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Abstract: Calcinosis cutis is the deposition of calcium salts in the skin and subcutaneous tissue,
manifesting as variably shaped papules, nodules, and plaques that can substantially impair quality
of life. The pathophysiology of calcinosis cutis involves dysregulation of proinflammatory cytokines,
leukocytes, and other components of the innate immune system. In some conditions associated
with calcinosis cutis, elevated serum calcium, phosphate, and vitamin D may also perturb innate
immunity. The mechanisms by which these lead to cutaneous and subcutaneous calcification likely
parallel those seen in vascular calcification. The role of aberrant innate immunity is further supported
by the association between various autoantibodies with calcinosis cutis, such as anti-MDADJ, anti-
NXP2, anti-centromere, and anti-topoisomerase I. Treatments for calcinosis cutis remain limited
and largely experimental, although mechanistically many therapies appear to focus on dampening
innate immune responses. Further research is needed to better understand the innate immune

pathophysiology and establish treatment options based on randomized-controlled trials.
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1. Introduction

Calcinosis cutis (CC) is the deposition and accumulation of insoluble calcium salts
in the skin and subcutaneous tissue. The condition is characterized by variably shaped
papules, plaques, and nodules that can cause significant pain and morbidity. CC is rare and
its epidemiology is poorly understood, with few previous studies to date characterizing
the incidence and prevalence of the disease. In early systemic sclerosis, CC was reported to
have a prevalence of 50% [1]. Another small study by Gerami et al. reports three cases of
CC in 68 patients with juvenile dermatomyositis [2].

The innate immune system plays an essential role in the skin by protecting against
infection. Keratinocytes, leukocytes, antimicrobial peptides, and antiviral proteins are all
important constituents of innate cutaneous immunity [3]. Dysregulation of innate immune
responses play a critical role in the pathogenesis of various skin diseases, such as psoriasis,
atopic dermatitis, and hidradenitis suppurativa [4-6]. However, the pathologic role of
innate immunity in CC has not been previously outlined.

In this review, we aim to (1) delineate the pathogenesis of CC by whether calcification
occurs due to local tissue changes or systemic abnormalities; (2) examine the roles of
autoantibodies and innate immunity in the pathogenesis of CC; and (3) discuss treatments
used for CC that alter innate immune processes [7]. Further studies on the mechanisms and
treatments of cutaneous and subcutaneous calcification are needed to improve morbidity
and quality of life in patients with CC.

2. Pathogenesis

Subtypes of CC include dystrophic calcification, idiopathic calcification, iatrogenic
calcification, metastatic calcification, or calciphylaxis. Typically, earlier stages of CC involve
hypoxia or trauma triggering an inflammatory response [8]. Later on, tissue degradation
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and a subsequent immunological response to necrosis lead to a buildup of calcium de-
posits [8]. In general, investigation of the pathogenesis of cutaneous calcification is limited.
Therefore, many mechanisms of tissue calcification are best understood in the context of
vascular calcification. The pathogenesis of CC can be broadly divided by whether serum
levels of calcium and phosphate are normal or abnormal.

2.1. Calcinosis Cutis with Normal Serum Calcium and Phosphate

CC in the setting of normocalcemia and normophosphatemia can be due to dystrophic,
idiopathic, or iatrogenic calcification. Dystrophic calcification is the most common form of
CC and is caused by tissue alteration or damage. Dystrophic CC is found in association
with autoimmune diseases, although hereditary, neoplastic, and infectious causes are also
possible [9]. Idiopathic calcification is a form of CC without tissue damage and without
a well-understood cause. Three types of idiopathic CC are scrotal calcinosis, familial
tumoral calcinosis, and subepidermal calcified nodules [9]. Iatrogenic calcification is due to
administration of substances containing calcium or phosphate, leading to precipitation of
calcium salts [10].

Cutaneous and subcutaneous calcification can be driven by proinflammatory cytokine
release from macrophages. Patients with dystrophic CC and juvenile dermatomyositis
(DM) have elevated levels of interleukin (IL)-1$, IL-6, and tumor necrosis factor (TNF)-
« in calcium-laden fluid collections [11,12]. These cytokines have been shown to pro-
mote osteogenic differentiation and calcification of vascular smooth muscle cells (VMSCs)
in vitro [13-15]. IL-1f is produced by the NOD-, LRR-, and pyrin domain-containing
protein 3 (NLRP3) inflammasome, a multiprotein oligomer assembled through the innate
immune response [16]. mRNA levels of this complex were upregulated in calcifying VM-
SCs, and inhibition of the inflammasome via RNA interference reduced IL-1 production
and VMSC calcification [17]. Furthermore, monoclonal antibody inhibition of IL-1§ re-
duced vascular calcification in a mouse model of familial hypercholesterolemia [18]. TNF-«,
a pro-inflammatory cytokine released from dendritic cells (DCs) and macrophages, plays
an important role in calcifying diseases. In normophosphatemic familial tumoral calcinosis,
a homozygous missense mutation results in degradation of the protein sterile o« motif do-
main containing 9 (SAMD9), manifesting in widespread skin and mucosal calcification [19].
SAMD?9 is involved in the inflammatory response to tissue injury and is regulated by TNF-o
in a p38-dependent manner [19]. The role of TNF-« is further supported by a study that
found elevated risk of CC in juvenile DM patients with an allele associated with increased
TNF-o production [20].

IL-1B, TNF-«, and IL-6 all accelerate in vitro calcification by human adipose tissue-
derived mesenchymal stem cells through increased expression of runt-related transcription
factor 2 (RUNX2), a transcription factor associated with osteoblast differentiation [21]. Of
these, IL-6 is the most efficacious at enhancing RUNX2 expression [21]. IL-6 increases
activity of the downstream wingless-type (WNT)-5A pathway in a signal transducer and
activator of transcription 3 (STAT3), but not in a STAT1-dependent manner. Interestingly, the
IL-6/STAT3 pathway is activated in M2 macrophages but inhibited in M1 macrophages [22].
Although the roles of these proinflammatory cytokines have been studied in various cell
types and diseases, their common involvement in tissue calcification underscores the
potential importance of macrophages in the pathogenesis of dystrophic CC. Future studies
should investigate the mechanisms of IL-1§3, IL-6, and TNF-« specifically in CC.

Neutrophils are important players in the pathogenesis of CC [23]. One mechanism
by which neutrophils contribute to host defense is the extrusion of DNA and cytoplasmic
contents, forming neutrophil extracellular traps (NETs). In children with DM, tissue-
infiltrating neutrophils engulfed deposits of calcium phosphate crystals, triggering cell
death via generation of reactive oxygen species (ROS) and phosphoinositide 3-kinase-
mediated signaling [23]. Interestingly, NET formation only occurred in proximity to calcium
phosphate crystals, as NETosis was elevated in CC deposits but not plasma isolated from
these juvenile DM patients [23].
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Complement may also play an important role in the innate immune pathogenesis of
CC. A case-control study of patients with systemic sclerosis found that the presence of CC
was associated with higher serum levels of mannose-binding lectin (MBL) compared to the
absence of CC [24]. The lectin complement pathway initiates when MBL (or other pattern-
recognition molecules) binds PAMPs to form oligomeric complexes with MBL-associated
serine protease (MASP)-1 and MASP-2 [25]. MASP-2 leads to cleavage of C4 and C2 to form
C3 convertase, which triggers the complement cascade [25]. Indeed, elevated complement
activity is associated with calcification in vascular diseases. In stenotic aortic valves, mRNA
and protein levels of the membrane attack complex C5b-C9 and the anaphylatoxin receptor
C3aR are increased [26]. In this study, C3aR expression was significantly increased by TNF-
« in cultured myofibroblasts [26]. Calcifications in the abdominal aorta are also associated
with elevated serum levels of MBL and the anaphylatoxins C3a and C5a [27]. One possible
mechanism is multifunctional urokinase receptor (uPAR)-mediated upregulation of C5aR
expression upon osteogenic differentiation of mesenchymal stem cells [28]. uPAR-knockout
mice with diet-induced atherosclerosis demonstrated limited expression of C5aR and
aortic calcifications compared to the control [28]. The uPAR-C5aR axis appears to mediate
osteogenic differentiation through nuclear factor kappa B (NF-«B), a transcription factor
that regulates many innate immune cells and pathways to promote inflammation [28].
While the precise mechanism through which complement activity contributes to CC is yet
to be determined, studies of vascular calcification indicate that proinflammatory pathways
are likely to be involved.

Advanced glycation end products (AGEs) are markers of oxidative stress that are
found at increased levels in the dermis of systemic sclerosis patients with CC versus
those without CC [29]. AGE binding to the receptor for AGEs (RAGE) initiates various
signaling pathways related to cellular proliferation and inflammation, such as mitogen-
activated protein kinases (MAPK)/extracellular signal-regulated kinases (ERK), stress-
activated protein kinases, and janus kinase (JAK)-STAT [30]. A downstream target of
RAGE activation is NF-«B, which drives transcription of proinflammatory genes through
a sustained positive feedback loop [30]. Various innate immune cells in the skin express
RAGE, including mononuclear phagocytes, DCs, and keratinocytes [31,32]. AGE binding
to mononuclear phagocytes stimulates their chemotaxis towards skin and the production
of IL-13 and TNF-« [33,34]. In DCs, exposure to AGEs induces greater production of
IL-6 and activation of the nuclear factor kappa B (NF-kB) pathway [35]. Similarly, AGE
stimulation of keratinocytes activates the NF-kB pathway and inhibits cellular adhesion
while promoting migration [36].

AGEs may also promote calcification through hypoxic gene activation. In VSMCs,
AGEs increased the expression of hypoxia-inducible factor-1x and pyruvate dehydroge-
nase 4, leading to vascular calcification [37]. Furthermore, metabolic pathways such as
glucose metabolism, lactate production, and the oxygen consumption rate were reduced
in VSMCs exposed to AGEs [37]. One study found that AGEs enhanced the production
of superoxide anions and reduced the expression of superoxide dismutase in vivo. M1
macrophages are responsible for clearing ROS, although it is unclear whether an impaired
response to oxidative stress in vascular calcification is indicative of macrophage polariza-
tion. Although hypoxic gene activation is an important downstream event of AGE binding
to receptors in VSMCs, there are no studies that examine these pathways in CC.

2.2. Calcinosis Cutis with Abnormal Serum Calcium and Phosphate

Metastatic CC occurs when calcium precipitates in the skin in the setting of abnormal
serum calcium and/or phosphate. The most common cause is chronic kidney disease (CKD),
although other possible etiologies include hyperparathyroidism, hypervitaminosis D, sar-
coidosis, and malignant neoplasms [10]. Calciphylaxis, or calcific uremic arteriolopathy,
occurs almost exclusively in patients with CKD [38]. In this condition, arteriolar calcifi-
cation in the dermis and subcutaneous fat cause ischemia and necrosis of overlying skin,
leading to painful skin ulcers associated with significant morbidity [10].
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Elevated serum levels of metabolically active 1,25-dihydroxyvitamin D (vitamin D3)
modulate innate immune processes in the skin. This abnormality may be seen in the setting
of lymphoma, sarcoidosis, or primary hyperparathyroidism, among other conditions [39].
The receptor for vitamin D3 (VDR) is constitutively expressed by macrophages and DCs;
these cells produce vitamin D3 via the enzyme 1x-hydroxylase and are resistant to negative
feedback from 1,25-dihydroxyvitamin D [40]. Exposure to vitamin D3 reduces the expres-
sion of major histocompatibility complex class II and costimulatory molecules (CD40, CD80,
CD86) on macrophages and DCs, undermining the ability of these antigen-presenting cells
to fully activate T cells [41,42]. On the other hand, vitamin D3 enhances phagocytosis and
chemotaxis by monocytes and macrophages [41]. Phagocytosis of basic calcium phosphate
by macrophages in the setting of hypercalcemia activates the NLRP3 inflammasome and
induces IL-13 secretion [43]. Vitamin Dj also stimulates TNF-o production in macrophages
by two possible mechanisms: increasing expression of CD14 (the receptor for lipopolysac-
charide) and binding of a VDR-retinoic X receptor heterodimer to a VDR response element
in the promoter region of the TNF-« gene [44].

In addition to modulating the responses of innate immune cells, vitamin D3 may also
promote calcification through antimicrobial peptides (AMPs). AMPs are peptides secreted
by keratinocytes and immune cells that protect against microbial infections [45]. The AMP
cathelicidin (LL-37) has both an antimicrobial function via membrane disruption and a role
in mediating innate immune pathways via an alarmin-like interaction with host cells [45].
Vitamin Dj directly stimulates cathelicidin expression via VDR response elements in the
promoter region of the gene in keratinocytes and myeloid cells [46]. Cathelicidin also
acts as a T cell self-antigen associated with atherosclerotic plaque calcification in T cells
harvested from mice reactive to their LL-37 ortholog [47]. However, the role of cathelicidin
in cutaneous and subcutaneous calcification remains unclear.

CKD is complicated by hyperphosphatemia and the accumulation of uremic toxins
due to excretion failure [48]. These upregulate serum levels of proinflammatory cytokines
including IL-1, IL-6, and TNF-«, which are produced by visceral adipocytes and immune
cells [49]. Hyperphosphatemia induces calcification of adipocytes in vitro, possibly medi-
ated by RUNX2 [50]. Uremic toxins promote oxidative stress through the production of
ROS, leading to downstream proinflammatory responses. For instance, the uremic toxin
indoxyl sulfate increases ROS production via nicotinamide adenine dinucleotide phosphate
oxidase and enhances the inflammatory response and ROS generation in macrophages
exposed to lipopolysaccharides [51,52]. The systemic proinflammatory environment im-
pedes the activity of matrix Gla protein and fetuin-A (x2-Heremans-Schmid glycoprotein),
proteins that inhibit soft tissue calcification [10,53,54]. Together, oxidative stress and in-
flammation result in significant VSMC changes, such as intimal hyperplasia, endovascular
fibrosis, and differentiation into osteoblast-like cells with medial vascular calcification [55].
Subsequently, plaques, nodules, and necrotic ulcers develop due to impaired cutaneous
blood supply.

2.3. Summary

CC most commonly occurs in the setting of normal serum calcium and phosphate due
to dystrophic calcification from tissue damage or alteration. Pro-inflammatory cytokine
release, in particular, TNF-c, IL-1, and IL-6, are involved in the pathogenesis of vascular
calcification and may be relevant to the mechanisms of cutaneous and subcutaneous
calcification. NET formation triggering ROS production and phosphoinositide 3-kinase-
mediated signaling also contribute to calcium phosphate crystal formation in CC patients
with underlying juvenile DM. Complement and AGEs are important players in vascular
calcification and may play a role in CC via the activation of proinflammatory signaling
pathways and hypoxic gene activation. Abnormal serum calcium and phosphate associated
with CC upregulate pro-inflammatory cytokine expression and oxidative stress. This
systemic inflammation impedes inhibitors of soft tissue calcification and promotes VSMC
changes. Additionally, elevated serum vitamin D3 enhances the pro-inflammatory functions
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of innate immune cells. Together, these components of innate immunity play important
roles in the pathogenesis of CC.

3. Autoantibody Associations

Dystrophic CC is strongly associated with underlying autoimmune disease, in partic-
ular dermatomyositis (DM) and systemic sclerosis (SSc). DM is an autoimmune disease
characterized by inflammation of the muscles and the skin. CC occurs in 20-40% of patients
with juvenile DM and approximately 20% of patients with adult DM [56]. Areas of the body
typically affected by CC in DM include the trunk and extremities, as well as areas previously
affected by inflammation and ulceration [56,57]. Scleroderma, or systemic sclerosis (SSc),
is an autoimmune disorder characterized by diffuse fibrosis and inflammation of the skin
and internal organs. CC occurs in approximately 20-40% of patients with SSc, depending
on the population being studied [58,59]. Characteristic features of SSc, including digital
ulcers and telangiectasis, are significantly associated with CC [60,61]. Other autoimmune
diseases reported in association with CC include systemic lupus erythematosus (SLE),
mixed connective tissue disease (MCTD), and rheumatoid arthritis [57].

3.1. Dermatomyositis

There are several autoantibodies unique to DM and other inflammatory myopathies
that are relevant to the innate immune response in CC [62]. Melanoma differentiation-
associated gene 5 (MDAD) is a cytosolic protein involved in host antiviral responses (Table 1).
This protein senses the presence of viral RNA and induces the production of type I in-
terferons (IFN; primarily IFN-oc and IFN-{3) and other proinflammatory cytokines [63].
MDA is strongly expressed in the epidermis of DM skin, and its presence may stimulate
the chemotaxis of C-X-C motif chemokine receptor 3 (CXCR3)-expressing lymphocytes
towards the dermoepidermal junction, leading to inflammation and cell death [64,65].
Subsequently, an innate immune response to released nuclear antigens may occur through
toll-like receptor (TLR)-dependent and TLR-independent pathways [64]. Autoantibodies to
MDA?S are associated with CC in univariate analyses of DM patients, although multivariate
analyses indicate that anti-MDAS antibodies are significantly more likely to occur in pa-
tients with fingertip ulcers [66]. The presence of this autoantibody could contribute to CC
pathogenesis in DM via dysregulation of the type I IFN pathway and/or antigen-antibody
binding, leading to complement fixation and antibody-dependent cytotoxicity [63].

CC is also strongly associated with autoantibodies to nuclear matrix protein 2 (NXP2)
(Table 1) [56,66]. In a registry-based study examining juvenile DM patients in the United
Kingdom, approximately 50% of patients with anti-NXP2 antibodies displayed CC com-
pared to 15% of patients without these autoantibodies [74]. NXP2 is a nuclear protein that
binds to RNA and regulates gene transcription by localization of promyelocytic leukemia
(PML) nuclear bodies [69]. Assembly of PML nuclear bodies requires multimerization of
PML, a tumor suppressor protein [75]. Notably, the PML gene contains both interferon-
stimulating responsive elements (ISREs) and gamma-interferon activation sites (GAS), and
its expression is therefore regulated by IFN-«, IFN-f, and IFN-y [75]. PML induction can
also occur in an IFN-independent manner; interferon regulatory factor (IRF) 3 directly
binds to ISRE and GAS elements in the PML promoter without IFN synthesis [75]. The
presence of anti-NXP2 antibodies may represent a PML-dependent dysregulation of host
antiviral immunity in DM patients with CC.

Mitochondrial abnormalities in juvenile DM patients with CC include increased levels
of cell-free mitochondrial DNA (mtDNA) in serum and the presence of anti-mitochondrial
antibodies (AMA) (Table 1) [68,76]. In electron microscopy, intramitochondrial calcification
was associated with degenerate muscle fibers and mitochondrial extrusion [68]. Indeed,
mtDNA possesses immunogenic properties that prime innate immune responses. For
instance, extracellular release of mtDNA can stimulate TLR-9 and the cyclic guanosine
monophosphate-adenosine monophosphate synthase (cGAS)-stimulator of interferon
genes (STING) pathway in leukocytes, activating antiviral responses via type I IFN pro-
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duction [77]. Intracellular release of mtDNA from the mitochondria activates immune
responses involving TLR9, cGAS, and inflammasome proteins [78]. Notably, AMA levels in
juvenile DM patients correlated with the presence of the mtDNA antigen, immune complex
formation, and complement C4 consumption [68]. Activation of neutrophils by mtDNA-
AMA immune complexes induced the production of IL-8 and the formation of neutrophil
extracellular traps, which were elevated in the peripheral blood of these patients [68].
Interestingly, AMA levels increased prior to the clinical diagnosis of CC, indicating that
immunogenic responses to mtDNA release and autoantibody formation may play a role in
the pathogenesis of CC [68].

Table 1. Autoantibody associations with calcinosis cutis.

Disease Autoantibody Role in Innate Immunity References
@ Forms immune complexes with cognate antigens,
All Anti-nuclear inducing the production of type I IFNs and other [67]
cytokines
b Senses viral RNA and induces type I IFN production
Anti-MDA5 b Stimulates chemotaxis of CXCR3+ lymphocytes to [63-65]
the dermoepidermal junction
Dermatomyositis a Forms immune compl : : ;
o . plexes with mtDNA, inducing
Anti-mitochondrial IL-8 production and NET formation [68]
. b Binds RNA and regulates transcription by
Anti-NXP2 localization of PML nuclear bodies [69]
a - - -

MCTD Anti-UL-RNP ' F01.rms immune cqmplexes Wlth cognate antlge.ns, [70]

inducing the production of proinflammatory cytokines

Anti-cent

nt-cen r.o mere b Associates with nuclear cGAS, activating STING and

(centromere-kinetochore . . . [71]
stimulating NF-kB and IRF3 expression
macrocomplex)
Systemic sclerosis b Activates the transcription of proinflammatory genes
Anti-DNA topoisomerase I via positive regulation of RNA polymerase II [72,73]

b Triggers antiviral immunity through cGAS-STING
signaling *

Abbreviations: cGAS = cyclic guanosine monophosphate-adenosine monophosphate synthase; CXCR3 = C-X-C
Motif Chemokine Receptor 3; IFN = interferon; IL = interleukin; IRF = interferon regulatory factor; MCTD = mixed
connective tissue disease; MDA5 = melanoma differentiation-associated gene 5; NET = neutrophil extracellu-
lar trap; NF-«B = nuclear factor kappa B; NXP2 = nuclear matrix protein 2; PML = promyelocytic leukemia;
STING = stimulator of interferon genes; U1 RNP = U1 small nuclear ribonucleoprotein. * As a result of minor
DNA damage from its inhibition ® Role of autoantibody ? Role of antigen.

3.2. Systemic Sclerosis

Anti-centromere antibodies (ACA) are associated with CREST (calcinosis, Raynaud
phenomenon, esophageal dysmotility, sclerodactyly, and telangiectasia) syndrome, the
limited cutaneous form of SSc [79]. A cross-sectional study of SSc patients found that CC
is associated with ACAs in a multivariate analysis [60]. ACAs target components of the
centromere—kinetochore macrocomplex, which binds sister chromatids together and serves
as an attachment for spindle fibers (Table 1) [80]. Nuclear cGAS preferentially associates
with centromeres through its N-terminal domain [71]. Interestingly, the foci on centromeres
to which cGAS binds are the same foci to which ACAs bind [71]. ¢cGAS senses cytosolic
DNA and activates STING, which stimulates NF-«B and IRF3 expression [71]. Subsequently,
a type I IFN response with IFN-stimulated gene expression and DC activation occurs [71].
The association between ACAs and CC could represent cGAS-mediated upregulation of
type I IFN responses.

Autoantibodies to DNA topoisomerase I are more frequently found in SSc patients
with CC than in those without CC (Table 1) [58]. Topoisomerase I enzymes are primarily
responsible for relaxing supercoiled double-stranded DNA during replication. However,
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the regulation of topoisomerase I activity can also modulate host innate immune responses.
In response to host infection, topoisomerase I activates the transcription of proinflammatory
genes via the positive regulation of RNA polymerase II [72]. Inhibition of topoisomerase I
rescues lethal inflammation caused by viral and bacterial pathogen-associated molecular
patterns (PAMPs) in mouse models [72]. On the other hand, topoisomerase I inhibition
causing minor DNA damage can also trigger an antiviral response through the cGAS-
STING pathway via detection of cytosolic DNA [73]. It is unclear whether autoantibodies
to DNA topoisomerase I in CC signify a heightened cGAS-mediated immune response or if
they represent an attempt to dampen inflammatory processes.

3.3. Other Autoimmune Diseases

Elevated titers of antinuclear antibodies (ANA) are found in numerous autoimmune
diseases, such as SLE, DM, and SSc. While no large-scale retrospective study has identified
a clear association between ANA and CC, numerous case reports and series have found
a potential link. A case series of patients with chronic graft-versus-host disease found
that four out of five patients with CC had elevated ANA titers [81]. Diffuse CC has been
described in patients with Sjogren’s syndrome and SLE with positive ANA [82,83]. Charles
and colleagues found that basophils were activated by autoreactive IgE home to secondary
lymphoid tissue, promoting the differentiation of T helper type 2 cells. This results in the
production of autoantibodies including ANA in mice that lack the Src family protein kinase
Lyn [84]. ANAs can subsequently form immune complexes with their cognate antigens,
interacting with nucleic acid sensors in host immune cells to induce the production of type
I IENs and other cytokines (Table 1) [67].

MCTD is a rare inflammatory autoimmune disease with clinical features of SLE, SSc,
and polymyositis. MCTD is characterized by autoantibodies to the Ul small nuclear
ribonucleoprotein antigen (U1-RNP) and has been shown to be associated with CC in
a limited number of patients (Table 1) [57,85-87]. U1-RNP is conventionally involved
in alternative splicing following synthesis of mRNA transcripts that contain introns and
exons. Similar to ANAs, anti-U1-RNP antibodies can form immune complexes with
self RNA, serving as ligands for nucleic acid sensors that activate downstream immune
responses such as the production of proinflammatory cytokines and the activation of DCs
and lymphocytes [70]. TLR3 in particular is important in MCTD pathogenesis, as TLR3-
deficient mice treated with U1-RNP and U1-RNA developed an autoimmune syndrome
typical of SLE but lacking the interstitial lung disease of MCTD [88]. Perhaps this receptor
is similarly important for the development of CC lesions, although in vivo studies of this
potential role are lacking.

3.4. Summary

Dystrophic CC is strongly associated with underlying autoimmune disease, especially
DM and SSc. In DM, the presence of autoantibodies such as anti-MDAS5 and anti-NXP2
are likely indicative of dysregulated antiviral pathways. AMAs may also complex with
mtDNA, activating neutrophils and complement. An altered antiviral response is further
supported by the presence of ACAs and anti-topoisomerase I antibodies in SSc. Finally,
ANAs and anti-U1 RNP antibodies may contribute to excess activation of pro-inflammatory
pathways and cytokine production via the formation of immune complexes with self-
antigens. While many other autoantibodies are associated with CC, the aforementioned are
most indicative of a dysregulated innate immune response.

4. Treatment

Therapies for CC are largely experimental. Most evidence of treatment efficacy derives
from case reports and series, although there are several retrospective studies with larger
sample sizes. Prospective and/or randomized controlled trials are limited. Currently, there
are no therapies for CC approved by the US Food and Drug Administration.



Immuno 2022, 2

450

4.1. Bisphosphonates

Bisphosphonates are synthetic analogs of inorganic pyrophosphate, a byproduct of
many reactions that occur in the body [89]. Their primary use is in disorders of bone
loss mediated by osteoclasts, such as osteoporosis, Paget disease of bone, and primary or
metastatic bone tumors [89]. In these diseases, bisphosphonates bind to hydroxyapatite
crystals and are preferentially incorporated into areas of active bone remodeling, inhibiting
calcification and bone resorption [89].

The utility of bisphosphonates for treatment of CC has been substantiated by several
case series that demonstrated partial or complete response in a majority of patients stud-
ied [8,90,91]. Another study found that the bisphosphonate etidronate was unsuccessful
in treatment of CC with underlying DM or SSc [92]. Though their mechanism of action
in CC remains unclear, one possible explanation is via reduced systemic calcium, which
limits calcification of the skin and subcutaneous tissue. However, as discussed earlier, a
majority of CC cases occur due to local tissue abnormalities in the setting of normocalcemia.
In these cases, bisphosphonates may function through the inhibition of monocytes and
macrophages (Table 2). Exposure to unbound bisphosphonate reduces macrophage viabil-
ity and cell number and induces apoptosis [93]. Macrophages are highly endocytic and can
uptake unbound bisphosphonate circulating in the blood and/or released from bone via
fluid-phase endocytosis [94]. In animal models of solid tumors such as lung, breast, and
liver cancer, bisphosphonates reduce the infiltration of tumor-associated macrophages into
the tumoral stroma and may even reverse their polarity from pro-tumoral M2 macrophages
to tumoricidal M1 macrophages [95]. Therefore, it is possible that bisphosphonates similarly
reduce macrophage viability, proliferation, and infiltration within the microenvironment of
dystrophic CC lesions.

Table 2. Treatments for calcinosis cutis associated with the modulation of innate immunity.

Treatment Subclass Mechanism References
Bisphosphonates } Reduces monocyte/ mz.:lcrophage cell m.lmber and viability (93]
and induces apoptosis
. . Reduces TNF-«, IL-1, and IL-6, inhibits neutrophil
Antibiotics Minocycline chemotaxis, and suppresses of MMP activity [96-98]
Ceftriaxone Reduces TNF-o and suppresses MMP activity [98]
Inhibits neutrophil chemotaxis and NETosis, suppresses
Colchicine - NLRP3 inflammasome activation, and reduces [99,100]
proinflammatory cytokine release by macrophages
Reduces pro-inflammatory cytokine release, decreases
. . circulating innate immune cells, and suppresses fibroblast
Corticosteroids - growth and TGF-B1 production [101,102]
Reduces vessel permeability
Suppresses the production of pro-inflammatory cytokines in
CD16+ intermediate monocytes
VIG B Inhibits DC maturation and differentiation, reducing IL-12 [103,104]
secretion and the expression of costimulatory molecules
. . Adalimumab Inhibits TNF-« [105]
Biologics
Infliximab Inhibits TNF-o¢ [106]

Abbreviations: DC = dendritic cell; IL = interleukin; IVIG = intravenous immunoglobulin; MMP = matrix
metalloprotease; NET = neutrophil extracellular trap; TGF-1 = transforming growth factor beta 1; TNF-o = tumor
necrosis factor alpha.

4.2. Antibiotics

In addition to their bacteriostatic and bactericidal properties, antibiotics can dampen
inflammatory processes, which may account for their role in the treatment of CC. The
antibiotic minocycline has demonstrated efficacy in reducing ulceration and the size of CC
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deposits in a prospective trial of 8/9 patients with limited cutaneous SSc [107]. In a study
of five dogs with CC, four achieved complete remission with a reduction in the size of calci-
nosis deposits and associated inflammation [108]. Similarly, the cephalosporin ceftriaxone
has been used in the treatment of CC, although its evidence is limited. In an adolescent
male with subcutaneous morphea associated with dystrophic calcification, ceftriaxone
demonstrated a favorable response after 20 days of intravenous administration [109].

The anti-inflammatory properties of minocycline include the inhibition of TNF-«,
IL-1, and IL-6, as well as reduction of neutrophil chemotaxis [96,97]. Ceftriaxone tran-
siently reduces serum levels of TNF-o in vivo [110]. Minocycline and ceftriaxone may
also reduce calcinosis deposits via the inhibition of matrix metalloproteinase (MMP) activ-
ity [98]. MMPs are enteropeptidases produced by activated fibroblasts that induce tissue
destruction via the degradation of the extracellular matrix [111]. They are pivotal players
in the innate immune response via the modulation of chemokine activity and the estab-
lishment of chemokine gradients, controlling the influx of neutrophils, eosinophils, and
monocytes [112]. In rat models with CKD, VSMCs surrounding areas of medial calcification
had increased expression of MMP-2 and MMP-9 [113]. Hyperphosphatemia increased the
expression of MMPs in VSMCs from normal rats but not CKD rats, while the inhibition of
MMP activity reduced vascular calcification in both normal rats and CKD rats. Therefore,
antibiotics such as minocycline and ceftriaxone may diminish cutaneous and subcutaneous
calcification via the modulation of pro-inflammatory processes and MMP activity.

4.3. Colchicine

Colchicine is a plant alkaloid extracted from Colchicum that binds to tubulin to
prevent microtubule assembly and polymerization. This leads to a widespread modulation
of innate immune activity, such as the inhibition of neutrophil chemotaxis and adhesion,
the suppression of NLRP3 inflammasome activation, and the reduction of proinflammatory
cytokine production by macrophages [99]. The drug is most commonly used in gouty
arthritis and Familial Mediterranean Fever, although its utility has expanded to other
diseases such as pericarditis and atherosclerosis [99].

There is limited evidence of the efficacy of colchicine in CC therapy. One study
identified a partial response in 3/7 patients, while another study found a partial response
in only 1/9 patients [57,114]. Fuchs and colleagues observed that colchicine improved
local inflammation and ulcer healing in two patients but did not impact the degree of
calcification in their lesions [100]. The heterogeneity of responses in patients with CC to this
medication may be related to the various mechanisms by which it exerts immunological
effects. Colchicine reduced NETosis from neutrophils in animal models of acute respiratory
distress syndrome, which was associated with a reduction in acute lung injury [115].
Similarly, NETosis was reduced in patients with acute coronary syndrome treated with
colchicine after percutaneous coronary intervention [116]. Perhaps NETosis plays a more
dominant role in the pathogenesis of colchicine-responsive CC, especially in those who
experience a reduction in calcification.

4.4. Corticosteroids and Intravenous Immunoglobulin

Corticosteroids have a broad and diverse mechanism of anti-inflammatory action,
including the inhibition of pro-inflammatory cytokine release, a decrease in circulating
innate immune cells, and reduced vessel permeability [101]. Intralesional injections of corti-
costeroids have demonstrated limited efficacy in the treatment of CC deposits. Case reports
from 1978 and 1982 described an improvement of CC deposits treated with intralesional
steroids in an adolescent male with calcinosis cutis circumscripta and an elderly female
with scleroderma, respectively [117,118]. In a patient with juvenile DM refractory to intra-
venous bisphosphonate and colchicine, intralesional steroid injection resulted in complete
resolution of a CC deposit in the left elbow without relapse at two-year follow-up [119].
Regarding their intralesional application, corticosteroids inhibit fibroblast growth and
transforming growth factor 31, a cytokine with many roles in cell growth, differentiation,



Immuno 2022, 2

452

and apoptosis [102]. The regulation of fibroblast activity also reduces MMP secretion,
which may further inhibit cutaneous calcification.

Polyvalent intravenous immunoglobulins (IVIG) are directed against a broad spectrum
of microbial and self-antigens. IVIG can be used for the treatment of autoimmune disorders
and can secondarily impact dystrophic CC. Case reports of patients receiving IVIG therapy
for underlying DM or CREST syndrome have demonstrated efficacy against dystrophic CC
lesions [120,121]. However, the treatment response appears to be variable; one group found
that a DM patient receiving IVIG failed to experience a reduction in dystrophic CC, while
another found that 3/8 patients demonstrated stable or worsened CC after receiving IVIG
therapy [122,123]. At the high dosages used to treat rheumatologic disorders, IVIG primar-
ily exerts anti-inflammatory properties to modulate innate immunity. Although in vivo
studies indicate that IVIG does not significantly impact neutrophil activity, in vitro data
demonstrate that IVIG promotes apoptosis and inhibits degranulation in neutrophils [103].
On the other hand, IVIG transiently suppresses the production of pro-inflammatory cy-
tokines in CD16+ pro-inflammatory intermediate monocytes [103]. This may occur via
apoptosis, as IVIG contains anti-CD95 antibodies that interact with CD16+ monocytes ex-
pressing constitutively upregulated genes promoting apoptosis [103,124]. High-dose IVIG
also inhibits DC maturation and differentiation, reducing IL-12 secretion and the expression
of costimulatory molecules [104]. Taken together, IVIG likely reduces CC deposits in some
patients by suppressing proinflammatory pathways that involve innate immunity.

4.5. Biologics

Monoclonal antibody therapy directed against specified antigen targets has the po-
tential to not only elicit a more tailored clinical response but also to elucidate the role of
the targets in CC pathogenesis. TNF-« inhibitors such as adalimumab and infliximab are
widely used for the treatment of autoimmune disorders and may secondarily treat CC
lesions given the role of this cytokine in disease mechanisms. In a case report of a DM
patient with extensive calcinosis refractory to corticosteroids, IVIG, and rituximab, treat-
ment with adalimumab resulted in an improvement in both CC and DM with maintained
remission three years after discontinuing therapy [105]. Interestingly, the patient received
etanercept instead of adalimumab during pregnancy, and her treatment response was
maintained [105]. Another case report of a patient with SSc/myositis overlap syndrome
and recalcitrant calcinosis observed a reduction in the size of CC lesions with no new
lesions at 41 months of infliximab therapy [106].

Rituximab is a chimeric monoclonal antibody directed against CD20, a receptor pri-
marily found on B cells. Despite the role of these cells in adaptive immunity, rituximab
therapy for CC will be briefly discussed given the relative wealth of literature available.
In a case series of six patients with CC and SSc, rituximab resulted in an improvement of
calcinosis lesions in three patients [125]. Another case series found complete resolution
of CC lesions in three patients with SSc within six months of rituximab therapy, without
relapse at follow-up [126]. However, in a prospective study of juvenile DM patients, CC
deposits did not improve in the six affected patients after rituximab therapy [127]. A
randomized controlled trial examined the efficacy of rituximab therapy in seven patients
with adult DM and 22 patients with juvenile DM and concomitant CC [128]. Since partial
response was not assessed, Aggarwal and colleagues found that only 1/7 adult DM and
1/22 juvenile DM patients experienced complete resolution of their CC deposits [128].

The heterogeneous response to different therapies, especially biologics, in CC suggests
that different disease phenotypes may exist. Phenotypic classification based on genetic sus-
ceptibility or serum markers may guide therapy as in other skin diseases. For instance, in
psoriasis, ustekinumab therapy for CXCR3+ CCR6— CD38+ HLA-DR+ activated Th1 cell-
predominant disease and secukinumab therapy for CXCR3— CCR6+ CD38+ HLA-DR+ Th17
cell-predominant disease resulted in a significantly lower psoriasis area and severity in-
dex at six months of strategic treatment [129]. Furthermore, treatment of underlying
rheumatologic disease may alter the innate and adaptive immunophenotype and impact
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the response of CC lesions to subsequent therapy. In juvenile DM, naive B and CD4+ T
cells were found at increased serum levels while natural killer (NK) cells were found at
decreased serum levels compared to controls in treatment-naive patients [130]. NK cells
in particular demonstrated hypophosphorylation of phospholipase Cy2, an enzyme that
stimulates calcium flux and the movement of cytotoxic granules [130]. Treatment of ac-
tive disease attenuated cell frequency differences in naive B cells, CD4+ T cells, and NK
cells, as well as hypophosphorylation of phospholipase Cy2 and downstream MAPK2
signaling [130]. Therefore, it is possible that CC lesions have varied immunophenotypes
requiring different targeted therapies, which may be impacted by concomitant treatment
for underlying autoimmune diseases.

4.6. Summary

While treatment for CC is limited by the lack of large, randomized-controlled studies,
the existing evidence suggests that the available therapy modulates innate immune re-
sponses. Bisphosphonates inhibit monocyte/macrophage function and may alter macrophage
polarity in dystrophic CC lesions. Antibiotics have broad anti-inflammatory action and
suppress MMP activity, potentially reducing cutaneous and subcutaneous calcification.
Neutrophil activation and NETosis in CC are targeted by colchicine, although response
to therapy is variable. The broad anti-inflammatory actions of corticosteroids and IVIG
may limit CC development through the inhibition of fibroblast activity and cytokine pro-
duction from pro-inflammatory CD16+ monocytes, respectively. Finally, biologics such
as adalimumab, infliximab, and rituximab target specific components of innate and adap-
tive immunity. The next steps towards improving the treatment of CC include a better
understanding of heterogenous responses towards therapy and the investigation of possi-
ble immunophenotypes.

5. Conclusions

Calcinosis cutis is the deposition of insoluble calcium salts in the skin and subcuta-
neous tissue. Although the disease is poorly understood, the innate immune system plays
an important role in its pathophysiology and treatment. Elevated serum and lesion levels
of TNF-«, IL-1, IL-6, NETs, complement, and AGEs demonstrate the important role of
innate immunity in patients with CC and normal calcium and phosphate levels. These
pathways are dysregulated in vascular calcification and may be similarly perturbed in CC.
In patients with elevated calcium and/or phosphate levels, CC pathophysiology is also
related to pro-inflammatory cytokine dysregulation contributing to ROS production and
soft tissue calcification. CC is strongly associated with autoimmune diseases, in particular
dermatomyositis and systemic sclerosis. Autoantibody associations in these rheumatologic
disorders with CC such as anti-MDAD5, anti-NXP2, anti-centromere, and anti-topoisomerase
I further support the role of aberrant antiviral and pro-inflammatory cytokine activation in
CC pathophysiology. The data supporting medical therapy for CC are limited and mostly
experimental, as there are currently no FDA-approved treatments. However, the available
literature supports the use of bisphosphonates, antibiotics, colchicine, corticosteroids, IVIG,
and biologics, therapies that likely impact CC deposits via the modulation of innate im-
mune responses. Further studies are needed to better understand the pathophysiology and
treatment of calcinosis cutis in order to improve the quality of life and morbidity of patients
afflicted with this disease.
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