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Cross-presentation is the process by which professional antigen presenting cells (APCs) (B cells, dendritic cells (DCs)
and macrophages) present endocytosed antigens (Ags) via MHC-I to CD8C T cells. This process is crucial for induction of
adaptive immune responses against tumors and infected cells. The pathways and cellular compartments involved in
cross-presentation are unresolved and controversial. Among the cells with cross-presenting capacity, DCs are the most
efficient, which was proposed to depend on prevention of endosomal acidification to block degradation of the
epitopes. Contrary to this view, we show in this report that some cargoes induce strong endosomal acidification
following uptake by human DCs, while others not. Moreover, processing of the tumor-associated antigen HER2/neu
delivered in nanoparticles (NP) for cross-presentation of the epitope HER2/neu369–377 on HLA-A2 depended on
endosomal acidification and cathepsin activity as well as proteasomes, and newly synthesized HLA class I. However, the
HLA-A*0201/HER2/neu369–377 complexes were not found in the endoplasmic reticulum (ER) nor in endolysosomes but in
hitherto not described vesicles. The data thus indicate spatial separation of antigen processing and loading of MHC-I for
cross-presentation: antigen processing occurs in the uptake compartment and the cytosol whereas MHC-I loading with
peptide takes place in a distinct subcellular compartment. The findings further elucidate the cellular pathways involved
in the cross-presentation of a full-length, clinically relevant tumor-associated antigen by human DCs, and the impact of
the vaccine formulation on antigen processing and CD8+ T cell induction.

Introduction

The induction of CD8C cytotoxic T lymphocytes (CTLs)
that specifically recognize and kill tumor cells is the main goal
of cancer vaccination. For the induction of primary and sec-
ondary immune responses with the generation of CD8C cyto-
toxic T cells, exogenous Ags must be taken up by DCs, and
be processed into peptides for loading onto major histocom-
patibility (MHC) class I molecules, a process termed cross-
presentation.1,2 DCs are considered the most potent cross-pre-
senting cells, highly efficient in the priming of CD8C T cells

and, therefore, the most important targets for tumor Ag vacci-
nation.3-5

Cross-presentation was first proposed by Bevan in the 1970s.1

He immunized mice with allogeneic cells and found cytotoxic
CD8C T cell-mediated responses specific for Ags from the graft
presented by MHC class I molecules of the host. This suggested
that Ags from the transplanted cells were internalized and proc-
essed by APCs of the host for presentation by the host MHC
class I molecules. Since then and despite intensive study, the cel-
lular and molecular mechanisms of cross-presentation have not
been clarified.
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By current understanding, cross-presentation of Ags by DCs
can occur via at least three distinct mechanisms. Following
uptake, Ags can be translocated from the endocytic/phagocytic
compartment into the cytosol6,7 where they are broken down
into peptides by proteasome and transported via transporter asso-
ciated with antigen processing (TAP) into the ER for loading
onto nascent MHC class I molecules.6 This route is known as
“phagosome-to-cytosol pathway”. An alternative route, termed
“vacuolar pathway” was shown to be used for certain soluble pro-
teins. In this model, Ags are processed in endosomal compart-
ments by cathepsins where peptides are generated, loaded onto
recycling MHC class I molecules, and transported to the cell sur-
face for presentation.8,9 The third proposed pathway involves
export of Ag from the endosome to the cytosol, followed by pro-
teasome processing and reimport into the endosomal compart-
ment for loading onto MHC class I molecules. This model is
often referred to as “ER-phagosome fusion pathway” and
involves fusion of the ER and/or ER-Golgi intermediate com-
partment (ERGIC) with the endosome/phagosome, leading to
the formation of a compartment named “ERgosome” character-
ized by the presence of ER components such as Sec22b, TAP,
and components of the peptide loading complex (PLC) as well as
components of endosomes/phagosomes.10-12

Regardless of the mechanisms that lead to cross-presentation,
it is accepted that DCs are the most efficient cells at that func-
tion. It has recently been proposed that one of the reasons for the
superior efficiency of DCs in cross-presentation is that they pos-
sess a mechanism to prevent endosomal/phagosomal acidifica-
tion.13,14 A mild or alkaline endosomal pH would prevent
degradation of the epitopes, favoring their cross-presentation.
This phenomenon seems to be more evident in the murine DC
subset expressing CD8a,13 but with little evidences of whether it
would occur also in human DCs.15-17 The understanding of the
mechanisms that lead to cross-presentation of tumor Ags by
human DCs is essential for rational strategies to induce tumor-
specific CTLs.

The mode of delivery as well as the choice of tumor Ag are key
parameters for the success of the cancer vaccine. The tumor-asso-
ciated Ag, HER2/neu, is a clinical target of high interest.18 It is
overexpressed by a wide range of tumors, such as breast, ovary
and renal cell carcinomas, and colorectal and pancreatic adeno-
carcinomas,19-21 and it is the target for a humanized monoclonal
antibody in clinical use and capable of impacting tumor
growth.19 As humoral and cellular responses against HER2/neu
are detected in almost all patients, it is targeted by immune
responses of the patients.20,22 The epitope HER2/neu369–377,
which binds HLA-A2, was found to be one of the immunodomi-
nant epitopes of the protein.21,23 HER2/neu369–377 is generated
and presented by HLA-A2C breast cancer cells and triggers cytol-
ysis by epitope-specific CTLs.23

The mode of Ag delivery to DCs may affect its processing
and, as a result, the selection of cross-presented peptides.17

This would impact specificity and quality of the immune
responses. Understanding the Ag processing mechanisms of
cross-presentation is crucial for the development of effector T
cell-directed vaccines. Soluble proteins are usually poorly

cross-presented by DCs.24,25 Therefore, advanced delivery
systems are required to optimize and enhance this process.
To elucidate the pathways of Ag processing by human DCs,
we investigated the processing and cross-presentation of the
tumor-associated Ag HER2/neu by human DCs, delivered in
the soluble form or in different NP formulations.

Results

The composition of NPs determines their routing inside
DCs

Immature DCs were incubated with the different NPs and
harvested at different time points to determine their intracellular
fate. Interestingly, none of the NPs co-localized with EEA1
(Fig. S1), a protein expressed on the outer leaflet of early endo-
somes.26 Endosomes containing PLGA-based NPs were acidified
already 1 h after their addition to DCs, as indicated by Lyso-
Tracker Red staining, a lysosomotropic probe that accumulates
in acidic compartments (Fig. S2). On the other hand, chitosan
and silica NPs were routed into and stayed in nonacidic compart-
ments over a 24 h incubation period (Fig. 1A). Furthermore,
chitosan, PLGA, and PEG-PAGE-PLGA NPs induced the
expression of DC-LAMP in the late endosomes/lysosomes while
silica and mannose PEG-PAGE-PLGA did not (Fig. 1B). DC-
LAMP is a glycoprotein expressed in the lysosomes of mature
DCs.27 It is interesting that its expression was induced by PLGA
and PP-PLGA without induction of DC maturation (Baleeiro
et al., submitted). Also, PLGA and PEG-PAGE-PLGA co-local-
ized with the DC-LAMP whereas the chitosan NPs did not. The
appearance of the compartments was also different for the NPs
routed into acidic vs. those routed into nonacidic compartments.
Chitosan and silica NPs were found in vacuole-like structures,
while all PLGA-based NPs were inside well-defined endosome-
like compartments (Fig. 1C). Importantly, all NPs were con-
tained within membrane-bounded compartments (Fig. 1C).
Collectively, these data indicate that the routing of particulate
cargoes into acidic or non-acidic compartments in human DCs is
determined by their composition rather than a constitutive pro-
cess, as suggested by some previous studies.13,16

Kinetics of cross-presentation of HER2/neu369–377
To monitor the cross-presentation of antigen delivered to

DCs in different carriers, we used an antibody specific for the
HLA-A*0201/HER2/neu369–377 complex (Figs. S3–4). iDCs
were incubated for 24 h with recombinant human HER2/neu
protein in soluble form or encapsulated in different NPs. DCs
loaded with HER2/neu delivered in the NPs presented higher
levels of HLA-A*0201/HER2/neu369–377 complexes than DCs
loaded with soluble HER2/neu (Fig. 2A). The amounts of
HLA-A*0201/HER2/neu369–377 complexes increased for
HER2/neu in PLGA and mannose PEG-PAGE-PLGA NPs to
a plateau at and above 1 mg HER2/neu per mL, whereas for
chitosan NPs the levels kept increasing with protein concen-
tration (Fig. 2B). HER/neu in the soluble form yielded lower
levels of specific complexes compared to the HER2/neu in the
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particulate formulations. Only at concentrations above 1 mg/
mL soluble HER2/neu led to levels of the complex similar to
NP-HER2/neu. In time-course experiments from 2 to 96 h
after addition of the protein in soluble or particulate formula-
tions to the DC cultures, presentation of the HLA-A*0201/
HER2/neu369–377 complexes peaked at 48 h. Using the pep-
tide HER2/neu369–377, the specific complexes were detected at
the earliest time point already and declined thereafter to back-
ground levels within 12 h (Fig. 2C). To confirm the cross-
presentation of HER2/neu to CD8C T cells, DCs loaded with
HER2/neu in the different formulations were incubated with
purified autologous CD8C T cells for 7 d. Expansion of pep-
tide-specific CD8C T cells was quantified by flow cytometry
using HER2/neu369–377/HLA-A*0201 dextramers. DCs loaded
with HER2/neu at 5 mg/mL in all NPs formulations showed
similar immunostimulatory capacity (Fig. S5), thus confirm-
ing the data that we had obtained measuring the complexes
HLA-peptide at the DCs surface.

Cross-presentation of HER2/neuinvolves proteases of both
the MHC class I and class II antigen-processing pathways,
and de novoMHC class I biosynthesis

To assess the importance of endosomal processing, the cells
were treated with inhibitors of acidification and endogenous pro-
teases. Chloroquine, a reagent often used to block MHC class II
antigen processing, inhibited cross-presentation of HER2/neu
disregard of whether it was administered in soluble form or
encapsulated in NPs (Fig. 3A). Ammonium chloride as a buffer
and monensin as NaC/HC antiporter are alternative inhibitors of
endosomal acidification, and had the same effect on the cross-
presentation (Data not shown). Impairment of cross-presentation
by inhibition of acidification suggests endosomal processing of
the antigen for cross-presentation. To identify the proteolytic
enzymes involved in the antigen processing, we applied selective
inhibitors for different endosomal proteases. The inhibition of
serine, threonine and cysteine (e.g. cathepsin B) proteases by
leupeptin abolished the cross-presentation of the soluble

Figure 1. Intracellular routing of NPs after uptake by human iDCs. Confocal (A, B) and TEM (C) images of iDCs loaded with chitosan, Silica, PLGA, PEG-
PAGE-PLGA, and Mannose PEG-PAGE-PLGA NPs. Confocal images (A, B) show DCs loaded with NPs (green) and stained with LysoTracker Red (red in A)
for late/acidic endosomes, Alexa fluor 647-stained anti-MHC-I molecules (gray) to indicate plasma membrane and DAPI (blue) for nuclei – or DC-LAMP
(red in B) for late endosomes. NPs inside late/acidic or DC-LAMP-positive compartments appear yellow in the merged images. Confocal micrographs
were taken with a 63x oil objective lens. The TEM images (C) show chitosan and Silica NPs inside vacuole-like structures, whereas PLGA, PEG-PAGE-PLGA,
and Mannose PEG-PAGE-PLGA NPs were inside well-defined vesicular compartments. Red arrows indicate NP localization. All NPs were within mem-
brane-bounded compartments. Scale bar in (C)D 1 mm.
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protein, but had no effect on the cross-presentation of the pro-
tein delivered within NPs (Fig. S6). Inhibition of cathepsin S
with Z-FL-COCHO or Z-FA-FMK effectively inhibited cross-
presentation of HER2/neu delivered in soluble or NP-bound
form suggesting an essential role of this enzyme in the process
(Figs. 3B–C). To test the possible involvement of the classical
MHC class I antigen processing pathway we inhibited the pro-
teasomes by treating the cells with lactacystin, which blocks the
catalytic activity of the b subunits of the proteasome,28,29 or
butabindide oxalate, an inhibitor of the tripeptidyl-peptidase II
(TPP II), a cytosolic protease involved in processing some class
I-restricted Ags.30 Lactacystin significantly reduced cross-pre-
sentation of HER2/neu delivered in all tested formulations

(Fig. 3D). Butabindide oxalate,
on the other hand, had only a
slight effect (Fig. 3E). More-
over, pretreatment of iDCs with
the inhibitor of protein biosyn-
thesis cycloheximide abolished
cross-presentation of HER2/neu
delivered in the NPs but not in
the soluble form (Fig 3F), which
suggests that newly synthesized
MHC class I molecules are
required for cross-presentation
of particulate Ags. Taken
together, these results suggest
that in addition to the MHC
class II also the MHC class I
antigen processing pathway is
involved in antigen cross-
presentation.

Translocation of antigen
from endosomes into the cytosol
does not involve Sec61

Cytosolic processing of exoge-
nous antigen requires its translo-
cation from the endosomes into
the cytosol. Sec61 is involved in
retrotransport of proteins from
the ER into the cytosol and was
suggested to be involved in anti-
gen cross-presentation as well.7

To test the possible involvement
of Sec61 in the cross-presentation
of HER2/neu we treated iDCs
with the Sec61 inhibitor Pseudo-
monas exotoxin A (Exo A) and
observed blockade of the cross-
presentation (Fig. S7). However,
Exo A is also an inhibitor of
protein biosynthesis,31 and we
had shown before (Fig. 3F) that
protein de novo biosynthesis is
required for cross-presentation.

To clarify this issue we followed previous studies, which sug-
gested that Sec61 is recruited from the ER to endosomes/phago-
somes by vesicular transport involving Sec22b,10-12 and looked
for co-localization of Sec22b and Sec61 with the NPs used to
deliver HER2/neu. However, using iDCs loaded with fluorescent
NPs and harvested at different time points after addition of the
particles, and stained with antibodies against Sec22b and Sec61,
we could detect the NPs inside the cells as well as Sec22b- and
Sec61-positive subcellular compartments but no co-localization
of the particles with Sec22b and/or Sec61 (Figs. 4A and B). Like-
wise, TAP, another ER protein proposed to be transported
together with Sec61 to endosomes/phagosomes was not co-local-
ized with the NPs (Fig. 4C). These observations exclude a role of

Figure 2. Kinetics of human DC-mediated cross-presentation of HER2/neu369–377. iDCs were loaded with
1mg/mL (A) or titrated doses of soluble or NP-encapsulated HER2/neu (B) and harvested 24 h post loading for
assessment of the complexes on their surfaces by flow cytometry (A, B). For time course studies, iDCs were
loaded with soluble HER2/neu (50 mg/mL), NP-HER2/neu (5 mg/mL) or soluble HER2/neu369–377 peptide
(50 mg/mL), harvested at different time points between 2 and 96 h, washed, and stained for HLA-A2/HER2/
neu369–377 complexes (C). Panel (A)shows one representative experiment of at least five; in (B) n D 5 and in
(C) n D 3.
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Sec61 in the translocation of the antigen or fragments thereof
from the NP-bearing uptake endosomes/endolysosomes into the
cytosol. They also make it unlikely that other components
directly derived from the ER via vesicular transport are involved
in antigen processing for cross-presentation. However, endoso-
mal trafficking is critical for antigen processing in this context as
primaquine, an inhibitor of endosomal transport that does not
affect endocytosis or vesicular export from ER via Golgi32 abro-
gates cross-presentation. This is obvious from experiments where
iDCs incubated with primaquine prior to addition of HER2/neu
either in soluble form or encapsulated in NPs were stained for
the specific MHC-peptide complexes at the surface of the DC,
and analyzed by flow cytometry (Fig. 5).

Antigen-loading compartment for cross-presentation
To identify the subcellular compartment where the MHC

class I molecule is loaded with the processed antigen for cross-
presentation we used the monoclonal antibody specific for the
complex of the epitope HER2/neu369–377 with the human MHC

class I molecule HLA-A*0201. This antibody stained well-
defined intracellular vesicles of various sizes ranging up to about
1 mm in diameter (Fig. 6). The MHC-peptide complexes were
detectable already after 4 h of incubation with the HER2/neu-
loaded NPs, and roughly increased in numbers over the incuba-
tion period of 24 h. Using the specific MHC-peptide complex as
a marker for the intracellular compartments where the MHC
molecule are loaded with the processed antigen and intracellular
compartments derived from this loading compartment, we inves-
tigated the different pathways that have been suggested to be
implicated in antigen processing for direct or cross-presenta-
tion.33,34 The specific MHC-peptide complexes were not found
in the canonical MHC class I processing pathway as we saw no
co-localization with calnexin or TAP, two proteins of the ER,
nor with TGN38 as marker for the trans-Golgi network (Fig. 6).
Also the various implicated early endosomes (marker: EEA1),
recycling endosomes (markers Rab 11 and CD71), late endo-
somes (markers: Rab 7, cathepsin S, Lysotracker) or storage
endosomes (markers: Rab 14, IRAP) did not contain the specific

Figure 3. Antigen processing pathways for cross-presentation of HER2/neu. iDCs were incubated for 24 h with HER2/neu in the soluble form or encapsu-
lated in NPs. After incubation, cells were harvested and stained for the complexes HLA-A2/HER2/neu369–377 and analyzed by flow cytometry. To investi-
gate the processing mechanisms of cross-presentation, cells were treated with inhibitors 30 min prior to adding the Ag. The inhibitors were: in (A)
chloroquine at 50 mM, for acidification; (B) Z-FL-COCHO at 10 mM and 100 mM, for cathepsin S; (C) Z-FA-FMK at 10 mM and 100 mM for cathepsins B, H,
L, and S; (D) lactacystin at 10 mM and 40 mM for proteasome; (E) butabindide oxalate at 200 mM for tripeptidyl peptidase II; (F) cycloheximide at 5 mg/
mL for protein biosynthesis. In (A) n D 3; (B, C) n D 7; (D) n D 6; (E) n D 3; and (F) n D 4. Error bars D Standard error of the mean, n.s. non-significant,
*P <0.05, **P <0.01 in student’s t-test.
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MHC-peptide complexes, nor the MHC class II compartment
(markers: HLA-DR, HLA-DM, the invariant chain CD74) or
autophagosomes (marker: LC3). In contrast, for antigen process-
ing of HER2/neu as an internal antigen (direct presentation)
expressed by the breast cancer cell line MDA-MB-231 that also
expresses HLA-A*0201 (Fig. S3), the specific HLA-A2/HER2/
neu369–377 complexes were readily detected in the ER colocalized
with calnexin (Fig. S8). Moreover, the presentation of the com-
plexes at the surface of MDA-MB-231 cells was brefeldin A sensi-
tive and primaquine insensitive (Fig. S9), which is compatible
with its origin in the ER and the use of the classical secretory
pathway for its expression at the cell surface. Altogether, these
results exclude all known or proposed antigen-processing path-
ways for cross-presentation of HER2/neu by DCs. Thus, loading
of MHC class I molecules with specific epitopes for cross-presen-
tation of external Ags occurs in a novel subcellular compartment
characterized by the presence of the specific MHC-peptide
complexes.

Discussion

Based on the results of this study, we propose the following
model for cross-presentation of external Ags by DCs. The Ag,
here HER2/neu, is taken up by iDCs and routed into either
strongly acidified (e.g., PLGA-based NPs) or non-acidified

(e.g. Chitosan NPs) endosomes,
where it is fragmented by
cathepsins. The fragments are
exported into the cytosol, further
processed by proteasome, and
the resulting epitopes are trans-
ported into endosomal vesicles
distinct from the uptake com-
partments. In these vesicles they
are loaded onto MHC class I
molecules and transported to the
cell surface for cross-presentation
to cognate CD8C T cells (Fig.
S10). The source of the MHC
class I molecule may vary as the
particulate formulations of
HER2/neu required de novo bio-
synthesized MHC class I mole-
cules, whereas the soluble Ag did
not. The latter is in agreement
with studies with human8 and
murine9 DCs that showed cross-
presentation of soluble antigen
by MHC class I molecules from
the recycling endosomes and not
from the ER.

Our model explains why
endocytosed particulate HER2/
neu and cross-presented HLA-
A2/HER2/neu369–377 complexes

were always in distinct endosomal compartments. Variations in
the initial fate of the antigen, i.e. routing into strongly acidified
endolysosomes or not, does not affect the efficiency of cross-pre-
sentation. Our model postulates the involvement of the proteo-
lytic machineries of the canonical MHC class II and class I
antigen processing pathways, antigen processing and loading of
the epitope onto MHC class I molecules in separate compart-
ments, and the requirement of de novo biosynthesized MHC class
I molecules for cross-presentation of particulate Ags.

This model is in parts consistent with previous models for
antigen cross-presentation but differs from these in important
aspects. Processing of endocytosed Ags in endosomes/phago-
somes by cathepsins for cross-presentation had been reported
earlier.8,15 However, while earlier reports indicated the specific
MHC-peptide complexes in the same processing compart-
ment,8,9,11,15 we found the complexes in well-defined vesicles
but never co-localized with the antigen-bearing NPs or with
cathepsin S, the protease involved in the processing of HER2/
neu. The sensitivity of antigen cross-presentation to proteasome
inhibitors suggests that the antigen fragments are exported into
the cytosol for proteasomal processing. The translocon was pro-
posed to be Sec61, an ER-resident protein, responsible for the
retrotranslocation of misfolded proteins from the ER into the
cytosol.7,35 Treatment of DCs with Pseudomonas aeruginosa Exo
A, an inhibitor of Sec61, indeed abolished cross-presentation of
particulate HER2/neu369–377. However, Exo A also inhibits

Figure 4. Sec22b, Sec61 or TAP in translocation of processed HER2/neu. iDCs were incubated with fluorescent
PLGA NPs (green fluorescence), harvested at the indicated time points, and stained for Sec22b (A), Sec61 (B)
or TAP (C) (red fluorescence), and counterstained with DAPI (blue fluorescence). The cells were examined by
confocal microscopy. Scale bar D 5 mm.
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protein biosynthesis,31 and since we had shown that cross-pre-
sentation of particulate HER2/neu required newly synthesized
MHC molecules, the effect of Exo A could also relate to its
blocking protein biosynthesis. Recent reports suggested recruit-
ment of Sec61 together with other ER-resident proteins such as
TAP and components of the PLC to the endosomes/phago-
somes via Sec22b.10-12 If that was the case in our experiments,
Sec22b, Sec61, and TAP should be present on the membrane
of endosomes containing NPs. However, staining of NP-loaded
DCs for Sec22b, Sec61, and TAP revealed no co-localization of
any of these proteins with the particles. Therefore, Sec61 can be
excluded as the channel through which our Ag is transported
into the cytosol. Alternatively, the other translocons such as ER-
associated degradation machinery (ERAD)-related protein p97/
VCP or Derlin-136 may be considered.

After proteasomal processing, peptides could follow the
canonical MHC class I pathway and enter the ER via TAP to be
loaded onto MHC class I molecules.36 That appears to be
unlikely for HER2/neu, because we did not detect HLA-A2/
HER2/neu369–377 complexes in the ER. For the OVA epitope
OVA257–264 it has been shown that the peptides may be shuttled
back into endosomes/phagosomes via endosomal TAP.9 In this
study TAP was demonstrated in endosomes containing endocy-
tosed OVA as well as H-2Kb/OVA257–264 complexes. Using a
TAP inhibitor linked transferrin, which is delivered specifically
to early/recycling endosomes, the authors saw complete

Figure 5. Endosomal transport in antigen cross-presentation. To investi-
gate whether cross-presentation of HER2/neu involves endosomal trans-
port, cells were treated with primaquine at 50 mM 30 min prior to
adding the NPs. 24 h post loading, cells were harvested and surface-
stained for HLA-A2/HER2/neu369–377 complexes, and analyzed by flow
cytometry. n D 6; *P < 0.05 in student’s t-test.

Figure 6. Cross-presenting compartment. To identify the loading com-
partment for cross-presentation, iDCs were incubated with PLGA-HER2/
neu NPs, harvested at the indicated time points, and stained with the
antibody for HLA-A2/HER2/neu369–377 (red fluorescence) and antibodies
for specific subcellular compartments as indicated (green fluorescence).
Cells were counterstained with DAPI (blue fluorescence) for nuclei visual-
ization and examined by confocal microscopy. Scale bar D 5 mm.
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inhibition of cross-presentation of OVA epitope. In contrast, in
our study the HLA-A2/HER2/neu369–377 complexes and TAP
were localized in distinct compartments, which rules out the con-
tribution of TAP to peptide loading onto MHC class I molecules
for HER2/neu. After proteasomal processing some peptides
require further trimming by aminopeptidases such as the cyto-
solic tri-peptidil peptidase II (TPPII)30 and ER aminopeptidases
(ERAPs).37,38 TPPII may have a slight impact on the presenta-
tion of HER2/neu369–377, as its inhibition caused a slight decrease
in the HLA-A*201/HER2/neu369–377 complexes at the DCs sur-
face. ERAPs however, appear to play no role in the processing of
HER2/neu for cross-presentation, as we found no HLA-A2/
HER2/neu369-377 complexes in the ER. Finally, an insulin-regu-
lated aminopeptidase (IRAP), which is present on Rab14-positive
endosomes, was shown to be recruited to phagosomes and to trim
imported peptides for cross-presentation.39,40 However, in the
case of HER2/neu the lack of co-localization of HLA-A2/HER2/
neu369–377 complexes with IRAP or Rab14 ruled out these path-
ways. Also loading of MHC class I molecules with cross-pre-
sented epitopes in the MHC class II loading compartment
proposed by some authors41-43 seems unlikely because HLA-A2/
HER2/neu369–377 complexes were not found together with HLA-
DR, the chaperon HLA-DM or the invariant chain CD74 in the
same compartment. Likewise, loading of the MHC class I mole-
cules with the HER2/neu epitope in early or recycling endosomes
proposed by other models8,9 could be ruled out because of the
lack of co-localization of the specific MHC peptide complexes
with the respective marker proteins EEA1, CD71 or Rab11.
While we could exclude the previously postulated compartments
as sites for MHC loading with the HER2/neu epitope, the inhibi-
tion of its cross-presentation by primaquine still indicates trans-
port of the complexes by endosomes.

Despite initial routing of different antigen-loaded NPs into
different compartments, the processing pathways for HER2/neu
were the same, and leading to efficient cross-presentation. This is
in contrast to other studies that found correlations between anti-
gen routing and the efficiency of cross-presentation. According
to some reports, antigen for cross-presentation needed to be
routed into non-acidified compartments and acidification pre-
vented or decreased cross-presentation.44,45 We found efficient
cross-presentation in both situations. Three groups reported that
Ags delivered via the mannose receptor were routed into early
endosomes resulting in more efficient cross-presentation.9,44,46

In contrast, we observed that mannose NPs were not routed into
early but rather into acidic endosomes, which did not interfere
with cross-presentation of the epitope HER2/neu369–377. Actu-
ally, our studies showed that some degree of acidification was cru-
cial for the generation of the peptide HER2/neu369–377, which is
compatible with antigen processing by cathepsins that are acti-
vated at low pH. The failure to demonstrate strong acidification
of the uptake compartments for some NPs despite the sensitivity
of cross-presentation of the antigen to inhibitors of acidification
might be due to the low sensitivity of the pH indicator used in
our study. Our findings are in agreement with reports showing
that processing of apoptotic monocytes infected with vaccinia
virus expressing influenza A virus matrix protein (MP) 1 by

human DCs required endosomal acidification and processing by
cathepsins15 or that the generation of certain epitopes from pro-
teins delivered to DCs in soluble form or in nanocarriers required
endosomal acidification.17 The authors of the latter report
showed that inhibition of endosomal acidification via the vacuo-
lar-type H[C]-ATPase protein pump inhibitor ConB abolished
cross-presentation of HLA-A2/NY-ESO-1157–165 and HLA-A2/
Melan-A26–35 epitopes by human DCs loaded with full-length
proteins.17 Other authors have demonstrated that inhibition of
endosomal acidification either improved or had no effect on the
cross-presentation.47-49 These discrepancies indicate that endoso-
mal acidification plays a critical role for some epitopes, but might
be detrimental for others, which may relate to destruction of
some epitopes by proteases active in the different test situations.

Altogether, our findings suggest that different Ags in different
formulations may be processed via different pathways which,
however, converge into the same loading and export path for
cross-presentation. This provides a framework for the rational
design of vaccines meant to induce immunity based on CD8C

effector T cells as is required for therapeutic vaccines for treat-
ment of cancer or vaccines against a number of intracellular infec-
tious, in particular when vector-borne.

Material and Methods

Preparation of NPs and protein loading
The recombinant extracellular domain (ECD) of the human

HER2/neu protein (amino acids 23–652; Accession Number
P04626) was custom-produced by Biomatik (Biomatik, Wil-
mington, DE USA) and encapsulated into Chitosan, PLGA,
PEG-PAGE-PLGA, Mannose-PEG-PAGE-PLGA NPs (PLGA
from Evonik Industries AG, Darmstadt, Germany; PEG-PAGE-
PLGA and Mannose-PEG-PAGE-PLGA were synthesized and
characterized at the FSU Jena, Jena, Germany) as described by
Baleeiro et al., (submitted). Silica NPs were produced as
described elsewhere.50 The recombinant protein and all NP prep-
arations were tested for endotoxin using a commercial limulus
assay (Pierce LAL Chromogenic Endotoxin Quantitation Kit,
Thermo Fisher Scientific, Rockford, IL USA) and proven endo-
toxin-free.

DC generation
DCs were generated in vitro from adherent peripheral blood

mononuclear cells (PBMCs) of healthy donors isolated from leu-
koreduction filters or buffy coats by Ficoll gradient centrifuga-
tion. Adherent cells were cultured in RPMI 1640 GlutaMax
culture medium (Invitrogen, Carlsbad, CA USA) with 10% foe-
tal calf serum (FCS; Biochrom AG, Germany), recombinant
human GM-CSF (50 ng/mL, Genzyme, Cambridge, MA USA),
and IL-4 (50 ng/mL, PromoCell GmbH, Germany) added on
day 0 and 4. After 5 d culture at 37�C in humidized atmosphere
with 8% CO2 fluorochrome-labeled empty NPs or HER2/neu-
loaded NPs were added, and the culture continued. The cells
were harvested at different time points for transmission electron
microscopy (TEM) and laser scanning confocal microscopy
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(LSCM). Where inhibitors were used, day-5 DCs were incubated
for 30 min at 37�C with the respective inhibitor before adding
soluble or NP-loaded HER2/neu. The inhibitors were chloro-
quine at 50 mM, lactacystin at 10 mM and 40 mM, leupeptin at
100 mM, Pseudomonas Exo A at 2 and 10 mg/mL (all Sigma-
Aldrich, Steinheim, Germany), Z-FL-COCHO at 10 mM and
100 mM, cycloheximide at 5 mg/mL, and primaquine at 50 mM
(all Calbiochem, Darmstadt, Germany), butabindide oxalate at
200 mM (Tocris Bioscience, Bristol, UK), and Z-FA-FMK
(R&D Systems, Minneapolis, MN USA) at 10 mM and
100 mM. Cells were harvested on day 6 for flow cytometry. The
use of human cells for the reported study was reviewed and
approved by the institutional ethics committee of the Charit�e –
Universit€atsmedizin Berlin (EA1/148/08).

Cell lines
Human breast adenocarcinoma cell lines BT20, MDA-MB-

231, and SKBR-3, and the human melanoma ChaMel84 and
human TAP-deficient T2 cell line were cultured in RPMI-1640
medium with 10% heat-inactivated FCS, 100 U/mL penicillin
and 0.1 mg/mL streptomycin. Human colon adenocarcinoma
Caco-2 cells were cultured in minimum essential media (MEM)
with 10% FCS, 1mM pyruvic acid, 0.1 mM non-essential amino
acids (NEAA), 100 U/mL penicillin and 0.1 mg/mL
streptomycin.

Loading of T2 cells with peptides
T2 cells were washed twice with RPMI 1640 medium and

incubated with the peptides HER2/neu85–94 (LIAHNQVRQV),
HER2/neu369–377 (KIFGSLAFL), HER2/neu435–443 (ILHN-
GAYSL), Flu M158–66 (GILGFVFTL), and CMV pp65495–503
(NLVPMVATV) (all EMC microcollections GmbH, T€ubingen,
Germany) at the indicated concentrations for 4 h at 37�C. Then,
the cells were washed with PBS to remove free peptides and kept
at 4�C until analysis.

CD8C T cells expansion assay
CD8C T lymphocytes were isolated from PBMCs by magne-

tosorting through positive selection using a commercial kit (Invi-
trogen, Carlsbad, CA USA) following the manufacturer’s
instruction. Sorted CD8C cells were washed twice in PBS and
cultured together with autologous HER2/neu-loaded DCs in 96-
well plates of 2 £ 104 DCs with 2 £ 105 T lymphocytes for 7 d.
On day 3 of the co-culture, cells were supplemented with 50 U/
mL IL-2 (Novartis, Nuernberg, Germany). Then, cells were har-
vested and analyzed by flow cytometry.

Flow Cytometry
To examine the presentation of HLA-A*0201/HER2/neu369–377

complexes by DCs, cell suspensions were labeled with the mouse
IgG1 monoclonal antibody against HLA-A*0201/HER2/neu369–
377 (clone RL1S; Pure Protein LLC, Oklahoma City, OK USA)
and incubated for 25 min, followed by staining with FITC-
labeled goat anti-mouse IgG1 (BD Bioscience, Chicago, IL
USA) or Alexa Fluor 647-labeled rabbit anti-mouse IgG (Invitro-
gen, Carlsbad, CA USA) for another 30 min. The tumor cell

lines BT20, MDA-MB-231, SKBR-3, ChaMel84, and peptide-
pulsed TAP-deficient T2 cell line were stained with fluoro-
chrome-labeled mouse IgG2b against HLA-A2 or mouse IgG1
against HER2/neu (all BioLegend, San Diego, CA USA) – or
purified mouse IgG1 antibody against HLA-A*201/HER2/
neu 369–377 complexes followed by staining with FITC-labeled
goat anti-mouse IgG1 (BD Bioscience, Chicago, IL USA). For
assessment of HER2/neu369–377-specific T lymphocytes, cells
from the co-cultures (CD8C T cells C DCs) were stained with
fluorochrome-labeled antibody for CD8C (BioLegend, San
Diego, CA USA) and HLA-A*0201/HER2/neu 369–377 dex-
tramers (Immudex, Copenhagen, Denmark). Expansion of the
specific CD8C T cells was determined by flow cytometry after
incubation of these cells with DCs loaded with HER2/neu in dif-
ferent formulations. Stained cells were analyzed with a FACS
Calibur flow cytometer (Becton Dickinson, San Jose, California),
and data were processed using the CellQuest software (Becton
Dickinson, San Jose, CA USA) or WinMDi (Purdue University,
USA; www.purdue.edu).

Transmission Electron Microscopy (TEM)
DCs loaded with NPs were fixed with 2.5% glutaraldehyde in

cacodylate buffer pH 7.5, followed by 100 mm cacodylate buffer
with 2% osmium tetroxide at pH 7.5 and 4�C. The samples
were washed thrice with buffer, dehydrated in increasing alcohol
series and embedded in glycid ether 100 resin. Sections of about
70 nm (ultrathin sections) were prepared with a Leica Ultracut S
and contrasted for observation with a Zeiss EM906 TEM.

Laser Scanning Confocal Microscopy (LSCM)
The kinetics of routing of NPs into early and late/acidic endo-

somes was examined by LSCM. DCs loaded with fluorochrome-
labeled NPs were harvested at different time points and fixed for
20 min with 4% paraformaldehyde in PBS followed by permea-
bilization with 0.2% Triton X-100 in PBS for 10 min. Fixed and
permeabilized cells were incubated for 45 min with 2% BSA in
PBS to block non-specific binding, and stained for 1 h with a
monoclonal mouse IgG1 antibody against human EEA1 (Santa
Cruz Biotechnology, Santa Cruz, CA USA), mouse IgG1 against
human DC-LAMP (Immunotech, Marseille, France), mouse
IgG against human Sec22b, mouse IgG against human Sec61, or
rabbit IgG against human TAP1 (All from Santa Cruz Biotech-
nology, Santa Cruz, CA USA) followed by 45 min with Alexa
fluor 647 labeled rabbit anti-mouse or goat anti-rabbit secondary
antibody (Invitrogen, Carlsbad, CA USA). To analyze the rout-
ing of NPs into acidic endosomes, unfixed NPs-loaded DCs were
incubated for 30 min with 50–100 nm LysoTracker Red DND-
99 (Invitrogen, Carlsbad, CA USA), then fixed with 4% parafor-
maldehyde for 20 min and stained with Alexa Fluor 647-labeled
anti-HLA-A,B,C (BioLegend, San Diego, CA USA) for 25 min
at 4�C. Cells were counterstained with 40,6-Diamidino-2-Phe-
nylindole, Dihydrochloride (DAPI; Roche Diagnostics GmbH,
Mannheim, Germany) for nuclei visualization. To examine intra-
cellular HLA-A*0201/HER2/neu369–377 complexes and their
co-localization with intracellular marker, DCs loaded with
HER2/neu bearing NPs were harvested, fixed and permeabilized
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as described above. Then, cells were stained with mouse IgG1
against HLA-A*201/HER2/neu369–377 complexes and rabbit IgG
against calnexin, cathepsin S, CD71, CD74, EEA1, IRAP, LC3,
Rab7, Rab11, Rab14, TAP1, or TGN38 (all Santa Cruz Biotech-
nology, Santa Cruz, CA USA), and HLA-DM and HLA-DR (all
AbCam, Cambridge, UK). Alexa Fluor 488-labeled goat IgG
anti-rabbit IgG and Alexa Fluor 594-labeled goat IgG anti-mouse
IgG were used as secondary antibodies. Cells were then mounted
on slides in Fluoromount-G (SouthernBiotech) and covered with
coverslips. The intracellular localization and routing of the NPs
was analyzed by LSCM (Leica TCS SP2). The images were proc-
essed with the Leica Confocal Software Version 2.5 Build 1227.

Statistical analysis
The statistical analyses were done with the Graphpad Software

Prism 2.01 for Windows (GraphPad Software, La Jolla CA). Kol-
mogorov–Smirnov tests were used to check the data for normal
distribution. Results from the independent experimental groups
were compared by two-tailed student�s t-test. Differences were
considered significant when P � 0.05.
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