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Mini-Review Mini-Review

Introduction

TLRs are transmembrane receptors that are important for sens-
ing conserved structural moieties of microorganisms and for the 
subsequent induction of pro-inflammatory responses.1 Following 
ligand recognition, they activate the nuclear factor-κB (NFκB) 
and mitogen-activated protein kinase (MAPK) pathways to 
induce the production of pro-inflammatory cytokines that are 
important for evading pathogens. It is well-known that TLRs 
also sense non-microbial endogenous ligands that are released 
following cell death or tissue injury.2 Ligation of TLRs by the 
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The radioprotective 105 (RP105)/MD-1 complex is a member 
of the Toll-like receptor (TLR) family of proteins. We have 
previously reported that this complex cooperates with the 
essential lipopolysaccharide (LPS) receptor TLR4/MD-2 complex 
and plays a crucial role in LPS responses by B cells. Recent 
evidences suggest that TLRs can also recognize endogenous 
ligands and promote non-infectious chronic inflammation. For 
instance, TLR4/MD-2 can be ligated by adipose tissue-derived 
saturated free fatty acids (FAs) and induce adipose tissue 
inflammation and insulin resistance. Recently, we reported 
that RP105 knockout (KO) or MD-1 KO mice have less high-
fat diet (HFD)-induced obesity, adipose tissue inflammation 
and insulin resistance than wild-type (WT) or TLR4 KO mice. 
As RP105/MD-1 is not involved in recognition of palmitic and 
stearic acids, which are endogenous ligands for TLR4/MD-2, 
we conclude that RP105/MD-1 is itself a key regulator of diet-
induced chronic inflammation in adipose tissue, obesity and 
insulin resistance that appears to be independent of the TLR4-
dependent pathway. In this mini-review, we will highlight the 
significance of the RP105/MD-1 complex in adipose tissue 
inflammation and discuss implications for human diseases.
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endogenous ligands similarly activates pro-inflammatory path-
ways as microbial ligands and causes non-infectious chronic 
inflammation, which is often referred to as sterile inflammation.3

Obesity and its associated metabolic disorders are now con-
sidered to be chronic low-grade inflammation characterized by 
elevated pro-inflammatory cytokines and infiltration of mac-
rophages within adipose tissue and other metabolic organs.4 
Among TLR family members, TLR4 has been recognized as 
particularly important in terms of adipose tissue inflammation. 
A series of papers have described how adipose tissue-derived 
saturated free FAs, such as palmitic acid, stimulate TLR4 sig-
naling, which results in the upregulation of TNF-α production 
in macrophages.5,6 Mice with TLR4-deficiency are partially pro-
tected from adipose tissue inflammation and insulin resistance 
induced by HFD.7 Recently we demonstrated that ablation of 
another TLR member RP105 or its adaptor molecule MD-1 
more severely attenuates HFD-induced phenotypes compared 
with that of TLR4.8 This was an unexpected result because 
RP105/MD-1 was considered to be a complementary receptor to 
TLR4-mediated LPS responses. In this mini-review, we overview 
the roles of RP105/MD-1 in innate responses and discuss poten-
tial mechanisms by which RP105/MD-1 participates in chronic 
inflammation including autoimmune diseases and obesity.

RP105/MD-1 as an LPS Receptor

Tremendous progress has been made in clarifying how the innate 
immune system quickly recognizes and responds to microbial 
products, thus providing a first line of defense against patho-
gens. The discovery of TLR family proteins was particularly key 
in showing the importance of innate immunity in host defense 
against microbial infection. TLRs are characterized by extracel-
lular leucine-rich repeat (LRR) motifs and intracellular Toll/
interleukin 1 receptor (TIR) domains.1 TLR4 is the most impor-
tant member of TLR family proteins for LPS recognition and 
LPS-mediated inflammatory responses.9 Besides, TLR4 requires 
the MD-2 protein for LPS recognition that is associated with its 
extracellular portion.10 Without MD-2, TLR4 does not appear 
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Crystal structure analysis of the bovine RP105/MD-1 com-
plex revealed that RP105/MD-1 forms unusual tetrameric com-
plexes of two RP105 and two MD-1 molecules.20 The complexes 
are assembled in a head-to-head orientation, resulting in a large 
distance between each of their C termini. Given this proposed 
structure, RP105 is unlikely to independently transmit signals. 
As MZ B cells require activation signals via RP105 for rapid 
immune responses,19 more structure-function information related 
to RP105/MD-1 is required to understand its functions.

RP105/MD-1 is expressed not only on B cells but also on 
macrophages and dendritic cells.21 We have shown that RP105- 
or MD-1-deficient macrophages are not impaired in TNF-α 
production induced by the lipid A moiety of LPS.21 RP105- or 
MD-1-deficient dendritic cells are not impaired in IL-12 pro-
duction or upregulation of CD86 in response to lipid A. These 
results suggest that the RP105/MD-1 complex is not involved 
in LPS responses in myeloid cells. RP105/MD-1 may negatively 
regulate TLR4/MD-2-mediated LPS responses in dendritic cells, 
as reported by Divanovic and colleagues.22

RP105/MD-1 and Autoimmune Diseases

TLR signals are also involved in the pathogenesis of non-
infectious chronic inflammation such as autoimmune diseases  
(Table 1).23-25 In particular, TLR7 and TLR9 are known to 
contribute a certain extent to pathological responses in systemic 
lupus erythematosus (SLE). The lack of TLR7 gene amelio-
rates disease progression in lupus-prone mice.26 In the case of 
TLR9, some reports show pathogenic roles for SLE.25,27 On the 
other hand, TLR9-deficient autoimmune prone MRL/lpr mice 
have more severe pathogenic features and higher mortality than 
TLR9+/+ MRL/lpr mice.26,28 Additionally, TLR2- or TLR4-
deficient C57BL/6/lpr mice develop less severe lupus-like disease 
than C57BL/6/lpr mice, as reflected in reduced incidence of glo-
merulonephritis and decreased autoantibody rates.29

As RP105-deficient MRL/lpr mice have diminished disease 
progression,30 RP105 appears to promote progression of auto-
immune-related inflammation. RP105-deficient MRL/lpr mice 
have less lymphadenopathy/splenomegaly than RP105+/+ MRL/
lpr mice and extended mortality. Decreased levels of blood urea 
nitrogen and less renal arteritis are observed in RP105-deficient 

on the cell surface. It is well accepted that TLR4/MD-2 com-
plexes are essential for LPS responses, because neither TLR4-
deficient nor MD-2-deficient mice respond to LPS.11 Recent 
crystal structure analyses revealed that LPS can be accommo-
dated in a hydrophobic cavity of MD-2 and this binding leads to 
homodimerization of the TLR4/MD-2 complex, which results in 
activation of TLR4 downstream signaling.12,13

We first identified RP105 as a LRR protein expressed on B 
cells.14 Although RP105 has only 11 amino acids in the intracel-
lular portion and lacks a TIR domain, ligation of RP105 with 
anti-RP105 monoclonal antibody (mAb) transmits powerful acti-
vation signals in B cells.15 Intriguingly, RP105 shares some fea-
tures with TLR4. First, RP105 is associated with MD-1, a MD-2 
homologous protein.16 Second, both RP105 and TLR4 contain 
22 LRRs in their extracellular portions, suggesting the possible 
involvement of RP105/MD-1 in the LPS-induced responses. In 
fact, RP105-deficient mice as well as MD-1-deficient mice show 
reduced LPS-dependent proliferation and CD86 upregulation 
in B cells, albeit to a lesser extent than TLR4-deficient mice.17,18 
Third, LPS appears to bind to MD-1 with lower affinity than to 
MD-2. We infer from these results that TLR4/MD-2 is indis-
pensable for LPS responses, while RP105/MD-1 is dispensable 
for the responses. That is, the RP105/MD-1 complex functions 
as a complementary receptor, and augments TLR4/MD-2-
mediated LPS responses. However, precise roles of RP105/MD-1 
in LPS responses remain elusive.

The roles of TLR4 and RP105 in LPS responses have been 
explored by utilizing their agonistic mAbs.19 Among B cell sub-
sets, RP105/MD-1 is highly expressed in marginal zone (MZ) B 
cells that are uniquely located near the spleen marginal sinus and 
rapidly and robustly respond to microbial products such as LPS. 
Interestingly, the TLR4 mAb does not induce sufficient prolif-
eration and plasma cell differentiation of MZ B cells. Similarly, 
anti-RP105 stimulation alone does not induce optimal prolif-
eration of MZ B cells. Anti-TLR4 plus anti-RP105 stimulation 
gives results similar to LPS, dramatically inducing massive pro-
liferative responses and IgM secretion by MZ B cells. Although 
TLR4/MD-2 is essential for LPS recognition and responses, 
TLR4 signaling by itself is not sufficient to trigger LPS responses 
in MZ B cells. Thus, RP105/MD-1 also contributes to TLR4/
MD-2-mediated responses in MZ B cells.

Table 1. Deficiencies involving TLRs and TLR-related genes in lupus-prone mice

Knockout mice Mouse strain
Disease severity

Autoantibodies produced References
Mortality Renal function

TLR2 B6/lpr N.A. ↓ dsDNA ↓ 29

TLR4 B6/lpr N.A. ↓ dsDNA ↓ 29

TLR7 MRL/lpr N.A. ↓ RNA autoantibodies ↓ 25

TLR8 B6 N.A. ↑ dsDNA ↑, RNA autoantibodies ↑ 23

TLR9
MRL/lpr ↑ ↑ RNA autoantibodies ↑ 26, 28

B6/lpr N.A. ↑ dsDNA ↑↑, RNA autoantibodies ↑ 24

MyD88 MRL/lpr N.A. ↓ RNA autoantibodies ↓↓ 25

RP105 MRL/lpr ↓ ↓ No change 30

↑, increase; ↓, decrease; N.A., not applicable.
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Fourth, saturated FAs released by adipocyte lipolysis activate the 
NFκB pathway in vitro through TLR4 on macrophages.6 Fifth, 
of interest, G-protein-coupled receptor 120 recognizes unsatu-
rated omega-3 FAs such as docosahexaenoic acid and inhibits 
insulin resistance by suppressing TLR4-mediated macrophage 
activation.42

As analysis of RP105/MD-1 expression has been largely 
restricted to the immune system, we have examined whether 
RP105/MD-1 has a role in sensing an obesity-related endogenous 
ligand or whether this complex participates in immune responses 
leading to diet-induced adipose tissue inflammation and insulin 
resistance. Of interest, murine epididymal white adipose tissue 
(eWAT) expresses RP105 mRNA and this expression is markedly 
increased by HFD treatment.8 The eWAT is divided into adipo-
cyte and stromal vascular fractions (SVF). The SVF is composed 
of various cell types including hematopoietic cells, endothelial 
cells and stromal cells. Since RP105 mRNA is expressed in the 
SVF but not adipocyte fraction, SVF is responsible for the upreg-
ulation of RP105 mRNA expression in the eWAT. This change 
is also observed in other metabolic or endocrine organs including 
liver, brown adipose tissue and skeletal muscle. In contrast, this is 
not seen in the spleen and bone marrow. Interestingly, TLR4 KO 
mice as well as WT mice have upregulation of RP105 mRNA 
in SVF, suggesting that the change is independent of TLR4 sig-
naling. HFD also increases the expression of MD-1 mRNA by 
2-fold, whereas the expression of TLR4 and MD-2 mRNA are 
not affected by this treatment.

The SVF can be divided into two populations, CD45+ and 
CD45- SVF cells.8 RP105 and MD-1 are expressed on CD45+ but 
not CD45- SVF cells in normal diet- or HFD-fed mice.8 Among 
various subsets of CD45+ SVF cells, adipose tissue macrophages 
(ATMs) are major RP105/MD-1-expressing cells. A minority 
of the RP105-expressing SVF cells are CD11c, B220 and CD19 
positive. In contrast, RP105 is not detected in CD3+ and CD8+ T 
cells in the SVF. It is unclear whether RP105/MD-1 is expressed 
in other immune cells involved in adipose tissue inflammation 
such as eosinophils, mast cells, neutrophils and iNKT cells.

Of note, cell surface expression of RP105 and MD-1 are also 
increased on inflammatory M1 ATMs but not anti-inflamma-
tory M2 ATMs by HFD. Using a co-culture system composed 
of 3T3-L1 adipocyte and macrophage cell lines, we have shown 
that RP105 and MD-1 mRNA expression are increased in mac-
rophages in parallel with the upregulation of TNF-α mRNA 
expression, although a lesser extent expression of TLR4 and 
MD-2 mRNA is observed in the contact co-culture system. We 
were unable to observe these changes when macrophages were 
separately cultured with adipocytes in a transwell system (unpub-
lished data). Therefore, direct contact of macrophages with 
adipocytes is indispensable for the upregulation of RP105 and 
MD-1 mRNA expression. A soluble factor such as TNF-α may 
not be important for these changes. Furthermore, the expression 
of RP105/MD-1 in macrophages is associated with inflammation 
induced by HFD and is upregulated by direct interaction with 
adipocytes. We infer from these results that RP105/MD-1 plays 
an important role in the induction of adipose tissue inflamma-
tion. We propose that infiltrated macrophages in adipose tissue 

MRL/lpr mice. As serum levels of autoantibody production are 
similar in RP105-/- and RP105+/+ MRL/lpr mice, pathogenic roles 
for RP105 in MRL/lpr mice may not be directly linked to auto-
antibody production.

The involvement of RP105 in human autoimmune diseases 
is also suggested. The number of RP105-negative B cells are 
increased in the peripheral blood of SLE patients and is corre-
lated with disease activity, titers of autoantibodies and levels of 
polyclonal immunoglobulins.31 RP105-negative but not RP105-
positive B cells produce IgM and IgG class anti-double stranded 
DNA antibodies in vitro, suggesting that RP105-negative B 
cells represent some of the pathogenic autoreactive B cell sub-
sets.32 Interestingly, RP105-negative B cells are also significantly 
increased in other autoimmune diseases, including Sjogren syn-
drome and dermatomyositis.33 Infiltrated RP105-negative B cells 
are reported in inflamed tissues such as the salivary glands from 
Sjogren syndrome patients. These results indicate that “RP105-
negative” designates autoreactive B cells that may be target for 
treatment of autoimmune diseases.

A soluble form of MD-2 (sMD-2) is secreted from various cell 
types and organs. Wolfs and colleagues reported that sMD-2 is 
increased in septic serum by release from endothelial cells and 
functions as an acute-phase protein.34 Furthermore, sMD-2 has 
been shown to enhance pro-inflammatory opsonophagocytosis 
via TLR4 by binding to the surface of live gram-negative bac-
teria.35,36 Recently, we found an endogenous soluble form of 
MD-1 (sMD-1) in sera from C57BL/6 mice and established a 
flow cytometry-based assay for it.37 It is of interest that levels of 
sMD-1 markedly increased in sera from MRL/lpr mice in parallel 
with disease progression. Additional analysis suggests that mac-
rophages in the kidney are a source of serum sMD-1 in MRL/lpr 
mice. These findings imply that sMD-1 may contribute to the 
pathogenesis in this disease model and can be used to monitor 
autoimmune disease severity.

RP105/MD-1 in Obesity and Adipose Tissue 
Inflammation

Accumulating evidence indicates that adipose tissues in obe-
sity are in a state of chronic inflammation.4 A large number of 
macrophages are recruited into adipose tissues and produce pro-
inflammatory cytokines such as TNF-α. This inflammation is 
associated with insulin resistance of adipose tissues as well as sys-
temic insulin resistance and cardiovascular diseases. Obesity is 
characterized by elevated FA levels in the peripheral blood.38 The 
fact that FAs activate inflammatory pathways provides a poten-
tially important link between obesity, inflammation and insulin 
resistance.

There is a body of evidence suggesting that TLR4 is an attrac-
tive candidate for linking innate immune responses to insulin 
resistance. First, TLR4 expression is increased in adipose tissue 
inflammatory macrophages in obesity.7,39 Second, TLR4 KO 
mice or mice with a loss-of-function mutation in the TLR4 
gene are protected from obesity-induced insulin resistance.7,40 
Third, hematopoietic cell-specific deletion of TLR4 ameliorates 
HFD-induced hepatic and adipose tissue insulin resistance.41 
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MD-1 pathway. RP105/MD-1 may recog-
nize lipids other than those FAs or other 
substances released from inflamed tissues. 
The NFκB and c-Jun N-terminal kinase 
(JNK) pathways play crucial roles in obe-
sity-associated inflammation.43-45 Western 
blot analyses show that both TLR4 and 
RP105 pathways are involved in HFD-
induced NFκB activation in the eWAT, 
while JNK protein is phosphorylated by 
TLR4 activation, but not RP105 activation 
in the eWAT (Fig. 2). Signaling pathways 
or transcriptional factors other than NFκB 
and JNK must be responsible for RP105-
dependent adipose tissue inflammation. As 
RP105 does not have a TIR domain,14 iden-
tification of a signal transducer for RP105 
is required to clarify RP105-mediated sig-
naling pathway. Further study will deter-
mine the precise actions of RP105/MD-1 
in adipose tissue, including an endogenous 
ligand and a signaling pathway.

Our human study reveals that levels of 
human RP105 mRNA in the visceral adi-
pose tissue (VAT) are positively correlated 
with levels of body mass index. Additionally, 
human RP105 mRNA expression is signifi-
cantly increased in the VAT of obese sub-
jects but not in that of non-obese subjects. 
These are not seen in the human subcuta-
neous adipose tissue. It is already clear that 
RP105/MD-1 is involved in the pathogene-
sis of chronic inflammation in autoimmune 

diseases. Therefore, it will be exciting to learn if this complex has 
roles in human obesity, metabolic disorders and atherosclerosis.

Future Perspectives

As discussed in the text, a majority of RP105/MD-1-expressing 
cells in the eWAT are ATMs. Furthermore, levels of RP105 
mRNA expression in SVF and cell surface expression of RP105/
MD-1 on M1 ATMs are dramatically increased by HFD. As 
these expression patterns are not observed in other tissues or 
other immune cells in SVF, we conclude that RP105/MD-1 is 
activated during inflammatory phases in hematopoietic cells such 
as ATMs in adipose tissue. We need more concrete evidence that 
defects of RP105/MD-1 signaling on ATMs exert the phenotypes 
of RP105 KO or MD-1 KO mice. Deletion of RP105 or MD-1 
in hematopoietic cells and macrophage-specific RP105 or MD-1 
KO mice could be useful to examine whether hematopoietic cells 
or ATMs are responsible for RP105/MD-1-mediated adipose tis-
sue inflammation.

Amounts of sMD-1 are increased markedly in sera from WT 
mice fed with HFD compared with normal diet (unpublished 
data). However, the source of serum sMD-1 and its pathological 
roles require further investigation. Macrophages in the kidney 

Figure 1. Schematic model for the regulation of RP105/MD-1 expression and its roles in adipose 
tissue inflammation. In obesity, MCP-1 is released from hypertrophied adipocytes of the eWAT 
(1). Monocytes in the peripheral blood differentiate into macrophages as a result of MCP-1 
stimulation (2). Differentiated macrophages infiltrate into the eWAT (3) and these ATMs interact 
with adipocytes (4). Direct interaction of ATMs with adipocytes may be important for the 
upregulation of RP105 and MD-1 mRNA expression (5). That in turn induces the secretion of an 
endogenous ligand for RP105/MD-1 from adipocytes (6). RP105/MD-1 on ATMs may recognize 
endogenous ligands that exacerbate adipose tissue inflammation (7).

may increase RP105/MD-1 expression by interacting with adipo-
cytes and lead to exacerbate adipose tissue inflammation through 
recognizing an endogenous ligand (Fig. 1). Interestingly, LPS 
stimulation does not upregulate RP105/MD-1 expression in 
either B lymphocytes or myeloid cells (unpublished data), even 
though RP105/MD-1 participates in the LPS recognition and 
responses. As described, HFD-induced obesity, adipose tissue 
inflammation and insulin resistance are severely attenuated in 
RP105 KO and MD-1 KO mice compared with WT and TLR4 
KO mice. The induction of obesity-related inflammation and 
metabolic disorders by HFD may require or be dependent on the 
RP105/MD-1 pathway rather than the TLR4/MD-2 pathway.

The results described herein provide new perspective on obe-
sity-associated inflammation and insulin resistance. Furthermore, 
it is now possible to propose a mechanism by which RP105/
MD-1 regulates adipose tissue inflammation. As we demon-
strated, RP105/MD-1 plays TLR4-independent roles in adipose 
tissue inflammation; ligands and signaling pathways involving 
RP105/MD-1 do not completely overlap with those utilized by 
TLR4/MD-2 (Fig. 2). Indeed, the endogenous TLR4 ligands 
palmitic acid and stearic acid increase TNF-α mRNA expression 
in RP105- or MD-1-deficient macrophages as well as WT mac-
rophages, indicating that these FAs do not stimulate the RP105/
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may be a source of serum sMD-1 in autoimmune prone MRL/
lpr mice.37 The sMD-1 may be secreted from an inflammation 
tissue including the kidney and adipose tissue in disease model 
mice and ATMs may be a source of serum sMD-1 in HFD mice.

Interestingly, a peroxisome proliferator-activated receptor 
(PPAR)-γ agonist pioglitazone decreases expression of RP105 
and MD-1 mRNA as well as TNF-α mRNA in macrophages, 
co-cultured with adipocytes.8 Our data suggest that the RP105/
MD-1 complex could be a novel therapeutic target for obesity-
associated metabolic disorders. Identification of ligands and sig-
naling pathways for RP105/MD-1 could result in the discovery 
of ways to modulate non-infectious chronic inflammation.
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Figure 2. Schematic diagram of TLR4/MD-2 and RP105/MD-1-mediated 
inflammatory mechanisms in adipose tissue inflammation. Black 
colored letters and arrows indicate the palmitate and TLR4/MD-2-medi-
ated inflammatory pathway. Red colored letters and arrows indicate the 
RP105/MD-1-mediated inflammatory pathway. Precise RP105-mediated 
signaling in adipose tissue inflammation remains unclear, but signaling 
pathway other than NFκB and JNK may be responsible for RP105-de-
pendnet adipose tissue inflammation.

References
1.	 Kawai T, Akira S. The role of pattern-recognition recep-

tors in innate immunity: update on Toll-like receptors. 
Nat Immunol 2010; 11:373-84; PMID:20404851; 
http://dx.doi.org/10.1038/ni.1863

2.	 Kono H, Rock KL. How dying cells alert the immune 
system to danger. Nat Rev Immunol 2008; 8:279-89; 
PMID:18340345; http://dx.doi.org/10.1038/nri2215

3.	 Chen GY, Nuñez G. Sterile inflammation: sensing and 
reacting to damage. Nat Rev Immunol 2010; 10:826-
37; PMID:21088683; http://dx.doi.org/10.1038/
nri2873

4.	 Hotamisligil GS, Erbay E. Nutrient sensing and 
inflammation in metabolic diseases. Nat Rev Immunol 
2008; 8:923-34; PMID:19029988; http://dx.doi.
org/10.1038/nri2449

5.	 Suganami T, Nishida J, Ogawa Y. A paracrine loop 
between adipocytes and macrophages aggravates 
inflammatory changes: role of free fatty acids and 
tumor necrosis factor alpha. Arterioscler Thromb 
Vasc Biol 2005; 25:2062-8; PMID:16123319; http://
dx.doi.org/10.1161/01.ATV.0000183883.72263.13

6.	 Suganami T, Tanimoto-Koyama K, Nishida J, Itoh M, 
Yuan X, Mizuarai S, et al. Role of the Toll-like receptor 
4/NF-kappaB pathway in saturated fatty acid-induced 
inflammatory changes in the interaction between adi-
pocytes and macrophages. Arterioscler Thromb Vasc 
Biol 2007; 27:84-91; PMID:17082484; http://dx.doi.
org/10.1161/01.ATV.0000251608.09329.9a

7.	 Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier 
JS. TLR4 links innate immunity and fatty acid-induced 
insulin resistance. J Clin Invest 2006; 116:3015-
25; PMID:17053832; http://dx.doi.org/10.1172/
JCI28898

8.	 Watanabe Y, Nakamura T, Ishikawa S, Fujisaka S, 
Usui I, Tsuneyama K, et al. The radioprotective 105/
MD-1 complex contributes to diet-induced obesity and 
adipose tissue inflammation. Diabetes 2012; 61:1199-
209; PMID:22396206; http://dx.doi.org/10.2337/
db11-1182

9.	 Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa 
T, Takeda Y, et al. Cutting edge: Toll-like receptor 4 
(TLR4)-deficient mice are hyporesponsive to lipopoly-
saccharide: evidence for TLR4 as the Lps gene product. 
J Immunol 1999; 162:3749-52; PMID:10201887.

10.	 Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome 
K, Miyake K, et al. MD-2, a molecule that confers 
lipopolysaccharide responsiveness on Toll-like receptor 
4. J Exp Med 1999; 189:1777-82; PMID:10359581; 
http://dx.doi.org/10.1084/jem.189.11.1777

11.	 Nagai Y, Akashi S, Nagafuku M, Ogata M, Iwakura Y, 
Akira S, et al. Essential role of MD-2 in LPS respon-
siveness and TLR4 distribution. Nat Immunol 2002; 
3:667-72; PMID:12055629.

12.	 Ohto U, Fukase K, Miyake K, Satow Y. Crystal 
structures of human MD-2 and its complex with 
antiendotoxic lipid IVa. Science 2007; 316:1632-
4; PMID:17569869; http://dx.doi.org/10.1126/sci-
ence.1139111

13.	 Kim HM, Park BS, Kim JI, Kim SE, Lee J, Oh SC, 
et al. Crystal structure of the TLR4-MD-2 com-
plex with bound endotoxin antagonist Eritoran. Cell 
2007; 130:906-17; PMID:17803912; http://dx.doi.
org/10.1016/j.cell.2007.08.002

14.	 Miyake K, Yamashita Y, Ogata M, Sudo T, Kimoto 
M. RP105, a novel B cell surface molecule implicated 
in B cell activation, is a member of the leucine-rich 
repeat protein family. J Immunol 1995; 154:3333-40; 
PMID:7897216.

15.	 Yamashita Y, Miyake K, Miura Y, Kaneko Y, Yagita H, 
Suda T, et al. Activation mediated by RP105 but not 
CD40 makes normal B cells susceptible to anti-IgM-
induced apoptosis: a role for Fc receptor coligation. J 
Exp Med 1996; 184:113-20; PMID:8691124; http://
dx.doi.org/10.1084/jem.184.1.113

16.	 Miyake K, Shimazu R, Kondo J, Niki T, Akashi S, 
Ogata H, et al. Mouse MD-1, a molecule that is 
physically associated with RP105 and positively regu-
lates its expression. J Immunol 1998; 161:1348-53; 
PMID:9686597.

17.	 Ogata H, Su I, Miyake K, Nagai Y, Akashi S, 
Mecklenbräuker I, et al. The toll-like receptor protein 
RP105 regulates lipopolysaccharide signaling in B cells. 
J Exp Med 2000; 192:23-9; PMID:10880523; http://
dx.doi.org/10.1084/jem.192.1.23

18.	 Nagai Y, Shimazu R, Ogata H, Akashi S, Sudo K, 
Yamasaki H, et al. Requirement for MD-1 in cell 
surface expression of RP105/CD180 and B-cell respon-
siveness to lipopolysaccharide. Blood 2002; 99:1699-
705; PMID:11861286; http://dx.doi.org/10.1182/
blood.V99.5.1699

19.	 Nagai Y, Yanagibashi T, Watanabe Y, Ikutani M, 
Kariyone A, Ohta S, et al. The RP105/MD-1 complex 
is indispensable for TLR4/MD-2-dependent prolif-
eration and IgM-secreting plasma cell differentiation of 
marginal zone B cells. Int Immunol 2012; 24:389-400; 
PMID:22354914; http://dx.doi.org/10.1093/intimm/
dxs040

20.	 Yoon SI, Hong M, Wilson IA. An unusual dimeric 
structure and assembly for TLR4 regulator RP105-
MD-1. Nat Struct Mol Biol 2011; 18:1028-35; 
PMID:21857663; http://dx.doi.org/10.1038/
nsmb.2106

for helpful discussions. The authors sincerely thank Toyama 
Prefecture for supporting our laboratory.



66	 Adipocyte	V olume 2 Issue 2

38.	 Boden G. Interaction between free fatty acids and 
glucose metabolism. Curr Opin Clin Nutr Metab 
Care 2002; 5:545-9; PMID:12172479; http://dx.doi.
org/10.1097/00075197-200209000-00014

39.	 Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, 
Scott PA, Jenn A, et al. A subpopulation of macro-
phages infiltrates hypertrophic adipose tissue and is 
activated by free fatty acids via Toll-like receptors 2 
and 4 and JNK-dependent pathways. J Biol Chem 
2007; 282:35279-92; PMID:17916553; http://dx.doi.
org/10.1074/jbc.M706762200

40.	 Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, 
Prada PO, Hirabara SM, Schenka AA, et al. Loss-
of-function mutation in Toll-like receptor 4 prevents 
diet-induced obesity and insulin resistance. Diabetes 
2007; 56:1986-98; PMID:17519423; http://dx.doi.
org/10.2337/db06-1595

41.	 Saberi M, Woods NB, de Luca C, Schenk S, Lu JC, 
Bandyopadhyay G, et al. Hematopoietic cell-specific 
deletion of toll-like receptor 4 ameliorates hepatic 
and adipose tissue insulin resistance in high-fat-fed 
mice. Cell Metab 2009; 10:419-29; PMID:19883619; 
http://dx.doi.org/10.1016/j.cmet.2009.09.006

42.	 Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga 
H, Fan W, et al. GPR120 is an omega-3 fatty acid 
receptor mediating potent anti-inflammatory and 
insulin-sensitizing effects. Cell 2010; 142:687-98; 
PMID:20813258; http://dx.doi.org/10.1016/j.
cell.2010.07.041

43.	 Chiang SH, Bazuine M, Lumeng CN, Geletka LM, 
Mowers J, White NM, et al. The protein kinase 
IKKepsilon regulates energy balance in obese mice. Cell 
2009; 138:961-75; PMID:19737522; http://dx.doi.
org/10.1016/j.cell.2009.06.046

44.	 Hirosumi J, Tuncman G, Chang L, Görgün CZ, 
Uysal KT, Maeda K, et al. A central role for JNK in 
obesity and insulin resistance. Nature 2002; 420:333-
6; PMID:12447443; http://dx.doi.org/10.1038/
nature01137

45.	 Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, 
Luo JL, Naugler W, et al. JNK1 in hematopoietically 
derived cells contributes to diet-induced inflamma-
tion and insulin resistance without affecting obesity. 
Cell Metab 2007; 6:386-97; PMID:17983584; http://
dx.doi.org/10.1016/j.cmet.2007.09.011

30.	 Kobayashi T, Takahashi K, Nagai Y, Shibata T, 
Otani M, Izui S, et al. Tonic B cell activation by 
Radioprotective105/MD-1 promotes disease progres-
sion in MRL/lpr mice. Int Immunol 2008; 20:881-91; 
PMID:18492657; http://dx.doi.org/10.1093/intimm/
dxn049

31.	 Koarada S, Tada Y, Ushiyama O, Morito F, Suzuki N, 
Ohta A, et al. B cells lacking RP105, a novel B cell anti-
gen, in systemic lupus erythematosus. Arthritis Rheum 
1999; 42:2593-600; PMID:10616005; http://dx.doi.
org/10.1002/1529-0131(199912)42:12<2593::AID-
ANR12>3.0.CO;2-G

32.	 Kikuchi Y, Koarada S, Tada Y, Ushiyama O, Morito 
F, Suzuki N, et al. RP105-lacking B cells from lupus 
patients are responsible for the production of immu-
noglobulins and autoantibodies. Arthritis Rheum 
2002; 46:3259-65; PMID:12483730; http://dx.doi.
org/10.1002/art.10672

33.	 Koarada S, Tada Y, Kikuchi Y, Ushiyama O, Suzuki 
N, Ohta A, et al. CD180 (RP105) in rheumatic 
diseases. Rheumatology (Oxford) 2001; 40:1315-6; 
PMID:11709619; http://dx.doi.org/10.1093/rheuma-
tology/40.11.1315

34.	 Wolfs TG, Dunn-Siegrist I, van’t Veer C, Hodin CM, 
Germeraad WT, van Zoelen MA, et al. Increased release 
of sMD-2 during human endotoxemia and sepsis: a role 
for endothelial cells. Mol Immunol 2008; 45:3268-
77; PMID:18384879; http://dx.doi.org/10.1016/j.
molimm.2008.02.014

35.	 Jain V, Halle A, Halmen KA, Lien E, Charrel-Dennis 
M, Ram S, et al. Phagocytosis and intracellular killing 
of MD-2 opsonized gram-negative bacteria depend 
on TLR4 signaling. Blood 2008; 111:4637-45; 
PMID:18203953; http://dx.doi.org/10.1182/blood-
2007-11-126862

36.	 Tissières P, Dunn-Siegrist I, Schäppi M, Elson G, 
Comte R, Nobre V, et al. Soluble MD-2 is an acute-
phase protein and an opsonin for Gram-negative 
bacteria. Blood 2008; 111:2122-31; PMID:18056837; 
http://dx.doi.org/10.1182/blood-2007-06-097782

37.	 Sasaki S, Nagai Y, Yanagibashi T, Watanabe Y, Ikutani 
M, Kariyone A, et al. Serum soluble MD-1 levels 
increase with disease progression in autoimmune prone 
MRL(lpr/lpr) mice. Mol Immunol 2012; 49:611-
20; PMID:22118968; http://dx.doi.org/10.1016/j.
molimm.2011.10.008

21.	 Nagai Y, Kobayashi T, Motoi Y, Ishiguro K, Akashi S, 
Saitoh S, et al. The radioprotective 105/MD-1 complex 
links TLR2 and TLR4/MD-2 in antibody response to 
microbial membranes. J Immunol 2005; 174:7043-9; 
PMID:15905547.

22.	 Divanovic S, Trompette A, Atabani SF, Madan R, 
Golenbock DT, Visintin A, et al. Negative regulation 
of Toll-like receptor 4 signaling by the Toll-like recep-
tor homolog RP105. Nat Immunol 2005; 6:571-8; 
PMID:15852007; http://dx.doi.org/10.1038/ni1198

23.	 Demaria O, Pagni PP, Traub S, de Gassart A, Branzk 
N, Murphy AJ, et al. TLR8 deficiency leads to auto-
immunity in mice. J Clin Invest 2010; 120:3651-62; 
PMID:20811154.

24.	 Lartigue A, Courville P, Auquit I, François A, Arnoult 
C, Tron F, et al. Role of TLR9 in anti-nucleosome 
and anti-DNA antibody production in lpr mutation-
induced murine lupus. J Immunol 2006; 177:1349-54; 
PMID:16818796.

25.	 Nickerson KM, Christensen SR, Shupe J, Kashgarian 
M, Kim D, Elkon K, et al. TLR9 regulates TLR7- 
and MyD88-dependent autoantibody production and 
disease in a murine model of lupus. J Immunol 
2010; 184:1840-8; PMID:20089701; http://dx.doi.
org/10.4049/jimmunol.0902592

26.	 Christensen SR, Shupe J, Nickerson K, Kashgarian 
M, Flavell RA, Shlomchik MJ. Toll-like receptor 7 
and TLR9 dictate autoantibody specificity and have 
opposing inflammatory and regulatory roles in a 
murine model of lupus. Immunity 2006; 25:417-28; 
PMID:16973389; http://dx.doi.org/10.1016/j.immu-
ni.2006.07.013

27.	 Ehlers M, Fukuyama H, McGaha TL, Aderem A, 
Ravetch JV. TLR9/MyD88 signaling is required for 
class switching to pathogenic IgG2a and 2b auto-
antibodies in SLE. J Exp Med 2006; 203:553-61; 
PMID:16492804; http://dx.doi.org/10.1084/
jem.20052438

28.	 Christensen SR, Kashgarian M, Alexopoulou L, Flavell 
RA, Akira S, Shlomchik MJ. Toll-like receptor 9 con-
trols anti-DNA autoantibody production in murine 
lupus. J Exp Med 2005; 202:321-31; PMID:16027240; 
http://dx.doi.org/10.1084/jem.20050338

29.	 Lartigue A, Colliou N, Calbo S, François A, Jacquot 
S, Arnoult C, et al. Critical role of TLR2 and TLR4 
in autoantibody production and glomerulonephritis 
in lpr mutation-induced mouse lupus. J Immunol 
2009; 183:6207-16; PMID:19841185; http://dx.doi.
org/10.4049/jimmunol.0803219


