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In a previous paper we demonstrated that human polymorphonuclear cells (PMN) in the presence of normal
human serum (NHS) secrete proinflammatory cytokines in response to Cryptococcus neoformans or its major
capsular component, glucuronoxylomannan (GXM). The hypothesis that activation of the complement system
could be responsible for the observed phenomenon is supported by the fact that encapsulated and acapsular
C. neoformans isolates are activators of the complement system and, in particular, large encapsulated isolates
are powerful activators. In the present study we demonstrate that (i) interleukin-8 (IL-8) release in response
to acapsular or encapsulated strains of C. neoformans is significantly reduced in the presence of heat-
inactivated serum rather than NHS and is completely abrogated in the absence of human serum; (ii) GXM-
induced IL-8 release is strictly dependent on the presence of NHS, is inhibited by specific antibodies to either
C3a and C5 complement components, and is completely abrogated by the combined use of these antibodies;
(iii) the addition of purified C3a and C5a directly stimulates IL-8 release by PMN; and (iv) monoclonal
antibody to GXM in combination with GXM or encapsulated C. neoformans potentiates IL-8 release by PMN.
These data shed light on the mechanism involved in GXM-induced IL-8 secretion by PMN, provide an
additional potential role for complement in the control of C. neoformans infections, and suggest a complex

interplay between the complement system, humoral immunity, and cytokine regulation.

Cryptococcus neoformans is an opportunistic encapsulated
yeast-like microorganism which causes cryptococcosis in 5 to
10% of adults (13) and 1% of children (23) with AIDS. Infec-
tion is believed to occur via inhalation of thinly encapsulated
C. neoformans strains with subsequent synthesis of a large
capsule in vivo. The capsule represents a major virulence fac-
tor that has a variety of effects on the host immune system (18,
19, 28, 32, 38). C. neoformans has a polysaccharide capsule
which is antiphagocytic and interferes with antigen presenta-
tion and lymphocyte proliferation by reducing internalization
of yeast cells by phagocytic cells (36). In addition, capsular
polysaccharide is shed into tissue where it can have direct
deleterious effects on host immune cells (7, 37). The argument
for the latter effect is supported by recent observations that an
adhesion molecule of the integrin family on polymorphonu-
clear cells (PMN) is a possible molecular target for glucuron-
oxylomannan (GXM), the major component of C. neoformans
capsular material (8).

PMN are professional phagocytic cells which have been
shown to be potent anticryptococcal effector cells in vitro (6,
28, 29, 35). Cooperation between PMN and humoral defense
mechanisms is demonstrated by the fact that killing of C. neo-
formans by neutrophils is most efficient when complement-
derived opsonins (3, 6) or capsule-binding antibodies (28) are
present. PMN are part of the inflammatory response to C.
neoformans infection and are sometimes found in close asso-
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ciation with yeast cells (12, 25, 39). Evidence for the impor-
tance of PMN in protection against C. neoformans comes
from mouse studies showing that PMN depletion enhances
susceptibility to infection (15) whereas administration of
recombinant granulocyte colony-stimulating factor en-
hances resistance to infection (14). Hence, there is strong
evidence that PMN are involved in host defense against
cryptococcal infection.

High titers of GXM are commonly found in body fluids of
AIDS patients with cryptococcosis. Direct interaction of GXM
with PMN has been reported as a regulator of tumor necrosis
factor receptor expression and L-selectin shedding, which may
prevent accumulation of neutrophils in infected tissues (7).
Additional data on the interaction of GXM with human neu-
trophils, probably mediated by complement activation, have
been provided by our group (34). Using an in vitro experimen-
tal system we found that encapsulated C. neoformans or puri-
fied GXM induced proinflammatory cytokine release by hu-
man PMN. The potent complement-activating potential of the
cryptococcal capsule (20, 22, 41) suggests that induction of
proinflammatory cytokine in PMN is a function of activation of
the complement system and release of biologically active com-
plement cleavage fragments.

For example, C3a and/or C5a have been involved in the
activation of phagocytic cells. Interleukin-8 (IL-8) synthesis by
human monocytes (11) and by PMN (1) has been documented.
In this study, the possible contributions of C3a and C5a in the
activation of human PMN induced by (i) GXM, (ii) encapsu-
lated C. neoformans, or (iii) acapsular strains of C. neoformans
were evaluated. The results indicate a critical role for C3a and
C5a in C. neoformans-dependent induction of IL-8 secretion by
PMN.
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FIG. 1. IL-8 release from human PMN exposed to LPS (10 pg/ml), GXM (250 wg/ml), encapsulated C. neoformans (6995), acapsular C. neoformans (7698), or
acapsular C. neoformans (7698) plus GXM (250 pg/ml) (E:T, 1:5) in the presence of NHS or HIS or in the absence of serum. The results are given as the means =
standard errors of the means (error bars) of four separate experiments. *, P < 0.05 (treated versus untreated cells).

MATERIALS AND METHODS

C. neoformans and cryptococcal polysaccharide. CBS 6995 is a thinly encap-
sulated strain of C. neoformans var. neoformans serotype A (CBS 6995 = NIH 37
[National Institutes of Health, Bethesda, Md.]); CBS 7698 is an acapsular mutant
of C. neoformans var. neoformans (CBS 7698 = NIH B4131). Strains 6995 and
7698 were obtained from J. Orendi (Delft, The Netherlands). The cultures were
maintained by serial passage on Sabouraud agar (BioMerieux, Lyon, France) and
harvested by suspending a single colony in RPMI 1640; the cells were washed
twice, counted on a hemacytometer, and adjusted to the desired concentration.
C. neoformans strains (CBS 6995 and CBS 7698) were inactivated by autoclaving.
GXM was isolated from culture supernatant fluid of a serotype A isolate (ATCC
24064) by differential precipitation with ethanol and cetyltrimethylammonium
bromide (2).

Reagents. RPMI 1640 and fetal bovine serum were obtained from Eurobio
Laboratories (Paris, France). Normal human serum (NHS) was obtained from
Biosource International (Camarillo, Calif.). In selected experiments, NHS was
heated to 56°C for 30 min to inactivate complement components. Lipopolysac-
charide (LPS) from Escherichia coli O55:135 was obtained from Difco Labora-
tories (Detroit, Mich.). RPMI 1640 and C. neoformans cells (approximately 5 X
10%) were tested for endotoxic contamination by the Limulus amebocyte lysate
assay (Sigma Chemical Co., St. Louis, Mo.), which has a sensitivity of approxi-
mately 0.05 to 0.1 ng of E. coli LPS per ml. All reagents tested negative for
endotoxic contamination.

Human complement C3a (Cortex Biochem, San Leandro, Calif.), human re-
combinant C5a (C5a; Fluka Chimica, Division Sigma Aldrich, Milan, Italy),
monoclonal antibody (MAb) anti-human C3a (MAD anti-C3a [catalog no. A203];
Quidel, San Diego, Calif.) and goat anti-human C5 (catalog no. A306; Quidel)
were purchased from the indicated sources. The polyclonal anti-human C5 shows
strong reactivity to human C5a (33). MAb 2H1, a murine immunoglobulin G1
(IgG1) that binds to capsular GXM, was isolated from ascites fluid as previously
described (31). A control irrelevant mouse IgG1l was obtained from Sigma
(catalog no. M 5284).

Preparation of PMN. Heparinized venous blood, obtained from healthy do-
nors, was diluted with RPMI 1640, and mononuclear cells were separated by
Ficoll-Hypaque density gradient centrifugation (34). The pellet containing PMN
and erythrocytes was treated with hypotonic saline to lyse the erythrocytes.
Granulocytes were collected by centrifugation, washed twice in RPMI 1640,
counted, and adjusted to the desired concentration. The purity of PMN isolated
by this method was always >98%, as determined by Giemsa staining. PMN
preparations contained about 0.5 to 1% eosinophils. PMN viability evaluated
after 18 h of incubation was >98% in all determinations performed, as assessed
by a trypan blue dye exclusion test.

Production of PMN culture supernatants. Isolated PMN were distributed in
1-ml volumes into 24-well flat-bottom tissue culture plates (Becton Dickinson,
Oxnard, Calif.) at 4 X 10° cells per ml and incubated for 18 h at 37°C under a 5%
CO, atmosphere with RPMI containing 10% NHS, 10% heat-inactivated serum
(HIS), or RPMI 1640 singly or in various combinations with (i) LPS (10 wg/ml),
(ii) heat-inactivated C. neoformans 6995 or 7698 at an effector-to-target cell ratio
(E:T) of 1:5, (iii) GXM (250 ng/ml), (iv) various doses of anti-C3a and/or

anti-C5, or (v) C3a and/or C5a. Supernatant fluids were harvested at the indi-
cated times and stored at —20°C until use.

Cytokine level determination. Cytokine levels in culture supernatant fluids
were measured with an enzyme-linked immunosorbent assay kit for human IL-8
(Biosource International).

Statistical analysis. Statistical analysis was performed by using Student’s ¢ test.

RESULTS

In our previous study we established that PMN from normal
subjects induce proinflammatory cytokines in response to stim-
ulation with C. neoformans or purified capsular material in the
presence of NHS (34). To verify the contribution of NHS in the
observed phenomenon, PMN were cultured for 18 h with or
without stimuli in the presence or absence of NHS or HIS.
Experimental variables included stimulation of PMN with (i)
GXM alone, (ii) encapsulated cryptococci (6995), and (iii)
acapsular C. neoformans (7698) with or without GXM. The
results reported in Fig. 1 show that maximum IL-8 levels were
detected when PMN were incubated with various stimulants in
the presence of NHS. Substitution of HIS for NHS produced a
substantial decrease in IL-8 production by PMN treated with
(i) encapsulated cryptococci, (ii) acapsular cryptococci alone,
or (iii) acapsular cryptococci in the presence of GXM. GXM-
induced IL-8 secretion was absent if HIS was used in place of
NHS. IL-8 levels comparable to background levels were ob-
served when PMN were stimulated with C. neoformans or
GXM in the absence of serum. However, under the latter
condition, PMN secreted significant amounts of IL-8 in re-
sponse to LPS. PMN viability under our experimental condi-
tions was >98% after 18 h of incubation.

Data from Fig. 1 strongly suggest that both heat-sensitive
and heat-resistant serum components play a crucial role in
PMN activation in our experimental system. Natural antibod-
ies to C. neoformans glucan (17) or GXM (9, 16) found in
serum of normal subjects are possible candidates for IL-8 in-
duction by PMN, which could activate phagocytic cells by Fc
receptor stimulation (4). Alternatively, cleavage fragments of
complement proteins (C3a and/or C5a) generated during com-
plement system activation by C. neoformans and/or GXM may
be responsible for IL-8 synthesis by PMN. C5a has been re-
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FIG. 2. Effect of addition of various doses of C3a and/or C5a on IL-8 release by human PMN. The results are given as the means *+ standard errors of the means
(error bars) of three separate experiments. NS, no stimulus; *, P < 0.05 (treated versus untreated cells).

ported to stimulate PMN release of IL-8 (11). As an initial step
in our examination of the role of C. neoformans-induced com-
plement cleavage fragments in PMN release of IL-8, we deter-
mined the contribution of purified factors C3a and C5a to
PMN-induced cytokine release in our experimental system.
The results (Fig. 2) showed that C5a and C3a induced IL-8
secretion by PMN, and the association of these compounds did
not result in a synergistic effect.

Having established that purified C3a and C5a induce IL-8
secretion in our experimental system, we next determined the
effect of anti-C3a and anti-C5 antibodies on GXM-induced
IL-8 secretion. The results showed that the optimal concentra-
tions of neutralizing C3a and C5 were 0.01 and 0.1 wg/ml,
respectively (Fig. 3). Lower concentrations were ineffective,
and higher concentrations probably induced PMN activation.

Neutralization of C3a and CS resulted in a dramatic decrease
in IL-8 levels after PMN were exposed to GXM. The combined
use of anti-C3a and anti-C5 at optimal doses resulted in com-
plete inhibition of GXM-induced IL-8 secretion (Fig. 4).

Encapsulated and acapsular strains of C. neoformans are
powerful activators of the complement system via the alterna-
tive and classical pathways, respectively (20, 21, 40). Incorpo-
ration of anti-C3a and anti-C5 into the incubation medium was
used to assess the contribution of C3a and C5a to IL-8 induc-
tion by PMN exposed to encapsulated or acapsular strains of
C. neoformans. The results (Fig. 5) demonstrate that C3a
and/or C5a play a significant role in C. neoformans-induced
IL-8 secretion by PMN.

Passive immunization with MAbs to GXM can be protective
in murine models of cryptococcosis (30, 31). The precise mech-
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FIG. 3. Dose-dependent effect of anti-C3a MAD or polyclonal anti-C5 on GXM (250 pg/ml)-induced (+GXM) and noninduced (—GXM) IL-8 release by human
PMN. The results are given as the means = standard errors of the means (error bars) of five separate experiments. Ab, antibody; *, P < 0.05 (GXM-plus-antibody-
treated cells versus GXM-treated cells).
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FIG. 4. Effect of combined use of anti-C3a MAb and polyclonal anti-C5 on IL-8 release by PMN exposed (+) or not exposed (—) to GXM (250 pg/ml). The results
are given as the means = standard errors of the means (error bars) of four separate experiments. *, P < 0.05 (GXM-treated cells versus GXM-untreated cells).

anism for MAb-mediated protection has not been determined.
Contributing factors could include a shift toward activation of
the classical pathway and modification of cytokine release. As
a consequence, we examined the effect of the GXM-binding
MAD 2H1 on 6995-induced IL-8 release by PMN. The results
showed that addition of the anti-GXM MADb 2H1 enhanced
IL-8 secretion induced by the encapsulated strain (6995) (Fig.
6). A potentiating effect of MAb 2H1 was also observed with
soluble GXM as the stimulus (Fig. 7). Under these conditions,
the addition of antibodies to C3a or C5 to neutralize these

complement components results in a substantial reduction of
the MAb 2H1-mediated effect (Fig. 7). The combination of
GXM plus MAb 2H1 plus anti-C3a plus anti-C5 enhanced
rather than suppressed IL-8 release by PMN relative to IL-8
secretion observed when the combination of GXM plus MAb
2H1 was used (data not shown), suggesting that the use of
three different antibodies in our experimental system is not
appropriate. MAb 2H1-mediated activation of PMN exposed
to GXM could imply, at least in part, the activation of PMN via
Fc receptor cross-linking. To test this hypothesis, the effects of
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FIG. 5. Effect of addition of anti-C3a (0.01 pg/ml) and anti-C5 (0.1 pg/ml) on IL-8 release by PMN exposed to indicated stimuli. Acapsular (7698) or encapsulated
(6995) C. neoformans was added to PMN at an E:T of 1:5 in the presence of 10% NHS. GXM was added to PMN at a concentration of 250 pg/ml. IL-8 production
by PMN stimulated with anti-C3a (0.1 pg/ml) and anti-C5 (0.1 pg/ml) was comparable to that produced by untreated cells (None). The results are given as the means *
standard errors of the means (error bars) of three separate experiments. *, P < 0.05 (C. neoformans-plus-antibody-treated cells versus C. neoformans-treated cells).
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MADb 2H1 on induction of IL-8 secretion by exposure of PMN
to soluble GXM or whole cells of strain 6995 were tested in the
presence of HIS. The results (Fig. 8) show the limited capa-
bility of MAb 2H1 to synergize with soluble GXM or whole
cells of strain 6995 when HIS was used in place of NHS. These
results strongly suggest that activation of the complement sys-
tem is the primary mechanism by which MAb 2H1 facilitates
IL-8 secretion.

DISCUSSION

We previously demonstrated that PMN release proinflam-
matory cytokines in response to C. neoformans. The magnitude
of the cytokine response correlated with the presence and size
of the capsule. The major component of the capsule, GXM,
was directly involved in the observed induction. In this study
we examined the mechanism involved in IL-8 release by PMN
exposed to C. neoformans or GXM. Our results show that heat
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6995

None

Treatment

FIG. 8. Effect of addition of MAb 2H1 (+MADb 2H1) on IL-8 secretion by
PMN exposed to GXM (250 wg/ml) or encapsulated C. neoformans (E:T, 1:5) in
the presence of HIS. The results are given as the means * standard errors of the
means (error bars) of three separate experiments. —MAD, without MAb, +Un-
related MAD, with unrelated MAb.

labile components of NHS are required and that human C3a
and C5a are the principal candidates for induction of IL-8
secretion by PMN. Neutralization of C3a and C5 with specific
antibody resulted in complete inhibition of GXM-induced IL-8
in serum. The potential for involvement of C3a and C5a in
cytokine release by PMN was confirmed by addition of purified
C3a and C5a to PMN, showing that IL-8 is secreted in response
to both stimuli. It has been recently reported that GXM in-
duces IL-8 release from human microglia and that GXM is
able to inhibit PMN migration toward IL-8 (26). As a conse-
quence, the presence of IL-8 may not imply chemotactic activ-
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FIG. 7. Effect of addition of MAb 2H1 (10 pg/ml) on IL-8 release by PMN exposed to GXM (250 pg/ml) in the presence or absence of anti-C3a (0.01 pg/ml) or
anti-C5 (0.1 pg/ml). The results are given as the means * standard errors of the means (error bars) of three separate experiments. *, P < 0.05 (GXM-plus-MAb
2H1-treated cells versus GXM-plus-unrelated-MAb-treated cells).
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ity. Hence, the availability of complement could be essential
for cell migration towards the inflammatory sites.

GXM-binding MAD, in combination with GXM or with the
encapsulated strain, further increased IL-8 secretion beyond
levels observed in the absence of the MAD. Fc receptor cross-
linking can activate phagocytic cells to release cytokines (4).
However, in our experimental system Fc-mediated activation
appears to play a modest role, because there was little specific
enhancement of IL-8 secretion in the presence of HIS (Fig. 8).
These results suggest that the principal mechanism for the
potentiating effect induced by MAb 2H1 occurs through the
generation of active complement fragments. C5 complement-
deficient mice intravenously infected with C. neoformans die of
acute pneumonia characterized by massive edema, which can
be prevented by administration of capsule-specific IgG1 (10).
The mechanism for this effect is not understood, but phago-
cytic cell recruitment is believed to be important for an effec-
tive host response in the lung. Our results demonstrate that the
interaction among PMN, specific antibody, complement, and
cryptococcus enhances the secretion of a proinflammatory cy-
tokine, suggesting the need for detailed studies of cytokine
expression in antibody-treated mice.

Both encapsulated and acapsular C. neoformans strains are
powerful activators of the complement system via the alterna-
tive and classical pathways, respectively. In contrast, fluid-
phase GXM has been described as a relatively weak activator
of the complement system (5, 24). These earlier studies of
complement activation by purified GXM used consumption of
late complement components (5) or generation of chemotactic
cleavage fragments (24) as indicators of complement activa-
tion. As a consequence, generation of biologically active com-
plement fragments by GXM in the present study was some-
what unexpected. It is possible that stimulation of IL-8 release
by PMN is a more sensitive measure of complement activation
by GXM than endpoints used in previous studies.

The inability of GXM to stimulate IL-8 secretion in the
presence of HIS demonstrates the essential role of the com-
plement system in stimulation of IL-8 secretion by GXM
alone. In contrast, appreciable levels of IL-8 were observed
when PMN were stimulated in the presence of HIS by (i)
encapsulated cryptococci, (ii) acapsular yeast alone, or (iii)
acapsular cryptococci exposed to GXM. PMN could be acti-
vated by compounds of C. neoformans envelope other than
GXM such as glucan, mannoprotein, or galactoxylomanna.
Alternatively, GXM as it is displayed on the surface of the
capsule could directly stimulate PMN in a manner that does
not occur with purified GXM alone. Such stimulation could
occur through PMN receptors such as CD-18 (8). It is known
that C5a is able to induce IL-8 release from PMN (1). How-
ever, our data are novel in that we describe C3a-mediated
induction of IL-8 and we explain a new mechanism by which
GXM could affect cellular immune function.

A previous study has shown that immune complexes induce
IL-8 production in human monocytes but not PMN (27). Our
results showing that MAb 2H1 alone did not induce IL-8 pro-
duction are consistent with this report. However, 2H1 did
enhance IL-8 production in the presence of NHS to a level
greater than that observed with NHS alone. Since anti-GXM
antibodies to the capsule can promote rapid classical pathway
activation, we interpret this result as consistent with increased
C3a and C5a fragments in the presence of specific antibody.

Taken together, our results indicate that (i) heat-labile com-
ponents of human serum are required for GXM-mediated IL-8
secretion by PMN, (ii) this phenomenon is dramatically re-
duced using appropriate doses of anti-C3a and anti-C5, (iii)
the combination of anti-C3a and anti-C5 completely abrogates
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the effect, (iv) active C3a and C5a fragments directly induce
IL-8 secretion by PMN, and (v) the use of anti-GXM MADb in
combination with GXM or with the encapsulated strain (6995)
improves IL-8 release. The capacity of GXM to induce PMN
activation via generation of biologically active complement
fragments could be a positive signal that contributes to recruit-
ment and activation of PMN in the inflammation sites during
cryptococcosis.
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