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Abstract

Gout and calcium pyrophosphate crystal deposition disease (CPPD) are frequently as-
sociated with comorbid disorders, including coronary artery disease and osteoarthritis,
in which ectopic calcification with basic calcium phosphate crystals commonly affects
arteries and articular cartilage, respectively. Accepting the 2024 G-CAN Gold Medal, I
review my research philosophy for translational etiopathogenesis investigation in gout
and CPPD, atherosclerosis, responses to arterial injury, and osteoarthritis. Since molecular
homeostasis points to pathophysiology and vice versa, I have followed selected molecular
players and pathways to phenotypes. Typically, behind each disease target is another
target. Illuminating passageways between etiopathogenic pathways is especially produc-
tive when using approaches beyond conventional “omics” to reveal the impact of specific
post-translational protein modifications, and changes in protein conformation, complex
assembly, and interactomes. Highlighting these concepts, I review my past studies on
specific molecular pathways, and current perspectives for the following: (i) PPi, NPP1,
ANKH, and transglutaminase 2 (TG2); (ii) relationships between NPP1, ANKH, Vanin-1
Pantetheinase, and ectopic chondrogenesis; (iii) intersections between adenosine, AMPK,
CXCL8 and its receptor CXCR2, the receptor for advanced glycation endproducts (RAGE)
and chondrocyte hypertrophy; (iv) lubricin homeostasis and proteolysis; (v) receptor for
advanced glycation endproducts (RAGE) and TG2-catalyzed post-translational calgranulin
modification; (vi) complement activation and C5b-9 assembly, and the nucleotide-bound
conformation of TG2. The inescapable conclusion is that these molecular pathways tightly
knit crystal arthropathy with both arterial and osteoarthritis comorbidity.

Keywords: gout hyperuricemia; calcium pyrophosphate; CPPD monosodium urate crystal;
arterial calcification; atherosclerosis; osteoarthritis; chondrocalcinosis; cytokines

1. Introduction
I am honored to accept the 2025 G-CAN Gold Medal. Invited to write an opinion

piece that capsulates my invited awardee lecture, I summarize my research philosophy and
accomplishments related to crystal arthropathy and associated comorbidities. In doing so,
I add selected historical and current perspectives, including where recent works by others
have expanded on the original studies to reshape the field.

2. How the Work Began
My work began in 1981; after training at McGill University in Montreal, Canada as

a rheumatologist, with fellowship clinical research mentored by John Esdaile, I moved to
La Jolla, California to dive into basic lab research. There, my primary mentor was Mark
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Ginsberg, a rheumatologist whose interest in gout was kindled by fellowship training
under Dan McCarty in Chicago. MSU crystals had previously been established to activate
complement [1] and the contact system of coagulation [2], and to induce a chemotactic
factor from neutrophils [3]. Topical investigation on gout was then progressing to deeper
elucidation of the breadth of circulating and cell proteins that bind the monosodium urate
(MSU) crystal surface, and how the crystals activate inflammatory cells [4].

My initial studies in crystal disease bumped up against the limitations of the “pre-
omics” era of crystal arthropathy research, when there was a conspicuous absence of
contemporary research tools to molecularly define and study signal transduction, gene
expression, DNA variants, the epigenome, recombinant proteins, and cytokines. Neverthe-
less, my philosophy from the outset has been to use all the tools at my disposal to follow
specific molecules from the bench to preclinical and clinical biology.

3. Molecular Targets and Pathways in My Research Philosophy
Discovering target molecules and pathways involved in both disease and tissue home-

ostasis has been the primary focus of my basic-translational research (Figure 1). This work
channeled the tenets of my research philosophy and efforts. Furthermore, my group, and
global network of collaborators, went beyond gout and other forms of crystal arthropathy to
the analysis of specific comorbidities of gout, CPPD, and pathologic calcification associated
with deposition of basic calcium phosphate crystals. These studies ranged from degenera-
tive joint disease associated with dysregulated chondrocyte biology to atherogenesis, arte-
rial calcification, and how arteries react to injury in the process of neointimal hyperplasia.

Figure 1. Disease target molecules in crystal arthropathy and pathologic calcification studied in my
lab, and in many cases followed to comorbidities. The figure lists pathophysiology targets I have
worked on, including those (listed in red, on the left) first identified to be involved in crystal-induced
inflammation in my various lab groups and with my collaborators. Similarly listed on the right of the
Figure are targets for calcification and osteoarthritis that I seminally identified and/or worked on.

The divine ingenuity of nature created large and small molecules, with NPP1 and PPi,
respectively, as fine examples [5] for tissue homeostasis, growth, and repair functions that
prevent or limit disease. Nature is curiously economical, in that many molecules essential
to physiology function in multiple organs, and not only deficiency but also excess of such



Gout Urate Cryst. Depos. Dis. 2025, 3, 17 3 of 20

molecules cause disease in multiple organs; I have been reminded of this time and time
again in my own work.

My research philosophy (Figure 2) has been honed by experience in the processes
of discoveries highlighted in this review. Importantly, we continually found that behind
the primary target we studied was one or more other major target pathways. Combing
the passageways between pathways, and the dark spaces not illuminated by conventional
omics, allowed us to study protein complexes and interactomes, and highlight biologic
effects of post-translational modifications (Figure 2).

Figure 2. My research philosophy. The Figure schematizes my path in following molecules through
to the clinical phenotypes of crystal arthropathies and their comorbidities (including atherosclerosis,
arterial and other forms of ectopic calcification, and osteoarthritis). Images in the Figure are licensed
free from Freepik and accredited to the image author: Designed by Freepik: http://www.freepik.com.

4. The Approaches Started with Proteomics
My studies began in 1981 with proteomics, before that name was bestowed. I used

spots on O’Farrell 2-dimensional gels to identify the MSU crystal-bound proteome of
plasma and serum exposure [6]. The proteome bound to MSUcrystals exposed to plasma
or serum turned out to be distinct from that of silica [6], and of CPP and basic calcium
phosphate crystals [7]. For example, we found that MSU crystals bound C1q and induced
and bound multiple activation products of complement C1, whereas this was not the case
for silica [6], and for CPP and basic calcium phosphate crystals [7].

Coating MSU crystals with serum or plasma markedly reduces the capacity to activate
neutrophils [8]. We discovered that the negatively charged MSU crystal surface avidly
binds positively charged low density lipoprotein (LDL), mediated via apolipoprotein B
(apoB) [8,9]. These huge molecules act much like the non-stick surface of a frying pan,
preventing cells from engaging the highly reactive MSU crystal surface [10]. Our collective
work revealed MSU crystal-bound LDL, apoB, and later apoE [11] to be among putative
promoters of inflammatory quiescence of tissue MSU crystal deposits. Lipoprotein biologist
Linda Curtiss was a prized co-mentor in this work, and in manuscripts and grant support
that galvanized my permanent move in 1985 to the UC San Diego Division of Rheumatology,
Autoimmunity, and Inflammation. I was hired and inspired by Nathan Zvaifler, a towering
physician-scientist who was among the pioneers of the modern era of rheumatology [12].

http://www.freepik.com
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5. Major Mediators of Crystal Arthropathy Also Impact Comorbidities
From the early 1980s through the next four decades, major investigative attention

was devoted to molecular identification of the cytokines driving gouty inflammation. The
early work of Steve Malawista, George Nuki, and colleagues on IL-1β [13] progressed to
discovery of MSU crystal-induced NLRP3 inflammasome activation by Jurg Tschopp’s
group in 2006 [14]. Our collaborative group identified IL-6 induction by MSU, CPPD,
and hydroxyapatite crystals [15]. Over three decades later, IL-6 emerged as a compelling
therapy target for acute and chronic arthritis associated with CPPD [16], and potentially
as an independent target in gouty arthritis [17], though randomized, controlled trials are
awaited. In the 1990s, my group discovered induction of the chemokines IL-8 (CXCL8)
and GROα (CXCL1) by MSU crystals, and the profound role in gouty inflammation of
the promiscuous CXCR2 receptor for CXCL8 and closely related chemokines including
CXCL1 [18,19]. In subsequent work, we determined the central role of the complement
C5b-9 membrane attack complex (MAC) in induction of not only tissue CXCL8 in response
to MSU crystal injection in vivo, but also neutrophil recruitment in experimental gouty
inflammation [20]. We additionally identified induction of CXCL8 in peripheral blood
monocytes and monocyte-lineage THP-1 cells by pro-atherogenic oxidized LDL, and major
pathogenic roles of CXCL1, CXCL8, and CXCR2 in atherosclerosis in vivo [21–23].

The activities of MAC, other complement proteins, and CXC chemokines as therapy
targets in gouty arthritis are now gaining well-justified translational attention [17,24–28].
C5a-generated C5 cleavage on the MSU crystal surface generates C5a that is chemotactic
and activating for phagocytes [26], and C5a is a primer of NLRP3 inflammasome activa-
tion [27]. MSU crystal-bound C-Reactive Protein (CRP) and natural IgM are now known to
substantially promote complement activation and generation of C4a, C3a, and C5a [24,25].
CRP mediates fixation of the complement components C1q, C1r, C1s, and Mannan-binding
lectin serine protease 1 (MASP1) to the MSU crystal surface [25]. Moreover, MSU crystals
do not show robust complement activation in serum depleted of IgM and CRP [24,25].
Significantly, an inflammatory chemokine loop involving ENA-78/ CXCL5 and neuronal
CXCR2 at the dorsal root ganglion was recently found to be a central driver of the unique
and characteristically excruciating pain of acute gouty inflammation [28].

CXCL8 is now known to be induced by the tumor necrosis factor superfamily 14
(TNFSF14, formerly known as LIGHT), which is markedly increased in acute gout flare
and central to cytokine production and inflammation in that process [17]. In addition, my
group, with the lab of David Gonzalez, employed proteomics to discover CXCL8, IL-1β,
IL-6, and C5 in a serum protein interactome network altered by treat to target xanthine
oxidase inhibitor urate lowering [29]. Collective works by others have heightened relevance
of CXCL8 and CXCR2, and not simply other cytokines such as IL-1β and IL-6, to systemic
inflammation that modulates atherosclerosis and hypertension [30–33]. In this light, recent
gout diagnosis and gout flare are associated with increased cardiovascular events that
include deep venous thrombosis, myocardial infarction, and stroke [34–37]. Similarly, acute
CPP crystal arthritis flare is significantly associated with increased short and long-term
risks for cardiovascular events [38]. Furthermore, based on clinical trial evidence [39], the
conventional crystal arthritis flare prophylaxis and treatment drug colchicine was recently
FDA-approved for secondary prophylaxis of acute coronary syndrome, superimposed on
“preventative standard of care” statin and low dose aspirin.

6. Signal Transduction and Crystal Arthritis
Studying MSU crystal-induced pro-inflammatory signal transduction in neutrophils,

we dissected the linkages between G protein-dependent and -independent effects, phos-
pholipid remodeling, cytosolic calcium mobilization, and specific protein kinases, [40–44].
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Findings that broke new ground included that MSU crystals did not need to be ingested to
induce G protein-independent inflammatory signaling, “phospholipid remodeling”, and
mobilization of intracellular calcium stores and consequent abrupt inflammatory responses
that did not require de novo transcription. Furthermore, we provided the first description
that MSU and CPP crystals activated NF-κB, c-Jun N-terminal kinase (JNK), other Mitogen
Activated Protein Kinase signaling pathways, and the transcription factor AP-1 [45].

6.1. Macrophage JNK-AP-1 Pathway Bifurcation from the Lysosomal Program in
Crystal-Induced Inflammation

The collaborative team of Isidoro Cobo, Monica Guma, and Chris Glass, with my-
self and others, recently discovered that MSU crystals induce a metabolic-inflammatory
transcriptional program in unprimed murine macrophages diverging markedly from the
LPS-induced program via unique upregulation in lipid and amino acid metabolism, glycol-
ysis, and SLC (Solute Carrier) transporter genes [46]. This unique metabolic rewiring of the
MSU crystal gene program upregulation is detectable in acute gouty inflammation, and
modulated by JNK signaling in a specific, pharmacologically treatable manner, independent
of p38 Mitogen Activated Protein Kinase and NLRP3 inflammasome activation [46]. The
consortium next determined that macrophage responses to MSU, CPPD crystals, and silica
particles require an AMP Activated Protein Kinase (AMPK)-dependent transcriptional
network for lysosomal acidification [47]. The critical players for induction of lysosomal
acidification genes were the lysosomal biogenesis regulatory transcription factors (TFs)
TFEB and TFE3, and the epigenetic regulators DNA methyl transferase 3a (DNMT3A) and
Disruptor of Telomeric Silencing 1-Like (DOT1L) histone methyltransferase axis [47]. A
bifurcating JNK-AP-1 pathway was shown to independently drive cytokine and chemokine
expression to inflammatory crystals and particulates [47].

6.2. AMPK Effects Are Double-Edged in Crystal Arthropathy

Perhaps nothing illustrates the value of “following the molecule” more than tracking
the double-edged effects of AMPK in crystal-induced inflammation. AMPK, whose pri-
mary function is nutritional biosensing, exerts substantial anti-inflammatory effects that
suppress crystal-induced inflammation, including inhibition of NF-κB activation, induction
of Sirtuin 1 activation, modulation of macrophage polarization [48], and the promotion and
support of autophagy [49–52]. Notably, AMPK activates the enzymatic protein degradative
machinery of the autophagosome using the aforementioned transcriptional network for
pro-inflammatory lysosomal biogenesis and acidification [47].

Ru Bryan spearheaded our seminal efforts to examine the potential therapeutic role
of AMPK activation in gout [48] and other diseases mediated by inflammatory pro-
cesses [53,54]. Key findings in gout included that macrophage AMPK is inhibited by
incubation with MSU crystals, where AMPK is activated by low dose colchicine [48].
AMPK activity transduces colchicine anti-inflammatory effects in macrophages, inhibition
of the NLRP3 inflammasome, release of multiple inflammatory cytokines, and polarization
of macrophages to anti-inflammatory M2 differentiation [48]. We similarly showed AMPK
to transduce anti-inflammatory effects in gout of the peroxisome proliferator-activated
receptor partial agonist arhalofenate [48]. Murine AMPK knockout markedly increases the
inflammatory response to MSU crystals in vivo, whereas pharmacologic AMPK activation
suppresses the response [48]. More recently, other investigators uncovered association
of prescription of the AMPK activator metformin with less incident gout [55]. In some,
but not all retrospective studies, a lower frequency of gout flares was seen in metformin
recipients [49,56]. However, retrospective association studies in populations with metabolic
syndrome and type 2 diabetes are subject to limitations via confounders such as polyphar-
macy, not limited to use of SGLT2 inhibitors with anti-inflammatory activity [57,58].
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6.3. Phagocyte Membrane Proteins Central to Crystal-Induced Inflammation

Many cell membrane proteins, including CD44 [59] and C-type lectin domain family
12 member A (CLEC12A) [60], engage the highly reactive negatively charged MSU crystal
surface, with pro-inflammatory functional consequences that complement the effects of
nonspecific membrane perturbation by the crystals. Our seminal work on the MSU crystal-
bound cell membrane proteome of phagocytes revealed that TLR2, TLR4, their cytoplasmic
adaptor signaling protein Myeloid Differentiation Primary Response 88 (MyD88), and the
classical monocyte marker CD14 to be central in gouty inflammation [61,62]. We discovered
that MSU crystals bind CD14, and that CD14 knockout macrophages ingest MSU crystals,
but with an inflammation-resolving rather than pro-inflammatory response unless the
crystals are pre-coated with soluble CD14 [62]. Recent work by Leo Joosten and colleagues
has buttressed how CD14 factors in the inflammatory monocyte phenotype and in inflam-
matory responses to MSU crystals [63]. Also, HLA-DQA1 highCD14 +monocytes are now
known to heighten immune responses and bone erosion in advanced gouty arthropathy.

6.4. The DNA Methylome and Epigenetic Training of Gouty Inflammation

Working with Wei Wang and Tony Merriman, we were the first to characterize the
DNA methylome of patients with gout [64]. We studied peripheral blood mononuclear cells
from my own UC San Diego gout cohort and controls, with Dr. Merriman’s New Zealand
cohort for validation [64]. We discovered a distinct fingerprint of differentially methylated
loci in gout. For example, the IL-23 receptor gene IL23R, a mediator of granuloma formation
and cell invasiveness, was among the differentially methylated risk genes for gout. DNA
methylome differences that distinguished gout from non-gout control subjects also were
found in pathways of cell homeostasis, adaptive immunity, and inflammation, including
signaling of B cell and T cell receptors, IL-17 and Th17 cells, AMPK, longevity regulation,
autophagy, NF-κB, and multiple other transcriptional networks [64]. Also, the circadian
entrainment pathway was differentially methylated in patients with gout [64], highly
relevant to the nocturnal flare onset characteristic of gout. Differentially DNA methylated
transcriptional network pathways and regulatory factors for osteoclastogenesis were also
associated with gout.

Now, multiple lines of evidence highlight the impact of epigenetic regulation of
gouty inflammation and susceptibility to developing gout, via clonal hematopoiesis of
indeterminate potential (CHIP) and the epigenetic training of innate immune memory in
hyperuricemia and gout illuminated by the Joosten group [65–69]. Our DNA methylome
data also buttress more recent evidence for adaptive immunity as a key factor regulating
the inflammatory response to MSU crystals and the unique biology of tophaceous, bone
erosive gout pathology with potentiation of osteoclastogenesis, including at the tophus-
bone interface [70–72].

7. Lubricin and Lessons Learned from Erosive Gout
Without Hyperuricemia

Recent work from my lab, with a large global network of collaborators including
Khaled Elsaid, Tony Merriman, Jack Karsh, and David Gonzalez, illuminated unique,
hyperuricemia-autonomous aspects in development of gouty arthritis and progression to
erosive tophaceous joint disease [73]. We studied a 22-year-old female who developed
erosive gout with intra-articular tophi, destructive gouty arthritis of the hip that led to
total joint arthroplasty, and stereotypical gout flares. The proband had a normal serum
urate of 5 mg/dL [73], and gout flares eventually improved on allopurinol that lowered her
serum urate to 2 mg/dL. Kindred members were also studied. There was no family history
or common comorbidity of gout, but the proband went on to develop Crohn’s disease in
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her mid-thirties. Genome-wide sequencing revealed a proband inflammatory diathesis,
which included multiple NPRP3 gain of function gene variants. Using proteomics and
other confirmatory assays, we observed attenuation of circulating lubricin in the proband,
mediated by an increase in activity of lubricin-cleaving proteases such as Cathepsin G
and likely neutrophil elastase as well, and linked with deficient inhibition of lubricin
proteolysis by thrombospondin and the serine protease inhibitor SERPINB6 [73]. Serum
lubricin was also very low in a substantial subset of gout patients. Novel in vitro and
in vivo studies revealed that lubricin, at concentrations present in normal synovial fluid,
markedly inhibits crystallization of MSU. Lubricin was also shown to suppress the ability
of activated macrophages to express xanthine oxidase and urate generation [73].

Collective results uncovered a highly consequential lubricin mechanistic circuit within
the joint space, vulnerable to IL-1β, to TLR2-mediated synovial fibroblast lining cell signal-
ing, and to increased activity of lubricin degrading proteases [73,74]. Elsaid and colleagues
laid the groundwork by finding that lubricin not only inhibits phagocytosis of MSU crystals
via engaging CD44 but also limits MSU crystal-induced inflammation in vivo [59]. We
discovered lubricin to restrain not only intra-articular generation and crystallization of
urate, but also macrophage xanthine oxidase and urate release.

Lubricin suppresses synovitis and also coats and lubricates the cartilage surface (where
MSU crystals avidly deposit) [74]. Since joint fluid lubricin levels drop in association
with inflammation in chronic joint disease [74], dysregulated homeostasis of lubricin has
the capacity to diminish natural limitations on development of gout, flares, and erosive
tophaceous joint disease. Articular lubricin deficiency can thereby contribute to the strong
association of gout with osteoarthritis of the first metatarsophalangeal and other joints [74].

8. PPi Metabolism in CPPD, Other Forms of Ectopic Calcification,
and Physiology

I have long worked to address unmet needs in CPPD, where dysregulation of rele-
vant nucleotide and PPi biology remains under-investigated [75]. Having followed Dan
McCarty’s groundbreaking work on ATP metabolism and PPi biology in CPPD, I aimed
to molecularly identify etiologic players and pathways. Dysregulated PPi metabolism is
fundamental to the development of CPPD [75,76]. Starting in the early 1990s, we seminally
identified the large, homodimeric transmembrane ecto-enzyme plasma cell membrane
glycoprotein-1 (PC-1) as the principal extracellular PPi-generating ATP-hydrolyzing nucleo-
side triphosphate pyrophosphohydrolase (NPP) in chondrocytes and osteoblasts, including
at sites of calcification [77,78]. We observed that PC-1, encoded by the ENPP1 gene and
ultimately renamed NPP1, is increased in articular cartilage in degenerative joint disease
and at loci of chondrocyte hypertrophy and calcification [79,80].

Our work seminally illuminated NPP1 physiology in a plasma membrane enzyme
and transporter chain that regulates extracellular ATP, AMP and adenosine, PPi, and
inorganic phosphate (Pi) (Figure 3) [81–87]. NPP1 is upstream in the chain containing
the ATP excretory transporters ANKH (in skeletal tissues) and ABCC6 in the liver, the
ecto-nucleoside triphosphate diphosphohydrolase-1 CD39 that competes with NPP1 to
generate AMP, CD73 that catalyzes adenosine from AMP generated in part by NPP1, and
tissue nonspecific alkaline phosphatase (TNAP) that hydrolyzes PPi to generate Pi [87–89].
We found NPP1 to be essential for generation of PPi in bone and cartilage via what is now
recognized to be hydrolysis of ATP released via ANKH [86]. We discovered that excess of
not only ANKH but also extracellular PPi alone promote cartilage degeneration by inducing
MMP-13 [87], confirmed independently later [90]. Also, we uncovered that a subset of
what had been labeled “idiopathic/sporadic CPPD” was heritably influenced via a -4-bp
G-to-A ANKH 5′-untranslated region polymorphism that upregulates ANKH expression
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and extracellular PPi generation in vitro [91]. This genetic association was later confirmed
by the Abhishek group, who revealed it to be independent of age and osteoarthritis [92].

Figure 3. NPP1 and TNAP in the plasma membrane enzyme and transporter chain that regulates
extracellular ATP and generation of AMP, adenosine, PPi, and inorganic phosphate (Pi). The broad
physiological functions of this chain are discussed in the text. Image of plasma membrane via Good
Free Photos https://www.goodfreephotos.com/.

Significantly, we now know that extracellular citrate accumulation factors into cer-
tain aging-related pathologies. Including osteoarthritis [93,94] and that ANKH exports
citrate [95,96]. This ANKH function could promote the pro-inflammatory senescence as-
sociated secretory phenotype, findings noteworthy because of recent linkage of articular
chondrocyte senescence to CPP crystal deposition [97]. In addition, the seminal finding
linking familial CPPD to childhood onset seizures now may well be explained by ANKH
transport of citrate [98].

Intrigued by the fundamental regulation of chondrocyte extracellular PPi by specific
growth factors, exemplified by mutually antagonistic stimulatory and inhibitory effects
of TGFβ and IGF-I, respectively [99], we investigated the effects of Bone Morphogenetic
Proteins, PTHrP, and bFGF [100,101]. We also helped determine not only that the TGFβ
effect to promote PPi release is heightened with donor age in human articular chondro-
cytes [102], but also that IL-1β suppresses chondrocyte and calcifying chondrocyte-derived
apoptotic body NPP1 and PPi levels [103,104]. Establishing marked dominance of NPP1 as
the articular chondrocyte PPi generating enzyme [105], we performed requisite molecular
studies proving that the two Cartilage Intermediate Layer Protein (CILP) isoforms are not
NPP enzymes. Instead, we found that CILP-1 indirectly regulates chondrocyte PPi levels
by modulating responsiveness to IGF-I [106].

Tony Merriman’s groundbreaking genome-wide association study (GWAS) on African
and European chondrocalcinosis cohorts has implicated an ENPP1 variant associated with
increased NPP1 tissue expression [107]. NPP1 inhibitory nucleotide analog treatment
suppresses ATP-induced CPP crystal deposition by chondrocytes in vitro, which buttresses
NPP1 translational impact for CPPD [108]. However, we uncovered deleterious effects of
even partial NPP1 deficiency that impose challenges to development of NPP1 inhibition
therapeutics for CPPD.

8.1. NPP1 Physiology Highlighted by Broad Disease States in NPP1 and PPi Deficiency States

In physiology, the major roles of PPi are suppression of ectopic calcification with
hydroxyapatite and other basic calcium phosphate crystals, and regulation of skeletal
calcification, partly by providing PPi for Pi generation by TNAP [83]. Moreover, the NPP1-

https://www.goodfreephotos.com/
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PPi -CD73-adenosine axis (Figure 3) contributes broadly to tissue homeostasis, including in
the vasculature, bone, and spinal ligaments [109].

With Jose Luis Millan, we identified the intimate relationship in physiologic bone calci-
fication between NPP1 and PPi-hydrolyzing (TNAP), mediated in large part via osteoblast
matrix vesicles, and the calcification suppressor osteopontin, which is induced by both
PPi and Pi [82–85]. This work was foundational to later elucidation that NPP1 deficiency
promotes not only osteomalacia (Autosomal Recessive Hypophosphatemic Rickets type 2
(ARHR2)), but also early-onset osteoporosis [109].

Our key translational achievement in NPP1-related tissue homeostasis and calcifica-
tion biology stemmed from a study in the early 1980s of an infant from a consanguineous
marriage, who developed marked arterial stenosis mediated by pronounced neointimal
hyperplasia and arterial calcification, hypertension, heart failure, and periarticular calcifica-
tion [110,111]. This rare phenotype, little known in 1980, is now termed generalized arterial
calcification of infancy (GACI) [109,112,113]. Pediatrician Frank Rutsch noted very low
urinary PPi in the infant {110], and moved to my lab for postdoctoral training, launching the
first studies to molecularly define pathogenesis, clinical course, and the GACI diagnostic
ENPP1 mutational spectrum that remains in use since then [110–114]. Carrying huge mor-
tality in year 1 of life, GACI evolves to hypophosphatemic rickets in childhood persisting
into adulthood [109,111,113]. We seminally ascertained that severe NPP1 deficiency in
GACI causes near total absence of circulating PPi [111], a critical biomarker in current
pivotal clinical trials on Fc-conjugated NPP1 for GACI.

Pseudoxanthoma elasticum (PXE), a childhood-onset disease associated with system-
ically low PPi and ectopic calcification, is primarily due to deficiency of the hepatocyte
ATP-excreting transporter ABCC6 (Figure 3) [88,109]. Frank Rutsch and I discovered that a
small subset of PXE is caused by NPP1 deficiency, and conversely that a small subset of
ABCC6-deficient individuals presents with GACI rather than PXE [88]. Later, my group dis-
covered that NPP1 physiologically suppresses ectopic calcification in large part by limiting
ectopic chondrogenesis [114]. Similarly, we found that ANKH limits ectopic chondrogene-
sis, acting at the mesenchymal stem cell level and mediated by markedly increased Vanin-1
pantetheinase [115], which we discovered to transduce neointimal hyperplasia [116]. We
now know that human NPP1 deficiency states can cause other diseases of heterotopic ossi-
fication, such as Ossification of the Posterior Longitudinal Ligament (OPLL) and Diffuse
Idiopathic Skeletal Hyperostosis (DISH), and that ANKH deficiency can cause progressive
craniofacial bone hyperostosis [109].

Clearly, therapeutic opportunities for boosting NPP1, PPi, and downstream adenosine
are expansive and feasible [83,109]. For example, my group found that even ENPP1
haploinsufficiency promotes murine post-injury arterial stenosis via neointimal hyperplasia,
and that arterial obstruction happens in the matter of a few weeks after injury, without
lesion calcification in that time frame [117]. Frank Rutsch and colleagues later showed the
protective effect of NPP1 on murine post-injury carotid artery neointimal hyperplasia to
be mechanistically adenosine-dependent and prevented in vivo by Fc-conjugated NPP1
administration [118,119].

8.2. The NPP1-PPi-CD73-Adenosine Axis in Osteoarthritis

Is synovial joint homeostasis of potential area for therapeutic modulation within
the NPP1-PPi-CD73-adenosine axis? In this context, increased chondrocyte hypertrophic
differentiation exerts fundamental pro-calcifying effects in osteoarthritis and CPPD joint
cartilages [120,121]. Chondrocyte hypertrophy is a physiologic process in growth plate
mineralization, associated with vascular invasion, matrix vesicle shedding, and basic cal-
cium phosphate crystal deposition [120,121]. There are over a dozen mediators involved in
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the growth plate process, with the Wnt/β-catenin pathway a prime example, and some of
these mediators contribute to osteoarthritis pathophysiology in articular cartilage [120,121].
Yingzi Yang, with my collaborative assistance, discovered that NPP1 suppresses chon-
drocyte hypertrophy and ectopic calcification in part by inhibiting Hedgehog signaling,
activating Gαs-PKA signaling, and thereby supporting synovial joint homeostasis [122].
That said, the notion of augmenting the large molecule NPP1 in the joint, and thereby
augmenting PPi, risks more pathologic calcification in osteoarthritis. A more pragmatic ap-
proach has been taken by Bruce Cronstein and colleagues. They showed chondroprotective
potential of liposomal adenosine, and that small molecule activation of the chondrocyte
adenosine A2A receptor limits chondrocyte senescence, mitochondrial damage, pathways
driving extracellular matrix damage, and experimental osteoarthritis [123–127].

9. Ectopic Calcification in the Setting of Cartilage “Inflamm-Aging”
in Osteoarthritis

Our studies on cartilage “inflamm-aging” in osteoarthritis and associated pathologic
cartilage calcification identified chronic, “low-grade inflammation in cartilage” and as-
sociated dysregulation of proteostasis and mitochondrial function integral to articular
cartilage aging and pro-mineralizing chondrocyte hypertrophy. Specifically, our seminal
work showed dysregulation of the unfolded protein response and ubiquitin proteasome
system in chondrocytes in cartilage injury and osteoarthritis, and how decreased AMPK
activity intersects with defective proteostasis [128–131]. We also demonstrated activation
of AMPK to be deficient in human knee osteoarthritis chondrocytes, and that IL-1β was
one of the inflammatory stimuli that reduce chondrocyte AMPK activity [132].

A low ratio of ATP to AMP promotes AMPK activation, and mitochondrial oxidative
phosphorylation is a substantial generator of ATP in chondrocytes. We discovered that pig
knee chondrocytes of aged Hartley guinea pigs, which develop OA spontaneously, had
“ATP hunger” due to mitochondrial dysfunction, with evidence for decreased oxidative
phosphorylation [133], an effect we linked to increased chondrocyte nitric oxide [134]. The
guinea pig chondrocytes developed increased PPi output and increased NPP activity as
OA progressed with increasing age [133]. We also elucidated AMPK chondroprotective
effects by augmenting impaired mitochondrial biogenesis in osteoarthritic cartilage, and
preservation of mitochondrial DNA integrity and function [135,136]. These collective
findings seminally drove the concept that chondrocyte mitochondrial dysfunction factors
into the linkage of osteoarthritis with CPPD in aging.

Our pivotal preclinical studies established that AMPK activators such as metformin
limit experimental knee OA [54,137]. Though clinical trial results have been variable [138],
we now know that metformin use in type 2 diabetics has been linked to decreased risk of
both new-onset OA and/or eventual total hip or knee joint replacement [54,139–143]. Im-
portantly, the past literature indicates that coexistent CPPD is not necessarily an anatomic
progression signal for osteoarthritis [144,145]. Hence, the upregulated intracellular NPP1-
AMP+PPi and extracellular NPP1-PPi-CD73-adenosine pathways in aging and OA carti-
lages may well be an adaptive, protective mechanism for OA progression by hydrolyzing
ATP to generate intracellular AMP for activation of AMPK and producing extracellular PPi

to suppress basic calcium phosphate crystal formation. However, the cost is promotion of
CPP crystal formation under suitable conditions in the extracellular matrix.

Chondrocyte Hypertrophy Driven by an Inflamm-Aging Network

In formative studies, we laid out a network of inflamm-aging mediators that promotes
chondrocyte hypertrophy in osteoarthritic cartilage [146–158]. In this context, with Martin
Lotz, we first implicated chemokines, particularly CXCL1 and CXCL8, which share sig-
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naling via CXCR2, to promote articular chondrocyte hypertrophy. Recent work by others,
uncovering inflammatory and pre-hypertrophic cell populations in human knee OA via
multi- omics data integration, revealed CXCL8 and CXCR2 enrichment specifically in the
“inflammatory chondrocyte” subset [159]. In addition, cartilage homeostatic functions of
CXCR2 via heparin-bonding chemokines were recently uncovered [160].

The chondrocyte hypertrophy inflamm-aging network, that we discovered largely over
a decade, included externalization of Transglutaminase 2 (TG2) bound to GDP, transami-
dation of specific S100 calgranulins, release of the damage associated molecular pattern
(DAMP) High Mobility Group Box 1 (HMGB1), and signaling by Toll-like Receptors (TLRs),
CD36, and the receptor for advanced glycation products (RAGE) [149–158]. The dual
enzyme TG2 acts in a calcium-dependent manner to crosslink and alter folding in proteins
by catalyzing isopeptide bond formation between γ-carboxamide groups of glutamine
side chains and ε-amino groups of lysine side chains. Transamidation and deamidation
reactions of TG2 are silenced under low calcium conditions that favor GTP binding to
TG2, conformational change in the enzyme, and hydrolysis of GTP to GDP that confers
the GTPase signal transduction activity we determined to mediate a distinct pathway for
chondrocyte hypertrophy [153,154]. Notably, we found that IL-1β induces pro-calcifying
activity TG2 and a second articular chondrocyte transglutaminase Factor XIIIA [157]. Fol-
lowing TG2 to the process of artery calcification, we discovered a key role of TG2 in the
calcifying differentiation and activity of arterial smooth muscle cells [161].

TG2 is now an emerging target for fibrotic diseases mediated by extracellular ma-
trix protein crosslinking, exemplified by scleroderma. However, we followed TG2 to
relevant physiology and established TG2 to mediate how macrophages take up apop-
totic neutrophils in the joint (efferocytosis) [162] and promote the resolution phase of
gouty inflammation via innate immunity reprogramming that includes more TGFβ re-
lease [163]. Our work also revealed that macrophage TG2 limits both atherosclerosis [164]
and post-injury neointimal hyperplasia [165], pointing to further challenges to developing
pharmacologic TG2 antagonism.

10. Concluding Perspectives
My basic-translational research has followed many target molecules (eg, apoB, C1

activation, C5b-9, CXCL8, CXCR2, NPP1, TG2, AMPK, lubricin) in what is now appreciated
to be the tightly knit space spanning crystal disease and specific comorbidities. The work
has used big data approaches to decipher disease, and has developed clinical and diagnostic
biomarkers and emerging therapeutics. A prime example of the new therapeutics is NPP1
conjugated to Fc, which is in advanced clinical trials for GACI and PXE and in early devel-
opment for calciphylaxis and other diseases of heterotopic calcification and ossification.
Another example is clinical trials of the AMPK activator metformin in osteoarthritis.

I continue to marvel at how and where the road I have traveled on continues to be
carved forward. When I started gout research in 1981, neutrophils, phagocytosis, com-
plement, chemotaxis, and the MSU crystal-bound proteome were at the leading edge of
initiation and quiescence of gouty inflammation. Over four decades later, macrophage po-
larization and cytokines, NLRP3, signal transduction and transcription activation, AMPK,
autophagy, lubricin, the lysosomal biogenesis and activation gene program, and CHIP and
the epigenome in training innate immunity and adaptive immunity [64,70,71] are major
talking points. Remarkably, much of the conversation has circled back to neutrophils, since
efferocytosis of apoptotic neutrophils by macrophages [162,163] and neutrophil extracellu-
lar trap formation (NETosis) [166–168] are factors in quiescence of gouty inflammation and
tophus formation.
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Commencing work on CPPD and pathologic calcification over three decades ago, it
would have been far-fetched to imagine that the enzyme, in excess, driving chondrocyte
extracellular PPi production would also be central, when deficient, in arterial media calci-
fication and intimal hyperplasia. The same is the case for the CXCR2 ligand chemokines
axis, integral to crystal-induced inflammation, being involved in articular chondrocyte
hypertrophy and atherosclerosis while maintaining chondrocyte homeostasis; likewise for
the broad pathologic and homeostasis effects of TG2 in cartilage and arterial calcification,
atherosclerosis, intimal hyperplasia, and resolution of MSU crystal-associated inflamma-
tion. But the lesson is that more can always be learned, through ongoing investigation and
the pursuit of more perfect enlightenments. Quoting Linus Pauling: “If you want to have
good ideas, you must have many ideas”, and as Albert Szent-Györgyi said, “Research is to
see what everybody else has seen, and to think what nobody else has thought.”
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CXCR C-X-C Chemokine Receptor
DAMP Damage-Associated Molecular Pattern
DISH Diffuse Idiopathic Skeletal Hyperostosis
DNMT3A DNA Methyl Transferase 3a
DOTL1 Disruptor of Telomeric Silencing 1-Like
ENA-78 Epithelial-Derived Neutrophil Activating Peptide 78/CXCL5
GACI Generalized Arterial Calcification of Infancy
HMGB1 High Mobility Group Box 1
IGF Insulin Like Growth Factor
IL Interleukin
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