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ABSTRACT

Recent advances in our understanding of the mechanisms that regulate acute and chronic inflammatory responses
have revealed a key role for reactive oxygen intermediates in modulating the activation of neutrophils. Opsonized
microbes and immune complexes initiate the oxidative burst by the engagement of receptors for immunoglobulin
G, termed Fcy receptors. The regulation of phagocytic cell function by oxidant-sensitive signaling pathways opti-
mizes host defense capabilities, but it also amplifies tissue damage. This review will focus on the cross-talk be-
tween Fcy receptors and reactive oxygen intermediates at sites of inflammation and its role in microbial immu-

nity. Antioxid. Redox Signal. 4, 85-95.

INTRODUCTION

IN MANY ACUTE AND CHRONIC INFLAMMATORY
DISORDERS, important components of patho-
logical processes are linked to the ability of
phagocytes, in particular polymorphonuclear
leukocytes (PMN), to produce reactive oxy-
gen intermediates (ROI). The oxidative burst
in PMN is initiated by the interaction of cell-
surface receptors with specific ligands found
on microbial targets or in the inflammatory
milieu that elicit intracellular signaling path-
ways leading to biological responses. Fcy re-
ceptors (FcyR) are receptors expressed on the
surface of neutrophils that recognize the con-
stant region of immunoglobulin G (IgG). En-
gagement of FcyR by opsonized microbes or
immune complexes stimulates phagocytosis
and generation of ROI. Although ROI have
the potential to kill invading microbes, they
also initiate a number of physiological re-

sponses, including cell activation, prolifera-
tion, and migration. A new mechanism to reg-
ulate microbicidal responses to optimize host
defense is the amplification of FcyR signaling
and function by ROI The same effectors acti-
vated during antimicrobial responses may
lead to inflammatory tissue damage in auto-
immune disorders. By modulating the effec-
tor potential of FcyR on PMN, ROI regulate a
broad program of cell functions relevant to
host defense against microbes, inflammation,
and autoimmunity.

ROI ENHANCE FcyR-MEDIATED
FUNCTION IN PMN

The NADPH oxidase is a membrane-asso-
ciated enzyme that generates a family of ROI
(33). The NADPH oxidase is inactive in un-
stimulated PMN. PMN triggered via FcyR
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rapidly activate the enzyme system resulting
in the generation of superoxide anion (O,").
Other ROI are generated by subsequent cat-
alyzed or spontaneous reactions. For exam-
ple, hydrogen peroxide (H,O,) forms from
the spontaneous dismutation of O,-, but su-
peroxide dismutase will accelerate this pro-
cess (52).

ROl include highly reactive, diffusible mol-
ecules. Whereas at high concentrations ROI
are toxic to cells, at lower concentrations ROI
can serve as intra- or extracellular second
messengers. Several lines of evidence support
a role for oxidants in the amplification of neu-
trophil FcyR phagocytic function. Phorbol
esters stimulate FcyR-mediated phagocytosis,
an effect that is blocked by superoxide dismu-
tase and catalase (23). Patients with chronic
granulomatous disease (CGD), characterized
by genetic defects in the NADPH oxidase
system that result in markedly diminished
generation of ROI, have served as clinical
paradigms that establish the importance of
oxidants in phagocyte function (52). PMN
from such patients show impaired phorbol
myristate acetate and cytokine-dependent
amplification of FcyR-mediated internaliza-
tion, emphasizing the possibility that in-
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creased FcyR responsiveness is mediated by
products of the respiratory burst (23).

CROSS-LINKING FcyRIIIb AMPLIFIES
FcyRITIA FUNCTION IN AN OXIDANT-
DEPENDENT MANNER

Human PMN constitutively express two
structurally distinct activating FcyR, FceyRIla
and FcyRIIIb (44) (Fig. 1). They can also be in-
duced to express FcyRI by interferon-y (IFN-
v) (15, 36). FcyRlIla, a transmembrane recep-
tor, is the predominant phagocytic receptor in
neutrophils. Allelic variants of human Fc-
yRIla profoundly influence phagocyte bio-
logic activity. A histidine to arginine sub-
stitution at amino acid position 131 in the
extracellular domain of FcyRIla changes the
ability to bind IgG2 and C reactive protein
(CRP), and thereby alters effector responses
to these ligands (7, 53, 58) (Fig. 1).

The second activating FcyR isoform, FcyR-
IIIb, is anchored to the plasma membrane via a
C-terminus-linked glycosylphosphatidylinosi-
tol (GPI) moiety. With 10-fold greater expres-
sion than FcyRlla, it may play a predominant
role in PMN binding of immune complexes.
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FIG.1. Schematic representation of the human FcyR family members expressed in PMN. FcyRI is a multichain re-
ceptor, induced by IFN-vy, which associates with immunoreceptor tyrosine activation motif (ITAM; black cylinders)-
bearing y-chain dimers to mediate positive signaling. FcyRlIla is a single-chain receptor containing two ITAMs in its
cytoplasmic tail. The two allelic variants of FcyRlIIa are a consequence of a histidine-to-arginine (H131 to R131) substi-
tution at position 131 in the extracellular domain. FcyRIIIb is a GPI-anchored receptor. The neutrophil antigen (NA) 1
and NA2 polymorphism of FcyRIIIb reflects four amino acid substitutions resulting in quantitative differences in ox-

idative burst and phagocytic function.
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Because both FcyR isoforms are likely to be
engaged by immune complexes, the questions
of whether and how the GPI-anchored recep-
tor may interact with FcyRIIa have been sub-
ject to debate. Although one view is that Fc-
YRIIIb serves merely to enhance immune
complex binding for presentation to FcyRlla,
clear evidence supports an active role for the
GPI-anchored isoform in signaling and PMN
activation. In the absence of FcyRlIla ligation,
FcyRIIIb cross-linking induces a rise in the in-
tracellular free Ca2* concentration ([Ca2*],)
and triggers degranulation and the respira-
tory burst (25). FcyRIIIb-triggered [Ca?*]. tran-
sients and O, production are also inhibited
by high concentrations of D-mannose or N-
acetyl-D-glucosamine, each part of the con-
served core structure of GPI anchors (50). It
has been suggested that the signaling capacity
of GPIl-anchored proteins may derive from
their ability to induce the formation of mi-
crodomains of defined composition within the
plasma membrane (6).

Although FcyRIIIb is much less efficient
than FcyRlla in initiating phagocytosis, it can
interact synergistically to amplify FcyRlIla-
specific function (12). Cross-linking of FcyRIIIb
increases the phagocytic activity of FcyRlla
that has been engaged independently and
leads to FcyRIla activation, in a similar man-
ner to that induced by phorbol esters (23). Ac-
tivation of FcyRIla by FcyRIIIb is transferable
by supernatants from activated cells and is
blocked by inhibitors of reactive oxygen
species and the H,O,—myeloperoxidase-chlo-
ride system. The increase in FcyRlla-specific
internalization induced by oxidants reflects
both an increase in ligand binding by FcyRIla
and an increase in internalization efficiency of
targets bound. Taken together, these studies
show that cross-linking of FcyRIIIb, which
leads to the generation of ROI, alters FcyRlIla
avidity and efficiency (46).

ENHANCEMENT OF FcyRIIA FUNCTION
IS SENSITIVE TO ALLELES OF FcyRIIIB

The capacity of FcyRIIIb to augment Fc-
vyRIla function varies according to differences
in the primary structure of FcyRIIIb. Two
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common allelic variants of FcyRIIIb have
been characterized, and they differentially
modulate PMN function (45). The allotypes,
known as neutrophil antigen 1 (NA1) and
NA2, differ by five nucleotides that result in
substitutions of four amino acids in the first
extracellular domain (34, 35) (Fig. 1). PMN
from NA1 homozygous donors have a more
robust FcyR-mediated phagocytic response
than cells from NA2 donors, despite equiva-
lent receptor density (3, 45). Because FcyRIIIb
mediates phagocytosis poorly (1, 12), we pre-
dicted that it would influence internalization
by modulating FcyRIIa function in an allele-
sensitive fashion. Indeed, donors homozy-
gous for the NA1 allele of FcyRIIIb showed
greater activation of FcyRlIla following FcyRI-
IIb cross-linking than donors homozygous
for the NA2 allele of FcyRIIIb (46). This al-
tered phagocytic capacity appears to be due,
at least in part, to the ability of the NA1 allele
to elicit a quantitatively larger oxidative burst
and degranulation response compared with
the NA2 allele. These oxidant-mediated
changes in FcyRIIa function provide another
mechanism for receptors to collaborate in
both an autocrine and paracrine fashion.
FcyR triggering also induces secretion of
the contents of granules/vesicles. The con-
tents of specific granules can be delivered to
the extracellular environment through secre-
tion or to the phagosome containing an in-
gested particle. Proteolysis by serine pro-
teases leads to enhanced ligand binding to
FcyRllIa, but the structural basis for this effect
in unknown (11). Nonetheless, to amplify the
effects of proteases on FcyRIla, PMN use the
H,O,-myeloperoxidase-chloride system to
generate chlorinated oxidants, such as HOCI.
Chlorinated oxidants activate protease zymo-
gens and inactivate protease inhibitors, and
therefore may represent a mechanism to en-
hance FcyRlIla function. Upon cross-linking
FcyRIIIb, PMN bearing NA1 alleles have more
potent generation of ROI and secretion of ser-
ine proteases, which may account for the
greater amplification of FcyRIla function by
NA1 than NA2 alleles (46). This modulation
of FcyR function by reactive oxidants and pro-
teases occurs very rapidly, over a time frame
of minutes, in contrast to cytokine-induced
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FIG. 2. Autocrine and paracrine effects of ROI generated by human PMN following FcyR triggering. At sites of
inflammation, FcyRIIa and FcyRIIIb on PMN are co-clustered by opsonized bacteria or immune complexes, leading to
the rapid activation of the NADPH oxidase system and generation of O,- and H,O,. Myeloperoxidase (MPO), an en-
zyme contained in neutrophil granules, amplifies the oxidative potential of H,O, by generating cytotoxic chlorinated
oxidants and other radical species. These highly diffusible molecules serve as intra- or extracellular second messen-
gers that alter the signal transduction and amplify the effector potential of FcyR on both the same and adjacent phago-

cytic cells. M@, macrophages.

changes in receptor expression that occur over
hours or days. Through coordinated degranu-
lation and generation of ROI, FcyR triggering
can act in an autocrine or paracrine manner to
rapidly activate other receptors (Fig. 2). FcyR
isoforms cooperate through this oxidant-de-
pendent mechanism to produce more efficient
effector cell function.

MODULATION OF FcyR SIGNAL
TRANSDUCTION: ROI ENHANCE
TYROSINE PHOSPHORYLATION OF
FcyRIIA AND SYK

PMN activation is initiated when FcyR are
clustered at the cell surface by multivalent
antigen—antibody complexes; monovalent lig-
and binding is insufficient to generate a sig-
nal. Stimulatory FcyR have no intrinsic en-
zymatic activity, but are associated with
membrane anchored Src family kinases. Tyro-
sine phosphorylation is essential for FcyR-
mediated responses. Endogenous generation
of ROI or exposure to exogeneous H,O, has
been shown to induce phosphorylation of

several intracellular proteins in human PMN
(4, 16). Extracellular or intracellular ROI eas-
ily penetrate the plasma membrane and func-
tion as second messengers modulating signal
transduction pathways. The deficiency in the
capacity to generate ROI, such as that found
in the PMN from patients with CGD, which
results in limited accumulation in phospho-
protein after stimulation, underscores the role
of ROl in signaling (18).

The importance of tyrosine phosphoryla-
tion in FcyR-mediated internalization, taken
together with observations that oxidants in-
fluence phosphotyrosine accumulation, led
us to examine systematically the influence of
endogenously generated and exogenously
added oxidants on the proximal events of
FcyRIla signaling. Upon receptor cross-link-
ing, FcyRIla immunoreceptor tyrosine-based
activation motif (ITAM) motifs are phospho-
rylated on tyrosines by Src family protein ki-
nases, and the phosphorylated ITAM func-
tions as a scaffold to recruit and organize
effector molecules (Fig. 3). In the presence of
H,O,, there is accelerated and increased phos-
phorylation of the ITAM of FcyRlIla following
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FIG. 3. ROI amplifies FcyR-mediated signaling path-
ways. FeyRlIla triggering in the presence of ROI results in
enhanced phosphorylation (P) of the tyrosines (Y) in the
ITAM motif of FcyRlIla, as well as increased phosphory-
lation and activation of the SH2-domain tyrosine kinase
Syk, which activates phosphatidylinositol 3-kinase (PI-
3K) and phospholipase Cy (PLCy). This amplifies a series
of downstream events that lead to greater influx of Ca2?*
from intra- and extracellular sources, increased activa-
tion of adapter proteins (Shc), and focal adhesion family
members (Pyk2) and ultimately to cytoskeletal changes
and transcriptional activation of cytokine genes. ROI in-
activate CD45 and the SH2 domain-containing phos-
phatase SHP-1 phosphatase activity and thereby prevent
the dephosphorylation and inactivation of many inter-
mediates of this signaling cascade. MAPK, mitogen-acti-
vated protein kinase.

receptor triggering in PMN (41, 62). Endoge-
nous generation of ROI initiated by FcyRIIIb
triggering induced an even greater enhance-
ment of FcyRIla phosphorylation in PMN,
which may be related to higher and more sus-
tained intracellular oxidant levels (41). This
enhanced phosphorylation of FcyRIla ITAM
may be a mechanism by which ROI enhance
FcyRIIa-mediated phagocytosis.
Phosphorylation of FcyRlIla leads to the re-
cruitment, phosphorylation, and activation of
Syk, which then phosphorylates downstream
signaling targets. Syk phosphorylation and
activity correlate with the magnitude of Fc-
vRITa-mediated effector function (32, 49). We
have shown that ROI increase the rate and
magnitude of FcyRIla-triggered phosphoryla-
tion of this critical kinase in PMN (41). Both
exogenous H,O, and endogenously gener-
ated oxidants amplify tyrosine phosphoryla-
tion of Syk. Inhibition of FcyRIIIb-stimulated
Syk hyperphosphorylation in PMN in the
presence of catalase emphasizes the role for
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oxidants as intracellular second messengers
with the potential to modulate effector func-
tion. ROI also contribute to lectin-induced
phosphorylation of Syk (43). Syk has been
shown to be required for FcyR-mediated
phagocytosis (9). Indeed, transfected cells ex-
pressing an FcyRIII-Syk chimera internalize
particles that cross-link FcyRIII, indicating
that Syk kinase is sufficient for initiating cy-
toskeletal coupling and phagocytosis (22),
and alterations in Syk expression modify effi-
ciency of phagocytosis (26, 32). These studies,
taken together with our evidence for ROI-in-
duced enhanced Syk phosphorylation, reveal
a mechanism by which oxidants mediate syn-
ergism of FcyRIla and FcyRIIIb in PMN.

ROI AMPLIFY AND ACCELERATE
FcyRITA-TRIGGERED TYROSINE
PHOSPHORYLATION OF Shc AND Pyk2

Tyrosine kinases phosphorylate many in-
tracellular substrates, including phospholipid
kinases, phospholipases, adapter molecules,
and cytoskeletal proteins (Fig. 3). Activation
of phosphatidylinositol 3-kinase and phos-
pholipase Cy leads to the production of phos-
phoinositol messengers and a sustained in-
crease in cytoplasmic Ca?+ (31). The activation
of phospholipase Cy by oxidative radical
stress elevates [Ca?*], levels by influx from ex-
tracellular and intracellular sources (Fig. 3).
Ca?+ signals are also directly initiated by H,O,
(48, 49). The transient rise in Ca2?* induced by
oxidants may cause preactivation of intracel-
lular signaling elements and allow for a more
sustained Ca?+ flux following specific FcyR
triggering, thereby contributing to the ampli-
fication of phagocytic function (13).

The adapter protein Shc is phosphorylated
upon triggering through FcyRlIla (51). Shc pro-
vides a link between the membrane-localized
receptor and downstream signaling pathways,
such as Ras/Raf/mitogen-activated protein
kinase, that lead to activation of transcription
factors and induction of gene expression, and
the family of focal adhesion kinases that are in-
volved in the modulation of the cytoskeleton.
We found that in the presence of exogenous
H,O, there is amplified and accelerated Shc


http://www.liebertonline.com/action/showImage?doi=10.1089/152308602753625889&iName=master.img-002.png&w=225&h=160

90

phosphorylation induced after FcyRlIla clus-
tering. When PMN were stimulated to gener-
ate ROI through FcyRIIIb, the FeyRIla-induced
phosphotyrosine acumulation on Shc is also
markedly increased (Fig. 4). This enhanced
phosphorylation has the potential to amplify
effector signaling or alter the threshold for ef-
fector function.

Cross-linking of FcyR leads to rapid and
transient phosphorylation of focal adhesion
kinase, a protein tyrosine kinase localized to
focal adhesions, and paxillin, a cytoskeleton-
associated substrate for tyrosine kinases. The
proline-rich tyrosine kinase (Pyk2), another
member of the focal adhesion kinase family,

Control + H,0, +3G8

0 15 30 60

0 15 30 60 15
EOEETE .
3200

2800

2400 4
2000 4
1600
1200
800
400

-

time(sec) g 15 30 60 15 30 60
Hz02

Shc Phosphoprotein/protein ratio
(Densitometric Units)

o

Control Eﬂ

FIG. 4. Exogenous and endogenously generated oxi-
dants accelerate and amplify FcyRIIa-stimulated phos-
phorylation of the adapter protein Shc in PMN. Freshly
isolated PMN (2 X 107/lane) were pretreated with
medium (lanes 1-4), H,O, (500 uM) (lanes 5-8), or F(ab'),
fragments of anti-FcyRIIIb monoclonal antibody (mAb;
clone 3G8) (5 pg/ml) (lane 9) for 10 min at room temper-
ature. Subsequently, cells were opsonized with Fab frag-
ments of FcyRIIa mAb (clone IV.3) (5 pg/ml) and stimu-
lated with goat anti-mouse F(ab’), (30 p.g/ml) for 15, 30,
or 60 s at 37°C. Cells were lysed and proteins were im-
munoprecipitated with anti-Shc antibody, run on 10% so-
dium dodecyl sulfate—polyacrylamide gels, and im-
munoblotted with anti-phosphotyrosine mAb clone
4G10 (top panel). Phosphoprotein-to-protein ratios were
determined by densitometric measurements and are ex-
pressed as arbitrary units (bottom panel).
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is also tyrosine-phosphorylated and activated
following FcyR triggering in human PMN.
Pyk2 provides the link between the cell-sur-
face signals and the cytoskeleton, which is the
essential framework for phagocytosis and cell
migration (21). It is likely that Pyk2 phospho-
rylation and activation modulate phagocytic
functions of cells, because Pyk2 constitutively
binds to and phosphorylates paxillin. We
have recent evidence that oxidants amplify
Pyk2 phosphorylation (J. Gokhale and L. Pri-
cop, unpublished results). PMN exposed to
exogenous H,O, or triggered through FcyR-
IIIb to generate endogenous ROI show an in-
crease in the rate and magnitude of Pyk2
phosphorylation (Fig. 5). This pathway pro-
vides another means by which oxidants can
increase phagocytic function. In addition, be-
cause Pyk2 co-localizes with vinculin and
paxillin in podosomes and is crucial for the
cytoskeletal reorganization required for cell
motility, it is likely to influence the efficiency
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FIG. 5. Enhanced phosphorylation of Pyk2 in PMN
treated with ROI. Freshly isolated PMN (2 X 107/lane)
were pretreated with medium or H,0O, (500 wM) for 10
min at room temperature. Subsequently, cells were
treated with Fab fragments of FcyRIIla mAb (clone IV.3)
(5 pg/ml) and stimulated with goat anti-mouse F(ab’),
(30 pg/ml) for 5, 15, 30, or 60 s at 37°C. Cells were lysed
and proteins were immunoprecipitated with rabbit poly-
clonal anti-Pyk2 antibody (obtained from Dr. Jerome
Groopman, Harvard Medical School), run on 10% so-
dium dodecyl sulfate—polyacrylamide gels, and im-
munoblotted with anti-phosphotyrosine mAb (clone
4G10) (top panel). Phosphoprotein-to-protein ratios were
determined by densitometric measurements. Overlaid
bars represent the intensity of Pyk2 phosphorylation
(phosphoprotein-to-protein ratio) in the absence (gray
bars) or in the presence of exogenous oxidants (black
bars).
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of recruitment of neutrophils to sites of in-
flammation.

POTENTIAL MECHANISMS OF ROI-
INDUCED AMPLIFICATION OF FcyRIIa-
SIGNAL TRANSDUCTION

The mechanism by which ROI increase
total phosphotyrosine is not clear. It has been
suggested that endogenous or exogenous oxi-
dants can promote tyrosine phosphorylation
by combined activation of kinases and inhibi-
tion of phosphatases (4, 16, 18, 63). The bal-
ance between protein tyrosine kinase and ty-
rosine phosphatase activity determines the
magnitude and kinetics of phosphorylation
of signaling elements, and thereby regulates
effector cell activation. Tyrosine phospha-
tases may be inactivated by oxidants that tar-
get critical cysteine residues in their catalytic
domains (19, 54, 57). As a consequence, con-
stitutive autophosphorylation and stimula-
tion of kinases, which are no longer offset by
phosphatase activity, result in accumulation
of phosphotyrosine. Indeed, CD45, a known
inhibitor of FcyRIla signaling in PMN, is sus-
ceptible to inactivation by oxidants (17, 18).
The fact that CGD neutrophils have dimin-
ished inhibition of CD45 tyrosine phos-
phatase activity in response to activation of
NADPH oxidase and show impaired PMA-
induced amplification of FcyR function pro-
vides indirect support for this mechanism of
oxidant-induced modulation of FcyR signal-
ing (18, 23).

Neutrophil function is also regulated by in-
tracellular src homology domain 2 (SH2)-
containing protein tyrosine phosphatases 1
(SHP-1) and src homology inositol polyphos-
phate 5'-phosphatase (SHIP) (5, 24). Activa-
tion of SHP-1 in PMN has been shown to be
inhibited by treatment with H,O, (10). Given
that SHP-1 deficiency results in abnormalities
in neutrophil function, oxidative-induced in-
activation of SHP-1 may be an important
mechanism to regulate neutrophil activation
(28, 61).

Another negative regulator of phagocyte
activation is FcyRlIIb, an inhibitory FcyR iso-
form. We have recently shown that FcyRIIb is
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expressed in human monocytes and neu-
trophils and that it is an important negative
regulator of phagocyte activation (42). Fc-
YRIIb is a single-chain low-affinity receptor
with extracellular domains highly homolo-
gous to FcyRIla and cytoplasmic domains
containing an immunoreceptor tyrosine-
based inhibitory motif (ITIM). Like FcyRlIla,
the FcyRIIb intracellular tyrosine motif is
phosphorylated by protein tyrosine kinases
and is therefore subject to oxidant-induced
modulation. The ITIMs recruit SH2-contain-
ing phosphatases upon phosphorylation. Al-
though the protein tyrosine phosphatases
SHP-1 and SHP-2 bind to FcyRIIb-phospho-
rylated ITIM motifs, the inositol polyphos-
phate 5'-phosphatase SHIP has been shown
to be preferentially recruited to FcyRIIb and
appears to play the predominant role in
FcyRIIb-mediated inhibition. In contrast to
SHP-1, a direct role for oxidants in the regula-
tion of SHIP phosphatase activity has not
been reported. However, recent reports sug-
gest that conditions that favor hypo- or hy-
perphosphorylation of FcyRIIb might inter-
fere with phosphatase recruitment (30).
Although speculative, oxidant-mediated al-
teration of FcyRIIb phosphorylation has the
potential to influence the responsiveness of
neutrophils to immune complex-mediated in-
flammation.

ALLELIC VARIANTS OF FcyR:
IMPLICATIONS FOR HOST DEFENSE

Allelic variants identified in two of the
FcyR expressed on PMN, FcyRIla and FcyR-
IIIb, profoundly influence phagocyte biologic
activity. Single amino acid substitutions with-
in the extracellular domains of stimulatory
FcyR alter the ability of the receptor to bind
IgG and have been associated with risk for
and phenotype of autoimmune and infectious
disease (Fig. 1).

The alleles of FcyRIla, H131 and R131, dif-
fer substantially in their ability to bind
human IgG2 (7, 58). H131 is the high-binding
allele, R131 is low binding, whereas heterozy-
gotes have intermediate function. Because
IgG2 is a poor activator of the classical com-
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plement pathway, FcyRIla-H131 is essential
for handling IgG2 immune complexes. The
two common allelic variants of FcyRIIIb, NA1
and NA2, are associated with distinct neu-
trophil phenotypes. PMN from NA1 homozy-
gous donors have more robust FcyR-medi-
ated phagocytosis than those from NA2
donors, which is not due to a difference in
FcyR binding, but likely to be related to the
larger oxidative burst and degranulation me-
diated by NA1 alleles, resulting in increased
FcyRIIa function (3, 45, 46).

FcyRIIa has substantial clinical importance
for host defense against infection with encap-
sulated bacteria known to elicit IgG2 re-
sponses, such as Neisseria meningitidis, Hemo-
philus influenzae, and Streptococcus pneumoniae
(2,40, 47). There is an increased frequency of
homozygosity of FcyRIla-R131 among other-
wise healthy children who suffer from recur-
rent respiratory tract infections or fulminant
meningococcal sepsis. FcyRIIa-R131 has also
been shown to be a risk factor for invasive
pneumococcal infection in patients with sys-
temic lupus erythematosus (60). Like IgG2,
CRP binds to several encapsulated bacteria.
Evidence for a reciprocal relationship be-
tween the binding affinities of IgG2 and CRP
for FcyRIla suggests a mechanism for partial
protection from invasive infection in individ-
uals homozygous for FcyRIIa-R131 (53).

Functional differences between the NAI1
and NA2 alleles also appear to have clinical
significance. Homozygous NA1 individuals
are more resistant to bacterial infection, espe-
cially when FcyRIla cannot be effectively en-
gaged, as suggested by the finding of in-
creased Neisseria meningitidis infection among
hosts with complement component 6 or 8 de-
ficiency who are homozygous for FcyRIIIb-
NA2 and FcyRIIa-R131 (39). Alternatively, in-
creased ROI generated by the NA1-FcyRIIIb
allele may enhance function of PMN bearing
FcyRIIa-R131 and lead to more efficient de-
fense against encapsulated microbes. In We-
gener’s granulomatosis, a systemic vasculitis
characterized by anti-neutrophil cytoplasmic
antibodies (ANCA) that activate PMN and
lead to inflammation and damage of blood
vessels, both FcyRIla and FcyRIIIb are en-
gaged by ANCA on neutrophils to trigger cell
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activation (27). It has been suggested that al-
leles with increased binding capacity predis-
pose to more severe tissue injury (14). The im-
portance of the interplay between ROI and
FcyR in host defense is underscored by the re-
cent report that the risk for immune-medi-
ated complications of CGD is associated with
FcyR allelic polymorphisms (20).

FcyR AND ROI: IMPLICATIONS FOR
HOST DEFENSE AND TISSUE INJURY

Our observations and those of others pro-
vide the basis for a better understanding of
the regulation of FcyR at sites of inflamma-
tion. Perhaps more importantly, the data pre-
sented in this review indicate a mechanism
for priming phagocytes for enhanced re-
sponses to receptor-driven effects. ROI gener-
ated in an inflammatory milieu act in an au-
tocrine and paracrine manner to rapidly
amplify the effector potential of FcyR on qui-
escent phagocytes by altering signal trans-
duction. Indeed, for FcyRlIla, exposure to oxi-
dants enables uptake of an IgG2-opsonized
particle by FcyRIIa-R131 homozygotes, albeit
to a lesser extent than that of other FcyRlIla
genotypes, and thus allows removal of IgG2-
opsonized microbes and immune complexes
despite relatively low binding capacity.
Hence, for antimicrobial defense, ROI-initi-
ated increases in phagocytosis are protective.

In contrast, at sites of immune complex de-
position, such as the kidney in systemic lupus
erythematosus, amplification of FcyRIIa-trig-
gered release of inflammatory mediators may
promote tissue injury. Of note, in the absence
of PMN influx, renal injury is attenuated in
murine models of autoimmune glomeru-
lonephritis (56). Alternatively, FcyR-driven
phagocyte-derived ROI may act as second
messengers to increase platelet aggregation,
vascular smooth muscle cell proliferation,
and mesangial cell proliferation (29, 38, 55,
59), all characteristic findings in diffuse pro-
liferative glomerulonephritis. Our experi-
ments showing that oxidants from activated
PMN augment “bystander” monocyte Fc-
vyRIla function underscore the importance of
this paracrine mechanism (41). These find-
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ings, along with evidence that FcyR-deficient
mice are protected from autoimmune glomer-
ulonephritis (8, 37), highlight the importance
of the identifying the factors, which modulate
the efficiency of FcyR function. Definition of
the role of oxidants as amplifiers of FcyR sig-
naling provides a novel target for therapeutic
intervention in immune complex-mediated
tissue injury.
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ABBREVIATIONS

ANCA, anti-neutrophil cytoplasmic anti-
bodies; [Ca?+],, intracellular free Ca?* concen-
tration; CGD, chronic granulomatous disease;
CRP, C reactive protein; FcyR, receptors for Fc
portion of IgG; FcyRlI, type I high-affinity re-
ceptor for IgG; FcyRlla, type Ila low-affinity
receptor for IgG; FcyRIIIb, type IIIb receptor
for IgG; GPI, glycosylphosphatidylinositol;
H,O,, hydrogen peroxide; IFN-y, interferon-
v; IgG, immunoglobulin G; ITAM, immunore-
ceptor tyrosine-based activation motif; ITIM,
immunoreceptor tyrosine-based inhibitory
motif; mAb; monoclonal antibody; NA, neu-
trophil antigen; NADPH oxidase, nicoti-
namide adenine dinucleotide phosphate H;
O,-, superoxide anion; PMN, polymorphonu-
clear neutrophils; ROI, reactive oxygen inter-
mediates; SH2, src homology domain 2; SHIP,
src homology inositol polyphosphate 5’-
phosphatase; SHP-1, SH2 domain-containing
protein tyrosine phosphatase-1.
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