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Surface-related triggering of the neutrophil respiratory burst. Characterization of the
response induced by IgG adsorbed to hydrophilic and hydrophobic glass surfaces
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SUMMARY

Hydrophilic and hydrophobic glass surfaces precoated with human albumin, fibrinogen, or IgG were
investigated with respect to their ability to activate the neutrophil NADPH-oxidase. We found that IgG-
coated surfaces induced a substantial and prolonged neutrophil production of reactive oxygen species
(ROS). When a hydrophilic surface was used to support protein binding, a somewhat lower neutrophil
response (around 35%) was obtained, compared with the response induced by IgG on a hydrophobic
surface. The production of ROS was completely eliminated when cytochalasin B was added to the
measuring system, suggesting the involvement of the cell cytoskeleton in the activation process. The
relation between the intra- and extracellular generation of ROS was further assessed, and we found that
most of the ROS produced were released from the cells, in agreement with a model in which the
activating surfaces induce a ‘frustrated’ phagocytic response. Serum totally inhibited ‘frustrated’
phagocytosis provided that the IgG molecules were sticking to a hydrophilic surface.

Keywords neutrophils surface interaction protein adsorption NADPH-oxidase free radical
release

INTRODUCTION ingested prey. Accordingly, neutrophil production of reactive
Increased knowledge about the molecular determinants of imporg)r(gg?gkzzecllzie(zi?)s?yélln%ni? daf?ﬁgtoi'z %fcat:,;zs”?]/;n?:ftﬁi?
tance for the inflammatory reaction frequently triggered byp y P u y phagocy g neutrop

. . . . r[6]. As biomaterials are foreign to the host, it is not surprising that
implanted biomaterials may permit the development of bette thev can activate inflammatory cells. This may cause dearadation
materials with respect to their biocompatibility. Neutrophils not y vate | y S y cau 9 :

only form the front line of our defence against infections inducedOf the implanted material [7] and inflict damage on the surrounding

. : : tissue [8,9]. It has been postulated that neutrophils activated
by bacteria and other microorganisms [1], but they have keyt rouah an interaction with a prev that is t0o large to be enqulfed
functions also in the devastating inflammatory reactions associate(!i]. ug ! lon wi prey ! 9 gu

with rejection of transplanted grafts and foreign bodies [2]. TheWIII be “frustrated" and _the ROS formed will be secreted _from the
. . . S . .__cells. However, very little is known about the mechanisms that
neutrophils carry out their bactericidal activities by ingesting

(phagocytosing) and killing microorganisms, and the killing regulate the neutrophil production and release of ROS during this

arsenal is based on two different weapon systems: one being thtgpe of frustrated phe_lgocytoss. . .
Neutrophil recognition, and response to, biomaterials are not

destructive enzymes with hydrolytic activity present primarily in

the neutrophil azurophil granules [3], the other being the Systenﬁeietrmmlecri soleli/ kr?tl Lhetﬁun;acterof afntllqmpl?ntte.?] rlnati”t?]l [t10,11],n

responsible for the production of toxic oxygen metabolites, the utlo alarge extent by the nalure of the protein fayer that, as a

NADPH-oxidase [4]. The NADPH-oxidase, composed of a mem.unavoidable necessity, will cover the foreign surface soon after
: ' implantation [12,13]. Surface characteristics of the implanted

brane-bound b-type cytochrome and a number of translocatin% A . X
ype ¢y aterial may, however, be of importance for the ‘selection’ of

cytosolic components [5], can be assembled in the plasma mem- . .
y P [5] P roteins allowed to bind to the surface as well as for the way that

brane as well as in the membrane of the phagosome containing a7 . A
phag g tne adsorbed proteins are presented to the cells. The predominating

proteins that bind to biomaterials are albumin, IgG, and fibrinogen
Correspondence: Li Liu, The Phagocyte Research Laboratory, Deparf14]. Adsorbed albumin does not attract inflammatory cells and

ment of Medical Microbiology and Immunology, University of @borg,  tends to dampen inflammatory responses [15]. Adsorbed IgG on a
Guldhedsgatan 10, S-413 46 Bborg, Sweden. surface can activate complement [16—18], which in turn induces
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Surface-related triggering of the neutrophil respiratory burst 205

neutrophil activation [19,20]. Fibrinogen has been shown to be oMobilization of subcellular organelles
great importance in acute inflammatory responses to implantedwo different protocols were used for mobilization of neutrophil
polymers, as reflected by a large accumulation of phagocytes on aubcellular organelles [23]. In the first protocol, the secretory
implanted surface covered with this protein [21]. vesicles were fully mobilized using the chemoattractant fMLP as

The mechanisms by which biomaterials mediate their proin-stimulus. Cells (X 10°/ml) were incubated at 2& for 5 min, after
flammatory activities are only partly known, but from what is which fMLP (10~"m) was added and incubation was continued for
described above, it is obvious that phagocytic cells are directly oanother 10 min. The cells were then transferred to @€C3water
indirectly involved in the process. In order to increase further ourbath and allowed to incubate for 5min. This treatment results in
knowledge about the basis for the proinflammatory response&egranulation of secretory vesicles without activating the NADPH-
induced by biomaterials, we investigated the neutrophil respiratorpxidase [24]. In the second protocol, the calcium-ionophore
burst induced during cell interaction with protein-coated surfacesionomycin was used to mobilize both secretory vesicles and
We have earlier studied protein adsorption to well characterizeagpecific granules to the cell surface. After incubation of neutrophils
solid surfaces [16,17] using optical techniques such as ellipsomeat 37C for 5min, ionomycin (510 "m) was added and the
try, and silicon has then been used as a supporting surface. Basattubation was continued for 5min. The release of ROS during
on the fact that silicon (non-transparent) can not easily be used fagranule mobilization was very low [24,25]. Both cell populations
the determination of neutrophil respiratory burst activity, we chosewere finally washed twice in KRG, and resuspended to a concen-
to use glass surfaces that largely resemble the silicon surfaces usedtion of 1x 10”/ml in KRG. Cells were stored on ice until use.
in our earlier studies [17]. The experimental model used allowed us
to determine the influence on neutrophil NADPH-oxidase activity Determination of CR3 exposure on the cell surface with FACS
of albumin, fibrinogen, 1gG, and serum factors adsorbed to hydroanalysis
phobic glass and hydrophilic glass, respectively. The neutrophiNeutrophils were fixed in paraformaldehyde (4% w/v in PBS) on
response was further characterized with respect to the subcellulgce for 30 min. The conjugated MoAb (14) specific for CD11b
localization of the NADPH-oxidase activity. was added to a cell pellet=(100yl) of 10° cells. The amount of

cell-bound probe was determined by flow cytometry (FACScan;
Becton Dickinson, Mountain View, CA).
MATERIALS AND METHODS

Preparation of hydrophobic and hydrophilic glass surfaces

Chemical reaggnts and materials . . _. Glass tubes (4610 mm) were cleaned and made either hydro-
Dextran and Ficoll-Paque were obtained from Pharmacia Fine hilic or hydrophobic as previously described [17]. In brief, the
Chemicals (Uppsala, Sweden). Luminol, isoluminol, formyl- P yarop P y ) .

methionyl-leucyl-phenylalanine  (IMLP), and cytochalasin B glass tubes were immersed in a basic peroxide solution°at 80

. : . ) 5min (TL1: 2m NH4,OH and 15m H,05). After rinsing three ti
were obtained from Sigma Chemical Co. (St Louis, MO). Super- min (TL1: 2w NH,OH and 15m H,0;). After rinsing three times
. . . . with deionized water, the glass tubes were immersed in an acidic
oxide dismutase (SOD), catalase, and horseradish peroxidase

/ ) . peroxidase solution at 80 for 5min (TL2: 15m HCI and 15m
(HRP) were from Boehringer (Mannheim, Germany). lonomycin H,0,). This treatment made the glass hydrophilic. Some glass

\LIIV:; dp(%g:\;ize: sfirgwafgiﬁ:‘gzze:qé;?sgryl:’s g{ﬁ‘ga;hia%ﬁ;;:gbnesubes were further methylated by immersion in trichloroethane
' Wwith 10% dichlorodimethyl silane (DDS) at room temperature for
110.625-6) were from KEBO Lab (Stockholm, Sweden). Human . . .
albumin was bought from Behringwerke AG (Marburg-Lahn, 10 min. This treatment made the glass hydrophobic.
Germany), human fibrinogen purchased from Chromogenix ABOpsonization of yeast particles with IgG
. i . 0 .
(Molndal,'Sweden), and_ human |g&globulin, 165% solujtlon Yeast particles accharomyces cerevisiabaker's yeast) were
was obtamgd from Kabi AB (Stockholm, Sweden).l Con]ug"mdheat-killed. IgG opsonization was obtained by mixing® y@ast
MoAbs ag"?"”St complement receptor 3 (CR3; specific for CDllt?)particles with rabbit anti-yeast IgG. The mixture was incubated at
were obtained from Dakopatts (Glostrup, Denmark), and antl'37"C for 30 min, and the particles were then washed twice and
bodies against CD18 were a generous gift from Dr S. Wrightresuspended in’KRG
(Rockefeller University, NY). '
All substances were diluted in Krebs-Ringer phosphate buffe

supplemented with 10mglucose, 1 m Ca*, and 15 mm Mg>+

(.KRG’ pH 73). _Protelns used for glass coating were diluted to 4The hydrophilic and hydrophobic glass tubes were coated with
final concentration of 1 mg/ml in KRG. S .
) human albumin, fibrinogen, or IgG, respectively, at room tempera-
Human serum was collected from blood of five apparently .
healthy d . tandard techni d ¢ dture (22C) for 30 min. Some of the IgG-coated tubes were further
%%Dcy r:)tr;ors USIRQ s ;anmar necn?r'q?er? a? Si/era were S(;Jrz iﬁ%ubated in 5% human serum at room temperature for 30 min. A
—oUL untl use. serum concentration o o was use yvery sensitive chemiluminescence (CL) technique (well suited for
dilution in KRG. . ; L .
real-time studies) was used for the determination of respiratory
burst activity [26]. The glass tubes were filled with 1 ml of reaction
Isolation of neutrophils mixture containing KRG, neutrophils €10%ml), and luminol
Human neutrophils were isolated from buffy coats of apparently(5x10~>w), after which they were placed in disposable 4-ml
healthy blood donors. After dextran sedimentation af the polypropylene tubes and transferred into a six-channel Biolumat
remaining erythrocytes were lysed hypotonically. The cell suspentB 9505 (Berthold Co., Wildbad, Germany). The light emission
sion was then centrifuged on a Hypaque—Ficoll gradient [22]. Thewas recorded continuously at &7 for 30 min.
neutrophils were washed twice and resuspended in KRG. Cells To quantify the intracellular and extracellular generation of
were stored on ice until use. ROS, two different reaction mixtures were used. Intracellular ROS

r I S .
Chemiluminescence measurement of the neutrophil oxidase acti-
vation induced by surfaces
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production was measured in a system where a cell-permeable 20
luminol (5x107°m) was used in combination with SOD (a
membrane-impermeable scavenger ¢f, 80 U), and catalase (a
membrane-impermeable scavenger @OH 2000 U) [26]. Extra-
cellular ROS production was assessed by using a cell-impermeable
isoluminol (5% 10~°m) together with HRP (4 U) [26].

In some experiments, cytochalasin Bu@ml) was employed
in the measuring vials, and in yet other experiments fMLP (20
final concentration), or opsonized yeast particles 168°/ml) were
added to the cells.

The experiments were repeated at least three times, and the
curves shown are from representative experiments.

CL (Mct/min)
)
T

RESULTS

Activation of the neutrophil NADPH-oxidase during interaction
with protein-coated glass surfaces

Neutrophil NADPH-oxidase activity induced during interaction 0r
with glass surfaces was followed using a very sensitive CL 0 10 20 30
technique. Two surfaces, differing with respect to surface hydro-

phobicity, were used in the study. The physicochemical properties Time (min)
?f tklle sutrfzces aret s;m%arlléed I.n Tf‘f";".e L Neutrloggllls Weretf"‘d‘ljeﬂg. 1. Neutrophil activation induced by hydrophobic (————) and
0 giass tubes coated with albumin, fibrinogen or 1g%, respective yhydrophilic glass (-- - - -) coated with 1gG. The time courses of

and the light emitted during neutrophil interaction with the chemiluminescence (CL) were measured. Abscissa, time of study; ordinate,
surfaces was determined. Irrespectively of the physicochemicat| expressed in Mct/min. The curves are from a representative experiment.
characteristics of the surface, no neutrophil NADPH-oxidase

activity was evoked when either albumin- or fibrinogen-coated

glass surfaces were used (data not shown). In contrast, neutrophils
interacting with surfaces coated with 1gG were activated to 30~
produce ROS (Fig. 1). The time course of the neutrophil response

to an 1gG-coated hydrophobic surface reached a peak value after
around 25 min, but the cells were active for a much longer time.

The time course of the neutrophil response to an IgG-coated
hydrophilic surface was similar, but the activity was lower

(6:6 = 1-3 Mct/min, compared with 1:8 + 1-7 Mct/min, the corre- 20
sponding value on the IgG-coated hydrophobic surface; mean —
*s.d.,n=5).

Cytochalasin B

Effect of cytochalasin B on neutrophil NADPH-oxidase activation
induced during interaction with IgG-coated glass surfaces

Cytochalasin B exerts its effect through interfering with actin 10k
filament function. The drug inhibits actin polymerization (F-actin

Cytochalasin B

CL (Mct/min

Table 1. Surface characterizations of the glass surfaces

o, 1 T 1 I
Dominant 0 10 20 30
chemical Time (min)
Surface Water contact groups on
treatment angled Wettabilit surface
gled() y Fig. 2. The effect of cytochalasin B on neutrophil activation induced by
TLL 4 TL2* <10 Hydrophilic OH. O hydrophobl_c (——)and hydrophlllc glz_iss {---) coatgd with 1gG.
wetting Cytochalasin B was added at a tlmt_a po_|nt corresponding to the peak
TL1+TL2+ 10% DDSt 585 Hydrophobic ~ CH response. The time courses _of chemllumlnescenc_e (CL) were mea_sured.
non-wetting Abscissa, time of study; ordinate, CL expressed in Mct/min. The inset

shows the cytochalasin B effect on formyl-methionyl-leucyl-phenylalanine
(fMLP)-induced neutrophil respiratory burst where cytochalasin B was
*TL1 and TL2 are the surface treatments making a surface hydrophilic;added at the beginning of the experiment. In the inset, the solid line

see Materials and Methods for a detailed description. represents fMLP-induced CL response without cytochalasin B, and the
1 DDS, Dichlorodimethyl silane, which can make the surface hydro-dashed line represents fMLP-induced CL response with cytochalasin B.
phobic. The curves are from a representative experiment.
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Fig. 3.Localization of the neutrophil NADPH-oxidase activity induced during cellular interaction with hydrophobic glass and yeast particles,
which were coated with IgG. The intracellular chemiluminescence {€L: -) wasmeasured in the presence of superoxide dismutase (SOD)

and catalase, whereas extracellular CL (—————) was measured in the presence of isoluminol and horseradish peroxidase (HRP). The time
courses of CL were measured. Abscissa, time of study; ordinate, CL expressed in Mct/min. The curves are from a representative experiment.

formation), and the dynamic reorganization of the cell cyto- components, and it could be hypothesized that such a mobilization
skeleton is thus blocked. We found that the ongoing neutrophilcould affect the neutrophil response induced by a receptor binding
NADPH-oxidase activity induced during interaction with the IgG- ligand. Sequential mobilization of vesicles and granules may be
coated surfaces was rapidly inhibited when cytochalasin B wa®btainedin vitro by using different mobilization protocols. Three
introduced in the measuring system (Fig. 2). In contrast, cyto-cell populations differing with respect to vesicle/granule mobiliza-
chalasin B enlarged and prolonged the fMLP-induced burst intion as well as the degree of receptor mobilization, illustrated by
neutrophils (Fig. 2, inset) [27,28].

Subcellular localization of the ROS generated during neutrophil 700
interaction with 1gG-coated hydrophobic glass

The ROS produced by the neutrophil NADPH-oxidase can either
be secreted from the cells (involving mainly the plasma mem- 600 -

brane-bound part of the oxidase) or be retained in an intracellular [
compartment (involving mainly the granule membrane-bound part

of the oxidase). The CL technique can be modified to allow
determination of the released as well as the intracellularly pro-
duced ROS. Yeast particles opsonized with IgG which are phago-
cytosed by neutrophils induced an intracellular production of ROS
(Fig. 3), but when the same opsonin was presented to the cells on a
surface that could not be phagocytosed, all the ROS generated were
released to the environment (Fig. 3).

2]

o

o
T

N

o

o
T

300

200
Effect of granule mobilization on neutrophil production of ROS
induced during interaction with IgG-coated hydrophobic glass

Percent of CR3 surface expression

The membrane component of the NADPH-oxidase (the b cyto- 100~

chrome) is localized primarily in the specific granules (around

80%), the rest being in the plasma membrane and the secretory 0

vesicles [29,30]. Most of the receptors for the Fc part of IgG (the Control fMLP lonomycin

Feylll receptors) [31] and for complement opsonins (CR1 and 3)Fig. 4. Mobilization of granules measured as surface expression of CR3.

[32’3_3_] are stored in the same SUbC?HUIar Compartmgnt§ (th%inding of MoAbs against CR3 was determined with FACS analysis, and
_specn‘lc granules_ and the secretory vesicles). The mobilization o_[fhe results are expressed as meas.d.,n=4. Receptor expression was
intracellular vesicles and granules thus endows the neutrophiietermined in three cell populations: control cells, formyl-methionyl-

plasma membrane with more receptor molecules and oxidaseucyl-phenylalanine (fMLP)-treated cells, ionomycin-treated cells.
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Fig. 5. The extracellular chemiluminescence (CL) response of neutrophild™ig. 6. Neutrophil activation induced by hydrophobic and hydrophilic glass

induced during cellular interaction with hydrophobic glass coated with IgG.coated with IgG, or 1gG combined with serum. The time courses of
Three cell populations, control cells ( ), formyl-methionyl-leucyl- chemiluminescence (CL) were measured. Abscissa, time of study; ordinate,

phenylalanine (fMLP)-treated cells (- — - — - ), and ionomycin-treated cellsCL expressed in Mct/min. The curves are from a representative experiment.
(----- ) were allowed to interact with surfaces. The extracellular CL was — Hydrophobic glass-IgG; ----- » hydrophobic glass IgG +
measured in the presence of isoluminol and horseradish peroxidase (HRFErUM; — — — — — » hydrophilic glasslgG; — - - —, hydrophilic

The time courses of CL were measured. Abscissa, time of study; ordinatéjlasst 1gG+ serum.

CL expressed in Mct/min. The curves are from a representative experiment.

obtained if a second anti-IgG antibody was first introduced to build
up a sandwich of lgG—anti-lgG; not shown in figure).

the increased expression of CR3 (the neutrophil receptor for C3bi) DISCUSSION
on the cell surface as shown in Fig. 4, were used in the study:
control cells (not treated with any mobilizing agent), fMLP-treated In the present study we investigated neutrophil interaction with
cells, and ionomycin-treated cells. The three cell populations wersurface-adsorbed proteins, using two surfaces with different phy-
allowed to interact with IgG-coated surfaces. The surfaces inducedicochemical surface properties. We chose to use glass surfaces
a large, prolonged extracellular release of ROS, but from ahat largely resemble the silicon used in our earlier studies dealing
quantitative point of view there was no apparent effect of thewith protein adsorption to solid surfaces [17]. Both the silicon and
mobilization protocols (Fig. 5). the glass surfaces become highly hydrophilic due to the exposure
of OH group following TL1 and TL2 treatment, and they become
Effect of serum on the interaction between human neutrophils andensely packed with CHgroups after immersion in dichlorodi-
IgG-coated glass surfaces methyl silane (unpublished observations). Consequently, glass and
The protein film covering a biomaterial surface could be modifiedsilicon will have the same surface hydrophobicity.
through adsorption of a second protein layer (e.g. deposition of As determined by a direct interaction with the neutrophils, the
complement components), or replacement by a second protein thatisorbed protein, and not the supporting surface determines the
binds more strongly to the surface, and by that displaces the proteioutcome of the interaction. A surface covered with IgG activated
initially bound. In order to investigate if serum components couldneutrophils as reflected by a large production of ROS, whereas
modify the activity induced during neutrophil interaction with IgG- albumin- or fibrinogen-coated surfaces did not activate the neu-
coated surfaces, normal human serum was added to the surfac&ephil respiratory burst activity. The cellular response was higher
before the cells were allowed to interact with the surfaces. The Ig®n 1gG-coated hydrophobic glass than on IgG-coated hydrophilic
molecules adsorbed to the hydrophobic surface evoked a neutrglass. The molecular background to this is not known, but could
phil response also after serum treatment, and the response wasiof/olve the conformation and orientation of the adsorbed protein
the same magnitude (1910% inhibition; mean- s.d.,n=4) on (e.g. accessibility of the Fc parts of the molecules on the surface to
serum-treated and non-treated surfaces shown in Fig. 6. In contraghe corresponding neutrophil receptorsyRs), or simply the
the neutrophil response was not detectable on IgG-coated hydrdigand density on the surface, which is determined by the physi-
philic glass after serum incubation (Fig. 6). Serum exerted an effectochemical property of the supporting surface. Our results on the
on the neutrophil response induced by IgG on a hydrophilic surfaceffect of surface-adsorbed albumin are in agreement with earlier
only when the cell-activating IgG molecules were directly in observations [13—-15,34—36]. With respect to fibrinogen adsorp-
contact with the surface (that is, the inhibitory effect was nottion, it has been shown that this protein predominates on most
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surfaces [37]. Owing to the fact that fibrinogen has been suggestesurface after serum immersion due to the high tendency of protein
to be of great importance in the acute inflammatory responsegxchange interaction, and one of the dominating new proteins is
reflected by the accumulation of neutrophils on implanted fibrino-high molecular weight kininogen [43], a protein that according to
gen-coated surfaces [21,34,35], we expected some cellular activaur results lacks the ability to activate neutrophils.

tion during neutrophil interaction with such a surface. However, ~ We know from our previous work [17] that IgG molecules
fibrinogen coating on our glass surfaces failed to activate theadsorbed on a hydrophobic surface activate the complement
neutrophils to any detectable degree. We thus conclude that th&/stem in serum to deposit active complement fragments on the
proinflammatory character of fibrinogen is not related to a directsolid surfaces. Cells interacting with such a surface should be
effect on neutrophil respiratory burst activity, but may be related toactivated, and we also found this to be the case. At the present stage
a change in responsiveness to a second stimulation. This conclwe do not know, however, whether the signals generated in
sion gains support from the fact that the neutrophil NADPH- neutrophils by an interaction with IgG/serum on a hydrophobic
oxidase is activated by tumour necrosis factor (TNF) when thesurface involve also (or solely) the complement receptors. We
cells are sticking to a fibrinogen-coated surface [38]. It would be ofinvestigated if the response could be inhibited by an antibody
great interest to know if this adhesion-dependent change in thdirected against CD18 (one of the subunits of CR3), but to our
neutrophil responsiveness to TNF is related to the same smafiurprise we found that the antibody not only inhibited the response
region (amino acids 190—202) in the fibrinogen molecule, which isinduced by the hydrophobic glass coated with IgG combined with
suggested to be the molecular determinant of acute inflammatorgerum, but also inhibited the response induced by the hydrophobic
responses to biomaterials [39]. glass coated only with 1gG (unpublished observations).

It has been suggested that cytoskeletal elements are involved in In conclusion, we applied a simple experimental system in
the regulation of the NADPH-oxidase, a proposal based mainly owhich neutrophils were allowed to interact with model proteins
the effects of cytochalasin B. This drug has been shown to decreaselsorbed on solid surfaces on which the surface hydrophobicity
cellular adhesion but increase the release of ROS induced by botlias varied in a controlled manner. We found that IgG can activate
soluble [27,28] and particulate stimuli [40]. However, in contrastthe neutrophil NADPH-oxidase. The activation seems to be
to what has been described in other systems, the production of RO&pendent on a proper presentation of the ligands on the solid
was abolished when cytochalasin B was present during interactiosurfaces as well as an actin filament-dependent adhesion step, and
with an IgG-coated surface, indicating that the surface-inducedhe oxygen-free radicals generated are released from the cells.
neutrophil release of ROS is dependent on cellular adhesion
events. Opsonized yeast particles were readily ingested by neutro-
phils, and the ROS produced were retained by the cells. Surface- ACKNOWLEDGMENTS
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