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 � Abstract

Dendritic cells (DCs) and macrophages are subsets of antigen presenting cells (APCs) that 
are important for initiation and regulation of immune responses. Macrophages are specialized 
in the phagocytosis of antigens, whereas DCs express the highest levels of MHC-peptide 
complexes to activate T cells. Transfer of antigens between APCs and T cells is well described, 
however little is known whether macrophages and DCs interact and collaborate on antigen 
uptake and handling. In this study, we report that the siglec Sialoadhesin (Sn) mediates cellular 
interactions between mature DCs (mDCs) and macrophages. We demonstrate that only mDCs 
and not immature DCs (iDCs) express the ligand for Sn (terminating in a2,3- linked sialylated 
glycans) at their cell surface. Corresponding to this, only mDCs and not iDCs interact with 
macrophages. For this cellular interaction to occur, both mDC-expressed sialic acids and 
Sn expression by macrophages are required. In addition, we show that cellular associations 
between mDCs and macrophages exist in human tissue such as the lymph node. Furthermore, 
we observed that macrophage-DC interaction enables transfer of myelin from the macrophage 
to the mDC.

 � Introduction

Dendritic cells (DCs) and macrophages are antigen presenting cells (APCs) that are important 
for regulating immune responses. These two APC-subsets are believed to develop from similar 
bone marrow-derived precursors. These precursor cells subsequently migrate from the bone 
marrow into peripheral blood. Finally, these monocytes develop into either macrophages 
or DCs in peripheral tissue1. In the periphery, resting immature APCs sense for pathogen, 
mediated by pattern recognition receptors. Upon pathogen recognition, a signaling cascade 
initiates a maturation process, characterized by the upregulation of MHC class II and co-
stimulatory molecules. In order to initiate the adaptive immune response, APCs travel 
through the lymphatics to the draining lymph node. In the lymph node, they arrive as fully 
matured APCs, able to promote the activation of naïve T cells through antigen presentation2,3. 
Although macrophages and DCs both are important APCs, they show different specializations. 
Macrophages are specialized in the phagocytosis of antigens4, whereas DCs express much 
higher levels of MHC-peptide complexes to T cells5,6.
Few APCs are present in a lymph node that are able to contact rare antigen-specific naïve T 
cells. Several strategies ensure that antigen-specific T cells have a high likelihood of contacting 
the APC, to allow optimal display of antigen to T cells. Transfer of antigen between APCs has 
been demonstrated to result in a more focused immune response. The exchange of antigens has 
been characterized for a variety of cell types. B cells transfer antigens to DCs by phagocytosis of 
B cell cellular fragments containing antigen7. Furthermore, B cells serve as recipients of antigen 
transferred from macrophages8. This macrophage-B cell interaction is mediated by scavenger 
receptors on macrophages9-11. In addition, DCs transfer antigen to other DCs by a process 
termed nibbling12. Antigen transfer has been demonstrated between different subsets of APCs, 
however interactions between DCs and macrophages have not been described yet.
Various cellular interactions are reported to be mediated by sialic acids13. Sialic acids are 
monosaccharides that are often found at the outer ends of surface exposed oligosaccharide 
chains. In this terminal position they serve as ligands for lectins. Sialic acid-binding Ig-like 
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lectins (Siglecs) are the best-characterized I-type lectins. They are predominantly expressed on 
cells of the immune system14. Siglecs are categorized into two subsets, the evolutionary well-
conserved group (Sn, CD22, Siglec-4 and -15) and the rapidly evolving CD33-related Siglecs 
(Siglec-3,-5,-7,-8,-9,-10,-11,-14 and 16). Siglecs are thought to play a role in both positive and 
negative regulation of immune responses15. The CD33-related Siglecs mainly act as negative 
immunoregulators by virtue of their immune tyrosine-based inhibitory motif (ITIM) domains. 
In contrast, Siglec-14, -15 and -16 lack ITIMs and interact with DAP-12, an ITAM containing 
receptor. Unlike most Siglecs, Sialoadhesin (Sn) lacks putative signaling motives. Therefore, 
Sn is suggested to play a role in cell-cell interactions. Sn recognizes O-linked oligosaccharides 
terminating in a2,3-sialylated glycans14,15. These a2,3-linked sialylated structures are highly 
expressed on the cell surface of mDCs16. Sn is originally described on macrophages to function 
as a lymphocyte adhesion molecule17.
In this study we have investigated Sn-mediated cellular interactions between DCs and 
macrophages and the transfer of antigen between these cells. We demonstrate that only 
mature DCs (mDCs) and not immature DCs (iDCs) express the ligand for Sn, a2,3-sialylated 
glycans, at their cell surface. Corresponding to this, only mDCs and not iDCs interact with 
macrophages. For the cellular interaction of mDCs with macrophages to occur, mDC-expressed 
sialic acids and Sn expression by macrophages is required. In addition, we demonstrate cellular 
interactions between mDCs and macrophages in human tissue. We observed that macrophages 
transfer myelin to mDCs.

 �Material and Methods

Cell culture
Monocytes were isolated from healthy donors (Sanquin) through Ficoll gradient centrifugation 
and positive selection of CD14+ cells using MACS sorting (Miltenyi Biotec). To obtain DCs, 
isolated monocytes were cultured in RPMI 1640 (PAA laboratories) containing 10% FCS 
(BioWhittaker), IL-4 (500 U/ml; Biosource) and GM-CSF (800 U/ml; Biosource) for 7 days. 
At day 6, maturation was induced by the addition of 10 ng/ml LPS (E. Coli; Sigma-Aldrich) 
for 24 hours. To obtain macrophages, isolated monocytes were cultured in RPMI 1640 (PAA 
laboratories) containing 10% FCS (BioWhittaker) and GM-CSF (800 U/ml; Biosource) for 7 
days. Classically activated macrophages were generated by culturing monocytes in RPMI 1640 
(PAA laboratories) containing 10% FCS (BioWhittaker) and GM-CSF (800 U/ml; Biosource) 
for 7 days. At day 5, 10 ng/ml LPS (E. Coli; Sigma-Aldrich) and IFNg (1000 U/ml) was added 
for 2 days. Alternatively activated macrophages were generated by culturing monocytes in 
RPMI 1640 (PAA laboratories) containing 10% FCS (BioWhittaker) and GM-CSF (800 U/ml; 
Biosource) for 7 days. At day 5, IL-4 (500 U/ml; Biosource) was added for 2 days. For co-culture 
experiments, mDCs were incubated with macrophages at a ratio of 1:1 for 3 hours at 37oC in 
RPMI containing 10% FCS (1x106 cells/ml). 

Sialidase treatment
In order to cleave off a2,3-, a2,6- and a2,8-linked sialic acids, cells were pre-incubated with the 
Vibrio cholera neuraminidase (Roche, 2.5x10-2 U/ml) for 1 hour at 37oC.
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RT-PCR
Cells were lysed and mRNA was isolated using an mRNA Capture kit (Roche). cDNA was 
synthesized using the Reverse Transcription System kit (Promega) following manufacture’s 
guidelines. Oligonucleotides were designed using the Primer Express 2.0 software (Applied 
Biosystems) and synthesized by Invitrogen Life Technologies (Invitrogen). Real-Time PCR 
analysis was performed as previously described18 with the SYBR Green method in an ABI 
7900HT sequence detection system (Applied Biosystems), using GAPDH as endogenous 
reference.

Flow cytometry
For Sn-Fc binding assays, DCs (5x104/well) were incubated with pre-complexed Sn-Fc (10 mg/
ml) derived from stably transfected Chinese hamster ovary cells,  with goat-anti-Human-Fc-
Alexa 488 (0.5 mg/ml, Invitrogen) in TSM (20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM CaCl2, 
and 2 mM MgCl2) with 1% BSA (Fluka Biochemika) for 45 min. at room temperature and 
analyzed by flow cytometry (FACS Calibur, BD). 
For cluster experiments, cells were pre-treated with sialidase. DCs were stained with 0.5 mg/ml 
calcein AM (Molecular Probes) and macrophages with anti-CD14-PC5 (Beckman Coulter) for 
30 minutes at 37oC. After washing, stained cells were co-incubated for the indicated times at 
37oC, subsequently cells were fixed in 1% PFA, and clustering was quantified by flow cytometry 
(FACS Calibur, BD). 

Confocal Microscopy
Cells were fixed in PBS supplemented with 3% paraformaldehyde (PFA) for 15 minutes at 
37oC. After blocking with TSM with 1% BSA for 30 minutes at room temperature, cells were 
stained with 10 mg/ml 7D2 (mouse anti-human Sialoadhesin, Abcam) and CSRD (rabbit anti-
human DC-SIGN)19  in TSM with 1% BSA for 45 minutes at room temperature. Cells were 
counter stained using secondary isotype specific-Alexa antibodies (10 mg/ml, Invitrogen) for 30 
minutes at room temperature, and analysed by confocal microscopy (Leica AOBS SP2 confocal 
lasers scanning microscope system).

RNA interference
DCs were transfected for 3 days with 50 nM Sn SMARTpool (Dharmacon) or non-targeting 
siRNA pool (Dharmacon) as control, using transfection reagens DF4 (Dharmacon), according 
to manufacturer’s protocol. Silencing was confirmed by 7D2 flow cytometic stainings. 

Immunohistochemistry
Human tissue sections (7 µm) were fixed in acetone and blocked with goat serum prior to 
staining. Antibody 7D2 (Abcam) or CSRD19 were added at 10 μg/ml in PBS containing 1% BSA 
(Fluka Biochemika) for 60 minutes at 37oC. Sections were counter stained using secondary 
isotype specific-Alexa antibodies for 30 min. at room temperature, and analysed by fluorescence 
microscopy (Leica microsystems).



Sialoadhesin-mediated cellular interactions of macrophages with dendritic cells to transfer antigen

- 123 -

Antigen transfer assays
Human myelin was isolated as described previously20. Briefly, CNS white matter was 
homogenized in 0.32 M sucrose. The suspension was layered over a 0.85 M solution of sucrose 
and centrifuged at 75,000 g for 30 min at 4°C (step 1). The interphase, containing the myelin, 
was pooled and washed three times with de-ionized water by repeated centrifugation (75,000 
g, 15 min, 4°C) (step 2). Steps 1 and 2 were repeated twice. Myelin (1 mg protein/ml) was 
labelled with the lipophilic fluorescent dye 1.1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate (DiI; Sigma-Aldrich) by incubation at a final concentration of 12.5 μg DiI/
mg myelin protein for 30 min at 37 °C. Excess of DiI was removed by washing with PBS and 
the labeled myelin was stored in aliquots at −20°C. Myelin from three donors was pooled and 
used in all assays. DiI-labeled myelin was added to macrophages for 3 hours at 37oC. After 
thoroughly washing, the DCs were added for 1 hour at 37oC. Cells were fixed in 3% PFA, 
stained with CSRD and DAPI and analysed by fluorescence microscopy (Leica microsystems).

 � Results

mDCs that were triggered for 3 hours with LPS express the ligand for Sialoadhesin
As earlier reported, the transition of iDC to mDC is accompanied with an upregulation of 
a2,3-linked sialic acids at the cell surface of mDC16. Sialyltransferases involved in the synthesis 
of a2,3-linked sialic acids, such as ST3Gal I, II, IV and VI, showed higher expression levels 
after DC maturation. Also the binding of the a2,3-linked sialic acid specific lectin MAA 
was enhanced upon DC maturation16. Sn is a macrophage-restricted sialic acid receptor that 
binds to glycoconjugates containing terminal a2,3-linked sialic acids. Sn has been reported 
to mediate adhesive interactions of macrophages with T cells and granulocytes21,22. However, 
a Sn-mediated interaction with DCs has not been reported yet. To determine Sn binding to 
DCs, we used a fusion protein that consists of the human IgG-Fc fragment coupled to the 
extracellular domains of Sn (Sn-Fc). In Figure 1 we demonstrate that Sn-Fc indeed binds very 
potently to mDCs whereas lower binding activity is observed to monocytes and iDCs. Sn-
Fc with a mutation in the carbohydrate recognition domain was used as control (R97A-Fc) 
and did not show any binding to the cells (Fig. 1A). In order to determine the kinetics of Sn 
ligand upregulation during LPS-induced DC maturation, Sn-Fc binding was determined by 

Figure 1. mDCs that were 
triggered for 3 hours with LPS 
express the ligand for Sn. (A), 
Flow cytometric analysis of 
R97A-Fc and Sn-Fc binding to 
monocytes (mono), iDCs, mDCs 
and macrophages (mf). Median 
fluorescence intensity is depicted. 
One out of three donors is shown. 
(B), Time course of Sn-Fc binding 
to iDCs (white circles) and 
mDCs (black circles) after LPS 
triggering, as analyzed by flow 
cytometry. One representative 
donor is shown.
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flow cytometric analysis at different time points after LPS treatment. Already 3 hours after 
LPS treatment, high Sn-Fc binding to DCs was observed. The binding of Sn-Fc to mDCs was 
rapidly downregulated after prolonged LPS exposure. Furthermore binding of Sn-Fc was lost 
after 24 hr, indicating that the ligand of Sn is rapidly upregulated after 3 hrs LPS incubation and 
subsequently disappearing to lower levels at 27 hours after LPS incubation (Fig. 1B).

Sn is expressed by both mDCs and macrophages
The fact that Sn interacted strongly with mDCs prompted us to investigate whether Sn present 
on macrophages would be involved in the interaction with the upregulated levels of a2,3-linked 
sialic acids on mDCs. Sn expression has been reported on both macrophages as well as DCs23,24. 

To determine Sn expression by 
our in vitro cultured DCs and 
macrophages with or without 
LPS-induced maturation, we 
performed a quantitative RT-
PCR analysis of to measure Sn 
mRNA expression levels. In 
contrast to iDCs and resting 
macrophages, Sn transcripts 
were high abundant in mDCs 
and activated macrophages (Fig. 
2A). Immunostainings with anti-
DC-SIGN and anti-Sn antibodies 
showed DC-SIGN expression 
exclusively on iDCs and mDCs, 
whereas Sn expression was 
detected on the cell surface of 
mDCs, and at very high levels on 
the cell surface of macrophages 
(Fig. 2B-D).

Macrophages engage in sialic acid dependent cellular interactions with mDCs but not with iDCs
Because the ligand for Sn is exclusively expressed on mDCs and not on iDCs, we investigated 
whether a2,3-linked sialic acid expressed on mDCs induced cellular interactions with Sn-
expressing macrophages. Therefore, we co-cultured macrophages in the presence of iDCs or 
mDCs for three hours. After fixing the cell cultures, cells were co-stained for the DC marker 
DC-SIGN using the rabbit polyclonal antibody CSRD and for Sn-expression by the antibody 
7D2, and analyzed by confocal microscopy. We observed that macrophages (DC-SIGN-Sn+) did 
not show any cellular interactions with iDCs (DC-SIGN+Sn-) (Fig. 3A). However macrophages 
(DC-SIGN-Sn+) showed clear cellular associations with mDCs (DC-SIGN+Sn+) (Fig. 3B) that 
resulted in the formation of cellular clusters, consisting of both macrophages and mDCs (Fig. 
3C). To demonstrate sialic acid requirement in the formation of these large cellular clusters, the 
cells were pre-treated with sialidase before co-culturing, to remove cell surface-expressed sialic 

Figure 2. Sn is expressed by 
mDCs and macrophages. 
(A), Expression levels of Sn in 
myeloid cells as measured by 
quantitative RT-PCR (N=3). (B), 
Expression of Sn on iDCs, (C) 
mDCs and (D) macrophages, 
stained with 7D2 (anti-Sn) in 
green and CSRD (anti-DC-SIGN) 
in red (40x).
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acids. Sialidase treatment of the cells resulted in the abolishment of the mDC-macrophages 
clusters (Fig. 3D). To quantify cellular interactions between DCs and macrophages, we 
fluorescently labeled iDCs and mDCs with calcein and macrophages with a PC5-labeled anti-
CD14 antibody before co-culturing. To control for sialic acid requirements, we performed 
similar experiments with sialidase treated cells. To avoid big cluster formation between cells 
that could not be analysed by flowcytometry, we co-cultured the cells for only 20 minutes at 
37oC. We analyzed the percentage of double stained cells, and calculated the percentage of 
DCs bound to macrophages relative to the total amount of DCs. We clearly identified higher 
percentages of mDCs clustered to macrophages compared to iDCs (white bars). Furthermore, 
treatment of cells with sialidase, lowered the DC-macrophages interactions considerably (black 
bars) (Fig. 3E).
To investigate if macrophages interact with DCs in human tissue, lymph node biopsies were 
stained with anti-DC-SIGN and anti-Sn monoclonal antibodies. Sn+DC-SIGN- cells could be 
identified lining the medullary sinus. At the border of the medullary sinus, cellular interactions 
of Sn+DC-SIGN- with Sn+DC-SIGN+ cells were observed (Fig. 3F).

Figure 3. Macrophages display sialic 
acid-dependent cellular interactions 
with mDCs. Cells were stained with 
7D2 (anti-Sn) in green and CSRD 
(anti-DC-SIGN) in red and visualized 
by confocal microscopy. In all figures, 
iDC only express DC-SIGN (red), mDC 
express both DC-SIGN and Sn (red 
and green) and macrophages express 
only Sn (green). Cellular interactions 
of macrophages with (A) iDCs or (B) 
mDCs (40x). (C) Cellular interactions 
of macrophages with mDCs and (D) 
cellular interactions of macrophage 
with sialidase treated mDCs (10x). (E) 
Percentage of untreated (white bar) 
or sialidase treated (black bar) iDC 
or mDC of the total DC population 
that were clustered with macrophages, 
as analyzed by flow cytometry. One 
representative donor is shown. (F) 
Immunofluorescense staining of tissue 
biopsies of human lymph node with 7D2 
(anti-Sn) in green and CSRD (anti-DC-
SIGN) in red (20x). NA, neuraminidase 
treated; mf, macrophage.
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Celullar interactions of macrophages with mDCs requires sialic acid expression by DCs and Sn 
expression by macrophages
We demonstrated that the interaction of macrophages with mDCs is sialic acid dependent. 
Since macrophages as well as mDCs express Sn, we investigated whether Sn on macrophages 
or on mDCs was involved in the formation of the cellular clusters. We therefore co-cultured 
sialidase-treated mDC with macrophages or mDCs with sialidase-treated macrophages. 
As controls, the association of non-treated DC and macrophage and DCs and macrophages 
both treated with sialidase were analyzed. We quantified cellular interactions between DCs 
and macrophages by flow cytometry. Similar as our confocal microscopy data (Fig 3D), few 
cellular interactions were observed after treating both APC subsets with sialidase. Surprisingly, 
when macrophages were treated with sialidase there were more cellular interactions observed 
compared to the co-cultures with non-treated cells. This could be explained by binding of 
Sn expressed by macrophages to endogenous cis-ligands that are present on the same cell 
membrane. Sialidase treatment of macrophages can release Sn from its cis-ligands resulting 
in higher binding to sialylated trans-ligands. By removing sialic acids from the cell surface 

Figure 4. Both sialic acid expression by DCs and 
Sn expression by macrophages is required for the 
celullar association of macrophages with mDCs. 
(A) Percentage of untreated (mDC) or sialidase 
treated (NA-mDC) DCs of the total DC population 
that were clustered with untreated macrophages 
(mf) or sialidase treated macrophages (NA-mf) 
as analyzed by flow cytometry. One representative 
donor is shown. (B) Schematic representation 
of the cellular interaction between sialidase 
treated mDCs and macrophages (upper picture) 
resulting in few clusters or the cellular interaction 
between mDC with sialidase treated macrophages 
(lower picture) resulting in large clusters. (C) 
Sn expression of macrophages (mf) or siRNA 
targeting Sn treated macrophages (mf+siRNA) 
as analyzed by flow cytometry. Depicted are 
averages of 3 experiments. (D) Time course of 
the percentage DCs of the total DC population 
that were clustered with untreated macrophages 
(mDC+mf, white circle) or siRNA targeting 
Sn treated macrophages (mDC+mf-siRNA), as 
analyzed by flow cytometry. One representative 
donor is shown.
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of mDCs, interactions with macrophages were diminished (Fig. 4A). This indicates that Sn 
expressed by macrophages binds to mDC-expressed a2,3-linked sialylated structures (Fig. 4B). 
To demonstrate requirement of Sn expression on macrophages for the binding to sialylated 
ligands on mDCs, we treated macrophages with siRNA targeting Sn prior to cluster experiments 
(Fig. 4C). After stainings of the cells, we quantified cellular interactions between macrophages 
and mDCs by flow cytometry. Cellular interactions were clearly inhibited by siRNA treatment 
of macrophages targeting Sn (Fig. 4D) demonstrating that Sn on macrophages is involved in 
the binding to sialylated ligands on mDCs.

Macrophages transfer antigen to mDCs
It has been demonstrated that APCs transfer antigens to other 
APCs11. We investigated whether macrophages interact with mDCs 
for this process. For this study, we monitored the movement of DiI-
labeled myelin from macrophages to mDCs. Macrophages were 
incubated with fluorescent myelin for 3 hours and subsequently 
extensively washed to remove unbound myelin. Subsequently, the 
macrophages were co-cultured with DCs at a ratio of 1:1. After 1 
hour of co-culturing, cells were fixed and stained with DAPI and 
anti-DC-SIGN to distinguish macrophages (DAPI+DC-SIGN-) 
from DCs (DAPI+DC-SIGN+). Macrophages mediated cellular 
interactions with mDCs. These mDCs that associated with myelin+ 
macrophages were found to contain myelin as well, as analyzed by 
confocal microscopy (Fig. 5A), indicating that the myelin antigen 
is transferred from macrophages to DC.

Classically activated macrophages but not alternatively activated macrophages interact 
with mDCs
To investigate cellular interactions of macrophage subsets with mDCs, we generated classically 
activated macrophages and alternatively activated macrophages. Classically activated 
macrophages respond to IFNg by releasing pro-inflammatory cytokines and are involved in 
T helper 1 cell-mediated immune resolution of infection. In contrast, alternatively activated 
macrophages respond to T helper 2-type cytokines and are involved in fibrosis, tissue repair and 
humoral immunity25. Because these classifications are made based on the immune functions of 
the macrophage, it would be expected that classically activated macrophages interact with DCs 
to transfer antigen during an infectious state.
The macrophage subsets were incubated with mDCs for 3 hours at the ratio 1:1. After fixation, 
the cells were stained with DAPI or anti-Sn antibody 7D2. Confocal microscopy showed large 
clusters of mDCs with classically activated macrophages (Fig. 6A). In contrast to this, mDCs 
co-cultured with alternatively activated DCs showed remarkable fewer and smaller cluster 
sizes (Fig. 6B). To determine if this difference in cellular interactions of macrophages with 
mDCs is Sn-mediated, the expression levels of Sn of classically activated macrophages and 
alternatively activated macrophages was analyzed with 7D2 monoclonal antibody binding 
by flow cytometry. Indeed, classically activated macrophages express much higher Sn levels 
compared to alternatively activated macrophages (Fig. 6C), which reflects their potency to 
form cellular contacts with mDC.

Figure 5. Macrophages 
transfer antigen to mDCs. 
(A) Myelin (red) incubated 
macrophages are co-cultured 
with mDCs and stained with 
anti-DC-SIGN (green) and 
DAPI (blue) (20x).
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 � Discussion

In this study, we report that a2,3-linked sialylated structures expressed on mDCs serve as 
ligands for macrophage-expressed Sn, hereby mediating cellular interactions between these 
cells. Macrophage-DC interactions enable transfer of myelin from the macrophage to mDCs. 
In addition, cellular associations between mDCs and macrophages exist in ex vivo human 
tissue such as the lymph node.
We demonstrate that the ligand for Sn, glycan structures terminating in a2,3-linked sialic 
acids, are upregulated at the cell surface of DCs during maturation. However, the scaffold on 
mDCs that is responsible for the Sn binding is unknown yet. CD43 on T cells21 and MUC-1 on 
breast cancer cells26 have been demonstrated to carry the glycan ligand for Sn. Both CD43 and 
MUC-1 are expressed by mDCs and could function as scaffolds for the ligand of Sn expressed 
on mDCs27,28.
Already within three hours after maturation induction, the ligand is expressed on the cell 
surface of the DC, suggesting that the ligand might be a pre-stored glycoprotein or glycolipid 
in iDCs, which is subsequently transferred to the cell surface in response to TLR signalling. 
Exposure of pre-stored glycoproteins upon maturation has been previously shown for several 
molecules, amongst them the DC maturation marker CD8329; however, we did not detect Sn 
ligands on CD83 (data not shown). Another characteristic of the expression of the Sn ligand 
on the cell surface of mDCs, is that the ligand is rapidly removed. The mechanism for this 
rapid removal remains to be clarified. A potential explanation could be the expression of an 
extracellular membrane sialidase30, or the masking of Sn ligands by Sn or other siglecs by a cis 
interaction.

Figure 6. Classically activated macrophages but not alternatively activated 
macrophages interact with mDCs. Cellular interactions of mDCs with 
(A) Classically activated macrophages or with (B) alternatively activated 
macrophages. Cells were stained with 7D2 (anti-Sn) in green and DAPI 
in blue and visualized by confocal microscopy (10x). (C) Sn expression of 
iDCs, mDCs, classically activated macrophages (Class. mf) and alternatively 
activated macrophages (Alt. mf), as analyzed by flow cytometry. One 
representative donor is shown.
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We showed the presence of Sn on monocyte-derived macrophages as well as on mDCs. Sn 
expression was originally reported to be specific for subpopulations of tissue macrophages23,31. 
Especially, macrophage subsets found in lymphoid tissue express high levels of Sn32. In addition, 
also in spleen Sn-positive macrophages were detected, which form sheets around capillaries 
in the perifollicular zone33. Lymph node macrophages were shown to express high levels of 
unmasked Sn, available for Sn-dependent adhesive functions, whereas spleen macrophages 
mainly express masked Sn34. Accordingly to this, we detected cellular interactions of Sn+DC-
SIGN- cells with SN+DC-SIGN+ cells in the human lymph node, but not in the human spleen 
(data not shown). Similar to our results, also in vitro monocyte-derived DCs have been reported 
to express Sn24. We demonstrated Sn expression exclusively on mDCs and not on iDCs. In 
accordance with these findings, the expression of Sn is upregulated during inflammatory 
diseases like rheumatoid arthritis35, artherosclerosis36 and in response to HIV-1 infection37.
Macrophages are often classified into two opposite subsets, the classically activated macrophages 
and the alternatively activated macrophages25. The classically activated macrophages are involved 
in Th1 mediated immune responses, in contrast to the alternatively activated macrophages, 
which respond to Th2-type cytokines38. However, it is believed that many types of macrophages 
share characteristics of these two populations4. We found that in contrast to alternatively 
activated macrophages, only classically activated macrophages interacted with DCs. This 
corresponds with a higher Sn expression on classically activated macrophages compared to 
alternatively activated macrophages. In addition, classically activated macrophages, and 
not alternatively activated macrophages are involved in the clearance of infections. During 
infections, cellular interactions between macrophages and mDCs could be necessary to obtain 
an effective immune response.
In addition to mediate cellular interactions, Sn has been shown to bind and internalize sialylated 
pathogens. Sn has been demonstrated to take up Neisseria meningitidis39 and the porcine 
reproductive and respiratory syndrome virus40,41. Furthermore, Sn-expressing CD14-positive 
cells are capable of binding HIV-1 and effectively deliver the virus to target cells, thereby 
enhancing the spreading of HIV-142. Animal studies suggest that Sn has a function in regulating 
adaptive immune responses. Targeting porcine Sn by monoclonal antibodies improved antigen 
presentation to T cells43. Studies with Sn-deficient mice showed that these mice exhibit reduced 
CD4+ T cell responses, CD8+ T cell responses and inflammatory responses44. In addition, 
another murine study showed that Sn knockout mice showed significantly reduced EAE severity 
compared to wild type mice. This was associated with increased regulatory T cell numbers and 
reduced effector T cell numbers. This corresponds to the study by Wu et al, that showed that by 
the use of an Sn-Fc fusion protein, regulatory T cells were elevated in KO mice45. In conclusion, 
these studies suggest that Sn+ macrophages negatively regulate the expansion of regulatory T 
cells through Sn-dependent direct cell-cell communication during the immune response. Our 
study also indicates a role for Sn expression for the regulation of adaptive immune responses 
by improving antigen presentation.
We showed that Sn expressed by macrophages plays a role in cellular interaction with mDCs 
to transfer antigen. Antigen transfer between APCs is frequently observed. Besides DCs and 
macrophages, B cells also process and present antigen46. As most B cells are located in the follicles 
of lymph nodes, small low-molecular mass antigens can obtained by the B cells in the lymph 
node following diffusion of antigen into the lymphoid tissue47. The access of larger antigens 
through diffusion to B cells in the follicle is limited, suggesting that other cells might transport 
large antigens to the B-cell follicles48. A population of DCs in the paracortex can present 
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intact antigen to B cells49-51. In addition, subcapsular-sinus macrophages are also described to 
present antigen to follicular B cells8,52,53. In addition to antigen transfer from macrophages to 
B cells, there are studies that describe transfer of antigen from B cells to macrophages as well. 
B cells can acquire antigen early due to BCR specificity before non-specific uptake by other 
APCs. Antigen is transferred from one APC to another by phagocytosis5,7, uptake of soluble 
antigen as either whole protein54, by immune complexes55,56 or by peptide capture by MHC 
class II molecules57. The mechanism by which macrophage transfer antigen to DCs is not yet 
completely understood.  
In conclusion, we hypothesize that also macrophages and mDC actively engage in a cellular 
association that facilitates the transfer of antigens, thereby enhancing the amount of available 
APCs and the efficiency by which adaptive immune responses are mounted.
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