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Abstract

Calcinosis, insoluble calcium compounds deposited in skin and other tissues, is a crippling
sequela of dermatomyositis. Prolonged disease associated with ongoing inflammation, ischemia,
repetitive trauma and certain autoantibodies are associated with calcinosis. Herein, we describe
potential pathogenic mechanisms including the role of mitochondrial calcification. There are

no widely effective treatments for calcinosis. We review available pharmacologic therapies for
calcinosis including those targeting calcium and phosphorus metabolism; immunosuppressive/
anti-inflammatory therapies; and vasodilators. Mounting evidence supports the use of various
formulations of sodium thiosulfate in the treatment of calcinosis. Although early institution of
aggressive immunosuppression may prevent calcinosis in juvenile dermatomyositis, only limited
data support improvement once it has developed. Minocycline can be useful particularly for
lesions associated with surrounding inflammation. Powerful vasodilators, such as prostacyclin
analogues, may have promise in the treatment of calcinosis but further studies are necessary.
Surgical removal of lesions when amenable is our treatment of choice.
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A. Overview

Dermatomyositis (DM) is a rare autoimmune connective tissue disease characterized by
distinct skin rashes and muscle inflammation. Calcinosis, the deposition of insoluble
calcium salts in skin and other tissues, is a debilitating sequela of the disease. It occurs

in 20-40% of juvenile dermatomyositis (JDM) [1, 2] and up to 20% of adult DM patients
[3-5]. Delay in immunosuppression is strongly associated with calcinosis in JDM, while
adult DM has been associated with long disease duration, fingertip ulcers, antibodies against
Melanoma Differentiation Associated gene-5 (MDA-5) and Nuclear Matrix Protein-2
(NXP-2) [6, 7]. Calcinosis in DM can present as localized superficial calcareal (‘sponge-
like’ in appearance) or superficial nodular, deeper tumoral deposits (deep calcareal or
tumoral calcinosis), involving muscle or fascia (universalis), or rarely a generalized form
covering an extensive area (exoskeleton) [8]. Extremities and pressure points are the most
affected areas. Complications include ulceration, recurrent infection, and restriction of joint
mobility, thereby resulting in significant morbidity. Imaging modalities, particularly plain
X-rays, can assist in diagnosing and quantifying calcinosis. Other imaging modalities include
ultrasound, computed tomography, positron emission tomography, and magnetic resonance
imaging [9].

There are no widely effective medical therapies for calcinosis. In a survey performed by
Orandi et al, 62-92% of experienced physicians chose non-immunosuppressive modalities to
treat calcinosis [10]. However, since calcinosis is thought to be a sequela of inflammation,
particularly in JDM, immunosuppression is often used to prevent the onset and progression
of calcinosis. Our review focuses on recent advances in our knowledge underlying the
origins of calcinosis and available treatment options.

B. Composition of calcified deposits in dermatomyositis

There have been several attempts to characterize the content of calcified deposits in

DM, with some contrasting results. Early work from Landis and colleagues, using high-
voltage electron-microscopic tomography (UCT), identified small individual spear-like
hydroxyapatite crystals confined within individual collagen fibrils [11]. In his model, Landis
proposed that the disordered fibrils, creating collagen holes, could act as nucleation sites for
mineral deposits, while similarly limiting the growth of the crystals within the width of the
hole, creating a tissue of hydroxyapatite crystals joined together by collagen [11]. Similar

to the findings of Landis, later work by Eidelman confirmed the presence of small islands

of mineralization, even less than 80 x 80 um in size, in particular in early disease [12].
However, in longstanding disease, solid mineralization, with no islands, was seen throughout
the deposit as assessed by UCT 3D projection. In contrast to the small islands described

by Landis, Eidelman primarily observed collagen fibrils in the periphery of the deposit,
presumably where the calcification was still ongoing, whereas the deposit itself was devoid
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of collagen. Thus, presence of collagen fibrils within the calcification deposit may indicate
an early stage of calcification [12].

Work by Pachman and colleagues, using X-ray diffraction and synchrotron x-ray
microdiffraction, confirmed that the mineral deposit contains hydroxyapatite [13]. However,
in contrast to these findings, using the same technology, Eidelman found the only mineral
present in all patients analyzed was carbonate apatite, and not hydroxyapatite [12], with no
other calcium phosphate compounds present. They further observed small levels of sodium
and magnesium, as well as trace elements of chlorine, aluminum, and sulfur to be present in
the deposit [12]. Thus, the field has yet to resolve whether the mineral is carbonate apatite or
hydroxyapatite.

Other than mineral, the calcified deposits also consist of several mineralization matrix
proteins including pro-mineralization proteins such as bone sialoprotein, dentin matrix
protein 1, and dentin phosphoprotein; as well as the mineralization inhibitors matrix Gla
protein and osteopontin [13, 14]. Several of these components are also found in bone,
however, reduced levels of osteopontin and increased levels of osteonectin are present

in calcium deposits as compared to bone [13]. Given the important balance between pro-
mineralization factors and mineralization inhibitors in development of calcification, levels
of several inhibitors have been analyzed in circulation. Unexpectedly, levels of osteopontin
were similar in healthy controls and JDM patients, including patients with calcinosis [15].
However, the authors noted that levels of another important mineralization inhibitor, fetuin-
A, were markedly reduced in some of the JDM children with calcinosis, suggesting its
involvement in calcinosis development. Further, levels of fetuin-A, a negative acute-phase
reactant, were associated with age. Thus, the authors proposed that increasing levels of
fetuin-A over time may, at least in part, explain why calcinosis is more prominent in juvenile
as compared to adult DM [15].

Macrophages are known to infiltrate the calcified tissue and contribute to the local
inflammatory milieu [16]. Similarly, many of the matrix proteins, including osteopontin,
are likely to be released from local macrophages. Macrophages can also contribute to
demineralization of ectopic calcification via the secretion of carbonic anhydrases that,

in conjunction with H+-ATPases create a microacidic environment necessary for the
dissolution of calcium phosphate crystals. Macrophages polarized towards M1 phenotype,
commonly seen in inflammatory conditions, are characterized by decreased carbonic
anhydrase 2 expression, suggesting that inflammation alters the decalcification capacity
of macrophages [17]. Of note, under inflammatory conditions, macrophages may also
differentiate into osteoclasts, several of which have been observed in close proximity

to calcium deposits [14]. However, given the progressive nature of calcium deposits,
osteoclasts are likely impaired in their capacity to resolve the mineral deposit or too few
to efficiently counter the calcification process. Further studies are needed to address the role
of osteoclasts in resolving calcified deposits in DM [14].
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C. Mechanisms of calcification in dermatomyositis

Although the exact mechanism(s) contributing to calcinosis development are not fully
understood, several studies have highlighted factors associated with calcinosis, which may
provide insight into the pathogenesis (Figure 1).

Clinically, it has been recognized that patients with antibodies targeting NXP2 and PM/Scl
have an increased risk of developing calcinosis [7, 16]. However, the functional property

of these antibodies, and whether they directly contribute to calcinosis pathogenesis is not
known. Given the antigenic targets of the antibodies, it is plausible that the antibodies,

upon recognition of extracellular antigens, such as occurs upon cell death, may form nucleic
acid-containing immune complexes that induce inflammation, similar to what is seen in
systemic lupus erythematosus (SLE) (18). Indeed, cell death [19], as well as elevated levels
of immune complexes have been observed in JDM [20].

Duration of untreated disease is associated with muscle weakness, elevated levels of
creatine kinase and lactate dehydrogenase, as well as development of calcinosis [21]. It

is possible that a longer duration of untreated disease could contribute to calcinosis due to
the prolonged inflammatory environment in tissue. Indeed, chronic cutaneous inflammation
has been linked to presence of calcification [13]. Moreover, muscle damage that rapidly
accrues in untreated disease can trigger local calcification, as demonstrated /77 vivo in mouse
models [22]. Consistent with this observation, calcifications often occur at areas of frequent
trauma, such as the elbows in DM and thumbs in systemic sclerosis (SSc) [23-25]. Presence
of digital ulcers is associated with development of calcinosis in SSc, indicating a role for
vascular ischemia in calcinosis pathogenesis [26, 27]. Further support of this is the finding
that ulnar artery occlusion on ultrasound evaluation is highly correlated with the presence of
calcinosis of the hands in SSc patients [28]. Similarly, in adult DM, patients with calcinosis
more frequently have fingertip ulcers [7]. Hypoxia, known to promote calcification in
vascular smooth muscle cells (29), is commonly seen in JDM [30].

With regards to inflammation-mediated calcification, the TNFa-308A allele, enriched in
children with JDM as compared to healthy individuals, has been reported to be associated
with enhanced TNFa production by peripheral blood mononuclear cells, as well as with
development of calcification [31]. Similar results were seen in a larger study with the
TNFa-308A allele being a risk factor for JDM, and in particular for calcinosis [32].

To model the calcification pathogenesis /n vivo, cardiotoxin can be injected in mice to
simulate injury-driven damage to muscle cells. Calcification occurs with high penetrance
even in wild-type (75%), and more so in mice lacking osteopontin (100%) [22]. However,

in contrast to human disease, the calcifications are readily cleared by osteoclast-like cells
within 28 days. Thus, it is likely that DM-related factors, such as inflammatory cytokines, or
autoantibodies, may be essential to promote chronicity of the calcification.

Another important insight from the cardiotoxin mouse model is the calcification of
mitochondria shortly after skeletal muscle injury, suggesting that this may be an early
nucleation site [22, 33]. Consistent with these findings, we found mitochondrial calcification
occurs in skeletal muscle cells of JDM [34]. Mechanistically, mitochondrial accumulation
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of calcium and phosphate was driven through inflammatory components, including type

I interferons (IFN), inducing robust mitochondrial reactive oxygen species production,
facilitating calcium influx and subsequent formation of hydroxyapatite [34] (Figure 1).

The calcified mitochondria promoted inflammation, with release of several inflammatory
cytokines, including IL-1B, as well as upregulation of several type | interferon-regulated
genes, commonly seen in JDM [35]. Using electron microscopy, calcified mitochondria were
observed in the extracellular space, likely derived from damaged and/or dying muscle cells,
with mitochondrial components also present in circulation at elevated levels, in particular
in patients with calcinosis [36]. Of note, given the immunogenicity of mitochondria,
autoantibodies targeting mitochondria were commonly observed in JDM (40%), primarily
in patients with calcinosis, with antibodies being present even prior to clinical diagnosis of
calcinosis, suggesting a potential predictive value of this novel biomarker [36].

Inflammation is not only acting upstream of calcification, but also downstream, as the tissue-
deposited hydroxyapatite crystals are highly inflammatory. We have recently shown, both in
tissue of JDM patients and /n vitro, that infiltrating neutrophils engulf calcium phosphate
crystals, leading to a programmed form of cell death, namely neutrophil extracellular trap
(NET) formation, with expulsion of neutrophil chromatin and cytosolic content, causing
local tissue damage and inflammation [20]. Of note, levels of NETs are elevated in JDM
and DM, and associated with muscle damage [37], and possibly calcinosis [20]. However,
subsequent studies indicated that not only calcium crystals, but also other mechanisms,
including immune complexes, may act to induce NET formation in DM, similar to what

has been seen in SLE [38, 39]. Infiltrating macrophages have also been shown to engulf
tissue-deposited hydroxyapatite in JDM [20]. Depending on the shape of the crystal, with
small needle-shaped crystals being more efficient [40], macrophages will undergo NLRP3-
dependent inflammasome activation, and secrete IL-1p in affected tissue [41]. IL-1B [42]
and IL-18 production have been noted by infiltrating immune cells, such as macrophages,
in both asymptomatic and affected tissue in DM patients, with a reduction of infiltrating
IL-18+ cells upon effective immunosuppressive treatment [43]. Further, macrophages, as
well as macrophage-derived cytokines, including TNF-a,, IL-1, IL-6, IL-18, and neopterin,
have all been found in ‘milk of calcium’ from JDM patients, emphasizing macrophage
activation occurring locally in tissue [16]. However, the contribution of macrophage (and
neutrophil) activation to disease, and in particular to calcinosis, is yet to be determined.

Another important consideration, is the concept of crystal formation withinthe muscle
cell, such as occurs during mitochondrial calcification. Data from our group demonstrate
that such mitochondrial-derived crystals engage several inflammatory pathways to promote
generation of inflammatory cytokines, including interferons and IL-1f [35]. Figure 1
summarizes the mechanisms thought to be involved in the pathogenesis of calcinasis in
DM.

D. Therapeutics

In this section, we will discuss pharmacological and non-pharmacological treatment
of calcinosis. We have subdivided the pharmacological therapies, broadly into 4
categories based on their mechanism of action: those affecting calcium and phosphorus
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metabolism, anti-inflammatory/immunosuppressive therapies, vasodilatory therapies, and
other mechanism of action. Table 1 summarizes the existing pharmacological therapies for
the treatment of calcinosis in DM.

Calcium and phosphorus metabolism

Calcium channel blockers—It is hypothesized that efflux of calcium from fibroblasts
or muscle cells heralds the formation of calcinosis in inflammatory myopathy. Calcium
channel blockers, particularly diltiazem, reduce the calcium content in dystrophic muscle
and inhibit the mitochondrial sodium-calcium exchange (calcium efflux). Calcium channel
blockers are also vasodilators so may be beneficial to calcinosis via multiple mechanisms
[44-46]. Bertorini et al described a case series of 6 patients with JDM and calcinosis who
received 6 mg/kg/day of diltiazem. Four patients completed the treatment for two years and
two of them (50%) showed regression of calcinosis [47]. Several independent case reports in
adult DM have described successful use of 330-360 mg/day of diltiazem to treat calcinosis
[48, 49]. A retrospective study of 78 patients (1996-2009) with calcinosis associated with
connective tissue diseases (CTD), performed at Mayo Clinic, found that diltiazem showed
a favorable response in 9 out of 17 treated patients (53%) [50]. Overall, calcium channel
blockers are well-tolerated, with the most common side effects being headache, lower
extremity edema, and lowering of blood pressure.

Sodium Thiosulfate—Sodium thiosulfate acts as a calcium chelating agent by producing
calcium thiosulfate, increasing the solubility, and hastening the clearance of the precipitated
deposit. However, its mechanism in reversing calcinosis is presumed to be related to cation-
chelating properties [51].

Topical: Topical sodium thiosulfate has shown promise in treating calcinosis secondary to
different pathologies [52-54]. There are several case reports of topical sodium thiosulfate

in the treatment of calcinosis lesions in patients with CTDs, including systemic sclerosis
(SSc) [55, 56] and amyopathic DM [57]. A combination approach using fractionated CO2
laser to deliver a lower dose of sodium thiosulfate demonstrated improvement in calcinosis
lesions in two DM patients [58]. Different formulas of sodium thiosulfate have also shown
positive impact in treating calcinosis lesions in DM patients [59]. In a retrospective study

at Mayo clinic, 28 patients with calcinosis due to CTD received sodium thiosulfate 25%
compounded in zinc oxide ointment applied two or three times daily [60]. Most patients
(69%) had clinical improvement and two patients had complete resolution of calcinosis
lesions without recurrence. A systematic review identified 136 patients (71 SSc, 16 DM, and
7 overlap syndrome patients) treated with topical or intralesional sodium thiosulfate [61].
Most patients experienced improvement, 81% with topical sodium thiosulfate and 74% with
intralesional sodium thiosulfate.

Intralesional: Most reports about intralesional sodium thiosulfate use in treating calcinosis
are from case reports and case series, with the majority demonstrating positive results
[62-64]. A prospective cohort evaluated the efficacy of intralesional sodium thiosulfate

in treating dystrophic calcinosis in a double-blind, placebo-controlled fashion [65]. Five
patients (two DM, two SSc, and one morphea) were enrolled. Two lesions were selected for
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each patient, and normal saline or sodium thiosulfate 40 mg/ml was injected into lesions at
baseline and 1- and 2-month follow-up. One patient was lost to follow-up after one month of
therapy and excluded from the analysis. The study terminated earlier than anticipated due to
funding issues. Only one patient had improvement in the calcinosis lesion size and physician
global assessment after 12 weeks. The lower dose of sodium thiosulfate (40 mg/ml) used in
this study and the shorter period of treatment might have affected the results.

Intravenous: Intravenous (1V) sodium thiosulfate therapy has shown beneficial effects in
treatment of calciphylaxis in patients with end stage renal disease on hemodialysis [66,
67]. There are multiple case reports describing improvement in calcinosis size, pain and
functional ability after IV sodium thiosulfate therapy for DM-related calcinosis [68, 69].
One study reported no significant benefit with 1V sodium thiosulfate for management of
long-standing and extensive CTD-associated calcinosis in three patients, two with DM
and one with mixed CTD [70]. There is an ongoing open-label clinical trial assessing the
efficacy of IV sodium thiosulfate for treatment of calcinosis associated with juvenile and
adult DM.

Side effects: The most common adverse reactions during sodium thiosulfate treatment for
calcinosis and calciphylaxis were fatigue, nausea and vomiting. Rare side effects (<2%)
including bad taste with periorbital tingling, fatigue, hypotension, and decreased hearing
have been reported with 1V sodium thiosulfate use.

Bisphosphonates—Bisphosphonates may counteract calcinosis by two mechanisms:
they can hinder the activity of macrophages and also reduce bone turnover [71]. Tayfur

et al reported a case series of six JDM patients with calcinosis who were treated with
bisphosphonates. They were all on background immunosuppression with agents including
methotrexate, IVIG and corticosteroids. Four out of the six patients (66%) showed
improvement within three months of treatment and complete resolution in one year [72]. The
patients were on weight-based dosing of IV pamidronate or oral alendronate 70mg per week.
Puche A et al described a similar response in a case series of three patients who received 1
mg/kg/day of IV pamidronate for three consecutive days every three months [73]. Calcinosis
universalis, which is considered the most extensive form of calcinosis, also responded to 1V
pamidronate given at a dose of 2 mg/kg/year in a young patient with JDM [74]. Intravenous
bisphosphonates can cause flu-like symptoms for the first 24-72 hours after infusion but

can be remediated easily with acetaminophen or ibuprofen. Oral bisphosphonates can cause
esophagitis and gastrointestinal ulcers [75].

Probenecid—Biochemical studies have shown that probenecid increases renal phosphate
clearance, thereby reducing the plasma calcium phosphate product, resulting in dissolution
of calcinosis [76]. Probenecid was initially used for treatment of calcinosis in SSc [77-79].
Skuterud et al described a case of JDM and calcinosis, who showed clinical response
within a few weeks of adding probenecid 250 mg daily to existing immunosuppression with
D-penicillamine [80]. Eddy et al described a JDM case of refractory calcinosis universalis
that responded to probenecid 1.5 g daily in addition to dietary restriction of calcium and
phosphorus [81]. Most reports used doses ranging from 1-2 g daily and treatment response
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was evident after 6 months of treatment [82]. Side effects include flushing, headache,
dizziness, and anorexia.

Anti-inflammatory/Immunosuppressive Therapies

Tumor Necrosis Factor-a inhibitors (TNFi)—Patients with dystrophic calcification
have high levels of TNF-a.. Activated macrophages and T cells increase the production of
TNF- a in active JDM, which subsequently triggers an inflammatory cascade with release of
cytokines and endothelial adhesion molecules [31]. Therefore, TNF- a inhibitors may play a
role in reducing calcinosis.

In 2008, Riley et al described softening and regression of calcinosis in 3 out of 5 children
(60%) with refractory JDM after infliximab infusions given for 18 months. Infliximab

3 mg/kg was infused at 0, 2 and 6 weeks, and then every 8 weeks thereafter [83].

A retrospective analysis of 60 children with JDM who received either infliximab or
adalimumab for at least 3 months was performed. Twenty-eight children had calcinosis and
54% showed improvement in size of calcinotic lesions after a median treatment time of 2.7
years [84]. Two case reports have confirmed a favorable response in adult patients, one with
SSc/myositis overlap, and the other with adult DM [85,86]. The most common side effects
include infections and allergic reactions.

Rituximab—Rituximab is a monoclonal antibody against the CD20 antigen on the surface
of B-lymphocytes. It causes B-cell depletion by activating complement-dependent B-cell
cytotoxicity and through antibody-mediated cellular toxicity. A multicenter prospective
registry— Rituximab for Autoimmune diseases (AIR)- identified 9 patients with severe JDM
from 2005-2010 who received 2-4 infusions of rituximab, each dose ranging from 375-500
mg/m?2. Six of the nine patients had calcinosis and none of them showed improvement

after 3 years of follow-up [87]. Post-hoc analysis of the Rituximab in Myaositis (RIM) trial,
included 7 adult and 22 JDM patients with calcinosis and refractory myositis. Although
there was significant improvement in visual analog scale for cutaneous disease activity in
adults (3.22 to 1.72) and children (3.26 to 1.56), there was no improvement in calcinosis
after 3.6 years of follow-up [88]. Common side effects of rituximab included infection of
calcinatic lesions, and occasionally infusion related adverse events [87].

Janus Kinase inhibitors (JAKi)—JAK-STAT is a signal transduction pathway that
regulates inflammation-induced ROS-mediated mitochondrial accumulation, an important
process mediating calcinosis. Shneyderman et al reported a case series of three adults with
refractory DM who showed partial regression of calcinosis with 5 mg tofacitinib given twice
a day for three months [89]. Wendel et al reported successful use of a similar treatment
regimen given over 28 months, in two adult DM patients with extensive calcinosis and lung
involvement [90]. Sozeri et al reported a case series of two JDM patients with recalcitrant
calcinosis who showed complete resolution in one of them and more than 50% reduction

in calcinosis in the other [91]. There are two other case reports in JDM, where JAKi halted
the progression of calcinosis despite interrupted treatment [92] with significant regression
after 6 months of treatment [93]. JAKi have several potential side effects including vascular
thrombosis, malignancy and serious infections.
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Intravenous Immunoglobulin (IVIG)—In DM, auto-antibodies against microvascular
components activate the classic complement pathway and lead to deposition of membrane
attack complex (C5b-C9) in the affected tissues. [94]. IVIG hampers this process by
competing for the same receptors in the tissue and also decreases T-cell activation [95,96]. A
randomized controlled trial of IVIG in adult DM showed a favorable response in composite
response criteria in the treatment arm (78.7%) compared to placebo (43.8%) starting at

the 3™ or 4™ infusion [97]. There is some evidence supporting the utility of IVIG in the
treatment of calcinosis specifically, but the mechanism is unclear, and could be related to
better control of the underlying inflammatory disease. Few case reports have shown that
IVIG improves recalcitrant calcinosis in juvenile and adult DM after 5-6 courses (each dosed
at 2 g/kg/month) [98-100]. In 2015, a retrospective analysis found that five out of eight

DM patients treated with IVIG, experienced improvement in their calcinosis [101]. Fluid
overload symptoms like headache and nausea are commonly reported by patients and there
is an increased risk for thrombotic complications.

Minocycline—Minocycline inhibits collagenolytic enzymes, particularly matrix
metalloproteinase, resulting in anti-inflammatory effects. In addition, minocycline chelates
calcium, which could be useful for the treatment of calcinosis [102]. Robertson et al
described clinical and radiological improvement in 8 of 9 patients in an open-label study

of calcinosis associated with SSc when minocycline was given at a dose of 50-100 mg daily
[103]. However, a retrospective analysis by Balin et al showed that only 1 of 6 patients
treated with minocycline had partial clinical improvement in calcinosis [50]. The largest
study reported thus far is an observational study of a single center in the UK which reported
that 34 of 78 SSc patients (43.6%) with refractory calcinosis improved on repeated courses
of 50-200 mg daily minocycline for 6-12 weeks duration [104]. Common side effects
include dizziness and fatigue.

Vasodilators—Persistent ischemia, as evidenced by associations with long duration of
Raynaud’s phenomenon, digital ulcer burden and acro-osteolysis, is likely involved in the
pathogenesis of calcinosis in SSc and DM [7, 25,105]. Therefore, drugs targeting vascular
instability like phosphodiesterase 5 inhibitors, prostacyclin analogues, and endothelin
receptor antagonists should be explored as potential options for calcinosis treatment.

Calcium channel blockers—Diltiazem has been discussed above. In the retrospective
analysis done by Balin et al, there was only one patient who used amlodipine (at 10 mg/day)
for calcinosis treatment and had a favorable response [50].

Treprostinil—Treprostinil is a prostacyclin analogue and a potent vasodilator. A recent
pilot study of oral treprostinil in 12 SSc patients with calcinosis of the hands showed
non-progression using a validated radiographic scoring system in 80% of patients who
completed the treatment [106]. Headaches and dose-dependent gastrointestinal side effects
were commonly reported.
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Miscellaneous

Warfarin—~Patients with calcinosis have high levels of calcium-binding amino acid gamma-
carboxyglutamic acid in involved tissues and urine [107,108]. Low dose warfarin (1 mg/day)
inhibits -y-carboxylation which might improve calcinosis, particularly smaller lesions that
may depend relatively more on -y-carboxyglutamic acid for crystal growth. There have been
two clinical trials in patients with calcinosis universalis associated with SSc or DM. Patients
were treated with warfarin at 1 mg daily for 18 months. Extra-skeletal uptake of technetium
99m-diphosphonate (compared to bone uptake) was reduced in two of four patients in a
non-blinded trial, and two of three patients in the treatment arm of a double-blinded trial.
However, none of the patients showed clinical improvement in calcinosis [109,110]. Small
calcinotic lesions (less than two cm) responded to long term treatment (1 year) of low dose
warfarin in a case report and two of three patients in a case series of patients with SSc
[110,111]. Although low dose warfarin is safe with no bleeding risks, evidence supporting
its use in treatment of calcinosis is limited. Incidentally, matrix Gla proteins (MGP), the
endogenous inhibitors of tissue mineralization, depend on the y-carboxylation of glutamine
residues for their ability to bind to calcium and hydroxyapatite, thus preventing calcium
crystal growth [112]. Furthermore, MGP proteins are also known for binding and inhibiting
the osteo-inductive function of bone morphogenetic proteins [113,114]. Hence, the potential
limitation and risk involved with warfarin treatment is enhancement in tissue mineralization,
particularly vascular calcification, by inhibiting the activity of MGP [115,116].

Non-Pharmacological treatment

Surgical Excision—Surgical excision can be an effective approach for recalcitrant
calcinosis that causes disability due to severe pain, recurrent ulceration, nerve compression,
or due to its proximity to a joint. Surgical treatment of symptomatic lesions in 28 CTD
patients with calcinosis, had favorable results: 5 patients experienced partial improvement
and 22 patients experienced complete resolution after surgical removal [50]. Although an
attractive option with immediate results, potential risks associated with surgical removal of
calcinotic lesions include infection, delayed wound healing, local neuromuscular injury, and
recurrence. In addition, not all lesions are accessible and amenable to surgery. Despite these
limitations, surgical removal is our treatment of choice for accessible lesions in agreeable
patients.

Extracorporeal shockwave treatment—Extracorporeal shockwave therapy is a
minimally invasive and safe treatment for nephrolithiasis, which has been explored to break
down subcutaneous calcinosis. In a study done by Sultan-Bichat et al, pain relief was
achieved in two out of three SSc patients, and also in the only included DM patient, possibly
due to the release of locally compressed nerves [117]. Blumhardt et al performed a 12-week
study involving four SSc patients, of whom two achieved significant pain relief. This may be
considered as an alternative option for analgesia in recalcitrant calcinosis lesions associated
with SSc and DM [118,119].
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E. Future Therapeutic Targets

Prior work from Meyer and colleagues demonstrated that patients with DM have increased
reactive oxygen species (ROS) production originating from mitochondria, likely driven

by inflammatory mediators such as IFN-B [120]. Further, the authors demonstrated,

using transcriptomic analysis, that mitochondrial genes were down-regulated in early
untreated DM muscles. Using in vitro systems, we recently demonstrated that type |
IFN-driven mitochondrial ROS generation facilitates intramitochondrial calcification, with
mitochondrial ROS scavengers reducing both calcification and type I IFN signature in
muscle cells [20, 35, 36]. Importantly, the ROS scavenger N-acetyl cysteine reduced
mitochondrial dysfunction, type | IFN signature, and muscle weakness in an experimental
autoimmune myositis model [120]. Work from our group, as well as others, have

similarly implicated ROS, in particular mitochondrial ROS, in promoting inflammation,
autoimmunity, and organ damage /n vivo in lupus-prone mice [39, 121], clearly
suggesting that mitochondrial ROS may have implications as a therapeutic target in
several inflammatory conditions. Studies investigating the role of mitochondrial ROS

in development of calcinosis /n vivo are warranted. Considering the important role of
inflammatory cytokines, including type I IFNs, in mitochondrial dysfunction, muscle
damage and subsequent calcinosis, targeting inflammatory cytokines may alleviate disease
progression, including calcinosis. Consistent with this interpretation, targeting the JAK/
STAT signaling pathway, essential for type | IFN signaling, has shown potential in treating
calcinosis [90].

Similar to bisphosphonates [72,122], other drugs able to prevent osteoclast-mediated bone
resorption, including denosumab [123], have been associated with reduction in calcinosis. In
contrast, teriparatide, acting through parathyroid hormone to promote new bone formation,
has been associated with worsening of calcinosis, including in DM [124, 125]. Although
bisphosphonates are known to prevent osteoclast-mediated bone resorption, which is helpful
in the treatment of osteoporosis, the beneficial effect on calcification is likely derived from
the capacity of bisphosphonates to bind to hydroxyapatite crystals, preventing calcification
[126,127]. Further, bisphosphonates, similar to pyrophosphate, can prevent formation and
aggregation of calcium phosphate crystals, as well as inhibit amorphous calcium phosphate
to transform into insoluble hydroxyapatite [128]. Whether a combination of bisphosphonate
and an immunosuppressive drug would have additive value in resolving calcifications is yet
to be determined.

F. Approach to Calcinosis in our Center

Herein, we will discuss our treatment approach for calcinosis in adult DM patients

who we manage in our multi-disciplinary Rheumatologic Dermatology Clinic. We
aggressively treat our DM patients with active skin, muscle, lung, and/or joint disease

with immunomodulatory agents including corticosteroids, mycophenolate mofetil, IVIG,
hydroxychloroquine, methotrexate, azathioprine, tofacitinib, tacrolimus, and/or rituximab.
For calcinosis specifically, we refer patients to our Hand and Plastic surgeons for surgical
removal of calcinosis whenever feasible and acceptable to patients. This approach has
resulted in immediate favorable results for most patients. While most surgical debridements
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are outpatient procedures and do not require medication adjustment, occasionally extensive
debridements are done where we follow the perioperative guidelines on immunosuppression
by ACR [129] in order to minimize delayed healing and infections. For small lesions

at the surface of the skin, we give a trial of compounded topical sodium thiosulfate for

at least 2-3 months. If there is erythema or inflammation associated with the calcinotic
lesion(s) we try minocycline at 50-100 mg daily for at least 3-6 months. In the presence

of infection, antimicrobial treatment with cephalexin or appropriate antibiotics based on
culture is given for 10-14 days. Wound care is beneficial for non-healing ulcers. For those
patients who have large areas of calcinosis (deep calcareal or calcinosis universalis) we
refer patients for IV sodium thiosulfate infusions given 3 times a week, overseen by a
nephrologist. Despite such multidisciplinary care, including rheumatology, dermatology,
wound care, dermatologic or plastic surgery, and nephrology, some patients continue to
experience recalcitrant or recurrent lesions. New and effective therapeutic avenues need to
be explored for this debilitating condition.

Although calcinosis contributes to considerable disability and morbidity in affected patients
with dermatomyositis, it is not well-studied. Imbalance between pro-mineralization factors
and inhibitors, protracted local inflammation mediated through macrophages, and calcified
mitochondria in inflamed muscle associated with inflammatory cytokines are some theories
proposed to explain its pathogenesis. The available pharmacologic treatment options
reviewed in this chapter are based on observational studies and anecdotal case reports.
Randomized controlled trials using validated outcome measures are needed to guide
physicians appropriately. Surgical excision should be considered for accessible calcinotic
lesions.
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Practice Points

Pharmacologic treatment options for calcinosis in DM are supported by low level of
evidence only.

Early institution of immunosuppressive therapy can prevent development and progression
of calcinosis particularly in JDM.

Surgical removal of accessible calcinotic lesions can provide immediate relief and
improved functionality.
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Research Agenda

Large scale randomized controlled trials with validated outcome measures are needed to
develop evidence-based treatment guidelines for calcinosis associated with DM.

Drugs targeting type 1 interferon pathway and vasodilators, such as prostacyclin
analogues, need to be explored further.
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Figure 1. Calcinosis pathogenesis.
A depiction of main mechanisms suggested to be involved in the calcinosis pathogenesis

in dermatomyositis. Various forms of cell death, trauma, and hypoxia, as well as
inflammatory cytokines such as TNFa and IFNa., can promote mitochondrial generation
of reactive oxygen species (mtROS) in skeletal muscle cells. Upon mtROS generation,
calcium and phosphate accumulate in mitochondria precipitating as hydroxyapatite.

This intramitochondrial calcification acts to promote inflammation, including type |

IFNs and IL-1p. Calcified mitochondria are released into the extracellular space

upon cell death, and accumulates in tissue to form large hydroxyapatite precipitates.
Osteoclasts and macrophages attempt to degrade the calcium crystal through release

of carbonic anhydrase, though this process seems to be impaired in dermatomyositis.
Instead, infiltrating macrophages and neutrophils engage the calcium crystals resulting

in induction of inflammatory cytokines and neutrophil cell death through formation of
neutrophil extracellular traps (NETS), respectively, contributing to local tissue damage and
inflammation. Targeting either of the depicted pathways, in particular mitochondrial ROS
generation, is anticipated to result in reduced calcinosis development.
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Table 1.

Existing Pharmacological Therapies for Calcinosis in Dermatomyositis
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Name of drug

Dose

Mechanism of
action

Side effects

Level of
evidence/source

Diltiazem (oral)

Amlodipine (oral)

Sodium thiosulfate
(topical)

Sodium thiosulfate
(intralesional)

Sodium thiosulfate
(intravenous)

Bisphosphonates
Pamidronate
(intravenous)

Alendronate (oral)

Probenecid (oral)

TNF-alpha
inhibitors-Infliximab
(intravenous)

JAK-inhibitor
Tofacitinib (oral)
Baricitinib(oral)

Rituximab

(intravenous)

IVIG

Warfarin (oral)

Minocycline (oral)

Treprostinil (oral)

330-360mg/day in adult DM

5-6mg/kg/day in juvenile DM

10mg a day

25% sodium thiosulfate
compounded in zinc oxide
ointment-applied 2 to 3 times
daily to affected areas (base
can be substituted with cold
cream or petrolatum)

\Volume-0.1ml/cm”2 of
affected area
Concentration-40 mg/ml

12.5g-25g sodium thiosulfate
three times a week

1mg/kg/day for 3 days and
given every 3 months

10mg/day

250mg/day
1.5g/day
1g/day

3mg/kg at 0,2,6 week and then
every 8 weeks

5mg twice a day or 11mg
extended release od

6mg bid
375-500 mg/m”2 body surface
area, 2-4 infusions

2g/kg/month given over 3-4
days

1mg/day

50-100mg/day

0.125mg three times a day and
can be increased gradually as
tolerated

Reduces calcium
efflux from
dystrophic muscle

Peripheral
vasodilation

Chelates calcium,
enhances solubility
and clearance of
calcinosis

Inhibit macrophage
activity, decrease
bone turnover,
prevent formation of
calcium phosphate
crystals

Increase phosphate
excretion- decrease
serum calcium
phosphate product

Suppression of
cytokine release

Decreases
ROS-mediated
mitochondrial
calcium
accumulation

Suppress immunity
via anti-CD20 action

Competes with
C5-C9 complex
deposition in tissues

Reduces gamma
carboxylation

Anti-inflammatory
and anti-microbial

Prostaglandin
analogue/vasodilator

Malaise, Nausea,
headache, lower
extremity edema, and
lowering the blood
pressure.

Same as above

Transient burning
sensation after
application

Infection, Local pain
or transient burning
sensation following
injection
Fatigue, nausea,
vomiting, metabolic
acidosis not requiring
treatment

flu-like symptoms in
first 24-72 hrs after
infusion

Esophagitis

flushing, headache,
dizziness, anorexia

Infection of calcinotic
lesion, allergic reaction

Hypercalcemia, weight
gain, vascular
thrombosis, malignancy
and serious infections

Infections

Headache, nausea,
thrombosis

Monitor INR if
bleeding happens

Dizziness, fatigue

Headache and
gastrointestinal
disturbance like GERD
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