DCIR triggering affects DC-SIGN mediated routing
DCIR follows a different intracellular route
Besides a possible effect on the internalization capacity, simultaneous triggering of
CLRs could also affect intracellular routing of antigen. The endo-lysosomal targeting,
described for all four CLRs15,20,27,31, could be one indication of the existence of a
common intracellular routing pathway. In that case, CLR ligands would co-localize
after internalization. We addressed this issue by calculating co-localization scores after
triggering internalization of all four CLRs simultaneously. Co-localization scores for DCSIGN, MGL and MR were similar at 4 ºC and 37 ºC, suggesting that the internalization
of these three CLRs proceeded from the plasma membrane to the same intracellular
compartments (Figure 4A, B and D). Strikingly, DCIR showed co-localization with all
CLRs at the plasma membrane, visualized by the staining at 4 ºC, however this colocalization clearly decreased upon incubation at 37 ºC (Figure 4C, E and F). These
results suggest a reduced DCIR internalization, a distinct intracellular routing followed
by DCIR-internalized ligands compared to DC-SIGN-, MGL- and MR-endocytosed
ligands or both.
Therefore, we investigated in detail the internalization pathway of DCIR and
compared this with DC-SIGN, of which the detailed intracellular trafficking was
investigated previously (Bloem et al., Chapter 4). Co-localization was calculated as
described in materials & methods. At time point zero DCIR and DC-SIGN are stained
exclusively at the membrane, therefore no co-localization with intracellular routing
markers is observed. DCIR showed a delayed co-localization with endosomes upon
triggering internalization, while co-localization with lysosomes was almost absent
(Figure 5A and B); in contrast with DC-SIGN, which routed quickly to early endosomes
and subsequently to the lysosomes. The lack of lysosomal trafficking of DCIR suggests
a decreased degradation of DCIR-endocytosed ligands. Degradation of internalized
antigens was investigated by comparing the fluorescence intensity of the label of the
DCIR antibody over time with time point zero, were all labeled DCIR antibodies were
located at the cell membrane and therefore intact. Indeed, we observed a lower rate of
fluorescence loss of the label of the DCIR antibody compared with that of the DC-SIGN
antibody, which could be attributed to decreased lysosomal degradation of the DCIR
antibody (Figure 5C). As expected, within 3 hours DC-SIGN-related fluorescence decayed
to 20 % of the original values, suggesting that lysosomal degradation occurred quickly
on this route (Figure 5C). Based on the lack of co-localization of DCIR with lysosomes,
we hypothesize that DCIR-internalized ligands follow a different intracellular routing.
To test this hypothesis, we measured the co-localization of DCIR with known markers
for intracellular compartments. Strikingly, there was poor co-localization with all tested
compartments (Figure 5D-I), suggesting that DCIR targets antigens to a yet undefined
compartment.
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Figure 4. DCIR follows a distinct internalization pathway compared to other CLRs. CLRs were
internalized in a pairwise fashion and co-localization scores were calculated at 4 ºC and 37 ºC. High
co-localization scores at 4 ºC indicate extracellular staining of both lectins. High co-localization
scores at 37 ºC indicate the presence of both lectins in the same intracellular compartment. Three
representative images of all conditions are given next to the co-localization scores.

Internalization route of DC-SIGN is affected by combined DCIR triggering
Since DCIR and DC-SIGN have an overlapping glycan specificity and binding to the
same ligands has been observed (Bloem et al., Chapter 3), we investigated whether
simultaneous triggering of DC-SIGN and DCIR has an effect on their respective
intracellular trafficking. DC-SIGN triggering had no effect on the intracellular routing
of DCIR, which showed similar low co-localization scores with the tested markers in the
presence of DC-SIGN stimulation (data not shown). However, the intracellular routing of
DC-SIGN was strongly affected when DCIR was triggered simultaneously. A decreased
co-localization of DC-SIGN with lysosomes was observed compared to single DC-SIGN
stimulation. This correlated with a decrease in DC-SIGN degradation, indicated by an
enhanced fluorescence intensity of the labelled DC-SIGN antibody compared to DCSIGN stimulation alone (Figure 6A). In addition, the co-localization scores of DC-SIGN
with PDI and HLA-DM were decreased, suggesting a reduced T cell stimulatory capacity
of DC-SIGN in the presence of concomitant DCIR stimulation. On the other hand, DCSIGN co-localization with rab11, a marker for slow recycling endosomes, was slightly
increased (Figure 6B).
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Figure 5. DCIR follows an undefined internalization pathway. (A, B, D-I) Binding of CLR-specific
antibodies to membrane expressed receptors was allowed for 30 minutes at 4 ºC, where after
the excess of unbound antibodies was washed away. Internalization of receptors was allowed
for different time points and co-localization scores with different intracellular routing markers
were calculated. EEA: early endosome antigen, LAMP: lysosomal-associated membrane
protein-1, rab5: marker for early endosome fusion, rab7: marker for endocytic trafficking to
lysosomes, rab11: marker for slow recycling endosome, HLA-DM: marker for MHC class II loading
compartment, PDI: protein disulfide isomerase, present in endoplasmic reticulum, TGN46:
marker for trans-Golgi network. (C) The degradation of internalized antibodies was assessed by
measuring the fluorescent intensity of the label. MFI relative to time point 0 is depicted.
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Figure 6. DCIR triggering affects routing of DC-SIGN ligands. Co-localization scores of DCSIGN with indicated intracellular compartments are measured over time in combination with
DCIR triggering. Percentage of co-localization is given compared to internalization without DCIR
triggering. The degradation of internalized antibodies was assessed by measuring the MFI of
the label. Percentage of residual MFI is given compared to residual MFI without DCIR triggering.

DCIR has a reduced T cell stimulating capacity
Since the routing of DCIR internalized ligands differs greatly from that of the other
tested CLRs and the internalization rate of DCIR was low, we investigated whether DCIR
was able to stimulate CD4+ T cells. DCs were incubated with CLR-specific antibodies for
2 hours, after which a T cell clone specific for an IgG1-derived peptide was added. After
2 days supernatant was taken from the co-cultures and IFNγ was measured as a marker
for T cell proliferation. Compared to other CLRs, DCIR clearly had a decreased ability to
stimulate CD4+ T cells, however also DC-SIGN and MGL showed a somewhat reduced
ability to stimulate CD4+ T cells compared to MR (Figure 7). These results indicate an
inferior function of DCIR in T cell stimulation.
Figure 7. Stimulation of CD4+ T cells after CLR
mediated internalization. DCs were incubated
with CLR-specific antibodies and stimulation of
CD4+ T cell clone was investigated by measuring
IFNγ production.
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MR, DC-SIGN, MGL and DCIR are four DC-expressed CLRs of which the glycan
specificities are well characterized. Although their role in antigen presentation has
been studied in detail, their antigen uptake on immature and mature DCs has, to
our knowledge, never been compared. Furthermore, most research focuses on the
internalization of a single CLR, while many antigens contain different glycan structures
that interact with multiple CLRs simultaneously. To investigate these questions we
made use of imaging flow cytometry, which combines flow cytometry with quantitative
image analysis. We here reveal differences in the recycling capacity of the four CLRs
tested, which was diminished for MGL after DC maturation. Furthermore, the DCIR
internalization capacity was reduced and DCIR-internalized ligands follow a distinct
intracellular pathway compared to the other CLRs. Lastly, simultaneous DCIR triggering
affects DC-SIGN-dependent antigen routing, without a concomitant effect on the basal
internalization capacity of DC-SIGN.
The intracellular domains of CLRs contain different internalization motifs that
mediate antigen endocytosis. DC-SIGN has three internalization motifs, a di-leucine,
a tyrosine based motif and a triacidic cluster. We have previously demonstrated that
DC-SIGN internalization and routing is predominantly mediated by the di-leucine
motif (Bloem et al., Chapter 4 and 20), in contrast to MGL and MR internalization, that
depends on a tyrosine-based motif27,44,45. The only putative internalization motif in DCIR
is a tyrosine-based motif, but whether this motif actually mediates DCIR endocytosis
has not been established. MR, MGL and DCIR are able to enhance antigen uptake by
receptor recycling; the presence of a tyrosine-based motif in the intracellular tail of
all three receptors suggests that this motif might be involved receptor recycling. The
crucial role of a tyrosine-based motif in internalization and recycling of the siglec CD22
further supports such a function, however a glutamine residue in a membrane proximal
motif is important in internalization and recycling of CD22 as well46. In contrast, the
tyrosine-based motif in DC-SIGN is not involved in internalization (Bloem et al., Chapter 4)
nor recycling.
Receptor recycling could be the result of relocalization of CLRs from intracellular
stores to the cell membrane, or by the release of internalized antigens inside the cell,
while the receptor returns to the cell membrane. Based on our experiments we cannot
make the distinction between the two modes of recycling for MR, MGL and DCIR, since
all these membrane receptors have an intracellular pool as well. The intracellular pool
of MR has already been reported to be redistributed to the plasma membrane after MR
triggering, resulting in an enhanced antigen uptake18,19. We here show that like MR, MGL
and DCIR have a comparable intracellular distribution in DCs, which could contribute to
the observed enhancement in antigen uptake. Nevertheless, recycling of receptors that
originate from the cell membrane has been reported for DEC-205 and MR47. Receptor
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recycling for DEC-205 is dependent on a triacidic cluster. A similar triacidic cluster is
present in DC-SIGN, yet we could not detect recycling of DC-SIGN, even though our
experiments were performed within a similar time frame. Therefore, DC-SIGN is the
only receptor from the tested CLRs that does not function as recycling receptor on DCs.
DC-SIGN internalized ligands have frequently been reported as potent T cell
stimulators24–26 and we here show that they are even more effective in promoting CD4+
T cell proliferation compared to ligands internalized by MGL or DCIR (Figure 8 and 27).
This could be explained by a more optimal routing of DC-SIGN internalized ligands
to the MHC class II loading compartments, a positive effect of DC-SIGN signaling on
T cell stimulation or both. The recycling capacity of MGL and DCIR may, in contrast,
contribute to a more efficient uptake of pathogens for their removal from the body. The
expression of these CLRs on macrophages31,48 further supports such a function, since
these cells are the major scavengers of the human body.
Maturation of DCs results in enhanced endocytosis shortly after TLR triggering34.
In contrast, the endocytic capacity of mature DCs receiving maturation signals more
than two hours ago, was similar or even decreased34,49. We here investigated the basal
internalization capacity of the four CLRs: MR, DC-SIGN, DCIR and MGL, and found no
alterations in internalization capacity per CLR molecule on mature DCs, compared to
unstimulated cells. Nevertheless, DC maturation induces a quick loss of the capacity
of MGL to recycle. Together with the decreased expression of CLRs on the plasma
membrane, this could contribute to the reduced overall antigen uptake in fully matured
DCs33. In addition, differential routing and decreased ligand degradation is observed
in mature DCs for DC-SIGN-internalized ligands (Bloem et al., Chapter 4), thereby
potentially preventing presentation of antigens encountered hours after the initial
maturation trigger.
Since many glycosylated antigens carry multiple glycan structures, it is likely that
simultaneous interactions of an antigen with several CLRs occur. We have investigated
the effects of simultaneous triggering of CLRs on antigen internalization and routing.
No differences in the intrinsic internalization capacity were observed, suggesting that
in the presence of abundant antigen, internalization of antigen will be mediated by all
CLRs interacting with the ligand. As in vivo probably only limited amounts of antigen
are available, the affinity of the ligand most likely dictates which CLR is involved in the
actual antigen uptake.
Here we show that the routing of MR, MGL or DC-SIGN antibodies is quite similar,
since the co-localization scores of the CLRs are equal on the cell membrane and
intracellularly. However, DCIR appears to follow a completely different pathway in
addition to its reduced capacity to mediate ligand internalization. Ligands interacting
with DCIR could induce signaling via the ITIM of DCIR, thereby modulating the fate of
these ligands in case they are internalized via another receptor, explaining the effect of
DCIR triggering on the routing of DC-SIGN internalized ligands. The interaction of DCIR

141

5

Chapter 5

5

with its carbohydrate ligand indeed induces signaling via the ITIM (Bloem et al., Chapter
2) and DCIR triggering with antibodies has been shown to modulate TLR-induced
signaling29,31. Furthermore, DCIR signaling via its ITIM is required for the increased HIVinfectivity observed after HIV-DCIR interactions50, suggesting an important role for
DCIR signaling after ligand binding.
Even though MR, MGL and DC-SIGN lack clear signaling motifs inside their intracellular
domains8, signaling via these CLRs has been described. Conflicting data on the effect
of MR stimulation exist, since MR stimulation with a specific antibody or different
ligands results in DC maturation and the production of IL-1051, while MR-/- mice show an
increased IL-10 production compared to wild type mice as well after stimulation52. DCSIGN signaling clearly increases IL-10 production after LPS stimulation53, while its effect
on TLR4-induced IL-6 and IL-12 secretion depends on the interacting glycan54. MGL
signaling induces DC maturation49 and affects TLR2-induced cytokine production (van
Vliet et al., manuscript in preparation). Therefore, we cannot rule out that simultaneous
triggering of various other CLRs may affect the routing of additional CLRs as well, like
we observed for DICR triggering on DC-SIGN routing.
The effect of DCIR triggering on DC-SIGN routing suggests differences in degradation
and presentation of DC-SIGN-specific ligands, compared to combined DCIR- and DCSIGN-binding ligands. In this fashion, DC-SIGN-specific ligands, like Candida albicans
(Bloem et al., Chapter 3), are probably degradated and presented on MHC class II
molecules more efficiently compared to for example HIV-1 that interacts with both
DCIR and DC-SIGN (36,55 and Bloem et al., Chapter 3).
Furthermore, in this study we made use of CLR-specific antibodies to assure
internalization and routing via a single receptor. However, in vivo, one glycosylated
ligand most likely interacts with various CLRs. Simultaneous interactions of multiple
separate ligands with different CLRs could happen as well, mimicking the situation we
have tested. To investigate in detail the interaction of the same ligand with multiple CLRs
at the same time, an antigen should be covalently coupled to two or more antibodies.
In conclusion, we have found that MGL and DCIR are able to recycle in DCs, like
previously reported for MR18,19. Strikingly, DC maturation diminished the MGL recycling
capacity, while the recycling capacity of MR and DCIR was unaffected. The intrinsic
internalization capacity of the tested CLRs was maturation independent and not
influenced by combined triggering of other CLRs. However, DCIR triggering did affect
DC-SIGN routing, while the initial internalization remained unchanged. In addition,
DCIR routed its internalized ligands to distinct, but as yet undefined intracellular
compartments, correlating with decreased capacity of DCIR-targeted ligands to
stimulate CD4+ T cells.
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