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Fucosylated glycans on pathogens are known to shape the
immune response through their interaction with pattern rec-
ognition receptors, such as C-type lectin receptors (CLRs), on
dendritic cells (DCs). Similar fucosylated structures are also
commonly found in a variety of allergens, but their functional
significance remains unclear. To test a hypothesis that allergen-
associated glycans serve as the molecular patterns in functional
interaction with CLRs, an enzyme-linked immunosorbent as-
say-based binding assay was performed to determine the
binding activity of purified allergens and allergen extracts.
THP-1 cells and monocyte-derived DCs (MDDCs) were investi-
gated as a model for testing the functional effects of allergen-
CLR interaction using enzyme-linked immunosorbent assay,
Western blotting, and flow cytometry. Significant and saturable
bindings of allergens and allergen extracts with variable binding
activities to DC-specific ICAM3-grabbing non-integrin (DC-
SIGN) and its related receptor, L-SIGN, were found. These
include bovine serum albumin coupled with a common glyco-
form (fucosylated glycan lacking the a1,3-linked mannose) of
allergens and a panel of purified allergens, including BG60 (Cyn
dBG-60; Bermuda grass pollen) and Der p2 (house dust mite).
The binding activity was calcium-dependent and inhibitable by
fucose and Lewis-x trisaccharides (Le*). In THP-1 cells and human
MDDCs, BG60-DC-SIGN interaction led to the activation of Raf-1
and ERK kinases and the induction of tumor necrosis factor-a
expression. This effect could be blocked, in part, by Raf-1 inhibitor
or anti-DC-SIGN antibodies and was significantly reduced in cells
with DC-SIGN knockdown. These results suggest that allergens are
able to interact with DC-SIGN and induce tumor necrosis factor-a
expression in MDDC:s via, in part, Raf-1 signaling pathways.

* This work was supported, in whole or in part, by National Institutes of Health
Grants Al052468 and Al073610. This work was also supported by Center of
Excellence For Environmental Medicine, Kaohsiung Medical University
Grant KMU-EM-98-4.1.

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Figs. 1 and 2.

' Both authors contributed equally to this work.

2 To whom correspondence should be addressed: Johns Hopkins Asthma and
Allergy Center, 5501 Hopkins Bayview Circle, Baltimore, MD 21224. Tel.:
410-550-2006; Fax: 410-550-2527; E-mail: skhuang@jhmi.edu.

asEve

MARCH 12, 2010+VOLUME 285+NUMBER 11

It has been established that recognition of heteroglycans on
various pathogens is critical in innate and adaptive immunity
(1, 2). Dendritic cells (DCs)? are known to utilize their innate
receptor repertoire of molecular pattern-recognition TLRs and
CLRs to generate innate immunity and influence subsequent
adaptive response (3, 4).

TLRs are transmembrane proteins that can interact with cer-
tain microbial patterns to direct the subsequent immune
response (4). CLRs, on the other hand, are crucial in recognition
of complex glycan structures on various pathogens and have
evolved to facilitate the endocytosis and presentation of patho-
gens (5, 6). For example, human DC-SIGN (CD209) and a
related receptor, DC-SIGNR (L-SIGN; CD299), contain a
C-type carbohydrate-recognition domain and are known to
bind to high mannose oligosaccharides and several fucosylated
Lewis glycoforms with different binding patterns (7, 8). Several
human pathogens, including Helicobacter pylori and Schisto-
soma mansoni, are known to express fucosylated glycans, which
are often associated with pathogen-induced Th2-biased adapt-
ive immunity (7). We have previously shown that a neoglyco-
antigen coupled with Lewis-x (Le*) trisaccharides elicited
potent Th2-biased immune response through their ability to
modulate IL-12p70 expression (9). Studies of pathogen- and
neoglycoprotein-DC interactions have, therefore, provided
crucial information regarding the role of CLRs in generating
distinct functional pathways to generate host immunity, facili-
tate the evasion mechanism of pathogens, or induce a state of
tolerance.

Thus far, the direct interaction between allergens and CLRs
has not been clearly demonstrated, and the potential role of
CLRs in the regulation of allergic responses has not been inves-
tigated, but the mere fact that most allergens contain complex

3 The abbreviations used are: DC, dendritic cell; MDDC, monocyte-derived
DGC; CLR, C-type lectin receptor; DC-SIGN, DC-specific ICAM3-grabbing
non-integrin; L-SIGN, DC-specific ICAM3-grabbing non-integrin-related;
miRNA, microRNA; ERK, extracellular signal-regulated kinase; TNF, tumor
necrosis factor; MEK, mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase kinase; IL, interleukin; Abs, antibodies; BSA, bovine
serum albumin; PMA, phorbol 12-myristate 13-acetate; LV, lentivirus;
MAPK, mitogen-activated protein kinase; TLR, Toll-like receptor.
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glycan structures raises the possibility that the allergen-CLR
interaction may modulate DCs and subsequent immune
response. Indeed, complex glycans bearing a(1-3)-fucosylated
and xylosylated glycans are commonly present in plant, insect,
and food allergens and have contributed to much of the cross-
reactivity in IgE recognition (10—12), although these glycan-
specific IgE Abs may not be clinically relevant and the immu-
nological significance of these allergen-associated glycans
remains still obscure. Three glycoforms, MMXF, MOXF and
MME, are commonly found in allergens based, in part, on the
analysis of glycan-specific Abs and, in a few cases, of glycan
structures in purified allergens. One non-mammalian type
N-glycan structure, MMXF with «1,3-linked fucose, is found in
allergens such as those in Timothy grass, Phl p 1 (13), whereas
in some cases, an MOXF glycan lacking the a1,3-linked man-
nose is noted, for example, for bromelain (10). In contrast, aller-
gens of Bermuda grass pollens, such as BG60, carry MMEF-type
structure without xylose linkage to the terminal mannose (14).
Some allergens, such as peanut Ara h 1, lack the core fucosyl
residue (15), whereas a hazelnut allergen, Cor all, carries a
mixed type of glycan structures, MMX and MMXF (16).

Itis, thus, likely that those common glycans on allergens may,
in fact, serve as a critical molecular pattern in CLR recognition
in DCs. To begin testing this possibility, we have designed
experimental strategies to address a specific hypothesis that
allergens interact with CLRs and subsequently modulate DC
functions. Evidence is provided herein supporting the existence
of a functional allergen-CLR axis in human DCs.

EXPERIMENTAL PROCEDURES

Reagents—Bovine serum albumin (BSA) and a-L-fucose were
purchased from Sigma. Lewis-x-BSA (Le*-BSA), Le*, and
N-acetyllactosamine were obtained from V-LABS (Covington,
LA). Natural and recombinant Der p2 and natural Asp f1, a
mold allergen, were purchased from INDOOR Biotechnolo-
gies, Inc. (Charlottesville, VA). A neoglycoprotein, MOXF -
BSA, was prepared by cross-linking BSA with a bromelain
glycopeptide containing MOXEF; glycan that lacks the «1,3-
linked mannose (10). Mannosylated BSA with 51 mannosides
coupled to BSA (Mang;-BSA) was prepared as described (17)
and served as a positive control. A panel of common allergen
extracts used for skin testing was purchased from Greer Labo-
ratories Inc. (Lenoir, NC).

Binding Analysis—In the solid-phase binding assay, the
microplates were first coated with varying concentrations of
the test antigens in 0.05 M carbonate-bicarbonate buffer (pH
9.6) and blocked with assay buffer (10 mm Tris-Cl, 50 mm
CacCl,, 150 mm NaCl, and 2.5% goat serum). The plates were
then incubated with 0.5 ug/ml of recombinant human DC-
SIGN-Fc or L-SIGN-Fc chimeras (R&D Systems, Minneapolis,
MN) at room temperature for 2 h followed by incubation with
peroxidase-conjugated goat anti-human IgG Fc Abs (Pierce)
for 1 h at room temperature and by the addition of a substrate,
tetramethylbenzidine (R&D Systems). The reactions were
stopped by the addition of 2 N H,SO, and read in a microplate
reader. The relative binding activity was expressed as optical
density for each test antigen after subtracting the values from
the background. In some cases, blocking reagents, fucose (2.5

7904 JOURNAL OF BIOLOGICAL CHEMISTRY

mwm), Le* (2.5 mm), N-acetyllactosamine (2.5 mm), and a cal-
cium chelator, EDTA (10 mm), were added in conjunction with
the addition of DC-SIGN-Fc fusion proteins for 2 h. Also, the
relative binding affinities of allergens for DC-SIGN were
assessed by an inhibition assay, wherein varying concentrations
of allergens were used as competitors for binding 25 nm europi-
um-labeled Man;-BSA (Eu-Man,,-BSA; Ref. 18) to DC-SIGN-
Fc fusion proteins. In this assay, 3 ug/ml of goat anti-human IgG
was coated onto microtiter plates and incubated with 1 ug/ml
DC-SIGN-Fc chimera for 1 h at room temperature. After washing,
varying concentrations of allergens and 50 nm Eu-Mang,-BSA
were added in buffer containing 20 mm CaCl, for 1 h at room
temperature. Europium fluorescence was read using the time-re-
solved mode in a Wallac Multilabel counter (model 1420), and the
IC;,, the concentration of inhibitor that causes 50% reduction in
the amount of reporter ligand bound, was determined.

THP-1 Cells and Human Monocyte-derived Dendritic Cells
(MDDCs)—The study of human subjects was approved by the
Institutional Review Board of Kaohsiung Medical University,
Taiwan; all study subjects gave informed consent before blood
collection. To generate MDDCs, monocytes were first sepa-
rated from the peripheral blood mononuclear cells of eight
study subjects by magnetic beads conjugated with anti-CD14
(MACS Miltenyl Biotec). A human monocytic cell line, THP-1,
was cultured in the absence or presence of PMA (20 ng/ml) and
IL-4 (20 ng/ml) for 3—5 days to induce DC-SIGN expression. To
generate monocyte-derived immature DCs (MDDCs), mono-
cytes were cultured in medium containing IL-4 (10 ng/ml) and
granulocyte monocyte colony-stimulating factor (50 ng/ml) for
7 days. In all cases MDDCs used in this study were CD14-neg-
ative but significantly expressed CD11c (>97%) and DC-SIGN
(>70%) by flow cytometry. THP-1 cells, PMA/IL-4-stimulated
THP-1 cells, and human MDDCs were treated with various
stimuli including lipopolysaccharide (10-100 ng/ml; Esche-
richia coli, 1L.0127:B8, Sigma), BG60 (5-20 ug/ml), or Der p2
(5—20 pg/ml). After 4 and 24 h, the supernatants were collected,
and the levels of TNF-« and IL-12p70, respectively, were mea-
sured by enzyme-linked immunosorbent assay according to the
manufacturer’s instruction (eBiosciences, San Diego, CA). For
blocking the allergen-mediated effect through DC-SIGN, cells
were cultured in the presence of anti-DC-SIGN Abs (1 ug/ml,
R&D Systems) for 30 min before the stimulation of the cells
with allergens. The concentrations of allergens used were opti-
mal in the induction of cytokine expression as determined
before the execution of this study. In some cases, the cells were
treated in the presence or absence of a Raf-1 kinase inhibitor
(Calbiochem) or the vehicle control, DMSO, for 1 h before
stimulation.

Flow Cytometry Analysis—For cell surface expression of DC
markers and CLRs, 2 X 10° cells were incubated with each of
the fluorescence-labeled primary Abs, including anti-human
CD11cand CD209 (DC-SIGN), at 4 °C for 20 min, and then the
cells were washed twice with phosphate-buffered saline con-
taining 1% BSA followed by the flow analysis with a FACSCali-
bur (BD Biosciences). Data were processed with CellQuest soft-
ware (BD Biosciences).

Lentivirus-mediated Gene Silencing for DC-SIGN—To knock
down the expression of DC-SIGN, a total of four miRNA

VOLUME 285-NUMBER 11+-MARCH 12,2010

0T0Z ‘2 YdreN uo ‘vOId3aNO0Ig VAYY YOI L0I1avId e B1o-ogl-mmm woly papeojumoq


http://www.jbc.org/

http://www.jbc.org/content/suppl/2010/01/15/M109.058370.DC1.html

Supplemental Material can be found at: |

sequences directed against DC-SIGN mRNA were designed
and purchased from Invitrogen and cloned in expression vec-
tors driven by RNA polymerase II promoter (BLOCK-iT Pol II
miRNA vectors, Invitrogen). All recombinant lentiviruses (LV),
including a mock virus control, were produced by transient
transfection of 293T cells according to the manufacturer’s
instruction and references therein (Invitrogen). In the initial
studies only two of the four miRNA sequences showed gene
knockdown and were used for the subsequent analysis (see
below). THP-1 cells were transduced with recombinant lentivi-
rus expressing each of the two miRNA sequences (LV-DC-
SIGNS3, 5'-TGCTGTGATGGAGTCGTGCCAGTTCCGTT-
TTGGCCACTGACTGACGGAACTGGCGACTCCATC; and
LV-DC-SIGN4, 5'-TGCTGACTTCTGGAAGACTGCAGCT-
GGTTTTGGCCACTGACTGACCAGCTGCACTTCCAGA-
AGT) or mock control sequences (LV-mock) at a multiplicity of
infection of 20 for 24 h followed by treatment of the cells with
PMA and IL-4 as above for 5 days, analyzed by Flow cytometry,
and used in subsequent assays. Also, MDDCs were transduced
with the same recombinant viral materials, harvested at day 6,
and analyzed.

Western Blot Analysis—For analysis of BG60-induced signal-
ing events, the cells were stimulated with BG60 or Der p2 (20
pg/ml) for 15 min with or without the treatment with anti-DC-
SIGN Abs for 30 min. After stimulation, the total cellular
extracts were subjected to gel electrophoresis and probed with
Abs against various kinases and phosphorylated kinases as pre-
viously described (19). The Abs used were rabbit anti-Raf-1
Ser-338, anti-Raf-1 Ser-259, and total Raf-1 Abs as well as Abs
for members of the MAPK family (Cell Signaling Technology,
Beverly, MA, and Millipore, Temecula, CA). The relative levels
of phosphorylated proteins were quantified by densitometric
analysis of the band intensities and normalized to those of
[3-actin.

Statistical Analysis—Data are expressed as the mean = S.E.
Statistical analysis was performed using Student’s unpaired ¢
test and the Mann-Whitney U test.

RESULTS

To test the hypothesis that glycan-containing allergens are
natural ligands for CLRs, experiments were designed first to
examine the relative binding activity of a battery of purified
allergens and crude allergen extracts commonly used as skin-
testing reagents to two members of the CLRs, DC-SIGN and
L-SIGN. Fig. 1, A and B, shows the results of representative
binding experiments wherein the binding of soluble human
DC-SIGN (0.5 ug/ml) and L-SIGN (0.5 pg/ml), respectively,
to a serial 3-fold dilution of 5 ug/ml concentrations of puri-
fied allergens, BG60, Cyn d1, Asp f1, and a neoglycoprotein,
MOXEF,-BSA, carrying a common glycoform of allergens, was
analyzed. From these experiments, a significant and saturable
binding of BG60, Cyn d1, and MOXF,-BSA to both DC-SIGN
and L-SIGN was observed, whereas Asp fl1 (mold allergen)
showed only trace binding activity and the binding of BSA was
negligible. Moreover, in separate assays, binding analysis of two
additional purified allergens, Cor all and Der p2, demon-
strated differential binding activity of naturally derived aller-
gens versus their recombinant, nonglycosylated counterparts
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(from E. coli) to either DC-SIGN or L-SIGN (Fig. 1, C and 1D,
respectively).

To compare the relative binding affinity of BG60 and Der p2
allergens, binding competition assays of labeled Man,,-BSA (25
nM) with varying concentrations of BG60 and nDer p2 as com-
petitors were performed, and relative IC,, values calculated.
The results (Fig. 24) showed that BG60 and Der p2 had sub-
stantially higher IC, values (0.3 and 4 um, respectively) when
compared with that of unlabeled Man,-BSA (IC, value of 40
nm), and for non-glycosylated rDer p2, no significant competi-
tion was found (data not shown). To demonstrate carbohydrate
specificity, inhibition assays of allergen binding to DC-SIGN
were performed using various inhibitors. As seen in Fig. 2B,
additions of fucose and Le* inhibited the binding activities of
MOXF;-BSA and allergens, BG60, nCor all, and nDer p2, to
DC-SIGN when compared with that seen in the absence of
inhibitors, whereas N-acetyllactosamine showed no inhibitory
effect, suggesting the involvement of fucose in DC-SIGN rec-
ognition. Also, the binding of allergens to DC-SIGN is depen-
dent on calcium, as the addition of EDTA inhibited their bind-
ing activities (Fig. 2B).

To examine the extent to which crude allergen extracts
would be able to bind to CLRs, a panel of these extracts was
examined using similar solid-phase binding analyses as above.
MOXEF,-BSA and BSA were used as positive and negative con-
trols, respectively. The results showed that similar to those
found for purified allergens, whereas varying levels of relative
binding activity were noted for the test allergen extracts, signif-
icant binding was seen for those from molds, cockroaches, and
dust mites to both DC-SIGN and L-SIGN (supplemental Fig. 1,
A and B, respectively). When allergen extracts from a variety of
foods were analyzed, their relative binding activities tended to
be lower when compared with those found for MOXF,-BSA,
except for those from mushroom and egg white. Three nut-
related allergen extracts, coconut, hazelnut, and walnut, and
those from celery and potato showed reproducible binding
activity to DC-SIGN but not to L-SIGN (supplemental Fig. 1, C
and D).

Modulation of TNF-o Expression in THP-1 Cells Stimulated
with BG60—To examine the functional consequences of aller-
gen-CLR interaction, a Bermuda grass allergen, BG60, was
tested as a primary model allergen for two reasons; 1) BG60 is a
common and important allergen and does not possess proteo-
lytic activity, which may simplify the interpretation of the out-
come measurement, and 2) its glycan structures have been
characterized, and the major glycans are known to contain L-fu-
cose attached to GlcNAc in the «(1,3)-linkage (14). The expres-
sion of an activation marker, TNF-c, in THP-1 cells was first
analyzed as a model. These cells at the resting stage did not
show any significant DC-SIGN expression, whereas induction
of DC-SIGN expression was clearly evident after stimulation of
the cells with PMA and IL-4 for 3-5 days both in the “floating”
and “adherent” subpopulations of the cells (Fig. 34). To exam-
ine the functional interaction of BG60 and DC-SIGN, resting or
PMA/IL-4-stimulated THP-1 adherent cells were stimulated
with BG60 in the presence or absence of DC-SIGN-blocking
Abs, and TNF-a expression was determined. The results
showed that although stimulation of the cells with lipopolysac-
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FIGURE 1. Representative binding analyses of purified allergens and soluble CLRs (n = 4 -8 experiments). A serial 3-fold dilution of purified allergens,
including natural (nCor a11 and nDer p2) or recombinant (rCor al1 and rDer p2) allergens and MOXF;-BSA was probed with soluble DC-SIGN-Fc (A and C) and
soluble L-SIGN-Fc (B and D), with binding activity expressed as optical density (OD).

charide as a positive control was able to induce significant levels
of TNF-« expression in both THP-1 and PMA/IL-4-treated
THP-1 cells, BG60 at 20 ug/ml was able to induce TNF-«
expression only in PMA/IL-4-treated THP-1 cells (Fig. 3B).
Also, the addition of anti-DC-SIGN blocking Abs was able to
inhibit BG60-induced TNF-a expression (Fig. 3B), and the
addition of polymyxin B, an endotoxin inhibitor, did not inhibit
BG60-induced TNF-a production, whereas lipopolysaccha-
ride-induced TNF-« expression was inhibited. These results
suggest, therefore, the importance of DC-SIGN as a receptor
for BG60-mediated TNF-a expression in PMA/IL-4-stimu-
lated THP-1 cells.

To further confirm the involvement of DC-SIGN in binding
to allergens, alentivirus-mediated gene-silencing approach was
used. As seen in Fig. 3C, transduction of the cells with either
LV-DC-SIGN3 or LV-DC-SIGN4 vyielded significant knock-
down of DC-SIGN expression, as compared with that of mock
control (LV-mock)-transduced cells. To determine the effect
of the DC-SIGN knockdown, lentivirus-transduced, PMA/
IL-4-treated THP-1 cells were stimulated with BG60, and
TNE-« levels were analyzed. The results showed that although
mock control revealed no significant impact on BG60-induced
TNE-a expression, the cells with DC-SIGN knockdown
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showed no apparent induction of TNF-a expression above the
base line (Fig. 3D).

Modulation of TNF-o Expression in MDDCs Stimulated with
Allergens—To examine the functional effect of BG60 on the
activation of human DCs, MDDCs from a total of eight subjects
were analyzed as a model for testing the DC response to aller-
gens, as MDDCs have been extensively examined as an in vitro
model for immature DCs and are easily accessible with suffi-
cient cell numbers for detailed functional analysis. The results
showed that BG60 at 20 ug/ml was able to induce significantly
the expression of TNF-« (Fig. 4A4) and IL-12p70 (Fig. 4B) in
MDDCs from all study subjects. Furthermore, the addition of
anti-DC-SIGN blocking Abs at 1 pg/ml was able to inhibit
BG60-induced TNF-« and IL-12p70 expression (Fig. 4, A and
B). Also, stimulation of the cells with Der p2 (20 pg/ml) induced
TNEF-a expression, which was inhibitable by the addition of
anti-DC-SIGN Abs (Fig. 4C). Using a similar gene knockdown
approach, MDDCs transduced with LV-DC-SIGN3 or LV-DC-
SIGN4 showed reduced levels of DC-SIGN expression (Fig. 4D)
when compared with those seen in mock control-transduced
cells. Significantly, no apparent induction of TNF-« expression
was noted in DC-SIGN-silenced cells after the stimulation with
BG60, as compared with that seen in mock controls (Fig. 4E).
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These results suggest, therefore,
that MDDCs from the study sub-
jects are responsive to allergen stim-
ulation through, at least in part,
their interaction with DC-SIGN.
BG60-induced Signaling Events in
MDDCs—Next, to delineate the
underlying mechanisms of BG60-in-
duced TNF-a expression in MDDCs
subsequent to allergen-DC-SIGN in-
teraction, a series of Western blot-
ting experiments were pursued to
uncover the signaling events in the
BG60-DC-SIGN axis. It is known
that treatment of cells with mitogen
activates Raf-1 kinase and subse-
quent interaction with RAS/GTP
(20, 21), where Raf-1 phosphoryla-
tion at serine 338 promotes Raf-1
kinase activity, whereas phosphory-
lation at serine 259 serves as a nega-
tive regulatory site. Activation of
Raf-1 leads to the induction of
MAPK/ERK signal transduction
pathway. Of interest to note, a
recent report by Gringhuis et al.
(22) suggested that a mycobacterial
cell wall component, ManLAM,
interacts with DC-SIGN and trig-
gers Raf-1 and NF«B p65 activation,
where activation of NFkB p65 was
suggested to be associated with the
ManLAM-TLR axis. To investigate
the potential involvement of the
RAF/MEK/ERK signaling pathways
in coupling with the allergen-DC-
SIGN axis, the phosphorylation sta-
tus of Raf-1 kinase in BG60-stimu-
lated MDDCs was examined. The
results showed that MDDCs stimu-
lated with BG60 revealed signifi-
cantly increased levels of Ser-338-,
but not Ser-259-phosphorylated
c-Raf (Fig. 5, A and B). In contrast,
significantly reduced activation of
c-Raf Ser-338 was noted in MDDCs
in the presence of anti-DC-SIGN
Abs (Fig. 5, A and B). The activation
of Raf-1 was also observed in cells
after Der p2 stimulation (Fig. 5C).
Moreover, activation of Raf-1
kinase in BG60-stimulated MDDCs
led to the phosphorylation and acti-
vation of its downstream kinase,
ERK1/2, a member of the MAPK
family. As shown in Fig. 54, activa-
tion of ERK1/2 was apparent in cells
stimulated with BG60, which was
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blocked by the addition of anti-DC-SIGN Abs. To confirm the
involvement of Raf-1 kinase activation in BG60-induced
TNE-a expression in MDDCs, the cells were pretreated with a
Raf-1 kinase inhibitor for 30 min and then stimulated with or
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without BG60 or Der p2, and the TNF-« levels were analyzed.
As seen in Fig. 5, D and E, MDDCs from all study subjects
showed significantly reduced levels of TNF-a when the cells
were pretreated with Raf-1 kinase inhibitor as compared with
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cells without pretreatment with inhibitor. These results sug-
gest that Raf-1 kinase activation may play a role in determin-
ing the stimulatory activity of allergens in MDDCs via DC-
SIGN ligation.

DISCUSSION

In this report evidence is provided supporting the existence
of a functional allergen-DC-SIGN axis involving activation of
Raf-1 and ERK Kkinases, leading to the induction of TNF-«
expression in MDDCs. These results suggest that similar to that
found in recognition of pathogens, the glycan structures on
allergens, such as BG60, may serve also as a molecular (glycan)
pattern for recognition by CLRs on DCs. Indeed, the results
from binding experiments of purified allergens, including
BG60, Der p2, Cyn d1, Cor all, and a great majority of the test
allergen extracts, lend further support to this hypothesis. More-
over, the results from the use of various DC-SIGN antagonists
and of the cells with DC-SIGN knockdown provided experi-
mental proof validating a direct allergen-CLR interaction.

Both BG60 and Cor all are known to contain fucosylated
glycan (14, 16), a preferred ligand of DC-SIGN. In addition to
DC-SIGN, a number of CLRs are known to be expressed on
circulating DCs, except for L-SIGN, which is a CLR primarily
expressed in lymphoid endothelium. It is, thus, likely that other
CLRs expressed on MDDCs may also contribute to allergen
binding. Although this possibility cannot be ruled out at this
time and remains to be investigated, the fact that DC-SIGN
blockade and gene knockdown inhibited the functional effect of
BG60 suggests the primary role of DC-SIGN in allergen inter-
action in MDDC:s. It is noteworthy that BG60 showed no appar-
ent binding activity to mannose receptor and CLEC5a in our
binding analysis (data not shown).

There have been a number of publications documenting DC-
SIGN-mediated signaling events, but no consensus can be
made at this time. In these studies the cell models and the
modes of activation vary in different studies, and consequently
the signaling events associated with DC-SIGN-ligand interac-
tion are different among these published studies, and the effects
on the expression of cytokines, including TNF-¢, IL-10, and
IL-12, are variable in different studies. It has recently been sug-
gested that mannosylated glycoproteins, such as ManLAM,
induce distinct “signalosome” from that of fucosylated anti-
gens, such as synthetic Lex-PAA (23). Our results showed that
activation of Raf-1 Ser-338 was evident in MDDCs stimulated
with BG60, a fucosylated allergen, whereas no apparent activa-
tion of Raf-1 Tyr-340/341 and Src was noted in MDDCs (sup-
plemental Fig. 2). Also, MAPK, JNK (c-Jun N-terminal kinase)
and p38 were not activated, and no apparent increase in phos-
phorylated phospholipase Cy was found (supplemental Fig. 2).
Therefore, it is likely that the difference in DC-SIGN signaling
shown in different models may be attributed to the difference in
glycan structures and their relative binding affinities to
DC-SIGN.

It is noted also that BG60-induced cytokine expression
was inhibited only partially by the addition of anti-DC-SIGN
blocking Abs and of Raf-1 and/or MEK inhibitors. Although the
involvement of DC-SIGN and Raf-1 kinase was clearly evident,
the partial inhibition noted in various assays may reflect the
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difference in the dosage of inhibitors used and/or the existence
of other potentially important members of the CLRs and sig-
naling molecules. Further systemic investigation of CLR
involvement and signaling events is clearly needed.

Furthermore, it may be argued that allergen-induced TNF-a
expression in MDDCs is mediated through the cross-linking of
surface-bound, allergen-specific IgE with its high affinity recep-
tor, known to be present on human circulating monocytoid
DCs and plasmacytoid DCs (24). However, this possibility is
unlikely, as in our study MDDCs did not show detectable levels
of the a subunit of the IgE receptor (data not shown). Also, the
response of MDDCs may still, however remote the possibility,
involve endotoxin contamination in the allergen preparations,
as endotoxin is known to be ubiquitous and difficult, if not
impossible, to be removed. It is unlikely, however, because in
the experiments using BG60, the addition of anti-DC-SIGN
Abs produced inhibition of TNF-« release, and the addition
of polymyxin B could not inhibit BG60-induced TNEF-«
expression.

The primary purpose of the current study is to provide bio-
chemical and functional evidence supporting the interaction of
allergens and CLRs. The primary study outcome is the level of a
pro-inflammatory cytokine, TNF-a, in MDDCs, which serves
as a marker for early activation. It is unknown at present regard-
ing the extent to which the allergen-CLR axis influences the
expression of other DC-derived cytokines and subsequent
adaptive T-cell immunity, which is a limitation of our current
analysis. Although this is an important functional aspect of
DCs, the fact is that in addition to their antigen-presenting
function, DCs are known to be involved in the regulation of
innate immunity and inflammatory response. The ability of
allergens to directly trigger the DC cytokine release, such as
TNEF-q, a critical pro-inflammatory cytokine, would be signifi-
cant in and of itself. As a corollary, an earlier study by Okano et
al. (25) showed that Cry j1 allergen (Japanese cedar) is able to
modulate DC function, which can be blocked by the addition of
mannan in allergen-treated culture, suggesting a possible inter-
action of Cry j1 and CLRs, although the nature of the mannan-
inhibitable interaction was not clarified. Also, a recent study of
peanut allergens has provided suggestive evidence that one of
the major allergens, Ara hl, is able to polarize Th2 response via
its likely interaction with DC-SIGN on MDDCs (26). Our data
from analysis of DC-SIGN binding to crude peanut allergen
extracts showed a detectable, albeit low level, but the signifi-
cance of this trace binding activity at 10 ug/ml is uncertain (see
supplemental Fig. 1). It is also noted in the Shreffler et al. study
(26) that the concentration of crude peanut extracts and puri-
fied Ara hl tested for binding and functional assays was rela-
tively high with the test concentrations ranging from 100 to 500
pg/ml. Although it is uncertain whether at much lower doses
peanut allergens still exhibit their functional activities, the
relevance of such high doses at the cellular level of Ara hl is
uncertain. Although these issues require further validation, it is
worth noting that Ara hl is known to contain complex man-
nose- and xylose-type structures but not DC-SIGN-preferred
fucosylated glycan structure (15).

Moreover, currently available purified allergens are limited,
and the glycan structures have been characterized for only a
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handful of allergens, which severely limits the extent to which
the functional importance of the allergen-CLR axis can be eval-
uated. It is hoped that the current study of an in vitro model
system would offer a basis for further pursuing more in-depth
studies for ultimate discovery of the role of CLRs in allergic
diseases. Recently, a few allergens, such as Der p1, have been
shown to modulate cellular functions via their proteolytic en-
zyme activity and in some cases through their interaction with
protease-activated receptor 2 (PAR-2; Ref. 27). Our results sug-
gest the existence of an additional regulatory mechanism
involving the allergen-CLR axis, adding a new dimension to the
existing paradigm in host responses to allergens. Our results
showing significant binding of house dust allergens (Der p) to
both DC-SIGN and L-SIGN together with other findings that a
major house dust allergen, Der pl, is a possible ligand for man-
nose receptor (28) and that DC-SIGN is an enzymatic substrate
for Der p1 (29) suggest, therefore, the likelihood for an interac-
tive effect of PAR-2 and CLR signaling. Furthermore, a signifi-
cant degree of cross-regulation has been noted between CLRs
and TLRs, as in the case of the combined functional effect of
yeast zymosan and its interaction with both dectin-1 and TLR2
(30), mimicking more closely the natural exposure to patho-
gens. Therefore, to understand fully the regulatory role of
allergen-CLR axis in allergic response, it would be prudent in
the future to take into account the possible cross-regulation
between CLRs, TLRs, and protease-activated receptors.

Taken together, current data provide evidence for the exist-
ence of a functional allergen-CLR axis in DC function. How
DCs integrate the allergen-CLR signaling in controlling innate
immunity and subsequent adaptive responses may, thus, repre-
sent an important mechanism in the genesis of and/or the pro-
gression in allergic diseases. Also, understanding the regulatory
role of CLRs in allergic diseases may offer an opportunity for the
design of novel, safer, and more efficacious therapies.

REFERENCES

1. van Kooyk, Y., and Rabinovich, G. A. (2008) Nat. Immunol. 9, 593—601

2. McGreal, E. P., Miller, J. L., and Gordon, S. (2005) Curr. Opin. Immunol.
17,18 -24

3. Geijtenbeek, T. B, van Vliet, S. J., Engering, A., 't Hart, B. A., and van
Kooyk, Y. (2004) Annu. Rev. Immunol. 22, 33—54

4. Takeda, K., Kaisho, T., and Akira, S. (2003) Annu. Rev. Immunol. 21,
335-376

5. Robinson, M. J., Sancho, D., Slack, E. C., LeibundGut-Landmann, S., and
Reis e Sousa, C. (2006) Nat. Immunol. 7, 1258 —1265

6. Cambi, A., and Figdor, C. G. (2003) Curr. Opin. Cell Biol. 15, 539 —546

. Cambi, A,, and Figdor, C. G. (2005) Curr. Opin. Immunol. 17, 345-351

8. van Liempt, E., Bank, C. M., Mehta, P., Garcid-Vallejo, J. J., Kawar, Z. S,,

~

7910 JOURNAL OF BIOLOGICAL CHEMISTRY

10.
11.
12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Geyer, R., Alvarez, R. A.,, Cummings, R. D., Kooyk, Y., and van Die, L
(2006) FEBS Lett. 580, 6123—-6131

. Hsu, S. C,, Tsai, T. H., Kawasaki, H., Chen, C. H., Plunkett, B., Lee, R. T,

Lee, Y. C, and Huang, S. K. (2007) J. Allergy Clin. Immunol. 119,
1522-1528

Fotisch, K., and Vieths, S. (2001) Glycoconj J. 18, 373-390

Altmann, F. (2007) Int. Arch. Allergy Immunol. 142, 99 -115

van Ree, R., Cabanes-Macheteau, M., Akkerdaas, J., Milazzo, J. P., Loute-
lier-Bourhis, C., Rayon, C., Villalba, M., Koppelman, S., Aalberse, R., Ro-
driguez, R., Faye, L., and Lerouge, P. (2000) J. Biol. Chem. 275,
11451-11458

Wicklein, D., Lindner, B., Moll, H., Kolarich, D., Altmann, F., Becker,
W. M., and Petersen, A. (2004) J. Biol. Chem. 385, 397—407

Ohsuga, H., Su, S. N, Takahashi, N., Yang, S. Y., Nakagawa, H., Shimada,
1., Arata, Y., and Lee, Y. C. (1996) J. Biol. Chem. 271, 26653—26658
Kolarich, D., and Altmann, F. (2000) Anal. Biochem. 285, 6475

Lauer, L, Foetisch, K., Kolarich, D., Ballmer-Weber, B. K., Conti, A., Alt-
mann, F.,, Vieths, S., and Scheurer, S. (2004) Biochem. J. 383, 327-334
Lee, Y. C, Stowell, C. P., and Krantz, M. J. (1976) Biochemistry 15,
3956 -3963

Kawasaki, N., and Lee, Y. C. (1997) Anal. Biochem. 250, 260 -262
Kawaguchi, M., Kokubu, F., Huang, S. K., Odaka, M., Watanabe, S., Suzuki,
S., Ieki, K., Matsukura, S., Kurokawa, M., and Adachi, M. (2007) Int. Al-
lergy Clin. Immunol. 119, 1408 —1414

Kolch, W. (2000) Biochem. ]. 351, 289 —-305

McCubrey, J. A, Steelman, L. S., Abrams, S. L., Lee, J. T., Chang, F., Ber-
trand, F. E., Navolanic, P. M., Terrian, D. M., Franklin, R. A., D’Assoro,
A. B, Salisbury, J. L., Mazzarino, M. C,, Stivala, F., and Libra, M. (2006)
Adv. Enzyme Regul. 46, 249 -279

Gringhuis, S. L., den Dunnen, ], Litjens, M., van Het Hof, B., van Kooyk, Y.,
and Geijtenbeek, T. B. (2007) Immunity 26, 605—616

Gringhuis, S.I., den Dunnen, J., Litjens, M., van der Vlist, M., and Geijten-
beek, T. B. H. (2009) Nat. Immunol. 10, 1081-1088

Foster, B., Metcalfe, D. D., and Prussin, C. (2003) ] Allergy Clin. Immunol.
112,1132-1138

Okano, M., Kimura, Y., Kino, K., Michigami, Y., Sakamoto, S., Sugata, Y.,
Maeda, M., Matsuda, F., Kimura, M., Ogawa, T., and Nishizaki, K. (2004)
Clin. Exp. Allergy. 34,770-778

Shreffler, W. G., Castro, R. R., Kucuk, Z. Y., Charlop-Powers, Z., Grishina,
G., Yoo, S., Burks, A. W., and Sampson, H. A. (2006) /. Immunol. 177,
3677-3685

Kauffman, H. F., Tamm, M., Timmerman, J. A., and Borger, P. (2006) Clin.
Mol. Allergy 4, 5

Deslée, G., Charbonnier, A. S., Hammad, H., Angyalosi, G., Tillie-Leblond,
L, Mantovani, A., Tonnel, A. B., and Pestel, ]. (2002) J. Allergy Clin. Immu-
nol. 110, 763-770

Furmonaviciene, R., Ghaemmaghami, A. M., Boyd, S. E., Jones, N. S., Bai-
ley, K., Willis, A. C., Sewell, H. F., Mitchell, D. A., and Shakib, F. (2007)
Clin. Exp. Allergy 37, 231-242

Dillon, S., Agrawal, S., Banerjee, K., Letterio, ., Denning, T. L., Oswald-
Richter, K., Kasprowicz, D. J., Kellar, K., Pare, J., van Dyke, T., Ziegler, S.,
Unutmaz, D., and Pulendran, B. (2006) J. Clin. Invest. 116, 916 -928

VOLUME 285-NUMBER 11+-MARCH 12,2010

0T0Z ‘2 YdreN uo ‘vOId3aNO0Ig VAYY YOI L0I1avId e B1o-ogl-mmm woly papeojumoq


http://www.jbc.org/

Supplemental Figure 1.

(A) 12

1.0

0.8

oD

0.6

0.4

0.2

0.0

(B) o4

0.3 1

oD

0.2 1

0.17

Probe: DC-SIGN-Fc ©

oD

—— MOXF;-BSA

—=—BSA

—a4— Cockroach, German

—=— Cockroach, American

—¥— Der f

—e—Derp

Probe: L-SIGN-Fc —+— Cat dander (D)

—e— Alternaria

—=— Aspergillus
Ragweed, Short

—&— Ragweed, Giant

—e— Kentuky blue grass O
Bermuda grass
Japanese cedar

0.001 0.01 0.1 1 10

Glycoproteins, pg/ml

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0.4

0.3

0.2

0.1

0.0

Probe: DC-SIGN-Fc

Probe: L-SIGN-Fc

0.01

0.1 1

Glycoproteins, pg/ml

10
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Supplemental Figure 2. Western blotting analysis of BG60-stimulated MDDCs. For analysis of BG60-induced
signaling events, the cells were stimulated with BG60 (20 pg/ml) for 15 min. Following stimulation, total cellular
extracts from stimulated (BG60) and non-stimulated (medium) cultures were subjected to gel electrophoresis and
probed with Abs against various kinases and phosphorylated kinases as previously described (ref. 19). The Abs
used were rabbit anti-c-Raf (pTyr340, Tyr341) (Calbiochem), total Raf-1 Abs (Cell Signaling Technology), anti-
phospho-PLCy (Tyr783) (Millipore), anti-PLCy (Millipore), anti-phospho-Src family (Tyr416) (Cell Signaling), and
anti-Src (Upstate). Immunoreactive bands were visualized using horseradish peroxidase-conjugated secondary
Abs and the enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech). Results shown are
representative of three independent experiments from analysis of MDDCs from three subjects.
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