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INTRODUCTION

Dendritic cells (DCs) are specialized antigen- presenting cells 
due to their exclusive ability to cross- present tumour anti-
gens to initiate CD8+ T- cell response [1– 3]. DCs scan the 
peripheral tissue and take up antigens they encounter through 

receptors, such as Fcγ receptors (FcγRs) and C- type lectin 
receptors (CLRs). Upon antigen internalization and DC acti-
vation, DCs migrate towards the draining lymph node where 
they can present antigens to T cells. Two main intracellular 
pathways for antigen cross- presentation in DCs have been 
proposed: the vacuolar and the cytosolic pathways. Antigen 
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Abstract
An exclusive feature of dendritic cells (DCs) is their capacity to present exogenous anti-
gens by MHC class I molecules, called cross- presentation. Here, we show that protein an-
tigen can be conserved in mature murine DCs for several days in a lysosome- like storage 
compartment, distinct from MHC class II and early endosomal compartments, as an inter-
nal source for the supply of MHC class I ligands. Using two different uptake routes via Fcγ 
receptors and C- type lectin receptors, we could show that antigens were routed towards 
the same endolysosomal compartments after 48 h. The antigen- containing compartments 
lacked co- expression of molecules involved in MHC class I processing and presentation 
including TAP and proteasome subunits as shown by single- cell imaging flow cytometry. 
Moreover, we observed the absence of cathepsin S but selective co- localization of active 
cathepsin X with protein antigen in the storage compartments. This indicates cathepsin 
S- independent antigen degradation and a novel but yet undefined role for cathepsin X 
in antigen processing and cross- presentation by DCs. In summary, our data suggest that 
these antigen- containing compartments in DCs can conserve protein antigens from dif-
ferent uptake routes and contribute to long- lasting antigen cross- presentation.
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processing through the vacuolar pathway is mainly depen-
dent on antigen degradation in endosomes, probably by pro-
teases such as cathepsin S, but independent of transporter 
associated with antigen processing (TAP) and the protea-
some [4]. Thus, antigen processing and loading on MHCI 
probably occur in endocytic compartments. In the cytosolic 
pathway, exogenous antigens in endosomal vesicles are trans-
ported in the cell cytosol and degraded by the proteasome. 
The peptides that are generated by the proteasome are then 
transported by TAP to the endoplasmic reticulum (ER) where 
they are loaded on MHCI molecules [5– 7]. In addition, it has 
been shown that some proteasome- generated peptides can be 
transported back into endocytic compartments where they 
are trimmed by insulin regulated aminopeptidase (IRAP) and 
directly loaded on MHCI molecules [8].

We have previously reported that protein antigen can be 
stored in DCs for several days, which facilitates prolonged 
cytotoxic T- lymphocyte (CTL) cross- priming capacity [9, 
10]. Moreover, we have shown that DCs in vivo can store 
antigen up to a week, which contributes to sustained anti-
gen cross- presentation to T cells in vivo and ex vivo [11]. 
Both cDC1 and cDC2 subsets contribute to prolonged anti-
gen presentation capacity in MHC class I (cDC1) and MHC 
class II and I (cDC2) in vivo. Furthermore, we have shown 
that autophagy can regulate long- term cross- presentation by 
degrading antigen stored in DCs [12]. Sustaining antigen 
cross- presentation capacity is important since it may take up 
to a few days for DCs to migrate from the infection site to 
the lymph nodes to encounter T cells. Moreover, the turn-
over rate of surface MHCI molecules is shorter compared 
to MHCII, most MHCI– peptide complexes disappear from 
the cell surface within 24 h [9]. Therefore, prolonged antigen 
storage in DCs and sustained supply of newly synthesized 
MHCI– peptide complexes is beneficial to ensure efficient T- 
cell cross- priming [13].

Here, we analysed the routing of antigens targeted to 
FcγRs and C- type lectin receptor MGL1. Our results re-
vealed that protein antigens targeted to FcγRs or MGL1 end 
up in the same storage compartment. We characterized the 
compartments where antigen is stored in DCs by using im-
munofluorescent staining of several proteins related to the 
endosomal trafficking and antigen processing pathways. The 
antigen- containing compartments are LAMP1 positive, dis-
tinct from early endosomal or MHCI/ MHCII loading com-
partments. Moreover, the lack of cathepsin S indicates that 
this cathepsin is not involved in antigen degradation in these 
storage compartments. Interestingly, the increased presence 
of cathepsin X in the storage compartments in time suggests 
there might be a distinct but yet unidentified function of 
cathepsin X in DCs. Our data show that DC can conserve 
antigens derived from different uptake routes, which suggests 
a common role of these compartments in sustaining antigen 
cross- presentation.

MATERIALS AND METHODS

Cells

Bone marrow- derived dendritic cells (BMDCs) from 
C57BL/6 mice were generated in the presence of 30% R1 
supernatant from NIH3T3 fibroblasts transfected with GM- 
CSF for 10 days. The D1 dendritic cells, a long- term growth 
factor- dependent immature splenic DC line derived from 
C57BL/6 (BL/6) mice, were kindly provided by P. Ricciardi- 
Castagnoli (University of Milano- Bicocca, Italy) and cul-
tured as described [14]. CD8+ T cells (CD8+/ CD45.1+) 
were purified (Mouse CD8 T Lymphocyte Enrichment Set, 
BD Biosciences) from the spleen of OTI mice (CD8+ T cell 
transgenic mice expressing a TCR recognizing the OVA- 
derived Kb presented epitope SIINFEKL) that were bred and 
kept at the LUMC animal facility under SPF conditions. B3Z 
is a CD8+ T- cell hybridoma specific for SIINFEKL- H2- Kb 
MHCI molecules and expresses LacZ upon activation.

DC antigen presentation

OVA- IgG immune complexes (OVA IC) were formed by 
incubating 0.25  µg/ml OVA (native protein, Worthington 
Biochemical and 75 µg/ml anti- OVA IgG (rabbit polyclonal, 
LSBio) for 30 min at 37°C. Immature D1 DCs were incu-
bated with OVA IC or 16  µg/ml OVA- LeX [10] for 2  h, 
extensively washed with culture medium and chased for 
the indicated periods. CFSE labelled purified CD8+ T cells 
(CD8+/ CD45.1+) from OTI mice were added, and T- cell 
proliferation was measured 3 days later by flow cytometry.

Confocal microscopy

OVA- IgG immune complexes (OVA IC) were formed by in-
cubating 1 µg/ml OVA (Alex Fluor 488 or 647 conjugated; 
Life Technologies) and 300  µg/ml anti- OVA IgG (rabbit 
polyclonal, LSBio) for 30 min at 37°C. BMDCs were incu-
bated with OVA IC (Alexa Fluor 488, or 647 conjugated) or 
OVA- LeX (DyLight 488) for the indicated time points. Cells 
were washed and transferred to glass bottom dishes (MatTek 
Corporation, Ashland, USA), fixed with 4% formaldehyde 
(Merck) and permeabilized with 0.5% saponin. Cells were 
then incubated with one of the following primary antibodies: 
goat anti- EEA- 1 (C- 15, Santa Cruz Biotechnology), LAMP- 1 
(CD107a, Alexa Fluor 647, BioLegend), mouse anti- Rab5 
(D11, Santa Cruz Biotechnology), mouse anti- Rab7 (Rab7- 
117, Sigma- Aldrich), rat anti- MHCI ((H- 2Db, ER- HR 52, 
Abcam), rat anti- MHCII (I- A/I- E, M5/114.15.2, BioLegend), 
goat anti- TAP1 (B- 8, Santa Cruz Biotechnology) and 
goat anti- PA28β (L- 19, Santa Cruz Biotechnology). The 
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following secondary antibodies were used: goat anti- mouse 
IgG (H + L) Alexa Fluor 647, rabbit anti- goat IgG (H + L) 
Alexa Fluor 647 and donkey anti- rat IgG (H  +  L) Alexa 
Fluor 647 (all from Thermo Fisher Scientific). For the cath-
epsin experiments, BMDCS were incubated with OVA IC 
(Alexa Fluor 488) for the indicated time points. Cells were 
fixed and permeabilized as described before and then incu-
bated for 30 min with 1 µM cysteine cathepsin activity- based 
probe BMV109 [15]. The cathepsin probe covalently reacts 
with the active site of Cathepsin X, B, S and L. Once the 
probe binds to the target enzyme, the quencher is removed 
and the probe emits the fluorophore Cy5. Co- staining was 
performed with the following primary antibodies: mouse 
anti- cathepsin S (E- 3, Santa Cruz Biotechnology) and poly-
clonal goat anti- cathepsin X/Z/P (R&D systems). The fol-
lowing secondary antibodies were used: goat anti- mouse IgG 
A568 (H + L, Thermo Fisher Scientific) and rabbit anti- goat 
A568 (H + L, Thermo Fisher). The cells were imaged using 
Leica SP5 STED confocal microscope with a 63× objective 
lens. Differential interference contrast (DIC) was addition-
ally used to image cell contrast. Images were acquired in 10x 
magnification and processed with ImageJ software.

Imaging flow cytometry

BMDCs were incubated with OVA IC (Alexa Fluor 647) for 
the indicated time points, fixed with 4% formaldehyde (Merck) 
and permeabilized with 0.5% Saponin. Cells were stained with 
primary antibodies as described under the confocal microscopy 
section and subsequently stained with the following secondary 
antibodies: goat anti- mouse IgG F(ab’)2 Alexa Fluor 488, don-
key anti- rat IgG (H + L) Alexa Fluor 488 (both from Thermo 
Fisher Scientific) and rabbit anti- goat IgG Cy3 (Jackson 
ImmunoResearch). Cells were acquired on an ImageStream 
X100 (Amnis) imaging flow cytometer. A minimum of 15000 
cells was measured per sample at a flow rate ranging between 
50 and 100 cells/s at 60× magnification, and the analysis was 
performed using the IDEAS v6.1 software (Amnis). Cells were 
first gated based on the Gradient RMS (brightfield) feature 
and then further gated based on area vs aspect ratio intensity 
(both on brightfield). The first gating identified the cells, which 
appeared in focus (Figure S2A), while the second gating ex-
cluded doublets and other cells than BMDCs (Figure S2B). Co- 
localization between OVA IC and the markers was calculated 
on double positive cells (Figure S2C) using the bright detail co- 
localization feature (Figure S2D) as reported elsewhere [16].

Electron microscopy

BMDCs were pulsed with OVA IC (Alexa Fluor 488) for 
15  min or pulsed for 2  h and chased for 48  h. Cells were 

fixed for 2 h in PHEM buffer containing 2% paraformalde-
hyde and 0.2% glutaraldehyde. The cells were rinsed in PBS 
and pelleted in pre- warmed PBS containing 12% gelatin. The 
cell pellet was prepared for cryo sectioning and immunogold 
labelling as described elsewhere [17]. Briefly, small blocks 
were cut form the cold cell pellet, which were infiltrated in 
2.3 M sucrose in phosphate buffer for 3 h. The cryo- protected 
samples were mounted on an aluminium pin, plunged in 
liquid nitrogen and sectioned with a cryo ultramicrotome 
(Leica, Vienna) using a diamond knife (Diatome, Biel). 
Ultra- thin sections (70 nm) were attached to a formvar and 
carbon- coated copper EM grid and labelled with anti- Alexa 
488 antibody (Invitrogen) and protein A gold (10 nm, CMC, 
Utrecht) and embedded in 2% methylcellulose in water con-
taining 0.6% uranyl acetate and subsequently air- dried. The 
sections were imaged in a Tecnai 12 transmission electron 
microscope (Thermo Fisher) operating at 120 kV equipped 
with a 4K Eagle camera (Thermo Fisher).

Fluorescent SDS- PAGE

BMDCs were left untreated or were incubated with OVA 
IC for 24 and 48  h. Residual immune complexes were re-
moved by washing with culture medium. Antigen- presenting 
cell subsets (macrophages, cDC1, cDC2 and pDC) were 
isolated from spleens of C57BL/6 mice and sorted on BD 
FACSAria II SORP (BD Biosciences) based on markers 
CD11b, CD11c, CD8α, Ly6C, B220 and F4/80 as described 
earlier [11]. Subsequently, cells were incubated with 1 µM 
quenched activity- based probe BMV109 for 1  h at 37°C. 
After washing with PBS, total cell lysates were prepared and 
proteins were separated by SDS- PAGE (200.000 cells/lane) 
on a 15% polyacrylamide gel. Cy5- labelled cathepsins were 
measured directly in the gel with the Typhoon Imager.

RESULTS

Storage of antigen– antibody complexes in 
dendritic cells for prolonged T- cell activation

We have studied the uptake kinetics before of OVA bound 
to OVA- specific IgG antibodies (OVA immune complexes, 
OVA IC) and showed that the uptake of OVA IC is a 1000- 
fold more efficient than soluble OVA [9]. Moreover, we 
could show that antibody- bound antigen is conserved in 
DCs for several days, whereas soluble OVA is not detecta-
ble anymore after one day [9]. In order to study the kinetics 
of antigen cross- presentation, DCs were pulsed with OVA 
IC for 2 h and chased for 2, 24, 48 or 72 h. Antigen- specific 
T- cell activation was detected already after 2 h and T- cell 
proliferation remained high in time (Figure 1a). DCs that 
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were chased for 72 h were still able to induce ~90% T- cell 
proliferation (Figure 1a).

We further characterized internal antigen storage sources 
with the use of fluorescently labelled OVA IC. Large 
amounts of OVA IC were already taken up by DCs after only 
15- min pulse, visualized by confocal microscopy (Figure 1b, 
left panel). Interestingly, DCs that were pulsed with OVA IC 

for 2 h, washed and chased for 48 h still contain extensive 
amounts of OVA IC (Figure 1b, right panel). These OVA IC 
are located perinuclear in a condensed fashion. More detailed 
visualization of the uptake of OVA IC was done by 10- nm 
gold particle labelling for electron microscopy. After 15 min 
OVA IC pulse in DCs, many gold beads were detected in 
cloud shaped compartments (Figure 1c, left). Strikingly, 48 h 

F I G U R E  1  Antigen storage in dendritic cells. DCs were pulsed with OVA IC for 2 h, washed and chased for 2, 24, 48 or 72 h. CFSE- labelled 
CD8+ OTI T cells were added, and T- cell proliferation was analysed by flow cytometry (a). DCs were pulsed with OVA IC (Alexa Fluor 488) 
for 15 min (b, left panel) or pulsed with OVA IC for 2 h and chased for 48 h (b, right panel). OVA IC uptake and presence in DCs were imaged 
by confocal microscopy, and differential interference contrast (DIC) was additionally used to image cell contrast. Immuno- electron microscopy 
images of DCs after 15- min OVA IC (Alexa Fluor 488) pulse (c, left) and DCs pulsed with OVA IC for 2 h and chased for 48 h (c, right). Sections 
were labelled with immunogold for Alexa488 with 10- nm gold particle size. EE = early endosome, M = mitochondria, AS = antigen storage 
compartment, NC = nucleus
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after pulse- loading DCs with OVA IC, large spherical struc-
tures filled with gold beads were visualized near the nucleus 
(Figure 1c, right). These results confirmed once more that 
antigen can be stored in DCs for several days in compart-
ments proportionate to endosomal structures.

Antigen– antibody complexes are stored 
in LAMP1 positive compartments in 
dendritic cells

We further characterized the storage compartments by per-
forming co- staining with antibodies against several members 
of the endosomal trafficking pathways with confocal micros-
copy. After the initial 15- min uptake of OVA IC by DCs, 
OVA IC were taken up in EEA1-  and Rab5- positive com-
partments (Figure 2, Figure S1). However, after 2- h pulse 
and 48- h chase, OVA IC were not found in EEA1 or Rab5 
compartments. Rab7, which is a marker for more matured 
endosomes, did not show any co- localization with OVA IC 
after 15  min or 48  h. The lysosomal marker LAMP1 was 
spread out through the cell cytosol after 15 min, and no co- 
localization was found with OVA IC. However, a clear peri-
nuclear reorganization of LAMP1 was detected after 48  h 
and co- localization with OVA IC was observed. MHCI and 
MHCII positive compartments in the cell cytosol were de-
tected at 15- min time point, and co- localization with OVA 
IC was observed (Figure 2, Figure S1). As described before, 
targeting FcγRs on DCs with OVA IC induced strong DC 
maturation, including an increased expression of MHCI and 
MHCII [9]. Indeed, 48 h after antigen pulse, most MHCI and 
MHCII were detected on the cell surface, and not co- localizing 
anymore with OVA IC (Figure 2, Figure S1). Since we have 
shown before that antigens from the storage compartments 
are cross- presented in a TAP-  and proteasome- dependent 
pathway [9], antibody staining for TAP1 and PA28β was per-
formed. The proteasome activator PA28β subunit is known 
to be strongly upregulated in maturing dendritic cells [18]. 
However, neither TAP1 nor PA28β co- localized with OVA 
IC at any measured time point (Figure 2, Figure S1).

In order to follow the co- localization kinetics of OVA 
IC after uptake by DCs, we used imaging flow cytometry, a 
method that allows high- throughput image analysis of cells 
in flow with near- confocal resolution to analyse intracellular 
routing of fluorescently labelled OVA IC (Figure S2). OVA 
IC enters EEA1- positive compartments after DC uptake, but 
the co- localization score decreased swiftly within 15  min 
(Figure 3). One hour after the initial antigen pulse, most OVA 
IC were not present in EEA1 positive compartments. Similar 
kinetics was observed for Rab5, OVA IC enters Rab5- positive 
compartments, but after 1 h, the co- localization score between 
Rab5 and OVA IC had diminished. In line with the confocal 
analysis, Rab7 did not show any remarkable co- localization 

with OVA IC, although a slight increase could be observed 
after 48 h. OVA IC was strongly co- localizing with LAMP1 
after 24 and 48  h, confirming our previous confocal data. 
MHCI and MHCII co- localized with OVA IC at early time 
points (10 min, 1  h), but the co- localization score was de-
creased after 24 and 48  h. The co- localization kinetics for 
both TAP1 and PA28β with OVA IC did not change in time.

Taken together, we observed that OVA IC enter the early 
endosomal pathway after uptake by DCs. Besides, OVA IC 
are present in endosomal compartments that contain MHCI 
and MHCII at early time points. However, at later time points 
(24 and 48 h), OVA IC are stored in LAMP1- positive com-
partments, distinct from early endosomal and MHCII loading 
compartments. Since TAP1 and PA28β were not detected in 
the antigen storage compartments, but shown before to be 
crucial in antigen processing and cross- presentation [9, 18], 
this suggests that antigen is translocated from the compart-
ments into the cell cytosol for further processing.

Antigen storage compartments contain 
cathepsin X but no cathepsin S

Since the antigen- containing compartments can be charac-
terized as lysosomal- like compartments, we investigated 
the role of lysosomal proteases, such as cysteine cathepsins. 
The role of cathepsin S in antigen degradation has been de-
scribed for the vacuolar pathway in DC cross- presentation 
[4]. Whether cysteine cathepsins play a role in endosome- to- 
cytosol pathway is not excluded. Therefore, we investigated 
the presence of proteolytically active cysteine cathepsins in 
antigen- containing compartments in DCs with the use of the 
cysteine cathepsin quenched activity- based probe (qABP) 
BMV109 [15]. This intrinsically dark qABP reacts with ac-
tive cathepsin X, B, S and L to yield a fluorescent Cy5 con-
jugate. Lysates of naïve DCs exposed to 1 µM BMV109 for 
1 h were run on 15% PAGE gel and scanned for Cy5 fluores-
cence to show the presence of active cathepsin X, B, S and L, 
with cathepsin S being the most dominantly labelled (Figure 
4a, left lane). Interestingly, after 2- h OVA IC pulse and 24- h 
chase, the amount of cathepsin X was increased compared 
to immature DCs (Figure 4a, right lane). We continued to 
investigate cathepsin S and X with the use of confocal mi-
croscopy to analyse their presence in the antigen- positive 
compartments. BMV109  labelling showed partial co- 
localization with antibody- stained cathepsin S in naïve DCs 
(Figure 4b, Figure S3A). DCs that were pulsed with fluores-
cently labelled OVA IC for 30 min revealed co- localization 
of OVA IC with BMV109 labelling, but not with cathepsin 
S (Figure 4b, Figure S3A). After 2- h OVA IC pulse and 24- h 
chase, co- localization between OVA IC and BMV109 label-
ling was more distinct, but no co- localization was observed 
with cathepsin S (Figure 4b, Figure S3A). A more detailed 
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kinetic experiment following co- localization of OVA IC with 
cysteine cathepsin activity and cathepsin X in time revealed 
that BMV109 labelling and cathepsin X were distributed in 
the cell cytosol in naïve DCs, but became more clustered 
to a central location 3  h after OVA IC uptake (Figure 4c, 
Figure S3B). Moreover, after 30- min, 1- h or 2- h OVA IC 
pulse, OVA IC were co- localizing with BMV109 fluores-
cence but not with cathepsin X (Figure 4c, Figure S3B). After 
3- h OVA IC pulse, co- localization between OVA IC and 

BMV109 labelling, and partial co- localization between OVA 
IC with cathepsin X was observed. When DCs were pulse- 
loaded with OVA IC for 2 h and chased for 24 h, both the 
BMV109 fluorescence and cathepsin X were co- localizing 
with OVA IC (Figure 4c, Figure S3B). These results indicate 
that the antigen storage compartments in DCs contain cath-
epsin X and possibly other yet unidentified cathepsins, such 
as cathepsins B or L. We further investigated the presence 
of Cathepsin X in DCs in vivo, and we observed differences 

F I G U R E  2  Characterization of the antigen storage compartments in DCs upon FcγR targeting. DCs were pulsed with OVA IC (Alexa Fluor 
488, green) for 15 min or pulsed with OVA IC for 2 h and chased for 48 h. OVA IC presence in DCs was imaged by confocal microscopy, and 
DIC was used to image cell contrast. Specific antibodies against EEA1, Rab5, Rab7, LAMP1, MHCI, MHCII, TAP1 and PA28β (red) were used 
and analysed for co- localization with OVA IC. Co- localization between OVA IC and the antibodies is summarized in a table, ‘+’ indicates co- 
localization, ‘- ’ indicates no co- localization

OVA IC

15min

OVA IC

48h

LAMP1Rab5 Rab7EEA1

TAP1MHCI MHCII

OVA IC

15min

OVA IC

48h

PA28β

Co-localization EEA1 Rab5 Rab7 LAMP1 MHCI MHCII TAP1 PA28β

OVA IC 15min + + - - + + - -

OVA IC 48h - - - + - - - -
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in expression levels in antigen- presenting cell subsets sorted 
from C57BL/6 spleens (Figure S3C). Remarkable is that 
CD8α+ DCs, generally known as the most potent antigen 
cross- presenting subset [11, 19– 21], expressed the highest 
levels of active cathepsin X.

Antigen targeted to MGL1 is stored in 
LAMP1- positive compartments in DCs

We extended our antigen uptake studies by specific targeting 
to C- type lectin receptor MGL1. LeX is a carbohydrate ligand 
of the MGL1 receptor. Conjugation of LeX to OVA alters 
its routing from mannose receptor to MGL1 receptor, which 
results in prolonged cross- presentation to CD8+ T cells [10]. 
We pulsed DCs with OVA- LeX for 2 h and chased for 2, 24, 48 
or 72 h. Similar to OVA IC, OVA- LeX showed sustained an-
tigen cross- presentation to T cells, even after 72 h pulse, DCs 
were able to induce ~75% T- cell proliferation (Figure 5a). 
To characterize the routing of the antigen, DCs were pulsed 
with fluorescently labelled OVA- LeX for 15 min or pulsed 
for 2 h and chased for 48 h. Co- staining between OVA- LeX 
and several members of the endosomal trafficking and pro-
cessing pathways was performed and analysed by confocal 

microscopy. After 15- min pulse, OVA- LeX was distributed 
through the cell cytosol and co- localization with EEA1 and 
partially with Rab5 was observed (Figure 5b, Figure S4). 
After 48 h, OVA- LeX was redistributed in a more compact 
manner located near the nucleus and not co- localizing with 
either EEA1 or Rab5. No co- localization between OVA- LeX 
and Rab7 was observed at the measured time points (Figure 
5b, Figure S4). Since we observed co- localization of OVA 
IC with LAMP1 after 48 h, one could speculate that OVA- 
LeX also ends up in similar LAMP1- positive compartments. 
Indeed, we observed an overlap of OVA- LeX with LAMP1 
after 48  h, whereas no co- localization was observed after 
15- min antigen pulse (Figure 5b, Figure S4). Interestingly, 
OVA- LeX was present in intracellular MHCI-  and MHCII- 
positive compartments during the early stage of antigen 
uptake, but after 48- h chase both MHCI and MHCII were 
mainly expressed on the cell surface and not co- localizing 
with OVA- LeX (Figure 5b, Figure S4). Both TAP1 and 
PA28β did not co- localize with OVA- LeX regardless of the 
measured time points (Figure 5b, Figure S4). These results 
indicate that OVA- LeX is following a similar uptake route as 
FcγR- targeted OVA IC and both receptor- mediated target-
ing routes towards the same LAMP1- positive endolysosomal 
compartments.

F I G U R E  3  Characterization of the 
antigen storage compartments in DCs 
with imaging flow cytometry. DCs were 
pulsed with OVA IC (Alexa Fluor 647 
labelled OVA) for 1, 2, 5, 10, 15 min or 1 h 
(different for each antibody), and pulsed 
for 2 h and chased for 24 and 48 h. Co- 
localization between OVA IC and EEA1, 
Rab5, Rab7, LAMP1, MHCI, MHCII, TAP1 
and PA28β was analysed by imaging flow 
cytometry
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Antigen uptake by FcγRs and MGL1 routes the 
antigen to the same storage compartments

To investigate the intracellular fate of antigen taken up by dif-
ferent DC uptake receptors, we investigated antigen targeting 
via FcγRs and the C- type lectin receptor MGL1, simultane-
ously. Here, we pulsed DCs with fluorescently labelled OVA 
IC and OVA- LeX and followed the antigen in time. Fifteen 
minutes after antigen pulse, great amounts of both OVA IC 
and OVA- LeX were already taken up by DCs (Figure 6). 
Punctuated hotspots of OVA IC and OVA- LeX were spread 
through the cell cytosol and showed partial co- localization. 
After 1  h, OVA IC and OVA- LeX were more compactly 

distributed in the cell cytosol compared to 15 min, still show-
ing partial co- localization (Figure 6). More strikingly, after 
2- h pulse loading DCs and 24- h or 48- h chase, both OVA 
IC and OVA- LeX appeared as concentrated hotspots near the 
nucleus of DCs (Figure 6). Co- localization analysis showed 
complete overlap of both OVA IC and OVA- LeX, indicating 
the antigens were present in the same compartments (Figure 
6). Moreover, even subsequently internalized antigens were 
targeted to the same compartments in DCs. DCs that were 
first pulse- loaded with OVA IC for 24  h followed by 2  h 
OVA- LeX,or the other way around, showed co- localization 
of both antigens even when internalized 24 h later (Figure 
S5). These results demonstrate that targeting antigen to DCs 

F I G U R E  4  The presence of cathepsins in the antigen storage compartments in DCs. Naïve DCs or DCs pulsed with OVA IC for 2 h and 
chased for 24 h were run on a 15% PAGE gel. Quenched activity- based probe BMV109 was used to stain active cathepsin X, B, S and L, indicated 
by arrows (a). Co- localization between BMV109 (red) and specific antibody against cathepsin S (blue) was analysed in naïve DCs with confocal 
microscopy. DCs were pulsed with OVA IC (Alexa Fluor 488) for 30 min or pulsed for 2 h and chased for 24 h. Co- localization between OVA IC 
(green), cathepsin S (blue) and BMV109 (red) was analysed by confocal microscopy (b). Naïve DCs, DCs pulsed with OVA IC (Alexa Fluor 488) 
for 30 min, 1, 2, 3 h or DCs pulsed for 2 h and chased for 24 h were stained with cathepsin X antibody and BMV109. Co- localization between 
OVA IC (green), cathepsin X (blue) and BMV109 (red) was analysed by confocal microscopy. Co- localization between OVA IC, BMV109, 
cathepsin X and cathepsin S is summarized in a table, ‘+’ indicates co- localization, ‘+/−’ indicates partial co- localization, and ‘- ’ indicates no co- 
localization (c)
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F I G U R E  5  Characterization of the antigen storage compartments in DCs upon MGL1 targeting. DCs were pulsed with OVA- LeX for 2 h, 
washed and chased for 2, 24, 48 or 72 h. CFSE- labelled OTI CD8+ T cells were added, and T- cell proliferation read- out was analysed by flow 
cytometry (a). DCs were pulsed with OVA- LeX (DyLight 488) for 15 min or pulsed with OVA- LeX for 2 h and chased for 48 h. OVA- LeX presence 
in DCs was imaged by confocal microscopy and specific antibodies against EEA1, Rab5, Rab7, LAMP1, MHCI, MHCII, TAP1 and PA28β (red) 
were used and analysed for co- localization with OVA- LeX (green). Co- localization between OVA- LeX and the antibodies is summarized in a table, 
‘+’ indicates co- localization, and ‘−’ indicates no co- localization (b)
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through FcγRs and MGL1 routes the antigen to the same 
storage compartments at later time points.

DISCUSSION

We have previously described that antigen targeted to either 
FcγRs or C- type lectin receptor MGL1 greatly enhanced sus-
tained antigen cross- presentation by dendritic cells (DCs) 
[9– 11]. The presence of antigen storage compartments in 
DCs where antigen could be conserved for several days, and 
thereby contributing to prolonged antigen cross- presentation, 
had been described before by our group [9]. In the current 
study, we have further characterized the antigen storage 
compartments in DCs by tracking protein antigens targeted 
to FcγRs and C- type lectin receptor MGL1. Using fluores-
cently labelled antibody- bound OVA immune complexes 
(OVA IC, FcγR targeting) and OVA- LeX (MGL1 targeting), 

we observed that antigen from both uptake routes end up in 
the same compartments in DCs. Several markers of the en-
dosomal trafficking and antigen processing pathways were 
investigated at different time points and detected by confocal 
microscopy. We found similar endosomal trafficking path-
ways of antigen targeted to FcγRs compared to MGL1. We 
observed that antigen targeted to both receptors were effi-
ciently taken up by DCs already after 15 min. The antigen 
first entered early endosomal compartments characterized 
by the presence of EEA1 and Rab5. Co- localization with 
MHCI and MHCII was also detected after 15  min antigen 
uptake, suggesting a route for early antigen presentation. 
However, when DCs were pulse loaded with antigen for 2 h 
and chased for 48 h, antigen was stored in LAMP1- positive 
compartments, distinct from EEA1, Rab5, or MHCI/ MHCII 
loading compartments. Moreover, TAP1 or the proteasomal 
activator PA28β were not present in the storage compart-
ments. We have shown before that antigen cross- presentation 

F I G U R E  6  Antigens targeted to FcγRs and MGL1 on DCs end up in the same compartments. DCs were pulsed with OVA IC (Alexa Fluor 
647) or OVA- LeX (DyLight 488) for 15 min and 1 h, or pulsed for 2 h and chased for 24 or 48 h. Co- localization between OVA IC (red) and OVA- 
LeX (green) was visualized by confocal microscopy and DIC was used to image cell contrast. Histograms for each fluorophore were created for a 
selected area (indicated by a line on the image) and overlays were made with the ImageJ software. Arrows indicate co- localization between OVA 
IC (red) and OVA- LeX (green)
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from the storage compartments is TAP1 and proteasome 
dependent, suggesting that antigen is translocated from the 
storage compartments into the cytosol for further process-
ing before loading on MHCI [9]. It has been reported that 
in the endosome- to- cytosol pathway antigens need to be 
transported from endosomal compartments into the cyto-
sol where they are degraded by the proteasome [6, 7]. After 
proteasomal degradation, these derived peptides are further 
transported by TAP into the ER. However, it has also been 
reported that some proteasome- generated peptides may be 
transported back into endocytic compartments and trimmed 
by IRAP and then directly loaded on MHCI molecules [8].

Lysosomal proteases, such as cathepsin S, are essential for 
the generation of antigenic peptides for MHCII antigen pre-
sentation, Ii degradation and dissociation from MHCII [22, 
23]. Besides, cathepsin S, B, H and L redistribute from lyso-
somes to MHCII- containing endosomal antigen- processing 
compartments upon DC activation [24]. The role of cathepsin 
S in antigen degradation has been described for the vacuolar 
pathway in DC cross- presentation [4]. Whether cathepsins 
play a role in endosome- to- cytosol antigen cross- presentation 
pathway is not reported yet. Here, we show that the antigen 
storage compartments containing OVA IC lack cathepsin S 
activity, but do possess cathepsin X activity, as determined 
by qABP (BMV109) labelling of cysteine cathepsin activ-
ity in combination with immunofluorescence staining. We 
observed co- localization of cysteine cathepsin activity with 
OVA IC already after 30 min uptake. However, staining with 
antibodies against cathepsin S or cathepsin X did not show 
any co- localization with OVA IC after 30 min uptake. The 
storage compartments where antigen is conserved during later 
stage were cathepsin S negative but contained cathepsin X; 
however, the presence of other cathepsins could not be ruled 
out. Antigen degradation in the storage compartments could 
be slower due to the lack of cathepsin S. Rapid antigen degra-
dation of internalized antigen is assumed to be negatively af-
fecting cross- presentation outcome. It has been demonstrated 
that DCs expressed lower levels of lysosomal proteases com-
pared to macrophages [25]. Expression of cathepsin L, S, D 
and B in DC phagosomes was reduced compared to macro-
phages, which could impair phagolysosomal degradation and 
sustained antigen stability in DCs. Cathepsin X is predomi-
nantly found in monocytes, macrophages and dendritic cells 
[26]. It has been described that cathepsin X played a role in 
β2 integrin activation in DCs, which was crucial for effective 
antigen presentation and initiation of T- cell immune response 
[27]. Obermajer et al[28] showed that during DC maturation, 
cathepsin X translocated to the plasma membrane and enabled 
Mac- 1 activation and cell adhesion. Moreover, cathepsin X 
redistributed from the membrane to the perinuclear region in 
mature DCs, which coincided with de- adhesion of DCs, cell 
cluster formation and acquisition of the mature phenotype. 

Importantly, they showed that inhibition of cathepsin X in 
DCs reduced cell surface expression of co- stimulatory mole-
cules, abolished cytokine production, diminished DC migra-
tion and decreased stimulation of CD4+ T cells. In contrast to 
other cathepsins, cathepsin X is an exopeptidase and mainly 
acting as carboxypeptidase [29, 30]. In our previous study 
[11] and reported by Kamphorst et al[31], it is shown that 
different spleen- derived DC subsets have differential antigen 
presentation capacity in MHC class II and I. We have studied 
the presence of active cathepsins in DC subsets purified from 
spleens and observed high expression of cathepsin X in the 
CD8α+ cDC1 dendritic cell subset known as the most potent 
cross- presenting DC subset. This suggests a possible role for 
cathepsin X in pre- processing antigen for MHCI loading; 
however, additional research is needed to determine the role 
of cathepsin X in DC cross- presentation.

Since the turnover rate of surface MHCI molecules is 
shorter compared to MHCII, most MHCI– peptide complexes 
disappear from the cell surface within 24 h [9]. The migration 
of DCs after antigen encountering to the T- cell zones might 
take up to several days; therefore, prolonged antigen storage 
in DCs and sustained supply of newly synthesized MHCI– 
peptide complexes is beneficial to ensure efficient T- cell 
cross- priming.[13] The current study was performed with in 
vitro- cultured BMDCs; however, the existence and relevance 
of antigen storage compartments in vivo were confirmed by 
our previous work where we showed sustained antigen pres-
ence in different DC subsets and prolonged cross- presentation 
in vivo [11]. The presence of storage compartments was vis-
ible after isolation of both CD8α+ and CD8α− DC subsets 
after in vivo antigen uptake, showing similar punctuated en-
dosomal structures. These DC subsets could efficiently pres-
ent antigen to CD8+ and CD4+ T cells, respectively. Taken 
together, our studies indicate the importance of antigen stor-
age compartments in DCs in vitro as well as in vivo.

Next to direct antigen uptake, processing and presentation, 
also carry- over of antigen from one DC type to another is cur-
rently accepted as a feasible model of cross- presentation in 
vivo [32– 34] as the role of multiple DC subsets in T cell prim-
ing become more evident [35– 38]. In this two- step priming 
model, naïve CD4+ and CD8+ T cells are activated by differ-
ent DC populations. The activated CD8+ T cells recruit lymph 
node- resident XCR1+ DCs, which receive cross- presented 
antigen from the DCs that carried out the first priming step 
[39, 40]. The XCR1+ DCs interact with both activated CD4+ 
and CD8+ T cells and thereby inducing optimal signals for 
CD8+ T cell differentiation into cytotoxic T lymphocytes 
(CTLs) and memory CTLs. We speculate that antigen storage 
compartments may play a central role in these processes be-
tween cell types as well since prolonged antigen storage and 
presentation by DCs would be beneficial for this multi- step T 
cell priming model.
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Here, we show that antigen targeted to different uptake 
receptors on DCs can result in the same antigen routing and 
ultimately be conserved in LAMP1- positive endolysosomal 
storage compartments. The absence of cathepsin S and core 
components of the antigen processing and loading machin-
eries in these compartments suggest that the main function 
of the compartments is to store antigen for sustained antigen 
presentation, which is crucial to elicit prolonged efficient 
T cell priming, although the possibility of antigen pre- 
processing by cathepsin X could be an interesting additional 
function of these compartments that requires future research. 
The current understanding of the intracellular pathways un-
derlying DC cross- presentation reveals a complex molecular 
and subcellular interplay.
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