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Several C-type lectins (CLRs) are expressed on dendritic cells (DCs). CLRs are
carbohydrate-specific receptors involved in the recognition of glycosylated antigens.
The interaction of CLRs with their ligands facilitates antigen internalization and can
induce signaling or modulate TLR-induced signaling responses. Here, we investigated
the internalization characteristics of four different CLRs: MR, DC-SIGN, MGL and DCIR,
in order to obtain more insight in the biology of CLRs on DCs. CLR internalization and
intracellular routing was measured using imaging flow cytometry. The internalization
score, a measure of the internalization capacity of each CLR, was decreased for DCIR
as compared to the other CLRs. In addition, DCIR-mediated antigen routing was clearly
different to the intracellular compartments targeted by the other CLRs, and DCIR
targeting resulted in poor CD4+ T cell stimulation. Moreover, we show that most CLRs,
with the exception of DC-SIGN, are able to recycle to the cell membrane, thereby
enhancing antigen uptake. Interestingly, maturation did not affect the ability of any of
the CLRs to internalize; however, the recycling capacity of MGL and the expression levels
of all CLRs were decreased by LPS-induced maturation. Since pathogens are covered
with multiple glycan structures that could target several CLRs simultaneously, we
evaluated the effect of simultaneous triggering of multiple CLRs on their internalization
and routing. Although CLR internalization appeared to be independently regulated, DCSIGN routing was affected by simultaneous DCIR triggering. In conclusion, our results
provide new insights in the cell biology of CLRs and identify DCIR as a poor antigen
uptake receptor.

Introduction
Antigen presenting cells (APCs) play a pivotal role in the activation of T cells. Amongst
APCs, dendritic cells (DCs) are thought to be the most potent antigen presenters, as
they express the highest levels of major histocompatibility complex (MHC) molecules to
present antigen-derived peptides1,2. Of all APCs, DCs are predominantly able to crosspresent their antigens on MHC class I3. Different receptors expressed by DCs facilitate
their maturation to allow the generation of signals 2 and 3 needed for naïve T cell
activation. Especially members of the Toll-like receptor (TLR) family recognize different
pathogen associated molecular patterns (PAMPs) and danger associated molecular
patterns (DAMPs)4, resulting in DC maturation, migration to the lymph nodes and the
upregulation of co-stimulatory molecules (signal 2) and the secretion of cytokines (signal
3), facilitating T cell activation5. Other DC-expressed receptors, including the C-type
lectin receptors (CLRs), function as antigen uptake receptors, routing internalized
antigens to MHC class II or MHC class I loading compartments for their presentation to
T cells6, however they have also been shown to modulate TLR-induced signaling7,8.
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CLRs participate in the recognition of glycan structures by DCs. As cells of
mammalian, but also pathogenic origin, are generally covered with glycans, ligands
for CLRs include both pathogenic and endogenous proteins and lipids9. CLRs fall into
two broad categories, based on their glycan binding properties. CLRs containing an
EPN motif belong to the mannose and/or fucose binding group, while CLRs containing
a QPD motif recognize galactose and/or GalNAc10,11. Besides their function in antigen
uptake and modulation of TLR-induced signaling7,8, CLRs are also involved in cell-cell
adhesion and communication12.
The intracellular routing of endocytosed antigens depends on the mechanism of
internalization13. Most commonly, after receptor-mediated endocytosis, antigens enter
the endo-lysosomal route, where degradation of the antigen is initiated. Antigen-derived
peptides are loaded onto MHC class II molecules, which subsequently travel to the cell
membrane for CD4+ T cell stimulation2. Cross-presentation occurs predominantly in DCs
via the cytosolic pathway or the vacuolar pathway3, leading to peptide presentation in
MHC class I and in activation of CD8+ T cells. Distinct DC subsets handle internalized
antigens differently and therefore show a preference for either CD4+ or CD8+ T cell
stimulation14.
Antigen endocytosis and routing of the internalized cargo to MHC-loading
compartments have been reported for various CLRs. The mannose receptor (MR) targets
its ligands to endo-lysosomes15, resulting in enhanced T cell proliferation16,17. Increased
antigen uptake is achieved through the recycling of MR from intracellular pools18,19.
In contrast, DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DCSIGN) is exclusively expressed on the plasma membrane20. DC-SIGN ligands are quickly
internalized and routed to endosomes and lysosomes20–24, predicting MHC class II
presentation. Indeed, DC-SIGN internalized antigens activate CD4+ T cell proliferation,
however cross-presentation to CD8+ T cells also occurs after ligand internalization via DCSIGN24–26. Similar results on the internalization and subsequent CD4+ T cell stimulation
were obtained for human macrophage galactose-type lectin (MGL)27. Although routing
to MHC class I loading compartments has been described28, stimulation of CD8+ T cell
proliferation by MGL-internalized antigens has not been demonstrated yet in humans.
Dendritic cell immunoreceptor (DCIR) mediates presentation to both CD4+ and CD8+
T cells29,30, while only the routing to lysosomes has been formally demonstrated31. In
addition, DCIR internalization appears to be less efficient compared to other CLRs32. The
recycling capacity and subcellular distribution of DCIR still needs to be investigated.
Antigen uptake by DCs is thought to decline after maturation, while the T cell stimulation
capacity, due to the upregulation of co-stimulatory molecules and secretion of certain
cytokines, is increased33. Enhanced antigen uptake is observed directly after DC maturation34,
while most CLRs are downregulated on fully matured DC35, a highlight of the dramatic
change in DC phenotype after maturation. However, it is still unclear whether residual CLRs
present on the DC membrane are still capable of antigen internalization on mature DCs.
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Because DCs express multiple CLRs, whose carbohydrate specificity is partially
overlapping, it is possible that glycosylated antigens may interact with different CLRs
simultaneously. For example, MR, DCIR and DC-SIGN all recognize mannose- and
fucose-containing glycans and the interaction of these three CLRs with the same
ligands, for example HIV-1, has been demonstrated (Bloem et al., Chapter 3 and 36,37).
In addition, the heterogeneity of antigenic glycosylation may result in recognition by
multiple CLRs with different carbohydrate specificities. This is the case for MGL and DCSIGN, which can both interact with different glycan epitopes present on the soluble egg
antigens from Schistosoma mansoni38.
These simultaneous interactions with different CLRs could potentially affect
internalization or routing of the antigen. Therefore, we investigated the internalization
of MR, DC-SIGN, MGL and DCIR in immature and mature DCs and after simultaneously
triggering of two or more CLRs. Through the use of imaging flow cytometry, we were
able to visualize, in large cell populations, CLR internalization and co-localization in
intracellular compartments39. We found a distinct internalization and routing pattern
for DCIR, that correlated with a decreased capacity to stimulate CD4+ T cells. Combined
triggering of DCIR and DC-SIGN influenced DC-SIGN routing, whereby prolonged
stability of DC-SIGN-endocytosed ligands is observed in combination with decreased
co-localization with lysosomes and MHC class II loading compartments. Similar to MR,
we demonstrate that both DCIR and MGL have the capacity to recycle to the membrane.
Strikingly, the recycling of MGL was abolished by the addition of LPS. In conclusion, we
here establish an inferior role for DCIR in antigen presentation in MHC class II molecules
and an interference of DCIR triggering on DC-SIGN routing.

Materials and Methods
Reagents and antibodies
The following reagents were used: Paraformaldehyde (formaldehyde) aqueous
solution (Electron Microscopy Sciences) (PFA), Saponin (Sigma Aldrich), Escherichia coli
lipopolysaccharide (LPS) (0111;B4, Sigma-Aldrich) and bovine serum albumin (BSA)
(Roche). The following antibodies were used: α-DC-SIGN (clone AZN-D140), α-DCIR
(clone 111F8.04, unlabeled, Alexa Fluor (AF) 488 and 647 labeled, Dendritics), α-MR
(clone 19.2, BD Bioscience), α-MGL (clone 125A10.03, unlabeled and AF647 labeled,
Dendritics), α-ICAM2 (12A241), EEA1-FITC (clone 14/EEA1, BD Biosciences), HLA-DMPE (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 goatα-mouse IgG2a (Invitrogen), IFNγ coating and biotin-labeled IFNγ detection antibody
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(Invitrogen). α-DC-SIGN AZN-D1 was labeled with AF405, α-MGL 125A10.03 with AF594
and α-MR 19.2 with AF647 (Invitrogen) according to manufacturer’s instructions.

Cells
Monocytes were isolated from peripheral blood mononuclear cells (PBMCs) from
buffy coats of healthy donors (Sanquin) by a lymphoprep gradient (Axis-Shield) and
subsequent percoll gradient centrifugation (Amersham). DCs were generated by
culturing purified monocytes in RPMI1640 (Invitrogen) supplemented with 10 % fetal
bovine serum (BioWhittaker), 1000 U/ml penicillin/streptomycin (Lonza) and 2 mM
glutamine (Lonza) in combination with IL-4 (262.5 U/ml; Biosource) and GM-CSF (112.5
U/ml; Biosource) for 4-7 days. 10 ng/ml LPS was added for indicated time periods to
mature cells. HD7 cells, a CD4+ T cell clone that recognizes a peptide derived from mouse
IgG1 antibodies in HLA-DR0101/DQw1, were used as T cell responders42.

Internalization experiments
For experiments performed in Figure 1-4 and Table 1: approximately 1 million cells
were incubated in 100 μl of ice-cold RPMI 1640 medium (Invitrogen) containing 10 %
fetal bovine serum for 20 min. α-DC-SIGN, α-DCIR, α-MGL and/or α-MR were added
and incubated for 30 min on ice in order to allow binding to the CLRs expressed on the
cell surface without triggering internalization. Cells were subsequently transferred to
37 ºC for 1 hour or kept on ice. Cells were washed in ice-cold phosphate-buffered saline,
fixated in ice-cold 4 % PFA in PBS for 20 minutes and then washed two times in ice cold
PBS. Cells were kept in PBS supplemented with 0.05 % BSA and 0.02 % sodium azide at
4 ºC until analysis.

Intracellular routing experiments
For experiments performed in Figure 5 and 6: approximately 1 million cells were incubated
in 100 μl of ice-cold RPMI 1640 medium (Invitrogen) containing 10 % fetal bovine serum
for 20 min. α-DC-SIGN and/or α-DCIR were added and incubated for 30 min on ice in
order to allow binding to DC-SIGN and/or DCIR expressed on the cell surface without
triggering internalization. Cells were washed in ice-cold medium to remove unbound
antibodies and then transferred to 37 ºC for different time points or kept on ice. At the
desired time-points, cells were washed in ice-cold phosphate-buffered saline, fixated in
ice-cold 4 % PFA in PBS and stained for intracellular routing markers.

Intracellular CLR and cellular compartment staining
Cells were washed in ice-cold phosphate-buffered saline (PBS), fixated in ice-cold 4 %
PFA in PBS for 20 minutes and then washed two times in ice cold PBS. For intracellular
staining, cells were permeabilized in 0.1 % saponin in PBS for 30 min at room
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temperature and then blocked with PBS containing 0.1 % saponin, 2 % BSA and 1 %
goat serum. Primary and secondary stainings were performed in PBS supplemented
with 0.1 % saponin and 2 % BSA at room temperature. After staining, cells were kept
in PBS supplemented with 0.05 % BSA and 0.02 % sodium azide at 4 ºC until analysis.

Imaging flow cytometry

5

Cells were analyzed on the ImageStreamX (Amnis corp.) imaging flow cytometry as
previously described (Bloem et al., Chapter 4). A minimum of 15000 cells were acquired
per sample. Internalization and co-localization scores were calculated as previously
described (Bloem et al., Chapter 4). Briefly, cells were acquired on the basis of their area.
Analysis was performed with single cells after compensation (with a minimum of 5000
cells). To calculate internalization, a mask was designed, defined by the morphology
of the cells, which allows quantification of the intracellular space of the cell. The
internalization score is a log-scaled ratio of the intensity of the intracellular space
versus 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. In general, cells with a low degree of co-localization or no colocalization at all between two probes show scores below 1.

T cell stimulation experiments
20x103 DCs/well were pre-incubated with serial dilutions of α-DC-SIGN, α-DCIR, α-MR,
α-MGL or α-ICAM2 (as isotype control) antibodies for 2 hours at 37 ºC and subsequently
co-cultured with 80x103 HD7 cells for 48 hours. Afterwards, IFNγ production in the
supernatants was measured by ELISA. Shortly, IFNγ coating antibody was coated in
coating buffer (50 mM NaHCO3, pH 9.7). Plates were blocked with 1 % BSA in PBS.
Diluted supernatants and IFNγ detection antibody were added. Bound IFNγ detection
antibody was detected with streptavidin-PO (Invitrogen). Binding of streptavidin-PO
was visualized with 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich) as a substrate and
optical density was measured by spectrophotometry at 450 nm.
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Results
MGL and DCIR have the capacity to recycle
To elucidate differences in functional properties regarding antigen internalization of
different CLRs, we selected MR, DC-SIGN, MGL and DCIR as representatives of both
mannose/fucose-binding and galactose/GalNAc-binding type I and type II CLRs. At first,
we compared the distribution of these CLRs on DCs. Resting immature DCs were fixated,
permeabilized, stained for each of the above mentioned CLRs and analyzed by imaging
flow cytometry. Using the internalization feature we could address whether CLRs
were localized at the cell membrane or in intracellular compartments. Internalization
scores below 0 indicate that the CLR is located at the plasma membrane, while positive
internalization scores point to intracellular expression. Consequently, internalization
scores close to 0 indicate an equal distribution between the membrane and intracellular
compartments. As previously demonstrated, DC-SIGN was exclusively expressed
at the cell membrane of DCs, while MGL and MR were also located in intracellular
compartments (20,43 and Figure 1A, D and G). The CLR DCIR showed a cellular distribution
comparable to MR and MGL, with approximately half of the molecules located on the
cell membrane and the other half intracellularly (Figure 1 J).
The internalization capacity of the CLRs tested was measured by incubating
DCs first with the anti-CLR antibodies at 4 ºC to allow binding to the receptor and a
subsequent incubation step at 37 ºC to trigger internalization for 60 min. As expected,
all anti-CLR antibodies showed an exclusive membrane-bound distribution at 4 ºC
and were efficiently internalized upon increasing the temperature, thereby allowing
internalization. However, the internalization score of DCIR was lower compared to the
other CLRs, indicating that a substantial portion of DCIR molecules remained on the cell
membrane (Figure 1B, E, H and K).
Since MGL, MR, and DCIR were located at the cell membrane, but also in intracellular
compartments, we speculated that this could be explained by receptor recycling that
would allow increased antigen uptake, as already observed for MR18,19. To investigate
this, DCs were incubated with the anti-CLR antibodies at 4 ºC for 30 min and directly
transferred to 37 ºC, without washing unbound antibodies away. Indeed, MGL and DCIR
showed an increased antigen staining at 37 ºC, when receptor recycling is possible,
compared to the exclusive membrane staining at 4 ºC. Similar results were obtained
for MR, in contrast to DC-SIGN that showed comparable antigen staining at 4 ºC and
37 ºC (Figure 1C, F, I and L), indicating an absence of DC-SIGN recycling to the plasma
membrane during the time frame of the experiment.
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Figure 1.
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Figure 1. DC-SIGN is the only CLR expressed exclusively
on the cell membrane and lacks recycling capacity.(A, D, G
and J) Distribution of CLRs was investigated by intracellular
staining of DCs with monoclonal CLR-specific antibodies.
Negative internalization scores indicate membrane expression
and positive internalization scores represent intracellular
staining. Four representative images are given next to the
internalization scores. (B, E, H and K) Internalization of CLRs
was investigated by allowing internalization of membrane
expressed CLRs for 1 hour at 37 ºC. Staining at 4 ºC represents
CLR-membrane staining of cells and staining at 37 ºC shows
the internalized CLRs. Three representative images of both
conditions are given next to the internalization scores. (C,
F, I and L) Recycling capacity was investigated by allowing
internalization of CLR-specific antibodies without washing.
Recycling of receptors to the membrane for the internalization
of more antibodies, is indicated by an increased fluorescent
intensity at 37 ºC compared to the exclusive membrane
staining at 4 ºC.
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DC maturation does not change the internalization capacity of CLRs
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In the first hour after receiving maturation stimuli, DCs show an enhanced antigen
uptake capacity, while this is reduced with prolonged time periods, in combination with
an increased T cell stimulation capacity33,34. Downregulation of gene expression of CLRs
after DC maturation has been described before35, which contributes to a decreased
antigen uptake in fully matured DCs. We analyzed protein expression of the four
CLRs after DC triggering with LPS and thereafter investigated CLR-mediated antigen
internalization on mature DCs. A decreased membrane expression was observed
for all CLRs after overnight incubation with LPS (Figure 2A, C, E and G), whereby the
MGL expression declined already 1 hour after the addition of LPS. However, residual
expression of all four CLRs was observed on mature DCs, suggesting a possible role for
mature DCs to still regulate antigen uptake. Indeed, when we investigated whether
reduced expression of CLRs, due to maturation, affected also the internalization
capacity per CLR molecule, we observed that all tested CLRs maintained a comparable
internalization rate independent of the addition of LPS, indicated by the constant
internalization scores over the time frame of the experiment (Figure 2B, D, F and H).
Additionally, a drop in the receptor recycling for MGL, MR and DCIR could attribute
to a decreased antigen uptake after maturation (Figure 2A, C, E and G). Receptor
recycling is visualized by an increased antigen staining at 37 ºC compared to the
exclusive membrane staining at 4 ºC. Whereas the recycling capacity of MR and DCIR
was comparable on immature and mature DCs (Figure 2E and G), there was a great
decline in recycling capacity of MGL on mature DCs, indicated by the similar staining of
MGL at 37 ºC compared to 4 ºC (Figure 2C). The difference in staining intensity of MGL
at 37 ºC compared to 4 ºC declined already 1 hour after the addition of LPS. Our results
demonstrate that besides the reduced cell membrane expression of DC-SIGN, MR and
DCIR on mature DCs, no alterations in basal antigen uptake capacity of the CLRs were
present. On the contrary, MGL showed a decreased recycling function on mature DCs,
while its internalization capacity remained intact.

Combined triggering of CLRs does not affect their internalization rate
MR, DC-SIGN and DCIR are all mannose/fucose-binding lectins, however their actual
glycan specificity differs. In contrast, MGL binds terminal GalNAc residues. As pathogens
and self-proteins are covered with a wide variety of glycan structures, some antigens
may carry ligands for more than one CLR. In this case a competition between the CLRs
for ligand binding could occur or multiple CLRs could bind one ligand simultaneously.
Concurrent stimulation of a number of CLRs could affect their individual internalization
capacity. We therefore tested the ability of each of the four CLRs to internalize their
ligand in the presence of specific antibodies for one or more CLRs simultaneously. None
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Figure 2. DC maturation
diminishes MGL recycling. (A,
C, E and G) DCs were maturated
overnight by the addition of 10 ng/
ml LPS. Cell membrane expression
was tested by CLR staining at 4 ºC
(white boxes) and recycling of
CLRs is indicated by differences
in membrane staining at 4 ºC
and staining at 37 ºC, allowing
internalization and recycling (black
boxes). Staining is depicted as the
median fluorescent intensity (MFI)
± SD from a minimum of 5000
analyzed cells per sample. (B, D,
F and H) Internalization scores of
CLRs are given after the addition
of LPS. Membrane expressed CLRs
were targeted with CLR specific
antibodies (white boxes) and
internalization was allowed for 1
hour (black boxes).
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of the CLRs showed a reduced internalization capacity when one of the other CLRs
was triggered simultaneously (Table 1 and Figure 3), indicating that CLR-endocytosis is
unaffected by stimulation of other CLRs.
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Figure 3. Internalization is not affected by simultaneously triggering of other CLRs. (A-D)
Labeled CLR-specific antibodies of indicated receptors were allowed to internalize for 1 hour
alone or in combination of unlabeled antibodies for the other three CLRs. Internalization score
in the absence of co-triggering is indicated by continuous colored lines, internalization score of
indicated receptor after combined triggering is given with the black continuous line. Membrane
staining is visualized by dotted colored line. Three representative images of all conditions are
given above the internalization scores.

Table 1. Simultaneously triggering of two CLRs does not affect internalization. CLRs were
simultaneously triggered in combinations of two and the internalization of each of the CLRs was
addressed by imaging flow cytometry. Analysis was performed with a minimum of 5000 cells per
sample. Shift in internalization scores ± SD between membrane staining at 4 ºC and receptor
internalization at 37 ºC are given for the different combinations.
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