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Different “professional” antigen-presenting cells (APC) have unique characteristics that favor or restrict
presentation of microbial antigens to T cells, depending on the organism. Cryptococcus neoformans is a
pathogenic yeast that presents unique challenges to APC, including its large size, its rigid cell wall, and its
ability to stimulate T cells as a mitogen. T-cell proliferation in response to the C. neoformans mitogen (CnM)
requires phagocytosis and processing of the organisms by accessory cells prior to presentation of CnM to T
cells. Because of the requirement for uptake of the organism and more limited costimulatory requirements of
mitogens, macrophages might be the most likely cellular source for the accessory cell. However, the present
study demonstrates that a transiently adherent cell that was CD3�, CD14�, CD19�, CD56�, HLA-DR�, and
CD83� with a dendritic morphology, rather than monocyte-derived or tissue (alveolar) macrophages, was the
most efficient APC for presentation of CnM. A large number of these cells bound and internalized the
organism, and only a small number of dendritic cells were required for presentation of the mitogen to T cells.
Further, the mannose receptor and Fc� receptor II were required for presentation of C. neoformans, as blocking
either of these receptors abrogated both uptake of C. neoformans and lymphocyte proliferation in response to
CnM. These studies demonstrate the surprising fact that dendritic cells are the most efficient accessory cells
for CnM.

Cryptococcus neoformans is an encapsulated yeast that
causes pulmonary, meningeal, and disseminated infections in
patients with defective T-cell-mediated immunity, such as
those with AIDS, hematological malignancies, and organ
transplants (9). There is also substantial experimental evidence
that T cells are important in cryptococcosis (10, 31, 48). These
T cells respond to cognate cryptococcal antigens (30, 44); how-
ever, we have recently shown that C. neoformans also possesses
a T-cell mitogen. The evidence for a C. neoformans mitogen
(CnM) comes from the ability of CnM to stimulate the prolif-
eration of naive T cells, the ability of allogeneic accessory cells
to provide costimulatory activity, and the precursor frequency
of responding T cells (49, 52). Similar to some bacterial mito-
gens (2, 41) and cognate peptide antigens (20), uptake and
processing of C. neoformans by antigen-presenting cells (APC)
was required prior to presentation of CnM to T cells (74).

B cells, macrophages, and dendritic cells (DC) are all “pro-
fessional” APC. Each of these APC have unique characteristics
that favor or restrict presentation of microbial products to T
cells, depending on the organism and the nature of the infec-
tion. C. neoformans presents unique challenges to APC that
include its large size, its rigid cell wall, and its ability to stim-
ulate T cells as a mitogen. Thus, the APC for C. neoformans
would have to have robust phagocytic and processing capabil-

ities but might compromise its costimulatory activity because
of the potent immunostimulatory activity of a mitogen. With
this in mind, macrophages ought to be the most efficient pre-
senters for C. neoformans, as hypothesized for other microbes
(34).

It is clear that many cell types can function as APC. Further,
within these cell types, subsets of cells exist. For example, DC
can be derived from myeloid or lymphoid precursors (18, 24,
62, 71). Indeed, in umbilical cord blood there is a prevalence of
lymphoid DC, which are functionally distinct from myeloid DC
(68). Since we had previously demonstrated that cord blood
contains the APC required to support T-cell proliferation, this
raised the possibility that nonmyeloid subsets of cells could be
the responsible APC. Thus, we used peripheral blood, which
serves as a source of many of these APC, and attempted to
identify the most efficient APC for the T-cell response to C.
neoformans.

To determine the APC responsible for presentation of CnM,
sequential purification steps were performed on human pe-
ripheral blood mononuclear cells (PBMC). First, the cells were
characterized by their various abilities to adhere to plastic. The
response of transiently adherent cells (TAC) was compared to
the response of alveolar macrophages (AM). The phenotype of
the APC was determined by sequential immunomagnetic sep-
aration and confirmatory flow cytometric analysis. The mor-
phology of APC and the number of APC that had bound and
internalized C. neoformans were determined by light and elec-
tron microscopy. Finally, the receptor used for uptake of C.
neoformans was examined by employing blocking antibodies.
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MATERIALS AND METHODS

Preparation of C. neoformans. C. neoformans strain 67 (ATCC 52817; acapsu-
lar mutant) (33) and strain 613 (ATCC 36556; lightly encapsulated; serotype D)
(40) were obtained from the American Type Culture Collection (Manassas, Va.).
The organisms were maintained as previously described (51) on Sabouraud’s
slants (Difco, Detroit, Mich.) and passaged to fresh slants monthly. The organ-
isms were killed by autoclaving them at 121°C for 15 min and were stored at 4°C
for up to 3 months. To avoid [3H]thymidine ([3H]TdR) incorporation into grow-
ing C. neoformans cells, killed organisms, which had previously been shown to
elicit responses similar to those elicited by live organisms (50), were used for all
studies. Opsonins (other than normal human sera during the proliferation assay)
were not used.

Isolation of PBMC and AM. Human peripheral blood was obtained by veni-
puncture from healthy adults. The blood was anticoagulated by adding 10 U of
heparin (Organon-Teknika-Cappel, Scarborough, Ontario, Canada)/ml. The
PBMC were purified by centrifugation (800 � g for 20 min) on a Ficoll-Hypaque
density gradient (Lymphoprep; C-six Diagnostics, Woodbridge, Ontario, Cana-
da). The PBMC were harvested and washed three times in Hanks’ balanced salt
solution (Gibco, Burlington, Ontario, Canada) and then counted and suspended
in complete medium containing RPMI 1640 medium (Gibco), 5% heat-inacti-
vated pooled human AB serum (BioWhitaker, Walkersville, Md.), 2 mM L-
glutamine (Gibco), 100 U of penicillin/ml, 100 �g of streptomycin/ml, 0.2 �g of
amphotericin B/ml (Gibco), 1 mM sodium pyruvate (Gibco), and 0.1 mM non-
essential amino acids (Gibco).

AM were obtained as previously described (12). Briefly, patients undergoing
bronchoscopy who had normal oxygen saturation and no or minimal pulmonary
pathology (i.e., bronchoscopy for mild hemoptysis or a coin lesion) were used as
the sources of AM. Following appropriate consent and anesthesia, a bronchofi-
berscope was introduced and wedged in one of the subsegments of the right
middle lobe or lingula that was contralateral to any pathology. Four aliquots of
30 ml of normal saline were introduced and aspirated, and the fluid was imme-
diately placed on ice. The fluid was filtered through a 200-�m-pore-size sterile
nylon filter to remove debris. The cells were then washed three times in ice-cold
Hanks’ balanced salt solution by centrifugation at 400 � g for 10 min at 4°C. The
cells were finally resuspended in RPMI medium and counted. By Diff Quik
staining, the cells were �90% macrophages. PMBC were obtained from the
same patients as a source of T cells and for comparison to blood-derived APC.

T-cell isolation. T lymphocytes were purified by nonadherence to plastic and
rosetting to 2-aminoethylisothiouronium bromide (Sigma, St. Louis, Mo.)-
treated sheep red blood cells (Cedarlane, Hornby, Ontario, Canada), followed by
nylon wool nonadherence as previously described (65, 75).

APC isolation. Persistently adherent cells (PAC) were obtained by incubating
PBMC on 100-mm-diameter plastic tissue culture plates at 37°C in 5% CO2 in
RPMI medium (69). After 2 h, the nonadherent cells were removed and the
adherent monolayer was washed twice. The adherent cell population was then
removed using a cell scraper (Sarstedt, Montreal, Quebec, Canada), counted,
and resuspended in complete medium.

TAC were obtained by incubating PBMC on 100-mm-diameter plastis tissue
culture plates for 2 h at 37°C in 5% CO2 in RPMI medium (78). Nonadherent
cells were gently harvested, and the adherent cells were resuspended in RPMI
medium and 0.1% human serum (BioWhitaker) overnight at 37°C in 5% CO2.
Eighteen hours later, the TAC were removed by gentle washing and resuspended
in complete medium.

Primary DC were obtained by depletion of cell populations from TAC. TAC
were immunolabeled with iron-conjugated antibodies against CD3, CD14, CD19,
and CD56 (Dynal, Uppsala, Sweden) according to the manufacturer’s instruc-
tions. Antibodies and cells were incubated by rocking them at 4°C for 45 min.
The cells were separated by exposing them to a magnetic field that separated
antibody-bound from unbound cells. The cells were washed three times in this
manner in phosphate-buffered saline–1% fetal bovine serum. To determine the
efficiency of the depletion, the cells were immunolabeled with fluorescent anti-
bodies or an isotype-matched fluorescent control antibody (Becton Dickinson,
San Jose, Calif.), and examined by flow cytometry. In other experiments, DC
were isolated by the MACS system (Militnyi Biotec, Gladbach, Germany).
Briefly, transiently adherent cells were depleted of CD3, CD14, CD19, and/or
CD56 cells according to the manufacturer’s instructions using a BS depletion
column (Militnyi Biotec). Successful depletion was confirmed by flow cytometry.

Flow cytometry. Phenotypic analysis was preformed to determine the pheno-
types of the isolated populations. The following antibodies were used for immu-
nolabeling: anti-CD3-fluorescein isothiocyanate (FITC), anti-CD14-FITC, anti-
CD19-FITC, anti-CD56-FITC, anti-HLA-DR–FITC (all from Becton
Dickinson), and anti-CD83-phycoerythrin (Immunotech, Marseille, France).

Flow cytometry was performed using a FACScan flow cytometer (Becton Dick-
inson) with an excitation frequency of 488 nm. At least 10,000 events per sample
were analyzed.

Lymphocyte proliferation assays. To assess lymphocyte proliferation, cells (2
� 105/well) were cultured in 96-well round-bottom tissue culture plates. C.
neoformans (2 � 105 organisms/well) or 2.5 �g of concanavalin A (Sigma)/ml was
used to stimulate the lymphocytes. All experiments were performed using C.
neoformans strain 67 unless otherwise indicated. Cultures were incubated for 5,
7, or 9 days at 37°C in 5% CO2. [3H]TdR incorporation was determined by
adding 1 �Ci of [3H]TdR (ICN, Montreal, Quebec, Canada) to each well 16 h
before the end of incubation. At the end of the incubation period, the cells were
harvested on glass filters (Brandel Inc., Gaitherburg, Md.), and counts per
minute were determined in a liquid scintillation counter (Beckman, Mississauga,
Ontario, Canada).

To block mannose receptors on the surfaces of APC, the cells were incubated
in the presence of 10 �g of anti-mannose receptor antibody (Pharmingen, Mis-
sissauga, Ontario, Canada)/ml, anti-Fc� receptor I (Fc�RI), anti-Fc�RII, anti-
C3biR, or isotype-matched antibody (Becton Dickinson).

Phagocytosis assays and light microscopy. To determine the number of C.
neoformans cells taken up by DC, phagocytosis assays were employed as previ-
ously described (39) with slight modifications. Briefly, DC were cultured on
24-well plastic tissue culture plates containing plastic 13-mm-diameter coverslips
(Nunc, Naperville, Ill.) in complete medium. After 1 h, C. neoformans cells
(106/well) were added to the DC. Eighteen hours later, the medium and unbound
organisms were removed by washing the plates with phosphate-buffered saline,
and the coverslips were air dried and fixed in methanol. The coverslips were then
stained with Giemsa stain (ICN) and examined by light microscopy for the
number of DC that had bound or internalized C. neoformans, as well as the
number of C. neoformans organisms per cell. At least 200 cells were counted per
monolayer. Focusing up and down on the cell and the presence of a vacuole
surrounding the organisms were used to judge whether the cells were internal-
ized. In preliminary experiments, this technique was as reliable as immunofluo-
rescent labeling and flow cytometric analysis for bound and internalized organ-
isms while having the advantage of being able to determine the morphology of
cells.

Electron microscopy. For scanning electron microscopy, DC were incubated
with C. neoformans at an effector-to-target ratio of 1:20 at 37°C on Labtek
chamberslides (Nunc). Eighteen hours later, the cells were fixed in 2.5% glutar-
aldehyde in 0.1 M sodium cacodylate buffer. The fixed cells were then washed in
buffer and dehydrated in graded concentrations of ethyl alcohol, dried to the
critical point with CO2, and then coated with gold palladium. They were exam-
ined with a Hitachi S-450 scanning electron microscope.

For transmission electron microscopy, cells were incubated with C. neoformans
in 15-ml conical tubes (Becton Dickinson) for 18 h at 37°C at an effector-to-
target ratio of 1:20. The cells were fixed in 2.5% glutaraldehyde–0.1 M cacodylate
buffer for 45 min and then washed twice in buffer and postfixed in 1% osmium
tetroxide for 30 min. The cells were washed with buffer and then dehydrated
through a graded series of ethanol. The pellet was embedded in Spurr resin (JBS,
Dorval, Quebec, Canada). Ultrathin sections were cut with a diamond knife and
counterstained with uranyl acetate and lead citrate. Sections (90 nm thick) were
examined with a transmission electron microscope (Hitachi H7000) at an accel-
eration voltage of 75 kV.

Statistics. Data are given as mean � standard error of the mean (SEM). Each
experiment was repeated with different donors on different days. [3H]TdR in-
corporation is expressed as the mean counts per minute � SEM of quadruplicate
wells. Statistical analysis was performed by one-way analysis of variance. For
these tests, a P value of �0.05 was considered significant.

RESULTS

APC for C. neoformans are transiently adherent. It was pre-
viously demonstrated that APC are required for T-cell re-
sponses to CnM (75) and that phagocytosis of C. neoformans is
required for the APC to present CnM to T cells (73, 74). To
establish the type of cell that is the APC, blood mononuclear
cells were separated based on their adherence properties,
which have been used by other investigators to separate pop-
ulations of APC (35, 57, 69). In all experiments, APC popula-
tions were irradiated so that they would be unable to prolifer-
ate but still be capable of processing and presentation. The
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ability of cells that were persistently adherent to plastic to
present CnM to T cells was examined. Since PAC are enriched
for monocyte-derived macrophages, we were surprised to find
that PAC were a poor source of APC compared to unseparated
irradiated PBMC (Fig. 1A). These cells were functional, since
they were potent APC for T-cell responses to the mitogenic
lectin concanavalin A, and were more potent than irradiated
PBMC (Fig. 1B). Cell surface labeling and flow cytometric
analysis confirmed that the cells were enriched for CD14� cells
and partially depleted of CD19� B cells and CD3� T cells
(Table 1), suggesting that CD14� monocyte-derived macro-
phages were a poor source of APC for T-cell responses to
CnM.

Previous studies had demonstrated that cells that were tran-
siently adherent to plastic (adherent after a 2-h incubation but
nonadherent after a further overnight incubation) contained a
potent source of APC (35, 57, 69). Addition of TAC to T cells
induced greater lymphocyte proliferation in response to CnM
than either PBMC or PAC (Fig. 1A). This population con-
tained fewer CD14� cells and a greater percentage of major
histocompatibility complex II-positive cells (Table 1) than the
persistently adherent population. This observation suggested
that another population of cells, other than monocyte-derived
macrophages, were the most effective APC for CnM.

TAC are more effective than AM. AM are likely to be the
first tissue macrophages encountered by inhaled C. neofor-
mans. We therefore considered the possibility that these tissue
macrophages might provide a potent source of APC. Indeed,
previous studies had suggested that AM were capable of sup-
porting T-cell responses to C. neoformans (79). While AM
were capable of providing APC function, the response of T
cells to AM was significantly inferior to the response to TAC
(Fig. 2) and similar to the response to PAC. Thus, TAC, rather
than tissue (alveolar) macrophages, were the more efficient
source of APC. We were interested to find that the increased
accessory cell function occurred despite the slightly superior
ability of AM to phagocytose C. neoformans (data not shown).

Depletion of cytolytic cells. It had been previously demon-
strated that the lysosomal compartment and serine proteases
were required for processing of C. neoformans (74). This raised
the possibility that a leucine methyl ester (LME)-sensitive
compartment might be required for processing of C. neofor-
mans. LME concentrates in the lysosome and causes osmotic
swelling and eventual rupture of monocytes, macrophages, and
natural killer (NK) cells but not DC (61, 76). When PBMC
were treated with LME, there was depletion of the monocytes

FIG. 1. PAC are a poor source of APC for C. neoformans, while
TAC are a potent source of APC. PBMC, T cells (2 � 105/well), T cells
plus irradiated PBMC, T cells plus PAC (105/well), or T cells plus TAC
(105/well) were stimulated with killed C. neoformans strain 67 (A), and
T cells, T cells plus irradiated PBMC, or T cells plus PAC were
stimulated with concanavalin A (Con A) (B). [3H]TdR incorporation
was determined 7 days later if the cells were stimulated with C. neo-
formans and 3 days later if the cells were stimulated with concanavalin
A. The experiment was repeated three times with similar results. �, P
� 0.05 compared to the corresponding unstimulated group.

FIG. 2. AM are not as efficient as TAC in presenting C. neoformans
to T cells. T cells (2 � 105/well) were incubated alone or in the
presence of irradiated PAC (105/well), AM (105/well), or TAC (105/
well) in the presence or absence of killed C. neoformans strain 67
(Crypto). Lymphocyte proliferation was determined by [3H]TdR in-
corporation. The experiment was repeated four times with similar
results. �, P � 0.05 compared to the corresponding unstimulated
group; †, P � 0.05 compared to AM.

TABLE 1. Phenotypes of cells isolated on the basis of adherence
to plastic

Phenotype

% of cells expressing the phenotype (� SEM)

Unseparated
PBMC

Persistently
adherenta

Transiently
adherenta

CD14 9.7 � 1.8 45.6 � 4.9 15.9 � 2.9
CD19 10.8 � 1.3 5.7 � 2.1 14.9 � 5.2
CD3 71.2 � 3.1 39.3 � 5.6 18.1 � 3.3
CD56 11.4 � 1.3 17.1 � 0.6 11.4 � 3.4
HLA-DR 26.0 � 2.6 32.5 � 18.4 60.0 � 6.0

a Mean of six experiments.
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and NK cells such that the resultant population had �1%
CD14� or CD56� cells. Treating PBMC with LME did not
diminish their ability to function as APC for T-cell responses to
C. neoformans (Fig. 3A), nor did it abrogate the response when
TAC were used as the source of APC (Fig. 3B). Thus, despite
the observation that an acidic lysosome is required, and that
cathepsins are involved in processing of C. neoformans (74), an
LME-sensitive compartment was not required, and the APC
was not a monocyte-derived macrophage.

Ability of TAC and PBMC to provide the accessory cell
function for encapsulated strains. The capsule of C. neofor-
mans is antiphagocytic, and therefore, we considered the pos-
sibility that while TAC might be the most effective source of
APC for acapsular strains of C. neoformans, the increased
demand for phagocytosis that was imposed by encapsulated
strains would favor participation by monocyte-derived macro-
phages. The response of T cells to encapsulated C. neoformans
in the presence of TAC was superior to the response in the
presence of PBMC (Fig. 4), indicating that the most efficient
source of APC for encapsulated C. neoformans was a TAC.

Sequential depletion of the major subsets of PBMC. Since
TAC possessed large numbers of CD3-, CD14-, CD19-, and
CD56-positive cells (Table 1), sequential depletion was per-
formed on this population to enrich or deplete the APC. As
each separation was performed, the resultant depleted popu-
lation was tested for its ability to present CnM to T lympho-
cytes. Depletion of CD3� cells from the APC, which were the

most prevalent population in TAC, did not diminish the ability
of TAC to present C. neoformans to T cells (Fig. 5A).

Monocytes are typically CD14� and are an important APC
in many systems (77). When CD14� and CD3� cells were
depleted, there was no reduction of the cells’ ability to support
lymphocyte proliferation in response to C. neoformans (Fig.
5B). Additionally, B cells are potent APC for recall responses
(11). When CD19� cells were depleted in addition to depletion
of CD14� and CD3� cells, it did not reduce lymphocyte pro-
liferation (Fig. 5C).

NK cells were the remaining major phenotype in PBMC.
Although NK cells are unlikely to be APC, they do have sig-
nificant anticryptococcal activity (55). We considered the pos-
sibility that they might kill and therefore disrupt C. neofor-
mans, allowing presentation by professional APC. It should be
noted that as different cell populations were depleted, it be-
came necessary to reduce the number of APC to reduce the
autologous mixed lymphocyte reaction that occurred with the
remaining cells. This number of TAC (2.5 � 104) was not
sufficient to present C. neoformans to T cells, while the same
number of depleted cells (CD3-, CD14-, CD19-, and CD56-
depleted TAC) were fully capable of presentation of CnM
(Fig. 5D).

When examined by flow cytometry, the resultant cells were
found to be substantially depleted of CD3-positive cells (2.4%
� 1.2%), CD14 cells (1.3% � 1.8%), CD19 cells (2.0% �
0.1%), and CD56 cells (2.2% � 0.9%). Freshly isolated cells
expressed HLA-DR (66% � 5.5% of cells) and CD83 (40% �
3.5% of cells) (n � 6 experiments). Further, consistent with
previous observations (84), when these cells were cultured for
120 h, the percentage of cells that expressed HLA-DR in-
creased to 90% � 3.5% and the percentage of cells that ex-
pressed CD83 increased to 72% � 13% (n � 4). The depleted
cell population was also found to have a characteristic den-
dritic morphology (Fig. 6A). The cells were agranular and had
large irregular or ovoid nuclei, and thin “dendritic” cytoplas-
mic processes were observed extending from the cell body.
Further, these cells were very potent stimulators of a mixed
lymphocyte reaction (data not shown). These data suggest that

FIG. 3. Lysis of LME-sensitive cells has no effect on T-cell prolif-
eration in response to C. neoformans. T cells (2 � 105/well) were
stimulated by killed C. neoformans strain 67 (C. neof; 2 � 105/well) in
the presence or absence of LME-treated (LME Tx) irradiated PBMC
(105/well) (A) or LME-treated TAC (105/well) (B). Lymphocyte pro-
liferation was determined by [3H]TdR incorporation. The experiment
was repeated twice with similar results. �, P � 0.05 compared to the
corresponding unstimulated group; NS, not significantly different from
cells not treated with LME.

FIG. 4. PBMC are not as efficient as TAC in presenting encapsu-
lated C. neoformans to T cells. T cells (2 � 105/well) were incubated in
the presence of irradiated PBMC (105/well) or TAC (105/well) in the
presence or absence of killed C. neoformans strain 36556 (Crypto).
Lymphocyte proliferation was assessed by [3H]TdR incorporation. The
experiment was repeated with similar results. �, P � 0.05 compared to
the corresponding unstimulated group; †, P � 0.05 compared to
PBMC.
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the most effective APC for CnM was a DC rather than a
macrophage.

Although these studies suggested that a DC was responsible
for presentation of C. neoformans, primary DC are felt to be
minimally phagocytic (42, 63), and previous studies had indi-

cated that C. neoformans must be phagocytosed to stimulate T
cells (73, 74). Studies were therefore performed to examine the
interaction between DC and C. neoformans. Scanning electron
microscopy demonstrated that DC were capable of interacting
with multiple organisms both on the body of the cell and by
interactions with the dendrites. The surface contours of the
DC suggested that organisms had been internalized (Fig. 6D).
To characterize the features of the cells that had taken up C.
neoformans, transmission electron microscopy was performed
(Fig. 6B and C). This confirmed that the cryptococcal organ-
isms were internalized (Fig. 6C). The cells possessed ovoid or
large irregular nuclei, many mitochondria, variable numbers of
lysosomes, few cytoplasmic granules, and numerous vesicles,
which had previously been described for DC (36, 84). Cells that
were binding C. neoformans showed dendritic processes (Fig.
6B). The DC appeared to undergo a morphological change
following phagocytosis of C. neoformans involving the loss of
dendrites and transformation to a more rounded phenotype.
This is consistent with a very rapid shape change that DC
undergo upon stimulation (25). The internalized organisms
were seen within membrane-bound vesicles consistent with
lysosomes (Fig. 6C). Birbeck’s granules were not identified.

Number of DC required for T-cell proliferation and number
of DC with bound and internalized C. neoformans. These ex-
periments had suggested that a small number of the depleted
TAC were capable of presenting C. neoformans to T cells. In
experiments to examine the number of DC necessary to stim-
ulate T cells, �3.1 � 103 DC/well (ratio of DC to T cells,
�1/64) were fully capable of presenting C. neoformans to T
cells (Fig. 7A).

The microscopy suggested that a large number of C. neofor-
mans organisms interacted with DC, despite previous observa-
tions that DC are poorly phagocytic (70). Thus, the number of
organisms that were bound and internalized by DC was deter-
mined. DC were put into culture with C. neoformans, and 18 h
later, cytocentrifuged slides were prepared, the cells were care-
fully examined for dendritic morphology, and the numbers of
internalized and bound organisms were determined. There was
a large percentage of DC that bound C. neoformans (42.3% �
10.3% of DC had the dendritic process or the cell body in
direct apposition with the microbe), and between one and
seven organisms were bound to each DC (Fig. 7B). Between 15
and 34% (with an average of 24.9% � 3.1%) of DC had
internalized at least one organism (Fig. 7B). Individual cells
were observed taking up as many as six organisms. Thus, DC
were capable of taking up large numbers of C. neoformans for
processing and presentation of CnM to T cells.

Mechanism of binding of C. neoformans. Having determined
that a large percentage of DC bind C. neoformans, experiments
were performed to identify the receptor on DC that was used
for binding the organism. DC express the mannose receptor,
	1 integrins (CD11/CD18), Fc�RII (CD32), and Fc�RIII
(CD64) (15, 16, 47). Although the mechanism of interaction
with DC had not previously been determined, C. neoformans
binds to monocytes and macrophages via CD11b/CD18 and
mannose receptors (13, 43). Therefore, experiments were per-
formed to determine whether the mannose receptor, CD11b,
or any of the classes of Fc�Rs might be responsible for the
binding of C. neoformans by DC. Antibody directed to the
mannose receptor and to CD32 (Fc�RII), but not CD11b

FIG. 5. Sequential depletion of TAC resulted in cell populations
that could induce T-cell responses to C. neoformans. T cells were
placed in culture with various populations of APC with (�) or without
(
) killed C. neoformans strain 67. (A) TAC were depleted of CD3
cells (CD3
) (105 cells/well were added to 2 � 105 T cells/well).
(B) TAC were depleted of CD3 and CD14 cells (5 � 104 cells/well
were added to 2 � 105 T cells/well). (C) TAC were depleted of CD3,
CD14, and CD19 cells (5 � 104 cells/well were added to 2 � 105 T
cells/well). (D) TAC were depleted of CD3, CD14, CD19, and CD56
cells (2.5 � 104 cells/well were added to 2 � 105 T cells/well). Lym-
phocyte proliferation was determined by [3H]TdR incorporation. The
experiment was repeated three times with similar results. �, P � 0.05
compared to the corresponding unstimulated population.
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(CR3) or CD64 (Fc�RI), abrogated T-cell responses to C.
neoformans (Fig. 8). Antibody directed to the mannose recep-
tor and to CD32 (Fc�RII) also reduced the binding and uptake
of C. neoformans by DC (Table 2). Thus, both the mannose
receptor and CD32 (Fc�RII) are involved in the binding and
uptake of C. neoformans, which is necessary for presentation to
T cells.

DISCUSSION

We have made four major observations. (i) The cells respon-
sible for the phagocytosis and processing of C. neoformans that
leads to presentation of CnM are transiently adherent, LME
resistant, CD3
, CD14
, CD19
, CD56
, HLA-DR�, and
CD83� (with maturation in culture) and have morphological
features of DC; (ii) these cells are a better source of APC for
CnM than either AM or monocyte-derived macrophages; (iii)
both encapsulated and acapsular C. neoformans cells are ef-
fectively presented by DC; and (iv) C. neoformans is actively
taken up by DC via the mannose receptor and CD32 (Fc�RII),
and small numbers of DC present CnM to T cells.

The present study demonstrates that DC are potent APC for

CnM based on multiple criteria. DC have unique adherence
properties whereby they are initially adherent to plastic and
then become loosely adherent after overnight incubation (14,
35). DC do not express the surface molecules for monocytes or
macrophages (CD14), nor do they express surface molecules
typical of B cells (CD19). They express high levels of class II
major histocompatibility complex and moderate levels of
CD83, and small numbers of cells stimulate a very potent
autologous (Fig. 4) and allogeneic (data not shown) mixed
lymphocyte reaction. Finally, DC express a typical morphology
with large nuclei, an agranular cytoplasm, and thin dendritic
cytoplasmic processes extending from the cell body. The cells
that were responsible for processing and presentation of CnM
exhibited all of these properties, indicating that the cells were
DC.

There are a number of properties of DC that might predict
that DC would be better APC than macrophages. The initial
process of acquiring a microbe requires phagocytosis. Al-
though DC were initially felt to be poorly phagocytic (42) (63),
the initial report of phagocytosis of microbes was by Inaba et
al. using Mycobacterium bovis BCG (32). Subsequently, it has
been shown that DC phagocytose a diverse array of organisms,

FIG. 6. CD3-, CD14-, CD19-, and CD56-depleted TAC have morphological features of DC and bind and internalize C. neoformans. (A) Cells
were placed in glass tissue culture chambers, and 18 h later the slides were air dried, stained with Diff Quik, and examined by light microscopy.
(B to D) Cryptococci are bound and internalized by DC as shown by transmission and scanning electron microscopy. DC were put into culture
at a 1:20 ratio with killed C. neoformans strain 67; 18 h later, the cells were fixed in 2.5% glutaraldehyde, processed as described in Materials and
Methods, and examined by transmission or scanning electron microscopy. The open arrows indicate dendritic processes; the solid arrows indicate
C. neoformans.
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including Bordetella bronchiseptica (26, 28), Listeria monocyto-
genes (27), Chlamydia trachomatis (59, 72), Leishmania sp. (4,
22, 38, 80), Borrelia burgdorferi (17), Candida albicans (56),
Histoplasma capsulatum (21), and Aspergillus fumigatus (8).
Multiple mechanisms are used, including conventional and
coiling phagocytosis (7, 8), although we saw no evidence of the
latter with C. neoformans. DC are activated by microbes for
both expression of potent costimulatory molecules (29, 34, 66,
82) and cytokine production that could provide costimulatory
activity (8, 22, 29, 38, 46, 53, 80, 81). The present experiments
demonstrate not only that DC are capable of phagocytosis,
processing, and presentation of C. neoformans to T cells but
that they are better than macrophages.

It has previously been demonstrated that DC participate in
cryptococcal immunity. Mice immunized with a protective an-
tigen of C. neoformans accumulate DC in the regional lym-
phoid compartment, while those immunized with a nonprotec-

tive antigen do not (3). Although it is not known whether these
cells presented C. neoformans to T cells, accumulation of my-
eloid DC was associated with protection against C. neoformans
while lymphoid DC were not (3). The present studies suggest
another role for DC in cryptococcal immunology: a role in the
innate response to this organism.

Receptor-mediated uptake of microbes has been demon-
strated for B. bronchiseptica, which binds specifically to glyco-
sylated receptors present on the plasma membranes of DC
(28). Multiple receptors can be used for the uptake of some
microbes. For example, Aspergillus conidia are taken up by
mannose receptor, while hyphae are taken up by CR3 and
Fc�RII and Fc�RIII (8). The present study demonstrates that

FIG. 7. Number of DC required to induce T-cell proliferation in
response to C. neoformans and number of C. neoformans organisms
that interact with DC. (A) T cells (2 � 105/well) were put into culture
with various numbers of DC in the presence (solid bars) or absence
(open bars) of killed C. neoformans strain 67 (2 � 105/well). Lympho-
cyte proliferation was assessed 7 days later by [3H]TdR incorporation.
�, P � 0.05 compared to the appropriate unstimulated control. The
experiment was repeated with similar results. (B) DC (5 � 105) were
put into culture with C. neoformans strain 67 (5 � 106) and examined
18 h later by Giemsa staining and light microscopy. At least 200 cells
were examined per experiment. Open bars, DC with bound C. neofor-
mans; solid bars, DC with internalized C. neoformans. The experiment
was repeated three times with similar results.

FIG. 8. Blocking the mannose receptor or Fc�RII (CD32) inhibits
T-lymphocyte proliferation in response to C. neoformans. T cells (2 �
105/well) and DC (5 � 104/well) were stimulated with killed C. neo-
formans strain 67 (2 � 105/well) for 7 days in the presence of anti-
mannose receptor (Anti MR), anti-C3biR (anti CD11b), anti-Fc�RII
(anti CD32), anti-Fc�RI (anti CD64), or control antibody (Ab) at 10
�g/ml. The bars represent the mean counts per minute (� SEM) of
quadruplicate cultures. The experiment was repeated three times with
similar results. �, P � 0.05 compared to T cells plus DC. †, P � 0.05
compared to T cells plus DC plus C. neoformans. NS, nonsignificant
compared to T cells plus DC plus C. neoformans.

TABLE 2. Mannose receptor and Fc�RII (CD32) are necessary for
binding of C. neoformans by DC

Expt no.
% of DC that had bound or internalized C. neoformansa

IgG control Anti-MR Anti-CD64 Anti-CD32 Anti-CD16

1 31 23 35 18 47
2 71 29 63 35 63

a 5 � 105 DC were incubated with 5 � 106 killed C. neoformans strain 67 cells
in 24-well plates with 10 �g of antibody/ml for 18 h and then analyzed by light
microscopy after Giemsa staining. Two hundred cells were counted. IgG, immu-
noglobulin G; MR, mannose receptor.
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Fc�RII and mannose receptors participate in the uptake of C.
neoformans.

The present study demonstrates that blocking either man-
nose receptor or Fc�RII resulted in reduced lymphocyte pro-
liferation. It is not clear why blocking either of these receptors
would result in such a substantial reduction in proliferation. It
is possible that one receptor is required for initial binding and
the other for uptake of C. neoformans. Alternatively, it is pos-
sible that uptake by one receptor could result in activation of
the DC and uptake by the other receptor results in processing
that is required for presentation. For example, Fc�Rs activate
cells via immunoreceptor tyrosine-based activation motifs
(ITAMs) and activation of tyrosine kinases (1). It has been
shown that the functions of cellular activation and receptor-
mediated endocytosis are distinct in Fc�Rs, since an L35A
mutation blocks cell signaling without affecting receptor endo-
cytosis (6). On the other hand, while the mannose receptor has
been implicated in phagocytosis (5), it has also been implicated
in cellular activation. Mannose receptor ligation results in ex-
pression of potentially costimulatory cytokines, such as inter-
leukin 1 (IL-1), IL-6, (83), tumor necrosis factor alpha (19),
and IL-12 (67). Thus, it is possible that binding to Fc�R acti-
vates the cells while binding to the mannose receptor is re-
quired for internalization or that binding to Fc�R is required
for internalization while binding to the mannose receptor ac-
tivates the cells. Additionally, receptor redundancy may be
particularly important, since mannose receptors could be used
for the initial uptake of acapsular organisms that are acquired
from the environment (5, 13), which would potentiate the
FcR-mediated uptake of organisms as they rapidly acquire
capsule (13, 23).

Different subsets of DC exist (58). DC can be derived from
myeloid and lymphoid precursors (18, 24, 62, 71). Freshly iso-
lated lymphoid DC are dependent on IL-3 for survival and use
autocrine or exogenous tumor necrosis factor alpha as a mat-
uration signal (37). By contrast, myeloid DC are derived from
CD14 cells and differentiate with granulocyte-macrophage col-
ony-stimulating factor and IL-4 (64). Previous studies have
demonstrated that lymphoid DC and Langerhans cells lack
functional mannose receptors (45, 54) and that lymphoid DC
are poorly phagocytic (62). Therefore, the cell responsible for
the phagocytosis and processing of C. neoformans is likely to be
a myeloid DC. Whether monocytes that have been induced to
be myeloid DC in the presence of granulocyte-macrophage
colony-stimulating factor and IL-4 are capable of presenting C.
neoformans will require further study.

In summary, these studies provide evidence that DC can
internalize, and ultimately initiate T-cell responses to, C. neo-
formans. DC provide a link between innate and adaptive im-
munity. DC acquire antigens using mechanisms of innate im-
munity and use these to stimulate components of adaptive
immunity (60), but they also provide the mechanism of acqui-
sition of microbial mitogens that stimulate innate T-cell re-
sponses.
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