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Cryptococcus neoformans is a frequent cause of meningoencephalitis in immunosuppressed individuals. To
better understand the mechanisms of a protective immune response to C. neoformans, a long-term in vitro
model of human immune control of cryptococcal infection was developed. Peripheral blood mononuclear cells
(PBMC) prestimulated with heat-killed C. neoformans significantly restricted the growth of C. neoformans after
a subsequent live infection compared to that with unstimulated PBMC. Live infection with encapsulated C.
neoformans was controlled for as long as 10 days, while infection with acapsular organisms could sometimes be
eradicated. During immune control, fungal cells were both intracellular and extracellular within aggregates of
mononuclear phagocytes and lymphocytes. Optimal immune control depended on the presence of both CD4�

and CD8� T cells. Immune control of cryptococcal growth was more effective following prestimulation with
acapsular compared with encapsulated organisms. Prestimulation with acapsular organisms was associated
with a significant and prolonged increase in interleukin-6 (IL-6) production compared with prestimulation
with encapsulated C. neoformans. Addition of IL-6 and depletion of CD25� T cells prior to prestimulation and
infection with encapsulated organisms resulted in reductions in cryptococcal growth that reached borderline
statistical significance. Depletion of CD25� T cells significantly reduced cryptococcal growth in wells with
unstimulated PBMC. The results demonstrate an association between high levels of IL-6 and resistance to
infection and, through suppression of IL-6 release, an additional mechanism whereby the cryptococcal capsule
subverts a protective immune response. Further work is required to clarify the mechanism of action of IL-6 in
this setting and any interaction with regulatory T cells.

Cryptococcus neoformans is a frequent cause of meningoen-
cephalitis in immunosuppressed individuals. In particular, over
the past 2 decades, cryptococcosis has emerged as a very com-
mon opportunistic infection in patients with late-stage human
immunodeficiency virus (HIV) infection, especially in South-
ern and East Africa and Southeast Asia (7, 8, 14). Unfortu-
nately, treatment remains unsatisfactory (6, 17, 29), and new
immunotherapeutic management strategies, based on an un-
derstanding of the mechanisms of protective human immunity
to cryptococcal infection, are urgently needed.

Very valuable insights into the immune control of crypto-
coccal infection have been gained from studies with murine
models (18, 22), although such studies always leave open the
question of differences between mice and humans with regard
to immunity to infection and cryptococcal infection in partic-
ular. In the human system, much in vitro work has character-
ized the interaction of isolated human immune cells with C.
neoformans. In a complementary but contrasting approach, we
have sought to build on the work of Levitz and colleagues (20)
to develop a more complex, longer-term model of human im-
mune control of cryptococcal infection using specifically stim-
ulated human peripheral blood mononuclear cells (PBMC)
with the aim of reflecting some of the complex interactions of

mononuclear phagocytes and activated lymphocytes that ap-
pear to be important in a protective granulomatous response
to cryptococcal infection in patients. Here we describe this
model and the organization of aggregates of host cells formed
in response to in vitro infection, and we analyze the cellular
and cytokine components that are important in immune con-
trol of cryptococcal infection in the model.

MATERIALS AND METHODS

Reagents. All reagents were from Sigma-Aldrich Ltd., United Kingdom, unless
otherwise stated. The cell culture medium was RPMI 1640 supplemented with
L-glutamine, penicillin, streptomycin, and 10% pooled human serum (PHS).
Pooled human serum was obtained by combining sera from at least 10 healthy
donors under ice-cold conditions to preserve complement activity and was stored
in aliquots at �70°C until use. Cell cultures were carried out at 37°C in humid-
ified air supplemented with 5% CO2.

Cryptococcus neoformans. Serotype D strain B3501 and its acapsular isogenic
CAP67 mutant were used in all experiments and were gifts from Eric Jacobson
(Medical College of Virginia, Richmond). C. neoformans was grown on Sab-
ouraud dextrose agar plates with chloramphenicol (Oxoid Ltd., United King-
dom), harvested after 4 days of culture, washed, counted, and resuspended at the
desired concentration. For prestimulation of PBMC, fungi were heat killed at
60°C for 2 h, washed in RPMI, and stored at 4°C until use.

Prestimulation and infection of PBMC. Human whole blood was obtained
from donors by venipuncture and anticoagulated with pyrogen-free heparin
(1,000 U/ml; Leo Laboratories Ltd., United Kingdom). PBMC were isolated by
density gradient centrifugation with Histopaque solution, washed three times
with cold Hanks balanced salt solution, resuspended in culture medium, and
plated out in 96-well flat-bottom plates (Corning Costar) at 106 per well. After an
hour at 37°C, PHS (10% total volume) and either 2 � 105 encapsulated (B3501)
or acapsular (CAP67 mutant) heat-killed C. neoformans organisms or additional
medium were added to a total volume of 200 �l per well. After 12 days of
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prestimulation, the supernatant was carefully removed from each well, and 10%
PHS and 1 � 103 to 2 � 103 CFU of C. neoformans were added in fresh medium.
For each experiment, the inoculum of live organisms was determined by dilution
and spread plates on Sabouraud dextrose agar. Three-quarters of the culture
medium was replaced on days 6 and 9 during prestimulation and every other day
following infection with live organisms. In some experiments, additional aliquots
of supernatant were also collected on days 1, 2, and 3 of prestimulation.

At the indicated time points after addition of live organisms, host cells were
lysed with water, and C. neoformans CFU determined by dilution and spread
plates on Sabouraud dextrose agar. Results are expressed as the percentage of
cryptococcal growth relative to the input inoculum and were calculated as ([CFU
in experimental well/inoculum] � 1) � 100 (15). Thus, a value of zero indicates
no net fungal growth, 100% indicates an average of one replication, and a
negative value indicates that the number of CFU decreased during the experi-
ment and therefore some fungal killing had occurred.

In some experiments, recombinant interleukin-6 (IL-6) (R&D Systems,
United Kingdom) at a final concentration of 5 ng/ml was added to wells prior to
prestimulation. When the culture medium was replaced at days 3, 6, and 9 of
prestimulation, IL-6 was included in the replacement culture medium at the
same final concentration.

Cell separations. In some experiments, PBMC were depleted of specific cell
populations by magnetic bead separation using MACS microbeads and the
AutoMACS system (Miltenyi Biotec). CD3 and CD25 microbeads were used for
depletion of CD3� and CD25� T cells (1). In order to deplete PBMC of CD4�

and CD8� T cells, CD3� cells were first stained with a fluorescein isothiocya-
nate-conjugated anti-CD3 antibody and separated using an anti-fluorescein iso-
thiocyanate MultiSort kit (Miltenyi Biotec). The CD3� fraction was depleted of
either CD4� or CD8� T cells with CD4 or CD8 microbeads (Miltenyi Biotec),
and the remainder of the cells added back to the CD3-negative fraction. In this
way, only CD4� or CD8� T cells were depleted, and not other cell types bearing
these receptors.

Flow cytometry was used to check the purity of cell separations using anti-
bodies against CD3, CD4, CD8, CD14, CD19, CD56 (Beckman Coulter), and
CD25 (Dako UK) together with the relevant isotype controls. Three-color stain-
ing was performed using directly conjugated fluorescent mouse anti-human
monoclonal antibodies. Cells were analyzed on a Beckman Coulter FC 500 flow
cytometer running RXP Acquisition and Analysis software. Unseparated PBMC
contained 47% � 9% CD3� T cells, 31% � 8% CD4� T cells, 13% � 4% CD8�

T cells, 5% � 2% CD19� B cells, 23% � 8% CD14� monocytes, 16% � 7%
CD56� NK cells, and 2% � 1% CD25� cells. CD3� cell-depleted PBMC
contained 1.9% � 2.5% CD3� cells. CD4� T-cell-depleted PBMC contained
0.5% � 0.3% CD4� T cells, CD8� T-cell-depleted PBMC contained 1.0% �
1.1% CD8� T cells, and CD25� T-cell-depleted PBMC contained 0.1% � 0.1%
CD25� cells.

Cytokine profiling. Multiple cytokine levels were determined in supernatant
samples using the Luminex 100 technology and Bioplex kits from Bio-Rad
Laboratories Ltd. (30). Cytokines measured, with sensitivities for the assay ex-
pressed in picograms per milliliter, were as follows: IL-1�, 4; IL-2, 1; IL-6, 1;
IL-10, 1; IL-12p70, 1; gamma interferon (IFN-�), 1; tumor necrosis factor alpha
(TNF-�), 1.

Confocal and electron microscopy. For confocal microscopy, prestimulation and
infection were performed as described above but using Labtek II 8-well chamber
slides (Nunc) and 2 � 106 PBMC prestimulated with 4 � 105 heat-killed B3501 and
infected after 12 days with 1.5 � 103 live organisms. Six days after infection, the cell
aggregates were fixed in 2% paraformaldehyde. Cell aggregates were visualized
using a Zeiss LSM410 confocal microscope and Zeiss software.

For electron microscopy, for ease of manipulation of cell aggregates, the
model was scaled up to 24-well plates. Six million PBMC were cultured with
1.2 � 106 heat-killed B3501 organisms for 12 days and then infected with 9 � 103

live organisms. On day 6 after infection, the cells were fixed in glutaraldehyde.
Aggregates of cells were carefully detached from the well and embedded in agar
blocks. The agar was trimmed and processed for electron microscopy using a
Zeiss EM 900 electron microscope.

Statistics. Means and standard errors (SE) for cryptococcal growth and cyto-
kine levels of sample groups were calculated and compared using two-tailed,
unpaired (with unequal variance), or paired Student t tests.

RESULTS

Control of the growth of encapsulated and acapsular C.
neoformans by PBMC prestimulated with heat-killed C. neo-
formans. In initial experiments we sought to confirm the find-

ings of Levitz and colleagues (20) that specific stimulation of
human PBMC by heat-killed C. neoformans results in cells that
more effectively control a subsequent challenge with live C.
neoformans than unstimulated PBMC. In preliminary experi-
ments we found that prestimulation for at least 12 days was
required for maximal subsequent antifungal activity, consistent
with the findings of Levitz and colleagues that such enhance-
ment of activity occurs after 15 but not after 7 days of pre-
stimulation. Using 12 days of prestimulation, in 10 indepen-
dent experiments with PBMC from different donors, growth of
the encapsulated strain B3501 was significantly reduced in the
presence of PBMC prestimulated by heat-killed C. neoformans
B3501 compared to growth in the presence of unstimulated
PBMC: Six days after addition of live organisms, mean cryp-
tococcal growth was 239% � 61% in the presence of pre-
stimulated PBMC compared with 1,930% � 466% in the
presence of unstimulated PBMC (P 	 0.001) (Fig. 1A).
Similarly, PBMC prestimulated with the heat-killed isogenic
acapsular CAP67 strain were able to kill over half of the
inoculum of live CAP67 mutant organisms by day 10 postin-
fection (�73% � 9%), whereas CAP67 mutant growth in
the presence of unstimulated PBMC was 116% � 80% at
this time point (P 	 0.03) (Fig. 1B).

From these initial experiments it was clear that there was
significant variation between donors, with cells from some do-
nors better able to control live cryptococcal infection than cells
from other individuals. To investigate the reproducibility of
results and the degree and time course of immune control
using a single donor, triplicate experiments were repeated
three times using PBMC from a donor with good control in an
initial experiment. The results were highly reproducible and
demonstrate effective immune control of cryptococcal infec-
tion for at least 10 days following addition of live encapsulated
yeast cells (Fig. 2A). In wells with unstimulated PBMC, CFU
fell in the first 48 h after addition of live yeast (mean crypto-
coccal growth, 49% at day 2), but uncontrolled fungal replica-
tion soon followed so that mean cryptococcal growth was 618%
and 2,760% at 6 and 10 days, respectively. In contrast, in wells
with prestimulated PBMC, the fall in cryptococcal CFU at 2
days was maintained, with mean cryptococcal growth of �65%,
�63%, and �74% at 2, 6, and 10 days, respectively. Prestimu-
lation and infection with acapsular organisms resulted in even
more profound and prolonged immune control (Fig. 2B). In
wells containing unstimulated PBMC, C. neoformans CFU fell
initially, remained suppressed for 6 days, and then increased.
In contrast, after prestimulation with killed organisms, infec-
tion with this acapsular isolate was virtually eradicated (mean
percent cryptococcal growth, �85%, �91%, �92%, �97%,
and �99% at 2, 6, 10, 14, and 18 days, respectively). Indeed, in
two further triplicate experiments, at day 35 after infection, a
time point at which PBMC were no longer viable, the CAP67
mutant could not be cultured from any of six prestimulated
wells, compared with cryptococcal growth of 3,260% � 975%
in wells with unstimulated PBMC.

Organization of host cell aggregates formed in response to
prestimulation and infection with C. neoformans. Over the
course of the experiments, wells were serially examined by light
microscopy. In wells with unstimulated PBMC, following in-
fection with live C. neoformans, extracellular fungi became
apparent, coincident with the early onset of unrestricted cryp-
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tococcal growth and subsequent destruction of the cell mono-
layer. In wells with prestimulated PBMC, aggregates of host
cells, initially formed during prestimulation with C. neofor-
mans, became larger and more distinct after addition of live
organisms. During the period of effective immune control, no
isolated extracellular fungal cells were seen, suggesting that all
the fungal cells were associated with these aggregates. At these
time points, when host cells were lysed, prior to dilution and
plating out of cryptococcal cells to determine fungal growth,
sparse numbers of cryptococcal cells were seen only in associ-
ation with partially lysed aggregates of host cells. Furthermore,
at the time of loss of immune control, prior to the complete
destruction of host cell aggregates, budding cryptococcal cells
were seen to be emanating from host cell aggregates.

The organization of host cell aggregates was studied by con-
focal and electron microscopy at 6 days after addition of live
encapsulated C. neoformans. Aggregates of host cells were
seen to contain some intracellular degraded cryptococcal cells.
In addition, however, a few abnormally large, extracellular
fungal cells were seen, completely surrounded and in close
association with host immune cells (Fig. 3A and B). Protru-
sions of the plasma membrane of host cells were seen in inti-
mate contact with the cryptococcal capsule, and the internal
organization of these fungal cells appeared abnormal (Fig.

3B). Fluorescent staining confirmed the presence of CD68-
positive phagocytic cells and CD3-positive lymphocytes within
the aggregates.

T-cell requirement for restriction of cryptococcal growth in
vitro. The requirement or lack of requirement for T cells for
effective immune control of cryptococcal infection in the
model was analyzed by depletion of specific cell populations
using antibody-labeled magnetic microbeads prior to prestimu-
lation. PBMC were depleted of CD3� T cells and of either
CD4� T cells (Fig. 4A) or CD8� T cells (Fig. 4B). In both sets
of experiments, depletion of the CD3� fraction was associated
with a significant loss of control of cryptococcal growth at 6
days after addition of live organisms. Cryptococcal growth in
wells selectively depleted of either CD4� or CD8� T cells was
intermediate between that in wells with unseparated PBMC
and that in wells with CD3� cell-depleted PBMC, suggesting
that both CD4� and CD8� cells may be contributing to the
requirement for T cells for restriction of fungal growth in the
model.

Effects of capsule on immune control and the cytokine re-
sponse. In the initial experiments, more effective and pro-
longed immune control was seen after prestimulation and in-
fection with acapsular compared with encapsulated C. neoformans.
This may reflect reduced resistance of acapsular strains to host

FIG. 1. Control of in vitro C. neoformans infection by PBMC prestimulated with heat-killed C. neoformans. PBMC (106) were cultured with and
without heat-killed organisms (2 � 105), either B3501 (encapsulated) (A) or the CAP67 mutant (acapsular) (B), for 12 days before live organisms
of the same strain (1 � 103 to 2 � 103) were added in fresh medium with 10% PHS. The course of infection was followed by CFU counts, expressed
as the percentage of cryptococcal growth in relation to the inoculum of live organisms. Data are means � SE from 10 independent experiments
with different donors for B3501 and 6 independent experiments with different donors for the CAP67 mutant. Growth of encapsulated (at 6 days
postinfection) (A) and acapsular (at 10 days postinfection) (B) C. neoformans was significantly reduced in the presence of stimulated compared
with unstimulated PBMC (P 	 0.001 and P 	 0.03, respectively). (C and D) Corresponding CFU data for B3501 (C) and the CAP67 mutant (D).
The mean inocula of live organisms were 1,490 and 1,270, respectively.
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effector mechanisms and/or, given the known deleterious ef-
fects of capsule on the host immune response (33), the devel-
opment of a more effective immune response with prestimu-
lation in the absence of capsule. Therefore, to determine the
separate effect of the presence or absence of capsule in the
prestimulation phase of the immune response in the model,
PBMC from different donors were prestimulated with either
heat-killed encapsulated or isogenic acapsular C. neoformans
before infection with live encapsulated organisms. On day 6
following live infection, mean cryptoccocal growth was signif-
icantly reduced in wells with PBMC prestimulated with the
acapsular mutant compared with wells prestimulated with en-
capsulated C. neoformans (39% � 33% versus 167% � 7%,
respectively; P 
 0.02) (Fig. 4C).

A possible mechanism whereby prestimulation of PBMC
with acapsular organisms leads to a more effective immune
response is through induction of a different cytokine profile.
Therefore, the pattern of cytokine release in response to pre-
stimulation with encapsulated and acapsular strains was inves-
tigated by measuring cytokine levels in cell culture superna-
tants. IL-12 levels were consistently low (
10 pg/ml). IL-1�,
IL-2, TNF-�, and IFN-� levels were not significantly different
in wells prestimulated with acapsular or encapsulated C. neo-

FIG. 2. Reproducibility and duration of control of C. neoformans
growth by PBMC from a single donor. PBMC (106) were cultured with
and without heat-killed organisms (2 � 105), either B3501 (encapsu-
lated) (A) or the CAP67 mutant (acapsular) (B), for 12 days before live
organisms of the same strain (1 �103 to 2 �103) were added in fresh
medium with 10% PHS. The course of infection was followed by CFU
counts expressed as a percentage of cryptoccocal growth in relation to
the inoculum of live organisms. Data are means � SE from four
independent experiments.

FIG. 3. (A) Confocal microscopy image of an aggregate of host immune
cells 6 days after live infection of PBMC prestimulated with B3501. In addi-
tion to intracellular C. neoformans, two enlarged extracellular cryptococcal
cells are seen completely surrounded by mononuclear phagocytes and lym-
phoid host cells. (B) Transmission electron microscope image of a enlarged,
extracellular cryptococcal cell surrounded by host cells, protrusions of which
are seen to be in close association with the fungal capsule.
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formans. IL-10 levels were significantly higher in wells pre-
stimulated with acapsular compared with encapsulated C. neo-
formans for the first 3 days of prestimulation (P � 0.02 at days
1, 2, and 3). However, the striking difference in cytokine re-
lease concerned IL-6. Mean levels of IL-6 were 6- to 10-fold
higher in wells prestimulated with acapsular compared with
encapsulated C. neoformans, and this difference was main-
tained throughout the first week of prestimulation (P � 0.01 at
days 1, 2, 3, and 6) (Fig. 5).

Effects of addition of recombinant IL-6 and depletion of
CD25� T cells on immune control of infection with encapsu-
lated C. neoformans. To further investigate the role of IL-6 in
immune control in this model, and in view of data from other
systems suggesting that IL-6 may allow antigen-specific T cells
to overcome suppression by CD25� regulatory T cells (25), the
effect of adding recombinant IL-6, and of depleting PBMC of
CD25� T cells, on immune control of C. neoformans was ex-
amined. With PBMC prestimulated with encapsulated organ-
isms, addition of IL-6 was associated with a reduction in cryp-
tococcal growth that reached borderline statistical significance.
Growth in wells with addition of IL-6 was 0% � 39% versus
154% � 72% with no added IL-6 (P 	 0.06). In contrast,
addition of IL-6 had no effect on cryptococcal growth following
prestimulation with acapsular organisms (Fig. 6). Cryptococcal
growth in wells with PBMC depleted of CD25� cells and pre-
stimulated with encapsulated organisms was 21% � 48% com-
pared to 189% � 111% in wells with undepleted prestimulated
PBMC (P 	 0.08) (Fig. 7A). With control, unstimulated
PBMC, which are normally rapidly destroyed by unrestricted
cryptococcal growth following live infection, depletion of
CD25� cells resulted in PBMC that could significantly restrict
cryptococcal growth (mean growth, 325% � 101% with
CD25� cell-depleted PBMC compared with 3,970% � 1,470%
with undepleted PBMC; P 	 0.04) (Fig. 7B).

DISCUSSION

The exact circumstances and frequency of human exposure
to C. neoformans are not clearly understood. However, sero-
logical evidence suggests that most individuals are exposed,
perhaps during early childhood (12). Thus, the model pre-
sented here likely reflects the development and effector phases
of a secondary immune response to C. neoformans. Differences

FIG. 4. T-cell requirement for restriction of cryptococcal growth
and effect of capsule during prestimulation on control of growth. (A
and B) PBMC, unseparated, depleted of CD3� T cells by magnetic
bead separation, or depleted similarly of either CD4� (A) or CD8�

(B) T cells, were prestimulated with heat-killed B3501 and then in-
fected with live B3501, and cryptococcal growth was determined after
6 days, as described in Materials and Methods. Results are means �
SE from three independent experiments in each case. Growth of C.
neoformans was significantly increased in wells with CD3�-depleted
PBMC compared to unseparated PBMC (P 	 0.006). (C) PBMC were
prestimulated with either heat-killed encapsulated B3501 or heat-
killed acapsular CAP67 mutant yeasts for 12 days, then infected with
live encapsulated organisms, and cryptococcal growth was determined
after 6 days. Results are means � SE from five independent experi-
ments. Cryptococcal growth was significantly reduced in wells with
PBMC prestimulated with acapsular compared to encapsulated C.
neoformans (P 
 0.02).
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FIG. 5. Cytokine profiles of supernatants from PBMC prestimulated with either heat-killed encapsulated B3501 or heat-killed acapsular CAP67
mutant organisms. PBMC were prestimulated with either heat-killed encapsulated B3501 or heat-killed acapsular CAP67 mutant yeasts for 12 days
before addition of live encapsulated organisms. Supernatant samples were taken on days 1, 2, 3, 6, 9, and 12 for cytokine analysis. Results are
means � SE from five independent experiments. Supernatants from PBMC prestimulated with the CAP67 mutant had 6- to 10-fold-higher mean
IL-6 levels than those from cells prestimulated with B3501 (P � 0.01 at days 1, 2, 3, and 6).
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in the degree of immune control of in vitro cryptococcal infec-
tion by PBMC from different individuals may reflect differ-
ences in the time since and/or the intensity of exposure. Fur-
ther work will analyze the immunological basis of this
difference. However, in preliminary experiments, the degree of

immune control did not correlate with the degree of lympho-
proliferation in response to C. neoformans (unpublished ob-
servations), suggesting that more subtle, qualitative differences
in immune response underlie these differences between indi-
viduals.

The model was designed to reflect some of the complexities
of the in vivo human immune response to C. neoformans. On a
number of issues, the results are consistent with prior data
from different systems. Thus, it appears that inhibition of cryp-
tococcal growth may occur extracellularly as well as intracel-
lularly, as suggested by prior in vitro studies (11, 13). Consis-
tent with epidemiological and animal model data, T cells are
essential for effective immune control in the model, and both
CD4� and CD8� T cells appear to contribute to this immune
control, consistent with the findings of studies using CD4� and
CD8� T-cell-depleted or -deficient mice (16, 36) or human
CD8� T cells (23).

In addition, the results suggest new insights into human
immune control of C. neoformans infection. In particular, high
levels of IL-6 were associated with the greater restriction of
cryptococcal growth seen after prestimulation with acapsular
compared with encapsulated organisms. Thus, suppression of
IL-6 production may be an additional important mechanism
whereby the cryptococcal capsule, the major virulence factor of
C. neoformans (26, 33), subverts a protective immune response.

In the setting of the immunosuppression of late-stage HIV-
infection, we previously found that higher levels of the trio of
proinflammatory cytokines IL-6, TNF-�, and IFN-� at the site
of infection in the cerebrospinal fluid (CSF) were associated
with survival (30). Levels of these three cytokines were highly
correlated. Nevertheless, in multivariate modeling, it appeared
that IFN-� was most important in determining the rate of
clearance of infection, as assessed by serial quantitative CSF
cultures (30). Absolute levels of IL-6 were high and those of
IFN-� were low, consistent with evidence that IL-6 production
is well preserved (5), but IFN-� secretion severely reduced, in
late-stage HIV infection (37). In this circumstance, IFN-� lev-

FIG. 6. Effect of addition of IL-6 on control of cryptococcal growth
by PBMC prestimulated with encapsulated C. neoformans. PBMC
were prestimulated with either heat-killed encapsulated B3501 or heat-
killed acapsular CAP67 mutant organisms, with or without the addition
of IL-6, for 12 days before addition of live encapsulated organisms.
Cryptococcal growth was determined 6 days after live infection. Re-
sults are means � SE from five independent experiments. Growth in
wells with PBMC prestimulated with encapsulated B3501 with addition
of IL-6 was 0% � 39% versus 154% � 72% with no added IL-6 (P 	
0.06).

FIG. 7. Effect of depletion of CD25� T lymphocytes on control of cryptococal growth. Resting PBMC were depleted of CD25� T cells by
magnetic separation. Unseparated and depleted PBMC were either prestimulated with heat-killed encapsulated B3501 (A) or left unstimulated
(B) for 12 days before addition of live encapsulated organisms. Cryptococcal growth was determined 6 days after live infection. Results are
means � SE from three independent experiments. Cryptococcal growth in wells with prestimulated PBMC depleted of CD25� T cells was 21% �
48% compared with 189% � 111% in wells with undepleted prestimulated PBMC (P 	 0.08) (A). Growth in wells with unstimulated PBMC
depleted of CD25� T cells was 325% � 101% compared with 3,970% � 1,470% with undepleted PBMC (P 	 0.04) (B).
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els may be critical in restricting cryptococcal growth. The sit-
uation may be different in the setting of apparent immuno-
competence. Results from this in vitro model using cells from
immunocompetent donors suggest that IL-6 may play an im-
portant role, independently of IFN-�, in the control of cryp-
tococcal growth in immunocompetent individuals.

Few studies have focused on the role of IL-6 in host defense
against C. neoformans. Nevertheless, IL-6 has previously been
shown to be produced in response to C. neoformans by whole
blood and monocyte cultures. In agreement with our findings,
higher levels of IL-6 were secreted after stimulation with acap-
sular compared with encapsulated C. neoformans, but the effect
on the anticryptococcal activity of the cells was not examined (10).
Although the capsule polysaccharides glucoronoxylomannan
(GXM) and galactoxylomannan (GalXM) both elicited IL-6 pro-
duction, the highest levels of IL-6 were seen after stimulation with
cryptococcal mannoprotein. Since mannoprotein may be less ex-
posed on the surfaces of encapsulated organisms, the effect of
capsule may be to mask interaction of cell wall-associated man-
noproteins with mononuclear phagocyte and dendritic cell man-
nose receptors. Macrophages and dendritic cells have been shown
to bind and phagocytose acapsular, but not encapsulated, C. neo-
formans via macrophage mannose receptors (9, 19, 21, 31), en-
gagement of which, at least in some settings, has been linked to
IL-6 production (35). Acapsular organisms and cryptococcal
mannoprotein have been shown to induce dendritic cell matura-
tion and activation (27, 34), and mannoprotein has been shown to
interact with multiple mannose receptors (24).

A protective role for IL-6 in the immune response to C.
neoformans is supported by the finding that IL-6 knockout
mice have reduced survival following intravenous infection
with C. neoformans compared with the parental strain (2). In
an intracerebral model of infection, local (central nervous sys-
tem [CNS]) expression of, as well as local exogenous adminis-
tration of, IL-6 or IL-1� (but not TNF-�) was associated with
enhanced survival (4). A CNS-specific and TNF-�-dependent
role for IL-6 and IL-1� in protection against cryptococcosis is
suggested by findings with TNF/lymphotoxin-�-deficient
mice. The markedly reduced survival of TNF/lymphotoxin-
�-deficient mice was associated with a marked reduction in
brain levels of IL-6 and IL-1�, while levels of these cyto-
kines in plasma and other organs were similar in knockout
and parental-strain mice, and plasma and tissue levels of
IFN-� and IL-12 were higher in knockout than in parental-
strain mice (28).

The mechanism by which IL-6 is associated with enhanced
restriction of cryptococcal growth in the model remains to be
elucidated. However, in the setting of a primary immune re-
sponse, IL-6 has been shown to render responding T cells
refractory to the effect of CD4� CD25� regulatory T cells (25),
involved in controlling the activation of pathogen-specific as
well as autoreactive T cells (3). Immune control of cryptococ-
cal growth was enhanced in the absence of the CD25� popu-
lation, suggesting that regulatory T cells also play an inhibitory
role in this secondary immune response to C. neoformans and
that IL-6 could act by abrogating this inhibitory effect. To
investigate this further, studies are planned to determine the
relative contributions of different T and B lymphocyte (32) and
mononuclear phagocyte populations to the aggregates and the
production of IL-6, the effect of CD25� T-cell depletion on

cytokine release, and the effect of addition and neutralization
of IL-6 in the presence and absence of CD25� T cells.

In conclusion, a long-term in vitro model of human immune
control of cryptococcal infection has demonstrated a protective
role for IL-6 and, through suppression of IL-6 release, an
additional mechanism whereby the cryptococcal capsule, the
major virulence factor of C. neoformans, subverts a protective
immune response. Further in vitro and in vivo work is required
to clarify the mechanism of action of IL-6 in this setting and
any interaction with regulatory T cells.
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