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Abstract

For decades, myocardial infarction (MI) has been one of the leading causes of mortality
worldwide. MI is characterized by different stages of inflammation of myocardium up to
subsequent fibrosis. During the inflammatory process, macrophage population increases
and the expression of FR-B on their surfaces are extensive. We studied utility of positron
emission tomography/computed tomography (PET/CT) tracer aluminium ['®F]fluoride-
labelled 1,4,7-triazacyclononane-1,4,7-triacetic acid conjugated folate (AI['*F]F—
NOTA-Folate) targeting the FR-P receptor on activated macrophages for the assessment
of inflammation in rats with MI. Methods: Surgical ligation of the left anterior
descending (LAD) coronary artery irreversibly induced MI, while the sham model was
prepared with similar procedures except ligation. Al[!*FJF-NOTA-Folate tracer was
administered intravenously to perform PET studies at three different time points (3, 7 and
90 days post-MI) using in vivo PET/CT imaging and ex vivo digital autoradiography for
both MI and sham groups. Additionally, rat heart cryosections were prepared for
histological (hematoxylin-eosin) and immunohistochemical staining with anti-CD68
antibody detecting activated macrophages. Uptake of AI[!’FJF-NOTA-Folate was
evaluated in the MI region and the remote area in both groups by image analysis. Results:
In the MI model, infarcted cardiac areas had higher tracer uptake in ex vivo
autoradiography compared to the remote areas or corresponding regions in sham-operated
rats. Anti-CD68 immunohistochemistry demonstrated increased macrophage activity in
the infarcted areas. The Al['®F]JF-NOTA—Folate uptake in the infarcted area and amount
of CD68-positive cells correlated positively and significantly. Conclusion: The study
suggests that the novel Al['®F]JF-NOTA-Folate PET tracer targeting FR-B expressed on
activated macrophages is a promising tool for non-invasive imaging of inflammation
associated with MI. Further research is required to clarify if this tracer is useful in the
diagnostic and prognostic evaluation after MI.

KEYWORDS: Myocardial infarction, Positron emission tomography, Autoradiography,
Inflammation, Folate receptor B, Al['*FJF-NOTA—Folate
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1. INTRODUCTION

The human body ceases to exist when the heart stops beating. This critical organ must be
cared for so that it may continue pumping. Continuous blood flow to the coronary arteries
is essential for the sustained cardiac function. Cardiovascular disease (CVD) is the
leading cause of death in Europe and internationally and poses a significant economic
burden on health systems. Meanwhile, the fatalities of ischemic heart disease (IHD)
accounts for 45 percent in females and 39 percent in men across all European nations
(Timmis et al., 2022). However, it is the utmost importance to develop non-invasive
diagnostic approaches for coronary heart disease (CHD). One of the most important tools
in the detection myocardial infarction (MI) is the imaging evidence of significant death

of viable myocardium or detecting regional wall motion abnormalities. (Sagris et al.,

2022).

Positron emission tomography (PET) offers detailed imaging of any physiological
mechanisms, which is equally significant as morphological imaging obtained by other
conventional methods. By viewing the decay of radionuclides attached to the molecules
the molecular imaging can be obtained (Ollinger & Fessler, 1997). Autoradiography
(ARQ) 1s a technique to detect radionuclides that have been coupled to a specific target
in tissue samples using a photo-emulsion layer or a radio-sensitive film. Because the
samples contain radiotracers, it is possible to capture high-resolution images of the
distribution of radioactivity in tissues in great detail (Fanchon et al., 2015; Johnston et al.,

1990).

Since activated macrophages express folate receptor beta (FR-f), aluminum fluoride-18-
labeled 1,4,7-triazacyclononane-1,4,7-triacetic acid conjugated folate (AI['*F]JF-NOTA-
Folate) was investigated as a novel FR-targeting radiotracer for the imaging inflammation
associated with MI in a rat model. In vivo PET/computed tomography (CT) imaging, as
well as ex vivo digital ARG were used to study the uptake of AI['*FJF-NOTA-Folate.
Association with macrophages was evaluated by immunostaining with anti-cluster of

differentiation 68 (CD68) antibody. This study focused on the digital ARG imaging along
1



with immunostaining to find analytical evidence for increased activity of FR-targeted

radiotracer in infarcted zones.

2. REVIEW OF THE LITERATURE

2.1 Myocardial Infarction

Myocardial injury can be detected by even minimally elevated level of cardiac troponin
(cTn) found in a single measurement. In addition, if any clinical symptoms of myocardial
ischemia, new electrocardiography (ECG) changes or imaging evidence or development
of pathological Q wave in ECG or evidence of coronary thrombus by angiography are
visible, it is considered as MI (Thygesen et al., 2018). The most common reason for MI
is atherosclerosis, which can lead to athero-thrombosis. There are two primary categories
of MI. Complete blockage of a coronary artery is considered an ST elevation MI
(STEMI), while partial blockage or occlusion with collateral circulation is considered a
non-ST elevation myocardial infarction (NSTEMI). The imbalance between supply and
demand of oxygen leads to ischemic myocardial injury, i.e. MI. Changes in ECG and
biomarkers are not always demonstrable. (Anderson & Morrow, 2017). cTn is the main
biomarker for defining MI, although it has some limitations. It may remain elevated for
prolonged periods, which may misdirect the follow-up prognosis of the disease. It is
important to observe this life-threatening disease for a multitude of reasons, one of which

is the possibility of reinfarction brought on by circulating emboli (Reed et al., 2017).



2.1.1 Epidemiology

CVD is the most common cause of mortality worldwide. Moreover, IHD is responsible
for approximately half of the cases. Similarly 40 million people die due to CVD every
year in Europe and 44% of them are due to IHD (N. Townsend et al., 2022). According
to the World Health Statistics 2022, IHD carries the greatest risk of early mortality for
women in more than one half of all nations, and it bears that risk for males in more than
three quarters of all countries (World Health Organization, 2022). For the past four
decades, life expectancy in the developed nations has been rising, but at the same time,
the prevalence of IHD has been rising as a comorbid complication among the population.
(Roger, 2007). This burden has transferred from nations with a high standard of living to
those with a middle-class income or below. The incidence per 1000 people is 4.13 in low-
income nations, 2.21 in middle income countries, and 1.92 in high income countries. The
main reasons for the steady downward trend in the developed nations are the high
preventative measures and the increased facilities for revascularization interventions
(Anderson & Morrow, 2017). During the past two decades, these interventions have
resulted in a 5-6% reduction in in-hospital mortality and a 7-18% reduction in 1-year post-
STEMI death. Nonetheless, NSTEMI cases have grown dramatically and now account
for 60-75% of all MI patients. Sudden cardiac death (SCD) refers to death within an hour
of the onset of any cardiac symptoms. Patients who have had a STEMI or an NSTEMI
have the highest incidence of sudden cardiac death, which accounts for roughly 30 percent
of all mortality. The majority of SCDs occur in NSTEMI patients even after they have
received appropriate therapy. Implantable cardioverter defibrillator (ICD) is
recommended for those, whose ejection fraction is below 35%. It is also noted that the
chances of death is higher in a period of one month after suffering from an acute event of

MI (Koivunen et al., 2023).



2.1.2 Risk factors

Atherosclerotic lesion is one of the main culprits for development of MI. The formation
and disruption of this lesion is a chronic inflammatory process fuelled by high cholesterol
and low-density lipoprotein (LDL), reduced high-density lipoprotein (HDL) level,
hypertension, smoking and diabetes mellitus (Rafieian-Kopaei et al., 2014). Although
there are many non-modifiable risk factors like age, sex, race, environmental and genetic
predisposition, we can remove other risk factors through changing dietary habit, avoiding
alcohol intake and increasing physical activity (Koene et al., 2016). Several types of MI
are defined depending on the specific underlying pathology. Coronary thrombosis is the
most common cause of MI, followed by atherosclerosis that causes plaques to rupture or
erode. The second kind occurs in the absence of acute atherothrombosis and is caused by
an abrupt imbalance in oxygen supply or demand in the myocardium. SCD is linked to
the third through fifth categories even in the absence of an elevated blood biomarker or
revascularization treatments. Acute non-ischemic myocardial damage is a distinct kind of
acute myocardial injury that is devoid of ischemia. Increases in cTn that persist over time
indicate chronic myocardial damage. Moreover, different types of myocardial injury or
MI require different acute treatment strategies due to basic biologic differences. Patients
with the second kind have symptoms despite getting all preventative measures, whereas
the first type is more common in young male patients who are unlikely to receive lipid
lowering agents. As preventative use of lipid-lowering medicines has increased, new risk
factors have emerged. Arterial rupture is quite uncommon today, according to a new study
(DeFilippis et al., 2023; Reed et al., 2017). Cigarette smoking is a major contributor to
cardiovascular disease worldwide. A history of smoking for a prolonged time was found
in 64% of individuals with STEMI at their first presentation. Diabetes is the most rapidly
increasing chronic disease, and its increasing incidence in this STEMI group reflects this
upward trend. This rise is notable for both sexes. A STEMI patient with diabetes has a
greater risk of death and higher chance of suffering from future cardiovascular
complications than one without diabetes (Kazi et al., 2023). Platelet receptors are encoded
by 4 different genes: GPIBA, ITGB3, ITGA2, and P2RY12. Around eight polymorphisms
have been found in these MI-causing genes (Pina-Cabral et al., 2018; Sagris et al., 2022).



2.1.3 Pathophysiology

Acute MI are caused by coronary atherosclerosis and a thrombus in the lumen of an artery
in more than 70% of cases. MI may also be led by coronary spasm, embolism, or
thrombosis in healthy, nonatherosclerotic vessels (White & Chew, 2008). MI is another
name for a heart attack, which occurs when the blood supply to the heart is suddenly cut
off, causing damage to the heart muscle. When one of the coronary arteries supplying the
heart with oxygen and nutrients, become clogged, the reason is often the rupture of an
atherosclerotic plaque. Coronary arteries are located over the heart wall. In the
pathophysiology of MI, there are a few mechanisms that are particularly significant. The
formation of atherosclerotic plaques in the coronary arteries is the first step in the
development of a MI. Plaques are the deposits made up of cholesterol, fatty streaks, and
other substances that accumulate in the intimal layer of the artery walls. The greater the
size of the plaque, the higher the probability that it may rupture (Frantz et al., 2022).
When a plaque breaks, its contents are released into the circulation. These contents of
plaques like cholesterol and other fatty compounds can lead to the formation of a blood
clot at the site of the breach. As the plaque breaks, blood clots form at the site of the
rupture. If the blood clots become large enough, they have the potential to completely
block the coronary artery, so preventing blood from reaching the heart muscle. Ischemia
is a condition that arises when the oxygen and nutrients needed by the heart muscle are
unable to reach the muscle owing to a lack of blood flow. If the ischemia is severe and
continues for a protracted period of time, the heart muscle may suffer infarction, which
is the damage that cannot be reversed (Frantz et al., 2022; Leanca et al., 2022). Ischemia
initiates a chain reaction of events, one of which is an inflammatory response. This
response, in turn, attracts immune cells like macrophage and produces cytokines, all of
which play a part in the destruction and remodelling of tissue. Scar tissue develops to
replace damaged heart tissue, but this can have a detrimental effect on the ability of the
heart to contract and pump blood. Scarring can occur after any type of cardiac injury.
(Smit et al., 2020) The pathophysiology of a MI is influenced by a network of
interconnected cellular and molecular processes. The severity of the damage and the
patient's prognosis can be significantly improved with timely medical intervention, such
as therapy with reperfusion to restore blood flow. In addition, prolonged cardiac arrest
followed by resuscitation may cause global ischemia and reperfusion, which can lead to
concentric subendocardial necrosis (Lambert et al., 2008). However, myocardial ischemia
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leading to myocyte necrosis, causes inflammation, which depends on the length of the
occlusion, the time between occlusion and reperfusion, and the presence of collateral

circulation (Burke & Virmani, 2007).

2.1.4 Diagnostic Methods

Patients with MI have a propensity to develop left ventricular systolic dysfunction
(LVSD). Most patients with MI have unidentified and untreated coronary artery disease,
providing chances for commencement of evidence-based interventions with considerable
potential to enhance clinical outcomes (Bularga et al., 2022). The ¢Tn and the creatine
kinase MB isoform are two widely used biomarkers for the diagnosis of acute MI. After
permanent injury to the heart muscle, troponin leaks to the blood from necrotic myocytes.
Elevation of troponin combined with a chest discomfort of patient or changes in ECG
findings are diagnostic of MI. Clinicians may estimate the likely outcome of a heart attack
based on the amount of cTn, which is directly proportional to the extent of the infarct.
However, after reperfusion treatment, the washout effect might make the true troponin
level deceptive. The maximum peak concentration of troponin occurs at 12 hours and
persists for at least 10 days. Troponin has revolutionised the care of patients presenting
with chest pain via its use in detecting AMI and risk stratification to facilitate decision

making (Chan & Ng, 2010).

ECG is a tool for diagnosis that can record and analyse the electrical activity of the heart.
This recording and analysis may be done in real time (Ducas et al., 2016). During a M1,
alterations in the electrical activity of the heart can be observed by this device. The most

familiar ECG changes are observed ST segment elevation or depression, pathological Q



wave and inversion of T wave (Saleh & Ambrose, 2018). ECG displays these
characteristic patterns that are suggestive of myocardial ischemia or damage, which
allows for a rapid diagnosis of infarction. Alterations to the ST segment or the appearance
of Q waves on the electrocardiogram point to a problem in the area of the heart that is
being affected. The ST segment of an ECG, which spans the period between the S wave's
termination and the start of the T wave, should be at the same level as the baseline
(Schmitt et al., 2001). When a patient has infarction, the ST segment frequently
demonstrates either an elevation or a depression. On an ECG, Q waves are also crucial
and can give extremely helpful insight. The appearance of Q waves on an ECG indicates
that there is significant damage to the heart muscle. Q waves are not detected on a normal
ECG (Sgarbossa et al., 1996). An ECG may not only diagnose the heart attack, but also
it can determine the severity of heart attack. Besides, ECG is used to guide the treatment.
In the event, that the electrocardiogram indicates that the infarction process is still
ongoing, during that period more extreme measures may be required. Moreover,
electrocardiogram is one of the many diagnostic tests that are used in the process of
determining whether a patient has an infarction or not (Yusuf et al., 1984). The correlated
clinical symptoms like pain or discomfort in the chest, shortness of breath, or nausea
along with ECG changes indicate the most probable diagnosis of acute infarction, which

needs an urgent medical intervention (Saleh & Ambrose, 2018).

Echocardiography (Echo) is a type of cardiac ultrasonography (US), which determines an
abnormal heart wall motion and a decreased cardiac function or ejection fraction (EF).
These help to diagnose MI. However, echo is non-specific and prone to error, as the
experts are needed to perform the procedures and interpret the result (Panju, 1998). This
1s one of the popular non-invasive procedures, by which we can know the functional status
of the heart. An echocardiogram is carried out by placing a transducer on the patient's
chest or abdomen and then emitting the sound waves. These sound waves are allowed to
bounce from the patient's heart, and this resulting echoes are utilised to create an image
on a computer screen (Horowitz et al., 1982). The chambers, valves, and blood vessels of
the heart can all be seen in this illustration, as well as providing the details of the anatomy
and function of the heart overall. Echocardiograms can be performed in a variety of ways,
including transesophageal echocardiography (TEE), transthoracic echocardiography

(TTE), and stress echocardiography (Esmaeilzadeh & Parsaee, 2013). TTE is the method
7



that is performed the most frequently, because the transducer for the TTE is placed on the
patient's chest. When doing a TEE, a flexible tube that is equipped with a transducer is
placed into the oesophagus. This allows for the acquisition of an image of the heart that
is more precise than what is achievable with a typical echocardiogram (Santoro et al.,
1998). An echocardiogram may be conducted on a patient while they are excercising or
during pharmacological stress to detect stress-induced ischemia. Echocardiography is
able to identify a wide variety of cardiac conditions, including heart valve disease,
congenital heart defects, cardiomyopathy, and heart failure. In addition to this, it can
monitor how effectively a patient's treatment for heart disease is functioning (Mannaerts,

2004).

Computed tomography angiogram (also known as CTA) of coronary arteries is a
diagnostic technique that provides images of the coronary arteries and the heart by using
X-rays and a contrast dye. With its assistance, a diagnosis of MI can be made, and an
evaluation of the extent of the damage to the heart muscle can be evaluated (Nikolaou et
al., 2004). During a coronary CTA, a contrast dye is injected into blood vessels and then
X-rays are taken at regular intervals to monitor the dye as it travels through the circulatory
system of the body. It is possible that a narrowing or blockage of the blood flow to the
heart muscle can be seen by the images of the coronary arteries (Nieman et al., 2006). An
episode of heart attack is possible if there is a blockage that prevents blood from flowing
to the heart. CTA has the additional capability of revealing the extent of damage to the
cardiac muscle, in addition to determine the size and location of the infarction. With the
use of these data, clinicians may also be able to make a more accurate evaluation to select
the treatment modalities like introducing medication, angioplasty or stenting, or surgery,
by which the patient may receive the best benefit (Hoffmann et al., 2009). The CTA offers
an advantage over the other diagnostic procedures for heart disease in that it does not
need the insertion of a catheter or any other devices into the body. On the other hand,
there is an exposure to ionising radiation and the contrast dye might cause an allergic
reaction. The findings of diagnostic tests, such as CTA, and a comprehensive clinical
findings are used to diagnose MI and determine the appropriate course of treatment for

this condition (The SCOT-HEART Investigators, 2018).



2.1.5 Management

The gold standard treatment of MI is primary percutaneous coronary intervention (PCI)
which has to be done as soon as possible in the presence of an occluded coronary artery
(possibly within 90 min or less, not more than 120 min) (Reed et al., 2017). If there is no
option to perform PCI, thrombolytics should be administered immediately for life saving
purpose. These drugs convert plasminogen to plasmin for dissolving the clot and opens
the blocked artery to reperfuse the ischemic wall. The latest agents tissue plasminogen
activators (alteplase, tenecteplase, reteplase) and PCI have the greater efficacy in reducing
the mortality of MI. Medications like aspirin and nitro-glycerine are also introduced, and
oxygen is administered to raise the oxygen level in the blood and alleviate chest
discomfort and enhance blood flow to the heart. (Kunadian & Gibson, 2012). The
primary objective of treatment is to increase blood flow to the portion of the heart that is

compromised, thereby limiting myocardial damage.

Percutaneous coronary intervention (PCI) is performed when the vessels are clogged.
A tiny tube or a catheter is inserted in that specific coronary arteries through a small
incision in the groin or arm (femoral artery or radial artery cannulation) and steer it to the
blocked spot. When the catheter reaches the narrowed spot, a tiny balloon is inflated to
expand it, and a stent made of metal mesh is sometimes implanted to keep the artery open
(Grech, 2003). When plaque builds up and narrows the coronary arteries, limiting blood
flow to the heart muscle, is usually treated with PCI. Clinical correlation is also necessary
to evaluate this treatment option is suitable or not. PCI has a low risk of complications
and is often regarded as safe and effective. There is a chance of bleeding, infection, and
artery or blood vessel damage, but this is true of every medical operation (Serruys et al.,

2009).



Coronary artery bypass grafting (CABG) is another intervention that can be performed
to repair coronary arteries that have been blocked or constricted. Coronary arteries are the
channels that supply the heart muscle with oxygen and nourishment(Melly et al., 2018).
During the operation, a surgeon removes a blood vessel (graft) from another location of
the body, such as the chest, leg, or arm, and then use it to build a new pathway for blood
to flow around the section of the coronary artery that is obstructed or restricted. This will
allow blood to flow more freely (Green et al., 1968). Patients who have major blockages
in many arteries or in parts of the heart that cannot be treated with PCI, such as those with
heavily calcified or diffusely diseased arteries, are often candidates for CABG. This type
of surgery is also indicated for patients who have diffusely diseased arteries and involving
mainly the left main coronary artery. This coronary artery is the largest (Alexander &
Smith, 2016). The CABG procedure is conducted under general anaesthesia, and patients
must often stay in the hospital for several days after the procedure. There is a possibility
of bleeding, infection, and injury to the heart, lungs, or other organs with this procedure,
just as there is with any other type of surgery. CABG is usually regarded as a safe and
successful operation, and many patients report a considerable improvement in their
symptoms following the procedure However, there is a minimal chance of myocardial
damage and coronary thrombosis during the procedures of PCI or CABG (Serruys et al.,

2009).

Medications, such as beta blockers, angiotensin converting enzyme (ACE) inhibitors, and
statins, to lower cholesterol levels, lessen their impact on the heart, and prevent future
coronary artery disease (Reed et al., 2017). Modifications to a person's lifestyle, such as
adopting a heart-healthy diet, engaging in regular exercise, giving up smoking, and
learning to effectively manage stress, can help lower the risk of future heart attacks
(Anderson & Morrow, 2017). Cardiac rehabilitation, which may involve supervised
exercise, education on heart-healthy living, and counselling to help patients cope with the
emotional burden of having suffered a previous episode of attack. These are provided to
the patients in order to assist them in recovering from the effects of having suffered a

heart attack (Burke & Virmani, 2007).
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2.2 Macrophage

Macrophages have a crucial role in the onset and progression of MI. During M1, the heart
undergoes a repair reaction that consists of three overlapping phases: the infarction phase,
the inflammatory phase, and the proliferative phase (Lambert et al., 2008; Zhang et al.,
2021). Damaged cardiomyocytes and neutrophils are migrated to the infarcted zone
during the infarction phase, when they produce a plethora of inflammatory mediators that
are crucial for the later inflammatory stage. This is the natural reaction of the body to any
injury (Christia & Frangogiannis, 2013). The phagocytosis of dead cells, the removal of
debris, and the production of growth factors, cytokines, and other substances that govern
the healing process are all functions that macrophages execute following a MI. Two
primary kinds of macrophages may be distinguished based on surface markers and
functionality: classically activated M1 macrophage and alternatively activated M2
macrophage (Fadok et al., 1998; Martinez & Gordon, 2014). Tumor necrosis factor-alpha
(TNF-a), interferon-gamma (IFN-y), and lipopolysaccharide (LPS) all have a role in the
activation of MI1. The release of pro-inflammatory cytokines by activated MI
macrophages like interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12),
interleukin-23 (IL-23), inducible nitric oxide synthase (iNOS) and other cytokines and
chemokines play a role in promoting inflammation, tissue damage, and adverse
remodelling of the heart. Clearance of dead cells and cellular debris are facilitated by
inflammatory cytokines, which are secreted by M1 macrophages and NK cells during the
inflammatory stage (Martinez & Gordon, 2014). Tissue healing, collagen synthesis and
cell multiplication culminate in the proliferative phase, where anti-inflammatory M2
macrophages produce cytokines. Stimulating interleukin-4 (IL-4), interleukin-13 (IL-13),
and interleukin-21 (IL-21) results in the activation of M2 macrophages. In the subsequent
phase, anti-inflammatory cytokines such interleukin-10 (IL-10) and transforming growth
factor-B (TGF-B) and vascular endothelial growth factor (VEGF) are produced by M2
macrophages (Fadok et al., 1998). TGF- B and IL-10 may be able to stimulate
myofibroblasts into generating collagen, while VEGF may induce cell proliferation and
the formation of blood vessels (Shiraishi et al., 2016). Modulation of macrophages aids
in the healing of injured myocardium by increasing angiogenesis and decreasing

hypertrophy, fibrosis, and cell death (Mouton et al., 2018). On the other hand,
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inflammation that is both severe and long-lasting can sometimes lead to abnormalities in
cardiac remodelling and ultimately heart failure. As a consequence of this, there is
significant therapeutic potential in the manipulation of macrophage activity for the
imaging of MI (Cheng & Rong, 2018). Controlling macrophages in MI can be
accomplished in a few different ways, including restricting monocyte recruitment,
modifying the polarisation of macrophages, and boosting efferocytosis in macrophages

(Zhang et al., 2021).

2.3 Folate Receptor Beta

Folate receptors (FR) are made up of four different glycopolypeptides: folate receptor
alpha (FR-a), folate receptor beta (FR-B), folate receptor gamma (FR-y), and folate
receptor delta (FR-0) (Kelemen, 2006). Among them, FR-a and FR-B have been the
subject of a significant number of studies. Folate receptor p (FR-B) is a
glycosylphosphatidyl (GPI)-anchored plasma membrane protein being expressed on
myeloid lineage specifically on activated macrophages, but this is not the case in resting
macrophages (Jager et al., 2014). It is also referred to as the folate receptor 2. (FOLR2).
Macrophages have a strong attraction to folates, which is an important nutrient of our
body system also. A significant affinity for folate is shown by the transmembrane protein
FR- B. As a result, the feasibility of using imaging-based technique to study disorders
mediated by macrophages has been explored on these folate receptors (Steinz et al., 2022;

Warmink et al., 2022).

Placenta and hematopoietic cells are the only normal tissues that have considerable
expression of FR-B, while all other tissues have no evidence of this protein. Recent
research has shown that FR- 3 has also been identified in the synovial macrophages that
are present patients suffering from rheumatoid arthritis and leukaemia (Elnakat, 2004;
Ross et al., 1994). Physiologically, Folate is necessary for the formation and division of

cells, and FR-P is an essential component in the process of its distribution. FR-f is able
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to bind to folate to increase the amount of the folic acid that is absorbed by cells. In
addition to its fundamental role in folate transport, FR-$ has a role in a number of other

biological processes (Elnakat, 2004).

2.4 Imaging Modalities

2.4.1 Positron Emission Tomography

Clinical PET is an imaging modality within nuclear medicine that has elevated the field
to the forefront of patient care, particularly in Oncology, Cardiology and
Neuropsychiatry. It can measure myocardial perfusion and viability, which are essential
factor in the prognosis of any heart disease (Bailey, 2005). Accelerators and cyclotrons
are nuclear reactors that may create radionuclides. The bombardment of stable nuclei is
done by energy-rich protons. In nuclear reactions, several unstable nuclei are created.
Produced radionuclides are proton-rich and decay through positron emission or electron
capture. Positron produces PET imaging. Positrons are released by the disintegration of
the tracer, and they travel a short distance before colliding with electrons in the tissue and
being destroyed (Lameka et al., 2016). Two gamma rays are emitted 180 degrees apart
from one another. These photons are detected by a network of ring detectors around the
subject. When two or more detectors detect photons simultaneously, this is known as
annihilation coincidence detection (ACD). The ACD is identified using scintillation
detectors (Figure 1). If the annihilation happened near to the line joining the directions of
two photons, a single detector ring will catch the photon, and the scanner's coincidence
circuitry will identify the line in space along which the positron was destroyed. The

information is saved in the computer, which creates transverse pictures using filtered back
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projection. Finally, the slice of interest is rendered visually (Muehllehner & Karp, 2006;
Raichle, n.d.).

@ Y =511KeV

L,

Y = 511KeV

Figure 1. When a positron annihilates an electron in a particular tissue, the resulting
gamma rays (511 KeV) can be collected up by scintillation detectors located in the PET

scanner. (KeV = kilo-electron-volt) Images are recreated from (Kim et al., 2013)

PET investigations provide for an exceptionally fine level of visualisation of the body's
internal organs and tissues. The ability to detect diseases and conditions at an earlier stage,

when they are more curable, is one of the primary benefits of PET scans. PET scans are
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commonly utilised in the staging process for cancer, which is critical for determining the
course of the illness and formulating an efficient treatment approach. In addition to this,
it may be used to monitor the effectiveness of treatments such as radiation and
chemotherapy (Jin et al., 2022). This technique may also be applied in clinical trials and
research inquiries to advance our understanding of diseases and the identification of
feasible treatments. When it comes to medical imaging, PET scans are an extremely
helpful tool that can diagnose and treat a wide range of diseases and conditions. The use
of PET scans, on the other hand, should be examined on a case-by-case basis because,
similar to other types of medical tests, they come with their own unique set of limitations

and potential risks (Hegi-Johnson et al., 2022).

PET scans have the potential to provide both false positive and negative results. False
positive results may result in testing or treatment that is not necessary, whilst false
negative results may cause a delay in diagnosis and treatment. During a PET scan, a small
amount of radioactive tracer is administered into the patient's body, and as a result, the
patient may be subjected to radiation (Jiang et al., 2019). The patient's long-term risk of
cancer may be increased as a result of radiation treatment; nevertheless, the doses used
are far within the safe range. PET scans could come with a hefty price burden. If patients
want to have a PET scan done, they might have to travel far away to a facilities that
specialises in the procedure. It's possible that the subjects may be needed to abstain from
medications and fast for many hours before getting a PET scan. It's possible that some
individuals might experience an unfavourable reaction to the tracers used in PET scans
(D. W. Townsend, 2008). Before PET scans are performed, a medical professional ought
to thoroughly examine both the potential downsides and positive aspects of doing so,
despite the fact that these scans have their applications. Before undergoing procedure,

individuals should take certain precautions about any hazards (Kim et al., 2013).
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2.4.2 Computed Tomography

CT scans take x-rays of a patient from several angles, which frequently shoot rays out in
a fan or parallel direction to the patient's body, to provide a thorough image of the region
of interest. The 2D data is then processed by a computer to generate numerous picture
slices. Each 2D slice multiplied by its thickness generates 3D voxels, or cone beams,
which, when assembled by computer processing, provide 3D representations of the

scanned region of interest (Hampel, 2022).

CT scan is a type of medical imaging that uses computer technology along with X-rays
to produce images of the body that are cut into cross-sections. The scanner consists of an
X-ray tube, which generates a focused beam of X-rays, and a detector, which detects the
radiation after it has passed through the body of a subject. Together, these two
components allow the scanner to create three-dimensional images. The subject is placed
in the core of a spinning gantry that also contains the X-ray source and detector
(Fleischmann & Boas, 2011). The amount of X-rays that are absorbed by various regions
of the body as the beam moves through the body is determined by the tissue density of
those sections of the body. The density of the tissue that is being captured has a direct
impact on the amount of attenuation, or weakening or loss in strength, that an X-ray beam
experiences. More X-rays are absorbed by dense tissues, such as bones, than they are by
soft tissues, such as muscles or organs. After passing through the body, the X-rays are
picked up by the detector, which then converts the readings into electrical impulses. The
information is gathered by the CT scanner and then sent to a computer for processing.
The information is then put through a series of intricate computations on the computer,
which result in the generation of cross-sectional images that are anatomically accurate.
The attenuation of the X-rays at different locations in the body must be mathematically
computed, and then the information is utilised to construct precise images of the internal
structures. CT scan produces high-resolution, three-dimensional images of the human
body. These images enable a medical professional to make an accurate diagnosis of a

wide range of diseases and injuries (Cantatore & Miiller, n.d.; Kalender, 2006).
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CT scans are able to provide images that are extremely detailed, allowing for a more
accurate diagnosis of medical issues than other imaging technologies. CT scans produce
images of internal body structures and organs. Moreover, CT scans can be conducted in
a matter of minutes and are reasonably speedy, because of that they enable medical
professionals to quickly diagnose and treat a variety of medical conditions (Garvey,
2002). Unlike some other medical imaging procedures, CT scans are non-invasive and do
not involve any incisions or introduction of tools into the body. This imaging modalities
are an extremely helpful diagnostic tool for a broad variety of medical disorders. CT scans
have the potential to be highly helpful in the early detection of cancer, which in turn
enables earlier treatment and improves the patient's chances of recovery. It is widely
agreed that CT scans are safe and have only a minimal threat of having unintended

consequences (Smith-Bindman, 2010).

However, CT scan has some drawbacks also. Ionizing radiation emitting during scanning
process has been linked to an increased likelihood of developing cancer. The quantity of
radiation exposure received by the patient is determined by the type of scan performed,
and also depends on the part of the region that is being scanned, as well as their age and
gender (Withers et al., 2021). It is possible for some individuals to experience an allergic
response to the contrast dye that is used in CT scans. The symptoms might range from
something as simple as moderate itching and hives to something as severe as dyspnea.
People who already have compromised renal function or who are given extremely high
doses of the contrast dye that is used in some CT scans are at risk of experiencing kidney
damage as a result of the dye. It is possible for some individuals to have feelings of anxiety
or claustrophobia during a CT scan, particularly if they are required to remain in a
confined space for a lengthy amount of time. CT scans may be rather expensive, and they

can occasionally yield false positive findings (Brenner, 2007).
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2.5 Digital Autoradiography

In the field of biomedical research, ARG is a method that is utilised to visualise the
distribution of radioactive substances within tissues. It includes subjecting a sample of
tissue or a biological specimen to a radioactive material, such as a radiolabelled molecule
or a radioactive isotope, and then capturing the pattern of radiation generated by the
sample using X-ray film or another imaging technology. ARG locates radionuclides in ex
vivo and in vitro tissues. This experiment uses ARG using phosphor plates. Small barium
fluorobromide and divalent europium generate a lattice of phosphor plates that trap
electrons in bromine-free regions. Following ex vivo sectioning after PET imaging or in
vitro incubation in the radiotracer, radioactive tissue is put near the phosphor plate for
exposure. The tissue radiation ionises europium, releasing electrons into the bromine
vacancies in the phosphor plate lattice. Electrons are liberated from vacancies by
excitation with a laser beam in a scanner, and europium releases UV photons when it
returns to its divalent ground state. UV photons are digitalized to display the radioactive

source's location (Barthe et al., 2020; Fanchon et al., 2015).

ARG is a potent technique that may be utilised for the investigation of the distribution of
molecules inside tissues, as well as for the visualisation of the effects of medications,
poisons, or other agents on biological systems. The sample of tissue or biological
specimen is subjected to a radioactive material that has been labelled with a radioactive
tracer, such as a radioisotope or radiolabelled molecule. This allows the radioactive
substance to be detected using the radioactive tracer. The tracer is absorbed by the cells
in the sample, and it subsequently becomes a part of the biological molecules that are
being investigated (Barthe et al., 2020; Zeissler et al., n.d.). The sample is then fixed and
immersed in a medium that will give support for the sample throughout the future imaging
process. This is done so that the sample can be imaged accurately. A piece of film or a
radiation-sensitive detector is brought into contact with the sample before the analysis
can begin. After that, the film or detector is subjected to the radiation that is released by
the radioactive tracer that is contained within the sample. The images of the distribution
of radiation released by the radioactive tracer in the sample is then produced by

developing the film or detector. Nevertheless, the method has a few drawbacks, including
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the risk of being exposed to radiation and the difficulty in accurately determining how
much of a radioactive tracer is present in a given sample.(Fanchon et al., 2015; Lear et

al.,, n.d.).

There are several similarities between phosphor screen technology and film
autoradiography. Both involve storing energy using a sensitive region that must come
into direct touch with the sample initially. The beta electrons' deposited energy is stored
in the material's lattice flaws throughout this exposition phase. After this initial exposure,
the images are revealed, either chemically for film or optically for a phosphor screen.
There is no way to verify the present degree of exposition due to the fact that exposition
and revelation are handled separately. Especially in preliminary studies where the degree
of activity is uncertain, this often results in insufficient or excessive exposure. From a
practical standpoint, this is a benefit since up to several hundred samples may be exposed
in parallel and disclosed one at a time, with the revelation phase taking far less time than
the exposition stage. Barium fluorobromide grains, which typically make up phosphor
screens, have been shown to contain small amounts of divalent europium. Europium
atoms play no direct role in the energy storage phenomena. Typically, bromine vacancies
act as electron traps and contribute to the lattice defects. Electrons created when beta
particles penetrate the sensitive layer and ionise europium atoms are then trapped in the
vacancies in bromine. These snares are metastable states that can endure for long time,
allowing for extended periods of exposure. In the case of ultraweak activity samples,
where the mean time between ionisations is on the order of the lifespan of the metastable
state, there is a limit on how long one may expose the material to radiation. When this
happens, the signal is no longer linear in terms of activity or exposition time, and the
screen tends to lose as many charges as it creates (Béack & Jacobsson, 2010; Fichet et al.,

2012; Johnston et al., 1990).

The density of bromine vacancies and the density of europium atoms are closely
connected to the quality of the phosphor screen. For instance, if there is an abnormally
high density of vacancies, the lifespan of electron traps tends to diminish, and the
sensitivity lowers because of the increased rate of recombination of electrons with ions.
The picture on a phosphor screen can only be seen when europium ions have been

introduced. This breakthrough is no longer chemical, but rather optical. Exposed light
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causes the phosphor screen's trapped electrons to be released into the conduction band,
where they will remain until they collide with an ionised atom of europium. Next, the
electron and europium recombine, and the latter transitions back to its ground state while
giving off a UV-blue photon. Screen features like grain size in a phosphor screen and
overall thickness of a sensitive layer have just as much of an impact on spatial
performance as the scanning device itself. Optical fibres or a lens focused on the laser dot
gather the UV light, which is then converted into a digital signal on a photomultiplier.
(Fichet et al., 2012; Johnston et al., 1990; Lear et al., n.d.)

2.6 Al[* FJF-NOTA-Folate

Aluminum18F-labeled1,4,7-triazacyclononane-N,N’,N"-triacetic acid conjugated folate
(AI['"*F]JF-NOTA-Folate) is a PET tracer targeting folate receptor beta. It is labelled with
'8F (Figure 2). Although a number of other radionuclides have been used effectively in
PET imaging, '*F is often chosen as the radionuclide of choice due to the fact that it has
optimal physical properties. It has a physical half-life that is reasonably lengthy (109.8
minutes), which makes it possible for '®F-labelled tracers to be distributed to clinics after
centralised synthesis. It has the perfect amount of positron energy, with a maximum

energy of 0.635 MeV and an average of 0.25 MeV. Because of its high likelihood of § +

A

N~
O. OH O-.
oY JLCSF‘ADN
0 O
o)

0
N
N
=~ ~
H,N" N7 N

Al['8F]F-NOTA-folate

Figure 2. Structure of PET tracer
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emission (97%) and relatively low tissue energy deposition, it is capable of producing

high-resolution pictures.

New FR-targeted PET tracers with faster preparation times, higher radiochemical yields,
or increased specific activity are needed, despite the fact that numerous '*F-labeled FR-
targeted PET agents have previously been synthesized and evaluated in preclinical trials.
That’s why our interest to perform our pre-clinical study in the field of FR-targeted PET
imaging (Chen et al., 2016).

2.7 Immunostaining

Immunostaining is used in the search for antigens in cells and tissues, including amino
acids, proteins, infectious agents, and particular among cellular populations. The method
consists of two parts, including preparation of the slides and stages of the reaction, as well
as interpretation and quantification of the acquired expression. It is a vital tool for
scientific study, as well as a complementary method for elucidating differential diagnoses
that cannot be determined by traditional H&E staining (De Matos et al., 2010). Here we
will use anti CD68 antibody and anti-FR-f antibody for immunostaining or receptor of

interest on macrophage.

Immunostaining is a method that is performed to identify particular proteins or other
molecules that are located inside of cells or tissues. Utilizing antibodies that are able to
attach selectively to the molecule of interest and then utilising a variety of techniques to
see the location of the antibody are both required steps in this process (Richter et al.,
1999). In order for staining to be successful, the cells or tissue slices need to be
appropriately prepared. Fixing the cells or tissue to preserve them and permeabilizing the
cells to enable antibodies access to the components found inside the cells are both the
leading steps in this process (Suthipintawong et al., 1996). It is necessary to block the

sample with a protein solution, which is commonly produced from animal serum. This
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will prevent the antibodies from attaching in a manner that is not specific to the target.
The sample is given the opportunity to attach to the target, after which a primary antibody
is added to the mixture. This antibody has been shown to selectively bind to the molecule
of interest. Primary antibodies can be either monoclonal or polyclonal in nature, and for
purposes of detection, they can be attached to either a fluorescent or an enzymatic label.
The main antibody is followed by the addition of a secondary antibody that is specific to
the primary antibody. This secondary antibody is frequently attached to a label like dye
or enzyme, that may be used to visualise the position of the primary antibody in the
sample. This allows the location of the primary antibody to be identified. Depending on
the type of label that was used, the secondary antibody that was labelled can be detected
utilising a variety of different methods (Ribichini et al., 2006; Richter et al., 1999;
Suthipintawong et al., 1996). Immunostaining is a useful technique that allows one to see
certain proteins or other molecules within cells or tissues, which can then be used to

examine how they are distributed and where they are located (Pifia et al., 2022).
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3. AIMS AND HYPOTHESES

D

1))

110)

The first aim of the project was evaluation of the uptake of FR-P targeting
PET tracer Al['®F]JF-NOTA-Folate in a rat model of MI using ex vivo digital

ARG and immunostaining.

The second aim of this project was the biological evaluation of Al[!®F]F—
NOTA-Folate tracers in MI rat model and the sham-operated rat model at
three different time points through ex vivo digital ARG. Our hypothesis was
that the tracer uptake is increased in the infarcted regions. The activity of
radiotracer should show little to no activity in the remote area in case of MI

model and all regions of the heart wall in case of sham rat model.

To prove the colocalization of macrophages and Al['*F]JF-NOTA-Folate,

immunostaining was done with anti-CD68.
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4. MATERIALS AND METHODS

4.1 Radiosynthesis of Al['* FJF-NOTA-Folate

According to the standard protocol, the radiotracer AI['3F]JF-NOTA-Folate was
synthesized upon the basis of procedure radiolabelling with AI['*F]F, The time period for
the total procedure was 77-88 min followed by the bombardment. It began with an
incubation step including aluminium chloride (AICls) and ['®F]-fluoride. The ingredients
were then subjected to a 100°C heating process while NOTA-folate was added. In order
to identify the radiolysis product, a high-performance liquid chromatography (HPLC) test
was carried out. Phosphate-buffer saline (PBS; pH 7.4) was used as the medium for the
incorporation of ®F-FOL. This medium included 8% ethanol and 4-7% polypropylene
glycol. Even after a total of four hours of radiosynthesis, radiolysis products were
unidentified. The purity of the radiochemical was maintained over 95% and molar activity

was 52 + 22 MBg/nmol (n = 6).

4.2 Surgical Intervention to Prepare Rat MI Model

Before commencing the surgery, the operative area as well as all surgical tools were
sterilised properly. We used glass bead sterilizer (Agntho's AB, Sweden) for sterilizing
before each experiment. The heating pad of the rat was kept at a constant 37° + 1°C. Body
temperature also has a role in determining the severity of an infarction. Prior to the
surgery, the rats underwent a series of checks, including a visual examination, heart rate
monitoring, temperature, and weight monitoring. If everything was uneventful, the rats
were proceeded to surgery. Firstly, buprenorphine (Bupaq Multidose vet 0.3mg/ml,
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Richter Pharma) 0.04 mg/kg was injected subcutaneously
before surgery and subsequently every 8 hours up to the 3
post-operative day as an analgesic. We administered
carprofen 5 mg/kg (Rimadyl vet 50mg/ml, Zoetis Finland
Oy) and midazolam 1 mg/kg (Midazolam-Hameln 5 mg/ml,

Hameln Pharma) subcutaneously as pre-anaesthetic

medications. After 10 minutes, we induced anaesthesia by
Figure 3. (1) Infarcted area in the

myocardium, (2) location of giving ketamine 45 mg/kg (Ketaminol vet 50 mg/ml, MSD
ligation by suturing in left anterior . L.
descending artery Animal Health) and medetomidine 0.25 mg/kg (Cepetor vet

1 mg/ml, Vetmedic) intraperitoneally. The surgical region was prepared by first shaving
the rat completely from the neck down to the chest, and then we disinfected the area with
povidone iodine (Betadine 75 mg/ml, Takeda Oy) and 70% ethanol solution. Finally,
lidocaine 7 mg/kg (Lidocaine 10 mg/kg, Richmond Vet Pharma) was injected
subcutaneously at the surgical site to relieve any discomfort. After that the rat was
intubated and connected to a mechanical ventilator. The left ventricle was exposed first,
therefore an incision was made at the left 4th inter-coastal gap. Then the ribs were
stretched using a chest retractor. Isolating and ligating the left anterior descending artery
(LAD) resulted in an infarction throughout the anterior wall of the heart (Figure 3).
Myocardial tissue blenching proximal to the suture or malfunction of the anterior wall
was an indicator for successful LAD ligation. For the sham-controlled rat, all the
procedures were the same except that the LAD was not ligated. After the operation, air
was evacuated from the chest cavity by using a sterile syringe and the chest wall was
closed by suture. Then we administered Atipamezol hydrochloride 1 mg/kg (Antisedan
Vet 5 mg/ml, Orion Pharma) for reversing anaesthesia. The rat's temperature and other

vitals were monitored before it was placed in a cage to rest and recuperate.
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4.3 In Vivo PET/CT Imaging

Total 32 rats were scanned and sacrificed for organ collection. Animals were scanned 3
days, 7 days and 90 days post-MI. For the Day-3 study, 7 rats from LAD group and 6 rats
from sham group were scanned. Similar scans were performed on 4 LAD ligated rats and
5 sham rats after 7 days, and on 6 LAD ligated rats and 4 sham rats after 90 days post-
operation. Inveon Multimodality small animal PET/CT scanner (Siemens Medical
Solutions, Knoxville, TN, USA) was used for in vivo PET/CT imaging. On the first
session, a dynamic PET/CT scan was performed with ["*F]JFDG to detect functional
compatibility. On the following days, we performed PET scan with Al['*F][F-NOTA-
Folate tracers, which was injected through the tail vein of the rats. A 60-min dynamic
PET acquisition and a 10-min static PET acquisition starting 30 min after injection was
performed under isoflurane (Attane vet 1000 mg/g, Vet Medic Animal Health Oy)
anaesthesia. Before beginning the PET imaging, a CT scan lasting ten minutes was carried
out for the purpose of obtaining anatomical references and correcting attenuation. At 60
minutes after the radiotracer injection, the rats were euthanized, and their organs were
extracted in pre-weighted test-tubes in order to measure their weights by measuring scale
and radioactivity by using a gamma counter. The hearts underwent histopathological and
immunohistochemistry staining as well as ARG analysis after being transported to the

Histocore faciility in Medisiina D.

4.4 Ex Vivo Digital Autoradiography

After performing the PET scan with Al['®F]JF-NOTA-Folate tracers, the rat hearts were
processed by the histocore department situated in Medisiina D, University of Turku for
digital autoradiography (ARG) film plate (Fujifilm, Tokyo, Japan) preparation. 20um and
8um cryosections of heart was prepared and preserved at -70° C for further Hematoxylin
and Eosin (H&E) staining and CD-68 staining. After exposure time (approximately 4
hours) the plates was scanned by Fuji Film BAS-5000 scanner (Fuji Tokyo, Japan) in
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Medisiina C. the images were saved as digital image in .inf and .img formats. Later on
the images were processed by by Aida Image Analyzer v.4.50 (Raytest
IsotopenmefBgerdte GmbH).

4.5 Hematoxylin-Eosin Staining

The preserved slides were sent to histocore department situated in Medisiina D,
University of Turku for Hematoxylin and Eosin staining. 4 slides comprising 20 pm
cryosections of heart were used for staining. As the sections were cut transversely, we
used different horizontal levels of tissue sections to investigate all regions of infarction.
Then the stained slides were scanned by Pannoramic 1000 scanner (3DHistec Ltd.,

Budapest, Hungary) to prepare digital images for further image analysis.

4.6 Immunohistochemical CD68 Staining

The slides were preserved at -70° C in a freezer, from where those were sent to histocore
department situated in Medisiina D, University of Turku for CD-68 staining. Around 10
to 12 sections of two slides of each rat were used for this purpose. We employed various
horizontal levels of tissue slices to study all locations of infarction since the sections were

cut transversely. Then the stained slides were scanned by Pannoramic 1000 scanner
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(3DHistec Ltd., Budapest, Hungary) to prepare digital images for further image analysis.

This will specify the presence of activated macrophage in the inflamed myocardium.

4.7 Autoradiography Image Analysis

Digital ARG images was pre-prepared by Aida Image Analyzer v.4.50 (Raytest
IsotopenmeBgerdte GmbH). Then Pannoramic Viewer (3DHistec Ltd., Budapest,
Hungary) was used to set the magnification of 1:64 for H&E images, which was opened
by GIMP 2.2 (www.gimp.org) later on to draw the regions of interest (ROIs).
Subsequently, the ROIs of H&E images was superimposed over ARG images to draw the
contours. After that, contours were redrawn over ARG images using TINA (Ravtest
Isotopemessgerite, GmbH, Straubenhardt, Germany) software, which gave us the
radioactivity of ROIs in photostimulated luminescence per square millimetre, or
PSL/mm?. The data was then be exported to Microsoft Excel Worksheet (Microsoft
Office 365, 2022) for statistical analysis. We drew ROIs that covered the whole infarcted
zone of a section in the LAD-ligated rat. Another ROI was drawn in the distant area over
the posterior or medial wall. In the instance of the sham-operated rat, we drew one ROI
over the anterior wall and another ROI over the medial or posterior wall that was identical
to the LAD group. ARG analysis was performed on slides 1, 2, 13, and 14. We examined
four sections from slides 1 and 2, which included the basal and midzones of the heart.
Moreover, we examined about two portions from each slide in the apical zone (slide no
13 and 14). We have ignored the fibrotic region and considered just the infarcted one in
case of Day-90 time point. We also draw ROIs in sham group devoid of injured area.
Additionally, while drawing the ROIs we avoided the papillary muscle and focused over

the myocardium.
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4.8 Image Analysis of CD68 Staining

The CD68 stained slides was analysed firstly by using Pannoramic Viewer (3DHistec
Ltd., Budapest, Hungary) and GIMP 2.2 (www.gimp.org). For this purpose, we selected
slides 10 and 22. Slide 10 had sections around the basal area, whereas slide 22 had
sections from the apical zone. We separated the infarcted part and a region of a remote
area (medial and posterior wall) from the sections of LAD group. Similarly, from the
sham group, we removed areas of the anterior wall and some of the medial and posterior
walls. Then the processed parts underwent through image deconvolution plugin of Fiji,
National Institutes of Health, U.S. This plugin calculated both stained and unstained area
of the myocardium in pixel value. We also avoided the papillary muscle and injured

muscle or pericardium of sham-operated group.

4.9 Experimental Animals

Adult male rats of the Sprague-Dawley strain that are 8 to 10 weeks old and weigh
between 250 and 450 grams were utilised for the experiment. A total number of 32 rats
were used for the experiment. The animals were housed in The Central Animal
Laboratory, University of Turku, Turku, Finland. The temperature was regulated between
18 and 24 degrees Celsius, while the relative humidity was controlled between 40% and
70%. The air in the room was changed around 10—15 times per hour, and the rats were
housed in vented cages (IVC, Techniplast, Buguggiate, Italy). In these cages, the air was
changed approximately 70 times an hour, where the rats were inlaid with autoclaved
aspen chips (Tapvei Ltd, Harjumaa, Estonia). The RM3 (E) Soya Free diet (Special Diets
Services, Essex, UK) and autoclaved tap water from the public supply (Turun vesilaitos,
Turku, Finland) were given to the rats as their sources of nutrition. In this study, three
scans were performed at predetermined intervals. There were 7 (n = 7) LAD ligated MI
and 6 (n = 6) sham-operated control rat models for the Day 3 time point. During the Day
7 time point, there were 4 (n = 4) rats in the LAD group and 5 (n = 5) rats in the sham
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group; and at the Day 90 time point, there were 6 (n = 6) rats in the LAD group and 4 (n
= 4) rats in the sham group (Figure 4). All experiments on animals were performed in
compliance with the applicable European Union regulation and with the approval of the
national Project Authorization Board in Finland and carried out in compliance with the

European Union Directive 2010/EU/63 on the protection of animals used for scientific

purposes.

«— LADligation =  MI Model

% Sham operation wp Sham Model

Post-operation days

$ $

Total number (n) of rats used in the experiment

H & E staining
Digital Autoradiography
Anti-CD68 staining
Total number of sections used for image analysis

H & E staining
images
Digital Autoradiography
images
Anti-CD68 staining
images

Figure 4. Study flow chart, (figures are recreated from www.unil.ch and

www.genetargeting.com)

30


http://www.unil.ch/
https://www.genetargeting.com/

4.10 Statistical Analysis

The data was shown as a mean value and standard deviations. In order to compare
normally distributed data, student’s t testing was used. The statistical analysis was
performed using Microsoft Excel Worksheet (Microsoft Office 365, 2022), with the
significance level set at a P value of less than 0.05. After analysing the digital ARG
images, infarcted region of both LAD and sham group was compared with two tailed
student’s t test. Besides, the remote zone of both group in a specific time point was also
compared with same test. Then the P values were obtained. Additionally, the data
gathered from infarcted area of both LAD and sham models in CD68 stained images were
analysed by the same two tailed student’s t test. Remote regions were analysed separately.

Data from a particular time points were considered separately.

After gathering all data from infarcted region of all LAD groups from all time points in
both digital ARG images and CD68 stained images were correlated with Pearson’s
correlation test. This correlation test was performed in IBM SPSS Statistics (version 29.0;
IBM Corp.). Positive R value was considered as positive correlation. Similarly, as before
mentioned, P value less than 0.05 was considered as significant. The correlation between
all the three time points of ARG analysis and CD68 staining analysis were compared by
using ANOVA test through GraphPad Prism version 9.5.1, where positive F value
determined positive correlation and P value of less than 0.05 indicated significance.
Tukey’s multiple comparison test was also done to compare the paired relation between
two timepoints where the significance level also adjusted at a P value of less than 0.05.
This comparison tests were also performed in GraphPad Prism version 9.5.1. All graphs

and tests were presented with the same GraphPad Prism version 9.5.1.
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5. Results

5.1 Visual Uptake of Al["*  FJF-NOTA-Folate

We found that uptake of FR-P targeting PET tracer Al['SFJF-NOTA-Folate was
increased in infarcted myocardium. This was observed in different imaging modalities
employed in this experiment. The digital ARG images of the LAD group showed clear
uptake of the tracer over the infarcted area of the heart sections. This was visually
identifiable when the H&E-stained slides were compared. The remote zones specifically
over the medial and posterior wall of the heart showed minimal uptake of the tracer. These

features were seen over all time points (Figure 5).

Day 3 Day 7 Day 90

= v/ region =

Figure 5. A) H&E images of LAD group showing MI region and remote area 3 days after
LAD ligation; B) ARG images of corresponding section of A showing uptake of

AI["®FJF-NOTA-Folate along the MI region; C) and D) H&E images and corresponding
32



ARG images of LAD group showing MI region and remote area 7 days after LAD

ligation; E) and F) H&E images and corresponding ARG sections of LAD group at Day
90 time point.

In case of the sham operated rats, the heart sections showed similarly minimal uptake of
the radiotracer over all areas of the heart. Moreover, the images had obtained at 3 distinct

time-points showed the same distinguishable findings visually. (Figure 6)

Day 3 Day 7 Day 90

m) Mi region

Figure 6. A) H&E images of sham group showing MI region and remote area 3 days after
sham operation; B) ARG images of corresponding section of A showing no to low uptake
of AI["*FJF-NOTA-Folate along the MI region; C) and D) H&E images and
corresponding ARG images of sham group showing MI region and remote area 7 days
after LAD ligation; E) and F) H&E images and corresponding ARG sections of sham
group at Day 90 time point.
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Images stained with CD68 revealed positive staining in myocardial regions that showed
uptake of AI['SF]JF-NOTA-Folate, as they related to the digital ARG images. The
infarcted regions of the LAD group showed positive CD68 staining (Figure 7). However,

the remote zones of the LAD group were remained unstained.

Day 3 Day 7 Day 90

Figure 7. A) CD68 stained images of LAD group showing MI region and remote area 3
days after LAD ligation; B) 7 days after LAD ligation, CD68-stained images of the LAD
group reveal the MI region took higher staining than the remote area.; C) CD68 stained
sections of LAD group at 90 days timepoint.
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Moreover, all areas of the sham group showed no positive staining. It was not

distinguished even zooming in the images (Figure 8).

Day 3 Day 7 Day 90

. |
A A2 A R
) L

= v region |:>

Figure 8: A) CD68 stained images of sham group showing MI region and remote area 3
days after sham-operation; B) 7 days after operation, CD68-stained images of the sham
group reveal the both the MI region and the remote area have minimal staining; C) CD68

stained sections of sham group at Day 90 time point.
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5.2 Ex Vivo Digital Autoradiography

The digital ARG images of the heart sections were analysed to find the uptake of
AI['8F]JF-NOTA-Folate along the different regions of heart wall. The radioactivity of the
infarcted zone and the remote areas of the LAD groups were evaluated. For the sham-
operated rats the uptake of tracer along the infarcted areas (antero-lateral wall) was also
assessed and compared with the remote areas. Furthermore, both the infarcted zones and
the remote areas from both LAD and sham groups were analysed statistically to obtain P

value.

AI['®FJF-NOTA-Folate ARG
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Figure 9. Autoradiography analysis 3 days after operation

At 3-day post-MI, the binding of Al['®F]JF-NOTA—Folate along the infarcted zones of the

LAD group was expressed in PSL/mm? values, with an average value of 420.70 + 135.81
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PSL/mm? (n = 7). By contrast, the infarcted regions of sham group showed an average
value of 105.37 + 42.80 PSL/mm? (n = 6), with a P value of 0.0004. In addition, the
remote areas of both LAD and sham group showed an average lower uptake of Al[!®F]F—
NOTA-Folate (177.70 + 121.79 PSL/mm?, n = 7 vs. 74.81 = 31.62 PSL/mm?, n = 6; P
=0.091) (Figure 9).

Seven days after MI, the AI['®F]JF-NOTA-Folate binding was quantified over the
infarcted zones of the LAD group, and the average value of this expression was found to
be 279.87 + 89.72 PSL/mm? (n = 4). In contrast, the identical region in the sham group
exhibited an average uptake of 90.86 + 23.10 PSL/mm? (n = 5), yielding a statistically

significant P value of 0.005. Furthermore, it was observed that the remote regions of both
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Figure 10. Autoradiography analysis 7 days post-operation
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the LAD and sham cohorts exhibited a mean reduction in the uptake of AI['*F]JF-NOTA-
Folate (88.44 + 46.52 PSL/mm? n = 4 vs. 78.41 + 13.31 PSL/mm?, n = 5; P = 0.698
(Figure 10).

Digital ARG images of Day 90 post-MI revealed a mean higher uptake of Al['®F]F—
NOTA-Folate in the MI regions of LAD group in comparison to the identical site of
sham-operated heart sections (205.49 + 66.21 PSL/mm? n = 6 vs. 50.40 + 10.03

PSL/mm?, n=4; P =0.003). In both groups the remote zones showed lower radioactivity.

AI['®F]JF-NOTA-Folate ARG
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Figure 11. Autoradiography analysis 90 days post-operation

56.99 + 8.71 PSL/mm? in LAD group (n = 6) and 48.04 + 9.53 PSL/mm? in sham group
(n =4) where P value was not significant (P = 0.208) (Figure 11).
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5.3 Image Analysis of CD68 Staining

CD68 stained images were analysed to determine the stained area across the infarcted
zone and remote area. The stained area was expressed in percentage (%) in relation to the
total infarcted area and a specific part of remote area. The average stained part of a
particular area was evaluated by this method. Regarding the sham operated rat, the
percentage (%) of stained area was calculated in relation to a part of antero-lateral wall
and a part of posterior or medial wall, which determined the infarcted zone and remote
area respectively. The stained area provided insight into the macrophage population that

had accumulated in that region.

CD68 staining

*kkk

* %k
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Figure 12. CD68 analysis 3 days after operation
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The average area % of CD68 positive staining along the infarcted zones of the LAD group

at 3 days post-MI was 19.35 + 2.96% (n = 7). A mean stained region of 0.99 + 0.46% (n

= 06), with a P<0.0001, was seen over the infarcted areas of the sham group. Furthermore,

the average stained part was similar across the LAD and sham groups in the remote

regions (1.55 +0.55%, n =7 vs. 0.67 = 0.28%, n = 6; P = 0.008) (Figure 12).
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Figure 13. CD68 analysis 7 days post-operation

The area of staining that was detected over the infarcted zones of the LAD group was also

assessed 7 days after the MI, and the average value of this expression was determined to

be 12.07 +3.08% (n=4). The similar region in the sham group, on the other hand, showed

an average stained portion of 1.60 + 0.57% (n = 5), which resulted in a P value that was

statistically significant at 0.0003. In addition to this, it was found that the remote areas of
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both the LAD and sham groups demonstrated a mean drop in CD68 staining (2.53 +
0.85%,n=4vs. 1.47 £ 0.45%,n=15; P=0.073) (Figure 13).
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Figure 14. CD68 analysis 90 days after operation

CD68 stained images of Day 90 post-MI indicated a significantly greater mean stained
area in the MI regions of the LAD group as compared to the similar location of sham-
operated heart sections (2.60 = 0.74%, n =6 vs. 0.70 £ 0.32%, n = 4; P = 0.003). This
was seen in comparison to the MI regions of the sham-operated heart sections. In both
groups, the remote zones had a decreased uptake of the stain, with a value of 0.83 = 0.34%
in the LAD group (n = 6) and 0.65 + 0.27% in the sham group (n = 4), where the P value
was not statistically significant (P = 0.427) (Figure 14).
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5.4 Time-course Al['*  FJF-NOTA-Folate Uptake

The uptake of Al['*F]JF-NOTA-Folate along the MI region at 3 days, 7 days, and 90 days
after LAD ligation was compared by using ANOVA test, where it showed F value 6.641
and P value 0.009. Thus, the uptake of Al['®F]JF-NOTA—Folate along the infarcted region
over 3 different time points were significantly different and independent. Besides, when
Tukey’s multiple comparison test was performed between Day 3 post-MI data with Day

90 post-MI data, it was statistically significant (P = 0.008). However, when the uptake

AI['®F]F-NOTA-Folate ARG (All timepoints)

ns

| | | T 1 ANOVA test
* %k ,
I 1 1 Tukey’s test
ns
| 1 ns
| 1
600—
I ne 1 mm Ml region
I ns 1 Remote area
o 400- ns
E 1 1
£
—
2
200-
i **  p<0.01
i ns Not significant
0= T T T T T il &
A ) P SN g PN
& & & & ) &
¥ fb& \},S) o& ¥ &
b A @ ) >
) > ) .\:\ ) ’QQ
<Q oF Q oF QT 0,5\

Figure 15. Correlation of Al['®F]JF-NOTA—Folate uptake between Day 3, Day 7 and
Day 90 time points of all LAD and sham group.
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values of Day 3 post-MI were compared with the Day 7 post-MI data (P = 0.133), and
Day 7 post-MI data with Day 90 post-MI data (P = 0.570), both were not significant. The
ANOVA test was also performed with the uptake value over the infarcted region of sham-
operated rats at the three different time points, but the test was not significant indicating
that tracer uptake was similar at all time-points in sham-operated rats. Additionally, the
Tukey’s multiple comparison test for the sham group at all time points were statistically

not significant (Figure 15).

5.5 Time-course CD68 stained image analysis data

The ANOVA test revealed a difference between the infarcted area that was stained 3 days,
7 days, and 90 days after LAD ligation, with a F" value of 61.98 and a P <0.0001. The
macrophage population along the infarcted area at each of the three times intervals was
statistically significantly different. In addition, when comparing the data collected 3 days
vs. 7 days after MI (P = 0.002); 3 days vs. 90 days after an MI (P <0.0001); and 7 days
vs. 90 days after MI (P = 0.0002); all the results of these Tukey's multiple comparison
tests were statistically significant. The stained area over the infarcted region of sham-
operated rats were also analysed using ANOVA at each of the three time-points, although
the results were not significant. In case of sham group, Tukey's multiple comparison tests
of the stained area at 3 days, 7 days, and 90 days post-operation showed no statistically

significant differences (Figure 16).
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Figure 16. Correlation of CD68 stained (area %) between Day 3, Day 7, and Day 90
time points of all LAD and sham group.
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CD68 Stained area (%)

5.6 Correlation Between ARG Analysis and CD68 Staining

The Pearson’s correlation test was done among all the infarcted regions of the LAD group
(n=17) at Day 3, Day 7, and Day 90 time points between Al['*F]JF-NOTA—Folate uptake
in digital ARG and CD68 stained (area %). This showed the R value of 0.714, which
means it is positively correlated. The P value of the test was 0.001 indicating statistically

significant difference (Figure 17).

Correlation between ARG analysis & CD68 staining

30

ARG Analysis (PSL/mm?)

. 3 days Post-MI R=0.714
7 days Post-MI P=0.001
n=17

B 90 days Post-MI

Figure 17. Correlation between AI['®F]JF-NOTA-Folate uptake and CD68 staining
(area %) in Day 3, Day 7, and Day 90 time points of all LAD groups.
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6. DISCUSSION

The overall risk of MI can be strongly impacted by several aspects of individual’s
lifestyle, including nutritional status, extent of physical activity, smoking habit, intake of
alcohol, and ability to manage stress. Making changes to the lifestyle that are beneficial
can lower the chance of having a MI and enhance overall heart health. A nutritious diet is
essential to preserve healthy heart and lowering the chance of having a MI. Having a diet
that is heavy in cholesterol, saturated and trans fats, and salt can raise the chance of having
a heart attack. On the other side, consuming a diet that is abundant in fruits, vegetables,
whole grains, and lean meats can help lower the chance of having a MI. Participating in
regular physical activity is beneficial in the lowering of blood pressure and the reduction
of cholesterol levels. Besides, sedentary lifestyle should be avoided along with
prohibition of smoking. Cigarette smoking constricts the arteries, which reduces the
amount of blood that can flow to the heart and raises the risk of blood clots. Additionally,
smoking causes damage to the lining of the arteries, which makes it faster for the plaque
to build up and leads to atherosclerosis, a major risk factor of MI. Nicotine also increases
the chance of developing lung cancer. Regular intake of significant quantities of alcohol
can lead to a rise in blood pressure, contribute to develop atherosclerosis, and raise the
risk of arrhythmia and subsequent MI. Despite being aware of all these devastating

consequences, the cases of MI in the developed world have been uprising.

Therefore, it is of the utmost importance to make a prompt diagnosis of the condition
whenever a patient arrives at the hospital exhibiting the signs and symptoms of MI. In the
coming years, patients may be sent for a PET scan shortly after their arrival at the facility.
In order to provide an easy evaluation of MI, such as the visualisation of the extent of
tissue damage, in vivo PET scan is a possible imaging modality. It is necessary to have a
complete understanding of the infarcted or necrotic region to plan the subsequent
treatment protocol and anticipate the prognosis. However, it is not practical to conduct
experiments using radiotracers directly on human bodies due to the risk of being exposed

to the radiation and experiencing the unanticipated side effects. Because of these factors,
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it is very necessary to conduct the pre-clinical testing of newly synthesised radiotracers

for the purpose of detecting a particular disease and to assess the effectiveness as well.

MI and other cardiovascular diseases are frequently studied using the rat LAD MI model.
Despite its widespread use and beneficial insights into the pathophysiology of MI, this
model has some possible drawbacks. The operation was quite complicated. LAD artery
is always difficult to identify clearly and ligate perfectly. It was important to pick the right
animal for the experiment. The mortality rate of the surgery was approximately 50%, so
more animals were needed to perform the surgery, which was time-consuming also. In
addition, there was a probability that the experimental outcomes might be affected by the

use of anaesthesia and analgesics.

There were many technical difficulties found in the rat LAD MI model, and the infarct
size can vary widely between animals. Because of this, comparing data from multiple
experiments and drawing firm conclusions can be challenging. These drawbacks were
minimized through image analysis steps. The uptake of Al['®F]JF-NOTA-Folate ARG
was calculated in PSL/mm? and CD68 staining was measured in %. So it was easy to

compare between them in spite of having different infarcted region.

The capabilities of the ARG image analysis software TINA were constrained. The ROIs
drawn directly on the H & E images could not be superimposed over ARG images by
using this software. Because of this another software GIMP was used to perform these
steps. It also required a significant amount of time and increased the complicacy in the
image analysis step. The defined regions of interest and the analytic configuration in
TINA is user oriented. This may compromise the repeatability of the analysis by

introducing subjectivity and variation into the findings.
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At Day 3 post-operation, when we compared the data of both AI['®F]JF-NOTA—Folate
ARG and CD68 staining, LAD MI region vs. the same area in sham-operated and LAD
remote area vs. sham remote area, all were significantly correlated. The AI['*F]JF-NOTA—
Folate ARG uptake of LAD MI region was more than double compared to the same area
in sham-operated. Although the CD68 stained (%) area of the infarcted region of LAD
group was almost 10 times higher than all other defined region. The sham group or the
remote area were not expected to correlate statistically. However, this was the only time

point that all data had significant correlation.

On postoperative Day 7, a substantial correlation was found between the LAD MI region
and the corresponding sham-operated region using data from both AI['®F]F-NOTA-
Folate ARG and CD68 staining. Uptake of Al['®F]F-NOTA-Folate ARG was three times
greater in the LAD MI region than in the same region of sham model. Despite this, the
percentage of LAD group infarcted area that was CD68 stained was nearly four times
higher than that of any other specified region. There was no anticipation of any statistical
connections between the sham group or the remote area. At this point in time, the only
statistically significant association was established between the LAD MI region and the

same sham-operated area.

On Day 90 post-operation, utilising data from both Al['®F]F-NOTA-Folate ARG uptake
and CD68 staining (area %), there was a strong correlation was established between the
LAD MI region and the equivalent sham-operated region. In the LAD MI area, uptake of
the AI['"*F]F-NOTA-Folate ARG was four times higher than the same area of sham
model. Despite this, the percentage of CD68 staining along the infarcted region of the
LAD MI group was roughly three times higher than that of any other specified area. The
data revealed in the LAD remote area, the same area of sham-operated one, and the sham
remote area were very identical. There was no expectation that the sham group or the
remote area would share any statistical links with one another. At this point in time, the
only link that had been shown to be statistically significant is the one that had been formed

between the LAD MI region and the same area of sham model.
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When the graph of Al['®F]F-NOTA-Folate ARG uptake at all time points was observed,
it was visible that there was a decreasing trend from Day 3 uptake value to the Day 90
value. As the ANOVA test was significant only in the LAD MI region of 3 time points,
it was indicated that the data were normally distributed and had independent value. The
null hypothesis was rejected. The Tukey’s multiple correlation test was not significant
during the comparison between Day 3 vs. Day 7 and Day 7 vs. Day 90 LAD MI region.
There was a probability to relate them if we could gather more data at those time points.
The sham MI region had a variable uptake value, because of that it was not expected to

correlate statistically.

It was clear from viewing the graph of CD68 stained (%) area over time that the value
dropped steadily from Day 3 to Day 90. Results from ANOVA test showed that the data
had a normal distribution and exhibited independent value solely in the LAD MI region
across all the three time periods. When comparing the LAD MI region on Day 3, Day 7,
and Day 90, the Tukey's multiple correlation test found significant in all time points. The
stained area of sham-operated sections as equivalent as LAD MI region has no

consistency, so that the correlation could not be predicted.

The Pearson’s correlation was significant all together in only LAD MI region. There was
lack of correlation at individual timepoints, because of the number of animals. The
standard deviation higher in remote areas compared the infarcted region. Besides, the
sham group has also variable values, therefore it was not expected that these regions had
positive correlation. The macrophage populated area in CD68 images had higher uptake

value of AI['"®F]F-NOTA-Folate in ARG images.
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7. CONCLUSION

Inflammation after MI can be visualized with FR-B-targeted Al['F]JF-NOTA—Folate
PET tracer targeting activated macrophages. In the MI model, infarcted cardiac areas had
higher tracer uptake in ex vivo autoradiography compared to the remote areas or
corresponding regions in the sham-operated rats. Furthermore, anti-CD68
immunohistochemical staining demonstrated increased macrophage activity in the
infarcted areas. The Al[!®F]JF-NOTA—Folate uptake in the infarcted area and amount of
CD68-positive cells correlated positively and significantly. Imaging of FR-P expressed
on activated macrophages with the novel AI['®F]JF-NOTA-Folate PET tracer is a

promising tool for non-invasive imaging of inflammation in MIL.

Activated macrophages are found abundantly in any type of inflammation, with
expression of FR-B. Many studies have been done previously to target this receptor in
other disease models, most of the studies are found promising. This is the first time we
have used the AI['®F]JF-NOTA-Folate radiotracer to target FR-B receptor in the MI

disease model.
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