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activation induced by C. neoformans in humans remains to be
determined.
Thus, the main purpose of the present study was to investigate the cytokine response to C. neoformans infection in AIDS
patients and to assess whether there was a relationship between cytokine profiles in plasma and the initial severity of the
disease as evaluated by the presence of fungemia, meningeal
involvement, or dissemination. Because precise quantification
of tissue infection in humans is precluded, a murine model was
needed to assess the influence of fungal load on cytokine
responses in the target compartments. Furthermore, the model
was also mandatory to evaluate the kinetics of the immune
response to C. neoformans infection. Since the human disease
is usually a disseminated meningoencephalitis, we chose a
route of inoculation that leads to progressive disseminated
infection in outbred mice and assessed the clinical relevance of
this model. We did so by comparing fungal loads and histopathologies of brain tissues obtained from a rapidly fatal case
of AIDS-associated disseminated cryptococcosis and from
mice sacrificed at various times after inoculation.
(This work was presented in part at the 38th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, Calif., 24 to 27 September 1998 [30a].)

Cryptococcus neoformans is an encapsulated yeast responsible for severe meningitis and disseminated infections, including fungemia, mostly in patients with AIDS (14). In this group,
10 to 25% of patients die during initial antifungal therapy (32).
Thus, improving the prognosis of this life-threatening opportunistic mycosis may require new therapeutic approaches such
as immunointervention. However, immunotherapeutic trials
cannot be designed without a comprehensive understanding of
the immune response to C. neoformans in humans. Although
there is a multitude of nonspecific effector cells capable of
killing or inhibiting C. neoformans, cell-mediated immunity is a
confirmed key host defense mechanism against C. neoformans
(6, 35). Studies with mice have documented the roles of several
cytokines, such as tumor necrosis factor alpha (TNF-␣),
gamma interferon (IFN-␥), and interleukin 12 (IL-12), in the
host defense against C. neoformans through their exogenous
administration (22, 23, 25), the administration of specific anticytokine antibodies (1, 18, 21) or the use of cytokine-deficient
mice generated by gene disruption (11, 36, 41). In addition,
several recent in vitro studies focused on the production of
various cytokines by human neutrophils and mononuclear cells
incubated with C. neoformans. However, the use of different
experimental conditions prevents any definitive conclusion on
the role of these cytokines and their relationship during cryptococcosis (7, 28, 37, 38). Nevertheless, some of these studies
clearly demonstrated a dose-dependent induction of cytokine
secretion by human cells after stimulation with the cryptococcal glucuronoxylomannan (GXM) or with intact cells (13, 37,
38). Whether these experimental data will reflect the immune

MATERIALS AND METHODS
Human study. The human study was done in accordance with a prospective
protocol approved by the Ethical Committee of the Groupe Hospitalier Necker
Enfants-Malades, Paris, France (DGS 970089, French Ministry of Health). Patients were enrolled anonymously, and all samples were assayed blindly. Plasma
samples obtained within 2 days after the diagnosis of cryptococcosis from 51
AIDS patients with culture-confirmed cryptococcosis were studied. All of the
patients had at least a culture of blood, cerebrospinal fluid, and urine before
receiving antifungal therapy, and their median CD4 cell count was 28/mm3.
Patients were considered to have disseminated infection if C. neoformans was
cultured from at least two sites. Plasma samples were kept frozen at ⫺80°C until
assayed. Upon thawing, the samples were used for the measurement of TNF-␣
and IL-10 within the same day and then aliquoted and stored at ⫺80°C prior to
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Cryptococcosis is an hematogenously disseminated meningoencephalitis during which the relationship
between the disease severity and the immune response remains unclear. We thus analyzed, by enzyme-linked
immunosorbent assay, proinflammatory (tumor necrosis factor alpha [TNF-␣] and interleukin-6 [IL-6]) and
anti-inflammatory (IL-10) cytokine levels in plasma at the time of diagnosis in 51 AIDS patients with cultureproven cryptococcosis. We used a murine model to determine the correlation between cytokine levels and fungal
burden in blood and tissues and the kinetics of the immune response and of the formation of cerebral lesions.
In AIDS patients, plasma TNF-␣ and IL-10, but not IL-6, levels were significantly higher in the case of fungemia or disseminated infection than in their absence, whereas the presence of meningitis had no influence on
these levels. In mice, none of these cytokines were detected within the first day after inoculation. Later on, TNF␣ and IL-10, but not IL-6, levels in plasma correlated significantly with the fungal burden in the blood and
spleen but not the brain. In the brain, cytokine levels were low compared to those in other compartments, and
tissue lesions and a degree of infection similar to those observed in humans were seen, further suggesting the
relevance of this experimental model. Thus, AIDS patients with cryptococcosis produce an immune response
that reflects the dissemination but not the meningeal involvement. This murine model of disseminated cryptococcosis can be used to investigate the pathophysiology of cryptococcosis and new therapeutic approaches.
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the measurement of IL-6. TNF-␣, IL-6, and IL-10 concentrations were determined by an enzyme-linked immunosorbent assay (R & D Systems, Abingdon,
United Kingdom) by comparison with standard curves. All samples were tested
individually. According to the manufacturer, the minimum detectable levels of
TNF-␣, IL-6, and IL-10 in plasma were 4.4, 0.7, and 2.0 pg/ml, respectively.
Experimental studies. (i) Infecting organism. The isolate of C. neoformans
(NIH 52D) was subcultured in yeast nitrogen base broth supplemented with 2%
glucose (Difco Laboratories, Detroit, Mich.) for 18 h on a rotary shaker at 30°C.
The inoculum was prepared in sterile saline, as reported before (15), and 200 l
was injected into the lateral tail vein of each mouse.
(ii) Experimental infections. Outbred male OF1 mice (Ico: OF1 [I.O.P.S.
Caw]; mean body weight, 22 g) (Iffa Credo, l’Arbresle, France) were used. Five
to eight mice per cage were housed in our animal facilities and received food and
water ad libitum. Animal experimentation guidelines were respected in these
studies.
The cytokine responses and the fungal burdens in blood and target organs in
groups of five mice were studied as a function of the inoculum size (2 ⫻ 104, 2 ⫻
105, or 2 ⫻ 106 per mouse) or the time of sacrifice (day 1, 3, 6, 8 or 10). The
experiments were repeated twice or thrice (CFU counts and cytokine production
on days 1 and 6 to 8). In this case, results from one representative experiment are
shown.
(iii) Blood and tissue cultures. From animals that had been euthanized,
approximately 1 ml of blood was obtained by cardiac puncture. The plasma
samples were individually aliquoted and frozen at ⫺80°C. Fungemia was assessed
by culturing buffy coats as previously described (31). The lung, spleen, and brain
were aseptically removed, weighed, and ground in 1,000 l of sterile phosphatebuffered saline containing 3% bovine serum albumin (Miles Laboratories, Spokane, Wash.). Tenfold dilutions of the homogenates were plated (100 l) in
duplicate on Sabouraud-chloramphenicol agar-coated petri dishes and incubated
at 28°C for 48 h. Results are expressed as log10 CFU per gram of organ. When
appropriate, the remaining homogenates were then centrifuged (14,000 rpm, 10
min), and the supernatants were immediately frozen at ⫺80°C for subsequent
determination of cytokine levels (see below).
(iv) Murine cytokine immunoassays. Cytokine concentrations in plasma and
supernatants of ground organs were assessed by enzyme-linked immunosorbent
assay (R & D Systems) and determined by comparison with standard curves.
Preliminary results showed that the curves obtained with the internal standard
diluted in the provided buffer and with phosphate-buffered saline–3% bovine
serum albumin were superposable (data not shown). All samples were tested
individually. Cytokine concentrations in organs were expressed in picograms per
gram by using the following formula: concentration in the supernatant in picograms per milliliter/organ weight in grams. According to the manufacturer, the
minimum detectable levels of TNF-␣, IL-6, IFN-␥, and IL-10 in plasma were 5,
3, 2, and 4 pg/ml, respectively. The corresponding lowest possible detection
thresholds, expressed in picograms per gram of organ for the mice used in these
experiments, were calculated based on the heaviest organs excised and were,
respectively, 10, 6, 4, and 8 pg/g. Cytokine concentrations in all samples from
naive mice were undetectable.
(v) Comparative histopathological study. The brain recovered during the
autopsy of an AIDS patient who died 2 days after the diagnosis of disseminated
cryptococcosis was studied, as were those from mice inoculated with this patient’s
strain or with NIH 52D (2 ⫻ 105 cryptococci/mouse, as described above) and
sacrificed (groups of three mice) at days 1, 3, 8, and 15 postinoculation. The
experiment using NIH 52D was repeated twice. After removal, all of the specimens were fixed in 10% formalin solution, paraffin embedded, and sectioned
coronally at 4-m thickness. Sections were stained with hematoxylin-eosin, pe-

riodic acid-Schiff stain, blue-alcian, and Gomori-Grocott. All of the slides were
analyzed blindly by one of the authors (F.G.). Upon removal, a sample from the
brain of the patient and a sample from each mouse were immediately processed
for CFU enumeration as described above.
(vi) Statistical methods. Statistical analyses were performed with Statview 4.5
(Abacus Concepts, Inc., Berkeley, Calif.). CFU and cytokine levels were compared by using the Mann-Whitney U test or Kruskal-Wallis test, depending on
the number of groups. The Spearman test was used to establish correlations
between cytokine levels and CFU or between levels of two cytokines after
pooling results (for mice used in at least three independent experiments starting
on day 6 and sacrificed 6 to 10 days after infection with 2 ⫻ 106 cryptococci per
mouse, n ⫽ 15 to 27). A correlation was taken into account as of rs ⱖ 0.80.
Significance was defined as P ⱕ 0.05.

RESULTS
Histopathological study. The microscopic examination of
the patient’s brain showed occasional inflammatory cells and
numerous cryptococci in the leptomeninges, extending into the
brain parenchyma along the perivascular spaces, where they
formed cysts. In mice, lesions appeared 3 days after inoculation, but significant changes were not obvious until day 8 after
infection with both the patient’s strain and NIH 52D. At that
time, lesions were similar to those observed in the patient’s
brain (Fig. 1), and enumeration of CFU per gram of organ
found a similar degree of infection (the log10 CFU per gram of
brain was 6.5 for the patient, 7.4 ⫾ 0.2 for the mice inoculated
with the corresponding strain, and 6.8 ⫾ 0.3 for mice inoculated with NIH 52D). As cerebral lesions and fungal loads in
the mouse brains at 8 days after inoculation were similar to
those observed in the AIDS patient who died shortly after the
diagnosis of cryptococcosis, we considered day 8 to be relevant
for the study of the immune response in mice.
Cytokine patterns in the plasma of AIDS patients with cryptococcosis. Since quantitative cultures for the detection of C.
neoformans in blood and tissues are not routinely performed
for humans, results are interpreted here in the light of positive
or negative cultures. Median plasma TNF-␣ and IL-10, but not
IL-6, levels were significantly higher in AIDS patients with
cryptococcemia than in patients with negative blood culture
and were significantly higher in patients with disseminated
cryptococcosis than in patients with a single site infected (Fig.
2). Levels of these three cytokines in plasma were similar
whether the patients had culture-confirmed meningitis or no
meningeal involvement.
Course of infection in OF1 mice. As previously determined
with this model, survival and early CFU counts in blood and
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FIG. 1. Comparative histopathological analysis of brain sections of mice sacrificed 8 days after inoculation with 2 ⫻ 105 C. neoformans organisms/mouse (panel 1)
and of an AIDS patient who died of disseminated cryptococcosis (panel 2). Magnification, ⫻1,000. The strain inoculated into mice was cultured from the patient. LM,
leptomeninges; E, edema; C, cyst.
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FIG. 2. Distribution of TNF-␣, IL-10, and IL-6 baseline levels in plasma of
AIDS patients with cryptococcosis according to the presence (䊐) or absence (3)
of fungemia (A) (n ⫽ 27 and 24, respectively), dissemination (B) (n ⫽ 36 and 15,
respectively), and culture-confirmed meningitis (C) (n ⫽ 44 and 7, respectively).
Lines through boxes show medians, with other quartiles at either end. Bars show
the 10th and 90th centiles. Dots represent individual values above the 90th
centile or below the 10th centile. Significant differences between patients with or
without fungemia and with or without dissemination were found for TNF-␣ (P ⫽
0.001 and P ⫽ 0.01, respectively) and IL-10 (P ⫽ 0.002 and P ⫽ 0.04, respectively) in plasma.

DISCUSSION
We demonstrated in the present study the clinical relevance
of an experimental model of disseminated cryptococcosis obtained after intravenous inoculation in outbred mice. Indeed,
we were able to show that histopathological lesions and fungal
loads in the brain were similar late in the course of experimental infection to what was observed in an AIDS patient who died
shortly after the diagnosis of disseminated cryptococcosis and
to the brain lesions reported by Lee et al. for an autopsy series
of 13 human immunodeficiency virus-infected patients with
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tissues depended on the inoculum size (31). At the early phase
of infection (day 6 or earlier), for a given inoculum the groups
were very homogeneous regarding fungal burdens in all organs
and in blood (ⱕ10% variation). Afterwards, a plateau (median
log10 CFU, 7.01; range, 6.47 to 7.71) was reached in the brain
whatever the size of the inoculum, whereas the fungal burden
in the other compartments (spleen, lungs, and blood) varied
more from mouse to mouse (31). A representative course of
infection in mice inoculated with 2 ⫻ 106/mouse is shown in
Fig. 3.
Impact of fungal load on cytokine expression in mice. On
day 1, despite fungemia, none of the mice (except one infected
with the highest inoculum) had detectable plasma TNF-␣ (15
pg/ml) and IL-6 (40 pg/ml), and none had detectable IL-10
levels. It was verified in other experiments that no TNF-␣ or
IL-6 was produced even earlier (1.5 and 5 h) after intravenous
inoculation (data not shown). Plasma TNF-␣ and IL-10 levels
increased significantly in parallel during the course of the infection (P ⬍ 0.004), while those of IL-6 did not (Fig. 3). The
influence of fungal load was also seen on day 8, when plasma
TNF-␣ levels differed significantly as a function of the inoculum size (P ⬍ 0.005) but those of IL-6 did not (Fig. 4). Significant correlations were established between plasma TNF-␣ and
IL-10 levels (rs ⫽ 0.947).
Significant correlations were also established between
plasma TNF-␣ levels and spleen CFU (rs ⫽ 0.890) and fungemia (rs ⫽ 0.853), but not brain CFU (rs ⫽ 0.608) (Fig. 5), and
similarly between plasma IL-10 levels and spleen CFU (rs ⫽
0.860) and fungemia (rs ⫽ 0.819), but not brain CFU (rs ⫽
0.574).
Locally in infected tissues, the size of the inoculum had no
significant influence on TNF-␣ and IL-6 concentrations in the
spleens and lungs on day 1 (data not shown) and day 8 (Fig. 4).
Spleen TNF-␣ levels varied significantly over time (Fig. 3) (P ⬍
0.001), while IL-6 and IL-10 concentrations remained stable.
In brains, despite the local infection and regardless of the
inoculum tested, no TNF-␣ and IL-6 were detected on day 1.
Thereafter, brain TNF-␣ levels increased significantly over
time (P ⬍ 0.02), while IL-6 concentrations peaked on day 6
after infection and decreased thereafter (P ⬍ 0.03), and IL-10
levels in most of samples remained below the detection threshold (Fig. 3). Overall, no correlations were found between local
cytokine levels and the concomitant fungal burdens in the
organs studied.
As IFN-␥ is known to enhance the in vitro TNF-␣ production induced by C. neoformans (28), we wondered if the lack of
TNF-␣ production early after inoculation was related to the
absence of IFN-␥ production. Plasma IFN-␥ was detected as
early as day 1 (median, 8 pg/ml; range, 5 to 12 pg/ml) and
increased over time. Significant correlations were established
between plasma TNF-␣ and IFN-␥ (rs ⫽ 0.871). Spleen IFN-␥
levels varied significantly over time (Fig. 3) (P ⬍ 0.001), while
brain IFN-␥ concentrations peaked on day 6 after infection
and decreased thereafter (P ⬍ 0.03) (Fig. 6).
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cryptococcal meningitis (27). We also observed similar cytokine profiles in immunocompetent mice and in AIDS patients
and an influence of fungal burden on the expression of some
cytokines in both settings. For AIDS patients, we found evidence that fungemia and dissemination of C. neoformans infection influenced the production of TNF-␣, as measured in
the blood compartment. To better study the correlation between the cytokine response and the fungal load, we used
quantitative cultures of yeasts in the blood and in target tissues
of infected mice. We demonstrated a clear correlation between
plasma TNF-␣ levels and fungal loads in blood and spleen,
independently of the duration of infection in mice. Overall, our
data show that the proinflammatory cytokine TNF-␣ is a
marker of fungal load during disseminated cryptococcosis in
humans and mice. Several in vitro studies have already shown
that capsule components or cryptococcal cells themselves are
able to stimulate TNF-␣ production by various types of cells (8,
10, 13, 20, 28, 37, 39), and some of these papers have pointed
out a dose-dependent secretion of TNF-␣ by cells that had
been stimulated with GXM (37) or intact cryptococci (13).
Our failure to demonstrate any correlation between plasma
IL-6 levels and fungal loads in both mice and humans differs
from the data reported for bacterial sepsis, where higher
plasma IL-6 levels are found for nonsurviving individuals (17,
34). The lack of correlation between plasma IL-6 and TNF-␣
levels, however, is in agreement with the TNF-␣-independent
IL-6 production previously demonstrated during experimental
bacterial sepsis (2, 17) and for human monocytes stimulated

with C. neoformans components (12). Very little is known
about the parameters influencing IL-6 synthesis after exposure
to C. neoformans or its components. However, it was found
that complement was required to trigger IL-6 secretion by
human monocytes (12) and to transcribe IL-6 mRNA in rat
alveolar macrophages (30). Another group has demonstrated
that the magnitude of IL-6 release by human neutrophils reflected capsule thickness (37). Thus, the differences that we
observed between plasma IL-6 and TNF-␣ profiles and fungal
loads and their independent evolution in the host suggest the
systematic study of the various parameters in vitro, as done by
Retini et al. (37).
Another fact to be noted is the delayed and low expression
of proinflammatory cytokines in the plasma of infected animals. Indeed, although fungemia was documented within the
first 24 h, no proinflammatory cytokine response was observed
in the plasma until day 3 after inoculation. These results contrast markedly with those observed after intravenous injection
of bacterial lipopolysaccharide (LPS), when TNF-␣ and IL-6
peaked at high levels 1.5 h after inoculation and then declined
(2, 9), but they agree with in vitro data showing that C. neoformans induction of TNF-␣ synthesis by human monocytes
occurred late (ⱖ18 h) compared to LPS-induced production
(ⱖ3 h) (28, 39).
We wondered whether the lack of an early inflammatory
response in the plasma after C. neoformans inoculation reflected imbalances in the cytokine network which justifies our
kinetic study of the expression of IFN-␥ and IL-10. The first
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FIG. 3. Fungal burden and TNF-␣, IL-6, and IL-10 levels in plasma and in spleen and brain homogenates in OF1 mice. Mice were sacrificed on days 3 (䊐), 6 (u),
8 (p), and 10 (■) after inoculation with 2 ⫻ 106 C. neoformans organisms. Results are expressed as means ⫾ standard errors of the means (n ⫽ 5 in each group).
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explanation would be a GXM-induced down regulation of
TNF-␣ secretion, like that reported for human monocytes (39).
This possibility seems unlikely, as the cryptococcal antigen
concentration is low early after inoculation (4). Second, IL-10
could have down regulated TNF-␣ in vivo, as observed in vitro
with human monocytes or peripheral blood mononuclear cells
in response to LPS or C. neoformans (29, 38, 40). However, we
were unable to detect IL-10 in the plasma early during the
course of the experimental infection, and its concentrations in
plasma became correlated significantly with TNF-␣ levels later

on. In addition, the higher IL-10 levels found in AIDS patients
with cryptococcemia compared to those with negative blood
cultures and the correlation between the plasma IL-10 level
and fungal load found in mice are in agreement with the
dose-dependent induction of IL-10 secretion by human monocytes after stimulation with GXM (38). Since IFN-␥ is known
to enhance the in vitro TNF-␣ production by C. neoformansactivated macrophages (28), we verified in the mouse model
that the delayed secretion of TNF-␣ was not due to an absence
of IFN-␥ stimulation.

FIG. 5. Correlations between TNF-␣ in plasma plotted versus fungal burden in buffy coat (A) or brain (B) in OF1 mice. Mice were sacrificed between days 6 and
10 after inoculation with 2 ⫻ 106 C. neoformans organisms. Each dot represents an individual sample (n ⫽ 27).
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FIG. 4. TNF-␣ and IL-6 levels in plasma and in spleen, lung, and brain homogenates 8 days after inoculation of OF1 mice with 2 ⫻ 104 (䊐), 2 ⫻ 105 (u), or 2 ⫻
106 (3) C. neoformans organisms/mouse. Results are expressed as means ⫾ standard errors of the means (n ⫽ 5 in each group).
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Thus, our results with mice and humans disagree with the
classical concept of Th1-Th2 balance (33), since plasma
TNF-␣, IFN-␥, and IL-10 concentrations rose in concert. Interestingly, when measuring cytokines produced in vitro by
pulmonary T cells from mice infected intratracheally with C.
neoformans, Huffnagle observed that both Th1- and Th2-type
cytokines were secreted (19). Furthermore, using the same
pulmonary model of cryptococcosis, Kawakami et al. found
that IL-12 administration increased pulmonary IFN-␥ and
IL-10 levels (24).
The lack of early production of proinflammatory cytokines
could prevent activation of defense mechanisms against C.
neoformans and result in progressive disease. Indeed, TNF-␣ is
necessary for the induction of the protective immune response
against C. neoformans, as shown by the exogenous administration of TNF-␣ (23) or anti-TNF-␣ serum (21). Using the same
model of disseminated infection after intravenous inoculation
of strain NIH 52D, we were also able to show that mice deficient in both TNF-␣ and lymphotoxin-␣ genes were more susceptible to disseminated C. neoformans infection than their
wild counterparts (36), thus confirming the importance of
TNF-␣ and lymphotoxin-␣ in the cytokine network involved in
the host defense against C. neoformans.
Keeping in mind that the brain is the target organ during
cryptococcosis (14), one of the most important observations is
the compartmentalization of cytokine production, as shown by
differences between the brain and the other compartments.
This was evidenced by identical cytokine levels in the plasma
samples from AIDS patients with meningeal involvement and
from those without such involvement and by the absence of a
correlation between cytokine levels in plasma and the severity
of cerebral infection in mice. In addition, despite the use of
various inoculum sizes and study up to premortem stages with
CFU counts as high as 7 log10 CFU/g of brain, all brain cytokine levels except those of IFN-␥ remained low compared to
those measured in the other compartments. Interestingly, after
inoculating C. neoformans intracisternally, Blasi et al. observed
IL-6, but not TNF-␣, gene expression in the mouse brain (5).
This group also showed that the detection of TNF-␣, IL-6, and
IFN-␥ transcripts in the brain was delayed (3). The low expression of proinflammatory cytokines in the brain is in accordance
with the occasional inflammatory reaction seen in pathological
sections in AIDS patients and even in immunocompetent mice
and might contribute to explain why the infection evolves in

the brain independently of the other compartments (31). The
reason for this compartmentalization could be the rare direct
contacts occurring between the particulate antigens, mostly
within the Virchow-Robin spaces, and the local effector cells
(16) such as microglial macrophages and astrocytes (5, 26),
compared to the ubiquitous contacts that can take place in
other organs. A study of proinflammatory and anti-inflammatory cytokine levels in the cerebrospinal fluid of a large group
of AIDS patients with cryptococcosis to confirm the in vivo
contribution of these cytokines is under way.
We think that our murine model appropriately mimics the
human infection with the fungemia-meningitis sequence and
can be useful for further investigation of the pathophysiology
of cryptococcosis, the unique behavior of the brain, and new
therapeutic approaches. Other in vivo studies are needed to
better explain the mutual influence of C. neoformans and human immunodeficiency virus on cytokine production.
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