
Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 3636-3640, April 1993
Immunology

Antibody-mediated protection in mice with lethal intracerebral
Cryptococcus neoformans infection

(monoclonal antibody/blood-brain barrier/fungus)

JEAN MUKHERJEE*, LIISE-ANNE PIROFSKIt, MATTHEW D. SCHARFF*, AND ARTURO CASADEVALLtO§
*Department of Cell Biology, tDivision of Infectious Diseases, Department of Medicine, and tDepartment of Microbiology and Immunology, Albert Einstein
College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461

Contributed by Matthew D. Scharff, January 15, 1993

ABSTRACT The fungus Cryptococcus neoformans is an
important opportunistic pathogen for patients with AIDS.
C. neoformans infections frequently involve the brain and are
often fatal. In the setting of AIDS C. neoformans infections are
incurable and new treatment strategies are urgently needed.
Passive administration of antibody is a potential therapeutic
option for the prevention and treatment of C. neoformans. The
IgGl murine monoclonal antibody 2H1 to the capsular poly-
saccharide of C. neoformans was studied for its ability to
modify the course of lethal intracerebral cryptococcal infection
in mice. Intraperitoneal administration of antibody 2H1 re-
sulted in small, yet significant, prolongations in the average
survival of mice given intracerebral infection and reduced the
number of C. neoformans colonies in brain tissue. Histopath-
ological examination of brain tissues revealed a diffuse cryp-
tococcal meningitis with fewer organisms in the brains of mice
that received antibody 2H1 than in the control group. Thus,
systemic administration of a monoclonal antibody can modify
the course of lethal intracerebral C. neoformans infection in
mice by prolonging survival and decreasing fungal burden in
brain tissues.

Cryptococcus neoformans is a yeast-like fungus which
causes life-threatening infections in 5-13% of patients with
AIDS (1-3). The majority of human infections involve the
central nervous system as meningoencephalitis (4-6). In
patients with AIDS, C. neoformans infections are usually
incurable because antifungal therapy cannot eradicate the
fungus in the setting of profound immunosuppression (7). As
a result, AIDS patients who survive the initial infection
require lifelong suppressive therapy with antifungal drugs to
reduce the risk of relapse (8).

Cellular immunity is believed to provide the primary de-
fense mechanism against C. neoformans (9-11). However,
the complement system is also an important host defense
mechanism (12-16), and various observations suggest a role
for antibody in protection. Capsule-specific antibody effi-
ciently promotes phagocytosis by macrophages (17-19), fun-
gal killing by mononuclear cells (20-22), and fungistasis by
natural killer cells (23, 24) in vitro. Patients with cryptococcal
infections are more likely to survive if they have serum
antibodies to C. neoformans (25); recovery from cryptococ-
cal infection has been associated with intrathecal production
of antibody (26), intrathecal antibody production is tempo-
rally associated with a decrease in brain fungal counts in a
rabbit model (27), and passive administration of capsule-
specific polyclonal (28) or monoclonal (29-31) antibodies can
prolong the survival of lethally infected mice and reduce the
tissue fungal burden (32).

C. neoformans is unusual among pathogenic fungi in that
it has a large polysaccharide capsule. Like the polysaccharide

capsules of encapsulated bacteria it is antiphagocytic (18),
poorly immunogenic (33-36), and causes immune paralysis
(37-39). Like encapsulated bacteria, the capsule in C. neo-
formans is important for virulence (40, 41). Both C. neofor-
mans and encapsulated bacteria (42, 43) are frequent patho-
gens in AIDS patients. The susceptibility ofAIDS patients to
encapsulated bacteria may result from defects in antibody
immunity (44, 45). AIDS patients are also deficient in IgG
antibody to C. neoformans capsular polysaccharide (46).
Since capsule specific IgG is a major opsonin for the fungus
in human sera (17), a defect in antibody immunity may
contribute to the susceptibility of AIDS patients to C. neo-
formans.

In the pre-antibiotic era, infections with some encapsulated
bacteria were successfully treated by the administration of
immune sera (47, 48). Intraspinal administration of horse
immune serum was effective therapy for meningococcal
meningitis (49), establishing a historical precedent for the
treatment ofa brain infection with antibody alone. Interest in
treating C. neoformans infections with antibody dates to at
least 1925, when Shapiro and Neal (50) used intraspinal
administration of rabbit antiserum to treat a boy with cryp-
tococcal meningitis. Unfortunately, the patient did not tol-
erate repeated injections of heterologous serum and passive
antibody therapy was discontinued (50). In 1959 Littman (51)
used passive administration of human gamma globulin as an
adjunct to antifungal therapy with amphotericin B and re-
ported encouraging results in a small number of patients.
While the role of antibody in the resistance of immuno-

competent hosts remains controversial, the AIDS epidemic
has renewed interest in using antibody for prevention and
treatment of C. neoformans infections in immunosuppressed
individuals (22, 29, 30, 52, 53). The observation that antibody
to C. neoformans can enhance the efficacy of amphotericin
B (53, 54) suggests a role for antibody in therapy. However,
the existence of the blood-brain barrier raises the theoretical
concern of whether systemic antibody will be effective in
infections of the central nervous system. We have studied
this problem in a mouse model of C. neoformans intracere-
bral (i.c.) infection. Systemic administration of capsule-
specific IgGl monoclonal antibody (mAb) modified the
course of i.c. C. neoformans infection by prolonging survival
and decreasing fungal burden in brain tissue.

MATERIALS AND METHODS
mAbs. mAb 2H1 (IgGl) was generated from a BALB/c

mouse immunized with C. neoformans glucuronoxyloman-
nan conjugated to tetanus toxoid (35). mAb 2H1 binds to the

Abbreviations: i.p., intraperitoneal(ly); i.c., intracerebral(ly); mAb,
monoclonal antibody.
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four cryptococcal serotypes (35); utilizes a heavy-chain vari-
able-region gene from the 7183 family with JH2, VK5.1, and
JK1 genetic elements (31); and has been shown to significantly
prolong the survival of mice infected intraperitoneally (i.p.)
with C. neoformans (30). mAb ascites was made in the
hybridoma facility at our institution by i.p. injection of 107
hybridoma cells into pristane-primed BALB/c mice. mAb
concentration was determined by ELISA relative to stan-
dards of the same isotype.

Protection Against i.c. Infection. A/J and BALB/c female
mice aged 6-8 weeks were obtained from the National
Cancer Institute. A/J mice are more susceptible to C. neo-
formans than BALB/c mice, possibly due to complement
deficiency (55). American Type Culture Collection (Rock-
ville, MD) C. neoformans serotype D strain 24067 was used
for i.c. infection because of our prior experience with it (30).
C. neoformans was grown in Sabouraud's dextrose broth
(Difco) at 37°C. The yeast cells were washed three times in
sterile phosphate-buffered saline, pH 7.2 (PBS), resuspended
in PBS, and counted in a hemocytometer. Plating efficiencies
in Sabouraud's dextrose agar were 40-60%. The relatively
low plating efficiencies reflect our practice of counting a
budding yeast as two organisms. Since a budding yeast
results in only one colony, the agar colony counts are lower
than the hemocytometer counts.
The technique used for i.c. infection has been described

(56, 57). Mice were anesthetized with methoxythyflourane
via inhalation and 50 ,ul of C. neoformans suspension in PBS
was injected into the midline of the cranium with a 27-gauge
needle. Animals dying within the 24 hr following i.c. inocu-
lation were considered to have died from cerebral trauma.
Overall, the mortality from the i.c. injection was <1%. No
mice died from i.c. injection in the experiments shown here.
Mice were observed at least once and often twice daily. mAb
2H1 was administered i.p. as ascites. Control animals re-
ceived i.p. injection of the same volume of PBS or, in one
experiment (no. 5), ascites containing the IgGl mAb 36-65,
which reacts with p-azophenylarsonate but not with crypto-
coccal polysaccharide. In previous experiments, we have
seen no difference between PBS and control myeloma ascites
(30), and other investigators have used saline in their control
groups as well (15, 32). The fungal burden in brain and lung
was determined by homogenizing the organs in PBS, plating
the suspension in Sabouraud's agar, and counting colonies.
Microscopic inspection of agar plates immediately after the
homogenate was plated revealed only single, heavily encap-
sulated C. neoformans on the agar surface. Thus, the reduc-
tion of tissue colonies mediated by mAb 2H1 (see below) was
not a result of yeast aggregation in tissue homogenates by
residual serum antibody.

Statistical Analysis of Survival Data. Survival data were
analyzed by Chee Jen Chang of the biostatistics division of
our institution, using a log-rank analysis program [SAS
Institute (Cary, NC) statistical package].

Histopathologic and Immunohistochemical Studies. Mice
were sacrificed by cervical dislocation 4 days after infection.
Brain tissue was removed from the cranium and fixed in
phosphate-buffered 3.7% formaldehyde for histopathologic
examination. Paraffin-embedded tissues cut at 5 gm were
stained with hematoxylin and eosin and periodic acid/Schiff
reagent for light microscopic examination. Additional paraf-
fin-embedded tissues were stained with mAb 2H1 and with
mAbs MOPC 21 (IgGl, unknown specificity) and 2D2 (IgG2a,
murine adenovirus-specific) as controls, using the Vector
ABC kit (Vector Laboratories) with 3,3'-diaminobenzidine
(Vector Laboratories).

RESULTS

The i.c. administration of 1.0-5.0 x 103 C. neoformans strain
ATCC 24067 to mice resulted in a rapidly lethal infection.
Within 3-4 days of infection, the mice manifested lethargy,
ataxia, and unkempt fur. The i.c. infected mice developed
bulging foreheads, presumably reflecting hydrocephalus and
swelling of the relatively thin murine skull (5), a finding also
described by others (5, 58, 59).
To determine the efficacy of mAb 2H1 in modifying the

course of i.c. C. neoformans infection, we administered 2H1
i.p. before and after infection. In experiments 1-3, A/J mice
were given 1.0 mg of mAb 2H1 i.p. 4-6 hr prior to i.c.
infection (Table 1). In experiment 4, BALB/c mice were
given 1.0 mg ofmAb 2H1 i.p. -15 hr after i.c. infection (Table
1). In experiment 5, A/J mice were given 1.0 mg ofmAb 2H1
i.p. 24 hr before i.c. infection (Table 2). mAb administered
i.p. appears in serum within 6 hr and reaches serum levels
comparable to those achieved by intravenous injection after
48 hr (L. Zuckier and M.D.S., unpublished data).

In experiment 1 the average survival was 4.7 days for the
control group and 16.5 days for the mAb 2H1-treated group.
Survival curves are shown in Fig. 1. The difference in the
average survival for the control and mAb 2H1 groups was
highly significant, P = 0.0001 (Table 1).
Experiment 2 was designed to repeat experiment 1, but in

this experiment the administration of mAb 2H1 resulted in a
much smaller effect on survival. There was a trend toward
increased survival for the mAb 2H1 group that was not
statistically significant (Table 1). In addition to the mice
studied for survival, two groups of five mice receiving mAb
2H1 or PBS were sacrificed 4 days after infection to deter-
mine brain tissue C. neoformans colony counts and for
histopathologic studies (see below). Despite the small effect
ofmAb 2H1 on average survival in this experiment, the group
that received mAb 2H1 had an =100-fold reduction in aver-
age fungal colony counts compared with the group that
received PBS (Fig. 2; Table 2). Thus, despite the absence of
a significant difference in average survival, the mice given
mAb 2H1 had reduced fungal burden relative to those that
received PBS. This result is similar to that of other investi-

Table 1. Summary of survival data

Exp. Mice Group n Events Censor Inoculum Survival, days (mean ± SEM) P value
1 A/J Control 10 10 0 5000 4.70 ± 0.25

2H1 10 9 1 5000 16.5 ± 3.88 0.0001*
2 A/J Control 10 10 0 5000 5.95 ± 0.61

2H1 10 9 1 5000 7.20 ± 0.83 0.1348
3 A/J Control 30 29 1 1000 7.85 ± 0.38

2H1 30 29 1 1000 10.10 ± 0.83 0.0232*
4 BALB/c Control 9 9 0 1000 6.33 ± 0.30

2H1 10 9 1 1000 14.10 ± 3.25 0.007*
n, No. ofmice in each group. Events, no. ofmice that actually died in the experiment. Censor, no. of points that were censored in the statistical

analysis of the survival data; censored points correspond to animals alive at the end of the experiment. When experimental points are censored
the estimate of the mean is biased against prolongation of survival. Inoculum, no. of organisms inoculated.
*Significant at the 0.05 level or better.
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Table 2. Brain and lung tissue fungal burden for experiments 2, 3, and 5, in mice given PBS (control), mAb 36-65
(isotype-matched control), or mAb 2H1

Brain tissue CFUs Lung tissue CFUs

Exp. Group n Mean SEM P Mean SEM P
2 PBS 5 5.78x 106 2.59x 106

2H1 5 7.90 x 104 4.85 x 104 0.059
3 PBS 5 5.74 x 106 5.75 x 105

2H1 4 8.52 x 105 3.37 x 105 <0.001*
S PBS 6 2.64 x 106 2.78 x 105 2.94 x 105 2.37 x 104

36-65 6 1.43 x 106 5.98 x 105 0.1 2.49 x 105 1.06 x 105 0.37
2H1 7 2.06 x 105 5.23 x 104 <0.001* 1.73 x 104 5.65 x 103 <0.001*

Lung colony-forming unit (CFU) data were obtained only in experiment 5. n, No. of mice in each group. P values were
calculated by Student's t test for the data versus PBS control. The data for experiment 2 are shown in Fig. 2. Note that
despite a difference in mean CFUs for the PBS and 2H1 groups which is almost 100-fold, the variation within the two groups
results in a large variance and the calculated P value just misses statistical significance at the 0.05 level. In experiment 3
the 2H1 group used 5 mice. However, one mouse had a CFU count much higher than any other mouse in either the PBS
or the 2H1 group, and if this single point is included it increases the 2H1 mean CFUs to 2.84 x 106, SEM to 2.00 x 106,
and the calculated P to 0.24. Significant skewing of the mean results from inclusion of this one outrider value and hence
it is not included in the table. In experiment 5, one of the mice in the 36-65 group received a nasal injection instead of an
i.c. injection (the needle passed through the skull and the C. neoformans suspension was administered largely in the nasal
cavity). This animal had few CFUs in its brain and becomes an outrider value which decreases the mean of the 36-65 group
relative to the PBS group. Inclusion of this point does not result in a significant difference between the PBS and 36-65 groups
and it is included in the table.
*Significant at the 0.05 level or better.

gators who have shown reduction in organ colony counts
without a concomitant increase in survival for parenterally
infected mice given passive antibody (32).

In experiment 3, the size of the mAb 2H1 and control
groups was increased to 30 mice to clarify the statistical
significance of the small survival difference observed in
experiment 2. The average survival times of the PBS- and
mAb 2Hl-treated groups were 7.85 and 10.1 days, respec-
tively (P = 0.0232). Cultures of brain tissue in a subset of 5
mice sacrificed at day 4 (not included in the survival analysis)
revealed decreased C. neoformans colony counts in mice
given mAb 2H1 relative to those given PBS i.p. (Table 2).
Experiment 4 differed from the previous three experiments

in that it used BALB/c mice and mAb 2H1 was administered
=15 hr after i.c. infection. BALB/c mice are more resistant
to intravenous C. neoformans infection than A/J mice (55,
60), but succumbed rapidly to i.c. infectionl with strain 24067
(Table 1). The average survival ofmAb 2H1-treated mice was
twice that observed for the PBS control group (P = 0.007).
Experiment 5 was designed to determine the effect of mAb

2H1 on the fungal burden in brain and lung tissues relative to
control groups receiving either PBS or mAb 36-65 (an IgGl
isotype-matched control ascites which does not bind crypto-
coccal polysaccharide). A/J mice were given 1.0 mg of mAb

2H1 or 36-65 as ascites (0.25 ml) or an equal volume ofPBS i.p.
24 hr prior to i.c. infection with 1 x 103 cryptococci. There was
no significant difference between the average number of C.
neoformans colonies recovered from the tissue of mice given
mAb 36-65 or PBS (Table 2 and see caption). However, mice
given mAb 2H1 had an =10-fold reduction in the number of C.
neoformans colonies in brain and lung tissues.

Histopathologic examination of hematoxylin- and eosin-
stained tissue by light microscopy revealed a diffuse menin-
gitis in all specimens similar to that described in another mouse
model of C. neoformans i.c. infection (61). In one mouse (PBS
group) a cystic focus of C. neoformans infection was noted in
the brain parenchyma. In PBS control mice, immunohisto-
chemical staining with mAb 2H1 detected numerous C. neo-
formans yeast forms throughout the meninges. In contrast,
immunochemical staining revealed only rare C. neoformans
yeast forms in the meninges ofmice in the mAb 2H1 group. No
staining of C. neoformans or brain tissues was observed with
the control mAbs MOPC 21 and 2D2 (data not shown).

DISCUSSION
Administration ofmAb 2H1 i.p. modified the course of i.c. C.
neoformans infection in mice by prolonging survival and
decreasing the fungal burden in brain tissue. Significant
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FIG. 1. Survival curves for A/J mice given either 1.0 mg ofmAb 2H1 or PBS prior to i.c. infection with 5 x 103 cells of C. neoformans strain
24067. The curves correspond to the data for experiment 1 of Table 1.
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FIG. 2. Brain colony-forming units for mice given either 1.0 mg
of mAb 2H1 or PBS. The five mice in each group came from a subset
of the mice used in experiment 2 that were dedicated for brain colony
counts.

prolongation of the average survival in mAb-treated groups
was observed in three of four experiments (Experiments 1, 3,
and 4). A trend toward increased survival was observed in the
mAb-treated group of experiment 2 (Table 1). Reduction in
the fungal burden of brain tissue was observed for the mAb
2H1-treated group in three separate experiments (Table 2).
Histopathologic studies provided visual evidence of lower
fungal burden in the brains of mice receiving mAb 2H1.
There was considerable interexperimental variation in the

survival data. Potential causes of interexperimental variation
include technical variation in the i.c. delivery of C. neofor-
mans (i.e., needle trauma or dose variation), differences in
animal lots such as minor differences in age or differences in
nutritional status (62), and differences in the virulence of the
cultures used for infecting mice. In addition, individual mice
within a given lot can vary markedly in their susceptibility
and their ability to mount an antibody response to C. neo-
formans (34, 35). We have observed considerable individual
variation in response to i.p. infection with regard to brain,
spleen, and lung tissue colony counts (unpublished data). We
were not able to determine the exact cause of the interex-
perimental variation, or to control for it, in either the i.c. or
the i.p. mouse model (30). However, despite interexperimen-
tal variation, we have consistently observed antibody-
mediated protective effects in a model system where the
infection and the mAb are delivered to body compartments
separated by the blood-brain barrier.
The neurotropism of C. neoformans has been attributed to

lack of opsonic activity in the central nervous system (63-
66). C. neoformans in cerebrospinal fluid and in brain tissue
are devoid of complement staining (63, 65). Complement and
immunoglobulins are presumably largely excluded from the
brain compartment by the blood-brain barrier. However,
some serum IgG is probably able to penetrate normal rodent
brains (67-69). i.c. infection with C. neoformans could have
increased penetration of antibody into the brain compartment
by disrupting the integrity of the blood-brain barrier. C.
neoformans capsular polysaccharide can induce pathologic
changes to glial cells and brain edema (70, 71), and intrace-
rebroventricular administration of polysaccharide to rabbits

results in cerebrospinal-fluid leukocytosis (72). While it is
also possible that the trauma resulting from the i.c. injection
could have increased antibody penetration into the brain
compartment, we were not able to identify the sites of
injection grossly or microscopically 4-5 days later. Irrespec-
tive of its mode of entry, the reduction of colony counts in
brain tissue indicates that mAb 2H1 can mediate protective
effects in the brain compartment.
The mechanism by which systemic mAb modified the

course of i.c. infection is not certain. i.c. infection with
complement-opsonized cryptococci in mice results in longer
survival than infection with nonopsonized cryptococci, and
this has been attributed to enhanced clearance of the fungus
(61). Immunoperoxidase staining demonstrated that mAb
2H1 binds to the capsule of C. neoformans in brain sections,
indicating that the mAb recognizes an epitope that is ex-
pressed in vivo. Protective effects could have resulted from
enhanced mAb-mediated opsonic activity leading to in-
creased cellular clearance of C. neoformans. i.c. infection in
mice disseminates to peripheral organs (61, 73). In our mice
the burden of C. neoformans in the lungs was 'loth that found
in the brain. mAb 2H1 also significantly reduced fungal
burden in lung tissue (Table 2). Thus, mAb 2H1 may mediate
protection by reducing dissemination and, possibly, reinfec-
tion of the central nervous system. Passive mAb administra-
tion could also mediate protection by enhancing the clearance
of capsular polysaccharide which is associated with a variety
of deleterious effects including immune paralysis (37, 38),
inhibition of leukocyte migration (74) and phagocytosis (18),
and the induction ofpathologic changes in brain cells (70, 71).

i.c. infection in mice resembles human C. neoformans
meningitis histologically. The i.c. infection model has been
used to test antifungal drugs against C. neoformans (56, 57).
In experiments 1 and 4, administration of mAb 2H1 resulted
in prolongation of survival comparable to that observed for
antifungal drugs in i.c. infection models (56, 57) and that
observed when i.c. infection is done with complement-
opsonized cryptococci (75). Protective effects were observed
when mAb 2H1 was given before and after infection. The
timing of mAb administration may not be as critical in this
model because significant brain penetration by mAb may not
occur until infection progresses and the blood-brain barrier
becomes leaky. The prolongation in survival mediated by
mAb 2H1 in the i.c. model is smaller than that observed when
the infection and the mAb are both given i.p. (30). This could
reflect limited mAb penetration in brain tissue, different
populations of effector cells in the brain and in the perito-
neum, and the fact that i.c. infection greatly enhances the
virulence of C. neoformans.
We have observed mAb-mediated protective effects in a

model system where antibody protection was not necessarily
expected, because of the blood-brain barrier. Our data
provide further evidence for the protective role of antibodies
to C. neoformans infection and suggest that it is worth
examining systemic and/or intrathecal serotherapy for the
treatment of cryptococcal infections in humans. The obser-
vation that some AIDS patients have enhanced leakage of
serum protein across the blood-brain barrier (76) suggests
that antibody penetration of the brain might be significantly
increased in this disease. We believe that mAb 2H1 or its
derivatives are potential candidates for use in a clinical trial
as an adjunct to standard antifungal therapy.
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