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Microglial cell phagocytic receptors may play important roles in the pathogenesis and treatment of several
neurological diseases. We studied microglial Fc receptor (FcR) activation with respect to the specific FcyR
types involved and the downstream signaling events by using monoclonal antibody (MAb)-coated Cryptococcus
neoformans immune complexes as the stimuli and macrophage inflammatory protein 1o (MIP-1) production
as the final outcome. C. neoformans complexed with murine immunoglobulin G (IgG) of y1, y2a, and 3, but
not y2b isotype, was effective in inducing MIP-1ec in human microglia. Since murine y2b binds to human
FcyRII (but not FeyRI or FeyRIII), these results indicate that FeyRI and/or FeyRIII is involved in MIP-1a
production. Consistent with this, an antibody that blocks FcyRII (IV.3) failed to inhibit MIP-1a. production,
while an antibody that blocks FcyRIII (3G8) did. An anti-C. neoformans MAb, 18B7 (IgG1), but not its F(ab’),,
induced extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase kinase phosphorylation,
and MIP-1« release was suppressed by the ERK inhibitor U0126. C. neoformans plus 18B7 also induced
degradation of I-kBa,, and MIP-1a release was suppressed by the antioxidant NF-kB inhibitor pyrrolidine
dithiocarbamate. To confirm the role of FcR more directly, we isolated microglia from wild-type and various
FcR-deficient mice and then challenged them with C. neoformans plus 18B7. While FcyRII-deficient microglia
showed little difference from the wild-type microglia, both FcyRI «a-chain- and FeyRIII a-chain-deficient
microglia produced less MIP-1e, and the common Fc y-chain-deficient microglia showed no MIP-1« release.
Taken together, our results demonstrate a definitive role for FcyRI and FeyRIII in microglial chemokine
induction and implicate ERK and NF-kB as the signaling components leading to MIP-1a expression. Our
results delineate a new mechanism for microglial activation and may have implications for central nervous

system inflammatory diseases.

Microglia and macrophages express lineage-specific inflam-
matory mediators such as interleukin 1 (IL-1), IL-1 receptor
antagonist, macrophage inflammatory protein lae (MIP-1a),
and MIP-18 (22, 33, 35, 44, 46). MIP-1a is a member of a
family of small inducible and secreted cytokines, defined by
four conserved cysteine residues. Human MIP-la is ~75%
homologous to murine MIP-1a at the amino acid level, and a
higher degree of homology exists in the promoter sequences of
the two genes (19). A role of MIP-la as an inflammatory
mediator is suggested by its function as a chemoattractant. In
addition, other B-chemokines, MIP-13, monocyte chemoat-
tractant protein 1, and RANTES, are also potent chemotactic
agents for monocytes. An additional role for -chemokines has
been discovered for human immunodeficiency virus type 1
(HIV-1) diseases; i.e., MIP-1a, MIP-1B, and RANTES mod-
ulate HIV-1 infection of T cells and macrophages by compet-
ing for the viral receptor CCRS (2, 21). Therefore, the regu-
lation of B-chemokines is pivotal in the overall orchestration of
the inflammatory responses in the target organ.

Cryptococcus neoformans is a fungal pathogen that is re-
markable for its ability to cause central nervous system (CNS)
infections (5, 6, 8, 11). C. neoformans elicits a wide range of

* Corresponding author. Mailing address: Department of Pathology,
Albert Einstein College of Medicine, 1300 Morris Park Ave., Bronx,
NY 10461. Phone: (718) 430-2666. Fax: (718) 430-8867. E-mail:
slee@aecom.yu.edu.

5177

tissue responses (29) which can be attributed to both host
immune status and the characteristics of fungal cells. Microglia
play a central role in the host response in cryptococcal menin-
goencephalitis (29). Microglia phagocytose C. neoformans in
vivo and in vitro and modulate the fate of fungal cells. C.
neoformans and its soluble capsular polysaccharide glucuron-
oxylomannan (GXM) alter microglial cell growth and inflam-
matory gene expression (18, 31). Opsonins such as comple-
ment and specific antibodies are important because C.
neoformans interacts with microglia through these molecules.
However, little is known about the mechanisms by which an-
tibody- or complement-opsonized C. neoformans modulates
microglial immune responses.

We have previously shown that, in primary human microglial
cultures, C. neoformans induces multiple chemokine genes in-
cluding genes for MIP-1a, MIP-1B, monocyte chemoattractant
protein 1, and IL-8 in the presence of specific antibodies (18).
Robust expression of MIP-1a and MIP-13 proteins was de-
tected as early as 4 h after exposure to C. neoformans immune
complexes, which could be inhibited by herbimycin A. Further-
more, the effect of C. neoformans immune complexes could not
be mimicked by GXM immune complexes but was inhibited by
them, confirming the immunosuppressive effects of GXM (12,
18, 27, 39) and suggesting a complex interplay among the
fungal cells, soluble polysaccharide, and the opsonins.

Given that antibody therapy with the monoclonal antibody
(MAD) 18B7 is currently in clinical evaluation in patients with
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cryptococcal meningitis, there is an urgent need to understand
the interaction of C. neoformans with microglia in the presence
and absence of antibody. Our previous studies suggested the
involvement of Fc receptors (FcR) in the microglial chemokine
response, because (i) C. neoformans-induced chemokine pro-
duction required specific antibody and (ii) antibody aggregates
and immobilized immunoglobulin induced MIP-la and
MIP-1B in the absence of antigen. Involvement of FceRI and
FcaR in the induction of chemokines has been demonstrated
previously for mast cells and mesangial cells (14, 52). In mono-
cytes, coengagement of FcyRI or FcyRII with intercellular
adhesion molecule 3 has been shown previously to induce
chemokines (26). In this study, we investigated the role of
microglial FcR in the C. neoformans-elicited chemokine re-
sponse, with respect to the specific FcyR types involved and
the downstream signaling events. Microglia from various FcR-
knockout mice were also investigated to determine the role of
specific FcR components in the induction of MIP-la and
phagocytosis. The results suggest a novel pathway by which
immune complexes can activate microglia and indicate a mech-
anism by which passive antibody may influence the course of
cryptococcal disease.

MATERIALS AND METHODS

Human microglia. This study is part of an ongoing research protocol that has
been approved by the Albert Einstein College of Medicine Committee on Clin-
ical Investigations. Informed consent was obtained from participants. Fetal
brains were obtained from elective terminations of pregnancy from healthy
women with no risk factors for HIV-1 infection. Fetal microglia were cultivated
from second-trimester abortuses as described elsewhere (30, 32). Briefly, the
brain tissues were mechanically and enzymatically dissociated and passed
through nylon meshes of 130- and 230-pum pore size to generate a suspension of
mixed brain cell populations. Cells were seeded at 10% cells per T75-cm? tissue
culture plate in medium (Dulbecco modified Eagle medium [DMEM] with 4.5 g
of glucose/liter, 4 mM L-glutamine, and 25 mM HEPES buffer) supplemented
with 5% heat-inactivated fetal calf serum, penicillin (100 U/ml), streptomycin
(100 wg/ml), and amphotericin B (Fungizone; 0.25 pg/ml; Life Technologies,
Bethesda, Md.). After 2 weeks of culture, microglia were harvested by aspiration
of culture medium, pelleted, and seeded in 96-well culture plates at a density of
4 % 10* cells per well. Microglia medium was the same as mixed culture medium,
but without amphotericin B.

Mouse microglia. Murine microglial cells were cultured from neonatal mice of
C57BL/6 background. These included mice deficient in the FcyR common
y-chain gene (y KO), FcyRI a chain (RI KO), FcyRIII a chain (RIII KO), or
FcyRII (RII KO) and wild-type (WT) mice. RI was of 129/C57 background.
Briefly, brains from several pups belonging to the same litter were pooled and
triturated with a pipette in Ca®*- and Mg>"-free phosphate-buffered saline
(D-PBS). Tissue fragments were incubated in 0.5X trypsin (Gibco)-D-PBS at
37°C for 20 min and then further triturated by repeated pipetting. Cells were
filtered through 230-pum-pore-size nylon mesh and then washed with DMEM-
10% fetal calf serum twice. Dissociated cells were then suspended in complete
medium (DMEM supplemented with 10% fetal calf serum and 1% antibiotics
[Gibeo]) and plated at 10° cells/ml in a T75-cm? tissue culture flask. Cells were
cultured at 5% CO, in a humidified incubator at 37°C for 2 weeks with a weekly
change of medium. After 2 weeks of culture, microglial cells were detached from
the astrocyte monolayer by vigorous manual shaking. Floating microglial cells
were collected by pooling the medium and were suspended in fresh medium and
plated at 6 X 10° cells/ml in 96-well plates (0.1 ml per well). One hour later,
cultures were washed to remove nonadherent cells. The purity of microglial
cultures was determined by immunostaining for CD11b and CD16 (biotinylated
mouse MADs [Becton-Dickinson]; microglia), GSA lectin (peroxidase-conjugat-
ed Griffonia simplicifolia [Sigma]; microglia), glial fibrillary acidic protein (GFAP
[BioGenix]; astrocytes), and myelin basic protein (Boehringer Mannheim; oligo-
dendrocytes). Cultures were >99% pure microglia.

Organism. C. neoformans ATCC 24067, a serotype D strain, was used in this
study. Serotype D strains are responsible for most cases of cryptococcal menin-
goencephalitis in certain parts of the world, especially northern Europe. In New
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York City, serotype D strains make up 15% of clinical cryptococcal isolates (47).
This strain was selected for study because it has been extensively studied and was
used in our prior investigations. Cells were grown in Sabouraud dextrose broth
in a rotary shaker at 30°C until stationary phase. Cells were then washed three
times in sterile PBS and counted with a hemocytometer.

Antibodies. The 18B7 immunoglobulin G1 (IgG1) murine MAb that binds
GXM was purified with protein G-Sepharose for this study (7, 38). MAb 3E5 was
also used because a well-characterized isotype switch family, including the full
1gG subclass set (IgG1, IgG2a, 1gG2b, and IgG3), that was derived from this
hybridoma (53) was available. MAbs 18B7 and 3ES5 are both class IT antibodies
that have specificity for GXM, use the same variable regions, and were derived
from the same mouse (4). For the purpose of this study MAbs 18B7 and 3E5 (y1)
can be considered equivalent. The F(ab’), fragment of 18B7 was generated by
using a commercial kit (ImmunoPure; Pierce, Rockford, Ill.) in accordance with
the manufacturer’s instructions (C. P. Taborda and A. Casadevall, Abstr. 101st
Gen. Meet. Am. Soc. Microbiol., abstr. F-106, p. 376, 2001). The Limulus lysate
assay (Bio-Whittaker, Walkersville, Md.) revealed endotoxin levels of <0.1 EU
in the antibody preparations. Fab MAbs against human FcyRII (IV.3) and
FcyRIII (3G8) were purchased from Medarex (Annandale, N.J.) and added to
culture at 1 to 10 pwg/ml for 30 min at 4°C before exposure to MAb-opsonized C.
neoformans.

Inoculation of microglia with C. neoformans. C. neoformans was added to
microglial cultures at 4 X 10° to 6 X 10° cells per well to yield a C. neoformans-
to-microglia ratio of 10:1 in the presence or absence of MAb. Cultures were
washed extensively after 1.5 to 2 h of incubation at 37°C and then fed with fresh
medium. After 16 h, microglial culture supernatants were collected for determi-
nation of MIP-la and cells were fixed with methanol and then stained with
Giemsa stain for the phagocytosis assay, as described previously (18).

Chemokine ELISAs. The chemokine concentration (MIP-1a) in human mi-
croglial culture supernatants was determined by enzyme-linked immunosorbent
assay (ELISA) with kits from R&D (Minneapolis, Minn.). For some experi-
ments, ELISA was performed with capture and detection antibody pairs from
R&D. The sensitivity of detection was similar in the two ELISA systems. Mi-
croglial culture supernatants were diluted 1:5 to 1:10 before ELISA. For murine
microglia, a sandwich ELISA specific for mouse MIP-1la was purchased from
R&D and used as described for human chemokine determination.

Western blot analysis. Microglia at 0.5 X 10° cells per 60-mm petri dish were
incubated with C. neoformans plus MAb for the indicated time intervals, and
then cells were lysed in 8 M urea. Cell lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotting with antibodies
to extracellular signal-regulated kinase (ERK) or phospho-ERK (pERK), both
at 1:1,000 (Cell Signaling, Beverly, Mass.), or IkBa at 1:500 (New England
Biolabs). The secondary antibody was goat anti-rabbit-horseradish peroxidase
conjugate at 1:2,000. Signals were detected by the ECL system (Amersham).

Drug treatment of microglial culture. Specific inhibitors of ERK, U0126 and
PD98059, were purchased from Promega and Calbiochem, respectively. p38
mitogen-activated protein (MAP) kinase inhibitor, SB203580, was purchased
from Calbiochem. All inhibitors were dissolved in dimethyl sulfoxide. Pyrrolidine
dithiocarbamate (PDTC) was purchased from Sigma. Microglial cultures were
treated with drugs or vehicle only for 1 h before exposure to C. neoformans plus
MAD. Drugs were added back after the yeast cells were washed out. A sample of
culture supernatants was tested to toxicity by the lactate dehydrogenase efflux
assay, as described previously (13).

Statistics. Means of chemokine levels and phagocytic indices in different
groups were compared by analysis of variance. Relevant groups were then com-
pared by the Student ¢ test. P values of <0.05 were considered significant.

RESULTS

The role of Fc in MAb-opsonized C. neoformans-induced
MIP-1a« production. We have previously shown that C. neofor-
mans induces B-chemokines, MIP-1a and MIP-1B, in the pres-
ence of specific antibody (MAb 3ES5 or 18B7) (18). Mouse I1gG
(mIgG) binds to human Fcy receptors with different affinities.
mlgG1 can bind to the low-affinity receptors, human FcyRII
and FcyRIII, while mIgG2a binds to all three FcR (10, 17).
mlgG2b binds to human FcyRII only and not FcyRI or
FeyRIII (17, 23). Therefore, we asked whether the observed
chemokine release was mediated by certain isotypes and FcR,
first by exposing microglia to C. neoformans complexed to the
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FIG. 1. Effects of antibody isotypes and FcyR blocking antibody on
MIP-1a production. Human microglia were exposed to C. neoformans
plus MAb (3ES) bearing four different Fc fragments (y1, y2a, y2b, and
v3) for 4 h, and then MIP-1a production was determined by ELISA.
The results showed that MAbs bearing y1, y2a, and 3, but not y2b,
induced MIP-1a production in microglia. In parallel cultures, human
microglia were pretreated with Fab against human FcyRII (IV.3) or
FeyRIII (3G8) for 30 min at 4°C and then incubated with C. neofor-
mans plus MAb for an additional 16 h at 37°C. MIP-1a release was
detected by ELISA. IV.3 had no effect on MIP-1a release, while 3G8
significantly inhibited MIP-1a release (P < 0.05 versus culture without
blocking antibody). The experiments were repeated twice with similar
results.

3E5 MAbs representing the four different isotypes (1, y2a,
v2b, and y3) (53). Both phagocytosis and MIP-1a production
were determined. The results showed that exposure to MAbs
bearing y1, y2a, and v3, but not y2b, induced MIP-1« produc-
tion in microglia (Fig. 1). Phagocytosis was observed with all
antibody isotypes except y2b (data not shown). These results
demonstrate the following: (i) chemokine induction by C. neo-
formans immune complex is dependent on the antibody isotype
(Fe), (ii) the lack of effect of y2b antibody bearing the same
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Fab as the other isotypes also demonstrates that Fc-FcR inter-
actions and not Fab were responsible for MIP-1a production,
and (iii) the lack of effect of y2b also suggests that human
FcyRII is not involved.

To determine the latter point more directly, we employed a
well-characterized blocking antibody to human FeyRII (IV.3)
and tested its effect on chemokine induction. The result
showed that IV.3 did not inhibit MIP-1a production induced
by any isotype of 3E5 (Fig. 1) or 18B7 (IgG1) (data not shown).
In contrast, a blocking antibody to human FcyRIII (3GS) re-
duced MIP-1a release induced by all three isotypes, with its
effect on -yl and y3 being significant (Fig. 1). Blocking antibody
to human FcyRI is not available. Taken together, these results
indicate that FcyRIII (and FcyRI), but not FcyRII, is involved
in microglial activation.

The role of ERK MAP Kkinases in C. neoformans-plus-MAb-
induced MIP-1« expression in microglia. We next determined
whether MAP kinases play a role in the C. neoformans-induced
MIP-1a expression in microglia. Western blot analyses were
performed with microglial cell lysates prepared following chal-
lenge with C. neoformans, C. neoformans plus MAb 18B7, or C.
neoformans plus F(ab'),. Lipopolysaccharide (LPS) at 10 ng/ml
was used as a control. As shown in Fig. 2A through D, C.
neoformans plus MAb induced time-dependent phosphoryla-
tion of ERK1/2. By contrast, C. neoformans plus F(ab"), did
not induce ERK phosphorylation (Fig. 2B). Furthermore, cul-
tures treated with GXM plus MAb-opsonized C. neoformans
showed induction of ERK phosphorylation (Fig. 2C). How-
ever, the amounts of pERK were reduced in cultures treated
with GXM (Fig. 2C), consistent with its known inhibitory ef-
fects on chemokine expression in microglia (18). By contrast,
treatment with cytochalasin D did not reduce the amounts of
ERK phosphorylation but slightly delayed the kinetics (Fig.
2D). We have previously shown that cytochalasin D inhibited
phagocytosis but not MIP-1a induction induced by C. neofor-
mans plus MAb (18). Therefore, these results identify ERK
activation as the best correlate of MIP-1a induction in micro-
glia. We further examined microglia for pERK expression by
specific immunostaining. To confirm that ERK plays a role in
C. neoformans-plus-MAb-induced MIP-1a production, a spe-
cific pharmacological inhibitor, U0126, was tested. The results
showed an inhibition of MIP-1a production by the inhibitor
(Fig. 2E). Taken together, these results demonstrate a role for
ERK kinases in the induction of MIP-1a by MAb-opsonized C.
neoformans.

Role of NF-kB. The transcription factor NF-kB has also
been implicated in the induction of human MIP-1a gene ex-
pression (19, 51). Therefore, we determined whether NF-«B is
involved in C. neoformans-plus-MAb-induced MIP-1a expres-
sion in microglia. Western blot analyses were performed with
lysates from cells challenged with C. neoformans plus MAb, or
LPS, to determine the amounts of IkBa. Figure 3A demon-
strates time-dependent degradation of IkBa in microglial cul-
tures challenged with C. neoformans plus MAb. LPS also in-
duced IkBa degradation. Microglial cultures treated with C.
neoformans alone did not show degradation of IkBa (data not
shown).

IkBa degradation was also observed in cultures treated with
C. neoformans plus MAD and cytochalasin D. To determine if
NF-«kB plays a role in the induction of C. neoformans-plus-



5180 SONG ET AL.

LPS CN+mAb
A. d f 1
100 30 30

o 0 10 30 1h
~—..~ p-Erk1/2(p44/42)

S0 BB & <8 & e & ErkI2(pdA2)

B Smin 10min 30min 1h
- — — 1 —
0 F(ab’ mAb F(ab’): mAb F(ab’k: mAb F(ab')z mAb

am . g L p-Erk1/2(p44/42)
-rk1/2 /42
- i m‘ . - Erk1/2 (p44/42)

CN+mAb
1
() 100 300 5 10 30

w o D8 o 8 8 ki)
U5 A5 5 o &8 & B 12 (pia2)

CN+mAb+GXM
| ———

D. CN+mAb CN+mAb+Cyto D

o 5 100 30 1h 3 10 30 1h
...- - ‘ p-Erk1/2 (p44142)
BRI W e M 2 D)

MIP-10. (ng/ml)

]
CN+18B7 - + - - - + + +
uo126 - - 5 10 20 5 10 20

FIG. 2. The role of ERK MAP kinases in C. neoformans-plus-
MAb-induced MIP-1a expression in microglia. (A to D) Microglial
cells were incubated with C. neoformans plus MADb (18B7) or F(ab’),
at 10 wg/ml, and then Western blot analyses were performed with
microglial cell lysates as described in Materials and Methods. (A) C.
neoformans plus MAb induced phosphorylation of ERK1/2 at approx-
imately 10 to 30 min. Control microglia stimulated with 10 ng of
LPS/ml also showed phosphorylation of ERK1/2. Microglia exposed to
C. neoformans alone did not show pERK (data not shown). (B) In
contrast to microglia stimulated with C. neoformans plus MAD (18B7),
C. neoformans plus F(ab'), did not induce ERK phosphorylation.
(C) Treatment with soluble polysaccharide GXM (20 pg/ml) resulted
in reduction of C. neoformans-plus-MAb-induced ERK phosphoryla-
tion at 30 min. (D) In contrast, treatment with cytochalasin D (2 uM)
did not inhibit ERK phosphorylation but caused a slight delay in
kinetics. The blots were reprobed for total ERK to demonstrate pro-
tein loading. (E) The ERK inhibitor, U0126, reduces MIP-1a produc-
tion. Microglia were pretreated with U0126 for 1 h at indicated con-
centrations and then incubated with C. neoformans plus MAb (18B7).
MIP-1a levels were determined by ELISA after 16 h. A dose-depen-
dent inhibition of MIP-1a production was observed with U0126. *, P <
0.05 versus C. neoformans plus 18B7. The experiments were repeated
three to seven times with similar results.
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FIG. 3. Role of NF-«kB. (A) Human microglia were exposed to C.
neoformans plus MAb (18B7 or 3ES) in the absence or presence of
cytochalasin D at 2 uM (upper panel) or LPS at 10 ng/ml (lower panel)
for the indicated time periods. Cell lysates were then subjected to
Western blot analysis for IkBa expression. A time-dependent degra-
dation of IkBa was observed in microglial cultures exposed to C.
neoformans plus MAb. In cytochalasin D-treated microglia, a delay in
kinetics of IkB degradation is observed. In another experiment, C.
neoformans plus MADb produced IkB degradation at later time points
(30 min to 1.5 h), showing a range of case variation. LPS showed more
potent IkBa degradation that was sustained up to 1.5 h poststimula-
tion. Treatment with C. neoformans alone did not alter IkBa levels
(data not shown). (B) Microglia were pretreated with PDTC for 1 h at
30 and 100 M concentrations and then incubated with C. neoformans
plus MADb (18B7) as described in Materials and Methods. MIP-1a
levels were determined by ELISA after 16 h. Inhibition of MIP-1a
production by PDTC was observed for cultures treated with C. neo-
formans plus MADb. *, P < 0.05 versus experiment with no PDTC. The
experiments were repeated three to five times with similar results.

CN+18B7

18B7-mediated chemokine production, we tested the antioxi-
dant NF-«kB inhibitor PDTC. PDTC inhibited MIP-1« produc-
tion up to 60% at a 100 wM concentration. Higher
concentrations could not be tested because they produced cell
toxicity (Fig. 3B). These results demonstrate that NF-kB is
activated in microglia by C. neoformans plus MADb and is in-
volved in the production of MIP-1a.

Expression of MIP-la in microglia from FcyR-deficient
mice. To directly investigate the role of microglial FcR in
MIP-1a production, we tested microglia from FcR-deficient
mice. Mice used were WT mice (C57BL/6), FcyRI a-chain-
deficient mice (RI KO), FcyRIII a-chain-deficient mice (RIII
KO), FeyRII-deficient mice (RII KO), and common +y-chain-
deficient mice (y KO). The absence of specific gene expression
was confirmed by PCR analysis of tail DNA (data not shown).
Murine microglia were isolated from the neonates as previ
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ously described (28) (also see Materials and Methods). Micro-
glial cells in the enriched cultures were either ameboid or
ramified in shape and expressed myeloid lineage markers such
as CD11b, CD16, and GSA lectin, but not GFAP (Fig. 4A).
Microglia from these mice were challenged with medium (con-
trol), C. neoformans, 18B7 (IgG1l), or a combination of C.
neoformans and 18B7, and then MIP-1a production was de-
termined by ELISA, as described for human microglia. Results
from these experiments showed that a combination of C. neo-
formans and MAb induced MIP-1a production in WT micro-
glia, similar to human microglia (Fig. 4B). C. neoformans plus
MAD also induced MIP-1a in RII KO microglia in amounts
not significantly different from those in WT microglia (P >
0.05). C. neoformans plus MAb induced MIP-1« in both RI KO
and RIII KO microglia (P < 0.05 versus medium or C. neo-
formans). However, MIP-1a production in RIII KO and not RI
KO microglia was significantly less than that in WT or RII KO
microglia (P < 0.05). In y KO microglia, which are deficient in
the common signaling vy chain for FcyRI and FeyRIIIL, induc-
tion of MIP-1a was not observed (Fig. 4B). Phagocytosis was
determined by Giemsa staining, and the results showed a de-
crease in phagocytosis in RI KO and RIII KO microglia (Fig.
4C). In vy KO microglia, C. neoformans was attached to the
surface, but no phagocytosis occurred (Fig. 4C). Taken to-
gether, these experiments demonstrate that FcyRI and
FeyRIIT (and their signaling vy chain) are involved in antibody-
mediated MIP-1a expression as well as phagocytosis (also see
the Discussion).

DISCUSSION

The results of our study demonstrate that FcR-dependent
pathways are involved in MIP-1a expression by MAb-opso-
nized C. neoformans immune complexes. Complexes with
mouse MAb of IgG2b isotype had no stimulatory effect on
human microglia, while other isotypes did. These results indi-
cate that microglial chemokine induction (as well as phagocy-
tosis) was dependent on Fc and FcR but that FcRII was not
involved.

The three types of Fcy receptors bind mIgG of different
isotypes with different affinities (10, 17, 43). Human FcyRI
binds mIgG2a and mIgG3 with high affinity, but it does not
bind mIgG2b. In contrast, murine FcyRII and FcyRIII bind
mlgG1, mIgG2a, and mIgG2b with approximately the same
affinity. Consistent with this hierarchy, IgG2b failed to induce
phagocytosis or MIP-1a production in human microglia, while
all four IgGs (IgG1, IgG2a, IgG2b, and I1gG3) induced phago-
cytosis in murine microglia (data not shown). Murine and
human FcR also differ significantly with respect to the subunit
composition and function. For instance, human FcyRII con-
sists of at least two different isoforms, Ila and IIb, bearing
immunoreceptor tyrosine-based activation motif (ITAM) and
immunoreceptor tyrosine-based inhibitory motif, respectively.
In contrast, murine FcyRII consists of only IIb, bearing the
immunoreceptor tyrosine-based inhibitory motif, consistent
with the notion that murine FcylIl does not transmit the acti-
vation signal. Accordingly, our results showed that, in murine
FeyRII-deficient microglia, C. neoformans immune complexes
induced phagocytosis and MIP-1a production as in WT micro-
glia. Furthermore, in human microglia, MAb IV.3, which is
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directed against the Fc-binding domain of FcyRIIa, did not
inhibit phagocytosis or MIP-1a production, indicating that the
ITAM-bearing FcyRII did not participate in human microglial
activation. These data point to the role of FcyRI and FeyRIII
in microglial MIP-1a induction.

Our results with FcR-deficient microglia provide direct evi-
dence that FcyRI and FcyRIII mediated phagocytic and MIP-
la-inducing signals in microglia. FcyRI and FcyRIII are com-
posed of different Fc-binding a-chains and share a common
signaling y-chain with the ITAM motif. In y-chain-deficient
microglia, neither phagocytosis nor MIP-1a production was
observed. In contrast, in FcyRI- or FeyRIII a-chain-deficient
microglia, phagocytosis and MIP-1a production were dimin-
ished but not completely inhibited.

Our results are somewhat unexpected, given that we used
18B7 (IgG1) as an opsonin and that mIgG1 is not known to
bind to FcR of either human or murine origin with high affinity
(10, 17, 43). For instance, previously we showed that immobi-
lized IgG2a was more efficient than IgG1 in activating human
microglia (18), and yet, when administered as a C. neoformans
immune complex, [gG1 (3ES) was more efficient than IgG2a in
activating microglia (Fig. 1). Furthermore, unlike the reports
in which phagocytosis of IgG1 immune complex was abolished
in RIIT KO and unchanged in RI KO cells (15), we see partial
inhibition of MIP-1a release in both RIII KO and RI KO
microglia, although only inhibition in RIII KO cells was sig-
nificant. Furthermore, significant MIP-1a release was observed
in RIII KO microglia in response to C. neoformans plus 18B7,
which is attributable to RI. These results suggest that, in ad-
dition to classical Fc-FcR interactions, other antibody-medi-
ated activation pathways are probably elicited by C. neofor-
mans plus 18B7.

FcR signal through ITAM motifs that connect the ligand-
binding module with intracellular effectors of signal transduc-
tion pathways (10, 17, 24). Tyrosine kinases of the src and syk
family play crucial roles in signaling through the immunore-
ceptors (48). In addition, MAP kinases are activated following
FcR engagement (9). Our results strongly point to the role of
ERK MAP kinase in MIP-1a expression in microglia induced
by C. neoformans and MAb. Robust ERK phosphorylation and
immunoreactivity for pPERK were observed following exposure
to C. neoformans plus MAb, and specific ERK inhibitors sup-
pressed MIP-1a production from microglia. Furthermore, the
conditions that led to inhibition of MIP-1a expression, such as
exposure to soluble GXM (18), also led to inhibition of ERK
phosphorylation, while those that did not inhibit MIP-1a pro-
duction (such as cytochalasin D) (18) did not. Since tyrosine
kinases are involved in both ITAM and MAP kinase signaling,
our previous results demonstrating an inhibitory effect of her-
bimycin A (18) are also consistent with their role in microglial
activation.

The transcription factor NF-kB is normally held inactive in
the cytosol by association with IkB. Upon receiving the acti-
vating signals, IkB is phosphorylated and ubiquitinated and
then degraded in the proteosome (34, 36). The freed NF-«B
then translocates to the nucleus, where it binds to the promoter
region of the genes that bear specific binding sites. Degrada-
tion of IkB signals for the new synthesis of IkB via increased
transcription. Therefore, the demonstration of transient deg-
radation of total IkB is a marker for activation of NF-kB.
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FIG. 4. Expression of MIP-la in microglia from FcyR-deficient
mice. Murine microglia were isolated from the neonates of WT (wt),
FcyRI a-chain-deficient (RI KO), FcyRIII a-chain-deficient (RIII
KO), FeyRII-deficient (RII KO), and the common +y-chain-deficient
(y KO) mice as described in the text. (A) Murine microglial cells in
enriched cultures were examined for the expression of CD11b, CD16,
GSA lectin, and GFAP by immunohistocytochemistry as described in
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Subsequent to incubation with MAb-opsonized C. neoformans,
microglial cells showed time-dependent IkB degradation,
which returned to normal levels by 4 h. In addition, the anti-
oxidant inhibitor of NF-kB, PDTC, inhibited MIP-1a produc-
tion. These results demonstrate that NF-kB activation occurs
in microglia following stimulation with MAb-opsonized C. neo-
formans and that it is involved in immune-complex-induced
chemokine production. Indeed, activation of NF-kB and ERK
kinases has been demonstrated for THP-1 monocytic cell lines
following exposure to immune complexes (45), and MAP ki-
nase-MAP kinase kinase kinase have been shown elsewhere to
activate the IkB kinase complex, which is responsible for phos-
phorylation of IkBa (25). Our results, however, do not support
such a scenario, because the ERK inhibitors failed to suppress
NF-«kB activation in primary microglial cells by a number of
stimuli including immune complexes (data not shown). ERK
kinases most likely affected MIP-1a expression by inducing
AP-1 transcription factors and targeting AP-1-sensitive sites in
the promoter or by interacting with cellular activation path-
ways other than NF-kB.

The proximal promoters of the MIP-1a and MIP-1B genes
exhibit consensus sequences for NF-kB, C/EBP, and ATF/
CBP, which confer cell-specific and inducible expression of
these chemokines (19, 41). Consistent with this, our data show
that MIP-1a production by opsonized C. neoformans in micro-
glia was dependent on NF-kB. Interestingly, cytochalasin D,
a stimulus that effectively suppressed phagocytosis but not
MIP-1a expression (18), did not inhibit NF-kB activation, an
observation also made for THP-1 cells (16). The prototype
activators of NF-kB, such as bacterial endotoxin, IL-1, or tu-
mor necrosis factor alpha, are good inducers of the MIP-1a
gene (22, 35a), and in addition, we also found that an antiviral
cytokine, beta interferon (IFN-B), mediates B-chemokine gene
induction in microglia via NF-kB (26a). Together, these results
support NF-kB as a signaling component activated by the im-
mune complex and support the idea that activation of this
transcription factor is a global requirement for the chemokine
gene expression in microglia.

In summary, we partially delineated the novel pathway
through which immune complexes activate microglial cells. We
further demonstrated some of the signaling components down-
stream of FcR activation in microglia. The results of this study
have wide implications for CNS disorders in which microglial

Materials and Methods. Mouse microglia express CD11b (CR3),
CD16 (FcyRIID), and GSA lectin. Cultures were highly pure as dem-
onstrated by lack of astrocytes (GFAP"). (B) Murine microglia were
exposed to medium only (media), C. neoformans, MAb (18B7), or C.
neoformans plus 18B7, as described for human microglia experiments.
ELISA specific for murine MIP-1a was used to determine chemokine
levels. Each data point represents three to six wells (mean =* standard
deviation). All except y KO mouse microglia showed induction of
MIP-1a after exposure to C. neoformans plus 18B7. RIII KO microglia
produced significantly less MIP-1a than did WT microglia. *, P < 0.05
versus WT. (C) Giemsa staining of the WT microglia showed that C.
neoformans phagocytosis occurred in the presence of specific antibody
18B7. A decrease in phagocytosis of 18B7-opsonized C. neoformans
was observed in RI KO and RIII KO microglia but not in RII KO
microglia. In y KO microglia, C. neoformans cells were attached to the
surface, but no phagocytosis occurred. The results are representative
of five independent experiments with similar results.
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FcR signaling may play a role in pathogenesis or in therapy.
These include infectious, inflammatory, and degenerative dis-
eases such as C. neoformans meningoencephalitis, multiple
sclerosis, and Alzheimer’s disease (1, 3, 5, 37). FcRI and
FcRIII are expressed in human microglia in vivo in both
healthy and diseased brains (40, 49), and their expression in
macrophages is regulated by proinflammatory cytokines such
as IFN-y (50). Therefore, the macrophage-activating effects of
FcR signaling could be further amplified in inflammatory brain
diseases. In patients with AIDS dementia, the number of cir-
culating CD16 (FcyRIII)-positive monocytes is significantly
elevated (42). Although a direct link between FcR and HIV
infection has not been established, these data suggest that this
subset of monocytes could carry HIV-1 to the brain. Activation
of FcR by MAb 2H1-coated C. neoformans has been shown
previously to induce HIV expression in monocytic cells, sug-
gesting a mechanism by which immune complexes can promote
viral infection (20). Our demonstration of microglial cell FcR
signaling through NF-kB and ERK MAP kinase also suggests
that a number of other macrophage genes are likely to be
activated following FcR cross-linking as well. These include
cytokines, chemokines, adhesion molecules, and growth fac-
tors, the expression of which will profoundly alter the neural
environment and the course of the diseases. Our study also
suggests that 18B7, which is in clinical trials, can promote not
only phagocytosis and fungistasis but also CNS chemokine
production, to help overcome the apparent lack of inflamma-
tion associated with the unfavorable clinical outcome (29, 30).
The exact nature of the FcR-mediated responses in vivo re-
mains to be determined.
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