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Abstract

Purpose of review—Articular cartilage vesicles (ACVs) are small extracellular vesicles that
serve as foci of pathologic calcium crystal deposition in articular cartilage matrix. In this review, |
have summarized the role of ACVs in calcium crystal formation and discuss recent findings that
impact our understanding of the content, behavior, and origin of ACVs in healthy and diseased
joints. The burgeoning interest in extracellular vesicles in other fields renders this a timely and
relevant topic.

Recent findings—I have highlighted recent studies demonstrating that some ACVs originate in
the autophagic pathway in healthy articular chondrocytes. | have reviewed accumulating evidence
that nonmineralizing functions of ACVs contribute to osteoarthritis. | have also discussed new
work supporting a role for extracellular vesicles in interleukin-1 p-induced mineralization and in
mediating the catabolic effects of synovial inflammation in osteoarthritis.

Summary—\We are making slow and steady progress in understanding the origin and function of
ACVs and other relevant extracellular vesicles in arthritis. Further work in this interesting area is
warranted.
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INTRODUCTION

Avrticular cartilage vesicles (ACVs) are 50-250 nm diameter extracellular vesicles found in
the pericellular matrix of healthy articular cartilage. They were initially described in the
context of pathologic articular cartilage calcification [1], mirroring similar work performed
20 years earlier identifying matrix vesicles in growth plate cartilage [2]. ACVs concentrate
enzymes and substrates necessary for the formation of arthritogenic calcium crystals; and
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isolated ACVs serve as an important in-vitro model of pathologic articular crystal formation
[1]. Although it is highly unlikely that these structures possess only pathologic functions,
remarkably little is known about the role of ACVs in healthy cartilage.

Recent studies of ACVs have been informed by the explosion of interest in cell-derived
extracellular vesicles. It is now clear that multiple types of extracellular vesicles are released
by all cell types in a highly regulated fashion. Two major categories of extracellular vesicles
are loosely defined by size. Exosomes are 50-200 nm in diameter, whereas microparticles
are 500-1000 nm in diameter. Studies of extracellular vesicles at other sites of pathologic
mineralization, such as atherosclerotic plaques [3], heart valves [4], and in the kidney during
stone formation [5], may also illuminate processes involved in the formation and function of
ACVs.

In this review, | have summarized current knowledge of ACVs in the context of articular
calcium-containing crystal formation and osteoarthritis, and highlight new advances relevant
to processes of pathologic calcification in the joint and to our understanding of ACVs in
healthy and diseased cartilage.

ARTHRITOGENIC CALCIUM-CONTAINING CRYSTALS

Two varieties of calcium-containing crystals are associated with arthritis. Calcium
pyrophosphate (CPP) crystals are fairly unique to articular cartilage, whereas basic calcium
phosphate (BCP) crystals are broadly distributed and found in many types of calcifications.
CPP crystals cause an acute arthritis known as pseudogout, but more commonly produce
painful degenerative arthritis with or without inflammatory features. Approximately 20% of
unselected patients with osteoarthritis have CPP crystals in their joint fluids [6] or cartilage
[7]. BCP crystals contain a trio of carbonated substitute apatite, octacalcium phosphate, and
tricalcium phosphate. They are extremely common in end-stage osteoarthritis [6,7]. They
also cause a heterogeneous group of musculoskeletal pathologies, including calcific
tendonitis, Milwaukee shoulder syndrome, and periarthritis syndromes such as
pseudopodagra [8]. Both types of calcium-containing crystals predict severe cartilage
damage in osteoarthritis [9].

MECHANISMS OF ARTICULAR CARTILAGE VESICLE MINERALIZATION

Although considerable attention has been paid to understanding the mechanisms of damage
induced by calcium crystals [10,11], major knowledge gaps exist in our understanding of
calcium crystal formation. Much of the work on pathologic crystal formation builds on our
understanding of processes of normal mineralization in bones and teeth. The advent of
electron microscopy revealed lipid-rich deposits in the pericellular matrix of mineralizing
growth plate chondrocytes. These were ultimately shown to contain membrane-bound
extracellular vesicles called ‘matrix vesicles’ [12]. In the ensuing years, matrix vesicles were
enzymatically isolated from growth plate cartilage and shown to generate hydroxyapatite-
like mineral [13].

Twenty years after the isolation and characterization of matrix vesicles from growth plate
cartilage, similar-sized extracellular vesicles were noted in normal articular cartilage [14].
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Enzymatic isolation from the surrounding extracellular matrix and differential centrifugation
yields a heterogeneous population of membrane-delineated vesicles (Fig. 1). Isolated ACVs
generate arthritogenic calcium crystals /n vitro identical to those seen in human synovial
fluid [15]. ACVs are easily isolated from normal cartilage as well as osteoarthritic cartilage
[16]. They are also generated and released into conditioned media by chondrocytes in
monolayer cultures [17].

FACTORS REGULATING ARTICULAR CARTILAGE VESICLE
MINERALIZATION

The type and quantity of mineral generated by ACVs are regulated by the ratio of
pyrophosphate (PPi) to phosphate (Pi). This critical ratio also controls mineralization in
other tissues. ACVs generate CPP crystals in the presence of ATP. BCP crystal formation
predominates when B-glycerophosphate is the primary phosphate source [15,18]. Specific
activities of ATP metabolizing ecto-enzymes on ACVs drive mineralization by affecting
levels of Pi and PPi (Fig. 2). These ecto-enzymes include alkaline phosphatase, nucleotide
triphosphate pyrophos-phohydrolases, such as ectonucleoside pyrophosphohydrolase/
phosphodiesterasel (ENPP1), and 5" nucleotidase. Although the PPi/Pi ratio is primarily
controlled by the ratio of NTPPPH to alkaline phosphatase enzyme activities, recent work
suggests that this equation is considerably more complex. Zhang et al. [19] demonstrated
that alkaline phosphatase in matrix vesicles possesses phosphodiesterase activity which can
generate PPi from ATP. Elegant studies implicate the PHOSPHO1 enzyme as an additional
participant in matrix vesicle mineralization. PHOSPHOL is a phosphoethanolamine/
phosphocholine phosphatase that functions to pull phosphate into the interior of the vesicle,
where mineralization begins [20]. PHOSPHOL has not been studied in ACVs, but this
enzyme and others that regulate the critical PPi/Pi ratio warrant further study.

Studies of calcification in nonarticular cells and vesicles may reveal additional factors
regulating ACV-induced mineralization. For example, bone marrow-derived mesenchymal
stem cells undergo massive mineralization in response to interleukin-1p (lI-1p). Interesting
work exploring the mechanism of this effect demonstrated that mesenchymal stem cells do
not undergo osteoblastic differentiation in response to IL-1p [21]. Instead, mineralization
correlated with a decrease in cellular levels of ENPPL. Interestingly, analysis of the
extracellular vesicles produced by IL-1p treated mesenchymal stem cells showed a clearly
altered ratio of ENPP1 to alkaline phosphatase and less PPi in the vesicle fraction. This work
supports the hypothesis that inflammatory cytokines can induce mineralization by altering
the enzymes regulating the PPi/Pi ratio on extracellular vesicles [21].

The composition of the extracellular matrix surrounding ACVs clearly also plays an
important role in regulating mineralization. The unique qualities of articular cartilage
extracellular matrix may explain why CPP crystals are located almost exclusively in
cartilage and at sites of cartilage metaplasia. This is supported by several interesting indirect
observations. As shown in Fig. 3, in response to various phosphate sources, the
mineralization pattern of articular chondrocytes differs from that of isolated ACVs.
Quantities of extracellular matrix are significantly higher in chondrocyte cultures than in

Curr Opin Rheumatol. Author manuscript; available in PMC 2018 November 18.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Rosenthal

Page 4

ACYV fractions. Secondly, while CPP crystals are not known to be present in any animal
smaller than a dog [22] and have never been identified in growth plate cartilage, isolated
matrix vesicles derived from chicken growth plate cartilage produce CPP crystals when
provided with high concentrations of ATP [23]. In more direct studies, mineralization was
assessed when ACVs were embedded in agarose gels containing various matrix components.
Normal cartilage matrix, modeled by adding proteoglycans and type 11 collagen to the gel,
suppressed ACV-induced mineralization [15]. Mimicking osteoarthritic extracellular matrix
by adding type I collagen increased ACV-induced mineralization [15]. Thus, the
compositional changes that occur in osteoarthritic matrix promote ACV mineralization.

ARTICULAR CARTILAGE VESICLE CONTENT

We have much to learn about the content of ACVs. Proteomics methodologies are well
suited to studying the interior contents of ACVs, and vesicles typically contain a
manageable-sized proteome [24]. Our proteomic work highlighted differences and
similarities between ACVs isolated from normal and osteoarthritic cartilage [24]. We
showed that the majority of the proteome was shared by both types of ACVs. The small
group of proteins that were different primarily represented extracellular proteins in
osteoarthritic cartilage matrix. A recent publication describes an open web-based database
with proteomics data from matrix vesicles derived from bone, cartilage, and teeth of six
different species [25®]. This type of tool will aid further investigations of vesicle content.

ARTICULAR CARTILAGE VESICLE ORIGIN

In general, processes involved in extracellular vesicle generation and release remain poorly
understood. Matrix vesicles from growth plate chondrocytes are believed to arise from
microvilli through a microtubule-dependent process involving zeoitic blebbing [26%]. In
smooth muscle cells forced to adopt an osteoblast-like phenotype, exosome-like vesicles are
derived from multivesicular bodies in a process responsive to inflammatory cytokines[27].
We recently demonstrated that ACVs from primary articular chondrocytes are generated
through the autophagic pathway [28™™]. Autophagy is the process through which internal
cell contents are recycled in intracellular acidic vesicles. Autophagy is a constitutive process
in healthy chondrocytes, whose normal environs are nutrient-poor and hypoxic [29]. Using a
dynamic model, we showed that agents that induce autophagy increase ACVs numbers in
the conditioned media of primary articular chondrocyte cultures. ACVs carry markers of
autophagosomes and are externalized in a caspase-3-dependent process which is
independent of apoptosis [28™™]. A role for membrane blebbing was illustrated by the
ability of Rho associated protein kinase pathway inhibitors to reduce ACV externalization
[28™™] This pathway is the first identified pathway for ACV formation and release. This
work has implications for understanding the role of ACVs as well as the potential to provide
new tools to manipulate ACV production.

NONMINERALIZING CONTRIBUTION TO OSTEOARTHRITIS

ACVs may contribute to osteoarthritis by affecting processes other than mineralization.
Extracellular vesicles safely carry proteins and RNA from one cell to another. This might be
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particularly important in tissues with relatively geographically isolated cells such as articular
cartilage. Several years ago, Mitton et a/. [30] demonstrated that ACVs contain measurable
quantities of RNA. ACV RNA is highly resistant to RNases, and is predominantly
comprising small RNAs similar in size to microRNAs. Radiolabeled ACV RNA could be
transferred to chondrocytes. Importantly, chondrocytes exposed to ACVs displayed markers
of an osteoarthritic phenotype, including high levels of alkaline phosphatase and
osteopontin.

Increasing recognition of a critical role for synovial inflammation in osteoarthritis spurred
work on synovial cell-derived extracellular vesicles in osteoarthritis. Microparticles and
exosomes from many tissues modulate inflammation though a variety of mechanisms [31].
Kato et a/. [32™™] analyzed exosomes derived from human synovial fibroblasts from normal
joints. Using a gel-based binding method of concentrating exosomes from conditioned
media, they characterized synovial exosomes using antibodies to exosome markers. IL-1p, a
critical factor in osteoarthritis [33], increased exosome formation. Exosomes derived from
IL-1pB-treated synovial cultures produced high levels of the catabolic mediator, matrix
metalloproteinase 13, when added to chondrocyte cultures [32®™], Exosomes from IL-1p-
derived synovial cells also stimulated proteoglycan release from mouse femoral head
cartilage and increased markers of angiogenesis in human umbilical vein endothelial cells.
This interesting work suggests that synovial exosomes formed in an inflammatory
environment may directly contribute to articular damage in osteoarthritis.

Exosomes also participate in nonclassical protein secretion and may contribute to
osteoarthritis by releasing these proteins into the extracellular space. IL-1p plays a critical
role in osteoarthritis and may be exported via vesicular transport [34]. Type Il
transglutaminase is present in high concentrations in ACVs [35], has critical functions in
extracellular matrix and in osteoarthritis [36], and lacks a leader sequence essential for
classical protein export. Further efforts to understand the mechanisms through which
individual proteins are selected and processed into vesicles for transport are necessary.

FUTURE DIRECTIONS

ACVs remain poorly understood. Additional information about content, including lipid
analysis and better methods to identify membrane proteins are necessary. Because of the
difficulties inherent in studying ACVs /n situ in articular cartilage, most functional studies
require that an ACV fraction be concentrated and isolated and this requires relatively large
quantities of articular cartilage or chondrocytes. Interestingly, ACVs from conditioned
media, cell layers, and whole cartilage may not be equivalent in terms of composition and
behavior, and a better understanding of how isolation methods affect the form and function
of ACV will be needed to move this field forward. Although protein secretion and matrix
repair have been proposed as possible functions in healthy cartilage, the role of ACVs in situ
in normal cartilage remains essentially unknown.
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CONCLUSION

Slow progress has been made in understanding the mechanisms though which ACVs
contribute to mineralization /n situ in cartilage. Work accomplished in the last several years
has provided us with a potential mechanism through which ACVs are generated, and an
ability to manipulate their production. Further studies of this interesting area of cartilage
biology are warranted.
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KEY POINTS
. ACVs play a key role in pathologic mineralization in cartilage.
. ACV-induced mineralization is regulated by the PPi/Pi ratio and extracellular

matrix components.
. Some ACVs originate in the autophagic pathway.

. Additional information about the content and behavior of these important
vesicles will shed light on their functions in healthy and diseased cartilage.
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FIGURE 1.
Avrticular cartilage vesicles. Electron micrographs of articular cartilage vesicles isolated from

adult porcine articular cartilage showing a heterogeneous population of membrane-
delineated vesicles 50-250 nm in diameter.
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FIGURE 2.
Ecto-enzymes regulating ratio of pyrophosphate and phosphate levels. Specific enzymes

with NTPPPH activity include ectonucleoside pyrophosphohydrolase/phosphodiesterasel.
Alk Phos, alkaline phosphatase; NTPPPH, nucleoside triphosphate pyrophosphohydrolase;
PPi, ratio of pyrophosphate; Pi, ratio of phosphate.

Curr Opin Rheumatol. Author manuscript; available in PMC 2018 November 18.



1duosnuey Joyiny wA 1duosnue Joyiny wA

1duosnue Joyiny vA

Rosenthal

(a)

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000

0

CPM/well

m Control

ATP
B-GP

NN

(b)

CPM / vesicle fraction

250000

200000

150000

100000

50000

0

m Control
o ATP
BGP

FIGURE 3.

Mineralization patterns differ in chondrocyte monolayers and ACVs in response to ATP and
B-glycerophosphate. (a) Adult porcine chondrocyte monolayers were incubated with ImM
ATP or 1ImM B-glycerophosphate (BGP) in media trace labeled with 4°Ca2*. After 48 h,
media were removed and 4°Ca2* in the cell layer was quantified with liquid scintigraphy. (b)
ACVs isolated from adult porcine cartilage were incubated in a solution trace labeled with
45Ca2* containing 1mM ATP or ImM B-glycerophosphate for 72 h. ACVs were washed and
45Ca2* in the ACV fraction was quantified using liquid scintigraphy. ACV, articular cartilage

vesicle.
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