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The extracellular polysaccharide capsule of Crypfococcus neoformans is a well-recognized virulence factor.
Strain 602 is an acapsular clinical isolate of unknown serotype which has been widely used in studies of
virulence and host-parasite interactions. In previous studies, strain 602 was compared with genetically unre-
lated strains of various serotypes because the wild-type equivalent of strain 602 was not available. We created
an encapsulated strain, TYCC38-602, by transforming strain 602 with the CAP64 gene which was isolated from
a serotype D strain. Serological tests and chemical analysis of the major polysaccharide capsule of TYCC38-
602 indicated that strain 602 was originally derived from a serotype A strain. Restoration of the ability to
produce a capsule enabled strain 602 to cause fatal infection in mice, whereas the acapsular strain 602
remained avirulent. Capsule-restored yeast cells of strain 602 activated the human complement system and
bound C3 fragments in a manner that is characteristic of encapsulated cryptococci. In addition, the capsule in
TYCC38-602 masked the ability of the organism to induce tumor necrosis factor alpha and subsequent nitric
oxide synthase production in primed macrophage-like cells. These results indicate that the lack of capsule in
strain 602 is the reason for its inability to cause fatal infection. Moreover, the acapsular phenotype accounts
for differences in various biological activities of strain 602 compared to encapsulated strains. The results also
indicate that the gene product of CAP64 does not contribute to serotype specificity of capsules in C. neoformans.

Cryptococcus neoformans is an encapsulated yeast which can
produce meningoencephalitis, primarily in immunocompro-
mised patients. Capsule formation is a well-recognized viru-
lence factor of C. neoformans (reviewed in reference 15). The
major capsular polysaccharide, termed glucuronoxylomannan
(GXM), consists of an O-acetylated, a-1,3-mannose backbone
with xylosyl and glucuronosyl side chains. The extent of O-
acetylation and xylosyl substitution varies with serotype. The
polysaccharide capsule was originally described as an antiph-
agocytic surface structure that enabled the fungus to resist
destruction by leukocytes (2). As knowledge of this pathogen
expanded, additional mechanisms for capsule-related virulence
were discovered. The capsule and/or its constituent GXM (i)
blocks the potential opsonic effects of anti-cell wall antibodies
(25), (ii) masks the signal necessary for tumor necrosis factor
alpha (TNF-a) secretion and nitric oxide synthase (NOS) in-
duction in primed macrophages (29), (iii) activates the alter-
native complement system leading to consumption of comple-
ment (24), (iv) interferes with antigen presentation and
subsequent T-cell activation for secretion of lymphokines (7,
33), (v) inhibits leukocyte adhesion to endothelium and leuko-
cyte migration into sites of inflammation (8), and (vi) induces
suppressor T lymphocytes which down-regulate the cell-medi-
ated immune response (28).

Previous studies on the role of the capsule in virulence and
the effect of the capsule on cell-mediated immunity were per-
formed with acapsular mutants of various backgrounds. The
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most widely used strain for these purposes was the stable
acapsular strain 602, originally obtained from a clinical isolate
(16). Because the parental strain of this mutant is not available,
comparative studies have always been made with strains of
various serotypes with unrelated genetic background. Thus,
one could not assume that differences observed in the host
response between strain 602 and encapsulated strains were
solely attributable to the presence of capsule. Due to the lack
of a polysaccharide capsule, the serotype of strain 602 could
not be determined immunologically, although its DNA finger-
print pattern was most compatible with that of a typical sero-
type A strain (32). In addition, although the sexual cycle exists
in C. neoformans (19), mating among strains of serotype A has
been of limited use (unpublished observation). This made fur-
ther characterization of strain 602 difficult. Recent establish-
ment of a transformation system and cloning of capsule-related
genes (3, 4, 9) provided the opportunity to characterize the
capsular defect of strain 602. In this study, the acapsular phe-
notype of strain 602 was complemented by a recently cloned
CAP64 gene obtained from a serotype D isolate (4). Thus, the
complemented encapsulated isolate could be compared with
strain 602 for studies on the role of the polysaccharide capsule
as a single variable in host-parasite interactions. This is signif-
icant because previous studies of genetically characterized
acapsular C. neoformans were done with strains of serotype D
(3, 4), which is much less frequent cause of cryptococcosis. In
this study, we assessed several structural and biological prop-
erties of this complemented encapsulated strain 602, including
the chemical structure of the capsule polysaccharide, virulence
in mice, ability to induce NOS and TNF-a in primed murine
macrophage-like cells, and the pattern of interaction with the
human complement system.
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MATERIALS AND METHODS

Strains and genes. Strain 602 is an acapsular strain of unknown serotype
originally obtained from a clinical isolate (16). 602FO1 is a spontaneous ura5
mutant of strain 602 isolated on 5-fluoroorotic acid plates (21). TYCC38-602 is
a stable encapsulated strain which was obtained by transforming 602FO1 with
pYCC38 which contains the CAP64 gene (4). CIP3-602 is a stable acapsular
strain which was obtained by transforming 602FO1 with a URAS vector, pCIP3.
B-4500 is a wild-type strain of serotype D generated in our laboratory (20). H99
and 388 are encapsulated clinical isolates of serotype A. The strains ATCC 62066
(serotype A) and ATCC 24065 (serotype B) are the reference strains used for
isolation of capsular polysaccharide. B-4130, a Cap64™~ strain, was described
previously (4). TYCC38-4130 is the same as TYCC38 and was described previ-
ously (4). Plasmid pYCC6 contains the CAP59 gene which was isolated from a
serotype D strain, B-3501 (3). Transformation was performed as described pre-
viously (9). The Ura5" transformants were grown on YEPD medium (1% yeast
extract, 2% peptone, 2% glucose, 2% agar) to remove selection pressure, and the
subsequent Ura5~ cells were tested for the capsular phenotype by India ink
staining. Stable Ura5™" transformants were obtained by at least three passages of
cells on YEPD medium.

Virulence test. Female BALB/c mice were injected with a 0.2-ml suspension of
yeast cells (5 X 10°) in the tail vein and monitored for survival. Eight mice were
used for each strain.

Serotyping of TYCC38-602. The serotype of TYCC38-602 was determined by
dot blot analysis using factor sera provided by Iatron Laboratories (Tokyo,
Japan). Strips of nitrocellulose transfer membrane (0.5 by 5 cm) were spotted
every centimeter with 1 pl of a freshly prepared solution of GXM and processed
as described previously (1).

Production of GXM. TYCC38-602 was grown in 1 liter of a defined glucose
broth for 4 days at 37°C as described by Cherniak et al. (5). The culture was
autoclaved and centrifuged to remove the cells. Purified GXM was isolated from
the culture supernatant fluid by selective precipitation with hexadecyltrimethyl-
ammonium bromide as previously described (5). A portion of the purified GXM
was dissolved in 10 ml of H,O and O-deacetylated (GXM-D) by adjusting the pH
to 11.25 with NH,OH and stirring the resulting solution for 24 h at 23°C.
Reference GXMs of each serotype were used for comparison.

NMR. 'H nuclear magnetic resonance (NMR) spectra were obtained with a
Varian VXR-400 NMR spectrometer equipped with a 5-mm '"H-'°F probe and
operated at 399.952 MHz for 'H observation. Spectra were recorded at 80°C, and
chemical shifts were measured relative to the methyl groups of sodium 4,4-
dimethyl-4-silapentane-1-sulfonate taken as 0.00 ppm. Spectra were processed by
using the program FELIX (Biosym Technologies, San Diego, Calif.). Each spec-
trum was resolution enhanced by applying a sine bell window function over all
real data points. Spectra of GXMs were compared to spectra of reference GXMs
of known chemical structure (6).

Immunofluorescence analysis of C3 binding. Activation and binding of C3
from normal human serum (NHS) to cryptococcal cells was determined as
described previously (17). Briefly, formalin-killed cryptococcal cells (6 X 10°)
were incubated at 37°C with 1.5 ml of 40% NHS in GVB*" (5 mM sodium
Veronal-buffered 142 mM saline [pH 7.3] containing 0.1% gelatin, 0.15 mM
CaCl,, and 1 mM MgCl,). The serum was a pool prepared from sera obtained
from 5 to 10 normal adult donors. Samples were removed after 2, 4, 8, and 16
min, and the cells were washed and stained as described previously (17) with
fluorescein-conjugated antiserum to human C3 (Kent Laboratories Inc., Red-
mond, Wash.). The pattern of C3 binding was determined by fluorescence mi-
croscopy using a Bio-Rad MRC-600 confocal imaging system. Images were
scanned at 1-wm intervals through the yeast cells and projected onto a single
plane.

Kinetics for activation and binding of C3 fragments. The kinetics for activa-
tion and binding of C3 fragments to cryptococcal cells were assessed in 1.5-ml
reaction mixtures consisting of (i) 40% NHS or 40% heat-inactivated serum, (ii)
GVB?*, (iii) '*I-labeled C3 sufficient to provide a specific activity of 45,000
cpm/pg, and (iv) 3 X 10° formalin-killed cryptococcal cells. In some experiments,
additional 5 mM Mg?* and 5 mM EGTA (Mg-EGTA) were incorporated into
the incubation mixture. The tubes were incubated at 37°C, and 50-pl samples
were withdrawn in duplicate at various time intervals between 1 and 50 min. The
reaction was stopped by adding each sample to wells of Millipore Multi-
Screen-BV filtration plates fitted with 1.2-um-pore-size Durapore BVPP mem-
branes (Millipore Corporation, Bedford, Mass.) which contained 200 pl of phos-
phate-buffered saline containing 1% sodium dodecyl sulfate (PBS-SDS) and 20
mM EDTA. The wells were washed four times with PBS-SDS by using the
Multiscreen filtration system (Millipore), and the amount of bound radioactivity
was determined. Specific binding was determined by subtracting the radioactivity
of samples incubated with heat-inactivated serum from the total binding ob-
served with samples incubated with NHS.

Binding data were analyzed as a plot of molecules of bound C3 per cell versus
incubation time and as a first-order rate plot in which In(4/A,) is plotted against
incubation time (18). 4, is the total number of possible binding sites and is
estimated as the maximum number of C3 molecules bound to each yeast cell
during the 50-min incubation period, and A4 is the number of unoccupied binding
sites at a given sample time. Data from the first-order rate plot are summarized
as ty and k. t, is the lag in initiation before the phase of rapid accumulation of
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C3 fragments occurs. ¢ is calculated as the time at which In(4/4,) equals zero in
the linear portion of a plot of In(4/4,) versus time (see Fig. 5 for examples). k'
is the apparent first-order rate constant for the rapid accumulation of C3 that
occurs after the lag and is a measure of the rate of accumulation of C3 on each
cell type. The derivation and application of the first-order plot to binding of C3
have been described (18).

Macrophage cultures. Macrophage cultures were prepared as described pre-
viously (29). To prepare yeast cells for these studies, cryptococcal strains were
cultured without agitation for 48 h in yeast nitrogen broth (Gibco) in large flasks
(175 cm?) at 37°C. Early-stationary-phase cells were then washed by centrifuga-
tion at 2,000 X g with PBS three times and resuspended at 107 cells per ml in
PBS. The yeast cells were heat killed at 70°C for 15 min and checked for sterility
by plating aliquots on Sabouraud agar. Cryptococci were stored as heat-killed
suspensions at 4°C until used. For addition to macrophages, yeast cells were
diluted in Dulbecco’s modified Eagle’s medium (DMEM) and added to cell
cultures at various ratios as shown in the figure legends.

A murine macrophage cell line, J774.1 (BALB/c origin), was used to assess
inducible NOS (iNOS) activity. Cells were grown at 37°C in 5% CO, in DMEM-
10% fetal bovine serum (FBS; HyClone Laboratories, Logan, Utah) and pas-
saged every 3 to 4 days in large (105-mm-diameter) non-tissue culture-treated
sterile petri plates (Falcon, Lincoln Park, N.J.). DMEM was modified to contain
25 mM glucose, 25 mM sodium bicarbonate, 25 mM morpholine propanesulfonic
acid buffer (pH 7.4), 100 Units of penicillin G per ml, and 10 wg of gentamicin
per ml

For experiments, macrophages were rinsed from cell culture plates, washed by
centrifugation at 800 X g at 4°C, and plated in 16-mm-diameter wells (Costar,
Cambridge, Mass.) at 500,000 cells per chamber in 1.0 ml of medium. Recom-
binant murine gamma interferon (IFN-v; kindly provided as a gift from Genen-
tech, South San Francisco, Calif.) was added to each experimental well at a
concentration of 200 U/ml. After overnight incubation, fresh medium was added
along with heat-killed yeast cells. Endotoxin (Escherichia coli 128:B12; Sigma
Chemical Co., St. Louis, Mo.) was added to positive control wells at 1.0 pg/ml.
The cultures were incubated for approximately 40 h; supernatant fluids were
removed, microcentrifuged to remove cells, and stored frozen until assayed.

Assay for macrophage iNOS. Aliquots (50 pl) of macrophage supernatant
fluids were mixed with 200 pl of Greiss reagent (11) in microtiter wells. The
resulting colorimetric reaction was measured at 570 nm in a microplate reader
(Dynatech MR700), and the concentrations of the experimental samples were
calculated from a linear curve constructed with sodium nitrite standards (0 to 150
uM). The data were calculated as micromoles of nitrite produced per 5 X 10°
cells per 40 h. Results are expressed as the percentage of the maximal response
for a particular experiment. The maximal response is defined as the amount of
nitrite produced per 40 h in the positive control cultures containing IFN-y plus
endotoxin. In no instance did any of the experimental conditions result in nitrite
production which exceeded that of the positive control. In no instance did
untreated J774.1 cells produce nitrite. All experimental conditions were run in
duplicate or triplicate.

Assay for TNF-a. Supernatant fluids from macrophages challenged with heat-
killed yeasts were stored frozen (—80°C) until assayed. L.929 continuous fibro-
blast cells were counted, plated at 25,000 cells per microtiter well in 0.1 ml of
DMEM-10% FBS, and preincubated for 24 h at 37°C in 5% CO,. TNF-a
supernatant fluids (100 wl) were diluted in DMEM-10% FBS containing 3.0 p.g
of actinomycin D per ml and were added to 1.929 cells after removal of the
preincubation medium. The cultures were then incubated under the same con-
ditions for 16 to 20 h to allow for TNF-induced killing. The remaining living cells
were detected by adding MTT (2.5 mg/ml in PBS), 20 wl/well, and incubating the
plates for 2.5 h. Then the plates were centrifuged for 10 min at 500 X g, and the
supernatant fluids were removed and discarded. The remaining insoluble MTT
crystals were dissolved for 1 h in dimethylformamide containing 20% SDS.
Soluble reduced MTT was quantitated in a microplate reader at 570 nm. TNF-a
concentration in supernatant fluids was calculated from a standard curve con-
structed with known concentrations (in units/milliliter) of recombinant murine
TNF-a (0.01 to 1,000 U/ml). One unit is defined as the amount of TNF-« giving
50% lysis of actinomycin D-treated 1929 cells under the above-specified condi-
tions. The endpoints of 1929 cell lysis/no lysis were determined by comparison
with 10% SDS-lysed 1929 cells and untreated control (no TNF-«) cells, respec-
tively. Units of TNF-a per milliliter were calculated according to the formula in
reference 26. The data were expressed as geometric mean titers of twofold
dilution series (beginning with a 1/2 dilution) run in duplicate or triplicate per
supernatant. All supernatant fluids were assayed at least twice.

RESULTS

CAP64 complements the acapsular phenotype of strain 602.
Cells of strain 602FO1 transformed with plasmid pYCC38
containing CAP64 produced capsules, while those transformed
with vector alone (pCIP3) or with plasmid pYCC6 containing
CAP59 remained acapsular. The encapsulated transformants
became acapsular when cells lost plasmid pYCC38 as deter-
mined by loss of the URAS marker (see Materials and Meth-
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FIG. 1. Structure and expression of CAP64. (A) Southern blot analysis. DNA isolated from strain 602 and two wild-type strains (B-4500 and H99) was digested with
Pst] and separated on 0.8% agarose gel. The blot was hybridized with a probe of pYCC38. (B) CHEF analysis. To determine the chromosomal location of CAP64 in
strain 602 and H99, chromosomes were isolated, separated, and stained with ethidium bromide as described previously (2) (I). The blot was hybridized with a probe
of pYCC38 (I). (C) Northern blot analysis. PolyA* RNAs were isolated and separated on formaldehyde-agarose gel. The blot was hybridized with a probe of pYCC38.
Lane 1, B-4130 (Cap64~); lane 2, 602; lane 3, Cap64™* strain. The 1.9- and 1.0-kb signals represent CAP64 and PRE] transcripts, respectively. The same blot was stripped
and hybridized with an actin gene probe to show similar loading of RNA. (D) Southern blot analysis. DNA isolated from strains 602 and TYCC38-602 was digested
with Xbal and separated on an 0.8% agarose gel. The blot was hybridized with a probe of pYCC38.

ods). These results suggested that the defect of strain 602 is
CAP64 related. The genomic structure of CAP64 in strain 602
is different from that in standard reference strains as shown by
Southern and contour-clamped homogeneous electric field
(CHEF) blotting (Fig. 1A and B). This finding was further
supported by using CAP64 cDNA as a probe (data not shown).
The signals on two different chromosomes in the CHEF blot
suggested that strain 602 may contain a translocation or two
copies of a CAP64-like sequence. Although the presence of
CAP64 DNA in strain 602 was evident, CAP64 transcript was
absent in strain 602 by Northern analysis (Fig. 1C). One of the
stable encapsulated transformants, TYCC38-602, was chosen
for further study. Southern analysis of TYCC38-602 suggested
that it contains ectopic insertions of plasmid pYCC38 (Fig.
1D).

We tested the virulence of the encapsulated TYCC38-602 in
mice. All mice infected with TYCC38-602 died within 25 days
(Fig. 2A), while those injected with CIP3-602 remained healthy
for 6 months. The brain smear prepared from one of the
TYCC38-602-infected mice which died on day 25 showed nu-
merous encapsulated yeast cells (Fig. 2B). One of the mice
injected with CIP3-602 was sacrificed at the end of 6 months,
and the brain was removed for culture. Only two colonies of C.
neoformans from the brain grew, and these yeast cells con-
tained no capsule (not shown). These results suggested that the
avirulence of strain 602 was due to a defect in the CAP64 gene.

Chemical structure of the GXM from TYCC38-602. The
serotype of TYCC38-602 was first determined by dot blot anal-
ysis with factor sera. This result showed that complemented
strain 602 reacts with antisera specific for factors 1, 2, 3, and 7,
a pattern consistent with serotype A. We further determined
the chemical structure of the major polysaccharide from

TYCC38-602. The NMR analytical data indicated that inser-
tion of CAP64 in the genome of strain 602 resulted in the
synthesis of a typical serotype A polysaccharide (Fig. 3A). A
minor portion of the GXM contained serotype B structure as
well, although this was not reflected in the dot blot analysis
with factor sera. When the same gene was transformed into an
acapsular mutant (cap64) of serotype D, B-4130, it comple-
mented the acapsular phenotype (4) and produced a polysac-
charide pattern typical of serotype D. We also noted that
TYCC38-4130 produced a minor polysaccharide of no defined
serotype (Fig. 3B). Dot blot analysis of TYCC38-4130 demon-
strated reaction with antisera specific for factors 1, 2, 3, and §,
a typical serotype D pattern, although the reactions were not as
intense as those generated by a wild-type GXM.

Activation and binding of C3 fragments by TYCC38-602.
Previous studies found that incubation of nonencapsulated
cryptococci in NHS leads to binding of antiglucan antibodies to
the cell wall, initiation of the classical complement system, and
deposition of C3 fragments onto the cell wall (14, 17, 34). This
pattern of C3 binding is characterized by early and synchro-
nous deposition of C3 over the entire surface of the yeast cells.
In contrast, encapsulated cryptococci do not bind the antiglu-
can antibody found in NHS and initiate the complement sys-
tem only via the alternative complement pathway. Activation
and binding of C3 to encapsulated cryptococci is characterized
by a slow, asynchronous formation of focal sites of C3 depo-
sition that are amplified with additional incubation time to
cover the cryptococcal capsule.

An experiment was done to assess the manner in which the
transformed cryptococcal strain interacted with the human
complement system. The site of C3 binding was determined
after incubation for various time intervals with NHS. Incuba-
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FIG. 2. (A) Virulence test. Groups of eight mice each were injected with 5 X 10° viable cells and monitored to determine survival. (B) Brain smear showing the
cells of TYCC38-602. Brain tissue of a mouse infected by TYCC38-602 which died on day 25 was smeared on a slide and observed by light microscopy (magnification,

x1,200).

tion of cells of strain 602 in serum led to immediate binding of
C3 over the entire surface of the yeast (Fig. 4). This was readily
apparent after 2 min. Additional incubation led to an increase
in the density of bound C3, as shown by an increase in the
intensity of fluorescence staining. Incubation of the encapsu-
lated strain 388 in serum was characterized by a very slow
initial accumulation of C3. No bound C3 was apparent after 2
min. After 4 min of incubation, focal deposits of bound C3
were observed at random sites which appeared to expand with
continued incubation to fill the capsule. The pattern for acti-
vation and binding of C3 to TYCC38-602 was similar to that
observed with the encapsulated strain 388.

An experiment was done to characterize the kinetics for
accumulation of C3 fragments on the transformant TYCC38-
602. Experiments were done in the presence and absence of
Mg-EGTA to evaluate the role of the classical complement
pathway in early kinetics. Treatment of serum with Mg-EGTA
chelates the calcium needed for activation of the classical path-
way while leaving Mg>* available for activation of the alterna-
tive pathway (10, 30). The kinetics for activation and binding of
C3 to encapsulated strain 388 showed that there was a sub-
stantial lag before the phase of rapid accumulation of C3 on
the yeast cells (t, = 9.0 min [Fig. 5]). This was followed by a
rapid accumulation of C3 (k' = 0.20) and an abrupt termina-
tion of binding after approximately 15 to 20 min. Incorporation
of Mg-EGTA into the incubation medium slightly reduced the
lag (t, = 7.1 min) and had no effect on the rate of C3 binding
during the rapid accumulation phase (k" = 0.20).

Incubation of nonencapsulated strain 602 in normal human
serum led to an early accumulation of C3 on the yeast cells (¢,
= 3.6 min) followed by a more gradual phase of rapid accu-
mulation (k' = 0.17) than was observed with encapsulated
strain 388. Treatment of serum with Mg-EGTA introduced a
substantial lag before the period of rapid accumulation of C3
fragments on strain 602 (¢, = 18 min), indicating a significant
role for the classical pathway in early activation kinetics.

The kinetics for activation and binding of C3 to the trans-
formed TYCC38-602 resembled several aspects of the kinetics
observed with encapsulated strain 388. First, there was a lag of

approximately 4.7 min before the rapid accumulation phase,
although the lag was not as long as that seen with strain 388.
Second, the first-order rate constant (k’ = 0.21) indicated
rapid accumulation of C3 once past the lag phase. Third, there
was an abrupt and early termination of the rapid accumulation
phase after approximately 10 to 15 min. Finally, similar to
results observed with encapsulated strain 388, treatment of
serum with Mg-EGTA slightly reduced the length of the lag
phase (f, = 3.9 min) and had no effect on the first-order rate
constant (k' = 0.21), indicating that initiation occurs solely via
the alternative pathway.

Capsule acquisition leads to loss of induction of TNF-a and
NOS in murine macrophages. It was reported previously that
unlike other species of fungi, C. neoformans did not induce
NOS expression in IFN-y-primed macrophages (29). However,
when seven different acapsular mutant strains of C. neofor-
mans, including strain 602, were used to challenge primed
macrophages, iNOS expression occurred (29). Two wild-type
parent strains of three of the acapsular mutant strains failed to
induce NOS in macrophages. Therefore, it seemed likely that
the capsule-positive phenotype of C. neoformans was respon-
sible for the lack of induction of this host defense enzyme
activity in macrophages. But because the acapsular strains
were derived by chemical mutagenesis, the lack of NOS induc-
tion in primed macrophages may have been due to other un-
known mutations.

Complementation of the acapsular mutant strain 602 with
the CAP64 gene allowed for a definitive experiment to test
whether the capsule-positive phenotype was responsible for
lack of induction of NOS in primed macrophages. All C. neo-
formans strains were grown to early stationary phase in YNB
liquid medium, washed by centrifugation in PBS, and heat
killed. Monolayers of J774.1 macrophage-like cells were
primed overnight with IFN-vy and then challenged with known
numbers of the yeast strains. After a 40-h incubation, super-
natant fluids from macrophage cultures were assayed for ni-
trite, an end product of the NOS-catalyzed oxidation of argi-
nine guanidino nitrogen to nitric oxide (13). The results of five
separate experiments measuring iNOS activity are normalized
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FIG. 3. Chemical structure of GXM. (A) Resolution-enhanced mannose anomeric region of the "H NMR spectra of the GXM from TYCC38-602, reference
serotype A isolate ATCC 62066 (Ref. A), and reference serotype B isolate ATCC 24065 (Ref. B). The mannose residues of each O-deacetylated GXM have been
labeled with the corresponding triad elements presented to the right of each spectrum. (B) The GXM chemical structures of TYCC38-4130 and TYCC38-602.

as percentages of the maximal response (Fig. 6A). Maximal
response is defined as micromoles of nitrite produced per
500,000 macrophages per 40 h upon activation with IFN-vy and
endotoxin. This treatment protocol consistently gives the high-

est activity of iNOS in these macrophages (31). The acapsular
strains 602 and CIP3-602 resulted in NOS induction in IFN-
vy-primed macrophages at all yeast/macrophage ratios tested
from 1:100 to 10:1. At the optimal ratios for induction (1:2 to
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FIG. 4. Sites for deposition of C3 fragments on strain 602, strain TYCC38-602, and encapsulated clinical strain 388 incubated in 40% NHS for 2, 4, 8, or 16 min.
Sites of C3 deposition were identified by use of fluorescein-labeled antiserum to C3 and examination by confocal microscopy.
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FIG. 5. Analysis of the kinetics for activation and binding of C3 fragments to
strain 602, strain TYCC38-602, and encapsulated clinical strain 388. The panels
on the right depict a kinetic analysis of the consumption of available sites for C3
binding to the yeast cells, where A4, is the maximum number of apparent sites
available for C3 binding and A4 is the number of unoccupied sites at each time
interval (see text).

5:1), the acapsular strains induced 60 to 80% of the maximal
response. In raw numbers, this is approximately 70 wmol of
nitrite per 5 X 10° cells per 40 h. In Fig. 6A, 0% is set to the
amount of nitrite produced by untreated macrophages not
challenged with cryptococci, which was always produced unde-
tectable levels of nitrite (less than 5 pwmol per 5 X 10° macro-
phages per 40 h). Unchallenged IFN-y-primed macrophages
consistently produced low levels of nitrite (Fig. 6; these con-
trols are illustrated at each of the yeast/macrophage ratios
tested). The encapsulated TYCC38-602 strain did not induce
NOS in primed macrophages unless the yeast/macrophage ra-
tio was raised to 3:1 to 10:1 (Fig. 6). At the highest ratio tested
(10:1), iNOS activity was only about 30% of the maximal re-
sponse. Thus, the acapsular strains induced NOS activity at
100-fold fewer yeasts per macrophage compared to the encap-
sulated strain. Not shown are controls for iNOS activity of
macrophages lacking treatment with IFN-y and challenged
with the strains of cryptococci at the various ratios shown in
Fig. 6. Under these conditions, iNOS activity was never seen.
These results point to the capsule-positive phenotype as the
critical factor for NOS induction by C. neoformans. The results
further suggest that one aspect of the virulence potential me-
diated by the capsule is to mask the fungi from a macrophage
recognition step which results in iNOS gene transcription and
ultimately the production of growth-inhibitory nitric oxide by
mononuclear phagocytes (12).

Because induction of iNOS in IFN-y-primed macrophages is
mediated via an autocrine loop where the microorganism in-
duces macrophage TNF-a secretion, and TNF-a feeds back on
the macrophage through receptor binding and initiation of
iNOS gene transcription, we questioned whether TNF-a assays
for the different strains would correlate with the iNOS activity
results. TYCC38-602 and the acapsular control strains (602
and CIP3-602) were added to IFN-y-primed J774.1 cells at
different yeast/macrophage ratios. Supernatant fluids were col-
lected after 40 h of incubation and assayed for TNF-a concen-
trations, using a standard bioassay method (26, 27). Over a
wide range of yeast/macrophage ratios, encapsulated strain
TYCC38-602 failed to trigger TNF-a secretion by macro-
phages (Fig. 6B). In contrast with the acapsular strains, TNF-«
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FIG. 6. TNF-a secretion and iNOS activity in IFN-y-primed J774.1 macrophages challenged with strains of C. neoformans which are capable or incapable of capsule
formation. (A) iNOS activity as a percentage of the maximal response (defined as the activity for IFN-y-primed J774.1 cells treated with 1.0 pg of endotoxin per ml)
for macrophages challenged with strains 602 (open circles), CIP3-602 (closed circles), and TYCC38-602 (squares) at the yeast/macrophage ratios shown. The triangles
show the activity of the control macrophages treated with IFN-y (200 U/ml) alone. Values are the means of the combined results of five separate experiments. At
yeast/macrophage ratios of less than 0.5:1, points are from single experiments. At ratios equal to or greater than 0.5:1, values are the means from two to three
experiments. (B) TNF-a concentrations in supernatant fluids from macrophage-cryptococcus cocultures at the yeast/macrophage ratios shown. The symbols represent
the strains as designated above. The values are the means from five separate experiments.

secretion was induced at yeast/macrophage ratios of 5:1 to
10:1. The CIP3-602 strain was consistently more active for
TNF-a induction than strain 602. It is not entirely clear why
this was the case. Perhaps ectopic integration of pCIP3 alters
the fungal cells in some way which changes recognition by
macrophages. By comparison, the two assays (iNOS and
TNF-a) correlated with respect to the encapsulated and acap-
sular strains. Capsule presence masks the organism from
TNF-a induction and subsequent iNOS expression by macro-
phages. However, this difference is detected at far lower fungal
cell numbers (relative to constant macrophage number) by
iNOS assay compared to TNF-« assay. The most likely expla-
nation is the degree of sensitivity of the two assays. The TNF-a
bioassay may be much less sensitive for detecting organism-
induced signaling in the macrophage. Alternatively, iNOS in-
duction may occur via a TNF-a circuit operating intracellularly
or at the cell surface under conditions where the extracellular
fluid-phase TNF-a concentration is at a subdetectable level.
Another possibility is that NOS induction occurs via a TNF-
independent pathway. Neutralization experiments using a
monoclonal antibody against TNF-a may help resolve this
question. A more sensitive TNF-« assay using enzyme-linked
immunosorbent assay methodology may also provide illumi-
nating results.

DISCUSSION

C. neoformans 602 has been widely used for studies of the
role of the polysaccharide capsule in virulence and host de-
fense mechanisms. However, the lack of a suitable isogenic
strain of 602 limited the ability to draw solid conclusions re-
garding the biological activities of the acapsular phenotype.
We created an encapsulated strain by ectopic integration of the
CAP64 gene in strain 602. Gene replacement of CAP64 by
homologous integration in strain 602 would make an ideal
strain for our studies. However, it is difficult to construct such
a strain due to the low frequency of homologous integration.
Construction of an ideal 602-derived encapsulated strain by

classical recombination is also hampered by the lack of a se-
rotype A strain that can mate with strain 602. Restoration of
capsule formation in strain 602 suggested that the acapsular
phenotype of strain 602 was due to defects associated with
CAP64. Serological testing of the complemented strain,
TYCC38-602, indicated that strain 602 originated from a se-
rotype A strain. This confirmed our previous conclusion based
on the DNA fingerprint pattern analyzed with the probe
UT4-P (32). Since the CAP64 gene from a serotype D isolate
complemented the acapsular phenotype of a serotype A strain,
the gene product of CAP64 does not appear to contribute
directly to the serotypic specificity of C. neoformans polysac-
charide capsule.

Chemical structures of the capsular polysaccharide pro-
duced in the encapsulated strain, TYCC38-602, were com-
prised of triads typical of serotype A (Fig. 3). Additional triads
similar to those of serotype B were detected as minor compo-
nents. Minor components were also detected in the serotype D
polysaccharide produced in TYCC38-4130, which was origi-
nally an acapsular serotype D mutant complemented with
CAP64 (data not shown). We detected such minor components
even in the polysaccharide produced by wild-type strain B-3501
(serotype D) when it was transformed with vector (pCIP3)
alone (data not shown). These results indicate that the minor
components were not due to introduction of C4AP64 but could
have resulted from the effects of electroporation or physiolog-
ical or genetic changes caused by the transformation.

Transformation of nonencapsulated strain 602 to restore
capsule formation produced yeast cells which activated and
bound C3 fragments in a manner that is characteristic of en-
capsulated cryptococci. The pattern of early deposition was
focal, indicating relatively slow formation of activation nuclei.
Previous studies have shown that this asynchronous production
of focal initiation sites is due to activation of the alternative
complement pathway, with no involvement of the classical
pathway (17). This interpretation of the results is supported by
kinetic studies (Fig. 5) which found that treatment of serum
with Mg-EGTA did not introduce a delay into the kinetics for



VoL. 65, 1997

activation and binding of C3 to either encapsulated strain 388
or the capsule-restored TYCC38-602. The lag observed before
rapid accumulation of C3 fragments on TYCC38-602 was
longer than the lag observed with nonencapsulated strain 602
but was somewhat shorter than the lag found with encapsu-
lated strain 388. The factors that influence the length of the lag
before rapid amplification on encapsulated cryptococci are not
known (35).

Transformation of strain 602 to capsule formation greatly
increased the amount of C3 bound to each yeast cell. Presum-
ably this reflects the increased number of binding sites pro-
vided by the three-dimensional capsular matrix compared to
the two-dimensional surface of cells lacking a capsule. The
maximum number of C3 fragments bound to TYCC38-602 was
less than the number of C3 fragments bound to encapsulated
strain 388. Strain 388 has a capsule that is somewhat larger
than the capsule of TYCC38-602. Previous studies have found
that large capsule size is associated with increased binding of
C3 fragments (35).

Studies of complement activation by nonencapsulated strain
602 showed involvement of the classical pathway in early ini-
tiation events. Early binding of C3 appeared as a diffuse, syn-
chronous pattern of binding that previous studies have shown
to be due to initiation of the classical pathway via an antiglucan
immunoglobulin G antibody that is found in all human sera
examined to date (14, 18). The delay in initial activation kinet-
ics with TYCC38-602 suggests that transformation of strain
602 to capsule formation blocks the epitopes that would be
recognized by this antibody such that activation of the classical
pathway is impossible. This implies that the molecular organi-
zations at the interface between the capsule and the cell wall
found with strain TYCC38-602 and encapsulated strains of C.
neoformans are similar with regard to the ability to block bind-
ing of anti-cell wall antibody.

It is well established that once macrophages have become
activated by exposure to lymphokines, primarily IFN-vy, their
cytotoxic activity is not expressed until they physically engage
the invading microorganism itself. Interaction of the primed
macrophage (defined as a macrophage with previous or con-
current exposure to activating cytokines, i.e., IFN-vy) with a
microorganism results in synergism for cytotoxic functions, es-
pecially nitric oxide-mediated cytotoxicity (22). Often the syn-
ergistic effect is mediated through TNF-a secretion by the
macrophage, which feeds back via an autocrine loop to induce
expression of iNOS and other cytotoxic functions. At the mo-
lecular level, this mechanism involves enhanced transcription
of the iNOS gene in the presence of two signals (i.e., [FN-y and
TNF-a), with little or no transcriptional activation provided by
either signal alone (23). The result is the synthesis of a large
enzyme (iNOS) activity within the macrophage cytosol leading
to production of high-level nitric oxide output. Nitric oxide
production at this high level is capable of blocking fungal cell
replication and possibly killing fungal cells.

The data shown here point to the capsule as a virulence
factor which masks recognition of fungal cells by primed mac-
rophages. Nitric oxide production was detected only under
conditions where encapsulated cryptococci (TYCC38-602)
outnumbered macrophages by 2 to 1. By contrast, iNOS ex-
pression induced by acapsular strains was present at 2 yeast
cells per 100 macrophages. The TNF-a secretion response by
macrophages paralleled the iNOS results with respect to the
encapsulated and acapsular strains. It is possible that yeast cell
wall components such as mannans are recognized by macro-
phages for the induction of proinflammatory cytokine secre-
tion and that when capsular polysaccharide is covering these
components, recognition of yeast cells is blocked. The outcome
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would be failure of a fungistatic mechanism allowing for con-
tinued replication of cryptococci in many tissues of the host
until the organism burden ascended to the threshold for cyto-
kine induction in macrophages. One potential caveat in this
analysis is that the mutation in strain 602 could occupy a
proximal step in the pathway of capsule synthesis, possibly
affecting the cell wall, rather than a more downstream event
involving construction of the capsule itself. If this is the case,
then it is conceivable that the difference in biologic activity
between strains 602 and TYCC38-602 is due to a difference in
cell wall structure, not presence or absence of capsule. Al-
though this seems an unlikely possibility, it nevertheless cannot
be excluded at present. Once a better understanding of the
pathway of capsule synthesis is achieved, construction of a
series of mutants at proximal and distal stages in this process
will provide the appropriate tools to resolve this question.

Our studies provide conclusive evidence that (i) CAP64 from
serotype D complements the defect of capsular formation in
strain 602; (ii) the acapsular phenotype of strain 602 is a major
contributing factor for its behavioral differences compared to
that of the encapsulated strains; (iii) the capsule is responsible
for the characteristic complement activating properties of en-
capsulated cryptococci; and (iv) capsule prohibits the induction
of NOS as well as TNF-a secretion by INF-y-primed macro-
phages.
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