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Abstract Hypophosphatasia (HP) is a rare inborn error of
bone and mineral metabolism characterized by a defect in
the tissue non-speciWc alkaline phosphatase (TNSALP)
gene. Calcium pyrophosphate dihydrate (CPPD) crystals
are known to accumulate as substrates of TNSALP in tis-
sues and joints of patients with HP. In CPPD-induced
arthritis these crystals are known to induce an inXammatory
response. HP patients do suVer from pain in their lower
extremities. However, it is not clear whether CPPD crystals
contribute to these musculoskeletal complaints in HP. As
long as there is no curative treatment of HP, symptomatic
treatment in order to improve clinical features, especially
with regard to pain and physical activity, is of major inter-
est to the patients. Knowledge of the mechanisms underly-
ing crystal-induced cell activation, however, is limited.
Here we describe recent advances in elucidating the signal
transduction pathways activated by CPPD crystals as
endogenous “danger signals”. Recent investigations pro-

vided evidence that Toll/interleukin-1 receptor (TIR)
domain containing receptors including Toll-like receptors
(TLRs) and interleukin-1 receptor (IL-1R), as well as the
triggering receptor expressed on myeloid cells 1 (TREM-1)
and the NACHT-leucin rich repeat and pyrin-domain-con-
taining protein (NALP3) containing inXammasome are
essentially involved in acute CPPD crystal-induced inXam-
mation. These receptors are considered in part as compo-
nents of the innate immune system. Further studies are
needed to improve our understanding of the pathophysio-
logical mechanisms leading to inXammation and tissue
destruction associated with deposition of microcrystals.
They might support the development of new therapeutic
strategies for crystal-induced inXammation. Eventually,
patients with HP might as well proWt from such strategies
addressing these metabolic disorders secondary to the gene
defect.
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CPPD Calcium pyrophosphate dihydrate
CRMO Chronic recurrent multifocal osteomyelitis
ERK 1/2 Extracellular signal-regulated kinase 1/2
FCAS Familial cold autoinXammatory syndrome
HP Hypophosphatasia
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IKK IrB kinase
IL-1R Interleukin-1 receptor
iNOS Inducible nitric oxide synthetase
IRAK IL-1-associated kinase
JNK c-Jun N-terminal kinase
LPS Lipopolysaccharide
LRR Leucin-rich repeats
MAP Mitogen-activated protein kinase
MDP Muramyl dipeptide
MWS Muckle-Wells syndrome
MMP Matrix metalloproteinase
MSU Monosodium urate
MyD88 Myeloid diVerentiation factor 88
NALP3 NACHT-leucin rich repeat and pyrin-domain-

containing protein
NLR Nod-like receptor
NO Nitric oxide
NOD Nucleotide-binding oligomerization domain
NOMID Neonatal onset multisystem inXammatory 

disease
NSAID Non-steroidal anti-inXammatory drugs
PAMP Pathogen-associated molecular pattern
PL Pyridoxal
PLP Pyridoxal 5�-phosphate
PPi Inorganic pyrophosphate
PRR Pathogen recognition receptor
PTH Parathyreoid hormone
PYD Pyrin domain
RLR Retinoic acid-like receptor
TIR Toll/interleukin-1 receptor
TIRAP TIR domain-containing adaptor protein
TLR Toll-like receptor
TNF Tumor necrosis factor
TNSALP Tissue non-speciWc alkaline phosphatase
TRAF6 TNF receptor-associated factor 6
TREM-1 Triggering receptor expressed on myeloid

cells 1

Introduction

Hypophosphatasia (HP) is an inborn error of bone
metabolism, characterized by a defect in the gene of the
tissue non-speciWc alkaline phosphatase (TNSALP) and
accumulation of its substrates. Elevated pyridoxal-5�-
phosphate, inorganic pyrophosphate and phosphoethanol-
amine can be detected in serum, tissues and urine [1, 2].
The exact function of TNSALP with regard to bone for-
mation is still uncertain, but involves hydrolysis of inor-
ganic pyrophosphate or phosphate–phosphate bonds. This
seems to be of major relevance for crystallization of
hydroxyapatite and thus, skeletal and dental mineraliza-
tion [3, 4].

Due to a variety of clinical courses and severity, HP has
been divided into Wve major subtypes. The perinatal form is
the most severe one. It results in stillbirth or death a few
days after birth due to hypoplastic lungs, extensive hypo-
mineralisation, deformities of bone and disturbances of the
Ca/P metabolism [5]. Clinical signs of the infantile form
appear during the Wrst 6 months of life including rickets,
premature craniosynostosis, irritability, seizures and neph-
rocalcinosis due to hypercalciuria [1, 6]. Death within the
Wrst year of life is common. The childhood form in most
cases presents after the Wrst year of life and is characterized
by rickets causing a short stature, delayed walking and a
waddling gait due to bone deformities of the lower extremi-
ties. Premature loss of teeth often leads to diagnosis. Adult
HP presents with osteomalacia, chondrocalcinosis (CC),
osteoarthropathy and stress fractures during middle age in
patients who have had a history of mild rickets in childhood
[1, 7]. Odontohypophosphatasia has been characterized by
premature exfoliation of primary teeth and/or severe dental
caries, often not associated with abnormalities of the skele-
tal system [7]. It should be noticed, that these Wve clinical
subtypes can overlap signiWcantly. For example, patients
with adult HP retrospectively often had some clinical
symptoms already in childhood. In addition, dental abnor-
malities are frequent in childhood and adult HP and consist
of abnormal enamel, dentin, and cementum formation,
increased pulp spaces and premature loss of predominantly
deciduous, but also permanent dentition. Patients often
complain of pain, muscle and joint stiVness, weakness of
the lower limbs, which may be caused by fractures of hypo-
mineralized and structurally insuYcient bone. However, it
is unclear whether deposition of calcium pyrophosphate or
phosphate crystals in the periarticular zone or in soft tissues
can result in an acute inXammation secondary to the
enzyme defect [8–13].

At the moment there is no curative treatment of HP.
Therefore, symptomatic treatment in order to improve the
clinical features, especially with regard to pain, seizures
and other metabolic phenomena (e.g. nephrocalcinosis)
secondary to the genetic phenotype is of major interest. We
previously have described the presence of hyperprosta-
glandinism in childhood HP. An anti-inXammatory treat-
ment using non-steroidal anti-inXammatory drugs (NSAID)
resulted in a signiWcant improvement of physical activity, a
reduction in pain-related complaints and normalization of
prostaglandin (PG) levels [10, 12].

In addition, it was shown, that seizures in severe HP can
be ameliorated by vitamin B6 (pyridoxine) [6]. Pyridoxal
5�-phosphate (PLP), the active metabolite of vitamin B6, is
an essential coenzyme for the synthesis of various neuro-
transmitters and biogenic amines. Plasma membrane-bound
ectoenzyme TNSALP dephosphorylates PLP to pyridoxal
(PL), the form of vitamin B6 that can cross cell plasma
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membranes to become phosphorylated again intracellularly
to PLP. The explanations for seizures in severe HP are a
low intracellular brain PLP-level and a reduced PLP-depen-
dent synthesis of neurotransmitters, which lower the seizure
threshold [14].

Further studies are needed to understand the secondary
pathophysiologic eVects associated with this inborn defect
of bone metabolism. Since patients with milder forms do
not experience a reduced life span, there is considerably
more time for such secondary phenomena to inXuence the
HP phenotype.

Chronic inXammation in HP and its association 
with auto-inXammatory diseases

We previously described an anti-inXammatory treatment
with NSAID as a therapeutic approach [10, 12]. The return
of the initially elevated systemic PG production to the nor-
mal range paralleling the clinical improvement suggested
that chronic inXammation might play a pathophysiological
role in a variety of clinical features of childhood HP. Exten-
sively elevated systemic PG and very low levels of
TNSALP, were associated with craniostenosis and might be
a prognostic factor for disease severity in this regard.
Although the precise source of elevated systemic PGs in
patients with childhood HP is unclear, PG production might
be induced in resident joint cells, including chondrocytes,
synovial cells and Wbroblasts after exposure to pyrophos-
phate crystals, which are accumulating in joints, bone and
soft tissue of patients with HP [15]. Of interest, deposition of
crystals is known to promote acute and chronic inXamma-
tory response in crystal induced arthritis, as well as in gout
and pseudogout. Calcium pyrophosphate dihydrate (CPPD)
and monosodium urate (MSU) crystals were recently
denominated as endogenous “danger signals” [16–19].

In addition, we recently reported a co-presentation of HP
and a picture mimiking chronic multifocal bone inXamma-
tion in a few patients again suggesting that a chronic
inXammatory process secondary to the metabolic defect
might be involved in the pathogenesis of HP (Fig. 1) [8].
This process resembled an auto-inXammatory condition
named chronic recurrent multifocal osteomyelitis (CRMO;
Fig. 1). CRMO, an aseptic inXammatory disorder of
unknown origin, is the most severe form of chronic non-
bacterial osteomyelitis (CNO). In children and adolescents
it predominantly aVects the metaphyses of the long bones,
but lesions can occur at almost any site of the skeleton. In
about 25% of patients it is accompanied by a psoriatic pus-
tular dermatitis including psoriasis, acne conglobata or
palmo-plantar pustulosis [9, 20]. In adulthood, a similar
entity is termed SAPHO syndrome (synovitis, acne, pustu-
losis, hyperostosis and osteitis) [20, 21]. CRMO is diag-
nosed by exclusion of diVerential diagnoses like juvenile

idiopathic arthritis, bone malignancies, benign tumorous
bone lesions and bacterial osteomyelitis. The deWnite diag-
nosis is based on the clinical picture, X-ray and magnetic
resonance imaging (MRI) studies, 99 m Tc methylene
diphosphonate scintigraphy (technetium bone scan), micro-
bial and histopathologic analysis of a diagnostic biopsy in a
multidisciplinary approach [13, 20]. CRMO is associated
with other auto-inXammatory diseases like psoriasis and
chronic inXammatory bowel disease often diagnosed years
after the initial manifestation of CRMO [22]. In patients
with familial Crohn’s disease as well as in patients with
Blau syndrome (granulomatous polyarthritis, panuveitis,
exanthema), mutations in the caspase activation and recruit-
ment domain 15 gene (CARD 15), which encodes the
nucleotide-binding oligomerization domain 2 (NOD2) pro-
tein, have been described [23, 24]. NOD2 and NALP3/
cryopyrin/CIAS/NLRP3 (all denominating the same pro-
tein) are members of the nod-like receptors (NLRs) previ-
ously also called caterpillars. They are cytoplasmic proteins
involved in intracellular pathogen resistance and regulation
of inXammation [25–32] (Fig. 2). SpeciWc gain-of-function
mutations in the NALP3 protein can lead to three related
familial auto-inXammatory diseases such as Muckle–Wells
syndrome (MWS), familial cold auto-inXammatory syn-
drome (FCAS), and chronic infantile neurologic, cutane-
ous, and articular (CINCA) syndrome, also known as
neonatal onset multisystem inXammatory disease
(NOMID). Collectively, these cryopyrin-associated peri-
odic syndromes (CAPS) are characterized by an aberrant
IL-1� overproduction that initiates periodic episodes of
systemic inXammation. Of interest, IL-1 receptor antago-
nists therapeutically were proven to be eVective supporting
the fundamental role of IL-1 in this pathology [25, 26, 28–
30, 32, 33]. NLRs together with Toll-like receptors (TLRs)
and retinoic acid-like receptors (RLRs) form the three
major families of pathogen recognition receptors (PRRs),
that play an important role in innate immunity [27, 31, 32].

Calcium pyrophosphate dihydrate (CPPD) crystal 
associated diseases

The deposition of CPPD crystals, consisting of calcium and
inorganic pyrophosphate in a matrix like hyaline cartilage
or Wbrocartilage, is called CC. CC may be asymptomatic
and is a common Wnding in aging but otherwise normal tis-
sue. However, it can be associated with acute crystal
induced synovitis called pseudogout or chronic pyrophos-
phate arthropathy, an inXammatory, degenerative and
potentially destructive joint disease [13]. CPPD deposition
is found in diVerent metabolic and endocrine diseases like
HP, hypomagnesemia, hyperparathyreoidismus and hemo-
chromatosis. Elevation of either calcium or inorganic pyro-
phosphate (PPi) concentration could suYciently increase
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the ionic product and thus promote CPPD crystal formation
and growth. Calcium concentration is tightly controlled by
PTH levels providing an explanation for predisposition to
CC in hyperparathyreoidism. PPi is a by-product of numer-
ous biosynthetic reactions, particularly those involving
nucleotide triphosphatases. PPi concentrations depend on
the rate of synthesis and on the rate of hydrolysation by
pyrophosphatases including the magnesium and zinc
dependent alkaline phosphatase. This explains the predis-
position to CPPD formation in HP and hypomagnesemia
[13, 20, 21, 34].

Microcrystals are able to stimulate acute inXammation
via their capacity to directly activate resident articular con-
nective tissue cells as well as mononuclear cells resulting in
release of various inXammatory mediators (cytokines, che-
mokines) and matrix metalloproteinases (MMPs) [35, 36].
These mediators play an essential role in the development
of tissue damage and the enhancement of inXammatory
response. Recently crystals have been denominated as
“danger signals” that can activate antigen-presenting
dendritic cells to mature and augment T cell priming [19].
The Wndings of Shi et al. [19] indicate that crystals in the

Fig. 1 Chronic multifocal bone 
and joint inXammation in a pa-
tient with childhood HP. A 13-
year-old boy was complaining 
about leg pain since several 
years. HP was diagnosed when 
he was 3-year old. Premature 
loss of teeth and a premature 
synostosis of his cranial sagittal 
suture were the symptoms lead-
ing to the clinical diagnosis of 
childhood HP. AP levels were 
between 33 and 60 U/l (normal 
age related values are above 
125 U/l). Genetic testing con-
Wrmed a compound heterozy-
gous, recessively inherited form 
of HPP. TNSALP gene mutation 
c.529G > A (p.A177T) was 
inherited from the mother, while 
c.203C > T (p.T68 M) was 
transmitted by the father. Whole 
body magnetic resonance imag-
ing was performed. The SE T1 
weighted images did reveal 
structural lesions predominantly 
in the metaphyses of both the 
distal femurs and proximal tibias 
close to the growth plates 
(Fig. 1a). These lesions were 
hypointense in the T1- and 
strongly hyperintense in the T2-
weighted images with fat sup-
pression (inversion recovery se-
quences, TIRM) images 
(Fig. 1c). A signiWcant signal 
enhancement was noted after i.v. 
administration of gadolinium-
DTPA in SE T1-weighted fat 
suppressed images (Fig. 1b). In 
both knees minor excess joint 
Xuid was noted around the patel-
la, supporting the clinical diag-
nosis of bilateral gonarthritis 
(Fig. 1d).
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clinical setting of gout, pseudogout as well as HP directly
stimulate the innate immune system, which is the Wrst line
of defense causing acute inXammation.

Interactions between these crystals and human cells can
activate NF-�B and several mitogen-activated protein
kinase (MAP) pathways, like c-Jun N-terminal kinase
(JNK), extracellular signal-regulated kinase1 and 2 (ERK1/
2), and p38 MAPK [37]. These activated signaling path-
ways induce gene expression and production of a variety of
pro-inXammatory cytokines (like pro IL-1�, IL-6, IL-8 and
TNF�), inducible nitric oxide synthetase (iNOS), cyclooxy-
genases and MMPs. However, the mechanisms underlying
the recognition of crystals as “pathogens” remain unclear.
Innate immune receptors, like receptors of the Toll/IL-1
receptor (TIR) superfamily, are potential targets as well as

endophagocytosis of crystals and subsequent intracellular
activation via other PRRs are in the focus of research [14,
16, 17, 37–39].

Signaling involved in inducing inXammation 
and destruction

Considerable progress has been made in understanding the
molecular mechanisms of MSU and/or CPPD crystal-
induced cell activation leading to inXammation and tissue
destruction.

Several mechanisms have been delineated: Crystals may
stimulate cells via changes in cytoplasmic membrane per-
meability, which facilitates the entry of various molecules
[37]. Further more, endocytosis and intralysosomal crystal

Fig. 2 Initiation of CPPD crystal-induced inXammation by crystal
recognition via TLRs and NALP3 inXammasome and secretion of pro-
inXammatory cytokines. Recently it has been demonstrated that TLR2
and TLR4 are essentially involved in crystal-induced acute inXamma-
tion. Once activated, the downstream signaling pathway involves
diVerent adaptor proteins, like myeloid diVerentiation factor MyD88,
IL-1-associated kinases (IRAKs), TIRAP/MAL and TRAF6, leading
to the activation of two distinct signaling pathways. One pathway leads
to activation of activating protein 1 (AP-1) transcription factor through
induction of MAP kinases. The other pathway activates TAK1, result-
ing in nuclear translocation of NF-rB, which induces expression of
MMPs, inXammatory cytokines, like pro IL-1� and certain other medi-
ators. CPPD crystals could also induce TREM-1 expression and acti-
vate cells through the transmembrane adaptor protein DAP12 which
results in gene expression of pro-inXammatory cytokines. Furthermore
crystals may act as endogenous danger signals and activate caspase-1
in a NALP3-dependent manner after endocytosis. NALP3, also called
cryopyrin or CIAS1, is the central component of the NALP3 inXamma-

some and contains a PYD, a nucleoside oligomerization domain
(NOD) and a domain of LRR. The other components of the NALP3 in-
Xammasome ASC, cardinal and pro-caspase-1 consist of domains that
can be assembled only after NALP3 is activated. The assembly of the
domains ultimately leads to the release of active caspase-1 which reg-
ulates the processing and secretion of active IL-1� and IL-18, IL-33.
ATP or pore-forming agents are known to induce a rapid K+ eZux
from cells for example via P2X7 receptor, which triggers the activation
of the NALP3 inXammasome. NODs agonists have been shown to acti-
vate the NALP3 inXammasome and induce IL-1� secretion but it has
not been elucidated so far whether crystals can directly be detected by
the LRR domain of NODs. Once activated, NOD leads to the activation
of downstream signaling pathways. IL-1� has been shown to be a key
player in crystal-mediated acute inXammation. Released IL-1� recruits
TIR-containing adaptors such as MyD88 and IRAK, induces activation
of NF-�B and MAP kinases and results in gene expression and produc-
tion of pro-inXammatory cytokines. The ? indicates that the biochemi-
cal action of crystals has not been elucidated in detail
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dissolution with subsequent elevation of intracellular cal-
cium levels can activate cells. Since crystals are negatively
charged, electrostatically binding of crystals to membrane
receptors as TLRs or integrins might play an essential role
in the induction of inXammation.

Here we describe recent advances in elucidating the
molecular targets and pathways activated by these two
types of crystals, especially focusing on CPPD crystals
which might contribute to the pathology of HP.

Toll-like-receptors (TLRs)

The Wrst family of proteins identiWed as PRRs was the TLR
family. TLRs are transmembrane proteins that recognize
pathogen-associated molecular patterns (PAMPs) through
leucin-rich-repeats (LRRs) present in their extracellular
domain. They have been shown to bind diVerent microbial
components and may also detect endogenous molecules
like heat shock proteins and agents released by necrotic
cells, which implicates an additional role for TLRs in auto-
immune processes. Once stimulated, the TLRs associate
with intracellular adaptor molecules (Toll/IL-1R or TIR
adaptors) to initiate a downstream signaling cascade that
activates pro-inXammatory transcription factors and protein
kinases.

Recently, the expression of certain TLRs was discovered
in resident articular connective tissue cells like normal and
rheumatoid arthritis synovial Wbroblasts, chondrocytes and
osteoblasts, indicative of potential innate immune
responses driven by mesenchymal cells in arthritis [38, 40,
41]. Of particular interest, Liu-Bryan et al. [38] recently
presented the novel Wnding that TLRs are essentially
involved in crystal-induced acute inXammation. They dem-
onstrated that TLR2 mediates MSU and CPPD crystal-
induced chondrocyte release of nitric oxide (NO). This was
based on the Wnding that transient transfection with a TLR2
signaling-negative regulator protein or incubation with a
TLR2-blocking antibody signiWcantly suppressed crystal-
induced NO generation by chondrocytes. It remains unclear
whether a direct physical interaction of crystals with the
extracellular domain of TLR2 mediates activation of chon-
drocytes. An indirect activation could be propagated by a
potential crystal-induced release of endogenous TLR2
ligands, such as heat shock protein 70 or speciWc saturated
fatty acids. The cytoplasmatic portion of the TLRs includes
the Toll/interleukin-1 receptor (TIR) domains that are
homologous with the respective domain of IL-1R and the
cytoplasmic adaptor protein family. The downstream sig-
naling pathway involves diVerent adaptor proteins, like
myeloid diVerentiation factor MyD88, IL-1-associated
kinase IRAK and TNF receptor-associated factor 6
(TRAF6), leading to the activation of two distinct signaling
pathways. One pathway leads to activation of AP-1 tran-

scription factors through activation of MAP kinases. The
other pathway activates TAK1, which enhances the activity
of the I�B kinase (IKK) complex consisting of IKK�, IKK�
and NEMO/IKKgamma. The IKK complex phosphorylates
I�B resulting in nuclear translocation of NF-�B, which
induces expression of inXammatory cytokines, MMPs and
certain other mediators [27, 31, 32].

Murakami et al. [42] demonstrated that crystals could
induce triggering receptor expressed on myeloid cells 12
(TREM-1) expression by macrophages in vitro, and
TREM-1 expression was signiWcantly upregulated among
the inWltrating cells in a murine air pouch model of crystal-
induced acute inXammation. TREM-1 is a novel member of
the 30 kDa immunoglobulin superfamily which is upregu-
lated by lipoteichoic acid or the lipopolysaccharide (LPS)-
mediated activation of TLRs. It activates cells through the
transmembrane adaptor protein DAP12 and results in the
production of various inXammatory cytokines indicating
that TREM-1 can amplify inXammatory responses initiated
by TLRs.

CPPD crystals may stimulate cells as endogenous “dan-
ger signals” via pathways engaged in innate immunity. An
interaction between several pathways might synergistically
enhance the inXammatory response through the integration
of signals located downstream of these diVerent receptors.

NALP3 inXammasome

InXammasomes present multi-protein complexes that regu-
late the activity of caspase-1. Several inXammasomes have
been identiWed and deWned by the NLR protein they con-
tain. NALP3, also called cryopyrin, CIAS1 or NLRP3, is
the central component of the NALP3 inXammasome and
contains a pyrin domain (PYD), a NOD and a domain of
LRR (Fig. 1). The other components of the NALP3 inXam-
masome apoptosis-associated speck-like protein (ASC),
cardinal and pro-caspase-1 consist of domains that can be
assembled only after NALP3 is activated through the inter-
action of its LRR domain with PAMPs. The assembly of
the domains ultimately leads to the release of active
caspase-1 which regulates the processing and secretion of
active highly potent pro-inXammatory cytokines such as
IL-1� and IL-18. IL-33, a cytokine involved in generating a
T helper 2 (Th2)-cell response, is also cleaved by caspase 1
[43].

In addition, activation of caspase-1 can lead to host cell-
death in certain cell types like macrophages, which might
be important in restricting the intracellular replication of
invasive bacterial pathogens. This suggests that there is a
cellular machinery that regulates the events downstream of
caspase-1 [29].

Signals and mechanism leading to inXammasome activa-
tion are still poorly understood. Bacterial RNA, muramyl
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dipeptide (MDP), LPS, imidazoquinoline and “endogenous
danger signals” released from injured cells activate
caspase-1 through the NALP3 inXammasome. ATP or
pore-forming agents induce a rapid K+ eZux from cells for
example via the P2X7 receptor, which also triggers the acti-
vation of NALP3 inXammasome [18, 44].

Martinon et al. [17] recently demonstrated that MSU and
CPPD crystals can act as endogenous danger signals. They
activated caspase-1 in a NALP3-dependent manner. It is
unclear if crystal activation of the NALP3 inXammasome is
dependent on K+ eZuxes, similar to other NALP3 activat-
ing agents such as ATP and toxins. Furthermore, macro-
phages from mice deWcient in various components of the
inXammasome do not respond to injection of crystals, sup-
porting a key role of the NALP3 inXammasome in crystal-
induced inXammation.

The mechanism whereby endocytosed crystals are
sensed by the NALP3 inXammasome is currently not
known, nor is it clear whether these crystals directly inter-
act with the LRR-domain of NALP3 or whether sensing
occurs via additional intermediate proteins.

The NALPs seem to cooperate with TLRs. TLR ligands
prime cells for a response to ATP or pore-forming agents
possibly by inducing expression of an unidentiWed gene
downstream of NF-�B activation [44]. Furthermore, it is
now generally accepted that activation and release of IL-1�
requires two distinct signals. The Wrst signal can be pro-
vided by TLRs, resulting in the NF-�B-dependent synthesis
of the pro IL-1� protein. A second signal via the NALP3
inXammasome is needed to activate caspase-1 for cleavage
and secretion of mature IL-1� [17, 28]. In auto-inXamma-
tory disorders this tight regulation seems to be deregulated
leading to the inappropriately increased production of IL-
1� [17, 18, 25]. Gain-of-function mutations in the NACHT-
domain of NALP3 protein (encoded by the CIAS 1 gene)
lead to three related hereditary auto-inXammatory syn-
dromes called CAPS characterized by periodic inXamma-
tion due to IL-1� overproduction [17]. In the case of crystal
induced inXammation in gout and pseudogout aberrant
NALP3 inXammasome activation is not “genetically pre-
formed”, but mediated by deposition and endocytosis of
crystals. Clinical trials have shown that IL-1 receptor antag-
onists are an eVective therapeutic approach for CAPS. With
regards to the similarity between NALP3-mediated heredi-
tary periodic fever syndromes and crystal induced inXam-
mation, one could anticipate that HP patients might beneWt
from similar treatments.

Colchicin, an inhibitor of tubulin polymerisation, is
another drug frequently used for the treatment of auto-
inXammatory diseases, including familial Mediterranean
fever, acute gout and pseudogout episodes. Clinical data
demonstrate that Colchicin acts at the level of crystal endo-
cytosis and presentation to the inXammasome resulting in

blockage of crystal induced IL-1� generation upstream of
the inXammasome activation [17]. Whether Colchicin
might also be another therapeutic option for HP based on
the suggestion that CPPD crystals in HP-mediated inXam-
mation act in an inXammasome-dependent manner, is
unclear at the moment.

NOD2 agonists like MDP have been shown to induce
IL-1� secretion in macrophages, suggesting that NOD2,
could also be able to directly stimulate the inXammasome
[18, 24]. Once activated, NOD1 and 2 recruit a serine-thre-
onine kinase called Rip2 (also known as RICK or CAR-
DIAK), which in turn leads to activation of MAPKs and
transcription factor NF-�B. This induces pro-inXammatory
target genes including pro IL-1. It has not been elucidated
so far whether crystals can directly be detected by the LRR
domain of NODs and whether they activate the NALP3
inXammasome in a NOD-dependent manner. Furthermore,
it is unclear whether NOD2 and NALP3 are two indepen-
dent systems of agonist detection or whether NALP3 acts
downstream of NOD2 in a speciWc pathway of inXamma-
some activation [18, 43].

IL-1 receptor (IL-1R)

Chen et al. [45] showed that the MyD88-dependent IL-1
receptor signaling pathway is essential in crystal-induced
inXammation. This was based on Wndings of reduced
inXammatory responses in mice deWcient in MyD88-depen-
dent IL-1R or mice with a normal phenotype treated with
IL-1 neutralizing antibodies, indicating that IL-1� and
MyD88-dependent IL-1R are key players in crystal-medi-
ated acute inXammation.

IL-1 is a primary pro-inXammatory cytokine that medi-
ates many of the local and systemic features of inXamma-
tion. It is produced by a variety of cells that are part of the
innate immunity, like monocytes and macrophages, but
also by endothelial cells, Wbroblasts and epidermal cells. It
is known to be produced in response to many stimuli
including bacterial LPS, other microbial products, cyto-
kines like TNF, interferon gamma, GM-CSF and IL-12, T
cell/antigen presenting cell interaction and immune com-
plexes. IL-1 is the prototypic multifunctional cytokine and
aVects nearly every cell type. It causes leukocyte accumula-
tion, production of a variety of other cytokines, prostanoids
and nitric oxide. IL-1 stimulates hepatic acute-phase pro-
tein synthesis, it is the main endogenous pyrogen, regulates
extracellular matrices and causes cartilage and bone resorp-
tion [46].

IL-1 exists in two forms, IL-1� and IL-1�. Each is pro-
duced by a separate gene as a 31 kDa precursor protein,
termed pro IL-1� and pro IL-1�. The pro IL-1 forms are
subsequently cleaved by speciWc cellular proteases, includ-
ing IL-1 converting enzyme (ICE), later named caspase-1,
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into mature 17 kDa proteins. IL-1� is generally located
intracellularly or expressed on the cell surface; it is
believed to function as an autocrine messenger. In contrast,
IL-1� is released from the cell and produces its eVects by
acting on other cells. IL-1 receptor antagonist (IL-1Ra) is
the third member of the IL-1 family; it is produced and
secreted as a 17 kDa protein by almost all cells that express
IL-1.

There are two IL-1 receptors (IL-1R), the type I recep-
tor (IL-1RI) transduces a signal, whereas the type II recep-
tor (IL-1RII) binds IL-1 but does not transduce an
intracellular signal in response to IL-1 binding. The extra-
cellular domain of both receptors is found in the circula-
tion in both healthy and diseased individuals. These
soluble fragments may also function to buVer the action of
IL-1. In fact, IL-1RII is a decoy receptor that serves to
buVer the eVect of excessive IL-1 concentrations. When
IL-1� or IL-1� binds to IL-1RI, a complex is formed that
subsequently binds to the IL-1R accessory protein (IL-1R-
AcP), a member of the Ig superfamily. The complex
recruits TIR-containing adaptors such as the serine/threo-
nine kinase IRAK and the death domain-containing
MyD88, and results in inducing NF-�B activation and
diVerent forms of MAP kinases [46, 47].

There is increasing evidence that overexpression of IL-1
and constant activation of the innate immune system occurs
in several acute and chronic inXammatory processes,
including rheumatoid arthritis, CAPS, inXammatory bowel
disease, sepsis, artherosclerosis, Alzheimer’s disease, can-
cer, asthma and as mentioned above in crystal induced
inXammatory diseases [32, 33, 48]. This persistent activa-
tion promotes constitutional changes, metabolic abnormali-
ties and destruction and remodelling of tissue in patients
with chronic, uncontrolled diseases. Accordingly, agents
capable of blocking this cytokine have been explored for
their potential clinical use. Corticosteroids, widely used in a
variety of human diseases, are believed to inhibit NF-�B
activation and IL-1 production but do not selectively target
IL-1. The eYcacy and safety of several biological agents
that selectively block IL-1, like anakinra, a recombinant
human IL-1 receptor antagonist, have now been established
in controlled clinical trials, mostly in patients with rheuma-
toid arthritis and Still’s disease [49, 50]. In addition there
are reports on therapeutic eVectiveness in CAPS and in
Crohn’s disease [32, 51].

Conclusion

HP is a rare inborn error of bone and mineral metabolism
characterized by a genetic defect in the gene of the
TNSALP and by clinical variability of its phenotype. Depo-
sition of pyrophosphate crystals in joints, bone and soft tis-

sue of patients with HP has been suggested to promote an
acute and chronic inXammatory condition. In patients with
childhood HP we diagnosed a pattern similar to chronic
multifocal bone inXammation. Previous biochemical analy-
sis and NSAID treatment results suggested a chronic
inXammatory process secondary to the metabolic defect in
HP.

As long as there is no curative treatment of HP, symp-
tomatic treatment in order to improve the clinical features,
especially with regard to pain and inXammation are of
major interest.

The innate immune system including TIR domain con-
taining receptors like TLRs and IL-1R as well as TREM-1
and the NALP3 inXammasome are essentially involved in
acute CPPD crystal-induced inXammation. Thus, these
receptors might be of relevance in the pathophysiology of
HP. Further studies to improve our understanding of the
deWnite signaling mechanisms leading to inXammation and
tissue destruction associated with deposition of microcrys-
tals are needed. This will foster the development of new
and more eVective therapeutic strategies in crystal induced
inXammation.
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