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ABSTRACT

Diagnosis of myocarditis is challenging because of non-specific clinical
presentation of the disease. '*F-FDG PET/CT detects cardiac inflammation.
However, non-specific physiological myocardial '"®*F-FDG uptake impairs the
diagnostic accuracy. Current imaging techniques lack specificity for detecting
active myocardial inflammation. This study evaluates the efficacy of three
Positron Emission Tomography (PET) tracers for identifying myocardial
inflammation in experimental autoimmune myocarditis (EAM) rat model and
their potential applications in human cardiac sarcoidosis (CS).

Myocarditis was induced by immunizing rats with porcine cardiac myosin in
complete Freund’s adjuvant. Control rats were injected with Freund’s adjuvant
alone. Three PET tracers were used in three studies followed by in vivo
PET/computed tomography (CT) imaging and ex vivo autoradiography to study
tracers’ uptake. Tissue sections of EAM rats and myocardial autopsy samples of
patients with CS were studied for folate receptor B (FR-B) and vascular adhesion
protein-1 (VAP-1) expression. The first tracer, '*F-FOL, targets FR-B on
activated macrophages. The second tracer, [®*Ga]Ga-NODAGA-RGD, targets
avB3 integrin, which is upregulated during angiogenesis and inflammation. The
third tracer, [**Ga]Ga-DOTA-Siglec-9, targets VAP-1 associated with leukocyte
trafficking. PET/CT imaging with these tracers showed increased uptake in
inflamed myocardium compared to non-inflamed myocardium and healthy
controls. This uptake was confirmed by ex vivo autoradiography. FR-f and VAP-
1 were expressed in human cardiac sarcoid lesions.

In conclusion, '*F-FOL, [®*Ga]Ga-NODAGA-RGD, and [®*Ga]Ga-DOTA-
Siglec-9 PET tracers show potential for detecting myocardial inflammation, with
potential applicability in human cardiac sarcoidosis.

KEYWORDS: positron emission tomography; inflammation; myocarditis;
folate receptor; angiogenesis; avp3 integrin; vascular adhesion protein-1
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TIVISTELMA

Sydénlihastulehduksen diagnosointi on haastavaa vaihtelevan taudinkuvan
vuoksi. Positroniemissiotomografia (PET) —tutkimus kéyttien merkkiaineena
18F-fluorideoksiglukoosia  (['*F]JFDG) auttaa vakavien tautimuotojen
diagnostiikassa. Fysiologinen '*F-FDG:n kertyminen sydinlihakseen saattaa
kuitenkin heikentdd tutkimuksen diagnostista tarkkuutta. Tassd tutkimuksessa
selvitettiin kokeellisessa mallissa kolmen uuden PET- merkkiaineen kéytt6a
sydéinlihastulehduksen selvittelyssd ja niiden potentiaalista hyddyntdmisti
sydanlihassarkoidoosia sairastavien potilaiden diagnostiikassa.

Tutkittavat merkkiaineet olivat '*F-FOL, joka tunnistaa aktivoituneiden
makrofagien folaattireseptori beetan, [**Ga]Ga-NODAGA-RGD, joka tunnistaa
verisuonten uudismuodostuksessa ja tulehduksessa aktivoituvan avp3
integriinireseptorin,  sekd  [®*Ga]Ga-DOTA-Siglec-9, joka  tunnistaa
leukosyyttien verisuonten adheesioproteiini VAP-1:n. Kokeellisessa mallissa
sydanlihastulehdus aiheutettiin immunisoimalla rotat sian sydédnmyosiinilla,
minké jdlkeen tehtiin PET-tutkimus ja merkkiaineiden kertyméd tutkittiin
syddnlihasndytteissd. Folaattireseptori beetan ja VAP-1:n ilmenemisti
mddritettiin my0s potilasndytteissd. Kaikki tutkitut merkkiaineet kertyivit
tulehtuneeseen sydénlihakseen kokeellisessa mallissa, mikd havaittiin PET-
tutkimuksessa.  Folaattireseptori beeta ja VAP-1 ilmenivit my0s
sydanlihastulehdusta sairastavien potilaiden sydanlihaksessa.

Yhteenvetona '*F-FOL, [®*Ga]Ga-NODAGA-RGD ja [®*Ga]Ga-DOTA-
Siglec-9 ovat lupaavia PET-tutkimukseen soveltuvia sydanlihastulehduksen
merkkiaineita kokeellisessa mallissa.

AVAINSANAT:  positroniemissiotomografia;  tulehdus;  myokardiitti;
folaattireseptori;  angiogeneesi; ovp3  integriinireseptori;  verisuonten
adheesioproteiini-1
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1 Introduction

Autoimmune myocarditis stands as a significant challenge in the realm of
cardiovascular diseases, incorporating conditions like cardiac sarcoidosis (CS) and
giant cell myocarditis (GCM). These disorders, marked by immune-driven
inflammation of the heart muscle, present notable complexities in diagnosis and
treatment.

CS, initially described in 1929, has gained recognition as a distinct entity within
the spectrum of sarcoidosis-related manifestations (Ayoub et al., 2015). GCM first
documented in 1905, emerged as a distinct autoimmune disorder characterized by
aggressive myocardial inflammation (Saltykow, 1905; DeFilippis et al., 2015;
Kandolin et al., 2015; Ekstrom et al., 2016). Over the decades, advancements in
medical science have gradually elucidated the pathophysiological mechanisms
underlying these conditions, paving the way for improved diagnostic and therapeutic
approaches. CS affects 5% of patients with systemic sarcoidosis (Birnie et al., 2016).
Despite its rarity, GCM predominantly affects young to middle-aged adults, with a
reported incidence of 0.007-0.02% based on autopsy data (Ekstrom et al., 2016;
Birnie et al., 2016; Whitehead, 1965, Okada & Wakafuji, 1985). The incidence of
GCM in Finland was 5.6% among those with fatal myocarditis in Finnish autopsy
registry between 1970 and 1998 (Kyt6 et al., 2005).

The clinical manifestations of autoimmune myocarditis are heterogeneous,
ranging from subtle symptoms to life-threatening complications. CS may present
with arrhythmias, conduction disturbances, heart failure, or sudden cardiac death,
often mimicking other cardiovascular disorders (Kandolin et al., 2015; Birnie et al.,
2017). Similarly, GCM typically manifests as acute heart failure, arrhythmias, or
conduction abnormalities (DeFilippis et al., 2015; Cooper et al.,1997). The varied
clinical phenotypes of these conditions underscore the importance of a
comprehensive diagnostic approach. While CS generally carries a favourable
prognosis with appropriate immunosuppressive therapy, GCM is associated with a
higher mortality rate, particularly in the acute phase (Cooper et al.,1997; Okura et
al., 2003). Timely diagnosis, aggressive management, and long-term surveillance are
essential for optimizing outcomes and minimizing disease-related complications.
Accurate diagnosis of autoimmune myocarditis relies on a combination of clinical
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evaluation, imaging modalities, histological analysis, and laboratory investigations.
Endomyocardial biopsy remains the gold standard for confirming the diagnosis of
autoimmune myocarditis, revealing characteristic histopathological features.
However, it is an invasive procedure with several drawbacks, including sampling
error and low sensitivity (Birnie et al., 2017; Kandolin et al., 2013; Kadkhodayan et
al., 2016).

Advanced imaging techniques, including cardiac magnetic resonance imaging
(CMR) and PET, play a pivotal role in assessing myocardial inflammation and
disecase extent. Key features of myocardial inflammation, including edema,
hyperemia, and fibrosis, can be visualized and quantified using specialized CMR
sequences such as late gadolinium enhancement (LGE) (Matoh et al., 2008).
However, CMR has variable sensitivity and specificity in detection of active
inflammation and early stages of autoimmune myocarditis (Friedrich et al., 2009).

PET imaging offers unique insights into the inflammatory processes underlying
autoimmune myocarditis by targeting specific molecular pathways involved in
immune response. Using radiotracers such as glucose analog 2-deoxy-2-["*F]fluoro-
D-glucose (["*F]FDG), PET imaging can visualize and quantify myocardial glucose
metabolism, which is heightened during inflammation (Schatka & Bengel, 2014;
Youssef et al., 2012; Okumura et al., 2004). However, PET relies on the uptake of
["*F]JFDG by inflammatory cells and the physiological uptake of ['"*F]FDG by normal
myocardium and surrounding tissues may impair its diagnostic accuracy (Youssef et
al., 2012; Jeserich et al., 2009; Wu et al., 2013). Thus, novel diagnostic PET
radiotracers are under development to improve the detection and characterization of
autoimmune myocarditis, providing insights into the underlying molecular
mechanisms of myocardial inflammation and tissue injury.

This thesis investigates folate receptor beta (FR-B), avp3 integrin and vascular
adhesion protein-1 (VAP-1) as new imaging biomarkers in experimental
autoimmune myocarditis (EAM) rat model.

12



2 Review of the Literature

2.1 Myocarditis

Myocarditis is a cardiac inflammatory disease associated with myocardial
inflammation and myocyte necrosis. It can be divided into three stages including
acute, sub-acute and chronic, which may either cause focal inflammatory lesions or
diffuse inflammation in the myocardium. Myocarditis can be caused by multiple
mechanisms, including a viral or a non-viral infection, cardiotoxic agents, or
autoimmune diseases.

211 Infectious myocarditis

Viruses are the most common pathogens causing myocarditis, including
enteroviruses like Coxsackie B, parvovirus B19 (PVB19) (Tam, 2006; Keramari et
al., 2022), human herpesvirus (HHV), adenovirus, influenza A virus,
cytomegalovirus, Epstein—Barr virus, hepatitis C virus, and HIV (Barbarinia &
Barbaro, 2003; Magnani & Dec, 2006; Watanabe et al., 2019; Schultz et al., 2009).
Other infectious causes include bacterial pathogens (e.g., diphtheria or tuberculosis),
fungi (e.g., Aspergillus, Candida or Actinomyces), protozoa (e.g.,
Trypanosoma cruzi) and helminths (Brociek et al., 2023; Crum-Cianflone, 2008).

The acute stage of viral myocarditis is usually defined by viral cytotoxicity, while
the sub-acute stage is defined by autoimmune mediated injury followed by activation
of B cells and T cells, and production of cardiac autoantibodies. Chronic myocarditis
is characterized by diffuse myocardial fibrosis that may lead to ventricular
arrhythmias, conduction disturbances and inflammatory cardiomyopathy associated
with cardiac dysfunction (Sozzi et al., 2022).

Viral myocarditis being by far the most common type of myocarditis, is usually
associated with full recovery without leaving any complications. A study on 672 672
Finnish men at a mean age of 20 years in military service over a 20-year period
revealed 98 cases with acute viral myocarditis, with none of them presenting with
heart failure or cardiomyopathy (Karjalainen & Heikkild, 1999).
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21.2 Cardiotoxic Agents Causing Myocarditis

The use of certain drugs such as cocaine, amphetamines, ethanol, antipsychotic
medications (lithium, clozapine) immunotherapeutic and chemotherapeutic agents
(trastuzumab, anthracyclines, cyclophosphamide) may resulted in toxic myocarditis
over time. Additionally, exposure to heavy-metal toxicity, such as with lead, copper,
and iron, can contribute to this condition, which may ultimately lead to congestive
heart failure and dilated cardiomyopathy (Havakuk et al., 2017; Kilgallen et al.,
1998; Shah & Moreb, 2019; Upadhrasta et al., 2019).

213 Metabolic and Endogenous Causes of Myocarditis

Metabolic disturbances such as thyrotoxicosis, pheochromocytoma, beriberi, and
hemochromatosis can cause damage the heart muscle, cardiac inflammation, and
potentially leading to myocarditis. These conditions, if left unmanaged, can lead to
significant cardiac complications, including congestive heart failure and dilated
cardiomyopathy. (Klein et al., 2007; Prejbisz et al., 2011; Lonsdale, 2006; Barton et
al., 2018).

214 Autoimmune Myocarditis

Autoimmune myocarditis is a type of myocarditis where the immune system attacks
the heart muscle. It can manifest as various subtypes, including giant cell myocarditis
(GCM), lymphocytic myocarditis, pleomorphic myocarditis, eosinophilic
myocarditis, hypersensitivity reactions to a drug, allograft rejection after a cardiac
transplant, or in association with immunologic syndromes such as sarcoidosis,
systemic lupus erythematosus, rheumatoid arthritis, inflammatory bowel disease,
Kawasaki disease, Churg-Strauss syndrome, Wegener’s granulomatosis, celiac
disease, type 1 diabetes mellitus, systemic sclerosis, thyrotoxicosis, myasthenia
gravis, and polymyositis.

2.2 Cardiac Sarcoidosis and Giant Cell Myocarditis

Sarcoidosis is an inflammatory systemic disease that typically affects organs such
as the heart, lungs, and kidneys. Cardiac sarcoidosis (CS) is marked by fibrosis and
infiltration of immune cells, leading to the formation of non-necrotizing
myocardial granulomatous lesions composed of epithelioid cells, T lymphocytes,
and multinucleated giant cells (MGCs) derived from macrophages (van
Maarsseveen et al., 2009; Cooper et al., 1997; Lagana et al., 2010). CS can result in
atrioventricular (AV) block, heart failure, ventricular arrhythmias, and sudden
cardiac death (Maisch, 2019). Historically, CS was first reported in a patient with
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systemic sarcoidosis in 1929 (Ayoub et al., 2015). For decades, it was estimated
that only 12% of cardiac sarcoidosis (CS) cases were diagnosed, as clinical
examination was the primary diagnostic method, and advanced imaging techniques
were not yet widely available to improve detection rates. (Doughan & Williams,
2006; Matsui et al., 1976).

While CS shares similarities with other chronic autoimmune conditions like giant
cell myocarditis (GCM), the two diseases differ in underlying mechanisms and
pathology. Both CS and GCM, though rare compared to viral myocarditis, are
associated with significant risks and poor outcomes. The systemic and immune-
mediated nature of CS continues to pose challenges in both diagnosis and
management.

GCM is another type of myocarditis histologically characterized by MGCs and
necrotic cardiomyocytes, distinguishing it from CS. However, differentiating CS and
GCM based on clinical symptoms is not possible (Saltykow, 1905; Bogabathina et
al., 2012). A case study revealed that GCM and CS are a spectrum of pathology
rather than distinct pathological entities (Bogabathina et al., 2012). Giant cells are
multinucleated inflammatory cells produced by the fusion of CD68 macrophages.
GCM was first described in 1905 (Saltykow, 1905) and it is a rare, rapid onset and
frequently fatal disorder if it remains untreated. It usually affects young to middle-
aged adults. The clinical sequelae of CS and GCM are progressive heart failure,
ventricular arrhythmias, AV block and sudden death (DeFilippis et al., 2015;
Kandolin et al., 2015; Birnie et al., 2017; Cooper et al.,1997). Considering CS and
GCM as two different diseases or two manifestations of the same disorder has been
controversial (Nordenswan et al., 2021).

2.2.1 Epidemiology of CS and GCM

CS is commonly found in 5% of patients with sarcoidosis (Birnie et al., 2016).
However, the reported prevalence of CS varies in different studies depending on the
study population and the type of performed study: clinical, autopsy report or
imaging. An imaging study in the U.S. showed cardiac involvement in 2.3% (17
patients) of 736 sarcoidosis patients (Mehta et al., 2008). Similarly, an imaging
Swedish study revealed cardiac involvement in 2.3% (22 patients) of 1017 patients
with lung sarcoidosis (Darlington et al., 2014). In total 1.5 to 3% of all patients
undergone cardiac transplantation were due to CS (Akashi et al., 2012; Zhang et al.,
2012; Roberts et al., 2014). In a report of 2950 autopsies, only 2 cases (0.006%) had
CS (Abeler, 1979). Two other post-mortem studies showed 20 —27% of myocardial
involvement in sarcoidosis patients (Matsui et al., 1976; Sharma, 2008). The
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incidence of CS in patients with systemic sarcoidosis was up to 50% in Japanese
patients (Sharma, 2008; Iwai et al., 1994). Finally, some imaging studies have found
CS in 3.7 to 49% of patients with extracardiac sarcoidosis (Matoh et al., 2008; Mehta
et al., 2008; Smedema et al., 2005; Nagai et al., 2014; Patel et al., 2011; Vignaux et
al., 2002; Dhote et al., 2003).

GCM is a rare cardiac disease, but determination of its actual burden is
challenging due to insufficient existing epidemiologic data. A study in 1965 reported
3 GCM cases out of 12,815 autopsies from 1950 to 1963 at Oxford Infirmary
(Whitehead, 1965). The incidence of GCM at the Japanese autopsy registry was 25
out of 377,841 cases between 1958 and 1977 (Okada et al., 1985). According to a
study on the Finnish autopsy registry between 1970 and 1998, the incidence of GCM
was 8 (5.6%) out of 142 cases with autopsy confirmed fatal myocarditis (Kyto et al.,
2005). The largest multicenter registry data between 1982 and 1997, from about 40
centers worldwide, reported 73 patients diagnosed with GCM (Okura et al., 2003).
A study carried out in Finland found 46 cases of GCM between 1991 and 2015
(Ekstrom et al., 2016).

22.2 Pathophysiology of CS and GCM

Sarcoidosis is characterized by the formation of non-necrotizing granulomas in
various organs. After the lymphoid and respiratory systems, the cardiovascular
system is the third most commonly involved organ system in sarcoidosis. In the
heart, sarcoid granulomas usually are formed in the myocardium of the left
ventricular free wall followed by the septum, right ventricle, and atria.
Histologically, CS granulomas are non-necrotizing, tight, and epithelioid. These
granulomas are without a great deal of lymphocytic inflammation and contain
epithelioid macrophages to form MGCs, which may contain Schaumann bodies or
asteroid bodies. Schaumann bodies are intracellular calcified proteins inclusions
within MGCs that supports the diagnosis in 70-88% of the CS cases. Asteroid bodies
are stellate-shaped inclusions in MGCs with several rays radiating from the central
core that supports the diagnosis in only 2-9% of the CS cases (Rosen, 2022).

Pathologically, GCM ventricular biopsy shows prominent myocyte necrosis and
a diffuse inflammatory infiltrate containing MGCs, macrophages, lymphocytes,
plasma cells, eosinophils and few neutrophils on light microscopy. Some fibrosis or
tissue granulation may be present in inflammatory lesions (Xu & Brooks, 2016).
Differentiation of CS and GCM is challenging and may cause confusion due to
several shared histopathological features. The lack of granulomas and the presence
of eosinophils in GCM is a clue to the diagnosis. Fibrosis is significantly more
common in CS (Ekstrom et al., 2020).
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In order to form MGCs, macrophages differentiate into epithelioid cells, develop
secretory and bactericidal features, lose some phagocytic properties, and fuse
together (Iannuzzi et al., 2007). The etiology of GCM is not yet fully understood,
although it seems that autoimmunity has a crucial role in the pathogenesis.
According to observations in both human tissue and experimental animal models it
seems that GCM is mediated by T lymphocytes (DeFilippis et al., 2015). It can be
induced in Lewis rats by autoimmunization with cardiac myosin (Kodama et al.,
1990), whereby the inflammatory lesions are dominated by T lymphocytes and
macrophages (DeFilippis et al., 2015). Studies showed that short-term therapy with
anti-alpha beta T-cell receptor antibodies and cyclosporine (an immunosuppressant
that inhibits activated T cells) both delay disease onset in an experimental rat model
(Kodama et al., 1990; Hanawa et al., 1994; Zhang et al., 1993). Furthermore, long-
term immunosuppressive therapy in humans can increase transplant-free survival
rate by more than 19 years (Kandolin et al., 2013; Maleszewski et al., 2015).
However, the role of macrophages in the pathophysiology of GCM and the disease
progression requires further study.

223 Animal Models of Autoimmune Myocarditis

The first heart-specific autoimmunity induction in animals was reported in 1958
(Kaplan, 1958). In 1990, an experimental EAM rat model with similarities to the
human GCM was established (Kodama et al., 1990). Histologically, MGCs,
characteristic of both CS and GCM, are present in this model. In the study (Kodama
et al., 1990), Lewis rats were immunized twice, 7 days apart, with human cardiac
myosin (a dominant autoantigen in autoimmune myocarditis) emulsified in complete
Freund’s adjuvant (CFA), via footpad injection. Three weeks after the first
immunization all rats developed severe myocarditis. EAM is the most widely used
animal model for studying autoimmune myocarditis, as it mimics the severe
autoimmune inflammation that leads to inflammatory cardiomyopathy, allowing to
study the full spectrum of the disease, including its progression to dilated
cardiomyopathy (DCM) (Kodama et al., 1990; Kodama et al., 1992). The peak of
inflammation in this animal model occurs at 21 days after their first immunization,
followed by a gradual decline thereafter (Btyszczuk, 2019). In addition to the EAM
model, other types of animal models used to study autoimmune myocarditis include
transgenic models, viral-induced models, spontanecous models, and T-cell transfer
models (Kishimoto et al., 2003; Fairweather et al., 2007; Yoshida et al., 1999; Wada
etal., 2001).
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224 Genetic Factors in CS and GCM

Genetic factors and predisposition are crucial in the development of autoimmune
myocarditis. In animal models, the disease can only be induced in susceptible strains,
and the development of the disease is highly dependent on the genetic background
of the animal. Mice with 4.SW, BALB/c, ABY/SnJ or A/J genetic backgrounds, and
Lewis rats are susceptible to developing autoimmune myocarditis, while C57BL/6
mice are resistant (Blyszczuk, 2019). Genetic factors are crucial in the susceptibility
to sarcoidosis. A study on 210 twin pairs with at least one proband with sarcoidosis
showed a higher risk (80-fold) of developing sarcoidosis in monozygotic twins
(Sverrild et al., 2008). Another study revealed almost 5-fold increased risk of
sarcoidosis among first and second-degree relatives of sarcoidosis patients (Rybicki
et al., 2001). Moreover, the incidence of CS development in different ethnics
supports the genetic influence (Sato et al., 2010). Different human leucocyte antigen
(HLA) gene complexes, located on the chromosome 6, are associated with different
phenotypes of sarcoidosis (Sato et al., 2010).

A human study that investigated the expression of 115 different genes in GCM,
compared to non-failing hearts, (Kittleson et al., 2005) found upregulation of almost
all of the genes that were mostly involved in immune response, regulation of
transcription, metabolism and signal transduction. Particularly genes involved in the
Thl immune response (Kittleson et al., 2005). Increased expression of chemokine
ligand 5 (CCLS5) and chemokine ligand 9 (CXCL9), which are involved in the type
1 T helper (Th1) cells response in GCM, provided evidence for the important role of
Th1-specific immune activation in GCM (Kittleson et al., 2005).

2.3 Immune cells in CS and GCM

The term myocarditis is pathologically and clinically related to inflammation of the
myocardium. This immune-cell condition was first described by a physician Joseph
Friedrich Sobernheim in 1837 (Sobernheim et al., 1837), but there were objections
from cardiologists Sir Thomas Lewis and Paul White, because the term was confused
with other cardiovascular conditions (Olsen, 1985). Nowadays, several immune
mechanisms underlying myocarditis have been clarified, with evidence that various
cytokines produced by T Iymphocytes and macrophages are important in
autoimmune myocarditis (Arango Duque & Descoteaux, 2014; Gutierrez et al.,
2014). Granulomas formation in CS is the result of Th-1 lymphocyte immune
response in which, Th-1 lymphocytes generate cytokines causing oligoclonal
proliferation of T cells. Th-1 lymphocyte immune response also causes macrophage
activation and pro-inflammatory T-cell response (Fuse et al., 2003; Hunninghake &
Crystal, 1981).
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2.3.1 T Cells in CS and GCM

Immature lymphocytes develop into T cells in the thymus and then further in
secondary lymphoid organs such as lymph nodes, spleen, appendix, tonsils and
Peyer’s patches. T cells are crucial for cellular immunity. T cell receptors (TCR) can
bind to the antigen fragments, which are linked to the major histocompatibility
complex I or II (MHC I, MHC II). CD8+ T cells (cytotoxic T cells) are present at
the site of inflammation. Regulatory T cells (Tr,) and T helper cells (Th) are the
predominant subtypes of CD4+ T cells that are present in the lesions with an
important role in adaptive immunity by differentiation into Thl and Th2 effector
cells after initial activation by an antigen. Thl cells promote inflammation via pro-
inflammatory cytokines, while Th2 cells contribute to tissue healing by producing
anti-inflammatory cytokines. At the disease onset, high expression of interferon
gamma (IFN-y), tumor necrosis factor alpha (TNF-a)) and other cytokines produced
by CD4+ Thl cells stimulate the differentiation of monocytes into pro-inflammatory
macrophages, which consequently promote the maintenance of pro-inflammatory
Thl and Th17 lymphocytes by producing pro-inflammatory cytokines, such as TNF-
a, IL-1pB, IL-6, IL-12, and IL-23 (Arango Duque & Descoteaux, 2014; Gutierrez et
al., 2014; Saidha et al., 2012; Okuda et al., 2016). A study showed that cooperation
between Thl and Thl7 cells is essential for the transition from autoimmune
myocarditis to dilated cardiomyopathy (Nindl et al., 2012). In contrast, Th2
lymphocytes produce IL-13 and IL-4 cytokines that induce the anti-inflammatory
polarization in macrophages.

2.3.2 Macrophages in CS and GCM

Macrophages, (discovered in 1884 by Ilya Metchnikoff) are another important cell
type present in myocardial lesions in CS and GCM. Blood monocytes, that are
derived from the bone marrow, migrate out of the bloodstream and infiltrate tissues.
However, whether the bone marrow is the only source of macrophages is still
debated. Monocyte differentiation into macrophages occurs in various tissues under
different pathological conditions. The spleen has been noted as another source of
inflammatory monocytes (Cochain & Zernecke, 2015). Furthermore, a study
showed that some of the tissue-resident macrophages arise during embryonic
development, with subsequent proliferation in the tissues (Ginhoux & Jung, 2014).
With inflammation, there are many factors that affect macrophage phenotype profile
and polarization states. Changes in phenotype leads to an adjustment in the gene
transcription, followed by expression of different surface molecules and the secretion
of different cytokines. Two major subtypes of macrophages exhibit different
polarization, including classically activated pro-inflammatory (M1) and alternatively
activated anti-inflammatory (M2) types. However, this division does not cover the
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full spectrum of macrophage polarization. M1 subtype corresponds with the Thl
response in T cells while M2 subtype corresponds with the Th2 response. M1
macrophages produce proinflammatory cytokines such as IFN-y, TNF-a, IL-1p, IL-
6, IL-12, and chemokine receptor ligands, and initiate an immune response at the site
of inflammation (Arango Duque & Descoteaux, 2014; Gutierrez et al., 2014). They
also activate inducible nitric oxide synthase (iNOS) and produce reactive oxygen
species (ROS), which further participate in the recruitment of new inflammatory
cells from the bloodstream and lipid oxidation, respectively. M2 macrophages
contribute to tissue healing and control the proliferation of T lymphocytes by
producing anti-inflammatory cytokines (Arango Duque & Descoteaux, 2014); they
are further divided into M2a, M2b and M2c¢ subtypes, which have different roles.
M2a subtype, which is induced by IL-4 and IL-13, secretes fibronectin and TGF-f,
contributing to wound healing. M2b and M2c are induced by IL-1p, immune
complexes, IL-10 and glucocorticoids; they clean apoptotic cells and are believed to
have an immunoregulatory role (Arango Duque & Descoteaux, 2014; Colin et al.,
2014; Mosser & Edwards, 2008). Finally, prolonged inflammation leading to
myocyte necrosis followed by fibrosis can result in organ dysfunction.

2.3.3 MGCs in CS and GCM

It was previously thought that MGCs in myocarditis are of myogenic origin. Light
and electron microscopic studies show the presence of myofibrils, lipofuscin
granules and intercalated disks in their cytoplasm (Tubbs et al.,1980; Boesen &
Hansen, 1981; Collyns, 1959; Tesluk, 1956; Davies et al., 1975; Pyun et al., 1970).
In 1985, and later in 1987, two different immunohistochemical studies reported
evidence for macrophage-originated MGCs (Theaker et al., 1985; Hales et al., 1987),
and a study using the EAM rat model in 1991 showed that MGCs in myocarditis are
derived from macrophages (Kodama et al., 1991), whereby stained MGCs were
completely negative for muscle-fibers marker (HHF35), and all the lymphocyte
markers (Kodama et al., 1991). It also revealed that most of the rats immunized with
cardiac myosin and CFA supplemented with M tuberculosis developed GCM, while
those immunized with incomplete Freund's adjuvant (IFA) followed by Bordetella
pertussis vaccine developed myocarditis without MGCs (Kodama et al., 1991). More
recent studies show that monocyte/macrophages can fuse to form MGCs (Brodbeck
& Anderson, 2009). The most prominent type of MGCs are osteoclasts, which are
important in bone resorption (Miron et al., 2016). Various phenotypes of MGCs exist
according to the chemical nature and size of the inducing agent. Interestingly, an in
vitro research model of human tuberculous granulomas showed that high-virulence
mycobacteria (such as M. tuberculosis) can induce large MGCs with the size of 15
or more nuclei per cell, which are strongly capable of antigen presentation, but
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incapable of phagocytosis; low virulence mycobacterium species (such as M.
smegmatis or M. avium) can induce lower numbers of nuclei per cell and are capable
of phagocytosis (Lay et al., 2007). Even more recent studies show that the change in
macrophage polarization from M1 to M2 may occur during the formation of M1-
MGCs and M2-MGCs (Brodbeck & Anderson, 2009; Miron et al., 2016).

24 Pharmacological Treatment of Inflammation in
CS and GCM

In recent years, there have been notable achievements in pharmacological treatments
aiming to suppress inflammatory response and to improve cardiac function in CS
patients.  Corticosteroids alone or often in combination with other
immunosuppressive agents, such as methotrexate or azathioprine, are considered the
first-line treatment for CS patients. Corticosteroids are anti-inflammatory agents
suppressing cytokine production and consequently inhibiting immune cell
activation. In severe CS cases, administration of additional immunosuppressive
agents is crucial. There is a strong recommendation in The European Respiratory
Society (ERS) guidelines for the use of immunosuppressive therapy in CS patients
with abnormal cardiac function (Baughman et al., 2021).

Methotrexate is the most widely used second-line therapy in CS patients
(Baughman et al, 2000; Lower & Baughman, 1990). It is a folic acid antagonist
inhibiting the metabolism of purine and pyrimidine, as well as inhibiting the
synthesis of amino acid and polyamine (Gerke, 2020). There are several
observational and retrospective studies supporting the use of methotrexate in CS
patients (Nagai et al., 2014; Stievenart et al., 2022; Terasaki et al., 2019).

The guidelines of both The Japanese Circulation Society (JCS) (Terasaki et al.,
2019) and the ERS (Rahaghi et al, 2020) mention azathioprine as a second-line
immunosuppressive agent that may be used alone or in combination with
corticosteroids in patients with CS. Azathioprine inhibits purine synthesis mainly
through its active metabolite, 6-mercaptopurine. It blocks the enzyme inosine
monophosphate dehydrogenase (IMPDH), which reduces lymphocyte proliferation
and function. However, despite its efficacy in CS patients some recent studies
revealed an increased risk of infection with azathioprine (Vorselaars et al., 2013;
Rossides et al., 2021).

Mycophenolate mofetil (MMF) is another possible medication to use in CS
patients. It is an inosine monophosphate dehydrogenase (IMPDH) enzyme inhibitor,
which works by suppressing both cellular mediated immune responses and antibody
formation and blocking the migration of lymphocytes and monocytes into the site of
inflammation (Allison, 2005; Yashima & Ohgane, 2001; Allison & Eugui, 2000). A
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study on 77 CS patients treated with corticosteroids alone (n= 32) or with a
combination of corticosteroids and MMF (n= 45) showed similar improvement in
both treated groups but the combination therapy group required significantly less
corticosteroids (Griffin et al., 2021).

Leflunomide is an immunosuppressive disease-modifying medication used in
inflammatory disorders. It is a pyrimidine synthesis inhibitor exerting its effect by
inhibiting mitochondrial enzyme dihydroorotate dehydrogenase (DHODH) (Fox et
al., 1999; Herrmann et al., 2000). There are no randomized or prospective studies
evaluating leflunomide treatment in CS patients. However, some studies on
sarcoidosis patients showed leflunomide can be useful in sarcoidosis patients who
are intolerant to other therapies (Sahoo et al., 2011; Baughman & Lower, 2004).

There are several case reports about application of intravenous (IV)
cyclophosphamide in CS patients (Demeter, 1988; Chapelon-Abric et al., 2017;
Fazelpour et al.,, 2021). Cyclophosphamide was approved by the FDA as an
alkylating agent for the treatment of neoplasms by accelerating programmed cell
death (Ogino & Tadi, 2022) At lower doses, cyclophosphamide suppresses the
immune response by inhibiting the activity of T-cells, decreasing the secretion of IL-
12 and interferon-gamma (IFN-y), and increasing secretion of IL-4 and IL-10
(Cacoub et al.,, 2020). A recent study on 157 CS patients revealed that
cyclophosphamide treatment was associated with a reduced risk of disease relapse
(Ogino & Tadi, 2022).

Anti-TNF-a agents, such as infliximab and adalimumab are inhibiting pro-
inflammatory cytokines. They showed some benefits in patients with severe extra-
CS, who were intolerant of or refractory to corticosteroids (Harper et al., 2019;
Chung et al., 2003). However, their application in patients with heart failure is
limited, due to its cardiotoxicity (Kotyla, 2018; Mann et al., 2004).

Janus kinase (Jak) inhibitors are a promising new treatment approach for
sarcoidosis patients, that work by targeting Janus kinase enzymes and modulate
immune response pathways. However, their safety and long-term effects are still
unknown (Wang et al., 2020).

Pharmacological treatment plans for GCM are highly individualized, depending
on a patient’s symptoms, disease severity, and the underlying cause. There are no
international guidelines on the management of GCM, and only a limited number of
studies address its treatment. Generally, the treatment of GCM involves
immunosuppressive medication including, corticosteroid therapy alone or in
combination with other immunosuppressive agents such as cyclosporine,
prednisone, and azathioprine. This aims to reduce inflammation and is combined
with cardiac-specific treatment for heart failure, conduction disturbances and

22



Review of the Literature

arrhythmias (Cooper et al., 1997; Cooper et al., 2008). The immunosuppressive
agents mycophenolate mofetil, methotrexate, rituximab, and intravenous
immunoglobulins may be used as second-line treatments (Ammirati et al., 2016). A
multicenter international study in 1997 showed that early immunosuppressive
therapy with corticosteroids, cyclosporine and azathioprine, increased transplant-
free survival rate from 3.0 to 12.3 months after symptom onset (Cooper et al., 1997).
Another multi-center study of immunosuppression therapy with cyclosporine and
steroids in the patients with microscopically confirmed GCM revealed a significant
reduction in the inflammatory cells and necrosis of the tissue after 4 weeks of
treatment (Wang et al., 2020). At one-year follow-up, two patients had received a
heart transplantation and one had died due to recurrence of GCM after stopping
immunosuppressive treatment (Wang et al., 2020). A small study of five
immunosuppressive-treated GCM patients found better short-term and long-term
survival rates, although 6 months of immunosuppressive therapy had no effect on
left ventricular function (Ammirati et al., 2016). A more recent study (2015) revealed
histological improvements in repeated endomyocardial biopsy (EMB) after
treatment with multiple immunosuppressants (Maleszewski et al., 2015). One
preclinical study indicated a benefit of cyclosporine, prednisolone and aspirin
therapy in an EAM rat model (Cooper et al., 1997). However, the therapeutic
efficacy of immunosuppressive therapy in GCM patients is controversial (Obi et al.,
2022), would benefit from closer investigation through prospective randomized
trials. Furthermore, a more effective therapeutic approach for GCM remains to be
developed.

2.5 Clinical Features and Diagnosis of CS and
GCM

CS may occur with extra-cardiac sarcoidosis involvement, but cardiac inflammation
degree does not correspond to extra-cardiac inflammation degree (Roberts et al.,
2014; Blankstein et al., 2014; Tavora et al., 2009). Sarcoid granulomas typically
affect myocardium and epicardium in CS patients, whereby the left ventricle (LV)
free wall (96%), intraventricular septum (73%), right ventricle (RV) free wall (46%),
right atrium (11%), and left atrium (7%) may be involved (Matsui et al., 1976;
Roberts et al., 1977; Birnie et al., 2014).

There are wide range of non-specific clinical symptoms that may be present in
CS patients, including palpitations, presyncope, or syncope, and dyspnea. Active
inflammation in the heart may lead to conduction abnormalities, ventricular
arrhythmias, and heart failure (Kim et al., 2009; Yazaki et al., 2001).
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Complete AV-block is the most frequent kind of conduction abnormality that is
present in 15-45% of CS patients (usually at a younger age) (Okura et al., 2003;
Matsui et al., 1976; Nagai et al., 2015; Sekhri et al., 2011). Bundle branch blocks
(BBB) are another type of conduction abnormalities that are present in CS patients
(Yazaki et al., 1998; Schuller et al., 2011).

Ventricular arrhythmias in CS patients are challenging to treat. They may start
from asymptomatic ventricular premature beats and may lead to ventricular
fibrillation (Koplan et al., 2006; Jefic et al., 2009). Implantable cardiac defibrillators
(ICDs) have been used for secondary prevention in CS patients with history of
ventricular arrhythmias, ventricular fibrillation and sudden cardiac arrest.
Furthermore, ICDs are increasingly used for primary prevention in patients with CS
without history of arrhythmias. A study including 45 CS patients with an ICD and
cardiac involvement confirmed with CMR and/or ["®*F]JFDG PET, reported an
incidence rate of 15% per year for ventricular tachyarrhythmias (Betensky et al.,
2012). A bigger multicentral study including 235 CS patients, reported
corresponding ICD therapy rate of 36.2% during 4 years follow up (Kron et al.,
2013).

Congestive heart failure with reduced LV systolic function may occur in
advanced CS, because of granulomatous infiltration, inflammation and fibrosis of
the myocardium (Zipse & Sauer, 2014). In some old studies, with insufficient
diagnostic methods, heart failure was the common first manifestation of CS with
reported incidence of 25-75% (Yazaki et al., 2001; Sekhri et al., 2011; Zipse &
Sauer, 2014; Fleming & Bailey, 1986). More recent studies with current diagnostic
methods, that provide earlier diagnosis of the disease, reported incidence of 13-18%
for systolic dysfunction in CS patients (Mehta et al., 2008; Schuller et al., 2011).

GCM is typically seen in young to middle-aged previously healthy individuals,
with a mean age of onset of 43 years (Cooper et al.,1997). It has been estimated to
account for approximately 17% of all myocarditis fatalities (Gadela et al., 2021). The
disease progresses rapidly, with time from symptom onset to hospitalization ranging
from 2 weeks to 6 weeks (Birnie et al., 2017; Litovsky et al., 1996; Elezkurtaj et al.,
2013). In an international multicenter GCM study group of 63 patients, 89% of the
63 patients either died or underwent heart transplantation, with a median survival of
5.5 months from the onset of symptoms without gender predominance (Cooper et
al.,1997).

In the era of modern therapy, which includes effective immunosuppression and
the use of ICDs, CS presents as a slowly progressive cardiomyopathy in the majority
of patients (Kandolin et al., 2015). However, there is still controversy about GCM,
the more aggressive form of the disease, which is associated with a 5-year survival
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of <50% (Kandolin et al., 2015; Ekstrom et al., 2016). Importantly, CS is associated
with high risk of ventricular arrhythmias, which is associated with heart failure and
sudden cardiac death (80%). In 57-100% of patients with heart failure undergoing
transplantation, CS diagnosis is missed (Akashi et al., 2012; Zhang et al., 2012;
Cooper et al., 2008). In an international multicenter study of 73 GCM patients, the
transplant-free survival probability at 5 years was 10% overall, and 21.9% after
diagnosis (Okura et al., 2003). A more recent study of 46 patients, reported that the
transplant-free survival probability at 5 years was 42% (Ekstrom et al., 2016).
Maleszewski et al. reported that the combined rate of death, transplantation,
ventricular-assist device placement, and GCM recurrence of 47% at 5 years, and a
prolonged transplant-free survival rate of over 19 years beyond initial diagnosis with
long-term immunosuppression (Maleszewski et al., 2015).

The prompt and precise diagnosis of CS and/or GCM is essential for effective
treatment and patient outcomes. Owing to their infrequent prevalence and non-
specific clinical presentations, these disorders present notable obstacles in diagnosis.
The clinically sufficient diagnosis of GCM depends on histologic demonstration of
MGCs and fused epithelioid histiocytes with multiple nuclei, with cardiac imaging
indicating the myocardial involvement and the exclusion of other diseases with a
similar histologic or clinical picture (Perkel et al., 2013).

The diagnosis of CS and GCM typically begins with a comprehensive clinical
assessment, involving a detailed medical history and physical examination.
Symptoms such as chest pain, dyspnea, palpitations, and syncope may indicate
potential cardiac involvement. However, these symptoms lack specificity and can
resemble those of various cardiac and non-cardiac conditions, posing challenges to
clinical diagnosis (Roberts et al., 2014; Akashi et al., 2012; Ekstrom et al., 2019).

In recent years, there has been increasing interest in identifying biomarkers for
diagnosing and predicting outcomes in CS and GCM. Serum markers like soluble
interleukin-2 receptor (sIL-2R), angiotensin-converting enzyme (ACE), cardiac
troponins, Natriuretic Peptides, C-Reactive Protein, Galectin-3, Interleukin-6 (IL-6),
Matrix Metalloproteinase-9 (MMP-9), and Soluble Suppression of Tumorigenicity
2 (sST2) have shown potential in reflecting disease activity and prognosis (lannuzzi
et al., 2007; Yasutake et al., 200; Cao et al., 2019; Lok et al., 2013; Belperio et al.,
2001; Dieplinger et al., 2015). However, further validation is needed to ascertain
their diagnostic accuracy and clinical usefulness.

Electrocardiography (ECG) serves as a fundamental tool for evaluating cardiac
electrical activity and identifying conduction abnormalities (Ekstrom et al., 2019;
Zipse & Sauer, 2013). ECG findings in patients with CS and GCM can vary based
on the extent and location of myocardial involvement. Common abnormalities
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include AV conduction disturbances such as AV-block, BBB, and intraventricular
conduction delays (Ekstrom et al., 2019). ECG findings in CS and GCM lack
specificity, although conduction abnormalities and arrhythmias are frequently
observed (Mehta et al., 2008; Schuller et al., 2011).

Echocardiography serves as the primary imaging modality, offering real-time
visualization of the heart. In patients with CS and GCM, echocardiography plays a
pivotal role in detecting myocardial involvement, assessing ventricular function, and
identifying complications, such as pericardial effusion and valvular abnormalities
(Mehta et al., 2008; Burstow et al., 1989). Common echocardiographic findings in
CS include regional wall motion abnormalities, LV dysfunction, and diastolic
dysfunction (Mehta et al., 2008; Yazaki et al., 1998). In GCM, echocardiography
may reveal focal or diffuse LV wall thickening, reduced LV systolic function, and
pericardial effusion, although these findings lack specificity and may overlap with
other cardiomyopathies (Uemura et al., 2005; Benotti et al., 1980).

Although histological diagnosis is recommended by the various guidelines,
including Japanese Ministry of Health and Welfare (JMHW) guideline, expert
consensus recommendation and current guidelines of the American Thoracic
Society/European Respiratory Society, advanced imaging modalities are frequently
needed (Kim et al., 2009; Hiraga et al., 1993; Statement on sarcoidosis, 1999).

2.5.1 Diagnostics Biopsies

In extra-cardiac sarcoidosis patients, lymph node or lung biopsy is initially
performed due to the higher sensitivity and lower procedural risk (Birnie et al.,
2017). However, in CS patients, EMB has low sensitivity due to the focal nature of
the disease and non-caseating granulomas have been found only in 25% of the CS
patients’ biopsies (Birnie et al., 2016; Ardehali et al., 2005).

Historically, GCM diagnosis were only made at autopsy. Since the 1980s, EMB
has been considered as the ultimate diagnostic tool for the disease, revealing the
histological hallmarks of MGCs, myocyte necrosis, lymphocytes and intact or
degranulated eosinophils (Okura et al., 2003; Elezkurtaj et al., 2013; Cooper, 2007).
EMB remains the gold standard for diagnosing GCM, allowing direct histological
examination of myocardial tissue, with a sensitivity of 80-85%, particularly in severe
cases (Elezkurtaj et al., 2013; Cooper, 2007; Shields et al., 2002). However, 20% of
EMB give false-negative results (Darlington et al., 2014).

Imaging-guided EMB, and multiple and repeated EMBs can increase the
diagnostic yield of EMB (Yilmaz et al., 2010). However, many physicians avoid
performing it due to its low availability, high cost, and the risks of an invasive
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procedure. Moreover, there may be sampling errors due to the focal localization of
inflammatory lesions, which can limit the sensitivity (Birnie et al., 2017; Kandolin
et al., 2013; Kadkhodayan et al., 2016). The limitations of EMB as the gold standard
for diagnosing myocarditis have highlighted the need for novel non-invasive
diagnostic approaches.

252 Cardiac Magnetic Resonance Imaging (CMR)

Cardiac MRI is a noninvasive technique that gives high-resolution measurements,
which can be used in diagnosis of myocardial injury (Friedrich et al., 2009).
However, in order to diagnose inflammation, the standard MRI may not be feasible
because it has low sensitivity and specificity for detecting active inflammation. Thus,
late gadolinium enhancement (LGE) imaging by using gadolinium contrast agents
with CMR is now the preferred method of imaging in the diagnosis of myocarditis.
Gadolinium chelate contrast agent, is a biologically inert substance that only
distributes in extracellular matrix; it does not cross intact cell membranes (Matoh et
al., 2008). In damaged or inflamed myocardium, it accumulates in the extracellular
matrix in consequence of increased extracellular volume, extracellular edema and
slow washout kinetics (Matoh et al., 2008). In diagnosing CS, the sensitivity and
specificity of LGE-CMR range from 75-100% and 77-92%, respectively, compared
to the modified IMHW guidelines, with positive and negative predictive values of
55% and 100%, respectively (Ohira et al., 2008; Tezuka et al., 2015; Yoshida et al.,
2013). In 17 diagnostic studies on GCM, LGE-CMR, which enables visualization
of myocyte necrosis and myocardial fibrosis, demonstrated an average specificity of
96% and sensitivity of 68% (Kotanidis et al., 2018; Lagan et al., 2018). However,
the diagnostic accuracy of LGE varies considerably between the studies, with
specificity of 39-100% and sensitivity of 30-95%, reflecting the heterogeneity of the
studied populations, disease stage and time of imaging (Kotanidis et al., 2018; Lagan
et al., 2018). A 2012 study of 5 histologically-proven cases of GCM indicated the
widespread pattern of LGE distribution in all layers of the myocardium on CMR
imaging with underlying inflammation and/or fibrosis (Leong et al., 2012). In
another study, in 2016, 24 out of 25 patients (96%) had abnormal myocardial LGE
on MRI indicating myocardial inflammation (Ekstrom et al., 2016). Despite its high
specificity, LGE imaging alone can have variable sensitivity for tissue
characterization in GCM depending on the study design, the time of imaging in
relation to GCM stage, patient selection and the method of validation, which can
impair the diagnostic accuracy (Shields et al., 2002). Moreover, early-stage focal
myocarditis, healing myocarditis and diffuse or borderline GCM may not lead to
observable LGE (Friedrich et al., 2009). A 2006 study found that 95% of patients
with EMB-proved active myocarditis demonstrated visible LGE, whereas only 40%
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of patients with EMB-proved healing myocarditis had visible LGE (Mahrholdt et al.,
2006). Therefore, LGE-CMR alone is not sufficient to diagnose GCM, but LGE-
CMR-guided EMB can provide better diagnostic accuracy (Friedrich et al., 2009).

253 Positron Emission Tomography (PET) of Inflammation

PET/computed tomography (PET/CT) imaging is another feasible non-invasive
approach for diagnosis of myocarditis, with high sensitivity. It uses target-specific
molecules as radioactive tracers (Turkington, 2001; Bengel et al., 2009). PET
imaging technique has been widely used in the detection of various conditions such
as cancer, cardiovascular disease and neurological disorders. Moreover, it shows
promise in the detection of immune-cell infiltration and diagnosis of myocarditis
even at an initial stage (Schatka & Bengel, 2014). PET imaging is a three
dimensional (3D), powerful, non-invasive and quantitative. This repetitive
molecular imaging technique uses targeted probes labeled with positron-emitting
radionuclides to detect and monitor disease processes in living patients.

PET tracers are a small-molecule, peptide or antibody agents labeled with a
positron-emitting radionuclides, such as ''C, *N, 'O, "F or ®*Ga, which will bind
to a molecular target of interest and causes gamma (y) radiation, which is detectable
by the PET camera (Turkington, 2001; Bengel et al., 2009). Over time, the positron-
emitting radionuclide accumulates at the target site and can be measured as a
function of time within a region of interest (ROI). Radioactive decay causes the
radionuclide to emit a positron, which collides with a nearby electron, resulting in
the creation of a pair of 511 kilo-electron volt (gamma) photons that travel in
opposite directions. These photons are detected and the accumulated tracer can be
localized in the tissue by PET scanner detectors, and reconstructed to a 3D image
(Turkington, 2001; Bengel et al., 2009).

2.5.3.1 ['®F]FDG PET Imaging of Inflammation

Currently, glucose analog ['*F]-2-fluoro-2-deoxy-D-glucose (['*F]FDG), in which
the oxygen in C2 position is replaced with fluorine-18, is the most commonly used
PET tracer for imaging of cardiac inflammation. ['"*F]JFDG PET imaging can detect
active cardiac inflammation by assessing the metabolic activity of the inflammatory
cells for anatomical localization to guide EMB and diagnose myocarditis. Under
aerobic conditions, healthy myocardium uses predominantly free fatty acids in its
metabolism (Schatka & Bengel, 2014). ["*F]FDG is transported into the cells by
glucose transport proteins (GLUT) and when absorbed, it undergoes phosphorylation
by hexokinase enzyme. ["*F]FDG cannot enter into glycolysis and therefore it is
trapped inside the cells. At the site of macrophage-mediated inflammation,
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accumulation of ["*FJFDG accumulation indicates an active inflammatory condition
(Youssef et al., 2012; Okumura et al., 2004; Mc Ardle et al., 2013). Inflammatory
cells, including neutrophils and macrophages, express high levels of glucose
transporters, particularly GLUT1 and GLUT3 (Jamar et al., 2013).

Werner et al. recently highlighted the application of ['"*F]JFDG PET in assessing
disease activity in autoimmune myocarditis (Werner et al., 2019). However, the use
of ['"*F]FDG PET in giant cell myocarditis (GCM) remains relatively unexplored. A
recent study reported serial PET imaging in a GCM case, revealing ["*F]JFDG uptake
in the heart without evidence of extracardiac inflammation (Lamacie et al., 2020).
Interestingly, similar patterns are also observed in patients with cardiac sarcoidosis
(CS).

A single-center study in 2016 showed that 93% of patients with GCM had focal
uptake of ["*F]FDG (Ekstrom et al., 2016), and a ["*F]FDG PET/MRI study in 2018
revealed that ['"*FJFDG PET is in good agreement with CMR with reported
sensitivity of 74% and specificity of 97% for PET compared to CMR (Nensa et al.,
2018). A meta-analysis of 17 studies, which included 891 patients with suspected
cardiac sarcoidosis (CS), found that PET had a sensitivity of 84% and a specificity
of 83% (Kim et al., 2020). A recent meta-analysis revealed that sensitivity of
['"*F]FDG PET in diagnosis of CS is significantly decreased when patients had been
treated with anti-inflammatory agents before imaging compared to non-treated
patients (82% vs 94%). However, specificity did not differ significantly (Aitken et
al., 2022).

Cardiac PET is typically paired with whole-body imaging to detect extracardiac
involvement. ["*F]FDG PET has high accuracy for detecting of cardiac inflammation
and provides valuable prognostic information. However, to identify ["*F]FDG
pathological uptake, it is essential to suppress the non-specific physiological
myocardial ['"*F]JFDG uptake through a combination of fasting and dietary changes.
Recent SNMMI-ASNC guidelines for patient preparation, recommend changing the
patient’s diet to a high-fat, low-carbohydrate and protein-permitted diet in
combination with prolonged (12-18 hr) fasting, and intravenous administration of
unfractionated heparin 15 min before ['*F]FDG administration (Chareonthaitawee et
al., 2017). However, incomplete suppression of physiological glucose uptake, which
can occur in up to 20% of patients, may impair ['"*FJFDG PET diagnostic accuracy
(Youssefetal., 2012; Jeserich et al., 2009). Another major disadvantage of ["*F]FDG
PET is the risk of obtaining false-positive result, because it cannot discriminate
tumor tissue from inflammation (Youssef et al., 2012). For these reasons, new, more
specific PET tracers are needed.
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A recent meta-analysis of 37 studies demonstrated, that both LGE-CMR and '*F-
FDG PET are predictive of major adverse cardiac events in CS. However, LGE-
CMR is considered the initial imaging modality to assess prognosis in CS with higher
odds ratio compared to ['*FJFDG PET (odds ratio, 8.0 vs 2.1) (Aitken et al., 2023).

253.2 Other PET Imaging Studies in CS and GCM

To overcome limitations of ['*F]JFDG PET, several recent studies have investigated
potential alternative tracers with greater specificity for detecting cardiac
inflammation to diagnose the disease, to monitor the response to therapy and to
investigate the pathophysiology of the disease. Recent PET tracers for the imaging
of inflammation in autoimmune myocarditis are presented in Table 1.

The radiolabeled [''C]-methionine, a marker of amino acid transport, protein
synthesis and routinely used in oncology, has shown promising result for the
detection of autoimmune myocarditis in rat model of experimental autoimmune
myocarditis (Maya et al., 2016).

The 18-kDa translocator protein (TSPO), is a biomarker of brain injury and
cancer, is overexpressed in myocardial inflammatory lesions. Therefore, various
translocator protein (TSPO)-selective PET radiotracers including [**F]fluoromethyl-
PBR28, ['*F]CB251, "*F-FDPA and [1251]-lodoDPA-713 were investigated in EAM
rats and mice with coxsackievirus B3 (CVB3) myocarditis to detect myocardial
inflammation. The results suggest that the TSPO ligands are potential cardiac
inflammation imaging agents and can detect myocardial inflammation (Kim et
al.,2018, Mou et al., 2022; Fairweather et al., 2014).

Mannosylated human serum albumin (MSA), which was initially developed for
lymph node imaging, is a new approach for detecting myocarditis. Mannose residue
receptor (MR) is expressed in anti-inflammatory macrophages, and ®*Ga-NOTA-
MSA has detected myocardial inflammation in EAM rats (Lee et al.,2017).

Another recent approach is to target fibroblast activation protein alpha (FAP-a),
a protease with endopeptidase activity, which is upregulated in cardiomyopathies.
%Ga-labeled fibroblast activation protein inhibitor (“*Ga-FAPI) has been used in
patients to detect immune checkpoint inhibitors (ICI)-associated myocarditis in
oncology (Finke et al., 2021). The result showed ®*Ga-FAPI can identify affected
patients with ICI-associated myocarditis at an early stage (Finke et al., 2021).

The G protein-coupled receptors known as somatostatin receptors (SSTRs), are
diagnostic and therapeutic targets in oncology, that also have applications for
detecting myocarditis (Kircher et al., 2020). Somatostatin receptor-type 2 (SSTR2A)
is highly expressed on activated pro-inflammatory macrophages and offers a
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potential imaging target for detecting inflammation. ®*Ga-DOTATOC PET/CT
detected ICI-associated myocarditis in patients (Boughdad et al., 2021).

Macrophages are the most abundant cell type in GCM lesions (Cihakova &
Rose,2008) thereby representing an attractive target for identifying active
inflammation. avp3 integrin, expressed by macrophages and angiogenic endothelial
cells, is another potential target to identify inflammation (Grénman et al., 2017).
Vascular adhesion protein-1 (VAP-1) is an endothelial cell surface molecule
associated with many inflammatory conditions, making it a potential target for in
vivo imaging of inflammation. Upon inflammatory stimulus, VAP-1 is rapidly
translocated from intracellular storage granules to the endothelial cell surface (Salmi
et al., 1992; Elo et al., 2018; Siitonen et al., 2017; Virtanen et al., 2015).

Table 1. Recent PET radioligands for imaging of inflammation in myocarditis. Own drawing.

Application of PET

Target Myocarditis type PET tracer . .
imaging
L-type amino acid Autoimmune o Pre-clinical (Maya et
B "C-methionine
transporter myocarditis al., 2016)
TSPO Autoimmune ["®F]Fluoromethyl-PBR28 | Pre-clinical (Kim et
myocarditis ['®F]CB251 al.,2018)
. Pre-clinical (Mou et
Autoimmune
TSPO » 8F-FDPAmou al., 2022)
myocarditis
Pre-clinical
. . (Fairweather et al.,
TSPO Viral myocarditis [1251]-lodoDPA-713
2014)
Macrophage Autoimmune Pre-clinical (Lee et
» %8Ga-NOTA-MSA
mannose receptor myocarditis al.,2017)

ICl-associated

Clinical ((Finke et al.,

FAP-a B 58Ga-FAPI
myocarditis 2021)
ICl-associated
» Clinical (Boughdad et
SSTRs myocarditis 58Ga-DOTATOC

al., 2021)

TSPO = Translocator protein, MSA = Mannosylated human serum albumin, FAP-a = Fibroblast

activation protein alpha, SSTRs = Somatostatin receptors, ICl = Immune checkpoint inhibitors
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2.6 Folate Receptors Targeting in Inflammation

Folic acid, also known as vitamin B9, was developed in the 1940s for the treatment
of anemia. It is a dietary supplement for folates. In the body, folic acid is first
converted into dihydrofolate and then to tetrahydrofolate (THF; the biologically
active form) via dihydrofolate reductase enzyme (DHFR). THF plays an important
role in various body and cell functions including DNA synthesis, repair and
methylation, cell division and growth, and formation of red blood cells. It contributes
to the formation of essential nucleotides and amino acids in the cell and protein
metabolism (Hoffbrand & Weir, 2001).

The folate receptor (FR) is a 38-kDa glycosylphosphatidylinositol-anchored
protein that binds to folate ligands on the cell membrane and transports them into the
cell via invagination of the plasma membrane followed by a endocytic vesicle
(endosome) formation. This migrates into the cell cytoplasm and becomes acidified
to a pH of ~ 6.5 in order to release the folate ligand (Yang et al., 2017; Rothberg et
al., 1990). Currently, five different cell membranes FRs have been discovered,
including FR-a, FR-B, FR-y, FR-8 and rebinding protein (Rtbdn).

FR-a is encoded by the FOLR1 gene and is generally expressed on the apical
surface of certain polarized epithelial cells, including those of the kidney proximal
tubule cells, choroid plexus, uterus, fallopian tubes, epididymis, type I and II
pneumocytes in the lungs, the acinar cells of the breast, trophoblasts in the placenta
and the salivary and bronchial glands (Kamen et al., 1988; Weitman et al., 1992;
Garin-Chesa et al., 1993; Buist et al., 1995; Wu etal., 1999). FR-a has a high affinity
for folate and its derivatives and is over-expressed in various malignancies
originating from epithelial cells, such as ovary, uterus, cervix, breast, colon, kidney,
testicular choriocarcinoma, malignant pleural mesothelioma, non-functioning
pituitary adenocarcinoma and ependymal brain tumors (Buist et al., 1995; Wu et al.,
1999; Campbell et al., 1991; Ross et al., 1994; Toffoli et al., 1997; Parker et al.,
2005). Most FRs on normal tissue are inaccessible due to the intercellular junctions
of the epithelia, therefore administered folate-targeted agents cannot affect most
epithelia except the epithelia of cancer and kidney cells (Fernandez et al., 2017).

FR-B is transcribed by FOLR2 gene, having 68% sequence homology with
FOLRI1. It is expressed in placenta, thymus, spleen, normal myelopoiesis,
hematopoietic-originated cells and malignant cells such as leukemias (Ross et al.,
1994; Salazar & Ratnam, 2007; Puig-Kroger et al., 2009; Wibowo et al., 2013). On
myelomonocytic lineage, FR-B can be co-expressed with macrophage/monocyte
differentiation markers such as CD13, CD14, CD11b and CD33, but it is not co-
expressed with lymphocytes differentiation markers like CD3 and CD19 (Wibowo
etal., 2013; Reddy et al., 1999). A 2009 study revealed that it is usually co-expressed
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with cell-differentiation markers of an activated-state of macrophages (CD80, CD86,
Ly-6C/G); human macrophages without these activation markers expressed few FR
(Xia et al., 2009). Taken together, FR- expression is highly associated with
activation of macrophages and monocytes during acute and chronic inflammation,
which is implicated in the pathogenesis of various human inflammatory diseases,
such as rheumatoid arthritis, atherosclerosis, systemic lupus erythematosus, Crohn’s
disease, pulmonary disease, ulcerative colitis, diabetes, glomerulonephritis,
psoriasis, sarcoidosis, osteoarthritis, encephalomyelitis, interstitial lung disease, and
myocardial infarction (Hu et al., 2019; Varghese et al., 2007; Tsuneyoshi et al., 2012;
Paulos et al., 2004; Silvola et al., 2018; Yi, 2016; Elo et al., 2019; Schniering et al.,
2019; Ni et al., 2016; Shen et al., 1995).

FR-y is encoded by the FOLR3 gene and has 71% and 79% sequence homology
with FOLRI and FOLR2, respectively. FOLR3 has two polymorphic variants
resulting in two different protein receptors with short and long polypeptide. FR-y is
upregulated in normal and malignant hematopoietic cells such as bone marrow,
thymus and spleen as well as cancer cells in the ovary, cervix and uterus (Shen et al.,
1994; Crown, 2013).

FR-6 is encoded by the FOLR4 gene. It has been isolated from the cells of
different animals, including mouse, zebrafish, lizard and chicken (Spiegelstein et al.,
2000), but not yet from human cells, although the FOLR4 gene has been isolated on
chromosome 11 (Crown, 2012).

Rtbdn protein is the most recently discovered receptor in this family. Encoded
by Rthdn gene on chromosome 19, it is expressed on various cells in the body,
particularly on retinal cells and on the nervous and secretory cells. The protein has
similar homology with riboflavin-binding proteins and is therefore, believed to
contribute to the binding of retinoids and other carotenoids (Italiani et al., 2015).

Macrophages are important immune cells involved in inflammatory responses
(Mathias et al., 2003), and various studies have proved that activated macrophages,
which express FR-3 on their surface, are involved in the pathogenesis of a variety of
inflammatory diseases. Therefore, FR-f expressed on activated macrophages is a
unique diagnostic and therapeutic target for the diagnosis and treatment of
macrophage-mediated inflammatory diseases. The process involves the attachment
of the folate (folic acid), to a molecule, imaging agent, or drug to form a "folate
conjugate". Several different folate conjugates have been developed (Siegel et al.,
2003; Reddy et al., 2004; Turk et al., 2002).

Radiolabeled folate derivatives have been used to detect and diagnose
inflammation in various inflammatory disorders. The first imaging studies of
inflammatory diseases with a folate radiotracer were performed in 2002 on adjuvant-

33



Arghavan Jahandideh

induced arthritic rats and in 2004 on arthritic dogs with a folate radiotracer, showing
that 99mTc-EC20 could selectively detect inflamed arthritic joints (Turk et al., 2002;
Paulos et al., 2004). An imaging study using folate-conjugated imaging agents on a
murine asthma model revealed that the folate-conjugated imaging agents can
selectively target FR-expressing macrophages (Shen et al., 2013; yala-Lopez et al.,
2010). Two different recent studies have shown that aluminum ['*F]fluorine-labeled
1,4,7-triazacyclononane-1,4,7- triacetic acid conjugated folate ('*F-FOL) can detect
inflammation in atherosclerotic mice and in rats with autoimmune encephalomyelitis
(Silvola et al., 2018; Elo et al., 2019).

FR-targeted imaging with folate-conjugated radiopharmaceuticals has also been
performed in human patients to detect osteoarthritis and rheumatoid arthritis (Xia et
al., 2009; Kraus et al., 2016; Yi, 2016). However, the potential of '*F-FOL has not
been studied for in vivo imaging of cardiac inflammation in EAM rats or humans
with autoimmune myocarditis.

2.6.1 Folate Receptor- Targeted Immunotherapy

FR-p targeted therapy represents a cutting-edge approach in the treatment of
inflammatory diseases, leveraging the unique properties of folate receptors  (FR-f3)
to deliver therapeutic agents directly to cancer or inflamed tissues. FR-p targeted
therapy offers a promising alternative to conventional treatments, potentially
reducing side effects and improving efficacy. FR-f targeted therapy in inflammatory
diseases exploits the overexpression of FR-B on activated macrophages involved in
the inflammatory process. The specificity of FR-f targeted therapy is particularly
beneficial in chronic inflammatory conditions, where long-term therapy is often
required, and side effects can significantly affect the patient's quality of life.
Additionally, targeted therapy can potentially allow for lower doses of therapeutic
agents to be used.

Various folate-drug conjugates have been designed for inflammation therapy.
Hapten, for example, has a low molecular weight and high immunogenic properties,
which make it a great molecule to be linked to folate (Paulos et al., 2006). Folate-
hapten conjugate of fluorescein isothiocyanate (FITC) was utilized for FR-f targeted
immunotherapy in animal models of rheumatoid arthritis and systemic lupus
erythematosus and resulted in reduction of disease symptoms by eliminating FR-
positive activated macrophages in inflammatory lesions (Tsuneyoshi et al., 2012; Yi
et al., 2009). A study on a rat model of rheumatoid arthritis showed folate-hapten
conjugates of FITC, dinitrophenyl (DNP) and trinitrophenyl (TNP) exerted
therapeutic effect resulting in reduction of disease symptoms (Furusho et al., 2012).
Moreover, administration of recombinant immunotoxin to atherosclerotic ApoE-/-
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mice, decreased the severity of the atherosclerosis symptoms by targeting FR-f
expressing macrophages (Garcia et al., 2021). FR-P targeted in vivo imaging and
immunotherapy of inflammatory diseases are summarized in Table 2. Up to date,
FR-f targeted therapy has been successful for treating various macrophage-mediated
inflammatory diseases including rheumatoid arthritis, atherosclerosis, multiple
sclerosis, and systemic lupus erythematosus, (Table 2).

FR-p targeted therapy is a promising approach which can potentially be applied
for the treatment of autoimmune myocarditis. Aminopterin (AMT), a derivative of
folic acid, is a potent inhibitor of the enzyme dihydrofolate reductase (DHFR).
DHFR plays a crucial role in the synthesis of nucleotides, which are necessary for
DNA replication and cell division. By inhibiting DHFR, AMT can suppress the
immune system's overactivity by reducing the proliferation of inflammatory cells.
However, its application has largely been limited in favor of methotrexate (a less
toxic analogue), due to the serious side effects including liver toxicity, kidney
damage, and suppression of bone marrow, leading to decreased blood cell counts.
While methotrexate is a more tolerable agent with less toxicity, AMT has much
higher potency and pharmacological properties which have led to a renewed interest
for its clinical development for immunotherapy (Lu et al., 2021; Mezu-Ndubuisi et
al., 2021).
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Table 2. FR-f targeted in vivo imaging and immunotherapy. Own drawing.

Application Diseases Animal References
models/Human

Imaging Rheumatoid arthritis Rat (Turk et al., 2002)
Rheumatoid arthritis Dog (Paulos et al.,
2004)
Rheumatoid arthritis Human (Xia et al., 2009)
Osteoarthritis Human (Kraus et al.,
2016)
Asthma Mice (Shen et al., 2013)
Atherosclerosis Mice (Yala-lopez et al.,
2010)
Atherosclerosis Mice (Silvola et al.,
2018)
Autoimmune Rat (Elo et al., 2019)
encephalomyelitis
IMMUNOTHERAPY Rheumatoid arthritis Rat/Mice (Yietal., 2009;
Paulos et al.,
2006)
Systemic lupus Mice (Varghese et al.,
erythematosus 2007)
Atherosclerosis Mice (Furusho et al.,
2012)
2.7 avp3 Integrin Targeting in Inflammation

Integrins are heterodimeric transmembrane receptors that mediate cell-cell and cell-
extracellular matrix contacts. Integrins consist of a- and B-subunits, comprising at
least 24 subtypes of integrins. avp3 integrin is a cell membrane glycoprotein receptor
which facilitates the trans-endothelial migration of leukocytes to the site of
inflammation. Furthermore, avp3 integrin signaling modulates the generation of
inflammatory cytokines and chemokines, affecting the inflammatory response
(Mezu-Ndubuisu et al., 2021; Pang et al., 2003).

avp3 integrin is highly upregulated during angiogenesis in endothelial cells,
making it a potential target for imaging angiogenesis related conditions (Sherif et al.,
2012; Brooks et al.,1994;). Angiogenesis, which is known as the formation of new
capillaries from pre-existing vessels, is associated with pathogenesis of cancer
(Aguilar-Cazares et al., 2019), ischemic heart disease (Wu et al., 2018), as well as
many inflammatory diseases, such as rheumatoid arthritis (Marrelli et al., 2011;
Elshabrawy et al., 2015), diabetic retinopathy (Rezzola et al.,2020), psoriasis
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(Guérard & Pouliot, 2012), pulmonary sarcoidosis or fibrosis (Antoniou et al., 2006;
Ziora et al., 2015) and atherosclerosis (Camaré et al., 2017; Antonov et al., 2004).
avp3 integrin also plays a role in macrophage inflammatory responses and
myofibroblast differentiation (Antonov et al., 2011; Sarrazy et al., 2014). Integrin
triple peptide motif arginine-glycine-aspartic acid (RGD) has been known to bind
with the avp3 integrin. RGD-based ligands can bind to many integrin heterodimers
and have been used in diagnosis and treatment of various angiogenesis involved
diseases (Kapp et al., 2017). Radiolabelled RGD derivatives can be used to detect
avfp3 integrin expression in cancer, inflammation, and cardiovascular diseases (Van
Der Guchtetal., 2016; Chen et al., 2016; Kiugel et al., 2014; Eo etal., 2016). Various
%% Ga-labeled RGD peptides have been developed and used in preclinical and clinical
studies (; Gao et al., 2012; Higuchi et al., 2008; Laitinen et al., 2013; Menichetti et
al., 2013). A study has shown, that ®*Gallium-labeled 1,4,7-triazacyclononane-1-
glutaric acid-4,7-diacetic acid conjugated RGD peptide ([**Ga]Ga-NODAGA-
RGD), was able to detect avp3 integrin expression after ischemic myocardial injury
(Grénman et al., 2017). RGD motif containing tracers also can be utilized to monitor
the effects of angiogenesis inducing therapies (Cai et al., 2016) or imaging other
characteristics of LV remodeling such as myofibroblasts (Van den Borne et al.,
2008). However, evaluation of avf3 integrin targeted imaging as a novel tool for the
in vivo imaging of cardiac inflammation in autoimmune myocarditis remains to be
studied.

2.8 VAP-1 Targeting in Inflammation

Vascular adhesion protein-1 (VAP-1) is primarily expressed on endothelial cells in
the microvasculature and circulates in a soluble form. Under normal conditions,
VAP-1 is stored within intracellular granules but translocates to the endothelial
surface during inflammation. It plays a pivotal role in immune cell trafficking by
facilitating leukocyte adhesion and extravasation. As a primary amine oxidase
(AOC-3), VAP-1 produces hydrogen peroxide and aldehydes, which enhance
leukocyte activation and migration into inflamed tissues. Elevated VAP-1 levels
are linked to various conditions, including arthritis, multiple sclerosis, diabetes, and
atherosclerosis (Jaakkola et al., 2000; Merinen et al., 2005; Airas et al., 2006).

The extracellular N-terminal domain of VAP-1 is responsible for its adhesive
properties, while the stalk region anchors it to the cell membrane, ensuring proper
positioning. Soluble VAP-1 (sVAP-1) results from the proteolytic cleavage of
membrane-bound VAP-1 and retains its amine oxidase activity. Elevated sVAP-1
levels may indicate ongoing inflammation and tissue damage, making it a potential
biomarker for disease monitoring (Kurkijarvi et al., 1998; Kurkijarvi et al., 2000;
Kivi et al., 2009).

37



Arghavan Jahandideh

Sialic acid-binding immunoglobulin-like lectins 9 (Siglec-9) and 10 (Siglec-10)
are leukocyte ligands for VAP-1, expressed on monocytes and granulocytes
(Kurkijarvi et al., 1998; Aalto et al., 2011; Ahtinen et al., 2014). A Gallium-68-
labelled peptide, 1,4,7,10-tetraazacyclododecane-N,N’,N" ,N'""-tetraacetic acid
conjugated to a sialic acid-binding Siglec-9 motif (*Ga-DOTA-Siglec-9), has been
utilized as a PET tracer for in vivo imaging of inflammation and cancer (Ahtinen et
al., 2014; Silvola et al., 2016; Shen et al., 2015). This tracer shows promise for
PET imaging of cardiac inflammation, particularly in experimental autoimmune
myocarditis (EAM) rat models.
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3 Aims

The overall aim of this study was to evaluate novel molecular imaging methods for
the detection of cardiac inflammation in EAM rat model.

This study consists of 3 subprojects and the specific aim for each subproject is
described below:

1. Subproject 1 (SP1): The aim of this subproject was to evaluate the
feasibility of the FR-p targeting radiotracer "*F-FOL for PET imaging
of myocardial inflammation in EAM rat model.

2. Subproject 2 (SP2): The aim of this subproject was to study the
expression of avfB3 integrin in myocardial inflammatory lesions and
evaluate the feasibility of detecting myocardial inflammation in EAM
rat model using ovp3 targeted [**Ga]Ga-NODAGA-RGD PET.

3. Subproject 3 (SP3): The aim of this subproject was to evaluate the
feasibility of VAP-1-targeted [**Ga]Ga-DOTA-Siglec-9 imaging for the
detection of myocardial inflammation in EAM rat model.
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4 Materials and Methods

4.1 Ethical Issues

411 Animal Studies

All animal experiments received approval from the National Animal Experiment
Board in Finland and the Regional State Administrative Agency for Southern
Finland (license numbers ESAV1/968/04.10.07/2018 and ESAV1/37123/2020).

The experiments were conducted in accordance with European Union legislation
on animal experimentation. Animals were housed under standard conditions with a
12-hour light—dark cycle and had free access to water and food at the Central Animal
Laboratory of the University of Turku.

All procedures were carried out under isoflurane anesthesia (1.5-2.5%) and
buprenorphine analgesia (0.03 mg/kg) was administered twice a day for 2 days after
immunization.

4.1.2 Human Samples

The use of human tissues was approved by the hospital ethical review board
(HUS317/13/03/01/2015 and HUS/1068/2016), the National Authority for
Medicolegal Affairs (4615/ 06.01.03.01/2016), and the National Institute for
Health and Welfare (THL/691/5.05.00/2016) (Ekstrom et al., 2019).

4.2 EAM Rat Model and Study Outline

Autoimmune myocarditis was induced in male Lewis rats (n = 62; age 6—8 weeks,
weight 286.7 + 28 g; Janvier Labs, France) by subcutaneous injections of 5 mg/mL
pig cardiac myosin (MO0531; Sigma Aldrich) in an equal volume of complete
Freund’s adjuvant supplemented with 1 mg/ml heat-killed dried Mycobacterium
tuberculosis (F5881; Sigma Aldrich), twice (day 0 and day 7), either into the footpad
(n =13 in SP1) or the hock of the left foot. To enhance immunization, the rats also
received an intraperitoneal injection of 250 ng/mL pertussis toxin (P2980; Sigma
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Aldrich) on day 0. Control rats were injected with the adjuvant alone. All procedures
were performed under isoflurane anesthesia, giving buprenorphine analgesia (0.03
mg/kg) twice a day for 2 days after immunization. The numbers of animals in each
study and the imaging experiments performed for each group are shown in Table 3.

PET imaging was performed 3 weeks after the first immunization (day 21).
Either contrast-enhanced CT or ["*FJFDG/PET imaging was performed for
localization of the myocardium. In SP3, anti-VAP-1 polyclonal antibody (1 mg/kg)
was injected intravenously 10 minutes before sacrifice into six immunized rats and
two controls to facilitate detection of luminal VAP-1 by immunofluorescence.
Following PET imaging, the rats were euthanized, blood was collected via cardiac
puncture, and plasma was separated by adding an anticoagulant followed by
centrifugation. Various organs, including the heart, were excised, weighed, and
analyzed for radioactivity using a gamma counter (Triathler 3"; Hidex) to assess
tracer biodistribution. The heart tissues were either embedded in an optimal cutting-
temperature compound and frozen or fixed in 10% formaldehyde and embedded in
paraffin. Hearts were sectioned into serial transverse cryosections of 20 um and 8
um, or 4 pum paraffin-embedded sections, at 1 mm intervals from base to apex for
autoradiography, histology, and immunostaining.
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Table 3: Study design and numbers of rats in each study and imaging experiment. Own drawing.

Tracers

SP1
("°F-FOL)

SP2

([*®Ga]Ga-NODAGA-

RGD

)

SP3
([®Ga]Ga-DOTA-Siglec-
9)

Total number (n)

24

19

19

immunized

15 6

controls

8
immunized

8
controls

9 6
immunized controls

In vivo PET/CT with the
specific tracer (n)

15 6

8**

o** 6

In vivo ["®F]FDG PET (n)

10 3

Histologically proven
myocardial inflammatory
lesions (n)

Ex vivo autoradiography

(n)

Ex vivo gamma counting

(n)

IAnti-VAP-1 polyclonal
antibody injection 10 min
before sacrifice (n)

6*** 2***

Number immunized with
inflammatory lesions for
blocking or negative-
control peptide (n)

In vivo PET/CT dynamic
blocking followed by ex
vivo autoradiography
and gamma counting (n)

In vivo negative-control
peptide followed by ex
vivo

autoradiography and
gamma counting (n)

4***

In vitro blocking of the
tissue sample (n)

In vivo blocking study: in vivo competition assay with 100-fold molar excess of folate glucosamine

injected 10 min before "8F-FOL. In vitro blocking study: in vitro competition assay in the presence

or absence of 100-fold molar excess of folate glucosamine (SP7) and with or without 10 minutes
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pre-incubation with a 100-fold molar excess of non-labeled DOTA-Siglec-9 peptide as a blocker
(SP3). n =number. *10 had a static scan and all others a dynamic scan. ** 4 had a dynamic scan
and all others a static scan. ***A dose of 1 mg/kg of anti-VAP-1 polyclonal antibody was injected
intravenously 10 min before sacrifice to detect surface-bound VAP-1 by immunofluorescence.

4.3 Human Myocardial Samples

In SP1, 5 myocardial autopsy samples from 5 patients who died of CS and 1
myocardial sample from an explanted heart due to sarcoidosis, were cut into serial 4
um paraffin sections. Hematoxylin and eosin (H&E) staining was performed for
general histology. For immunohistochemistry, adjacent serial 4-pum paraffin sections
were stained with an anti-FR-f antibody to study localization of FR-f and an anti-
CD68 antibody to detect macrophages. Double immunofluorescence staining was
performed with an anti-CD68 antibody and with an anti-FR-f antibody (Shen et al.,
2015).

In SP3, myocardial samples from 2 patients who died of CS and 1 myocardial sample
from an explanted heart because of sarcoidosis were used. Hearts were cut into serial
4 um paraffin sections. H&E staining was performed for general histology. For
immunohistochemistry, adjacent serial 4-um paraffin sections were stained with an
anti-CD68 antibody to detect macrophages and polyclonal anti-VAP-1 antibody
produced in rabbits against recombinant human VAP-1 (Bono et al., 1998) were used
to detect VAP-1.

All antibodies used for immunohistochemical staining are listed in Table 4.

4.4 Radiochemistry

The PET tracers were synthetized at the Radiochemistry Laboratory of Turku PET
Centre. The ["F]JFDG was acquired from batches synthetized with a standard
protocol for clinical applications.

4.4.1 Synthesis of "®F-FOL

The preparation of "*F-FOL (['*F JAIF-NOTA-folate) was conducted as described in
previous studies (Silvola et al., 2018; Elo et al., 2019). Radiolabeling commenced
by adding ['®F]-fluoride (3.2-3.4 GBq) in 50 pL of physiological saline to a reaction
vessel containing 25 pL of sodium acetate buffer (pH 4.0, IM) and 2 mM aluminum
chloride (AICIs). This mixture was kept at room temperature for 3 minutes, followed
by the addition of 250 ug of NOTA-folate in 50 puL of water and 125 pL of
acetonitrile. The reaction was heated at 100 °C for 15 minutes, then diluted with 1
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mL of water containing 0.2% formic acid. The resulting mixture was purified using
high-performance liquid chromatography (HPLC) with a semi-preparative C18
column (Jupiter 250%10 mm; Phenomenex Inc., Torrance, CA, USA) equipped with
both UV (254 nm) and radioactivity detectors. Solvent A was water with 0.1%
formic acid, and solvent B was acetonitrile with 0.1% formic acid. The elution
gradient transitioned from 8% B to 21% B over 20 minutes at a flow rate of 4
mL/min. Potassium bicarbonate (KHCOs3) solution (1 M) was added to the collected
HPLC fraction to adjust the pH to 5.5, after which the solvents were evaporated. The
final formulation was in phosphate-buffered saline (PBS) containing 8% ethanol and
7% polypropylene glycol, with a radioactivity concentration of less than 400
MBg/mL. The product underwent sterile filtration (0.22 pm, Millipore) before being
used for PET studies. The total radiosynthesis time ranged from 75 to 88 minutes
from the end of bombardment, with a radiochemical purity exceeding 95% and a
molar activity of 34 + 9.3 GBg/umol. The radiochemical yield, corrected for decay,
was 57% £ 9.2%.

To assess the in vivo stability and plasma protein binding of "*F-FOL, blood
samples were collected from three control rats and four immunized rats 80 minutes
post-injection. Plasma was separated by centrifugation (2,100 x g for 4 minutes at 4
°C), and proteins were precipitated by adding an equal volume of acetonitrile,
followed by another round of centrifugation. The radioactivity concentration in both
the precipitated protein and the supernatant was measured using a 1480 Wizard 3"
(Perkin Elmer/Wallac, Turku, Finland). The supernatant was further filtered through
a 0.45-um Minispike filter (Waters Corporation, USA) for HPLC analysis. The
HPLC analysis of plasma samples used a semi-preparative C18 column (Jupiter
250x10 mm; Phenomenex Inc., Torrance, CA, USA) with UV (254 nm) and
radioactivity detectors. Solvent A consisted of water with 0.1% trifluoroacetic acid
(TFA), and solvent B was acetonitrile with 0.1% TFA. The gradient elution ranged
from 7% B to 22% B over 15 minutes at a flow rate of 5 mL/min. The fraction of
radioactivity corresponding to the intact tracer in plasma was 91% =+ 2.3%.

4.4.2  Synthesis of ®®Ga-NODAGA-RGD

The preparation of *Ga-NODAGA-RGD followed previously described methods
(Groénman et al., 2017). For synthesizing the ®*Ga-labeled 1,4,7-triazacyclononane-
1-glutaric acid-4,7-diacetic acid-conjugated RGD peptide (**Ga-NODAGA-RGD),
the NODAGA-RGD peptide (cyclo[L-arginylglycyl-L-aspartyl-D-tyrosyl-N6-
([[4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl]acetyl])-L-lysyl]; product number
9805) was sourced from ABX Advanced Biochemical Compounds GmbH,
Radenberg, Germany. The **Ga was obtained from a ®*Ge/**Ga generator (Eckert &
Ziegler, Valencia, CA, USA) through elution with 0.1 M hydrochloric acid. A 500
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uL aliquot of the ®*Ga eluate was mixed with 18 mg of sodium acetate to achieve a
pH of 5, followed by the addition of 10 nmol of NODAGA-RGD (dissolved in
deionized water to make a 1 mM stock solution). The reaction mixture was heated
at 100 °C for 15 minutes without further purification.

The radiochemical purity of [*®*Ga]NODAGA-RGD was assessed using
reversed-phase HPLC with a Jupiter C18 column (4.6 x 150 mm, 300 A, 5 pm;
Phenomenex, Torrance, CA, USA) at a flow rate of 1 mL/min and detection at 220
nm. Solvent A was water with 0.1% TFA, and Solvent B was acetonitrile with 0.1%
TFA. The elution gradient was programmed as 97/3 (A/B) for 0—5 minutes, changing
to 0/100 from 5-15 minutes. The HPLC system included LaChrom instruments
(Hitachi; Merck, Darmstadt, Germany) connected to a Radiomatic 150TR
radioisotope detector (Packard, Meriden, CT, USA). The resulting radiochemical
purity was >99%, and the molar activity was 18 £ 7.3 GBg/umol (n =9).

4.4.3  Synthesis of [(8Ga]DOTA-Siglec-9

[**Ga-DOTA-Siglec-9 was prepared according to previously described procedures
(Siitonen et al., 2017). A cyclic peptide, CARLSLSWRGLTLCPSK, with disulfide-
bridged cysteines consisting of residues 283 to 297 from the Siglec-9 and §-amino-
3,6-diooxaoctanoyl linker (polyethylene glycol derivative) between DOTA chelator
and peptide (Peptide Specialty Laboratories GmbH), was labeled with ®*Ga as
previously described. The radiochemical purity determined by reversed-phase radio-
HPLC was 95% and the molar activity was 25.8 + 8.3 GBg/lmol.

The [®*Ga]Ga-DOTA control peptide was derived from the cyclic [*®*Ga]Ga-
DOTA-Siglec-9 peptide CARLSLSWRGLTLCPSK by mutating Arg3, Trp8, and
Arg9 to alanines. These residues were selected since the double-mutated R3A/R9A
peptide does not bind human VAP-1 (hVAP-1) (Silvola et al., 2016). Trp8 was
additionally mutated to alanine since its predicted binding site is not conserved in
human VAP-1 or rat VAP-1. Thereafter, the residues in the resulting
CAALSLSAAGLTLCPSK peptide were scrambled manually by avoiding Siglec-9-
derived amino-acid repeats and by distributing polar residues throughout the
sequence to avoid hydrophobic patches. The constructed [**Ga]Ga-DOTA control,
CSALATGLSALALCPSK, the R3A/R9A, and the [*®*Ga]Ga-DOTA-Siglec-9
peptides were docked into the homology model for rat VAP-1 (rVAP-1) with Gold24
using the pyridazinone inhibitor in the crystal structure of hVAP-1 (Protein Data
Bank (PDB) ID 4bty (Bligt-Linden et al., 2013) as the center of the binding site. The
rVAP-1 model was created with Modeller26 using the published sequence alignment
(Lopes de Carvalho et al., 2018) and hVAP-1 structure (PDB ID 4bty). Additionally,
all peptides were docked into hVAP-1 for comparison. Docking of the peptides to
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hVAP-1 and rVAP-1 resulted in 10 binding modes for each peptide. Trp8 in the
[**Ga]Ga-DOTA-Siglec-9 peptide binds close to the specificity pocket of hVAP-1
(Asp180, Thr210, and Leul77) (Bligt-Linden et al., 2013; Lopes de Carvalho et al.,
2018). This binding site is not conserved in rVAP-1, where the corresponding
residues are GIn180, Lys210 and GIn177) (Bligt-Linden et al., 2013). Trp8 in the
docked [*®*Ga]Ga-DOTA-Siglec-9 and R3A/R9A peptides binds near GIn180 and
GIn177 inrVAP-1, whereas the constructed [**Ga]Ga-DOTA control with scrambled
sequence and without any tryptophanes does not interact with these residues.

4.5 In Vivo PET/CT Imaging

In vivo imaging studies were conducted on isoflurane-anesthetized rats (induction at
4-5% and maintenance at 1.5-2%) using a small animal PET/CT device (Inveon
Multimodality; Siemens Medical Solutions) as outlined in previous research (Stahle
et al., 2020). Following this, 300 uL of an intravascular iodinated contrast agent
(eXia™ 160XL; Binitio Biomedical Inc.) was administered intravenously, and high-
resolution CT imaging was performed immediately after PET, as previously detailed
(Eo et al., 2016). Body temperature was maintained with a heating pad, and blood
glucose levels were monitored using a glucometer (Bayer Contour, Bayer AG,
Leverkusen, Germany).

In SP1, rats received 50 + 1.5 MBq of '*F-FOL via the tail vein. Imaging
consisted of either a 60-minute dynamic PET acquisition (frames: 6 x 10's, 4 X 60 s,
5x300s, and 3 x 600 s) or a 10-minute static PET acquisition starting at 30 minutes
post-injection. For myocardium visualization, a 40-minute static ["*F]JFDG PET
acquisition (50 = 2.6 MBq) starting at 20 minutes post-injection was conducted the
day before the '*F-FOL study.

In SP2, rats were injected with 50.8 + 2.8 MBq [**Ga]Ga-NODAGA-RGD
intravenously. This was followed by either a 10-minute static PET acquisition
starting at 60 minutes post-injection or a 90-minute dynamic PET acquisition
beginning at the time of injection (frames: 6 X 10s,4 x 60s, 5 x 300 s, and 6 x 600
s) to analyze tracer kinetics. Additionally, a 40-minute static ["*FJFDG PET
acquisition (38.5 £ 2.9 MBq) starting at 20 minutes post-injection was performed the
day before the [*®*Ga]Ga-NODAGA-RGD study for myocardium localization.

In SP3, rats were injected with 50.4 + 2.3 MBq [**Ga]Ga-DOTA-Siglec-9 via
the tail vein. Imaging options included a 30-minute static PET acquisition starting at
30 minutes post-injection or a 60-minute dynamic PET acquisition starting at the
time of injection (frames: 6 x 10s,4 x 60's, 5 X 300 s, and 6 x 600 s) to study tracer
kinetics. For myocardium visualization, a 40-minute static ["*F]JFDG PET
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acquisition (40.4 £+ 1.6 MBq) starting at 20 minutes post-injection was performed the
day before the [*®*Ga]Ga-DOTA-Siglec-9 study.

The PET data were reconstructed using an iterative three-dimensional ordered
subset expectation maximization with maximum a priori (OSEM3D/SP-MAP)
algorithm, with 2 OSEM iterations and 18 MAP iterations, including attenuation and
dead time correction, targeting a resolution of 1.5 mm, and a matrix size of 128 x
128. Regions of interest (ROIs) of uniform size were defined in the PET images co-
registered with CT or ['"*F]JFDG images using Carimas 2.9 software (Turku PET
Centre, Turku, Finland) (Eo et al., 2016; Stéhle et al., 2020). ROIs were drawn in the
left ventricular (LV) myocardium. In immunized rats, ROIs were placed in
myocardial regions roughly corresponding to inflammatory lesions identified in
histology. In control rats, ROIs were placed in the septal wall to measure tracer
uptake in non-lesioned myocardium. The mean standardized uptake value
(SUVmean) was compared between histologically inflamed and non-inflamed
myocardial regions, determined by consensus of two blinded readers. Additional
ROIs were drawn in the liver, lung, kidney, foreleg muscle, inferior vena cava, and
LV (to measure blood radioactivity). Decay-corrected time-activity curves were
generated for rats with dynamic datasets.

4.5.1 Kinetic Modeling

In SP1, Logan, Patlak, and compartmental modeling were performed to study the
tracer uptake kinetics, and parametric images were acquired as previously described
(Kiugel et al., 2014; Stahle et al., 2020). Metabolite-corrected plasma time activity
curves were used as input functions. Image-derived blood curves measured in the
vena cava and LV cavity were converted into metabolite-corrected plasma curves
using the group median plasma-to-blood ratio and percent of '*F-FOL measured in
the metabolite analysis. After tracer injection, distribution volume (DV) and Ki were
calculated as the slope of the plot 5—60 min. Parametric images of DV were obtained
using Logan plots and modeling images, and the data were compared with
standardized uptake values.

4.6 Ex Vivo Autoradiography of Tissue Sections

Ex vivo digital autoradiography was performed on 20 pum cryosections of the
myocardium of the imaged rats at 100 minutes (SP1 and SP2) and 70 minutes (SP3)
post-injection, to quantify the tracer uptake in tissue sections in more detail. The
cryosections were air-dried and placed under a radiation-sensitive imaging plate
(Fuji Imaging Plate BAS-TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan) for a
specific time depending on the radionuclide decay, and then scanned with a Fuji
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Analyser BAS-5000 (internal resolution of 25 um, Fuji, Tokyo, Japan). Thereafter,
the 20 um sections were stained with H&E. Multiple ROIs were drawn in the
inflamed and non-inflamed myocardium in co-registered autoradiographs and
images of H&E stainings of the same sections using TINA™ 2.10f software (Raytest
Isotopenmessgerdte GmbH., Straubenhardt, Germany). Inflamed myocardium was
defined as the presence of inflammatory cell infiltrate and signs of myocyte necrosis
in the H&E-stained section. Non-inflamed myocardium was defined as the absence
of both inflammation in the H&E-stained section and CD68 positive macrophages
in a serial tissue section. The whole area of histologically inflamed myocardium was
sampled, whereas the non-inflamed myocardium was sampled using multiple,
uniformly sized ROIs. The results are as average photo-stimulated luminescence per
square millimeter (PSL/mm?).

4.7 Specificity of Tracer Binding

In SP1, to study the specificity of '®F-FOL uptake, an in vivo blocking study was
carried out with IV injection of a 100-fold excess of FR-f ligand folate glucosamine
(C25H30NsO10; 100 pL) 10 minutes before '®F-FOL injection. In vitro binding study
of "F-FOL in myocardial tissue sections from 3 immunized rats was performed in
the presence or absence of a 100-fold excess of folate glucosamine as described
earlier (Schniering et al., 2019) to further evaluate the specificity of the tracer.

In SP2, to assess the specificity of [**Ga]Ga-NODAGA-RGD uptake in cardiac
inflammatory lesions, uptake of a non-specific control peptide [**Ga]Ga-DOTA-
E[c(RGEfK)]2 was studied in three immunized rats (weight in g, 310.3 =+ 6.6). The
rats were IV injected with 52.4 = 0.8 MBq [**Ga]Ga-DOTA-E[c¢(RGEfK)]2 and
euthanized at 90 min post-injection. Then, tracer biodistribution was studied and ex
vivo autoradiography of 20 um cryosections of the myocardium was performed as
described above.

In SP3, in vivo [**Ga]Ga-DOTA-control peptide binding study was carried out in
four immunized rats (weight, 298.7 £ 9.5 g). The rats were IV injected with 40.8 £
5.8 MBq [®*Ga]Ga-DOTA-control peptide and were euthanized at 70 minutes post-
injection, after which biodistribution analysis and ex vivo autoradiography were
performed on 20 pm cryosections of the myocardium. To further assess the
specificity of the tracer binding, an in vitro binding study of [**Ga]Ga-DOTA-Siglec-
9 in cardiac tissue sections from three immunized rats was performed with or without
10 minutes pre-incubation with a 100-fold molar excess of non-labeled DOTA-
Siglec-9 peptide as a blocker. Total and blocked binding of [ **Ga]Ga-DOTA-Siglec-
9 was studied by digital autoradiography.
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4.8 Ex Vivo Biodistribution

Ex vivo biodistribution study was performed in parallel to autoradiography study.
After 100 minutes (SP1 and SP2) and 70 minutes (SP3) of tracer accumulation, the
selected tissues including the heart, blood, intestine, kidney, liver, lung, lymph node,
muscle, plasma, pancreas, spleen, thymus, white adipose tissue, urine and bone
marrow (only in SP1) were excised, weighed, and measured for total radioactivity
utilizing a gamma counter (Triathler 3”, Hidex Oy, Turku, Finland). The
radioactivity measurements were normalized for injected dose, animal weight,
decay, and tissue sample weight. Results were expressed as SUV.

4.9 Histolog%/, Immunohistochemistry, and
Immunoftluorescence

General histology and relevant inflammatory markers were examined in all studies.
The typical staining protocol included heat-mediated antigen retrieval, usually in
citrate buffer, a blocking reagent such as 1% bovine serum albumin in PBS/Tween,
incubation with primary antibody for 60 minutes or overnight, followed by
appropriate secondary antibodies. For general histology, 20 um cryosections were
stained with hematoxylin and eosin (H&E). All antibodies used for
immunohistochemical and immunofluorescence staining are listed in Table 4.

In SP1, for immunohistochemistry, adjacent serial 4 um paraffin sections were
stained with antibodies against FR-, CD3 to detect lymphocytes, and CD68 to
detect macrophages. Additionally, antibodies against iNOS and CD206 were used to
detect pro-inflammatory (M1-polarized) and anti-inflammatory (M2-polarized)
macrophages, respectively. To study the co-localization of FR-f with macrophage
subsets, double immunofluorescence stainings were performed on cryosections. The
cryosections were stained with biotinylated anti-FR-p antibody detected with
Streptavidin Alexa Fluor™ 488 conjugate, followed by staining with either anti-
CD68, anti-iNOS, or anti-CD206 antibodies.

In SP2, adjacent serial 8 um cryosections were stained with monoclonal mouse
anti-rat CD68 to detect macrophages, monoclonal mouse anti-rat CD61 to detect the
integrin B3 chain, polyclonal rabbit anti-rat CD31 to detect endothelial cells, and
monoclonal mouse anti-a-smooth muscle actin (0-SMA) antibody to detect
myofibroblasts.

In SP3, 8 um cryosections were stained with monoclonal mouse anti-rat CD68
to detect macrophages, polyclonal CD31 to detect vascular endothelium, and
monoclonal mouse anti-actin a-smooth muscle to detect a-smooth muscle actin (o-
SMA) in myofibroblasts, with appropriate peroxidase-conjugated secondary
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antibodies.  3,3'-Diaminobenzidine (DAB) was used as a chromogen.
Immunofluorescence staining with anti-VAP-1 antibody was performed on 8 pm
cryosections to detect VAP-1. Heart cryosections from rats that received intravenous
anti-VAP-1 antibody (clone 174-5, 1 mg/kg in saline) 10 minutes before sacrifice
(five immunized and two controls) were incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG, followed by Alexa Fluor 488-conjugated anti-
FITC and Hoechst. Heart cryosections from other rats (four immunized and four
controls) were incubated with polyclonal rabbit anti-human anti-VAP-1 antibody
(also recognizes rat VAP-1), followed by Alexa Fluor 488-conjugated goat anti-
rabbit IgG secondary antibody.

Additional H&E and immunohistochemical staining with monoclonal mouse
anti-rat CD68 and polyclonal anti-VAP-1 antibodies were performed on 4 pm
paraffin-embedded sections and 8 um cryosections of thymus, white adipose tissue,
spleen, and bone marrow from immunized rats that received intravenous anti-VAP-
1 antibody (clone 174-5, 1 mg/kg in saline) 10 minutes before sacrifice.
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Table 4: Antibodies used in immunohistochemical and immunofluorescence staining studies. Own

drawing.

Antibody Clone Dilution Study Manufacturer

Rat sections

Immunohistochemistry
Polyclonal rabbit 1:200 Biorbyt

FR+ sl (Paraffin) S Cambridge, UK
orb317614 ’
Monoclonal AbD Serotec

CD68 mouse anti-rat, 1:10000 SP1 Munich,
MCA341R (Cryo) Germany

1:2000
Monoclonal (Paraffin) SP1, SP2, Bio-Rad

CDes8 RS e SP3 California, USA

MCA341GA 1:1000 ’
(Cryo)
Polyclonal rabbit

iNOS anti-rat, 1350 SP1 Conebrdge, UK
ab15323 (Paraffin) '
Polyclonal rabbit
anti-rat anti- Abcam

CD206 mannose 1:5000 SP1 Cambridge, UK
receptor, N ’
ab64693 (Paraffin)

Monoclonal Ventana

CD3 ;aé)\t;lé anti-rat, 141 SP1 Arizona, USA

(Paraffin)
monoclonal . .

CD61 mouse anti-rat, (2502) SP2 (%I:I;g?:ia USA
MCA1773 ry ’
polyclonal rabbit 1:200 gi(())\llgsicals

CD31 anti-rat, NB100- (Cryo) SP2, SP3 Centgnnial' co
2284 ’ ’

USA

monoclonal 1:12000 Sigma-Aldrich,

a-SMA mouse, A5228- (.C 0) SP2, SP3 St. Louis, MO,
200 Y USA

Immunofiluorescence
Biotinylated anti- Non-commercial

FR-B human FR-B, 1:50 SP1 (Shen et al.,
m909 (Cryo) 2014)
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Streptavidin

Streptavidin

Hoechst

CD68

iNOS

CD206

VAP-1

FITC-conjugate

Human tissue sections

Immunofluorescence

FR-B

Streptavidin

Streptavidin

CD68

VAP-1
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Alexa Fluor™ 1:200
488 conjugate (Cryo)
S32354

Alexa Fluor™

488 conjugate g rcr;g/mL
A11029 (Cryo)
Monoclonal

mouse anti-rat, 1:1000
MCA341R (Cryo)
Polyclonal rabbit

anti-rat, 1:1000
ab15323 (Cryo)
Polyclonal rabbit 18000
anti-rat, (Cryo)
ab64693

Polyclonal rabbit 1:10000
anti-human (Cryo)
Anti-mouse IgG, 1:100
F28883 (Cryo)
Biotinylated anti-

human FR-B, 1:50
AL (Paraffin)
Alexa Fluor™

488 conjugate 1:200
S32354 (Paraffin)
Alexa Fluor™

488 conjugate 1:200
goat anti-rabbit (Paraffin)
1gG, A11034

Monoclonal

mouse anti-

1:2
human, M0876 (Paraof:i)n)
Polyclonal rabbit 1:10000
anti-human (Paraffin)

SP1

SP3

SP1

SP1

SP1

SP3

SP3

SP1

SP1

SP3

SP1

SP3

Thermo Fisher
Massachusetts,
USA

Thermo Fisher
Massachusetts,
USA

AbD Serotec
Munich,
Germany

Abcam
Cambridge, UK

Abcam
Cambridge, UK

Non-commercial
(Bono et al.,
1998)

Sigma-Aldrich,
St. Louis, MO,
USA

Non-commercial
(Shen et al.,
2014)

Thermo Fisher
Massachusetts,
USA

Life
Technologies,
California, USA

Dako, Agilent
Technologies
Inc., California,
USA

Non-commercial
(Bono et al.,
1998)
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4.10 Statistical Analyses

Data are presented as mean + standard deviation (SD). Paired or non-paired
Student’s t-test was applied for single comparisons between two groups with
normally distributed data. The Mann—Whitney U test and Kolmogorov—Smirnov
tests were applied to single comparisons between non-normally distributed data.
Normality distribution assumption was checked with the Shapiro—Wilk test, and
assumption of variance equality was checked with Fisher’s F test. Spearman’s rank
test (rs) was used to analyze correlation between two continuous variables. GraphPad
Prism 6 Software. was used to perform the analyses, and the statistical significance
threshold was P < 0.05.
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5 Results

5.1 Histology

5.1.1 Experimental Autoimmune Myocarditis Induces
Inflammatory Lesions Presenting FR-, av33 Integrin
and VAP-1

In SP1, histological analysis of the rat hearts indicated focal cardiac inflammatory
lesions in ten out of eighteen immunized rats (56%), six resulting from hock
injections and four from footpad injections. No lesions were identified in the six
control rats. These inflammatory lesions were predominantly located near the
epicardium and exhibited myocyte necrosis along with dense infiltration of
inflammatory cells. CD68-positive macrophages were the main cell type present in
the lesions, comprising both M1- and M2-polarized macrophages. CD3-positive
lymphocytes were also observed but to a lesser extent. Outside the inflammatory
lesions, the myocardium appeared normal under microscopic examination, and
CD68 staining was minimal. Immunohistochemistry revealed a significant presence
of FR-B-positive cells within the lesions, but not in the unaffected myocardium
(Figure 1). Double immunofluorescence staining confirmed the co-localization of
FR-B with CD68-positive macrophages, which were predominantly M1-polarized.
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Figure 1. An inflammatory myocardial lesion in a rat with autoimmune myocarditis identified by

hematoxylin and eosin (H&E) staining. Immunostaining revealed folate receptor B (FR-B) co-
localized with CD68-positive macrophages. Additionally, scattered CD3-positive lymphocytes were
observed. Staining with antibodies against inducible nitric oxide synthase (iNOS) indicated the
presence of M1-polarized macrophages, while staining with antibodies against CD206 revealed a
smaller presence of M2-polarized macrophages. From original publication I.

In the SP2, histological analysis revealed that seven out of eight immunized rats

(87.5%) exhibited extensive cardiac inflammatory lesions, while none of the eight
control rats showed any inflammatory lesions. These lesions were marked by
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significant infiltration of inflammatory cells and myocyte necrosis.
Immunohistochemical staining identified CD68-positive macrophages as the
predominant inflammatory cells within the lesions. Additionally, positive a-SMA
staining indicated the presence of myofibroblasts, and CD31-positive staining
demonstrated the existence of a capillary network within the inflammatory areas.
CD61 (B3 integrin marker) staining overlapped with CD31-positive areas, revealing
capillary-like structures with positive staining (Figure 2).

H&E CD61

200 pm

Figure 2. Histology of myocardial inflammatory lesions in a heart cross-section from an immunized
rat. Hematoxylin and eosin (H&E) staining reveals diffuse inflammation and a large inflammatory
lesion in the inferior wall of the left ventricle, extending to the right ventricular wall, characterized by
infiltrating inflammatory cells and myocyte necrosis. Immunostaining (brown) demonstrates dense
infiltrates of CD68-positive macrophages, numerous a-smooth muscle actin (a-SMA)-positive
myofibroblasts, and a substantial capillary network of CD31-positive endothelial cells. CD61
antibody staining indicates that some capillaries express integrin $3. From original publication II.

In SP3, representative histological, immunohistochemical, and immunofluorescence
stainings of rat myocardium 21 days post-immunization are depicted in Figure 3.
Histological analysis confirmed multiple myocardial lesions in eight out of nine
immunized rats (88%), whereas no lesions were observed in the six control rats.
These lesions were characterized by intense inflammatory cell infiltration, myocyte
necrosis, and scarring. CD68-positive macrophages were the predominant cells
present in the lesions. Immunofluorescence staining, following either intravenous
injection or tissue section incubation with anti-VAP-1 antibody, revealed moderate
VAP-1 positivity at the lesion sites, with occasional VAP-1 staining in the
myocardium outside the lesions in immunized rats and in control rats.
Immunohistochemical analysis showed a significant presence of aSMA-positive
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cells in the myocardial lesions, with only sporadic a-SMA-positive cells in the
myocardium outside the lesions in immunized rats or in the myocardium of control
rats. CD31 staining indicated the presence of capillary networks within the
myocardial lesions, identifying a proportion of CD31-positive endothelial cells
(Figure 3). Immunohistochemical staining of the spleen and bone marrow revealed
CD68-positive macrophages and VAP-1 positivity in these organs, while staining of
the thymus and white adipose tissue showed a high abundance of CD68-positive
macrophages.

H&E CD68 a-SMA CD31 VAP-1

H&E CD68

Figure 3. (A) A myocardial lesion from a rat with autoimmune myocarditis identified by hematoxylin
and eosin (H&E) staining. A consecutive cryosection stained with immunofluorescence displays
intracellular and surface-bound vascular adhesion protein-1 (VAP-1). The rat received an
intravenous injection of anti-VAP-1 antibody 10 minutes before sacrifice, and staining was
performed using only the secondary antibody. Numerous CD68-positive macrophages and o-
smooth muscle actin (a-SMA) on myofibroblasts are present in the inflammatory lesion. Staining
with an antibody against CD31 indicates the presence of vascular endothelial cells. (B) Histology
and immunohistochemical and immunofluorescence staining of a control rat myocardium. From

original publication III.
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51.2 FR-B and VAP-1 in Human Cardiac Sarcoidosis
Samples

To demonstrate the relevance of these factors in human disease, a condition with
similar pathological findings was examined.

In SP1, tissue samples of all patients with CS showed FR-B expression in the
inflammatory lesions that co-localized with CD68-positive macrophages.

In SP3, all human samples from patients with CS (n = 3) showed VAP-1-
positivity in myocardial lesions, which was co-localized with vascular structures.
Occasional VAP-1 positivity was also seen in the myocardium outside lesions of
patients with CS.

5.2 In Vivo PET/CT Imaging Demonstrated
Increased Uptake of Novel Tracers in
Myocardial Lesions Associated with
Autoimmune Myocarditis

Myocardium was clearly visualized by contrast-enhanced CT or a 40 min static
["*F]JFDG/PET starting at 20 min post-injection.

In SP1, in vivo imaging showed distinct focal "*F-FOL uptake in the left
ventricular myocardium in all rats with histologically confirmed inflammatory
lesions (n = 7), while no myocardial tracer uptake was observed in the immunized
rats without histological inflammation (n = 8) or in the control rats (n = 6) at 3040
minutes post-injection (Figure 4). Histological comparisons indicated that '"*F-FOL
uptake co-localized with myocardial inflammatory lesions, whereas non-inflamed
myocardium exhibited very low radioactivity. Time-activity curves for rats with
inflamed lesions showed rapid clearance of "*F-FOL radioactivity from the blood,
with consistent uptake in myocardial inflammatory lesions and most other tissues
from 20 minutes post-injection. The highest uptake was noted in the kidneys
(SUVmean 10.1 £ 4.5), indicating elimination via the urinary system. '*F-FOL
uptake in inflammatory lesions was significantly higher than in the non-inflamed
myocardium of immunized rats (SUVmean 2.1 + 1.1 vs. 0.4 = 0.2; P = 0.004), with
aratio of approximately 5:1 between inflammatory lesions and remote myocardium.
Myocardial uptake in non-immunized controls (SUVmean 0.4 =+ 0.1) was similar to
the uptake in the non-inflamed myocardium of immunized rats (P = 0.4) and
significantly lower than in inflammatory lesions (P = 0.003). Tissues adjacent to the
heart had lower uptake than inflammatory lesions, with SUVmean values of 0.3 +
0.1in LV blood, 0.3 £ 0.1 in lungs, and 1.2 + 0.4 in liver. Among the kinetic models
evaluated, the Logan model provided the best fit to the data (Figure SA and 5B, Table
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5). Logan plots and parametric images of distribution volume (DV) were consistent
with "*F-FOL uptake in inflamed myocardium (Figure 5A and 5C). The DV of '*F-
FOL was significantly higher in inflamed myocardium compared to non-inflamed
myocardium (DV, 4.0 £ 1.7 vs. 0.7 £ 0.2; P = 0.004) or the myocardium of control
rats (DV, 0.8 £ 0.2; P = 0.003). SUVmean of "*F-FOL at 30—40 minutes post-
injection correlated well with DV.

8F-FDG PET Fusion 8F-FOL PET

Coronal

Axial

C Polar map

SUV 42192 3.1644 2.1096 1.0548 0
E

Figure 4. (A) In vivo PET images using ['SF]JFDG and "8F-FOL tracers in a rat with autoimmune
myocarditis. The PET images taken 30-40 minutes post-injection show focal '8F-FOL uptake (white
arrows) in the posterior wall of the left ventricle (LV). (B) This uptake co-localizes with an inflamed
myocardial lesion in the posterior LV wall, as indicated by histological sections stained with
hematoxylin and eosin (H&E) and antibodies against CD68 (macrophages). (C) A polar map
illustrates "®F-FOL uptake in the posterior wall, with low uptake in other areas of the LV myocardium.
From original publication 1.
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Figure 5. (A) Representative Logan plot of an immunized rat showing two inflammatory lesions

in the LV myocardium at 5-60 minutes post-injection, indicating reversible receptor binding of '8F-
FOL. (B) Representative Patlak plot of the same immunized rat at 5-60 minutes post-injection,
indicating irreversible receptor binding of '®F-FOL due to cell internalization (C) DV generated PET
images with '8F-FOL, fused with ['8F]FDG PET (grey scale) images, showing distinct and focal '®F-
FOL uptake in an inflammatory lesion in the posterior LV wall of a rat with autoimmune myocarditis
(white arrows). Metabolite-corrected plasma time-activity curves were used as input functions.
Image-derived blood curves measured in the vena cava and LV cavity were converted to
metabolite-corrected plasma curves using the group median plasma-to-blood ratio and the
percentage of "®F-FOL measured in metabolite analysis. DV and Ki values were calculated from
the plot slope 5-60 minutes post-injection. Parametric images of DV were generated using Logan
plots and modeling images, and the data were compared with standardized uptake values. From
original publication I.
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Table 5. Kinetic modeling of "®F-FOL uptake. From original publication I.

Study region DV Ki K1

Inflamed myocardial lesions (n = 8) 4017 0.2 £0.02
0.03 £ 0.02

in four immunized rats

Remote myocardium (n = 4) 0.7+0.2 0.003 + 0.001 0.04 £ 0.02

Control rats (n = 6) 0.8+0.2 0.004 + 0.002 0.03 £ 0.01

P-values

Inflamed myocardium vs. Remote 0.04 0.04 0.000004

Inflamed myocardium vs. Control 0.003 0.003 0.001

Remote vs. Control 0.1 0.4 0.1

Results are expressed as mean + SD with the probability value (P) from a Student’s t-test. DV =
distribution volume (mL/g), Ki = net influx rate (nmol/min/g), K1 = plasma-to-tissue transport rate

compartmental model value (mL/min/g).

In SP2, in vivo [ ®*Ga]Ga-NODAGA-RGD PET/CT images showed visually
increased tracer uptake in the myocardium of all immunized rats with histological
inflammation (n = 7), while there was no visible tracer uptake in the myocardium of
the immunized rat without inflammation (n = 1) or control rats (n = 8) (Figure 6).
Analysis of the kinetics of [**Ga]Ga-NODAGA-RGD uptake based on time activity
curves demonstrated that tracer uptake in the inflamed myocardium was most stable
after 30 min post-injection. The uptake of the [**Ga]Ga-NODAGA-RGD at 60— 80
min post-injection was significantly higher in the inflamed myocardium compared
to the non-inflamed myocardium of control rats (SUVmean, 0.4 £ 0.1 vs. 0.1 £ 0.02;
P = 0.00006). The blood SUVmean, was 0.3 £ 0.1 (p = 0.09 vs. inflamed
myocardium) and the uptake ratio between inflamed myocardium and blood was 1.4
+0.5.
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FIGURE 6. (A) In vivo PET images using ['®FIFDG and [8Ga]Ga-NODAGA-RGD tracers in an
immunized rat. PET images taken 60-80 minutes post-injection show [8Ga]Ga-NODAGA-RGD
uptake (white arrows) mainly in the inferior wall of the left ventricle, extending to the right ventricular
wall. (B) Ex vivo autoradiography confirms myocardial [8Ga]Ga-NODAGA-RGD uptake
predominantly in the inferior wall of the left ventricle, extending to the right ventricular wall, co-
localizing with inflammatory myocardial lesions seen in histological sections stained with
hematoxylin and eosin (H&E) and CD68 (macrophages) (C). Note that some tracer uptake and
inflammation are also present in the epicardial myocardium near the pericardium. Outside
inflammatory lesions, the myocardium exhibits very low uptake. (D) In vivo PET image with
['®FIFDG (gray) and [*8Ga]Ga-NODAGA-RGD (rainbow) tracers showing the chest area in an

immunized rat. From original publication II.

In SP3, in vivo PET/CT imaging with [®*Ga]Ga-DOTA-Siglec-9 enabled the
visualization of histologically confirmed myocardial lesions in all eight immunized
rats (Figure 7A). No myocardial tracer uptake was observed in the immunized rat
without histological lesions or in the control rats (n = 6). Time-activity curves

62



Results

indicated that [*®*Ga]Ga-DOTA-Siglec-9 radioactivity was rapidly cleared from the
blood, with discernible uptake in myocardial lesions from 30 minutes post-injection.
The highest uptake was observed in the kidneys. At 30 to 60 minutes post-injection,
[**Ga]Ga-DOTA-Siglec-9 uptake in myocardial lesions was higher than in the
myocardium of control rats (SUVmean 0.5 + 0.1 vs. 0.2 = 0.03; P = 0.00006). The
uptake ratio between myocardial lesions and non-lesioned myocardium was 2.7 £+
0.6, and the lesion-to-blood ratio was 1.4 + 0.5.

A. ['8FIFDG Fusion [68Ga]Ga-DOTA-Siglec-9

-

Axial PET

B. Autoradiography C. H&E

Figure 7. (A) Representative in vivo PET images with ["®F]-FDG and [*®Ga]Ga-DOTA-Siglec-9
tracers in a rat with autoimmune myocarditis. PET images at 30 to 60 minutes post-injection show
focal [®3Ga]Ga-DOTA-Siglec-9 uptake (white arrows) in the posterior wall of the left ventricle (LV).
(B) Ex vivo autoradiography of [®®Ga]Ga-DOTA-Siglec-9 uptake shows co-localization with
edematous and hemorrhagic myocardial lesions in the posterior LV wall, (C) confirmed by
consecutive sections stained with hematoxylin and eosin (H&E). From original publication IlI.

5.3 Ex Vivo Autoradiography Revealed co-
localization of Novel Tracers and Myocardial
Lesions in Autoimmune Myocarditis

To quantify tracer uptake in tissue sections, ex vivo autoradiography was performed.
In SP1, ex vivo autoradiography demonstrated high uptake of "*F-FOL in the
inflammatory lesions of immunized rats, contrasting with low uptake in the non-
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inflamed myocardium of immunized rats and the myocardium of control rats. The
average uptake of "*F-FOL in inflammatory lesions (470 + 180 PSL/mm2; n = 7)
was 7.8 £ 1.4 times higher than in the non-inflamed myocardium of immunized rats
(67 = 43 PSL/mm2; P = 0.0005; n = 7). Control rat myocardium exhibited low
activity (39 = 15 PSL/mm2; P = 0.0002 vs. inflamed lesions; P = 0.19 vs. non-
inflamed myocardium of immunized rats; n = 6).

In SP2, ex vivo autoradiography revealed focally increased [**Ga]Ga-NODAGA-
RGD uptake in the left ventricular (LV) myocardium of immunized rats, co-
localizing with histological inflammatory lesions. Tracer uptake was low in the non-
inflamed myocardium of immunized rats or the myocardium of controls.
Quantitatively, the average [**Ga]Ga-NODAGA-RGD uptake in inflamed areas was
6.7 £ 3.0 times higher than the uptake in non-inflamed areas of immunized rats (19
+ 9.3 vs. 2.9 £ 1.1 PSL/mm2; P = 0.004) and 7.1 £ 3.5 times higher than controls
(2.7 £ 0.4 PSL/mm2; n = &; P = 0.0005).

In SP3, ex vivo autoradiography revealed co-localization of [**Ga]Ga-DOTA-
Siglec-9 uptake and myocardial lesions. Autoradiography showed a 5.3 £ 1.2 times
higher uptake of [*®*Ga]Ga-DOTA-Siglec-9 in the myocardial lesions of immunized
rats (n = 8) than in the myocardium outside lesions (PSL/mm2, 5.3 + 1.0 vs. 1.1 +
0.4; P=0.0002), and 5.5 £ 1.1 times higher uptake than in the myocardium of control
rats (PSL/mm2, 1.0 £ 0.1; n = 6; P = 0.00006).

5.4 Specificity of Tracer Binding

In SP1, in vivo blocking of "®F-FOL with a 100-fold excess of folate glucosamine in
three immunized rats resulted in 77% lower '®*F-FOL uptake in inflammatory lesions
compared to rats injected with '*F-FOL alone (SUVmean 0.6 = 0.1 vs. 2.9 + 0.4; P
=0.02). Folate glucosamine also effectively reduced in vitro binding of '"*F-FOL in
inflamed myocardium in tissue sections (143 £27 vs. 2.4 £ 1.5 PSL/mm?2; P<0.0001;
n=3).

In SP2, ex vivo autoradiography indicated that uptake of non-specific [**Ga]Ga-
DOTA-E[c(RGEfK)]2 in histologically confirmed inflammatory lesions of three
immunized rats was 76% lower compared to [**Ga]Ga-NODAGA-RGD in
inflammatory lesions of seven immunized rats (4.5 + 0.6 vs. 19 + 9.3 PSL/mm2; P
= 0.04). The average [**Ga]Ga-DOTA-E[c(RGEfK)]2 uptakes in inflamed areas
were higher than the uptake in non-inflamed areas of those three immunized rats (4.5
+ 0.6 vs. 0.9 = 0.3 PSL/mm2; P = 0.004) but lower than the uptake of [**Ga]Ga-
NODAGA-RGD in the inflamed areas.
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In SP3, in vivo studies with [**Ga]Ga-DOTA-control peptide showed a 45% lower
uptake ratio (myocardial lesions vs. myocardium outside lesions) than [**Ga]Ga-
DOTA-Siglec-9 (1.8 £ 0.5 vs. 1.0 £ 0.05; P = 0.02). According to ex vivo
autoradiography assessment in immunized rats, [**Ga]Ga-DOTA-control peptide
showed a 65% lower uptake ratio (myocardial lesions vs. myocardium outside
lesions) than [**Ga]Ga-DOTA-Siglec-9 (1.8 £ 0.2 vs. 5.3 + 1.2; P = 0.0006). The
biodistribution results of [**Ga]Ga-DOTA-control peptide are presented in Table 6.
[**Ga]Ga-DOTA-control peptide accumulation was significantly lower in the
intestine, kidney, liver, lung, lymph node, and spleen and significantly higher in the
plasma of immunized rats compared to the accumulation of [**Ga]Ga-DOTA-Siglec-
9. The quantitative in vitro autoradiography analysis revealed significantly lower
[**Ga]Ga-DOTA-Siglec-9 binding (49% reduction) in sections incubated with a 100-
fold molar excess of non-labeled DOTA-Siglec-9 peptide (blocked binding) than
with the total [®*Ga]Ga-DOTA-Siglec-9 binding (myocardial lesions vs.
myocardium outside lesions ratio 1.2 = 0.1 vs. 2.4 = 0.2; P = 0.002), indicating
specific tracer binding
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Table 6. Ex vivo biodistribution of [?3Ga]Ga-DOTA-Siglec-9 and [*8Ga]Ga-DOTA-control peptides

in rats at 70 minutes after intravenous injection. From original publication IlI.

[(3Ga]Ga-DOTA-Siglec-9 [®8Ga]Ga-DOTA-control
Immunized Control rats P-value Immunized P-value
rats (n = 6) rats
(n=8) (n=4)

Blood 0.23£0.08 0.18 £ 0.05 0.21 0.32£0.02 0.06
Heart 0.14 £ 0.04 0.07 £ 0.02 0.007* 0.14 £ 0.03 0.78
Intestine 0.13+0.02
(without 0.20 £ 0.06 0.15 £ 0.07 0.24 0.04*
content)
Kidney 19.34+9.12 | 14.37 £5.60 0.30 6.69 £ 0.93 0.007*
Liver 1.00 + 0.62 0.75+0.20 0.40 0.18 £ 0.02 0.004**
Lung 0.45+0.18 0.32+£0.15 0.21 0.23 £ 0.01 0.01*
Lymph node 0.23 £0.09 0.18 £ 0.06 0.27 0.17 £ 0.01 0.04**
Muscle 0.06 £ 0.01 0.04 £ 0.02 0.13 0.05 + 0.004 0.46
Plasma 0.44 +0.07 0.35+0.12 0.14 0.56 + 0.05 0.009*
Pancreas 0.11 £ 0.04 0.08 £ 0.02 0.17 0.10 £ 0.02 0.99
Spleen 0.51+0.27 0.41+0.14 0.45 0.21 £ 0.05 0.02*
Thymus 0.15 £ 0.05 0.04 £ 0.01 0.002*** 0.08 £ 0.06 0.10
White 0.06 + 0.01
adipose 0.06 £ 0.02 0.03 £ 0.01 0.05** 0.071
tissue

The results are expressed as standardized uptake values (SUVs; mean = SD). *A statistically

significant difference based on Student’s ttest. **A statistically significant difference based on
Mann—Whitney U test. ***A statistically significant difference based on Kolmogorov—Smirnov test.

5.5 Ex Vivo Biodistribution revealed Higher Tracer
accumulation in the hearts of immunized rats
compared with control rats

In SP1, ex vivo biodistribution of '*F-FOL at 100 minutes was studied and shown in
Table 7. Tracer uptake was higher in the hearts of immunized rats compared with
control rats (P = 0.01). Tracer accumulation was significantly higher in the lungs,
thymus, and white adipose tissue of the immunized rats compared to control rats.
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Table 7. Ex vivo biodistribution of F-FOL in immunized and control rats at 100 min after

intravenous injection. From original publication I.

Immunized rats

Control rats

P-value
(n=7) (n=6)
Blood 0.07 £ 0.01 0.08 £ 0.04 0.53
Bone marrow 3.9+£1.63 292+1.16 0.27
Heart 1.15+ 0.54 0.39 £ 0.07 0.01*
Intestine without content 1.69 £ 0.37 1.35+£0.34 0.14
Kidney 36.56 + 24.08 26.46 + 24.86 0.51
Liver 1.48+0.72 0.73+£0.31 0.053
Lung 0.73+0.16 0.41+0.15 0.01*
Lymph node 4.65 +1.06 3.20 +1.58 0.10
Muscle 0.36 + 0.07 0.29+0.08 0.17
Plasma 0.12£0.02 0.16 £ 0.05 0.86
Pancreas 0.83 +0.28 0.57 £ 0.09 0.07
Spleen 4.08 +£2.80 1.86 + 0.99 0.12
Thymus 2.45+1.35 0.79+0.21 0.02¢
Urine 39.68 £ 27.22 46.37 + 34.69 0.73
White adipose tissue 0.39+0.13 0.23 £ 0.05 0.02*

The results are expressed as SUVs (mean * SD).

*A statistically significant difference based on Student’s t-test

In SP2, ex vivo biodistribution of [®*Ga]Ga-NODAGA-RGD at 100 min was
studied and shown in Table 8. Tracer uptake was higher in the myocardium than in
blood in both immunized and control rats (P < 0.01). Compared with control rats,
tracer accumulation was higher in the hearts and lymph nodes (mediastinal and
axillary) in the immunized rats. Notably, in addition to the heart, inflammation was
evident in the lymph nodes of immunized rats by histology.
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Table 8. Ex vivo biodistribution of [®3Ga]Ga-NODAGA-RGD in rats at 100 min after intravenous
injection. From original publication II.

Immunized rats Control rats

(n=17) (n=8) P-value
Blood 0.16 £ 0.10 0.14 £ 0.05 0.80
Heart 0.34 £0.10 0.21+£0.08 0.029*
Intestine without content 1.44 £ 0.32 2.61+£1.37 0.07
Kidney 2.24 +0.87 3.19+1.59 0.23
Liver 0.62 £ 0.17 1.12 £ 0.69 0.12
Lung 0.64 +0.21 0.89 + 0.47 0.26
Lymph node 0.72£0.19 0.39£0.72 0.05*
Muscle 0.11 +£0.03 0.15+0.07 0.29
Plasma 0.32+£0.16 0.25+0.10 0.41
Pancreas 0.30 £ 0.08 0.58 + 0.45 0.18
Spleen 0.8 +0.30 1.79+1.42 0.14
Thymus 043+0.15 0.40 £0.20 0.80
Urine 32.98 £ 6.30 34.42+5.73 0.70
White adipose tissue 0.10£0.03 0.09 £ 0.05 0.84

The results are expressed as SUVs (mean + SD).
*A statistically significant difference based on Student’s t-test

In SP3, ex vivo biodistribution of [®*Ga]Ga-DOTA-Siglec-9 at 70 min was
studied and shown in Table 6. The highest radioactivity concentration in
autoradiography was observed in the area where histologically there was edema,
hemorrhage, and fibroblasts and scattered inflammatory cells. This area was almost
devoid of cardiomyocytes. The number of inflammatory cells appeared to be higher
in the surrounding myocardial tissue. In the immunized rats, [**Ga]Ga-DOTA-
Siglec-9 accumulation was higher in the heart, thymus, and white adipose tissue than
in the control rats. Positivity in autoradiography reflects, at least in part, relatively
higher radioactivity in blood/plasma compared to myocardium.

68



5 Discussion

6.1 Diagnostics of autoimmune Myocarditis

Inflammatory myocarditis is characterized by myocardial infiltration with
immune cells and myocyte destruction (Cooper et al.,1997; Lagana et al., 2010), but
diagnosing autoimmune myocarditis is challenging, and the gold standard for a
definitive diagnosis is histologic confirmation of granulomatous inflammation in
EMB from the heart, with exclusion of other causes of granulomatous inflammation.
However, EMB is an invasive diagnostic approach which often misses these patchy
granulomatous infiltrates, with a sensitivity of only 15-30% in previous studies
(Uemura et al., 2005; Ardehali et al., 2005; Patel et al., 2009). This has fueled the
development of non-invasive techniques using cardiac imaging such as PET
(Schatka & Bengel, 2014), however such imaging techniques have limited
specificity. Thus studies have focused on identifying specific PET to detect sites of
myocardial inflammation. Useful tracers include ['*F]JFDG, which is sensitive and
has good accuracy for detecting myocardial inflammation (Youssef et al., 2012;
Okumura et al., 2004; Mc Ardle et al., 2013). However, ['"*F]FDG is also taken up
by normal myocardium, with undesirable impacts on assessment of abnormal uptake
and thus its specificity (Chareonthaitawee et al., 2017). Among the useful targets for
tracers are TSPO (Kim et al.,2018), ''C-methionine-PET (Maya et al., 2016), *Ga-
NOTA-MSA (Lee et al.,2017), fluorine-19-based CMR (Van Heeswijk et al., 2013),
endothelial cell-surface VAP-1 (Salmi et al., 1992; Elo et al., 2018; Siitonen et al.,
2017; Virtanen et al., 2015), and the folate receptor B (FR-B) (Silvola et al., 2018),
Several studies on FR-B, which is expressed on activated macrophages during
inflammation, have been conducted in rat disease models (Silvola et al., 2018; Elo
et al.,, 2019); and FR-targeted imaging has been investigated in human tumors
(Parker et al., 2005; Reddy et al., 2004). VAP-1 is associated with many
inflammatory conditions (Merinen et al., 2005; Airas et al., 2006; Salmi et al., 2001),
with a role in leukocyte migration during acute and chronic inflammation; it binds
Siglec 9 and 10, and [**Ga]Ga-DOTA-Siglec-9 has been studied as a PET tracer for
imaging inflammation in both animal-disease models and humans (Ahtinen et al.,
2014; Silvola et al., 2016). The potential tracer [**Ga]Ga-NODAGA-RGD binds to
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cell-surface avP3 integrin receptors that are upregulated during angiogenesis and
inflammation in myocarditis.

The three studies (SP1, SP2 and SP3) in this series focused on the evaluation of
several targets and tracers for PET/CT scanning, using the well-established EAM rat
model. For all rat experiments, we conducted scans and tissue sampling after 21
days, the point of peak inflammation in induced myocarditis, as previously shown
histologically and via ["*F]JFDG PET imaging (Werner et al., 2019). For some
investigations we also used cardiac tissue samples obtained at autopsy and from
explanted heart from patients with sarcoidosis, whereby FR-B-expressing
macrophages are present in CS lesions.

6.2 FR- B as a Target of '®F-FOL PET Tracer
(SP1)

We demonstrate that '"*F-FOL shows specific uptake in inflamed myocardium in rats
with autoimmune myocarditis. Both imaging with "F-FOL PET and ex vivo
autoradiography demonstrated high target-to-background ratios for inflamed lesions
versus non-inflamed myocardial tissue, indicating favorable kinetics for in vivo
imaging of inflammation and great potential for imaging myocarditis. Previous
studies reported high prevalence of macrophages (both M1- and M2- polarized) and
CD3-positive lymphocytes as the usual histological findings in EAM rat model
(Kodama et al., 1992; Okura et al., 1997). We expand on previous studies by
providing evidence that of the 18 rats, 10 demonstrated focal macrophage-rich
inflammatory lesions expressing FR-f, mainly in M1-polarized macrophages, and
were co-localized with inflammatory lesions. Our result showed that FR-B-positive
macrophages are expressed in inflamed human myocardial tissue samples, indicative
of specific uptake of '®F-FOL in FR-B-positive macrophages. Uptake of '*F-FOL in
the non-inflamed myocardium of immunized rats and controls was low. Ex vivo
autoradiography of rat tissue sections confirmed the uptake of '*F-FOL in inflamed
myocardium. /n vivo and in vitro blocking studies by a non-labeled FR-$ ligand,
folate glucosamine, resulted in significant lower '"F-FOL uptake in myocardial
inflammatory lesions.

Kinetic modeling through graphical Patlak analysis suggests that '*F-FOL uptake
in inflamed myocardium is relatively irreversible, aligning with prior research on
folate conjugate internalization into endosomes (Bandara et al., 2014). Nonetheless,
the Logan plot provided a superior data fit, implying that some "*F-FOL uptake might
be reversible due to partial internalization of '*F-FOL, which aligns with a previous
study by (Miiller et al. 2006), indicating that 25-35% of FR targeting radiotracers
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were internalized into human nasopharyngeal carcinoma cells after 4 hours of
incubation at 37°C.

Our findings, consistent with earlier studies (Silvola et al., 2018), indicate that
'F-FOL shows specific uptake in FR-P positive macrophages present in
atherosclerotic plaques and possesses favorable kinetics for in vivo inflammation
imaging. We demonstrated that '*F-FOL PET is a promising method for imaging
myocarditis, offering a high target-to-background ratio. Although direct
comparisons with other tracers are challenging, '"*F-FOL autoradiograms showed a
comparable contrast between inflamed and non-inflamed myocardium (7.8 + 1.4) to
that observed with ['®F]FDG (3.4 £ 0.7) or ''C-methionine (2.1 £ 0.2) in similar
models (Maya et al., 2016). These results are promising, as they demonstrate specific
'""F-FOL uptake by macrophages expressing FR-f, which are found in inflammatory
lesions in both rats with autoimmune myocarditis and humans with sarcoidosis. This
suggests the potential for identifying active myocardial inflammation and assessing
myocarditis.

6.3 aVvp3 Intelg\lrln Receptors as a Target for
[(8Ga]Ga-NODAGA-RGD Tracer (SP2)

This tracer has value because it binds to cell-surface avp3 integrin receptors, which
are expressed by macrophages during angiogenesis and inflammation in inflamed
lesions (Brooks et al.,1994; Aguilar-Cazares et al., 2019). There is evidence that
avp3 is a marker of angiogenesis and is involved in the regulation of macrophage
responses during inflammation, therefore uptake of this tracer is associated with
angiogenesis in inflammatory lesions, similar to that observed after an ischemic
myocardial injury (Gronman et al., 2017).

In rats with autoimmune-induced myocarditis, we observed a significantly higher
(although modest) uptake in inflamed myocardium, compared to non-inflamed
myocardium in control rats. This relatively high contrast in uptake by inflamed and
non-inflamed myocardium (6.7 = 3.0) was similar (even higher) as with other tracers
evaluated in the same rat model, such as ['"*F]FDG (3.4 = 0.7), or ''C-methionine
(2.1 £0.2) (Maya et al., 2016).

Analysis by ex vivo autoradiography and histology confirmed that the uptake was
co-localized with inflammatory lesions containing avp3 integrin-positive capillary-
like structures, identified by integrin B3 antibodies, further indicating that [**Ga]Ga-
NODAGA-RGD uptake is associated with angiogenesis in inflammation, similar to
that observed after ischemic myocardial injury (Grénman et al., 2017).
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Inflammatory myocardial lesions were detected histologically in 7 out of the 8
induced-disease rats. These results are further evidence that avP3 integrin is
expressed in the myocardial tissue at the point of peak inflammation (21 days) in
EAM rats.

The specificity of tracer binding in inflamed myocardium was high, as revealed
by comparison with non-specific tracer °*Ga-DOTA-E[c(RGEfK)]2 (which
demonstrated a 76% lower uptake).

We also found increased accumulation of [**Ga]Ga-NODAGA-RGD in the
lymph nodes of the rats with induced myocarditis, which was probably due to
inflammation, and is consistent with the common finding of mediastinal lymph-node
involvement in inflammatory cardiac disease (Birnie et al., 2017). Not only did we
provided evidence that avP3 integrin is expressed in the myocardial tissue at peak
inflammation (21 days) in EAM rats, but we also added evidence to the potential use
of [**Ga]Ga-NODAGA-RGD as a tracer for localizing inflammatory lesions by PET
imaging in vivo, because of its specific uptake by the target tissues suggesting; it may
have a role in the non-invasive assessment of inflammatory activity in human
myocarditis.

6.4 2/SAPF§)1 as Target for [**Ga]Ga-DOTA-Siglec-9

Several non-invasive molecular-imaging approaches have been studied for the
detection of autoimmune myocarditis, including ''C-methionine (Maya et al., 2016),
mannosylated human serum albumin **Ga-NOTA-MSA (Lee et al.,2017), 18-kDa
TSPO (Kim et al.,2018), and fluorine-19-based CMR (Van Heeswijk et al., 2013).
However, none used VAP-1 targeting PET probe.

We evaluated the potential to target VAP-1. We used [*®*Ga]Ga-DOTA-Siglec-9
as a tracer with PET/CT imaging on day 21 (as in SP2 and SP3), and found that it
was increased in myocardial lesions in rats compared to controls without
myocarditis. There was greater uptake in myocardial lesions than in myocardium
outside the lesions. Subsequent ex vivo autoradiography confirmed localization in
the myocardial lesions. Compared with uptake of the tracer shown by in vivo PET/
CT and ex vivo autoradiography assessment, [**Ga]Ga-DOTA-control peptide
binding showed a 45% and 65% reduction in the target-to-background ratio,
respectively. We used non-labeled DOTA-Siglec-9 peptide in a blocking study, and
found a 49% lower target-to-background ratio. The use of a negative control peptide
and in vitro blocking confirmed the specificity of the [®*Ga]Ga-DOTA-Siglec-9
uptake. On ex vivo autoradiography, a similar contrast was found for the tracer
between myocardial lesions and myocardium outside lesions (5.3 £+ 1.2) to that
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described for other tracers such as ["*F]JFDG (3.4 + 0.7), and ''C-methionine (2.1 +
0.2) in the same model (Maya et al., 2016).

Histology and immunohistochemistry showed that the myocardial lesions
stained positive for VAP-1. Using immunofluorescence staining, we found that
VAP-1 is expressed on vascular endothelial cells in myocardial lesions with dense
macrophage infiltration; CD31 staining revealed a capillary network in the
myocardial lesions. Uptake in the myocardial lesions showed modest lesion-to-
background ratios.

Myocardial samples from three patients with CS also showed positive
immunohistochemical staining for VAP-1, co-localized with vascular structures.

We also investigated the biodistribution of [**Ga]Ga-DOTA-Siglec-9 in disease-
induced rats, and found greater accumulation in the heart, thymus and white adipose
tissue than in controls. The high uptake in thymus and white adipose tissue probably
relates to the abundance of CD68-positive cells in these organs. CD68-positive cells
and VAP-1 expression were also found by immunohistochemical staining of the
spleen and bone marrow of the disease-induced rats.

Although the role of VAP-1 in the pathogenesis of myocarditis and sarcoidosis
remains unknown, demonstrating the expression of VAP-1 in rats with autoimmune
myocarditis and patients with CS suggests a novel potential approach for detecting
myocardial inflammation.

6.5 Limitations of The Studies

There were several limitations to these studies. For example, it was not possible to
make direct comparison between the uptake of ['"*FJFDG and "*F-FOL, [®*Ga]Ga-
NODAGA-RGD or [*®*Ga]Ga-DOTA-Siglec- 9 in inflamed myocardium. This was
because of the need for consistent suppression of physiological ["*F]FDG uptake in
myocardium. However, it should be noted that other studies in the same rat model
found comparable levels of contrast between non-inflamed and inflamed myocardial
tissue using ["*F]FDG (3.4 + 0.7) or, ''C-methionine (2.1 £ 0.2) (Maya et al., 2016).

In SP1, assessing '"*F-FOL uptake in response to therapy remains to be evaluated
in models with a reproducible disease intensity. Notably, FRp can mediate
internalization of folate-linked therapeutic agents into cells (Siegel et al., 2003;
Reddy et al., 2004; Turk et al., 2002). A FR-targeted imaging agent has been tested
for inflammation imaging in humans (Kraus et al., 2016; Yi, 2016). However,
evaluating 'F-FOL uptake in human sarcoid lesions was not feasible due to the
absence of a tracer approved for human use. This highlights the need for a study
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using a clinically approved tracer to investigate the potential of imaging FR-f in
patients with sarcoidosis and myocarditis.

Another limitation in SP1 was that the change in uptake over time was not
investigated which could be used in PET guided therapy in inflammatory conditions.

In SP2, there was a relatively weak uptake in inflamed myocardium compared to
the adjacent liver in in vivo PET using [®*Ga]Ga-NODAGA- RGD tracer. Because
of the low resolution of PET images and the diffuse inflammatory lesions, we were
unable to compare tracer uptake in inflamed and adjacent non-inflamed myocardium
of the induced-disease rats in in vivo images (although it was revealed by ex vivo
autoradiography).

In SP3, we found only a modest target-to-background ratio in the in vivo PET
images. Although we found that VAP-1 is expressed in EAM rat model and human
CS, the contribution of VAP-1 in the pathogenesis of CS and GCM remains to be
studied.

6.6 Strengths and Future Directions

Consistent with other study findings (Verweij et al., 2020), our results in SP1
indicate the potential of FR-f3 as a marker of active inflammation in both rats and
humans, but further investigation might clarify its role in the pathogenesis of
myocarditis. The different results obtained by Patlak and Logan analysis, relating to
the reversibility of "F-FOL uptake and possibly relating to varying degrees of
internalization of 'F-FOL, merit further investigation of kinetic modelling. We
demonstrated for the first time that macrophages in pathological samples of human
cardiac sarcoid lesions express FR-B. Therefore, FR-B could serve as a potential
marker of myocardial inflammation in both the EAM rat model and human
autoimmune myocarditis. This suggests that anti-folate therapy may reduce
inflammation in myocarditis, as seen in other inflammatory conditions (Garcia et al.,
2021; Elo et al., 2021). The therapeutic potential of FR- in myocarditis can be
further explored by initiating anti-folate therapy or placebo in EAM rats, where
inflammatory lesions have been confirmed by *F-FOL PET.

The SP2 study was the first to assess the use of [®*Ga]Ga-NODAGA-RGD PET
imaging for detecting myocardial inflammation in rat models of autoimmune
myocarditis. It provided evidence that avB3 integrin is expressed at 21 days post-
first immunization, which coincides with the peak of acute inflammation in this
model.

We demonstrated the expression of VAP-1 in rats with autoimmune myocarditis
and in patients with cardiac sarcoidosis for the first time in SP3. The first in-human
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study of [**Ga]Ga-DOTA-Siglec-9, used in SP3, has been performed (Viitanen et al.,
2021), but there is still room for clinical imaging studies in patients with myocarditis
or CS to evaluate the value of this approach. The uptake of VAP-1-targeted
[**Ga]Ga-DOTA-Siglec-9 in humans, along with its potential for evaluating
responses to therapy, holds promise for future studies. Additionally, investigating
CD68-positive cells in non-cardiac tissues, such as the thymus, white adipose tissue,
spleen, and bone marrow, also presents significant research potential. Such studies
may clarify whether these tissues are indirectly involved in myocarditis.
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7 Summary/Conclusions

This study evaluated three PET tracers for the detection of myocardial inflammation.

In SP1, PET imaging with "*F-FOL specifically detected inflamed myocardium
containing macrophages expressing FR-f§ in EAM rat model, which are also present
in human cardiac sarcoid lesions.

In SP2, PET imaging with [®*Ga]Ga-NODAGA-RGD specifically detected
myocardial inflammatory lesions with increased avp3 integrin expression in EAM
rat model.

In SP3, PET imaging with [*®*Ga]Ga-DOTA-Siglec-9 showed higher tracer
uptake in myocardial lesions with increased VAP-1 expression in EAM rats as
compared to control rats. VAP-1 expression was present in human cardiac sarcoid
lesions.

The results of these studies provide evidence that targeted PET imaging of FR-3
expression, avp3 integrin and VAP-1 expression are potential approaches for the
detection of active myocardial inflammation.
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