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Abstract: KLRL1 is a member of C-type lectin-like receptors (CLEC) and preferentially expressed on the surface 
of immune cells. We have previously illustrated its inhibitory role in Natural killer (NK) cells. Though cloned from 
dendritic cells (DCs), its role in DCs has not been fully identified. Here, we found that mKLRL1 markedly decreased 
during DC maturation; mKLRL1-modifed DCs showed enhanced phagocytic capability and reduced ability to induce 
T cell proliferation, which mimics immature DCs. Further investigation revealed that IL-10 was indispensable for 
mKLRL1 to suppress DC maturation. And p38 activation was responsible for preferential IL-10 production. Pretreat-
ment with mKLRL1-modified DCs protected mice from subsequently EAE induction, indicating a role in immune 
tolerance. Taken together, our results have revealed an inhibitory role of KLRL1 in mouse DCs.
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Introduction

Receptors expressed on the surface of im- 
mune cells play critical roles in immune res- 
ponse. Especially, immune inhibitory and acti-
vating receptors can regulate the functional 
status of many immunocytes such as DCs, NK 
cells, CD4+ and CD8+ T cells. Recently, more 
and more attention have been paid to the roles 
of immune inhibitory receptors [1-3]. Generally, 
immune inhibitory receptors express one or 
more immunoreceptor tyrosine-based inhibi-
tion motifs (ITIM), and phosphorylation of the 

tyrosine in the ITIMs is the central signaling 
event for the function of these receptors. Upon 
binding to their ligands, inhibitory receptors  
can recruit SHP-1/2 and/or SHIP proteins whi- 
ch prevent the activation of cellular signaling 
cascades by protein dephosphorylation [4]. 
However, not all inhibitory receptors and their 
downstream signaling have been identified.

Killer cell lectin-like receptors (KLRs) are char-
acterized by the possession of at least one 
C-type lectin-like domain derived from six con-
served cysteine residues [5, 6]. Most of KLR 

genes are located within a single genetic lo- 
cus, the natural killer complex (NKC), located  
on chromosome 12 in humans and chromo-
some 6 in mouse [7]. Though these genes are 
located in NKC, their expression and function 
are not restricted to NK cells. Growing number 
of these receptors have now been identified on 
other immune cells such as macrophages, DCs, 
CTL, CD4+ and CD8+ T cells [8, 9] or even cancer 
cells [10]. 

Previously, we have identified a new KLR in- 
hibitory receptor from human and mouse DCs, 
designated Killer cell Lectin-like Receptors L1 
(KLRL1, GenBank accession number AF2477- 
88 and NM_177686 for human and mouse 
respectively) which has also been reported by 
three other groups earlier or later [11-14]. Both 
hKLRL1 and mKLRL1 are type II transmem-
brane proteins with a typical C-type lectin 
domain and a putative ITIM motif. We previous 
indicated that KLRL1 was expressed preferen-
tially in lymphoid tissues and immune cells 
including DCs, NK cells, macrophages, CD4+ 
and CD8+ T cells. Additionally, we and others 
have shown that KLRL1 can recruit both  
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the protein-tyrosine phosphatases SHP-1 and 
SHP-2 upon phosphorylation of tyrosine locat-
ed within the ITIM, suggesting that KLRL1 might 
be involved in negative regulation of certain sig-
nals. In addition, we have illustrated that human 
KLRL1 is an immune inhibitory receptor which 
can inhibit the cytotoxicy of NK cells [11]. 

Dendritic cells play critical roles in the initiation 
of immune responses and tolerance induction 
[15-17]. Balanced signaling transmitted via dif-
ferent activating and inhibitory receptors in 
DCs can regulate the functional status of DCs, 
thus determining the magnitude and duration 
of T cells responses. Though cloned from DCs 
[11], the role of KLRL1 in DC maturation and 
function have not been fully identified. 

In this study, we found that the expression of 
KLRL1 was high on immature DCs while low on 
mature DCs, which made us presume an inhibi-
tory role in the maturation of DCs. We thus fur-
ther investigated the function of KLRL1 in DCs 
and attempted to identify its role in immune 
responses. KLRL1 expression reduced the 
maturation of DCs stimulated by LPS, reduced 
its potential to prime T cell responses. Me- 
chanically, increased IL-10 production was nec-
essary for the negative regulation of DC func-
tion by KLRL1. In vivo pretreatment by KLRL1 
modified DCs suppressed subsequent EAE 
induction, indicating a role of KLRL1 in immune 
tolerance.

Materials and methods

Mice, cell lines and reagents

C57BL/6J (H-2b), BALB/C (H-2d) mice at 6-8 
week of age were purchased from Joint Ven- 
tures Sipper BK Experimental Animal (Shang- 
hai, China) and maintained in a pathogen- 
free environment. OT-2 and IL-10-/- mice were 
obtained from Jackson Laboratory (Bar Harbor, 
ME) and bred in specific pathogen-free condi-
tions. All animal experiments were undertaken 
in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory 
Animals, with the approval of the Scientific 
Investigation Board of Second Military Medical 
University (Shanghai, China). Unless stated  
otherwise, cell lines were obtained from the 
American Type Culture Collection (Manassas, 
VA) and maintained in RPMI 1640 medium or 
DMEM (PAA Lab) supplemented with 2 mM glu-

tamine, penicillin (100 U/mL), streptomycin 
(100 μg/mL), and 10% (vol/vol) heat-inactivat-
ed fetal calf serum (FCS; Hyclone, Logan, UT) in 
a 37°C 5% CO2 atmosphere. MOG35-55 peptides 
were synthesized and purified by the Chinese 
Peptide Biotechnology; peptide purity was over 
95%. Pertussis toxin from Bordetella pertussis 
(PTX) was purchased from Sigma. 

Culture of BMDCs

BMDCs from C57BL/6J mice were generated 
as described previously [18, 19]. Briefly, bone 
marrow progenitors were cultured in 10 ng/ml 
GM-CSF and 1 ng/ml IL-4 (PeproTech, London, 
U.K). Non-adherent cells were gently washed 
out on the second day of culture; the remain- 
ing loosely adherent clusters were cultured for 
additional 3~4 days and immature DCs were 
positively selected using CD11c magnetic 
microbeads (Miltenyi Biotec). In some experi-
ments, immature DCs were stimulated with 
100 ng/ml LPS.

Real-time quantitative PCR 

Total RNA was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA) following the manu-
facturer’s instructions. The relative expression 
level of mKLRL1 mRNA in the culture cells was 
determined by QRT-PCR, conducted with the 
SYBR green I master mix kit (Applied Biosy- 
stems, Foster city, CA) as instructed. Primers 
used for mKLRL1 were as follows: 5’-ACAAC- 
TTTGGCAACAGA-3’ (forward) and 5’-ATTCCAG- 
CACATCCTT-3’ (reverse). For mouse β-actin 
mRNA analysis, the primers were 5’-CTGTC- 
CCTGTATGCCTCTG-3’ (forward) and 5’-TGTCAC 
GCACGATTTCC-3’ (reverse). QRT-PCR analyses 
were performed using Roche Light-Cycler (In- 
dianapolis, IN). The relative expression level of 
mKLRL1 mRNA was normalized to the level of 
β-actin expression in each sample using 2-ΔΔct 
cycle threshold method. 

N-glycoside F digestion 

pmKLRL1/Flag vectors were generated as de- 
scribed before [11]. NIH3T3 cells transiently 
transfected with pmKLRL1/Flag vectors were 
lysed in 10 mM sodium phosphate buffer, pH 
6.5, containing 0.1% SDS and 50 mM β-mer- 
captoethanol. To denature the protein, the cell 
lysates were heated for 5 minutes at 95°C,  
and then Nonidet P-40 (final concentration,  
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1%) and protease inhibitor mixture (Sigma) 
were added. Aliquots of these preparations 
were treated with N-glycosidase F (2 mU/ml; 
Takara) for 20 hours at 37°C. Reactions were 
stopped by the addition of SDS-PAGE loading 
buffer, and samples were subjected to Wes- 
tern blot analysis.

Western blot assay 

The cells were lysed in cell lysis buffer (Cell 
Signaling Technology) supplemented with pro-
tease inhibitor mixture (Calbiochem, San Diego, 
CA) for 20 min on ice. The protein concentration 
was determined by BCA assay (Pierce, Rockford, 
IL). Equal amounts of extracts were loaded on 
each lane of 10% SDS-PAGE, electrophoresed, 
and transferred to nitrocellulose membrane 
(Schleicher & Schuell BioScience). Membrane 
was blocked in 1 × TBST with 5% nonfat milk for 
2 h and hybridized with primary antibodies at 
1/1000 overnight at 4°C. After three washes 
with 1 × TBST for a total of 30 min, the mem-
brane was incubated with HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. 
SuperSignal West Femto Maximum Sensitivity 
substrate (Pierce) was used for the chemilumi-
nescent detection. Anti-mouse MICL/CLEC12A 
(KLRL1) antibody was purchased from R﹠D. 
Antibodies specific to ERK1/2, p38, JNK, TLR4, 
IκBα, IKKα/β, phosphor-ERK1/2, phospho-p38, 
phospho-JNK, β-actin, phospho-IκBα, phospho-
IKKα/β, and their respective horseradish per-
oxidase-coupled secondary antibodies were 
purchased from Cell Signaling Technology.

mKLRL1 recombinant adenovirus construction 
and genetic modification of DCs

Coding region of full-length of mKLRL1 (prim- 
es were: 5’-GCGGTACCATGTCTGAAGAAATTGT- 
3’ and 5’-CCGAAGCTTCTACCTGCTATCCTCTG-3’) 
was cloned into the frame of pShuttle-CMV 1.0 
vector (Stratagene), with pShuttle-CMV 1.0 ve- 
ctor as negative control, then linearized using 
Pme I (New England BioLabs) before co-trans-
formation of BJ5183 bacteria with pAdeasy-1. 
The recombinant plasmids were digested with 
Pac I (New England BioLabs) before transfec-
tion of the HEK293 packaging cell line, incu-
bated for 10 days when detached cells were 
observed in the growth medium, and then were 
harvested and subjected to three rounds of 
freeze/thaw to prepare the primary viral stocks. 
The recombinant adenovirus were purified by 

Vivapure AdenoPACK 100RT (Sartorius) and 
amplification of a virus stock is achieved by 
infection of HEK293 cultures with a low pas-
sage virus stock. Immature DCs were trans- 
fected with mKLRL1 recombinant adenovirus 
(Ad-mKLRL1) or recombinant control adenovi-
rus (Ad-ctrl) at a MOI of 1:100 for 6 hours in 
serum-free RPMI1640, then washed twice,  
and cultured in fresh DC medium for functional 
detection. 

Adenovirus-mediated RNA interference

Three pairs of small interfering RNA (siRNA) oli-
gonucleotides specific for mKLRL1, were syn-
thesized and transfected into RAW264.7 cells 
using LipofectAMINE 2000 (Invitrogen). Silenc- 
ing efficiency was confirmed by RT-PCR and  
the one which has the highest silencing effi-
ciency (mKLRL1-siRNA: ACCAGAGCACAAAUGU- 
AAAtt) was used to construct recombinant 
interfering adenovirus. Recombinant mKLRL1 
siRNA adenoviruses (Ad-Si-mKLRL1) or non-
silensing control adenoviruses (Ad-Si-ctrl) we- 
re generated using the pSilencer adeno 1.0-
CMV System (Ambion, Austin, TX) as instruct- 
ed. For infection, cells were exposed to adeno-
virus for 6 hours, then were washed with PBS 
and incubated in fresh medium. 

Analysis of phenotypes, cytokines production 
and phagocytic capability 

For cell surface marker analysis, cells were 
incubated for 15 min at 4°C with PE-conjugat- 
ed mAbs to CD40, FITC-conjugated mAbs to 
CD80, CD86 (BD Pharmingen) in labeling solu-
tion, and then assayed by flow cytometry con-
ducted on FACSCalibur (BD Biosciences), and 
the data were analyzed with CellQuest Version 
3.3 software (BD Biosciences). IL-10, TNF-α, 
IL-6, IL-12p70, and IL-1β levels in the superna-
tants were measured with ELISA Kits (R&D 
Systems, Minneapolis, MN) according to the 
manufacturer’s protocols. The phagocytic ca- 
pability of DCs was assessed by uptake of  
FITC-conjugated OVA (Invitrogen) at a final con-
centration of 100 μg/ml in RPMI1640 contain-
ing 10% FCS at 37°C for 4 h, then washed with 
cold PBS twice and assayed by flow cytometry. 
Data were analyzed by CellQuest Version 3.3 
software. Cells incubated with OVA-FITC at 4°C 
were used as a negative control.
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Allogeneic mixed lymphocyte reaction (MLR) 
and antigen presentation assay

Immature DCs from C57BL/6J mice were trans-
fected with Ad-mKLRL1, Ad-ctrl or not for 6 h, 
then washed with cold PBS to remove redun-
dant adenovirus in the medium and cultured  
for 24 hours, and stimulated with LPS for 24 
hours. DCs (2 × 104/well) were then co-cultur- 
ed with CD4+ T cells purified from BALB/C  
mice splenocytes (2 × 105/well) for 5 days. 
Cells were harvested and double-stained with 
CD4-FITC and 7-AAD, then resuspended in 200 
μl PBS. The number of CD4+ 7-AAD- cells was 
calculated by flow cytometry. To detect the  
ability of antigen presentation, splenic CD4+ T 
cells from OT-2 mice were positively selected by 
MACS for use as antigen-specific responders, 
then co-cultured with DCs in the presence of 
OVA323-339 peptide at a ratio of 1:10 (DC/T) in 
round-bottom 96-well plates (1 × 105 T 
cells/200 μl/well) for 5 days. The total num- 
ber of live CD4+ T cells in each well was mea-
sured by flow cytometry. 

Assay for effect of mKLRL1-modified DCs on 
EAE 

Immature DCs cultured for 5 days were seeded 
at a density of 2 × 106/well and were transfect-
ed with Ad-mKLRL1, Ad-ctrl for 6 hours, then 
washed gently to remove the redundant ade- 
novirus in the medium and cultured for 24 
hours, then stimulated with 100 ng/ml LPS for 
24 hours. After loading MOG35-55 peptides, the 
cells were intraperitoneally injected C57BL/6J 
mice (2 × 106 cells per 0.5 ml/mice). After 24 
hours, mice were challenged to EAE induction 
and the disease development was observed. 

Induction and evaluation of EAE 

Acute EAE was induced in C57BL/6J mice at 
6-8 weeks of age by subcutaneous immuni- 
zation with 300 μg of the MOG35-55 peptide in 
complete Fruend’s adjuvant containing heat-
killed Bacillus Calmette-Guerin vaccine (BCG, 
10 mg/ml). Pertussis toxin (PTX, 400 ng/mou- 
se; Sigma) in PBS was administered intraperi- 
toneally on the day of immunization and 48 
hours later. Mice were weighed and examined 
daily for disease symptoms; they were assign- 
ed scores for disease severity with the follow-
ing EAE scoring scale: 0, no clinical signs; 1, 
limp tail; 2, paraparesis (weakness, incomplete 
paralysis of one or two hindlimbs); 3, paraple-

gia (complete paralysis of two hindlimbs); 4, 
paraplegia with forelimb weakness or paralysis; 
and 5, moribund state or death. 

Statistical analysis

Data were compared using the Student t test.  
A P value <0.05 was considered statistically 
significant.

Results 

mKLRL1 protein is glycosylated and down-
regulated during DC maturation 

To detect the expression of mKLRL1 protein, 
pmKLRL1/Flag recombinant vectors were tran-
siently transfected into NIH3T3 cells and exam-
ined with anti-mouse MICL/CLEC12A (mKLRL1) 
antibody. As shown in Figure 1A, two approxi-
mately 42 kDa and 38 kDa protein bands were 
observed. Both of the apparent molecular ma- 
sses were considerably larger than that pre- 
dicted from the amino acid sequence, indicat-
ing that mKLRL1 protein was likely to be modi-
fied post translation. In the previous study, we 
found that hKLRL1 is a glycoprotein which con-
tains 6 putative N-glycosylation sites. According 
to its sequence analysis, mKLRL1 also con-
tains 4 putative N-glycosylation sites within the 
stalk and C-type lectin domain (data not sh- 
own). Therefore, the cell lysates of NIH3T3 cells 
above were then treated with peptide N-gly- 
cosidase F. In accord with our presumption, the 
apparent molecular mass of the protein was 
reduced to about 32 kDa, consistent with the 
calculated molecular mass of mKLRL1 protein 
and showed only one prominent band (Figure 
1A). 

As we previously reported, mKLRL1 is ex- 
pressed in mouse bone marrow-derived DCs, 
NK cells, CD4+ T cells, CD8+ T cells and macro-
phages [11]. DCs play unique roles in the 
immune responses. Therefore, the expression 
of mKLRL1 during DC maturation was further 
monitored by real-time quantitative PCR assay. 
Our results revealed that the expression of 
mKLRL1 markedly decreased during matura-
tion of BMDCs in vitro (Figure 1B). Moreover, 
upon LPS stimulation, the expression of mK- 
LRL1 was significantly down-regulated. CpG 
stimulation could also down-regulate the ex- 
pression level of mKLRL1 on DCs, though with 
smaller extent than LPS stimulation (Figure 
1C). These results indicated that mKLRL1 pro-
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Figure 1. mKLRL1 is glycosylated and down-regulated during DC maturation. A. Immunoblot annlysis of lysates 
treated with N-glycosidase F (N-Gly) or not from NIH3T3 cells transfected with Flag-tagged mKLRL1. B. Quantia-
tive PCR analysis of mKLRL1 mRNA from BMDCs at different days during culture. C. Quantitative PCR analysis of 
mKLRL1 mRNA from BMDCs stimulated with LPS or CpG for 24 h. Data shown are means ± SD. Similar results were 
obtained in at least three independent experiments. **P<0.01.

tein might be differently glycosylated and the 
expression of mKLRL1 was closely related to 
the maturation and activation of DCs. 

mKLRL1 negatively regulates the function of 
DCs upon LPS stimulation 

DCs play critical roles in the initiation of immune 
response and induction of tolerance. Our above 
results demonstrated that the expression of 
mKLRL1 greatly decreased during maturation 
of DCs especially after LPS stimulation, sug-
gesting that mKLRL1 may play inhibitory role 
during DC maturation. To further investigate 
the role of mKLRL1, a recombinant adenovirus 
expressing mKLRL1 (Ad-mKLRL1) was con-
structed. Immature DCs were then transfected 
with Ad-mKLRL1 or Ad-ctrl, as shown in Figure 
2A, the expression level of mKLRL1 in Ad- 
mKLRL1 transfected DCs was significantly 
increased. 

Since the expression level of mKLRL1 was 
greatly decreased during DC maturation, we 
wondered whether mKLRL1 could regulate the 
expression of co-stimulatory molecules. In con-
trast to Ad-ctrl transfected DCs, the expres- 
sion of CD80 and CD86 were decreased on 
mKLRL1-modified DCs upon LPS stimulation; 
however, CD40 expression was not significant- 
ly changed (Figure 2B). We then tested the 
phagocytic capability of KLRL1-modificed DCs 
by flow cytometry. As shown in Figure 2C, Ad- 
mKLRL1 transfected DCs have much stronger 
phagocytic capability than control DCs. In con-
trast, the proliferation of allogeneic T cells stim-
ulated with mKLRL1-modified DCs was signifi-
cantly decreased in an MLR assay, as compar- 

ed with Ad-ctrl transfected DCs (Figure 2D). To 
further investigate the role of mKLRL1 in anti-
gen-specific immune response, OT-2 cells were 
used as responders and mKLRL1-modified DC 
as stimulators. After 5 days stimulation in the 
presence of OVA323-329 peptides, mKLRL1-modi-
fied DCs showed impaired ability to promote 
Ag-specific response, as determined by the 
decreased proliferation of T cells (Figure 2E). 
All of these results indicated that mKLRL1-
modified DCs might resist LPS-induced ma- 
turation. 

We further examined the impact of mKLRL1 
over-expression on cytokines production. mK- 
LRL1-modified DCs secreted high level of IL-10 
and low level of TNF-α upon LPS stimulation 
(Figure 2F). However, we did not detect any sig-
nificant changes in the secretion of IL-6, IL-1β  
or IL-12 as a result of mKLRL1 over-expression 
(data not shown). We also examined the pro-
duction of NO and no marked change was 
found between mKLRL1-modified DC and Ad- 
ctrl transfected DCs (data not shown). Taken 
together, all of these results indicated that, 
mKLRL1-modified DCs exhibited some distin-
guishing features which belong to immature 
DCs, suggesting that mKLRL1 may negatively 
regulate the function of DCs and probably play 
a regulatory role during DC maturation.

Preferential IL-10 production is important for 
mKLRL1 to negatively regulate the function of 
DCs 

Our above data have shown KLRL1 promotes 
IL-10 production from DCs. IL-10 is an impor-
tant regulatory cytokine which is involved in 
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Figure 2. mKLRL1 negatively regulates the maturation of DCs. A. Immunoblot analysis of mKLRL1 in BMDCs 
transfected with Ad-mKLRL1 or Ad-ctrl. B. Flow cytometry analysis of surface markers (CD80, CD86, CD40) on Ad-
mKLRL1 or Ad-ctrl modified BMDCs stimulated with LPS for 24 h. Numbers in histograms indicate the geometric 
mean fluorescence in each group. C. Ad-mKLRL1 or Ad-ctrl modified BMDCs were cultured with FITC-conjugated 
OVA for 4 h and phagocytic capability were assessed by flow cytomertry. D. Ad-mKLRL1 or Ad-ctrl modified BMDCs 
were co-cultured with allogenic CD4+ T cells for 5 days and the total numbers of CD4+ T cells were measured. E. Ad-
mKLRL1 or Ad-ctrl modified BMDCs were co-cultured with CD4+ T cells from OT-2 mice in the presence of OVA323-329 
peptide for 5 days and the total numbers of CD4+ T cells were measured. F. ELSIA analysis of IL-10 and TNF-α in 
Ad-mKLRL1 or Ad-ctrl modified BMDCs treated with medium alone or stimulated with LPS. Data shown are means ± 
SD, and represent one of at least three independent experiments with similar results. *P<0.05, **P<0.01. 

immune suppression. It is also reported that 
autocrine IL-10 serves as a potent mechanism 
in limiting the maturation of monocyte-derived 

DCs and their capacity to initiate Th1 respons-
es. Therefore, we presumed that mKLRL1 mi- 
ght regulate the function of DCs by autocrine 
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IL-10. As shown in Figure 3A, compared with 
Ad-ctrl transfected DCs, mKLRL1-modified DCs 
produced high level of IL-10 dose-dependently, 
and also had positive correlation with multiplic-
ity of infection (MOI) of the recombinant adeno-
virus infection. 

To further investigate the significance of IL-10 
for the inhibitory role of mKLRL1 on DCs, we 
then compared the biological functions of mK- 
LRL1-modified DCs from wild-type and IL-10 
deficient C57BL/6J mice. As shown in Figure 
3B, mKLRL1-modified DCs from wide-type mice 

mKLRL1 to display its negative regulatory role 
on DCs.

Increased p38 MAPK activation is necessary 
for the preferential expression of IL-10 in 
mKLRL1-modified DCs 

To further investigate the signal pathways in- 
volved in the production of IL-10 by mKLRL1-
modified DCs, we then examined the activation 
of some signal pathways. First, the increased 
secretion of IL-10 by mKLRL1-modified DCs 
was LPS-stimulation dependent (Figure 4A). 

Figure 3. IL-10 is necessary for mKLRL1 to negatively regulate DC function. 
A. ELISA analysis of IL-10 in Ad-mKLRL1 or Ad-ctrl modified (MOI=20 or 120) 
BMDCs stimulated with 100 ng/ml or 1 μg/ml LPS. B. Ad-mKLRL1 or Ad-
ctrl modified BMDCs from wild-type (WT) mice or IL-10-/- mice were cultured 
with FITC-conjugated OVA for 4 h and phagocytic capability were assessed 
by flow cytometry. C. Ad-mKLRL1 or Ad-ctrl modified BMDCs from WT mice 
or IL10-/- mice were co-cultured with CD4+ T cells from OT-2 mice presence 
of OVA323-329 peptide for 5 days and the total numbers of CD4+ T cells were 
measured. D. ELISA analysis of IL-10 in Ad-mKLRL1 or Ad-ctrl modified BM-
DCs from WT mice or IL10-/- mice. Data shown were the geometric mean 
fluorescence of each test sample. Data shown are means ± SD, and rep-
resentative of at least three independent experiments with similar results. 
**P<0.01, NS indicates not significant.

showed much stronger phago-
cytic capability than the corre-
sponding Ad-ctrl group, where-
as mKLRL1-modified DCs from 
IL-10 deficient mice had a com-
parable phagocytic capability 
with Ad-ctrl transfected DCs, 
indicating an important role of 
IL-10 in regulating the phago-
cytic capability of DCs by mKL- 
RL1. 

We also examined the role of 
IL-10 in the T cell priming ability 
of DCs regulated by mKLRL1. 
As shown in Figure 3C, com-
pared with Ad-ctrl transfected 
DCs, mKLRL1-modified DCs 
from wide-type mice had im- 
paired ability to induce OVA-
specific CD4+ T cells prolifera-
tion, whereas there was no  
significant difference between 
DCs from IL-10 deficient mice. 

We further detected the TNF 
expression (Figure 3D) in Ad- 
mKLRL1 or Ad-ctrl modified 
IL10-/- BMDCs compared with 
WT BMDCs. We found that 
IL-10 knockout lead to cons- 
picuous upregulation of TNF 
expression in BMDCs stimula- 
ted with LPS. Ad-mKLRL1 mo- 
dification still can inhibit TNF 
expression in IL10-/- BMDCs 
but the suppressive effect is 
weaker than that in WT cells. 
To sum up, all of these results 
demonstrated that IL-10 might 
be a vital effector molecule for 
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mKLRL1 is constitutively expressed in DCs and 
LPS stimulation can dramatically down-regu-
late mKLRL1 expression (Figure 4B). We then 
examined the expression and phosphorylation 
of some inter-mediators of TLR4 signaling in 
LPS-stimulated DCs, in order to find the path-
ways responsible for preferential IL-10 produc-
tion. We found that TLR4 was comparably ex- 
pressed in mKLRL1-modified DCs and Ad-ctrl 
transfected DCs both before and after LPS sti- 
mulation (Figure 4C), excluding KLRL1 regu-
lates DC function through TLR4 expression. 

MAPKs, including ERK, JNK, and p38, can be 
activated by LPS stimulation and play different 
roles in IL-10 production in DCs. We wondered 
whether ERK, JNK, and p38 are differentially 
regulated in mKLRL1-modified DCs. As shown 
in Figure 4D, upon LPS stimulation, ERK1/2 

in mKLRL1-modified DCs. Our results showed 
that, compared with Ad-ctrl transfected DCs, 
the phosphorylation of I-κB in mKLRL1-modi-
fied DCs was suppressed. Similar results were 
obtained in the detection of IKKα/β kinase acti-
vation (Figure 5A). As IL-10 was necessary for 
KLRL1 mediated inhibition of DC phagocytosis, 
T cell activation and TNF production. So we fur-
ther explored the impact of IL-10 in NF-κB path-
way. As shown in Figure 5B mKLRL1 modifica-
tion still diminished the phosphorylation of I-κB 
and IKKα/β but the effect was not as remark-
able as in WT cells. So we thought KLRL1 medi-
ated inhibition of NF-κB pathway was partially 
dependent on IL-10.

To confirm the negative role of mKLRL1 on 
NF-κB activation, we constructed mKLRL1 in- 
terfering RNA-expressing recombinant adeno- 

Figure 4. Increased p38 activation is necessary for mKLRL1 induced IL-10 
expression. A. ELISA analysis of IL-10 in Ad-mKLRL1 or Ad-ctrl modified BM-
DCs stimulated with LPS or not. B. Immunoblot analysis of KLRL1 expres-
sion in Ad-mKLRL1 or Ad-ctrl modified DCs post LPS stimulation. C, D. Immu-
noblot analysis of TLR4 (C) p38 (p-p38), JNK1/2 (p-JNK1/2) and ERK1/2 
(p-ERK1/2) (D) in Ad-mKLRL1 or Ad-ctrl modified BMDCs stimulated with 
LPS at different time points. E. ELISA analysis of IL-10 in Ad-mKLRL1 or 
Ad-ctrl modified BMDCs stimulated with LPS in the presence of p38 inhibi-
tor SB202190 or not. Data shown are means ± SD, and represent one of 
at least three independent experiments with similar results. **P<0.01, NS 
indicates not significant. 

was comparably activated in 
both mKLRL1-modifed DCs 
and Ad-ctrl transfected DCs; 
however, compared with Ad- 
ctrl transfected DCs, mKLRL1-
modified DCs expressed a 
lower level of activated JNK1/ 
2 but a higher level of activat-
ed p38 upon LPS stimulation, 
suggesting that these differ-
ently regulated pathways mig- 
ht be involved in the regula- 
tory role of mKLRL1 in DCs. 

To further examine whether 
the activated p38 pathway 
was responsible for the pre- 
ferential IL-10 production in 
mKLRL1-modifed DCs, cells 
were treated with SB202190, 
an inhibitor for p38 pathway. 
We found that SB202190 pre-
treatment inhibited IL-10 pro-
duction in mKLRL1-modified 
DCs (Figure 4E), indicating th- 
at increased p38 activation is 
likely necessary for mKLRL1-
modifed DCs to produce more 
IL-10 upon LPS stimulation.

mKLRL1 negatively regulates 
LPS-induced NF-κB activation 

NF-κB pathway plays an im- 
portant role in inflammatory 
reaction. We then tested the 
activation of NF-κB pathway  
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virus (Ad-Si-mKLRL1). Since mKLRL1 expres-
sion was strongly decreased during DC ma- 
turation while adenovirus transfection could 
stimulate DC maturation; therefore, we use 
RAW264.7 cells to detect the activation of NF- 
κB pathway after mKLRL1 silencing. We found 
that LPS stimulation could also decrease mK- 
LRL1 expression in RAW264.7 cells (Figure 
5C). mKLRL1 expression in Ad-Si-mKLRL1 tr- 
ansfected RAW264.7 cells was decreased sig-
nificantly as compared with that in Ad-Si-ctrl 
transfected cells (Figure 5D). We then trans-
fected RAW264.7 cells with Ad-Si-mKLRL1 or 
Ad-Si-ctrl, and found that the phosphorylations 
of I-κB and IKKα/β kinase were increased in 
mKLRL1-silenced RAW264.7 cells after stimu-
lated with LPS (Figure 5E). Taken together, 
these results indicated a negatively regulatory 
role of mKLRL1 on activation of NF-κB sig- 
nal pathway and mKLRL1-modified DCs might 
restrict LPS-induced maturation by suppress-
ing NF-κB activation.

Immature DCs were transfected with Ad-mKL- 
RL1 or Ad-ctrl, and stimulated with LPS for 24 
hours, then pulsed with MOG35-55 peptides and 
injected into wide-type C57BL/6 mice i.p. One 
day after injection, we induced EAE in these 
mice and observed the disease development. 
As shown in Figure 6A, a markedly delayed 
onset and a generally lower grade disease were 
observed in mice pretreated with mKLRL1-
modified DCs after immunized with MOG35-55 
peptide. In addition, mice pretreated with Ad- 
ctrl transfected DCs showed a decrease in 
mean body weight after EAE induction, where-
as mice pretreated with mKLRL1-modified DCs 
showed little change (Figure 6B). 

To further detect the proliferation of antigen-
specific T cell in vivo, we then obtained the 
spleens and lymph nodes from each groups 14 
days post EAE induction. As shown in Figure 
6C, spleens from mice pretreated with Ad-ctrl 
transfected DCs obviously swelled compared 
with those from mice pretreated with mKLRL1-

Figure 5. mKLRL1 negatively regulates LPS-induced NF-κB activation. 
A. Immunoblot analysis of I-κBα (p-I-κBα) and IKKα/β (p-IKKα/β) in Ad-
mKLRL1 or Ad-ctrl modified BMDCs stimulated with LPS at different time 
points. B. Immunoblot analysis of I-κBα (p-I-κBα) and IKKα/β (p-IKKα/β) in 
Ad-mKLRL1 or Ad-ctrl modified BMDCs from WT or IL10-/- mice stimulated 
with LPS at different time points. C. Immunoblot analysis of mKLRL1 in 
Raw264.7 cells stimulated with LPS at different time points. D. Immunoblot 
analysis of mKLRL1 in Raw264.7 cells transfected with Ad-Si-mKLRL1 or 
Ad-Si-ctrl. E. Immunoblot analysis of I-κBα (p-I-κBα) and IKKα/β (p-IKKα/β) 
in Ad-Si-mKLRL1 or Ad-Si-ctrl modified Raw264.7 cells stimulated with LPS 
at different time points. Data shown represent one of at least three inde-
pendent experiments with similar results.

mKLRL1 in the induction of 
antigen-specific immune toler-
ance 

The maturation state of DCs 
plays a role in determining the 
immune response or toleran- 
ce. Our study on mKLRL1 sh- 
owed that mKLRL1 expression 
was greatly decreased during 
DC maturation, and mKLRL1-
modified DCs had stronger 
phagocytic capability but im- 
paired ability to induce T cell 
proliferation, which mostly mi- 
mics the characteristic of im- 
mature DCs. It has been shown 
that immature DCs could initi-
ate T cell tolerance directly. We 
thus presumed that mKLRL1 
expression on DCs might have 
much significance in the direc-
tion of immune response, and 
mKLRL1 might play a role in 
the induction of immune tole- 
rance. 

To verify this hypothesis, we 
then observed the protec- 
tive effect of mKLRL1-modi- 
fied DCs on EAE induction. 
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modified DCs. Lymphocytes from lymph nodes 
of each group of mice were obtained and sti- 
mulated with MOG35-55 peptide, and their prolif-
eration was then evaluated. We found that, 
MOG35-55 stimulation could greatly increase the 
proliferation of lymphocytes from mice pre-
treated with Ad-ctrl transfected DCs more than 
those from mice pretreated with mKLRL1-mod-
ified DCs in vitro (Figure 6D). Taken together, 
these results indicated that mice pretreated 
with mKLRL1-modified DCs could be protected 
from subsequently EAE induction, and the 
inhibitory receptor mKLRL1 might play a role in 
the induction of antigen-specific immune toler-
ance through regulating the maturation of DCs. 

Discussion 

In recent years, a growing number of killer cell 
lectin-like receptors (KLRs) have been identi-
fied, both of human and mouse origin [5]. In 
contrast to their NK counterparts that primarily 
control cellular activation through recognition 
of MHC class I and related molecules, these 
receptors appear to have a far more diverse 
range of functions and ligands [20]. Some of 

NKG2 proteins lacking ITIMs (i.e., NKG2C) may 
form receptors with activating function [23]. 
KLRE1 does not contain an ITIM in the cyto-
plasmic tail in its predicted proteins, but may 
form a functional heterodimer with a yet uni- 
dentified ITIM-bearing partner to generate an 
inhibitory receptor complex and inhibit immu- 
ne function [24]. KLRF-1, also called NKp80, 
contains two non-typical tyrosine based motifs 
in the cytoplasmic tail and may recognize an 
unidentified ligand on T cells. Stimulation of NK 
cells with anti-KLRF-1 antibodies induces cyto-
lytic activity and Ca2+ mobilization [25]. KLRG1 
has an ITIM in its cytoplasmic domain, and 
mAb-mediated cross-linking of KLRG1 inhibits 
NK cell function [26, 27]. The function of KLRH1 
is unknown; however, it also contains an ITIM 
which indicates an inhibitory function [28]. For 
many members of KLR family, the natural 
ligands are unknown and their biological func-
tions have rarely been investigated in detail.

In our previous study, we have identified a new 
inhibitory receptor from human and mouse  
DCs [11], designated KLRL1 which is identical 
to MICL, DCAL-2 and Clec12A reported by three 

Figure 6. Mice pretreated with mKLRL1-modified DCs are protected from 
EAE. A. EAE scores of mice injected with Ad-mKLRL1 or Ad-ctrl modified 
BMDCs (n=6). B. Mean body weight of mice after EAE induction in (A). C. 
Spleens and total number of splenic cells in mice 14 days after EAE induc-
tion (n=3 mice per group). D. Lymphocytes from lymph nodes in mice after 
14 days EAE induction were stimulated with MOG33-55 and their proliferation 
was evaluated by cell counting (n=3 per group). Data shown are means ± 
SD, and represent one of at least three independent experiments with simi-
lar results. **P<0.01.

KLRs possess activating or 
inhibitory signaling motifs that 
trigger downstream signaling 
events, suggesting the role for 
these receptors as positive or 
negative regulators. 

Generally, KLRs family include 
Ly49 (KLRA), NKR-P1 (KLRB), 
CD94/NKG2 (KLRD/KLRC), KL- 
RE1, KLRF-1, MAFA-1 (KLRG1), 
KLRH1 and NKG2D (KLRK). 
The Ly49 family of lectin-like 
receptors were the first class 
I-binding receptors to be char-
acterized in mouse NK cells, 
and contain both stimulatory 
and inhibitory receptors. The 
NKR-P1 (KLRB) family also co- 
nsists of both activating and 
inhibitory members [21]. The 
CD94/NKG2A heterodimer co- 
nstitutes an inhibitory receptor 
that has been proposed to be 
involved in the recognition of a 
wide variety of HLA-A, -B, and 
-C allotypes [22]. However, the 
association of CD94 with other 
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other groups earlier or later [12-14]. KLRL1 is a 
type II transmembrane protein with an immuno-
receptor tyrosine-based inhibitory motif (ITIM) 
and a C-type lectin-like domain. The KLRL1 
gene is located in the central region of the NK 
gene complex (NKC) in both human and mice. 
Our previous studies indicated that both hK- 
LRL1 and mKLRL1 are preferentially expressed 
in lymphoid tissues and immune cells and we 
also found that, as a novel NK cells receptor, 
hKLRL1 could inhibit natural killer cell cyto- 
toxicity. 

Although NKC-encoding receptors are mostly 
expressed on NK cells and mainly involved in 
their functional regulation, these receptors are 
found widely distributed on other immune cells 
which indicate a more important role for them 
[20]. DCs play a vital regulatory role in immune 
response, and accumulating evidences have 
demonstrated that integration of inhibitory and 
activating signals in DCs can instruct DC differ-
entiation, maturation, and activation [29]. The 
balance between divergent receptors estab-
lishes a threshold of DC activation and allows 
for homeostasis between induction of toler-
ance or immunity [30]. Interference with unilat-
eral signaling always would result in an altered 
balance of signals on DCs, which in turn affects 
the maturation and function of the DC them-
selves [31-33]. As an inhibitory receptor, the 
expression of mKLRL1 markedly decreased 
during DC maturation. Interestingly, others 
have shown that MICL (identical to KLRL1) is 
down-regulated on activated leukocytes follow-
ing recruitment to a focus of acute inflamma-
tion in vivo [14]. This results and ours are both 
consistent with the hypothesis that activation 
can be facilitated by down-regulating or remov-
al of inhibitory molecules. 

LPS-stimulated mKLRL1-modified DCs secret-
ed high level of IL-10 and low level of TNF-α. 
IL-10 is one of important immunomodulatory 
cytokines and generally considered to limit im- 
mune and inflammatory responses [34]. IL-10 
has also been identified as a major factor that 
can strongly inhibit DC maturation induced by 
different stimuli [35]. Some previous studies 
have suggested that autocrine IL-10 is impor-
tant in maintaining DCs in an immature state 
and serves as a potent mechanism for limiting 
the maturation of monocyte-derived DCs and 
their capacity to initiate Th1 responses [36, 

37]. Our results indicated that inhibitory recep-
tor mKLRL1 might negatively regulate the mat-
uration and function of DCs by increasing IL- 
10 production through promoting activation  
of p38. In accordance, several recent reports 
also revealed the activation of MAPK p38 are 
responsible for the enhanced production of 
IL-10 [35, 38-40]. 

It is shown that the direction of the immune 
response toward immunity or tolerance mainly 
depends on the stage of maturation and func-
tional properties of DCs [41]. DCs with imma-
ture characteristics are tolerogenic to T cells, 
while mature DCs are immunogenic [42]. In our 
experiments, mKLRL1-modified DCs upon LPS 
stimulation showed many characteristics simi-
lar with those of immature DCs, including high-
er endocytic capability, lower expression levels 
of costimulatory molecules and less efficient  
T cell priming. With EAE model, we further 
observed that, mice pretreated with mKLRL1-
modified DCs could be protected from subse-
quently EAE induction to a certain extent which 
was exhibited by markedly delayed onset and 
the improved nervous system function, sug-
gesting that mKLRL1 probably plays a role in 
the induction and maintenance of antigen-spe-
cific immune tolerance. 

Actually, Chen et al [13] had described the  
suppressive role of mKLRL1 (DCAL-2) in human 
DC maturation and cytokine production. In the 
study they utilized anti-DCAL-2 mAb to cross-
link DCAL-2 on iDCs. Antibody mediated cross-
link can definitely activate downstream signal 
pathways, and may exert certain biological 
function in these cells. However, this may be 
artificial signals and too strong than which real-
ly happens in vivo, as the paucity knowledge  
of its physiological ligands. In addition, besides 
act as receptors, mKLRL1 may also be activat-
ed by other outside-in signals and mediate 
inside-out signals as integrins, or act as dock-
ing site for other signal molecules. In this stu- 
dy, we made use of adenovirus infection to 
modify the expression of mKLRL1 to study its 
role in DC maturation. Overexpression of mK- 
LRL1 could facilitate the interaction between 
mKLRL1 and its ligands, and accumulate and 
prolong the outside-in/inside-out signals by 
KLRL1, as it is quickly downregulated after  
LPS stimulation. Ligation of DCAL-2 indeed 
changed some phenotypes of DC with or with-
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out TLR-ligands stimulation. By overexpression 
of mKLRL1, we observed some accordant phe-
nomenon such as reduced DC maturation and 
enhanced IL-10 production as DCAL2 cross- 
linking in human DCs. However, anti-DCAL-2 
stimulation induced modest MAPK pathway ac- 
tivation and cytokines production, while overex-
pression of mKLRL1 reduced activation of Jnk 
signals but unregulated p38 activation after 
LPS stimulation. We don’t have enough data  
to conclude if ligation of mKLRL1 was required 
for its suppressive function. Antibody media- 
ted ligation or overexpression of mKLRL1 may 
both cause complicated cross-talk with other 
signal pathways and it deserve further research.

Recently, great attentions have been paid to 
the receptors on DCs especially those inhibito-
ry receptors which have been reported to play  
a regulatory role in determining DC maturation. 
It has been demonstrated that the antigen-pre-
senting function of monocytes and dendritic 
cells is modulated by the expression of ILT-3 
and ILT-4 [43], and ILT-4 could also alter matu-
ration of dendritic cells [44]. Inhibitory recep-
tors ILT3 and ILT4 belong to immunoglobulin 
superfamily which are structurally and func- 
tionally related to killer cell-inhibitory receptors. 
Another inhibitory receptor on DCs, FcγRIIb was 
highly expressed in immature DCs, and mark-
edly down-regulated in mature DCs [45, 46], 
which mostly resembles our KLRL1. Interest- 
ingly, some studies have also indicated that 
FcγRIIb is important in the maintenance of tol-
erance [45, 46]. Therefore, these results and 
ours indicated that some inhibitory receptors 
can regulate DC maturation and activation. 
Changes of the expression levels of these re- 
ceptors might have impact on DC function and 
probably results in an altered balance between 
tolerance and immunity. 

In conclusion, we examined the regulatory role 
of mKLRL1 in DCs and in the immune respon- 
se. We found mKLRL1 negatively regulated  
the function of DCs upon LPS stimulation and 
mKLRL1 might also play a role in the induction 
of immune tolerance. Recently, KLRL1 has  
also been used to mediate antigen uptake and 
cross-presentation on DCs to elicit efficient 
anti-tumor responses [47]. Future studies are 
still required to identify its naturally recognized 
ligands and elucidate more physiologic func-
tions of this receptor.
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