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ABSTRACT Cryptococcus neoformans is an encapsulated
fungus that is a major cause of meningitis in patients with
AIDS. In immunocompetent mice, administration of IgG1
mADb protects against cryptococcal infection, whereas admin-
istration of IgG3 is not protective and can accelerate the
infection. In beige mice with impaired natural Killer cell
function, the effects of IgG1 and IgG3 are similar to those
observed in immunocompetent mice, suggesting that natural
killer cells are not crucial for antibody-mediated modulation
of cryptococcal infection. In mice lacking CD4* T cells, IgG1
is not protective and IgG3 accelerates infection, indicating
that CD4™" T cells are required for antibody-mediated protec-
tion. In mice lacking CD8* T cells, both IgGl and IgG3
antibodies prolong survival, indicating that acceleration of the
disease process by IgG3 involves CD8* T cells. Both IgG1-
mediated protection and IgG3-mediated acceleration of infec-
tion require interferon 7. These results reveal a functional
dependence of passively administered antibody on cellular
immunity in cryptococcal infection in mice and have impli-
cations for antibody-based therapies in humans in the setting
of CD4* lymphopenia.

Cryptococcus neoformans is a ubiquitous fungus that causes a
life-threatening meningoencephalitis in 6—-8% of patients with
AIDS (1). The disease usually occurs in patients with very low
CD4" T cell counts (1). Once established, C. neoformans
infections are usually incurable in immunocompromised indi-
viduals, and patients with AIDS require lifelong therapy to
prevent relapse (2-4). The difficulties associated with the
management of cryptococcal infections in patients with AIDS
have stimulated interest in the potential of antibody immunity
for prevention and adjunctive therapy (5).

Immunization with cryptococcal capsular glucuronoxylo-
mannan (GXM)-protein-conjugates and infection with C. neo-
formans can elicit both protective and nonprotective antibodies
in mice (6—8). Previous studies have demonstrated that mAbs
of the IgG3 subclass were not protective in various mouse
models of cryptococcal infection (8, 9). When the 3ES IgG3
mAb was switched to the IgG1 isotype, the IgG1 switch variant
was protective (8). It is not obvious why IgG3 and IgG1 should
have such different effects on C. neoformans because both
isotypes protect mice from infection with Streptococcus pneu-
moniae, another encapsulated infectious agent (10). The avid-
ity of the nonprotective 3E5 IgG3 for GXM is higher than its
IgG1 switch variant (8), presumably because it polymerizes
after binding to antigen (11). The half-life of the two isotypes
in the circulation is the same (12), and both IgG3 and IgG1 are
opsonic (13), fix complement (14), and can facilitate macro-
phage-mediated killing of tumor cells in vitro (15). However,
the IgG3 and IgG1 isotypes bind to different Fc receptors on
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mouse macrophages (13), and this may be the basis for their
different efficacies against C. neoformans.

In this study, we have investigated the efficacy of adminis-
tration of IgG3 and IgG1l mAb in mice deficient in natural
killer (NK) cells, CD4* and CD8" T cells, and interferon y
(IFN-v) in preventing infection with C. neoformans. Previous
studies have shown that each of these cell types and IFN-y
contribute to the host defense against this organism (16-21).
Our results using mice with inherited defects in CD4* and
CD8" cells and IFN-vy confirm and extend those findings. By
administering antibodies to these immunodeficient mice, we
have shown that T cells and IFN-v, but not NK cells, are
necessary for antibody-mediated protection and enhancement
of cryptococcal infection. These results indicate that the
CD4/CD8 ratio is very important in determining how anti-
bodies modulate infections with C. neoformans, and perhaps
with other infectious agents as well.

MATERIALS AND METHODS

C. neoformans. Strain 24067 (serotype D) was obtained from
the American Type Culture Collection and maintained on
Sabouraud dextrose agar (Difco) at 4°C. For murine infection,
C. neoformans was grown at 37°C in Sabouraud dextrose broth
(Difco) for 24 hr. Yeast cells were washed three times with
PBS, and the inoculum was determined by counting in a
hemocytometer.

mAbs. The 3E5 IgG3 was made in response to immunization
with GXM-conjugated to tetanus toxoid (6, 22). The IgG1
switch variant of 3E5 (3E5 IgG1) was generated by in vitro
isotype switching (23). The variable region sequences of both
mADbs are identical (8), and both antibodies bind GXM (8).
Ascites was obtained by injecting 107 hybridoma cells into the
peritoneal cavity of Pristane-primed (Sigma) BALB/c mice.
Antibody concentration was determined by ELISA relative to
isotype-matched standards of known concentration.

Animal Experiments. Female C57BL/6J, BALB/c, B,-
microglobulin~'~ (24) and beige mice (C57BL/6 bg/bg) (25, 26)
were purchased from The Jackson Laboratory. SCID (27) and
other immunodeficient mice were bred in a barrier facility in the
Cancer Center at Albert Einstein College of Medicine. CD4~/~
mice (C2D™) (28) and wild-type controls were purchased from
GenPharm (Mountain View, CA). Breeding pairs for IFN-y
knockout mice (GKO) (29) were obtained from Genentech, and
CD8/~ mice (30) were provided by Tak Mak and the Amgen
Institute (Ontario Cancer Institute, Toronto, Ontario, Canada)
through Barry R. Bloom (Albert Einstein College of Medicine,
Bronx, NY). Mice were used at 6 weeks of age. Ten mice per
group were given either 1 mg of IgG1, IgG3, or PBS as a control.
mAbs were administered through i.p. injection 24 hr before i.v.
challenge with 5 X 10° C. neoformans, and mouse deaths were
recorded daily.

Abbreviations: GXM, glucuronoxylomannan; IFN-v, interferon v;
NK, natural killer; cfu, colony-forming unit(s).
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Organ Colony-Forming Units (cfu) and Serum GXM Lev-
els. To determine the role of IFN-y in antibody-mediated
modulation of cryptococcal infection, groups of five CD4~/~
mice were given 5 X 10* units of IFN-y (Genzyme) per mouse
i.p and treated with 1 mg of IgG1, IgG3, or PBS 1 day before
infection. Six days after infection, cfu were determined by
plating homogenized brain or lung tissue on Sabouraud dex-
trose agar (8). The cfu are expressed as the mean * SD.

Serum GXM levels were determined by capture ELISA (31).
Before ELISA, serum obtained 6 days after infection was
diluted 1:25 with PBS, incubated overnight at 37°C with 0.2
mg/ml proteinase K, and then heated for 20 min at 100°C.
Serum GXM concentration was determined relative to GXM
standards of known concentration (8).

Statistics. Data were analyzed with statistical software for
Macintosh (INSTAT 2.01; GRAPHPDA software for science, San
Diego) using the unpaired Student’s ¢ test for organ cfu and
serum GXM levels and alternative Weltch ¢ tests for animal
survival (9). All results were also analyzed by the unpaired
Wilcoxon test, which gave similar results.

RESULTS

Effects of mAbs on Lethal C. neoformans Infection in
Immunocompetent Mice. Previous studies on complement-
deficient A/J mice showed that the 3E5 IgG3 mAb was not
protective against cryptococcal infection (7, 8), whereas its
IgG1 switch variant was protective (8). To determine whether
these two isotypes have the same effects on immunocompetent
complement-sufficient mice, C57BL/6J mice were treated
with 3ES IgG3, 3E5 IgG1, or PBS and then infected. Although
there was a trend toward decreased survival for mice given 3ES
IgG3, the results were not significant at P < 0.05 (Fig. 1).
However, there was a clear survival benefit for mice given
IgG1. Because the 3ES IgG3 and IgG1 mAbs have the identical
antigen binding site (8), this observation underscores the
importance of isotype and Fc-mediated functions for antibody
efficacy against C. neoformans. It also confirms this effect in
the complement-sufficient background strain for most of the
genetically immunodeficient mice used in the experiments
described below.

Effects of mAbs on Lethal C. neoformans Infection in NK
Cell-Deficient Beige Mice. NK cell-deficient beige mice were
much more susceptible to cryptococcal infection than the
parental C57BL/6J strain (Fig. 24). Administration of 3E5
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FiG. 1. Survival of C57BL/6J mice infected with C. neoformans
after administration of mAbs. Average survival times and standard
deviations for the IgG1, IgG3, and PBS groups were 131.20 = 64.68,
50 % 27.61, and 70.30 = 38.73 days, respectively. 3E5 IgG1 significant-
ly prolongs survival (P < 0.005), whereas there was no significant
reduction in the survival of IgG3-treated mice (P > 0.30).
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FI1G. 2. Survival of NK cell-deficient beige mice infected with C.
neoformans after administration of mAbs. (4) Beige mice were more
susceptible than the parental C57BL/6J strain (P < 0.0001). (B)
Average survival times and standard deviations for the IgG1, 1gG3,
and PBS groups were 40.40 = 28.12, 8.00 = 1.70, and 9.80 * 2.25 days,
respectively. The 3E5 IgG1 mADb significantly prolonged survival (P <
0.001), whereas IgG3 did not alter the course of cryptococcal infection
(P > 0.05).

IgG1 significantly prolonged animal survival, whereas 3ES
IgG3 did not significantly reduce survival relative to the
control (Fig. 2B). Hence, the results of passive antibody
experiments in beige mice were similar to those observed with
A/J and the C57BL/6J parental strain, suggesting that NK
cells are not crucial for the antibody-mediated modulation of
cryptococcal infection.

Effects of mAbs on Lethal C. neoformans Infection in SCID
Mice. T cells are important in the resistance of immunocom-
petent individuals and animals to C. neoformans (16, 32, 33).
SCID mice that lack antigen receptor genes and do not have
mature T and B cells (27) are more susceptible to cryptococcal
infection than immunocompetent BALB/c mice, the parental
strain of SCID mice (Fig. 34). Consistent with the C57BL/6J
experiment described above, survival times of immunocom-
petent BALB/c mice treated with 3E5 IgG3, PBS, and 3E5
IgG1 were 324 = 5.4, 46.7 = 8.5, and 94.2 = 15.7 days,
respectively. Thus, in BALB/c mice, 3E5 1gG3 also produced
a trend toward reduced survival that did not achieve signifi-
cance at the P < 0.05 level, whereas its IgG1 switch variant
significantly prolonged survival (P < 0.003). In contrast, in
SCID mice, 3E5 IgG1 was no longer protective against C.
neoformans (Fig. 3B), whereas the administration of IgG3
reduced survival relative to the control (P < 0.001, Fig. 3B).

CD4™" T Cells Are Required for IgG1-Mediated Protection.
Antibody depletion studies have shown that CD4* T cells play
an important role in the inflammatory response to C. neofor-
mans and help control the dissemination of the organism in
immunocompetent mice (19, 20, 32). Fig. 44 shows that
CD4~/~ C57BL/6J mice are more susceptible to cryptococcal
infection than the parental strain. Administration of 3E5 IgG1
to CD4~/~ mice did not prolong survival relative to PBS-
treated controls (Fig. 4B), indicating that CD4* T cells are
required for the IgG1l-mediated protection of the immuno-
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F1G. 3. Survival of SCID mice infected with C. neoformans after
the administration of mAbs. (4) SCID mice were more susceptible
than the parental BALB/c strain (P < 0.001). (B) Average survival
times and standard deviations for the IgG1-, IgG3-, and PBS-treated
groups were 25.40 * 2.50, 21.10 = 2.47, and 26.80 = 2.70 days,
respectively. The 3E5 IgG1 mAb failed to protect SCID mice (P >
0.25), whereas the IgG3 mAb decreased survival (P < 0.001).

competent parental strain (Fig. 1). In contrast to the lack of
protection or enhancement of infection by 3ES IgG3 in the
immunocompetent C57BL/6J mice (Fig. 1), the survival of
CD4~/~ mice treated with IgG3 was decreased compared with
the PBS control (Fig. 4B).

The results of the survival studies in CD4~/~ mice were
supported by determining cfu and the serum GXM level 6 days
after infection. Table 1 shows that brain cfu and serum GXM
levels in 3E5 IgGl-treated CD4~/~ mice were nearly identical
to mice treated with PBS, although there was a small increase
in lung cfu in IgG1-treated mice. In contrast, mice treated with
3E5 IgG3 had many more organisms in their lungs and a
smaller, although statistically significant, increase in cfu in the
brain compared with PBS-treated controls or IgG1-treated
mice (Table 1). The IgG3-treated mice also had higher levels
of circulating GXM, a result consistent with a greater fungal
load. These results indicate CD4* T cells are required for
IgG1-mediated protection but not for the enhancing effects of
the IgG3 antibody.

IFN-y Is Required for IgG1-Mediated Protection. Given
that IFN-vy stimulates the phagocytic and fungicidal activity of
effector cells such as macrophages (21, 34) and that IFN-vy is
produced by CD4* cells (35), we examined whether IFN-y was
involved in the modulation of antibody efficacy by CD4*™ T
cells. Fig. 54 shows that IFN-y~/~ mice (29) challenged with
C. neoformans had decreased survival times compared with the
parental strain. 3ES IgG1 did not prolong survival in IFN-vy-
deficient mice (Fig. 5B), indicating that IFN-vy is required for
the IgGl-mediated protection. In addition, IFN-y-deficient
animals treated with IgG3 did not manifest the shorter survival
seen in CD4~/~ mice (Fig. 5B), demonstrating that IFN-vy is
also involved in the IgG3-mediated enhancement of infection.
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FIG. 4. Survival of CD4~/~ mice infected with C. neoformans after
administration of mAb. (4) CD4~/~ mice were more susceptible than the
C57BL/6]J parental strain (P < 0.002). (B) Average survival times and
standard deviations for the IgG1-, IgG3-, and PBS-treated groups were
38.30 * 10.54, 13.30 = 2.41, and 31.30 = 14.35 days, respectively. 3ES
IgGl failed to protect CD4~/~ mice (P > 0.23), whereas IgG3 adminis-
tration decreased animal survival (P < 0.007). Although the difference
between the average survival of the IgG3- and PBS-treated animals is
quite large, the large SD in the PBS control group makes it impossible to
determine whether the enhancement in the CD4~/~ mice is significantly
greater than that in the SCID mice.

Groups of five mice were injected with IFN-y and given
either mAb or PBS 1 day before infection with C. neoformans.
Six days later, lung and brain cfu levels were determined.
Consistent with previous reports on immunocompetent mice
(21), administration of IFN-y to CD4~/~ mice reduced the
organ fungal burden (Table 1, compare PBS controls for brain
with and without IFN-vy therapy). CD4~/~ mice treated with
IFN-y and 3ES5 IgG1l showed an even greater decrease in
fungal load both in brain and lungs, as well as decreased levels
of serum GXM (Table 1). In contrast, a single injection of
IFN-v resulted in an increase in cfu in the lungs and brain of
IgG3-treated CD4~/~ animals, confirming that IFN-y also
plays a significant role in the augmented fungal dissemination
mediated by IgG3.

CD8™* T Cells Are Required for IgG3-Mediated Reduction in
Survival. CD8* T cells contribute to the natural resistance of
mice to cryptococcal infection, although their role is less clear
than that of CD4" cells (32, 36-39). The survival time of
CD8™/~ mice infected with C. neoformans was significantly
decreased relative to that of the parental C57BL/6] strain (Fig.
6A4). Administration of 3E5 IgG1 to CD8 /'~ mice significantly
prolonged animal survival (P < 0.001) compared with PBS-
treated controls (Fig. 6B). In contrast to the effect of IgG3 in
CD4/~ mice (where it reduced survival), 3E5 IgG3 was
protective in CD8/~ mice and prolonged animal survival
significantly (P < 0.03) compared with PBS controls (Fig. 6B).
This experiment was repeated three times to ensure that this
observation was reproducible, and similar results were also
obtained with B,-microglobulin knockout (impaired CD8* T
cell function) mice (data not shown). These results strongly
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Table 1. Organ cfu and serum GXM in CD4~/~ mice 6 days after cryptococcal infection

Lung cfu, Brain cfu, GXM*,
X 105 P = X 10° P= mg/ml P=

No IFN-vy therapy

PBS 122 + 09 0.02207 26.0 = 1.6 0.507% 1.4 +0.1 0.1097

IgG1l 20.7 + 2.6 0.0001% 25.0 + 2.7 0.001% 1.5+0.1 0.0001%

IgG3 111.8 + 14.1 0.0001% 342 +26 0.0018 25*03 0.0001%
IFN-vy therapy

PBS 115+ 18 0.012f 12.8 2.6 0.0017 12*02 0.0005F

IgG1 8.0*09 0.0002% 54+18 0.0001% 0.5+02 0.0001%

IgG3 33.6 =43 0.00018 294 +3.7 0.00018 23+03 0.0003%

*Value is expressed as mean = SD.
TPBS vs. IgG1.

#IgG1 vs. IgG3.

§TgG3 vs. PBS (unpaired Student’s ¢ test).

suggest that IgG3-mediated enhancement of cryptococcal
infection requires CD8* T cells.

DISCUSSION

We have administered the nonprotective 3E5 IgG3 and the
protective 3E5 IgG1 mAbs to immunodeficient mice infected
with C. neoformans to identify the cell types and immunolog-
ical functions that are responsible for their respective proper-
ties and to determine whether passive antibody would be useful
in preventing or treating cryptococcal infections in immuno-
deficient individuals. These studies resulted in four major
findings. First, NK cells do not appear to be important for the
antibody-mediated modulation of cryptococcal infection. Sec-
ond, CD4* T cells are required for antibody-mediated pro-
tection against cryptococcal infection, and this protective
effect requires IFN-vy. Third, IgG3 enhances the dissemination
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F1G. 5. Survival of IFN-y knockout mice infected with C. neofor-
mans after the administration of mAb. (4) IFN-y~/~ mice were more
susceptible than their parental C57BL/6J strain (P < 0.02). (B)
Average survival times and standard deviations for the IgG1, I1gG3,
and PBS groups were 28.20 = 4.24, 24.40 = 9.11, and 25.80 = 11.58
days, respectively. IFN-y~/~ mice were not protected by 3E5 IgG1
(P > 0.1), and IgG3 did not enhance infection (P > 0.1).

of the organism in the absence of CD4" T cells, and this effect
is also mediated through IFN-vy. Fourth, IgG3 is protective
against cryptococcal infection when CD8* T cells are defec-
tive, implicating CD8" T cells in the IgG3-mediated enhance-
ment of infection observed in several mouse strains.
Deficiencies in NK cells, T cells, and IFN-vy have been shown
by others to lead to an increased susceptibility to infection with
C. neoformans (16-18, 32, 33). Because we were already
administering anti-cryptococcal antibodies, we chose to use
mice with inherited immunological defects rather than mice
made immunodeficient by antibody-mediated depletion of T
cells, NK cells, and IFN-vy. Although each of the genetically
defective mouse strains has a particular primary defect intro-
duced by the genetic disruption, these mice are also abnormal
in many other traits that depend on the defective cell or
lymphokine. This is also true of patients who have acquired or
inherited defects, including patients with AIDS who are
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FIG. 6. Survival of CD8/~ mice infected with C. neoformans after
administration of mAbs. (4) CD8~/~ mice were more susceptible than
their parental C57BL/6J strain (P < 0.003). (B) Average survival
times and standard deviations for the IgG1, IgG3, and PBS groups
were 114.30 = 59.60, 76.90 = 44.67, and 35.30 = 16.13 days, respec-
tively. Both IgG1 (P < 0.001) and IgG3 (P < 0.03) mAbs significantly
prolong animal survival.
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deficient in CD4 ™" T cells and have abnormal CD4/CD8 ratios.
Nevertheless, our results are consistent with prior studies and
confirm the important roles for CD4* and CD8" T cells and
IFN-v in host defenses against C. neoformans.

T cells have been reported to have widely different effects
on cryptococcal infection (16, 20, 36, 38, 39). A complex
combination of non-antibody-dependent and antibody-
activated direct and indirect effects could be responsible for
the different outcomes with the IgG3 and IgG1 mAbs. Nev-
ertheless, the inability of IgG1 to confer protection in the
SCID, CD4/~, and IFN-vy-deficient mice, and the restitution
of IgG1-mediated protection when IFN-y was administered to
the CD4~/~ mice, focuses attention on Th1l T cells and their
role in activating macrophages and other effector cells. Other
cytokines such as interleukins 2, 10, 12, and 13; transforming
growth factor B; and granulocyte/macrophage colony-
stimulating factor play important roles in regulating the acti-
vation of immune effector cells in cryptococcal infection
(40-42). Nevertheless, IFN-y alone administered at the be-
ginning of the infection was sufficient to produce antibody-
mediated protection in this model of infection. The loss of
CD4"-mediated activation of phagocytic cells through the
release of IFN-y could explain why the IgG1 mAb was not
effective against cryptococcal infection in SCID, CD4~/~, and
IFN-vy-deficient mice.

The fact that both IgG1 and IgG3 antibodies are protective
and prolong survival significantly in mice lacking CD8* T cells
was surprising. CD8* T cells are heterogeneous in function and
could potentially impair (38, 39) or enhance host defense
against C. neoformans (32, 36). The development and activa-
tion of T cells with suppressive activity could down-regulate
the Thl response either directly or indirectly. The protective
efficacy of IgG3 revealed in the CD8 "/~ mice may be over-
shadowed in the immunocompetent mice by the activation of
the CD8* cell population. In the absence of CD4™" cells, it is
not clear what the target of the CD8" cells would be, but IgG3
may be acting through effector cells different from those used
by IgG1. These studies reveal the importance of the ratio of
CD4/CD8 cells in mediating the effects of antibody.

Superimposed on this complexity is the question of why
IgG3 and IgG1 mediate such different effects. Our findings are
not restricted to the 3ES isotype switch variant set because
other IgGG3 antibodies also accelerate infection, whereas none
of the IgG1, IgG2a, or IgG2b mAbs do so (6, 9). The receptor
for mouse IgG3 differs functionally from the other Fc recep-
tors on macrophages (13-15), but it has not been characterized
at the molecular level, and its distribution is not known (43).
It is possible that IgG3-Fc receptor-mediated opsonization
does not activate effector cells to arrest growth of the organ-
ism, thus protecting the organism from other fungistatic or
fungicidal effectors and allowing continued replication and
dissemination. IFN-vy can increase Fc receptor expression on
effector cells and, in the case of the y3 receptor, could promote
more effective phagocytic and fungal protective activity (ref.
21 and unpublished data).

The findings reported here reveal a functional dependence
of passive antibody on T cell function in mice infected with C.
neoformans. If similar phenomena occur in humans, these
findings have important implications for the pathogenesis of
human infections and for the development of antibody-based
therapies in patients with AIDS. Patients with AIDS have
serum antibodies to the cryptococcal polysaccharide (44, 45).
In the setting of HIV-associated CD4* depletion, it is con-
ceivable that some antibodies lose their protective efficacy,
whereas others retain or acquire the capacity to enhance
infection. Only a minority of AIDS patients with low CD4
counts develop cryptococcal infections despite a high likeli-
hood of frequent exposure to the fungus. Susceptibility to
infection may reflect the quantity and quality of the antibody
in the circulation in the setting of abnormal CD4/CDS8 ratios.

Proc. Natl. Acad. Sci. USA 94 (1997) 2487

Furthermore, our findings suggest that if antibody is to be used
for the prevention and treatment of cryptococcal infection in
patients with defective CD4* T cell function, adjunctive
therapy with IFN-y may be necessary.

In addition to their implications for specific therapies, the
findings reported here reveal that individual antibodies have
very different inherent properties that may be difficult to
deduce from their structural characteristics or even their in
vitro functions. However, the actual impact of the antibodies in
vivo will be determined by the effector cells with which they
interact and the state of those effector cells in the host.
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