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Monoclonal antibodies (MAbs) reactive with glucuronoxylomannan (GXM), the major capsular polysac-
charide of the yeast Cryptococcus neoformans, produce distinct capsular reactions when viewed by differential
interference contrast microscopy. These reactions depend on the epitope specificity of the antibody. Opsonic
activities of immunoglobulin G1 (IgG1) MAbs that produce patterns termed rim and puffy were examined.
Rim-pattern MAbs are reactive with an epitope shared by GXM serotypes A, B, C, and D. Puffy-pattern MAbs
are reactive only with serotypes A and D. In phagocytosis assays, using serotype A cells and resident murine
peritoneal macrophages, rim-pattern MAbs were markedly more opsonic than puffy-pattern MAbs. F(ab�)2
fragments of rim-pattern MAbs were synergistic with heat-labile factors in normal human serum for opso-
nization of the yeast. F(ab�)2 fragments of puffy-pattern MAbs were also synergistic with normal serum in
opsonization but at a much lower level than fragments of rim-pattern MAbs. Normal serum alone was not
opsonic. F(ab�)2 fragments of rim-pattern MAbs, but not puffy-pattern MAbs, stimulated phagocytosis of
encapsulated cryptococci in the absence of serum. This serum-independent opsonic action of F(ab�)2 fragments
was abrogated by pretreatment of macrophages with purified GXM, suggesting the involvement of a phagocyte
GXM receptor. The results indicate that (i) there are multiple mechanisms by which anticapsular IgG MAbs
facilitate phagocytosis of encapsulated cryptococci, (ii) some anti-GXM antibodies are opsonic in an Fc-
independent manner, and (iii) opsonic activity correlates with the capsular reaction and occurs in an epitope-
specific manner.

Cryptococcus neoformans is an encapsulated yeast that can
produce a life-threatening meningitis in patients with defects in
cellular immunity, especially those with AIDS. The capsular
polysaccharide is an essential virulence factor; acapsular mu-
tant strains are avirulent (4, 14). The major polysaccharide
constituent of the capsule is glucuronoxylomannan (GXM).
GXM has an �-1,3-linked mannose backbone that is O acety-
lated and substituted with single side chains of xylose and
glucuronic acid. The degree of xylose substitution and O acet-
ylation varies considerably, to produce four primary serotypes
(A to D) and eight chemotypes (2, 6, 8, 39).

The cryptococcal capsule is a potent activator of the com-
plement system, leading to binding of potentially opsonic frag-
ments of C3, predominantly iC3b, within the capsular matrix
and at the capsular surface (22, 25). Complement activation
that occurs during incubation of encapsulated cryptococci in
normal human serum (NHS) is due entirely to the action of the
alternative complement pathway (24, 25). Despite the ability of
the capsule to accumulate potentially opsonic ligands at the
capsular surface, the capsule has potent antiphagocytic activity.
Acapsular cryptococci are readily ingested by phagocytes such
as macrophages and neutrophils; encapsulated cryptococci are
poorly ingested (3, 19). Encapsulated cryptococci may be in-

gested at low levels if the yeast cells have been coated with
heat-labile opsonins; however, the levels of phagocytosis are
well below levels observed with acapsular cryptococci. In con-
trast, macrophages that have been treated with tumor necrosis
factor alpha and granulocyte-monocyte colony-stimulating fac-
tor efficiently ingest encapsulated cryptococci that are serum
opsonized (9, 10). The mechanism for the antiphagocytic ac-
tion of the cryptococcal capsule is not known.

Several laboratories have developed monoclonal antibodies
(MAbs) that are reactive with distinct epitopes on GXM. Stud-
ies by us and others found that the biological activities of
anti-GXM MAbs may be dramatically influenced by the
epitope specificity of the antibody. For example, MAbs of the
immunoglobulin G1 (IgG1) isotype that are reactive with an
epitope that is shared by GXM serotypes A, B, C, and D
produce early activation of the classical complement pathway
but suppress the overall rate and amount of C3 that would
normally bind to the yeast as a consequence of activation of the
alternative pathway (20). In contrast, IgG1 MAbs reactive with
an epitope found only on serotypes A and D fail to activate the
classical pathway and have no effect on deposition of C3 via the
alternative pathway. In another example, IgM anti-GXM
MAbs having distinct epitope specificities have quite different
abilities to provide protection in a murine model of cryptococ-
cosis (30, 31). Some antibodies are protective; other antibodies
fail to protect.

In a recent study, we reported that antibodies with different
epitope specificities produce distinct capsular reactions (simi-
lar to Neufeld’s quellung reaction) when viewed by differential
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interference contrast (DIC) microscopy (29). The capsular re-
actions fell into two general categories. An annular pattern,
termed rim, is produced on incubation of encapsulated sero-
type A cryptococci with MAbs reactive with an epitope shared
by serotypes A, B, C, and D. Cryptococci with the rim pattern
appear to have a transparent capsular interior with a highly
refractive outer edge, suggesting the presence of an antibody-
produced shell at the capsular surface. A second pattern,
termed puffy, is produced by incubation of serotype A cells
with MAbs reactive only with serotype A and D GXM. Impor-
tantly, the capsular reaction correlated with biological activi-
ties of the antibodies. Antibodies producing the rim pattern (i)
activated the classical pathway when IgG1 antibodies were
used, (ii) suppressed C3 deposition via the alternative pathway,
and (iii) were protective in a murine model of cryptococcosis.
In contrast, antibodies producing the puffy pattern (i) failed to
activate the classical pathway when IgG1 antibodies were used,
(ii) showed no suppression of C3 deposition via the alternative
pathway, and (iii) failed to protect in a murine model of cryp-
tococcosis.

The present study was designed to further understand the
association between the epitope specificities of anti-GXM
MAbs and biological activity. We examined the opsonic activ-
ities of antibodies producing rim and puffy capsular reactions.
We also assessed the opsonic activities of Fab and F(ab)2

fragments of the antibodies. Fab and F(ab)2 fragments were
examined because F(ab)2 fragments of rim-pattern antibodies
produce a substantial change in the capsular surface whereas
Fab fragments do not (29). The results showed that antibodies
producing the rim pattern enhanced phagocytosis to a much
greater extent than antibodies producing the puffy pattern. The
results also found that antibodies producing the rim pattern
have the potential for opsonic activity in an Fc-independent
manner.

MATERIALS AND METHODS

C. neoformans cells and yeast polysaccharides. Serotype A strain CN6 was
used throughout and was provided by R. Cherniak (Georgia State University,
Atlanta). Yeast cells were incubated in synthetic medium (7) supplemented with
24 mM sodium bicarbonate and 25 mM HEPES for 4 days at 37°C with 5% CO2.
Cryptococci grown under these conditions produce large capsules (16). Prelim-
inary studies determined that strain CN6 is particularly responsive to these
growth conditions, producing uniformly large capsules (cell to cell) with a mean
capsular width (outer edge of cell wall to outer capsular edge) of 4.5 �m. For one
series of experiments, cells were grown at 30°C in synthetic medium without
sodium bicarbonate, HEPES, and CO2. Cells grown under these conditions
produced capsules with a mean capsular width of 0.8 �m. All yeast cells were
killed by overnight incubation with 1% formaldehyde, washed with phosphate-
buffered saline (PBS) and stored at 4°C.

GXM was isolated from supernatant fluids of CN6 cultures as described
previously (7). Mannan was isolated from a strain of Candida albicans serotype
A (ATCC 36801). C. albicans cells were grown on 2% glucose–1% peptone–0.3%
yeast extract, the cells were collected by centrifugation, and the mannan was
extracted by addition of hot water and autoclaving for 4 h. The mannan was
precipitated as a copper complex by using Fehling’s solution and then dissociated
from the complex with Amberlite ion-exchange resin (Sigma, St. Louis, Mo.).
The mannan was dialyzed against water, lyophilized, and stored at �20°C. GXM
and mannan were solubilized in PBS, filter sterilized, and stored at 4°C.

MAbs and immunoglobulin fragments. Anti-GXM MAbs 3C2, 471, and 302
are all of the IgG1 subclass and have been previously described in detail (1, 5, 13,
36). A new anti-GXM MAb, designated MAb 1326, was generated by immuniz-
ing BALB/c mice with serotype A GXM as previously described (13). MAb 1326
is an IgG1 that is reactive only with serotype A and D GXM. The characteristics
of all MAbs used in the study are summarized in Table 1. MAbs 3C2, 1326, and

302 were produced by in vitro culture in a Tecnomouse system (Integra Bio-
sciences, Ijamsville, Md.). MAb 471 was purified from mouse ascites by differ-
ential precipitation with caprylic acid and ammonium sulfate followed by immu-
noaffinity chromatography with a GXM-Sepharose column (21) and affinity
chromatography with protein A. MAbs produced by in vitro culture were isolated
by protein A affinity chromatography. Concentrations of MAbs were determined
by UV spectroscopy, using an optical density at 280 nm of 1.43 for 1 mg of IgG/ml
(34).

F(ab�)2 and Fab fragments were generated by ficin digestion with the Immu-
nopure IgG1 Fab and F(ab�)2 preparation kit (Pierce, Rockford, Ill.) and sepa-
rated from intact IgG and Fc fragments by protein A affinity chromatography
(Pierce). F(ab�)2 and Fab fragments were further purified by molecular sieve
chromatography on Superdex 200 (Pharmacia, Princeton, N.J.). In an effort to
eliminate contamination by intact IgG or other IgG fragments, fractions from the
central two-thirds of the F(ab�)2 or Fab protein peaks from the Superdex 200
chromatography were pooled and concentrated, and the molecular sieve chro-
matography was repeated. The central two-thirds of the final peak was pooled,
filter sterilized, and frozen at �80°C. Concentrations of the MAb fragments were
determined by UV spectroscopy, using optical densities at 280 nm of 1.48 for 1
mg of F(ab�)2/ml and 1.53 for 1 mg of Fab/ml (34).

F(ab�)2 and Fab fragments were examined by enzyme-linked immunosorbent
assay (ELISA) for the presence of undigested IgG. The ELISA was constructed
using GXM-coated plates as described previously (13). Binding of intact IgG was
assessed with a horseradish peroxidase-conjugated second antibody specific for
the mouse Fc fragment (Sigma). As a positive control, binding of the F(ab�)2 and
Fab fragments to immobilized GXM was confirmed with a horseradish peroxi-
dase-conjugated secondary antibody specific for mouse kappa chains (Southern
Biotechnology, Birmingham, Ala.).

Phagocytosis assays. The use of laboratory animals in this study was approved
by the University of Nevada, Reno, Institutional Animal Care and Use Commit-
tee and was compliant with relevant federal guidelines. Resident macrophages
were harvested from the peritoneal cavities of 8- to 12-week-old female Swiss-
Webster mice (Animal Production Program, Frederick Cancer Research and
Development Center, Frederick, Md.). Cells were collected by centrifugation,
resuspended in Iscove’s modification of Dulbecco modified Eagle medium (Me-
diatech, Inc., Herndon, Va.) containing 10% heat-inactivated fetal bovine serum
(HyClone, Logan, Utah), counted, added to eight-well Nunc Lab-Tek II chamber
slides (Fisher Scientific, Pittsburgh, Pa.) at 2.5 � 105 cells per well, and incubated
for 24 h at 37°C with 5% CO2. Nonadherent cells were removed by washing twice
with Iscove’s medium and incubated for an additional 24 h with Iscove’s medium
containing 10% fetal bovine serum.

Formaldehyde-killed CN6 cells were treated with (i) pooled NHS, (ii) heat-
inactivated NHS (30 min at 56°C), (iii) MAbs or their F(ab�)2 or Fab fragments,
or (iv) combinations of serum and MAbs. Treatment with NHS or heat-inacti-
vated NHS was done by incubation of 5,000 yeast cells/�l of serum for 30 min
followed by two washes with prewarmed Iscove’s medium. Treatment with IgG,
F(ab�)2, or Fab alone was accomplished by incubating yeast cells (3.3 � 106/ml)
for 5 min at 37°C with MAbs or their fragments at 50 �g/ml. Some experiments
required yeast cells treated with both NHS and MAbs. In this case, yeast cells
were incubated with NHS for 30 min at 37°C, washed two times in Iscove’s
medium, and then incubated with MAbs for an additional 5 min at 37°C. This
sequential treatment (NHS followed by MAb) took advantage of the intrinsic
ability of encapsulated cryptococci to activate C3 and deposit potentially opsonic
fragments of C3 via the alternative pathway and avoided any differences in
deposition of C3 via either the classical or alternative pathway that would have
occurred in the presence of rim or puffy antibodies (29).

For phagocytosis assays, monolayers of peritoneal macrophages were washed

TABLE 1. Characteristics of anti-GXM MAbs

MAba Molecular
groupb

Serotype
reactivityc References

3C2 II A, B, C, D (1, 36)
471 II A, B, C, D (1, 36)
302 IV A, D (1, 13)
1326 NDd A, D This study

a All MAbs are of the IgG1 isotype.
b Based on variable-region light- and heavy-chain sequences (5).
c Determined by double immunodiffusion in agar and ELISA with GXM of

known serotypes.
d ND, not determined

VOL. 70, 2002 OPSONIZATION OF C. NEOFORMANS 2813



two times with fresh prewarmed Iscove’s medium and overlaid with 150 �l of
medium, and appropriately treated yeast cells (5 � 105 in 150 �l of Iscove’s
medium) were added to each chamber (approximately two yeast cells per mac-
rophage) and incubated for 30 min at 37°C. Following incubation of yeast cells
and peritoneal macrophages, the chambers were removed and the slides were
washed with Iscove’s medium, stained with Sure Stain Wright-Giemsa (Fisher
Scientific), washed in water, air dried, and mounted with Permount (Fisher
Scientific). One hundred macrophages were examined per well, and attachment
or phagocytic indices (number of cells ingested per macrophage) were deter-
mined. DIC microscopy was utilized to distinguish ingested from attached cryp-
tococci. Attached yeast cells were highly refractile with distinct cell walls; in-
gested yeast cells were not highly refractile, and the cell walls lacked clarity.
Preliminary studies comparing attachment and ingestion by use of light micros-
copy and fluorescence microscopy with Uvitex (28) yielded similar results. To
score a yeast cell as ingested, the entire cell had to be within the macrophage
membrane. Any cryptococci that were not entirely engulfed were scored as
attached. In all experiments using large-capsule cells, the level of attachment was
30 to 50% of the level of ingestion. There was no instance when the attachment
results did not directly track the ingestion results. As a consequence, results from
most experiments are reported only as the phagocytic (ingestion) index. The sole
exception occurred with yeast cells grown to produce small capsules. In this
instance, both attachment and ingestion data are reported. Unless otherwise
noted, results are reported as the mean � standard error of the mean (SEM)
from three independent experiments. Each experiment had at least three repli-
cate wells per data point.

The ability of GXM or C. albicans mannan to inhibit phagocytosis was assessed
by addition of 20 or 100 �g of GXM or mannan in 150 �l of Iscove’s medium to
monolayers of macrophages. The macrophages were incubated for 5 min at 37°C;
appropriately treated yeast cells (5 � 105 in 150 �l of Iscove’s medium) were
added and incubated for an additional 30 min at 37°C, and attachment and
ingestion were assessed as described above.

DIC microscopy. MAb-induced capsular reactions were done as previously
described (29). Intact IgG, F(ab�)2, or Fab molecules at 50 �g/ml of PBS were
incubated with CN6 cells (2 � 104) in a 50-�l reaction volume (PBS) for 5 min
at 37°C. Capsular reactions were assessed with a Nikon Eclipse ES 800 micro-
scope equipped with DIC optics. Images were acquired with a Photonic Sciences
(Millham, United Kingdom) integrating charge-coupled device camera and Im-
age Pro Plus 3.0 image analysis software (Media Cybernetics, Silver Spring, Md.).
Capsular reactions were classified as rim or puffy (29). The rim pattern is
characterized by a sharp increase in the optical gradient at the capsular edge
followed directly by a decrease in the optical gradient. The hallmark of the puffy
pattern is an increase in the optical gradient at the capsular surface and the
absence of the immediate decrease that is characteristic of the rim pattern.

Statistical analysis. Statistical analysis was done by analysis of variance with
the assistance of SigmaStat version 2.03 (SPSS, Inc., Chicago, Ill.). Pairwise
comparisons were done after the initial analysis of variance by using the Tukey
post hoc test.

RESULTS

Our previous studies found that MAbs with different epitope
specificities produce distinct capsular reactions with serotype
A cryptococci (29). MAbs reactive with an epitope shared by
serotypes A, B, C, and D produce an annular or rim pattern;
MAbs reactive with only serotypes A and D produce a puffy
pattern. Production of the rim pattern requires a bivalent an-
tibody. An initial experiment verified the capsular pattern for
the previously described MAbs (3C2, 471, and 302) and deter-
mined that MAb 1326 produced the puffy pattern, a result that
is predicted on the basis of its reactivity with only serotypes A
and D (Fig. 1). These studies also found that F(ab�)2 fragments
of MAb 3C2 produced the rim pattern, whereas the Fab frag-
ments produced a puffy pattern. The results shown in Fig. 1
demonstrate that MAb 471 and its F(ab�)2 and Fab fragments
produced capsular reactions that were identical to patterns
produced by MAb 3C2. In contrast, MAbs 302 and 1326 and
their F(ab�)2 and Fab fragments produced patterns that rep-
resented variations on the puffy pattern. It is notable that

MAbs 302 and 1326 produced a capsular reaction character-
ized by a rapid increase in refractive index at the capsular edge
(seen as a change in light intensity from light to dark or dark
to light), but the increase in refractive index was not nearly as
precipitous as the increase seen with MAbs producing the rim
pattern. Moreover, the capsular reaction produced by MAbs
302 and 1326 lacked the rapid decrease in refractive index that
defines the rim pattern.

Opsonic activity of intact IgG1 MAbs. Serotype A crypto-
cocci were opsonized with MAb 3C2, 471, 1326, or 302 alone or
in the presence of NHS or heat-inactivated serum in an effort
to evaluate the opsonic activity of MAbs that produce the rim
and puffy capsular reactions. The results (Fig. 2) showed that
the rim-pattern MAbs (MAbs 3C2 and 471) produced phago-
cytic indices that were threefold greater (P � 0.001) than those
of MAbs that produce the puffy pattern (MAbs 1326 and 302;
phagocytic indices of 1.4 and 1.3 versus 0.4 and 0.4, respective-
ly). In all cases, attached or ingested cells appeared largely as
individual yeast cells, indicating that agglutination of yeast cells
by antibody had not occurred. In addition, microscopic exam-
ination of suspensions of yeast cells incubated with each of the
antibodies showed an absence of agglutination under the con-
ditions used in these experiments. Incubation of encapsulated
cryptococci in NHS prior to treatment with the MAbs pro-
duced a significant (P � 0.001) enhancement in the opsonic
activities of all MAbs. However, phagocytosis of cryptococci
treated with puffy-pattern-producing MAbs 1326 and 302 in
combination with NHS was well below phagocytosis of crypto-
cocci incubated with NHS and rim-pattern producing MAbs
3C2 and 471. The opsonic activity of the NHS was synergistic
with the MAbs rather than additive, because no measurable
phagocytosis was observed with cryptococci opsonized by in-
cubation with NHS alone (not shown). With the exception of
MAb 471, treatment of encapsulated cryptococci with heat-
inactivated serum prior to incubation with the MAbs produced
no significant enhancement (P 	 0.05) in phagocytosis over

FIG. 1. Capsular binding patterns produced by anti-GXM MAbs.
MAbs 3C2, 471, 1326, and 302 [IgG, F(ab�)2, and Fab; 50 �g/ml]
incubated with CN6 serotype A yeast cells produce two distinct cap-
sular binding patterns, rim and puffy. Bivalent molecules of MAbs 3C2
and 471 [IgG and F(ab�)2] produce the rim pattern while the Fab
fragments produce a form of the puffy pattern. MAbs 1326 and 302
produce variations of the puffy pattern with all antibody molecules.
Images were acquired with a 100� oil immersion objective and DIC
optics.

2814 NETSKI AND KOZEL INFECT. IMMUN.



what was observed with the MAb alone, indicating that the
synergistic action of NHS was dependent on heat-labile opso-
nins. Significant enhancement by heat-inactivated serum of the
opsonic activity of MAb 471 was observed in one of three
independent experiments and is probably not biologically sig-
nificant.

The complete lack of ingestion of cryptococci opsonized
with NHS was somewhat unexpected, because numerous pre-
vious studies found limited, but readily measurable, phagocy-
tosis of NHS-opsonized cryptococci by neutrophils and mac-
rophages. One important difference between the studies shown
in Fig. 2 and studies described in many previous reports was
our use of cryptococci grown under conditions that induce
large capsules. As a consequence, we compared attachment
and ingestion of cryptococci that were grown with bicarbonate-
CO2 (capsule-inducing conditions) and without bicarbonate-
CO2 (no induction of capsule). Cryptococci with small capsules
that were treated with NHS could attach and be ingested by
macrophages (Table 2). In contrast, large-capsule cryptococci
treated with NHS neither attached nor were ingested.

Opsonic activity of F(ab�)2 fragments. In a previous study
we found that production of the rim pattern required cross-
linking by a bivalent antibody or its F(ab�)2 fragments and
produced a highly refractile shell at the capsular surface that
prevented penetration of anticapsular antibodies to the capsu-
lar interior (29). Since opsonization by incubation in NHS

alone failed to produce any phagocytosis of large-capsule cryp-
tococci, we considered the possibility that the dramatic change
in capsular structure produced by F(ab�)2 fragments of rim-
pattern antibodies (Fig. 1) might facilitate phagocytosis of
cryptococci opsonized by NHS. F(ab�)2 fragments of puffy-
pattern MAbs alone (MAbs 1326 and 302) showed no opsonic
activity in the absence of NHS (Fig. 3). Surprisingly, F(ab�)2

fragments of rim-pattern MAbs (3C2 and 471) alone induced
phagocytosis of cryptococci, with phagocytic indices of 0.6 and
0.5. Such opsonic activity was not due to contamination of the
F(ab�)2 fragments by undigested IgG. Undigested IgG had
been removed by affinity chromatography over protein A and
exhaustive molecular sieve chromatography. Analysis of the
F(ab�)2 fragments by ELISA specific for murine Fc fragments
showed undetectable levels of antibodies carrying Fc fragments
(level of sensitivity, 1 ng/ml). The minimal level of intact IgG
(MAbs 3C2 and 471) needed to show opsonic activity was 2.0
and 0.4 �g/ml, respectively, for cryptococci opsonized with IgG
alone or with both IgG and NHS. As in the case of intact
antibodies, microscopic examination of macrophages incu-

FIG. 2. Phagocytosis of encapsulated cryptococci treated with
MAbs (50 �g/ml) that produce rim (MAbs 3C2 and 471) and puffy
(MAbs 1326 and 302) capsular reactions. Serotype A cryptococci were
treated with (i) IgG alone (ii) IgG and NHS, or (iii) IgG and heat-
inactivated NHS (
NHS). Data are reported as the mean phagocytic
index (number of ingested yeast cells per macrophage) from three
independent experiments � SEM.

FIG. 3. Phagocytosis of cryptococci treated with intact IgG MAbs
or the F(ab�)2 fragments of MAbs (50 �g/ml) that produce rim (MAbs
3C2 and 471) or puffy (MAbs 1326 and 302) capsular reactions. Cryp-
tococci were treated with intact IgG or F(ab�)2 alone or in combination
with NHS. Data are reported as the mean phagocytic index from three
independent experiments � SEM.

TABLE 2. Attachment and ingestion of NHS-opsonized cryptococci grown under conditions that produce large and small capsules

Cryptococcal cells Capsule width, �m
(mean � SD) Attachment index (mean � SD) Ingestion index (mean � SD)

Large capsule (grown with bicarbonate-CO2) 4.5 � 0.8 0.00 � 0.00 0.00 � 0.00
Small capsule (grown without bicarbonate-CO2) 0.80 � 0.08 0.57 � 0.30 0.55 � 0.30
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bated with the various antibodies or suspensions of yeast cells
and antibodies showed no evidence of agglutination of the
yeast cells under the conditions used for these experiments.

The phagocytic indices observed with cryptococci treated
with both NHS and rim-pattern F(ab�)2 fragments (1.1 and 1.1
for MAbs 3C2 and 471, respectively) were significantly higher
(P � 0.05) than those with cryptococci treated with both NHS
and puffy-pattern MAbs (phagocytic indices of 0.4 and 0.4 for
MAbs 1326 and 302, respectively) (Fig. 3). Phagocytosis of
cryptococci opsonized by incubation with NHS and F(ab�)2

fragments of the puffy pattern was due to synergy between the
two treatments, because neither treatment alone stimulated
ingestion by macrophages. Phagocytosis of yeast cells treated
with Fab fragments (3C2, 471, 1326, and 302) alone or in
combination with NHS did not stimulate either attachment or
ingestion of large-capsule cryptococci by peritoneal macro-
phages (not shown).

Inhibition of F(ab�)2-mediated phagocytosis by soluble
GXM. Facilitation of phagocytosis by F(ab�)2 fragments of the
rim-producing MAbs 3C2 and 471 alone (Fig. 3) was unex-
pected because the immunoglobulin fragments lacked ligands
for known receptors on macrophages. An alternative explana-
tion is the possibility that capsular GXM itself is functioning as
a ligand that acts in concert with the F(ab�)2 fragments to
facilitate phagocytosis. To assess this possibility, we examined
the ability of purified GXM to block phagocytosis of crypto-
cocci opsonized with F(ab�)2 fragments of MAbs 3C2 and 471.
Macrophage monolayers were preincubated for 5 min at 37°C
with 20 or 100 �g of GXM (133 and 667 �g/ml, respectively)
before the addition of cryptococci opsonized with F(ab�)2 frag-
ments. The results (Fig. 4) showed significant inhibition (P �
0.001) of Fc-independent opsonization by 20 �g of GXM and
almost complete inhibition by 100 �g of GXM.

We also examined the effect of purified GXM on (i) phago-
cytosis of cryptococci opsonized by intact MAb 3C2 or (ii) the

F(ab�)2-facilitated phagocytosis of cryptococci opsonized by
incubation with NHS. Monolayers of macrophages were pre-
incubated for 5 min with 100 �g of GXM, followed by addition
of cryptococci treated with (i) intact IgG, (ii) F(ab�)2 frag-
ments, or (iii) both NHS and F(ab�)2 fragments. The results
(Fig. 5) showed a slight, but significant (P � 0.05), inhibition of
phagocytosis of cryptococci opsonized with intact IgG and a
modest, but significant (P � 0.05), inhibition of phagocytosis of
cryptococci opsonized with both NHS and F(ab�)2 fragments.
As with the results shown in Fig. 4, 100 �g of GXM produced
a near complete inhibition of phagocytosis of cryptococci op-
sonized only with F(ab�)2 fragments of MAb 3C2.

Finally, we considered the possibility that the ability of pu-
rified GXM to inhibit Fc-independent phagocytosis might be a
general property of fungal cell wall polysaccharides. Accord-
ingly, we compared the effects of preincubation of macro-
phages with 100 �g of GXM or C. albicans mannan for 5 min
at 37°C on phagocytosis of cryptococci opsonized with F(ab�)2

fragments of MAb 3C2. The results (Fig. 6) showed that, once
again, GXM produced almost complete inhibition. In contrast,
pretreatment of macrophages with purified Candida mannan
produced a modest, but significant (P � 0.001), enhancement
of phagocytosis.

DISCUSSION

Previous studies by ourselves and others identified biological
functions of anti-GXM MAbs that were dependent on the
epitope specificity of the antibody. These functions include
protective efficacy in a murine model of cryptococcosis (30,
31), suppression of C3 deposition via the alternative comple-
ment pathway (20), and production of a capsular reaction
when viewed by DIC microscopy (29). In the present study, we
found that Fc-dependent and Fc-independent opsonization for

FIG. 4. Inhibition of F(ab�)2-mediated phagocytosis by soluble
GXM. GXM (20 or 100 �g in 150 �l of medium), was added to
macrophages and left for 5 min prior to addition of cryptococci opso-
nized with F(ab�)2 fragments of MAbs that produce the rim capsular
reaction. Data are reported as the mean phagocytic index from three
independent experiments � SEM.

FIG. 5. Inhibition of Fc- and C3-mediated phagocytosis by soluble
GXM. GXM (100 �g in 150 �l of medium) was added to macrophages
5 min before addition of cryptococci treated with (i) intact MAb 3C2,
(ii) F(ab�)2 fragments of MAb 3C2, or (iii) both F(ab�)2 fragments of
MAb 3C2 and NHS. Data are reported as the mean phagocytic index
from three independent experiments � SEM.
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phagocytosis by resident peritoneal macrophages are also in-
fluenced by epitope specificity. In addition, we report that
there are two types of Fc-independent opsonization: opsoniza-
tion that is facilitated by opsonins in NHS, presumably iC3b
(22), and opsonization that is independent of NHS. Antibodies
that exhibited high levels of Fc-dependent and Fc-independent
opsonization were specific for an epitope that is shared by
GXM serotypes A, B, C, and D and produced a distinct cap-
sular reaction termed rim. In contrast, MAbs reactive with an
epitope found only on serotypes A and D exhibited opsonic
activity that was well below levels produced by antibodies re-
active with serotypes A, B, C, and D. These poorly opsonic
antibodies produced a capsular reaction termed puffy.

Macrophage Fc receptors are constitutively active for phago-
cytosis (reviewed in reference 33). Consequently, it is not sur-
prising that anticapsular MAbs were effective opsonins for
ingestion of encapsulated cryptococci. However, the differen-
tial opsonic activities of antibodies having distinct epitope
specificities and producing different capsular reactions was un-
expected. The mechanism for differential levels of phagocytosis
following opsonization by intact IgG with different epitope
specificities is not known. One possibility is that rearrangement
of the capsular surface that occurs on binding of rim-pattern
antibodies facilitates interaction between capsule-bound IgG
and macrophage Fc receptors (see below).

One of the paradoxes of the antiphagocytic action of the
cryptococcal capsule is the ability of the yeast to activate the
complement system and deposit large amounts of iC3b within
and at the capsular surface (22, 25). Despite the presence of an
opsonic ligand at the capsular surface, phagocytosis of crypto-
cocci coated with C3 fragments is limited at best. One factor
that contributes to limited phagocytosis of C3-opsonized cryp-
tococci with large capsules is suboptimal opsonization due to
limiting amounts of serum in the opsonization milieu (23). We

hypothesize that a further mechanism for the antiphagocytic
nature of the cryptococcal capsule and the failure of iC3b to
opsonize the yeast is the inherent fluidity of the polysaccharide
capsule, which diminishes the efficiency of interaction between
opsonic fragments of C3 and their receptors in the phagocyte
plasma membrane. Such fluidity might also influence the op-
sonic action of anticapsular IgG, but to a lesser extent than the
impact on opsonization by C3 fragments. Several pieces of data
support this hypothesis. First, phagocytosis of cryptococci op-
sonized by incubation in NHS is enhanced to various degrees
by treatment of phagocytes with procedures known to or likely
to increase complement receptor mobility (9, 17, 27). Second,
a study by Pierini and Doering used freeze-fracture electron
microscopy to examine the architecture of the cryptococcal
capsule (32). The results showed a tightly intertwined matrix
near the cell wall that became progressively disordered with
distance from the cell wall. This result would suggest greater
mobility of ligands bound to cells with large capsules than of
ligands bound to cells with small capsules.

The differential effects of F(ab�)2 fragments of rim- and
puffy-producing MAbs on phagocytosis of cryptococci opso-
nized by incubation with NHS provide a third line of evidence
in support of the hypothesis that the mobility of opsonic frag-
ments of C3 influences phagocytosis of encapsulated crypto-
cocci. Binding of rim-producing antibodies to encapsulated
cryptococci produces a structural reordering at the capsular
surface, resulting in a highly refractile shell at the perimeter of
the capsule that is cross-linked to such an extent that macro-
molecules such as IgG cannot penetrate to the capsular inte-
rior (29). It is likely that polysaccharide at the capsular surface
and any ligands bound to the cross-linked capsular surface,
including iC3b, will have a markedly reduced mobility.

A comparison of the refractile outer edge of the capsular
reaction produced by intact and F(ab�)2 fragments of puffy-
pattern MAbs with capsular reactions of the corresponding
Fab fragments (Fig. 1) suggests that bivalent puffy-pattern
MAbs also produce some level of reordering of the capsular
surface; however, the absence of the sharp decrease in refrac-
tive index characteristic of rim-pattern MAbs indicates that the
surface cross-linking is much less effective in the case of puffy-
pattern antibodies. As a consequence, the DIC microscopy
predicts a limited synergy between F(ab�)2 fragments of puffy-
pattern antibodies and surface-bound iC3b that would be sig-
nificantly less effective than synergy between iC3b and F(ab�)2

fragments of rim-pattern antibodies. This is precisely the result
that we observed (Fig. 3).

An unexpected finding from our study was the observation
that F(ab�)2 fragments of rim-producing antibodies alone were
opsonic. A somewhat similar result was described by Taborda
and Casadevall, who found opsonization by anticapsular IgM
alone (37). Because there are no cellular receptors for F(ab�)2

fragments or IgM, these results suggest the presence of a
macrophage receptor for a constituent of the capsule itself.
Given that the capsule is comprised primarily of GXM, we
examined the ability of GXM to inhibit FcR- and complement
receptor-independent phagocytosis. The results showed that
purified GXM could almost completely inhibit F(ab�)2-medi-
ated, complement receptor-independent phagocytosis. A pre-
liminary report by Taborda and Casadevall similarly noted
inhibition by soluble GXM of serum-independent opsonization

FIG. 6. Effect of C. albicans mannan on Fc-independent opsoniza-
tion of encapsulated cryptococci. Macrophages were untreated or pre-
incubated for 5 min with Candida mannan (100 �g) or GXM (100 �g)
prior to the addition of cryptococci opsonized with F(ab�)2 fragments
of MAb 3C2. Data are reported as the mean phagocytic index from
three independent experiments � SEM.
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by anticapsular IgM (C.P. Taborda and A. Casadevall, Abstr.
101st Gen. Meet. Am. Soc. Microbiol., abstr. F223, 2001).

An alternative explanation for the ability of soluble GXM to
prevent phagocytosis is the possibility that the free GXM is
producing an elution of the F(ab�)2 fragments. In the case of at
least one of the antibodies, this is a very remote possibility.
Specifically, MAb 3C2 binds to GXM in the solid phase with
such tenacity that immunoaffinity purification of the antibody
is impossible due to a failure of even the most extreme elution
conditions to dissociate the antibody from GXM (unpublished
results). In addition, if elution of the F(ab�)2 fragments were
the mechanism for inhibition of opsonization by free GXM, a
similar level of inhibition should have been observed for intact
antibodies. Although soluble GXM produced a slight inhibi-
tion of IgG-mediated opsonization, the extent of inhibition was
much less than that of the GXM-mediated inhibition of opso-
nization by F(ab�)2 fragments alone.

Several lines of evidence support the possibility that phago-
cytes have surface receptors for GXM. First, incubation of
human monocytes with purified GXM elicits the secretion of
interleukin-6 and interleukin-10 (11, 38). Second, GXM accu-
mulates in macrophages in vivo (15, 18, 26). Third, MAbs
specific for CD18 block binding of 14C-labeled CneF, a con-
centrated culture filtrate of C. neoformans, to neutrophils (12).
Finally, GXM binds to Chinese hamster ovary cells that are
transfected with human toll-like receptors 2 and 4 and/or
CD14 (35). Although the present study did not attempt to
identify the cellular receptor for GXM that mediated Fc- and
complement-independent phagocytosis, previous reports sug-
gest that CD18, CD14, toll-like receptor 2, or toll-like receptor
4, individually or in combination, may be responsible for this
process.

Taken together, our results indicate that opsonization and
phagocytosis of encapsulated cryptococci are multifactorial. At
least three potential ligands (IgG antibody specific for GXM,
C3b/iC3b bound to GXM, and GXM itself) and their known or
putative receptors can participate in this process. Each can
function independently, but optimal phagocytosis involves all
three processes. An understanding of the interaction between
each ligand and its receptor will contribute to our understand-
ing of the antiphagocytic action of the cryptococcal capsule.
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