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C-type lectin receptors (CLRs) comprise a large family of
immunoreceptors that recognize polysaccharide ligands exposed
on pathogen surfaces and are conserved among mammals. How-
ever, interspecies differences in their ligand spectrums are not
fully understood. Dectin-1 is a well-characterized CLR that rec-
ognizes B-glucan. We report here that seaweed-derived fucan
activates cells expressing human Dectin-1 but not mouse Dec-
tin-1. Low-valency 3-glucan components within fucan appeared
to be responsible for this activation, as the ligand activity was
eliminated by B-glucanase treatment. The low-valency 3-glu-
can laminarin also acted as an agonist for human Dectin-1 but
not for mouse Dectin-1, whereas the high-valency B-glucan
curdlan activated both human and mouse Dectin-1. Reciprocal
mutagenesis analysis revealed that the ligand-binding domain
of human Dectin-1 does not determine its unique sensitivity to
low-valency B-glucan. Rather, we found that its intracellular
domain renders human Dectin-1 reactive to low-valency 3-glu-
can ligand. Substitution with two amino acids, Glu® and Pro®,
located in the human Dectin-1 intracellular domain was suffi-
cient to confer sensitivity to low-valency f3-glucan in mouse
Dectin-1. Conversely, the introduction of mouse-specific amino
acids, Lys2 and Ser®, to human Dectin-1 reduced the reactivity to
low-valency 3-glucan. Indeed, low-valency ligands induced a set
of proinflammatory genes in human but not mouse dendritic
cells. These results suggest that the intracellular domain, not
ligand-binding domain, of Dectin-1 determines the species-spe-
cific ligand profile.
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Our bodies are continuously exposed to and infected by var-
ious types of pathogens, most of which are directly recognized
by pattern recognition receptors such as Toll-like receptors,
RIG-I-like receptors, or NOD-like receptors on host cells (1, 2).
An additional fourth member of pattern recognition receptors is
the emerging C-type lectin receptors (CLRs)® that senses patho-
gens or damaged tissues to trigger innate immune responses (3).

Within this family, Dectin-1 is the first immunoreceptor
tyrosine-based activation motif (ITAM)-coupled CLR identi-
fied and recognizes -glucans present in the cell wall of fungi
(4-6). Dectin-1 is a type II transmembrane protein expressed
by myeloid cells and consists of an extracellular carbohydrate
recognition domain (CRD) and a cytoplasmic domain contain-
ing an ITAM-like motif (hemITAM). Upon recognition of mul-
tivalent B-glucanviaits CRD, Dectin-1 multimerizesandis phos-
phorylated at a tyrosine residue in the hemITAM, providing a
binding site for the Syk kinase. The recruited Syk then activates
the CARD9-Bcl10-MALT1 and NF-«B pathways to induce
inflammatory cytokines, co-stimulatory molecules, and den-
dritic cell maturation, which promotes Thl and Thl7 re-
sponses to orchestrate immunity to pathogens (7, 8). The CRD
and hemITAM regions of Dectin-1 are conserved among mam-
mals (5, 9), suggesting the importance of this CLR for promot-
ing acquired immune responses over a wide variety of species.
Hence, Dectin-1 agonists hold potential as vaccine adjuvants
that may facilitate protective immune responses against patho-
gens or cancer in mouse models and human patients. Given this
potential, it is important to characterize in detail the function of
human Dectin-1 in comparison with the evidences accumulat-
ing for the more extensively studied mouse Dectin-1 (10, 11).

The ligand potency of B-glucans toward Dectin-1 varies
according to their valency. Among several 3-glucan-containing
polysaccharides, yeast zymosan and bacterial curdlan act as
potent agonists, whereas the ligand activity of low valency
B-glucans, such as seaweed laminarin, is controversial (12—15).

3 The abbreviations used are: CLR, C-type lectin receptor; hDectin-1, human
Dectin-1; mDectin-1, mouse Dectin-1; rDectin-1, rat Dectin-1; CRD, carbo-
hydrate recognition domain; FcRy, Fc receptor +y-chain; NFAT, nuclear
factor of activated T-cells; hemITAM, hem-immunoreceptor tyrosine-
based activation motif; hMoDC, human monocyte-derived dendritic
cell; mBMDC, mouse bone marrow-derived dendritic cell; PE, phycoeryth-
rin; PBMC, peripheral blood mononuclear cell.
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Intracellular non-ITAM sequence sensitizes human Dectin-1

The inconsistency within studies on the “low-valency” Dectin-1
ligand may be partly due to interspecies difference of Dectin-1.
In addition, the function of the cytoplasmic domain, other than
its identity as a hemITAM, is not well-characterized.

In this study, we found that low-valency B-glucan can acti-
vate cells expressing human Dectin-1, but not mouse Dectin-1.
Reciprocal mutagenesis studies revealed that the intracellular
domain of human Dectin-1 confers this activity. Furthermore,
we found that two intracellular amino acids, which are con-
served in primates, play a critical role for enhancing the sensi-
tivity of Dectin-1 independently of the hemITAM.

Results

Fucan activates reporter cells expressing hDectin-1 but not
mbDectin-1

To search for novel CLRs that recognize natural polysaccha-
rides, we employed nuclear factor of activated T-cells (NFAT)-
GEFP reporter cells expressing various CLRs. After screening
several candidates, we found a seaweed-derived, fucose-con-
taining polysaccharide called fucan activated reporter cells
expressing human Dectin-1 (hDectin-1) (Fig. 1). Indeed, hDec-
tin-1 induced reporter activity in response to fucan in a dose-
dependent manner (Fig. 24). A hDectin-1 isoform lacking the
stalk region (hDectin-1B) similarly responded to fucan (supple-
mental Fig. S1). However, fucan did not activate cells express-
ing either forms of mouse Dectin-1 (mDectin-1) (Fig. 24 and
supplemental Fig. S1). In contrast, curdlan, a high-molecular
weight f3-1,3-glucan, comparably activated the reporter for
either hDectin-1 or mDectin-1 (Fig. 2B). From these observa-
tions, we initially hypothesized that hDectin-1 but not mDec-
tin-1 binds to fucan.

B-Glucan components contained in fucan activate cells
expressing hDectin-1

As B-1,3-glucan is a well-established component recognized
by Dectin-1 (4), we next examined whether treatment with
Westase, a 3-1,3- and 3-1,6-glucanase, eliminates the activity
of fucan. As expected, Westase treatment completely sup-
pressed the ability of curdlan to activate cells via hDectin-1 and
mDectin-1 (Fig. 34, left). Likewise, fucan treated with this
enzyme failed to activate cells expressing hDectin-1 (Fig. 34,
right), suggesting that B-glucan-like components included in
fucan are responsible for this activity. Size-exclusion separation
revealed that the ligand activity was detected in low-molecular
weight fractions (supplemental Fig. S2). We therefore charac-
terized the species-specific ligand activity of laminarin, low-
molecular weight -glucan derived from brown seaweed. As
with fucan, laminarin activated the reporter cells expressing
hDectin-1, but not mDectin-1, and this activity was sensitive to
Westase (Fig. 3B). These data suggest that low-valency, soluble
B-glucans may selectively activate cells via hDectin-1 but not
mDectin-1.

Non-CRD region of hDectin-1 confers reactivity to low-valency
B-glucan

As the CRD of Dectin-1 mediates direct ligand binding (16),
we initially suspected that the slightly different amino acid
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Figure 1. hDectin-1-expressing cells are selectively activated by fucan.
2B4 NFAT-GFP cells expressing the indicated receptors and signaling compo-
nents were left untreated (None) or stimulated with 30 wg/ml of fucan
(Fucan). m, mouse; r, rat; g, guinea pig; h, human. The detail of receptor con-
structs and co-transfected genes are described under “Experimental proce-
dures.” The expression of GFP was analyzed by flow cytometry. All data are
presented as the mean = S.D., and representative results from two indepen-
dent experiments with similar results are shown.

sequences within the CRDs comparing hDectin-1 and mDec-
tin-1 might determine the reactivity to soluble B-glucan. To
address this possibility, we generated a chimeric mDectin-1
protein harboring the CRD from hDectin-1 (mDectin-1"“®"
chimera) (Fig. 44). Contrary to our initial assumption, the
reporter cells expressing the mDectin-1"“%" chimera were not
activated by laminarin similar to mDectin-1-bearing cells (Fig.
4B, mD1"“"P), although they showed substantial activity upon
stimulation with high-valency curdlan (Fig. 4C). These results
suggest that the direct ligand-binding domain, CRD, is not
responsible for determining laminarin sensitivity to hDectin-1.
We therefore created a hDectin-1 chimera harboring the CRD
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Figure 2. Fucan activates 2B4 NFAT-GFP reporter cells expressing hDec-
tin-1 but not mDectin-1. A and B, 2B4 NFAT-GFP reporter cells transduced
without (Syk) or with hDectin-1 or mDectin-1 were stimulated with the indi-
cated concentration of fucan (A) or curdlan (B) for 18 h and expression of GFP
analyzed by flow cytometry. All data are presented as the mean * S.D., and
representative results from three independent experiments with similar
results are shown.
from mDectin-1 (hDectin-1m“®P) and found that the combina-
tion of mouse CRD and human non-CRD acted as a functional
activating receptor for laminarin (Fig. 4B, hD1"“?P), suggest-
ing that mouse CRD is capable of recognizing low-valency
B-glucan. Indeed, fluorescence-labeled laminarin did bind to
mbDectin-1 as well as hDectin-1 (supplemental Fig. S3). Fur-
thermore, soluble Ig-fusion protein derived from mDectin-1
and hDectin-1 showed comparable binding to laminarin (Fig.
4D). Taken together, these findings suggest that the non-CRD
region of hDectin-1 confers the sensitivity to laminarin.

30 300  (ug/ml)

Curdlan

Opposite effect of low-valency B-glucan on mDectin-1 and
hDectin-1

Given the observation that mDectin-1 binds low-valency
B-glucan but is unable to deliver activating signaling, we next
examined whether these ligands act as antagonists for mDec-
tin-1. To assess this, we added a graded amount of fucan or
laminarin to mDectin-1 cells in the presence of suboptimal
concentrations of a high-valency ligand zymosan. Indeed, both
ligands suppressed mDectin-1-induced reporter activation
(Fig. 5A), in sharp contrast to their agonistic effects on hDec-
tin-1 (Fig. 5B). These results indicate that low-valency B-glucan
acts oppositely on mDectin-1 and hDectin-1.

Cytoplasmic N-terminal region of hDectin-1 determines its
sensitivity to low-valency -glucan

As the stalk region of hDectin-1 is dispensable for the reac-
tivity to fucan and laminarin (supplemental Fig. S1A), we next
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Figure 3. Westase treatment eliminates the hDectin-1 activity to fucan as
well as laminarin. A and B, 2B4 NFAT-GFP reporter cells were left unstimu-
lated or stimulated with curdlan, fucan (A), or laminarin (B) at the indicated
concentrations. Ligands were left untreated (Buffer) or treated with Westase
(Westase). GFP expression was analyzed by flow cytometry. All data are pre-
sented as the mean = S.D., and representative results from two independent
experiments with similar results are shown.

focused on the cytoplasmic domain of hDectin-1. To this end,
we generated a series of chimeric mDectin-1 proteins in which
each region of the cytoplasmic domain was replaced with the
corresponding region of hDectin-1 (Fig. 6A). In contrast to full-
length (WT) mDectin-1, mDectin-1 possessing 30 amino acids
of the human N-terminal region (mDectin-1"™3°) normally
responded to laminarin (Fig. 6, Band C). Further chimeric anal-
ysis revealed that as little as a 10-amino acid sequence at the N
terminus of hDectin-1 (mDectin-1"N°) was sufficient to confer
reactivity to low-valency B-glucan to mDectin-1 (Fig. 6B).

Glu? and Pro® of hDectin-1 confer sensitivity to low-valency
B-glucan to mDectin-1

Within the 10-amino acid N-terminal sequence, hDectin-1
differs from mDectin-1 in four residues: Glu?, Pro®, Asp®, and
Leu” (Fig. 7A4). We therefore individually substituted these 4
amino acids of mDectin-1 with the corresponding human-spe-
cific residues (Fig. 7B). Mutants carrying the combination of
K2E and S5P substitutions selectively responded to laminarin
(Fig. 7C, mD1K2E/SSP/HED/IZL 1 1y] K2E/SSP/I7L 1 [y K2E/S5P/HGD
and mD1**¥/%°")_ Conversely, the introduction of mouse-spe-
cific Lys* and Ser” substitutions into hDectin-1 (hDectin-1%*/">%)
resulted in the reduction of its reporter activity against lami-
narin (supplemental Fig. S4). Taken together, these results sug-
gest that two amino acids derived from mDectin-1, Lys* and
Ser”, are critical for “desensitizing” Dectin-1 to low-valency
B-glucan. The importance of these 2 amino acids are also sup-
ported by Dectin-1 derived from another species, rat. Although

J. Biol. Chem. (2017) 292(41) 16933-16941 16935
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Figure 4. Non-CRD region of hDectin-1 confers mDectin-1 with ligand
activity for laminarin. A, schematic structure of mDectin-1 (mD7), hDectin1
(hD1), and mouse/human chimeric proteins (mD1"*° and hD1™RP), Red and
blue boxes represent the domain of mDectin-1 and hDectin-1, respectively,
and the numbers indicate amino acid residues. Cells expressing the indicated
constructs were left unstained (open area) or stained with anti-HA-PE anti-
body (gray area) and analyzed with flow cytometry. IC, intracellular domain; S,
stalk domain; T, transmembrane domain. B and C, 2B4 reporter cells express-
ing Syk alone (—) or together with WT or chimeric Dectin-1 proteins (hD1 or
mD1) were stimulated with laminarin (B) or curdlan (C) for 18 h. Induction of
GFP was analyzed by flow cytometry. Data are presented as the mean = S.D.
White, non-stimulated; light gray, 0.3 ng/ml of laminarin or 3 ng/ml of curd-
lan; dark gray, 3 ng/ml of laminarin or 30 wg/ml of curdlan; black, 30 wg/ml of
laminarin or 300 ng/ml of curdlan. D, binding of mDectin-1-Ig and hDectin-
1-lg to laminarin. 50 ul of laminarin (0.03, 0.1, 0.3, or 1 mg/ml) or buffer only
(—) was coated (left). 3 ug/well of zymosan in isopropyl alcohol or isopropyl
alcohol only (=) was coated (right). higG1-Fc (Ig) was used as a control. Data
are presented as the mean = S.D. All data are representative results from two
independent experiments with similar results.

rat Dectin-1 (rDectin-1) shares high homology with mDec-
tin-1, it uniquely lacks the N-terminal 9-amino acid sequence
that contains Lys® and Ser” in mouse (Fig. 8, A and B, and sup-
plemental Fig. S7). In the reporter cell assay, rDectin-1 was
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Figure 5. Agonistic versus antagonistic effect of low-valency 3-glucan on
hDectin-1 versus mDectin-1, respectively. A and B, 2B4 NFAT-GFP reporter
cells expressing mDectin-1 (A) or hDectin-1 (B) were stimulated with lami-
narin or fucan (0.3, 3, 30, or 300 wg/ml) in the presence of a suboptimal con-
centration of zymosan (3 ug/ml) for 18 h. GFP expression was analyzed by
flow cytometry. All data are presented as the mean = S.D., and representative
results from two independent experiments with similar results are shown.

found to respond well to laminarin (Fig. 8, C and D), supporting
our idea that inactivation of Lys® and Ser® may sensitize Dec-
tin-1 to low-valency B-glucan.

Low-valency Dectin-1 ligands activate human DCs but not
murine DCs

To confirm the observed hDectin-1-specific phenomenon
using primary cells, we finally compared the reactivity of
human and murine myeloid cells to low-valency Dectin-1
ligand in a non-biased manner by stimulating human mono-
cyte-derived dendritic cells (hMoDCs) and mouse bone
marrow-derived dendritic cells (mBMDCs) with laminarin.

SASBMB
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Figure 6. The cytoplasmic region of hDectin-1 determines its sensitivity
to laminarin. A, schematic structures and surface expression of WT and
mutant Dectin-1 proteins. Red and blue boxes represent the regions derived
from mDectin-1 and hDectin-1, respectively, and the numbers indicate the
amino acid residues. Cells were left unstained (open area) or stained with
anti-HA-PE antibody (gray area) and analyzed with flow cytometry. B and C,
2B4 reporter cells expressing Syk alone (—) or together with WT or chimeric
Dectin-1 proteins (hD1 or mDT) were stimulated with laminarin (B) or curdlan
(C) at the indicated concentrations for 18 h. Induction of GFP was analyzed by
flow cytometry. Data are presented as the mean = S.D. All data are represen-
tative results from four independent experiments with similar results.

Laminarin potently activated hMoDCs to induce a set of
inflammatory genes including /L1B, IL1A, and CLEC4E, which
are reportedly induced by CLR-mediated signaling (17, 18). In
contrast, the majority of mouse orthologues of genes up-
regulated in hMoDCs did not show substantial induction
in mBMDCs (Fig. 9). Note that mBMDCs constitutively
expressed Dectin-1 (see GSE98814 and GSE98825), and
responded normally to other stimuli, such as LPS (supple-
mental Fig. S5). Collectively, these data support the idea that
hDectin-1, but not mDectin-1, is an activating receptor for
low-valency B-glucan.

SASBMB

Discussion

In this study, we report that hDectin-1 responds to low-va-
lency B-glucan and its cytoplasmic region is critical for this
function.

Within the cytoplasmic N terminus, we show that Glu® of
hDectin-1 is one of the critical residues controlling the sensi-
tivity of hDectin-1 to low-valency B-glucan, as a substitution
of a mouse-specific residue in this position (hDectin-1%**)
impaired this activity. It appears that it is important that the
residue at position 2 be a “non-Lys” residue, as substitutions to
other residues did not reduce the activity (hDectin-1%** or
hDectin-15?P) (supplemental Fig. S6). In line with these obser-
vations, Lys residues of mDectin-1 are reported to undergo
ubiquitination, which results in the degradation and desensiti-
zation of mDectin-1 upon ligand binding (19). Thus, the inac-
tivation of the Lys® residue might be one of the reasons that
sensitize hDectin-1.

Meanwhile, the precise role of hDectin-1 Pro®, which is con-
served in primates, is not yet clear. The reciprocal single sub-
stitution (mDectin-15°® and hDectin-1">%) had no impact (Fig.
7 and data not shown), whereas mDectin-1 carrying the double
mutation (mDectin-1**/5°P) was active, suggesting that Pro®
renders hDectin-1 sensitive, albeit it is not sufficient in and of
itself. One potential explanation is that mouse Ser®, which is
conserved in most non-primates mammals (supplemental Fig.
S7), may act to reduce the receptor signaling by promoting
protein modification as Ser phosphorylation is linked to
ubiquitination in several signaling molecules (20 -22). Alter-
natively, Ser® may interfere with the function of hemITAM
through phosphorylation or other modifications. Indeed,
phosphorylation of the Ser residue in the cytoplasmic region
of FcRy and Iga is reported to inhibit tyrosine phosphoryla-
tion of their own ITAMs, which then inhibits downstream
signaling (23, 24). More detailed analysis is needed to clarify
whether Pro® (human) cancels the negative function of Ser®
(mouse), or, alternatively, actively promotes downstream
signaling.

From the analysis of the phylogenic comparisons, one could
speculate that “elimination” of Lys> and Ser® by substitution
(human) or truncation (rat) (Fig. 84 and supplemental Fig. S7)
might be a common strategy to increase the sensitivity of Dec-
tin-1 to low-valency B-glucan during evolution. In support of
this idea, the 5'-UTR of the mRNA for rDectin-1 contains a
sequence corresponding to the Ser® found in mice (Fig. 84),
suggesting that Ser® is preserved as a relic in rDectin-1, which
has been inactivated by the introduction of a downstream start
codon, as speculated in other immune receptors (25).

Despite the different sensitivities to low-valency 3-glucan,
the various Dectin-1 mutants used in this study retained sub-
stantial reactivities to curdlan. This suggests that Dectin-1, like
other ITAM-coupled receptors such as the TCR and BCR, has
the capacity to sense the quality of ligand. Recently, another
CLR, mMincle and hMincle, recognize different ligands and
induce distinct responses (26, 27). It is tempting to speculate
that the CLR family members might have modulated their sen-
sitivities and ligand spectrums during evolution to adapt to
their environment, an idea that warrants further investigation.
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Figure 7. Glu? and Pro® of hDectin-1 confer sensitivity to laminarin to mDectin-1. A, sequence alignment of 10 amino acids at the N terminus of hDectin-1
and mDectin-1. Blue and red letters indicate amino acids differences between hDectin-1 and mDectin-1, respectively. B, schematic structure and surface
expression of WT and mutant Dectin-1 proteins with the indicated amino acid substitutions. Numbers indicate amino acid residues. The “human-type” amino
acids introduced are shown in blue. Cells were left unstained (open area) or stained with anti-HA-PE antibody (gray area) and analyzed with flow cytometry. C,
each reporter cell line expressing Syk alone (—) or together with WT or mutant Dectin-1 proteins was stimulated with laminarin or curdlan at the indicated
concentrations for 18 h. Induction of GFP was analyzed by flow cytometry. Data are presented as the mean = S.D. All data are representative results from two

independent experiments with similar results.

Thus, the role of Dectin-1 in fungal infection characterized by
use of gene-deficient mice (10, 11) may not fully reflect the
function of human orthologue. These findings demonstrate
that the therapeutic approaches targeted to Dectin-1 requires
re-evaluation of its functions in vivo by generating models
expressing hDectin-1 in future studies.

Experimental procedures
Reagents and antibodies

Laminarin and curdlan were purchased from InvivoGen.
Zymosan (Z4250) and LPS (L4516) were purchased from
Sigma. Westase (9095) was purchased from TaKaRa. Fucan
from Cladosiphon novae-caledoniae Kylin was kindly provided
by Daiichi Sangyo and the supernatant was collected after cen-
trifugation at 20,000 X gand used as a stimulant. Phycoerythrin

16938 J Biol. Chem. (2017) 292(41) 16933-16941

(PE)-conjugated anti-HA Ab (clone 16B12) was purchased
from Abcam.

Cells

2B4-NFAT-GEFP reporter cells expressing various CLRs were
prepared as previously described (26, 28). For FcRy- or DAP12-
coupled receptors, reporter cells were co-transfected with FcRy
or DAP12, respectively. hemITAM-harbored receptors were
co-expressed with Syk. Receptors that are not coupled to ITAM
signaling were expressed as chimeric receptors by fusing to
CD3¢. mBMDCs were prepared as previously described (29).
Briefly, BM cells from a WT C57BL/6] mouse were suspended
in RPMI1640 medium supplemented with 10% FBS, antibiotics,
and B-mercaptoethanol at a density of 5 X 10° cells/ml in the
presence of culture supernatant of MGM-5 (provided by Dr. S.
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Figure 8. Rat Dectin-1 activates reporter cells in response to laminarin. A, sequence aI|gnment of the N-terminal amino acids and cDNAs of mDectin-1 and
rDectin-1. Ser® of mDectin-1 and the untranslated serine in the 5’-UTR of rDectin-1 are shown in red. Methionines coded by start codons are shown in bold. The
5’-UTR of rDectin-1 ¢cDNA and amino acids corresponding to the nucleotide sequence are shown in gray. Numbers indicate the amino acid residues. B,
schematic structure and surface expression of mDectin-1 and rat Dectin-1. The box surrounded by dotted lines represents the region missing from the rDectin-1
protein and the numbers indicate amino acid residues. Cells were left unstained (open area) or stained with anti-HA-PE antibody (gray area) and analyzed with
flow cytometry. C and D, each reporter cell line expressing mDectin-1 or rDectin-1 was stimulated with laminarin (C) or curdlan (D) at the indicated concen-
trations for 18 h. Induction of GFP was analyzed by flow cytometry. Data are presented as the mean = S.D. All data are representative results from two
independent experiments with similar results.

Nagata) as a source of GM-CSF containing conditioned review boards of Research Institute for Microbial Diseases,
medium, and cultured for 7 days at 37 °C. hMoDCs were also ~ Osaka University (29-4).

generated as previously described (30). Briefly, peripheral blood

mononuclear cells (PBMCs) from a healthy donor were isolated ~ In vitro stimulation

by Lymphocyte Separation Solution (d = 1.077) (Nacalai The reporter cells were stimulated with curdlan, zymosan,
Tesque) for gradient centrifugation. Human CD14" mono- fucan, or laminarin for 18 h at 37 °C. The GFP expression of
cytes were purified from PBMCs using anti-human CD14 reporter cells was evaluated by FACS Calibur flow cytometer
MicroBeads (Miltenyi Biotech), and cultured in RPMI1640 (BD Biosciences).

supplemented with 10% FBS, non-essential amino acid, antibi-

otics, 10 ng/ml of human GM-CSF (PeproTech), and 10 ng/ml  Westase treatment

of human IL-4 (PeproTech) for 7 days at 37 °C. The collection Curdlan and fucan were diluted to 1 mg/ml with buffer
and use of human PBMCs were approved by the institutional (Mcllvain’s disodium phosphate/citric acid buffer, pH 6.0)
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Figure 9. Gene expression profiles of hMoDCs and mBMDCs stimulated
with laminarin. A heat map of the top 40 genes up-regulated in hMoDCs
stimulated with laminarin compared with unstimulated hMoDCs (—) is
displayed on the /eft. Genes are listed in the order of sample/reference
ratio. A heat map of the mouse orthologues of the human genes is dis-
played on the right. mBMDCs were left untreated or stimulated with lam-
inarin. Columns of genes whose mouse orthologues are not conserved are
displayed as gray.

containing 2 units/ml of Westase, B-1,3- and B-1,6-glu-
canase, or buffer alone and were incubated for 5 min at
100 °C to inactivate Westase following incubation for 12 h at
37 °C.

Construction of chimeric Dectin-1 receptors

For mouse/human Dectin-1 chimeras, constructs were gen-
erated by overlapping extension PCR. Primers used were listed
on supplemental Table S1. The resulting constructs were
cloned into pMX-IRES-hCD8 or pMX-puro retroviral vector
containing HA tag at the C terminus and delivered into
2B4 NFAT-GEFP cells expressing Syk as previously described
(28, 29).

16940 J Biol Chem. (2017) 292(41) 1693316941

Microarray analysis

1 X 10° hMoDCs from a healthy volunteer or 1 X 10°
mBMDC:s from a WT mouse were left untreated or stimulated
with 500 wg/ml of laminarin for 8 h at 37 °C. Total RNA was
isolated by TRIzol (Thermo Scientific). DNA microarray anal-
ysis was performed using Human Gene 1.0 ST array (Affime-
trix) or Mouse Gene 1.0 ST array (Affimetrix). A Z-score was
calculated for each gene between each sample. Genes with both
a Z-score exceeding (or equal to) 2 and a sample/reference ratio
exceeding (or equal to) 1.5 were defined as up-regulated. The
array data were deposited in the Gene Expression Omnibus
(accession number GSE98826).

Dectin-1-Ig fusion protein

Extracellular domains of hDectin-1 (amino acids 68 —247) or
mDectin-1 (amino acids 98 —244) were fused to the N terminus
of the human IgG1 Fc region (hIgG1) as described previously
(31). Zymosan diluted in isopropyl alcohol was added to 96-
well plates followed by evaporation. Laminarin dissolved in
NaHCO, buffer was coated on the plates by incubation at 37 °C
for 8 h. 100 pg/ml of hIgG1-Fc, hDectin-1-Ig, or mDectin-1-Ig
diluted in buffer consisting of 20 mm Tris-HCl, 150 mm NaCl, 1
mwm CaCl,, and 2 mm MgCl, (pH 7.0) was incubated with plate-
coated ligands. Anti-hIgG-HRP was used for the detection of
bound protein.

Real-time PCR

1 X 10° hMoDCs from a healthy volunteer or 1 X 10°
mBMDCs from a WT mouse were stimulated or left untreated
for 8 h at 37 °C. Total RNA was prepared using Sepasol RNA I
Super G (Nacalai Tesque) and used to generate cDNA tem-
plates with ReverTra Ace (TOYOBO). Quantitative PCR
was performed by using THUNDERBIRD SYBR qPCR mix
(TOYOBO) and ABI PRISM 7000 (Applied Biosystems).
Human and mouse B-actin mRNA were used for normaliza-
tion. All primers for specific target genes are listed in supple-
mental Table S1.
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supplemental Fig. S1. Fucan activates cells expressing hDectin-1B but not mDectin-1B.

(A and B) 2B4 NFAT-GFP reporter cells transduced without (Syk) or with hDectin-1B or mDectin-1B
were stimulated with the indicated concentrations of fucan (A) or curdlan (B) for 18 hr. The expression of
GFP was analyzed by flow cytometry. All data are presented as the means + S.D. for duplicate assays, and
representative results from three independent experiments with similar results are shown.
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supplemental Fig. S2. Low molecular weight components in fucan activate hDectin-1-expressing

cells.
Fucan was centrifuged through a ultrafiltration spin column (molecular weight cut-off 10 kDa) at 4,000 x

g for 20 min and wash three times with 10 ml of water. The flow-through fraction with molecular weight
below 10 kDa was collected and weighed following lyophilization. 2B4 NFAT-GFP reporter cells
expressing hDectin-1 were stimulated with the indicated concentrations of fucan (Pre-treat) or the flow-
through fraction of fucan (< 10 kDa) for 18 hr. The expression of GFP was analyzed by flow cytometry.
Data are presented as the means + S.D., and representative results from two independent experiments with

similar results are shown.
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supplemental Fig. S3. Fluorescence-labeled laminarin binds to both hDectin-1 and mDectin-1.

(A and B) Laminarin was oxidized with 0.1 M sodium acetate (pH 5.2) and 5 mM KIO, at 4°C for 24 hr.
The oxidized laminarin was dried up following dialysis with a dialysis tube (molecular weight cut-off 3.5
kDa) and were dissolved with 0.1 M sodium acetate (pH 5.2) and reacted with 300 pg/ml of Alexa
Fluor™ 647 Hydrazide for 20°C for 24 hr. After dialysis to remove the free dye, 1 x 105 2B4 cells
expressing Syk alone (—), or together with mDectin-1 (mD1), hDectinl (hD1), or mouse/human chimeric
proteins (mD1"RD and hD1mCRD) were stained with 1.5 pg/ml of fluorescence-labeled laminarin (A) or
anti-HA-PE antibody (B) and analyzed with flow cytometry. Open histograms represent unstained
contols. Data are representative results from two independent experiments with similar results.

S-4



1 43/44

67/68 119/120 247

hD1 WT |

1 |u£”v

25

E2K/P5S | K s

1001
<= Laminarin
& 807 (ug/mi)
o o o
L 601 g o3
E 401 m 3

1m 30
s
Z  20-

0-

WT  E2K/P5S
- hD1

1 curd
— urdalan
o -
& %1 (ug/miy
& 50 1 O 0

] 3

LY
< W 300
< 20

10 1

0 /==

WT  E2K/P5S
- hD1

supplemental Fig. S4. Substitution of Lys2 and Ser5 into hDectin-1 reduces the ligand activity of

laminarin.

(A) Schematic structure and surface expression of WT hDectin-1 and hDectin-1 protein with the indicated
mouse-type” amino acids are shown in red. Cells were left
unstained (open area) or stained with anti-HA-PE antibody (gray area) and analyzed with flow cytometry.
(B and C) Each reporter cell line expressing WT or mutant hDectin-1 protein was stimulated with
laminarin (B) or curdlan (C) at the indicated concentrations for 18 hr. Induction of GFP was analyzed by

amino acid substitutions. Substituted

flow cytometry. Data are presented as the means = S.D..

All data are representative results from two independent experiments with similar results.
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supplemental Fig. S5. mBMDCs respond to LPS to induce inflammatory genes.

(A and B) hMoDCs (A) or mBMDCs (B) were stimulated with 100 ng/ml of LPS or left untreated (-).
Gene expression of IL1A (Il1a), IL1B (Il11b) and CLEC4E (Clec4e) was analyzed by real-time PCR. Data
are presented as the means + S.D. for triplicate assays.
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supplemental Fig. S6. E2A and E2D do not impair hDectin-1 reactivity to laminarin.

(A) Schematic structure and surface expression of WT hDectin-1 and hDectin-1 proteins with the
indicated substitutions. Substituted “mouse-type” amino acids are shown in red. Cells were left unstained
(open area) or stained with anti-HA-PE antibody (gray area) and analyzed with flow cytometry.

(B and C) Each reporter cell line expressing WT or mutant hDectin-1 proteins was stimulated with
laminarin (B) or curdlan (C) at the indicated concentrations for 18 hr. Induction of GFP was analyzed by
flow cytometry. Data are presented as the means = S.D..

All data are representative results from two independent experiments with similar results.
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1 10 20 30 40

Mus musculus MKYHSHIENLDEDGYTQLDFSTQDIHKRPRGSEKGSRAPSSPW
Rattus norvegicus = = —-——=———- MDEDGYTQLDFGTRNIHKRPVKSEKGSPAPSSRW
Homo sapiens MEYHPDLENLDEDGYTQLHFDSQSNTRIAVVSEKGSCAASPPW
Macaca mulatta MEYHPDLENLDEDGYTQLHFDSRSNTRIAVVSEKGSCVASPPW
Pan troglodytes MEYHPDLENLDEDGYTQLHFDSRSNTRIAVVSEKGSCAASPPW
Sus scrofa MEYQSPLENVDEDGYTQLDFSSHNLTRRSVVSEKGPCAASPYW
Ovis aries MEYQSSVENLDEDGYTQLDFSSRSITRRSVVSEKGLCAASSRW
Bos taurus MEYQSSVENLDEDGYTQLDFSSRNITRRSVVSEKGLCAASSHW

Canis lupus familiaris MEYHSGVENLDEDGYTQLNFHSGGITGRPVVLEKVTCATSPRW

supplemental Fig. S7. Sequence alignment of Dectin-1 intracellular domain in mammals.

Amino acid sequences of the N-terminal regions of Mus musculus (NCBI Reference Sequence:
NP _064392.2), Rattus norvegicus (NP _001166857.1), Homo sapiens (NP 922938), Macaca mulatta
(NP _001028115.1), Pan troglodytes (XP 528732.2), Sus scrofa (NP _001130338.1), Ovis aries
(XP_012030797.1), Bos taurus (NP_001027022.1) and Canis lupus familiaris Dectin-1 (XP_854143.1)

are shown. The amino acids at position 5 in the cytoplasmic domain are shaded.
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Primers used for cloning

Protein

Clone primers: 5' Forward sequence3'

Clone primers: 3' reverse sequence5'

mDectin-1
hDectin-1
rDectin-1
mD1K2E/S5P/I7L
mD1K2E/S5P/H6D
mD1K2E/H6D/I7L
mD1K2E/S5P

ttgaattcatgaaatatcactctcatatagagaatc
ttgaattcatggaatatcatcctgatttagaaaatt

gatgaattcatggacgaagatggatatactcaattag

tttgaattcatggaatatcatcctcatttagaaaatttgg

tttgaattcatggaatatcatcctcatttagaaaatttgg

tttgaattcatggaatatcattctgatttagaaaatttg

tttgaattcatgaaatatcattctgatttagaaaatttg

mD1K2E
mD1S5P

hD1E2K/P5S

hD1E2K
hD1E2A
hD1E2D

tttgaattcatggaatatcactctcatatagagaatctgg

tttgaattcatgaaatatcaccctcatatagagaatctgg

tttgaattcatggaatatcaccctcatatagagaatctgg

tttgaattcatgaaatatcatcctgatttagaaaatttg

tttgaattcatggcatatcatcctgatttagaaaatttg

tttgaattcatggactatcatcctgatttagaaaatttg

ttctcgagcagttecttctcacagatactgtatga
actgtcgaccattgaaaacttcttctcac
gatctcgagcagttccttctcacagatagtgaatga
actgtcgaccattgaaaacttcttctcac
actgtcgaccattgaaaacttcttctcac
actgtcgaccattgaaaacttcttctcac
ttctcgagcagttccttctcacagatactgtatga
ttctcgagcagttccttctcacagatactgtatga
ttctcgagcagttccttctcacagatactgtatga
actgtcgaccattgaaaacttcttctcac
actgtcgaccattgaaaacttcttctcac
actgtcgaccattgaaaacttcttctcac

actgtcgaccattgaaaacttcttctcac

Primers used for overlapping PCR

Protein Overlap primers: Forward sequence3' Overlap primers: 3' reverse sequence5'
mD1hRCRD ttctcagccttgtectectaattggattatatatg taggaggacaaggctgagaaaaacctcctgtagtt
hD1rmCRD ctttccagcccttgeccttcctaattggatcatge taggaaggcaagggctggaaagaacccctg

mD1hN30 tgctgcatcttcaccttggaggecca tccaaggtgaagatgcagcacacgatcce

mD1hN20 atagctgttggatcagagaaaggaagcc tctgatccaacagctatcctggtattge

mD1hN10 caattacacttcagcactcaagacatcca

ttgagtgctgaagtgtaattgagtatatcc

Primers used for real-time PCR

Gene Forward (5'—3') Reverse (5'—3')

ACTB aatctggcaccacaccttct tagcacagcctggatagcaa
ILIA cgccaatgactcagag agggcgtcattcagga

ILIB aagcccttgctgtagtggtg gaagctgatggccctaaaca
CLEC4E catttcgcatctttcaaacctgtg attcccagttcaatggacaacaatt
Gene Forward (5'—3') Reverse (5'—3')

actb tggaatcctgtggcat taaaacgcagctcagt

illa agcccgtgttgctgaagga agaaaatgaggtcggtctcactac
illb aactgtgaaatgccaccttttgac gttgatgtgctgctgctgcgagat
clec4e cagtggcaatgggtggatgatac agtcccttatggtggcacagtce

supplemental Table S1. Primers used in this study
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