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Microbial Immune Suppression Mediated by Direct
Engagement of Inhibitory Fc Receptor’

Claudia Monari,* Thomas R. Kozel,” Francesca Paganelli,* Eva Pericolini,* Stefano Perito,*
Francesco Bistoni,* Arturo Casadevall," and Anna Vecchiarelli**

A microbial polysaccharide (glucuronoxylomannan (GXM)) exerts potent immunosuppression by direct engagement to immu-
noinhibitory receptor FcyRIIB. Activation of FcyRIIB by GXM leads to the recruitment and phosphorylation of SHIP that
prevents IkBa activation. The FcyRIIB blockade inhibits GXM-induced IL-10 production and induces TNF-« secretion. GXM
quenches LPS-induced TNF-a« release via FcyRIIB. The addition of mAb to GXM reverses GXM-induced immunosuppression by
shifting recognition from FcyRIIB to FcyRIIA. These findings indicate a novel mechanism by which microbial products can
impair immune function through direct stimulation of an inhibitory receptor. Furthermore, our observations provide a new

mechanism for the ability of specific Ab to reverse the immune inhibitory effects of certain microbial products.

Immunology, 2006, 177: 6842—-6851.

lucuronoxylomannan (GXM)? is the major polysaccha-

ride component of the capsule of Cryptococcus neofor-

mans, an opportunistic encapsulated fungus that causes
disease in immunocompromised patients and occasionally in im-
munocompetent hosts. GXM has profound effects on both innate
and adaptive immune mechanisms. GXM can reduce MHC class I1
expression on APC (1, 2), inhibit activation and maturation of
dendritic cells (3), reduce T cell proliferation in the presence of
APC (4, 5), dampen Thl response (5, 6), induce apoptosis of T
cells in the presence of monocytes/macrophages via the Fas ligand/
Fas system (7), inhibit the production of proinflammatory cyto-
kines by monocytes (8), and induce IL-10 production by mono-
cytes (9, 10).

In previous studies, it has been demonstrated that GXM interacts
with neutrophils via the CD18 receptor (11) and with monocytes/
macrophages via several receptors that include CDI14, TLR2,
TLR4, CD18, and FcyRII (12, 13). Given that GXM is recognized
by natural effector cells, but does not interact with T cells, it is
likely that this microbial compound influences the T cell response
via signals provided exclusively by innate immune cells, which
bind and process the polysaccharide and respond through cell-to-
cell contact interactions or by releasing soluble factors.
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Macrophages express three classes of FcyRs: FcyRI, FcyRII,
and FcyRIII (14). Human cells express two functionally different
forms of FcyRII (FcyRIIA and FcyRIIB, products of two separate
genes). FcyRI, FcyRIIA, and FcyRIII are activating receptors as-
sociated with ITAM (15), whereas FcyRIIB is an inhibitory re-
ceptor that has an ITIM in its cytoplasmic tail (16). Many immu-
nosuppressive signals described for FcyRIIB such as inhibition of
phagocytosis of IgG-coated particles (17), calcium mobilization,
and cellular proliferation (18, 19) occur through recruitment of
SHIP as its effector molecule.

Evidence from several research groups has shown that passive
administration of IgG1 protective Abs to GXM can reverse the
immune suppressive effects exerted by GXM (20-22). There are
multiple mechanisms by which protective Abs to GXM can induce
changes in the immune response that can translate into improved
host responses. In particular, the interdependency between hu-
moral and cellular-mediated immunity and the mechanisms
through which Abs to GXM regulate cell-mediated immunity have
been demonstrated previously (20, 23, 24). Our studies have
shown that mouse mAbs to GXM can reverse the negative regu-
lation exerted by GXM 1) by inducing secretion of proinflamma-
tory cytokines, such as IL-1f3, IL-12, and TNF-q, 2) by reducing
production of IL-10 (10, 25, 26), 3) by promoting expression of
costimulatory molecules on monocytes/macrophages, such as
B7-1 (1) that are usually suppressed by presence of capsular ma-
terial (27), and 4) by increasing phagocytosis, enhancing killing
activity, and restoring IL-8 released from neutrophils of AIDS pa-
tients (28, 29).

In the present study we analyzed: 1) the FcyRs involved in
recognition of GXM or the GXM-mADb complex; 2) the role of
FcyRIIB in the inhibition of GXM-mediated NF-«B activation; 3)
the role of FcyRIIB in GXM-mediated inhibition of LPS-induced
TNF-« production; and 4) the involvement of FcyRIIB in GXM-
induced IL-10 production.

Materials and Methods

Reagents and media

RPMI 1640 with glutamine and FCS were obtained from Invitrogen Life
Technologies. Mouse mAbs to human FcyRI (IgG1), FcyRII (IgG1), and
FcyRII (IgGl) were purchased from Ancell. Mouse mAb to human
FcyRIIA (IgG1) was purchased from Lab Vision. Goat polyclonal Ab to
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human FcyRIIB (IgG) and rabbit polyclonal Ab to human actin (H-300)
were purchased from Santa Cruz Biotechnology. The concentrations of
Abs used in our study were: 5 pg/ml for FcyRI, 10 wg/ml for FcyRII, 10
wng/ml for FcyRIIA, 5 pg/ml for FcyRIIB, and 10 ug/ml for FcyRIIIL
Mouse isotype controls IgG1 (10 wg/ml), irrelevant goat polyclonal 1gG (5
ug/ml) and LPS (20 pg/ml), were purchased from Sigma-Aldrich. Fluo-
rescein-conjugated goat F(ab’), to mouse IgG (whole molecule) was pur-
chased from ICN, Biochemical Division. Mouse mAb to human TGF-f3
and mouse mAb to human IL-10 were purchased from R&D Systems.
Rabbit Ab specific for phospho-IkB-a (Ser*?) and prestained protein
marker broad range were purchased from Cell Signaling Technology. Rab-
bit anti-phospho-tyrosine and rabbit anti-SHIP polyclonal Abs were pur-
chased from Chemicon International. M-PER Mammalian protein extrac-
tion reagent and Restore Western blot stripping buffer were purchased from
Pierce. WesternBreeze Chemiluminescent Western Blot Immunodetection
Kit was purchased from Invitrogen Life Technologies. Actinomycin D
from Streptomyces species was obtained from Sigma-Aldrich.

All reagents, media, and GXM used in this study were negative for
endotoxin as detected by Limulus amebocyte lysate assay (Sigma-Aldrich),
which had a sensitivity of ~0.05-0.1 ng of Escherichia coli LPS/ml.

Preparation of monocytes, macrophages, and dendritic cells

Heparinized venous blood was obtained from healthy donors. The mono-
nuclear cells were separated by density gradient centrifugation on Ficoll-
Hypaque (13). Macrophages and dendritic cells were obtained as described
previously (3, 30).

MonoMac-1 cells

The human MonoMac-1 cell line (DSMZ ACC 252) was obtained from the
German National Resource Centre for Biological Material. This cell line
was used for two studies of the effects of GXM on IkBa activation.

Cryptococcal polysaccharide

GXM was isolated from the culture supernatant fluid of strain (CN 6) (31,
32). The concentration of GXM used in our study was 50 ug/ml.

Preparation of fluorescein-labeled mAb to GXM
(5(6)-carboxyfluorescein-N-hydroxysuccinimide ester
(FLUOS)/mAb)

mAb 18B7 is an IgG1k murine mAb that is specific for GXM (33, 34).
mADb specific to GXM and mAb IgG1k (isotype control) were labeled with
a labeling kit according to the manufacturer’s directions (Boehringer
Mannheim). The concentration of mAb to GXM used in our study was 10
mg/ml.

GXM or GXM-mAb complex uptake by monocytes and
macrophages

Uptake of GXM or GXM-mAb complex by monocytes and macrophages
were evaluated through two experimental approaches. The first approach
was used to determine total GXM and GXM-mAb complex uptake. Cells
(I X 10°ml) were incubated with GXM or with GXM-mAb complex,
collected, and stained with mAb to GXM or with FITC-conjugated goat
anti-mouse Ab (dilution 1/250), and 5000 events were analyzed by FAC-
Scan (BD Biosciences) as described elsewhere (35). The second approach
was designed to distinguish intracellular from extracellular localization.
Cells (1 X 10%ml) were incubated with GXM or GXM-mAb complex,
collected, fixed, washed twice in fluorescence buffer, and the surface bound
GXM or GXM-mAb complex were evaluated by incubation with appro-
priate Abs. The intracellular pool of GXM or GXM-mAb complex was
calculated by subtracting surface bound GXM or GXM-mAb complex
from total uptake. Specific fluorescence for GXM was assessed by com-
parison with results from an IgG1k isotype control, and specific fluores-
cence for GXM-mAb complex was evaluated by comparison with results
from GXM-IgGlk complex. Autofluorescence was assessed using un-
treated cells.

Inhibition of GXM or GXM-mAb complex uptake by mAbs to
FcyR

Monocytes (I X 10° were incubated with Abs to FcyRI, FcyRII,
FcyRIIA, FeyRIIB, or FeyRIII for 30 min at 4°C in RPMI 1640, washed,
and incubated with GXM or with GXM-FLUOS/mAb complex in 1 ml of
RPMI 1640 plus 10% FCS for 1 h at 37°C with 5% CO,. To determine the
GXM or GXM-FLUOS/mADb complex uptake, the cells were collected,
fixed, permeabilized, stained with FLUOS/mAb to GXM in the first case,
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and analyzed with FACScan (5000 events) as described previously (13).
Specific fluorescence for GXM and for GXM-FLUOS/mAb complex was
assessed as described above. Autofluorescence was assessed using un-
treated cells. In these experiments GXM-FLUOS/mAb complexes were
used to avoid the interference of secondary Ab with mouse Abs to FcyRI,
FcyRII, FcyRITIA, FcyRIIB, and FcyRIIL.

Protein extraction, quantification, immunoprecipitation, and
Western blotting for phospho-SHIP

Monocytes (9 X 10°) were incubated alone or with i) GXM, ii) GXM-mAb
complex, or iii) mAb to GXM alone in 3 ml of RPMI for 4 h at 37°C with
5% CO,. After culture, the cells were washed, and lysated as previously
described (13) in the presence of protease (Pierce) and phosphatase inhib-
itors (Sigma-Aldrich). Protein concentrations were determined with a BCA
Protein Assay Reagent kit (Pierce), and the same quantity of protein for
each sample was incubated overnight at 4°C with rabbit polyclonal specific
for SHIP (2.5 wg/ml). After incubation, a 15 ul volume of Protein A-
Sepharose suspension (Sigma-Aldrich) was added and samples were incu-
bated an additional 2 h at 4°C. The beads were then washed in 1 ml of
M-PER, resuspended in M-PER plus Laemmli buffer and boiled for 3 min.
The lysates (30 wg of each sample) were separated by sodium dodecyl-
sulfate-10% PAGE, transferred to a nitrocellulose membrane (Pierce) for
1 hat 100 V in a blotting system (Bio-Rad) for Western blot analysis, and
the membranes were incubated overnight with rabbit polyclonal Ab to
phospho-tyrosine (dilution 1/10,000) in blocking buffer. The membranes
were stained with a labeling kit according to the manufacturer’s directions
(WesternBreeze Chemiluminescent Western Blot Immunodetection kit; In-
vitrogen Life Technologies), and immunoreactive bands were visualized
with ChemiDoc molecular imager (Bio-Rad). To determine SHIP activa-
tion, the cells were treated with GXM for 4 h. This incubation time was
chosen on the basis of results obtained with time course experiments.

Western blotting for phospho-1kBa

MonoMac-1 (9 X 10°) were incubated alone or with 1) LPS, 2) GXM, 3)
GXM-mAb complex, or 4) mAb to GXM in 3 ml of RPMI 1640 for 4 h at
37°C with 5% CO,. After culture, the cells were treated as described else-
where (13). The membranes were incubated for 1 h at room temperature in
a blocking buffer probed with rabbit Ab specific for phospho-IkB-a (Ser’?)
overnight at 4°C in blocking buffer and stained as described in the pre-
ceding paragraph. To investigate the role of FcyRII, FcyRIIA, FcyRIIB in
phospho-IkBa activation, MonoMac-1 (6 X 10°) were incubated for 30
min at 4°C, alone, or in the presence of mAb to FcyRII, FcyRIIA, or
FcyRIIB, washed, incubated with GXM or GXM-mAb complex in 1 ml of
RPMI 1640 at 5% of FCS for 30 min at 37°C with 5% CO,, and analyzed
for phospho-IkBa as described in the preceding paragraph. Preliminary
experiments were performed to establish the optimal incubation time for
IkBa activation.

Immunoblot data quantification

The Chemiluminescent signal was quantitated using Quantity One quanti-
tation software (Bio-Rad). To quantitate the phospho-specific signal in the
activated samples, we subtracted background and plotted the values as fold
increase over unstimulated samples.

TNF-« and IL-10 determination

Monocytes (5 X 10ml) were incubated alone or in the presence of mAb
to FcyRII, FcyRIIA, or FcyRIIB. The cells were washed and incubated
either alone or with 1) GXM, 2) GXM-mAb complex, or 3) mAb to GXM
for 18 h (for TNF-a) or 48 h (for IL-10) in RPMI 1640 with 10% of FCS.

To determine the role of FcyRII in GXM-regulation of LPS-induced
TNF-«a production, the cells were incubated with Abs to FcyRII incubated
with LPS alone or with GXM, GXM-mAb complex, or mAb to GXM in
the presence or absence of LPS for 18 h.

To evaluate whether GXM-induced IL-10 production may be the result
of enhanced transcription, actinomycin D (1 pg/ml) was added to mono-
cytes 30 min before GXM challenge. Cell viability was >98% after treat-
ment with actinomycin D. Cell viability was measured with a colorimetric
MTT viability assay (Aldrich Chemical) (36).

In selected experiments to determine the connectivity between IL-10 or
TGF-B and TNF-«, we incubated monocytes with GXM in the presence or
absence of mAb to IL-10 (10 pg/ml) or mAb to TGF-B (10 ug/ml).

Cytokine levels in supernatant fluids were measured with an ELISA kit for
human TNF-a (ImmunoTools) or IL-10 (Bender MedSystems). The incuba-
tion time for cytokine secretion was chosen on the basis of our preliminary
experiments in which we observed that the optimal incubation time for TNF-«
secretion was within 18 h and for IL-10 production, within 48 h (9).
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Statistical analysis

Data are reported as the mean = SEM from replicate experiments and were
evaluated by ANOVA. Post hoc comparisons were done with Bonferroni’s
test. A value of p < 0.05 was considered significant.

Results
GXM uptake by monocytes and macrophages

We assessed the mean fluorescence intensity (MFI) and the per-
centage of cells positive for GXM after incubating monocytes or
macrophages with GXM alone for 5, 15, 30, and 60 min. The MFI
of monocytes and macrophages was relatively low after 5 or 15
min incubation with both types of cells. Similar low MFI values
were observed in monocytes after 30 or 60 min of incubation (Fig.
1A), whereas macrophages showed a noticeable increase of MFI at
these time points (Fig. 1C). Comparable percentages of GXM-
positive cells were observed for monocytes and macrophages (Fig.
1, B and D). Approximately 60% of cells contained GXM, con-
sistent with our previous results obtained with macrophages, where
a considerable percentage of macrophages were refractory to ac-
cumulation of GXM (13). These results extend this observation to
monocytes.

We then assessed the capacity of mAb to GXM to regulate
GXM uptake in these cells. Monocytes or macrophages were in-
cubated for various time intervals with preformed GXM-mAb
complexes. MFI values showed that the amount of GXM taken up
by monocytes and macrophages was appreciably higher in the
presence of mAb to GXM with respect to GXM alone, particularly
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in the case of monocytes (Fig. 1, A and C). Although the percent-
age of monocytes and macrophages that did not uptake GXM
(~40%) and GXM-mAb complex (~25%) did not change sub-
stantially over time, we observed that macrophages showed a sig-
nificantly higher rate of GXM accumulation with respect to mono-
cytes in terms of kinetics and quantity of engaged material.
Furthermore, the percentage of positive cells for these cell types
did not show a significant increase when mAb to GXM was used
(Fig. 1, B and D). In attempting to clarify what renders the cell
refractory to GXM or to the GXM-mADb complex, we analyzed the
expression of FcyRIIA and FcyRIIB in macrophages that did or
did not take up GXM or the GXM-mAb complex. The results
showed that both isoforms were completely absent in both GXM
and GXM-mAb complex negative cells (data not shown). More-
over, GXM and the GXM-mAb complex were almost totally in-
ternalized by both monocytes and macrophages (Fig. 2, A and C).
In agreement with results shown in Fig. 1, more of the GXM-mAb
complex was internalized than GXM alone (Fig. 2, B and D), and
macrophages showed increased ingestion relative to monocytes
(Fig. 2). However, the proportion of ingested GXM was similar in
both cases.

Role of FcyR in GXM and GXM-mAb complex uptake

GXM is recognized by cells through several cell surface receptors,
including TLR4, CD14 (12), CD18 (11), and FcyRII (13). GXM
complexed with IgG1 should be recognized by FcyRI, FcyRII, and
FcyRIIL. FcyRI and FcyRIII transmit activating signals (15). We
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FIGURE 1. GXM and GXM-mAb complex accumulation by monocytes and macrophages. The cells (10%ml) were incubated for different time intervals

at 37°C with GXM or with GXM-mAb complex. After incubation, the cells were washed, and GXM or GXM-mAb complex uptake was evaluated as
described in Materials and Methods. A and C show the MFI of GXM or GXM-mAb complex uptake by monocytes and macrophages; B and D show the
percentage of positive monocytes and macrophages for GXM or GXM-mAb complex. The MFI or percentage of cells treated with isotype control Ab or
irrelevant Ab was similar to that of untreated cells (MFI < 15). Bars represent the mean = SEM of five experiments. *, p < 0.05 (MFI of GXM-mAb
complex at 30 and 60 min vs 5 min of incubation with monocytes); #, p < 0.05 (MFI of GXM at 30 and 60 min vs 5 min of incubation with macrophages).
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FIGURE 2. Localization of GXM and GXM-mAb complex on monocytes and macrophages. The cells (10°/ml) were incubated for 1 h at 37°C with
GXM or with GXM-mAb complex. After incubation, the cells were stained to determine the total, intracellular, or surface pool of GXM (A and C) or
GXM-mAb complex (B and D) as described in Materials and Methods. Bars represent the mean = SEM of three experiments. #, p < 0.05 (MFI of
intracellular and total GXM vs MFI of superficial GXM). *, p < 0.05 (MFI of intracellular and total GXM-mAb complex vs MFI of superficial GXM-mAb
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control Ab or irrelevant Ab was similar to that of untreated cells (MFI < 15). Bars represent the mean = SEM of five experiments. #, p < 0.05 (MFI of
GXM-treated cells incubated with mAb to FcyRII or Ab to FcyRIIB vs GXM-treated cells). *, p < 0.05 (MFI of GXM-mAb-treated cells incubated with
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performed experiments blocking FcyRIl and the two isoforms
FcyRIIA and FcyRIIB on monocytes. Monocytes were used in-
stead of macrophages for two reasons: 1) we observed that the
expression of pattern recognition receptors for GXM is similar for
both types of cells, and 2) from our previous experiments we ob-
served that, despite greater ingestion of GXM, macrophages were
less efficient in responding to GXM than monocytes, at least in
terms of GXM-induced regulation of cytokine production (9). The
results showed that the FcyRII blockade significantly inhibited up-
take of GXM alone (Fig. 3A). This inhibition is due to the FcyRIIB
isoforms; blockade using anti-FcyRIIB produced an inhibition
comparable to blockade using anti-FcyRII, whereas blockade us-
ing anti-FcyRIIA produced only a slight effect that was not sig-
nificant. GXM accumulation was not blocked by Abs to FcyRI and
FcyRIIIL, which is consistent with our previous observations (13).

Since complexing GXM to an IgG1 mAb can counteract or by-
pass the immunosuppressive effects exerted by GXM alone (37),
we hypothesized that, in contrast to recognition of GXM by
FcyRII alone, the GXM-mADb complexes were recognized through
FcyRl, II, and III. We therefore investigated the effect of FcyR
blockade on accumulation of GXM-mAb complexes. Significant
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inhibition was observed after blocking Ab to FcyRI, FcyRII,
FcyRIIA, and Fcy RIII but not Fcy RIIB (Fig. 3B). We performed
similar experiments by using dendritic cells derived from mono-
cytes. The results obtained with dendritic cells were similar to
those observed with monocytes (data not shown). In addition, by
blocking all pattern recognition receptors involved in GXM uptake
(CD18, CD14, TLR4, TLR2, and FcyRII), we observed that GXM
uptake was inhibited by >85%. Moreover, when blocking all re-
ceptors, except for one (CD18 or CD14 and so forth) we noted that
FcyRII was the main receptor involved in GXM uptake. It resulted
in being responsible for 70% uptake, while TLR4 was responsible
for 40%.

GXM, but not GXM-mAb complex, induces SHIP
phosphorylation

The inhibitory effects triggered by FcyRIIB depend on specific
recruitment of SHIP to the receptor complex (16). As a conse-
quence, we assessed the possible involvement of SHIP phosphor-
ylation in GXM/FcyRIIB interaction. The results showed that ad-
dition of GXM to monocytes induced SHIP phosphorylation,
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FIGURE 4. GXM induces SHIP (A) but not IkBa (B) phosphorylation. A, Monocytes were incubated for 4 h alone (none) or with 1) GXM, 2)
GXM-mAb complex, or 3) mAb to GXM. SHIP protein was immunoprecipitated from untreated and treated cells and assayed for tyrosine phosphorylation
by immunoblotting with anti-phosphotyrosine Ab. The membrane was reprobed with anti-SHIP Ab to ensure equal loading in all lanes. SHIP phosphor-
ylation signals were quantitated and shown as fold increase of cells treated over untreated. Incubation with mAb to GXM did not induce tyrosine
phosphorylation. B, Monocytes were incubated for 4 h alone (none) or with LPS or GXM or GXM-mAb complex, or with mAb to GXM. Whole cell lysates
were analyzed by Western blotting with phospho-IkBa. The membrane was reprobed with anti-actin Ab to ensure equal loading in all lines. IkBa
phosphorylation signals were quantitated and shown as fold increase of cells treated over resting. Upper panels, Representative results from one of three
independent experiments; lower panels, mean = SEM of three independent experiments. A, Lower panel, *, p < 0.05 (GXM-treated cells vs untreated cells).
B, Lower panel, #, p < 0.05 (LPS-treated cells vs untreated cells); #, p < 0.05 (GXM-mADb complex-treated cells vs untreated cells).
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visible after 4 h of incubation. In contrast, there was no up-regu-
lation of SHIP expression by the GXM-mAb complex (Fig. 4A).

Effects of GXM and mAb-GXM complex on regulators of NF-«kB
activation

NF-«B activation is responsible for proliferation and inflammatory
response (38). A group of inhibitory proteins, belonging to the IkB
family, regulate NF-«B activation. IkB« is rapidly phosphorylated
under stimulation and operates the translocation of NF-«B into the
nucleus (39). Therefore, we assessed the phosphorylation of IkBa
in MonoMac-1 cells stimulated with GXM, GXM-mAb complex,
and with LPS as a positive control. GXM stimulation did not pro-
duce IkBa phosphorylation in MonoMac-1 cells, conversely the
GXM-mADb complex-activated IkBa (Fig. 4B).

Role of FcyRII in the inhibition of GXM-mediated 1kBa
activation

To investigate the role of FcyRII in regulation of IkBa activation
by GXM, MonoMac-1 cells were treated for 30 min at 4°C with
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Abs to FcyRII, FcyRIIA, or FcyRIIB. The cells were then stim-
ulated with GXM or GXM-mAD for 30 min at 37°C. The results
(Fig. 5) show that by blocking FcyRII, GXM treatment produced
IkBa activation. This effect was mainly mediated by FcyRIIB. In
contrast, FcyRIIA blockade did not produce any modulation,
which is consistent with a limited ability of Ab to FcyRIIA to
block GXM binding (Fig. 3). Conversely, the ability of GXM-mAb
complex to induce IkBa phosphorylation was not influenced by
FcyRII blockade (Fig. 5).

Effect of FcyRIIB blockade on IL-10 and TNF-a production

Given that IL-10 plays an important role in GXM-mediated im-
munosuppression, we considered whether the GXM/FcyRII inter-
action affected IL-10 secretion by GXM-loaded monocytes. The
monocytes were incubated for 30’ in the presence or absence of
mAb to FcyRII or mAb to FcyRIIA or Ab to FcyRIIB. The cells
were then washed and incubated either alone (none), or with GXM
or GXM-mAb complex or with mAb to GXM for 48 h. The results
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FIGURE 6. Effect of FcyRIIB blockade on IL-10 (A) and TNF-a (B) production. Monocytes were incubated in the presence or absence of mAb to
FcyRII or mAD to FcyRIIA or Ab to FcyRII B. The cells were then washed and incubated either alone (none), or with GXM or GXM-mAb complex or
with mAb to GXM. The determination was performed with supernatant fluids harvested from the cells using a specific assay as described in Materials and Methods.
The results reported are the means + SEM of three experiments. *, p < 0.05 (mAb to FcyRII plus GXM-treated vs GXM-treated cells); #, p < 0.05 (Ab to FcyRIIB
plus GXM-treated vs GXM-treated cells); T, p < 0.05 (Ab to FcyRIIA plus GXM-mAb complex-treated vs GXM-mAb complex-treated cells).

(Fig. 6A) show that mAb to FcyRII drastically inhibited GXM-
induced IL-10 production, and this inhibition was ascribed to the
FcyRIIB isoform. FcyRIIA blockade did not interfere with IL-10
production. In contrast, the GXM-mAb complex did not induce
production of IL-10, and the blockade of these receptors did not
influence IL-10 levels in any way.

To evaluate whether GXM-induced IL-10 production was the
result of enhanced transcription from preexisting pool, we added
actinomycin D, a compound that interferes with protein synthesis
through its effect on RNA transcription. To this end, actinomycin
D (1 pg/ml) was added to monocytes 30 min before GXM chal-
lenge, and the cells were then incubated for another 48 h. IL-10
production was not appreciable in culture supernatant fluid of ac-
tinomycin D-treated cells.

GXM alone is unable to induce TNF-a production, thus we
hypothesized that FcyRIIB could be implicated in inhibiting the
secretion of this cytokine. To this end, we stimulated monocytes
with GXM or GXM-mAb complexes in the presence or absence of
AD to FcyRIIL, FcyRIIA, or FcyRIIB. The results (Fig. 6B) show
that there was a significant increase in GXM-mediated TNF-« se-
cretion with FcyRIIB blockade. Conversely, there was a reduction
of GXM-mAb complex-induced TNF-«, with FcyRIIA blockade.

Table I.
Abs to FcyR“"<)

We have demonstrated in previous reports that GXM reduces
TNF-« secretion induced by LPS (8) and that the addition of a
GXM specific mAb enhances TNF-«a production in response to C.
neoformans (25). Therefore we investigated the role of FcyRIIA
and FcyRIIB in the regulation of LPS-mediated TNF-a produc-
tion. The cells were incubated alone or with Abs to FcyRII,
FcyRIIA or FcyRIIB for 30 min at 4°C, recovered and incubated
with GXM or GXM-mAb complex or mAb to GXM in the pres-
ence or absence of LPS for 18 h. The results (Table I) show that
the suppressive effect of GXM on LPS-induced TNF-a was re-
versed by blocking FcyRIIB. Conversely, stimulation with GXM-
mAb complexes produced an increase in LPS-induced TNF-« se-
cretion that was unaffected by blockade of FcyRII and relative
isoforms (Table I).

To evaluate a possible connection between IL-10 and TNF-«
production, IL-10 was blocked by addition of mAb to IL-10, and
TNF-« production in response to GXM stimulation was assessed.
The results (Table 1I) showed a significant enhancement of TNF-«
production in the presence of mAb to IL-10. Moreover, we ob-
served that after GXM addition, TGF-3 was significantly increased
(C. Monari, unpublished data) with respect to untreated cells and

Modulation of LPS-induced TNF-« production by GXM and GXM-mAb complex (treatment with

Stimuli None mAbD to FeyRII mAb to FcyRITA Ab to FcyRIIB
None 42+ 6 36 £4 39 £4 43 + 1
GXM 48+ 3 55=*3 38%5 66 * 2%
LPS 148 £ 12 196 = 10 153 £ 12 178 = 11
GXM + LPS 70 = 8 93 *+8 78 =9 100 = 5%
GXM-mAb complex 70 =2 61 =3 38 %1 72+ 4
GXM-mADb complex + LPS 170 = 14 190 = 12 172 = 13 180 = 16
mAb to GXM 40 =5 41 £5 372 372
mAb to GXM + LPS 165 = 13 200 = 18 170 = 10 195 = 21

“Results are reported as TNF-a production (pg/ml).

> Monocytes were incubated for 30 min at 4°C in the presence or absence of mAb to FcyRII or mAb to FcyRIIA or Ab to
FcyRIIB. Cells were washed and incubated alone (none) or with GXM or GXM-mAb complex in the presence or absence of
LPS. TNF-a was determined in supernatant fluids harvested after 18 h of incubation.

¢ TNF-a levels after stimulation with irrelevant Ab or mAb isotype control were similar to those of untreated monocytes

(none).

#, p < 0.05: Ab to FcyRIIB treated vs untreated cells (none).
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Table II.  Effect of mAb to IL-10 or mAb to TGF-3 on TNF-« secretion
by monocytes®

Stimuli mAD to IL-10 mAbD to TGF-B TNF-a (pg/ml)

35x2
382
36 +3
413
77 = 5%
58 £ 4%

None - -
+ —
- +
GXM - -
+ —
- +

“ Monocytes were incubated alone (none) or with GXM in the presence or absence
of mAb to IL-10 or mAb to TGF-B. TNF-a was determined in supernatant fluids
harvested after 18 h of incubation. TNF-« levels after stimulation with mAb isotype
control were similar to those of untreated monocytes (none).

%, p < 0.05: mAb to IL-10 or mAb to TGF-B vs GXM-treated cells.

that blockade of this cytokine, by using mAb to TGF-f, signifi-
cantly increased TNF-a production (Table II).

Discussion

GXM is an immunosuppressive compound that dampens the im-
mune response through a variety of mechanisms that include in-
hibition of inflammatory responses (26), T cell proliferation and
Th1 response (10). GXM is able to induce apoptosis of T cells (7).
Many of these effects are counteracted by the GXM-mAb com-
plex, which transmits positive signals that result in the generation
of effective immunity. Consequently, Ab therapy is being devel-
oped for the treatment of human cryptococcosis; the IgG1 mAb
used in this study has been evaluated in a phase I/II trial in patients
with AIDS-related cryptococcosis (40). The mechanism by which
GXM mediates immunosuppression has been the subject of many
studies because this polysaccharide is believed to hold the key to
C. neoformans virulence. Multiple immune receptors are involved
in recognizing GXM, including TLR4, CD14, CD18, and FcyRII
(13). In general, engagement of TLR4 by microbial compounds
triggers activation of NF-kB, which culminates in the induction of
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inflammatory and antimicrobial response (41). However, GXM in-
teraction with TLR4 is insufficient to activate the immune re-
sponse, presumably because GXM also induces parallel immuno-
suppressive effects. GXM-mediated immunosuppression may be a
consequence of the interaction of this polysaccharide with other
immune receptors. The feature that identifies a receptor as inhib-
itory is its ability to attenuate the activation signals transmitted by
other receptors. Notably, GXM and GXM-mAb complexes share
the ability to interact with FcyRIl, a type of receptor that can
transmit activating and inhibitory signals respectively, depending
on which isoform is engaged.

In the present study, we further characterized the interactions
between GXM, GXM-mAb complexes and monocytes and mac-
rophages. Our new findings demonstrated that 1) macrophages are
more receptive than monocytes to GXM, and to the GXM-mAb
complex; 2) GXM, and to a greater extent, the GXM-mAb com-
plex, is internalized with similar kinetics by monocytes and mac-
rophages; 3) FcyRII recognizes GXM as well as the GXM-mADb
complex; 4) the FcyRIIA isoform is involved in the engagement of
the GXM-mAb complex, whereas FcyRIIB is involved in the en-
gagement of GXM; 5) GXM treatment leads to recruitment and
phosphorylation of SHIP; 6) IkBa, which plays a well-known role
in the regulation of immune responses and inflammation, is acti-
vated by the GXM-mAb complex, but not by GXM alone; and 7)
FcyRIIB is involved in GXM-mediated IL-10 production and in
inhibition of LPS-induced TNF-« production.

Our studies, as well as others, demonstrated that the GXM-mAb
complex counteracts the suppression exerted by GXM (20, 37, 42).
This suggests an essential role for macrophages in acquiring and
storing GXM in various organs and is consistent with previous
observations of GXM accumulation inside tissue macrophages in
vivo (43, 44). The mechanism responsible for enhanced GXM ac-
cumulation inside macrophages as opposed to monocytes is un-
known. Possible explanations are that monocytes promptly expel
or degrade part of the GXM or that macrophages exhibit a greater
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FIGURE 7. Schematic representation of intracellular signaling triggered by GXM or GXM-mAb complex: two sides of the same coin. GXM induces
negative signals via inhibitory receptor, FcyRIIB, and SHIP recruitment. GXM-mAb complex induces activating signals via activating FcyRIIA.
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amount or activity of functional receptors involved in GXM or
GXM-mADb complex uptake. Furthermore, in the present study, we
provide evidence that a subpopulation of macrophages unable to
take up GXM or GXM-mAb complex is completely lacking in
FcyRIIA and FcyRIIB isoforms. Intriguing questions that remain
to be answered are why these cells do not express FcyRII, whether
they are also missing other pattern recognition receptors and what
their biological functions are.

In this study, we demonstrate that two isoforms, FcyRIIA and
FcyRIIB, are involved in recognition of immune complexes and of
GXM, respectively. FcyRIIA is regarded as an activator of mul-
tiple intracellular pathways (45); in contrast FcyRIIB has inhibi-
tory functions because of its ITIM, that activates the SHIP (46).
Indeed, engagement of FcyRIIB by GXM leads to recruitment on
macrophages of SHIP, a molecule considered a mediator of cel-
lular activation/inhibition. Moreover, inhibitory signaling ascribed
to the SHIP molecule has been well documented (16). However we
cannot exclude that GXM binding to FcyRIIB may involve core-
ceptors that also deliver inhibitory signals. When both activating
and inhibitory receptors are engaged by their ligands, the net out-
come is determined by the relative strength of these opposing sig-
nals. The results reported in this study strongly suggest that the
activating signals transmitted by GXM via TLR4 are completely
overcome by the suppressive effects exerted by immune inhibitory
receptor FcyRIIB via SHIP recruitment (Fig. 7). It is noteworthy
that FcyRIIA senses the GXM-mAb complex, providing an expla-
nation for the previously reported extraordinary activation of in-
nate and adaptive immune response documented for this Ab (37).
This is consistent with phosphorylation of IkBa; however, it is
plausible that other receptors such as FcyRIII and FcyRI are en-
gaged by the GXM-mAb complex and cooperate to trigger acti-
vation signals. Interestingly, the recruitment of SHIP appears to
down-regulate NF-kB gene transcription during GXM internaliza-
tion via FcyRIIB. In contrast, the engagement of the GXM-mAb
complex to FcyRIIA that precludes the activation of SHIP, induces
NF-kB activation (Fig. 7).

The GXM-mADb complex can bind to other activating FcyR be-
sides FcyRIIA, such as FcyRI and FcyRIII. Based on these results,
the engagement of different isoforms of FcyRII by microbial prod-
ucts complexed or uncomplexed with a specific Ab could lead to
potent opposite immunoregulatory effects that could be predicted,
avoided or amplified by manipulating these immune receptors. It is
noteworthy that the engagement of FcyRIIB leads to GXM-in-
duced IL-10 production and that the blockade of this receptor com-
pletely abrogated the release of this cytokine. Conversely, a sig-
nificantly increased amount of TNF-« is secreted in response to
GXM by blocking FcyRIIB, suggesting that the engagement of
GXM by other receptors such as TLR4 and CD18 when FcyRIIB
is unavailable, could trigger activation signals. This result implies
that the immunoinhibitory activity of GXM is essentially trans-
mitted via FcyRIIB. On the other hand, the function of the GXM-
mADb complex in reversing the suppression is due to its capacity to
shift the recognition from FcyRIIB to the other receptors. In the
present study, we demonstrate that when bypassing FcyRIIB en-
gagement, not only is the suppressive effect of GXM abrogated,
but most importantly, GXM could exert stimulatory activity such
as TNF-a induction. Thus, we provide evidence that the suppres-
sion is not due to an intrinsic immunosuppressive property of
GXM, considered the principal virulence factor of C. neoformans,
but rather to its capacity to engage potent immunoinhibitory re-
ceptors. This in turn, provides an explanation for the immunos-
timulating properties ascribed to the GXM-mAb complex, despite
the great amount of GXM accumulated inside the cells. Interest-
ingly, the GXM-mediated suppression of LPS-induced TNF-« pro-
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duction could be largely abrogated when bypassing FcyRIIB en-
gagement. Thus, the blockade of LPS-induced cellular activation
by GXM, is largely due to the ability of FcyRIIB engagement to
counterbalance the LPS activating signal. As a consequence, the
effector response may be influenced by regulating the ratio of ac-
tivating/inhibitory receptors and by controlling the levels of SHIP
activity. Conversely, the GXM-mAb complex induces an inflam-
matory response and amplifies the LPS effect largely through en-
gagement of FcyRIII and FcyRIIA.

In summary, our results explain the immunosuppressive effects
of GXM in the context of direct engagement of inhibitory recep-
tors. Given that FcyR signaling requires the aggregation of recep-
tor monomers on the cell surface, we posit that the large m.w. of
GXM, combined with a repeating polysaccharide motif, allows for
engagement of several receptors simultaneously. Furthermore, we
show that reversal of GXM-mediated immunosuppression by an
IgG1 GXM-binding mAb is a result of the shifting of the type of
receptor that is engaged. The ability of specific Ab to abolish the
immunosuppressive effects of GXM could represent a direct inter-
ference with the polysaccharide motifs that bind FcyRIIB or an
increased affinity by the mAb-GXM complex for other FcyR.
These findings highlight a mechanism by which specific Ab can
reverse the inhibitory effects mediated by a microbial molecule and
may serve as a precedent for Ab action in other systems. Finally,
our findings demonstrate a mechanism by which Ab to GXM con-
tributes to defense against C. neoformans and provides additional
support for the continued development of Ab therapies against this
disease.
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