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In antigen (Ag) cross-presentation, dendritic cells (DCs) take up
extracellular Ag and translocate them from the endosome to the
cytosol for proteasomal degradation. The processed peptides can
enter the conventional MHC I pathway. The molecules responsible
for the translocation of Ag across the endosomalmembrane into the
cytosol are unknown. Here we demonstrate that heat shock protein
90 (HSP90) is critical for this step. Cross-presentation and -priming
were decreased in both HSP90α-null DCs and mice. CD8α+ DC apo-
ptosis mediated by translocation of exogenous cytochrome c to the
cytosol was also eliminated in HSP90α-null mice. Ag translocation
into the cytosol was diminished in HSP90α-null DCs and in DCs trea-
ted with an HSP90 inhibitor. Internalized Ag was associated with
HSP90 and translocated to the cytosol, a process abrogated by the
HSP90 inhibitor. Ag within purified phagosomes was released in
an HSP90-dependent manner. These results demonstrate the impor-
tant role of HSP90 in cross-presentation by pulling endosomal Ag
out into the cytosol.
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Cytosolic antigens (Ags) are degraded by the ubiquitin-protea-
some (UP) pathway into short peptides and presented by

MHC I molecules to CD8+ T cells (1). Extracellular Ags, on the
other hand, once internalized into the endosome/phagosome of
antigen presenting cells (APCs) can undergo two distinct fates. In
the first “classical” pathway, the Ag is targeted from the endosome
to the lysosome, where it is processed for MHC II-restricted pre-
sentation to CD4+ T cells. The second pathway involves trans-
location of the Ag from the endosome into the cytosol where it is
degraded by the UP system, ultimately allowing its presentation by
MHC class I molecules. This latter process is called cross-pre-
sentation (2–4) and is especially important to ensure effective host
defense against viral infection or malignant transformation (5).
A perplexing issue related to cross-presentation has been the

mechanism by which exogenous Ag is translocated across endo-
somal membranes into the cytosol. Misfolded proteins in the en-
doplasmic reticulum (ER) can be retrotranslocated to the cytosol
for degradation by the proteasome, a process known as the ER-
associated degradation (ERAD) (6, 7). An important component
of this process is the ER-dislocon machinery, which consists of the
Sec61 complex and the AAA-ATPase p97 (6, 7). Because these
components are also present in the phagosome/endosomes (8), it
is thought that the same dislocon machinery is also involved in the
translocation of the Ag for cross-presentation (9–11). However,
the cytosolic molecular entity providing the “driving force” that
interacts with Ag as it translocates across the endosomal mem-
branes remains unknown.
Heat shock protein 90 (HSP90) has been suggested to play a role

in the endogenous MHC I antigen processing pathway (12–15).
HSP90 associates with peptides as postproteasomal degradation

products (14) or with newly synthesized polypeptides destined for
degradation by the proteasome (13). Those peptides have been
implicated as precursors of MHC class I ligands (13, 16). The
HSP90-peptide/protein complex in Ag-donor cells seems to be
prerequisite for cross-priming because cells treated with an HSP90-
specific inhibitor or heat shock factor 1 (HSF-1)–deficient cells in
which HSP90 is down-regulated, are less efficient in cross-priming
ability (14, 17–19). In contrast to this view from Ag-donor cells, we
recently performed experiments from the perspective of the Ag-
accepting cells such as dendritic cells (DCs) and found that HSP90
within the DC plays a pivotal role in cross-presentation (20).
Experiments using siRNA suggested that the inducible form of
HSP90, HSP90α, plays a dominant role andHSP90β does to a lesser
extent in cross-presentation by the DC-like cell line, DC2.4 (20).
Despite its known importance, the mechanism by which

HSP90α is involved in cross-presentation is unclear. Moreover, the
role of endogenous HSP90α in DC cross-priming has only been
shown in vitro; its in vivo significance is completely unknown. To
gain insight into these issues, we have generatedHSP90α-null mice
and found that translocation of extracellular Ag into the cytosol is
diminished in HSP90α-null DCs and in DCs treated with a specific
HSP90 inhibitor. We demonstrate here the indispensable role of
cytosolic HSP90α in Ag translocation into the cytosol during cross-
presentation.

Results
Cross-Presentation Ability Is Down-Regulated in Bone Marrow-Derived
Dendritic Cells (BMDCs) Treated with HSP90 Inhibitors and in HSP90α-
Deficient BMDCs.Our initial experiments showed that, as predicted,
the HSP90 inhibitors radicicol (Rad) and novobiocin (NB)
blocked cross-presentation of a model antigen, ovalbumin (OVA)
in the DC-like cell line, DC2.4 in a dose-dependent manner
(Fig. 1A, Left) (20). Another inhibitor, geldanamycin (GA), when
conjugated with FITC (GA–FITC) is cell-membrane imperme-
able, binding only cell surface HSP90 (Fig. 1B, Left) and inhibiting
its functions but having no effect on cytosolic HSP90 (21, 22). We
found that GA but not GA–FITC blocked cross-presentation (Fig.
1B, Right), indicating the involvement of cytosolic but not cell
surface HSP90. Rad, NB, and GA did not affect presentation by
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DC2.4 cells pulsed with OVA257–264 peptide (Fig. 1A, Right),
suggesting that the inhibitors did not influence antigen presen-
tation on the cell surface.
NB targets the C-terminal portion of the protein (23), which is

critical for the formation of HSP90 dimers to exert its chaperone
activity (24), whereas Rad and GA bind the N-terminal ATP-
binding pocket to block the ATP-dependent chaperone cycling
(25). On the basis of this information, we generated conditional
HSP90α-null mice by floxing exons 9 and 10, which encode
the C-terminal region of the protein (Fig. S1A). We crossed
HSP90aa1neo mice with CAG-cre mice, which express cre
recombinase under the control of the CAG promoter (a combi-
nation of the chicken β-actin promoter and cytomegalovirus im-
mediate-early enhancer) (26) and obtained HSP90aa1+/− mice.

We anticipated that HSP90aa1−/− would be embryonic lethal;
however, surprisingly, theHSP90aa1−/− offspring were born at the
expected Mendelian ratio and survived and grew normally. Ho-
mologous recombination and deletion of exons 9 and 10 were
confirmed by PCR-based genotyping (Fig. S1 B and C). Western
blot analysis verified the effectiveness of our gene targeting strat-
egy; HSP90β but not HSP90α was readily detectable in multiple
organs tested (Fig. S1E). We could detect mRNA encoding exons
3–11 (Fig. S1D) but no truncated forms of HSP90α, indicating that
the mutant protein is rapidly degraded after synthesis, probably
because it is unable to form dimers. (Exon 8 is spliced to exon 11,
resulting in a frameshift with a premature termination codon that
eliminates the region of the C terminus involved in dimer forma-
tion.) T-cell development and cell subpopulations in the lymphoid
tissues of HSP90aa1−/− mice were equivalent to those of the wild-
type (WT) mice (Fig. S2 A and B). Moreover, granulocyte mac-
rophage colony-stimulating factor (GM-CSF)–dependent BMDCs
with a normal phenotype could be generated from HSP90aa1−/−

mice (Fig. S2C).
With these mice in hand, we could unequivocally define the

direct and cross-presentation function of HSP90α in BMDCs.
BMDCs from HSP90α-null and WT mice were pulsed with OVA
protein as indicated (Fig. 1C) or transfected with a plasmid con-
taining a cDNA (pOVA) encoding OVA60–386 (Fig. 1D). Cross-
presentation was partially but significantly down-regulated in
HSP90α-null BMDCs, whereas direct presentation was less af-
fected (Fig.1 C and D and Fig.S3 A and B). Rad completely
blocked residual cross-presentation activity of HSP90α-null
BMDCs (Fig. S3A), indicating that, in addition to HSP90α,
HSP90β is involved in cross-presentation. We examined inter-
nalization of FITC-OVA and found that it was essentially equiv-
alent in WT and HSP90α-null BMDCs (Fig. S3C). To examine
cross-presentation of cellular antigens, we used UV-irradiated
transporter associated with antigen processing (TAP)1-deficient
spleen cells that were osmotically loaded with OVA. BMDCs were
pulsed with this cell-associated OVA and then incubated with OT-
ICD8+ T cells. Here, again we found a defect in the HSP90α-null
BMDCs, in this case manifest by a significant reduction in IFNγ
production (Fig. 1E). This defect was not due to the inability of
HSP90α-null BMDCs to activate T cells because pulsing the cells
with the OVA257–264 epitope resulted in comparable T-cell acti-
vation by HSP90α-null and WT BMDCs (Fig. 1F). These results
indicate that endogenousHSP90 is essential for cross-presentation.

Translocation of Internalized Ag into the Cytosol Is Dependent on
Cytosolic HSP90 Function. To better understand why HSP90 is re-
quired for cross-presentation, we used the ImageStream sys-
tem (27, 28), which can detect subtle changes in signal distribu-
tion (Fig. S4). BMDCs were labeled with PKH67, a lipophilic
general membrane-labeling reagent. The green-labeled BMDCs
(PKH67_DC) were pulsed for 5 min with AF647 red-labeled
OVA (AF647_OVA) and then washed, followed by ImageStream
analysis. Once the OVA is internalized into endosomes, the
AF647_OVA and PKH67_DC signals within the endosomes
merge, resulting in a yellow emission, which was indicated as in-
ternalization (+)/colocalization (+). By contrast, AF647_OVA
that was internalized but then translocated into the cytosol was red
because PKH67 labels onlymembranes. Cells with this distribution
were identified as internalization (+)/colocalization (−) (Fig. S5 B
andD). AF647_OVA translocation to the cytosol was less frequent
in the HSP90α-null DC compared with the WT DC, and Rad
treatment further reduced the frequency in both types of DC (Figs.
S4C and S5 A and C). Phagocytosis and internalization efficiency
of both soluble and cell-associated OVA were comparable be-
tween WT and HSP90a-null BMDCs (Fig. S6). Therefore, the
process of translocation of internalized Ags into the cytosol
appears to be HSP90 dependent.

A

B

C D

E F

Fig. 1. Cross-presentation depends on endogenous HSP90. (A) HSP90
inhibitors block cross-presentation of soluble OVA. DC2.4 cells were pre-
treated with HSP90 inhibitor NB at the indicated doses or with 25 μM of Rad
and pulsed with 1 mg/mL of soluble OVA or 10−9 M peptide, then cocultured
with OT-I CD8+ T cells (Left). (Right) DC2.4 cells were pretreated with NB
(1,000 μM), Rad (25 μM), or GA (2.5 μM) and pulsed with 10−7 to 10−12M OVA
peptide (OVA256–264) for 1 h, then cocultured with OT-I CD8+ T cells. The
culture supernatants were collected for measurement of IFNγ. (B) Impor-
tance of intracellular HSP90 in cross-presentation. DC2.4 cells were pre-
treated with the general HSP90 inhibitor (GA) or the inhibitor of only cell
surface HSP90 (GA–FITC) for 60 min, then analyzed by flow cytometry (Left).
The pretreated DC2.4 cells were then used for the cross-presentation assay as
APC (Right). (C, E, and F) BMDCs from wild-type (WT) or HSP90α-null mice
were pulsed with graded doses of soluble OVA (C) or cell-associated OVA (E;
described in Materials and Methods) or OVA peptide (F) for the cross-pre-
sentation assay. (D) BMDCs from WT or HSP90α-null mice were transfected
with titrated doses of a plasmid, containing a cDNA encoding OVA60–386 and
cocultured with OT-I CD8+ T cells for the Ag presentation assay. The values
were compared between WT and HSP90α-null. Data are mean ± SD. *P <
0.05; **P < 0.01; ***P < 0.001. The results were confirmed in at least two
independent experiments.
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The ImageStream analysis was quite informative; however, one
technical issue we had to consider was that because the optical
z-axis stack of ImageStream is 4.0 μm, it has less focal depth
compared with general confocal microscopy (0.1–0.2 μm). There-
fore, we used an additional approach to confirm the ImageStream
results by counting individual spots (endosome) to determine
whether they were merged (yellow) or not (red) by fluorescence
microscopy (Keyence; BZ-9000) analysis (0.3–0.4 μm in z-axis
stack). We could detect clearly distinguishable countable spots in
both DC2.4 cells (Fig. 2A) and BMDCs (Fig. 2D) internalizing
OVA.More than 16,000 spots in 800 DC2.4 cells were identified in
four independent experiments. Rad-treatment kept most of in-
ternalized OVA (red) within endosomes (green), thus resulting
in yellow-colored vesicles (Fig. 2 B and C). It should be noted
that the total number of vesicles per cell was equal, with or without
Rad (Fig. 2C); thus, Rad treatment had no significant effect on
internalization. The same experiments were performed with
BMDCs fromWT and HSP90α-null mice (Fig. 2D). We examined
more than 50,000 vesicles in 1,200 cells and obtained similar re-

sults with DC2.4 cells (Fig. 2 E and F). Together with the Image-
Stream analysis, these results clearly indicate that the translocation
of internalized Ag to the cytosol depends on HSP90α (or HSP90).
To further evaluate the translocation of extracellular OVA to

the cytosol, subcellular fractions of DC2.4 cells were prepared
using a ProteoExtract Subcellular Proteome Extraction kit and
then examined for the presence of internalized OVA. We first
validated the assay by determining whether ER and lysosomal
proteins remained membrane associated. Internalized OVA pro-
teins were to be identified in the cytosolic and membrane fractions
at 5 min after loading of the protein, so we extracted cytosolic
proteins for 5, 10, and 30 min with solution I contained in the kit
and did not observe any leakage of the ER-luminal proteins
(KDEL-positive resident ER molecules) or a lysosomal protein,
cathepsin D, into the cytosolic fraction (Fig. S7A). The efficiency
of fractionation was assessed by tracking the location of several
organelle-specific proteins as indicated (Fig. S7B). Rad reduced
the amount of OVA in the cytosolic faction in a dose-dependent
manner, whereas there was no effect on HSC70, a cytosolic pro-
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Fig. 2. Quantitative analysis of the subcellular localization of pulsed OVA using fluorescence microscopy. DC2.4 cells (A–C) and BMDCs (D–F) were first
cultured on glass bottom dishes for ∼16 h and treated with MG115, with/without Rad for 15 min. The cells were then stained with PKH67 on ice for visu-
alization of the membranes, then pulsed with AF647-labeled OVA for 5 min at 37 °C and fixed. Samples were analyzed by Keyence BZ-9000 fluorescence
microscopy. (B and E) Individual spots (endosome) within a cell in A or D were analyzed to determine whether the color was red or yellow using an overlay
program. Each dot in the panel was plotted according to the numbers of red and yellow spots. Each panel includes 100 dots, thus, 100 cells. (C and F) The
results of B and E were summarized as bar graphs. Data are mean ± SD of three or four separate experiments. *P < 0.05, **P < 0.01.
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tein, and again, no leakage of KDEL-positive molecules or ca-
thepsin D into the cytosol was observed (Fig. 3A and Fig. S8 A and
C). OVA appearance in the cytosol was not blocked by an inhibitor
of the ubiquitin activator E1, UBEI-41 (Fig. S8D), although the
same inhibitor completely blocked cross-presentation (20). As
a further indication of the specificity of these observations,MG115
and Rad did not affect the uptake of FITC-OVA into DC2.4 cells
measured at the same time point as the fractionation experiments
(Fig. S8B). Similar experiments were performed using BMDCs
and we found that the amount of OVA in the cytosol wasmuch less
in HSP90α-null than in WT BMDC; conversely, there was more
OVA in the membrane/fraction in the HSP90α-null than in WT
BMDCs (Fig. 3B).
Importantly, anti-HSP90 mAb coprecipitated OVA from

extracts of control DC2.4 cells but significantly less OVA was re-
covered from Rad-treated cells (Fig. 3C). By contrast, treatment
with the ubiquitin E1 inhibitor did not affect the amount of
coprecipitated OVA (Fig. S8E). Next, immunoprecipitation with
anti-HSP90 mAb was performed with cytosolic and membrane
fractions of DC2.4 cells after internalization of OVA. The asso-

ciation of HSP90 with internalized OVA was found to occur
mainly in the membrane factions and not in the cytosol (Fig. 3D).
We could exclude possible postlysis association of HSP90 with
OVA on the basis of the following control experiments: The addi-
tion of a DC2.4 cell extract containing normalHSP90 to the extract
of Rad-treatedOVA-internalizedDC2.4 cells significantly reduced
the amount ofOVA that coprecipitatedwithHSP90 comparedwith
control Rad-untreated, OVA-internalized DC2.4 cells (Fig. S8F).
Considered together, the results strongly imply that HSP90 is es-
sential for translocation of OVA across or adjacent to the endo-
somal membranes and that Rad blocks this process.
To further test this hypothesis, we used an in vitro OVA

translocation assay with phagosomes purified by the previously
described latex beads (LB)-based method (29). Phagosomes pu-
rified fromDC2.4 cells that internalized 0.8 μmLB andOVA for 5,
15, and 60 min contained OVA, LAMP1, HSP90, HSC70, and
Sec61β (Fig. S9A). There was no release of OVA from phag-

A

B

C

D

Fig. 3. HSP90 is required in translocation of internalized Ag to the cytosol.
(A) DC2.4 cells were treated with the indicated dose of Rad and/or the
proteasome inhibitor MG115 (10 μM) and pulsed with 3 mg/mL of OVA for
5 min. After extensive washing, the cells were fractionated using a sub-
cellular fractionation kit (Calbiochem). The cytosol and membrane fractions
were subjected to Western blot using the indicated antibodies. (B) BMDCs
from WT or HSP90α-null mice were used for the translocation assay as in A.
(C) DC2.4 cells were treated with the proteasome inhibitor MG115 (10 μM)
with/without Rad (25 μM) or Exo A (5 μg/mL) and pulsed with biotin–OVA
(1 mg/mL) for 10 min. The cells were lysed and immunoprecipitated with
anti-HSP90 mAb or control IgG conjugated Dynabeads. After immunopre-
cipitation (IP), the samples were analyzed by immunoblotting with strepta-
vidin (SA)–HRP. (D) DC2.4 cells were pulsed with biotin–OVA and separated
into the cytosol and noncytosol fractions and subjected to IP. Representative
results of at least three experiments are shown. *P < 0.05.

A B

C D

E F

Fig. 4. HSP90 is a translocator for engulfed extracellular antigen. (A) Ag
transport assay. Purified phagosomes from DC2.4 cells containing OVA and/
or latex beads were mixed with cytosol from DC2.4 cells treated with or
without Rad. Thirty minutes after incubation at 37 °C, the samples were
centrifuged and separated into pellet (P) and supernatant (S) for Western
blot. (B) The cytosol from BMDCs of WT and HSP90α-null mice was used in
the Ag transport assay. Thus, the cytosol was incubated with phagosomes
from DC2.4 cells. (C) HSP90 was purified from Meth A cells and used as in A,
instead of the cytosol. (D) Effects of temperature on antigen transport. (E) A
total of 5 μg of HSP90 pretreated with Rad at 0, 25, 100, and 250 μM, re-
spectively, was used. (F) Biotin–Cryj was used in the same assay. Represen-
tative results of at least three experiments are shown. *P < 0.05.
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osomes alone (Fig. S9 B and C), which validates the translocation
assay we used. Notably, the addition of cytosol obtained from
DC2.4 cells to phagosomes purified from DC2.4 cells that had
internalized LB and OVA for just 5 min resulted in release of the
OVA, a response that was significantly reduced in the presence of
radicicol (Fig. 4A). By contrast, the cytosol fromHSP90α-null DCs
caused a weaker release of OVA (Fig. 4B). In other experiments,
we used purified HSP90 instead of the cytosol in the OVA trans-
location assay. HSP90 but not the control protein BSA stimulated
the translocation (Fig. S9D). The magnitude of the release was
HSP90 dose (Fig. 4C) and temperature dependent, being abro-
gated at 4 °C (Fig. 4D). Pretreatment of HSP90 with radicicol
inhibited OVA release in a dose-dependent manner (Fig. 4E). To
ensure that the observed translocation was a broadly applicable
HSP90 function, we analyzed another protein, Cryj1, an antigen of
Japanese cedar pollen, and found that it too was also translocated

to the cytosol in a HSP90-dependent manner after a 5-min in-
ternalization (Fig. 4F).

Cross-Presentation in Vivo Is Dependent on HSP90. As the ultimate
test of our hypothesis, we performed in vivo experiments to assess
the cross-priming ability in HSP90α-null mice. The mice were
immunized with Tap1−/− spleen cells osmotically loaded with
OVA. One week later, the splenic CD8+T cells were stimulated
with OVA257–264 epitope pulsed DC2.4 cells and IFNγ spots were
counted (Fig. 5A). The number of cells producing IFNγ was sig-
nificantly lower in HSP90α-null than in WT mice. Because there
was no difference between HSP90α-null and WT mice in direct
priming with the epitope pulsed DC2.4 (Fig. 5B), we concluded
that HSP90α deficiency results in impairment in cross-priming
ability. To analyze cross-presentation from a different perspective,
we injected HSP90α-null and WT mice with cytochrome c, a very
sensitive protocol that causes CD8α+ DCs to undergo apoptosis
because the internalized cytochrome c is translocated into cytosol
in this particular DC subset (30). We found that only the CD8α+
DC subset of WT, but not HSP90α-null mice, was significantly
reduced by cytochrome c administration (Fig. 5 C and D). These
results provide compelling confirmation of the physiological im-
portance of HSP90α in cross-presentation.

Discussion
Using HSP90α-deficient mice, to our knowledge this is a unique
report demonstrating that DC cytosolic HSP90 is essential for
cross-priming of cell-associated Ag. Cross-presentation of both
soluble and cell-associated Ag was less efficient in HSP90α-null
than WT BMDCs. A twofold reduction in the magnitude of the
immune response in HSP90α-null mice is not particularly striking
(Fig. 5A). This is due to the effect of HSP90β in the HSP90α-null
mice, which is able to play a significant role in translocation of
extracellular antigen to the cytosol. The CD8α+ DC subset has
been shown to mediate cross-presentation in vivo. Results of the
sensitive in vivo cytochrome c-induced apoptosis assay, that ap-
optosis of CD8α+ DCs was eliminated in HSP90α-null mice,
provided conclusive evidence for the importance of HSP90α in
the translocation of internalized Ag into the cytosol.
In the subcellular fractionation study, the E1 inhibitor did not

block the translocation of OVA to the cytosol (Fig. S8D), al-
though it did block cross-presentation (20). This differential ef-
fect is relevant to a previously proposed mechanism whereby
ubiquitin conjugation serves as a “ratchet” to dislocate ER-
misfolded proteins into the cytosol, a model based on the fact
that most of the proteins exported from the ER are poly-
ubiquitinylated (31, 32). However, our results indicate that
ubiquitination is essential for the proteasome-mediated pro-
cessing of T-cell epitopes but is dispensable for the translocation
of endosomal antigen into the cytosol. Intriguingly, a significant
proportion of OVA exported from purified phagosomes after
the addition of cytosol contained bands with a slower mobility
than the native OVA (Fig. 4 A and B). By contrast, the mobility
of the OVA and Cryj1 whose export was induced by purified
HSP90 was exactly the same as the native proteins (Fig. 4 C–F).
Polyubiquitination could account for the observed size increase,
but this issue needs to be examined in future experiments. It is
nonetheless possible to speculate that HSP90 itself acts as a cy-
tosolic translocation factor for endosomal Ag and that other
cytosolic factors then participate in its polyubiquitination.
Immunoprecipitation of HSP90 coprecipitated OVA from

extracts of control DC2.4 cells but the OVA signal was weaker in
Rad-treated cells (Fig. 3C). By contrast, the E1 inhibitor treat-
ment had no effect on the amount of coprecipitated OVA (Fig.
S8E). On the basis of studies showing that HSP90 can drive
polypeptides into the mitochondria (33), we hypothesize that
HSP90 binds to unfolded Ag, translocating it from the endosome
and pulling it into the cytosol. As selective intracellular associ-

A B

C

D

Fig. 5. In vivo cross-presentation is decreased in HSP90α-null mice. (A and B)
WT or HSP90α-null mice were immunized with cell-associated OVA (2 × 106

cells/mouse, A) or OVA257–264 pulsed DC2.4 (2 × 106 cells/mouse, B). Seven
days later, the frequency of OVA-specific splenic CD8+ T cells was measured
by IFNγ ELISPOT in response to peptide-pulsed DC2.4. Data are mean ± SE
from four independent experiments including 10 mice in A and 4 mice in B.
*P < 0.05, ***P < 0.001, two-tailed unpaired Student t tests. (C and D) Each
experiment was performed with a pair of WT and HSP90α-null mice treated
with/without 5 mg of cytochrome c. Splenic DCs were analyzed by FACS 24 h
after treatment. The results in C are one of the representatives for three
independent experiments. Numbers represent the % of cells within the gate
(C). (D) Absolute number of CD11c high, CD8+ CD11chigh, CD4+ CD11chigh, and
double negative (DN) CD11chigh cells per spleen. Mean ± SE are from C. *P <
0.05, two-tailed unpaired Student t tests.
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ation of endogenous Ag with HSP90 is known to promote MHC
II antigen presentation in B cells (34), it is possible that HSP90
governs the bidirectional Ag traffic between the cytosol and the
endosomes, as a result regulating antigen presentation by both
MHC I and II.
Pseudomonas aeruginosa exotoxin A (Exo A) was shown to

inhibit the ERAD quality control system, preventing the ret-
rotranslocation of ER-proteins/peptides into the cytosol for
proteasomal degradation (35). In this case, the Sec61 complex
(ER-dislocon) was implicated as the Exo A target molecule
(35). On the other hand, Exo A was suggested to be an inhibitor
of p97, which was identified as a cytosolic translocator for
endosomal Ag (11). We observed that Exo A did not affect the
association of OVA with HSP90 (Fig. 3C). Although ExoA
suppresses cross-presentation (35), our data suggest that it may
play a role downstream of HSP90 during Ag translocation.
Elucidation of the entire pathway will require further study.
We demonstrated here that HSP90 is a cytosolic translocator

for extracellular antigen in cross-presentation by DC. In addi-
tion, growth factors such as fibroblast growth factor (FGF)-1/2
(36) and certain protein toxins like diphtheria toxin appear to
use HSP90 for their translocation into cytosol in non-APC (37,
38). Moreover, HSP90 was recently shown to mediate dislocation
of the cholera toxin A1 (CTA1) subunit from the ER into the
cytosol. ER-to-cytosol export of CTA1 requires association of
HSP90 with CTA1, a process blocked by GA treatment (39).
Thus, the Hsp90-mediated translocation system might have de-

veloped as a common mechanism in a variety of cell types, ulti-
mately leading to an assortment of seemingly unrelated effects
such as transcriptional activation (36), intoxication (38), and
cross-presentation (this study).

Materials and Methods
Mice. C57BL/6 (B6) mice and TAP1−/− mice (40) were purchased from Clea and
The Jackson Laboratory, respectively. OT-I (H-2Kb restricted, anti-OVA TCR
transgenic) mice (41) were kindly provided by W. R. Heath (Walter and Eliza
Hall Institute, Melbourne, Victoria, Australia). All mice were maintained under
specific pathogen-free conditions in the RIKEN RCAI animal facility according
to the institutional guidelines.

Cells. Bone marrow was harvested from B6 or HSP90α-null mice to generate
BMDCs. BMDCs were cultured in 24-well plates at a density of 1 × 106 cells/
mL with RPMI 1640 (Sigma) containing 10% FCS, 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM nonessential amino acid, penicillin-streptomycin,
2-mercaptoethanol, and 20 ng/mL GM-CSF (R&D Systems). Immature BMDCs
were used in experiments on day 5. OT-I CD8+CD11b− T cells were purified
from splenocytes by depletion of CD11b+ cells followed by positive selection
of CD8+ cells by magnetic separation with the IMag system (BD Biosciences).
The DC2.4 DC cell line was a kindly provided by K. L. Rock (University of
Massachusetts Medical School, Worcester, MA).
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