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Abstract

Chemoattractant-induced phenomena of polarity and migration of polymorphonuclear leukocytes (PMN) are believed to
play a key physiological role in controlling bacterial infections on implantable vascular biomaterials. Our study targeted the
spreading behavior of human PMN adherent to expanded polytetrafluoroethylene (¢ePTFE), pretreated with various plasma
proteins, in response to the chemoattractant, N-formyl-methionyl-leucyl-phenylalanine (fMLP). To this end, a novel imaging
configuration was developed to allow in situ reconstructive analysis of PMN 3-D morphology on opaque ePTFE surfaces, using
optical sectioning confocal microscopy. Following fMLP stimulation, PMN morphological polarity was enhanced on all substrates
studied except fibrinogen treated ePTFE. 3-D PMN morphometry revealed that in the absence of fMLP, overall cell spreading
was minimized on albumin-treated ePTFE and maximized on fibrinogen and immunoglobulin-G-treated ¢ePTFE. Following
fMLP stimulation, overall PMN spreading increased markedly on untreated and albumin-coated ePTFE, while it stayed invariant
on IgG and plasma treated ePTFE, and decreased on fibrinogen-treated ePTFE. Spatial analysis of PMN spreading following
fMLP stimulation revealed enhanced PMN attachment on untreated and albumin treated ePTFE and diminished attachment on
fibrinogen and plasma treated ePTFE. Thus, chemoattractant stimulation altered a wide range of PMN spreading attributes on
ePTFE, including morphological polarity, substrate attachment, and 3-D membrane spreading, in a substrate dependent
manner. These chemoattractant-induced spreading responses may also have important consequences for PMN phagocytosis. We
report that fMLP stimulation led to enhanced unopsonized particulate phagocytosis on untreated and albumin treated ePTFE, but
caused no discernible change in phagocytosis on other protein substrates. Thus, chemoattractant modulation of PMN spreading on
ePTFE is highly substrate-regulated, and manifests in concerted effects on PMN phagocytosis. © 1999 Elsevier Science Ltd.
All rights reserved
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1. Introduction morbidity [3]. Several early reports [3-5] and more

recent updates [ 1, 6] have documented the clinical mani-

A problem recurrent with artificial implantable bio-
materials, particularly those constituting vascular grafts,
is periprosthetic bacterial infections [1]. Infected syn-
thetic vascular grafts exhibit steady colonization of graft
interstices by bacteria, a process that is initiated early on,
and can continue over long periods of time [2]. Patient
mortality rates due to infected grafts may range from 25
to 75%, and complications of multiple operative pro-
cedures and hospitalization frequently cause extended
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festation and management of graft infections.
Polymorphonuclear leukocytes (PMN, or neu-
trophils), the predominant migratory phagocytic cells of
circulating blood, are the first cells to arrive at sites of
infection, and are crucial effectors of host defense against
bacterial infections. PMN carry out this activity by mi-
grating into extravascular regions of infection under the
influence of locally released soluble factors, called
chemoattractants [ 7] and then ingesting, or phagocytos-
ing bacteria [8]. A similar pattern of phagocytic activity
to that evoked by bacteria is observed in their absence
when PMN come in contact with synthetic biomaterial
surfaces, a process termed ‘frustrated phagocytosis’ as the
cell unsuccessfully attempts to surround the biomaterial

0142-9612/99/$—See front matter © 1999 Elsevier Science Ltd. All rights reserved.

PII: S0142-9612(98)00171-9



274 C.C. Chang et al. | Biomaterials 20 (1999) 273—281

[9]. Thus, the degree of PMN spreading on vascular
biomaterial surface reflects sensitively the ensuing
cell-biomaterial interactions as well as the attendant
PMN activation events. Abnormal levels of leukocyte
spreading have been shown to severely limit particulate
phagocytosis [10]. Given previous correlations be-
tween PMN shape, polarity (asymmetry) and migratory
potential [11, 12], it is likely that the morphological
changes of biomaterial-adherent PMN may be indica-
tive of their migratory functions as well. While PMN
spreading phenomena on vascular biomaterials are rec-
ognized to be important, it is not clear how they are
modulated by the process of chemoattractant stimula-
tion which acts as the ubiquitous cue for PMN polariza-
tion and migration. This information would be vital
to effect physiological changes in PMN-biomaterial
interactions, particularly in the vicinity of chemoattrac-
tant-releasing bacteria and during stages of acute inflam-
mation [7].

The interaction between circulating PMN and im-
planted vascular biomaterial surfaces is further affected
by the surface layer of host proteins acquired instantly
after implantation [13]. Of the 150 or so proteins of
blood plasma [14], the most abundant components in-
cluding albumin, fibrinogen, and immunoglobulin
[15,16] can elicit very distinct cellular interactions.
Preadsorbed albumin (HSA) can passivate surfaces
[17-19] while adsorbed IgG can activate complement,
which in turn induces PMN attachment to the surface
[20] and activates PMN phagocytic functions [21]. Fib-
rinogen, a key molecule in acute inflammatory responses
to implanted polymers [22] induces leukocytes to exhibit
rapid spreading [23,24]. It is not clear however
how leukocyte spreading may be modulated on protein-
preadsorbed biomaterial surfaces in the extended
presence of chemoattractants. These insights would be
particularly useful to assess the extent of biomaterial
surface involvement in regulating leukocyte function and
ultimately controlling bacterial infections.

In this paper, we have investigated the effect of
chemical stimulation by the chemotactic peptide, N-
formyl-methionyl-leucyl-phenylalanine (fMLP), on the
spreading behavior of human polymorphonuclear
leukocytes (PMN) adherent to expanded polytetra-
fluoroethlylene (ePTFE). To this end, the extent of
leukocyte spreading behavior was characterized compre-
hensively in terms of a 3-D shape factor and its volume
distribution. Unlike traditional 2-D imaging approaches,
3-D morphometry captures both core cell shape changes
as well as any protrusive activity of the cell membrane.
From our analysis, we report that 3-D morphological
parameters of PMN is strongly dependent on the nature
of ePTFE pretreatment, and are differentially modulated
by chemoattractant exposure. To further investigate how
fMLP-induced intrinsic shape changes may effect PMN
bactericidal activities, we quantified the resultant PMN

uptake of non-opsonized bacteria, that is, in the absence
of any immunological mediation. Following fMLP
stimulation, substrates that elicited morphological polar-
ization and spreading of PMN in limit also caused en-
hanced particulate phagocytosis.

2. Materials and methods
2.1. Biomaterial and reagents

Expanded polytetrafluoroethylene (ePTFE) was gen-
erously donated by W.L. Gore and Associates, Inc. (Flag-
staff, AZ). Ninety-six-well flat bottomed plates (Falcon,
3933) were obtained from Becton Dickinson Co. (Lincoln
Park, NJ). PMN isolation medium and erythrocyte lysis
buffer (E-LYSE) were obtained from Cardinal Associates
(Santa Fe, New Mexico). Human serum albumin (HSA),
fibrinogen, dimethyl sulfoxide (DMSO), phorbol 12-myr-
istate 13-acetate (PMA) and formyl-methionyl-leucyl-
phenylananine (fMLP) were obtained from Sigma
Chemical Co. (St. Louis, MO). CellTracker™ CM-Dil
(Dil: C7000) was obtained from Molecular Probes
(Eugene, OR). Hanks’ balanced salt solution (HBSS) and
HBSS without calcium and magnesium were obtained
from Gibco BRL Life Technologies, Inc. (Grand Island,
NY).

2.2. Plate preparation

Adhesion and phagocytosis assays were conducted in
96-well plates. Gas sterilized, regular thickness, ePTFE
discs with 30 um internodal spacing were placed at the
bottom of wells and held in place with polystyrene rings
as previously described [19]. The ePTFE discs and wells
were rinsed three times with 200 ul of HBSS each wash-
ing. For plasma coating, the ePTFE discs were incubated
for 3h at 37°C with 200 ul well " ! platelet poor human
plasma solution. For HSA coating, the ePTFE discs were
incubated for 3 h at 37°C with 200 ul well ~* of 5% HSA
solution. For fibrinogen coating, the ¢ePTFE discs were
incubated for 3 h at 37°C with 200 pl well ~! of fibrinogen
solution at a concentration of 1 mgml ™. All wells were
washed thrice with HBSS (200 pl wellwash ™ 1) at 37°C
using a manual multichannel pipette before adding
PMN. The concentration of all proteins used for ePTFE
treatment was based on the physiological concentration
of the proteins in plasma [14].

2.3. PMN isolation

Twenty ml of blood was drawn from healthy volunteer
donors in accordance with the protocols established by
the Rutgers University Institutional Review Board.
PMN were isolated by the single-step density gradient
centrifugation using a modification of Boyumis tech-
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nique [25]. Briefly, the blood was layered on top of half
its volume of ficoll hypaque and centrifuged at 1380 rpm
for 30 min at room temperature. The PMN-rich layer
was aspirated, washed, and centrifuged with HBSS with-
out calcium and magnesium. In order to sediment the red
blood cells, the PMN pellet was then diluted in 3 ml
E-lyse and resuspended in HBSS at a concentration of
2 x 10° cellsml ™! and incubated at 4°C. PMN prepara-
tions were greater than 97% viable as determined by
trypan blue exclusion.

2.4. Cell labeling

CellTracker™ CM-Dil, a derivative of DilC,g, was
used to fluorescently label PMN membranes. Dil mol-
ecules excite and emit at 553 and 570 nm, respectively.
A stock solution of 50 pug of Dil was diluted with 50 pl of
DMSO and stored at —20°C. For cell labeling, this
solution was diluted to 2 um in HBSS containing approx-
imately 10 x 10° PMN. The solution was incubated first
at 37°C for 5min and then at 4°C for 10 min. After
washing with 10ml of HBSS and centrifuging at
1000 rpm for 10 min, the PMN solution was then resus-
pended at 2 x 10° cellsml~! of HBSS.

2.5. Cell spreading assay

Pre-Dil labeled PMN at 2 x 10° cells 200 pl well ~!
were added to 96-well plates and incubated with protein
pretreated ePTFE discs for 30 min at 37°C. A portion of
the PMN suspension was exposed to fMLP (1072 m)
immediately prior to the incubation. Non-adherent cells
were then removed and the wells with biomaterial were
rinsed thrice with warm HBSS (200 ul well ~* wash ™ 1).
Two percent glutaraldehyde in phosphate buffer solution
(0.05 M) was immediately added to the wells with bio-
material to fix the adhered PMN. After 30 min of incuba-
tion at room temperature, the biomaterials were rinsed in
phosphate buffer saline thrice (200 plwell ! wash™1).
The specimens were then placed on MatTek chambers
(MatTek Corporation, Ashland, MA) and examined us-
ing confocal microscopy.

2.6. Confocal imaging

Confocal laser-scanning microscopy (CLSM) was con-
ducted on a Zeiss LSM 410 workstation (Zeiss Inc.,
Thornwood, NY). Specimens were excited at 488 nm, and
images at 520 nm emission were obtained at a magnifica-
tion of 100x and a zoom of 5x using a 510 nm long pass
filter. Thirteen to twenty-five optical sections were ob-
tained at 0.5 um increments in depth for each specimen.
The confocal images were then processed and analyzed
using KS400 image analysis software (Kontron FElec-
tronik, Germany).

2.7. Image analysis

2.7.1. 2-D PMN polarity

The original confocal images were first binarized using
the ‘thresholding’ function, in which each segmented
pixel was assigned to either black or white. The binary
images were then filtered to eliminate the intensity spikes
that may appear in the filter mask and regions of low
grey value within cellular boundaries were rendered con-
tiguous via “filling’. Finally, the following geometric fea-
tures were determined for each object element: (i) area of
the region; (ii) perimeter of the convex hull of the region;
and (iii) lengths of the primary and secondary axes of the
ellipse with the same center of gravity. Using the section
of each cell corresponding to the highest area, the 2-D
polarity factor was computed. The 2-D polarity factor
was defined as the ratio of the lengths of major to minor
axes of an ellipse having the same center of gravity as the
PMN. A circular object would have a polarity factor of
unity.

2.7.2. 3-D PMN spreading

To provide a more complete quantification of the cell
morphological topology, we formulated a 3-D shape
factor (¢p3p) which was defined to be

(Surface Area)®

P30 = 367(Volume)?

Rather than being derived from a single section, the 3-D
shape factor thus was computed by optically sectioning
each ePTFE-adherent PMN from top to bottom and
reconstructing the entire cell volume and cell surface
area. Values of perimeter and area were computed for all
optical sections. Since the incremental distance between
neighboring optical sections was sufficiently small
(0.5 um), using a trapezoidal approximation, the volume
of the cell was computed as the integrated product of the
average arca of every two adjacent sections and the
intervening thickness, across the scanned depth of each
cell. Cell surface area was estimated in a similar manner
using the values of the section perimeter instead of the
area. A spherical object would have a 3-D shape factor of
unity and non-spherical object would have a 3-D shape
factor greater than unity, suggestive of increased 3-D
spreading. In this study, the polarity factor and shape
factor of PMN were normalized to the respective values
for unstimulated PMN on albumin treated ePTFE (con-
trol).

2.8. Phagocytosis assay

One milliliter of pre-labeled fluorescent E. coli biopar-
ticle solution (Molecular Probes, OR) was washed three
times with 10 ml wash ' of HBSS. The bioparticle pellet
was then resuspended in 3 ml of HBSS and sonicated for
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30s at a setting of 2 using the Sonic Dismembrator 60
(Fisher, NJ). 200 ul of bioparticle solution/well was ad-
ded to PMN spread on ePTFE precoated with different
proteins as described previously. The plate was then
incubated for 1 h at 37°C. Following incubation, the cells
were fixed with 200 plwell ™! of 2% glutaraldehyde in
PBS. The ePTFE discs were placed in MatTek chambers
and observed under fluorescence microscopy. The num-
ber of phagocytosed E. coli particles was quantified and
divided by a total of two hundred cells per condition.

2.9. Statistical analysis

Thirteen to twenty-five optical sections of 0.5 um
thickness were analyzed for 12 cells within each condi-
tion, and the ratio of major to minor axes, perimeter, and
area were determined for each section. Statistical ana-
lyses were performed using unpaired t-test and ANOVA,
and a confidence level of 95% (P < 0.05) was considered
necessary for statistical significance. The error bars indi-
cate the standard error around the mean value.

3. Results
3.1. Qualitative analysis of PMN morphology

PMN morphology on uncoated, HSA, fibrinogen, IgG
and plasma coated ePTFE was examined qualitatively
using confocal microscopy. On uncoated ePTFE surfa-
ces, PMN spreading was polarized and exhibited a domi-
nant lamellipodium (Fig. 1a). In contrast, on albumin
and serum coated biomaterial surfaces, PMN were found

to be more or less rounded with no discernible polarity
(Fig. 1b and c). On fibrinogen- and IgG-coated bio-
material, PMN appeared randomly spread and weakly
polarized (Fig. 1d, e).

The incubation of PMN with fMLP evoked a distinct
change in cell morphology. Stimulated PMN on
uncoated ePTFE exhibited increased morphological
asymmetry (Fig. 1f). On albumin coated ePTFE, fMLP
stimulated PMN showed enhanced polarity as well as
spreading (Fig. 1g). In contrast, fMLP-stimulation on
fibrinogen treated ePTFE caused a retraction of cell
ruffles and overall cell compaction (Fig. 1h). Finally, on
IgG- and plasma-coated biomaterial, IMLP stimulation
caused a marked elongation in cell shape (Fig. 1i and j).

3.2. 2-D quantitation of PMN polarity

The 2-D polarity factor quantifies the asymmetry of
PMN spreading. As shown in Fig. 2, unstimulated PMN
on untreated ePTFE were the most polarized (1.34 +
0.08), while PMN on the albumin coated ePTFE showed
the least polarization (1.00 + 0.02). Stimulation with
fMLP caused a statistically significant increase in the
degree of PMN polarity on untreated ePTFE (1.68 +
0.16) and on ePTFE treated with albumin (1.33 + 0.11),
IgG (1.61 + 0.04) or plasma (1.23 + 0.04). However, on
fibrinogen coated ePTFE no significant changes in PMN
polarity were observed (1.17 £ 0.03).

3.3. 3-D quantitation of PMN spreading

A spatially integrated shape factor (¢3p) was computed
to determine the 3-D extent of PMN spreading on the

S um

Fig. 1. Confocal micrographs of the spreading behavior of unstimulated fluorescently labeled PMN were obtained on ePTFE surfaces pretreated with
(a) HBSS, (b) albumin, (c) fibrinogen, (d) IgG, and (e) plasma. Confocal micrographs of the spreading behavior of fMLP-stimulated fluorescently
labeled PMN were obtained on ePTFE surfaces pretreated with (f) HBSS, (g) albumin, (h) fibrinogen, (i) IgG, and (j) plasma. PMN were incubated on

all biomaterial surfaces for 30 min prior to fixation and imaging.
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Fig. 2. Degree of polarization of PMN after 30 min incubation on
ePTFE surfaces was quantitated (n = 15 cells) in terms of 2-D polarity
factor and normalized to that observed on albumin. Various conditions
include: (a) uncoated ePTFE, (b) albumin-coated ePTFE, (c) fibrino-
gen-coated ePTFE, (d) IgG-coated ePTFE and (e) plasma-coated
ePTFE. *: P < 0.05.
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Fig. 3. Degree of spreading of PMN on ePTFE surfaces was quantita-
ted in terms of 3-D shape factor and normalized to that observed for
unstimulated PMN on albumin. Various conditions include: (a) un-
coated ePTFE, (b) albumin-coated ePTFE, (c) fibrinogen-coated
ePTFE, (d) IgG-coated ePTFE and (e) plasma-coated ePTFE.
*: P < 0.05.

ePTFE. As shown in Fig. 3, unstimulated PMN on
uncoated ePTFE (1.14 + 0.03) and on ePTFE treated
with fibrinogen (1.21 £ 0.05) or IgG (1.22 + 0.07) have
a notably higher shape factor compared to those on
ePTFE treated with albumin (1.00 + 0.04) and plasma
(1.01 £ 0.05). Upon the addition of fMLP, PMN on the
untreated ePTFE (1.27 + 0.07) and albumin treated
ePTFE (1.13 + 0.05) exhibited increased 3-D shape fac-
tor. Intriguingly, following fMLP stimulation, the 3-D
shape factor was decreased on fibrinogen treated ePTFE
(0.99 + 0.04), while no significant difference was detected
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Fig. 4. Spatial volume distribution of PMN was computed with and
without fMLP stimulation on ePTFE surfaces pretreated with HBSS,
albumin, fibrinogen, IgG and plasma. The volume fraction was plotted
for various optical sections, from top of the cell (prescribed to be
z = 0 um) to bottom of the cell in contact with the biomaterial surface.

in ¢3p of PMN on ePTFE treated with IgG (1.25 + 0.10)
or plasma (0.99 + 0.04).

3.4. Spatial distribution of PMN volume

The spatial distribution of PMN volume, V(z), was
computed to quantify the extent of substrate-based PMN
attachment. The panel of graphs in Fig. 4 depicts PMN
volume fraction corresponding to every incremental op-
tical section starting from the top of the cell to the
bottom of the cell body that is in contact with ePTFE.
On albumin coated ePTFE, V(z) for unstimulated PMN
was more or less symmetric (mean skewness, (S) = 0.49)
with a small area of contact with ePTFE (Fig. 5b). Stimu-
lation with fMLP caused a pronounced shift in V(z)
toward regions of biomaterial contact ({S)> = 0.93). On
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Fig. 5. The phagocytic capacity of activated PMN was quantified on
ePTFE surfaces pretreated with various plasma proteins and in the
presence of fMLP stimulation.

fibrinogen coated surfaces, in contrast, V(z) was skewed
toward the biomaterial contact ({S) =0.82) for un-
stimulated PMN, indicating increased membrane
spreading on ePTFE while fMLP stimulation caused
a decrease in V(z) levels proximal to the biomaterial
contact. V(z) for sections at the distal end from the
PMN-biomaterial contact did not change significantly
however, and the overall skewness of V(z) declined slight-
ly (8> =0.76). V(z) responses on fibrinogen-treated
ePTFE were similar to those observed on plasma pre-
treated ePTFE. Upon fMLP stimulation, the symmetric
PMN volume distribution on IgG treated ePTFE
({§> =0.57) became significantly skewed toward bio-
material interface ((S) = 1.1).

3.5. Particulate phagocytosis

Only slight variations in PMN bacterial uptake levels
were seen in the absence of fMLP on all pretreated
substrates. Upon stimulation with fMLP, however,
a striking increase in bacterial uptake levels was ob-
served on bare ePTFE and on albumin treated
ePTFE. No significant changes in the levels of bacterial
uptake were found under any other conditions examined
(Fig. 5).

4. Discussion

In this study, we have examined the spreading and
polarization behavior of PMN on an opaque vascular
biomaterial using in situ imaging and reconstruction
analysis. Cell spreading on opaque biomaterials has been
conventionally studied using techniques such as scanning
electron microscopy (SEM); however, SEM data do not
lend themselves to quantitative three-dimensional mor-

phometry. Instead, we have employed confocal fluores-
cence microscopy in conjunction with 3-D reconstructive
optical sectioning to spatially quantitate PMN spread-
ing. The resultant three-dimensional data provide
computation of the core cell shape changes, protrusive
activity of cell membrane, and interfacial PMN coverage
on the biomaterial, features that are not deduced by 2-D
measurements.

Our studies were designed to discern PMN spreading
responses to exogenous effects of a soluble stimulator
(fMLP) relative to PMN spreading responses to un-
treated and protein-preadsorbed ePTFE. Even unmodi-
fied ePTFE surface by itself was sufficient to trigger
enhanced PMN spreading as confirmed quantitatively
by the high 2-D polarity and 3-D shape factor. Pretreat-
ment with various plasma proteins further altered this
spreading behavior with a high degree of protein specifi-
city. Previous studies show that plasma proteins do not
cause polarization of cells in suspension [26]. Our mor-
phometric studies revealed that specific protein pretreat-
ment of the substrate can indeed result in differential
changes in 2-D polarity, membrane spreading, as well as
core cell shape. For instance, trends of unisectional 2-D
polarity indicated that the PMN on ePTFE pretreated
with albumin and plasma were rounded, typical of unac-
tivated PMN [17-19]. However, 3-D studies of the spa-
tial evolution of PMN shape showed that the volume
distribution of PMN on these substrates, in fact, diverged
substantially. In the absence of exogenous stimulation,
2-D polarity and spatially integrated 3-D spreading
(shape factor) demonstrated several substrate-based dif-
ferences. For example, while unstimulated PMN on
every protein-treated substrate showed comparable, low
levels of 2-D polarity, PMN 3-D spreading behavior
varied significantly, particularly on fibrinogen and IgG
substrates, where spreading was greatly augmented com-
pared to other treated substrates. This excessive spread-
ing has parallels to ‘frustrated spreading’, commonly
associated with increased PMN adhesiveness and com-
promised polarity [27, 28].

Chemotactic stimulation of PMN has been shown to
promote membrane ruffling [29] and to generally cause
increased PMN attachment to the substrate [17]. Our
studies indicate that fMLP stimulation elicited cellular
spreading that was highly regulated by the nature of the
substrate. For instance, while cell spreading was en-
hanced on uncoated ePTFE and albumin treated
ePTFE, it was diminished on fibrinogen coated ePTFE
and minimally altered on IgG and plasma treated
ePTFE. The mechanistic causes underlying these sub-
strate specific differences in cell spreading are presently
unclear, although receptor—substrate interactions are ex-
pected to play a major role. For instance, candidate
molecules such as leukocyte f3, integrins are thought to
likely mediate PMN adhesion to vascular prosthetic ma-
terials [30]. On albumin-treated ePTFE, PMN adhesion
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is primarily mediated via CD43, an anti-spreading PMN
receptor, that arrests PMN polarization and spreading
[18]. The effect of CD43 has also been reported to be
reversed by the addition of a chemoattractant [18],
consistent with our findings that PMN contraction is
reversed on albumin following fMLP stimulation. On
fibrinogen-treated ePTFE, PMN adhesion is likely regu-
lated by CD11b/CD18, a member of leukocyte integrin
family [31-34], as well as the highly conserved 95-kDA
f chain of the integrin family [35]. Our results showed
that fMLP stimulation led to retraction of cell spreading
on fibrinogen and simultaneous reduction of overall cell
polarity, thereby yielding increased 3-D shape factor and
greater depth symmetry of PMN volume distribution.
Previously, fibrinogen has been shown to counteract the
effect of fMLP-like secretagogues on PMN activities
such as adhesion [36] and chemotactic migration
[37,38], presumably via interactions between PMN
f integrins and fibrinogen-associated ligands, ultimately
causing PMN to become sessile [37, 387]. On IgG, the key
PMN receptors that bind to the Fc portion of IgG,
FcyRII and FcyRIII [39, 40], stimulate opsonin-depen-
dent phagocytosis and activate the production of reactive
oxygen species (ROS) [21]. These processes may mani-
fest in hyperspreading on IgG such as that observed
in our studies. Lastly, the spreading behavior on
plasma-treated ePTFE is expected to be orchestrated by
the most abundant and stable of the adsorbed compo-
nents. While the plasma-induced response is complex
and difficult to discern systematically, the similarity of
PMN volume distribution on fibrinogen and plasma is
intriguing, given higher retention levels of fibrinogen
documented [41].

We have also investigated the role of PMN spreading
on ePTFE in relation to PMN phagocytosis via op-
sonin-independent mechanisms. These uptake pathways
are operative in the absence of complement and
immunoglobulin, and are mediated by oligosaccharide-
containing moieties on the surface of bacteria and
non-immunological receptors on PMN surface [42].
Given their nonimmunological basis, these functional
endpoints may be indicative of the intrinsic effects of
PMN spreading on vascular biomaterials, and as such,
may even provide insights into the early PMN responses
to implant-related bacterial infections, prior to anti-
body-dominated interactions. Previous studies suggest
that frustrated spreading and opsonized particulate
phagocytosis may be limited in similar ways, but are
different from cell spreading on unopsonized surfaces
[10]. In our studies, we observed that PMN hyper-
spreading on opsonizable surfaces such as immuno-
globulin-coated e¢PTFE limits opsonin-independent
particulate phagocytosis, both in the absence and pres-
ence of IMLP. However, on other, non-opsonizable sur-
faces, the most significant enhancement in phagocytosis
was observed for those conditions (i.c. bare ePTFE and

albumin-treated ¢ePTFE) that also elicited pronounced
induction of morphological polarity and membrane
spreading. Previously, cytoskeletally mediated shape
changes accompanying activation have been shown to
respond sensitively to the presence of fMLP in a substra-
te-specific manner [43, 44]. On IgG, fMLP similarly ap-
pears to induce cytoskeletal reorganization that may
underlie elevated PMN polarity reported in our studies
(data not shown), yet, intriguingly, enhancement in PMN
membrane spreading and phagocytosis seems to be lim-
ited. This limit is likely posed by saturating levels of
either cell surface membrane available for spreading [10]
or Fc-receptors required for opsonin-dependent phago-
cytosis [45], or may be due to surface events accompany-
ing activation and ROS generation [21]. Interestingly,
on fibrinogen-coated ePTFE, PMN were also observed
to be spread considerably, but phagocytic capability was
still low. This may be attributed to the weak ability of
fibrinogen to directly activate PMN respiratory burst
[21]. Following fMLP stimulation, phagocytic uptake
decreased further, albeit insignificantly, which is consis-
tent with the repressed stimulation of fibrinogen by
fMLP.

Overall our observations on spreading and phagocyto-
sis behavior reveal substrate-specific parallels to previous
reports, where fMLP stimulation of migratory PMN
led to increased uptake of unopsonized bacteria but not
of Fc-receptor-mediated opsonized bacteria [46]. A
pictorial model unifying the plausible substrate and
stimulation-dependent pathways is shown in Fig. 6. On
substrates such as albumin and bare ePTFE, fMLP
stimulation causes preferential release of secondary gran-
ule contents [47] and incorporation of their associated
membranes into the plasma membrane [48], thus
enriching non-immunological receptors, such as fMLP
receptors, leading to increased polarity and membrane
spreading. On others (e.g. fibrinogen), fMLP interac-
tions with other substrate-related receptors suppress
polarity, and membrane incorporation is diminished.
On opsonizing substrates such as IgG, while fMLP
causes increased polarity, Fc-receptor mediated activa-
tion leads to abnormal spreading, and membrane or
receptor limitations may ensue. On complex substrates
like plasma, the most abundant components or stable
conformations may determine the overall response (not
shown).

In summary, ePTFE pretreatment that elicited in-
creased membrane spreading, within saturation levels,
and enhanced morphological polarity, presumably with-
out significant superoxide activation [21], resulted in
improved phagocytic uptake. This understanding pro-
vides insights into the basic nature of PMN spread-
ing activities and their possible role, distinct from
the effect of opsonin-dependent immunological path-
ways, in predisposing vascular biomaterials to bacterial
infections.
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Albumin/ePTFE

e :fMIP «» : Baderia
\/ : fMLP receplor X : Blocked Event
W : Profeins/ Adhesion Ligands ® : Membrane vesicle
LI-' : Adhesion receplorls) <\, : PMN Spreading on ePTFE

A_A PMN Contraction on ePTFE

Fig. 6. A symbolic representation of chemoattractant modulation of
PMN spreading behavior on ePTFE. The schematic shows key phe-
nomena that may be regulated on pretreated ePTFE, including
membrane incorporation into PMN plasma membrane, enrichment of
membrane nonimmunological receptors (e.g. fIMLP receptors) and im-
munological receptors (e.g. Fc receptors), PMN spreading or unspread-
ing, shape polarization, substrate receptor interactions with fMLP, and
phagocytic uptake of unopsonized particulates.
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