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Cryptococcus neoformans is a ubiquitous fungus that can cause life-threatening infections during immuno-
suppressive states such as AIDS and after bone marrow transplantation. In this study we investigated the
antifungal efficacy of an agonist antibody to CD40, an important costimulator of immune function, in combi-
nation with interleukin 2 (IL-2) in a murine model of disseminated cryptococcosis. Only the combination of
anti-CD40 and IL-2 significantly prolonged the survival time of infected mice. This protection was correlated
with decreased yeast burdens in the brain and kidney. Increased immune cell populations in the spleens, as
well as increased serum gamma interferon (IFN-�) and tumor necrosis factor alpha levels were observed in
infected mice treated with anti-CD40 and IL-2. Further experiments with IFN-� knockout mice demonstrated
that the protection induced by anti-CD40 and IL-2 treatment was dependent on IFN-�. Depletion of CD4� T
cells did not affect the increased serum IFN-� levels induced by anti-CD40 and IL-2 treatment and, impor-
tantly, did not affect the antifungal effect of combination therapy. These studies indicate that immunotherapy
using anti-CD40 and IL-2 has therapeutic potential in augmenting host resistance to disseminated cryptococ-
cosis and that IFN-� is essential for efficacy.

Cryptococcus neoformans is an encapsulated yeast that can
cause significant disease in immunocompromised hosts. Al-
though the pulmonary tract is considered to be the major
infection route, meningitis and meningoencephalitis caused by
dissemination of C. neoformans to the brain are the most
common manifestations and the main reason for high mortality
of cryptococcosis. In murine models, C. neoformans infection
through the intravenous route has been used widely to study
the pathology as well as treatment of disseminated cryptococ-
cosis (1, 5, 10, 31, 35).

CD40 is a member of the tumor necrosis factor alpha
(TNF-�) receptor family and is expressed on numerous cell
types, including B cells, dendritic cells, and monocytes. CD40
ligand (CD154) is expressed on activated T cells and NK cells
(44). The interaction of CD40 and its ligand is important for
optimal T-cell responses and for inducing inflammatory cyto-
kine production by monocytes and dendritic cells (3). CD40
stimulation is also critical for dendritic cell differentiation and
function (9, 44). CD40 signaling plays an important role in
various pathogenic processes, such as chronic inflammation,
autoimmune disorders, graft-versus-host disease, and resis-
tance to tumors (4, 16, 36). Agonist antibodies to CD40 have
been shown to facilitate antibody responses to T-independent
antigens by bypassing the need for CD4-mediated “help” (14).
We have shown that the immune-potentiating effects of anti-
CD40 are further augmented by coadministration of interleu-
kin-2 (IL-2) (36). The importance of the CD40/CD40L inter-
action in host immune defense has been demonstrated for
infections such as Leishmania, mycobacteria, and human im-
munodeficiency virus (16, 39, 45). Deficiencies in either CD40

or CD154 caused an increased susceptibility to infections, in-
cluding lung infections caused by C. neoformans (37). Studies
have also demonstrated a role for CD40/CD40L interactions in
the immune response to C. neoformans both in vitro (39, 46,
47) and in vivo (37).

The goal of this study was to assess the effect of an agonist
antibody to CD40 given in combination with IL-2 on host
resistance in a murine model of disseminated cryptococcosis.
Our recent studies demonstrating that anti-CD40 in combina-
tion with IL-2 resulted in synergistic antitumor effects in mice
by promoting type 1 cytokine responses (36) suggested that this
combination may enhance host resistance to C. neoformans.
Our results demonstrate that CD40 stimulation and IL-2 pro-
longed the survival time of mice previously infected with C.
neoformans. We found that therapeutic effects of anti-CD40
and IL-2 were correlated with increased dendritic cell and CD8
T-cell expansion in the spleens of mice and that gamma inter-
feron (IFN-�) is a pivotal immune mediator for the efficacy of
anti-CD40 and IL-2 in this model.

MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from the Charles River Laboratory of the
National Cancer Institute (Frederick, MD). B6.129S7-Ifngtm1Ts/J (IFN-�
knockout [GKO]) and C57BL/6J wild-type (WT) control mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). All mice were maintained in an
animal facility at University of Nevada, Reno, and all studies were approved by
the Institutional Animal Care and Use Committee. All mice were between 8 and
12 weeks of age.

Murine model of disseminated cryptococcosis. CN6 is a virulent encapsulated
strain of serotype A that produces cells of a uniform size and capsule width (15).
C. neoformans cells were cultured for 3 days at 30°C with 5% CO2 on Sabouraud
dextrose agar (SAB) plates (Becton, Dickinson and Company, Sparks, MD).
Yeast cells were harvested from the 3-day culture, washed, counted, and diluted
in Dulbecco’s phosphate-buffered saline (DPBS) (Mediatech, Inc., Herndon,
VA). Mice were infected with C. neoformans (1 � 105 total yeast cells) via the
intravenous (i.v.) route. The viability of the inoculum was determined by quan-
titative culturing on SAB plates. Viability was typically 55% to 65%. Infected
mice were observed for morbidity, primarily hydrocephalus and lethargy with
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partial paralysis. Morbid mice were euthanatized by CO2 based on clinical signs
of meningitis and weight loss.

Reagents. Recombinant human IL-2 (TECIN [Teceleukin]); Roche) was pro-
vided by the National Cancer Institute (Frederick, MD). Agonist rat anti-mouse
CD40 (1.77 endotoxin units/mg antibody; clone FGK115B3, a subclone of
FGK115, which was a kind gift from Bruce Blazar, University of Minnesota) was
produced as ascites fluid in CB.17 SCID mice. The monoclonal antibody (MAb)
was isolated by differential precipitation with caprylic acid and ammonium
sulfate and was dialyzed against DPBS. Antibody concentration was deter-
mined by enzyme-linked immunosorbent assay (ELISA), and endotoxin con-
tent was determined by quantitative Limulus amoebocyte lysate assay (QCL-
1000) (Biowhittaker, Walkersville, MD).

Mice were treated with the core regimen 1 day after infection for all of the
survival studies. The agonist anti-CD40 or isotype control rat immunoglobulin G
(IgG) (Jackson ImmunoResearch Laboratories, West Grove, PA) was adminis-
tered intraperitoneally (i.p.) once a day for 4 days (100 �g/dose). IL-2 was given
at 500,000 IU/dose i.p. twice a day twice a week, for a total of eight injections.
DPBS (0.2 ml/dose) was administered i.p. as vehicle control for IL-2 according to
the same injection schedule as for IL-2. The core regimen was completed 10 days
after C. neoformans infection. Six to eight mice per group were used in survival
studies, and each survival study was repeated two to five times.

Organ CFU assay. Three mice per group were sacrificed and various organs
were harvested 11 days after C. neoformans infection (1 day after the completion
of the core regimen). CFU assay was performed as previously described (41).
Briefly, brain and kidney cell suspensions were prepared and diluted in sterile
distilled water. Cell suspensions were then plated on the SAB plates, and CFU
were calculated as colonies per organ. Experiments were repeated twice.

In vivo CD4� T-cell depletion in mice. CD4� T cells were depleted with an
anti-CD4 antibody (clone GK1.5, a kind gift from Garry B. Huffnagle, University
of Michigan). Mice were injected i.p. with either anti-CD4 antibody or isotype
control rat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) at
200 �g/dose starting 1 day prior to C. neoformans infection and every 4 days, for
a total of three injections during the full course of anti-CD40 and IL-2 treat-
ments. Cell depletion efficiency (�99%) was determined by flow cytometric
analysis of the splenocytes.

Anti-GXM IgG ELISA. Sera were collected from three mice per group 11 days
after C. neoformans infection (1 day after completion of the core regimen).
Antiglucoronoxylomannan (anti-GXM) IgG ELISA was performed as described
previously (28), using a horseradish peroxidase-labeled secondary antibody spe-
cific for mouse IgG heavy chains (Southern Biotechnology Associates, Inc., Bir-
mingham, AL). A monoclonal anti-GXM antibody (MAb clone 3C2, described
previously [25] was used as a positive control) Data are presented as absorbance
at 450 nm at a 1:40 dilution of each sample. Experiments were conducted twice.

Flow cytometric analysis. For flow cytometric analysis, three mice per group
were sacrificed 1 day after the completion of the core regimen. Spleens were
harvested, minced, and incubated with 1 mg/ml type D collagenase (Sigma-
Aldrich Co., St. Louis, MO) for 45 min at 37°C. The resulting slurries were
filtered through a nylon filter, and red blood cells were lysed with ACT buffer
containing 0.74% ammonium chloride (Sigma-Aldrich Co., St. Louis, MO) and
17 mM Tris-HCl (FisherBiotech, Fair Lawn, NJ). Leukocyte suspensions were
centrifuged and resuspended in blocking buffer containing 1% human AB serum,
1% fetal bovine serum, and 1% penicillin-streptomycin in DPBS.

For identification of various leukocyte populations, 1 � 106 cells from spleen
suspensions were labeled for 30 min at 4°C with the following antibodies: fluo-
rescein isothiocyanate-conjugated rat anti-mouse CD3, phycoerythrin-conju-
gated rat anti-mouse CD4, Cy-Chrome-conjugated rat anti-mouse CD8, fluores-
cein isothiocyanate-conjugated anti-mouse CD11c, or phycoerythrin-conjugated
anti-mouse IAb (PharMingen, San Diego, CA). Nonspecific binding was cor-
rected with isotype-matched controls. Cells were then washed with DPBS and
fixed in 1% paraformaldehyde. All results were obtained using a FACScan
(Becton-Dickinson, San Diego, CA). Forward- and side-scatter settings were
gated to exclude red cells and debris. Ten thousand to 20,000 cells were analyzed
for each determination. Four replicate experiments were conducted, and the
results are reported as numbers of each cell population in the spleens.

IFN-� and TNF-� ELISA. Blood was collected from three mice per group 1
day after completion of the core regimen, and serum was prepared. Serum
samples were assayed by ELISA using a Quantikine M mouse IFN-� and TNF-�
immunoassay kit (R&D Systems, Minneapolis, MN). The assay was performed
according to the manufacturer’s instructions. Five replicate experiments were
conducted, and the results are reported as IFN-� or TNF-� concentration (pi-
cograms per milliliter) in the sera.

Statistics. Survival data were plotted by the Kaplan-Meier method and ana-
lyzed by the log rank test. Comparisons of cell populations and cytokine pro-

duction were made by one-way analysis of variance (ANOVA) with post hoc
analysis by the Tukey or Bonferroni test. A P value of less than 0.05 was
considered significant.

RESULTS

Anti-CD40 and IL-2 protect mice with disseminated crypto-
coccosis. CD40 and CD40 ligand interactions have been dem-
onstrated to play a critical role in the host immune defense
against C. neoformans infection (37, 46). CD40 stimulation
using the agonist MAb (anti-CD40) can augment an anticryp-
tococcal response and IL-12 secretion by human monocytes in
vitro (46). We therefore examined CD40 stimulation and IL-2
in a murine model of disseminated cryptococcosis in which
C57BL/6 mice were challenged i.v. with C. neoformans. In this
disseminated model, multiple organs, notably the brain and
kidneys, are targeted by the yeast. Mice were then treated 1
day later with anti-CD40 with or without IL-2. Anti-CD40 or
isotype control rat IgG was administered at 100 �g/dose i.p.
once a day for 4 days. IL-2 was administered at 500,000 IU/
dose i.p. twice a day twice a week, for a total of eight injections.
DPBS (IL-2 vehicle control, 0.2 ml/dose) was given on the
same schedule as IL-2. This regimen is similar to the regimen
used when synergistic antitumor effects were observed (36).
The results (Fig. 1) showed that either anti-CD40 or IL-2 given
alone failed to significantly prolong the survival of C. neofor-
mans-infected mice. In marked contrast, anti-CD40 in combi-
nation with IL-2 significantly (P � 0.005) prolonged the sur-
vival of mice, where the mice survived an additional 15 to 20
days. Mice treated with rat IgG-PBS, IL-2 alone, or anti-CD40
alone also showed evidence of brain involvement at a much

FIG. 1. Anti-CD40 and IL-2 provide antifungal effects in mice pre-
viously infected with C. neoformans. One day after infection, C57BL/6
mice (n � 6 to 8/group) were treated with anti-CD40 (Œ) or recom-
binant human IL-2 alone (�) or in combination (�) or were given rat
IgG and PBS as controls (■ ). Anti-CD40 or isotype control rat IgG
was administered at 100 �g/dose i.p. once a day for 4 days. IL-2 was
administered at 500,000 IU/dose i.p. twice a day twice a week, for a
total of eight injections. DPBS (vehicle control for IL-2, 0.2 ml/dose)
was given on the same schedule as IL-2. The regimen was completed
10 days after C. neoformans infection. The combination of anti-CD40
and IL-2 resulted in significantly (by log rank test; �, P � 0.005)
prolonged survival time compared with that for control mice or mice
receiving anti-CD40 or IL-2 alone. Survival analysis was plotted ac-
cording to the Kaplan-Meier method. Representative data from one of
five similar experiments are shown, and statistical differences were
determined with the log rank test.
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earlier time than mice receiving combination treatments. Al-
though all mice eventually succumbed to the infection, increas-
ing the amount or time of either anti-CD40 or IL-2 did not
result in increased protection (data not shown). These data
indicate that administration of anti-CD40 and IL-2 results in
protection of mice previously infected with disseminated C.
neoformans.

Treatment with anti-CD40 and IL-2 decreases C. neoformans
burdens in the organs of infected mice. Cryptococcal menin-
gitis represents the most frequent clinical manifestation of
disseminated cryptococcosis (37, 38). To study whether the
prolonged survival of mice treated with anti-CD40 and IL-2 is
correlated with decreased organ fungal burdens, mice were
sacrificed 1 day after completion of the treatment schedule,
and fungal burdens in the brain and kidney were assessed.
Mice treated with IL-2 alone showed no reduction in fungal
burdens in those organs compared to the control mice. Mice
treated with anti-CD40 alone had lower cryptococcal burdens
in the brains (P � 0.05) but not in the kidneys compared to the
controls (Fig. 2). However, mice treated with both anti-CD40
and IL-2 showed significantly reduced cryptococcal burdens in
both the brains (P � 0.001) and the kidneys (P � 0.05) com-
pared to the control mice or mice treated with either anti-
CD40 or IL-2 alone (Fig. 2). At a higher challenge dose of C.
neoformans (106, compared to the lower challenge dose of
105), mice treated with anti-CD40 in combination with IL-2
showed significantly (P � 0.05) reduced cryptococcal bur-
dens in the livers and the lungs as well as in the brains and
kidneys (data not shown). These results demonstrate that
the increased survival obtained by administering anti-CD40
and IL-2 can be correlated with reduced fungal burden in
the tissues of infected mice.

Treatment with anti-CD40 and IL-2 increases dendritic cell
and CD8� T-cell numbers in the spleens of infected mice.
Studies using anti-CD40 and IL-2 in tumor models found sig-
nificant increases in the numbers of dendritic cells and CD8�

T cells in the spleens of treated mice (36). To determine
whether a similar effect occurred in a cryptococcosis model, we
examined dendritic cell and T-cell populations in the spleens of
C. neoformans-infected mice treated with anti-CD40 or IL-2
alone, or in combination. Mice were assessed 1 day after com-
pletion of the treatment schedule. The results (Fig. 3) showed
a significant increase in the total number of splenocytes (P �
0.05), CD8� T cells (P � 0.01), and CD11c� Iab� dendritic
cells (P � 0.01) in mice receiving both anti-CD40 and IL-2
compared with either control mice or mice receiving either
reagent alone. In contrast, the total number of CD4� T cells
remained unchanged despite a significant increase in the total
number of splenocytes (Fig. 3C). Thus, protection by the com-
bination of anti-CD40 and IL-2 is correlated with significantly
increased splenic CD8� T-cell and dendritic cell populations
but not with the number of CD4� T cells. We further deter-
mined whether splenocyte expansion induced by anti-CD40
and IL-2 depends on the presence of C. neoformans. Without
C. neoformans infection, anti-CD40 and IL-2 significantly in-
creased splenocyte numbers (Fig. 3A) (P � 0.01), indicating
that this is not an antigen-dependent event. This observation is
consistent with previous tumor studies (36).

Effect of anti-CD40 and IL-2 treatment on serum anti-GXM
IgG levels. Treatment of mice with CD40 agonist antibodies

leads to a markedly enhanced antibody response to T-indepen-
dent antigens (14). GXM, the major capsular antigen of C.
neoformans, is a T-independent antigen (42), and we have
found that immunization of mice with GXM in combination
with a high dose of anti-CD40 (400 �g) leads to a very rapid
IgG response (unpublished results). Since antibodies to GXM
can alter the course of cryptococcosis (13), we examined sera
of infected mice that were treated with anti-CD40 and IL-2 for
the production of anti-GXM IgG. Serum anti-GXM IgG levels
in the sera collected 1 day after completion of anti-CD40 and
IL-2 treatment (day 11) were tested by ELISA. The results
showed that administration of anti-CD40 alone slightly in-
creased anti-GXM IgG levels in the treated mice (P � 0.05)
(Fig. 4). However, there were no significant differences in the
levels of anti-GXM IgG in the sera of mice treated with IL-2

FIG. 2. Anti-CD40 and IL-2 treatment decreases the cryptococcal
burdens in the brains and kidneys of mice previously infected with C.
neoformans. One day following completion of treatment (day 11),
three mice per group were sacrificed and quantitative organ cultures of
brains (A) and kidneys (B) were prepared. Statistical differences were
determined by one-way ANOVA with post hoc comparisons with the
Tukey test. A P value of �0.05 is considered significant. Representa-
tive data from one of three similar experiments are shown. Error bars
indicate standard deviations.
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alone or in combination with anti-CD40 compared to the con-
trols, even though only the combination group showed signif-
icantly prolonged survival. These data suggest that induction of
GXM-specific antibodies most likely plays a marginal role in
the anticryptococcal efficacy of combined anti-CD40 and IL-2
treatment.

Treatment with anti-CD40 and IL-2 increases serum IFN-�
and TNF-� levels in treated mice. The Th1-Th2 cytokine
balance influences host immune responses to C. neoformans,
with Th1-type cytokines (i.e., IFN-�) being associated with a
protective immune response against C. neoformans (18, 24).
To determine if a beneficial Th1 response can be induced by
anti-CD40 and IL-2, mice were bled for serum the day after
completion of the treatment regimen. IFN-� levels in sera
were then tested by ELISA. Mice receiving either IL-2 or
anti-CD40 alone showed no significant difference in serum
IFN-� levels compared to the control mice (Fig. 5A). Only
mice receiving the combination treatment showed a signif-
icant increase (P � 0.01) in serum IFN-� levels compared to
rat IgG-PBS-treated control mice (Fig. 5A). TNF-� is a

pleiotropic inflammatory cytokine that has a large variety of
functions in immune responses. Several studies have shown
that TNF-� is required for development of protective im-
munity to C. neoformans infections (17, 20). Therefore, se-
rum was collected 1 day after the completion of the treat-
ment regimen, and TNF-� levels were assessed by ELISA.
Significantly increased levels of TNF-� were found in the
sera from mice treated with the combination of anti-CD40
and IL-2 compared to either the control mice (P � 0.01),
mice treated with IL-2 alone (P � 0.01), or mice treated
with anti-CD40 alone (P � 0.05) (Fig. 5B). Thus, both
IFN-� and TNF-� levels were increased by anti-CD40 and
IL-2 combination therapy, and the results could be corre-
lated with effects on survival. To further investigate whether
IFN-� and TNF-� production induced by anti-CD40 and
IL-2 is dependent on the presence of antigen, mice were
treated with anti-CD40 and IL-2 without C. neoformans
infection (Fig. 5). Serum IFN-� and TNF-� levels were
increased despite of the absence of C. neoformans (P �
0.01), suggesting that antigen is not required for anti-CD40-

FIG. 3. Effects of anti-CD40 and IL-2 treatment on immune cell parameters in the spleens of mice. Mice were i.v. injected with C. neoformans
or PBS. One day following completion of treatments (day 11), three mice/group were sacrificed and flow cytometry was used to assess the effect
of anti-CD40 and IL-2 on numbers of whole splenocytes (A), CD8� T cells (B), CD4� T cells (C), and dendritic cells (D) in the spleens. Three
mice were analyzed per group in each experiment. The results are representative of three independent experiments. Statistical differences are
indicated (one-way ANOVA with post hoc comparisons with Tukey test; P � 0.05). Error bars indicate standard deviations.
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and IL-2-induced cytokine release, which is also in agree-
ment with previous tumor models using this regimen (36).

IFN-� knockout mice are more susceptible to C. neoformans
infection and show no protection induced by anti-CD40 and
IL-2 treatment. To confirm that IFN-� is an important medi-
ator of anti-CD40 and IL-2 therapy, the efficacy of anti-CD40
and IL-2 therapy in GKO mice was compared to that in wild-
type mice. GKO mice were found to be much more susceptible
to C. neoformans infection than WT controls (Fig. 6) (P �
0.0002). Moreover, treated GKO mice showed no protection
by anti-CD40 and IL-2 against disseminated cryptococcosis,
while in the WT controls, the combination therapy significantly
enhanced host resistance to C. neoformans infection (Fig. 6)
(P � 0.0001). These data suggest that IFN-� plays an essential
role in both host immune defense and anti-CD40 and IL-2
immunotherapy.

CD4� T cells are not necessary for the protection provided
by anti-CD40 and IL-2 immunotherapy. It was surprising that
the CD4� T-cell population was not expanding in either the
brains or the spleens of treated mice in this model, given the fact
that CD4� T cells have been shown to play a role in the host
immune defense against C. neoformans (19, 21, 30) and also
in several immunotherapies for cryptococcosis (6, 22, 34). To
study whether CD4� T cells were important for the efficacy of
this immunotherapy and also to mimic the clinical condition
where there are low CD4� T-cell counts (i.e., AIDS), CD4� T
cells in mice were depleted by a specific monoclonal anti-CD4
antibody 1 day prior to the C. neoformans infection and during
the full course of anti-CD40 and IL-2 treatment. Our results
showed that despite the absence of CD4� T cells, anti-CD40
and IL-2 treatments significantly prolonged the survival time of
CD4� T-cell-depleted mice previously infected with C. neofor-
mans (Fig. 7A) (P � 0.0001) at a level comparable to that for
the WT (Fig. 7A) (P � 0.002). Although WT treated mice
survived slightly longer than CD4� T-cell-depleted and treated

mice (Fig. 7A) (P � 0.05), the extent of protection induced by
anti-CD40 and IL-2 was comparable, taking into consideration
the difference in the mean survival time of CD4� T-cell rat
IgG-PBS controls versus WT rat IgG-PBS controls. This sug-
gests that CD4� T cells are not necessary for the antifungal
efficacy of this immunotherapy. Our results also confirm the
importance of CD4� T cells for host immunity to cryptococ-
cosis (Fig. 7A) (P � 0.0001). Furthermore, similar levels of
increased serum IFN-� were observed in either CD4� T-cell-

FIG. 4. Effects of anti-CD40 and IL-2 treatment on anti-GXM-
specific IgG levels in the sera of C. neoformans infected mice. One day
following completion of treatments (day 11), mice were bled for sera.
Anti-GXM IgG was assessed by ELISA. Optical densities (O.D.) at a
1/40 dilution of sera are shown. Three mice per group were analyzed
in each experiment. The results are a compilation of two independent
experiments (experiment 1, open symbols; experiment 2, closed sym-
bols). Statistical differences are indicated (one-way ANOVA with post
hoc comparison with Bonferroni test; �, P � 0.05).

FIG. 5. Effects of anti-CD40 and IL-2 treatment on serum IFN-�
and TNF-� levels. Mice were injected i.v. with C. neoformans or PBS
(Naive �-CD40/IL-2). One day following completion of anti-CD40 and
IL-2 treatments (day 11), three mice per group were bled for sera.
Serum IFN-� (A) and TNF-� (B) levels were then tested by mouse
IFN-� and TNF-� ELISA. Representative data from four similar ex-
periments are shown. Statistical differences are indicated (by one-way
ANOVA with post hoc comparisons with Tukey test; P � 0.05). Error
bars indicate standard deviations.
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depleted or WT mice (Fig. 7B) (P � 0.05). This indicates that
CD4� T cells are not the dominant IFN-�-producing cells in
anti-CD40 and IL-2 immunotherapy, and therefore protection
is not adversely affected in their absence.

DISCUSSION

The incidence of invasive fungal infections, including candi-
diasis, cryptococcosis, and aspergillosis, has increased in recent
years (40). Options for preventing and treating invasive fungal
infections consist of several classes of antifungal agents, includ-
ing polyenes, azoles, nucleoside analogs, and echinocandins.
Although many of these drugs have improved the outcomes of
fungal infections, failure rates remain high due to emergence
of resistant fungal strains and serious side effects of antifungal
agents (40). Therefore, new strategies for treating fungal in-
fections are needed to substitute for these agents or compen-
sate for primary treatment failure. Immunotherapy has tre-
mendous potential in treating both infectious diseases and
cancer. This is the first report that demonstrates a potent
antifungal activity of anti-CD40 and IL-2 in mice previously
infected with C. neoformans. Neither agent alone was thera-
peutic, but the combination provides significant prolongation
of survival time. This protection was dependent on IFN-� and
associated with CD8� T-cell expansion. CD4� T cells were not
necessary for the efficacy of this immunotherapy, for absence
of CD4� T cells did not abrogate either the protective effect or
the increase of serum IFN-� levels induced by anti-CD40 and
IL-2. These results suggest the potential for applying anti-
CD40 and IL-2 immunotherapy to a clinical situation where
there are low CD4� T-cell counts.

Our results did not identify a specific mechanism for the
synergistic efficacy of anti-CD40 and IL-2. Immunomodulation
through CD40 can promote dendritic cell differentiation and

function and enhance production of cytokines such as IL-12,
which induces IFN-� (2). IL-2 is a T-cell growth factor that
could enhance Th1-type immune responses. Therefore, com-
bining anti-CD40 with IL-2 could strengthen the interaction
between innate and adaptive immunities, induce optimal T-cell

FIG. 6. Requirement for IFN-� in the antifungal effects of anti-
CD40 and IL-2 treatment. C57BL/6J WT and GKO mice (eight mice
per group) received either control injections or anti-CD40 and IL-2.
The combination of anti-CD40 and IL-2 had no protective effects in
GKO mice (‚ and Œ), while anti-CD40 and IL-2 prolonged the sur-
vival of WT mice (� versus ■ , P � 0.0002). GKO mice were more
susceptible to C. neoformans infection than were WT controls (‚ versus
�, P � 0.0002). Survival analysis was plotted according to the Kaplan-
Meier method, and statistical differences were determined with the log
rank test.

FIG. 7. CD4� T cells are not required for the antifungal effect of
anti-CD40 and IL-2 treatment. (A) C57BL/6 mice (eight mice per
group) received either isotype control rat IgG or anti-CD4 antibody
starting 1 day prior to C. neoformans injection and every 4 days during
the anti-CD40 and IL-2 treatment. The combination of anti-CD40 and
IL-2 treatments significantly prolonged the survival time of CD4�

T-cell-depleted mice with disseminated cryptococcosis (‚ versus Œ, P
� 0.0001), as well as WT mice (� versus ■ , P � 0.002), although WT
treated mice survived significantly longer than CD4� T-cell-depleted
and treated mice (■ versus Œ, P � 0.05). CD4� T-cell-depleted mice
were significantly more susceptible to disseminated cryptococcosis (‚
and �, P � 0.0001). Survival analysis was plotted according to the
Kaplan-Meier method, and statistical differences were determined
with the log rank test. Representative data from one of two similar
experiments are shown. (B) Sera were taken 1 day after completion of
anti-CD40 and IL-2 treatments (day 11), and IFN-� levels were deter-
mined by ELISA. Anti-CD40 and IL-2 were able to increase serum
IFN-� levels with or without the presence of CD4� T cells. Represen-
tative data from one of two similar experiments are shown, and statis-
tical differences are indicated (one-way ANOVA with post hoc com-
parisons with Tukey test; P � 0.05). Error bars indicate standard
deviations.
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responses, and enhance Th1-associated inflammatory cytokine
production, such as that of IFN-�. This interaction might prove
beneficial for host resistance to C. neoformans infection.

It is not yet determined which cells are the primary produc-
ers of IFN-� in this model. T cells and NK cells are the major
IFN-�-producing cells in mice (7). Cell depletion studies or
knockout mice are needed to answer the question of which cell
type is the primary IFN-�-producing cell type in anti-CD40/
IL-2 therapy for disseminated cryptococcosis. IFN-� has been
demonstrated to be critical in host immune defense in exper-
imental models of cryptococcosis (41, 43), and expression of
the IFN-� receptor is necessary for protective inflammatory
responses to C. neoformans (11). The role of IFN-� in anti-
CD40 and IL-2 therapy is likely to be indirect through activat-
ing other cells. CD8�T cells, NK cells, macrophages, and neu-
trophils have all been found to possess the ability to kill C.
neoformans (12, 23, 32, 33, 37), and the cytotoxicity of these
cell types could be affected by cytokines, including IFN-�
(8, 27, 29). Therefore, these cell types could potentially be the
effector cells in anti-CD40 and IL-2 therapy for disseminated
cryptococcosis.

CD40 stimulation has been shown to bypass CD4� T-cell
help to facilitate a strong antibody response to T-independent
antigens (14, 26). As a consequence, induction of an antibody
response to GXM is a possible mechanism for the therapeutic
action of the CD40 agonist MAb. Our results showed that
there was no protective anti-GXM IgG antibody production
observed in the sera of mice treated with the combination of
anti-CD40 and IL-2 compared to mice receiving anti-CD40
alone. This may be caused by a more profound Th1 type of
immune response induced by using IL-2 that potentially sup-
pressed antibody responses. We did observe a limited antibody
response to GXM in mice that received the agonist MAb
alone. We do not believe that induction of anti-GXM was a
component of protection mediated by the anti-CD40/IL-2
combination. First, the level of antibody observed following
administration of the agonist MAb was relatively low. Second,
there was no therapeutic effect induced by the agonist MAb
alone. Third, the antibody response was observed well after
challenge. It is unlikely that the limited antibody response
could rescue mice well into the course of disseminated cryp-
tococcosis. Finally, an antibody response was not observed in
the case of the therapeutically successful anti-CD40/IL-2 com-
bination. While our studies do not rule out the possibility that
antibodies contribute to the treatment effect, our results sug-
gest that this is not a dominant mediator in this model.

There are several murine models of cryptococcosis, includ-
ing infecting the mice via intravenous, intratracheal/nasal, and
intracerebral routes. In the intravenous infection model, the
yeast disseminates throughout the animal, and morbidity and
mortality are primarily due to infection of the brain. This
model contrasts with intratracheal/nasal infection, in which
cryptococcosis is primarily a pulmonary disease that may dis-
seminate at later stages. In the intravenous infection model
used in this study, mice treated with anti-CD40 and IL-2 even-
tually succumbed to cryptococcosis, probably because of an
inadequate immune response in the brain. It is uncertain
whether the anticryptococcal effect of anti-CD40/IL-2 immu-
notherapy is due to controlling the Cryptococcus infection at
the brain itself or to reducing the fungal load in the body and

subsequent dissemination to the brain. Future experiments
applying anti-CD40 and IL-2 therapy to mice with intracere-
bral infection with Cryptococcus are needed to gain a better
understanding of the mechanism of this immunotherapy. Fur-
ther, it will also be of interest to combine anti-CD40 and IL-2
immunotherapy with conventional antifungal agents to achieve
greater effects in the control of the infection, as well as apply
anti-CD40 and IL-2 immunotherapy to other fungal patho-
gens, such as Candida and Aspergillus.
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