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Abstract

Antigen uptake by DC and subsequent intracellular routing of antigens is regu-
lated by C-type lectin receptors that recognize glycan structures. Amongst the 
repertoire of glycans expressed by the widely used model-antigen Ovalbumin 
(OVA) are mannose structures that target OVA to the Mannose Receptor. We 
show that modification of antigen with the glycan-structure LewisX re-directs 
antigen to the C-type lectin MGL1 on Dendritic Cells. LewisX-modified antigen 
lead to differentiation of CD4+ T-cells towards the Th1-lineage, and enhanced 
cross-presentation by inducing higher frequencies of antigen-specific CD8+ 
T-cells. Surprisingly, cross-presentation did not require TLR-signaling, TAP-trans-
porters, nor Cathepsin-S. We conclude that controlled glycosylation of anti-
gens can crucially influence the nature and strength of immune responses and 
should be considered for optimizing current vaccination strategies.
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Introduction

The induction of T-cell immunity to viruses or tumors involves the presentation of 
viral or tumor antigens by antigen-presenting cells (APC) in the context of major 
histocompatibility complex (MHC) molecules. Loading of exogenously-derived 
antigens onto MHC class I molecules, a process known as cross-presentation1 
is required to activate antigen-specific cytotoxic T-cells (CTL). Furthermore, 
cognate CD4+ T-cell help is important for licensing the APC, which is essential 
for effective CTL priming and induction of long-lasting memory2, 3. The molecu-
lar mechanisms underlying cross-presentation have been studied intensively, 
however, little is still known on the nature of the antigens and stimuli that are 
required for APC to route exogenous antigens efficiently into the MHC class I 
presentation pathway. 
Most exogenous antigens that originate from tumor cells or viruses are glyco-
sylated in their native form4. The relative composition of the glycosylation ma-
chinery, which includes all the necessary glycosylation-related enzymes and 
co-factors, determines the final configuration of the glycan structures that de-
corate N- or O-linked glycosylation sites present in glycoproteins. The glycosyla-
tion machinery can be affected by proliferation, activation, and the transfor-
mation status of the cell5, and depends on environmental factors. APC, such as 
dendritic cells (DC) and macrophages are able to sense glycans exposed on 
either self- or pathogen-derived antigens via glycan-binding proteins. Amongst 
these glycan-binding proteins are C-type lectins (CLRs) that recognize de-
fined carbohydrate-structures through their carbohydrate recognition domain 
(CRD). Depending on the amino acid sequence, the CRD bears specificity for 
mannose, fucose, galactose, sialylated-, or sulfated structures. CLRs function as 
antigen uptake and/or signaling receptors that modify DC-induced cytokine 
responses thereby influencing T-cell differentiation6. The specialized internali-
zation motifs in the cytoplasmic domains of CLRs allow rapid internalization of 
antigen after ligand binding7, 8. This suggests that DC use CLRs to “sense” the 
natural glycan composition of tissues and invading pathogens, and in response 
to this recognition modulate immune responses9. 

Several studies have demonstrated that the conjugation of antigens to antibo-
dies specific for CLRs such as DEC205, MR, DC-SIGN or CLEC9A, is an effective 
way to direct antigens to DC, resulting in enhanced antigen uptake and pre-
sentation on MHC molecules10-12. To achieve immunity rather than tolerance 
inclusion of a strong adjuvant is necessary. Little is known on how natural gly-
cosylated antigens or alterations in the glycosylation of antigens may change 
and re-direct antigen internalization via CLRs, in addition to subsequent pro-
cessing and presentation. Glycan binding to the CLRs DC-SIGN, Dectin-1 and 
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Dectin-2 has been demonstrated to trigger the signaling capacity of these 
receptors, modulating  DC-mediated T-helper cell (Th) differentiation and cy-
tokine production by DC13. This illustrates that glycan epitopes may not only 
improve antigen presentation but may also affect Th cell differentiation and 
shape specific adaptive immune responses.

One of the CLR the mannose receptor (MR) has recently been shown to medi-
ate cross-presentation of the model-antigen ovalbumin (OVA) in a Toll-like re-
ceptor (TLR)-dependent manner and to recruit TAP-1 to endocytic organelles. 
The interaction of OVA with the MR was speculated to be dependent on the 
presence of mannose glycans on OVA14. However, no detailed analysis of the 
glycosylation profile of OVA is available to date.

In the current study, we investigated the effect of modifying the glycan com-
position of the well studied model antigen OVA on the efficacy of cross-presen-
tation, priming and differentiation of T-cells. We hypothesized that modification 
of the antigen with specific glycans would re-direct antigens to other CLRs re-
sulting in altered uptake and presentation of antigen and Th cell differentiation. 
We have chosen to conjugate the carbohydrate structure LewisX (LeX) to 2 free 
cysteine residues within the native OVA glycoprotein.  LeX is a ligand of the 
CLR MGL115, which is expressed on murine CD8+ and CD8- splenic DC, DC in 
the small intestines, the sub-capsular and intra-follicular sinuses of T-cell areas 
in lymph nodes, and on DC and macrophages in the dermis of skin16-19. Murine 
MGL1 is one of two homologues (MGL1 and mMGL2) of human MGL (huMGL), 
which has been shown to interact with tumor cells through glycans exposed on 
MUC1 as well as with various pathogens20. The YENF motif in the cytoplasmic 
tail of huMGL is essential for uptake of soluble antigens, which are subsequently 
presented to CD4+ T-cells21.  Murine  MGL1 contains a similar motif (YENL) in its 
cytoplasmic tail, which likely plays a similar and important role in antigen upta-
ke17.  MGL1 has been reported to have an anti-inflammatory function in colitis 
and obesity by modifying APC function22, 23, but no functional studies on the ca-
pacity of MGL1 to improve cross-presentation of antigens or to induce antigen 
specific CD4+ or CD8+ T-cells have been reported.  Based on the function and 
glycan-specificity of MGL1 we expected that modification of OVA with the LeX 
glycan would affect antigen presentation and T-cell differentiation.

Here, we demonstrate that conjugation of the LeX carbohydrate to the model 
antigen OVA greatly enhanced Th1 skewing of CD4+ T-cells and significantly 
facilitated cross-presentation of low amounts of OVA, independent of the TAP1 
transporter, Cathepsin-S, and TLR-signaling. Our results illustrate that small chan-
ges in the glycosylation-profile of protein antigens have a great impact on an-
tigen routing within DC, affecting cross-presentation and Th cell differentiation.
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Methods

Mice

C57BL/6 mice (Charles River Laboratories) were used at 8-12 weeks of age. 
Mgl1-/-mice ( on C56BL/6 background, kindly provided through the Consortium 
for Functional Glycomics), OT-I24 and OT-II TCR transgenic mice25 were bred 
in our animal facility under specific pathogen-free conditions. All experiments 
were performed according to institutional, state and federal guidelines. 

Antibodies and Fc-chimeric constructs
Fluorochrome-conjugated antibodies used: anti-CD11c-APC, anti-IFNγ-APC, 
anti-TNFα-PE-cy7 anti-IL-4-PE, anti-IL17-PE and anti-FOXP3-PE (E-bioscience, San 
Diego, CA, USA). Unconjugated mouse anti-OVA (Sigma Aldrich, St.Louis, MO, 
USA), mouse anti-LeX (Calbiochem, Damstadt, Germany), rat anti-mMGL (ER-
MP23; kind gift of Dr. P. Leenen, Rotterdam, Netherlands), rat anti-LAMP-1 (BD-
Pharmingen, San Diego, CA, USA), and rabbit anti-EEA-1 (Dianova, Hamburg, 
Germany). Secondary antibodies used:  peroxidase-labeled F(ab’)2 fragment 
goat anti-human IgG, F(ab’)2 fragment goat anti-mouse IgG, (Jackson, West 
grove, PA, USA),  peroxidase-labeled goat anti-mouse IgM (Nordic Immuno-
logy, Tilburg, The Netherlands), goat anti-rat Alexa 448, goat anti-rat Alexa 647 
and donkey anti-rabbit Alexa 488 (Molecular Probes, CA, USA).  MGL-1-Fc was 
generated as described earlier15.  

Generation of neo-glycoconjugates

LeX (lacto-N-fucopentose III; Dextra Labs, UK) carbohydrate structure was con-
jugated to OVA (Calbiochem) as previously described 15, 26. In short, the bifunc-
tional cross-linker (4-N-maleimidophenyl) butyric acid hydrazide (MPBH; Pierce, 
Rockford, USA) was covalently linked to the reducing end of the LeX and the 
maleimide moiety of the linker was later used for coupling the LeX to OVA. 
Neo-glycoconjugates were separated from reaction reductants using PD-10 
desalting columns (Pierce).

Additionally, a Dylight 549- N-hydroxysuccimide (NHS) label (Thermo Scientific, 
Rockford, USA) was covalently coupled to OVA or OVA-LeX (Dylight-549-OVA). 
Free label was removed using a PD-10 column (Pierce). 

Presence of LeX and CLR binding to OVA was measured by ELISA.  In brief, OVA-
conjugates were coated directly on ELISA plates (NUNC Maxisorb, Roskilde, 
Denmark) and binding of MGL1-Fc, anti-LeX and anti-OVA antibodies to OVA 
was determined as described10, 26.
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Presence of endotoxin was measured using a LAL-assay (Lonza, Basel, Switzer-
land) was performed following manufacturers protocol.

Glycan analysis 

OVA was deglycosylated by incubation in 5 IU of PNGase F (Roche Applied 
Sciences, Mannheim, Germany) o/n at 37°C. Proteins were extracted by re-
verse phase chromatography using Sep-Pak Vac C18 disposable cartridges 
(Waters, Milford, MA, USA). Glycans were further purified by reverse phase 
chromatography using Superclean ENVI-Carb cartridges disposable columns 
(Supelco, St.Louis, MO, USA). Glycans were lyophilized and redissolved in 30 
ml of 7-Amino-4-methylcoumarin (160 mM, Sigma Aldrich) and 2-Picoline bo-
rane (270 mM, Sigma Aldrich) in DMSO-acetic acid (4:1, Riedel deHaën, Seelze, 
Germany). 4-AMC-labelled glycans were purified by size exclusion chromato-
graphy using a Bio-Gel P2 (Bio-Rad, Herts, UK) column with 50 mM ammonium 
formate (Sigma Aldrich) as running buffer. 4-AMC-labelled glycans were lyop-
hilized and analyzed by multidimensional normal phase HPLC (UltiMate 3000 
nanoLC, Dionex, Surrey, UK) using a Prevail Carbohydrate ES 0.075 x 200 mm 
column (Grace, Pittsburgh, PA, USA) coupled to an LCQ Deca XP with ESI in-
terface mass spectrometer (Thermo Finnigan, Waltham, MA, USA) tuned with 
maltoheptoase (Sigma Aldrich) labeled with 4-AMC and with an intercalated 
fluorescence detector (Jasco FP-2020 Plus, Jasco, Easton, MD, USA) (maximum 
excitation 350 nm, band width 40 nm; maximum emission 448 nm, band width 
40 nm).

Maldi-Ms

MALDI-TOF mass spectrometry measurements were done using a 4800 MALDI–
TOF/TOF Analyzer (Applied Biosystems, Foster city, CA, USA). Mass spectra were 
recorded in the range from to 19000 to 155000 m/z in the linear positive ion 
mode. The data were recorded using 4000 Series Explorer Software and pro-
cessed with Data Explorer Software version 4.9. 

Cells

BM-DC and CD11c+ spDC were cultured as previously described26. BM of MyD88-
TRIFF-/-, and Cathepsin-S-/- was kindly provided by Dr. T. Sparwasser (Twincore, 
Hannover, Germany) and Dr. K. Rock (Massachusetts Medical School, Worces-
ter, MA, USA) respectively.

OVA-specific CD4+ and CD8+ T-cells were isolated from spleen and lymph no-
des cell suspensions from OT-II and OT-I mice, respectively using the mouse 
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CD4/CD8 negative isolation kit (Invitrogen, CA, USA) according to manufac-
turer’s protocol.

The T-cell proliferation assay was performed as described 26.  In short, DC were 
pulsed with OVA for 4h before incubation with OVA-specific T-cells (OT-I and 
OT-II; 2:1 DC:T). [3H]-thymidine (1µCi/well; Amersham Biosciences, NJ, USA) was 
present during the last 16h of a 72h culture.  [3H]-thymidine incorporation was 
measured using a Wallac microbeta counter (Perkin-Elmer, USA).

Differentiation of naïve OT-II T-cells, induced by BM-DC or spDC, was measured 
by an in vitro T helper differentiation assay described earlier 26. 

cDNA synthesis and Real time PCR

mRNA was isolated by capturing poly(A+)RNA in streptavidin-coated tubes 
using a mRNA Capture kit (Roche, Basel, Switzerland).  cDNA was synthesized 
using the Reverse Transcription System kit (Promega, WI, USA) following manu-
facturer’s guidelines.  

Real time PCR reactions were performed using the SYBR Green method in an 
ABI 7900HT sequence detection system (Applied Biosystems) as previously des-
cribed27. 

Confocal Microscopy

BM-DCs were incubated with 30 μg/ml Dylight-549-OVA or OVA-LeX for 2 h at 
37°C, fixed and permeabilized for 20 min on ice, and stained with primary and 
secondary antibodies. Colocalisation was analyzed using a Leica AOBS SP2 
confocal laser scanning microscope (CLSM) system containing a DM-IRE2 mi-
croscope with glycerol objective lens (PL APO 63×/NA1.30); images were ac-
quired using Leica confocal software (version 2.61).

Immunization of mice 

For adoptive transfer experiments, 3x106 CFSE labeled OT-I cells were adopti-
vely transferred to a C57BL/6 recipient mouse by intravenous injection. One 
day later, 100 μg OVA mixed 1:1 with IFA was injected subcutaneously (s.c.). 
Mice were sacrificed at day 3 and draining LN were analyzed. 3x106 LN cells/ml 
were cultured in the presence of 0,5 μg/ml SIINFEKL-peptide and 5 μg/ml Bre-
feldin-A for 4h and IFNγ-production by OT-I T-cells was measured intracellularly 
by flow cytometry. For endogenous responses, C57BL/6 mice were immunized 
s.c. with 50 μg OVA emulsified in IFA, and boosted a week later. Another week 
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later, mice were sacrificed, and the amount of antigen-specific CD8+ T-cells 
was analyzed in the spleen by staining with H2-Kb-SIINFEKL tetramers (Sanquin, 
Amsterdam, The Netherlands).

Statistical analysis

Graphpad prism 5.0 was used for statistical analysis.

Results

Identification of glycans on native and glycan-modified OVA, and the 
consequences for CLR-specific binding

The well known model antigen OVA contains one N-glycosylation site at N293, 
however, the full glycosylation spectrum of OVA has never been thoroughly 
analyzed. We determined the glycan profile of OVA by normal-phase HPLC 
coupled to electrospray ionization mass spectrometry with an intercalated flu-
orescence detector.  We found that the majority of glycan species on OVA 
corresponded to the complex-type (54.9 %), while mannose-rich glycans 
(mainly Man5 and Man6, potential ligands of the MR28) represented only 23 % 
of all glycoforms (Fig. 1a). The remaining glycoforms were of the hybrid (16.2 
%) and oligomannose (Man3, 3 %) type. To generate glycan-modified OVA we 
used the cysteines in OVA to link the tri-saccharide glycan structure LeX (Galβ1-
4(Fucα1-3) GlcNAc). Considering the crystal structure of OVA29, the most likely 
candidate cysteines to accept conjugation of the tri-saccharide glycan struc-
ture LeX are C12, C31, C368, and C383; which lay in close proximity of each other in 
the tridimensional structure of the protein. Using MALDI mass spectrometry, we 
confirmed that OVA-LeX increases to 1.2 KDa in mass, indicating that at least 
40 % of the total OVA-LeX preparation contained the LeX (Fig. 1b). This increase 
corresponded to the addition of 2 LeX molecules per molecule OVA.  Further-
more, using anti-LeX antibodies the presence of LeX was detected on OVA-LeX, 
whereas absent on native glycosylated OVA, indicating that the glycan was 
successfully conjugated to OVA. The addition of LeX to OVA facilitates high-avi-
dity binding to MGL1, known for its LeX glycan specificity10, 15, as revealed from 
high binding to purified MGL1-Fc (Fig. 1c). As expected no binding of MGL1-Fc 
was observed to native OVA. Antigen titrations revealed similar binding kine-
tics with an anti-OVA antibody, illustrating similar protein concentrations of the 
antigen in the preparations of OVA and OVA-LeX used in our study (Fig. 1d). In 
conclusion, through glycan profiling we identified 23% mannose-rich glycans 
on native OVA that may facilitate MR binding. Addition of the glycan LeX, next 
to these mannose glycans, on cysteine residues (2 LeX moieties per molecule), 
conveyed MGL1 specificity to OVA.
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Modification of OVA with LeX mediates efficient internalization via 
MGL1

To investigate whether the addition of LeX glycans to OVA affected antigen 
presentation by DC, we first analyzed the capacity of BM-DC to take up 
OVA-LeX compared to native OVA.  Murine BM-DC and splenic DC (spDC) of 
C57BL/6 mice express MGL as assessed by staining with the anti-MGL antibody 
ER-MP2326 (Fig. 2a). Since the ER-MP23 antibody does not discriminate between 
the two murine MGL homologues, MGL1 and MGL2; we used RT-qPCR to con-

Figure 1.  Generation of OVA-neo-glycoconjugates with LeX that direct OVA to bind to MGL1. 
(a) The glycosylation of OVA was investigated by glycan profiling using a multidimensional normal 
phase nano-HPLC coupled to a nano electrospray ionization interface mass spectrometer with an 
intercalated fluorescence detector. This system allows accurate quantification of individual glycans 
while performing online MS/MS analysis of the different glycan species. The proportion of the different 
glycan species is depicted in bold above the glycan representation (in %). (b) The MALDI mass spec-
trum of OVA-LeX (red) shows an increase of 1,2 KDa compared to unconjugated OVA (blue), corres-
ponding to addition of 2 LeX molecules per OVA molecule. (c) ELISA showing functional modification 
of OVA with LeX, which results in binding of MGL1-Fc. Unconjugated OVA does not carry any ligands 
for MGL1. (d) OVA and OVA-LeX preparations contain similar amounts of OVA as detected with anti-
OVA antibody by ELISA.
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Figure 2.  MGL1 expressed on BM-DC and splenic DC mediates enhanced uptake of LeX-modified 
OVA. 

(a) Expression of murine MGL on BM-DC and spDC analyzed by flow cytometry. (b) MGL1 mRNA ex-
pression by BM-DC and splenic DC from WT and Mgl1-/- mice was determined using RT-PCR. GAPDH 
was used as a reference gene and the results are representative of three independent experiments. 
(c) Binding and uptake of fluorescent-labeled OVA-LeX (30 µg/ml) by WT BM-DC was compared to 
native OVA and analyzed by flow cytometry after 90 min. EGTA was added to prevent CLR-binding 
and show CLR-dependency. Data shown are representative of three independent experiments. 
Numbers indicate percentage (%) cells taken up antigen (d) Binding and uptake of fluorescent-labe-
led OVA-LeX or OVA (30 µg/ml) by WT or Mgl1-/- BM-DC analyzed by flow cytometry after 90 min. Data 
shown are representative of three independent experiments.
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firm presence or absence of MGL1 expression in Wild Type (WT) and mgl1-/- 
CD11c+ DC, respectively (Fig. 2b).  

To determine whether MGL1 regulates binding and uptake of OVA-LeX, we 
analyzed the binding and uptake of fluorescently-labeled antigen by BM-DC 
of WT and mgl1-/- mice by flow cytometry. WT BM-DC bound and internalized 
OVA-LeX more efficiently than native OVA (Fig. 2c-d). Internalization of both 
OVA-LeX and OVA is CLR-dependent, as this was diminished in the presence 
of EGTA, which prevents binding of glycans to the carbohydrate recognition 
domain (CRD) of CLRs in a Ca2+-dependent fashion. Furthermore, internaliza-
tion of OVA-LeX by BM-DC of mgl1-/- mice was substantially reduced (Fig. 2d), 
suggesting that OVA-LeX is predominantly taken up via MGL1.

In conclusion, these data show that modification of antigen with LeX glycans 
results in MGL1-dependent binding and internalization by DC.

OVA-LeX induces Th1 skewing of naive CD4+ T-cells

Since we observed increased uptake of OVA when it was modified with LeX 
structures, we examined whether antigen-presentation to CD4+ T-cells was 
enhanced. Surprisingly, both OVA-LeX-loaded and native OVA–loaded spDC 
induced CD4+ T-cell (OT-II) proliferation to a similar extent, illustrating that the in-
creased antigen uptake mediated by LeX did not affect loading on MHC class 
II molecules.  Similar results were obtained using steady-state BM-DC (Fig. 3a). 

Although we did not observe any effect of LeX on CD4+ T-cell proliferation, 
glycan modification of antigens could induce signaling via CLRs and here-
with potentially influence Th-cell differentiation. We therefore investigated 
whether OVA-LeX affected the differentiation of naïve CD4+ T-cells. We pulsed 
BM-DC and spDC of WT-mice with OVA-LeX and co-cultured them with naïve 
CD4+CD62Lhi OT-II cells.  One week later, frequencies of IFNγ- (Th1), IL-4- (Th2), IL-
17A- (Th17) producing T-cells or FoxP3+ regulatory T-cells (Treg) were measured 
by flow cytometry. Both BM-DC and spDC loaded with OVA-LeX induced sig-
nificantly more IFNγ-producing T-cells than OVA-loaded cells (Fig. 3b). Neither 
induction of IL-4- nor IL-17A-producing CD4+ T-cells was observed (Fig. 3b upper 
and middle panel and data not shown). In addition, induction of Treg was not 
detected (data not shown).

To exclude that the Th1 skewing by OVA-LeX was attributed to the more Th1 
prone status of C57BL/630, we also performed the Th-differentiation assay with 
cells derived from BALB/c which are more Th2 prone31. We observed that naïve 
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DO.11.10 Tg CD4+ T-cells stimulated with OVA-loaded BM-DC produced IL-4. 
However, the frequency of IL-4- producing cells was not influenced by loading 
DC with OVA-LeX. Using these Th2-prone T-cells, OVA-LeX-pulsed DC still indu-
ced considerably more IFNγ-producing CD4+ T-cells than native OVA-pulsed 
DC (Fig. 3b, lower panel).

Since this assay takes three days longer than the antigen-presentation assay, 
it is possible that the higher frequency of IFNγ-producing CD4+ T-cells is due to 
increased numbers of OVA specific CD4 T cells. To exclude this, we determined 
the amount of proliferation after 6 days. We found that the proliferation of OVA 
specific CD4 T cells induced by stimulation with OVA-LeX-loaded DC is similar 
to OVA-loaded DC (see Supplementary Fig. 1). These data show that the in-
creased numbers of Th1-cells induced by OVA-LeX -loaded DC are not due to 
increased proliferation of OT-II cells, but probably due to MGL1 signaling.

Figure 3.  Modification of OVA with LeX structures skews naïve CD4+ T-cells towards the Th1-effector 
lineage. 

(a) Pulsing of WT BM-DC or CD11c+ spDC with OVA-LeX results in equal OT-II proliferation as native 
OVA. Proliferation of OT-II T cells was determined in DC-T-cell co-cultures on day 3 by [3H]-thymidine 
uptake. Data are presented as mean ± S.D. of triplicates, representative of three independent expe-
riments. ( P > 0.05 ,unpaired Student’s t-test) (b) BM-DC or spDC derived from C57BL/6 or Balb/c mice 
were pulsed with OVA or OVA-LeX (30 μg/ml) and co-cultured with naïve CD4+CD62LhiCD25- OT-II or 
DO-11.10 T cells, respectively. Th1 and Th2 differentiation was monitored by intracellular IFNγ and IL-4 
staining, respectively. Numbers indicate percentage (%) of cytokine producing CD4+ T cells.
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Immunisation with OVA-LeX leads to enhanced CD8 T cell proliferation 
and induction of high frequencies of OVA-specific CD8+ T-cells in vivo

Next, we analyzed the influence of the LeX modified OVA to potentiate anti-
gen-presentation to antigen-specific CD8+ T-cells. Strikingly, both BMDC as well 
as splenic DC induced substantially more proliferation of CD8+ T-cells when they 
were pulsed with OVA-LeX compared to native OVA (Fig. 4a). Cross-presen-
tation was induced with relatively low concentrations of antigens. Moreover, 
cross-presentation of OVA-LeX was clearly mediated by MGL1 as demonstrated 

Figure 4. Neo-glycoconjugate targeting to MGL1 on CD11c+ spDC enhance cross-presentation. 
(a) Pulsing of WT BM-DC or CD11c+ spDC with OVA-LeX results in enhanced OT-I proliferation compa-
red to native OVA. (***P<0.001 ,unpaired Student’s t-test) (b) The enhanced effect on cross-presen-
tation was MGL1-mediated as no cross-presentation of OVA-LeX (black bars) was observed by Mgl1-

/- DC. Proliferation of OT-I was determined in DC-T-cell co-cultures on day 3 by [3H]-thymidine uptake. 
Data are presented as mean ± S.D. of triplicates, representative of three independent experiments. 
OVA WT vs. Mgl1-/- P = n.s., OVA-LeX WT vs. Mgl1-/- ***P= <0.001, unpaired Student’s t-test.
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using mgl1-/- BM-DC or steady-state spDC (Fig. 4b). Together, these results sug-
gest that LeX-modified antigens that target MGL1 on murine DC preferably end 
up in the cross-presentation route.

Based on our in vitro data we explored the potency of OVA-LeX to induce pro-
liferation of OVA-specific CD8+ T-cells in vivo. WT mice received purified CF-
SE-labelled OT-I T-cells, followed by subcutaneous immunization with 100 μg 
OVA-LeX or OVA.  After 3 days the CFSE-dilution and IFNγ-production of the 
transferred OT-I T-cells was analyzed.  In line with our in vitro data, we observed 

Figure 5. Immunization with OVA-LeX induces increased CD8+ T-cell responses in vivo. 
C57BL/6 mice recipient of adoptively transferred with CFSE-labeled OT-I cells. mice were immunized 
with 100 μg OVA (black line) or OVA-LeX (grey filled histogram). Three days later, mice were sacrificed 
and draining LN were examined. OVA-LeX induced robust proliferation as measured by (a) CFSE diluti-
on as well as effector differentiation, as revealed by (b) IFNγ-production after 6h re-stimulation ex vivo 
with 50 ng/ml OVA257-264 peptide. C57BL/6 mice were immunized with 100 μg OVA (white bar) or 
OVA-LeX (black bar) using a prime-boost protocol. Numbers indicate percentage (%) IFNγ-producing 
T cells. (c) IFNγ- and TNFα-staining of splenocytes one week after restimulation with DC+OVA revealed 
the presence of more antigen-specific CD8+ T-cells in OVA-LeX-immunized mice represented as per-
centage (%). Bars of IFNγ- and TNFα-producing T-cells represent average + SEM of all cultures (n = 5 
mice per group, restimulated individually).*P <0.05 ***P <0.001, unpaired Student’s t-test (d) Dot plots 
showing tetramer-staining of splenocytes one week after boosting. Represented is OVA-LeX compa-
red with OVA in 1 experiment of 3 (n = 5 mice per group). *P <0.05, unpaired Student’s t-test.
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more robust proliferation of OT-I T-cells upon immunization with LeX-modified 
OVA than with native OVA (Fig. 5a). Furthermore, OVA-LeX induced effector 
T-cell differentiation, as shown by IFNγ production (Fig. 5b).  

To study the potency of OVA-LeX to enhance T-cell priming, we immunized 
mice with OVA-LeX mixed with IFA and antiCD40 antibodies and analyzed the 
amount of OVA-specific CD8+ T-cells ex vivo. Consistent with our in vitro data 
and OT-I adoptive transfer experiments, OVA-LeX induced a higher frequency 
of (endogenous) antigen-specific CD8+ T-cells than native OVA as revealed 
from the increased numbers of OVA-specific IFN-γ and TNF-α producing CD8+ 
T-cells (Fig. 5c). This finding was corroborated by tetramer staining of CD8+ sple-
nocytes (Fig. 5d). 
 
Taken together, these results indicate that the conjugation of two LeX glycans 
on OVA not only enhances cross-presentation in vitro but also induced enhan-
ced CD8+ T-cell priming in vivo.

Intracellular routing of Lex modified OVA in DC

As modification of OVA with LeX-glycans induced CD8+ T-cell priming, we in-
vestigated how MGL-1 mediated uptake of OVA leads to cross-presentation. 
First, we examined the localization of OVA-LeX in the cell. Using confocal micro-
scopy, we could confirm that uptake of native OVA through the MR is routed to 
the early endosomal compartment (Fig. 6a, upper-left panel and14).  However, 
the addition of LeX altered the localization of OVA, showing its presence in both 
early endosomal (stained with EEA-1) and late endosomal/lysosomal compart-
ments (stained with LAMP-1) (Fig. 6a, upper-right panel). Internalization of OVA-
LeX by BM-DC from mgl1-/- mice was significantly reduced (Fig 6a, lower panel), 
corroborating our data observed using flow cytometry (Fig 2d). Thus, uptake of 
OVA via MGL1 enters the endosomal / lysosomal pathway. The development 
of early endosome into late endosome / lysosome coincides with a decreasing 
pH gradient. The pH at which MGL1 dissociates from its ligand is indicative of 
the compartment in which the antigen becomes available for degradation 
and loading on MHC-molecules. We therefore analyzed MGL1-binding to its 
ligand LeX at pH that resemble the pH of the intracellular compartments. MGL1 
starts dissociating from LeX already at pH 6,5 (Fig. 6b). This indicates that OVA-
LeX becomes available for degradation in the early and late endosomal com-
partments, compartments both associated with cross-presentation. To detect 
the antigen loading on MHC-I molecules and transportation to the cell-surface, 
staining with the 25.1D1 Ab was performed. Indeed the 25.1D1 Ab revealed 
increased expression of SIINFEKL peptide/H-2b complexes on the cell surface 
when DC were loaded with OVA-LeX compared to native OVA (Fig. 6c).
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Figure 6.  OVA-leX is routed to early endosomal and lysosomal compartments, where it is pro-
cessed for presentation in MHC class I.

(a) WT BMDC were incubated with Dylight-549-OVA or Dylight-549-OVA-LeX (30 µg/ml) and 2h later 
co-localization of OVA antigen (Red) with early endosomal (EEA-1, Green) and lysosomal (LAMP-1, 
Blue) compartments was analyzed using confocal microscopy. (b) MGL-1-Fc binding to LeX-PAA was 
determined at different pHs by ELISA. (c) OVA-LeX induces more OVA257-264/H2-Kb I complexes at the 
cell-surface than native OVA, as shown by 25.1D1 staining 16 hours after 4 hours pulse loading. BM-
DC were incubated with OVA or OVA-LeX for 4 hrs. Expression of peptide-MHC-class I complexes was 
analyzed after o.n. incubation. *P <0.05, unpaired Student’s t-test.
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Taken together, these data show that MGL1 routes OVA to both early endo-
somes and lysosomes, but that MGL1 already dissociates from OVA in early-
late endosomal compartments, making it available for antigen-processing and 
cross-presentation.

Cross-presentation induced by MGL1-targeting is independent of TAP-
transport and Cathepsin-S -induced endosomal degradation

As LeX-conjugation to antigen leads to preferential localization of the antigen 
in the early endosomal compartment and to cross-presentation, we further 
investigated the mechanism of MGL1-mediated cross-presentation. Several 
cross-presentation pathways have been described, one of which is dependent 
on the transport of peptides from the cytosol into MHC-class I loading com-
partments via TAP-molecules32, whereas another cross-presentation pathway 
depends on endosomal degradation by the cysteine protease Cathepsin-S33. 
To study a role for TAP transporters in our model, BM-DC of TAP-/- and WT control 
mice were pulsed with OVA-LeX followed by incubation with OT-I T-cells. Surpri-
singly, cross-presentation induced by OVA-LeX was unaffected by the absence 
of TAP as OT-I proliferation induced by OVA-LeX-loaded TAP-/- BM-DC was not 
different from OVA-LeX-loaded WT BM-DC (Fig. 7a, left panel). In accordance 
with previous publications by Kurts et al.14 we showed that administration of 
OVA with LPS is cross-presented in a TAP-dependent manner. (Supplementary 
Fig. 3, left panel). Furthermore, to exclude the possibility that the results are due 
to reduced levels of MHC-class I we loaded DCs exogenously with OVA257-264 
minimal peptide. We showed that the presentation of OVA257-264 peptide is 
equal by both WT and TAP-/- BM-DC so do express sufficient levels of MHC-class I 
(Supplementary Fig.  3, right panel)

Figure 7.  LeX-modified antigen is cross-presented in a TAP- and Cathepsin-S-independent fashion. 
(a) TAP-/- BM-DC were pulsed with OVA(-LeX) and co-cultured with OT-I T cells for 3 days. Prolifera-
tion was determined by [3H]-thymidine uptake and data are presented as mean ± S.D. of triplicates 
(representative of three experiments). OVA vs. OVA-LeX WT or TAP-/- ***P= <0.001, unpaired Student’s 
t-test. (b) Cathepsin-S-/- BM-DC were pulsed with OVA(-LeX) and co-cultured with OT-I T-cells for 3 
days. Proliferation was determined by [3H]-thymidine uptake and data are presented as mean ± SD 
of triplicates (representative of three experiments). OVA vs. OVA-LeX WT or Cathepsin-S-/- ***P= <0.001, 
unpaired Student’s t-test.

Glycan modification for the induction of cross-presentation

61



As depicted in Figure 7b, cross-presentation by Cathepsin-S -/- BM-DC was si-
milar to WT BM-DC when targeted with OVA-LeX. Therefore, we excluded the 
involvement of the Cathepsin-S pathway for cross-presentation of OVA-LeX.  
As expected, the MHC-class II-restricted CD4+ T-cell proliferation was compro-
mised in the Cathepsin-S -/- BM-DC (data not shown), illustrating the involvement 
of Cathepsin-S in cleaving the invariable chain of the MHC-class II molecule34. 

In conclusion, our data show that the cross-presentation route of OVA via MGL1 
is distinct from that of OVA and is neither dependent on TAP nor Cathepsin-S. 

MGL1 mediates cross-presentation of OVA-LeX independently of TLR 
signaling.

Recent studies have shown that the C-type lectin MR-induced cross-presenta-
tion of antigen to CD8+ T-cells is dependent on TLR signaling14, 35. To investigate 
whether the differences observed between OVA and OVA-LeX was due to any 
potential contamination of LPS, we analyzed whether the protein preparations 
could trigger IL-8 production of TLR4-transfected HEK293 cells.  Based on the 
lack of any IL-8 production, we concluded that our OVA preparations were 
free of any LPS contamination (Supplementary Fig. 2). In addition, both OVA 
preparations neither induced maturation of BM-DC nor altered their cytokine 
production (data not shown).

Although we could not detect any LPS in our OVA preparations (See Supple-
mentary Fig. 2), we wanted to exclude any potential role of TLR signaling on 
the LeX-induced cross-presentation by using BM-DC from MyD88-TRIFF double 
-/- mice.  We observed that BM-DC from MyD88-TRIFF double -/- mice still showed 
induction of OT-I proliferation when targeted with OVA-LeX(Fig. 8). Only a slight 
reduction of cross-presentation was observed compared to wild-type BM-DC, 

Figure 8: Cross-presentation of OVA-LeX is independent of MyD88-TRIFF signaling. 
BM-DC from WT or MyD88-TRIFF double-/- mice were pulsed with indicated concentrations of antigen 
and co-cultured with OT-I or OT-II T-cells, respectively. Proliferation was determined by [3H]-thymidine 
uptake. Data are representative of two experiments and indicated as triplicate mean ± S.D. OVA vs. 
OVA-LeX WT or MyD88-TRIFF double-/- ***P= <0.001, unpaired Student’s t-test.
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suggesting a minor role for MYD88- or TRIFF-signaling. As expected, MHC class 
II presentation of OVA and OVA-LeX was not dependent on MYD88- or TRIFF- 
signaling (data not shown).

Discussion

We here demonstrate that the glycosylation-profile of an antigen has a major 
influence on antigen uptake and presentation by dendritic cells, thereby af-
fecting both the type and strength of the induced immune response. Modifi-
cation of the model-antigen OVA with LeX-glycans redirects OVA from the MR 
towards other CLR, in our case MGL1, modifying naïve CD4 T-cell differentiation 
towards IFNγ-producing Th1-cells. Moreover, targeting OVA to MGL1 through 
the addition of LeX, substantially enhanced cross-presentation of OVA, as re-
vealed by the increased frequency of antigen-specific effector CD8+ T-cells in 
vitro and in vivo. Importantly, MGL1-dependent cross-presentation occurred 
independently of TLR-signaling and involved antigen-routing to the early en-
dosomes, where it entered a cross-presentation pathway that did not involve 
TAP-transporters and Cathepsin-S. 

Previous studies on CLR-mediated antigen uptake and cross-presentation, in 
particular by the MR, demonstrated a clear requirement for a TLR ligand14, 36, 37. 
A common denominator in some of these studies is the use of antibody-antigen 
conjugates, which, by binding to different part of the receptor or through co-
engagement of Fc-receptors, could potentially induce a different signal than 
the natural ligand. The fact that the addition of LeX-structures to OVA obviates 
the need for TLR signals for the induction of cross-presentation and Th1 priming, 
may indicate that MGL signaling is involved in these processes. Some CLR, like 
DC-SIGN, Clec9A and Dectin-1 are known to induce signaling after triggering 
by their natural ligands9, 38. Till now, no signaling pathway has been described 
for MGL1. In our studies the uptake of LeX-modified antigen through MGL1 was 
not associated with any DC maturation or altered cytokine production by DC. 
The fact that we induce an enhanced frequency of antigen-specific CD8+ T-
cells by modification of antigen with LeX in vivo suggests that MGL1 may also 
be involved in cross-tolerance to LeX-modified antigens depending on the lo-
cal micro milieu in which MGL is engaged.  An anti-inflammatory function of 
MGL has recently been demonstrated, including induced IL-10 production by 
APC22 and altered APC adhesive function23 but influence on the level of anti-
inflammatory T-cell induction is lacking. These findings suggest that expression 
of MGL1 on macrophages or DC contributes to homeostatic control of the 
immune system.

Glycan modification for the induction of cross-presentation

63



Various models for cross-presentation of antigens have been contemplated. 
Initially, the “cytosolic pathway” of cross-presentation was proposed. This mo-
del states that antigens that are taken up via receptor-mediated endocytosis 
or phagocytosis are translocated into the cytosol, where they are degraded 
into antigenic peptides by the proteasome and transported into the lumen of 
the endoplasmic reticulum (ER)33, 36 or ER/phagosomal fusion compartments39, 40 
by TAP-transporters. There, antigens are loaded on newly synthesized MHC 
class I molecules for presentation at the cell-surface. Recently, a variation to 
the cytosolic pathway was described in which soluble OVA is taken up via 
the MR and is supplied to stable early endosomal compartments41.  In these 
compartments, the MHC class I machinery as well as TAP-transporters are se-
lectively recruited, facilitating direct loading of antigen-derived peptides onto 
MHC class I molecules without trafficking to the ER. A second pathway is called 
the “vacuolar pathway”. In this pathway, antigens are degraded into peptides 
in early endosomal compartments by endosomal proteases like Cathepsin-S, 
to be loaded on MHC class I molecules in the same compartment, thus TAP-
independent33.  The currently described models of cross-presentation depend 
on peptide-transport by TAP from the cytosol to either ER or ER/phagosomal fu-
sion compartments or on endosomal degradation of antigens via Cathepsin-S  
(reviewed in32, 42). Although we observe localization of OVA-LeX in an early en-
dosomal compartment, absence of either TAP molecules or Cathepsin-S did 
not influence the enhanced cross-presentation of OVA when modified with 
LeX-glycans. Our data indicate that the cross-presentation pathway entered 
via MGL1 is different than that of the MR and occurs via a different mecha-
nism. One of the possibilities is the involvement of the endoprotease furin which 
has been reported to participate in the TAP-independent processing of CTL 
epitopes in the secretory pathway43. The pathway of MGL-1 mediated cross-
presentation is subject of current investigation.

In the current study, we show that already at very low concentrations, soluble 
protein antigens are efficiently cross-presented upon uptake by MGL. DCs puls-
ed with a low dose of OVA-LeX (10 μg/ml, 100 times less than previous reports25, 40) 
induced high CD8+ T-cell proliferation, whereas the same concentration of na-
tive OVA was hardly cross-presented (Fig 3). Others have demonstrated that 
native OVA can only be cross-presented when a high dose was used (0,5-1,0 
mg/ml) and when accompanied with TLR-triggering14, 44. Although the glycan-
modification was associated with increased antigen uptake and enhanced 
cross-presentation, it did not result in enhanced presentation of antigen on 
MHC-class II indicating that increased uptake of antigen is not per se a require-
ment to facilitate MHC class I and II presentation. It is, therefore, most likely that 
the CLR (and thus the glycans) involved dictates how efficiently an antigen is 
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cross-presented, and based on our study MGL1 cross-presents antigen much 
more efficiently than the MR.

40% of the OVA-preparation was found to contain LeX-glycans after conjuga-
tion. We speculate that better conjugation-efficiency will lead to even more 
efficient targeting, and improved priming of T-cells. 

The activity of the glycosylation machinery is subjected to subtle regulation 
and depends on the cell-type or activation status of the cell. Upon malignant 
transformation glycan profiles may change dramatically. LeX carbohydrate 
structures are described to be expressed in the brain45,  and can be de novo 
expressed on cancer stem cells46 or pathogens, and the glycosylation pattern 
of in vivo accumulating antigens, being brain tissue, tumor tissue or pathogen 
structure, is crucial for directing specific CLR antigen uptake and cross-presen-
tation47, 48.Although in our studies only 2 LeX glycans were conjugated to each 
OVA molecule, it cannot be ruled out that multivalent presentation of LeX, 
such as often observed on tumors or pathogens49, 50, may alter avidity induced 
MGL-1 signaling and antigen presentation, and induce an anti-inflammatory 
immune repertoire. At this stage we do not know whether high glycan valency 
further enhances or inhibits the MGL1-mediated cross-presentation.

The fact that pulsing of DC with OVA-LeX resulted in improved cross-priming 
and Th1-skewing indicates that conjugation of these carbohydrates to tumor-
antigens could be beneficial for induction of potent anti-tumor responses. 
Therefore, the use of glycans for targeting CLR for anti-cancer immunotherapy 
could have several advantages. First, they mimic natural function of the recep-
tors, inducing ‘natural’ signaling cascades in DC. Furthermore, they are very 
small molecules, easy to use and relatively cheap to produce.  Importantly, 
many glycans may be considered self-antigens, in contrast to recombinant an-
tibodies that are often not completely of human origin.  These properties make 
it possible to decorate any antigen of choice with glycans to target specific 
receptors.

In conclusion, our studies indicate that the glycan blueprint of protein anti-
gens is of fundamental importance in dictating the intracellular routing and 
Th-skewing, and should be considered as a major determinant in the design of 
therapeutic vaccines against cancer and infectious diseases.
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Supplementary Figure 1. OVA-LeX induced skewing of naïve CD4+ T-cells towards the Th1-effector li-
neage is not due to increased CD4+ T cell-proliferation. 

Pulsing of WT BM-DC with OVA-LeX results in equal OT-II proliferation, compared to native OVA. Prolife-
ration of OT-I or OT-II T-cells was determined in DC-T-cell co-cultures on day 6 by [3H]-thymidine uptake. 
Data are presented as mean ± S.D. of triplicates, representative of three independent experiments.

Supplementary Figure 2. Endotoxin contamination of OVA-preparations 
Both OVA and OVA-LeX were tested for endotoxin levels. Human embryonic kidney (HEK)293-TLR-4/
MyD88 transfectants were cultured in the presence of either antigen preparation (30 µg/ml) or dif-
ferent concentrations of LPS. The HEK transfectants respond to LPS by secreting IL-8. In both prepa-
rations, LPS was below detection limits. Results are representative of two independent experiments.

Supplementary Figure 3. Controls of TAP -/- BM-DC mediated cross-presentation. 
As a control of TAP -/- BM-DC induced cross-presentation, DC were loaded with either 500μg/ml OVA 
in the presence of absence of 100ng/ml LPS or exogenous pulsed with OVA257-264 peptide.
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