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Abstract
DC-SIGN is a dendritic cell antigen uptake receptor with specificity for a broad variety
of pathogens that directs its cargo to both cross-presentation and MHC class II
presentation for the induction of CD8+ and CD4+ T cell responses, respectively. Although
the endocytic routing leading to MHC class II presentation is partially characterized,
the mechanisms leading to cross-presentation remain elusive. In this paper, we used
imaging flow cytometry to investigate the intracellular fate of DC-SIGN and its cargo
in dendritic cells. Our data demonstrate that cross-presentation is associated with the
DC-SIGN-dependent transport of cargo to the ER from the endo-lysosomal pathway.
Interestingly, although the internalization capacity of DC-SIGN was similar in immature
and mature dendritic cells, only the simultaneous triggering of TLR4 and DC-SIGN in
immature dendritic cells resulted in the enhancement of the translocation of cargo to
the ER and subsequent cross-presentation. These data will help in designing DC-SIGNtargeting vaccination strategies that enhance CD8+ T cell responses.
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Introduction
Dendritic cells (DCs) are bone marrow-derived antigen-presenting cells that reside
in all tissues and use germ-line encoded receptors to sample the environment for
pathogens1. Upon pathogen recognition, DCs migrate to primary lymphoid tissues and
initiate a maturation process characterized by an enhanced capacity to initiate antigenspecific humoral and cellular immune responses2. Amongst the different receptors used
by DCs to detect pathogens are C-type lectins, a large family of receptors that recognize
carbohydrates in a Ca2+-dependent manner. Whereas other pattern-recognition
receptors, such as Toll-like receptors (TLRs), are specialized in activating intracellular
signaling cascades leading to DC maturation2, C-type lectins have cytoplasmic domains
that contain internalization signals and, thus, mediate pathogen/antigen endocytosis3,4.
This mechanism allows the processing of pathogens/antigens into epitopes that can be
presented to CD4+ and CD8+ T cells.
Dendritic cell-specific intercellular adhesion molecule-3 grabbing non-integrin
(DC-SIGN) is a type II membrane C-type lectin receptor discovered as a cell-adhesion
receptor with a dendritic cell (DC)-restricted expression pattern that supports primary
immune responses5 and enhances HIV infection of CD4+ T cells6. DC-SIGN is expressed
on immature DCs in peripheral tissue and mature DCs in lymphoid tissues with the
exception of follicular DCs or CD1a+ Langerhans cells7. The carbohydrate recognition
domain of DC-SIGN contains a Ca2+-coordination site and has a dual specificity for highmannose and Lewis-type structures, which gives the receptor the ability to recognize
a broad variety of ligands8, both pathogens (HIV, Ebola, M. tuberculosis, C. albicans,
S. mansoni, H. pylori, among others) and self-glycoproteins (e.g. ICAM-2, ICAM-3, or
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Mac-1)9. Even though glycan-lectin interactions have been classically considered of
low affinity10, DC-SIGN overcomes this issue by enhancing avidity through two levels
of clustering: tetramerization and nanodomain formation. Tetramerization depends on
the autonomous interaction of its α-helical neck domain into a four-stranded bundle11
and results in a flexible stalk structure that projects four closely located but oppositely
oriented carbohydrate-recognition domains towards the outside of the cell. Thanks to
the hydrophobicity of its transmembrane domain, DC-SIGN tetramers tend to associate
with lipid rafts to form nanodomains12 that distribute randomly through the cell surface
to be able to recognize pathogens of multiple sizes13.
The concept of avidity is thus of extreme importance in the design of DC-SIGNtargeting compounds for in vivo vaccination strategies as it not only increases the
specificity, but also enhances antigen delivery. We have explored the possibility of
using DC-SIGN-targeting glycoconjugates for inducing T cell responses14–16 and found
that DC-SIGN not only induces potent CD4+ T cell responses, as it could be expected
from a receptor that targets the endo-lysosomal pathway17, but also triggers CD8+ T cell
responses that can be even boosted by supplementation with a TLR4 ligand. How the
endo-lysosomal pathway initiated by DC-SIGN internalization results in MHC class I
presentation remains a mystery. Other C-type lectin receptors that also mediate cross
presentation, like the mannose receptor seem to involve a mechanism that allow the
export of the cargo to the cytosol for the generation of proteasome-dependent peptide
epitopes18,19.
Recently, a new technology has been developed that allows the investigation of
internalization and marker co-localization in large cell populations. This technology,
termed imaging flow cytometry20 incorporates an objective and a high-resolution camera
in a flow cytometry system. We have used this technology to set up assays that allow
us to track DC-SIGN and its ligand on DCs and study their co-localization with a number
of carefully selected markers covering the different compartments involved in antigen
processing and presentation. The results presented here demonstrate that DC-SIGN
internalizes its cargo to an early endosome compartment, where the complex partly
dissociates. The free cargo continues through late endosomes into lysosomes, where it
is processed and transferred to multivesicular bodies for loading on to MHC class II. DCSIGN-ligand complexes can also be directly transferred to the endoplasmic reticulum
(ER) where resident endopeptidases mediate the generation of peptides that can be
loaded on to MHC class I. This pathway appeared to be sensitive to TLR4 stimulation
and occurred very quickly after internalization. Furthermore, our data demonstrates
that the distribution of DC-SIGN on the plasma membrane and the intracellular routing
are dependent on the dileucine motif present in its cytoplasmic domain.
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Materials and methods
Chemicals and antibodies
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E. coli lipopolysaccharide (LPS) (Sigma-Aldrich, MO), Paraformaldehyde (formaldehyde)
aqueous solution (Electron Microscopy Sciences), Saponin (Sigma Aldrich) BSA
(Roche). Antibodies used: CD83-PE (Beckman coulter), CD80-PE (clone L307.4, BD
biosciences), CD86-PE (clone 2331, BD biosciences), EEA1-FITC (clone 14/EEA1, BD
biosciences), HLA-DM-PE (clone MaP.DM1, BD biosciences), LAMP-FITC (clone H4A3,
BD biosciences), rab5 (clone FL-215, Santa Cruz Biotechnology), rab7 (clone H-50,
Santa Cruz Biotechnology), PDI-PE (clone 1D3, Assay designs), TGN46 (ab56726,
Abcam), polyclonal rabbit-α-rab11 (Invitrogen), Pacific Orange-labeled goat-α-rabbit
IgG (Invitrogen), AF594-labeled goat-α-mouse IgG2a (Invitrogen), AF488-labeled goatα-mouse IgG2b (Invitrogen), biotin-labeled horse-α-mouse IgG (Vector Labs). CSRD7,
the polyclonal antibody against DC-SIGN, and AZN-D15, a monoclonal antibody against
the carbohydrate-recognition domain of DC-SIGN, were from our own stocks. DC-2821,
the monoclonal IgG2a antibody against the stalk region of DC-SIGN was a kind gift
of R. Doms (University of Pennsylvania). AZN-D1 was labeled with AF405 (Invitrogen)
according to manufacturer’s instructions. AZN-D1 coated fluorescent beads were made
as previously described22.

Mice
DC-SIGN transgenic mice (a kind gift of T. Sparwasser) were generated on the C57BL/6
background using the murine CD11c promoter driving expression of a human DC-SIGN
cDNA sequence as described23. OT-I mice express transgenic Vα2Vβ5 T cell receptor
specific for OVA peptides presented on I-Ab (OVA323–339)24. OT-I and DC-SIGN
transgenic mice were bred in our animal facility under specific pathogen-free conditions.
All experiments were performed according to institutional and national guidelines.

Human dendritic cells.
Monocytes were isolated from the blood of healthy donors (Sanquin) through a sequential
Ficoll/Percoll gradient centrifugation. Isolated monocytes (purity, > 85 %) were cultured
in RPMI 1640 (Invitrogen) supplemented with 10 % fetal calf serum (BioWhittaker),
1000 U/ml penicillin (Lonza), 1 U/ml streptomycin (Lonza), and 2 mM glutamine (Lonza)
in the presence of interleukin-4 (262.5 U/ml; Biosource) and granulocyte-macrophage
colony-stimulating factor (112.5 U/ml; Biosource) for 4-7 days25. DC differentiation was
confirmed by flow cytometric analysis (FACScan, BD biosciences) of the expression of
DC-SIGN using the monoclonal antibody AZN-D15 followed by staining with a secondary
AF488 F(ab’)2 fragment of goat anti-mouse IgG (Invitrogen). Dendritic cells were tested
for maturation by flow cytometric analysis (FACScan, BD Biosciences) of the markers
CD83, CD80 and CD86.
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CHO/DC-SIGN.
Stable CHO/DC-SIGN transfectants26 were maintained in RPMI 1640 medium containing
10 % fetal calf serum, 1000 U/ml penicillin, 1000 U/ml streptomycin, and 2 mM glutamine.
DC-SIGN expression was regularly selected using 1 mg/ml geneticin (Invitrogen).

DC-SIGN mutants.
WT cells were generated by lentiviral transduction of an immortalized B cell line with
LV-DC-SIGN (kind gift of Vincent Piquet, Cardiff Institute of Infection & Immunity,
Cardiff, UK). The mutants were generated by site-directed mutagenesis (QuickChange
II, Agilent technologies) of the LV-DC-SIGN plasmid as previously described17 and then
transduced in the immortalized B cell line. These cells were cultured in RPMI 1640
medium containing 10 % fetal calf serum, 1000 U/ml penicillin, 1000 U/ml streptomycin,
and 2 mM glutamine.

Pulse-chase experiments
Approximately 106 cells were incubated for 20 min in 100 μl of ice-cold culture medium.
AF405-labeled AZN-D1 was added and incubated for 30 min on ice in order to allow
binding to DC-SIGN expressed on the cell surface without triggering internalization.
Cells were washed in ice-cold medium to remove unbound AZN-D1. Cells were then
transferred to 37 ºC for different time points or kept on ice. At the desired time-points,
cells were washed in ice-cold PBS, fixated in ice-cold 4 % PFA in PBS for 20 minutes
and then washed two times in ice cold PBS. For intracellular stainings, cells were
permeabilized in 0.1 % saponine in PBS for 30 min at room temperature and then blocked
with a solution containing 0.1 % saponine, 2 % bovine serum albumin and 1 % goat serum
in PBS. Primary and secondary stainings were performed in PBS supplemented with 0.1
% saponine and 2 % bovine serum albumin at room temperature. After staining, cells
were kept at 4 ºC in PBS supplemented with 0.05 % bovine serum albumin and 0.02 %
sodium azide until analysis.

Antigen presentation to murine CD8+ T-cells
Bone marrow-derived DCs were cultured as previously described27. OVA-specific CD8+
T-cells were isolated from spleen and lymph node cell suspensions from OT-I mice.
Lymph nodes and spleen were mechanically dissociated to single-cell suspensions and
pelleted. Erythrocytes were lysed and the cells were passed through a cell strainer.
CD8+ T-cells were isolated from the suspensions using the Dynal mouse CD8 negative
isolation kit (Invitrogen) according to the manufacturer’s protocol. Bone marrowderived DCs were incubated with 10 μg/ml of the indicated compounds in round
bottom 96-wells plate for 4 h. After extensive washing, CD8+ T-cells from OT-I mice
3
were added to each well. Forty-eight hours later, [ H]-thymidine (1 μCi/well; Amersham

91

4

Chapter 4
Biosciences) was added for 16 h to detect incorporation into DNA of proliferating T cells.
Cells were harvested onto filters and [3H]-thymidine incorporation was assessed using
a beta counter (Wallac). Supernatants were used for the quantification of IFNγ using a
sandwich ELISA (Biosource).

CLSM
Stained cells were allowed to adhere to poly-L-lysine-coated glass slides and mounted
with anti-bleach reagent. Samples were analyzed using a 63×/1.4 HCX PL APO CS oil
objective on a TCS SP2 AOBS confocal microscope (Leica Microsystems GmbH). Images
were acquired using LCS 2.61 (Leica Microsystems GmbH) and processed using Adobe
Photoshop CS4 or ImageJ.

Live cell imaging

4

CHO/DC-SIGN cells were cultured on gelatin coated glass slides. AZN-D1 coated beads
were added to the cells and followed for different time points. Cells were analyzed
by means of a 3I Marianas™ digital imaging microscopy workstation (Zeiss Axiovert
200M inverted microscope Carl Zeiss), equipped with a nanostepper motor (Z-axis
increaments 10 nm) and a cooled CCD camera (Cooke Sensicam, 1280 × 1024 pixels
Cooke Co). Visualization was performed with a 40× air lens. The microscope, camera,
and data viewing process were controlled by SlideBook™ software (version 4.0.8.1
Intelligent Imaging Innovations).

Immuno-electron microscopy
DCs were cultured as described above and stimulated with AZN-D1. Cells were left
to internalize the antibody and were cooled down on ice after 15, 30 or 60 min time
intervals. DCs were then fixated (4 % formaldehyde + 0.1 % glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4) overnight at 4 °C. DCs were prepared for cryo-sectioning
according to the Tokuyasu method28. Briefly, the cells were scraped in gelatin and spun
down to a compact pellet. Specimen blocks were cut out, infused with 2.3 M sucrose
at 4 °C and mounted on aluminium pins before snapfreezing in liquid nitrogen. 70 nm
sections were obtained at -120 °C using a cryo-ultramicrotome. Sections were captured
on carbon/formvar-coated copper mesh grids and labeled for the DC-SIGN antibody
(AZN-D1) using anti-mouse-10 nm gold (Aurion). The sections were stained by uranyl
acetate in methylcellulose before analysis by transmission electron microscopy (JEOL
1010, JEOL).
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Imaging flow cytometry
Cells were acquired on the ImageStreamX (Amnis corp.) imaging flow cytometer using
the configuration detailed in Table I. Cells were acquired at 40x magnification and on the
basis of their area (area = the number of pixels in an image reported in square microns).
Minimum area for acquisition was set to 50 pixels. A minimum of 15000 cells was acquired
per sample at a flow rate ranging between 50 and 100 cells/s. At least 2000 cells were
acquired from single stained samples to allow for compensation. Compensation samples
were acquired with all channels habilitated and with the brightfield illumination and the
785 nm laser switched off. A minimum of 5000 cells from the single stained samples
were acquired with the same settings as experimental samples to control for over/
under compensation. Analysis was performed using the IDEAS v5.0 software (Amnis
corp.). A compensation table was generated using the compensation macro built in
the software. Single stained samples were manually gated for accurate calculation of
spectral overlap coefficients29. 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 (Supplementary Figure 1). A
template analysis file was generated then that include an area vs aspect ratio intensity
plot and a gradient root mean square (RMS) histogram of one of the brightfield channels
(Channels 1 and 9). Area is the number of squared microns of the cells, while the aspect
ratio intensity index is the result of dividing the minor axis (intensity-weighted) by the
major axis (intensity-weighted) and describes how round or oblong an object is, but also
indicates if there are doublets in a population of normally circular cells. The gradient
RMS feature measures the sharpness quality of an image by detecting large changes of
pixel values in the image and is useful for the selection of focused objects. The gradient
RMS feature is computed using the average gradient of a pixel normalized for variations
in intensity levels. Using these features a population of focused single cells (SC/F) was
gated (Supplementary Figure 2). This template, together with the corresponding
compensation table was applied to all the experimental samples acquired. Each of the
data files generated was opened and the SC/F population gated to a new compensated
image file. Compensated image files for each time-course experiment and each staining
set (Table I) were then merged into the final analysis file. This file allows for the direct
comparison of features amongst the samples of the time-course.
To calculate the internalization of DC-SIGN, a mask was designed that characterizes
only the intracellular space of the cells. This mask was based on the use of the morphology
feature applied to the brightfield image on channel 1, and then eroded until the
membrane was left out of the mask (Supplementary Figure 3). Since cells are gated on a
certain level of focusing it is possible to assume that the image acquired represents, in all
cells, a 4 μm cross-section of the major circumference30. At this location, the thickness of
the membrane is similar in all cells and allows us to design a mask based exclusively on
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brightfield images. This is a major advantage over the use of an extracellular fluorescent
marker, which introduces new challenges in the experiment: the use of an additional
channel complicates the compensation process and the selection of a marker that is
exclusively located in the extracellular membrane during the internalization process of
DC-SIGN is a difficult task. The intracellular mask was then used to calculate the feature
internalization applied to channel 7 (Table I). The internalization score is a log-scaled
ratio of the intensity inside the cell (intracellular mask) vs the intensity of the entire cell.
Cells that have internalized antigen typically have positive scores while cells that show
the antigen still on the membrane have negative scores. Cells with scores around 0 have
similar amounts of antigen on the membrane and in intracellular compartments.
Co-localization is calculated as the logarithmic transformation of Pearson’s correlation
coefficient of the localized bright spots with a radius of 3 pixels or less within the whole
cell area in the two input images (bright detail similarity R3). Since the bright spots in
the two images are either correlated (in the same spatial location) or uncorrelated (in
different spatial locations), the correlation coefficient varies between 0 (uncorrelated)
and 1 (perfect correlation). The logarithmic transformation of the correlation coefficient
allows the use of a wider range for the co-localization score.

mRNA isolation, cDNA synthesis, and real-time PCR
Cells were lysed and mRNA was specifically isolated by capturing of poly(A+) RNA in
streptavidin-coated tubes using a mRNA Capture kit (Roche). cDNA was synthesized
using the Reverse Transcription System kit (Promega) following manufacturer’s
guidelines. cDNA was diluted 1:2 in nuclease-free water upon synthesis and stored at
-20°C until analysis. Primers specific for human DC-SIGN (5’-aacagctgagaggccttgga-3’,
5’-gggaccatggccaagaca-3’), and GAPDH31 were designed by using the computer software
Primer Express 2.0 (Applied Biosystems) and synthesized at Invitrogen (Invitrogen).
Primer specificity was computer tested by homology search with the human genome
(BLAST, National Center for Biotechnology Information) and later confirmed by
dissociation curve analysis. Real time PCR reactions were performed using the SYBR
Green method in an ABI 7900HT sequence detection system (Applied Biosystems) as
previously described31.

Statistics
Unless otherwise stated, data are presented as the mean ± standard deviation of at
least three independent experiments. Statistical analyses were performed using the
statistical package SPSS (License number AZVU-7061649). Statistical significance was
set at p < 0.05 and it was evaluated by the Mann-Whitney U test.
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Results
DC-SIGN is localized exclusively to the membrane in resting dendritic cells
Imaging flow cytometry is a novel technology that allows the quantification of
morphological aspects of images acquired from large populations of cells20. We
first tested the localization of DC-SIGN on monocyte-derived DCs by imaging flow
cytometry. The localization of DC-SIGN in fixated resting DCs was analyzed by imaging
flow cytometry using the anti-DC-SIGN polyclonal antibody CSRD (for anti-DC-SIGN
antibody specificity see Fig. 2B)7 according to the strategies described in Figs. S1-S3.
An internalization score higher than 0 indicates that the fluorescent signal is localized
mainly inside the cell, whereas a negative internalization scores reflects exclusive
membrane localization. When intracellular and membrane localization are equal, the
internalization score trends to 0. As expected, the expression of DC-SIGN in resting
DCs is exclusively extracellular, as shown in Fig. 1A, since more than 95 % of the DCs
had a negative internalization score and the average internalization score for the
entire population was -0.627. In order to confirm the exclusive membrane localization
of DC-SIGN, we used the left over cells from the imaging flow cytometry acquisition
for confocal laser-scanning microscopy (CLSM) imaging. A complete Z-stack imaging
of DCs confirmed that the receptor is located exclusively on the membrane in resting
conditions (Fig. 1B). These data confirm previous observations17 demonstrating that,
unlike other C-type lectins, DC-SIGN is expressed exclusively on the membrane of DCs
and validates imaging flow cytometry for the characterization of receptor localization.

The distribution of DC-SIGN nanodomains depends on the interaction of the
receptor with underlying factors through the intracellular domain
Careful observation of the bottom XY plane (Fig. 1C) suggests a certain distribution
pattern of DC-SIGN on the membrane. Statistical analysis verified the distribution of
the receptor as a Poisson clustered spatial point process (Fig. 1D). Previous evidence
has demonstrated that DC-SIGN is organized in nanometer-sized domains that are
randomly distributed on the surface of DCs12,32. Lateral interactions affecting the
α-helical tandem repeats in the neck region mediate the formation of DC-SIGN
tetramers11,33, however, little is known about the molecular basis of the nanodomain
distribution. The cytoplasmic domain of DC-SIGN has three motifs that may be involved
in interactions with intracellular proteins and/or the cell cytoskeleton. These motifs are
depicted in Fig. 2A and involve LL (aa 14-15), EEE (aa 16-18), and YKSL (aa 31-34). To
investigate the individual contribution of each of these motifs in the distribution of
DC-SIGN nanodomains, we prepared stable transfectants of single motif mutants (Fig.
2A) and investigated receptor distribution by imaging flow cytometry and CLSM. The
expression level of DC-SIGN on the LL and EEE mutants was significantly lower than
that of the unmodified (WT) DC-SIGN or the YKSL mutant (Fig. 2C), even though mRNA
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Figure 1. The localization of DC-SIGN in immature dendritic cells is restricted to the
extracellular membrane. (A) Internalization score of resting immature DCs, fixated,
permeabilized and stained with a polyclonal antibody against DC-SIGN (n > 5000). Below the
histogram, three representative images are included with their respective internalization score.
(B) The same cells were analyzed by CLSM. Sagital, longitudinal and transversal two-dimensional
sections of a three-dimensional reconstruction are shown. Representative of 10 cells. (C) CLSM
image of the bottom-top XY cross-section of a DC stained for DC-SIGN. Representative of 10
cells. (D) Frequency of distribution of any two nanodomains in the plain that are separated by an
arbitrary distance of 20 pixels. Representative of 10 cells.

levels in the four cell lines did not differ significantly (Fig. 2D). This observation indicates
that mutation of the LL or the EEE motifs affects the synthesis and/or maturation of the
receptor or enhances its turnover ratio. Indeed, previous reports have demonstrated the
retention of the EEE DC-SIGN mutant in the Golgi34. Fluorescence signal texture analysis
by imaging flow cytometry showed that a certain degree of receptor aggregation or
polarization occurred in the LL and EEE mutants (Fig. 2E-G). Cells were also imaged
by CLSM (Fig. 2H) and the receptor distribution investigated in the lowest ZX planes
of 10 randomly chosen cells (Fig. 2I). Results demonstrate a change in the distribution
pattern of DC-SIGN nanodomains. This change can be described as the redistribution of
nanodomains into higher-order domains.

DC-SIGN is quickly internalized upon receptor ligation
Besides pathogen recognition, DC-SIGN is known to be very efficient in antigen uptake17.
To investigate the kinetics of DC-SIGN internalization DC-SIGN was stably transfected
in an adherent cell line (CHO cells). The resulting CHO/DC-SIGN cells were cultured to
sub-confluency on glass coverslips and mounted for live cell widefield epifluorescence
imaging. Several cells (n = 5) were selected for imaging and the microscope programmed
to acquire a brightfield and a fluorescence image of each cell every 2 minutes for a period
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Figure 2. The cytoplasmic domain of DC-SIGN controls its cell surface distribution pattern.
(A) Amino acid sequence of the cytoplasmic domain of DC-SIGN indicating (in bold) the motifs
targeted in each of the mutants. (B) Summary of the anti-DC-SIGN antibodies used in the present
study. (C) Cell membrane DC-SIGN expression level as measured by flow cytometry on DCs and
DC-SIGN-transduced cells stained with a monoclonal antibody against DC-SIGN. (D) Transcript
levels of DC-SIGN on DCs and DC-SIGN-transduced cells (relative to GAPDH). (E) Modulation
(peak) signal intensity of receptor distribution as measured by imaging flow cytometry. (F)
Delta centroid shift of the fluorescence signal vs the brightfield image measured by imaging
flow cytometry. (G) Representative images from the imaging flow cytometry analysis depicting
their modulation (peak) and delta centroid shift values. (H) CLSM image of the bottom-top XY
cross-section of each of the DC-SIGN-transduced cells stained for DC-SIGN. Representative of
10 cells. (I) Frequency of distribution of any two nanodomains in the plain that are separated by
an arbitrary distance of 20 pixels. Representative of 10 cells. Means ± SEM; *, P < 0.01 compared
with WT cells.
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Figure 3. DC-SIGN is quickly
internalized upon triggering.
(A). Still frames of a live cell
imaging experiment in which
DC-SIGN-transduced CHO cells
were exposed to AZN-D1-coated
fluorescent beads. The right-most
frame shows the tracking pattern.
Representative of 8 experiments
(B) Speed tracking of the
internalized bead. Representative
of 8 experiments. (C) Time-course
of the median internalization
score of DCs triggered with
AF405-labeled-AZN-D1 (n > 5000).
Next to the histogram, three
representative images of each
time-point, with their respective
internalization scores are included.
(D) Effect of the AF405-labeled
AZN-D1 concentration on the
internalization score after 30
min at 37 °C. The dotted line
indicates the internalization of the
highest antibody concentration
after 30 min at 4 °C (n > 5000).
(E) Time-course of the median
internalization score of DC-SIGNtransduced cells triggered with
AF405-labeled-AZN-D1 (n > 5000).

4

of 30 minutes. Fluorescent beads (1 μm in diameter) coated with AZN-D1, a monoclonal
antibody against the carbohydrate-binding site of DC-SIGN (Fig. 2B) known to trigger
receptor internalization, were then added to the supernatant and, after a period of 10
minutes to allow proper diffusion of the beads, imaging was initiated. The still frames
in Fig. 3A show how a bead adheres to the surface of the cell and moves quickly (< 2
min) to a distant site of the cell were it gets arrested and is, within seconds, quickly
forced inside the cell. The movement of the bead in the first two minutes of the movie
could be interpreted as tethering due to its high speed (Fig. 3B); once this speed has
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been reduced the receptor is then able to trigger the internalization of the bead. This
occurs at a side of the cell were the nucleus is located and it is possible to observe how
the bead moves relatively quickly until it reaches an area where multiple vacuoles exist
and it finally stops its motion. The decrease of fluorescence intensity during the frames
in which it is located in close proximity to the nucleus could be explain by the shielding
of fluorescence by the nucleus as the bead passes underneath (data not shown).
Interestingly, once the bead reaches the area where multiple vacuoles accumulate
(12 min) it appears to stop or move in circles, indicating that the cargo has reached a
destination where it is being processed or redistributed.
Because the mechanisms of internalization of particulate and soluble antigen may
vary we also investigated the internalization AF405-labeled AZN-D1. DCs were incubated
in the presence of AF405-labeled AZN-D1 for 30 min at 4 °C. Cells were then washed and
either fixated (t=0) or incubated at 37 °C for the indicated time points at which cells were
washed and fixated. The localization of AZN-D1 was then investigated by imaging flow
cytometry. Data shows that the maximum level of AZN-D1 internalization is achieved
already at 7.5 min (Fig. 3C), indicating that, as expected, DC-SIGN internalization is a
rather quick process. We also investigated whether internalization was dependent on
the amount of antigen available. We incubated DCs with a titration of AF405-labeled
AZN-D1 during 30 min at 4 °C and either washed and fixated the cells or allowed a
30 min incubation at 37 °C and then washed and fixated. After fixation, the cells were
permeabilized and stained with the polyclonal rabbit anti-DC-SIGN antibody CSRD (Fig.
2B)7 and a secondary AF647-labeled goat anti-rabbit antibody. Data shows that a certain
degree of DC-SIGN internalization was achieved even at the lowest concentration (Fig.
3D). Internalization increases proportionally to the amount of ligand (AZN-D1) used.
At approximately 1 μg/ml the amount of internalized receptor equals the amount of
receptor still at the membrane. Total DC-SIGN internalization was achieved using 5 μg/ml
of ligand (Fig. 3D).
We then examined the influence of the different intracellular tail motifs in the
internalization rate of DC-SIGN. The internalization kinetics of cells expressing unmodified (WT) DC-SIGN was slower than on DCs. Mutation of the EEE or the YKSL
motifs did not affect the internalization of DC-SIGN; however the LL mutant was only
partially able to internalize (Fig. 3E).
Subsequently, experiments were set up to track both ligand and receptor. The AF405labeled AZN-D1 antibody, which binds the carbohydrate-recognition domain, was used
as a model for the ligand, whereas to track the receptor an intracellular staining with CSRD
was used. Upon DC-SIGN triggering, both the ligand and the receptor were efficiently
internalized (Fig. 4A). Some receptors have the ability to recycle to the membrane
and collect more cargo35, however DC-SIGN does not appear to be able to return to
the membrane after internalization has been triggered, as the localization score for the
receptor appeared equal to that of the ligand (Fig. 4A). At an early time-point (7.5 min),
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