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ABSTRACT

CLRs on DCs play important roles in immunity and are
expressed selectively on certain DC subsets. Murine
DCAL2 (myeloid inhibitory C-type lectin/Clec12a) is a
type-ll CLR with an ITIM. Using a mouse DCAL2-specific
mADb, we found that DCAL2 is expressed at relatively
high levels on APCs and that DCAL2 expression can be
used to divide CD8«~ DCs into DCAL2"'DCIR2™ and
DCAL2DCIR2" subpopulations. CD8«"DCAL2" DC,
CD8« DCIR2" DC, and CD8«"'DCAL2" DC subsets each
express different levels of TLRs and respond to unique
classes of TLR ligands by producing distinct sets of cy-
tokines. Whereas CD8« DCAL2" DCs robustly produce
cytokines, including IL-12, in response to CpG, CD8«a~
DCIR2" DCs produce only TNF-«a and IL-10 in modest
amounts when stimulated with zymosan. However,
CD8aDCIR2" DCs, unlike the other DC subsets,
strongly up-regulate OX40L when stimulated with bac-
terial flagellin. As predicted from their cytokine expres-
sion, CD8a"DCAL2" DCs efficiently induced Th1 re-
sponses in the presence of CpG in vitro and in vivo,
whereas CD8a DCIR2" DCs induced Th2 cells in re-
sponse to flagellin. Thus, CD8a"DCAL2" DCs comprise
a distinct CD8«~ DC subset capable of supporting Th1
responses. DCAL2 is a useful marker to identify a Thi-
inducing CD8«a~ DC population. J. Leukoc. Biol. 91:
437-448; 2012.

Introduction

DGs are a family of APCs that bridge innate and adaptive im-
mune responses and induce several distinct pathways of T cell
differentiation [1-3]. In response to certain pathogenic stim-
uli, some DCs produce IL-12 and induce Thl cell expansion
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DCAL=DC-associated lectin, DCIR=DC immunoreceptor, DN=double-
negative, GATA-3=GATA-binding protein 3, L=ligand, MZ=marginal zone,
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[2]. Th1 cells predominantly produce IFN-y and play a major
role in protection against intracellular pathogens and tumors,
whereas Th2 cells produce 114, IL-5, and IL-13 and promote
resistance against helminth infections and mediate allergic re-
sponses (reviewed in refs. [4-6]). One common way to distin-
guish mouse DC subsets is by their expression of CD4 and
CD8a [7, 8]. CD8a" DCs produce a large amount of IL-12p70
[9, 10], whereas CD8«a~ DCs produce little if any IL-12 but are
able to secrete 11-10, TNF-o, and TGF- [11-13]. These and
other observations have led to the paradigm that CD8a" DCs,
rather than CD8«~ DCs, induce Thl responses [6, 14, 15], and
until recently, using CD4 and CD8 as markers has been a stan-
dard way to subset DCs.

A number of CLR family members are expressed on DCs,
and distinct DC subsets have been identified based on their
expression of CLRs as well as TLRs [16-18]. For example,
BDCA-2 is a specific marker for human pDCs [19], Lan-
gerin is only expressed on Langerhans cells in the skin
[20], and Clec9A is selectively expressed by CD8a™ DGCs in
mice and on the putative BDCA-3" human DC counterpart
[21-23]. The CLR, DEC205, is found mainly on CD8a" DCs
located in the T cell zones of peripheral lymphoid tissues,
whereas DCIR2 is relatively restricted to CD8a~ DCs located
in splenic MZs and bridging channels [7, 24]. When anti-
gens are targeted to DEC205" cells using antigen anti-
DEC205 conjugates, they primarily trigger T cells to pro-
duce IFN-vy, whereas antigen anti-DCIR2 conjugates prefer-
entially induce T cells to make IL-4 [14, 15, 25]. Thus, the
expression pattern of CLRs on DCs has been useful to de-
fine different DC subsets that regulate qualitatively different
immune responses.

Previously, we and others [26-31] characterized the CLR,
DCAL2 (myeloid inhibitory C-type lectin/C-type lectin-like
molecule-1/Clec12a). DCAL2 shares homology with CLR-like
receptors on NK cells [32] and is closely related to Dectin-1
and LOX-1 [29]. One study has suggested that DCAL2 may
bind an endogenous ligand(s) [30]. Human DCAL2 is ex-
pressed on monocytes and on blood and monocyte-derived
DCs [26, 27, 29, 33]. The cytoplasmic tail of DCAL2 contains
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an ITIM that can bind tyrosine phosphatases, suggesting
DCAL2 may mediate some inhibitory signals [29]; indeed, an
anti-DCAL2 mAb suppressed LPS-induced IL-12p40 produc-
tion by human DGCs, but it also enhanced CD40-driven IL-
12p40 levels [27].

In this study, we developed a mAb to further characterize
mouse DCAL2. We detected DCAL2 on pDGs, CDS8a™ DCs,
and to a lesser degree, on B cells, but DCAL2 was not ex-
pressed on peripheral T cells or NK cells. Notably, we also
found that DCAL2 expression was useful for subdividing
CD8a™ DCs into DCAL2"DCIR2™ and DCAL2 DCIR2" subsets.
Although CD8a "DCAL2" DCs have been thought to be the
major subset that induces Th1 responses [14, 15], CD8a~
DCAL2" DCs also produced significant amounts of IL-12 and
supported Th1 responses. In contrast, CD8« " DCIR2" DCs in-
duced IL-4 responses. Unlike the method using CD4 expres-
sion to divide DCs [34], subsetting CD8a~ DCs based on
DCAL2 and DCIR2 expression can be useful to identify Thl-
or Th2-inducing DC subsets.

MATERIALS AND METHODS

Mice

Male 7- to 9-week-old C57BL/6] mice purchased from The Jackson Lab-
oratory (Bar Harbor, ME, USA) were used in this study. For some ex-
periments (Supplemental Fig. 1), Fms-like tyrosine kinase-3 ligand-se-
creting B16 melanoma cells (FL-B16) were injected to increase the yield
of DCs [35]. All mice were maintained in our specific pathogen-free fa-
cility. The Institutional Animal Care and Use Committee of the Univer-
sity of Washington (Seattle, WA, USA) approved all animal work.

Primary cell culture and cell lines

CD1lc* DCs were purified from the spleens of C57BL/6] mice. Briefly,
spleens were digested with Liberase TL and DNAse (Roche, South San
Francisco, CA, USA) at 37°C for 45 min with mechanical stirring.
CD1l1c" cells were enriched by positive selection using CD11c¢ mi-
crobeads, following the manufacturer’s protocol (Miltenyi Biotec, Sacra-
mento, CA, USA). Enriched cells were then sorted using a FACSAria
(Becton Dickinson, Franklin Lakes, NJ, USA). Cells were gated through
SSC and forward-scatter for the appropriate size and morphology for
DGCs, gated on CD11c* CD37B220"NKI.1" populations to exclude T
cells, B cells, NK cells, and pDCs, and then sorted into CD8a"DCAL2",
CD8a™DCAL2", or CDS8a"DCAL2™ populations. The DCAL2 mAb did
not alter DC maturation and cytokine production (Supplemental

Fig. 2).

Our flow cytometry staining schemes for staining and sorting are as
follows: CD4 T cells, CD3"CD4"; CD8 T cells, CD3*CD8"; B cells,
B2207CD19™; NK cells, DX5"NKI1.1"; macrophages, CD107b™; pDCs,
CD11c¢™PDCA-1"B220"; CD8a*DCs, CD11c*CD8a* CD3 B220"NK1.17;
CD8a DCs, CD11c*CD8a CD3 B220"NK1.17; monocytes
(CD11b"F4807); neutrophils (7/4M8hGy-1Mishy basophils (SSC"ighIgFf);
cosinophils (7/4'°%F4,/80*SSChish)

The YAC-1, A20, WHI231, JAWS II, RAW264.7, and NIH3T3 cell lines
were purchased from American Type Culture Collection (Manassas, VA,
USA) and cultured in RPMI or DMEM (Thermo Scientific, Waltham,
MA, USA) following the manufacturer’s recommended conditions.
BMDCs were obtained by culturing BM cells from C57BL/6] mice for 7
days in the presence of 30 ng/ml GM-CSF and 10 ng/ml IL-4 (Fitzger-
ald, North Acton, MA, USA).
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Real-time PCR

Panels of mouse tissue cDNA were purchased from Becton Dickinson.
Total RNA from cell lines and primary sorted cells were extracted as
recommended by the manufacturer or directly isolated using the Qia-
gen RNeasy kit (Qiagen, Chatsworth, CA, USA). First-Strand cDNA syn-
thesis was performed using oligodTs or random hexamers and AMV RT
(Invitrogen, Carlsbad, CA, USA) in standard reverse-transcription reac-
tions. DCAL2 expression was analyzed by RT-PCR using SYBR Green
(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). We used
the following specific primers for DCAL2: forward 5'-cctgctctgctcggaat-3'
and reverse 5'-ttctgggcaacaatgcaa-3’. PCR reaction was performed at
95°C for 10 min and 40 cycles of 95°C for 30 s, 58°C for 1 min, and
72°C for 1 min. These data were standardized to B-actin expression.

Sorted DC subsets were also analyzed for their expression of PRRs.
First-Strand cDNA was obtained similarly, and real-time PCR was per-
formed using TagMan gene-expression assays and probes for TLRs,
Nodl1, Ipaf/NLRC4, and RIG-I, as described by the manufacturer (Ap-
plied Biosystems, Life Technologies). These expression levels were stan-
dardized by the expression of 18S ribosomal RNA as an internal con-
trol.

Development of DCAL2 fusion proteins and a stable
transfectant expressing DCAL2

The predicted extracellular region of DCAL2 was cloned using the fol-
lowing primers: forward 5’'-gctccatggttggcaacagaaatgataaaatcg-3' and re-
verse b'-gtagcggecgectgetatectetggg-3'. These primers added Neol and
Notl sites to the PCR product, which was cloned further into pMT/Bip/
V5-His (Invitrogen). The obtained plasmids, together with pCoHygro,
hygromycin-resistent plasmids (Invitrogen), were transfected into S2
cells (Invitrogen). Selected transfectants were expanded and induced by
adding copper sulfate in the culture following the vector manufacturer’s
protocol. DCAL2-V5-His was purified using the Ni, matrix column (Qia-
gen).

The entire coding region of DCALZ2 was also cloned using the following
primers: forward 5'-gccggtacctattcatcaatgtctgaagaaattgtt-3" and reverse 5'-
gcegaattectaagegtaatctggaacatcgtatgggtacctgetateetetgg-3'. The forward
primer adds Kpnl and a Kozak sequence, and the reverse primer adds
EcoRl, a stop codon, and a HA tag. The full-length DCAL2-HA was then
cloned into pcDNA3.1 (Invitrogen). The obtained vectors or control vec-
tors were nucleofected into NIH3T3 cells using nucleofector kits for
NIT3TS3 cells (Lonza, Walkersville, MD, USA) based on the manufacturer’s
protocol. Cells were selected in G418 (Roche). DCAL2 expression was de-
tected by a mAb against DCAL2. and DCAL2-bright cells were selected by
sorting them on a flow cytometer. Neither empty vector-nucleofected cells
nor untreated cells expressed DCAL2.

Development of mAb specific for mouse DCAL2

mAb to DCAL2 were developed as described previously [36]. Briefly,
Lou/W rats were injected i.p. with a purified DCAL2-His-V5 fusion pro-
tein with CFA as an adjuvant. Rats were boosted at weeks 3 and 4. Ten
days after the second boost, polyclonal antisera were examined by cell-
based ELISA. The final injection was performed, spleens were harvested
after 3 days, and hybridomas were made by fusion with rat Y3-D10 cells
and selected in hypoxanthine-aminopterin-thymidine-containing media.
ELISAs using the DCAL2-His-V5 and a control protein were performed
to determine positive clones. Supernatants from the positive clones were
tested further by flow cytometry using DCAL2-transfected NIH3T3 cells.
We selected one mAb, P4G2 (rat IgG2a), for further studies and used a
nonbinding rat IgG2a (eBioscience, San Diego, CA, USA) as a negative
control for our experiments.

Cytokine analyses

Sorted DCs were cultured in complete RPMI media with 30 ng/ml GM-
CSF (Fitzgerald) and stimulated for 24 h with CpG-ODN2216 at 1-20
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wng/ml, flagellin from Bacillus subtilis (InvivoGen, San Diego, CA, USA)
at 1 ng/ml-1 pg/ml, or zymosan (Sigma-Aldrich, St. Louis, MO, USA)
at 10-100 ug/ml. Cultured supernatants were analyzed for the amounts
of TNF-a, IL-6, 1L-10, IL-12p40, and IL-12p70 using ELISA kits (R&D
Systems, Minneapolis, MN, USA), as described in the manufacturer’s
protocol.

ELISPOT assays were performed to analyze the frequency of CD4 T cells
producing IFN-y and IL-4. Mice were injected i.v. with 1 X 10° cells of an
OVA-pulsed DC subset, and 8 days later, splenocytes were obtained and
cultured for 24 h in the presence of different doses (10 nM-1 uM) of CD4-
specific OVAp (323-339). Splenocytes were plated at 5 X 10°-1 X 10°
cells/well on MultiScreen HTS-HA filter plates (Millipore, Billerica, MA,
USA), and after 24 h, cells were removed, and ELISPOT was performed
using ELISPOT antibodies for IFN-y and IL-4 (Becton Dickinson), follow-
ing the manufacturer’s protocol. The number of spots was enumerated us-
ing an ELISPOT reader.

T cell differentiation

Th cell differentiation by DC subsets was examined in vitro and in vivo.
For in vitro analyses, we performed DC-T cell coculture. DC subsets
were sorted as described above. CD4 T cells from WT or OT-II mice
were purified using EasySep negative selection kit (Stemcell Technolo-
gies, Vancouver, BC, Canada), following the manufacturer’s protocol.
Sorted DCs (5X10*) and WT CD4 T cells (1X10°) were cocultured in
96-well round-bottom plates in the presence of CpG (10 wg/ml) or
flagellin (1 ng/ml) with soluble anti-CD3 (10-50 ng/ml, clone 17A2).
Similarly, sorted DCs and OT-II CD4 T cells were cocultured in the
presence of CpG (10 pug/ml) or flagellin (1 ng/ml) with 2.5 uM OVAp
(323-339). After 3—4 days of culture, supernatants were collected and
analyzed for IFN-y and IL-4 by ELISA. CD4 T cells from WT mice were
also examined for the expression of GATA-3 after cocultured with
sorted DC subsets in the presence of anti-CD3 mAb (100 ng/ml) and
CpG (10 pg/ml) for 3 days. Cells were restimulated with ionomycin (1
uM) and PMA (50 ng) in the presence of GolgiStop for 4 h, and
GATA-3 was stained for flow cytometric analysis.

For in vivo studies, we modified a similar approach as described earlier
[14]. FACS-sorted DCs were pulsed 18 h with OVA (100 ug/ml) in the
presence of CpG (10 pg/ml) or flagellin (100 ng/ml). This process was
performed in the presence of 20 ng/ml GM-CSF. DCs were washed with
PBS and injected into naive mice i.v. at 1 X 10° DCs/mouse. At Days 8 and
14, splenocytes were harvested and restimulated with 10 nM-1 uM OVAp
(323-339) for 24 h, followed by ELISPOT assays.

RESULTS
DCAL2 is expressed at highest levels on APCs

We first measured mRNA levels of DCAL2 in mouse tissues,
cell lines, and primary immune cells (Fig. 1A-C). DCAL2

mRNA expression was highest in spleen (Fig. 1A); it was
also expressed at moderate levels in heart, skeletal muscle,
and lung tissues. The B cell (A20) and myeloid lines (JAWS
II, Raw264.7) expressed DCAL2 mRNA (Fig. 1B). Among
splenic cell populations (Fig. 1C), DCAL2 mRNA expression
was highest in pDCs (tenfold higher than unstimulated
BMDCs), CD8a™ DCs (sixfold), and CD8«a~ DCs (twofold).
To investigate DCAL2 protein expression, we generated a
rat mAb specific for mouse DCAL2 and analyzed its distribu-
tion on cell lines and primary cells by flow cytometry (Fig.
1D-G). The DCAL2 mAb detected DCAL2 on NIH3T3
transfected with a DCAL2-containing plasmid but not with
control vectors, demonstrating that it was specific for mouse
DCALZ2 (Fig. 1D). Furthermore, DCAL2 mAb did not bind
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to Dectin-1; costaining of Dectin-1 and DCALZ2 revealed a
large Dectin-1"DCAL2" population in the spleen (mainly B
cells), as well as smaller Dectin-1 " DCAL2™ and Dectin-
1"DCAL2" populations (Fig. 1D). DCAL2 was expressed at
high levels on B cell lines, moderate levels on myeloid cell
lines, and not on NIH3T3 cells (Fig. 1D and E). In the
spleen, CD8a™ DCs and pDCs expressed high levels of
DCAL2, whereas CD8a™ DCs showed two distinct popula-
tions: DCAL2-high and DCAL2-low/negative. Unlike human
DCAL2 [27, 29, 33], mouse DCALZ2 was detected on primary
B cells. Splenic NK cells and T cells did not express DCALZ2,
which is expressed on thymocytes at different points in T
cell development (Fig. 1F). CD47CD8" cells and CD8 SP
cells expressed high levels of DCAL2, whereas CD4"CD8"
and CD4 SP cells expressed low levels. As reported previ-
ously [30], DCAL2 was also found on blood monocytes,
neutrophils, basophils, eosinophils, and B cells but not on
blood CD4 and CD8 T cells (Fig. 1G). Although blood NK
cells are DCAL2™, BM NK cells are DCAL2™, as shown be-
fore by Pyz et al. [30] (Fig. 1G). In summary, in peripheral
lymphoid tissues, DCAL2 is mainly expressed on APCs but
also present in other tissues.

DCALZ2 expression is down-regulated in some cells after
TLR signaling [30]. However, DCAL2 expression on pri-
mary splenic DCs was unchanged or only slightly down-regu-
lated after CpG stimulation (data not shown). Ligating
CLRs can modulate cytokine expression and maturation of
DCs (reviewed in ref. [37]), and ligating human DCALZ2 up-
regulates DC-lysosome-associated membrane protein in DCs
treated with zymozan [27]. Cross-linking human DCALZ2
also affected DC responses to LPS or anti-CD40 stimulation
[27]. Yet, we were not able to detect any effect of anti-
mouse DCAL2 when used alone or with TLR ligands on cy-
tokine or receptor expression by mouse splenic DCs (e.g.,
Supplemental Figs. 1 and 2). This difference between
mouse and human studies [27, 33] may be a species differ-
ence or reflect differences in the mAb used. However, like
human DCAL2, mouse DCAL2 is internalized rapidly upon
mADb binding (Supplemental Fig. 3) [27].

CD8a™ DCs can be subdivided further based on
expression of DCAL2 and DCIR2

As our anti-DCAL2 mAb had no detectable effect on DCs,
we tested whether it might be useful for identifying and iso-
lating cells expressing different levels of DCAL2. Besides a
CD8a"DCAL2" population, we found two distinct popula-
tions within the CD8«™ DC subset: CD8a DCAL2" and
CD8a " DCAL2™. CD8a"DCAL2™ DCs correspond to the
CD8a DCIR2™" population found in spleen and mesenteric
LNs but not in inguinal LNs (Fig. 2A). In this study, we fo-
cused on splenic DC subsets.

The CD8a™ DC subsets defined, based on the relative ex-
pression of DCAL2 and DCIR2, differ from the CD8a™ DC
subsets defined based on CD4 expression. CD8a~CD4" DCs
expressed little or no DCAL2, whereas CD8a”CD4~ DN DCs
contain DCAL2" and DCAL2™ populations (Fig. 2B). Thus,
although the CD8a DCAL2" subset falls mainly within the
CD8a CD4~ subset, the CD8« CD4~ and the CD8«a CD4 ™
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Figure 1. Distribution of DCAL?2 in tissues and cells. (A) Relative expression levels of DCAL2 mRNA in various mouse tissues
were examined by real-time PCR. The expression level of brain was defined as 1.0. (B) As in A, DCAL2 mRNA expression in
cell lines was examined. The expression level of BMDC was adjusted to 1.0. From left, A20 (mature B cell line), JAWS 11 (DC

i line), RAW264.7 (macrophage line), WEHI231 (immature B cell line), YAC-1 (T cell line), and NIH3T3 (fibroblast). (C) As
DCAL2 in B, DCAL2 mRNA expression in sorted primary immune cells from C57BL/6] mice was measured. The expression level of
BMDC was adjusted to 1.0. Representative data from three independent experiments with similar results (A-C). (D-G) Distri-
bution of DCAL2 protein on immune cells. DCAL2 mAb were developed (Materials and Methods), and expression of DCAL2 on immune cells
from C57BL/6] mice was analyzed by flow cytometry. As in B, various cell lines were also examined for DCAL2 protein expression. (D) NIH3T3
cells were transfected with a Dcal2 carrying plasmid and selected for high expression of the DCAL2 protein. Splenocytes were costained for Dec-
tin-1 and DCAL2 to confirm that DCAL2 mAb did not cross-react to Dectin-1. mDCAL-2, Mouse DCALZ2. (E) DCAL2 expression on cell lines de-
tected by flow cytometry. M¢, Macrophage. (F) DCAL2 expression on splenic cell populations. DCs were subdivided into CD8« ", CD8«, and
PDCA-1" (pDC) populations. B cell populations were subdivided into a IgM™#"[gD"#" population, which includes T2 B cells, or a IgM™" gD
population, which contains T1 and MZ B cells. NKI1.1" cells were identified as NK cells. Thymic T cells were subdivided into CD4 and CD8 DN,
double-positive (DP), and SP. CD3™ splenic CD4 and CD8 T cells were also analyzed. (G) DCAL2 expression on blood leukocytes and BM NK
cells. Monocytes (CD11b*F4807™), neutrophils (7/4M8h Gr-1hishy | basophils (SS(]"ig"IgE+), and eosinophils (7/4"°“F4/80*SSCMs") were examined.
As in F, blood T (CD3"NKI.17), B (CD19"MHC-II"), and NK cells (DX5"NKI.1") and BM NK cells (DX5"NK1.1") were stained for DCAL2.
Representative data of more than five independent experiments with similar results.
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and examined for the expression of DCAL2 on the CD8a", CD4", or DN population. (C) Cellsurface phenotype of unstimulated DC subsets ex-
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tive data of three experiments with similar results (A-C).

subsets do not correspond to the CD8«¢"DCAL2" and

CD8a DCIR2" DC subsets. To further characterize the
CD8a™ DC subsets, we analyzed their expression of adhesion
and costimulatory molecules (Fig. 2C). CD8a DCAL2" DCs
expressed slightly higher levels of CD11b than CD8a™
DCIR2" DGs (Fig. 2C). CD103 was weakly expressed on
CD8a"DCAL2"* DCs but not on CD8a"DCAL2" or CD8a~
DCIR2" DCs. CD86 levels were higher on CD8a"DCAL2™
DGCs than on the other subsets, but the results were opposite
in the case of PDL-1 expression, which was higher on

CD8a DCAL2" and CD8« DCIR2"' DCs but lower on

CD8a "DCAL2" DCs (Fig. 2C). Levels of CD62L, CD40,
PDL-2, and CCR7 expression were not different among
these three subsets (data not shown).

Expression of PRRs is different among CD8a"DCAL2",
CD8a’ DCAL2", and CD8« DCIR2* DC subsets

The selective differences in expression of adhesion and co-
stimulatory molecules suggested that the CD8a~ DC subsets
may have distinct functions, such as different responses to
pathogenic stimuli. To investigate this possibility, we first
measured the expression in the DC subsets of several PRRs,
including TLRs and some intracellular receptors that recog-
nize RNA (RIG-I) or activate inflammasomes (Nodl and
Ipaf/NLRC4). Splenic DCs were sorted as shown in Fig. 3A,
and the purity of each subset was confirmed to be >98%.
The ratio of subset within the DC gate (CD11c"B220~
NK1.17) was ~20% for CD8a DCAL2™ DCs, 50% for CD8a~
DCIR2" DCs, and 18% for CD8a"DCAL2" DCs (Fig. 3A),
whereas the ratio of pDCs within the CD11c" population
was 15-20% (data not shown). In other words, the number
of splenic CD8a"DCAL2" DCs was similar to the number of
the well-characterized CD8a"DCAL2™" DC subset.
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We measured the levels of PPRs expressed in DC subsets
by RT-PCR (Fig. 3B); CD8a"DCAL2" DCs expressed higher
levels of TLR2 and TLR4 than the other subsets, whereas
CD8a DCIR2" DCs showed higher expression of TLR5 than
the other subsets. TLR3 expression was considerably higher
in CD8a*DCAL2" DCs, consistent with earlier studies [38].
Nodl, Nod-like receptor family caspase-activating recruit-
ment domain-containing protein 4 (Ipaf), and RIG-I levels
were highest in CD8a DCIR2" DCs and lowest in
CD8a"DCAL2™" DCs.

CD8a ' DCAL2" DCs produce cytokines, including IL-
12, in response to TLR stimuli

The differences in PRR expression suggested that each DC
subset may respond differently to certain PAMPs. To test
this, we isolated CD8a"DCAL2™, CD8aDCAL2™, and
CD8a DCIR2™" DCs, stimulated them with TLR ligands in
vitro, and measured cytokine production. As has been re-
ported [9], CD8a"DCAL2" DCs produced significant
amounts of IL-12; however, CD8a " DCAL2* DCs also pro-
duced significant levels of IL-12p40 and IL-12p70 when
stimulated with CpG (Fig. 4A). In addition, CD8«"DCAL2™"
DCs secreted significantly higher levels of TNF-«, IL-6, and
IL-10 than the other subsets in response to CpG or zymo-
san. Although flagellin increased OX40L expression (see
below), it had no effect on cytokine expression by any of
the DC subsets (data not shown). The difference among the
DC subsets could not be attributed to binding of anti-
DCAL2, as the anti-DCAL2 mAb used for sorting did not
affect the levels of these cytokines compared with an isotype
control antibody (Supplemental Fig. 2). The CD8a DCIR2™
DCs, a large proportion of which express CD4 (Fig. 2B),
produced minimal cytokines in response to CpG or zymo-
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Figure 3. Differential expression of PRRs in DC subsets. (A) Sort-
ing strategy used to separate CD8a"DCAL2" DCs, CD8a DCIR2™
DCs, and CD8a"DCAL2" DCs. Splenic DC subsets were sorted as
described in Materials and Methods. The boxed populations were
sorted, and the purity of each population was >98%. (B) Relative
expression of TLR and intracellular PRR mRNA in DC subsets. To-
tal mRNA was extracted from sorted DC subsets and examined for
the expression levels of mRNA for TLRs, Nodl, Ipaf, and RIG-I by
real-time PCR. Relative expression levels were standardized to 18S
ribosomal RNA, and expression levels in CD8« DCAL2" DCs were
adjusted to 1.0. Data are mean = sp of three independent experi-
ments; One-way ANOVA with the Bonferroni’s multiple comparison
test; **P < 0.01; ***P < 0.001.
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san; this result is similar to an earlier study showing that
CD8a CD4" DCs produce low amounts of cytokines upon
stimulation [9]. Whereas CD8a "DCAL2" DCs produced
similar levels of IL-12p40 and lower levels of IL-12p70 com-
pared with CD8a DCAL2" DCs in response to CpG, they
produced larger amounts of IL-12p40 and -p70 in response
to zymosan. The amount of IL-12p70 produced by DCs in
our experiments was somewhat lower than that reported by
other groups [9, 11], but this difference may be a result of
the fact that in these earlier studies, 1L.-4- and/or CD40L-
expressing cells were added to cultures with TLR agonists.

We next tested if CD8a DCAL2" DCs can be activated in
vivo to produce IL-12. Splenic DC subsets from CpG-in-
jected mice were sorted and cultured ex vivo without fur-
ther stimulation. CD8« DCAL2" DCs produced higher lev-
els of IL-12p40 than other DC subsets ex vivo (Fig. 4B).
CD8a "DCAL2" DCs also produced IL-12p40, but produc-
tion levels were more than twice lower than that of CD8a~
DCAL2* DCs, which is consistent with our in vitro data
(Fig. 4A). CD8a"DCIR2" DCs did not produce IL-12p40 in
response to CpG in vitro and produced little IL-12p40 after
stimulation in vivo. These data show that CD8a " DCAL2™
DCs produce IL-12p40 in vivo and suggest that they may
have a capacity to induce Thl responses.

CD8a " DCIR2™ DCs are predisposed to inducing 1L-4-pro-
ducing T cells when Leishmania major homologue of recep-
tors for activated C kinase antigen is targeted with anti-
DCIR2 (33D1) to CD8a DCIR2" DCs [25]. Thus, we hy-
pothesized that CD8a DCIR2" DCs, but not CD8« DCAL2™"
DGs, may preferentially promote Th2 responses. Consistent
with this model, CD8a"DCIR2* DCs up-regulated OX40L in
response to TLR ligands, most strongly to flagellin, whereas
CD8a DCAL2" DCs failed to express OX40L in response to
any TLR ligands tested (Fig. 4C). The inability of CD8a~
DCAL2" DCs to up-regulate OX40L is not a result of im-
paired cell viability, as CD8a DCAL2" DCs were able to up-
regulate CD80 upon stimulation (Fig. 4C). Thus, these
three splenic DC subsets differentially respond to certain
pathogenic stimuli, suggesting that the type of pathogenic
stimuli and DC subset may determine the quality of CD4 T
cell responses.

CD8a ' DCAL2™ DCs preferentially induce Thl cells,
whereas CD8a DCIR2™ DCs induce Th2 cells in vitro
One paradigm is that CD8a™ DCs, rather than CD8«™ DCs,
direct the development of Thl responses [14, 15]. However,
as CD8«"DCAL2" DCs are able to produce large amount of
IL-12 in vitro and in vivo (Fig. 4A and B), we hypothesized
that CD8a DCAL2" DCs were also capable of inducing Thl
responses.

To test if CD8a DCAL2" DCs could induce IFN-y produc-
tion by CD4 T cells, we cocultured splenic DC subsets with
CD4 T cells in the presence of anti-CD3, along with CpG or
flagellin (Fig. 5A and B). CD8a"DCAL2" DCs and
CD8a "DCAL2" DCs induced IFN-y in the presence of CpG
but not flagellin; the CD8a DCAL2™ DCs were consistently
more effective than CD8a " DCAL2™" DCs, as measured by
ELISA (Fig. 5A). In contrast, CD8« DCIR2" DCs did not
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Media.

induce IFN-y, regardless of the stimulus. CD8a DCAL2"
DCs and CD8a DCIR2™ DCs induced low levels of 1L-4 in
the coculture without TLR stimuli, but only CD8a " DCIR2™"
DCs showed enhanced IL-4 induction in the presence of
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flagellin. CD4 T cells also expressed higher levels of
GATA-3 after culturing with CD8a DCIR2* DCs compared
with other DC subsets (Fig. 5C). We then compared the
ability of OVA-pulsed DC subsets to induce IFN-y in anti-
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gen-specific OT-II CD4 T cells; once again, the CD8a™
DCIR2" DCs induced higher levels of IFN-y compared with
the other subsets (Fig. 5D). These data suggest that CD8a™
DCAL2" DCs can induce Thl responses, whereas CD8«™
DCIR2" DCs are more prone to support Th2 responses by
up-regulating GATA-3 in CD4 T cells.

We also examined whether Th17 responses were preferen-
tially induced by different splenic DC subsets. Although there
was a trend that CD8a DCAL2" DCs induced higher levels of
IL-17 production from CD4 T cells in response to zymosan,
the differences among each DC subset to induce Th17 cells
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were not as significant as those for the induction of Thl and
Th2 cells (data not shown).

Differential cytokine regulation by CD8« DC subsets
in vivo

We next examined if CD8a DCAL2" DCs and CD8«~
DCIR2" DCs differ in their ability to promote Thl and Th2
responses in vivo. We pulsed DC subsets with OVA in the
presence of CpG or flagellin, washed the cells to remove
the CpG or flagellin, and adoptively transferred them into
naive mice. After 8—14 days, splenocytes were harvested and
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restimulated with an OVA peptide that activates antigen-
specific CD4-T cells, and the numbers of responding cells
were measured by IFN-y and IL-4 ELISPOT.

When CD8« DCAL2™" DCs were pulsed with OVA, together
with CpG, they induced a higher number of IFN-y* cells than
when they were pulsed with OVA alone (P<0.05; Fig. 6A).
However, CpG did not induce a significant increase of IFN-y"
cells triggered by CD8a DCIR2" DCs (Fig. 6A). Consistent
with the in vitro data, CD8«"DCAL2" DCs induced more
IFN-y* cells than CD8a"DCIR2™ DCs when stimulated with
CpG (P<0.05; Fig. 6A). Flagellin did not affect CD8« DCIR2*
DCs in their ability to induce IFN-y " cells, and if anything,
flagellin tended to promote CD8a DCAL2™ DCs to induce
fewer IFN-y" cells (Fig. 6A).

CD8a"DCIR2™ DCs, when pulsed with OVA with flagellin,

unlike pulsed CD8a"DCAL2" DCs, induced more I1-4"
cells than when pulsed with OVA alone (P<<0.01; Fig. 6A).

In addition, similar to the in vitro data, CD8a DCIR2" DCs,

when stimulated with flagellin, were superior to CD8«a™~
DCAL2" DCs in inducing IL-4 " cells (P<0.05; Fig. 6A).
CpG did not have a statistically significant effect on either
DC subset for the induction of IL-4" cells (Fig. 6A).
Overall, CpG increased the ratio of IFN-y to IL-4 spots from
three- to fourfold for CD8a DCAL2" DC-injected mice but
had little effect on CD8« " DCIR2 " DC-injected mice (Fig. 6B).
Flagellin had no effect on the IFN-y:IL4 ratio for CD8«a~
DCAL2" DC-injected mice (Fig. 6B). However, flagellin
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slightly decreased the IFN-y:1L-4 ratio for CD8a DCIR2" DC-
injected mice (Fig. 6B).

The strong effect of CpG on the proportion of IFN-vy- ver-
sus IL-4-producing cells induced by antigen-pulsed CD8a~
DCAL2" DCs was even more pronounced 14 days after DC
injection (Fig. 6C). Spleen cells from mice injected with
CD8a DCAL2" DCs, pulsed with OVA with CpG, unlike
cells from mice inoculated with pulsed CD8a DCIR2 " DCs,
had significant increases in IFN-y-producing cells at all
doses of OVAp restimulation (P<0.01; Fig. 6C). Together
with the in vitro data, these results suggest that CD8a~
DCAL2" DCs preferentially induce IFN-y-producing cells in
response to CpG, whereas CD8a"DCIR2" DCs are better at
supporting IL-4 responses.

DISCUSSION

CD8a™ DCs can be divided into functionally distinct subsets
based on their level of expression of the CLRs, DCAL2, and
DCIR2. Whereas CD8a DCAL2" DCs can produce IL-12 and
support Th1 cells in response to CpG, CD8a"DCIR2" DCs
can up-regulate OX40L and promote Th2 cells in response
to flagellin.

One way to classify mouse DC subsets is based on relative
CD8a and CD4 expression; splenic DCs can be subdivided
into CD8a*CD4 DEC205"CD11b' (also known as CD8a™
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DGs), CD8a"CD4 "DEC205"CD11b" (CD4* DCs), and
CD8a CD4 DEC205"CD11b" (CD8a/CD4 DN DGs) [7, 39,
40]. These subsets are found in distinct anatomical loca-
tions; CD8a™" DCs reside in splenic T cell areas, whereas
CD4" and DN DGCs are found in MZs. Furthermore, these
DC subsets appear to play different roles in inducing T cell
responses [40]. CD8a™ DCs are a major producer of IL-12
[9, 14, 15] and thus, induce Thl responses, whereas CDh4™*
DCs are generally low cytokine producers [9, 11]. DN DCs
may be tolerogenic and produce TGF-$ and induce regua-
tory T cells [13] or immunogenic and induce Th1 and
Th17 cells [41]. Some studies have suggested that CD8a~
DCs could also induce Thl responses, but the precise mech-
anisms and cells within the CD8a~ population responsible
were not made clear [13, 42]. For example, CD8a™ DCs,
which induce Thl responses, could not be identified based
on relative CD4 expression [34]. However, DCAL2 is a
marker that helps distinguish a CD8a~ DC subpopulation,
which produces significant levels of IL-12 and induces Thl
responses. The CD8a/CD4 DN DCs are heterogenous, as
they contain DCAL2-high and -low/negative populations.
DCAL2 expression is useful for classifying and isolating
CD8a™ DC subsets, which differentially induce Thl and Th2
responses. In addition, DCAL2 mAb are useful for isolating
CD8a DCIR2™" DCs, which make up about one-half of all
splenic DCs, without ligating DCIR2.

CLRs on DCs play important roles in immunity, such as
pathogen-capturing, costimulation, adhesion, and signaling
[17, 37, 43]. The function and ligand(s) of DCAL2 remain
to be identified. Ligating human DCALZ2 is expressed on
DCs and can induce protein tyrosine phosphorylation,
MAPK activation, and IL-6 and IL-10 production but not
full DC maturation [27]. Antibody cross-linking itself did
not induce human DC maturation but induced up-regula-
tion of CCR7 expression [27]. The effect of anti-DCAL2 ap-
peared to differ depending on whether DCs were receiving
signals from TLR4 or CD40. The ITIM of DCAL2 can re-
cruit protein tyrosine phosphatases SHP-1 and SHP-2 in cell
lines expressing DCAL2/Dectin-1 chimeric receptors [29].
However, antibody cross-linking of mouse DCALZ2 did not
modulate DC maturation or cytokine production (Supple-
mental Figs. 1 and 2, and see ref. [30]).

Dudziak et al. [24] characterized intrinsic differences of
two splenic DC subsets: CD8a"DEC205" DCs and CD8a~
DCIR2™" DCs, both of which are distinct from CD8«a~
DCAL2" DCs. CD8a"DEC205" DCs express MHC-I-associ-
ated genes and are efficient in presenting antigen to CD8 T
cells, whereas CD8a DCIR2" DCs up-regulate MHC-II-re-
lated genes and are specialized for activating CD4 T cells
[24]. They concluded that these differences in antigen pre-
sentation were subset-intrinsic and not dependent on the
receptor signaling [24]. The CD8a"DCAL2" DCs are
DEC205"DCIR2™ and distinct from the two DC populations
described by Dudziak et al. [24]. They express different
amounts of PRR-high levels of TLR2, -4, and -9 and produce
a different set and quantity of cytokines compared with the
other subsets. CD8a DCIR2" DCs express the highest levels
of TLR5 and higher levels of intracellular PRRs, such as
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Nodl, Ipaf, and RIG-I (Fig. 3B). These differences in PRR
expression levels within CD8a™ DCs are not evident when
CD4 expression is used to subdivide CD8a™ DCs [38].

Our data reveal that CD8a¢"DCAL2" DCs are as capable
of producing IL-12 as CD8a"DCAL2" DCs (Fig. 4) and can
effectively support Th1 responses (Figs. 5 and 6). After
treatment with CpG, the CD8« DCAL2" DCs produced IL-
12p40 in vitro, and the CD8a DCAL2™" DCs did not (Figs. 3
and 4A). The CD8a DCIR2" DCs may require a second sig-
nal to induce IL-12p40, as they were able to produce low
levels of IL-12p40 after stimulation with CpG in vivo (Fig.
4B). Although CD8a "DCAL2" DCs and CD8«a DCAL2"
DCs produced detectable levels of IL-12p70 in vitro, we did
not detect IL-12p70 production ex vivo under conditions
where IL-12p40 was produced (Fig. 4B; data not shown).
This may be because IL-12-p70 production requires exoge-
nous cytokines [9]. CD8aDCAL2" DCs produced lower
amounts of IL-12p70 than CD8a "DCAL2" DCs in response
to zymosan, perhaps as they produced IL-10 (Fig. 4B),
which can suppress IL-12p70 production from DCs [44].
Interestingly, before this study, there has been little evi-
dence suggesting that CD8a™ DCs produce sufficient IL-12
to support Thl responses [42, 45, 46]. Skokos and Nussenz-
weig [42] reported a Delta-4-dependent, IL-12-independent,
LPS-mediated Thl induction by CD8a~ DCs, but Delta-4 ac-
counted for only 10-15% of the total Thl responses, as a
result of the functional redundancy with IL-12. CD8«a™
DCAL2" DCs produced high levels of IL-12 in response to
CpG, which is very likely to be contributing to Th1 induc-
tion. This discrepancy could be a result of the difference
between TLR4 and TLR9Y signaling in programming DCs to
use Delta-4 for Thl induction.

The question remains as to why CD8«"DCAL2" DCs are
able to produce more IL-12 than the other DC subsets, al-
though prior literature suggested CD8a~ DCs produced less
IL-12 than CD8a" DCs. One possibility is that CD8«~
DCIR2" DCs regulate CD8a DCAL2" DCs and prevent
them from producing IL-12. However, addition of increas-
ing numbers of CD8a DCIR2" DCs to CD8a DCAL2™ DC
cultures had no effect on IL-12 production (data not
shown). A more likely possibility is that in previous CD8a~
DC studies, some cytokine responses by CD8a DCAL2" DCs
were not detected, as splenic CD8a DCIR2* DCs are ~2.5-
fold more frequent than CD8«¢"DCAL2" DCs (Fig. 3).

In response to flagellin, CD8a DCIR2" DCs up-regulated
IL-4-producing cells in vitro and in vivo (Figs. 5 and 6).
They appear to be well-equipped for inducing IL-4-produc-
ing cells, as they express high levels of the flagellin sensors
TLR5 and Ipaf and in response to flagellin, selectively up-
regulate OX40L (Figs. 3 and 4), which plays a key role in
stimulating primary and memory Th2 responses in vivo
[47]. In addition, targeting of antigen to CD8«"DCIR2™"
DCs results in induction of Th2 responses in vivo [25].
Moreover, flagellin induces MyD88-dependent, DC-mediated
Th2 in vivo by promoting the production of IL-4 and IL-13
from antigen-specific CD4 T cells, as well as IgG1 responses
[48]. Thus CD8a DCIR2" DCs appear to be designed for
responding to pathogens that induce Th2 cells. Although

www jleukbio.org



Kasahara and Clark

non-DCs, such as basophils, can produce IL-4 and also pro-
mote Th2 responses [49, 50], DCs are absolutely required
to induce Th2 responses in certain contexts, such as infec-
tions with the parasitic helminth, Schistosoma mansoni, as de-
pletion of DCs severely disrupts Th2 responses [51]. Further
studies are needed to determine how the CD8a " DCIR2™
subset is programmed and in turn, regulates protective Th2
immunity.

AUTHORSHIP

S.K. performed experiments, analyzed data, and wrote this
manuscript. E.A.C. is the principal investigator and provided
intellectual and material/institutional resources and revised
this manuscript.

ACKNOWLEDGMENTS

This study was supported by a Predoc training grant from Can-
cer Research Institute and NIH grants AI52203, A144257, and
DE16381. We thank Jay Chaplin, Craig Chappell, and Daphne
Ma for helpful advice and technical assistance and Kevin
Draves for taking care of the mice used in these studies. We
also thank Chang-Hung Chen for discussion during the initial
part of this study.

REFERENCES

1. Moser, M. (2003) Dendritic cells in immunity and tolerance-do they dis-
play opposite functions? Immunity 19, 5-8.

2. Moser, M., Murphy, K. M. (2000) Dendritic cell regulation of TH1-TH2
development. Nat. Immunol. 1, 199-205.

3. Shortman, K., Caux, C. (1997) Dendritic cell development: multiple path-
ways to nature’s adjuvants. Stem Cells 15, 409-419.

4. Mosmann, T. R., Coffman, R. L. (1989) TH1 and TH2 cells: different
patterns of lymphokine secretion lead to different functional properties.
Annu. Rev. Immunol. 7, 145-173.

5. Cohn, L., Elias, J. A., Chupp, G. L. (2004) Asthma: mechanisms of dis-
ease persistence and progression. Annu. Rev. Immunol. 22, 789-815.

6. Coquerelle, C. (2010) DC subsets in positive and negative regulation of
immunity. Immunol. Rev. 234, 317-334.

7. Vremec, D., Pooley, J., Hochrein, H., Wu, L., Shortman, K. (2000) CD4
and CDS8 expression by dendritic cell subtypes in mouse thymus and
spleen. J. Immunol. 164, 2978 -2986.

8. Henri, S., Vremec, D., Kamath, A., Waithman, J., Williams, S., Benoist,
C., Burnham, K., Saeland, S., Handman, E., Shortman, K. (2001) The
dendritic cell populations of mouse lymph nodes. J. Immunol. 167,
741-748.

9. Hochrein, H., Shortman, K., Vremec, D., Scott, B., Hertzog, P., O’Keeffe,
M. (2001) Differential production of IL-12, IFN-«, and IFN-y by mouse
dendritic cell subsets. J. Immunol. 166, 5448-5455.

10. Reis e Sousa, C., Hieny, S., Scharton-Kersten, T., Jankovic, D., Charest,
H., Germain, R. N., Sher, A. (1997) In vivo microbial stimulation induces
rapid CD40 ligand-independent production of interleukin 12 by den-
dritic cells and their redistribution to T cell areas. J. Exp. Med. 186,
1819-1829.

11. Edwards, A. D., Manickasingham, S. P., Sporri, R., Diebold, S. S., Schulz,
O., Sher, A., Kaisho, T., Akira, S., Reis e Sousa, C. (2002) Microbial rec-
ognition via Toll-like receptor-dependent and -independent pathways de-
termines the cytokine response of murine dendritic cell subsets to CD40
triggering. J. Immunol. 169, 3652-3660.

12. Yrlid, U., Wick, M. J. (2002) Antigen presentation capacity and cytokine
production by murine splenic dendritic cell subsets upon Salmonella en-
counter. J. Immunol. 169, 108-116.

13. Zhang, X., Huang, H., Yuan, J., Sun, D., Hou, W. S., Gordon, J., Xiang, J.
(2005) CD4-8- dendritic cells prime CD4" T regulatory 1 cells to sup-
press antitumor immunity. J. Immunol. 175, 2931-2937.

14. Maldonado-Lopez, R., De Smedt, T., Michel, P., Godfroid, J., Pajak, B.,
Heirman, C., Thielemans, K., Leo, O., Urbain, J., Moser, M. (1999)
CD8a™ and CD8«™ subclasses of dendritic cells direct the development of
distinct T helper cells in vivo. J. Exp. Med. 189, 587-592.

www jleukbio.org

—

5

16.

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

31.

32.

34.

Volume 91, March 2012

CD8a"DCAL2" dendritic cells support Th1 responses

. Pulendran, B., Smith, J. L., Caspary, G., Brasel, K., Pettit, D., Marask-
ovsky, E., Maliszewski, C. R. (1999) Distinct dendritic cell subsets differ-
entially regulate the class of immune response in vivo. Proc. Natl. Acad.
Sci. USA 96, 1036-1041.

Robinson, M. J., Sancho, D., Slack, E. C., LeibundGut-Landmann, S., Reis
e Sousa, C. (2006) Myeloid C-type lectins in innate immunity. Nat. Immu-
nol. 7, 1258-1265.

Geijtenbeek, T. B., Gringhuis, S. I. (2009) Signalling through C-type
lectin receptors: shaping immune responses. Nat. Rev. Immunol. 9,
465-479.

Kawai, T., Akira, S. (2011) Toll-like receptors and their crosstalk with
other innate receptors in infection and immunity. /mmunity 34, 637
650.

Dzionek, A., Sohma, Y., Nagafune, J., Cella, M., Colonna, M., Facchetti,
F., Gunther, G., Johnston, I., Lanzavecchia, A., Nagasaka, T., Okada, T.,
Vermi, W., Winkels, G., Yamamoto, T., Zysk, M., Yamaguchi, Y., Schmitz,
J. (2001) BDCA-2, a novel plasmacytoid dendritic cell-specific type II C-
type lectin, mediates antigen capture and is a potent inhibitor of inter-
feron a/B induction. J. Exp. Med. 194, 1823-1834.

Valladeau, J., Clair-Moninot, V., Dezutter-Dambuyant, C., Pin, J. J., Kissen-
pfennig, A., Mattei, M. G., Ait-Yahia, S., Bates, E. E., Malissen, B., Koch,
F., Fossiez, F., Romani, N., Lebecque, S., Saeland, S. (2002) Identification
of mouse Langerin/CD207 in Langerhans cells and some dendritic cells
of lymphoid tssues. J. Immunol. 168, 782-792.

Sancho, D., Mourao-Sa, D., Joffre, O. P., Schulz, O., Rogers, N. C., Pen-
nington, D. J., Carlyle, J. R., Reis e Sousa, C. (2008) Tumor therapy in
mice via antigen targeting to a novel, DC-restricted C-type lectin. J. Clin.
Invest. 118, 2098-2110.

Caminschi, I., Proietto, A. 1., Ahmet, F., Kitsoulis, S., Shin Teh, J., Lo,
J. C., Rizzitelli, A., Wu, L., Vremec, D., van Dommelen, S. L., Camp-
bell, I. K., Maraskovsky, E., Braley, H., Davey, G. M., Mottram, P., van
de Velde, N, Jensen, K., Lew, A. M., Wright, M. D., Heath, W. R.,
Shortman, K., Lahoud, M. H. (2008) The dendritic cell subtype-re-
stricted C-type lectin Clec9A is a target for vaccine enhancement.
Blood 112, 3264-3273.

. Huysamen, C., Willment, J. A., Dennehy, K. M., Brown, G. D. (2008)
CLEC9A is a novel activation C-type lectin-like receptor expressed on
BDCA3™ dendritic cells and a subset of monocytes. J. Biol. Chem. 283,
16693-16701.

Dudziak, D., Kamphorst, A. O., Heidkamp, G. F., Buchholz, V. R.,
Trumpfheller, C., Yamazaki, S., Cheong, C., Liu, K., Lee, H. W., Park,
C. G., Steinman, R. M., Nussenzweig, M. C. (2007) Differential anti-
gen processing by dendritic cell subsets in vivo. Science 315, 107-111.
Soares, H., Waechter, H., Glaichenhaus, N., Mougneau, E., Yagita, H.,
Mizenina, O., Dudziak, D., Nussenzweig, M. C., Steinman, R. M. (2007) A
subset of dendritic cells induces CD4™ T cells to produce IFN-y by an
IL-12-independent but CD70-dependent mechanism in vivo. J. Exp. Med.
204, 1095-1106.

Bakker, A. B., van den Oudenrijn, S., Bakker, A. Q., Feller, N., van Mei-
jer, M., Bia, J. A., Jongeneelen, M. A., Visser, T. J., Bijl, N., Geuijen,

C. A, Marissen, W. E., Radosevic, K., Throsby, M., Schuurhuis, G. J., Os-
senkoppele, G. J., de Kruif, J., Goudsmit, J., Kruisbeek, A. M. (2004) C-
type lectin-like molecule-1: a novel myeloid cell surface marker associated
with acute myeloid leukemia. Cancer Res. 64, 8443—8450.

Chen, C. H,, Floyd, H., Olson, N. E., Magaletti, D., Li, C., Draves, K.,
Clark, E. A. (2006) Dendritic-cell-associated C-type lectin 2 (DCAL-2) al-
ters dendritic-cell maturation and cytokine production. Blood 107, 1459—
1467.

Han, Y., Zhang, M., Li, N., Chen, T., Zhang, Y., Wan, T., Cao, X. (2004)
KLRLI1, a novel killer cell lectinlike receptor, inhibits natural killer cell
cytotoxicity. Blood 104, 2858 -2866.

Marshall, A. S., Willment, J. A., Lin, H. H., Williams, D. L., Gordon, S.,
Brown, G. D. (2004) Identification and characterization of a novel hu-
man myeloid inhibitory C-type lectin-like receptor (MICL) that is pre-
dominantly expressed on granulocytes and monocytes. J. Biol. Chem. 279,
14792-14802.

Pyz, E., Huysamen, C., Marshall, A. S., Gordon, S., Taylor, P. R., Brown,
G. D. (2008) Characterisation of murine MICL. (CLEC12A) and evidence
for an endogenous ligand. Eur. J. Immunol. 38, 1157-1163.

Lahoud, M. H., Proietto, A. 1., Ahmet, F., Kitsoulis, S., Eidsmo, L.,
Wu, L., Sathe, P., Pietersz, S., Chang, H. W., Walker, I. D., Marask-
ovsky, E., Braley, H., Lew, A. M., Wright, M. D., Heath, W. R., Short-
man, K., Caminschi, I. (2009) The C-type lectin Clec12A present on
mouse and human dendritic cells can serve as a target for antigen de-
livery and enhancement of antibody responses. J. Immunol. 182, 7587
7594.

Weis, W. I, Taylor, M. E., Drickamer, K. (1998) The C-type lectin super-
family in the immune system. Immunol. Rev. 163, 19-34.

. Marshall, A. S., Willment, ]J. A., Pyz, E., Dennehy, K. M., Reid, D. M., Dri,
P., Gordon, S., Wong, S. Y., Brown, G. D. (2006) Human MICL
(CLECI2A) is differentially glycosylated and is down-regulated following
cellular activation. Eur. J. Immunol. 36, 2159-2169.

Manickasingham, S. P., Edwards, A. D., Schulz, O., Reis e Sousa, C.
(2003) The ability of murine dendritic cell subsets to direct T helper cell

Journal of Leukocyte Biology 447



36.

37.

38.

39.

40.

(=}

41.

42.

43.

44.

LB

differentiation is dependent on microbial signals. Fur. J. Immunol. 33,
101-107.

. Mach, N., Gillessen, S., Wilson, S. B., Sheehan, C., Mihm, M., Dranoff, G.

(2000) Differences in dendritic cells stimulated in vivo by tumors engi-
neered to secrete granulocyte-macrophage colony-stimulating factor or
Flt3-ligand. Cancer Res. 60, 3239-3246.

Ryan, E. J., Marshall, A. J., Magaletti, D., Floyd, H., Draves, K. E., Olson,
N. E., Clark, E. A. (2002) Dendritic cell-associated lectin-1: a novel den-
dritic cell-associated, C-type lectin-like molecule enhances T cell secretion
of IL-4. J. Immunol. 169, 5638 -5648.

Van Vliet, S. J., Garcia-Vallejo, J. J., van Kooyk, Y. (2008) Dendritic cells
and C-type lectin receptors: coupling innate to adaptive immune re-
sponses. Immunol. Cell Biol. 86, 580-587.

Edwards, A. D., Diebold, S. S., Slack, E. M., Tomizawa, H., Hemmi, H.,
Kaisho, T., Akira, S., Reis e Sousa, C. (2003) Toll-like receptor expression
in murine DC subsets: lack of TLR7 expression by CD8 a™ DC correlates
with unresponsiveness to imidazoquinolines. Eur. J. Immunol. 33, 827
Wilson, H. L., O’Neill, H. C. (2003) Murine dendritic cell develop-
ment: difficulties associated with subset analysis. Immunol. Cell Biol. 81,
239-246.

McLellan, A. D., Kapp, M., Eggert, A., Linden, C., Bommhardt, U.,
Brocker, E. B., Kammerer, U., Kampgen, E. (2002) Anatomic location
and T-cell stimulatory functions of mouse dendritic cell subsets defined
by CD4 and CD8 expression. Blood 99, 2084-2093.

Zhang, X., Munegowda, M. A,, Yuan, J., Wei, Y., Xiang, J. (2010) Optimal
TLR9Y signal converts tolerogenic CD4-8- DCs into immunogenic ones
capable of stimulating antitumor immunity via activating CD4" Th1/
Th17 and NK cell responses. J. Leukoc. Biol. 88, 393—403.

Skokos, D., Nussenzweig, M. C. (2007) CD8- DCs induce IL-12-indepen-
dent Th1 differentiation through Delta 4 Notch-like ligand in response
to bacterial LPS. J. Exp. Med. 204, 1525-1531.

Huysamen, C., Brown, G. D. (2009) The fungal pattern recognition re-
ceptor, Dectin-1, and the associated cluster of C-type lectin-like receptors.
FEMS Microbiol. Lett. 290, 121-128.

Koch, F., Stanzl, U., Jennewein, P., Janke, K., Heufler, C., Kampgen,
E., Romani, N., Schuler, G. (1996) High level IL-12 production by

448 Journal of Leukocyte Biology Volume 91, March 2012

murine dendritic cells: upregulation via MHC class II and CD40 mole-
cules and downregulation by IL-4 and IL-10. J. Exp. Med. 184, 741-
746.

45. Jankovic, D., Kullberg, M. C., Hieny, S., Caspar, P., Collazo, C. M., Sher,

46.

A. (2002) In the absence of IL-12, CD4(") T cell responses to intracellu-
lar pathogens fail to default to a Th2 pattern and are host protective in
an IL-10(-/-) setting. Immunity 16, 429—-439.

Reis e Sousa, C., Yap, G., Schulz, O., Rogers, N., Schito, M., Aliberti, J.,
Hieny, S., Sher, A. (1999) Paralysis of dendritic cell IL-12 production by
microbial products prevents infection-induced immunopathology. Immu-
nity 11, 637-647.

47. Jenkins, S. J., Perona-Wright, G., Worsley, A. G., Ishii, N., MacDonald,

48.

49.

50.

51.

A. S. (2007) Dendritic cell expression of OX40 ligand acts as a costimula-
tory, not polarizing, signal for optimal Th2 priming and memory induc-
tion in vivo. J. Immunol. 179, 3515-3523.

Didierlaurent, A., Ferrero, 1., Otten, L. A., Dubois, B., Reinhardt, M.,
Carlsen, H., Blomhoff, R., Akira, S., Krachenbuhl, J. P., Sirard, ]J. C.
(2004) Flagellin promotes myeloid differentiation factor 88-dependent
development of Th2-type response. J. Immunol. 172, 6922—-6930.

Sokol, C. L., Chu, N. Q., Yu, S., Nish, S. A., Laufer, T. M., Medzhitov, R.
(2009) Basophils function as antigen-presenting cells for an allergen-in-
duced T helper type 2 response. Nat. Immunol. 10, 713-720.

Perrigoue, J. G., Saenz, S. A., Siracusa, M. C., Allenspach, E. J., Taylor,

B. C., Giacomin, P. R., Nair, M. G., Du, Y., Zaph, C., van Rooijen, N.,
Comeau, M. R,, Pearce, E. ]., Laufer, T. M., Artis, D. (2009) MHC class
II-dependent basophil-CD4™ T cell interactions promote T(H)2 cytokine-
dependent immunity. Nat. Immunol. 10, 697-705.

Phythian-Adams, A. T., Cook, P. C., Lundie, R. J,, Jones, L. H., Smith,

K. A,, Barr, T. A., Hochweller, K., Anderton, S. M., Hammerling, G. J.,
Maizels, R. M., MacDonald, A. S. (2010) CD11c depletion severely dis-
rupts Th2 induction and development in vivo. J. Exp. Med. 207, 2089—
2096.

KEY WORDS:
C-type lectin - Toll-like receptors - Th1 - Th2 - IFN-vy - IL-4

www jleukbio.org



