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Cryptococcus neoformans var. neoformans strains have historically been divided into serotypes A and D on the
basis of reactivity with rabbit sera. Previously, we noted that two murine immunoglobulin M monoclonal an-
tibodies (MAbs) to the capsular glucuronoxylomannan produced different indirect immunofluorescence (IF)
patterns, described as annular and punctate, when bound to C. neoformans cells from different strains. In this
study, we examined the reactivity of these two MAbs, known as 12A1 and 13F1, with 20 C. neoformans var.
neoformans strains, of which 13 were serotype A and 7 were serotype D. For all strains, MAb binding was
studied by IF and agglutination assays. In addition, we blindly tested the IF patterns of 22 C. neoformans var.
neoformans strains. For selected strains, MAb binding was studied by flow cytometry (FACScan) and phago-
cytosis assays. The epitopes recognized by MAbs 12A1 and 13F1 were found in all of the strains. MAb 12A1 bind-
ing produced an annular IF pattern with all of the strains, irrespective of the serotype classification. MAb 13F1
binding produced annular binding with all of the serotype A strains and punctate binding with 19 of 20 serotype
D strains. In general, the punctate IF pattern was associated with lower fluorescence intensity, a requirement
for higher antibody concentrations to produce yeast cell agglutination, and lower opsonic efficacy. Our results
provide strong support for the existing classification of two serological types for strains assigned to variety
neoformans and indicate qualitative and quantitative antigenic differences among serotype A and D strains.

Cryptococcus neoformans is unique among the pathogenic
fungi in that it has a polysaccharide capsule which is a major
virulence factor (15). Structural differences in the capsular
polysaccharide result in antigenic differences that have been
used to classify strains into four serotypes, known as A, B, C,
and D (6). C. neoformans strains have also been classified into
two varieties on the basis of several genetic and biochemical
differences. C. neoformans var. neoformans comprises sero-
types A and D, whereas C. neoformans var. gattii comprises
serotypes B and C. The serotype classification for C. neofor-
mans was originally developed in the 1940s by using recipro-
cally absorbed rabbit immune sera (11, 12). The usefulness of
the serotype classification scheme has been limited by the fact
that most var. neoformans strains have been grouped as sero-
type A, despite considerable evidence for structural variation
in the glucuronoxylomannan (GXM) of strains assigned to this
serotype (21). The relationship between serotype A and D
strains is uncertain. Detailed structures for the GXMs of all of
the serotypes have been proposed, but the molecular structures
responsible for the antigenic differences which allow classifi-
cation into particular serotypes are not understood (6).

Monoclonal antibody (MADb) technology provides a poten-
tial alternative to rabbit sera for generating reagents for the
study of the antigenic composition of the capsule. Several
groups have generated MAbs to the capsular polysaccharide of
C. neoformans (1, 2, 4, 10, 14, 21, 22). Unfortunately, most of
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the MADs studied to date are not specific for a given serotype
(1). An exception is MAb E1, which binds distinctly to serotype
A strains and can be useful for classifying strains (9). Recently,
a MAD with specificity for serotype D strains has been de-
scribed (14). The availability of MAbs that can consistently
discriminate between C. neoformans var. neoformans strains
may assist in the study of capsular structure.

Previously, we reported that two immunoglobulin M (IgM)
MADbs derived from the same progenitor B cell bound to spa-
tially different epitopes on the C. neoformans capsule (17, 20).
In this study, we evaluated the binding of these MAbs to a
larger set of well-characterized strains and correlated im-
munofluorescence (IF) binding patterns with agglutination,
phagocytosis, and flow cytometry studies. The results indicate
that IF patterns correlate with serotype classification and other
serological assays.

(The data in this report are from a thesis to be submitted by
W. Cleare in partial fulfillment of the requirements for the
degree of doctor of philosophy at the Sue Golding Graduate
Division of Medical Science, Albert Einstein College of Med-
icine, Yeshiva University, Bronx, N.Y.)

MATERIALS AND METHODS

Strains. C. neoformans 24067, 34874, 28958, 34873, and 34870 were obtained
from the American Type Culture Collection (Rockville, Md.). Strains J11A, SB4,
SB6, J22, and J9A were isolated from patients with cryptococcal meningitis in
New York City. Strains CN 6, CN 15, CN 98, CN 110, and CN 145 were provided
by Stuart Levitz (Boston, Mass.); 184A was provided by Juneanne Murphy
(Oklahoma City, Okla.). Strains 371, 62066, and H99 were obtained from J. E.
Bennett (National Institutes of Health, Bethesda, Md.), Robert Cherniak (At-
lanta, Ga.), and John Perfect (Durham, N.C.), respectively. The serotype clas-
sification of the strains listed in Table 1 was derived by classical rabbit serological
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TABLE 1. Serotypes, IF patterns, and agglutination
endpoints of 20 C. neoformans strains

Agglutination

Strain Serotype I pattern endpoint (pg/ml)
12A1 13F1 12A1 13F1

J11A A Annular Annular 0.98 1.95
H99 A Annular Annular 3.9 3.8
SB4 A Annular Annular 3.9 7.8

184A A Annular Annular 1.95 0.98
CN15 A Annular Annular 1.95 7.8

CNO98 A Annular Annular 0.24 0.98
CN145 A Annular Annular 7.8 7.8
CN110 A Annular Annular 1.95 31.3
CN6 A Annular Annular 7.8 62.5
62066 A Annular Annular 7.8 62.5
SB6 A Annular Annular ND“ ND
34870 A Annular Annular ND ND
371 A Annular Annular ND ND
24067 D Annular Punctate 7.8 62.5
34874 D Annular Punctate 0.48 15.6
34873 D Annular Punctate 3.9 31.3
J9A D Annular Punctate 0.98 31.3
28957 D Annular Punctate 0.49 62.5
28958 D Annular Punctate 0.49 15.6

J22 D Annular Annular 0.49 0.49

“ND, not done.

methods or typed by nuclear magnetic resonance analysis, and the serotype
assignment was confirmed by serology. Twenty-two additional C. neoformans var.
neoformans isolates (9 serotype A and 13 serotype D) for blind IF analysis were
provided by Mary Brandt (Atlanta, Ga.). All strains were maintained on
Sabouraud dextrose agar slants (Difco Laboratories, Detroit, Mich.) at 4°C and
grown in Sabouraud dextrose broth (Difco) at 30°C prior to use.

MAbs. MAbs 12A1 and 13F1 have already been described (2, 17, 20). Both are
IgM and were generated from splenocytes of BALB/c mice immunized with the
GXM-tetanus toxoid vaccine. Ascitic fluid containing hybridoma protein was
generated by injecting 107 hybridoma cells into the peritoneal cavities of pris-
tane-primed BALB/c mice and obtaining the fluid by paracentesis. Antibody
concentration was determined by enzyme-linked immunosorbent assay relative
to isotype-matched standards. For phagocytosis experiments, the antibodies were
purified by mannose protein affinity chromatography in accordance with the
manufacturer’s (Pierce, Rockford, IIl.) instructions.

Indirect IF. Stationary-phase (3 to 5 days) yeast cells were washed three times
in phosphate-buffered saline (PBS; 0.137 M NaCl, 0.003 M sodium phosphate,
pH 7.4), and 10° cells were placed into microcentrifuge tubes (liquid method) or
mounted onto poly-L-lysine-coated slides (Sigma, St. Louis, Mo.) (dry method).
MAD (10 pg/ml) was added to cryptococcal cells, and the mixture was incubated
for 2 h at room temperature. Yeast cells were washed with PBS and incubated
with 10 pg of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgM
(Southern Biotechnology, Birmingham, Ala.) per ml for 1 h at room temperature
in the dark. Cells were washed again with PBS and suspended in 50 pl of
mounting medium consisting of a solution of 50% glycerol-0.1 M n-propyl
gallate (Sigma) in PBS. The cells were mounted on glass slides and viewed with
an Axiophot microscope (Zeiss, Thornwood, N.Y.) equipped with an FITC filter.
Confocal microscopy was performed with an MRC 600 laser scanning confocal
microscope (Bio-Rad, Hercules, Calif.). Single optical sections were collected at
a magnification of X4 with Nikon 60XN.A. 1.4 phase 4 optics.

Agglutination assay. Agglutination assays were done with 96-well microtiter
plates by using a modification of previously described protocols (7). Briefly, serial
dilutions of MAb which corresponded to MAD concentrations of 500 to 0.0019
wg/ml in a solution of 75 mM NaCl-10 mM sodium phosphate buffer (pH
7.2)-0.5% bovine serum albumin-1 mM azide were done in 96-well polystyrene
microtiter plates (no. 25801-96; Corning Glass Works, Corning, N.Y.). Approx-
imately 5 X 10* yeast cells were added to each well. The plate was shaken for 15
min on a rotating platform (Eberbach Corp., Ann Arbor, Mich.) at moderate
speed and incubated without shaking at 4°C overnight. Agglutination occurred
rapidly, but the endpoint was read after overnight incubation because this re-
sulted in more reproducible measurements. The agglutination endpoint was the
highest dilution of MAb at which agglutination was observed.

Phagocytosis assay. The J774.16 macrophage cell line originated from a mu-
rine reticulum cell sarcoma (8) and was used to study the opsonic efficacy of these
MADbs for a selected set of strains as previously described (7). The J774.16 cells
used were obtained from Barry Bloom (Bronx, N.Y.). Briefly, J774.16 cells were
plated on tissue culture plates (no. 3695; Costar, Cambridge, Mass.) and stimu-
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lated with 500 U of murine recombinant gamma interferon (Genzyme, Cam-
bridge, Mass.) and 3 pg of lipopolysaccharide (Sigma, St. Louis, Mo.) per ml.
C. neoformans cells were washed and suspended in feeding medium (Dulbecco’s
modified Eagle medium [Mediatech, Washington, D.C.] with 10% heat-inacti-
vated fetal calf serum [Bioproducts for Science, Indianapolis, Ind.], 10% NCTC-
109 [Gibco Laboratories, Life Technologies, Inc., Grand Island, N.Y.], and 1%
nonessential amino acids [Cellgro; Mediatech]) and then added to the J774.16
monolayer in a macrophage-to-yeast ratio of 1:1 with either 20% fresh mouse
serum, 20% heat-inactivated mouse serum, or MAb 12A1 or 13F1. Serum was
obtained from BALB/c mice immediately before the assay. Whole blood was
separated from serum by centrifugation. The serum used was either heat inac-
tivated (56°C for 30 min) or fresh. The suspension was incubated for 2 h at
37°C. The J774.16 cell monolayer was then washed several times with PBS to
remove nonadherent organisms, fixed with cold methanol, and stained with
Giemsa (Sigma). The phagocytic index (PI) is the number of internalized yeast
cells per number of macrophages per field. Internalized cells were differentiated
from attached cells by their presence in a well-defined phagocytic vacuole. Pre-
vious studies using Uvitex B fluorescence staining have shown that one can easily
discriminate between attached and internalized C. neoformans by microscopic
examination of Giemsa-stained cultures (18, 19). PIs were determined by light
microscopy (Nikon Diaphot; Nikon, Inc., Instrument Division, Garden City,
N.J.) at a magnification of X600. For each experiment, at least five fields were
counted with approximately 200 macrophages per field.

Flow cytometry. Flow cytometry (fluorescence-activated cell sorting [FACS]),
performed on a FACScan (Becton Dickinson Immunocytometry Systems, San
Jose, Calif.), was used to study the IF of individual cells. A single colony of each
strain was grown in Sabouraud dextrose broth for 72 h. Cells were washed twice
in sterile PBS and prepared as described above for IF studies. The suspension
used for FACS consisted of 107 cells incubated for 1 h with 100 g of either MAb
12A1 or 13F1 per ml, followed by two washes in sterile PBS. After incubation
with FITC-labeled goat anti-mouse IgM, samples were washed and analyzed by
using the FACScan equipped with an argon laser. Green fluorescence in C. neo-
formans cells was measured at a wavelength of 530 * 15 nm. A total of 10,000
cells were analyzed for each colony. Cells without MADb gave the same results as
cells incubated with an irrelevant IgM murine MAb and were therefore used as
negative controls. Frequency histograms of fluorescence distribution were gen-
erated by plotting the number of cells (y axis) versus log fluorescence intensity
(x axis) with the LYSIS II data analysis program (Becton Dickinson). The size
distribution of cells with and without MAD staining was uniform when examined
by forward scatter and side scatter parameters. Furthermore, there was no
difference in light scatter between stained and unstained cells, indicating that the
average particle size for both populations was the same.

Statistical analysis. The Mann-Whitney rank sum test was used to determine
the statistical significance of agglutination endpoints. Chi-square analysis and the
Fisher exact test were used to determine the significance of the correlation
between the binding pattern and the established serotype. The Student ¢ test was
used to compare fluorescence intensities measured by FACS analysis. Statistical
analysis was done by using Primer of Statistics—The Program (McGraw Hill Co.,
New York, N.Y.).

RESULTS

Indirect IF. To determine the ability of MAbs 12A1 and
13F1 to discriminate between serotype A and D strains, 20
C. neoformans var. neoformans strains whose serotypes are
known (Table 1) were examined by IF assay. Twenty-two
C. neoformans var. neoformans isolates (9 serotype A and 13
serotype D) were tested blindly. IF with MAb 12A1 produced
an annular pattern with all of the strains, regardless of serotype
classification. IF with MAb 13F1 produced an annular pattern
with all of the serotype A strains and a punctate pattern with
19 (95%) of 20 serotype D strains. Photographs of annular and
punctate IF patterns have been previously published (17, 20).
These results indicate a statistically significant difference in the
ability of MAb 13F1 to produce annular or punctate IF pat-
terns on serotype A and D strains, respectively (P = 0.001 by
either chi square or Fisher exact test analysis). To determine
whether the IF pattern was affected by the method used to
prepare the sample, we compared the pattern obtained with
cells suspended in liquid versus that obtained with cells at-
tached to a slide by drying for five strains. Both methods
produced consistent results. To determine if the MAb 13F1 IF
pattern was dependent on the age of the culture, we analyzed
IF patterns for the log (24-h) and stationary (72-h) growth
phases of five strains. The same IF pattern was observed for
both growth phases.



VoL. 5, 1998

2
1.8 4 a12At
16 ®13F1
214
x 12
Q
° 1
=
: 0.8
= 0.6
), 0.4
£ 0.2
4
0 4
J22(D)  28958(D) JOA(D) 24067(D) HOS(A) 62066 (A)
12A1 Ann Ann Ann Ann Ann Ann
13F1 Ann Punc Punc Punc Ann Ann

FIG. 1. PIs resulting from the incubation of several strains of C. neoformans
with J774.16 cells in the presence of either MAb 12A1 or 13F1. PIs were
measured by counting ingested cells. The x axis also denotes the fluorescence
pattern obtained with MAbs 12A1 and 13F1 for each strain shown. The abbre-
viations Ann and Punc refer to annular and punctate IF patterns, respectively.
Serotypes are indicated in parentheses. In the absence of a MAD, the PIs were
essentially zero (see Fig. 2).

Agglutination studies. Addition of MAbs 12A1 and 13F1 to
each of the C. neoformans strains listed in Table 1 produced
cell agglutination, but there were significant differences in the
antibody concentration required for agglutination to occur.
For strains with annular binding by MAb 12A1, the agglutina-
tion endpoints ranged from 0.24 to 7.8 pg/ml (geometric mean
of 1.6 pg/ml). For strains with annular binding by MAb 13F1,
the agglutination endpoints ranged from 0.49 to 62.5 pg/ml
(geometric mean of 5.7 pg/ml). For strains with punctate bind-
ing by MADb 13F1, the agglutination endpoints ranged from
15.6 to 62.5 pg/ml (geometric mean of 31.2 pg/ml). Hence,
C. neoformans agglutination required significantly higher con-
centrations of MAb 13F1 than MAb 12A1 and punctate bind-
ing was associated with higher agglutination endpoints (P =
0.05).

Phagocytosis assay. The PI was measured as the number of
internalized C. neoformans cells divided by the number of
macrophages. The PIs for six of the strains with MAbs 12A1
and 13F1 were determined. There were significant strain dif-
ferences in the ability of MAbs 12A1 and 13F1 to promote
ingestion, as well as differences in the ability of MAbs 12A1
and 13F1 to promote ingestion for a given strain. For all
strains, the addition of MAb 12A1 to J774.16 and C. neofor-
mans suspensions resulted in a higher PI than that measured
for MAb 13F1 (Fig. 1).

The effect of complement on MAb 12A1- and 13F1-medi-
ated phagocytosis was studied with strain 24067 (Fig. 2). This
strain was selected because it demonstrates the prototypical
annular and punctate binding with MAbs 12A1 and 13F1,
respectively. In the presence of complement, PI was signifi-
cantly higher for all measurements. Hence, addition of com-
plement produced quantitative changes in the opsonization
of strain 24067 whether or not MAb 12A1 or 13F1 was
present.

Flow cytometry. The patterns of MAb 12A1 and 13F1 bind-
ing to five strains was analyzed by FACS (Fig. 3). For all
strains, there was considerable cell-to-cell variation in fluores-
cence intensity. For all strains, the fluorescence intensity ob-
served with MAb 12A1 was higher than that observed with
MADb 13F1 (Table 2). Punctate binding by MAb 13F1 pro-
duced the lowest fluorescence intensities observed among the
samples studied.

Reproducibility and consistency of measurements. IF and
FACS studies were done multiple times for some strains on
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FIG. 2. PIs resulting from the incubation of strain 24067 with J774.16 cells in
the presence of either MADb 12A1 or 13F1 and fresh or heat-inactivated mouse
serum.

different days, and the results were always consistent. Relative
fluorescence intensities with MAbs 12A1 and 13F1 were mea-
sured by FACS at least seven times on different days. For all
measurements, the intensity observed with MAb 12A1 was
greater than that observed with MAb 13F1. Agglutination end-
points were measured for several strains on different days, and
the endpoints were always within 1 dilution.

DISCUSSION

IgM MAbs 12A1 and 13F1 are closely related in molecular
structure but differ in epitope specificity, as established by
differences in serotype reactivity (3), competition assays (16),

mAb 12A1 mAb 13F1
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FIG. 3. FACS profiles of five strains of C. neoformans after incubation with
MAD 12A1 or 13F1 and an FITC-labeled goat anti-mouse IgM antibody. For
each measurement, 10,000 cells were counted. On the y axis is the number of
cells, and on the x axis is the log fluorescence intensity. Serotypes are shown
in parentheses.
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TABLE 2. Indirect IF intensity measured by FACS

Mean relative fluorescence

Strain intensity + SD* P value®

(serotype)
MAD 12A1 MAD 13F1

24067 (D) 241 = 261 41 =51 <0.001
28959 (D) 558 = 1,172 35 £ 36 <0.001
J22 (D) 141 = 148 49 = 71 <0.001
62066 (A) 241 + 248 65 = 46 <0.001
H99 (A) 333 + 550 66 = 67 <0.001

“ Relative fluorescence intensity was measured by FACS.
> The P value was calculated by the Student ¢ test for 5,000 events per group.

and differences in binding to peptide mimetopes (23). Here we
demonstrate differences in MAb 12A1 and 13F1 binding
among C. neoformans var. neoformans strains. For MAb 12A1,
an annular IF binding pattern was observed with all of the
strains studied, irrespective of the serotype classification. For
MADb 13F1, annular and punctate IF binding patterns were
associated with serotypes A and D, respectively. A significant
correlation was demonstrated for MAb 13F1 punctate binding
and a serotype D classification. On the basis of the strains
studied, we calculate that a punctate IF pattern with MAb
13F1 has a predictive value for serotype D of 95%.

One exception to the expected punctate binding by MAb
13F1 on serotype D strains was J22. This strain is unusual in
that it has a novel GXM triad structure (5). Whether this
characteristic contributed to the unusual 13F1 binding pattern
relative to other serotype D strains is unclear. The finding of
the J22 exception to the association between MADb 13F1 punc-
tate binding and a serotype D classification has several possible
explanations. First, J22 may not be a classical serotype D
strain, as suggested by its unusual GXM triad structure. Sec-
ond, different antigenic determinants may be responsible for
MAD 13F1 binding and serotype classification based on rabbit
sera. In this scenario, serotype classification could be associ-
ated with a pattern of MADb 13F1 binding but each phenome-
non could depend on different GXM structural components.
Alternatively, the same antigenic determinants could be rec-
ognized by MAb 13F1 and the rabbit serotype-specific sera but
structural heterogeneity in GXM could result in occasional
strains that exhibit unusual serological characteristics. We can-
not distinguish between these possibilities.

Previous IF studies of the binding of other MAbs to C. neo-
formans var. neoformans strains have reported annular patterns
with serotype A and D organisms. MAb 13F1 is unusual in that
it produces punctate IF on most serotype D strains. The phys-
ical basis for the punctate pattern is unknown. The IF pattern
results from fluorescence emitted by the secondary antibody,
which is labeled with fluorescein. One possibility is that the
epitope recognized by 13F1 is found in discrete regions of the
capsule. Alternatively, MAb 13F1 may bind in a manner that
allows cross-linking of MAb 13F1 molecules by the secondary
antibody with the result that aggregates form in the capsule. In
any case, the IF differences in MAb 12A1 and 13F1 patterns
indicate binding to different epitopes and also imply differ-
ences in epitope location in the capsule structure. This obser-
vation is consistent with and supports the report by Vogel in
1966 that specific antigens differ in location among strains,
depending on the serotype classification (24).

To determine whether the IF binding phenomena observed
with MADbs 12A1 and 13F1 correlate with other serological
techniques, additional studies were done with agglutination
and FACS assays. Punctate binding by MAb 13F1 was associ-
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ated with a requirement for a higher antibody concentration to
produce agglutination. This suggests that epitopes which elicit
punctate IF binding are relatively infrequent in the surface of
the capsule and/or that the interaction between the MAb and
this type of antigenic determinant is weak. Since the apparent
affinities of MAbs 12A1 and 13F1 for GXM are very similar
(16), it is likely that the higher agglutination endpoints for
punctate binding reflect a difference in epitope distribution.
FACS revealed that MAb 13F1 produced a lower mean cell
fluorescence intensity than MAb 12A1. Furthermore, punctate
binding produced a lower mean cell fluorescence intensity than
annular binding. Since the affinities of MAbs 12A1 and 13F1
for GXM are similar (16) and the affinity of the secondary,
FITC-labeled reagent for each IgM should be the same, these
results suggest that the epitope recognized by MAb 13F1 is
found at either a lower density or in a different distribution in
the capsule. Other explanations for the lower fluorescence
intensity include lower epitope accessibility for MAb 13F1 or
the secondary antibody. FACS analysis revealed considerable
variation in the fluorescence intensities of individual cells for
all of the strains studied. This variation was surprising since we
used cultures derived from single colonies grown to early sta-
tionary phase. This variation in individual cell IF intensity
presumably implies cell-to-cell differences in epitope density
and/or content.

To determine if the differences in binding between MAbs
12A1 and 13F1 correlate with a functional effect, we studied
the ability of these antibodies to promote phagocytosis of
C. neoformans by J774.16 murine macrophage-like cells.
Phagocytosis assays revealed that the annular binding pattern
was associated with more effective opsonization than the punc-
tate binding pattern. Furthermore, MAb 12A1 was a more
effective opsonin than MAb 13F1 for all of the strains studied,
irrespective of the IF binding pattern. The differences in
phagocytic efficacy between MAbs 12A1 and 13F1 may reflect
differences in epitope distribution as described for other sys-
tems (13).

The epitopes recognized by MAbs 12A1 and 13F1 were
found in all of the C. neoformans var. neoformans strains stud-
ied. The observation that MAb 13F1 discriminates between
most serotype A and D strains provides strong support for the
present serotype classification scheme devised with rabbit sera.
MADb 13F1 binding to serotype A and D strains revealed dif-
ferences in IF pattern and intensity, strongly suggesting that
the antigenic differences between these serotypes are both
qualitative and quantitative. In this regard, MAb 13F1 differs
from the other MAbs used in serotyping schemes, which dis-
criminate between serotype A and D strains solely on the basis
of quantitative differences in binding.

In summary, we have demonstrated an association between
the IF binding patterns of two IgM MADs and the serotype
classification of C. neoformans. Determination of whether the
association is causal must await structural information about
the epitopes recognized by these MAbs and the polysaccharide
structures responsible for serotype classification. Our results
suggest that this MAb pair may be useful for serological studies
of C. neoformans strains. The results highlight the structural
complexity of the capsule, the antigenic heterogeneity of
C. neoformans strains, and the usefulness of MADs in serolog-
ical studies.
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