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CD82 is a member of the tetraspanin superfamily, whose physiological role is best described in the
context of cancer metastasis. However, CD82 also associates with components of the class II major
histocompatibility complex (MHC) antigen presentation pathway, including class II MHC molecules and
the peptide-loading machinery, as well as CD63, another tetraspanin, suggesting a role for CD82 in
antigen presentation. Here, we observe the dynamic rearrangement of CD82 after pathogen uptake by
imaging CD82-mRFP1 expressed in primary living dendritic cells. CD82 showed rapid and specific
recruitment to Cryptococcus neoformans-containing phagosomes compared to polystyrene-containing
phagosomes, similar to CD63. CD82 was also actively recruited to phagosomes containing other patho-
genic fungi, including Candida albicans and Aspergillus fumigatus. Recruitment of CD82 to fungal phago-
somes occurred independently of Toll-like receptor (TLR) signaling. Recruitment was not limited to fungi,
as bacterial organisms, including Escherichia coli and Staphylococcus aureus, also induced CD82 recruit-
ment to the phagosome. CD82 intersected the endocytic pathway used by lipopolysaccharide (LPS),
implicating CD82 in trafficking of small, pathogen-associated molecules. Despite its partial overlap with
lysosomal compartments, CD82 recruitment to C. neoformans-containing phagosomes occurred indepen-
dently of phagosome acidification. Kinetic analysis of fluorescence imaging revealed that CD82 and class
II MHC simultaneously appear in the phagosome, indicating that the two proteins may be associated.
Together, these data show that the CD82 tetraspanin is specifically recruited to pathogen-containing
phagosomes prior to fusion with lysosomes.

Tetraspanins are a family of proteins that comprise 33 mem-
bers in mammals and span cellular membranes four times (12,
15). These proteins are characterized by short, cytoplasmic
amino and carboxyl termini and two extracellular loops of
unequal size. Tetraspanins can be distinguished from other
molecules with the same topology through conserved residues
within both the transmembrane domains and the larger of the
two extracellular loops. Their membrane topology and wide
distribution throughout most tissues and cell types, as well as
their ability to interact laterally with other proteins within
membranes, have led to the hypothesis that tetraspanins play a
structural role, organizing other proteins into complexes within
membrane microdomains termed “tetraspanin webs” (16). De-
pending on the nature of the interacting proteins, tetraspanins
have been implicated in the control of cellular migration, ad-
hesion, and signaling, perhaps best described in cancer (22). A
specific role has been difficult to attribute to individual tet-
raspanins, partly due to possible molecular redundancy. Since
the same tetraspanin expressed in different tissues can associ-
ate with distinct partners, a given tetraspanin likely has unique
functions that depend on its location. For example, CD81

associates with CD19 on the surfaces of B cells and contributes
to signaling, whereas this same tetraspanin is found complexed
with CD4 and CD8 on the surfaces of T cells (34).

In the context of cancer, CD82, also known as Kai1, associ-
ates with integrins on the surfaces of various tumor cells (3),
and its expression is linked to metastasis suppression (26).
CD82, along with several other tetraspanins, can also be found
in cells of the immune system (23, 33). In dendritic cells (DCs),
CD82 associates with class II major histocompatibility complex
(MHC) and the tetraspanin CD63 (20), as well as with other
components of the antigen-processing and presentation
pathway, including the peptide-editing/loading mediators
HLA-DM and HLA-DO (14, 29). CD82 and CD63 are en-
riched in class II MHC-positive compartments and exosomes
(7, 11, 31), both compartments of central importance to anti-
gen presentation and initiation of an effective immune re-
sponse (46). The specific function of these tetraspanins in
professional antigen-presenting cells (APCs) remains unclear.
We have previously demonstrated that CD63 and class II
MHC are specifically recruited to Cryptococcus neoformans
phagosomes and that CD63’s arrival at the phagosome is de-
pendent on phagosomal acidification (2). C. neoformans is an
opportunistic fungal pathogen that causes disease in immuno-
compromised patients, including those with AIDS and hema-
tologic malignancies and transplant recipients (30, 32). Here,
we demonstrate that CD82 was actively recruited to C. neofor-
mans-containing phagosomes, but not to those containing size-
matched polystyrene beads. In addition to C. neoformans, we
observed CD82 recruitment to phagosomes with other fungal
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pathogens, namely, Candida albicans and Aspergillus fumigatus,
but also to those containing either Gram-positive (Staphylo-
coccus aureus) or Gram-negative (Escherichia coli) bacteria.
Our data clearly imply a role for CD82 in the dynamic intra-
cellular trafficking after pathogen uptake and support nonre-
dundant functions for tetraspanins in these processes.

MATERIALS AND METHODS

Plasmids and antibodies. CD82 cDNA was obtained by PCR amplification of
a BALB/c mouse spleen cDNA library and is detailed elsewhere (37). After the
cDNA encoding the monomeric red fluorescent protein (mRFP1) was appended
to the 3� end (a kind gift from Roger Tsien, University of California, San Diego,
CA), the cDNA was inserted into the lentiviral vector pHAGE (27). We previ-
ously generated anti-mRFP1 rabbit polyclonal antiserum used for immuno-
precipitation experiments. Immunofluorescence in transduced HeLa cells was
done with mouse anti-human CD82 (Abcam, Cambridge, MA). The second-
ary antibody used was goat anti-mouse Alexa Fluor 488 (Molecular Probes,
Eugene, OR).

Cell lines, viral transduction, and cell culture. RAW 264.7 mouse macro-
phages, myd88�/� TRIF�/� immortalized macrophages (a gift from Douglas
Golenbock, University of Massachusetts, Worcester, MA), HeLa cells, and
HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY) supplemented with 10% fetal calf serum (FCS)
(HyClone, Logan, UT) and penicillin/streptomycin (Gibco). Bone marrow-de-
rived DCs from class II MHC-enhanced green fluorescent protein (eGFP)
knock-in mice (5) and C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME)
were prepared as previously described (2) and seeded into eight-well Labtek
II chambered-coverglass wells (Nalge Nunc, Naperville, IL). Media were
replaced every 48 h. HEK293T cells were used to produce CD82-mRFP1
lentivirus as described previously (2), and the virus was used to infect RAW
264.7 cells and DCs.

Fungal and bacterial growth. C. neoformans H99 and C. neoformans cap 59�
(acapsular strain) (13) (both serotype A) and C. albicans SC5314 and SC5314-
GFP (41) (gifts from Gerald R. Fink, Whitehead Institute for Biomedical Re-
search, Cambridge, MA) were grown in standard yeast extract-peptone-dextrose
(YPD) medium. A. fumigatus (strain Af293) was a gift from Eleftherios My-
lonakis (Massachusetts General Hospital, Boston, MA). A. fumigatus was plated
on Sabouraud dextrose agar plates supplemented with 100 �g/ml ampicillin and
grown at 30°C for 3 to 5 days. Conidia were dislodged from the plates by gentle
scraping and resuspended in phosphate-buffered saline (PBS). A. fumigatus
conidia were fluorescently labeled by selectively linking Alexa Fluor 647 succin-
imidyl ester reconstituted in dimethylformamide (100 mg/ml) to primary amines
located on the conidial surface. This labeling procedure resulted in �95% via-
bility of A. fumigatus conidia, as judged by growth on Sabouraud dextrose agar
plates. After 3 PBS washes, the conidia were suspended in 500 �l of PBS, and 3
�g of dye was mixed with the pathogen at 37°C for 30 min with shaking for 10 s
every 10 min. The dye-pathogen mixture was then washed again 3 times in PBS,
kept on ice, and protected from light until imaging experiments were performed.
S. aureus expressing cytosolic GFP was grown in Columbia medium (BD Bio-
sciences, Franklin Lakes, NJ) supplemented with 100 �g/ml ampicillin. E. coli
expressing cytosolic GFP was grown in LB medium supplemented with 100 �g/ml
ampicillin. Both bacteria were gifts from Lynda Stuart (Massachusetts General
Hospital, Boston, MA).

Phagocytosis and LPS-trafficking experiments. Phagocytosis experiments us-
ing fungi were performed using live C. neoformans, C. albicans, or A. fumigatus.
C. neoformans was introduced to APCs at a 100:1 ratio for 2 to 24 h as indicated,
whereas C. albicans and A. fumigatus were used at a 20:1 ratio. Dragon green-
labeled beads (5 �m; Bangs Laboratories, Fishers, IN) were washed three times
in PBS and diluted to 0.01% (wt/vol). The beads were added in 40-�l aliquots to
eight-well dishes containing 200 �l of medium per well for 2 to 24 h. Phagocytosis
experiments with bacteria were performed using either live E. coli or S. aureus.
The bacteria were washed three times in PBS and used at a ratio of 20:1. For
lipopolysaccharide (LPS)-trafficking experiments, LPS-Alexa Fluor 488 (1 �g/
ml) was diluted in prewarmed medium and added to the cells. After 8 min of
incubation, the cells were washed twice, and images were acquired at the indi-
cated times. Lysosomes were detected using Lysotracker Green (Molecular
Probes) at a concentration of 50 nM. Phagosome acidification was detected with
Lysosensor-Alexa 488 or Lysosensor-568 (Molecular Probes), which was added
to cells at a concentration of 1 �M simultaneously with C. neoformans or beads
for 10 min. Inhibition of acidification was done using the vacuolar ATPase

inhibitor bafilomycin (AG Scientific, San Diego, CA) at a concentration of 1 �M,
administered to the cells 2 h before imaging them.

Microscopy and image analysis. Imaging was performed using a spinning-disk
confocal microscope and Metamorph software as previously described (2). Image
analysis was performed using Volocity 3.1 software (Improvision, Lexington,
MA). The rate of acquisition of fluorescence intensity around individual phago-
somes was determined by measuring the mean fluorescence of the phagosomes.
Independent events were analyzed from time-lapse sequences. Each sequence
consisted of 10 images measured every 30 s for 10 min; the image sequence
started 5 min after C. neoformans was added. The change in the mean fluores-
cence of individual phagosomes was tracked manually in reverse chronological
order. For a given phagosome present at the last time point of an image se-
quence, a two-dimensional ring was defined for measuring the mean intensity of
that phagosome in its equatorial plane. Centered on a phagosome, an average
ring was 5 �m in diameter and 1 �m thick. The mean intensity was measured at
each preceding time point in the x-y plane where the equatorial position of the
phagosome was apparent. The first time point in a sequence was defined as the
point at which a dark mass was evident inside the cell but whose mean intensity
was equal to that measured for the background of the images. Sequences from at
least 10 separate events were collected. The intensities of fluorescence surround-
ing newly formed phagosomes were measured as a function of time for CD82-
mRFP1. After background subtraction, the values were normalized to the max-
imum fluorescence intensity observed in each sequence. The average normalized
intensity at each time point was plotted. Error bars indicate the standard devi-
ations across the sequences.

Pulse-chase analysis. Pulse-chase analysis was done as previously described
(24). Briefly, RAW 264.7 cells expressing CD82-mRFP1 were metabolically
labeled with [35S]cysteine/methionine for 15 min and chased for up to 3 h. The
cells were lysed in NP-40 buffer, and CD82-mRFP1 was immunoprecipitated
using anti-mRFP1 antiserum as described previously (2). Immunoprecipitated
material was treated with endoglycosidase H (EndoH) or endoglycosidase F
(EndoF) for 1 h prior to separation on SDS-PAGE. Polypeptides were visualized
by autoradiography.

Immunofluorescence. HeLa cells were seeded in eight-well dishes and infected
with lentivirus to express CD82-mRFP1 as described above. Adherent cells were
washed once in PBS and fixed with 4% paraformaldehyde for 10 min at room
temperature. The cells were washed and submerged in blocking/permeabilization
(BP) buffer (3% bovine serum albumin [BSA] and 0.5% Triton X-100 in PBS) for
10 min and exposed to antibody diluted 1:500 in BP buffer for 30 min at room
temperature. The cells were washed three times in BP buffer and submerged in
secondary antibody diluted 1:1,000 in the same buffer for 30 min at room
temperature. The cells were washed three times in BP buffer, once in PBS, and
once in distilled water and sealed with Fluoromount-G mounting medium
(Southern Biotech, Birmingham, AL). The sealant was allowed to dry, and the
cells were imaged in the 488- and 568-nm laser channels using a spinning-disk
confocal microscope.

RESULTS

Expression of CD82 as a CD82-mRFP1 fusion protein did
not affect its trafficking through the ER or its subcellular
distribution. CD82 was fluorescently tagged with a C-terminal
monomeric red fluorescent protein (mRFP1) to enable its vi-
sualization in real time. To ensure that this modification did
not interfere with normal folding and trafficking out of the
endoplasmic reticulum (ER), the fusion protein was subjected
to pulse-chase analysis. Mouse RAW 264.7 macrophages were
lentivirally transduced to stably express CD82-mRFP1. The
cells were metabolically labeled with [35S]cysteine/methionine
for 15 min and chased in medium for up to 3 h. Immuno-
precipitation with anti-mRFP1 antibody and digestion with
EndoH allowed the visualization of the fusion protein’s matu-
ration by autoradiography (Fig. 1A). CD82 is predicted to
contain three glycans, which explains the gradual appearance
of a smear characteristic of terminally glycosylated proteins.
The addition of these glycans illustrates its proper translation,
folding, and traversal of the ER and Golgi apparatus. In the
trans-Golgi, glycans are further modified, rendering them re-
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sistant to cleavage by EndoH, a point demonstrated by the
inability of the enzyme to affect the smear observed for the
later chase points. To show that proper folding and trafficking
pertains to all translated CD82-mRFP1, cells were labeled to
steady state and glycans were removed by digestion with
EndoF, an enzyme capable of removing these modifications
irrespective of a protein’s maturation stage. The complete col-
lapse of the glycosylated fusion to a discrete band demon-
strates this point (Fig. 1B).

As an added control, we sought to establish the proper
subcellular localization of CD82-mRFP1. In the absence of
anti-mouse CD82 antibodies, we took advantage of the high
degree of sequence identity between human and mouse tet-
raspanins by testing for colocalization of endogenous human
CD82—for which antibodies exist—with the mouse CD82 fu-
sion protein. Lentiviral transduction of HeLa cells with CD82-
mRFP1 allowed detection by immunofluorescence of the en-
dogenous CD82 within the same compartments. The overlay of
the human and the mouse forms shows colocalization of these
tetraspanin orthologues in small vesicles, indicating the pres-
ence of the proteins in endosomes (Fig. 1C). Therefore, we
conclude that CD82-mRFP1 can reliably be used as a proxy to
study the behavior of this tetraspanin.

CD82 is selectively recruited to C. neoformans-containing
phagosomes. As we have previously demonstrated recruitment
of CD63 to C. neoformans-containing phagosomes (2), we now
wished to investigate if the CD63-associated tetraspanin CD82
(20, 44) was also specifically recruited to phagosomes contain-
ing the yeast. Primary DCs were lentivirally transduced to
express CD82-mRFP1 and exposed to a combination of C.
neoformans H99 and size-matched green fluorescently labeled
polystyrene beads. The cells were allowed to ingest these par-
ticles for 30 min and subsequently imaged using spinning-disk
confocal microscopy. As with CD63, we observed selective

recruitment of CD82 within the same cell to phagosomes con-
taining yeast, but not to phagosomes containing polystyrene
beads (Fig. 2A and B). Bright-field images clearly differenti-
ated intracellular yeast from ingested polystyrene beads. To
ensure that CD82 recruitment was present throughout the
phagosome, serial images in the z dimension demonstrated
consistent CD82-mRFP1 recruitment (see movies S1 and S2
in the supplemental material). CD82 could be seen on the
phagosomal membrane within 30 min following C. neoformans
H99 ingestion, and its presence persisted for several hours
(data not shown). Conversely, polystyrene beads consistently
failed to induce recruitment despite prolonged incubation (24
h) (data not shown). To ensure that the fluorescent ring visu-
alized was not a result of autofluorescence by C. neoformans,
cells devoid of CD82-mRFP1 expression were imaged adjacent
to DCs expressing CD82-mRFP1. Phase images confirmed
phagocytosis of the yeast. Despite its intracellular location, no
fluorescence could be seen in cells without CD82-mRFP1,
whereas robust recruitment of CD82 to the fungus-containing
phagosomes in cells expressing CD82-mRFP1 was seen (Fig.
2C). These data show that CD82 is selectively recruited to the
C. neoformans-containing phagosome, similar to CD63.

CD82 redistributes to phagosomes containing other patho-
genic yeasts, including C. albicans and A. fumigatus. While
CD82 exhibited exquisite specificity when DC phagosomes
contained either C. neoformans or polystyrene beads, we
wanted to see if recruitment was due to the specific surface
chemistry of the fungal pathogen. C. albicans can cause inva-
sive fungal infections in patients whose immune systems are
compromised or in immunocompetent patients possessing
indwelling vascular catheters (28). The external polysaccharide
coats of C. neoformans H99 and C. albicans differ significantly.
The surface of C. neoformans is composed primarily of glu-
curonoxylomannan and, to a lesser extent, galactoxylomannan

FIG. 1. Mouse CD82-mRFP1 matures normally and demonstrates intracellular distribution similar to that of human CD82. RAW 264.7
cells were transduced to stably express CD82-mRFP1. The cells were pulse-labeled for 15 min with [35S]cysteine/methionine and chased for
0, 90, or 180 min (A) or labeled for 3 h (B). The cells were lysed in 1% NP-40, and proteins were immunoprecipitated with anti-mRFP1
antisera. At each time point, half of the sample was treated with endoglycosidase H (A) or F (B) for 1 h at 37°C. Samples were run on a
10% SDS-polyacrylamide gel, and polypeptides were visualized by autoradiography. The “CHO” labels indicate the presence of N-linked
glycans, and complex-type sugars (C.T.) were present. Molecular sizes (in kilodaltons) are given at right. (C) HeLa cells expressing mouse
CD82-mRFP1 were fixed, permeabilized, and stained with an anti-human CD82 antibody. Shown is an image of a single cell illustrating
mouse CD82-mRFP1 (left, red), human CD82 (center, green), and a merged image (right). Bar, 5 �m.

1100 ARTAVANIS-TSAKONAS ET AL. INFECT. IMMUN.



(9, 45). In contrast, the surface of C. albicans is composed of
mannoproteins that serve in part to prevent exposure of �-glu-
cans to cells of the immune system (40). Likewise, A. fumigatus
is another opportunistic pathogenic fungus that infects primar-
ily immunocompromised patients. The A. fumigatus cell wall is
comprised of galactomannan and �-1,3-1,4-glucan, which are
absent on C. albicans (21). To determine if CD82 recruitment
required specific carbohydrate moieties found on C. neofor-
mans H99, we exposed CD82-mRFP1-expressing DCs to flu-
orescent C. albicans or A. fumigatus labeled with Alexa 647.
CD82 recruitment was robust on phagosomes containing ei-
ther C. albicans (Fig. 3A) or A. fumigatus (Fig. 3B). The ki-
netics of CD82 delivery to these phagosomes was similar to
what we observed with C. neoformans (data not shown). These
data exclude a dependence on specific surface chemistry of C.
neoformans for CD82 recruitment and extend our observations
to include an assortment of polysaccharides and proteins on
the pathogen surface.

CD82 recruitment to fungal phagosomes is independent of
TLR signaling. Toll-like receptor (TLR) signaling is critical in
the host defense against fungal organisms. TLR2 and TLR4
are readily recruited from the plasma membrane to microbial
phagosomes (36), and we have shown that TLR9 is recruited to
phagosomes containing A. fumigatus (18). We wished to deter-
mine if CD82 recruitment to fungal phagosomes required sig-
naling from any TLR family members. To evaluate this possi-
bility, we expressed CD82-mRFP1 in immortalized bone
marrow macrophage cell lines deficient in both MyD88 and
TRIF. These cells are completely incapable of all TLR signal-

ing. Despite this, we still observed robust recruitment of CD82
to phagosomes containing either C. neoformans (Fig. 4A), C.
albicans (Fig. 4B), or A. fumigatus (Fig. 4C). Thus, our results
indicate that CD82 redistribution to the fungal phagosomes is
independent of TLR signaling.

FIG. 2. CD82 is recruited selectively to C. neoformans H99 phagosomes. (A) DCs expressing CD82-mRFP1 were exposed to fluorescent
polystyrene beads (green) and C. neoformans (unlabeled). Confocal images were taken 30 min after exposure of particles to DCs.
(B) Selective recruitment of CD82 to fungal phagosomes in DCs that had ingested both bead and yeast. The arrow indicates the location
of the polystyrene bead. (C) DCs not expressing CD82-mRFP1 that had taken up C. neoformans do not show any signal in the red channel,
indicating that autofluorescence from the yeast does not contribute to this signal. The arrows point to intracellular yeast in cells. Scale bars,
10 �m.

FIG. 3. CD82 is recruited to phagosomes containing either C.
albicans or A. fumigatus. DCs were transduced with mouse CD82-
mRFP1 and allowed to phagocytose either C. albicans (A) or A.
fumigatus (B). To facilitate the identification of organisms, we used
pathogens expressing surface GFP (C. albicans) or organisms la-
beled with Alexa 647 (A. fumigatus). The left image in each panel
represents CD82, and the middle image demonstrates fluorescence
from the fungus. A bright-field image of C. albicans taken up by DC
expressing CD82-mRFP1 is shown. The merged image shows an
overlay of CD82-mRFP1 signal and the organism. Scale bar, 5 �m.
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CD82 is recruited to phagosomes containing either Gram-
positive or Gram-negative bacteria. To determine if prokary-
otic pathogens also possess the capacity to recruit CD82 to the
phagosome, we examined DCs expressing CD82-mRFP1 after
they had taken up either S. aureus, a Gram-positive bacterium
of clinical importance, or E. coli, a Gram-negative bacterium.
Again, we utilized microorganisms that expressed GFP to con-
firm that these organisms had been ingested by the profes-
sional APCs. Recruitment of CD82 to phagosomes containing
S. aureus was observed (Fig. 5A). A minority of S. aureus cells
failed to express GFP in sufficient quantities to be visualized by
fluorescence microscopy, but these microorganisms still re-
cruited CD82 to their phagosomes. Since CD82 recruitment is
not immediate upon phagosome formation, a small percentage
of intracellular bacteria can be seen without saturating
amounts of CD82 on the phagosomal membrane. Likewise,
CD82-mRFP1-expressing DCs exposed to E. coli also under-
went phagosomal recruitment of CD82, displaying the charac-
teristic rod-shaped form of the bacteria (Fig. 5B). Taken to-
gether, these data indicate that CD82 recruitment is not
specific to fungal pathogens and that CD82 localizes to phago-
somal compartments containing a variety of organisms, but
notably, not to polystyrene beads.

LPS intersects CD82 upon endocytosis. Since CD82 was
recruited to phagosomes containing Gram-negative organisms,
we wished to determine if CD82 was also involved in trafficking
of small pathogen-associated molecules or limited to recruit-
ment to phagosomes. LPS is a component of the Gram-nega-
tive cell wall and a potent TLR4 agonist; its fate within the
endocytic compartment of professional APCs has been well
studied (17, 19). In hematopoietic cells, CD82 can be found on
the plasma membrane, as well as in intracellular vesicles (14,
44). CD82 internalization from the cell surface requires both
dynamin and clathrin (44). To determine if CD82 participated
in the endocytosis of LPS in macrophages, we incubated RAW

cells expressing CD82-mRFP1 with fluorescent LPS. Ten min-
utes after the addition of the fluorescent ligand, the distribu-
tions of LPS and CD82-mRFP1 showed partial overlap both on
the cell surface and within small intracellular vesicles (Fig. 6A),
indicating that LPS intersects the CD82-positive compartment
at the time of cell entry. Strikingly, while the overlap between
LPS and CD82 was partial at early time points, after prolonged
incubation we observed nearly complete colocalization (Fig.
6B). Since LPS traffics into acidic compartments, we wished to
determine if CD82 was also found in lysosomes of APCs. To
evaluate this possibility, CD82-mRFP1-expressing RAW cells
were incubated with Lysotracker, an acidophilic dye that accumu-
lates in the lysosomes. CD82-mRFP1 and Lysotracker appeared
to overlap in most, but not all, compartments (Fig. 6C). These
data indicate that CD82 intersects the endocytic pathway used by
LPS and is also found in lysosomes of professional APCs.

CD82 recruitment is independent of phagosome acidifica-
tion. When probing the conditions under which CD63 is re-
cruited, we demonstrated that its appearance on the phago-
somal membrane is dependent upon, and shortly follows,
phagosomal acidification. To determine whether this sequence
of events is also the case for CD82, we exposed CD82-mRFP1-
expressing DCs to Lysosensor, a cell-permeable dye that fluo-
resces in acidic environments, such as the maturing phagosome
(2). Treated DCs were allowed to ingest C. neoformans H99,
and maturing phagosomes were imaged in real time. Unlike
the recruitment kinetics seen for CD63, phagosomal acquisi-
tion of CD82 preceded Lysosensor fluorescence (Fig. 7A and
B). To further distinguish CD82 recruitment from phagosome
acidification, we blocked acidification and tracked the behavior
of CD82. Intracellular acidification was impeded by treating
cells with bafilomycin, a potent inhibitor of the H�-pumping
vacuolar ATPase, which mediates transport of protons across
vacuolar membranes. Cells expressing CD82-mRFP1 treated

FIG. 5. CD82 is recruited to phagosomes containing either Gram-
positive or Gram-negative bacteria. DCs were transduced with mouse
CD82-mRFP1 and exposed to S. aureus (A) or E. coli (B). The left
image in each panel represents CD82, and the middle image demon-
strates GFP fluorescence in order to facilitate the identification of
organisms. The merged images show overlays of CD82-mRFP1 signals
and bacteria. Scale bar, 5 �m.

FIG. 4. CD82 recruitment to fungal phagosomes is independent of
TLR signaling. Immortalized macrophages from myd88�/� TRIF�/�

mice were lentivirally transduced to express CD82-mRFP1. These
APCs were exposed to C. neoformans H99 (A), C. albicans (B), or A.
fumigatus (C), and cells that had taken up fungal organisms were
imaged. Differential interference contrast (DIC) images of cells are
shown to facilitate identification of fungal organisms. The arrows in-
dicate intracellular locations of fungi. Scale bar, 5 �m.
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with bafilomycin were exposed to yeast, and acidification of
subcellular compartments was monitored using Lysosensor.
Again, unlike what we observed for CD63, blocking acidifica-
tion had no effect on the recruitment of CD82, which readily

occurred despite acidification of the phagosome (Fig. 7C).
These data indicate that CD82 recruitment occurs prior to
acidification of the phagosomal compartment and is not af-
fected by inhibition of the vacuolar H� ATPase.

FIG. 6. LPS intersects CD82 in the endocytic pathway, and CD82 is found in acidic compartments. RAW cells expressing CD82-mRFP1 were
incubated with 1 mg/ml LPS conjugated to Alexa 488, and serial images were taken. (A) After 10 min, LPS had been internalized and showed
partial overlap with CD82. (B) After 12 h, there was nearly complete colocalization between CD82 and LPS, as shown in the activated macrophage.
(C) To determine if CD82 resides in acidic compartments, 50 nM Lysotracker was added to RAW cells expressing CD82-mRFP1 and imaged 30
min later. Scale bar, 5 �m.

FIG. 7. Phagosomal recruitment of CD82 is independent of phagosomal acidification. DCs were transduced to express CD82-mRFP1 and
incubated with C. neoformans and the pH indicator Lysosensor. Time-lapse imaging of CD82-mRFP1 recruitment (A) and phagosome acidification
as determined by Lysosensor fluorescence (B) are shown. The images were taken at 2-min intervals. The arrows indicate C. neoformans-containing
phagosomes. (C) DCs were lentivirally transduced with CD82-mRFP1 and incubated with C. neoformans in the absence or presence of 1 �M
bafilomycin. The DCs were serially imaged, and CD82-mRFP1 recruitment and acidification as determined by Lysosensor were followed. The
images shown were taken after 30 min of incubation with C. neoformans. Scale bars, 5 �m.
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CD82 and class II MHC recruitment to the phagosome
occur with similar kinetics. Both class II MHC and CD82
recruitment to C. neoformans-containing phagosomes do not
require acidification. To determine if class II MHC and CD82
have similar kinetics of appearance on C. neoformans phago-
somes, DCs generated from the class II MHC-eGFP mice (5)
were transduced with CD82-mRFP1-encoding lentivirus in or-
der to track the dynamic movements of both fluorescent pro-
teins. C. neoformans was added, and the DCs were imaged.
Phagosomes formed after introduction of the organism dem-
onstrated strong recruitment of both class II MHC-eGFP and
CD82-mRFP1 (Fig. 8A). To determine if the timing of class II
MHC and CD82 appearances on the phagosome coincided, we
obtained serial images of a nascently formed phagosome in a
DC expressing both class II-eGFP (Fig. 8B) and CD82-mRFP1
(Fig. 8C). These images demonstrate that the appearances of
the two proteins on the phagosome coincided temporally.

To further probe the timing of arrival on the phagosomal
membrane of CD82 in relation to class II MHC and CD63,
DCs from C57BL/6 mice transduced to express CD82-mRFP1
were exposed to Cap59� C. neoformans and imaged over 30
min. The acapsular form of C. neoformans was chosen to fa-
cilitate the collection of a large number of phagocytic events.
Cap59� C. neoformans induced the same endosomal rear-
rangements as wild-type C. neoformans H99, the only differ-
ence being that terminal levels of CD82 were slightly lower, a
point that did not interfere with resolution of the recruitment
kinetics (data not shown). Additionally, we chose to do this
analysis in multiple DCs expressing only one type of fluores-
cent protein to eliminate any contribution of pixel intensity
from other fluorophores. Phagosomes that had recruited max-
imal amounts of CD82 (as judged by pixel density) were fol-
lowed back in time to the initial point of yeast entry. The pixel
density was then plotted going forward to generate a curve

FIG. 8. The kinetics of CD82 recruitment are similar to those of class II MHC recruitment to phagosomes containing C. neoformans.
(A) Within 10 min after the addition of C. neoformans to DCs grown from class II MHC-eGFP mice and transduced to express CD82-mRFP1,
phagosomes acquire both CD82-mRFP1 and class II MHC (left, class II MHC; center, CD82-mRFP1; right, merged image). Scale bar, 5 �m. (B
and C) Time-lapse images in both red and green channels show that class II MHC-eGFP (B) appears around the phagosomes with kinetics similar
to those of CD82-mRFP1 (C). Scale bar, 5 �m. (D) Kinetic analysis of fluorescence acquisition around phagosomes. Each data point (‚) represents
the average intensity measured at each time point for at least 10 independent C. neoformans phagocytic events for CD82-mRFP1 over time (in
minutes). The curves for class II MHC and CD63 are derived from identical experiments as described previously (2). a.u., arbitrary units. The error
bars represent standard deviations.
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representing the kinetics of recruitment. This curve was over-
laid with curves generated previously representing the kinetics
of recruitment for CD63 and class II MHC performed under
identical conditions (2). The resulting graph demonstrates that
CD82 has recruitment kinetics similar to those of class II
MHC, arriving slightly before CD63 on the phagosomal mem-
brane (Fig. 8D). These data show that CD63 and CD82 traffic
independently to phagosomes and further support the notion that
CD82 and CD63 serve nonredundant functions and that CD82
may indeed serve to escort class II MHC to the site of the antigen.

DISCUSSION

Antigen processing and presentation are multistep processes
whose many components are progressively being characterized
and defined (38). Phagocytosed microbes enter phagosomal
compartments that subsequently undergo fusion and fission
events that modify their immediate environment. This dynamic
delivery and removal of material is necessary to ensure proper
peptide processing, loading of class II MHC molecules, and
transport to the cell surface, where these antigens are used to
activate T cells. Although the roles of many components in-
volved in this process have been defined, such as HLA-DO,
DM, and CLIP in peptide loading, the activation of proteases
at low pH for processing, and the tubulation of endocytic
compartments for delivery of loaded class II MHC to the cell
surface, there are many other components present at various
stages of this pathway whose roles have yet to be described.
Tetraspanins fall into the latter category. In this study, we
presented data showing that CD82 was involved in the endo-
lysosomal pathway and that the content of the phagosome
specifically triggered CD82 rearrangement to the phagosome.
Finally, we showed that CD82 recruitment was independent of
phagosomal acidification and appeared on the phagosome with
kinetics similar to those of class II MHC. To our knowledge,
this report is the first to implicate CD82 in intracellular traf-
ficking after pathogen uptake, and it supports nonredundant
roles for the two tetraspanins CD82 and CD63.

We have previously described the selective recruitment of
CD63 to yeast-containing phagosomes (2), and we now extend
this observation to include CD82. Not only is CD82 rapidly
recruited to the membrane of nascent C. neoformans-contain-
ing phagosomes, but its recruitment is selective to the micro-
organism, with polystyrene bead-containing phagosomes
within the same cell effectively devoid of the tetraspanin. This
observation mirrors that seen with CD63, indicating that the
cargo determines the composition of proteins found on the
phagosomal membrane, a point supported by other studies (4,
35, 39). The ability of other microorganisms to recruit CD82
suggests that the component required to trigger tetraspanin
redistribution to the phagosome is not linked to a specific
structure found exclusively on yeast. Although the selective
and rapid recruitment of CD82 is reminiscent of that seen for
CD63, we did observe two important differences that serve to
separate these two tetraspanins and pinpoint the timing of
their involvement in the class II MHC pathway. Unlike CD63,
whose appearance on the phagosome is strictly dependent on
prior acidification, the addition of bafilomycin to DCs had no
bearing on CD82 recruitment. Furthermore, careful examina-
tion of recruitment kinetics revealed that CD82 arrives at the

phagosome before CD63, indicating that if CD82 and CD63
assemble into tetraspanin microdomains to associate with class
II MHC molecules, as suggested by other studies (10, 20, 29),
this association must come about following arrival at the
phagosome. Once there, these tetraspanins may serve to escort
peptide-loaded class II MHC to the cell surface, a hypothesis
supported by the presence of both CD82 and CD63 in endo-
cytic tubules of LPS-stimulated primary dendritic cells (37).

DCs capture C. neoformans delivered to a mouse intrana-
sally and present peptides to antigen-specific T cells using an in
vivo model of cryptococcosis (43). Using zipper phagocytosis,
DCs place C. neoformans in phagosomes that acquire markers
of early endocytic compartments and eventually fuse with the
lysosome (42). Our data support the following model of C.
neoformans phagosomal maturation. Upon phagocytosis of C.
neoformans by DCs, the organism is placed into a phagosome,
which then initially recruits CD82 and class II MHC with
nearly identical kinetics. Shortly after this event, the compart-
ment becomes acidified. This event then permits the subse-
quent recruitment of CD63 to the phagosome. Interestingly, C.
neoformans can escape from phagosomes within macrophages
without killing the host cell by means of an unusual expulsive
mechanism that may represent a mode of dissemination (1,
25). Detailed molecular analysis of the fate of C. neoformans
phagosomes may assist in elucidating this pathway.

We provide the first evidence that CD82 is actively recruited
to the phagosome after uptake of a pathogen. In addition to
delivery of specialized proteins in the antigen-processing and
presentation machinery, CD82 may also be linked with pro-
teins involved in membrane fusion required for phagosomal
maturation. TI-VAMP/VAMP7 (tetanus neurotoxin-insensi-
tive vesicle-associated membrane protein) is involved in het-
erotypic fusion between endosomes and lysosomes and directly
transports CD82 in HeLa cells (8). Similar to our observations
for CD82, TI-VAMP7 is found in endosomal and lysosomal
compartments and is recruited to phagosomes (6). It remains
to be determined, though, whether TI-VAMP7 will show sim-
ilar specificities for phagosomes containing microorganisms
and those with polystyrene beads. Moreover, TI-VAMP7 is
required for optimal phagocytosis in macrophages, as deple-
tion of TI-VAMP7 by small interfering RNA (siRNA) led to a
defect in FcR-mediated phagocytosis in RAW cells. It is pos-
sible that CD82 and TI-VAMP7 both escort phagosomes to
lysosomes and promote phagosomal acidification. It is note-
worthy that TI-VAMP7 is also involved in exocytosis and ap-
pears to be associated with vesicles released by cells during
phagosome formation (6). It is tempting to speculate that TI-
VAMP7 and CD82 may be involved in the release of C. neo-
formans phagosomes from living professional APCs (1, 25).
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