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1. Introduction

The mucopolysaccharidoses are a family of genetic
diseases each caused by a defect in a lysosomal en-
zyme responsible for degradation of glycosaminogly-
can (GAG) [11]. Failure of effective metabolism re-
sults in abnormal storage of GAG fragments, cell injury
and death, and inflammatory responses. Because gly-
cosaminoglycans are fundamental in connective tissue
structure and function, the MPS disorders are charac-
terized by severe skeletal abnormality including growth
failure, abnormal bone structure (dysostosis multiplex),
and severe articular cartilage and joint disease. Al-
though enzyme replacement therapy (ERT) is current-
ly available for three of the mucopolysaccharidoses
(MPS), there have been limited effects on bone and
cartilage. Thus, new treatment approaches are clearly
needed for these tissues, alone or as adjuncts to ERT.

Previous studies in MPS animal models showed that
inflammation is a critical aspect of these disorders, sec-
ondary to GAG accumulation [14,15,17]. As part of
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this inflammatory cascade, tumor necrosis factor-alpha
(TNF-α) and other inflammatory cytokines [e.g., inter-
leukin (IL-1β) are released from chondrocytes, result-
ing in apoptosis. In addition, matrix metalloproteinas-
es (MMPs) are released, contributing to the joint and
bone destruction. Lastly, due to the enhanced chondro-
cyte cell death, there is also a proliferation of immature
chondrocytes, leading to abnormal matrix formation.

Signaling through toll-like receptors (TLRs) plays
an important role in many autoimmune and inflam-
matory diseases, including rheumatoid arthritis (RA).
Bacterial lipopolysaccharide (LPS), and more recent-
ly GAGs themselves, has been shown to activate one
specific TLR, TLR4 [19]. The mechanism of LPS
signaling through TLR4, in particular, has been ex-
tensively studied [20]. LPS forms a complex with a
number of molecules, including LPS binding protein
(LBP), which binds to TLR4 and initiates a cascade
of events leading to the activation of the NF-kB tran-
scription factor. This, in turn, promotes the production
of pro-inflammatory cytokines (e.g., TNF-α, IL-1β),
chemokines (e.g., macrophage inflammatory protein-
1α, macrophage inflammatory protein-1α), and MMPs
(e.g., MMP-13). In addition to extrinsic activation by
LPS, joint and bone trauma can release small molecular
weight GAG fragments from the extracellular matrix,
thus presenting them as intrinsic signals of inflamma-
tion via activation of TLR4 [19].
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A direct consequence of TLR4 activation by ei-
ther pathway (extrinsic or intrinsic) is TNF-α release.
Among other things, MMP elevation is directly related
to elevated TNF-α, and this cytokine has been shown to
promote cartilage degradation by stimulating the syn-
thesis and release of these degradative proteases [10].
Previous studies have indicated that MMP-13 (colla-
genase 3) and MMP-1 are elevated in MPS synovial
membranes, contributing to the pathologic remodeling
of the extracellular matrix in these diseases, and po-
tentially producing GAG fragments that activate TLR4
signaling. This concept was recently supported by the
findings of Ausseil et al. [3], who demonstrated prim-
ing of microglia via the TLR4 pathway in the brains of
MPS IIIB mice. We have also suggested that structural
homologies between the oligosaccharide components
of LPS and GAGs may contribute to TLR4 activation.

Gene and protein expression patterns have been
assessed in synovial fibroblasts obtained from rats
with MPS VI, revealing a markedly abnormal, pro-
inflammatory expression pattern [15,16]. Of note,
several molecules important for TLR4 signaling were
shown to be elevated in the MPS cells (e.g., LBP, TLR4
itself, CD14, MyD88). GAG storage influences the
levels of two important signaling lipids, ceramide and
sphingosine-1-phosphate, known mediators of LPS ac-
tivation. GAG treatment of chondrocytes led to eleva-
tion of the “pro-apoptotic” lipid, ceramide, consistent
with enhanced apoptosis in these cells [14]. In con-
trast, a decrease of ceramide and elevated production
of the “pro-survival” lipid, S1P, was observed in MPS
synovial cells, leading to an enhanced proliferation rate
and likely contributing to the hyperplastic MPS syn-
ovial membranes [16].

We further studied the effects of elevated TNF-α ex-
pression on MPS joint and bone pathogenesis. TNF-α
and receptor activator of NF-kB ligand (RANKL) stim-
ulate osteoclast differentiation in rheumatoid arthri-
tis [13]. RANKL, essential for osteoclast differen-
tiation, is expressed on T cells and fibroblasts with-
in inflamed synovial tissue, and is regulated by pro-
inflammatory cytokines. We found that RANKL ex-
pression and activity were markedly elevated in MPS
synovial tissues and bone marrow. In addition, MPS
bone marrow cultures had TRAP-positive multinucle-
ated osteoclast-like cells (MNCs), consistent with the
osteopenia previously observed in animal studies [12].

In order to develop “proof-of-concept” for the hy-
pothesis regarding activation of the TLR4 signaling
pathway in MPS disorders, MPS VII mice were crossed
to TLR4 knockout mice to create double knockout

(DKO) animals [17]. Inactivation of TLR4 in MPS
VII mice had a significant, positive effect on their
growth. Quantitative analysis similarly revealed longer
and thinner faces in the DKOs when compared to MPS
VII. MicroCT revealed longer femora in the DKO com-
pared to age- and gender-matched MPS VII mice, de-
spite the fact that an osteopetrotic phenotype was still
observed and that bone density was unchanged in the
DKO. The growth plates of the DKO mice also were
thinner and more organized when compared to MPS
VII mice. However, despite these improvements, DKO
mice still retained storage cells in the growth plates,
which may be expected as the increased size of these
MPS cells is due to GAG storage, which would not be
affected by TLR4 KO.

Metcalf et al. [9] have shown that growth plates
of MPS VII mice abnormally express mRNAs en-
coding several STAT transcription factors that are al-
so selectively altered by inflammation. In particular,
p-STAT3-Tyr705, a pro-proliferative factor, was de-
creased in MPS VII mice, and p-STAT1-Ser727, an
anti-proliferative factor, was elevated. We assessed the
protein levels of phosphorylated STAT1 and 3 in artic-
ular chondrocytes from the DKO mice, and found that
they were normal, indicating that inactivation of the
TLR4 pathway in MPS VII mice corrected the abnor-
mal pSTAT1 and 3 expression. Similar alterations in
STAT1 and 3 have been observed in RA, and have been
attributed to activation of TNF-α [7,21]. We therefore
measured serum TNF-α in MPS VII mice, and found
an almost three-fold increase above normal. Of note,
the elevated serum TNF-α was normalized in the DKO
mice.

We have therefore established an important role of
TLR4 in the pathogenesis of MPS bone and joint dis-
ease, and shown that inhibition of this pathway has sig-
nificant, positive effects. Currently there are no FDA-
approved drugs that directly target TLR4, although
RemicadeTM, which targets the downstream mediator,
TNF-α, has been approved for use in RA and oth-
er inflammatory diseases [8,18,22]. TNF-α is at the
top of a cascade of proinflammatory cytokine produc-
tion, and we hypothesized that its inhibition should pre-
vent or slow the release of subsequent proinflamma-
tory molecules, and reduce inflammation in the MPS
joints. To date, RemicadeTM treatment has not been
systematically evaluated in MPS patients or animals.

MPS VI rats were therefore subjected to treatment
with RemicadeTM. Importantly, in presymptomatic (1-
month-old) MPS VI animals, RemicadeTM prevented
the elevation of circulating TNF-α, while in animals
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with advanced disease (6-month-old) the levels were
reduced to normal. A similar response was seen when
serum RANKL levels were determined, indicating that
inhibition of TNF-α was having positive downstream
effects [16]. The appearance, weight, and length of
the treated MPS VI rats were not significantly different
from untreated animals. This was not unexpected, as
anti-TNF-α therapy alone was not predicted to improve
bone growth. This is consistent with the fact that the
stored GAGs and GAG fragments in the growth plate
cells were not being reduced, and/or that the growth
plate changes in rat may already be irreversible after 1
month of age. Further, RemicadeTM inhibits TNF-α in
the serum, and the growth plate is an extremely avas-
cular tissue. However, TUNEL staining of the articular
cartilage in the treated rats showed a 50% reduction
in the apoptotic index compared to untreated MPS VI
animals, and there was less invasion of the synovial
tissue into the underlying bone in the treated animals.
These changes should lead to improved mobility, re-
duced pain, and other positive clinical effects.

In conclusion, GAG storage in MPS induces a com-
plex sequence of molecular abnormalities leading to
inflammation, apoptosis [cartilage], and hyperplasia
[synovial membranes], resulting in poorly organized
and metabolically abnormal connective tissue matri-
ces [14–16]. Activation of the TLR4 pathway in the
MPS disorders, likely a direct consequence of GAG
storage, has major pathological effects on the joints and
bones. Inactivation of this pathway in MPS VII/TLR4
DKO mice corrects many biochemical and clinical fea-
tures of the disease, suggesting that drugs targeting this
pathway could be effective in the treatment of these dis-
orders. TLR4 activation leads to the elevation of TNF-
α, and RemicadeTM, an FDA-approved anti-TNF-α
drug, attenuated the inflammatory response in MPS VI
animals, and led to improved joint pathology. We there-
fore propose that this and related anti-inflammatory
treatments should be evaluated in MPS patients, alone
or in conjuction with ERT. In addition to their direct
effects on MPS pathology, such drugs also may, by re-
ducing inflammation, increase the accessibility of syn-
ovial tissues to recombinant proteins, and improve the
efficacy of ERT.
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