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Dendritic cells are professional antigen-presenting cells that
are specialized in antigen uptake and presentation. Allergy to
cat has increased substantially in recent years and has been
shown to be positively associatedwith asthma.Wehave recently
shown that the mannose receptor (MR), a C-type lectin ex-
pressed by dendritic cells, recognizes various glycoallergens
from diverse sources and is involved in promoting allergic
responses to a major house dust mite allergen in vitro. Here we
investigated the potential role ofMR in allergic responses to Fel
d 1, amajor cat allergen. Fel d 1 binding toMRwas confirmed by
ELISA. Using blocking, gene silencing (siRNA) experiments,
and MR knock-out (MR�/�) cells, we have demonstrated that
MRplays amajor role in internalization of Fel d 1 by human and
mouse antigen-presenting cells. Intriguingly, unlike other gly-
coallergens, recognition of Fel d 1 by MR is mediated by the
cysteine-rich domain, which correlates with the presence of sul-
fated carbohydrates in natural Fel d 1. WT and MR�/� mice
were used to study the role of MR in allergic sensitization to Fel
d 1 in vivo. MR�/� mice sensitized with cat dander extract and
Fel d 1 produced significantly lower levels of total IgE, Fel d
1-specific-IgE and IgG1, the hallmarks of allergic response,
compared with WT mice. Our data show for the first time that
Fel d 1 is a novel ligand of the cysteine-rich domain of MR and
that MR is likely to play a pivotal role in allergic sensitization to
airborne allergens in vivo.

Allergic sensitization to aeroallergens, particularly those
derived from cat, has increased considerably over the past few
decades and has been shown to be positively associated with
asthma as a strong predisposing factor (1–4). Dander of the
domestic cat (Felis domesticus) is the main source of cat aller-
gens, and five allergenic proteins have been identified so far,
namely Fel d 1–Fel d 5, with Fel d 1 being the major immu-

nodominant protein accounting for 60–90% of the total aller-
genicity of cat dander (5–8).
Dendritic cells (DCs)4 are professional antigen-presenting

cells and are key regulators of the immune response (9, 10). DCs
efficiently sample their microenvironment for foreign antigens
through a wide range of receptors; of those receptors, C-type
lectin-like receptors appear to be of paramount importance in
the recognition and uptake of glycoprotein antigens (11–13).
Many of the C-type lectin-like receptors that have been identi-
fied on DCs function mainly as antigen uptake receptors,
including mannose receptor (MR, CD206) (14–16), DC-SIGN
(CD209) (17), and DEC-205 (CD205) (18). MR, a 175-kDa type
I integral transmembrane glycoprotein, is a C-type lectin-like
receptor abundantly expressed onDCs and known to perform a
panoply of functions (19). MR recognizes a wide range of car-
bohydrates on microbial cell surfaces and mediates endocytic
clearance of host derived glycoproteins (20, 21). The extracel-
lular portion of MR contains three regions: an NH2-terminal
cysteine rich (CR) domain, a fibronectin type II-like domain
(FNII), and eight C-type lectin-like domains (CTLDs) followed
by a hydrophobic transmembrane region and a short COOH-
terminal hydrophilic cytoplasmic domain (20, 22).
MR is a multifunctional receptor with two lectin activities,

involving Ca2�-dependant recognition of carbohydrates
through CTLDs, as well as Ca2�-independent binding of acidic
glycans sulfated at positions 3 or 4 via the CR domain (23–25),
whereas the FNII mediates collagen binding (26, 27). Recently,
we have shown thatMR expressed on humanDCs is a common
receptor for several clinically relevant allergens (Der p 1, Der p
2, Ara h 1, Can f 1, and Bla g 2) and that recognition of these
allergens is mediated by the CTLD4–7 region ofMR (28). Here
we show, for the first time, thatMR is also an endocytic receptor
for the uptake of the major cat allergen Fel d 1 by human and
mouse antigen-presenting cells, but intriguingly, unlikeDer p 1,
Der p 2, Ara h 1, Can f 1, and Bla g 2, the recognition of Fel d 1
by MR is mediated through the CR domain of MR. Further-
more, usingWT andMR knock-out (MR�/�) mice, we demon-
strate thatMR plays a pivotal role in the allergic sensitization to
Fel d 1.
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EXPERIMENTAL PROCEDURES

Generation of Antigen-presenting Cells—Immature mono-
cyte-derived (Mo)-DCs were generated from the blood of
healthy individuals (obtained with informed consent and after
ethical committee approval) as previously described (29).
Briefly, peripheral blood mononuclear cells were separated by
standard density gradient centrifugation on Histopaque-1077
(Sigma). Monocytes were then isolated from peripheral blood
mononuclear cells using mouse anti-human CD14mAb conju-
gated to magnetic beads (Miltenyi Biotec). CD14� cells were
cultured in RPMI 1640 supplemented with 100 IU/ml penicil-
lin, 100 �g/ml streptomycin, 2 mM L-glutamine (all from
Sigma), and 10% low endotoxin FBS (AutogenBioclear).Mono-
cyte differentiation was carried out for 6 days in the presence of
IL-4 (250 IU/ml) and GM-CSF (50 ng/ml) (R & D Systems).
Bone marrow-derived dendritic cells (BM-DCs) were gener-
ated in culture fromWT and MR knock-out mice as described
elsewhere (30) with minor modifications. Briefly, bone marrow
was isolated from bones of the hind legs (femurs and tibias)
washed in 70% ethanol and subsequently in RPMI 1640
medium. The bone marrow was then cultured for 6 days in
complete medium (RPMI 1640 containing 10% FBS supple-
mented with 2 mM L-glutamine, 100 units/ml penicillin, and
100 �g/ml streptomycin; all from Sigma) in the presence of
1000 units/ml murine GM-CSF (R & D Systems). Bone mar-
row-derived macrophages were generated as previously
described (31). Briefly, bone marrow collected from each
mouse was resuspended in complete medium (as previously
described for BM-DCs), and macrophages were cultured in
complete medium containing L-cell conditioned medium for 6
days. Macrophages were collected by treating cells with cold
PBS containing 10 mM EDTA.
Lectin ELISA for the Detection of Fel d 1-MR Binding—Bind-

ing of the major cat allergen Fel d 1 to various MR constructs
was investigated using ELISA. All washes and incubations were
carried out in lectin buffer consisting of 10 mM Tris-HCl, pH
7.5, 10 mM Ca2�, 154 mM NaCl, and 0.05% (w/v) Tween 20.
Natural Fel d 1 (Indoor Biotechnologies), affinity-purified from
cat hair (32) with �95% purity, was used in all experiments. Fel
d 1 (5 �g/ml), as well as 2 �g/ml of MR carbohydrate ligands
(Mannan (Sigma), sulfated galactose (SO4-3-Gal-PAA), or
galactose (Gal-PAA) (Lectinity, Moscow, Russia)), was used to
coat the wells of Maxisorp ELISA plates (Nunc) by overnight
incubation in PBS at 4 °C. The plates were washed three times
and incubated with 2 �g/ml of different domains of mouseMR
fused to the Fc portion of human IgG1 (CR-Fc, CTLD4–7-Fc,
CR-FNII-CTLD1-Fc, or CR-FNII-CTLD1–3-Fc) for 2 h (33).
After three washes, the binding was detected by incubation
with anti-human IgG �-chain-specific alkaline phosphatase
conjugate diluted 1/1,000 (Sigma). The plates were then
washed three times with lectin buffer and two times with 100
mM Tris-HCl, 100 mM NaCl and 5 mM MgCl2 (pH 9.5) and
finally developed with 1 mg/ml of p-nitro-phenylphosphate
(Sigma). Absorbancewasmeasured at 405 nmon a plate reader.
To further confirm the binding of Fel d 1 to theCR domain of

MR, dose-dependent binding and inhibition assays were per-
formed. Briefly, the plates were coated overnight with various

concentrations (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, or 12.8 �g/ml) of
Fel d 1, SO4-3-Gal-PAA, orGal-PAAand incubatedwithCR-Fc
(2 �g/ml) for 2 h. Alternatively, inhibition assays were per-
formed by preincubation or not of CR-Fc with different con-
centrations (0.001, 0.01, 0.1, 1, or 10 �g/ml) of mannan or SO4-
3-Gal-PAA for 20 min prior to addition to wells of Maxisorp
plates that had previously been coated overnight with 5 �g/ml
of Fel d 1. All of the assays were carried out in triplicate.
Glycan Analysis of Fel d 1 Using In-gel Protein Digestion

and Nanoflow LC-MS/MS Fourier Transform Ion Cyclotron
Resonance—These experiments were carried out in the Pro-
teomics Center of the Sahlgrenska Academy (University of
Gothenburg,Gothenburg, Sweden). Themethod for in-gel pro-
tein digestion with trypsin described by Shevchenko et al. (35)
was appliedwith someminormodifications (34). Briefly, the gel
pieces were destained by washing three times in 25 mM

NH4HCO3 in 50%CH3CNandone time in 25mMNH4HCO3 in
50% CH3OH. Gel pieces were dried in a vacuum centrifuge and
incubated with digestion buffer (50 mM NH4HCO3, 10 ng/�l
trypsin) at 37 °C overnight. The peptides were extracted in 50%
CH3CN, 1% CH3COOH, and the supernatant was evaporated
to dryness in a vacuum centrifuge. Prior to MS analysis, the
peptides were reconstituted in 0.2% HCOOH.
Two-microliter sample injections were made with an HTC-

PAL autosampler (CTC Analytics AG, Zwingen, Switzerland)
connected to an Agilent 1100 binary pump (Agilent Technolo-
gies, PaloAlto, CA). The peptides were trapped on a precolumn
(45 � 0.075-mm inner diameter) and separated on a reversed
phase column, 200 � 0.050 mm. The flow through of the ana-
lytical column was reduced by a split to an �100 nl/min. A
40-min gradient 10–50% CH3CN in 0.2% COOH was used for
separation of the peptides.
The nanoflow LC-MS/MS was performed on a hybrid linear

ion trap-FT/ICR mass spectrometer equipped with a 7T ICR
magnet (LTQ-FT; Thermo Electron, Bremen, Germany). For
each scan of FT/ICR, the three most intense, doubly or triply
charged ions were sequentially fragmented in the linear trap by
collision-induced dissociation. All of the tandem mass spectra
were searched byMASCOT (Matrix Science, London). For pro-
tein identification, the minimum criteria were one tryptic pep-
tide matched at or above the 99% level of confidence and an
additional one peptide match at the 95% level.
Antigen Uptake Assays—Fel d 1 was labeled with Cyanine 5

(Cy5) (Amersham Biosciences) according to the manufactur-
er’s instructions. Uptake assays were carried out in medium
consisting of RPMI (Sigma), 30% PBS with Ca2� and Mg2�

(Invitrogen), and 5% FBS (Autogen Bioclear). Immature Mo-
DCs (2 � 105/200 �l) were preincubated for 30 min with dif-
ferent concentrations (50, 100, 200, or 500 �g/ml) of SO4-3-
Gal-PAA or Gal-PAA (Lectinity, Moscow, Russia) or mannan
(200 �g/ml) and subsequently incubated with 5 �g/ml of Cy5
Fel d 1 for another 30min. In some experiments, BM-DCs (2 �
105/200 �l) from WT and MR�/� mice were incubated with
Cy5 Fel d 1 for 30 min, whereas in other experiments, Mo-DCs
(1 � 105/100 �l) that have previously been treated with control
(CT) or MR siRNA were incubated with 5 �g/ml of Cy5 Fel d 1
or FITC-Lewisx-PAA (Lectinity) for 30min. The cellswere then
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washed and fixed in 0.5% formaldehyde, and the quantitative
Cy5 Fel d 1 uptake was analyzed by flow cytometry.
RNA Interference—RNA interference was performed by

transfecting Mo-DCs with siRNA to specifically knock down
MR on DCs as previously described (28). The DNA targeted
sequencewas 5�-TGGATGGATGATACCTGCGAGAGTA-3�
from 3299 to 3323 bp (Invitrogen), and the nonsilencing CT
siRNAusedwas all star negative control (Qiagen). Gene knock-
down was estimated quantitatively at message level by quanti-
tative real time PCR and at protein level by flow cytometry and
Western blotting. Cell surface markers were tested before per-
forming functional assays to ascertain MR gene silencing
specificity.
Real Time PCR—Real time PCRs were conducted using a

MX3005P thermal cycler (Stratagene), and PCR amplifications
were performed with the SYBR green method using the
following primers:MR (forward), 5�-CGTTTACCAAATGGC-
TTCGA-3�; MR (reverse), 5�-CCTTGGCTTCGTGATTT-
CAT-3�); GAPDH (forward), 5�-GAGTCAACGGATTTGGT-
CGT-3�; andGAPDH (reverse), 5�-GACAAGCTTCCCGTTC-
TCAG-3�. Each reaction was performed in a final volume of 25
�l comprised of 5 �l of template (cDNA), 12.5 �l of Sybr green
master mix (Stratagene), 1 �l of (200 nm) of each primer, and
0.38 �l of ROX dye. The amplifications were performed start-
ing with an initial denaturation step of 95 °C/30 s, followed by
40 cycles of 95 °C/30 s and 56 °C/60 s.
WesternBlotting—The sampleswere run on 12%SDS-PAGE,

transferred to nitrocellulose membrane (Amersham Biosci-
ences), blocked with PBS-0.05% Tween 20 containing 5% milk,
and subsequently probed with 5 �g/ml of mouse mAb to
humanCD206 (clone 15.2; AbD Serotec) ormouse anti-human
�-actin (diluted 1:2,000; Sigma). The membranes were washed
and reprobed with HRP-conjugated rabbit F(ab�)2 anti-mouse
IgG diluted 1/5,000 (AbD Serotec). The membranes were
washed, and bands were detected with ECL reagent (Amer-
sham Biosciences).
In Vivo Sensitization of Animals—MR�/� mice (36) were

provided by M. Nussenzweig (Rockefeller University, New
York, NY). These mice were generated originally on a mixed
strain of 129SvJ and C57BL/6 background and were back-
crossed to the C57BL/6 strain for more than seven generations.
Homozygous knock-outmice were bred to provide experimen-
tal mice in the Biomedical Services Unit at the University of
Nottingham. The mice used in this study were female and 7–8
weeks of age. Control age- and sex-matched C57BL/6 mice
were obtained from Charles River Laboratories. WT and
MR�/� mice were housed under specific pathogen-free condi-
tions; all of the animals were handled according to institutional
guidelines and after obtaining appropriate ethics approval. A
total of 18 mice were divided into four groups. Animal sensiti-
zation was performed using an established protocol (37) with
some modifications. Briefly, at day 0, two groups (WT and
MR�/�, seven mice each) were sensitized intraperitoneally
(intraperitoneally) with Fel d 1 (15 �g/mouse) emulsified in
Al(OH)3 (Imject ALUM; Pierce). Four boosts were given intra-
nasally on days 14, 16, 28, and 30, whereby mice received cat
dander extract at 150 �g/50 �l/animal. The mice were chal-
lenged intranasally 6 weeks after their first sensitization (day

42) with cat dander extract enriched with 5 �g/ml of purified
Fel d 1. Control mice (two WT and two MR�/�) were mock
sensitized intraperitoneally withAl(OH)3 and challenged intra-
nasally with PBS. At 24 h after challenge (day 43), the animals
were sacrificed, and blood was collected. The sera were stored
at �20 °C until use.
Determination of Total and Allergen-specific Antibody Levels—

Total IgE responses, as well as allergen-specific IgE, IgG1, and
IgG2a responses to Fel d 1, were determined by ELISA. Sera
were diluted 1/80, 1/5, 1/20, and 1/12,800 for total IgE, Fel d
1-specific IgE, IgG2a, and IgG1, respectively. Total IgE levels
were quantified using an ELISA MAX IgE kit (Biolegend, San
Diego, CA) according to the manufacturer’s instructions.
Briefly, Maxisorp ELISA plates were coated with capture Ab,
blocked with assay diluent, incubated with standards and sam-
ples for 2 h, and sequentially incubated with biotinylated detec-
tion Ab (mouse anti-IgE-biotin), secondary Ab (avidin-HRP),
and color was developed using the peroxidase substrate tetra-
methylbenzidine. Fel d 1-specific IgE (measured using samples
that have been depleted of IgG using GammaBind plus-Sepha-
rose (Gamma Bind plus TM SepharoseTM; GE Healthcare Bio-
sciences AB), Fel d 1-specific IgG1, and IgG2awere detected on
plates coated with 5 �g/ml Fel d 1 and developed with biotin-
ylated detection Ab (clone R35–118, 2 �g/ml) for IgE or alka-
line phosphatase-conjugated Ab (clone X56 for IgG1 and clone
R19–15 for IgG2a) (BD Biosciences). The binding of biotinyl-
ated antibody was detected with alkaline phosphatase-conju-
gated streptavidin (Sigma).
Statistical Analysis—Statistical analyses were performed

using GraphPad Prism 4.0 (GraphPad Software, Inc., San
Diego, CA). Student’s t test or Mann-Whitney U test was used
for pairwise comparisons analyses, whereas multiple compari-
sons analyses were performed by Kruskal-Wallis with Dunn’s
post hoc test. Significance was accepted when p values �0.05,
where * indicates p � 0.05; ** indicates p � 0.01; and *** indi-
cates p � 0.001. The data are expressed as the means � S.E.

RESULTS

MR Expression Is Required for Uptake of Fel d 1 by Human
DCs—To investigate the contribution of MR to Fel d 1 uptake
by human DCs, we used a gene silencing strategy to specifically
inhibit the expression ofMR on humanDCs as described in our
previous work (28). MR was successfully down-regulated on
DCs by siRNA with percentages of inhibition approaching
70–75% as shown by quantitative real time PCR (Fig. 1A),
Western blotting (Fig. 1B), and flow cytometry (Fig. 1C). Imma-
ture Mo-DCs that had previously been treated with CT or MR
siRNA were incubated with Cy5 Fel d 1, and Fel d 1 uptake was
assessed by flow cytometry. We observed a significant inhibi-
tion (80%) of Fel d 1 uptake (Fig. 1D) by MR-deficient (mean
fluorescence intensity � 83.85 � 26.78) compared with MR-
sufficient (mean fluorescence intensity � 421.9 � 140.7) DCs.
To confirm the specificity of the gene silencing, we used a poly-
acrylamide (PAA) polymer bearing Lewisx antigen, a specific
ligand for DC-SIGN, as a control, and no inhibition of uptake
was observed (Fig. 1E). These results indicate that Fel d 1 uptake
by human DCs is MR-mediated.
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Fel d 1 Uptake by Human DCs Is Inhibited by Ligands for the
CR Domain of MR—We then investigated the ability of SO4-3-
Gal-PAA and mannan, specific ligands for the CR domain and
the CTLD4–7 regions of MR, respectively, to inhibit Fel d 1
uptake by human DCs. Immature Mo-DCs were preincubated
with different concentrations (50, 100, or 200 �g/ml) of SO4-3-
Gal-PAAormannan prior to the addition of labeledCy5 Fel d 1.
The results shown in Fig. 1F indicate that Fel d 1 uptake (mean
fluorescence intensity� 708.7� 72.54) was inhibited in a dose-
dependent manner by SO4-3-Gal-PAA (p 	 0.01, n � 3). The
control ligand (Gal-PAA) had no effect on uptake. On the other
hand, mannan, the control ligand for the CTLD4–7 region of
MR, had no effect on Fel d 1 uptake by Mo-DCs (Fig. 1G),
indicating that the CTLD4–7 domains of MR are not involved
in Fel d 1 uptake by Mo-DCs.
MR Mediates the Uptake of Fel d 1 by Mouse Macrophages

and DCs—To investigate whether the results obtained with
human DCs translate to the mouse system, we investigated Fel
d 1 uptake by mouse DCs and macrophages generated from

WT and MR�/� animals. The results shown in Fig. 2 demon-
strate that bothDCs (Fig. 2,A andC) andmacrophages (Fig. 2B)
from MR-deficient animals display a major reduction in their
ability to internalize Fel d 1, demonstrating that MR is a major
receptor for Fel d 1 in mouse cells.
Fel d 1 Binds to the CR Domain of MR—To investigate

whether the CR domain of MR could directly bind Fel d 1, we
performed ELISA experiments using Fc-derived proteins bear-
ing different domains of mouse MR (Fig. 3A). These assays
showed that Fel d 1 binds strongly to CR-Fc, CR-FNII-CTLD1-
Fc, and CR-FNII-CTLD1–3-Fc but not to CTLD4–7-Fc. None
of the proteins bound to the negative control Gal-PAA (p 	
0.0001, n � 5). The control ligand for the CR domain (SO4–3-
Gal-PAA) showed strong binding to CR-Fc but not to CTLD4–
7-Fc, whereas mannan showed strong binding to CTLD4–7-Fc
and no binding to CR-Fc or CR-FNII-CTLD1-Fc and CR-FNII-
CTLD1–3-Fc (n � 5). These results demonstrate that Fel d 1 is a
ligand for the CR domain ofMR. Further assays showed that Fel d
1 binds the CR domain in a dose-dependent manner (Fig. 3B).

FIGURE 1. MR silencing and preincubation with a sulfated MR ligand leads to a significant reduction of Fel d 1 uptake by human DCs. A–C, MR expression
was determined on Mo-DCs (before and after siRNA treatment) using quantitative real time PCR (A), Western blotting (B) and flow cytometry (C) as described
under “Experimental Procedures.” D and E, CT and MR-deficient human Mo-DCs were incubated for 30 min with 5 �g/ml of Cy5 Fel d 1 (D) or FITC-Lewis x (E).
Fel d 1 uptake was estimated by flow cytometry, and significant reduction in Fel d 1 uptake was obtained after MR silencing. Mo-DCs were preincubated with
increasing concentrations of SO4-3-Gal-PAA or Gal-PAA prior to the addition of Cy5 Fel d 1 and Fel d 1 uptake was quantitatively estimated by flow cytometry
(n � 3). F and G, a dose-dependent inhibition of Fel d 1 uptake by SO4-3-Gal-PAA (F) was observed, whereas mannan had no effect (G). *, p � 0.05; **, p � 0.01;
***, p � 0.001.
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To further corroborate the binding of Fel d 1 to the CR
domain of MR, inhibition ELISA was performed whereby
CR-Fc was incubated with different concentrations of SO4-3-
Gal-PAA or mannan prior incubation with Fel d 1. The results
obtained (Fig. 3C) demonstrate a dose-dependent inhibition of
Fel d 1 binding to CR-Fc by SO4-3-Gal-PAA, whereas mannan
did not show any effect.
Glycan Composition of Natural Fel d 1—To identify the car-

bohydrates present in Fel d 1 responsible for binding to the CR
domain of MR, we determined the carbohydrate content of Fel
d 1 using mass spectroscopic analysis. Fel d 1 is a 35-kDa tetra-
meric glycoprotein formed by two heterodimers. Each dimer is
composed of two chains (chain 1 and 2) derived from two inde-
pendent genes (38, 39). In agreement with the primary amino
acid sequence predicting a singleN-glycosylation site at Asn33,
we identified the single glycopeptideVNATEPERwithin Fel d 1
(Fig. 4). This glycopeptide is located in an exposed region of the
chain 2 between helix 2 and helix 3 according to Fel d 1 crystal
structure (40). The glycan composition of Fel d 1 comprises
hybrid and complex carbohydrate structures containing sialic
acid and,most importantly, sulfatedmoieties (Table 1). Supple-
mental Fig. S1 shows a representative collision-induced disso-
ciation product ion spectrum of the tryptic glycopeptide
MH� � 3776.46. The presence of sulfate groups in the glycans
associated with Fel d 1 is consistent with the capacity of Fel d 1
to bind the CR domain of MR.

FIGURE 2. MR expression is required for Fel d 1 uptake by mouse antigen-
presenting cells. BM-derived DCs (A and C) and macrophages (B) were gen-
erated from WT and MR�/� mice. The cells were incubated with 5 �g/ml Cy5
Fel d 1 for 30 min, and Fel d 1 uptake was estimated by flow cytometry (n � 3).
The bar diagrams (A and B) show mean fluorescence intensities (MFI) of Fel d 1
uptake BM-DCs and macrophages. C shows a representative histogram pro-
file for Cy5 Fel d 1 uptake by WT and MR�/� BM-DCs.

FIGURE 3. Fel d 1 binds to the CR domain of MR. A, binding of Fel d 1 and mannan, SO4-3-Gal-PAA, and Gal-PAA to Fc chimeric proteins containing different
MR subfragments (CR-Fc, CR-FNII-CTLD1-Fc, CR-FNII-CTLD1–3-Fc, or CTLD4 –7-Fc). Binding was detected by anti-human IgG conjugated to alkaline phospha-
tase (n � 3). Absorbance was measured at 405 nm, and Kruskal-Wallis with Dunn’s post hoc test was used to test for significance. *, p � 0.05; **, p � 0.01; ***,
p � 0.001. The data are expressed as the averages �S.E. A schematic representation of the structure of the extracellular region of MR indicates the location of
the different domains tested. B, dose-dependent binding of Fel d 1 to the CR domain of MR; murine CR-Fc (2 �g/ml) was added to Maxisorp plates that have
previously been coated with different concentrations of Fel d 1, SO4 –3-Gal-PAA, or Gal-PAA (n � 3). C, binding of CR-Fc to Fel d 1 could be inhibited by
SO4 –3-Gal-PAA but not by mannan (n � 3). Absorbance was measured at 405 nm.
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MR Recognition Contributes to Fel d 1 Allergenicity in Vivo—
To investigate whether the capacity of Fel d 1 to bindMR could
contribute to its allergenicity, we compared the response ofWT
andMR�/�mice to Fel d 1 sensitization.WTanimals produced
significantly (p 	 0.05) higher total IgE levels (803.7 � 180.5
ng/ml) compared with MR�/� animals (301.7 � 64.94 ng/ml),
whereas control mice, mock sensitized with PBS, produced
undetectable levels of IgE (	0.5 ng/ml) (Fig. 5A). This differ-
ence in total IgE levels between WT and MR�/� mice was
accompanied by amore significant difference (p	 0.01) in Fel d
1-sepecific IgE (Fig. 5B) and Fel d 1-specific IgG1 (p 	 0.001;
Fig. 5C) between the two groups of mice. Despite the low levels
of Fel d 1-specific IgG2a that could be detected, as expected in a
Th2-dominated response, WT mice produced significantly
lower levels of IgG2a compared with WT mice (p 	 0.03) (Fig.
5D). These results indicate that the allergenic potential of Fel d
1 is enhanced by its capacity to bind MR.

DISCUSSION

Dendritic cells are sentinels of the immune systemwith supe-
rior ability for antigen recognition and uptake, as well as for
priming naïve T cells (41). Cat allergy affects �10–15% of the
adult population (7), and 20–30% of asthmatic individuals
respond to cat allergen exposure (42, 43). Moreover, it has also
been shown that up to 40% of asthmatic children are sensitized
to cat (1, 44).
In a recent study, we demonstrated that MR is a common

receptor on humanDCs for the uptake of a number of clinically
relevant allergens from diverse sources (28). In this study, we
have shown the key role of MR in Fel d 1 uptake by antigen-
presenting cells through gene knockdown experiments that

specifically target MR and using BM-DC and macrophages
obtained from WT and MR�/� mice. These have shown that
MR-deficient DCs displayed a significantly reduced capacity to
internalize Fel d 1 as compared with MR-sufficient DCs. The
substantial reduction/abrogation in Fel d 1 uptake observed
with the MR-deficient cells suggests that MR is the main, and
most likely the sole, endocytic receptor for the uptake of Fel d 1
by human and mouse antigen-presenting cells. Furthermore,
we have identified Fel d 1 as a novel ligand for the CR domain of
MR. This was unexpected, because all other tested allergens
(Der p 1, Der p 2, Ara h 1, Can f 1, and Bla g 2) have previously
been shown to be recognized by the CTLD4–7 domains of MR
(28). To date, all other ligands described for the CR domain
have been of endogenous origin (45, 46), and it is rather intrigu-
ing that the main source of Fel d 1, cat hair/dander, could con-
tain ligands for MR. It is worth noting that Fel d 1 is a member
of the secretoglobin family and, together with the hamster
Harderian gland proteins and mouse salivary androgen-bind-
ing protein, is secreted by exocrine glands and is released to the
exterior as a result of licking and grooming (47). It would be of
interest to see whether the CR domain could detect other
ligands in exocrine organs of other organisms.
Previous studies have identified the major cat allergen, Fel d

1, as a 35-kDa tetrameric glycoproteinwith oneN-glycosylation
site located at residue Asn33 in chain 2 (38, 48). Other studies
identified three important IgE epitopes in Fel d 1: two in chain
1 and one in chain 2 (49). The present work shows that Fel d 1
contains a complex glycosylation pattern characterized by the
presence of sulfated sugars, as revealed by proteomic (mass
spectrometric) analysis (Table 1), and no such glycan structure

FIGURE 4. Localization of the unique N-linked glycosylation site in Fel d 1. Fel d 1 is composed of two heterodimers. Each dimer is composed of two chains
(four helices each): chain 2 (H1-H4) and chain 1 (H5-H8) derived from two independent genes. The single glycopeptide VNATEPER (indicated by an arrow) has
been identified within Fel d 1 and is located in an exposed region of the chain 2 between helix 2 and helix 3.

TABLE 1
Composition of the glycoprotein content of Fe l d 1

Glycoform
mass �mass Structure Type

Peptide
mass (M)

Peptide
sequence

Theoretical
glycopeptide

mass

ppm
2133.772 2.086 (Hex)3 (HexNAc)3 (Deoxyhexose)1 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3049.225
2424.867 3.338 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3340.32
2278.809 1.28 (Hex)3 (HexNAc)3 (NeuAc)1 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3194.262
2569.905 3.575 (Hex)3 (HexNAc)3 (NeuAc)2 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3485.358
2504.824 2.307 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 (Sulph)1 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3420.277
2861 1.417 (Hex)3 (HexNAc)3 (NeuAc)3 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3776.453
2358.766 2.822 (Hex)3 (HexNAc)3 (NeuAc)1 (Sulph)1 � (Man)3(GlcNAc)2 hybrid/complex 914.446 49VNATEPER56 3274.219
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has previously been reported for glycoallergens. This sulfated
sugarmoietymay therefore function as amolecular pattern that
could be recognized by the CR domain of MR. Moreover, mass
spectroscopic analysis of Fel d 1 revealed reduced presence
of mannose-type carbohydrate structures. This, therefore,
explains our findings regarding the inability of Fel d 1 to bind to
the CTLD4–7 domains of MR.
Experimentally induced allergy using either purified Fel d 1

or cat dander extract has previously been reported (37, 50).
Following a similar sensitization regime and using WT and
MR�/� mice, we investigated whether MR plays a role in devi-
ating the immune response toward aTh2phenotype after expo-
sure to Fel d 1. Levels of total and allergen-specific IgE were
measured as indicators for allergic sensitization (51–54).Meas-
urements of IgG2a (Th1) and IgE and IgG1 (Th2) were used as
markers for their respective Th subset responses (55–57).
Interestingly,MR�/�mice produced significantly less total IgE,
Fel d 1-specific IgE and IgG1 than WT mice sensitized under
similar conditions. By contrast, MR�/� mice produced signifi-
cantly higher amounts of Fel d 1-specific IgG2a, the Th1-de-
pendent isotype, compared with WT mice. These findings
clearly indicate for the first time that MR has a major role in
mediating Th2 polarization to an airborne allergen in an in vivo
setting. This study and our previous work involving human in
vitro experiments point strongly to the central role played by
MR in allergic sensitization to multiple glycolallergens.
Identifying putative receptors on antigen-presenting cells

that play a central role in allergen uptake and downstream
events leading to IgE production could certainly lead to better
understanding of early events leading to allergic sensitization

and pave the way for the rational design of novel therapeutic
strategies.
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(2009) J. Exp. Med. 206, 1535–1547

38. Kristensen, A. K., Schou, C., and Roepstorff, P. (1997) Biol. Chem. 378,
899–908

39. Griffith, I. J., Craig, S., Pollock, J., Yu, X. B., Morgenstern, J. P., and Rogers,
B. L. (1992) Gene 113, 263–268
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