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The findings obtained by imaging flow cytometry and CLSM were confirmed by 
immuno-electron microscopy (Fig. 6). At early time-points it was possible to observe 
gold label still at the membrane and associated to omega-shaped pits, indicating 
active receptor-mediated internalization still occurring (Fig 6A). Gold label was also 
clearly observed on small transport vesicles (Fig. 6B), multivesicular bodies (Fig. 6C-E), 
endosomes (Fig. 6F) and the ER (Fig. 6F).

These data demonstrate an internalization model in which DC-SIGN mediates the 
internalization of the cargo into early endosomes where the receptor-ligand complex 
dissociates. Released cargo continues its way to lysosomes by the maturation of 
early endosomes, while a fraction of receptor-ligand complexes translocate by a yet 
uncharacterized mechanism to the ER.

Fig 7. The internalization and 
routing of DC-SIGN is mediated 
by its dileucine motif. (A) Time-
course of the fluorescence signal 
intensity of AF405-labeled-
AZN-D1 in the different DC-
SIGN-transduced cell lines. (B) 
Co-localization scores of AF405-
labeled-AZN-D1 with EEA1 
at either 60 or 180 min after 
triggering. (C) Co-localization 
scores of AF405-labeled-AZN-D1 
with LAMP1 180 min after 
triggering. (D) Co-localization 
scores of AF405-labeled-AZN-D1 
with PDI 180 min after triggering. 
(E) Co-localization scores of 
AF405-labeled-AZN-D1 with 
rab11 180 min after triggering. 
Means ± SEM (n > 5000). *, p < 
0.01 compared to WT cells.
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The LL and EEE motifs are involved in classical endocytic routing
In order to investigate the involvement of the intracellular domain of DC-SIGN in its 
endocytic routing, we studied the co-localization of AZN-D1 with the markers described 
for Fig. 5 on our DC-SIGN mutants. We first assessed the degradation of AZN-D1 upon 
internalization. Surprisingly, even after 6 h of incubation, fluorescence levels were 
reduced by less than 20 % (Fig. 7A), indicating that antigen degradation occurs at a 
much slower rate in this cell line. No differences in antigen degradation rate could be 
observed amongst the different DC-SIGN mutants. Co-localization of AZN-D1 with 
the early endosomal marker EEA1 was hampered in the LL mutant and delayed in the 
EEE and the YKSL mutant (Fig. 7B). At 180 min, co-localization with the lysosomal 
marker LAMP1 was greatly reduced for the LL and the EEE mutant. As expected, the 
EEE motif was not involved in routing to the ER (Fig. 7D) or slow recycling endosomes 
(Fig. 7E). Hardly any co-localization could be observed with rab5, rab7, and TGN46 
(data not shown). Co-localization with HLA-DM could not be addressed because these 
cells expressed very low levels of this molecule. Therefore, the LL motif dominates the 
endocytic routing of DC-SIGN to the classical endo-lysosomal pathway, but also to the 
new route to the ER described in this paper.

Simultaneous TLR4 triggering affects DC-SIGN internalization and routing
TLR4 triggering is commonly used to address the effects of DC activation or maturation, 
a process that typically occurs upon pathogen recognition and that is necessary for 
proper antigen processing and presentation2. Additionally, DC-SIGN triggering has been 
described to elicit a signaling cascade that modulates TLR4-mediated signaling36,37. We 
therefore questioned the effect of DC maturation on DC-SIGN internalization. Firstly, 
we investigated the effect of TLR4-mediated DC activation on DC-SIGN levels by using 
the canonical TLR4 ligand LPS (E. coli). LPS treatment of DCs resulted in a dramatic 
decrease in both protein (10-fold) and mRNA (100-fold) after 18 h (Fig. 8A). The decrease 
in DC-SIGN expression was not accompanied by an internalization of the receptor, as it 
was constantly located on the cell membrane (Fig. 8B), indicating that DC-SIGN was 
lost by either shedding on the supernatant or incorporation into exosomes, possibilities 
that have been previously described for DC-SIGN38,39. Still, simultaneous triggering of 
DC-SIGN and TLR4 (LPS at t=0) or triggering of DC-SIGN on mature DC (overnight LPS 
treatment) had no consequences for internalization, which proceeded as efficiently 
as on resting DC (Fig. 8C). However, the ligand fate of AZN-D1 seems to greatly differ 
between both the simultaneous triggering of DC-SIGN and TLR4 and the triggering of 
DC-SIGN on mature DCs. Thus, although the simultaneous triggering of DC-SIGN and 
TLR4 does not affect the degradation of AZN-D1, triggering of DC-SIGN on mature 
DCs does (Fig. 8D). In fact, AZN-D1 suffered less than 20 % of degradation after an 
extended incubation (6 h, Fig. 8D). This was consistent with a reduced trafficking to the 
lysosome (Fig. 8E), but also to the ER (Fig. 8E). In contrast, triggering TLR4 enhanced 
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Figure 8. TLR4 triggering enhances trafficking to the ER. (A) Time-course of the expression 
levels of DC-SIGN at both the mRNA and protein level after stimulation of DCs with a TLR4 ligand 
(LPS). (B) Time-course of the internalization score of DC-SIGN after treatment with a TLR4 ligand 
(LPS). (C) Internalization score of AF405-labeled-AZN-D1 after a 60 min incubation at 4 °C or a 15 
min incubation at 37 °C. (D) Time-course of the fluorescence signal intensity of AF405-labeled-
AZN-D1. (E) Co-localization scores (relative to No LPS) of AF405-labeled-AZN-D1 with LAMP1, 
HLA-DM, PDI or rab11, 60 min after triggering. Mean ± SEM (n > 5000). *, p < 0.01 compared to 
No LPS.
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trafficking to the ER (Fig. 8E), suggesting that, if DC-SIGN mediates cross-presentation 
through transport to the ER, then cross-presentation should be enhanced by DC-SIGN 
antigen targeting in the presence of a TLR4 ligand. Additionally, LPS-treatment also 
appeared to enhance co-localization of AZN-D1 with slow recycling endosomes (Fig. 
8E). No differences were observed in the co-localization of AZN-D1 with HLA-DM (Fig. 
8E), EEA1, rab7, and TGN46 (data not shown). To investigate if changes in DC-SIGN 
localization to the ER correlated with the capacity of DCs to induce cross-presentation, 
we prepared OVA/AZN-D1 conjugates (Fig. 9A). Conjugation of AZN-D1 with OVA did 
not affect internalization (Fig. 9B), but resulted in CD8+ T cell proliferation (Fig. 9C) 
and IFNγ production (Fig. 9D). The effects of LPS on the translocation of DC-SIGN 
to the ER paralleled to those observed in CD8+ T cell proliferation (Fig. 9C) and IFNγ 
production (Fig. 9D). These data demonstrate that, although fully mature DCs are able 
to efficiently internalize DC-SIGN, the routing appears to diverge from that observed on 
immature DCs, as very little co-localization with the lysosome can be observed and the 
fluorescence associated with the ligand decays at a much slower rate. Interestingly, co-
localization of DC-SIGN with the ER significantly increased when cells were pulsed with 
the ligand in the presence of a TLR4 ligand, indicating that TLR4 signaling enhances this 
internalization route to the ER resulting in antigen cross-presentation.

Discussion
In this study, we have shown that the C-type lectin receptor DC-SIGN mediates 
internalization of ligands into two distinct endosomal pathways leading to antigen 
processing and presentation into MHC class I and MHC class II, and a model summarizing 
these data is presented in Fig. S4. Upon interaction with its ligands, DC-SIGN is 
internalized within minutes into early endosomes. At this stage, part of the DC-SIGN-
ligand complexes begin to dissociate and proceed to late endosomes and lysosomes, 
where antigens are processed and continue to multivesicular bodies and MHC class 
II compartments for presentation to CD4+ T cells, a model that is consistent with the 
current understanding with the mechanisms of coupling the endosomal compartment 
with antigen presentation on to MHC class II40. However, not all DC-SIGN-ligand 
complexes follow this route, and a fraction of DC-SIGN can be found within ER vesicles, 
presumably derived from early endosomes, very quickly after internalization. Peptide 
loading on MHC class I molecules is most efficient in the ER41 where peptides that have 
previously been trimmed by the proteasome in the cytoplasm are transported into the 
ER via TAP42. Several endopeptidases have been described in early endosomes and the 
ER that could mediate antigen processing independently of the proteasome43; thus, it 
is feasible to speculate that localization of DC-SIGN and its ligand in the ER serves the 
purpose of facilitating antigen processing and loading on MHC class I. The localization of 
both ligand and receptor in the ER is an intriguing aspect. It could mean that interaction 
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of DC-SIGN with an intermediate molecule mediates the segregation of the receptor-
ligand complex or whole endosomes into ER vesicles, but its exact role still needs 
to be elucidated. In this respect, other C-type lectin receptors, such as the mannose 
receptor, have been demonstrated to mediate cross-presentation by a mechanism that 
is dependent on polyubiquitination of the cytoplasmic domain of the receptor18. In this 
regard, it is interesting to note that the cytoplasmic domain of DC-SIGN contains two 
lysines (Fig. 2A) for potential (poly)ubiquitination.

This novel cross-presentation pathway is influenced by simultaneous stimulation 
through TLR4, a common phenomenon occurring upon recognition of pathogens by 
DCs. Administration of LPS, the canonical TLR4 ligand, together with a DC-SIGN ligand, 
resulted in an increased co-localization of both receptor and ligand with ER vesicles. 
We think that this mechanism couples receptor-mediated endocytosis with antigen 
presentation on MHC class I, since DC-SIGN had been previously demonstrated to 

Figure 9. TLR4 triggering 
enhances cross-presentation. 
(A) SDS-PAGE demonstrating 
that conjugation of AZN-D1 with 
OVA results in macromolecular 
complexes that are devoid of free 
OVA. (B) Internalization score of 
AF405-labeled AZN-D1 or OVA/
AZN-D1 after a 60 min incubation 
at 4 °C or a 30 min incubation 
at 37 °C. (C) Proliferation index 
of OVA-specific CD8+ T cells 
exposed to bone marrow-derived 
DCs from DC-SIGN transgenic 
mice pulsed with OVA/AZN-D1. 
Results are shown as relative 
to the proliferation induced by 
free OVA. (D) IFNγ production 
by OVA-specific CD8+ T cells 
exposed to bone marrow-derived 
DCs from DC-SIGN transgenic 
mice pulsed with OVA/AZN-D1. 
Mean ± SEM (n = 3). *, p < 0.01 
compared to free OVA.
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induce cross-presentation in experiments where DCs pulsed with antigens modified 
with a DC-SIGN targeting antibody or DC-SIGN ligands induced robust antigen-specific 
CD8+ T cell responses14–16,44,45. Moreover, the simultaneous administration of the DC-
SIGN-targeting antigen together with a TLR4 ligand enhanced CD8+ T cell proliferation16. 
Several mechanisms could contribute to the increase in CD8+ T cell proliferation. An 
obvious one would be the TLR4-dependent upregulation of co-stimulatory and pro-
inflammatory cytokines that provide signals 2 and 3 to CD8+ T cells46. In addition to that, 
we here show that the localization of DC-SIGN and its ligand in ER vesicles is increased 
when DCs are exposed to the DC-SIGN ligand simultaneously with LPS. On the contrary, 
when DCs are first matured by an overnight exposure to LPS and then triggered with the 
DC-SIGN ligand, even though the antigen internalization capacity of DC-SIGN remains 
intact, the co-localization with ER markers is decreased. 

Rab GTPases are molecular switches that are reversibly associated with membranes 
and through indirect interactions with coat components, motors and SNAREs, and by 
the hydrolysis of GTP, regulate membrane trafficking processes47. Several rab GTPases, 
such as rab5, rab7 and rab11, have been associated with the endosomal trafficking of 
receptor-mediated endocytosis47. Rab5 has been shown to contribute to early endosome 
fusion48 and we were expecting to observe co-localization of DC-SIGN with rab5 at early 
time-points, since it had previously been shown that HIV is endocytosed by a mechanism 
initially involving rab549,50 and DC-SIGN is a receptor for HIV6. However, we could only 
observe a very poor co-localization score of DC-SIGN or its ligand with rab5, which is 
probably related to the short-lived nature of these rab5+ vesicles. This is consistent 
with previous reports where the association of HIV with rab5 was demonstrated, but 
the authors failed to demonstrate any co-localization of DC-SIGN and rab549. Rab7 is 
localized in both early endosome and late lysosomes51 and it is involved in endocytic 
trafficking and lysosomal degradation47, by regulating cargo movement out of early 
endosomes52 and lysosomal delivery from late endosomes53. Our data demonstrates 
that co-localization of the DC-SIGN ligand increases after 15-30 min, in parallel with the 
increase in co-localization with the lysosomal marker LAMP1, indicating that, once DC-
SIGN ligands are dissociated from the receptor in the early endosome, they translocate 
to rab7+ late endosomes, probably en route to lysosomes. Interestingly, dissociation 
between the ligand and receptor signals occurs at this point, indicating that both 
molecules follow different routes. Although DC-SIGN does not return to the membrane, 
we were not able to clarify its intracellular fate upon release from its ligand. The clear 
fluorescence signal decay suggests that DC-SIGN is most likely targeted for destruction, 
however, since DC-SIGN co-localizes poorly with lysosomes, we hypothesize that it is 
degraded by a different mechanism. As noted earlier, the cytoplasmic domain of DC-
SIGN contains two lysines that could be potential targets for ubiquitination. Different 
modes of ubiquitination exist that regulate multiple cellular functions54, amongst them 
protein degradation. The receptors that recycle from the plasma membrane upon 
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internalization normally first encounter a sub-compartment of the early endosome, 
known as the sorting endosome. From the sorting endosome, they can either recycle 
to the plasma membrane, or transit further to another sub-compartment, known as 
the recycling endosome55. The recycling endosome is characterized, amongst other 
molecules, by rab11, which allows recycling to the plasma membrane but also to 
the secretory pathway through the trans-Golgi network56. Our data shows that co-
localization of the DC-SIGN ligand with rab11 follows the same pattern as HLA-DM, a 
molecule associated with the MHC class II compartment. Since we cannot observe the 
return of DC-SIGN ligand to the plasma membrane and the MHC class II compartment 
originates in the trans-Golgi network it could be possible that rab11 facilitates a 
connection between early endosomes and the MHC class II compartment without the 
contribution of lysosomal degradation. However, we did not observe any significant co-
localization of DC-SIGN or its ligand with the trans-Golgi network marker, indicating 
that, if this pathway exists it operates downstream of the trans-Golgi network.

We also investigated which motifs in the cytoplasmic domain of DC-SIGN are involved 
in its intracellular routing. In agreement with a previous report17, we observed that the 
dileucine motif is necessary for internalization, while progressing into the lysosomes 
seems to be dependent on both the dileucine motif and the triple acidic motif. The 
dileucine motif seems to affect also trafficking to other organelles, such as the ER or 
the slow recycling endosomes (rab11+). Although this could be simply a reflection of a 
lower amount of DC-SIGN and ligand arriving to the early endosomes before further 
distribution, we cannot discard that the dileucine motif is indeed involved in routing to 
the abovementioned compartments.

Our study also demonstrates that the distribution of DC-SIGN at the plasma 
membrane is dictated by the association of the dileucine and the triple acidic motifs 
of its intracellular domain with a cytoskeletal factor. Mutation of either of these motifs 
resulted in the aggregation of DC-SIGN into large patches, a pattern that would be 
detrimental for DC-SIGN function. DC-SIGN aggregates in nanodomains that are 
randomly distributed on the membrane, a pattern that favors the interaction of this 
receptor with pathogens of different sizes, such as viruses, bacteria, yeasts or even 
larger parasites13. Aggregation into large patches would result in receptor polarization, 
which would decrease the effective area of pathogen capture and would select for 
pathogens of a size similar to the patch area. The identification of the factor involved in 
maintaining this pattern of membrane distribution deserves further investigation.

The regulation of the steady state distribution pattern and the internalization and 
endocytic routing of DC-SIGN on DCs are important aspects for the rational design of 
glycan-based in vivo DC-SIGN-targeting vaccines57. The nanodomain distribution allows 
the use of small multivalent compounds15 that could be combined with TLR4 ligands to 
enhance the cross-presentation route described in this study.
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Supplementary Data
Spatial processes analysis
We consider a Poisson spatial clustering point process with rate parameter λ. Suppose 
K(t)  is chosen such that λK(t)  is the expected number of points within t of an arbitrary 
point of the process58,59. Ripley’s estimator for K(t) is

,

where uij is the distance between events i and j, It(uj) = 1 if uij ≤ t and = 0 otherwise, 
 wij = w(xi, uij ) is the proportion of the circle with center xi = (x1, x2) and radius uij that 
lies within region A,|A| is the area of region A and n is the number of events in region A. 
For A a disc with center at (0,0) and radius a, set 2

2
2
1 xxr += .

 Then wij = 1 if uij ≤ a – r , and

otherwise. Let θ = (ρ,σ). For a Poisson cluster process with Poisson numbers of events 
per cluster and a radially-symmetric normal distribution of events within each cluster,

,

where ρ is the mean number of clusters per unit area and σ is the dispersion parameter 
of the radially-symmetric normal distributions. We want to find θ that minimizes

dt

for an appropriate choice of t0 and of c. For a clustered pattern, t0  = 0.25 and c = 0.25 
are recommended. The data consist of an array corresponding to a grid of coordinates 
in the plane with values from 0 to 255. We select a threshold of 204 (80 %) to signify the 
presence of a receptor site on the cell membrane at a given coordinate pair. For each 
cell, we compute the values of ρ and σ that minimize D(θ).
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Figure S1 shows how compensation is set to correct for spectral overlap in imaging flow cytometry 
data.  Once the compensation table was calculated for each of the staining sets, it was applied to 
the single staining samples that were acquired using the same settings as experimental samples. 
Proper compensation was then verified by visualizing samples in bivariate fluorescence intensity 
plots.
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Figure S2 shows the strategy 
followed for the gating of cells 
prior to analysis in imaging 
flow cytometry. A. After 
applying the compensation 
table, cells were plotted in an 
area vs aspect ratio intensity 
bivariate scatter plot. Several 
populations could be identified. 
Population 1 was characterized 
by small area and high aspect 
ratio intensity. Images from 
the population 1 gate clearly 
show the events correspond 
to beads. Population 2 had an 
average area of approximately 
100 square pixels and high 
aspect ratio intensity. Images 
from the population 2 gate 
show that these cells are 
small single cells with a large 
nucleus, suggesting these 
cells could be lymphocytes,  
a common contamination in 
Percoll-isolated monocyte-
derived cell cultures. Population 
3 had an area between 150 and 
300 square pixels and an aspect 
ratio intensity higher than 
0.6. These cells, the biggest 
population, represent dendritic 
cells in single cell suspension. 
The remaining populations (4 
and 5) had a larger area and/
or low aspect ratio intensity, 
suggestive of cell doublets and 
aggregates, as demonstrated 
in the corresponding imagery. 
B. Gradient RMS on the 
brightfield channel 1 shows 
that the majority of the cells 
had a sharp contrast. Images 
have been selected with 
gradient RMS values across the 
whole range of gradient RMS 
values of the population. The 
threshold can then be manually 
set up in approximately 60.
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Figure S2
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Figure S3 shows how internalization scores are calculated and provides an example. A. First, a 
morphology mask is applied to the brightfield channel (channel 1). This mask takes the whole 
perimeter of the cell. Then, 5 pixels are eroded from this mask until the membrane of the cell is 
left out of the mask. The resulting mask is applied to the channel containing the probe of interest 
and a ratio of the intensity inside the mask relative to the total intensity of the cell is calculated. 
B. Cells exposed to AZN-D1 for 30 minutes at 4 ºC show a membrane-bound pattern of staining, 
with a median internalization score of -0.985. When these cells areincubated at 37 ºC for 2 h, the 
probe is internalized and the internalization score increases to 1.002. A selection of cells with 
internalization scores ranging from -1 to 1 are depicted as a merge of the brightfield (1) and the 
AZN-D1 (7) channels.
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Figure S4 provides a model for the intracellular routing of DC-SIGN and its cargo. Upon triggering, 
DC-SIGN internalizes with its ligand into early endosomes (EE) where the complex dissociates. 
The cargo continues routing to late endosomes (LE), lysosomes (Lys), and multivesicular bodies 
(MVB) where the peptide epitopes are loaded into MHC class II for antigen presentation to CD4+ 
T cells. Cargo may also traffic to slow recycling endosomes, which transfer it to the secretory 
pathway for further MHC class II loading. DC-SIGN-ligand complexes traffic from the early 
endosomes to the ER for cross-presentation. This route is enhanced by TLR4 signaling.
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