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Abstract: Sarcoidosis is a multifaceted and multisystemic inflammatory disorder, the etiology of
which remains unknown. However, it has been suggested that an intricate interplay between genetic,
environmental, and inflammatory factors may contribute to the development and progression of
sarcoidosis. Although 30-50% of patients demonstrate extra-pulmonary manifestations, cardiac
involvement is rare, affecting only 2-5% of cases. Diagnosis is often challenging, relying on the
careful application of clinical judgment, histopathological evidence, and imaging biomarkers. In
this literature review, we aim to provide a comprehensive overview of the current understanding of
the genetic basis of sarcoidosis, the contribution to the pathogenesis of the disorder, and discuss the
potential link between certain genetic variants and the development of cardiac sarcoidosis.
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1. Introduction

Sarcoidosis is a complex and obscure disorder with many implicated triggers, which
include environmental, inflammatory, and genetic factors. It is characterized by the for-
mation and accumulation of non-necrotizing epithelioid-cell granulomas typically in the
lungs but may be multisystemic, impacting the cardiac, hepatic, ocular, skeletal, lymphatic,
and nervous systems [1,2]. The signs and symptoms of sarcoidosis are non-specific, often
taking months to years for diagnosis. Although it has been described since the 19th century,
with extensive research being conducted to understand the mechanisms of this disorder, its
exact etiology remains unknown. It is a clinically heterogeneous disorder, ranging from
asymptomatic forms to aggressive disease, that impacts almost 20% of cases [1,3]. Although
30-50% of patients may have spontaneous remission or have a benign clinical course, it is
chronigc, life-changing, and at times fatal [4,5]. The prevalence is highly variable, ranging
from 10 to 60 cases per 100,000 and an incidence of 1 to 36 cases per 100,000 owing to
geographic, socioeconomic, and environmental factors [6-8]. Cardiac sarcoidosis (CS) is
even more atypical and problematic to diagnose, accounting for only 2-5% of cases [9,10].
The clinical manifestations of CS may present as sudden cardiac death (S5CD), conduction
abnormalities, arrhythmias, or heart failure [10]. More importantly, it may be isolated (iCS)
or nonisolated (niCS). Diagnosis typically involves high clinical suspicion, in combination
with advanced cardiovascular imaging, with or without an endomyocardial biopsy [11,12].
Genetic testing has been pivotal in the management and risk stratification of inherited
cardiac disorders, but its role is unclear in inflammatory cardiomyopathies [13]. Therefore,
it is essential to understand whether genetics has a role and, thus, management in cardiac
sarcoidosis. Given the nature and phenotypic variability of the disorder, it is crucial to
have specialized sarcoid or inflammatory disease clinics equipped with advanced imaging,
electrophysiological, and heart failure services to aid in diagnosis and management. The
availability of expert guidance at these centers is of paramount importance in effectively
managing this disorder.
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2. Materials and Methods

We performed a review of the literature focusing on genetics and sarcoidosis (Supple-
mentary Figure S1). Our search included meta-analyses, case series, reviews, prospective
and retrospective studies. Conference abstracts or articles where there was no association
between sarcoidosis and genetics were excluded. Key search terms included “sarcoidosis”,

"o

“cardiac sarcoidosis”, “infiltrative cardiomyopathy”, and “inflammatory cardiomyopathy”,
in combination with “genetics”.

3. Results

From the literature review, a total of 137 studies were screened and evaluated. Af-
ter careful consideration, 66 studies were identified as relevant and incorporated into
the review.

3.1. Diagnosis of Sarcoidosis

Sarcoidosis is regarded as a consequence of an exaggerated immune response in a
genetically predisposed individual after exposure to an unidentified antigen. The condition
is manifested through a range of signs that may include respiratory symptoms, lym-
phadenopathy, fatigue, and erythema nodosum [5]. Notably, abnormal chest radiographs
are observed in over 90% of patients with pulmonary sarcoidosis [14-16]. Furthermore,
50-85% of patients exhibit bilateral hilar lymphadenopathy, while parenchymal opacities
are observed in 20-65% of cases [14,16]. In the case of cardiac sarcoidosis, the common
presentations include atrioventricular (AV), bundle branch block, multi-focal premature
ventricular contractions (PVCs), ventricular arrhythmias (VAs), pericarditis, heart failure,
and or sudden cardiac death [16]. More significantly, both AV block and a history of VAs
increase the risk of SCD.

High clinical suspicion is necessary since diagnostic testing is often invasive. Endo-
bronchial ultrasound coupled with transbronchial fine aspiration of mediastinal and hilar
lymphadenopathy is highly effective in diagnosing pulmonary sarcoid. If inconclusive,
endobronchial and transbronchial lung biopsy may be necessary. Bronchoalveolar lavage
(BAL) can serve as a complementary tool, revealing moderate lymphocytosis with a T
lymphocyte CD4:CDS8 ratio higher than 3.5 [8]. On the other hand, angiotensin-converting
enzyme (ACE) is not a reliable marker for diagnosis, and interleukin-2, neopterin, or chi-
totriosidase may be better options to corroborate the diagnosis of sarcoid [17-19]. The
assessment of extra-pulmonary manifestations is facilitated by the evaluation of inflamma-
tory activity, for which ®F-fluorodeoxyglucose (‘¥F-FDG) positron emission tomography
(PET) can be a valuable tool [20]. Therefore, diagnosis is based on clinical and radiological
presentation, corroborated by evidence of noncaseating granulomas without the suggestion
of an alternative disease. It should be worth noting that while non-necrotizing granulo-
mas are an essential feature of sarcoidosis, it may also be present in other infectious and
inflammatory diseases.

The diagnosis of cardiac sarcoidosis is particularly challenging as endomyocardial
biopsy (EMB) is hard to obtain, with a reported yield of only approximately 25% [13].
More importantly, granulomas in CS are uncommon. With technological advancement,
however, voltage-guided biopsy may increase the success rate to 50% [13,21]. Nonetheless,
diagnosis predominantly relies on cardiac imaging, which includes trans-thoracic echocar-
diography (TTE), gallium scintigraphy, cardiac magnetic resonance imaging (MRI), PET
and, more recently, combined MRI/PET, which may assist in guiding risk stratification
and management of the disorder [22-26]. CS may be characterized by basal thinning of
the ventricular septum, abnormal ventricular wall anatomy, and/or the presence of late
gadolinium enhancement (LGE) [13]. Typically, the scar pattern is non-ischemic, which
preferentially affects the sub- and mid-myocardium (Figure 1). T2 mapping is helpful
in identifying areas of edema and inflammation [27]. In addition, ®F-FDG may identify
granulomas, while the combination of PET perfusion with 8Rubidium or '*N- Ammonia
or single-photon emission computed tomography (SPECT) with Technetium-99m Sestamibi
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or Thallium may identify areas of hypoperfusion secondary to micro-vascular compression
from inflammatory cells [13]. TTE is useful in identifying regional wall motion abnormali-
ties (RWMAs), valvulopathies, pericardial effusion, and aneurysms while speckle-tracking
echocardiography can demonstrate strain abnormalities [28].

Figure 1. Cardiac magnetic resonance imaging (MRI) demonstrating mild left ventricular hypertrophy
(A) secondary to edema with sub-endocardial late gadolinium enhancement (B). The arrows depict
myocardial hypertrophy and edema.

Additionally, right heart catheterization may be helpful in accurately assessing pul-
monary pressures and guiding treatment options for pulmonary hypertension. Lastly,
hybrid PET/MRI may be superior to MRI and PET in isolation due to its greater capabil-
ity for resolution and sensitivity in detecting silent disease prior to overt functional and
structural abnormalities [13,29]. The Heart Rhythm Society (HRS), the Japanese Ministry of
Health and Welfare (JMHW), and the World Association of Sarcoidosis and Other Granulo-
matous Diseases (WASOG) have published criteria to aid in the diagnosis of CS [30-32].

Nonetheless, the current tools and techniques for the diagnosis of CS have limitations.
Foremost, a definitive gold standard remains elusive. EMB is invasive and suffers from low
yield, given the patchy nature of the disorder. More importantly, cardiovascular imaging,
while commonly utilized, does not offer 100% sensitivity, and findings are non-specific
without the appropriate context or clinical suspicion. For instance, both cardiac MRI and
FDG-PET evaluate fibrosis and inflammation, respectively, which is not specific to CS.
Furthermore, limitations of FDG-PET include uptake of non-inflammatory myocardial
uptake, while atrial fibrillation or conduction abnormalities may affect regional glucose
utilization. In addition, there are risks associated with radiation exposure [33].

Accurate diagnosis of CS is challenging due to the overlap of clinical and imaging find-
ings with infiltrative, inflammatory, and genetic cardiomyopathies (Table 1, Figure 2). Dis-
tinguishing between giant cell myocarditis (GCM) and CS can present the most significant
challenge, as both disorders often demonstrate similar cardiac MRI and histopathological
findings [34,35]. In view of this, a high degree of clinical suspicion, while being attentive to
the clinical course, is essential in the differentiation between GCM and CS. Furthermore,
recent advances in hybrid cardiovascular imaging have been crucial to the diagnosis and
risk stratification of CS [36]. For instance, PET has a higher diagnostic accuracy for detecting
cardiac lesions secondary to CS, which may be overlooked by cardiac MRI [37].
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Table 1. Differential diagnosis of cardiac sarcoidosis.

Cardiac Disorder

Clinical Features

Imaging Features

Biochemical/Genetic Features

ECG changes (T-wave

inversion, anterior " LVH > 15 mm, .
repolarization changes) asymmetric (often) Elevated troponin
HCM S F;n toms (chest pain »  Patchy mid- Elevated nt-BNP
syncg o dizziness fa t,i ue) myocardial LGE Pathological genetic variant
F};mils };is tory s 1alg RV insertion point LGE
ECG changes (LBBB) " lelSE}tefCtZ;wth global Elevated troponin
DCM Symptoms yst . . Elevated nt-BNP
o . Linear LGE in ventricular . . .
Family history Pathological genetic variant
septum
. RV dilatation and
dysfunction .
ACM Symptoms ] RV dyskinesia Eig:ij :f_gi}n;n
Family history . RV aneurysm . . .
o Pathological genetic variant
. Padua criteria
=  ARVCTEFC
Systemic .symptoms (renal, Biventricular hypertrophy = Elevated free light chain ratio
N neurological)
Amyloidosis Physical features LA enlargement . Positive serum/urine protein
(chroglossia) Global and diffuse LGE electrophoresis
. Patchy LGE .
Myocarditis Viral prodrome (inferolateral wall) Elevated troponin

n Myocardial edema Elevated nt-BNP

ACM: arrhythmogenic cardiomyopathy, ARVC: arrhythmogenic right ventricular cardiomyopathy, DCM: dilated
cardiomyopathy, ECG: electrocardiogram, HCM: hypertrophic cardiomyopathy, LA: left atrium, LBBB: left bundle
branch block, LGE: late gadolinium enhancement, LVH: left ventricular hypertrophy, RV: right ventricle, TFC: task
force criteria.

3.2. Epidemiology of Sarcoidosis

Sarcoidosis occurs worldwide, affecting individuals of all ages, genders, and races.
Owing to the diagnostic criteria’s ambiguity and variability in presentation, estimating
its global burden remains a challenge. Nonetheless, the highest rates are reported in
Northern Europeans and African Americans, with 70% of patients aged between 25 and
45 years. Conversely, the prevalence is lower in South America, India, and Japan and
is rare in individuals younger than 15 or older than 70, with a female-to-male ratio of
1:20:1:75, suggesting the variability of risk among ethnic groups, gender and age [8,13,38].
The pattern of organ involvement also differs among ethnic and racial groups, with
African Americans presenting more severely. These differences may be attributed to
several factors, which include genetic susceptibility among populations, environmental
factors, such as hormonal variation, occupational exposure, gender-based activities,
and, more importantly, diagnostic practices [39]. Regardless, how geographic variation
impacts the incidence of sarcoidosis should be further explored.

Up to half of sarcoidosis cases achieve spontaneous remission in 5 years, and as
such, may be classified as acute (<2 years) or chronic (>3-5 years). The challenging
aspect of CS is that it is often subclinical and under-recognized [40]. It is estimated that
20-25% of individuals with pulmonary/systemic sarcoidosis have silent cardiac disease [40].
Moreover, there has been an increase in CS prevalence and incidence of patients who
underwent cardiac transplantation, further emphasizing the importance of recognizing the
implications of this disorder [41].
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Figure 2. Cardiac magnetic resonance (CMR) imaging showing mid/apical late gadolinium enhance-
ment (LGE) in (A) myocarditis. CMR demonstrating dilated cardiomyopathy (B) and hypertrophic
cardiomyopathy (C). CMR demonstrates extreme left ventricular hypertrophy with (D) extensive LGE.

3.3. Pathogenesis

The pathophysiology of sarcoidosis is complex and poorly understood. Both organic
and inorganic triggers, in conjunction with a dysregulated immune response, are believed
to play a central role in the pathogenesis of sarcoidosis [13]. Exposure to transmissible
agents, such as musty odors, pine pollen, and insecticides, as well as occupational exposure
to metals, talc, or silica, are risk factors in the development of sarcoidosis [8]. Furthermore,
the aggregation and persistence of microbial-induced host responses to mycobacteria or
propionibacteria may form the nidus for granuloma formation. Inflammatory mechanisms
include upregulated expression and function of major histocompatibility complex class
II (MHC-2) molecules and costimulatory molecules, such as Cluster of Differentiation 86
(CD86), CD80, Intercellular Adhesion Molecule (ICAM), CD14, and CD40 [41]. Furthermore,
there is an increased tumor necrosis factor o (TNFo) response when stimulated by Toll-like
receptor 4 (TLR4) and an influx of CXCR3-positive T-helper 1 cells [42]. T lymphocyte
activation induces interferon- y, TNFa, and interleukin 2. The result is that an epithelioid-
cell rich granuloma is purported to trap the remnants of causative agents that cannot be
further degraded.

The histopathological hallmark of sarcoidosis is the presence of non-necrotizing granu-
lomas, which are discrete, well-circumscribed aggregates of macrophages, CD4+ T lympho-
cytes, multi-nucleated giant cells, and epithelial cells that form nodules (Figure 3). Although
the inflammatory cascade is implicated, the exact pattern of activation and differentiation
remains unclear [13].
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Figure 3. Transbronchial lung biopsy, with light micrograph demonstrating a non-necrotizing
granuloma (A). Acid-fast bacteria (AFB) (B) and Grocott silver staining (C) did not suggest fungal or
tuberculosis as causes, respectively, suggesting the likely etiology being sarcoidosis.

3.4. Cardiac Sarcoidosis

It is essential to recognize CS due to the high reported rates of SCD, which may be as
significant as 14% [43-45]. However, there is significant variation in the reported incidence
of CS. For instance, post-mortem studies have reported a prevalence of cardiac involvement
ranging from 25% to 58% [9]. Isolated CS, also known as granulomatous myocarditis, is
defined as the absence of extra-cardiac manifestations and has a prevalence of as high
as 27-52%, which is naturally associated with a poor outcome [13,14,46]. It is important
to note that noncaseating granulomas are not unique for sarcoidosis and have also been
described in several distinct cardiomyopathies, including myocarditis. CS patients may
present with heart failure and are often accompanied by a reduced left ejection fraction
(<50%). The severity of symptoms is often proportionate to the extent of myocardial
involvement [13]. Although the right ventricle (RV) may also be impacted, it is rare, and its
prognostic relevance is unknown. Nonetheless, RV involvement is associated with VAs,
which are indicative of worse outcomes [13,47].

In patients with biopsy-proven sarcoidosis, the presence of abnormal PET, MRI, or
arrhythmias is suggestive of CS. However, a negative study is insufficient to exclude the
possibility of early or subclinical disease. Increased uptake of 8F-FDG is reflective of an
augmented risk of VAs, high-grade AV blocks, and SCD [13]. Electrocardiographic (ECG)
abnormalities, VAs, and SCD are associated with fibrosis, granulomatous infiltration, and
edema [13,48]. Despite the importance of cardiac involvement in sarcoidosis, screening
patients is often controversial; it is only considered a Class III recommendation [13].
More importantly, imaging biomarkers cannot always grade the severity of the disease
nor diagnose subclinical disease. Therefore, it is more valuable to assess for biomarkers
beyond imaging.

The emergence of COVID-19 has led to a hypothesis that the hyperinflammation
induced by SARS-CoV-2 infection may accelerate the onset or trigger autoimmune disorders,
including sarcoidosis. A shared pathogenic mechanism includes a dysregulated immune
system marked by an abundance of IL-17 and IFEN-y [49]. Notably, COVID-19 has been
associated with an increased incidence of myocarditis, with rates ranging from 150 to
4000 cases per 100,000 individuals, which is at least 15 times higher than pre-COVID
levels [50]. This raises the possibility that the incidence of CS may also increase. One study
alluded that COVID-19 myocarditis may be more common in patients with sarcoidosis [51].
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Moreover, while a few case reports and series have reported a hypothetical link between
COVID-19 and cardiac sarcoidosis, the exact incidence of this association is unknown [52].
Therefore, it is necessary to conduct further prospective and long-term studies to ascertain
the long-term sequelae of COVID-19 and the incidence of CS.

3.5. Genetics

The premise of genetic susceptibility in sarcoidosis is strengthened by familial clus-
tering, higher incidence within specific ethnic groups, and studies involving monozy-
gotic twins [53]. Although sarcoidosis is typically sporadic, it is familial in 3.6-9.6%
of cases [8]. The observed 80-fold increase in the risk of disease in monozygotic twins
provides further evidence supporting the role of a genetic etiology [54]. Further, there is
a higher incidence and prevalence of sarcoidosis among black patients, suggesting an
inherent genetic susceptibility [55]. For instance, first-degree relatives of black patients
with sarcoidosis have a three-fold risk of acquiring the disease. The Sarcoidosis Genetic
Linkage Study Consortium (SAGA) and A Case-Control Etiologic Study of Sarcoidosis
(ACCESS) identified eight chromosomal regions for increased susceptibility and familial
clustering of sarcoidosis, respectively [56,57]. Therefore, these observations account
for a synergistic role between environmental factors and the genetic background for
triggering sarcoidosis.

Several susceptible loci have been investigated, which include human leucocyte anti-
gen (HLA) genes located in the class II major histocompatibility complex on chromosome
6. In addition, other genes implicated include those influencing antigen processing and
presentation, T-cell recruitment and activation, and granulomatous inflammation [55].
One specific HLA allele that increases the likelihood of sarcoidosis and radiographic pro-
gression among black families includes DQB1*0602 [58,59]. Butyrophilin-like 2 (BTNL2),
located in the class II MHC region on chromosome 6, also confers an increased risk,
along with other genetic variants, as detailed in Table 1 [60]. The ACCESS project was
important in demonstrating the role of both HLA-DRB1*1101 and HLA-DPB1*0101 as
significant risk factors for the development of sarcoidosis [61].

Genome-wide association studies (GWAS) play a crucial role in identifying genetic
loci linked to rare diseases [62]. Furthermore, whole exome sequencing (WES) is essential
in the search for de novo mutations [63]. Although there may be distinct genes associated
with sarcoidosis, it is likely that multiple genes are involved in its susceptibility, disease
expression, and progression (Table 2). The significance of these genetic imprints is important
in the phenotypic classification of patients and in recognizing the predictive value of the
prognosis of sarcoidosis.

Table 2. Genetic variants associated with sarcoidosis.

Chromosome Genetic Variant/Locus Features
1 1q32 [64]
1p22 [56]
PTGS2 [65]
AADACLS3 [66] Disease resolution
1 1L.23 [67] Nervous system involvement
3 3p12-14 [68]
CCRS5 [69] Progression of lung disease
MAGI1 [70] Ocular involvement
4 NFKB1 [71]
5 5q11.2 [72]
5p15[72] Protective
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Table 2. Cont.

Chromosome Genetic Variant/Locus Features
6 HLA-B7 [73] Increased frequency in African

HLA-BS8 [74] Americans

HLA-B*51 [75] Associated with Lofgren Syndrome;
(Han-Chinese)

HLA-C [58]

HLA-DPA1/DPB1 [58]

HLA-DPB1 (*0101) [61]

HLA-DQA1*0301 [76] Protective

HLA-DQA1*0501 [77]: Associated with Lofgren syndrome

HLA-DQA1*0505 [58] Chronic course

HLA-DQB1*0201 [76] Associated with Lofgren syndrome

HLA-DQB1*0302 [58] Protective

HLA-DQB1*0503/4 [76]

HLA-DQB1*0601 [78]: Chronic; associated with cardiac
sarcoidosis

HLA-DQB1*0602 [58] Chronic course

HLA-DQB1*0604 [58]

HLA-DQB1*1501 [76] Chronic course

HLA-DRB1*0101 [76] Protective

HLA-DRB1*03 [58] Spontaneous resolution; associated
with Lofgren syndrome

HLA-DRB1*04 [58] Protective

HLA-DRB1*0301 [79]: Decreased risk of extra-pulmonary
manifestations; immune response to
mycobacterial antigens

HLA-DRB1*0302 [80] Increased risk of extra thoracic and
skin manifestations

HLA-DRB1*04 [80] Increased risk of extra thoracic and
skin manifestations; increased risk
of uveitis

HLA-DRB1*08 [76]

HLA-DRB1*14 [76] Associated with left ventricular
systolic dysfunction and chronic
course

HLA-DRB1*15 [58] Chronic course

HLA-DRB1*1101 [61] Chronic course

HLA-DRB1*1201 [76]

6 BTNL2 [81,82] Isolated cardiac sarcoidosis

HSPAI1L [83]

NOTCH4 [84] Associated in African American
and European patients

LTA [85] Associated with erythema nodosum
in female Caucasians

RAB23 [86]: Associated with uveitis

TAP2 [87] Associated in European patients

TNF« [88,89] Associated in European patients;
cardiac sarcoidosis.

7 CCL24 [90]

STYXL1/SRRM3 [90] Associated with both disease
development and spontaneous
remission

9 9p22 [91]

9932 [92] Chronic disease

9q34 [72]

10 ANXA11 (10q22.3) [86] Associated in European patients

DDIT4 [93]
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Table 2. Cont.

Chromosome Genetic Variant/Locus Features
11 11p15 [94]
11q12-13 [95]
CCDC88B (11q13) [96] Associated with inflammatory
bowel disease
12 CYP27B1 [97] Protective
SH2B3 [98]
12q13.3—q14.1 (0S9) [99]
14 TGE-B3 [100]
15 ZNF592 [101] Associated with neurological

involvement in African American
and European American patients
16 NOD2 [102] Associated with early onset
sarcoidosis and uveitis

17 17q21 [100]
XAF1 [103]
19 DBP [97]
KIR3DL1/KIRDS1 [65]
22 TAB1-TAB2 [104]

CCL24: C-C ligand 24, CCR5: C-C chemokine receptor type 5, DDIT4: DNA damage-inducible transcript 4
gene, HLA: human leucocyte antigen, HSPA1L: heat shock 70 kDa protein 1L, KIR3DL1/KIRDS1: killer cell
immunoglobulin-like receptor 3DL1, LTA: lymphotoxin «, NFKB1: nuclear factor kappa B sub-unit 1, MAGI1:
membrane-associated guanylate kinase with inverted structure, NOD2: nucleotide-binding oligomerization
domain-containing protein 2, NOTCH4: neurogenic locus notch homolog 4, PTGS2: prostaglandin G/H synthase
2, RAB23: Ras-related protein Rab-23, SH2B3: SH2B adaptor protein 3, TAB1-TAB2: TAK1 binding protein 1-TAK1
binding protein 2, TAP2: transporter 2, ATP binding cassette subfamily B member, TNF«x: tumor necrosis factor «,
XAF1: X-linked inhibitor of apoptosis or XIAP associated factor 1.

More importantly, given the genetic diversity present in sarcoidosis, it may be more
prudent to identify genetic changes in inflammatory regulatory pathways. For instance,
mTOR and Racl, which impede the clearance of pathogens or non-organic particles, can
alter both macrophage and T-cell responses. Therefore, genetic modifications encoding
these regulatory pathways may result in the development of severe sarcoidosis. For
instance, mutations in DDIT4 (DNA damage-inducible transcript 4 gene) have been
present in a family with severe sarcoidosis [93]. The analysis of the transcriptome
enables the possibility of evaluating the loss of expression at the level of the messenger
RNA, as well as bridging the gap between genomic data and functional studies. Here,
dysregulation in the STAT1 signaling pathway is noted, which highlights the role of the
JAK inhibitor, Tofacitinib [1].

Other discrete genetic variants that may play a role in the development of sarcoido-
sis include 2p25, 2p25.2, 5p15.2, 5p13.1, 5g35.2, 535.3, 11q12-13, 17q23, 20q13.2, and
20q13.32 [99,105-107].

The Role of Genetics in the Development of Cardiac Sarcoidosis

The literature review has revealed that certain genetic variants (BTNL2, TNF-&, HLA-
DRB1, and HLA-DQB1*0601) are associated with the development of cardiac sarcoidosis.
This has significant implications in the screening and management of patients with systemic
sarcoidosis, as detecting these variants may help in risk stratification for the development
of CS. Further, it may enable the earlier use of advanced cardiovascular imaging to aid in
diagnosis as well as to tailor treatment that may be individualized to the patient. More
importantly, CS is a disorder that may present as SCD. Thus, the identification of positive
genetic variants may prompt a lower threshold for the evaluation of arrhythmias and the
possibility of implementing an implantable cardioverter defibrillator (ICD). Furthermore,
given the possibility of iCS and the link between myocarditis and inherited cardiomy-
opathies, it may be judicious to investigate whether the genetic architecture of myocarditis
may be secondary to sarcoidosis [108,109].
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3.6. Treatment of Sarcoidosis

Sarcoidosis patients have a lower survival rate than the general population, with the
mortality being reported to be 7.6%. Most fatalities are due to pulmonary fibrosis but may be
secondary to cardiac disease. In Japan, the leading cause of mortality is cardiac involvement,
accounting for 77% of deaths [8]. Although sarcoidosis may remain stable in many patients,
between 20 and 70% require systemic therapy. The treatment of CS is multifactorial,
necessitating a combination of systemic therapy and pharmacotherapy directed towards
arrhythmias and heart failure in addition to device placement and consideration for cardiac
transplantation. The mainstay of medical therapy is immunosuppression, which ranges
from corticosteroids to cytotoxic drugs, namely methotrexate, azathioprine, mycophenolate,
or leflunomide [13,15]. In severe cases, manipulation of the cytokine network through
monoclonal antibodies, such as TNF« antibodies, is important for managing sarcoidosis.

The initial treatment for active CS includes corticosteroids (e.g., prednisolone
1 mg/kg/day), which have been demonstrated to increase long-term survival and recovery
of AV conduction [110]. There is no consensus on the dosage of corticosteroids, but these
regimes are tailored toward treatment response, which is assessed through clinical events
and imaging. Typically, this is often tapered and may be maintained for 12-24 months [110].
However, no impact was noted in terms of recovery of LV function [111]. If not responsive,
or patients are experiencing adverse effects, steroid-sparing agents, in isolation or com-
bination, may be considered in a stepwise fashion. The commonly used agents include
methotrexate and mycophenolate mofetil. Biologic agents have a longstanding history in
the treatment of systemic sarcoidosis but are associated with increased harm in patients
with advanced heart failure [112]. Reassuringly, there have been a few studies that have
noted improvement in LV ejection fraction with TNF« inhibitors [113].

In addition to immunosuppression, it is essential that patients with CS who experience
heart failure are treated with guideline-directed medical therapies (GDMTs). The level of
evidence is dependent on whether the LV ejection fraction is reduced, with the four pillars
of treatment being an angiotensin-converting enzyme (ACE) inhibitor, angiotensin receptor
blocker (ARB), or an angiotensin receptor/neprilysin inhibitor (ARNI), in combination with
a mineralocorticoid receptor antagonist (MRA), sodium-glucose cotransporter-2 (SGLT2)
inhibitor and beta-blocker. Volume overload is managed by diuretics, with mechanical
assist devices and heart transplantation being reserved for those with a fulminant course or
terminal heart failure [110]. Electrophysiologic management of CS includes anti-arrhythmic
therapy, catheter-directed ablation, or implantable cardiac devices.

4. Discussion

Although often stable, sarcoidosis may exhibit severe symptoms in certain ethnicities,
suggesting the need for the identification of genetic influences. Genetic testing has evolved
from single gene to next-generation sequencing, providing improved detection of pheno-
typic expression. Furthermore, it may lead to cascade screening, with possible subsequent
evidence-based recommendations that may influence disease progression or targeted ther-
apies aiming to improve both morbidity and mortality. The traditional management of
inherited cardiomyopathy has divided the approach to inflammatory cardiomyopathies.
Therefore, identifying possible genetic factors and the ability to modify them may be
integral to disease prevention, risk stratification, and management.

The aforementioned genetic data confirms the significant genetic influence of sar-
coidosis, with BTNL2, TNF-«, HLA-DRB1, and HLA-DQB1*0601 being associated with
the development of cardiac sarcoidosis [78,82,113]. Despite the extensive data available,
early diagnosis and the definition of genetic profiles associated with severe and chronic
CS remain a challenge. More importantly, while classical Mendelian diseases are caused
by specific mutations, complex diseases, such as sarcoidosis, involve multiple genes, each
contributing an effect of varying magnitude. Furthermore, there are over 7000 specific
combinations of HLA variants, which makes it challenging to truly identify a specific
genetic insult to the development of sarcoidosis [114]. Nonetheless, HLA alleles may aid
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clinical decisions, as they may provide information about the chronicity, subtypes and risk
of developing cardiac sarcoidosis. More importantly, it may be useful to decide whether
aggressive treatment or active surveillance is warranted. Beyond variation in the HLA sys-
tem, other genetic factors identified through GWAS may be more useful in understanding
the pathogenesis and, thus, treatment of cardiac sarcoidosis.

Notably, Castrichini et al. demonstrated that co-existing genetic variants associated
with inherited cardiomyopathies, including LMNA, DSP, myosin binding protein C3
(MYBPC3), myosin heavy chain 7 (MHY7), and TTN, may be present in CS patients [115,116].
Although not useful for disease stratification for CS, the presence of these genes either
indicates a clinical overlap or a diagnosis of an inherited cardiomyopathy mimicking CS.
Therefore, management should focus on the specific cardiomyopathy rather than one
of immunosuppression.

It should be noted that genetic testing and screening has its limitations. For instance,
variants of uncertain significance (VUS) are common and have yet to be reported as either
benign or disease-provoking. While current guidelines do not recommend genetic testing
in inflammatory cardiomyopathies, identification of specific genes may improve risk strati-
fication and family screening. More importantly, although ethnic and familial clustering has
been observed, there has not been a monogenic cause of sarcoidosis. Furthermore, although
CS case studies have implicated certain genetic variants, this cannot be generalized to the
entire sarcoid population.

5. Conclusions

The incidence of sarcoidosis is characterized by a high degree of variability, which
poses a significant challenge in accurately diagnosing this elusive disorder and, subse-
quently, managing it effectively. Refined assessment based on genetic evaluation may have
a significant impact on risk stratification and management protocols. Increasing evidence
highlights the crucial role of genetic variants in cardiac sarcoidosis, which not only plays
a key role in pathophysiology but may also guide risk stratification and management.
While it remains to be established whether genetics may institute a therapeutic target in
cardiac sarcoidosis, continued investment in its role may prove fruitful when targeted gene
therapy is available. Further prospective studies are needed to identify whether certain
immunomodulators may be more appropriate in achieving disease remission in patients
with certain genetic variants.
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