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INTRODUCTION

Studies of complement activation by fungi have their origins
in a report in 1900 by von Dungern that incubation of yeast
cells with serum leads to inactivation of the heat-sensitive
components in serum that are normally destructive to bacteria
and other cells (104). This observation was confirmed in 1902
by Ehrlich and Sachs (25). Since that time, zymosan, a cell wall
product of Saccharomyces cerevisiae, has received extensive
study as a prototype activator of the complement system (28,
85).
The complement system is a group of proteins which can be

activated in a cascade fashion to provide a humoral defense
against microorganisms. Initiation of the cascade occurs via the
classical or alternative pathway (Fig. 1). Despite different ac-
tivation mechanisms, both pathways converge at a single point,
the third component of complement.
Early steps in activation of the classical pathway involve four

proteins: C1q,r,s, C2, C3, and C4. The classical pathway is
typically initiated when the C1q subcomponent of C1 recog-
nizes and binds to the Fc region of an immunoglobulin G (IgG)
or IgM antibody that is bound to an appropriate antigen. An
alternative initiator that may be of particular importance for
activation of the classical pathway by fungi is mannan-binding
protein (MBP). MBP was first identified by its ability to bind to
yeast mannan (51). Serum MBP is a lectin that is found in a
wide range of concentrations in sera from healthy adults (68).
Serum MBP has a structure similar to that of C1q. Binding of

serum MBP to carbohydrate structures, including yeast man-
nan, leads to antibody-C1q-independent activation of the clas-
sical pathway (68, 79). Initiation of the classical pathway can
also occur through direct binding of C1q to target particles
(10); however, this initiation mechanism is probably uncom-
mon. Regardless of the manner of initiation, the activating
event sets into motion a cascade of reactions leading to for-
mation of a C3 convertase, with subsequent cleavage of C3 to
C3b. The reader is referred to several reviews for a more
detailed discussion of the molecular events involved in initia-
tion and regulation of the classical complement pathway (14,
49, 66). Two features of classical pathway initiation have
proven useful for identification of the means by which a puta-
tive activator triggers the complement system. First, antibody-
initiated activation of the classical pathway will not occur if
serum lacks specific antibody, is agammaglobulinemic, or has
been absorbed to remove specific antibody. Second, the stabil-
ity of the C1q,r,s complex is dependent on the presence of
Ca21. The classical pathway is blocked by addition of a calcium
chelator such as EGTA [ethylene glycol-bis(b-aminoethyl
ether)-N,N,N9,N9-tetraacetic acid]. As described below, ab-
sorption of serum to remove specific antibody or chelation with
EGTA is an effective means to block the classical pathway
while leaving the alternative pathway intact.
The alternative pathway consists of six proteins: C3, factor

B, factor D, factor H, factor I, and properdin (Fig. 2). Initiation
of the alternative pathway does not require antibody. As a
consequence, the alternative pathway is an important natural
defense in the nonimmune host. Initiation begins with the
spontaneous conversion of C3 in serum to C3(H2O), a form of
C3 with C3b-like properties. C3(H2O) forms a complex with
Mg21 and factor B which is susceptible to the enzymatic action
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of factor D, leading to the formation of a fluid-phase C3
convertase [C3(H2O),Bb]. This fluid-phase C3 convertase cleaves
C3 from serum to produce metastable C3b, which binds ran-
domly from the fluid phase onto particles. Subsequent inter-
action of this randomly deposited C3b with proteins of the alter-
native pathway is determined by the nature of the particle surface.
Particulate activators of the alternative pathway provide a

surface that favors binding of factor B in a step that requires
Mg21 (45). C3b bound to factor B cannot interact with the
inactivating enzyme factor I. Rather, factor B bound to C3b is
cleaved by factor D to produce C3b,Bb, a solid-phase C3 con-
vertase which generates new C3b, leading to amplification of
C3b deposition on the activator surface. In contrast, the sur-
face of nonactivating particles favors binding of factor H (rath-
er than factor B) to solid-phase C3b (45). Factor H acts as a
cofactor for factor I in cleavage of C3b, yielding the inactive
fragment iC3b, which cannot participate in further amplifica-
tion.
Initiation of the complement system may have biological

consequences. Cleavage of several proteins during activation
of the complement cascade yields soluble fragments that con-
tribute to inflammation. C4a, C3a, and C5a bind to cellular
receptors, inducing release of mediators that produce changes
in vascular permeability. C5a is the most potent in this regard.
C5a is also chemotactic, inducing the directed migration of
leukocytes.
Binding of C3 fragments to cellular targets opsonizes the

target cells for efficient phagocytosis by cells with receptors for
C3 fragments. This process begins with C3, which contains an
internal thioester bond that is activated when C3 is cleaved to
produce C3b (Fig. 3). This activated thioester has an extremely
short life in the newly produced C3b (termed metastable C3b).
The activated thioester can form an ester or amide bond with
a receptive surface. As noted above, C3b bound to cell surfaces
is susceptible to the concerted action of factors H and I. Factor
I is a serine protease that cleaves C3b to yield iC3b. Finally,
iC3b is susceptible to further protease degradation to produce
C3d,g, which remains covalently linked to the activator. C3b,
iC3b, and C3d,g are ligands for several complement receptors
found on mammalian cells. Interaction between the particle-
bound opsonic fragments of C3 and complement receptors on
phagocytic cells helps to eliminate the coated target cell. Com-
plement receptor type 1, termed CR1 or CD35, has C3b and
C4b as its primary ligands. Complement receptor type 2,
termed CR2 or CD21, has C3d,g as its primary ligand. Com-

plement receptor type 3, termed CR3 or CD11b/18, has iC3b
as its primary ligand. Finally, complement receptor type 4,
termed CR4 or CD11c/18, has iC3b as its primary ligand.
Complement activation can lead to lysis and death of the

target cell. This occurs when the terminal pathway components
of the complement cascade (C5 to C9) associate into a mul-
timeric membrane attack complex on the target membrane.
The membrane attack complex forms transmembrane channels
that produce target cell lysis. Direct killing via formation of a
membrane attack complex has not been convincingly demon-
strated with pathogenic fungi. Presumably, the fungal cell wall
blocks formation of an effective attack complex.

CRYPTOCOCCUS NEOFORMANS

Encapsulated cryptococci are powerful activators of the
complement system. Goren and Warren found that incubation
of encapsulated cryptococci in normal serum leads to binding
of a protein, then believed to be C3, to the cryptococcal cap-
sule (34). The first definitive evaluation of the interaction of
encapsulated cryptococci with complement proteins was re-
ported by Diamond et al., who found that opsonization of the
yeast required an intact complement system (22). Laxalt and
Kozel further reported that incubation of C. neoformans with
normal human serum leads to generation of cleavage frag-
ments of factor B and other cleavage products that are che-
motactic for neutrophils (63).
Incubation of encapsulated isolates of C. neoformans in nor-

mal serum leads to the activation and binding of 107 to 108 C3
fragments to a typical yeast cell (56, 109). This is considerably
more C3 per cell than is found after incubation of other fungi
with normal serum. For example, approximately 43 106 C3 frag-
ments bind to an average zymosan particle (58), 23 106 C3 frag-
ments bind to conidia of Aspergillus fumigatus (57), and 2 3 106

C3 molecules bind to a nonencapsulated cryptococcal cell (58).

Initiation and Regulation of the Complement Cascade by
Encapsulated and Nonencapsulated C. neoformans

Incubation of encapsulated cryptococci in normal human
serum leads to activation of the complement system solely via

FIG. 1. Classical and alternative pathways for initiation of the complement
cascade.

FIG. 2. Schematic representation of molecular events in alternative pathway
activation. Adapted from reference 82 with permission of the publisher.
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the alternative pathway. Evidence for an absence of classical
pathway initiation comes from two lines of study. First, incu-
bation of encapsulated cells in an alternative pathway recon-
stituted from purified factors B, D, H, I, and C3 and properdin
leads to activation and binding of C3 fragments to the capsule
in a manner that is qualitatively and quantitatively indistin-
guishable from the pattern of activation and binding that oc-
curs with normal serum (59). Second, the kinetics for activa-

tion and binding of C3 to encapsulated C. neoformans is
characterized by a lag of 4 to 6 min before readily detectable
amounts of C3 accumulate on the yeast cells (Fig. 4). Once
past the lag, accumulation is extraordinarily rapid. The phase
of rapid accumulation of C3 fragments on the yeast cells is
followed by an abrupt termination of amplification after incu-
bation for approximately 15 min. The kinetics for activation
and binding of C3 to encapsulated cryptococci are unaltered if

FIG. 3. Schematic representation of the C3 molecule and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of C3, C3b, iC3b, and
C3 fragments eluted from encapsulated and nonencapsulated C. neoformans. Native C3 has a thioester bond on the alpha chain. Cleavage of C3 by C3 convertase
releases a small C3a fragment from the alpha chain and activates the thioester to produce metastable C3b, which can form an ester bond with the yeast surface. C3b
is cleaved by the concerted action of factors H and I to produce iC3b. These molecular forms are illustrated in the SDS-PAGE autoradiogram. Analysis of C3 fragments
eluted from encapsulated and nonencapsulated C. neoformans incubated for 8 min with normal human serum shows that most C3 on encapsulated C. neoformans is
in the form of iC3b, whereas the C3 fragments on nonencapsulated C. neoformans are a mixture of C3b and iC3b.

FIG. 4. Kinetics for activation and binding of C3 fragments from normal human serum onto encapsulated and nonencapsulated C. neoformans. Yeast cells were
incubated for various times with normal human serum (F) or serum that had been absorbed with the homologous yeast to remove antibody (å). Adapted from reference
108 with permission of the publisher.
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incubation is done in the presence of Mg-EGTA (58). As
noted previously, EGTA chelates the Ca21 that is required for
classical pathway initiation.
The pattern for activation and binding of C3 to nonencap-

sulated cryptococci differs quantitatively and qualitatively from
the pattern observed with encapsulated C. neoformans. First,
many more C3 molecules bind to encapsulated cryptococci
than to nonencapsulated cells. Second, C3 binds to the cell wall
of nonencapsulated cells rather than to the predominant cap-
sular location in the case of encapsulated cells. An electron
micrograph illustrating the site for binding of C3 fragments to
encapsulated cryptococci is shown in Fig. 5. Third, activation of
the complement system by nonencapsulated cryptococci can
involve either the classical or the alternative pathway. Incuba-
tion of nonencapsulated yeast cells in normal human serum
leads to an immediate accumulation of C3 fragments on the
yeast cells (58). Blockade of the classical pathway by treatment
of serum with Mg-EGTA or by removal of antibodies through
absorption of the serum with whole cells introduces a lag into
the activation and binding kinetics which is very similar to that
observed with encapsulated cryptococci (Fig. 4).
An examination by immunofluorescence microscopy of the

cellular sites for early C3 deposition provided an explanation
for differences in activation kinetics by encapsulated and non-
encapsulated cryptococci. Deposition of C3 into the cryptococ-
cal capsule is focal in nature (58). Incubation of encapsulated
yeast cells in normal human serum for 2 to 4 min produces
minute sites of C3 deposition (Fig. 6). As the incubation
progresses, the early foci expand to form larger patches of C3
deposition, and new minute foci appear at different sites. This

pattern of C3 binding suggests a nucleation event in which the
formation of sites for alternative pathway initiation is a rela-
tively infrequent event, and the sites spread via alternative
pathway amplification to fill the capsule. This pattern is also
consistent with the model of alternative pathway initiation
described by Pangburn and Müller-Eberhard (illustrated in
Fig. 2) which predicts a slow, random formation of solid-phase
C3b which would be the nidus for a solid-phase C3 convertase
(82). Asynchronous focal initiation is also consistent with the
observed kinetics for activation and binding of C3 to encapsu-
lated cryptococci (Fig. 4). The 4- to 6-min lag before appre-
ciable amounts of C3 are bound to the capsule likely reflects
the time needed for formation of sufficient focal sites to sup-
port vigorous amplification.
Incubation of nonencapsulated C. neoformans in normal se-

rum leads to simultaneous and synchronous initiation and
rapid accumulation of C3 fragments at sites distributed over
the entire cell surface (Fig. 6). This rapid, synchronous initia-
tion is due to the action of the classical pathway. If the classical
pathway is disrupted by treatment of serum with Mg-EGTA or
by removal of antibody through absorption with nonencapsu-
lated cryptococci, an initiation pattern that is asynchronous
and focal in nature occurs, a pattern resembling that observed
with encapsulated cryptococci.
Initiation of the classical pathway by nonencapsulated cryp-

tococci is most likely due to the action of a ubiquitous anti-cell
wall IgG antibody that is found in sera from all donors tested
to date (52). The IgG antibodies are of the IgG2 subclass. The
antibodies are absorbed by isolated yeast glucan or zymosan
particles, suggesting that the antibodies are glucan specific.
This interpretation is consistent with the report by James et al.
that the cryptococcal cell wall is composed predominantly of
glucan (50). The anticryptococcal cell wall IgG is not removed
by absorption with blastoconidia of Candida albicans or cells of
S. cerevisiae. Both C. albicans and S. cerevisiae have dense
accumulations of mannan at the yeast surface (4, 44, 86) which
probably block access of the antiglucan antibody to glucan
found at deeper sites within the cell wall. This explanation is
supported by the ability of zymosan to completely remove the
anti-cell wall antibodies in normal sera that are responsible for
initiation of the classical pathway by nonencapsulated crypto-
cocci (108). Zymosan consists of ‘‘ghosts’’ of S. cerevisiae in
which the glucan found in the interior of the cell wall is likely
to be available to the antibody during absorption procedures
(23). Moreover, zymosan contains considerably less mannan
than is found in intact S. cerevisiae yeast cells or isolated cell
walls (23, 28).
An area that has received little attention is the possible role

that high levels of anticapsular IgG or IgM might play in
initiation of the classical pathway by encapsulated cryptococci.
Although the levels of anticapsular antibody found in normal
human serum are not sufficient to alter the kinetics for initia-
tion of the complement system (48), it is possible that passively
administered antibody (73, 74) or high levels of antibody raised
by active immunization (19) might produce a pattern of acti-
vation and binding of C3 fragments that is qualitatively or
quantitatively different from the patterns observed with normal
serum. The potential importance of antibody-mediated initia-
tion of the complement system is suggested in results from a
study by Griffin (36). Encapsulated cryptococci were preincu-
bated with nonimmune mouse serum or nonimmune mouse
serum plus rabbit anticapsular IgM. Yeast cells opsonized by
IgM plus nonimmune mouse serum were ingested by cytokine-
activated murine macrophages in much higher numbers than
cryptococci opsonized by incubation with nonimmune mouse
serum alone. Quantitative or qualitative alterations in activa-

FIG. 5. Ultrastructural location of C3 fragments bound to encapsulated C.
neoformans. Yeast cells were incubated with normal human serum, and the site
of C3 binding was identified by immunoperoxidase staining. C3 deposition is
seen as dense staining throughout the capsule, particularly at the capsular sur-
face. Negative controls, using heat-inactivated serum, show a complete absence
of staining within the capsule (not shown; see reference 54).
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tion and binding of opsonic C3 fragments to the cryptococcal
capsule may contribute to the protective effect observed when
mice are passively immunized with anticapsular monoclonal
antibodies of the IgM class (73, 74).

Characteristics of C3 Fragments Bound to
the Cryptococcal Capsule

C3 fragments are bound to encapsulated cryptococci in a
manner that is resistant to elution with detergents or chao-

tropes. The bound C3 is removed completely by treatment with
hydroxylamine (55, 57). Studies of a variety of model com-
pounds and particles have found that activated C3b reacts with
hydroxyl groups on receptive molecules to form an ester bond.
This ester bond is sensitive to hydrolysis with hydroxylamine
(47, 60–62). Activated C3b can also form an amide bond with
receptive molecules; the amide bond is resistant to hydrolysis
with hydroxylamine. The complete release of C3 fragments
from encapsulated cryptococci by treatment with hydroxyl-

FIG. 6. Localization by immunofluorescence of cellular sites for early deposition of C3 fragments on nonencapsulated (top two rows) and encapsulated (bottom
two rows) C. neoformans. Yeast cells were incubated with heat-inactivated serum (Neg. control) or incubated for 1, 2, 4, 6, or 8 min with normal human serum and
stained with fluorescein-labeled antiserum specific for human C3. Adapted from reference 58 with permission of the publisher.
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amine suggests that metastable C3b binds via an ester bond to
the abundant hydroxyl groups found in the cryptococcal cap-
sule. In contrast, a significant percentage of the C3 fragments
bound to nonencapsulated cryptococci are resistant to release
by treatment with hydroxylamine (55, 84). This suggests the
presence of an amide bond. These results obtained with non-
encapsulated cryptococci are similar to results from studies of
C3 fragments bound to zymosan which found that 20 to 25% of
the bound C3 was relatively resistant to elution with hydroxy-
lamine (60).
Once metastable C3b binds to the yeast surface, it can be

converted to iC3b when the plasma serine protease factor I
cleaves the a9 chain of C3b into three fragments (Fig. 3). Both
fragments remain bound to the C3 b chain via disulfide bonds
(81). Cleavage of C3b by factor I requires that the complement
regulatory protein factor H be bound to the C3b (83). Thus,
formation of iC3b is dependent on interaction between parti-
cle-bound C3b and factor H. Analysis of C3 fragments eluted
from encapsulated C. neoformans showed that the vast major-
ity (.95%) are in the form of iC3b (Fig. 3) (55, 84, 105).
Indeed, the percentage of bound C3 occurring as iC3b ap-
proaches 100% after 8 min of incubation in normal serum (84).
In contrast, the percentage of bound C3 occurring as iC3b on
nonencapsulated cryptococci does not exceed 70%, even after
60 min of incubation in normal human serum. Rapid conver-
sion of C3b to iC3b within the capsular milieu may explain the
abrupt termination in amplification that occurs when encapsu-
lated cryptococci are incubated for approximately 15 min with
normal serum (Fig. 4). In contrast, nonencapsulated crypto-
cocci continue to accumulate C3 fragments over incubation
periods of 60 min or longer. Continued amplification such as
that observed with nonencapsulated cryptococci requires the
presence of C3b, which is an essential component of the alter-
native pathway C3 convertase (Fig. 2).
Rapid conversion of C3b to iC3b suggests that an extremely

efficient mechanism operates for conversion of C3b to iC3b on
encapsulated cryptococci relative to the conversion that occurs
on nonencapsulated cryptococci or zymosan (84). A kinetic
analysis of cleavage of C3b to iC3b on encapsulated and non-
encapsulated cryptococci suggests that there is a variation in
the efficiency with which factor H, factor I, or both influence
conversion of C3b to iC3b on these two cell types (84). Dose-
response curves of the requirements for both factor H and
factor I are quite steep when cleavage of C3b to iC3b is as-
sessed on encapsulated cryptococci. This indicates that the C3b
molecules on encapsulated cryptococci are uniform in their
interactions with these two proteins. In contrast, dose-response
curves for factors H and I in conversion of C3b to iC3b on
nonencapsulated cryptococci have shallow slopes. This indi-
cates that C3b molecules bound to nonencapsulated crypto-
cocci are more heterogeneous in their requirements for factors
H and I. Indeed, it appears that approximately 30 to 40% of
the C3b on nonencapsulated cryptococci is highly resistant to
degradation to iC3b. Heterogeneity in the ability of factors H
and I to degrade C3b to iC3b is similar to results from a study
by Horstmann et al. which found considerable heterogeneity in
the affinity of factor H for C3b bound to zymosan (45).
A possible explanation for the uniformity with which factors

H and I interact with C3b in the cryptococcal capsule is the
homogeneous nature of the capsule itself. This uniform struc-
ture, coupled with the three-dimensional matrix of the capsule,
may provide an identical binding environment for all C3b mol-
ecules. In contrast, the complexity of the cryptococcal cell wall
and the two-dimensional nature of the surface of the cell wall
may restrict access or provide a variable environment for in-
teraction of factors H and I with C3b.

Molecular Basis for Activation and Regulation of the
Complement System by the Cryptococcal Capsule

The cryptococcal capsule presents a surface that activates
and regulates the complement system in a manner that is
qualitatively and quantitatively different from activation by
nonencapsulated cryptococci or zymosan. Indeed, activation
and regulation of the alternative pathway appear to be mark-
edly different from those of any particle studied to date. Acti-
vation of the alternative pathway represents the end result of
several steps in a cascade (Fig. 2). It is likely that one or more
molecular features of the capsule influence several of these
steps. The cumulative result of these activities is the charac-
teristic pattern by which encapsulated cryptococci activate and
regulate the alternative pathway.
Identification of the critical parameters of the capsular struc-

ture that influence complement activation requires an under-
standing of the molecular structure of the capsule. The major
constituent of the capsule is a polysaccharide termed glucu-
ronoxylomannan (GXM) (7). Studies by Cherniak and cowork-
ers and reports from other laboratories have greatly clarified
the structure of GXM. GXM consists of a (133)-linked linear
a-D-mannopyran with single b-D-xylopyranosyl, b-D-glucuro-
nopyranosyl, and 6-O-acetyl substituents. The polysaccharide
occurs as four primary serotypes which differ in the degrees of
substitution with xylopyranosyl and O-acetyl groups.
The first characteristic of the cryptococcal capsule that in-

fluences complement activation is capsular size (109). Large-
capsule isolates bind more C3 than small-capsule isolates.
However, the increase in C3 binding is not directly propor-
tional to the increase in capsule size. Nevertheless, the large
three-dimensional matrix provided by the cryptococcal capsule
undoubtedly provides abundant binding sites for C3. This large
binding capacity is probably a major factor accounting for the
extraordinary amounts of C3 that bind to encapsulated cells.
Capsular serotype influences the efficiency with which C3

binds to the yeast cells as well as the rate at which C3 accu-
mulates on encapsulated cryptococci. A study by Sahu et al. of
the binding efficiency of metastable C3b to encapsulated cryp-
tococci of all four serotypes showed a stepwise decrease in
binding efficiency that parallels the serotype-dependent de-
crease in density of xylopyranosyl residues, e.g., C . B . A .
D (93). In contrast, evaluations of the rate of accumulation of
C3 on encapsulated cryptococci after incubation in normal
human serum showed a greater rate of accumulation on cells of
serotypes A and D than serotypes B and C (105, 109). These
seemingly disparate results illustrate the multifactorial nature
of alternative pathway activation by the cryptococcal capsule.
Studies of binding efficiency by Sahu et al. rigorously examined
a single component of the process, while the rate of amplifi-
cation reflects the end result of several steps of alternative
pathway activation. Thus, serotype-dependent variations in
capsular structure may have multiple and independent effects
on initiation, amplification, and regulation of the alternative
pathway.
O acetylation is another feature of the capsular polysaccha-

ride that impacts activation and/or binding of C3 to encapsu-
lated cryptococci. GXM is O acetylated at position 6 on the
mannose backbone (19). Studies by Washburn et al. (105) and
Young and Kozel (109) found that de-O-acetylation of encap-
sulated cryptococci led to a significant increase in the amount
of C3 binding to a cryptococcal cell. One explanation for this
effect is the possibility that O-acetyl groups sterically block
potential binding sites on the GXM for metastable C3b.
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Biological Consequences of Complement Activation
by C. neoformans

The complement system is essential for opsonization of en-
capsulated C. neoformans by normal serum. Cryptococci that
are incubated with normal serum are engulfed by phagocytes in
greater numbers than cryptococci that are not treated with
serum (16, 22, 70). The opsonic potential of serum is lost if the
serum is inactivated by heating at 50 or 568C or by treatment
with EDTA but not by treatment with EGTA (16, 22). Taken
together, these studies of opsonic requirements for phagocy-
tosis of C. neoformans indicate the importance of the alterna-
tive pathway in opsonization, a result consistent with studies of
activation of the complement system by the yeast.
Activation of phagocytes is an important component in in-

gestion of complement-coated cryptococci. Griffin found that
treatment of murine macrophages with a lymphokine derived
from murine thymocytes greatly enhanced ingestion of C3-
coated cryptococci (36). More recently, Collins and Bancroft
found that phagocytosis of serum-opsonized cryptococci was
markedly enhanced by treatment of macrophages with tumor
necrosis factor alpha and granulocyte-macrophage colony-
stimulating factor, two cytokines that stimulate complement-
dependent phagocytosis by murine macrophages (13).
The importance of phagocyte complement receptors in

phagocytosis is illustrated by the report from Collins and Ban-
croft that phagocytosis of serum-opsonized cryptococci is com-
pletely blocked by treatment of murine macrophages with
monoclonal antibodies specific for CR3, a complement recep-
tor with specificity for iC3b (13). Similarly, Levitz and Tabuni
demonstrated that monoclonal antibodies specific for CR1,
CR3, or CR4 profoundly inhibited binding of serum-opsonized
encapsulated cryptococci to cultured human macrophages
(65). The rapid conversion of C3b to iC3b on encapsulated
cryptococci suggests that iC3b may be a more important op-
sonic ligand than C3b; however, it appears that multiple com-
plement receptors are involved in binding of serum-opsonized
cryptococci to phagocytes.
Opsonization is not the sole function of the complement

system in host resistance to cryptococcosis. The rapid course of
cryptococcosis in C5-deficient mice (see below) suggests an
important role for C5. C5a, a cleavage fragment of C5, is a
powerful mediator of inflammation. Biological activities of C5a
that likely contribute to the inflammatory response include
induction of increased vascular permeability, chemotaxis, aug-
mented adherence of neutrophils, and degranulation. Indirect
evidence for generation of C5a was provided by Laxalt and
Kozel, who reported that incubation of encapsulated crypto-
cocci in normal serum leads to release of soluble cleavage
fragments that are chemotactic for neutrophils (63). Frag-
ments of C5 were identified as the essential chemotactic factor
when Diamond and Erickson found that the chemotactic ac-
tivity of C. neoformans-activated serum is blocked by treatment
with antibodies specific for C5 but not by antibodies specific for
C3 (20).

Complement Activation In Vivo
Studies of both human cryptococcosis and animal models of

cryptococcal disease showed that complement activation oc-
curs in vivo. Macher et al. found a profound depletion of
complement activity in sera obtained from patients with cryp-
tococcal sepsis (69). Evidence for complement depletion in
patient serum included loss of hemolytic complement activity,
loss of the ability to opsonize encapsulated cryptococci for
phagocytosis by human neutrophils, depressed levels of circu-
lating C3, the presence of factor B cleavage products, and a

decreased ability to deposit C3 fragments on the surface of
encapsulated cryptococci. Complement activation was attrib-
uted to the alternative pathway because levels of C4 were
normal except for a single patient who had circulating antibod-
ies directed against the cryptococcal capsule. Continuous cryp-
tococcal fungemia appears to be necessary for complement
depletion because sera obtained from patients with negative
fungal blood cultures had normal opsonic activity, normal lev-
els of hemolytic complement activity, and normal levels of
circulating C3.
Complement depletion is also observed in experimental

models of cryptococcosis, including disseminated cryptococco-
sis in guinea pigs and mice (29, 69). Intracardiac injection of
whole, heat-killed cryptococci led to depletion of hemolytic
serum complement activity, indicating that complement acti-
vation is due to the yeast cell itself rather than being a second-
ary consequence of cryptococcosis.
Histopathologic analysis of tissues from patients and animals

with experimental cryptococcosis demonstrated deposition of
C3 fragments on encapsulated cryptococci. Chiang et al. ex-
amined cryptococci found in lesions of patients with cutaneous
cryptococcosis and found C3 fragments but not C1q on the
surface of the yeast cells, suggesting involvement of the alter-
native pathway (8). Truelsen et al. examined tissues from mice
infected with C. neoformans by immunofluorescence to deter-
mine the extent of deposition of C3 fragments on encapsulated
cryptococci (101). The relative percentages of cryptococci in
each tissue having readily visible C3 were greatest for liver and
lung, with the kidney having the next highest percentage and
the spleen having few C3-coated cryptococci. Binding of C3
fragments to cryptococci in brain tissue was essentially absent.
The last result is consistent with studies by Diamond et al., who
found little or no C3 detectable on the surface of cryptococci
obtained from spinal fluid specimens of four patients with
cryptococcal meningitis (22). The absence of deposition of C3
onto cryptococci in brain tissue may provide an additional
explanation for the niche that the central nervous system pro-
vides for C. neoformans.

Role of Complement in Cryptococcosis

Studies of experimental cryptococcosis in animals with con-
genital or induced deficiencies of the complement system have
provided insight into the importance and function of the com-
plement system in resistance to cryptococcosis. One such
model is the C4-deficient guinea pig. In these animals, a com-
plete absence of serum C4 is transmitted as a simple autosomal
recessive trait (27). C4-deficient guinea pigs lack a classical
complement pathway but have an intact alternative pathway;
thus, this animal model allows an evaluation of the importance
of the classical pathway in the pathogenesis of fungal infec-
tions. The second model of complement deficiency is the C5-
deficient mouse. Sera from several strains of mice, such as
DBA/2, A/J, and B10.D2/Sn ‘‘old,’’ were noted to lack hemo-
lytic complement activity (9, 92). Subsequent analysis by Nils-
son and Müller-Eberhard found that mice with the inherited
complement deficiency lacked C5 (78). The third model of
complement deficiency is the mouse or guinea pig that has
been treated with cobra venom factor (CVF) fromNaja naja or
Naja haje. CVF is a component of cobra venom that shares
structural and functional properties with C3 (75, 102, 103).
CVF forms an Mg21-dependent complex with factor B which is
activated by factor D to produce a CVF-dependent C3 con-
vertase. The CVF-dependent convertase is much more stable
than the normal alternative pathway C3 convertase. As a con-
sequence, treatment of serum or animals with CVF leads to
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depletion of C3 by the uncontrolled action of the CVF-depen-
dent convertase. It should be noted that several studies of the
effects of CVF on fungal pathogenesis have been done with
CVF from N. naja, which also has C5-depleting activity (102).
C4-deficient guinea pigs exhibited the same susceptibility to

lethal cryptococcal infection as that observed in animals with
normal levels of C4 (21). These results indicate that classical
pathway initiation is not needed for normal levels of resistance
to cryptococcosis. This result is consistent with in vitro studies
which found that the classical pathway is not involved in acti-
vation and binding of C3 to encapsulated cryptococci. A de-
finitive role for the complement system in resistance to cryp-
tococcosis was demonstrated when treatment of guinea pigs
or mice with CVF was found to markedly increase susceptibil-
ity to cryptococcosis (21, 35). Experimental animals treat-
ed with CVF and subsequently challenged with viable crypto-
cocci died earlier than normal animals. Cryptococcosis in the
CVF-treated guinea pig is characterized by increased crypto-
coccemia.
Cryptococcosis in C5-deficient mice differs in several re-

spects from cryptococcosis in mice with normal C5 levels (67,
90, 91). C5-deficient mice die much more rapidly after intra-
venous challenge than do C5-sufficient mice. The primary ef-
fect of the C5 deficiency is expressed in the lung, where C5-
deficient mice develop an acute, fatal cryptococcal pneumonia.
C5-deficient mice had as many as 1,000 times more cryptococci
in lung tissue than did C5-sufficient mice. Analysis of tissues by
light and electron microscopy found that neutrophils accumu-
lated in pulmonary vessels and engulfed the yeast cells 30 min
after intravenous inoculation into C5-sufficient mice (67). In
contrast, neutrophils failed to accumulate in pulmonary vessels
and there was no phagocytosis of encapsulated yeast cells in
C5-deficient mice. Deaths in this model have been attributed
to a massive pulmonary edema that is most likely due to re-
duced pulmonary infiltration by neutrophils (90).

CANDIDA ALBICANS

Initiation and Regulation of the Complement
Cascade by C. albicans

Early studies of the interaction of C. albicans with the com-
plement system used generation of chemotactic cleavage frag-
ments, opsonization, and activation of C3 and factor B to
generate electrophoretically distinguishable cleavage frag-
ments as indicators of complement activation (72, 88, 100). All
such studies demonstrated the essential role of the alternative
pathway in complement activation by C. albicans. Activation
was abolished by heating serum at 50 or 568C, indicating a
requirement for a heat-labile serum factor in the production of
chemoattractants. Factor B is particularly sensitive to heat and
is inactivated by heating at 508C, indicating the importance of
the alternative pathway. Conversely, activation of the comple-
ment system by C. albicans occurred in serum chelated with
EGTA, in C2-deficient serum, and in C4-deficient serum, in-
dicating that activation can take place in the absence of the
classical pathway.
Analysis of the kinetics for activation and binding of C3

fragments to C. albicans blastoconidia found very rapid depo-
sition of C3 onto the yeast cells. This early deposition is con-
sistent with a role for classical pathway initiation. The earlier
studies which implicated the alternative pathway as the pri-
mary mechanism for complement activation assessed activa-
tion after incubation of blastoconidia with serum for 30 min.
This time interval might have overlooked any contribution of
the classical pathway to early activation kinetics. Thus, the

possibility exists that initiation via the classical pathway is the
normal course of events; however, in the absence of classical
pathway initiation, the alternative pathway can be invoked,
leading to a similar end result. This pattern would be analo-
gous to the pattern observed with nonencapsulated cryptococci
(Fig. 4).
There are at least two candidates for a putative classical

pathway initiator. First, IgG antibody that is reactive with C.
albicans mannan is very common in the general population
(64). Second, mannan is a significant component of the C.
albicans surface (44, 86), raising the possibility that MBP might
play a role in initiation of the complement cascade. A central
role for mannan in initiation of the complement system is
supported by the observation of Denning and Davies that in-
cubation of human serum with a cell wall mannan preparation
led to generation of chemotactic complement fragments (18).

Characteristics of C3 Fragments Bound to C. albicans
Approximately 50% of the C3 bound to C. albicans is resis-

tant to elution with hydroxylamine (53). This suggests that a
significant number of the C3 fragments are bound via amide
linkages. Proteins found at the candidal surface, perhaps as
constituents of the mannoprotein, are possible candidates for
the acceptor for binding via amide linkages. Analysis of the
molecular form of the C3 fragments bound to C. albicans
found that most of the fragments were in the form of C3b.
These results suggest that phagocyte receptors with high affin-
ity for C3b will be more important in phagocytosis than recep-
tors with high affinity for iC3b. The large percentage of C3 in
the form of C3b suggests that C3b bound to C. albicans is much
more resistant to the action of factors H and I than C3b bound
to encapsulated C. neoformans. The molecular basis for resis-
tance to degradation from C3b to iC3b within the milieu of the
candidal surface is not known.

Candidal Receptors for C3 Fragments
C. albicans hyphae and pseudohyphae form rosettes with

sheep erythrocytes coated with C3d or iC3b (24, 41). These
results indicate that candidal cells have receptors for cleavage
fragments of C3. Although expression of complement recep-
tors appears to be greatest on hyphae (24, 41), there is evi-
dence for iC3b receptor activity on blastoconidia as well (33).
The similarity in function between the candidal complement
receptors and mammalian CR2 and CR3 led to studies of the
structural similarity between mammalian and candidal comple-
ment receptors. Fluorescence microscopy was used to show
that the anti-CR3 monoclonal antibodies OKM-1, anti-Mac-1,
and anti-Mo1 bind to C. albicans (24, 33). Binding of anti-CR2
antibodies to C. albicans was not readily demonstrable by im-
munofluorescence, but high concentrations of an anti-CR2
monoclonal antibody and an anti-CR2 polyclonal antibody
blocked rosetting with C3d-coated erythrocytes (24).
Expression of candidal complement receptors is influenced

by growth conditions. For example, expression of the iC3b-
binding protein is temperature sensitive, with reduced expres-
sion by cells grown at 37 or 38.58C (26). In another example,
iC3b binding activity is stimulated by growth in medium con-
taining 20 mM glucose (46).
Data indicating a role for complement receptors in virulence

is largely correlative. An examination of the species of Candida
that bind iC3b- and C3d-coated erythrocytes found that only C.
albicans and the closely related Candida stellatoidea exhibited
complement receptor activity. Thus, the presence of comple-
ment receptors on the most pathogenic of the Candida species
suggests a role in pathogenesis (24, 41). This association is not
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absolute because several species that lack complement recep-
tor activity are also capable of producing disease. Further
evidence for a role in virulence was provided when an avirulent
mutant of C. albicans which exhibited reduced binding of iC3b-
coated sheep erythrocytes was identified (80). A role as a
candidal adhesin is one mechanism by which complement re-
ceptors could contribute to the pathogenesis of candidiasis.
Gustafson et al. found that yeast cells grown under conditions
that stimulate expression of iC3b binding activity showed
greater adherence to human umbilical vein endothelium than
cells grown under conditions that suppress receptor expression
(37). Moreover, treatment of C. albicans with anti-Mo1, an
antibody that is reactive with mammalian CR3, blocks adhe-
sion. Finally, pretreatment of C. albicans with purified iC3b
inhibits glucose-enhanced adhesion to human umbilical vein
endothelium. An additional contribution of C. albicans com-
plement receptors to virulence was suggested by Moors et al.,
who found that complement receptors may play a role in iron
acquisition by C. albicans (71). Expression of iC3b binding
activity by C. albicans enabled the organism to bind comple-
ment-coated erythrocytes and provided a means to obtain
heme-derived iron for growth.

Role of Complement in Candidiasis

Immunofluorescence studies found deposits of C3 in biop-
sies of lesional skin from animals with experimental cutaneous
candidiasis and patients with chronic mucocutaneous candidi-
asis, demonstrating that C. albicans activates the complement
system in vivo (94, 95).
Studies with experimental models of C. albicans infection

found that the complement system plays an important role in
resistance to disseminated candidiasis. For example, guinea
pigs treated with CVF have a higher rate of mortality than
untreated animals in response to C. albicans infection (32).
Quantitative organ cultures done 12 h after infection showed
significantly greater numbers of C. albicans in kidneys of CVF-
treated animals, but there was no difference in the numbers of
C. albicans in livers from CVF-treated and untreated guinea
pigs. The observed effects of CVF treatment are unlikely to be
due to a simple decrease in phagocytic killing, because such an
effect should produce comparable changes in numbers of C.
albicans in all tissues. The authors concluded that serum com-
plement plays a major organ-specific role in host defense
against septicemia due to C. albicans beyond its effect on clear-
ance of the organism from the circulation. Guinea pigs with a
genetic deficiency in C4 production are as resistant to dissem-
inated candidiasis as C4-sufficient animals, indicating that clas-
sical pathway initiation is not necessary for complement-de-
pendent resistance to disseminated candidiasis.
As is the case with C. neoformans, mice with congenital

deficiencies in C5 production show decreased resistance to
disseminated candidiasis (39, 94). The precise mechanism for
increased susceptibility of C5-deficient mice to disseminated
candidiasis is not known. C5-deficient serum has opsonic ac-
tivity that is not appreciably different from the opsonic activity
of C5-sufficient serum (72). The most likely explanation is an
inability of C5-deficient mice to mount an adequate inflamma-
tory response. The importance of neutrophils in resistance to
disseminated candidiasis is well known. A failure in generation
of C5a would likely improve the ability of C. albicans to survive
host tissue defenses.
The complement system is also important in resistance to

cutaneous candidiasis. Ray and Wuepper found that intraepi-
dermal injection of C. albicans into complement-sufficient mice
led to hyphal proliferation that was confined largely to the

epidermis. In contrast, C5-deficient mice or mice treated with
CVF developed no inflammatory response and permitted C.
albicans to proliferate into the subcutaneous fat (89).

ASPERGILLUS SPP.

Conidia of A. fumigatus exhibit many of the complement-
activating parameters found with other fungi, including gener-
ation of cleavage fragments of C3 (1), depletion of serum
hemolytic complement activity (1), and binding of C3 to the
conidial surface (57, 96, 97). There are several unusual aspects
of the interaction of Aspergillus spp. with the complement
system. Resting conidia, swollen conidia, and hyphae differ in
the mode of their initiation of the complement cascade (57).
Initiation is slowest with resting conidia, a kinetic pattern that
is reminiscent of the slow activation of the alternative pathway
characteristic of encapsulated C. neoformans. This interpreta-
tion is consistent with the observation that complement acti-
vation by resting conidia is mediated by the alternative path-
way, with increasing dependence on classical pathway initiation
as the fungal particles mature into swollen conidia and then
hyphae. These differences in initiation of the complement sys-
tem likely reflect differences in the surface of each morpho-
logic form. The surface of resting conidia consists of a smooth,
waxy, hydrophobic layer (12, 43). This outer layer may be
poorly immunogenic or may be encountered rarely in the en-
vironment, leading to an absence of antibody in normal serum.
This outer layer is likely to be altered as the resting conidia
mature, exposing a new surface for which antibody may be
relatively common in normal serum. Alternatively, the classical
pathway initiation seen with swollen conidia and hyphae may
be due to the action of serum MBP. This is an area that would
benefit from more detailed study.
Washburn et al. reported that A. fumigatus produces a sol-

uble extracellular inhibitor of the complement system (106,
107). Approximately five times more of the inhibitor was re-
quired to produce inhibition of classical pathway-initiated he-
molytic activity than was required to produce a comparable
reduction in activation and binding of C3 to encapsulated C.
neoformans. These data suggest that the Aspergillus comple-
ment inhibitor is a selective inhibitor of the alternative path-
way. The specific site of action of the inhibitor has not been
reported. Aspergillus complement inhibitor is nondialyzable, is
hydrophobic, contains little polysaccharide or protein, and
contains lipids. The role of the inhibitory factor in the patho-
genesis of aspergillosis is not known.
The specific role of complement in the pathogenesis of as-

pergillosis has not received detailed study. Likely effector func-
tions include opsonization for efficient binding by phagocytes
and production of an inflammatory response through genera-
tion of C5a. A preliminary study of pulmonary and dissemi-
nated aspergillosis in DBA/2N mice found that lower infecting
doses are required to produce lethal infections in C5-deficient
mice (40). It is notable that a detailed evaluation of the acti-
vation and binding of C3 to 29 isolates of nine Aspergillus
species found that conidia of the highly pathogenic species A.
fumigatus and A. flavus bound fewer C3 molecules per unit of
surface area than did conidia of less pathogenic species (42).

PARACOCCIDIOIDES BRASILIENSIS

In vitro evidence for activation of the complement system by
cells of P. brasiliensis includes opsonization for enhanced
phagocytosis by macrophages (5), cleavage of serum C3 to
yield electrophoretically identifiable fragments (5, 76), gener-
ation of mediators chemotactic for neutrophils (5), and depo-
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sition of C3 fragments on the yeast surface (76). Examination
of sera from patients with various forms of paracoccidioidomy-
cosis for signs of systemic complement activation found cleav-
age fragments of C4 and factor B, suggesting activation of the
classical and alternative pathways (17, 77). Conversely, clinical
improvement following treatment was accompanied by a de-
cline in the presence of activation products of both C4 and
factor B (17).
The importance of the complement system in the control of

experimental paracoccidioidomycosis is less clear than is the
case with C. neoformans or C. albicans. Calich et al. examined
the inflammatory response to subcutaneous inoculation of the
yeast into normal mice, C5-deficient mice, and mice pretreated
with CVF (5). Histological studies of the lesions found a mas-
sive influx of neutrophils that was not appreciably diminished
in C5-deficient mice or mice depleted of C3 by treatment with
CVF. Similar results were found in an experimental model
which evaluated the acute inflammatory infiltrate in mice re-
ceiving an intraperitoneal inoculation of P. brasiliensis (6).
Normal mice, C5-deficient mice, and mice treated with CVF
showed comparable inflammatory responses. In studies of le-
thal disseminated paracoccidioidomycosis, Burger et al. found
that the 50% lethal dose of P. brasiliensis for C5-sufficient
B10.D2/nSn mice did not differ appreciably from that for C5-
deficient B10.D2/oSn mice (2). The studies of murine paracoc-
cidioidomycosis utilized an intraperitoneal challenge route,
whereas studies done with C. neoformans or C. albicans used
intravenous inoculation. Thus, the observed differences in
these models may reflect requirements for complement acti-
vation in clearance via the two challenge routes rather than
fundamental differences in the role of the complement system
in the control of the various mycoses.

TRICHOPHYTON SPP.

Trichophyton species are the most widely studied dermato-
phytes with regard to complement activation. Incubation of
Trichophyton mycelia with normal serum leads to depletion of
hemolytic complement activity, opsonization, and generation
of chemotactic cleavage fragments (15, 98, 99). Thus, there is
abundant evidence that Trichophyton rubrum and T. mentagro-
phytes mycelia are effective activators of the complement sys-
tem. The function of the complement system in dermatophytic
infections is more controversial. Immunofluorescence studies
of experimental dermatophytosis have largely failed to dem-
onstrate the presence of complement fragments on fungal el-
ements in the stratum corneum (38, 99). Moreover, accumu-
lation of neutrophils at the site of dermatophyte infection is
highly variable, depending in part on the specific infecting
dermatophyte and the site of infection. Dahl and Carpenter
(15) have argued that complement-dependent accumulation of
neutrophils contributes to the control of dermatophyte infec-
tion by (i) stimulating epidermal proliferation, with a conse-
quent shedding of fungi via increased desquamation, and (ii)
limiting infection to the stratum corneum through an intense
inflammatory response whenever fungal hyphae invade tissue.
Studies by Tagami et al. suggest that dermatophytes release
chemotaxigenesis factors into the epidermis, leading to com-
plement activation (99). Extracts prepared from lesional epi-
dermis of guinea pigs with experimental T. mentagrophytes
dermatophytosis exhibited chemotactic activity. Moreover,
there was good correlation between the severity of the inflam-
matory changes noted in the experimental dermatophytosis
and the in vitro chemotactic activity of the lesional epidermal
extracts.

OTHER FUNGI

One of the most dramatic examples of the importance of the
complement system in innate resistance to fungal infections is
found in a study of infection by S. cerevisiae in C5-deficient
DBA/2N mice (3). Commonly considered a nonpathogen, S.
cerevisiae has been reported as a cause of sepsis in patients with
predisposing conditions such as immunosuppression and
broad-spectrum antibiotic therapy. Studies in an animal model
with immunocompetent CD-1 mice found that isolates varied
widely in ability to survive in tissues such as spleen, liver,
kidney, lungs, and, particularly, brain (11). With the capacity to
proliferate or persist in the brain as a criterion for virulence,
clinical isolates of S. cerevisiae were found to be more virulent
than nonclinical isolates. However, in no instance did either
clinical or nonclinical isolates produce lethal infections. Similar
studies with C5-deficient DBA/2N mice found that a clinical
isolate of S. cerevisiae produced a lethal infection in 90% of
mice infected intravenously with 107 CFU. Studies done with
congenic B10.D2/oSn (C5-deficient) and B10.D2/nSn (C5-suf-
ficient) mice demonstrated that the host defect contributing to
increased susceptibility to lethal infection was C5 production.
Various clinical isolates of S. cerevisiae differed widely in ability
to produce infection-related deaths. Moreover, the rank order
of virulence as shown by infection-related deaths in C5-defi-
cient mice differed from the rank order of virulence as shown
by the ability to proliferate and/or survive in the brain in
C5-sufficient CD-1 mice. This suggests that virulence is multi-
factorial, with the importance of each virulence factor being
dependent on the animal model and/or the outcome used to
measure virulence.
Activation of the alternative pathway by Histoplasma capsu-

latum was reported by Ratnoff et al. (87). H. capsulatum yeast
cells were shown to consume C3 in C4-deficient guinea pig
serum. The extent to which the complement system contributes
to either host resistance or the pathogenesis of histoplasmosis
is not known.
Galgiani et al. examined complement activation by myceli-

um- or spherule-phase derivatives of Coccidioides immitis (30,
31). Evidence for complement activation in vitro included de-
pression of hemolytic C4 and generation of products of acti-
vation of C3, C4, and factor B. Incubation of human serum
with extracts from the mycelial or spherule phase generated
cleavage fragments chemotactic for human polymorphonu-
clear leukocytes. Studies of patients with self-limited or dis-
seminated coccidioidomycosis found low levels of total hemo-
lytic complement in sera from 9 of 23 patients, indicating that
complement activation occurs in vivo.

FUTURE CONCERNS

In vivo studies have provided convincing evidence that the
complement system is an important component in innate re-
sistance to fungal infections. Less clear are the specific means
by which complement activation mediates this resistance. Stud-
ies to date indicate that opsonization and induction of an
inflammatory response are the primary effector systems. How-
ever, the relative importance of each effector system may vary
between fungal pathogens. The complement system is also
likely to exhibit organ-specific effects. That is, activation of the
complement system may be important in control of fungal
proliferation in some tissues but less important with other
tissues.
Although there have been few detailed comparative studies,

it is becoming increasingly apparent that the molecular mech-
anisms for initiation and regulation of the complement system
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differ from one fungus to another. These differences likely re-
flect variation in the composition and molecular architecture
of the cell wall surface. Activation of the complement system
by the C. neoformans capsule offers particular promise for
contributing to our understanding of the molecular basis for
initiation and regulation. Previous studies of complement ac-
tivation using model particles such as zymosan have been ham-
pered by the complexity of the activating surface. Uniformity in
the structure of the cryptococcal capsule may enable an exam-
ination of the contribution of individual constituents of an
activating surface to specific steps in the complement cascade.
As more is learned about the surface of other fungi, a similar
strategy will allow evaluation of paradigms developed in model
systems.
In conclusion, studies of complement activation by patho-

genic fungi provide valuable insights into an essential aspect of
fungal pathogenesis. Results of such studies also have general
importance in understanding how components of the comple-
ment system interact with pathogenic microorganisms.
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