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Cryptococcus neoformans Glycoantigens Are Captured by
Multiple Lectin Receptors and Presented by Dendritic Cells1
Michael K. Mansour,2*† Eicke Latz,‡ and Stuart M. Levitz3*†

G

lycoproteins have long been known to influence T cell
immune responses to a wide variety of Ags such as the
oncogenic proteins, mucin 1 (1) and prostate-specific Ag
(1–3). Yet, the exact immunologic mechanism has not been well
described. Investigations into a class of pattern-recognition receptors have begun to shed light into the biological significance of
carbohydrate recognition by immune cells. Carbohydrate-binding
receptors (CBR)4 are part of the larger pattern-recognition receptor
family and are expressed on a wide variety of cell types. CBR
participate in the recognition of a wide variety of microbes and
microbial-derived products as well as endogenous tissue ligands
(4 – 8). Although over 15 CBR have been described to date, two of
the most physiologically studied receptors are the macrophage
mannose receptor (MMR) and dendritic cell (DC)-specific ICAM3-grabbing nonintegrin (DC-SIGN). Similar to other members in
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their class, MMR and DC-SIGN exist as single transmembrane
chains and require Ca2⫹ for their carbohydrate-binding properties,
and thus are termed C-type lectins (9 –11). CBR affinity for sugars
is diverse, but the most common monosaccharide recognized is
mannose (reviewed in Refs. 10, 12). Furthermore, it has become
clear that tertiary and quaternary structure of complex carbohydrate chains can be specifically differentiated by CBR (13).
Although described on many cell types, the predominant cells
expressing C-type lectin receptors are APC. Among APC, DC appear to express the greatest diversity of receptors including MMR,
DC-SIGN (9, 14), Langerin (CD207) (15), and BDCA-2 (16). Motifs identified on the intracellular domains of C-type lectins allow
the delivery of captured cargo to MHC class II-containing vesicles
(17), followed by recycling to the plasma membrane for successive
rounds of Ag capture (18 –23). Although these studies begin to
dissect the surface receptors required for glycoprotein recognition,
most work performed has used artificial and/or recombinant molecules, and it is unclear whether native glycoantigens will show
similar biological effects. Moreover, the cell types required for
immune enhancement by glycoproteins have yet to be determined.
All APC have been described to express lectin receptors including
DC, macrophages, and B cells and may potentially contribute to
glycoprotein-specific T cell immunity.
In the studies presented, we used native glycoantigens derived
from the pathogenic yeast Cryptococcus neoformans. C. neoformans is a significant cause of disease in persons with T cell dysfunction, including AIDS, lymphoma, and those receiving immunosuppressive medication (24, 25). The morbidity and mortality of
cryptococcosis remain high despite advances in therapy, spurring
efforts directed toward the identification of immunoprotective
cryptococcal Ags that could serve as vaccine candidates (26). In
vivo and in vitro studies have identified mannoproteins (MP) as the
major T cell antigenic determinants from C. neoformans (27, 28).
MP are a group of glycoproteins with heavy carbohydrate decorations terminating in mannose residues (29 –33). Although their
0022-1767/06/$02.00
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Cell-mediated immune responses to glycoantigens have been largely uncharacterized. Protective T cell responses to the pathogenic
yeast Cryptococcus neoformans are dependent on heavily mannosylated Ags termed mannoproteins. In the work presented, the
innate immune response to mannoprotein was determined. Purified murine splenic dendritic cells (DC), B cells, and macrophages
were used to stimulate mannoprotein-specific T cells. Only DC were capable of any measurable stimulation. Depletion of DC
resulted in the abrogation of the T cell response. Human and murine DC rapidly captured fluorescent-labeled mannoprotein by
a mannose receptor-mediated process. Using transfected cell lines, the type II C-type lectin receptor DC-specific ICAM-3-grabbing
nonintegrin (CD209) was determined to have affinity for mannoprotein. Taken together with prior work demonstrating that
mannoprotein was captured by the macrophage mannose receptor (CD206), these data suggest that multiple mannose receptors
on DC recognize mannoprotein. Pulsing experiments demonstrated that DC captured sufficient mannoprotein over 2 h to account
for 50% of total stimulation. Capture appeared dependent on mannose receptors, as competitive mannosylated inhibitors and
calcium chelators each interfered with T cell stimulation. By confocal microscopy, intracellular mannoprotein trafficked to an
endo-lysosomal compartment in DC, and at later time points extended into tubules in a similar fashion to the degradation marker
DQ-OVA. Mannoprotein colocalized intracellularly with CD206 and CD209. These data suggest that DC provide the crucial link
between innate and adaptive immune responses to C. neoformans via a process that is dependent upon the efficient uptake of
mannoprotein by mannose receptors. The Journal of Immunology, 2006, 176: 3053–3061.
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apparent molecular sizes are heterogeneous, sequence analysis
shows a conserved serine/threonine-rich domain at the C terminus
of MP, which serves as potential donor sites for extensive O-linked
carbohydrate modification (30, 31). Although fungal and mammalian cells both attach glycans to proteins via N-linked and O-linked
glycosylation, important differences exist in the choice of sugars.
The most common carbohydrate used for glycan synthesis by fungi
are mannose or mannose-galactose combinations. In contrast, mature mammalian glycoproteins rarely contain mannose (34). Thus,
exposed mannose residues on fungal glycoproteins are potential
sites of interaction with the host innate immune system. Indeed,
MP-specific T cell responses are highly dependent upon the presence of C-type lectins (28, 31, 32). In the present study, we characterized the host cell type and receptors responsible for recognition of MP and examined the cellular events following immune
recognition.

Materials and Methods
Common reagents

Isolation of soluble C. neoformans MP
Isolation of soluble MP was performed as previously described (32, 36).
Briefly, culture supernatants of C. neoformans acapsular strain Cap67
(strain 52817; ATCC) were filter-sterilized, concentrated by tangential filtration, and then subjected to Con A affinity chromatography. Bound MP
was eluted from the Con A using 0.2 M methyl-␣-D-mannopyranoside and
dissolved in PBS. The MP fractions were dialyzed against dH2O using
7-kDa cutoff dialysis tubing (Pierce) and lyophilized. After reconstitution
with PBS, MP was 0.22-m filter-sterilized and stored at ⫺80°C. All MP
was boiled for 5 min to biologically inactivate any Con A that may have
leached from the affinity column. All possible components of the isolation
procedure were processed using endotoxin-free conditions and the MP
preparation did not stimulate TNF-␣ release from murine peritoneal macrophages (data not shown).

Fluorescent labeling of MP
The succinimidyl ester-charged fluorophores, Oregon Green 488 (Molecular Probes), Alexa Fluor 647 (Molecular Probes), and Cy5 (Amersham
Biosciences) were dissolved in tissue culture grade DMSO and added to a
solution of MP dissolved in 1 M NaHCO3 (pH 9). The mixture was incubated for 1.5 h at 23°C in the dark. Unreacted fluorophores were removed
by dialysis, following which the labeled MP was filter-sterilized, and the
protein concentration was determined by the bicinchoninic acid method
(Pierce).

Preparation of APC and naive splenocytes
Animal studies were reviewed and approved by the Boston University
Medical Center Institutional Review Board. Naive splenocytes from
C57BL/6J mice (The Jackson Laboratory) were prepared as previously

Thioglycolate-elicited peritoneal macrophages
Macrophages were elicited by instilling 2 ml of thioglycolate (REMEL) i.p.
in naive 6- to 8-wk-old male C57BL/6 mice (37). After 3 days, mice were
euthanized, and the peritoneal cavity was lavaged with 10 ml of complete
medium. Cells were suspended in complete medium, and 100 l containing
1 ⫻ 105 cells were added per well to 96-well flat-bottom plates. Cells were
allowed to adhere for 2–3 days at 37°C and then washed three times with
fresh medium, leaving a homogenous population of strongly adherent macrophages, as visualized under light microscopy.

Splenic murine B cells
Murine B cells were prepared as previously described with minor modifications (38). Briefly, naive C57BL/6 spleens were macerated in 10 ml of
BSS buffer (5.6 mM glucose, 0.44 mM KH2PO4, 1.34 mM Na2HPO47H2O,
0.001% phenol red, 1.45 mM CaCl2H2O, 5.4 mM KCl, 138 mM NaCl, 1
mM MgCl26H2O, 0.8 mM MgSO47H2O (pH 7.2)). RBC depletion was
performed as described, and 3 ⫻ 107 cells/ml were incubated for 45 min on
ice in a 1/1 mixture of TIB 99 (anti-Thy1.2) and TIB 207 (anti-CD4)
supernatant (gifts of Dr. L. Wetzler, Boston Medical Center, Boston, MA).
After washing, T cells were lysed in complete media supplemented with
fresh rabbit serum (a gift from Dr. L. Wetzler) at 1/20 for 30 min at 37°C.
T cell-depleted cells were further separated using a G10 Sephadex column.
Splenocytes were allowed to enter the column in 0.5 ml of 37°C complete
media at a rate of 1 drop/2 s. Cell-loaded columns were incubated at 37°C
for 1 h, followed by B cell elution with 3 ml of complete media. To remove
any debris, eluted B cells were then underlaid with 2 ml of 23°C B cell
Ficoll (9.8% Ficoll (Sigma-Aldrich)/9.6% Hypaque (Winthrop Pharmaceuticals), centrifuged, and washed.

Murine splenic DC
Murine DC were prepared using CD11c⫹ isolation magnetic beads (Miltenyi Biotec) according to the manufacturer’s protocol with minor modification. Briefly, spleens were injected and diced in 10 ml of HBSS containing 400 U/ml collagenase D (Boehringer Mannheim) at 37°C for 1 h.
Remaining spleen was macerated into a single-cell suspension and resuspended in 10 ml of ice-cold degassed MACS buffer (2 mM EDTA, 0.5%
BSA in PBS (pH 7.2)). To reduce nonspecific Fc receptor binding, the cells
were adjusted to 108 cells/ml in 1 mg/ml murine IgG isotype control solution (1/1/1 mixture of IgG1, IgG2a, and IgG2b) for 30 min at 4°C. To this
mixture, anti-CD11c-coated magnetic beads were added for 20 min at 4°C.
Labeled cells passed through a MS⫹ column fitted with a preseparation
filter (Miltenyi Biotec). Nonlabeled cells were collected in the flowthrough fraction. After removing the MS⫹ column from the magnetic field,
bead-labeled cells were eluted, counted, and resuspended in complete
media.

Depletion of CD11c⫹ cells from naive splenocytes
Following positive isolation from naive splenocytes, the resulting CD11c⫺
nonbinding cellular flow-through fraction was collected. To ensure any
remaining CD11c⫹ DCs were depleted, the flow-through fraction was subjected to a second round of positive isolation and then purified over a
Ficoll-Hypaque gradient. As a control, naive splenocytes were subjected to
the equivalent steps, excluding the CD11c beads.

Human monocyte-derived DC (HM-DC)
Human DC were obtained as described (39). Briefly, peripheral blood was
obtained by venipuncture following informed consent from healthy volunteers using a protocol approved by the Boston University Medical Center
Institutional Review Board. Blood was anticoagulated with heparin (American Pharmaceutical Partners), diluted 1/1 with HBSS (BioWhittaker), and
PBMC-purified over a Ficoll-Hypaque (Axis-Shield) gradient. PBMC (1–
3 ⫻ 105/well) were added to a six-well plate for 2 h at 37°C to allow
monocyte adherence, and then washed to remove nonadherent cells.
HM-DC were then obtained by culture for 7 days in 50 ng/ml recombinant
human IL-4 (BD Pharmingen) and 150 ng/ml recombinant human GMCSF (Immunex).
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All cell culture and chemical reagents were obtained endotoxin-free from
Invitrogen Life Technologies and Sigma-Aldrich, respectively, unless otherwise stated. Except as indicated, cells were maintained in RPMI 1640
with the following additives: 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 g/ml streptomycin (complete medium). Fetal skin DC
(FSDC) (35), a gift from Dr. P. Ricciardi-Castagnoli (Milan, Italy), was
maintained in IMDM with 5% FBS, L-glutamine, penicillin/streptomycin,
and 2-ME. The MP-reactive T cell hybridoma cell line P1D6 (31, 32) was
maintained in RPMI 1640, 10% FBS, L-glutamine, 40 U/ml penicillin, 40
g/ml streptomycin, 55 M 2-ME, 10 g/ml ciprofloxacin, 0.25 g/ml
amphotericin B, and 1% hypoxanthine/thymidine. CTLL-2 cells (TIB 214;
American Type Culture Collection (ATCC)) were maintained in RPMI
1640, 10% FBS, L-glutamine, 40 U/ml penicillin, 40 g/ml streptomycin,
55 M 2-ME, 10 g/ml ciprofloxacin, 0.25 g/ml amphotericin B, and 10
U/ml recombinant human IL-2. K562 cell lines were maintained in RPMI
1640, 10% FBS, L-glutamine, 10 g/ml gentamicin, and 10 mM HEPES.
JAWSII (CRL-11904; ATCC) cells were maintained in anti-MEM supplemented with 20% FBS, 4 mM L-glutamine, sodium pyruvate, and penicillin/streptomycin. For the K562 cells transfected with DC-SIGN (a gift from
Dr. A. Corbi, Madrid, Spain), 0.3 mg/ml geneticin was included to maintain
expression of DC-SIGN. LB 27.4, a murine B cell lymphoma cell line (HB-99;
ATCC), was maintained in complete medium. All cell cultures were performed in a 37°C, humidified incubator supplemented with 5% CO2.

described (32). Briefly, spleens were gamma-irradiated (500 rad), and macerated through sterile wire mesh. Contaminating erythrocytes were lysed
with 0.15 M ammonium chloride, and the RBC-depleted splenocytes were
overlaid onto Ficoll-Hypaque and the buffy layer collected. The spleen cell
population contains B cells, DC, and macrophages as potential sources of
MHC class II Ag presentation.

The Journal of Immunology
Uptake of fluorescent MP

T cell hybridoma assay
The CD4⫹ T cell hybridoma cell line used in these studies, P1D6, has been
previously described (32) and is specific for an epitope found in the cryptococcal MP, MP98 (GenBank accession no. AF361369). Thus in the presence of an APC and MP98, P1D6 will secrete IL-2. Briefly, 105 hybridoma
cells were cocultured with the indicated number of irradiated (500 rad)
APC per well in the presence or absence of Ag and mannosylated inhibitors
in a final volume of 200 l for 24 h. Alternatively, purified DC were pulsed
for the indicated times, in the presence or absence of mannosylated inhibitors and MP, washed twice, and then cocultured with P1D6. The degree of
T cell activation was determined by bioassay using the IL-2-dependent
CTLL-2 cell line, as previously described (32).

Confocal microscopy
HM-DC adhered to glass-bottom confocal dishes (MatTek) were incubated
with fluorescently conjugated ligand in a final volume of 100 l of HBSS
or RPMI 1640 at 37°C for the indicated time. Surface labeling of cells was
accomplished by incubating at 4°C with labeled ligand. Cells were washed
and stored on ice until imaged. For Ab colocalization, cells were preincubated at 4°C with 0.25 g/ml FITC-conjugated mouse anti-human MMR
(BD Pharmingen), FITC-conjugated mouse anti-human DC-SIGN (BD
Pharmingen), or FITC-conjugated isotype control (Caltag Laboratories) for
20 min before incubation with labeled MP at 37°C. To demonstrate nuclear
staining, TO-PRO-3, a nucleic acid-specific fluorochrome (Molecular
Probes) was used. DC were fixed with 2% formaldehyde for 20 min at
room temperature, permeabilized with 0.2% saponin/0.05% NaN3, and
treated with 10 g/ml RNase for 10 min at 37°C. After washing, cells were

FIGURE 1. Stimulation of MP-specific T cells with
purified APC. Purified murine splenic CD11c⫹ cells,
splenic B cells, and peritoneal macrophages (M) were
incubated with P1D6 (1 ⫻ 105) and MP (20 g/ml) for
24 h. Supernatants were assayed for IL-2 production
using the CTLL-2 bioassay. Data are representative of
two experiments performed in triplicate.

incubated with 10 M TO-PRO-3 for 5–10 min at room temperature,
washed once, and stored in HBSS on ice until imaged.
All samples were imaged using a ⫻60 oil immersion objective on a
Zeiss Axiovert Confocal Scanning Microscope. The confocal argon and
neon lasers were set at 75 and 80% of maximum energy output, respectively. The pinhole for both channels was set to collect sections measuring
between 0.9 and 1.0 m. The detector filter bandwidths were selected to
ensure no cross-bleeding from one channel into another. Single-color controls were included in each experiment to confirm the settings on the confocal microscope (data not shown). Images were collected from a mean of
four scans at a resolution of 512 ⫻ 512 pixels. Images were saved and
analyzed using laser scanning microscope software (LSM 5 Image Browser; Zeiss).

Statistics
Student’s t test was used for statistical comparison (Microsoft Excel; Microsoft). Values for p ⬍ 0.05 were considered statistically significant. The
Bonferroni correction was used for multiple comparisons.

Results
Although previously reported data demonstrated that MP potently
stimulate CD4⫹ T cells in an MHC class II-restricted fashion (32),
the studies used unfractionated splenocytes as a source of APC.
DC, B cells, and macrophages are splenic residents all known to
possess mannose receptor and the ability to present Ag in a MHC
class II-restricted fashion (6, 7, 10, 12, 20, 40 – 45). To further
characterize the contribution of each of the APC population in
presenting glycoantigen to T cells, whole splenic cells from naive
mice were subjected to positive and negative selection strategies.
Using negative depletion, B cells were purified from naive
splenocytes by Ab-mediated complement lysis of T cells. By
FACS analysis, purity of the B cell populations was consistently
ⱖ95% as measured by surface staining for I-Ab and B220 (data not
shown). Moreover, the purified B cell population was negative for
the pan-T cell marker, CD3 (data not shown). B cells were used
immediately following isolation due to their limited viability when
cultured without stimulation (38).
Murine DC were purified from naive spleen using CD11c⫹
magnetic bead isolation. Purity of the murine DC population was
measured to be 85–90% by FACS analysis of surface CD11c⫹
following two rounds of positive isolation. In addition, the cells
were I-Ab-positive, but CD3- and B220-negative (data not shown).
Macrophages were isolated using thioglycolate induction from the
peritoneal cavity.
To determine the dominant APC, cocultures were performed
maintaining a constant MP concentration (20 g/ml) and number
of MP-reactive T cell hybridoma cells (P1D6, 105/well). The number of APC was titrated using 2-fold dilutions starting from 25 ⫻
103/well. Supernatants then were analyzed for IL-2 production as
a measure of P1D6 stimulation. Only DC were capable of stimulating P1D6 over background levels (APC-T cell coculture with no

Downloaded from http://www.jimmunol.org/ by guest on May 26, 2019

The two techniques used to assay cellular uptake of MP were flow cytometry and microplate fluorometry. For the flow cytometry assay, a suspension containing 105–106 cells was incubated at 37°C for the indicated time
with fluorescent-labeled MP in the presence or absence of mannosylated
inhibitors. Cells were washed and analyzed on a FACScan (BD Biosciences), FACSCalibur (BD Biosciences), or MoFlo cell sorter (DakoCytomation). For adherent cells, a similar technique was used except the cells
were incubated in 24-well plates with fluorescent ligand, washed, and then
detached using 2 mM EDTA before analysis by FACS. Uptake is expressed
as the fluorescence geometric mean from an electronically gated live cell
population.
To analyze uptake by microplate fluorometry, cells were cultured in
96-well flat-bottom plates (adherent cells) or added into V-bottom plates
(suspension cells), washed twice with HBSS supplemented with 1 mg/ml
BSA, and then incubated with Oregon green-labeled MP (MP-OG) in the
absence or presence of 1 mg/ml mannan in a final volume of 100 l. Cells
were washed three times, and then lysed using 50 l of 0.1% Triton X-100
at 23°C for 15 min. Lysates were transferred to black plastic 96-well microplates (GENios; Tecan) and fluorescence detected on a microplate
reader fitted with fluorescein excitation (485 nm) and detection (535 nm)
filters (GENios; Tecan). The microplate reader was set to average three
detection flashes at optimal gain. Uptake of MP-OG was expressed in mean
fluorescence units from triplicate samples. Analysis of total protein in lysates using bicinchoninic acid showed no significant difference between
wells (data not shown). Flow cytometry and microplate fluorometry do not
differentiate between surface binding and internalization of MP. Therefore,
“capture” or “uptake” is used to describe an increase in fluorescence following incubation of cells with labeled MP.
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FIGURE 2. Effect of CD11c⫹ cell depletion on the stimulation of MPspecific T cell hybridoma cells. Splenocytes were left unfractionated (Control splenocytes, 2 ⫻ 105 cells/well) or separated into CD11c⫺ (CD11cdepleted splenocytes, 2 ⫻ 105 cells/well) and CD11c⫹ (CD11c-purified
population, 1 ⫻ 105/well) fractions. Splenocytes then were incubated with
P1D6 cells (1 ⫻ 105 cells/well) and 10 g/ml MP for 24 h at 37°C. T cell
stimulation was assessed as in Fig. 1. Data are representative of two to
three experiments performed in duplicate or triplicate. ⴱ, p ⬍ 0.05 comparing control or CD11c-purified population to CD11c-depleted
population.

FIGURE 3. Capture MP-OG by APC. APC were incubated with the
indicated concentration of MP-OG in the absence (MP control, ⽧) or
presence (MP plus mannan, 䡺) of 1 mg/ml mannan for 1 h at 37°C in
HBSS supplemented with 1 mg/ml BSA. Cells were washed and lysed with
0.1% Triton X-100 in PBS, and lysates were assayed by fluorometry. A,
Mature murine FSDC. B, Murine immature DC cell line (JAWSII). C,
Thioglycolate-induced peritoneal macrophages (pM). D, RAW264.1 murine macrophage cell line. E, Murine B cell line LB 27.4. Uptake is expressed as arbitrary fluorescence units. Data represent one to four experiments performed in duplicate. ⴱ, p ⬍ 0.05 comparing control to mannan
treatment.

analysis, similar results were obtained examining capture of
MP-OG by naive primary splenic B cells. Splenic B cells incubated with 10 g/ml MP-OG for 1 and 3 h at 37°C demonstrated
a minor increase in their mean geometric fluorescence index from
5 to 35, which was unchanged in the presence of mannan, suggesting fluid-phase uptake rather than a receptor mediated process
(data not shown).
To further dissect the mechanism of MP-OG capture by DC,
HM-DC were generated from monocytes in the presence of GMCSF and IL-4 (47). HM-DC expressed surface markers consistent
with immature DC, including CD1a⫹, mannose receptor (DCSIGN⫹, MMR⫹), undetectable CD14, and low levels of the activation markers CD80, CD83, and CD86 (data not shown). To further investigate the role of mannose receptors, two-color FACS
was used to correlate surface expression of MMR on HM-DC with
MP-OG uptake. Approximately 95% of the HM-DC expressed
MMR, and expression of MMR strongly correlated with MP-OG
capture (Fig. 4A). MP capture was dependent on mannose receptor
as the addition of mannosylated inhibitors (methyl-␣-D-mannopyranoside, mannan, and unlabeled MP) strongly inhibited uptake,
whereas the control sugar, methyl-␣-D-galactopyranoside, did not
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Ag) (Fig. 1, left panel). Peritoneal macrophages and splenic B cells
were unable to stimulate the T cell hybridoma cells even at the
highest APC to T cell ratio tested (Fig. 1, middle and right panels).
Results of the positive isolation suggest that splenic CD11c⫹
DC comprise the immunodominant APC population responsible
for the MP-specific stimulation of T cell hybridoma cells. Yet,
comparisons were performed using thioglycolate-induced peritoneal macrophages, which may not be the equivalent to resident
splenic macrophages (46). Therefore, naive splenocytes were depleted of the CD11c⫹ population by negative selection, leaving
native splenic B cells and macrophages as sources of APC. Control
splenocytes, but not CD11c-depleted splenocytes, possessed the
necessary APC population for MP-dependent stimulation of P1D6
(Fig. 2). The CD11c-depleted population was unable to stimulate
P1D6 above background levels of IL-2 detection at MP concentrations of up to 50 g/ml (data not shown). In contrast, maximum
stimulation by control splenocytes was seen at an MP concentration of 12.5 g/ml (data not shown). Furthermore, the purified
CD11c⫹ population obtained following the negative selection
maintained a stimulatory capacity (Fig. 2). Taken together, these
data implicate the CD11c⫹ DC population as the major immunodominant APC required for MP-dependent stimulation of P1D6.
Although DC functionally serve as the immunodominant APC,
the mechanisms underlying this phenomenon were unclear. Macrophages, DC, and B cells express receptors shown to recognize
MP, including mannose receptors. To determine whether there
were differences in the kinetics and ability of these APC populations to acquire and capture MP, fluorescent binding assays were
performed. Primary APCs, as well as immortalized cell lines, were
incubated for 1 h with MP-OG in the presence or absence of the
mannose receptors competitive inhibitor, soluble mannan. The two
DC cell lines tested, FSDC and JAWSII, demonstrated the most
robust uptake of MP-OG (Fig. 3). This uptake was inhibited with
mannan, suggesting dependence on mannose receptors. Primary
peritoneal macrophages, as well as a murine macrophage cell line,
RAW 264.1, captured lesser amounts of MP-OG (Fig. 3). Conversely, the B cell line LB 27.4 captured relatively small amounts
of MP-OG, which was not inhibited by mannan (Fig. 3). By FACS
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inhibit (Fig. 4A). To investigate the role of DC-SIGN as a putative
receptor for MP, the capacity of K562 cell lines stably transfected
with human DC-SIGN to capture MP-OG was investigated. Following 15 min of incubation with MP-OG, DC-SIGN-transfected
cells demonstrated a 10-fold fluorescence increase as compared
with untransfected K562 cells. Moreover, this excess binding of
MP-OG was competed out by mannan (Fig. 4B). K562 wild-type
cells demonstrated a minor amount of MP-OG uptake, which was
not inhibited with mannan, suggesting pinocytosis (Fig. 4B).
Having determined that HM-DC capture MP via a process dependent upon mannose receptor, the kinetics were then assessed.
Using FACS, HM-DC demonstrated robust uptake of MP-OG re-

sulting in 30-fold peak increases in the mean fluorescence index
over the 70 min incubation period (Fig. 4C). The murine DC lines,
FSDC and JAWSII, demonstrated similar kinetics of MP uptake
(data not shown). The parabolic shape of the curve, with rapid
initial uptake followed by a leveling off, suggests a receptor-mediated process. Uptake of MP was nearly completely inhibited by
mannan, although there was still a small, but measurable linear
increase of fluorescence. Although DC are known to possess powerful endocytic receptor-mediated mechanisms, fluid-phase uptake
is a constitutive process used by DC. To test whether this small
amount of uptake was due to receptor-independent fluid phase uptake, the fluorescent pinocytosis marker, Lucifer yellow (18), was
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FIGURE 4. Effect of mannosylated inhibitors on the capture of MP by mannose receptor. A, HM-DC were incubated with MP-OG (1 g/ml) in the
presence or absence of inhibitors for 30 min at 37°C in RPMI 1640, washed, and then stained for surface expression of MMR. Top panels show unlabeled
cells, MMR staining only (control MMR; no MP-OG), MP-OG uptake only (control MP; no MMR staining), and uninhibited MMR staining plus MP-OG
uptake (MMR⫹MP). Bottom panels show MMR staining and MP-OG uptake plus the following inhibitors: 50 mM methyl-␣-D-galactopyranoside (GalP),
50 mM methyl-␣-D-mannopyranoside (ManP), 1 mg/ml Mannan, 50 g/ml unlabeled MP. Two-color FACS was performed on a FACScan and analyzed
by CellQuest. Values in the plots are the percentage of cells in each quadrant. B, K562 cells transfected with DC-SIGN (A) and K562 control cells (B)
were incubated with 5 g/ml MP-OG for 15 min at 37°C in HBSS supplemented with 1 mg/ml BSA (dark line histogram) or in the presence of mannan
1.25 mg/ml (gray-filled histogram). Background staining of cells is indicated by the thin line histogram. C, Kinetics of uptake of MP-OG (MP; 0.1 g/ml)
or Lucifer Yellow (LY; 250 g/ml) by HM-DC in the presence or absence of mannan (1 mg/ml). Following uptake for the indicated time, cells were
detached with 2 mM EDTA, washed, and analyzed by FACScan. Fluorescence is expressed as the geometric mean.
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FIGURE 5. Effect of pulse time and inhibitors on the stimulation of
MP-specific T cells. A, CD11c⫹-purified splenic DC (1 ⫻ 105/well) were
pulsed with MP (40 g/ml) for the time points indicated in HBSS supplemented with 1 mg/ml BSA, washed, and then coincubated with P1D6 cells
(1 ⫻ 105 per well) for 18 h. B, CD11c⫹-purified splenic DC (1 ⫻ 105/well)
were pulsed with MP (60 g/ml) with or without the indicated inhibitors
for 30 min in HBSS supplemented with 1 mg/ml BSA buffer, washed, and
coincubated with P1D6 cells for 18 h at 37°C. Positive control is defined
as DC pulsed at 37°C in the absence of inhibitors. Background was determined by incubating DC or P1D6 with MP only. For experiment, IL-2 was
assayed using the CTLL-2 bioassay as a measure of T cell activation. Data
are mean ⫾ SEM and are representative of one to five experiments. ⴱ, p ⬍
0.05 comparing the control sugar methyl-␣-D-galactopyranoside (GalP) to
monovalent sugar methyl-␣-D-mannopyranoside (ManP) and to other
inhibitors.

IL-2 production by T cell hybridoma cells, as compared with the
control sugar, methyl-␣-D-galactopyranoside (Fig. 5B). Results
with mannan were even more impressive, with complete inhibition
of IL-2 production observed. Many members of the mannose receptor family require the divalent cation Ca2⫹ for function (10).
Chelation of Ca2⫹ using EDTA during the pulse period resulted in
complete inhibition of T cell activation. The alkalizing agents ammonium chloride had no effect on stimulation, indicating that acidification was not essential during the pulse period. Mannose receptor-mediated uptake is rapid and requires the rearrangement of
the cytoskeleton to invaginate and endocytose captured Ag (17, 23,
42). To temporarily inhibit cytoskeletal-dependent receptor-mediated endocytosis, DC were pulsed with MP at 4°C for 30 min to
allow only for receptor-ligand interactions. Cells were washed and
then incubated at 37°C with P1D6 cells. IL-2 production was significantly decreased, although stimulation was still 13% of maximal response, which may represent the MP that had bound to surface mannose receptor (Fig. 5B).
Next, the location of MP captured by DC was assessed by confocal microscopy. MP-OG was incubated with FSDC for 5–90
min, fixed, and then the nucleus was outlined with the nucleic
acid-specific stain TO-PRO-3. At 10 min, MP-OG appeared localized mostly at and just inside the cell membrane, with little MP
seen in the perinuclear region (Fig. 6A). However, at later time
points (100 min), MP-OG appeared concentrated in perinuclear
compartments (Fig. 6B).
As shown, our previous (32) and current data suggest that MMR
and DC-SIGN are capable of binding MP. These receptors are
expressed on DC and have been demonstrated to capture pathogens and mannosylated ligands destined for degradation and Ag
presentation (18, 20 –22). To study further the involvement of
these receptors in the capture and internalization of MP on HMDC, FITC-conjugated mAb directed against MMR or DC-SIGN
were incubated with HM-DC at 4°C to prevent internalization.
Free mAb was washed away and MP-labeled with Alexa Fluor 647
was incubated with the Ab-labeled HM-DC at 37°C. Both MMR
and DC-SIGN appear to colocalize with significant amounts of
(although not all) MP labeled with Alexa Fluor 647-positive vesicles (Fig. 7, A and B). As MP traffics into the DC, MP-positive
vesicles begin to accumulate in a perinuclear compartment with
portions continuing to colocalize with DC-SIGN and MMR. A
significant portion of the surface MMR and DC-SIGN remains
present throughout the uptake experiment. The Abs directed
against MMR and DC-SIGN are nonblocking Abs as they did not
inhibit HM-DC-mediated uptake of MP, as measured by flow cytometry (data not shown).
In the last set of experiments, we investigated the fate of MP
during later stages of Ag processing. Using the self-quenched
marker DQ-OVA, the process of Ag degradation can be visualized.
DQ-OVA is a MMR ligand (48, 49) consisting of naturally mannosylated OVA extensively labeled with the fluorochrome
BODIPY. Due to oversaturation with BODIPY, self-quenching occurs. Once introduced into the Ag presentation pathway, lysosomal
action degrades DQ-OVA into smaller fragments such that
BODIPY molecules, now sufficiently distanced from each other,
begin to fluoresce. Thus, visualization will only occur if the DQOVA degrades within an endo-lysosomal compartment. Control
experiments show that at 5–20 min postpulse, a dramatic increase
in BODIPY fluorescence occurs and that the fluorescence is localized to an endo-lysosomal compartment (data not shown). Coincubation of DQ-OVA and MP-labeled with Alexa Fluor 647 revealed that both molecules colocalize to the same endo-lysosomal
compartment (Fig. 7C). Interestingly, as Ag is degraded, processed
MP and DQ-OVA colocalize at most, but not all, locations along
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incubated with HM-DC. The kinetics of Lucifer yellow uptake
were linear and paralleled the uptake of MP-OG in the presence of
mannan (Fig. 4C). Taken together, these data suggest that the dominant means of MP-OG capture by DC is mannose receptor-mediated. Upon inhibition of mannose receptor, fluid phase uptake
appears to be the only remaining route of MP entry into DC.
Having demonstrated rapid uptake of MP by mannose receptor,
we sought to determine the significance of this uptake toward the
activation of T cells. Purified splenic DC were pulsed with MP for
various time points, and then cultured with the MP-reactive T cell
hybridoma P1D6 for 18 h. A time-dependent increase in IL-2 production was demonstrated with increasing MP pulse durations of
25, 60, and 120 min (Fig. 5A).
The fluorescent uptake studies suggest that at early time points,
capture of MP is almost totally dependent upon mannose receptormediated processes. To examine the functional consequences of
this observation, the next set of experiments examined the effect of
blockers of the mannose receptor on the capacity of DC to present
mannose receptor Ags to T cells. The monovalent sugar, methyl␣-D-mannopyranoside, produced more significant inhibition of
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protruding extensions emanating from the central compartment.
This suggests that both molecules are being processed in similar
compartments (Fig. 7C, merge).

Discussion

FIGURE 6. MP localizes to a perinuclear compartment in DC. FSDC
were incubated with MP-OG (20 g/ml) for 10 min (A), or 100 min (B),
washed, and fixed with 10% formalin. The nucleus was stained red with
TO-PRO-3. Cells were analyzed by confocal microscopy. Bar denotes 10
M scale. Expanded image (right) of views (white rectangle) are shown.
Data are representative of three to five independent experiments.

ical sites have been described (54, 55), and it is possible that macrophages and B cells from tissue sources that we did not test may
have enhanced capacity for MP uptake and presentation. Furthermore, T cell stimulation also requires costimulation. Although all
three major APC populations are capable of up regulating and
expressing costimulatory molecules, a prerequisite inflammatory
signal may be required.
Mannose receptor appear to be the primary receptor class responsible for MP uptake, as use of mannosylated inhibitors reduces uptake to rates equivalent to that seen with the pinocytosis
marker Lucifer yellow (18). As previously described, the MMR
was determined to bind MP (32). Not surprisingly, our studies
using stable transfectants show that MP is also a ligand for DCSIGN. Ag acquisition through multiple lectin receptor members
can increase the efficiency of processing and presentation (19, 20,
22). This redundancy may help provide an explanation to the immunodominance of MP in the development of T cell immunity to
C. neoformans. In support of this thought, interfering with mannose receptor on DC through the use of mannosylated inhibitors or
Downloaded from http://www.jimmunol.org/ by guest on May 26, 2019

Earlier studies demonstrated that whole splenocytes required mannose receptor for MP-dependent T cell activation, but did not address which cell populations were responsible for Ag presentation.
Through positive and negative selection strategies, this work establishes that DC capture and present MP to T cells. DC express a
wide variety of lectin receptors with which MP capture is possible
(6, 7, 10, 12, 20) and (reviewed in Ref. 44). Incubation of MP with
HM-DC showed rapid rates of uptake followed by saturation, suggesting a receptor-mediated process is primarily responsible for
MP capture (50 –52).
B cells, in contrast, did not appear to capture MP via a receptormediated process and were incapable of T cell stimulation. B cells
express a more limited repertoire of C-type lectins including CD23
(low affinity IgE receptor (42)), CD72 (43), CD69 (40), DC immunoreceptor (43), and DC-associated lectin-1 (41). Other than
CD23, and possibly CD69, which have affinities for galactose (40,
53), many of the ligands for these receptors have yet to be described. However, based on our binding studies, none appears to
have a high affinity for MP.
Macrophages were the first cell type described to express the
MMR (50). But as compared with DC, their lectin receptor repertoire is not as diverse (reviewed in Ref. 44). Therefore, a partial
ability to capture sufficient MP may explain the paucity of T cell
stimulation by both B cells and macrophages. Also, variations
among macrophage and B cell populations from different anatom-
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FIGURE 7. Endocytosis of MP in HM-DC. HM-DC were preincubated
with FITC-labeled anti-human MMR mAb (0.25 g/ml) (A) or FITC-labeled anti-human DC-SIGN mAb (0.25 g/ml) (B) on ice to prevent internalization of Ab. Cells were then incubated for 30 min at 37°C with
Alexa Fluor 647-labeled MP (20 g/ml). No detectable fluorescence was
observed with the use of FITC-labeled isotype-matched control Ab (data
not shown). C, HM-DC were incubated with DQ-OVA (10 g/ml) and
Alexa Fluor 647-labeled MP (25 g/ml) for 1 h at 37°C. For experiment,
cells were imaged on a Zeiss laser scanning confocal microscope. Bar
denotes 10 M scale. Expanded image (right) of views (white rectangle)
are shown. Expanded view shows merge (top), green channel (middle), and
red channel (bottom) image. Images are representative of three to four
independent experiments.
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consist of lysosomes (64). Similar perinuclear localization with
tubulation was also noted in MP-containing HM-DC, suggesting
the involvement of MHC class II. Indeed, in preliminary studies,
we have found colocalization of MHC class II and MP in human
DC. Further work will be required to determine the fate of MP
postdegradation. In addition to loading onto MHC class II, MP
fragments could be cross-presented onto MHC class I or MHC-like
molecules such as CD1.
The studies presented further define the innate immune response
to a class of immunodominant glycoantigens (MP) derived from a
pathogenic fungus. Our data identify the DC as the foremost APC
in the recognition, capture, and presentation of MP. Furthermore,
DC accomplish this result through the near exclusive use of multiple mannose receptor members. Additional characterization of
the fate of MP following mannose receptor-mediated uptake, including the events by which MP is processed and presented, should
provide insight into the mechanisms by which an acquired immune
response to cryptococcosis occurs.
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has a strong affinity for dimannosides (106 L/mol), whereas DCSIGN affinity was poor for dimannosides (⬍104 L/mol) (13). In
contrast, DC-SIGN had significantly higher affinity for complex
sugars, such as pentameric (Lewisa, Lewisx) or hexameric
(Lewisb) carbohydrate structure, and may be binding to internal
carbohydrate structures, as opposed to surface epitopes (13). As is
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