dickinson, Leics., UK. Monoclonal antibodies (mAb):
KIM 127, CD18 function promoting antibody [21] (gift from Martyn
Robinson, Celltech); TS1-18, anti-CD18 (American Type Tissue Cul-
ture Collection); ICRF44, anti-CD11b [22] (gift from Nancy Hogg,
ICRF); BBA-2, anti-CD62-E (R and D Systems, Oxon, UK); and
VLA-3, anti-CD49c (clone 11G5; Serotec, Oxford, UK). Extracellular
matrix components: ¢bronectin (Sigma); vitronectin (Calbiochem-
Novobiochem, Nottingham, UK), and collagen types I and VI (Life
Technologies).

2.2. Neutrophil isolation
Neutrophils were isolated from citrate anti-coagulated blood as

previously reported [23]. Brie£y, cells were separated from whole
blood by centrifugation at 220Ug for 20 min and the upper plate-
let-rich plasma layer removed. Leukocytes were separated from the
erythrocytes in the cell pellet by di¡erential sedimentation using 0.6%
(w/v) dextran T-500. Granulocytes were separated from the mononu-
clear cells through a discontinuous isotonic Percoll gradient. Granu-
locytes were harvested from the 63/73% interface of the gradient and
were s 95% neutrophils as determined by morphological analysis and
s 99% viable as determined by trypan blue dye exclusion.

2.3. In vitro culture of neutrophils
Neutrophils were suspended in Iscove's MDM containing penicillin

(100 U/ml) and streptomycin (100 Wg/ml) and supplemented with ei-
ther autologous serum (recalci¢ed autologous plasma; 0.00008^2.4%
(w/v albumin) corresponding to 0.001^30% (v/v serum)) or 0.001^0.1%
(w/v) BSA. In a separate series of experiments, the neutrophils were
suspended in Iscove's MDM containing penicillin (100 U/ml) and
streptomycin (100 Wg/ml) and supplemented with either 10% (v/v)
autologous serum or 0.1% (w/v) BSA, in the absence or presence of
2 mM db-cAMP or 1 WM dexamethasone. The neutrophils were dis-
pensed into either £at-bottomed 96-well polypropylene plates or Tef-
lon pots (Pierce, Chester, UK) at various densities and volumes and
incubated at 37³C/5% CO2.

2.4. Assessment of apoptosis
Triplicate cytocentrifuge preparations were made for each treatment

and time point, stained with Di¡-Quick, and apoptotic neutrophils
identi¢ed by their darkly stained, condensed nucleus and cytoplasmic
vacuolation [7]. In addition, neutrophils were labelled with FITC-con-
jugated CD16 mAb and samples analysed by £ow cytometry with
CD16 `low' expressing neutrophils representing the apoptotic popula-
tion [23].

2.5. Antibody blocking experiments
Neutrophils were suspended at a density of 0.5U106/ml in Iscove's

MDM supplemented with autologous serum, penicillin (100 U/ml)
and streptomycin (100 Wg/ml) and dispensed into £at-bottomed
96-well polypropylene plates (0.1 ml/well) containing either PBS or
test antibody (¢nal concentration 20 Wg of IgG/ml in PBS). After
culture for 20 h at 37³C/5% CO2, apoptosis was assessed morpholog-
ically.

2.6. Extracellular matrix
Extracellular matrix proteins (10 Wg/ml) were adsorbed to £at-bot-

tomed polypropylene 96-well plates (0.1 ml/well) overnight at 4³C and
the wells washed with PBS. Neutrophils (1U106 cells/ml or 8U106

cells/ml) in Iscove's MDM supplemented with 10% (v/v) autologous
serum, penicillin (100 U/ml) and streptomycin (100 Wg/ml) were dis-
pensed into the coated wells or uncoated, control wells (0.15 ml/well).
The samples were then cultured for 20 h at 37³C/5% CO2, after which
the percentage of apoptosis assessed as described above.

2.7. Supernatant transfer experiments
Neutrophils were suspended at densities of either 0.5U106/ml (low

density) or 4U106/ml (high density) in 4 ml Iscove's MDM supple-

mented with 10% (v/v) autologous serum, penicillin (100 U/ml) and
streptomycin (100 Wg/ml) then cultured overnight in Te£on pots. A
positive control culture of high density neutrophils aged in the ab-
sence of serum and other exogenous protein supplements was also
prepared. After culture for 20 h at 37³C/5% CO2, the supernatants
were collected and added to fresh neutrophils from the same donor at
low density (0.5U106/ml). The serum-free supernatant was supple-
mented with serum to 10% (v/v), and a further control culture con-
sisting of fresh neutrophils cultured in fresh medium supplemented
with 10% (v/v) serum was prepared. The neutrophils were cultured
for 20 h at 37³C/5% CO2, after which triplicate cytocentrifuge prep-
arations were made.

2.8. Statistics
All data are presented as mean þ S.E.M. for (n) separate experi-

ments. Values were compared using the Student's t-test or where
appropriate by one-way analysis of variance followed by the New-
man-Keuls procedure. Di¡erences were considered signi¢cant when
P6 0.05.
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Fig. 1. The e¡ect of serum and BSA on neutrophil apoptosis. Neu-
trophils (5U106/ml) were cultured for 20 h in £at-bottomed 96-well
polypropylene plates after which the percentage apoptosis was as-
sessed morphologically as detailed in Section 2. a: Neutrophils
(0.2 ml) were suspended in the presence of either Iscove's MDM
supplemented with 0.001^30% (v/v) serum (equivalent a serum albu-
min protein concentration of 0.00008^2.4% (w/v); closed symbols)
or 0.003^10% (w/v) BSA (open symbols) (data represent mean þ
S.E.M.; n = 5). b: Neutrophils were suspended in medium supple-
mented with either 10% (v/v) serum (closed bars) or 0.1% (w/v)
BSA (open bars) and cultured in the presence or absence of 2 mM
db-cAMP or 1 WM dexamethasone (data represent mean þ S.E.M.;
n = 5; P6 0.05).
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3. Results and discussion

Unlike a number of other cell types, neutrophils undergo
constitutive apoptosis when cultured in vitro [3]. The rate at
which a population of neutrophils become apoptotic can be
in£uenced by the addition of cytokines [14^16] or altered lev-
els of second messengers within the cell [24] and by manipu-
lating the extracellular environment [16]. However, in view of
con£icting reports relating to the e¡ects of certain mediators
such as fMLP [15,25] and cAMP [26,27] on neutrophil apop-
tosis we have determined how the rate of neutrophil apoptosis
is in£uenced by culture conditions.

We ¢rst assessed the e¡ects of di¡erent serum concentra-
tions upon constitutive neutrophil apoptosis during in vitro
culture. In these experiments, neutrophils were cultured in the
absence or presence of various concentrations of autologous
serum. These experiments revealed that in the absence of exo-
genously added protein, neutrophils cultured for 20 h under-
went secondary necrosis with large numbers of trypan blue
positive cells present (data not shown). In contrast, the addi-
tion of 0.008^0.1% (w/v) concentrations of serum was su¤-
cient to maintain neutrophil plasma membrane integrity,
although a large proportion of cells underwent apoptosis
(Fig. 1a). We next tested whether inclusion of bovine serum
albumin (BSA) also provided survival in the absence of hu-
man serum components and whether survival was still aug-
mented by db-cAMP or dexamethasone in the presence of
BSA. As shown in Fig. 1a, addition of 0.1^1% (w/v) BSA

was su¤cient to rescue signi¢cant numbers of neutrophils
from necrosis in the absence of other serum factors. However,
in the presence of high concentrations of BSA (10% w/v) in-
creased neutrophil apoptosis was observed. Neutrophil apop-
tosis in the presence of BSA could be inhibited by the addition
of exogenous mediators suggesting that db-cAMP and dexa-
methasone survival e¡ects are independent of other serum
components (Fig. 1b). In contrast to the e¡ects of high con-
centrations of BSA, serum (0.1^3% w/v) had a profound in-
hibitory e¡ect upon neutrophil apoptosis suggesting the pres-
ence of additional survival factors. One possible explanation
for the pre-survival e¡ects of inclusion of protein in the cul-
ture medium is that respiratory burst activation and release of
reactive oxygen species occurs in the absence of protein and
engages `activation-dependent' apoptosis pathways in neutro-
phils, accelerating the rate of apoptosis [28].

Having established that neutrophil survival factors in vitro
required the presence of protein, but not necessarily serum, we
next investigated the in£uence of the type of culture vessel. In
this series of experiments, we cultured the neutrophils in the
presence of 10% (v/v) autologous serum, allowing for direct
comparison with other studies. Neutrophils were cultured for
18 h at various densities (0.5U106/ml or 4U106/ml) in Te£on
containers. Results shown in Fig. 2a indicate that the rate of
neutrophil apoptosis was inversely proportional to the cell
density (density being de¢ned as the number of cells per
unit volume) suggesting that neutrophil survival was increased
at high cell density. The observed density-dependent e¡ect was
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Fig. 2. The e¡ect of volume, cell number and surface area on the rate of neutrophil apoptosis. Neutrophils were cultured for 20 h in Te£on
vessels after which the percentage of apoptosis was assessed morphologically as detailed in Section 2. a: Neutrophils were suspended at either
0.5U106/ml or 4U106/ml in a constant volume of 4 ml (data represent mean þ S.E.M; n = 6; P6 0.05). b: Neutrophils were suspended at a
constant density of 4U106/ml and cultured in volumes of either 1 ml or 4 ml (data represent mean þ S.E.M.; n = 4; P6 0.05). c: The total
number of neutrophils cultured in each vessel was constant (16U106) but they were suspended at either a low density (32 ml) or a high density
(4 ml) in large Te£on containers (data represent mean þ S.E.M.; n = 3). d: Neutrophils (4U106) were cultured in Te£on containers with di¡er-
ent surface areas. The surface area of the small and large containers were 201 mm2 and 1385 mm2 respectively (data represent mean þ S.E.M.;
n = 5; P6 0.05).
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investigated further by varying the volume of cell suspension
at a constant cell density in Iscove's MDM containing 10%
autologous serum. Results presented in Fig. 2b suggested that
the proportion of neutrophils undergoing apoptosis during in
vitro culture was a¡ected by volume. However, under these
culture conditions neutrophils in suspension settle onto the
surface of the culture vessel. When we attempted to keep cells
in suspension they went necrotic suggesting a sensitivity to
mechanical shear in vitro (data not shown). We then inves-
tigated the possibility that the absolute number of cells placed
in a culture vessel of de¢ned size may be of greater signi¢-
cance than either the cell density or the total volume of cell
suspension. In order to test this suggestion we placed a con-
stant number of cells in di¡erent volumes of culture medium
in identical sized culture vessels. We found that under these
conditions, the rate of apoptosis was una¡ected (Fig. 2c) sug-
gesting that cell concentration per se was not a critical factor.
Since under these experimental conditions the surface area of
the vessel was kept constant, we examined whether culturing a

constant number of cells in vessels with di¡erent surface areas
a¡ected the rate of apoptosis. From results of experiments
shown in Fig. 2d it was evident that the rate of apoptosis
was inversely proportional to the number of cells per unit
surface area. We next investigated whether cell density per
unit area of culture vessel in£uenced the rate of apoptosis
when cells were cultured on polypropylene, a surface to which
neutrophils will adhere (data not shown). Although the den-
sity per unit volume of neutrophils which exhibit higher rates
of apoptosis in polypropylene was higher than that in Te£on
(Fig. 3a), when the data were expressed in terms of the num-
ber of cells per unit area (Fig. 3b) there appeared to be little
di¡erence between the two culture conditions, suggesting that
adhesion to a culture vessel was not in£uencing the apoptosis
rate under these culture conditions. Whilst the use of culture
conditions that place neutrophils in contact with 2-dimension-
al surfaces to investigate regulation of apoptosis may fail to
mimic the environment of neutrophils at in£ammatory sites,
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Fig. 4. The e¡ect of culturing neutrophils in pre-coated polypropyl-
ene vessels. a: Neutrophils were cultured in polypropylene vessels
for 20 h in the presence of a panel of antibodies as detailed in Sec-
tion 2. The percentage of apoptosis after culture was assessed mor-
phologically as previously detailed. Data represent mean þ S.E.M.;
n = 3 separate experiments. b: Neutrophils were cultured in polypro-
pylene vessels which were pre-coated with matrix proteins at low
(closed bars) and high densities (open bars). The percentage apopto-
sis was assessed after 20 h of culture. Data show a representative
experiment, which was con¢rmed by labelling with FITC-conjugated
CD16 mAb as detailed in Section 2.

Fig. 3. Comparison of neutrophil apoptosis after culture in Te£on
or polypropylene vessels. a: Neutrophils were cultured in Te£on
(open bars) or polypropylene (closed bars) containers at a variety of
di¡erent cell densities and a constant volume of 4 ml in Te£on con-
tainers and 0.1 ml in polypropylene containers. The percentage of
apoptosis after 20 h was assessed morphologically as detailed in
Section 2. Data represent mean þ S.E.M.; n = 3 separate experi-
ments. b: The same data were expressed as the percentage of apop-
tosis per unit surface area of the culture vessel. The surface area of
the Te£on and polypropylene containers were 201 mm2 and
19.6 mm2 respectively.
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these experiments establish that cell density per unit surface
area represents a critical factor determining the rate of neu-
trophil apoptosis during in vitro culture.

In view of evidence that adhesion provides regulatory sig-
nals determining cell survival we next investigated whether
speci¢c adhesion via L2 integrins a¡ected the rate of apoptosis
of neutrophils cultured in polypropylene. Neutrophils were
cultured in the presence of CD18 blocking monoclonal anti-
bodies (mAb). Although CD18 mAb e¤ciently blocked neu-
trophil adhesion to plastic in static adhesion assays (data not
shown), we did not observe alterations in the rate of neutro-
phil apoptosis in the presence of CD18 mAb (Fig. 4a). More-
over, addition of the L2 integrin function promoting mAb
KIM 127 did not in£uence the rate of apoptosis, indicating
that L2 integrin-mediated adhesion events may not provide
regulatory signals determining commitment to apoptosis in
unstimulated cells. In addition, neutrophil apoptosis at either
low (1U106/ml) or high (8U106/ml) cell densities was not
altered by pre-coating the culture vessels with extracellular
matrix proteins ¢bronectin, vitronectin or collagens (Fig.
4b). Together, these data suggest that engagement of speci¢c
adhesion receptors on neutrophils does not in£uence the con-
stitutive rate at which neutrophils undergo apoptosis in vitro.

The possibility that neutrophils secrete factor(s) which at
high cell density provide autocrine survival signals was ad-
dressed in a series of supernatant transfer experiments. Neu-
trophils were suspended at high and low densities in the pres-
ence of serum in Te£on pots and cultured for 20 h. The
supernatants were collected and used to culture, at low den-
sity, freshly isolated neutrophils from the same donor (Fig. 5).
Neutrophils cultured in the presence of supernatants from
`high density' neutrophils were not protected against apopto-
sis. Moreover, the supernatant from neutrophils cultured in
the absence of serum did not cause any signi¢cant e¡ect on
the extent of apoptosis of fresh neutrophils cultured in vitro.
Although cellular depletion of media constituents may com-
plicate interpretation of these results, it seems likely that neu-
trophils are not capable of secreting survival factors at levels
su¤cient to rescue neutrophils cultured in vitro at low density
from apoptosis.

In summary, examination of physical parameters which in-
£uence neutrophil apoptosis in culture revealed that survival
is dependent on the number of cells per unit area of the
culture vessel, consistent with the suggestions of Ra¡ [29],
that cellular communication is a key determinant of commit-
ment to apoptosis. In addition, the presence of protein in the
culture medium also augmented neutrophil survival. However,
our data did not support a role for the principal neutrophil
adhesion receptors, L2 integrins, in providing regulatory sig-
nals that determine rates of apoptosis. Moreover, at low cell
density, plating neutrophils onto a variety of extracellular
matrix components failed to provide `rescue' from accelerated
apoptosis. Although supernatant transfer experiments do not
exclude the possibility that high local concentrations of auto-
crine factors are present prior to harvesting of the superna-
tant, it is equally likely that high neutrophil density per unit
area of culture vessel gives rise to local hypoxic conditions
and pH changes which exert protective e¡ects [16]. Further-
more, our ¢ndings that micro-environmental conditions in£u-
ence neutrophil survival have important implications for study
design when assessing the role of exogenous factors in regu-
lation of the apoptotic programme in neutrophils.
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