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Streptococcus intermedius is a member of the normal flora of the mouth but is also an opportunistic pathogen
associated with purulent infections at oral and nonoral sites. Intermedilysin (ILY) has been shown to be a
cytolysin capable of generating pores in the cell membrane of erythrocytes demonstrable by electron micros-
copy. This effect has been shown to be specific for human cells. Since polymorphonuclear cells (PMNs) are the
main cell involved in innate immunity we investigated the effect of purified intermedilysin from Streptococcus
intermedius on PMN function. Active ILY at a concentration of 40 ng/pl caused a significant decrease in the
number of intact PMNs after 60 min. The active cytolysin, when compared with heat-inactivated ILY, did not
appear to be chemotactic for the PMNs but did cause an increase in intracellular calcium, with increased cell
surface CD11b expression, metabolic burst, and phagocytosis of Staphylococcus aureus. These findings may have
implications for the role of ILY in deep-seated abscesses.

The oral commensal bacterium Streptococcus intermedius is a
member of the Anginosus group of streptococci (10, 22) and is
associated with endogenous infections leading to abscess for-
mation in the oral cavity and at deep-seated sites, notably in
the brain and other head and neck sites (1, 4, 7, 23). Despite
the clinical significance of this bacterial species, the determi-
nants for its virulence remain unknown, and no clear correla-
tion between a specific cell product and infection has yet been
shown (20). However, recent studies have demonstrated that
Streptococcus intermedius secretes a human-specific cytolysin,
named intermedilysin (ILY), that directly damages host cells,
including human cell lines derived from the organs associated
with infections by this streptococcus (18). In the same study,
purified ILY was analyzed and shown to be a 54-kDa protein
in the mature form, exhibiting between 42 and 71% primary
sequence homology against the cholesterol-binding cytolysin
(thiol-activated cytotoxin) pneumolysin from Streptococcus
pneumoniae, as determined by amino acid sequence homology
to five internal ILY peptide fragments.

The ily gene seems to be derived from the same ancestor as
thiol-activated cytolysins and membrane pore formation (30 to
50 nm in diameter) in erythrocytes, as observed by electron
microscopy (19). However, ILY showed several differences
from other thiol-activated cytotoxins, notably a lack of activa-
tion by dithiothreitol, resistance to treatments with established
inhibitors of this group of toxins, and a greatly reduced level of
inhibition in the presence of cholesterol and anti-streptolysin
O antibody (18).

Subsequent determination of the distribution of the ily gene
within the Anginosus species group has demonstrated that the
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ily gene exists only in S. intermedius and is present in all strains
and that no closely related homologue to the toxin gene is
distributed within the other species of the group, namely Strep-
tococcus anginosus and Streptococcus constellatus. Further-
more, assays of ILY hemolytic activity and expression levels
revealed by Western blotting using ILY-specific monoclonal
antibodies have clearly demonstrated that strains of S. inter-
medius from deep-seated abscesses express approximately 6- to
10-fold more ILY than do strains from normal habitats, such as
dental plaque, or strains obtained from peripheral infection
sites. No such pattern of relative expression was observed for
the other potential virulence determinants examined, hyal-
uronidase, chondroitin sulfate depolymerase, and sialidase
(neuraminidase) (20). The monospecific distribution of ILY
and its specificity for human cells have recently been confirmed
in another study (8).

At sublethal concentrations, the related cytotoxin pneumo-
lysin has been shown to have a range of effects on the immune
system (16), including the inhibition of respiratory burst in
neutrophils and stimulation of interleukin-1 and tumor necro-
sis factor production from human monocytes (5, 21). Indeed,
the effects on host cells of pneumolysin and other related
cytolysins, by direct cytotoxic activity or by interference with
the defense and immune cell functions, including chemotaxis
and migration, respiratory burst, phagocytosis, and other mod-
ulations of the immune response, have been catalogued exten-
sively (2). On the basis of the evidence described above, we
were interested to determine the effects of sublethal concen-
trations of ILY on human neutrophils, as these form the major
component of the phagocytes present within abscesses (17) and
therefore any deleterious effects on human neutrophils by ILY
would presumably be instrumental in rendering a substantial
part of the local defenses ineffective, a situation which is taken
to be the case with abscess formation following infection. The
studies reported here were carried out using purified ILY from
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culture supernatants as part of an ongoing program of research
on ILY as a significant virulence factor in the pathogenesis of
the serious infections caused by S. intermedius.

Using multiparameter flow cytometric analysis of polymor-
phonuclear cells (PMNs) in whole blood from normal, healthy
subjects, we examined PMN viability, calcium flux, shape
change, cell surface CD11b expression, respiratory burst, mem-
brane permeability, chemotaxis, and phagocytosis in the pres-
ence of active and heat-inactivated ILY. Whole blood was
used, and assays were performed rapidly after venesection to
ensure that the PMNs were minimally activated prior to chal-
lenge with the ILY (12, 14). S. intermedius is usually found in
deep-seated abscesses, and the analysis of PMNs from such
sites is not possible. However, ILY may exert its effects on
PMNs in the capillaries surrounding the abscess, and the use of
whole blood therefore does have a physiological rational. With
established methods (13), we have shown that in the presence
of active ILY, viable PMN cell numbers are decreased, PMNs
are activated with increased expression of CD11b and Staphy-
lococcus aureus phagocytosis, and cell membrane is rendered
permeable, resulting in a sustained influx of calcium.

MATERIALS AND METHODS

Samples. All blood samples were taken into anticoagulant sodium citrate
(Vacutainers; BD, Oxford, England) from the anticubital vein of normal volun-
teers who gave informed consent.

Reagents and equip t. 2,7-Dichlorofluorescein diacetate (DCFDA) and
LDS-751 were obtained from Molecular Probes Europe (Leiden, The Nether-
lands). Tyrodes buffer, Hanks’ balanced salt solution, glucose, ethanol, methanol,
dimethyl sulfoxide (DMSO), phorbol myristate acetate (PMA), N-formyl-L-me-
thionyl-L-leucyl-L-phenylalanine (fMLP), and Fluo-3 acetoxymethyl ester (Fluo-3
AM) were from Sigma (Poole, England). Phycoerythrin (PE)-conjugated CD11b
(PE CD11b) and mouse immunoglobulin G2a isotype control were from BD.
Fluorescein isothiocyanate (FITC)-conjugated CD45 (FITC-CD45) and pro-
pidium iodide were from Beckman Coulter (High Wycombe, England). Phos-
phate-buffered saline (PBS), horse blood agar, and digest broth were from Oxoid
(Basingstoke, England). RPMI culture medium, Polymorph Prep, and HEPES
buffer were from Life Technologies (Paisley, Scotland). Plastic petri dishes, test
tube caps, glass microscope slides, coverslips, propan-2-ol, Harris hematoxylin,
and cedarwood oil were from Merck. Cellulose nitrate filters (3 pm) were from
Sartorius (Epsom, England). Fluorospheres were from Dako (Ely, England).
Filter paper circles (8.5 cm) were from Whatman (Maidstone, England). Purified
ILY had a protein content of 40 pg/ml and an activity of 5 U/pl, where 1 U is
defined as the amount of ILY giving 50% hemolysis of 10 wl of washed eryth-
rocytes (18). Inactivated ILY was prepared by heating at 100°C for 2 min, as ILY
has been shown to be inactivated at temperatures above 50°C (18).

Determining hemolytic activity of purified ILY and establishing the appro-
priate concentration for use in assays with unwashed blood. In order to approx-
imate physiological conditions more closely, all experiments were carried out
with unwashed but diluted blood. Preliminary observations showed that using 3.5
versus 2.5% whole unwashed blood reduced the hemolytic activity of ILY (see
Fig. 1), and subsequently 2.5% unwashed blood was used in all experiments.

To optimize the concentration of ILY, 25 pl of whole, fresh, unwashed human
blood was added to a range of volumes of purified ILY, with the final assay
volumes adjusted to 1 ml with PBS. Control tubes were set up in parallel with 25
wl of lysed blood (100% control) and no blood (0% control). Following 1 h of
incubation at 37°C, the tubes were centrifuged at 3,000 rpm for 5 min, and the
optical density of the resulting supernatants was measured at 540 nm. The
percent hemolysis was obtained relative to the 100% control after correction with
the 0% control value, and the volume of purified ILY giving approximately 50%
hemolysis was determined.

Bacterial cultures. Staphylococcus aureus Wood 46 was inoculated from a 24-h
horse blood agar plate into digest broth supplemented with 0.1% glucose and
incubated aerobically (5% CO,) at 37°C for 24 h. The culture was washed six
times with Tyrodes buffer. To ensure standard bacterial challenge, the bacteria
were fixed in 70% cold ethanol, washed two times with Tyrodes buffer, labeled
with propidium iodide (50 pg/ml in saline), and then stored aliquoted at —20°C
until required. The aliquoted bacteria were then washed two times with Tyrodes
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buffer and resuspended to an optical density at 600 nm of 0.6 in Tyrodes buffer.
Previous studies in which fixed and unfixed bacteria were used to stimulate
PMNs were found to give similar results in terms of shape change, CD62L
shedding, and metabolic burst activity (13).

Measurement of neutrophil count. Aliquots of blood (25 pl) were diluted in 1
ml of PBS, and either active or heat-inactivated ILY 80 (ng) was added. The
diluted blood samples were then analyzed at timed intervals (0, 30, and 60 min)
on the ADVIA 120 hematology system (Bayer, N.Y.), which generated a differ-
ential white cell count.

Measurement of intracellular calcium in neutrophils. Aliquots of blood (20
wl) were incubated at 37°C for 5 min with 10 pl of 5 mM Fluo-3 AM made in
Tyrodes buffer (from a stock 1 M solution in DMSO) and 2 pl of LDS-751 (from
a stock saturated solution in methanol) and diluted with 1,967 pl of Tyrodes
buffer. A baseline level of fluorescence for the Fluo-3 AM in gated PMNs was
established on the flow cytometer, and then 1 wl of either Tyrodes buffer, fMLP
(from a 1 mM stock solution), or active or heat-inactivated ILY (40 ng) was
added to the reaction mix, and the change in fluorescence intensity of the Fluo-3
AM was measured over time.

Measurement of CD11b expression, shape change, and metabolic burst in
neutrophils. CD11b antigen expression, shape change, and metabolic burst ac-
tivity were measured in stimulated PMNs as previously described (13). Aliquots
of blood (25 pl) were incubated at 37°C with PE-CD11b (10 wl) for 5 min prior
to the addition of 965 wl of warm PBS at 37°C containing 0.01% LDS-751 (from
a saturated stock solution in methanol) and 1 .M DCFDA (from a stock 10 mM
solution in ethanol). The PMNs were then stimulated by the addition of 1 ul of
either PBS, PMA (from a 3 mM stock solution in DMSO), or active or heat-
inactivated ILY (40 ng). Aliquots (40 wl) of the reaction mix were then taken at
timed intervals (0, 10, and 20 min), diluted in 960 pl of ice-cold PBS, and
analyzed immediately by flow cytometry. The same batch of anti-CD11b anti-
bodies was used throughout the study.

Measurement of membrane permeability in neutrophils. Aliquots of blood (25
wl) were incubated at 37°C with FITC-CD45 (10 pl) for 5 min prior to the
addition of 965 wl of warm PBS at 37°C. The PMNs were then stimulated by the
addition of 1 pl of either PBS, PMA (from a 3 mM stock solution in DMSO), or
active or heat-inactivated ILY (40 ng). Aliquots (40 pl) of the reaction mix were
then taken at timed intervals (0, 30, and 60 min), diluted in 960 wl of a solution
of propidium iodide (50 pg/ml in saline), incubated for 20 min at room temper-
ature, and analyzed within 30 min by flow cytometry. The same batch of CD45
was used throughout the study. In one experiment, changes in forward scatter,
CD11b and metabolic burst were measured in a single series of tubes with
subsequent addition of propidium iodide and FITC-CD45 to show that the
propidium iodide uptake occurred after cell activation.

Measurement of phagocytosis of S. aureus by neutrophils. Aliquots of blood
(150 pl) were incubated at 37°C for 5 min with FITC-CD45 (30 pl). Aliquots of
labeled blood (50 pl) were diluted in 950 pl of warm (37°C) Tyrodes buffer
before addition of either 3 pl of PBS or active or heat-inactivated ILY (120 ng)
for 3 min. Then 500 pl of the diluted blood was added to 500 pl of propidium
iodide-labeled S. aureus and incubated in a shaking waterbath at 37°C. At timed
intervals (0, 10, and 20 min), aliquots (40 pl) were removed and diluted in 500
wl of ice-cold Hanks’ balanced salt solution.

Flow cytometry. Blood cells were analyzed on a FACScan (BD) equipped with
CellQuest software as previously described (14). The instrument had a standard
optical filter configuration with band pass 530/30-nm and 585/44-nm filters for
FL1 and FL2, respectively and a long-pass 650-nm filter for FL3. For the analysis
of forward scatter, metabolic burst, CD11b expression, and calcium mobilization,
data were acquired in real time with a primary gate set on a dual-parameter
histogram of log red fluorescence intensity of LDS-751 and linear side scatter.
This facilitated identification of leukocytes within the blood. A second gate was
set around those cells with nuclear fluorescence and side scatter characteristics of
PMN cells. Changes in the log green fluorescence and log orange fluorescence
together with those of forward light scatter and side light scatter were then
recorded on the gated PMNs. For analysis of phagocytosis and cell membrane
permeability, PMNs were identified in a plot of FITC-CD45 and linear side
scatter. Changes in the log green-red fluorescence were then recorded on the
gated PMNs when appropriate spectral compensation was made for PE emis-
sions entering the FL3 (LDS-751) channel and LDS-751 emissions entering the
FL2 (PE) channel and similarly for the FITC (FL1) and PE (FL2) spectral
overlap. This was facilitated by single-stained preparations of PMNs. The
changes in PMN size (forward scatter), metabolic burst activity (FL1), and
CD11b (FL2) expression were recorded at 0, 10, and 20 min, with the change in
membrane permeability (FL3) recorded at 0, 30, and 60 min. Median channel
values were used to determine changes in these parameters.

For the measurement of phagocytosis, the increase above background levels at
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time zero of the percentage of red fluorescent (FL3) neutrophils was recorded at
10 and 20 min. The change in calcium mobilization (FL1) was recorded contin-
uously over a period of 512 s. The flow cytometer was calibrated before use with
Fluorosphere beads labeled with green, orange, and red fluorochromes. Al-
though diluted whole blood was used, each sample for analysis contained at least
10,000 PMNs. We have previously investigated the reproducibility of the live
whole blood procedure by multiple analysis (five times) of a normal blood
sample. These studies showed that the values obtained for the percentage of
positively stained cells, their mean-median fluorescence intensity, and the coef-
ficient of variation varied minimally (<0.05%) when between 1,000 and 7,000
gated cells were counted.

Chemotaxis assay. Blood (10 ml) was taken into a plastic tube containing
preservative-free heparin (100 pl). Blood (3.5 to 5.0 ml) was layered over 3.5 ml
of Polymorph Prep in a 15-ml conical tube at room temperature. The tube was
centifuged at 500 X g for 20 min at 20°C. The PMN cells were then collected and
washed once by centifugation at 400 X g for 20 min in RPMI medium containing
20 mM HEPES buffer. The cells were resuspended in the same medium to give
a cell count of 10%ml. Filter paper circles were soaked in either RPMI with 20
mM HEPES for random locomotion, 4% casein for a positive control, diluted
active ILY, diluted heat-inactivated ILY (equivalent to 40 ng/ml), 4% casein with
active ILY, or 4% casein with heat-inactivated ILY and placed in sterile petri
dishes. Strips of cellulose nitrate paper were then placed over the soaked filter
papers, and 10-mm-diameter test tube caps were filled with cell suspension and
then inverted over the nitrocellulose strips. The petri dishes were incubated in a
damp chamber at 37°C for 1 h. The cellulose nitrate strips were then removed,
washed with PBS, fixed in propan-2-ol for 10 min, hydrated in water, and stained
with Harris hematoxylin for 30 min. They were then washed in water, fixed twice
in propan-2-ol for 10 min each, and immersed in cedar oil until clear. The filters
were mounted on slides with cedar oil under large coverslips. The distance
traveled by the neutrophils was measured using the leading-front method, in
which the starting surface is identified by microscopy. The field of focus was then
moved down through the cell-filled area in the filter until the furthest two to five
cells were in focus. The distance traveled by the neutrophils was measured on a
micrometer. A minimum of three fields in each filter were examined. Movement
of PMNs by random locomotion through the filters was very small, and the
leading front of normal cells in the positive control filter was usually 50 to 100 pm
from the starting surface.

Statistical analysis. PMN size, CD11b expression, metabolic burst activity,
propidium iodide uptake, and phagocytic ability in the presence of buffer or
active or heat-inactivated ILY were compared using parametric statistics and
Student’s paired ¢ test.

RESULTS

Determining hemolytic activity of purified ILY and optimiz-
ing the flow cytometry experimental conditions. A plot of the
percent hemolysis for 25 and 35 pl of blood in PBS at a total
volume of 1 ml and volume of ILY added is shown in Fig. 1.
For convenience, a volume of 1 pl (40 ng) of ILY with 25 pl of
blood was chosen for use in experiments. This reaction mix
gave suboptimal hemolysis and represented the equivalent of 5
Uof ILY.

Measurement of neutrophil count. In blood incubated with
active ILY, the number of erythrocytes decreased significantly
(P < 0.01) within the first 30 min. There was also a decrease in
the number of white cells at 60 min (P = 0.016) compared to
time zero, and this was predominantly due to a decrease in the
number of neutrophils (P = 0.018) (Fig. 2), although small
decreases in the number of monocytes and lymphocytes were
also observed (data not shown).

Measurement of intracellular calcium in neutrophils. PMNs
were identified by their side scatter and nuclear red fluores-
cence characteristics in region R1 of histogram A (Fig. 3). The
green fluorescence associated with Fluo-3 AM within the
PMNs was recorded over time in histograms B, C, and D. A
baseline level of fluorescence was established, and then the
agonist, fMLP, active ILY, or heat-inactivated ILY, in histo-
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FIG. 1. Percent hemolysis obtained in diluted whole 2.5% (<) and
3.5% () unwashed blood when incubated for 1 h with increasing
amounts of active ILY. The graph is representative of three similar
experiments.

grams B, C, and D, respectively, was added (denoted by the
arrow). Histogram B shows a rapid increase in fluorescence
intensity of Fluo 3 with a rapid decrease back to the baseline
level, whereas in histogram C there is a slower increase in
fluorescence intensity which is maintained over the whole time
period. In histogram D there is no change in the fluorescence
intensity, showing that there had been no increase in intracel-
lular calcium concentration. Addition of PBS gave results sim-
ilar to those in histogram D (data not shown).

Measurement of CD11b expression, shape change, and met-
abolic burst in neutrophils. PMNs in diluted whole blood,
when mixed with PBS or active or heat-activated ILY, exhib-
ited an increase in size, as measured by forward scatter over
the 20-min incubation period (Fig. 4). This was greater in
PMNs incubated with active ILY than in PMNs incubated with
heat-inactivated ILY or PBS (P = 0.05). Similarly, a significant
(P < 0.01) increase in the expression of CD11b, as determined
by fluorescently labeled antibody binding, occurred in PMN
cells incubated with active ILY compared to those incubated
with heat-inactivated ILY or PBS at 10 and 20 min (Fig. 5).

The metabolic burst activity was measured as an increase in
fluorescence associated with the dye DCFDA. This dye has low
fluorescence in its native state and is readily taken up by
PMNs. However, when it is oxidized by H,O, and other reac-
tive oxygen species produced during a metabolic burst, it be-
comes more highly fluorescent. The increase in fluorescence
may then be used as a measure of the metabolic burst. A
significant (P < 0.01) increase in the metabolic burst activity
occurred in PMNs incubated with active ILY compared with
those incubated with heat-inactivated ILY or PBS at 10 min
(Fig. 6). In PMNs incubated with active ILY, the metabolic
burst was reduced at 20 min compared to that at 10 min.

Measurement of membrane permeability. Propidium iodide
is a fluorescent dye that is excluded from cells with intact
membranes. However, alteration in permeability of the cell
membrane would allow the dye to enter the cell, which would
then become fluorescent. PMNSs in diluted whole blood incu-
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FIG. 2. Decrease in white blood cell (wbc), neutrophil (neut), and red blood cell (rbc) counts (10%/liter) in diluted whole blood at 0, 30, and
60 min after the addition of 1 wl (40 ng, 5 U) of active (black bars) or heat-inactivated (gray bars) ILY.

bated with active ILY for 60 min showed a significant (P =
0.05) increase in propidium iodide uptake compared to cells in
diluted blood incubated with heat-inactivated ILY or buffer
(Fig. 7), suggesting that the ILY had induced an alteration in
cell membrane permeability.

Measurement of phagocytosis of S. aureus by neutrophils.
When incubated with either PBS or active or heat-inactivated
ILY, PMNs were able to phagocytose propidium iodide-la-
beled S. aureus. However, this phagocytosis was considerably
greater in PMNs incubated with active ILY than in those
incubated with heat-inactivated ILY or buffer at 10 min (P =
0.04) and at 20 min (P < 0.01) (Fig. 8).

Measurement of chemotaxis. Active ILY acted as a weak
chemoattractant for PMNs compared to RPMI (P = 0.01), but
this effect was not found to be significantly different from that
of the heat-inactivated ILY (Fig. 9). Neither the active nor
heat-inactivated form of ILY had an inhibitory effect on the
chemotactic effect of casein (data not shown).

DISCUSSION

In virtually all vertebrates, the first blood-borne cells to
arrive at sites of tissue injury or inflammation are the PMNs.
Together with monocytes and tissue macrophages, they carry
out many of the major functional responses of the innate im-
mune system (15). Among the most important functional re-
sponses of activated PMNss is the ability to rearrange their actin
cytoskeleton and move toward inflammatory sites (6). This
process, referred to as diapedesis, is required for PMNs to be
able to exit the microvasculature and enter the inflammatory
site. Coincident with rearrangement of the actin cytoskeleton,
activated PMNs are able to assemble the subunits of NADPH
oxidase at the plasma membrane and undergo a respiratory
burst, resulting in release of superoxide plus a range of other
reactive oxygen species. In addition, activated PMNs release
their granule constituents, including hydrolytic enzymes, met-
al-binding proteins, and peroxidases (3). The degranulation

process also results in the fusion of granule membranes with
the cytoplasmic membrane, providing the activated neutrophil
with a rich source of new cell surface receptors that can inter-
act with environmental stimuli (24).

The process of adhesion to cell surfaces also augments the
ability of PMNs to phagocytose pathogens and foreign parti-
cles. In the present study, we have investigated the effect of
ILY on many of these cellular changes that occur when PMNs
are activated. It has been documented that ILY has a lytic
effect on human erythrocytes and cell lines (18). Here we show
that it is also capable of decreasing the number of neutrophils
in diluted whole blood over a 60-min time period. Although
the exact mechanism of this cell loss requires further investi-
gation, the finding that PMNs become more permeable to
propidium iodide in the presence of ILY suggests that changes
in the integrity of the cell membrane may play a role in the cell
loss. Similarly, a related toxin, pneumolysin, has also been
shown to cause a drop in PMN number and viability in cultures
incubated at 37°C for 30 min (9).

It was also shown that the membrane changes were calcium
permissive, since in the presence of active ILY there was an
increase in intracellular calcium binding to Fluo 3, resulting in
increased fluorescence associated with this dye. The increase in
fluorescence was sustained, indicating a continual influx of
calcium through the cell membrane or mobilization from in-
tracellular stores. In contrast, in PMNs stimulated with fMLP,
there was a rapid increase in the amount of free intracellular
calcium, which then returned to baseline levels. No calcium
flux was observed in PMNs incubated with heat-inactivated
ILY. In a previous study of the effect of aerolysin, a pore-
forming toxin produced by Aeromonas hydrophilia, a similar
calcium response was observed in HL-60 cells (11). In that
study, the calcium influx occurred in two kinetically distinct
phases, an initial rapid and transient phase and a second, more
sustained phase. These changes in intracellular calcium were
found to be the result of pore formation and not due to signal
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transduction. The first phase was found to be due to pore
formation in the cell membrane, and the second phase was due
to release from intracellular stores.

Although ILY did not cause much change in the size of the
PMNs, as measured by the forward light scatter properties, it
did stimulate rapid expression of CD11b at the membrane
surface and a metabolic burst. CD11b is a membrane constit-
uent of specific granules, gelatinase granules, and secretory
vesicles within the PMN. The mobilization of the secretory
vesicles transforms the PMN from a passive cell, well suited for
circulation, to a highly responsive, 3,-integrin-presenting cell
primed for migration into tissues. Elevation of intracellular
calcium levels is known to elicit exocytosis of storage granules,
but the molecular mechanism by which this occurs is unknown
(3). The influx of calcium resulting from the effects of active
ILY may therefore have been the main impetus for the ob-
served degranulation.

The generation of reactive oxygen metabolites is also depen-
dent on the components of granules and their degranulation.
Both peroxidase-negative granules, which contain flavocyto-
chrome bssg (an essential component of NADPH oxidase), and
azurophil granules, which contain myeloperoxidase (which
converts the product of NADPH oxidase, H,O,, to hypochlo-
rous acid), are involved in the metabolic burst. The metabolic
burst in response to active ILY may be a result of elevated
intracellular calcium but may also be due to other stimulatory
effects. The observed decrease in metabolic burst between 10
and 20 min of stimulation may be due to an inhibitory effect or
to loss of the DCFDA dye from the cell cytoplasm as a result
of loss in cell membrane integrity. The latter is supported by
the cell membrane’s becoming permeable to propidium iodide,
indicating that dyes were able to pass into and therefore out of
the PMNs. DCFDA is a nonpolar molecule that diffuses
through the cell membrane, and once inside, acetyl groups
attached to the molecule are cleaved by nonspecific esterases
to generate a polar molecule which becomes trapped within
the cells. With a change in membrane permeability, the
DCFDA may be able to pass out of the cell. Paton and Fer-
rante (21) have shown that pneumolysin, a toxin produced by
S. pneumoniae, had an inhibitory effect on PMN metabolic
burst, and Johnson et al. (9) found that the same toxin caused
increased lysosomal enzyme secretion and presumably an in-
creased metabolic burst, since the two events occur concomi-
tantly. These contradictory findings may in part reflect the
different techniques used for both the isolation and functional
analysis.

Interestingly, the rate of phagocytosis of S. aureus by PMNs
in the presence of active ILY was significantly greater than in
PMNs incubated with heat-inactivated ILY. This may in part
have been due to the higher expression of CD11b on PMNs
incubated with active ILY. CD11b is a receptor for the com-
plement component C3bi and enhances phagocytosis by bind-

FIG. 3. (A) Identification of PMNs in region R1 of a dot plot of
LDS-751 red fluorescence (x axis, logarithmic scale) plotted against
Fluo-3 AM green fluorescence (y axis, logarthmic scale). (B, C, and D)
Change in fluorescence of Fluo-3 AM resulting from increased intra-
cellular calcium when fMLP or active or heat-inactivated ILY (40 ng)
was added, respectively.
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FIG. 4. Change in forward scatter (median values) of PMNs in
diluted whole blood at 0, 10, and 20 min after the addition of 1 pl of
PBS (open bars) or active (black bars) or heat-inactivated (gray bars)
ILY (40 ng). The mean and standard error of four experiments are
shown.

ing to complement-immunoglobulin complexes on the bacte-
rial cell surface membrane (24).

The apparent limited chemotaxis of PMNs in the presence
of ILY was consistent with the small changes in the size of the
cells determined by flow cytometry. As mentioned above, cy-
toskeletal actin rearrangement occurs prior to diapedesis after
stimulation by a chemoattractant. A previous study has sug-
gested that the toxins aerolysin, a-toxin, and streptolysin O
were highly chemotactic for PMNs and that the response was
as great as for fMLP (11). However, our study and that study
are not directly comparable because different positive control
chemotractants were used, casein and fMLP. In another study
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FIG. 5. Change in CD11b antigen expression (median fluorescence
values) of PMNs in diluted whole blood at 0, 10, and 20 min after the
addition of 1 ul of PBS (white bars) or active (stippled bars) or
heat-inactivated (striped bars) ILY (40 ng). The mean and standard
error of four experiments are shown.
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FIG. 6. Change in metabolic burst activity (median fluorescence
values) of PMNs in diluted whole blood at 0, 10, and 20 min after the
addition of 1 pl of either PBS (white bars) or active (stippled bars) or
heat-inactivated (striped bars) ILY (40 ng). The mean and standard
error of four experiments are shown.

(9), pneumolysin was found to stimulate chemotaxis’ at low
concentrations but was inhibitory at high concentrations. Cy-
tolytic toxins therefore appear to have variable effects on the
chemotaxis of PMNs.

In conclusion, ILY appears not to act as a chemotactic agent
but does enhance CD11b expression, metabolic burst activity,
and phagocytosis. The changes in CD11b and metabolic burst
activity may be the result of the PMNs’ becoming permeant,
with a continuous influx of Ca®*, the rate of phagocytosis then
being enhanced by the increased expression of CD11b on the
PMNs. We do not know the concentration of ILY that is
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FIG. 7. Change in propidium iodide uptake (median fluorescence
values) of PMNs in diluted whole blood at 0, 30, and 60 min after the
addition of 1 ul of either PBS (white bars) or active (black bars) or
heat-inactivated (grey bars) ILY (40 ng). The means and standard
errors of four experiments are shown.
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FIG. 8. Change in phagocytic activity as a percentage of the posi-
tive control values of PMNs in diluted whole blood at 0, 10, and 20 min
after the addition of 1 pl of either PBS (white bars) or active (dark grey
bars) or heat-inactivated (light grey bars) ILY (40 ng). The means and
standard errors of four experiments are shown.

present during infections with S. intermedius, but it may be
postulated that during abscess formation, ILY could contribute
to bacterial survival and persistence by reducing the number of
fully functional PMNs. The observation that the rate of phago-
cytosis of S. aureus was enhanced in the presence of ILY may
indicate that this cytotoxin better serves S. intermedius from
within the PMN once phagocytosis has taken place, as a mech-
anism for avoiding subsequent intracellular killing. Clearly,
further studies are required to determine whether the observed
changes in the cell membrane of PMNs are due to pore for-
mation, which has been observed in erythrocytes, or some
other mechanism. All the studies described here were per-
formed on purified ILY, but different responses may have been
elicited by the cytolysin when bound to the bacterial cell. Ex-
periments are currently being performed to compare the effect

80

70

Chemotactic migration
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FIG. 9. Chemotactic activity (micrometers of migration) of PMNs
towards (A) RPMI, (B) active ILY, (C) heat-inactivated ILY (40 ng),
and (D) casein.

INFECT. IMMUN.

of the wild type compared to an ily gene knockout mutant of S.
intermedius on PMN function.
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