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Abstract
C-type lectins on dendritic cells function as antigen uptake and signaling receptors, 
thereby influencing cellular immune responses. Dendritic cell-specific intercellular 
adhesion molecule-3-grabbing non-integrin (DC-SIGN) is one of the best-studied C-type 
lectin receptor expressed on DCs and its glycan specificity and functional requirements 
for ligand binding have been intensively investigated. The carbohydrate specificity of 
dendritic cell immunoreceptor (DCIR), another DC-expressed lectin, was still debated, 
but we have recently confirmed DCIR as mannose/fucose-binding lectin. Since DC-SIGN 
and DCIR may potentially share ligands, we set out to elucidate the interaction of DCIR 
with established DC-SIGN-binding ligands, by comparing the carbohydrate specificity 
of DCIR and DC-SIGN in more detail. Our results clearly demonstrate that DC-SIGN has 
a broader glycan specificity compared to DCIR, that interacts only with mannotriose, 
sulfo-Lewisa, Lewisb and Lewisa. While most of the tested DC-SIGN ligands bound DCIR 
as well, Candida albicans and some cancer cell lines were identified as DC-SIGN-specific 
ligands. Interestingly, DCIR strongly bound human immunodeficiency virus type 1 (HIV-1) 
gp140 glycoproteins, while its interaction with the well-studied DC-SIGN-binding HIV-1
ligand gp120 was much weaker. Furthermore, DCIR-specific ligands were detected 
on keratinocytes. Interestingly, the interaction of DCIR with its ligands was strongly 
influenced by the glycosylation of DCIR. In conclusion, we show that sulfo-Lewisa is a 
high affinity ligand for DCIR and that DCIR interacts with ligands from both pathogenic 
and endogenous origin of which some are shared by DC-SIGN. 

Introduction  
Dendritic cells (DCs) play a critical role in shaping innate and adaptive immune responses. 
DCs are equipped with different receptor families, such as the Toll-like receptor (TLR) 
family that enables them to respond to pathogen associated molecular patterns 
(PAMPs) and danger associated molecular patterns (DAMPs)1. TLR stimulation will 
induce DC maturation, characterized by the upregulation of co-stimulatory molecules, 
the secretion of cytokines and the migration of DCs to the lymph nodes2,3. Other 
receptors, like the C-type lectin receptors (CLRs), are involved in antigen internalization 
and the routing to Major Histocompatibility complex (MHC) class I and II loading 
compartments, needed for MHC class I and II-dependent T cell activation4,5. In addition, 
some CLRs are capable of modulating TLR-induced responses by altering intracellular 
signaling pathways6,7.

CLRs recognize glycan structures present on pathogens, commensals and self-
glycoproteins7. The occurrence of a Glutamine acid-Proline-Asparagine (EPN) motif 
inside the carbohydrate recognition domain (CRD) predicts fucose and mannose 
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binding, while the Glutamine-Proline-Aspartic acid (QPD) motif is involved in binding 
to galactose- or N-acetylgalactosamine (GalNAc)-containing glycans8. Dendritic cell 
immunoreceptor (DCIR) contains an unusual sequence in the putative CRD, whereby 
the Asparagine residue is replaced by a Serine residue, resulting in an EPS motif9. This 
receptor is the only classical CLR that contains an intracellular immunoreceptor tyrosine-
based inhibitory motif (ITIM). The glycan specificity of this lectin has only recently been 
investigated, however with conflicting results, as both mannose/fucose specificity10 

as well as binding to sulfated N-acetyl lactosamine (LacNAc) and lactose (Lac), and 
biantennary N-glycans11 has been reported. We have elucidated the glycan specificity 
of DCIR as well and our results clearly demonstrate DCIR binding to mannotriose and 
Lewisb

 (Bloem et al., Chapter 2), confirming DCIR as fucose/mannose-binding lectin. 
DC-specific intercellular adhesion molecule-3 (ICAM-3)-grabbing non-integrin (DC-

SIGN) is another fucose/mannose binding lectin expressed on DCs12. In contrast, DCIR 
is expressed on various immune cells besides DCs, including monocytes, neutrophils, 
B-cells and activated T cells9,13–15. Compared to DCIR, the glycan specificity of DC-SIGN 
has been extensively studied, demonstrating DC-SIGN recognition of high mannose 
and unsialylated Lewis structures16. The interaction of DC-SIGN with fucose-containing 
glycans is of higher affinity than the DC-SIGN-mannose interaction10. 

Based on its glycan specificity, DC-SIGN binding to various endogenous and 
exogenous ligands has been suggested16,17. After the initial report on the binding of DC-
SIGN to human immunodeficiency virus type 1 (HIV-1) gp12018, many other pathogens 
have been described as DC-SIGN ligands, including fungi, such as Candida albicans19, 
viruses, like Hepatitis C Virus (HCV)20,21, bacteria, such as Helicobacter pylori16 and 
Mycobacterium tuberculosis22 and helminths, like Schistosoma mansoni23. In addition, 
various endogenous proteins have been reported as DC-SIGN ligands, including the 
adhesion molecules ICAM-3, ICAM-2, CEACAM1 and Mac-112,18,24–26. Altered cellular 
glycosylation during oncogenesis results in the expression of DC-SIGN-binding glycans 
on tumor associated antigens, such as CEA27,28. 

Only recently the first DCIR-binding ligand, HCV, has been reported29. Furthermore, 
HIV-1 infectivity has been shown to be dependent on DCIR-induced signaling30,31, 
however, actual binding of HIV-1 to DCIR has not been demonstrated yet. The 
recognition of endogenous ligands by DCIR still needs to be established. 

DC-SIGN specific ligands are quickly internalized and routed to endosomal and 
lysosomal compartments32–34, resulting in both MHC class I and MHC class II presentation 
and activation of CD8+ as well as CD4+ T cells34–38. DCIR internalization occurs at a lower 
rate (9 and Bloem et al., Chapter 5) and we hypothesize a more important role for DCIR 
in signaling and modulation of DC-mediated responses (Bloem et al., Chapter 2).

The potential overlapping glycan specificities of DC-SIGN and DCIR prompted us 
to investigate this in more detail, particularly as both are expressed simultaneously on 
DC and the functional outcome might depend on the combined binding of antigens to 
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both lectins. Since DCIR and DC-SIGN most likely have distinct functional properties, 
we set out to investigate the glycan specificity of DCIR in more detail, thereby exploring 
whether DCIR was able to interact with known DC-SIGN-binding ligands. We here show 
that sulfo-Lewisa is a high affinity ligand for DCIR and that DCIR interacts with ligands 
from both pathogenic and endogenous origin.  

Materials and Methods
Antibodies, Fc chimeric proteins, lectins, glycans and ligands
DCIR-Fc consists of the extracellular domains of DCIR (amino acid residues 208-689) 
fused at the C terminus to the Fc domain of human IgG139 and was produced in Chinese 
Hamster Ovary (CHO) cells (DCIR-Fc) and in CHO Lec8 cells (DCIR-Fc Lec8)40. DC-
SIGN-Fc was produced as described previously41. All Fc constructs were purified using 
Hi Trap Protein A HP columns (GE Healthcare Europe). Human IgG1 kappa (Serotec) 
was used as a control Fc protein. Antibodies used are α-Lewisa, α-Lewisb, α-LewisX and 
α-LewisY (Calbiochem), goat-α-mouse-IgM-PO (Nordic Immunologic Laboratories), 
goat-α-mouse-IgM-FITC (Jackson Immunoresearch), goat-α-mouse-Ig-PO (Dako), goat 
α-mouse IgG Alexa Fluor 488 F(ab’)2 (Invitrogen) and goat-α-human Fc-PO (Jackson 
Immunoresearch). Other reagents include streptavidin-Alexa Fluor 488 (Invitrogen), 
streptavidin-PO (Invitrogen), biotinylated lectin Concanavalin A (ConA, Vector Labs) 
and Methyl-α-D-glycopyranoside/Methyl-α-mannospyranoside (Glc/Man block, 
Sigma Aldrich). Glycans used were biotin-labeled polyacrylamide (PAA) conjugates 
or unlabeled PAA conjugates (Lectinity and American Consortium of Functional 
Glycomics (www.functionalglycomics.org)), except for mannose-BSA (Sigma Aldrich), 
Mannotriose, 3’sulfo-Lewisa, 3’sulfo-LewisX, Blood group A and B (Dextra Labs), which 
were BSA-conjugated and not biotinylated. Trichinella spiralis larvae were harvested 
from infected mice and kindly provided by dr. J. van der Giessen (RIVM, Bilthoven, the 
Netherlands), Schistosoma mansoni cercariae were kindly provided by dr. M. de Jong-
Brink (FALW, VU University, Amsterdam, the Netherlands), and Haemonchus contortus 
larvae were a gift from dr. J. Poot (Intervet Int., Boxmeer, the Netherlands). Soluble 
products (SP) of the helminth stages were prepared as described42. Larvae or cercariae 
were frozen in liquid nitrogen, and crushed with mortar and pestle into powder. The 
powder was dissolved in MilliQ and centrifuged to remove the insoluble fraction. After 
30 minutes of centrifugation at 10.000 g at 4 °C, supernatants were filtered (0.45 
µm) and kept at -80 °C until further use. Candida albicans yeast and hyphae were 
a kind gift from prof.dr. M. Netea (RUNMC, Nijmegen, the Netherlands). Different 
HIV proteins were provided by NIH AIDS Research and Reference Reagent Program, 
Division of AIDS, NIAID, NIH: HIV-1 SF162 gp140 trimer, catalog number: 12026 from 
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dr. Leo Stamatatos; Recombinant HIV-1 IIIB gp120 (CHO), catalog number: 11784 from 
DIAIDS, NIAID (produced by Immunodiagnostics); HIV-1 gp120 CM, catalog number: 
2968 from DAIDS, NIAID. 

Cells
CHO, CHO Lec8 cells and Kato-III cells were cultured in RPMI1640 (Invitrogen) 
supplemented with 1000 U/ml penicillin/streptomycin (Lonza), 2 mM glutamine (Lonza) 
and 10 % FBS (BioWhittaker). DCIR-Fc and DC-SIGN-Fc producing cell lines were cultured 
in RPMI supplemented with 1000 U/ml penicillin/streptomycin, 2 mM glutamine, 60 μg/
ml glutamic acid, 60 μg/ml asparagine, 7 μg/ml adenosine, 7 μg/ml guanosine, 7 μg/ml 
cytidine, 7 μg/ml uridine and 2.4 μg/ml thymidine (all from Sigma Aldrich), 1 mM MEM 
non-essential amino acids, 1 mM sodium pyruvate MEM (Invitrogen) and 10 % dialyzed 
FBS (Invitrogen). DCIR-Fc Lec8 cells were cultured in RPMI supplemented with 1000 
U/ml penicillin/streptomycin, 2 mM glutamine, 10 % FBS and 500 μg/ml hygromycin 
(Invitrogen) to select for DCIR-Fc producing cells. Prostate cancer cell lines VCaP, 
PC346C, LNCaP and LAPC-4, were a kind gift of dr. W.M. van Weerden (Erasmus MC 
Rotterdam, the Netherlands). Colon cancer cell lines HCT116, HT-29 and SW480 were 
cultured in DMEM (Invitrogen) supplemented with 1000 Units/ml penicillin/streptomycin 
mixture (Lonza) and 10 % FBS (BioWhittaker). Primary keratinocytes were obtained 
from healthy skin samples following plastic surgery, after obtaining informed consent 
from all donors. Epidermis and dermis were separated as described previously43. The 
CD1a negative keratinocytes were separated from the CD1a positive Langerhans cells 
using anti-CD1a-labeled immunomagnetic microbeads (Miltenyi Biotec). 

CLR binding assays
Ligands and glycans were coated on 96-well flat-bottomed ELISA plates (Maxisorp, 
Nunc) overnight at room temperature. Polyacrylamide (PAA)-glycans (5 μg/ml) and 
HIV-1 proteins (10 μg/ml) were coated in 0.05 M Na2CO3 (pH 9.7). C. albicans hyphae 
and yeast were coated in PBS (1 million particles/well). Soluble helminth products 
were coated at 10 μg/ml in 0.2 M NaHCO3 (pH 9.2). Plates were blocked with 1 % BSA 
(Fraction V, Fatty acid free; PAA laboratories) in TSM (20 mM Tris, pH 7.4, 150 mM 
NaCl, 1 mM CaCl2 and 2 mM MgCl2) buffer. DCIR-Fc (150 μg/ml) or DC-SIGN-Fc (1.4 
μg/ml) constructs were incubated in TSM for 3 h at room temperature. After washing 
with TSM/0.05 % Tween binding was detected using 0.27 μg/ml goat-α-human-Fc PO 
in TSM/0.05 % Tween for 30 min at room temperature. Binding was visualized with 
3,3’,5,5’-tetramethylbenzidine (TMB) as a substrate (Sigma Aldrich) and optical density 
was measured by spectrophotometry at 450 nm. The calcium chelator EGTA (10 mM) 
was used to test the calcium-dependency of the interaction. Control human Fc binding 
was measured using 150 μg/ml human IgG1 kappa (Serotec).



Chapter 3

68

3

Flow cytometry
DCIR-, DC-SIGN- and control human-Fc coated beads were prepared as previously 
described44. DCIR-, DC-SIGN- and control human-Fc coupled beads (40 beads/cell) were 
incubated with the different cell lines in TSM/0.05 % BSA (Roche) for 45 min at 37 °C in 
the presence or absence of 10 mM EGTA. Binding of DCIR- and DC-SIGN- and control 
human-Fc coupled beads was analyzed by flow cytometry (FACScan, BD Biosciences). 
Expression of glycans was evaluated using α-Lewis antibodies (5 μg/ml) and the lectin 
ConA (10 μg/ml) in the presence of 25 mM and 100 mM Glc/Man block.

Results
DCIR interacts with sulfo-Lewisa, Lewisb, Lewisa and mannotriose
Until recently, the glycan specificity of DCIR was debated, since binding to both 
mannose/fucose glycans and sulfated LacNAc and Lac, and biantennary N-glycans was 
observed10,11. We have confirmed that fucose- and mannose-containing glycans act 
as DCIR ligands (Bloem et al., Chapter 2), similar to DC-SIGN. To compare the glycan 
specificity of DC-SIGN with that of DCIR in more detail, we tested the binding of DC-
SIGN-Fc and DCIR-Fc to a panel of glycans (Supplementary Table 1). Binding of DC-
SIGN was observed to mannose, mannotriose and all fucose-containing glycans tested, 
with the exception of sialylated Lewis structures and H-type 1 (Figure 1A), confirming 
earlier research16,45. In contrast, DCIR binding could not be observed to any of the tested 
glycans (Figure 1B). This corresponds with our previous findings that glycosylated DCIR 
inhibited its binding to immobilized glycans, due to occupation of the CRD of DCIR, since 
the only N-linked glycosylation site at position 185 is located close to the glycan binding 
motif (position 195-197). To be able to investigate the glycan specificity of DCIR we made 
use of a DCIR-Fc construct produced in CHO Lec8 cells (DCIR-Fc Lec8), that synthesizes 
truncated complex N-glycans with terminal β-linked N-acetylglucosamine (GlcNAc) 
residues46 due to the lack of a functional UDP-Gal transporter40.  DCIR-Fc produced in 
CHO-Lec8 cells therefore contains truncated glycans, while DCIR-Fc produced in CHO 
cells is fully glycosylated. With the use of DCIR-Fc Lec8 we could indeed reveal binding 
of DCIR to mannotriose, Lewisa, Lewisb and sulfo-Lewisa (Figure 1C), confirming the 
glycan specificity of DCIR for mannose- and fucose-containing glycans.

To compare the DCIR-glycan interactions with that of DC-SIGN to mannose- and 
fucose-containing glycan structures, different concentrations of neoglycoconjugates 
were immobilized and binding of DC-SIGN-Fc and the different DCIR-Fc constructs 
was tested (Figure 1D). Also sulfo-Lewisa-BSA and sulfo-LewisX-BSA were included, 
to evaluate the role of the sulfo-group in fucose-containing glycans and potential 
effects of the scaffold in determining glycan binding. As expected, DC-SIGN interacted 
in a concentration dependent manner with immobilized glycans, which was already 
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Figure 1: DC-SIGN and DCIR binding to fucose- and mannose-containing glycans. Binding of 
DC-SIGN-Fc (A) and DCIR-Fc (B and C) to immobilized neoglycoconjugates. The calcium chelator 
EGTA was used to test for the calcium-dependency of the interaction. Values are represented 
as the mean + SD. (D) CLR-Fc binding is concentration-dependent. A concentration range of 
neoglycoconjugates was immobilized and binding of DCIR-Fc and DC-SIGN-Fc was evaluated 
using the CLR binding assay. Depicted is the CLR-specific binding with EGTA control subtracted. 
One representative experiment out of 3 is shown. 
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visible at the range of 0.2 to 1 μg/ml (Figure 1D). In contrast, binding of DCIR-Fc was 
only detected at a concentration of 10 μg/ml immobilized glycans, while binding of 
DCIR-Fc Lec8 could be observed at somewhat lower concentrations. DCIR interacted 
most strongly with sulfo-Lewisa and Lewisb and not with the fucose-containing glycan 
structures LewisX and LewisY. DC-SIGN binding to sulfo-LewisX was negligible and the 
binding strength of DC-SIGN to sulfo-Lewisa was dependent on the scaffold used for 
glycan presentation, whereby DC-SIGN interacts more strongly with low concentrations 
of sulfo-Lewisa on a PAA tail (gray circle) compared to sulfo-Lewisa on BSA (black cross). 
The effect of different scaffolds was not clearly seen for DCIR binding.

DCIR interacts with ligands of endogenous origin
DC-SIGN recognizes various ligands which include pathogens as well as endogenous 
ligands, in both healthy and diseased state6,17. The overlapping glycan specificity of DCIR 
with that of DC-SIGN suggests that DCIR may potentially interact with similar ligands 
as DC-SIGN. Since DCIR interacts most strongly with sulfo-Lewisa and Lewisb, epithelial 
cells47 and reported changes in sulfo-Lewisa expression during oncogenesis48,49, may be 
recognized by DCIR. To investigate the binding of DCIR to potential sulfo-Lewisa- and/
or Lewisb-expressing cells, we coupled DC-SIGN-Fc, the two DCIR-Fc constructs and a 
control human antibody to fluorescent beads and measured the binding of these beads 
to the different cells. We observed DCIR binding to keratinocytes, the gastric cancer cell 
line Kato-III and the colon carcinoma cell lines HCT116 and SW480, while binding was 
not observed to the colon carcinoma cell line HT-29. Surprisingly DCIR-Fc coated on 
beads showed strong binding, further increased when DCIR-Fc Lec8 was used; indicating 
that clustering of DCIR on beads enhances the potency to interact with glycans exposed 
on cells. Depicted is the CLR-specific binding with EGTA control subtracted. Binding 
of DC-SIGN to keratinocytes was not observed and opposite of DCIR, low DC-SIGN 
binding was detected to HCT116, while HT-29 strongly interacted with DC-SIGN-Fc 

Figure 2: DCIR and DC-SIGN binding to 
different cell types. Binding of DCIR-Fc and DC-
SIGN-Fc coated beads to different cancer cell 
lines and primary keratinocytes was measured 
using flow cytometry. Depicted is the CLR-
specific binding with EGTA control subtracted. 
One representative experiment out of 3 is shown. 
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coated beads (Figure 2). To determine the expression of Lewis- and mannose-structures 
on the different cells used, we stained the cells with Lewis-antigen specific antibodies 
and the lectin ConA in combination with Glc/Man block to detect oligomannose glycan 
structures. Surprisingly, using these markers no Lewisa, Lewisb or oligomannose residues 
were detected on all tested cells (data not shown). Unfortunately, we were unable to test 
the expression of sulfo-Lewisa on the cells, due to the lack of a commercially available 
antibody. Nevertheless, sulfo-Lewisa expression has been reported for keratinocytes47, 
gastric cancer cells48, HCT116 and SW48050, while this was absent on HT-29 cells50, 
assuming that the binding of DCIR to the first mentioned cells is likely to be mediated 
by sulfo-Lewisa. High levels of LewisX and LewisY were present on HT-29 cells (data not 
shown), explaining the exclusive binding of DC-SIGN to these cells.

Prostate cancer cell lines potentially express Lewisb glycans51. The binding of 
DC-SIGN and DCIR to prostate cancer cell lines has, to our knowledge, never been 
addressed before. Binding of DCIR and DC-SIGN was observed to VCaP, PC346C and 
LNCaP cells, although the percentage of VCaP cells binding to DC-SIGN-Fc coated 
beads was substantially lower compared to the percentage of VCaP cells binding to 
DCIR-Fc coated beads (Figure 3). DCIR and DC-SIGN binding to the prostate cancer 
cell lines could not be correlated with the expression of Lewisb or Lewisa, since only a 
small percentage of the VCaP cells was positive for the expression of Lewisb (Table 1). A 
portion of the LNCaP cells was positive for the expression of LewisX and LewisY, while 
PC346C and LAPC-4 cells did not express any Lewis-type glycans at all (Table 1). The 
partial expression of Lewis structures on VCaP and LNCaP cells could not explain the 
high percentage of cells binding DCIR-Fc and DC-SIGN-Fc coated beads. Nevertheless, 
the expression of oligomannose structures on the cells corresponded with the observed 
DCIR- and DC-SIGN-binding, suggesting that the interaction of DCIR and DC-SIGN with 
prostate cancer cell lines is likely mediated by mannose- instead of fucose-containing 
glycans. 

Figure 3: DCIR and DC-SIGN binding to prostate 
cancer cell lines. Binding of DCIR-Fc and DC-
SIGN-Fc coated beads to different cancer cell lines 
was measured using flow cytometry. Depicted 
is the CLR-specific binding with EGTA control 
subtracted. One representative experiment out 
of 2 is shown.
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DCIR functions as pathogen recognition receptor
Apart from binding endogenous ligands the interaction of DC-SIGN with a wide variety 
of pathogens has been described16, based on the presence of LewisX, LewisY, LDNF and 
high mannose structures. These include viruses, like HIV-118, fungi, such as C. albicans19 
and helminths, like S. mansoni23. To investigate whether DCIR also interacts with 
pathogens that bind DC-SIGN, we compared the binding activity of DC-SIGN and DCIR 
to HIV-1 glycoproteins, C. albicans and the soluble products (SP) of the helminth species 
S. mansoni, Trichinella spiralis and Haemonchus contortus. Like previously reported, DC-
SIGN was able to bind high mannose glycan structures on both gp140 and gp120 HIV-1 
proteins from different strains (Figure 4A)18,52–54. Since DCIR has affinity for mannose-
containing glycans, we investigated the DCIR interaction with different strains, like 
the primary R5 strains SF16255 and CM56 and the laboratory-adapted X4 strain IIIB55,57. 
In addition, since the HIV-1 envelop glycoprotein complex (Env) is composed of three 
gp160 heterodimers, containing both gp120 and the transmembrane glycoprotein gp41, 
we tested gp120 and gp140 glycoproteins. Gp140 HIV-1 proteins encompass the soluble 
part of the gp160 protein. Gp120 is heavily glycosylated, while the gp41 glycosylation 
is less intense54. In sharp contrast with DC-SIGN, DCIR-Fc showed no binding to HIV-1 
proteins (Figure 4B). Strikingly, DCIR-Fc Lec8 showed strong specific binding to the 
gp140 HIV-1 glycoproteins, while the binding to gp120 was much lower. However, in 
contrast to DC-SIGN, DCIR-Fc Lec8 did not interact with mannose-containing glycan 
structures present on the surface of C. albicans hyphae or yeast (Figure 4C).  

The interaction of DC-SIGN with soluble egg antigen (SEA) from the helminth S. 
mansoni depends on the expression of LewisX and the helminth glycan LDNF23. Since 
DCIR did not interact with these fucose-containing glycan structures it is expected not 
to interact with soluble egg antigens (Figure 1), however mannosylated proteins are 
also frequently present on helminth species58. DC-SIGN-Fc bound cercariae SP of S. 

Table 1: Expression of Lewis-type and mannose-containing glycans on prostate cancer cell 
lines. Glycan expression was determined with the use of Lewis antigen-specific antibodies or 
with the mannose-specific lectin ConA in combination with Glc/Man block. Cells were considered 
to express high-mannose structures when residual binding of ConA was observed in the presence 
of Glc/Man block. Partial Lewis expression indicates Lewis expression on less than 20 percent of 
the cells. 
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Figure 4: DCIR and DC-SIGN binding to pathogens. (A-C) DCIR-Fc binding to known DC-SIGN-
binding pathogens was investigated using the CLR binding assay. Relative Fc binding compared 
to the non-coated control is shown. Human IgG1 was used to control for background binding of 
the Fc portion to the HIV proteins and helminths. In addition, EGTA block was incorporated to 
control for CLR-specific binding. SP: soluble products.
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mansoni and larval SP of T. spiralis. Albeit lower, still significant binding of DCIR-Fc and 
DCIR-Fc Lec8 to these helminth species was observed (Figure 4). Although the binding 
of DCIR-Fc Lec8 to larval SP of T. spiralis was slightly enhanced compared to DCIR-Fc, 
both proteins interacted equally with cercariae SP of S. mansoni (Figure 4). DCIR, as well 
as DC-SIGN, failed to interact with larval SP of H. contortus.

In conclusion, we observed that DCIR binds a wide variety of pathogens similar to 
DC-SIGN, although with a different specificity. While DCIR, similar to DC-SIGN, binds 
HIV-1, it prefers the gp140 trimer over gp120 proteins. In contrast to DC-SIGN, DCIR did 
not interact with C. albicans hyphae or yeast, while both lectins interact with helminth 
products of S. mansoni and T. spiralis. 

Our data indicate that despite the overlapping glycan specificity of DC-SIGN and 
DCIR these lectins recognize similar pathogens and endogenous ligands, but also 
pathogens and endogenous ligands that are unique for each of these lectins such as 
keratinocytes for DCIR and C. albicans for DC-SIGN.

Discussion
In this study we compared the glycan specificity of DCIR with that of DC-SIGN for 
neoglycoconjugates, pathogens and endogenous cell-associated ligands. Binding of 
DC-SIGN-Fc to the tested fucose-containing glycan structures was observed, with the 
exception of H-type 1 and sialylated Lewis glycans, confirming earlier research16,45. 
We did not observe any glycan binding of DCIR-Fc, as we have demonstrated that the 
interaction of DCIR with its glycans is affected by glycosylation of the carbohydrate 
recognition domain of DCIR (Bloem et al., Chapter 2). Using DCIR-Fc Lec8, that contains 
truncated glycans, we could identify the glycan specificity of DCIR. We observed that 
DCIR-Fc Lec8 interacted predominantly with Lewisb and sulfo-Lewisa, which is probably 
due to the presence of additional side groups in these glycan structures, which might 
contribute to an optimal orientation of the α1-4 linked fucose. DC-SIGN has a broader 
glycan specificity and binds α1-4, α1-2 and α1-3 linked fucose, therefore DC-SIGN is 
likely less dependent on the orientation of the α1-4 linked fucose for its binding. 

To identify endogenous cell-associated ligands for DCIR, various cancer cell lines 
and keratinocytes were investigated for DCIR binding. The interaction of DCIR with 
prostatic cancer cell lines is probably mediated by mannosylated proteins on the cell 
surface. These prostatic cancer cell lines bind the mannose-binding lectin ConA in the 
presence of high concentrations Glc/Man block, as shown in Table 1, suggesting the 
presence of high mannose glycan structures. DCIR binding to the gastric cancer cell 
line, Kato-III, the colon carcinoma cell lines, HCT116 and SW480, and the keratinocytes, 
most likely depends on the expected expression of sulfo-Lewisa 47,48,50. We observed that 
DCIR binding to cellular ligands is less dependent on the glycosylated state of DCIR as 
both DCIR-Fc and DCIR-Fc Lec8 bind well to these endogenous ligands. Alternatively, 
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coupling of DCIR-Fc to fluorescent beads may form clusters and thereby enhance 
the avidity of the interaction. In addition, the glycan expression on the cell surface or 
on the glycoprotein scaffold is likely intense, which may contribute to an increased 
strength/avidity of the DCIR-ligand interaction. Indeed also the binding activity to 
neoglycoconjugates is enhanced, when increasing the concentration of immobilized 
neoglycoconjugates (Figure 1D). 

Keratinocytes exclusively bound DCIR, while DC-SIGN failed to interact with 
these cells. Although the DC-SIGN-binding glycan sulfo-Lewisa is likely expressed on 
keratinocytes47,48,50, the way in which this glycan is presented might not be optimal for 
DC-SIGN binding. In Figure 1D we demonstrated that DC-SIGN interacts more strongly 
with low concentrations of sulfo-Lewisa on a PAA tail (gray circle) compared to sulfo-
Lewisa on BSA (black cross), indicating the importance of the sulfo-Lewisa-expressing 
scaffold and/or the glycan orientation for DC-SIGN binding. The exclusive interaction 
of keratinocytes with DCIR could be beneficial for homeostasis, since DCIR is the only 
classical CLR that contains an ITIM intracellular and is therefore thought to play an 
important role in keeping the immune system in quiescent state. Indeed, mice lacking 
the DCIR homologue, DCIR1, showed increased proliferation of DCs after in vitro or 
in vivo stimulation59. Furthermore dcir1 knockout mice have an increased chance of 
developing autoimmune diseases and polymorphisms in the human DCIR gene locus 
are associated with the development of rheumatoid arthritis (RA)60,61, suggesting 
that the interaction of DCIR with endogenous ligands play a role in dampening of an 
over-activated immune system. The exclusive interaction of keratinocytes with DCIR 
and the presence of DCIR-expressing cells in the skin (data not shown) could therefore 
contribute to the homeostatic control of the skin. 

Both DCIR and DC-SIGN interact with different cancer cells. The interaction of DC-
SIGN with CEA on colorectal cancer cells is mediated by the expression of LewisX and 
LewisY. The tested colorectal cancer cell lines, HT-29, HCT116 and SW480 express 
CEA62,63, however substantial LewisX and LewisY expression is only present on HT-
29 cells (data not shown). DC-SIGN is targeted by different pathogens to modulate 
DC function64. Viruses, like HIV-1, are internalized via DC-SIGN and protected from 
degradation18. Other pathogens, like Mycobacterium tuberculosis, modulate TLR4 
induced signaling, resulting in an increased IL-10 production and thereby suppression 
of cellular immune responses22. Cancer cells could likewise target DC-SIGN to escape 
immune surveillance27. Modulation of TLR-induced signaling has been observed for DCIR 
stimulation as well, where it decreases the secretion of pro-inflammatory cytokines65,66. 
The capability of both lectins to suppress immune responses could contribute to the 
survival of cancer cells. 

On the other hand, both lectins has been shown to stimulate CD4+ and CD8+ T cell 
proliferation after antigen internalization36,66,67, although the internalization rate of 
DCIR by agonistic antibodies occurs at much slower rates compared to other CLRs (9 
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and Bloem et al., Chapter 5). Targeting DC-SIGN generates strong immune responses 
against cancer and infectious agents37,68,69. This suggests a potential role for DCIR 
and, especially, DC-SIGN in the induction of cancer-specific T cells as well, next to a 
possible anti-inflammatory effect. Further research is needed to reveal the functional 
consequences of the detection of cancer cells by DCIR and DC-SIGN that can result in 
either killing or survival of the tumor cells. 

When we compared the recognition of pathogens by DCIR and DC-SIGN, we 
observed that DCIR, similar as DC-SIGN bound HIV-1 glycoproteins. The DCIR 
interaction with gp140 HIV-1 proteins was clearly enhanced over gp120 binding. 
Gp120 encompasses the soluble part of the HIV-1 envelope glycoprotein complex 
(Env). Env is composed of three gp160 heterodimers, containing both gp120 and the 
transmembrane glycoprotein gp41. Gp140 proteins comprise a gp120 and a gp41 
protein, which lack the transmembrane part. Although gp120 is heavily glycosylated 
and the gp41 glycosylation is less intense54, the glycan structures present on gp41 could 
still contribute to the observed DCIR binding. Alternatively, the presentation of glycans 
on gp120 might differ between gp140 and gp120 proteins. In vivo, DCs encounter 
complete HIV-1 particles covered with Env, therefore recognition of gp140 appears 
to be more important in vivo, favoring a contribution of DCIR in HIV-1 recognition and 
pathogenesis30,31. In contrast, DCIR binding to gp120 HIV-1 proteins was relatively low. 
Slightly enhanced DCIR binding was observed for gp120 IIIB compared to gp120 CM. 
The gp120 IIIB is produced in CHO cells, which synthesize DCIR binding glycans (Bloem 
et al., Chapter 2). Nevertheless, gp120 CM is produced in insects and insect cells modify 
their N-glycans to oligomannose structures70, which are potential DCIR ligands as well. 
Alternatively, various HIV-1 strains might be differentially glycosylated, since variations 
in DC-SIGN binding to different strains is also observed52. 

Indeed, both DCIR and DC-SIGN have been reported to enhance HIV-1 infection18,30,71. 
However, while the DC-SIGN-dependent internalization of HIV-1 protects the virus 
from degradation18, it is predominantly the DCIR-mediated signaling that is involved 
in the observed increased HIV-1 infection, since the DCIR-dependent increase in HIV-1 
infectivity is lost in DCIR-signaling mutants31. Furthermore, HIV-1 interacts with TLR7/8 
and TLR9 on DCs. Concurrent DCIR stimulation could result in decreased TLR-induced 
cytokine production65,66. In this way HIV-1 interactions could dampen immune responses 
and increase HIV-1 infectivity, next to the potential HIV-1-induced TLR-independent 
DCIR signaling. However, the DCIR-HIV-1 interactions are highly dependent on DCIR 
glycosylation, suggesting a HIV-1-induced effect on DCIR signaling only in the case 
of minor glycosylated DCIR. These data indicate that both DCIR and DC-SIGN are 
used by HIV to subvert the host’s immune system by using the functional properties 
of these receptors after ligand binding, through modified DC-SIGN mediated antigen 
internalization, and on the level of DCIR-mediated signaling. 
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The interaction of DC-SIGN with HIV-1 is based on the presence of high-mannose 
structures18. This is also the case for the DC-SIGN interaction with C. albicans19. We 
here show that DCIR has affinity for mannose-containing glycans, similar to DC-
SIGN, however we could not observe binding of DCIR to C. albicans hyphae and yeast. 
Therefore, no inhibitory effect of DCIR is to be expected during C. albicans infection, 
even though C. albicans can be present as a commensal. The DC-SIGN signaling 
after engagement of mannosylated fungal ligands likely results in an increased IL-10 
production22, contributing to the reduced immune recognition of C. albicans. More 
research with different mannose-containing glycans is necessary to reveal differences 
in the affinity of DCIR and DC-SIGN for varying mannose-glycans that can explain us 
why DCIR fails to bind the mannosylated proteins present on C. albicans.

The interaction of DC-SIGN with helminth species is, on the other hand, likely 
mediated by the presence of the fucose-containing glycans LewisX and LDNF23,58. These 
glycan structures are expressed by the helminth species S. mansoni and T. spiralis72, 
probably facilitating the observed DC-SIGN binding. DC-SIGN interactions with SEA 
from S. mansoni shift the T helper balance towards T helper 2, essential for the survival 
of infected hosts73,74. This corresponds to the effects of DC-SIGN-fucose interactions 
on TLR-induced cytokine production75. The DC-SIGN-mediated signaling depends on 
the interacting glycan, being either a mannose- or fucose-type75, in contrast to similar 
signaling after DCIR binding to either types of glycan structures (Bloem et al., Chapter 
2). Since DCIR did not bind LewisX and LDNF, the DCIR-binding is likely mediated by 
the expression of mannosylated proteins, frequently present on helminth species as 
well58. DCIR ligation only affected TLR7/8 signaling by moDCs65 and these TLRs have 
not been reported to be involved in recognition of helminth species. Nevertheless, the 
helminth-DCIR interaction might still result in inhibition of the immune system, since 
TLR-independent inhibitory effects of DCIR, like reducing B-cell receptor signaling and 
DC proliferation, have been shown in mice59,76. In contrast, the binding of DCIR to the 
helminth species (and endogenous ligands) is less dependent on the glycosylation state 
of DCIR and could therefore initiate DCIR signaling even if DCIR is glycosylated. 

In conclusion, our report demonstrates for the first time DCIR binding to both 
endogenous as well as pathogenic glycosylated ligands. This binding is to a great extent 
influenced by the glycosylation state of DCIR itself. Although DC-SIGN and DCIR share 
glycan specificity, and share specificity for endogenous as well as pathogenic ligands, 
our data demonstrate also different specificities for these receptors. Moreover, based 
on the distinct functional properties of DC-SIGN and DCIR, we hypothesize that the 
functional outcome is different if ligands simultaneously bind DCIR and DC-SIGN or not. 
Because the lectins have shown to modify signaling pathways and intracellular routing 
of antigen in DCs, it is likely to be expected that DCIR and DC-SIGN converge at some 
point to modify DC function. Future studies are necessary to further explore how DCIR 
and DC-SIGN binding ligands modify DC biology after ligand binding.
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Supplementary Table 1: Graphical representation of glycan structures. Glycan structures 
were drawn using the GlycoWorkbench software suite77,78. White circle represents galactose, 
grey circle represents mannose, white square indicates N-acetylgalacatosamine (GalNAc), 
grey square indicates N-acetylglucosamine (GlcNAc), grey triangle represents fucose and grey 
diamond indicates sialic acid.
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