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ABSTRACT

Cardiovascular diseases (CVD) are the most common cause of death and coronary
artery disease is the most prevalent CVD. In addition to morbidity and death,
atherosclerotic cardiovascular disease produces major economic burden in society
which is a combination of treatment costs and productive years lost.

Atherosclerotic cardiovascular disease may lead to myocardial infarction (MI)
where occlusion of coronary blood flow leads to myocardial ischemia and necrosis.
Electrocardiography (ECG) is commonly utilized to rapidly identify ST-elevation
myocardial infarction (STEMI). During non-ST-elevation myocardial infarction
(NSTEMI) ECG changes can be inconclusive and further biomarker tests are
warranted. Nowadays, cardiac troponins (cTn) are the preferred biomarkers of
myocardial damage. Unfortunately, both cardiac troponin I (c¢Tnl) and cardiac
troponin T (¢TnT) assays currently utilized are unable to differentiate between cTn
elevation induced by MI and non-MI conditions, such as end-stage renal disease
(ESRD). Intact or almost intact forms of ¢cTnT (long ¢cTnT) show improved specificity
for MI when differentiating between chronic and acute ¢TnT elevation. To measure
long ¢TnT reliably, highly sensitive assay is needed. The assay sensitivity can be
enhanced by improving the properties of the labels used in the immunoassay.

In this thesis, the first immunoassay targeting long forms of ¢TnT was developed,
evaluated for its performance and clinically evaluated with MI and ESRD patients
treated at the Turku University Hospital. The assay was compared to the 5™ gen Roche
Elecsys hs-cTnT assay. In addition, the stability of the sample matrix was evaluated in
the context of the novel assay. The thesis also includes synthesis and characterization
of novel europium chelate labels for time-resolved fluorescence immunoassays.

The long ¢cTnT immunoassay was successfully developed and evaluated. For the
first time ever, it was clinically demonstrated that an assay targeting intact or almost
intact cardiac troponin T could differentiate between cTnT elevation in MI and
ESRD. The novel method clinically outperformed Elecsys hs-cTnT in this regard,
especially by utilizing long/total cTnT ratio in the early hours of MI. Additionally,
three new europium labels were successfully synthesized and characterized.

KEYWORDS: Atherosclerosis, coronary artery disease, myocardial infarction,
cardiac troponin, troponin fragmentation, long forms of cardiac troponin T,
immunoassays, europium chelates, time-resolved fluorescence.
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TIVISTELMA

Sydén- ja verisuonitaudit ovat maailmanlaajuisesti yleisin kuolinsyy ja sepel-
valtimotauti niiden yleisin muoto. Ateroskleroottinen sepelvaltimotauti aiheuttaa
sairastavuuden ja kuolleisuuden lisdksi huomattavia taloudellisia rasitteita, jotka
koostuvat hoitokustannuksista ja menetetyistd tydvuosista.

Sepelvaltimotauti voi johtaa sydaninfarktiin, jossa sepelvaltimon tukkeuma
aiheuttaa sydédnlihaksen iskemiaa ja nekroosia. Elektrokardiografia on keskeinen
menetelmd ST-nousuinfarktin tunnistamisessa. Ei-ST-nousuinfarktissa (NSTEMI)
EKG-muutokset voivat kuitenkin olla epaselvid ja diagnoosi perustuu tilldin usein
sydédnperdisten troponiinien (cTn) mittaamiseen. Nykyiset kaupalliset maaritykset
eivit kykene erottamaan sydaninfarktin aiheuttamaa cTn-pitoisuuden nousua muista
ei-infarktiperdisista tiloista, jotka aiheuttavat kohonneita cTn-pitoisuuksia. Ehja tai
lahes ehja troponiini (pitkd ¢TnT) osoittaa parempaa spesifisyyttd sydaninfarktille
kyeten erottamaan krooniset ja akuutit ¢cTn nousut. Pitkdn ¢TnT:n mittaaminen
edellyttdd erittdin herkkdd menetelmdd, jonka suorituskykyd voidaan tehostaa
parantamalla kéytettyjen leimamolekyylien ominaisuuksia.

Tassd véitoskirjassa kehitettiin uusi immunomaééritys, joka tunnistaa sydén-
perdisen troponiini T:n pitkdt muodot. Menetelmén kliininen toiminta arvioitiin
Turun yliopistollisessa keskussairaalassa hoidettujen sydaninfarkti ja ESRD -
potilaiden avulla. Médritystd verrattiin 5. sukupolven Roche Elecsys hs-¢TnT-
madritykseen. Lisdksi tutkittiin ndytematriisin sdilyvyyttd ja menetelmé arvioitiin
CLSI:n ohjeistuksen mukaisesti. Vaitoskirjaan siséltyi myos uusien aikaerotteisten
fluoresenssi europiumkelaattileimojen synteesi ja karakterisointi.

Tassd vaitoskirjatutkimuksessa kehitettiin ja arvioitiin ensimmaéinen troponiinin
pitkid muotoja mittaava immunomadritys ja kyettiin kliinisesti osoittamaan ensim-
madistd kertaa, ettd madritys, joka tunnistaa chjdn tai ldhes ehjdn syddnperdisen
troponiini T:n, kykenee erottamaan toisistaan sydaninfarktissa ja munuaistaudissa
havaittavan cTn-pitoisuuden. Kehitetty menetelméd suoriutui ndiden potilasryhmien
erottelusta paremmin kuin Elecsys hs-cTnT, varsinkin kun hyédynnettiin pitkdn ja
kokonaistroponiinin suhdetta infarktin alussa. Lisdksi kolme uutta europium vasta-
aineleimaa onnistuttiin syntetisoimaan ja karakterisoimaan.

ASIASANAT: Ateroskleroosi, sepelvaltimotauti, sydaninfarkti, sydédnperdinen tro-
poniini, troponiinin pilkkoontuminen, sydénperdisen troponiini T:n pitkdt muodot,
vasta-ainetestit, europiumkelaatit, aikaerotteinen fluoresenssi.
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1 Introduction

Cardiovascular diseases (CVD) are the leading cause of death globally. According
to the estimates by World Health Organization (WHO), almost 18 million lives are
lost annually due to CVDs.!"! In addition, CVDs place an enormous health, mental
and economical pressure on inflicted individuals and their relatives. Ischemic heart
disease (IHD) which is most often caused by coronary artery disease is the most
prevalent CVD. In 2019 the estimated global prevalence of IHD was 197 million
cases with over 9 million deaths.”” On a society level IHD causes economic burden
that is a combination of treatment costs and productive years lost. In European Union
alone, cardiovascular diseases are estimated to cause annual productivity losses of
€48 billion, informal care costs of €79 billion and healthcare expenditure of €155
billion, which is around 11% of the total EU-healthcare expenses in 2021.
Contribution of ischemic heart disease to this sum was estimated to be €77 billion."!
In United States, the estimated figures were similar in 2016. Total annual CVD
treatment expenses were $320 billion from which ischemic heart disease accounted
for the largest part around $80 billion."*!

Ischemic heart disease is caused by the narrowing of the coronary artery by
atherosclerotic plaque. This condition can lead to acute coronary syndrome (ACS)
where the coronary blood flow is suddenly decreased. In case of unstable angina
pectoris (UAP) this process is usually reversible and no myocardial cell damage
occurs. ACS can also lead to myocardial infarction (MI) where the plaque causes
sudden and often irreversible occlusion of coronary blood flow, thus leading to
myocardial ischemia and eventually necrosis. For some people myocardial infarction
is the first sign of IHD."!

The MI diagnosis is composed by clinical symptoms, electrocardiography
(ECQ), imaging techniques and biomarker tests. Usually, the physician is alerted to
consider myocardial infarction by clinical symptoms. These might include sudden
chest pain, pain radiating to upper arms or jaw or difficulty to breath. Even though
pain is a common MI symptom, not all patients experience same symptoms including
pain. Also, similar clinical symptoms might be seen in multiple other conditions.
Thus, clinical symptoms alone are non-specific and further clinical tests are needed.
Depending on the tier of the treatment unit, not all diagnostic techniques might be

12
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available at the location. This is especially true in case of different imaging
equipment and trained personnel which are usually found in hospitals. ECG is
commonly available in different treatment tiers including emergency medical service
units like ambulances. With ECG, ST-elevation myocardial infarction (STEMI) can
be rapidly diagnosed in most cases and correct actions implemented. In case of non-
ST-elevation myocardial infarction (NSTEMI) ECG might be normal or
inconclusive and thus definite diagnostic conclusions cannot be made.[®!

In suspected NSTEMI cases and other situations where the diagnosis needs
further confirmation, clinicians can rely on biomarker tests to identify those that have
ongoing or have recently experienced myocardial damage. Nowadays the most
commonly used biomarker tests for MI are the cardiac troponin (cTn) tests.l” ¢Tn is
a protein complex that is essential for myocardial muscle contraction. During
myocardial cell damage, cTn is released into the blood stream. Even though ¢Tn is
extremely good marker for myocardial cell damage, it unfortunately has its
shortcomings in MI diagnostics. Both cardiac troponin I (¢cTnl) and cardiac troponin
T (cTnT) assays currently in use lack the capability to differentiate between MI
induced c¢Tn elevation and non-MI induced elevations, which can be encountered in
multiple situations and conditions.

In chronic conditions with cTn elevation, mainly highly fragmented forms of
cTn have been encountered.l”! In contrast, in MI, mainly intact and almost intact
forms of ¢Tn are released and subsequently degraded into smaller troponin
fragments."®! Thus, by targeting specific structural forms of c¢Tn, it may be possible
to differentiate between cTn elevations resulting from MI and those associated with
chronic conditions. Unfortunately, this improvement in clinical specificity requires
highly sensitive assay, which may be achieved by developing and synthesizing new
highly fluorescent immunoassay labels.!”’

In ACS diagnostics, speed and diagnostic accuracy are essential for preventing
further myocardial damage./) By improving the clinical specificity of MI
diagnostics, it might be possibly to improve treatment outcomes and to decrease the
related long term treatment costs.
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2 Literature Review

2.1 |I\-I/Iilstorical Perspective of Atherosclerosis and

From early post-mortem observations to the onset of diagnostics era

Throughout history, atherosclerosis and associated diseases have been part of human
life and death. Modern archaeology has revealed that the iceman Otzi, ancient
Egyptians and 16" century Inuit all endured the same atherosclerotic ailments that
we modern-day humans do.!"*'# It is unclear if priests and healers at that time could
identify these macroscopic vascular changes of the coronary arteries and aortas
during embalming or autopsies and if so, understood the causal relationship between
them and death due to “chest pain”. Much of ancient knowledge has been lost, but
for certain we know that many curious minds were needed to advance our
understanding of blood circulation and atherosclerosis. One of these minds was that
of Leonardo da Vinci who stated that “vessels in the elderly restrict the transit of
blood through thickening of the tunics”.!'>!*! This early observation was followed by
many others. In 1575, posthumously published texts of Italian physician and priest
Gabriele Falloppio describe “degeneration of arteries into bone”.'>'® In 1628,
physician extraordinary to James I of England, William Harvey, proved blood
circulated and was moved by the heart, instead of lungs.'"'*! In 1740, Gottfried
Reinhold under physician Johann Crell noted that coronary artery hardening was not
merely bony, but derived from pus.!'® However, it was not until 1833 that a French-
German surgeon and pathologist (and enthusiastic archaeologist) Jean Lobstein gave
these observed changes of arteries a name “arteriosclerosis”. Although in his
definition these changes did not include ossification and were limited to large arterial
trunks.!"?" It was later in 1904 when a German professor of pathology Felix
Marchand adopted the term “atherosclerosis” and later terminology discussions
especially in the 1950s and 60s that molded the terminology we use today.*!*%

It is evident that “thickening of the tunics”, or atherosclerosis in modern terms,
was seen as an unavoidable part of aging in early accounts.) Although, general
understanding of anatomy and blood circulation was still lacking during the
Renaissance, it can be assumed due to humoralism being the prevalent theory at the
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time, that these vascular changes were seen as something that affects health through
restricting blood flow as stated by Da Vinci.['*'*

Due to the evolution of medical practices and instruments, surgeons and
pathologists started to identify “thickening of the tunics” more widely as
pathological in the latter half of the 18" century. In 1761, anatomist Giovanni
Morgagni published De Sedibus, where he described in detail many anatomic
structures and pathological findings, including those of coronary arteries. In
addition, De Sedibus provided important information associating clinical symptoms
to post-mortem findings.****) A few years later in 1768, Physician William
Heberden held his lecture where he associated the symptoms of angina pectoris and
the sudden death that could follow."**) His friend and colleague John Fothergill was
one of the first to suspect heart as an origin of angina pectoris, but failed to conclude
the role of coronary arteries.”””) The first to associate angina pectoris and sudden
cardiac arrest with calcification of coronary arteries were the famous physicians
Edward Jenner and Caleb Parry with whom Jenner shared his autopsy observations
and who then reported them to the public in 1799.*® Jenner stated that during the
autopsy of a patient deceased due to angina pectoris, he could not find any cause
after examining the heart, that is until his knife struck something hard and gritty. He
first thought that some plaster had fallen down from the ceiling, but then understood
that the coronary arteries had become bony canals. Jenner then concluded that
coronary artery ossification was the culprit behind angina pectoris and death of the
patient.”®*) Similar conclusion was independently reached by Irish physician
Samuel Black, who also associated his pathological findings with lifestyle habits:
“the great majority of the subjects of it have belonged to better ranks of society, who
were in the habit of sitting down every day to a plentiful table”.%>%

In 1840, the 4™ edition of “Pathology and Diagnosis of Diseases of the Chest”
by physician Charles Williams was published and there he contemplated that the
colour and structural changes observed in the hearts of the suddenly deceased could
be due to the “altered state of nutrition of the organ, owing to a partial obstructions
in the coronary vessels, rather than to the immediate influence of inflammation.”**-%!
Later student and friend of his, Richard Quain, studied the microscopic structure of
the myocardium and noticed that many suddenly deceased had lipid accumulations
within muscle fibers, which they referred to as “fatty degeneration”. Quain
postulated that fatty degeneration, later known as myocardial steatosis, was due to
coronary occlusion.*3-%]

Around the same time as Williams and Quain, pathologists Rudolf Virchow in
Germany and Carl von Rokitansky in Austria-Hungary described cellular
inflammatory changes in atherosclerotic vessel walls. According to Mayerl et al.,
Rokitansky thought these changes were secondary in nature, whereas Virchow
considered inflammation to have a primary role in atherogenesis.”® In his
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publication Cellular Pathology translated by Frank Chance, Virchow describes as
follows: “ ...in the next place, a second series of changes, in which we can
distinguish a stage of irritation preceding the fatty metamorphosis, comparable to the
stage of swelling, cloudiness, and enlargement which we see in other inflamed parts.
I have therefore felt no hesitation in siding with the old view in this matter, and in
admitting an inflammation of the inner arterial coat to be the starting point of so-
called atheromatous degeneration.”*”

Although several atherosclerotic changes and even lifestyle habits had now been
associated with angina pectoris and sudden death, the importance of plaque rupture
and occlusion of the coronary arteries were still somewhat hazy. In 1844, a few years
after Williams published his work, the famous Danish artist Bertel Thorvaldsen died
while attending a show in Copenhagen Royal Theatre. What made his case
exceptional, was not only his prominent figure but also his autopsy report, which is
commonly cited as the first described case of plaque rupture in the written medical
history: “... the anterior [coronary artery] exhibited numerous atheromatous sections
from one inch below its origin to its division. One of these was rather seriously
ulcerated, and the atheromatous mass had drained into the arterial cavity”.!"*** After
the death of Thorvaldsen, 33 years went by before the first clinical diagnosis of
coronary occlusion was made by Adam Hammer in 1877 and confirmed post-
mortem.*) It took another 40 years until in 1912 physician James Herrick pointed
out that plaque rupture followed by coronary occlusion was the probable cause of
Thorvaldsen's demise, and noted the significance of the autopsy report.[*”) Herrick
is also often described as the first one to point out that coronary occlusion was not
necessarily fatal, but could resolve with rest. In fact, there were people such as Julius
Cohnheim, a student of Virchow, who stated in 1881 that occlusion of smaller
coronary artery branches was not inevitably fatal.*') However, Dr. Herrick was the
first to utilize a new invention called ECG to diagnose MI and to demonstrate that
one could survive it, thus reinvigorating interest in research, diagnostics and
treatment of myocardial infarction.

Era of Ml diagnostics

It is safe to state that the era of MI diagnostics started when Augustus Waller
recorded the first ECG of human heart in 1887 using Lipmann mercury capillary
electrometer.*?) As this equipment was crude and far from practical or reliable, a
Dutch physician and a Nobel laurate Willem Einthoven utilized string galvanometer
and invented the first practical electrocardiograph machine in 1903.1%441n 1919, the
already mentioned James Herrick adapted the new innovation to observe patients
with severe non-fatal angina pectoris. Thus, first time in history there was a
diagnostic method to identify myocardial infarction.!*”
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In the following decades ECG was improved, which led to the standardization
of 12-lead ECG in 1954.1) Although the innovation of ECG was ground breaking,
it was accompanied and followed by several other important advances in cardiac
diagnostics and imaging. First of these advances was the accidental discovery of X-
rays at the end of 19™ century and the first clear cardiac X-ray images, which were
enabled after the invention of “Blitzapparat™ - a short exposure x-ray machine by
physicist Friedrich Dessauer in 1909.174%1 Although basic rontgenogram offered
limited information on soft tissue, it was revolutionary invention. In 1929 Werner
Forssmann, at the time a surgical resident, used cardiac X-ray imaging to confirm
that he had successfully performed the first ever (self!) cardiac catheterization.l*”*"!
Few decades later in 1958 F. Mason Sones Jr. accidentally performed the first
selective coronary angiography and initially feared he had doomed the patient."")
The development of efficient contrast agents and a few daring or accidentally
performed experiments allowed cardiac vasculature to be selectively visualized. The
utilization of X-rays did not stop there as in 1971 the first patient underwent
computed tomography (CT) scanning. The first CT machine engineered by Godfrey
Hounsfield was solely crafted for head scans, but since then CT equipment have
gradually improved to meet the needs of cardiac and cardiovascular imaging.!*'?!

After the discovery of X-rays and the first radioactive elements, early
radionuclide imaging technologies were also starting to emerge. In 1927 Blumgart
et al. published several papers depicting clinical results and a method where they
injected sodium chloride solution infused with radium C (*'*Bi) and observed
diminished arm-to-arm circulation times for those individuals that were experiencing
arteriosclerosis or heart failure."*** This experiment was followed by a long chain
of innovations that led to the utilization of myocardial perfusion imaging in
combination of a stress test in 1973 by Zaret et al.">*°! With myocardial perfusion
imaging it was now possible to asses which myocardial areas were experiencing
decreased blood circulation.

In the 1940s mitral valve stenosis could be operated by dilating (inserting a
finger) to the mitral valve opening. If the patient had undiagnosed mitral
insufficiency this operation could in turn deteriorate the condition of the patient. This
clinical need led to the innovation of echocardiography in 1953 by cardiologist Inge
Edler and physicist Hellmuth Hertz. This innovation enabled the visualization of
heart movements and thus established a convenient way to diagnose mitral
insufficiency and many other cardiac conditions.[’’=*]

Almost simultaneously with the emergence of echocardiography, the era of
cardiac biomarkers started to emerge. The first biochemical biomarker utilized for
acute myocardial damage was aspartate aminotransferase (AST) in 1954 and
followed shortly after in 1955 by lactate dehydrogenase (LD). Both of these enzymes
were first studied and suggested as cardiac biomarkers by John Ladue, Felix
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Wroblewski and in case of AST, also Arthur Karmen.”*®! Both of these markers
were far from optimal as AST, although providing somewhat good clinical
sensitivity, lacked sufficient clinical specificity and LD, even though offering
improvement compared to AST, faced similar specificity problems.[")

In 1960 it was noticed by Dreyfus et al. that increased activity of creatine kinase
(CK) was associated with myocardial infarction.[®? Total CK activity was not highly
specific for MI, but offered another enzyme that could add diagnostic information.
The true importance of this finding was that it led to the development of CK-MB
activity (CK-MB) and CK-MB mass (CK-MBm) assays. In 1972 Roe et al. created
electrophoretic method for CK-MB and established its usefulness in MI. The finding,
although again offering improvements in clinical sensitivity and specificity towards
MI, had its drawbacks as several preanalytical or analytical factors could affect CK-
MB results.[®) Over decade later in 1985, the first immunoassay for CK-MB mass
(concentration of CK-MB), was developed by Chan et al./®! Measuring the actual
concentration made the CK-MBm assay devoid of the same preanalytical and
analytical problems that affected CK-MB enzyme activity. Still the measurement of
CK-MBm could not change the fact that skeletal muscles contained CK-MB isoform
in small amounts and thus could affect clinical specificity of the measurement./**!

A few years after the usefulness of CK-MB had been established as a diagnostic
marker for MI, the first results concerning the use of myoglobin in MI diagnostics
were published by Stone ez al. Although offering promising results, especially during
the first hours after onset of MI, this assay took over 24h to perform.!°” Further
development of myoglobin assays improved the turnaround times, thus enabling
their use in clinical settings in mid 80s.!"

The real breakthrough diagnosing myocardial damage came in 1980s with the
introduction of first troponin I and T assays. “Tropomyosin like protein” or troponin
complex as we name it today, was first discovered in 1965 by physiologist Setsuro
Ebashi and Ayako Kodama.[® Later in early 1970s, it was recognised by Greaser
and Gergely that the protein was comprised of three distinct subunits that were later
named as troponin I, T and C.!” This finding was followed by several structural and
sequencing studies that revealed the existence of troponin isoforms and their tissue
specific distribution.[®* 7! The first ever troponin assay and its diagnostic utility was
reported in form of an abstract by Cummins and Auckland in 1983.%! The
comprehensive evaluation of this ¢cTnl radioimmunoassay was published four years
later in 1987.1*! The first troponin T immunoassay was developed by Katus et al. in
1989 and later in early 1990s transferred into automated ES-analysers (Enzymun-
TestR system) by Boehringer Mannheim.!”*”*! The new troponin I and T assays
offered enhanced clinical specificity compared to previously established biomarkers
of myocardial damage and thus started a new era of how we define and diagnose
myocardial infarction.!”®!
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2.2 Atherosclerotic Coronary Artery Disease

Atherosclerosis is a pathological process where lipids accumulate into vascular
tunica intima, disrupting the vascular structure and potentially obstructing flow of
blood either by narrowing the vasculature or by producing unstable atherosclerotic
lesions which after rupture or erosion may cause formation of a blood-lipid clot that
may occlude the affected vascular area and cause an ischemic event.”>”’”)

In 1910, a German chemist and Nobel prize laureate Adolf Windaus showed that
atherosclerotic plaques were consisted of calcified connective tissue and
cholesterol.**™® Few years later Nikolai Anichkov and Semen Chalatov were able
to prove that cholesterol rich diet could induce atherosclerotic changes in rabbits.[”-
#11 The link between blood cholesterol levels and risk of myocardial infarctions in
humans was established in 1938 when physician Carl Miiller discovered familial
hypercholesterolemia (FH), in which the affected individuals had 20-fold higher
incidence of heart attacks during their adulthood when compared to normal
population.®>#3) A decade later in 1949, biophysicist and Manhattan Project veteran
John Gofman and his graduate student, Frank Lindgren, with the help of Edward
Pickles, utilized ultracentrifugation to separate plasma lipoproteins into density
fractions and showed that in patients with FH, the cholesterol elevation was mainly
due to the elevation in low-density (LDL) and intermediate-density (IDL) lipoprotein
fractions.’™ Although, the molecular mechanism behind atherosclerosis is
complicated and still not fully understood, these early discoveries laid the foundation
for further studies. Nowadays several risk factors and molecular interactions
affecting the initiation and the progress of macroscopically visible atherosclerosis
have been identified.

The atherosclerotic process is considered to start when lipoproteins containing
apolipoproteins (Apo) such as ApoB100, ApoB48 or Apo(a) are transferred into
vascular tunica intima.’® From these apolipoproteins ApoB100 is considered be
highly relevant as it is the main apolipoprotein of LDL."*®! The influx of lipoprotein
particles into the tunica intima occurs via caveolae-mediated transcytosis involving
scavenger receptor class B type 1 (SR-B1) and activin receptor-like kinase 1
(ALK1).B1 After the cholesterol rich LDL particles have journeyed though the
endothelium into the tunica intima, retention and oxidation of LDL occurs. The
retention of LDL is mediated through set of apolipoproteins, such as those mentioned
previously, that bind into negatively charged proteoglycans, that are part of the
vascular extra cellular matrix and affect the physicochemical properties of the
vasculature.”*"! Generally, it is thought that retention of LDL by proteoglycans
extends exposure time at the intima and thus promotes enzymatic and oxidative
changes of LDL."*%! Several oxidative enzymes have been proposed to contribute
to the formation of LDLox at different stages of plaque formation. These include
lipoxygenase, NADPH oxidases (NOX), uncoupled endothelial nitric oxide
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synthase, xanthine oxidase (XO) and myeloperoxidase (MPO). ') In addition,
other factors such as heme iron from microbleeds and mitochondrial reactive oxygen
species (ROS) have been suggested.['”>'! The accumulation of LDLox and other
oxidative species induces inflammation response and activation of the immune
system. This leads to the infiltration of immune cells and uptake of LDLox by
macrophages and specialised smooth muscle cells (SMC) via scavenger receptors
LOX-1, CD36 and SR-A.I'"'% Free cholesterol may be removed from the foam
cells via HDL mediated efflux.!'”"""J Imbalance between cellular influx and efflux
of lipids leads to the formation of foam cells."''"'?°! In time, this pathological process
may lead to clinically manifesting coronary artery disease and in worst case
myocardial infarction and death.

The process leading to the development of atherosclerotic plaque and clinically
manifesting coronary artery disease starts at early age and can take decades to
evolve.["?'??1 This was first demonstrated by US Armed Forces Institute of
Pathology in 1950 when young soldiers killed in the Korean war were autopsied.
With the average age of 22 years, 77% of the deceased showed some level of
atherosclerotic changes in their coronary arteries.['**!

2.21 Classification of Atherosclerotic Lesions Based on
Morphological Differences

Morphological changes of arteries were the first observational findings of
atherosclerosis made centuries ago. These findings laid the base for later research
and understanding of the disease. In the end of 1960s, AHA Committee on Grading
Lesions of the Council on Arteriosclerosis first introduced two sets of colour
photographs of arteries arranged in increasing severity of atherosclerosis as a method
to grade the severity of atherosclerosis in human coronary arteries and aortas.!'** In
the early 1990s AHA Committee on Vascular Lesions of the Council on
Arteriosclerosis, introduced their definitions of atherosclerotic lesions. Type I
(intima thickening) and II (fatty streaks) are defined as initial changes. Type III is
classified as intermediate lesion that is a sign of progressive disease. Type IV, V, VI,
VII and VIII are classified as advanced lesions with increasing severity and signs of
risk factors for plaque integrity.!'”>!'*) Diverting from the original classification,
subdivisions of lesions (Ila, IIb, Vb...) were later removed and updated classification

scheme is shown in Figure 1.'*"]
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Initial changes

| Type 1, Il and Ill lesions may

| | | Isolated macrophage foam cells regress back to normal

| Il | Multiple foam cell layers formed |

Intermediate lesion | v

| 11} | Isolated extracellular lipid pools formed |

Advanced lesions | -
Type V. lesions may cause clinically relevant
| vV | Unified extracellular lipid core formed | 1 narrowing of the arteries and are prone to
type VIl insult. Regression or change in lipid
l content of type IV-VI lesions may lead to
N ) formation of type VIl or VIII lesion.
| Y | Fibromuscular tissue layers produced | —_
T = | Vi | Calcification predominates |
| \' | Surface defect, hematoma, thrombosis | =3 | Vil | Fibrous tissue changes predominate |

Figure 1. The updated lesion classification scheme adapted from AHA Committee on Vascular
Lesions.!'?"]

Type |

The initial histological changes are minimal. Small, isolated groups of macrophage
derived foam cells and lipid deposition can be identified by microscopy or by
biochemical means. In coronary arteries these changes can be seen in intima at
regions that have an adaptive intimal thickening of the eccentric type.!'*”!

Type Il

Microscopic composition determines whether a lesion is classified as type II. This
kind of lesions consists primarily of macrophage foam cells arranged into adjacent
layers, whereas type I lesions have only isolated groups of these cells. Increased
amounts of macrophages without lipid accumulation are also present. In addition to
macrophages, first signs of T cell infiltration, increased amount of mast cells and
intimal SMC containing lipid droplets can be detected. Although, most of the lipid
accumulation in the lesion is inside cells, extracellular space contains small amounts
of dispersed lipid droplets and vesicular particles of different sizes. In addition, there
are smaller extracellular lipoprotein particles that are not visible by routine
microscopy. The lipid content consists primarily of cholesterol esters (77%),
cholesterol and phospholipids. Fatty streaks, a first visible morphological change in
atherosclerosis, are considered type II lesions. However, lesions can fulfill the
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microscopic criteria of type II lesion without fatty streak formation. These changes
are clinically benign, but they may later develop into clinically relevant lesions. Fatty
streaks manifest regardless of age and have been identified even in infants and young
children. In the original classification type II lesions were further divided into
subgroup Ila (progression-prone type) and IIb (progression-resistant type). In the
updated version this subdivision was removed. Now it is emphasized that mechanical
forces cause adaptive intimal thickening in areas that are most affected by these
forces. These sites are associated with intimal lipid accumulations and lesions that
are prone to progression.'?!?7]

Type Il

The characteristic feature of type III lesion is microscopically visible extracellular
lipid droplets that reside among SMC below the layer of macrophages and
macrophage derived foam cells. These extracellular lipid accumulations disrupt the
intimal smooth muscle structure and replace intercellular matrix proteoglycans and
fibers. In type III lesion a lipid core has not yet developed. The extracellular lipid
droplets can be bound to membrane or be free, but in larger quantities than in some
more immature lesions. When compared to type II lesion, type III lesions contain
more free cholesterol, fatty acids, sphingomyelin, lysolecithin and triglycerides.
Type III lesion may progress to advanced lesion or regress.!'?>'?7)

Type IV

Type 1V is the first lesion considered advanced. The lipid core, which is the hallmark
of type IV lesion, is formed by the dense accumulation of extracellular lipid in the
intima. The lipid core causes severe intimal disorganization, but the intima layer
above the core is mainly unchanged when compared to earlier lesion types. Also,
within the core, calcium particles can often be found. However, no fibrous tissue
formation or other complications of endothelial integrity can be seen. The intima
above the lipid core contains macrophages and SMC, which can be either infused
with lipids or be without lipid accumulations. Lymphocytes and mast cells are also
present. Even though usually visible to the naked eye and possibly even obstructive,
type IV lesions don't generally narrow the vascular lumen to great extent. 2"

Type V

Type V lesions are characterized by extensive formation of new fibrous connective
tissue, which disrupts the normal intercellular matrix. They may contain multiple
lipid cores in various arrangements, separated by fibrous connective tissue. Type V
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lesions are considered clinically highly relevant as they can cause narrowing of the
arteries and are prone to develop fissures, hematoma and thrombus.!'**!*"]

Type VI

Type VI lesions are associated with hematoma, hemorrhage and/or thrombosis.
Atherosclerosis related morbidity and mortality are largely due to type IV and type
V lesions which develop disruption of endothelium. However, any type of lesion or
intima without lesion can precede type VI lesion.!'**!"]

Type VIl and VIII

In a type VII lesion calcium mineralization is the dominant feature. The lesion
consists of increased fibrous connective tissue and large calcium deposits, which
may replace even lipid cores. In case of type VIII lesion, the lipid content is generally
minimal and the lipid core is thus absent. The normal intima is usually thick and
replaced by extensive amount of fibrous connective tissue.!'?%'?7)

2.3 Myocardial Infarction

2.31 Definition and Pathophysiological Classification of Ml

The way acute coronary syndrome and myocardial infarction are defined has always
followed the diagnostic capabilities at our disposal. The pre-ECG era relied heavily
on clinical symptoms and findings on post-mortem autopsies. This changed after Dr.
James Herrick adopted the use of ECG and thus modernized MI diagnostics.!**! Since
then, the development of imaging technologies and diagnostic biomarkers,
especially cTn, have altered how we define ACS and MI.

In 1959 WHO launched its first definition of MI and updated it actively in the
following decades.!'**'*! In 2000 ESC and ACC collaborated to redefine the
definition of MI by utilizing troponin biomarkers.!"*") In 2018 the fourth iteration
of Universal Definition of Myocardial Infarction by ESC/ACC/AHA/WHF was
released and is at the moment the newest iteration of the universal definition."!

Ml is defined as a condition that leads to myocardial cell death due to myocardial
ischemia.l”) Diagnostically elevation of circulating cTn above 99th percentile upper
reference limit (URL) has been used to detect myocardial injury. As there are several
chronic non-ischemic conditions that may cause cardiac injury and thus lead to
elevated, but quite stable levels of ¢Tn during relevant time frames, rise or fall of
cTn values are required for the detection acute myocardial damage. To differentiate
between acute non-ischemic and acute ischemic conditions, at least one additional
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sign of ischemia must be present for the diagnosis of MI. These signs include clinical
symptoms of ischemia, new ischemic ECG alterations, development of pathological
Q waves in ECG, imaging evidence consistent with an ischemic etiology or
identification of a clinically relevant coronary blockage. In addition, MI can be
divided into subtypes based on factors such as different pathological mechanism or
treatment related incidences.

Myocardial infarctions are classified based on pathophysiology. These are
referred as type 1 MI, type 2 MI etc. and the precise criterion for each type is given
in the fourth universal definition of myocardial infarction.!”!

Type 1 Mi

In type 1 MI full or partial thrombotic occlusion of the coronary artery occurs,
leading to necrotizing myocardial ischemia.”! The formation of thrombus is initiated
either by sudden plaque rupture or by slower eroding process, where vascular
endothelium is unable to prevent platelets coming into contact with subendothelial
matrix.["*!) In a study by Saaby et al., 72% of the 553 Danish patients hospitalized
with myocardial infarction had type 1 ML

Type 2 MI

Type 2 MI happens due to imbalance between myocardial oxygen supply and
demand that is sufficient to cause myocardial damage, but without acute
atherothrombotic plaque disruption. Factors that might cause type 2 MI are for
example: occlusion of coronary artery by atherosclerotic plaque without rupture,
coronary artery spasm, coronary microvascular dysfunction, coronary embolism,
coronary artery dissection, severe hypertension or shock, respiratory failure, severe
anaemia, sustained tachyarrhythmia (abnormally fast heartbeat) or severe
bradyarrhythmia (abnormally slow heartbeat).”) According to a study by Saaby et
al., around 26% of hospitalized MI patients had type 2 MI.'*%

Type 3 MI

The diagnosis of type 3 MI is set when the suspicion of MI is high, but the patient
succumbs before reliable cardiac biomarker sample can be obtained. If other type of
MI is confirmed post-mortem, the diagnosis is reclassified.!”’
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Type 4a, 4b and 4c MI

Coronary interventions are associated with a risk of postprocedural MI due to
intervention related coronary injury. Type 4 MIs happen due to percutaneous
coronary interventions (PCI) and are subdivided into a, b, and c. The diagnosis of
type 4a MI is usually set based on sufficient post-operational rise of ¢Tn and
additional evidence of ischemia. As it is statistically difficult to define cut-off values
for a ¢Tn rise in type 4 MI, they are arbitrarily defined. The diagnosis can also be
established regardless of ¢Tn, based on new pathological postprocedural Q waves or
autopsy. Type 4b MI is diagnosed when the postprocedural MI is associated with
stent/scaffold thrombosis utilizing criteria identical to type 1 MI and confirmed with
either angiography or autopsy. Diagnosis of type 4c MI is set when MI happens
during angiography, in-stent restenosis or if the infarct area is under restenosis
following balloon angioplasty and no other culprit lesion or thrombus is found."

Type 5 MI

Type 5 Ml is associated with myocardial injury that happens due to coronary artery
bypass grafting (CABG). The diagnosis is usually set based on sufficient post-
operational rise of ¢Tn and additional evidence of ischemia, such as ECG,
angiography or imaging evidence. The cTn cut-off values of both type 4 and type 5
MIs are arbitrarily selected.”!

23.2 Diagnostics of ACS and Ml

Several guidelines have been published for the management of suspected ACS and
for the treatment of confirmed ACS subtypes: STEMI, NSTEMI and unstable angina
pectoris. The latest guideline iterations from different bodies include:
ACC/AHA/ACEP/NAEMSP/SCAI (2025), ESC (2023), Kiypihoito (2022).16:133:134]

The suspicion of ACS often arises due to suggestive clinical symptoms. The most
common associated symptom of ACS is the onset of sudden chest pain, angina
pectoris, which is often described as sudden onset of pain, pressure or discomfort
that may radiate from chest to arms, neck, jaw, shoulders and/or upper back.!'**!
Although pain is a common symptom of M1, it is not highly specific symptom nor is
it always expressed with MI. Silent or atypical myocardial infarctions where no chest
pain is felt are estimated to represent approximately one-tenth to one-third of all MI
cases.!'**%% In addition, patients may also express symptoms that are vague and
highly unspecific such as fatigue, dizziness, breathing difficulties, cold sweating,
vomiting and general malaise.[*"!

To investigate the possibility of MI further, the standard 12-lead ECG is usually
acquired as soon as possible. In addition, leads such as V3R, V4R and posterior V7—
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V9 can be utilized if required.!®'**'3* The use of additional leads is usually beneficial
as they improve the sensitivity of ECG study and may reveal changes that would
otherwise be missed or misinterpreted.!'*”! If the patient is located outside hospital
or other appropriate medical facility, it is common practice in the developed
countries that the first ECG is usually recorded by the emergency medical services
unit within 10 minutes of arrival. If the initial ECG is inconclusive and symptoms
persist or worsen, further ECG recording and surveillance is recommended.®!3*:!3%!
It is noteworthy to mention that ECG alterations can evolve over time as the
pathophysiological state of the myocardium changes.!"*” Around 15% of patients
that end up with STEMI diagnosis do not show ST-elevation in the initial ECG.!"*"
The amplitude and direction of the ECG changes in different leads can also vary
depending on the location and extent of the ischemia. This can be exploited to locate
the affected area or to assess risk of adverse outcomes, as patients presenting with
ST-segment elevation in 89 of 12 leads have three to four times higher mortality
compared to those with ST-elevation only in 2-3 leads.[”” The initial ECG may also
be completely normal after transient episode of angina pectoris or change into
normal due to pseudonormalization.!"*"! Ischemic changes in ECG can appear for
example as hyperacute or inverted T waves, ST-segment elevation or depression, Q
wave abnormalities, decrease of precordial R wave amplitude, cardiac arrhythmias
or U wave inversion.””'*] Hyperacute T waves and ST-segment changes can be
the earliest pathological ECG alterations in MIL!"*?! Pathological Q waves usually
take longer to appear, from few up to 24 hours or they might not appear at all, and
thus MIs can be divided into Q-wave and non-Q-wave infarctions.["** The
significance of this division arises from the worse short-term prognosis of Q-wave
infarctions.>'*) Q waves can also indicate previously occurred ML!'* T wave
inversions due to MI may occur few hours up to 1-2 days after the onset of ischemia
or they may occur as a positive sign after achieving reperfusion of the affected
area.””) Unfortunately, many other conditions can cause similar ECG changes as
ischemia, and thus no single ECG change is specific to MI. For more precise
description of possible ECG findings during ischemia or listing of possible
alternative causes for different ECG changes can be found from several sources
including literature work by Mann et al. and handbook of cardiology by Airaksinen
et Cll.[77’135]

During suspected episode of ACS, initial diagnosis of either STEMI or NSTEMI
is usually established when supported by sufficient evidence. If the ECG recording
is consistent with ST-segment elevation as shown in Figure 2, fulfills criteria
mentioned in Table 1 and there is no suspicion of a STEMI mimicking condition,
initial diagnosis of STEMI is set. If no ST-segment elevation is detected in the ECG
utilizing additional leads, but clinical symptoms in combination with other possible
ECG findings suggest ischemic origin, initial diagnosis of NSTEMI is usually
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made.!’ Patients are also divided into risk categories to guide their treatment. For the
risk stratification, assessment tools like GRACE and TIMI risk scores can be utilized
in addition to clinical and diagnostic information,[®:133:134]

ST-segment elevation is an indicator of severe transmural ischemia and is
commonly associated with complete occlusion of affected part of coronary artery.!’”!
Thus ST-segment elevation is an important indicator which usually triggers the use
of rapid reperfusion treatment options such as PCI or fibrinolytic therapy.!®!3*:13%]
The diagnosis of STEMI can be confirmed later if necessary with high-sensitivity
c¢Tn (hs-cTn) measurement, although reperfusion should not be postponed due to
pending biomarker results.!"**!**! Similarly patients with indication of very high risk
(GRACE 2.0 risk score >140) NSTEMI should undergo immediate invasive
treatment strategy regardless of missing cTn results.*’

Normal sinus rhythm ECG

v

A 4

A
A

STEMI ECG

7 (AN

Figure 2. Approximated presentation of normal sinus rhythm ECG (upper graph) and STEMI ECG
(bottom graph) in lead Il. Letters: P wave, Q wave, R wave, S wave, J point, T wave and
possible location of U wave. Double-headed arrows: P wave duration (green), PR
segment (black), QRS duration (orange), ST segment (blue). Elevation of ST-segment
(shown by the blue arrow) is measured based on the difference of J point and the initial
onset of the Q wave (red arrows). Scale: 1 mm = one small square.
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Table 1. ECG criteria of STEMI according to kdypéhoito recommendation [34

New ST-segment elevation in 2 anatomically contiguous leads...

Other than V2-V3 or 21 mm
V4R, V7-V9 leads:

and/or
In V2-V3 lead: 22.5 mmin men <40y
22 mm in men 240 y
and/or =21.5 mm in women regardless of age

In V4R, V7-V9 leads: 20,5 mm

ECG findings in NSTEMI are more varied as the group is clinically more
heterogenous than STEML!"*) ECG can be normal, atypical or show ST-segment
depression or T wave inversions. Generally, ST-segment depression of 0.5 mm or 1
mm, depending on the guideline and leads in question, is considered to be indicative
of ischemia when present in two or more contiguous leads.!*"**"** If the ECG does
not show ST-elevation consistent with STEMI or other highly indicative pattern for
immediate reperfusion therapy, further diagnostic methods can be utilized to
distinguish between NSTEMI, UAP, stable angina pectoris (SAP) and other
conditions that might cause symptoms without ischemic origin. Usually this means
in the context of suspected ACS the utilization of cardiac biomarkers ¢Tnl or ¢cTnT.

Ischemia induced myocardial damage induces the release of ¢Tn biomarkers into
the circulation. Assay results above the 99th percentile URL are indicative of
myocardial injury. For rapid rule-in and rule-out several algorithms have been
created and evaluated.!'"*"! Usually nowadays with modern hs-cTn assays, the use of
ESC Oh/1h algorithm (as shown for Roche Elecsys hs-¢cTnT in Figure 3) is
recommended as a primary protocol.l*'3134  Alternatively, Oh/2h or Oh/3h
algorithms can be utilized for hs-cTn assays. Prolonged time intervals are required
for assays not achieving high sensitivity. In practise these algorithms utilize assay
specific cut-off values and repeated cTn measurements to guide decision making.
Sufficient elevation or decrease of cTn values indicate recent or ongoing myocardial
damage, whereas stable cTn levels indicate chronic origin. Although chronic
elevations may sometimes be high, initial cTn measurements at or above rule-in cut-
off value can be used to indicate high probability of MI.!") On the other hand, if the
initial cTn measurement is very low, generally near the limit of detection (LoD), the
use of another cut-off value may be utilized to rule-out ML The usability of rule-
out cut-off value is dependent on time between sampling and the onset of symptoms
as myocardial damage and troponin elevation may require some time to evolve.['**!
Generally, the time threshold from symptom onset is considered to be three hours,
but kdypédhoito recommends threshold of two hours when a ¢Tn measurement below
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LoD is complemented by normal ECG and asymptomatic patient.[**!** If these
conditions for single ¢Tn measurement rule-out cannot be met, serial ¢Tn
measurements must be utilized according to the algorithm. If subsequent cTn results
(third measurement at 3h) show no sufficient change between ¢Tn measurements,
the likelihood of ongoing MI is considered to be extremely low.!*"3*!3 When ¢Tn
assay results do not indicate myocardial damage, further imaging studies and
additional laboratory tests can be utilized to establish the correct diagnosis.

| Initial measurement |

| <5 ng/L | 5-<52 ng/L | 2s2ng |
I | ! I
Time between Init. meas. of <12 ng/L | Others || 1hA25ng/L |
sampling and onset and
of symptoms 1hA<3ng/L
| s3h || s3n | l
* ) 4 \ 4
Rule-out | Observation " Rule-in
| ' 1ha |
| <3 ng/L ” 3-<5ng/L ” >5 ng/L |
v v v
Rule-out l Observation ” Rule-in |

Figure 3. ESC Oh/1h Roche Elecsys hs-cTnT algorithm for suspected NSTEMI

For all patients ruled-in and those at observation, echocardiography is
recommended.'” Echocardiography is commonly acquired before coronary
angiography or to help establish differential diagnosis of thoracic aortic dissection,
pericarditis, cardiomyopathies including takotsubo, pulmonary embolism, cardiac
tamponade, heart failure or aortic valve disease.!’*'*®! Invasive coronary
angiography is performed for all patients prior to PCI or CABG. During the
angiography a contrast agent is injected to the coronary artery, which reveals and
pinpoints the culprit lesion(s). Around 8-19% of the patients show no relevant
occlusion, which may indicate myocardial infarction with non-obstructive coronary
arteries (MINOCA) — a type 2 MI or depending on other evidence some non-
ischemic condition.!* Although chest roentgenogram has low utility in diagnosing
ML, it is useful detecting potential alternative diagnosis such as fractures of the rib
cage, pneumonia, pneumothorax or other thoracic conditions./! In some situations
CT angiogram may be performed for low-risk patients to help rule-out conditions
like pulmonary embolism or aortic dissection or to identify atherosclerotic lesions in
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the coronary artery.l Similarly in special cases cardiac MRI may be performed
when inflammatory heart disease is suspected.!**'**) Myocardial perfusion imaging
may also be utilized in specific situations during suspected ACS to exclude type 1
MI, or to supplement the information gathered from coronary angiography.!"**! In
Finland perfusion imaging in acute setting is mainly used to identify decreased
perfusion after the episode."*”! Additionally, those in the observation zone and
without indication of other serious condition or elevated risk may benefit from stress
testing in combination for example with ECG.) Additional laboratory testing may
also be required. Elevated proBNP may indicate heart failure, whereas normal fibrin
D-dimer (FIDD) testing can help rule-out pulmonary embolism and aortic
dissection.!”” Full blood count including hemoglobin (Hb) and leukocytes may help
identify anaemia induced ischemia or infection.!®'*"! If these additional tests indicate
transient ischemia without myocardial damage to be the culprit, diagnosis of UAP is
usually established, although in some cases diagnosis of SAP may also be
considered.!'**147]

Diagnosis of stable and unstable angina are both normally associated with the
sensation of chest pain, discomfort or pressure. However, these symptoms are not
required for the diagnosis of SAP or UAP as either can present atypical symptoms
without characteristic angina pectoris features.!'>>!**) SAP manifest with reversible
and well predictable symptoms that are often induced by physical exertion, whereas
in UAP the symptoms usually differ in severity and may be triggered even at rest or
after rather mild exertion. During these ischemic episodes, no observable myocardial
cell damage occurs in either SAP or in UAP. [*>!*¥] The diagnostics and treatment
of SAP follow its own guidelines, not further discussed here.!'"*'*] In case of UAP,
diagnostic evaluation and clinical assessment guide the risk assessment, which
decides further course of action.[*"**!**] Although patients with UAP do not show
markers of acute myocardial damage, their sudden increase in symptom severity or
decrease in angina threshold can indicate among other causes a plaque rupture or
erosion with incomplete venous blockade or progression of the atherosclerotic
disease.!'*! Thus episodes of UAP may precede further complications and MI and
careful risk assessment is warranted.!'**!*%!

2.4 Cardiac Troponin

241 Cardiac Troponin Complex

Troponin is a regulatory protein of a skeletal and heart muscle contraction. It is
bound to tropomyosin (TM) and distributed in repetitive manner along actin
filament; one to every seven actin monomers.!"””! The function of troponin is
regulated by intracellular calcium ion concentration. At low calcium concentration
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troponin with TM inhibits myosin-actin interaction, thus preventing muscle
contraction. At higher calcium concentrations, the inhibiting effect is removed after
calcium ion bounds to troponin and induce conformational changes that enable actin-
myosin interaction as seen in Figure 4.!">" Troponin consists of three structurally and
functionally different subunits: I, T and C; thus commonly referred to as the troponin
ITC complex.

cTn ITC complex

Myosin head (unbound) Tropomyosin

ITC bound calcium

Exposed myosin binding sites

Myosin head (bound)

Figure 4. Interactions between troponin, tropomyosin, actin and myosin. Calcium induces
conformation change in cTn, which enables tropomyosin to move and expose myosin
binding sites of actin. Binding of myosin into actin leads to muscle contraction.

Troponin C

Troponin C (TnC) is the sensing part of troponin complex that binds calcium ions
which induce the structural changes of troponin complex during muscle movement.
In humans, TnC is present in two isoforms that are encoded by TNNC/ and TNNC?2
genes.!'*?) TNNC2 encodes TnC that is part of fast skeletal muscles, whereas TNNC/
encodes TnC for both cardiac and slow skeletal muscle. TNNCI (UniProt entry:
P63316) product is 18 kDa protein with 161 amino acid residues that make up nine
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a-helices (Figure 5) which in turn form two globular domains that are connected with
a flexible hydrophobic linker region.!'*! These globular domains contain the cation
binding sites of TnC. In cardiac muscle, TnC contains one inactive, one active and
two structural binding sites. Structural binding sites (III aar 92-127; IV aar 128-161)
are always occupied under physiological conditions and can bind both Ca**
(Ka 10" M™") and Mg*" (Ka “10* M™") ions and tether TnC to the rest of the cardiac
troponin (cTn) complex.!"**'** Unlike in skeletal troponin (skTn), binding site I (aar
16-51) has been shown to be inactive in cardiac TnC.!"**! Binding site II (aar 52-87)
is the regulatory site for cardiac muscle contraction.!"*! Although, site II binds both
Ca” (K "10° M™") and Mg”" (K4 ~10° M ") ions, only Ca** induces a conformational
change upon binding during systolic concentration increase (400—1000 nM).[!>>-15¢]
TnC is not utilized as an effective cardiac biomarker due to the fact, that heart and
slow skeletal muscle TnC have homological amino acid sequence.!'>”)

Active calcium
binding site I.

Structural binding
sites Ill and 1V, that
bind divalent calcium
or magnesium.

C-terminus E

Figure 5. Structure of TnC in cTn with structural a-helices (A-H, N) and cation binding sites. Edited
from Marston and Zamora!'®® under the terms of the Creative Commons Attribution 4.0
International License.
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Troponin |

The function of troponin I (Tnl) in troponin ITC complex is to sterically inhibit the
formation of actin-myosin bridge at low cytosolic Ca’" concentrations, thus
inhibiting muscle contraction. The inhibiting effect is achieved when the C terminus
of Tnl (cTnl aar 163-210) binds to actin and adjusts TM into position where it blocks
the myosin binding sites of actin filament.!"**"**] Upon systolic Ca*" concentration
increase in cytosol and binding of Ca*" ions at TnC regulatory binding site(s), the
troponin complex undergoes intra-molecular conformation change. This opens a
hydrophobic surface at the N terminus of TnC and enables the switch peptide part of
Tnl (cTnl aar 149-163) to interact with the revealed area. This in turn retracts C
terminus of Tnl away from actin, thus allowing TM to shift and reveal myosin
binding sites of actin filament.!">'**] In human body, three different Tnl isoforms
are encoded: Slow skeletal Tnl that is encoded by TNNII, fast skeletal muscle Tnl
by TNNI2 and cardiac muscle Tnl (cTnl) by TNNI3 (UniProt entry: P19429)[!5%
From these isoforms the cTnl is the largest (24 kDa) with total length of 210 amino
acid residues or 209 after the removal of a methionine residue at the N-terminus. It
contains two larger structural cTnl a-helices H1 (aar 43—79) and H2 (aar 90-135)
which form the IT arm domain that serves as an area for C-terminal area of TnC to
attach.!'>*! ¢Tnl also incorporates a specific part called cardiac-exclusive N terminal
domain (NcTnl; aar 1-32) that is not found in other Tnl isoforms.!"**!*! This unique
area contains two adjacent serine amino acids (aar 23 and 24) that are readily
phosphorylated by protein kinase A. This phosphorylation leads to a decreased
affinity between cTnl and TnC subunits, decreased Ca** binding affinity at the TnC
regulatory binding site II and thus increase the rate of relaxation and diastolic
function of the cardiac muscle.!"®'** In patients with heart failure, phosphorylation
of these specific serine residues has been found to be decreased.!'*'**) In addition,
cTnl also contains several other phosphorylation sites (e.g. Ser-43, Ser-45 and
Thr-145).1"191 [t is noteworthy to mention that the main Tnl isoform found in
cardiac muscles of newborn babies is not the ¢Tnl, but that of a slow skeletal muscle
isoform. The isoform expression changes between later fetal development and the
first 9 months of postnatal development, after which the main isoform of the heart
muscle is the ¢Tnl.!"* No alternative splicing has been shown to affect ¢Tnl.['*"!
Three-dimensional structure of ¢Tnl is presented in Figure 6.
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NcTnl

N-terminus

Switch peptide
Helix H2

C-terminus R

L

Figure 6. Structure of cTnl. Edited from Marston and Zamora!'®®! under the terms of the Creative
Commons Attribution 4.0 International License

Troponin T

The function of troponin T in ¢Tn complex is to bind ¢cTn into TM. Three distinct
TnT isoforms are encoded in humans: TNNT1 encodes TnT for slow twitch skeletal
muscle, TNNT2 (UniProt entry: P45379) for cardiac muscle (¢cTnT) and neonatal
skeletal muscles and TNNT3 for fast twitch skeletal muscles.!"®® In addition at least
12 different cTnT isoforms are produced through alternative splicing of TNNT2
transcripts. Isoform 6 (also sometimes referred as TnT3) is the predominate form
found in normal healthy adult heart.!"®'®) Isoform 1 is a 298 aar protein, whereas
isoform 6 has undergone deletion between aar 2433 thus incorporating 288 amino
acid residues (287 after removal of N terminal methione). Isoform 6 has a calculated
mass of 34-35 kDa and usually reported mass somewhere between 3540 kDa.l'7%171]
Altogether most of the ¢TnT structure is quite conserved, with the exception of
N-terminal hypervariable area (aar 1-79), which is the site where main isoforms (1,
6, 7, 8) differ. This area can drastically affect the activation strength of cardiac
myofilaments.['®) Next to the N-terminal hypervariable area is the first TM binding
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site of ¢cTnT (around aar 98-136).1'""%) Both of these areas are located in T1 domain
(aar 1-168) of ¢TnT which is connected via linker area (169-200) to cTnT T2
domain (aar 201-288) that consists of a- helices H1 (aar 201-225) and H2 (arr 226—
277) and c-terminal T2 site (aar 278-288).">*! The second TM binding site (aar 197—
239) is located in T2 domain overlapping H1 o- helix.!'"’" Interactions between cTnT
and TM function as an anchor to keep the troponin complex in correct position on
the thin filament. TnT also closely interacts with other cTn subunits and forms the
structurally rigid IT arm with ¢cTnT H2 a-helix interacting mainly with ¢Tnl H2 a-
helix but also with ¢Tnl H1 a-helix.!"** Three-dimensional structure of ¢TnT is
shown in Figure 7. As in case of cTnl, ¢TnT can exhibit posttranslational
modifications. Phosphorylation of Ser-2 has been proven in vivo, but although
several in vitro studies have identified multiple phosphorylation sites, in vivo studies
have not.['>!7*]

The expression of different cTnT isoforms can change both in heart muscle and
in skeletal muscles during development. In fetal cardiomyocytes, isoforms 7 and 1
are mainly expressed and in lesser extent isoform 8.1'°*'7*!7*] The developmental
shift towards isoform 6 causes alterations in calcium affinity of TnC and actomyosin
ATPase activity, therefore decreasing maximal force of the myofibrils.!"”®) During
adulthood healthy skeletal muscles do not contain significant amounts of ¢cTnT. In
contrast, in fetal skeletal muscles small amounts of ¢TnT can be found.!'®!"+17]
cTnT isoform expression can also be altered also due to disease. Several skeletal
muscle disorders like skeletal myopathies or muscle dystrophies can cause
upregulation of TNNT2 gene in skeletal muscles and thus lead to diagnostically
relevant increases of total cTnT concentration in plasma.!'’”! The expression of cTnT
isoforms can also shift during heart failure, which has been shown to promote the
expression of fetal isoform 7.1'7+!7%)

Whereas disease can affect ¢cTnT isoforms, the opposite is also true. Over 100
different mutations in c¢Tn have been associated with hereditary
cardiomyopathies.!'”®) Of these mutations 15-30% originate from cTnT and they do
not necessarily need to be at specific area of ¢TnT structure, thus underlining the
importance of the whole structure.!'>!””]
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Figure 7. Structure of cTnT. Edited from Marston and Zamoral'%® under the terms of the Creative
Commons Attribution 4.0 International License.

24.2 Cardiac Troponin Kinetics and Fragmentation

Cardiac troponins are released into the circulation during MI due to myocardial
damage that is induced by decreased perfusion and lack of oxygen at the affected
part of myocardium.!">”! The release patterns of cTnl and cTnT are dependent on the
underlying condition. During stress and reversible ischemia, a fast and transient rise
of cTn can be detected. This rise often resolves and returns back to baseline during
24 hours.!"*"! Several hypotheses have been presented for this kind of release pattern
including proteolytic degradation and exocytotic release of cTn fragments, change
in the permeability of cardiomyocyte membrane, formation and release of blebs or
apoptosis by caspase pathways.!!*"!%]

The concentration kinetics of ¢Tn following MI are quite well established. ¢Tn
elevation and its duration depend on infarct size, possible treatment measures and
clearance speed.!'"'"* The release of c¢Tnl usually occur in monophasic manner,
whereas with ¢cTnT a biphasic release is often observed, especially if reperfusion has
been performed, as illustrated in Figure 8.1'"**'*] ¢Tnl released after the onset of MI
usually stays elevated between 4—10 days (median of 7 days) and peaks between 6—
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13 hours (median of 9-10 h) after PCI or around 24h without successful
reperfusion.!'’*'#) ¢TnT stays elevated between 5-14 days and peaks similarly
between 6-11h (median of 9-10 h) after PCI or around 48h without
reperfusion.!'®*'¥71%1 The second ¢TnT peak occurs independent of reperfusion
status around day four after symptom onset.!'®" The difference between c¢Tnl and
c¢TnT kinetics is still unclear, but it is suggested that the initial cTnT release is due
to cytosolic free pool (6 £ 1.1% of ¢TnT) and the secondary ¢TnT release is
suspected to originate from dying cardiomyocytes.!'"*'"*") When assessing c¢Tn
release it must be kept in mind that in addition to one or more release pathways, there
are also simultaneously acting degradation and elimination pathways. In addition,
differences between assays might contribute, not only because of lack of
standardization, but also depending on other factors concerning assay design,
monoclonal antibodies (mAb(s)) being utilized, the epitopes identified and cTn
autoantibodies interfering with the elimination kinetics.!'””! Kristensen et al.
ingeniously addressed the problem of simultaneous release and elimination on their
study by storing STEMI plasma after acute revascularization and later
readministering the plasma to the same individuals."®* As seen in Table 2, five
different hs-cTn assays were compared, which provided comprehensive picture on
elimination kinetics. Half-lives between 134-239 minutes were determined for ¢Tnl
assays whereas the sole cTnT assay showed a half-live of 134 minutes. The
difference seen in c¢Tnl half-lives underlines the importance of assay selection and
molecular degradation when making interpretations and data comparisons on c¢Tn
release or elimination kinetics.

Concentration

Days

Figure 8. lllustration of cTn kinetics with reperfusion (cTnl, yellow; cTnT, blue) and without
reperfusion (cTnT, orange).
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Table 2. cTn assay epitope and median cTn elimination half-life comparison.

Assay Manufacturer Epitopes (aar)* Median
Capture mab(s) Tracer mab(s) elimien?;i?nn)ﬂflf-
Vista hs-cTnl |Siemens 29-34 - 41-50 | 171-190 199.3
Vitros hs-cTnl |Ortho 87-91 - 24-40 41-49 239.7
Alinity hs-cTnl |Abbott Not published 212.6
Atellica IM|hs-cTnl [Siemens 41-50 171-190 | 29-34 - 134.4
Elecsys |hs-cTnT |[Roche 136-147** - 125-131** - 134.1

*%

*cTnl epitopes received from IFCC document(193]
comparable. ***Kristensen et al.[192]

cTnT epitopes(t94-1%€l; ¢Tnl and cTnT aar not

The earliest reports in the late 1990s disclosed that ¢Tnl and ¢cTnT were found
in the bloodstream after MI not as a single entity but as a spectrum of different
forms.!"""%1 It was thus noted that the antibody selection could drastically affect
assay performance due to different forms being detected.!””! This sparked further
interest to map different cTn fragments, fragmentation pathways and time-dependent
changes in association with different conditions. Now it is established that troponin
composition undergoes dynamic change after ML"®! It is still debated into which
extent these changes happen upon ischemia inside the damaged myocardium or post-
release in the circulation.”**?*! It has been speculated and experimented in vitro that
several proteases, most notably thrombin, are able to degrade different sections of
¢Tn.2%

Several methods have been utilized to study ¢Tn fragmentation. These include
immunoassays, gel filtration chromatography, immunoprecipitation, gel
electrophoresis, western blotting and mass spectrometry. Although several minor
cleavage sites and corresponding fragments have been identified, the most important
cleavage sites lay at aar 68—69 and 189-223 in ¢TnT and around aar <34 and >126
in ¢cTnl as shown in Figure 9.°'2%! Higher portion of intact cardiac troponin ITC
complex is detected shortly after MI.*°!) The N-terminal hypervariable area of cTnT
is readily cleaved at least due to thrombin (aar 68—69), but possibly also
intracellularly by calpain-I (aar 68—69) and/or caspase-3 (aar 88—89),1!69-202:204.203] ¢
has been shown that both calpain and caspase cleave the mentioned sites only when
¢TnT is part of ITC complex.?***%) After ¢cTnT has been cleaved at aar 189-223,
low molecular weight ITC complex (LMW-ITC) and free ¢TnT fragments are
formed.!™*°!"! These free cTnT fragments include the rather stable cTnT mid fragment
between aar 69—189.°') LMW-ITC further degrades into IC complex after the C-
terminal ¢TnT fragment has been detached or degraded. Although it is currently
unknown how this C-terminal ¢TnT fragment is detached from LMW-ITC, there is
evidence that the Lys residue at 288 is readily cleaved at least in vitro and that the
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area between aar 189-223 has several cleavage sites that in theory could contribute
to the removal of C-terminal cTnT.””"! The IC complex can undergo further
structural changes by both N- and C-terminal fragmentation of cTnl (aar <34 and
>126), thus leaving the most stable central fragment attached into TnC.**! To date,
no free intact cTnl has been reported in any significant extent. Whether free intact
¢TnT is released during MI is still debated.®%"

The exact kinetics of cTn fragmentation in vivo is hard to establish. Several
factors including interfering autoantibodies, post-translational modifications and
simultaneous release of new cTn affect the results.'®'""! It is assumed that the
release of intact ¢cTn continues as long as damage in the myocardium keeps
progressing. Although new intact cTn is released into circulation, the proportion of
intact ¢Tn starts to decline after the initial first hours as progressively smaller ¢Tn
fragments are produced.'™

Also, preanalytical sample handling and the chosen matrix can affect troponin
fragmentation. It is now well known that the N-terminal cleavage of cTnT mediated
by thrombin is also evident in serum samples due to the activation of coagulation
pathway during serum preparation.!'”*?%2%"] Similarly, it has been shown recently
that ethylenediaminetetraacetic acid (EDTA) samples exhibit enhanced degradation
when compared to lithium heparin samples, probably due to chelating effect exerted
upon structural stabilizing calcium ions."**®! Although, the analytical significance of
C-terminal lysine cleavage of cTnT is rather miniscule or non-existent, it is known
that this lysine is removed in vitro upon incubation of lithium heparin samples.**"
To avoid major degradation due to the chosen matrix, lithium heparin plasma, citrate
plasma and hirudin plasma are thus preferred.l?**2!%

TnC

cTnT 189-223

Figure 9. lllustration of the main cTn fragmentation sites / areas (dashed). TnC (orange), cTnl
(blue), cTnT (green). Area in cTnT aar 189-223, cTnl aar <34 and aar >126 all contain
multiple cleavage sites.
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24.3 Commercial Cardiac Troponin Assays

Cardiac troponin assays have undergone several iterations and developmental steps
since Cummins et a/l. and Katus et al. introduced the first cTnl and ¢TnT assays
respectively.’>™ The analytical sensitivity has improved from pg/L to the level of
ng/L or even below.!*''?'?] The analytical specificity has similarly improved after
implementation of monoclonal antibodies that do not show significant cross-
reactivity with skeletal troponin isoforms.*'"! These and other advancements in
analytical capabilities of cTn assays have altered diagnostic cut-offs, algorithms and
even how we define MI."723] However, there are still several challenges regarding
modern ¢Tn assays such as interference caused by ¢Tn autoantibodies, heterophile
antibodies such as human anti-animal antibodies and rheumatoid factor and the
intake of high-dose biotin supplements./*'*2'®! In extremely rare cases some cTn
immunoassays might, at least in theory, be also affected by paraproteins, anti-
ruthenium antibodies, anti-streptavidin, anti-biotin etc.”'”) Additionally, elevated
cTn results can be measured in several conditions not related to MI and are frequently
observed among hospitalized patients.*'®*'”) Also, standardization of especially cTnl
assays has long been sought, but due to the fact that cTn assays utilize different
epitopes and calibration materials, it has been proven to be extremely
challenging.***!) Thus, cardiac troponin assays from different manufacturers are
not comparable. Similarly, different assay generations or different assay platforms
from the same producer might not produce comparable results.>**")

All modern commercial ¢Tn assays utilize the same principal method for analyte
identification, monoclonal antibodies, most often immunoglobulin G (IgG), or their
fragment antigen binding (Fab) portions specific for the cardiac isoforms of troponin
(from here on both are referred to as antibodies).l*'*?**?**) An assay must utilize at
least one capture and one tracer antibody, but may use more than one to enhance
sensitivity and/or to decrease the effects of interfering cTn autoantibodies. A capture
antibody is usually bound onto a solid surface or magnetic particles. Although
several different coupling methods exist, it is often established with biotinylated
antibodies that are anchored via specific interaction with streptavidin.!*'®*** If
magnetic particles are utilized, they can be controlled during analysis via
electromagnetism and concentrated onto a specific surface area when necessary.**!
After the sample is introduced, the capture antibody binds into ¢Tn. Similarly, the
labelled tracer antibody with different target epitope binds into ¢Tn, thus forming a
so-called sandwich complex. As all unbound material is washed away in the course
of the analysis, only bound material is measured. Different cTn assay platforms
utilize different detection technologies and labels. Many of the modern methods
utilize some form of chemiluminescence, fluorescence or enzymatic reaction.**®!
The measured signal is generated by a specific label that has been conjugated to the
tracer antibody. The final cTn concentration in a sample is calculated when the signal
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is compared to the calibration curve which is calculated based on signals from
calibrators of known concentrations.??”)

In general, cTn assays can be divided based on different factors. Most notably
they are divided into ¢Tnl or ¢cTnT assays, based on the ¢Tn subunit targeted by assay
antibodies. The test systems and related assays can also be divided based on intended
users and user location into core laboratory or point-of-care (POC) tests. In practice,
POC test are usually easy to use and thus suitable to be used by non-laboratory
professionals outside the laboratory, but most POC tests do not offer similar
performance in comparison to core laboratory platforms. However, in recent years
the first high sensitivity cTn POC assays have been introduced into the market.[***!
As different assays inherently have different characteristics and analytical
performance, they are often divided into high sensitivity or contemporary assays
depending on their analytical sensitivity. Task Force on Clinical Applications of
Cardiac Bio-Markers (now the IFCC Committee on Clinical Applications of Cardiac
Bio-Markers, C-CB) of the International Federation of Clinical Chemistry (IFCC)
has stated that a hs-cTn assay must adhere to following rules**":

- The 99th percentile URL of the assay should be measured with an
analytical imprecision (coefficient of variation; CV) of < 10%.

- cTn should be measured above the limit of detection in > 50% of healthy
subjects.

According to the recommendations of IFCC C-CB the 99™ percentile URL for
the assay should be derived from assumingly healthy individuals.*! With hs-assays
the use of sex-specific 99™ percentiles are recommended, whereas age specific URLs
are not.?****’) Reporting of cardiac troponin results below concentration with total
imprecision of 20% is prohibited by US Food and Drug Administration (FDA) and
thus minimum total imprecision of 20% at the 99™ percentile is deemed acceptable
for contemporary assays.”?*?** The majority of both contemporary and hs-cTn
assays have been listed in ¢cTn Biomarkers Reference Tables by IFCC.[**!#3?! These
tables also include some basic information about analytical characteristics, accepted
sample matrix and in some cases about the exploited cTn epitopes. For further info
about a specific assay, manufacturers Instruction for Use (IFU) should be consulted.
Further recommendations for laboratories using ¢cTnT assays are presented by IFCC
C-CB.[214’230]
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244 Clinical Specificity of cTn Assays

Since the release of hs-cTn assays ¢Tn has been by far the most sensitive biomarker
for diagnosis of MI. Simultaneously the increased assay performance and utilization
of lower concentrations have introduced the problem of decreased clinical specificity
of cTn regarding the diagnosis of acute MI. With modern hs-cTn assays it is not
uncommon to obtain results over 99" percentile URL without MI. These non-MI
related ¢Tn elevations are typically associated with other morbidities or conditions
as listed in Table 3 and increased age.[*2'8233240]

Mechanisms behind elevated ¢Tn levels are varied, and in some cases somewhat
unknown. In many conditions the elevation is attributed to acute myocardial damage
that may or may not be related to myocardial ischemia. Some conditions cause
collateral damage that also affects myocardium, whereas in others direct cardiac
involvement is the culprit. The speed in which the myocardial damage processes also
vary in different conditions. In some, rapid elevation of c¢Tn can be expected,
whereas in others rather slow ongoing damage results in a stable elevated level of
cTn.**" In addition, decreased renal clearance may also affect the clearance of
circulating cTn fragments.!"®2%] Thus, both cardiac damage and decreased clearance
of ¢cTn may contribute to the elevated cTn levels in circulation.

As already stated, several cleavage sites have been identified in both ¢TnT and
cTnl.B?%! The cleavage of ¢Tn can occur during circulation or during sample
preparation, thus affecting the structural composition of measured ¢Tn.2*"2%-21% ]t jg
also becoming evident that in different conditions, the release mechanism of ¢Tn can
differ, thus possibly producing different structural compositions of circulating cTn
pool.l"®) The composition of the pool can also be affected by continuous release,
degradation and clearance, thus temporal dependence of different ¢cTn forms in
circulating pool can be observed.®***!

Different hs-cTn assays are affected differently by ¢Tn fragmentation due to the
distinct epitope utilization and design choices regarding these epitopes, as already
insinuated by median cTn elimination half-lives presented in Table 2 and
fragmentation studies of cTnT and cTnl.****! ¢Tn elevations between cTnT and cTnl
assays also show different prevalence in non-ACS conditions as presented in Table
4, which may reflect both analytical and mechanistic differences.****! The epitope
selection has previously been driven by factors like assay sensitivity, skTn cross-
reactivity, epitope interference and patents.*?**?*7] In Roche Elecsys hs-cTnT
assay both capture and tracer antibody epitopes are located in the stable middle
fragment of cTnT and no major cleavage site is located between the epitopes.**")
This selection has the inherent ability to detect ¢cTnT even after extensive
degradation, thus increasing assay sensitivity. On the other hand, this selection of
epitopes is not able to detect differences in composition of cTn pool between
different conditions and morbidities.
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Non-MI related conditions that cause elevated plasma cTn levels.

Cardiac conditions

Systemic diseases

Heart failure

Acute renal failure

Cardiomyopathies

Chronic kidney disease

Cardiac inflammation e.g. Endocarditis,
Myocarditis, Pericarditis

Diabetes

Severe hypothyroidism

Atrial fibrillation

Systemic sclerosis

Sustained brady- or tachyarrhythmia

Systemic lupus erythematosus

Takotsubo syndrome

Skeletal myopathies

Cardiac contusion following e.g. blunt chest
trauma

Amyloidosis

Sarcoidosis

Hemochromatosis

Vascular and hemodynamic conditions

Infectious diseases and sepsis

Ischemic stroke

Pulmonary embolism

Acute complications of inherited disorders
e.g. Neurofibromatosis, Klippel-feil syndrome

Pulmonary hypertension

Severe hypertension

Treatment related

Hypotension or shock

Cardioversion

Gastrointestinal bleeding

Lithotripsy

Subarachnoid and Intracerebral hemorrhage

Coronary revascularization procedure

Severe anemia

Catheter ablation

Microvascular dysfunction

Other cardiac surgeries

Vasculitis

Defibrillator shocks

Coronary artery spasm

Coronary artery dissection

Drugs and other substances

Other causes

Chemotherapeutic agents and other
medication e.g. verpamil, fenoterol, colchicine

Respiratory failure e.g. COPD

Drug abuse e.g. cocaine + fentanyl use

Strenuous exercise

Carbon monoxide poisoning

Birth complications in infants

Venomous animal bites

Table 4. Prevalence (%) of cTn elevation in non-ACS patient groups. 2442451
Roche Elecsys Dimension Vista Architect i2000SR
hs-cTnT hs-cTnl hs-cTnl
ESRD 99.0% (n=198) - 34.5% (n=69)
Infection 42.7% (n=41) 8.3% (n=8) -
Cancer 57.9% (n=11) 10.5% (n=2) -
Gastrointestinal 36.8% (n=89) 5.0% (n=12) -
All non-ACS conditions 40.8 (n=362) 7.4% (n=66) -
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2.5 Europium(lil)Chelate Labels for TRF Assays

The performance of an immunoassay can be improved by introducing labels with
enhanced signal generation. The basic concepts necessary to understand the
principles of phosphorescence, fluorescence and time-resolved fluorescence (TRF)
are covered in short manner as these have been thoroughly covered in multiple books
and journals.***** Lanthanide chemistry and europium(IIl)chelate labels utilized in
TRF immunoassays are abruptly covered.

2.5.1 Fluorescence, Phosphorescence and Time-Resolved
Fluorescence

Fluorescence is a type of photoluminescence, where a photon is absorbed and
subsequently emitted at higher wavelength (A). The difference in wavelength
between the absorption and emission peaks is called Stokes shift.**”! The energy
difference between the peaks and the reason for Stokes shift is the non-radiative
decay that happens according to Kasha's rule, which states that relaxation occurs
from the lowest excited electronic state (Si, D1, T, etc.) of each multiplicity (S, D, T
etc.).>" As presented in Figure 10, fluorescence emission happens without change
in spin multiplicity (S » S), whereas another type of photoluminescence,
phosphorescence, happens when emission involves a change in spin multiplicity (T
» S), which is forbidden by quantum-mechanical selection rules (in electric-dipole
allowed process the spin of the electrons must remain the same)./****°!! For the same
reason intersystem crossing from singlet state to triplet state is often not preferred.
Additionally, the triplet state of organic molecules is readily quenched by molecular
oxygen.!*?! However, it is well established that heavier elements such as lanthanides
(Ln) are able to stabilize the triplet state and increase the intersystem crossing rate
considerably.**®! In practise, fluorescence processes are more probable and happen
in smaller timescales than those of phosphorescence, which generally occur within
milliseconds to seconds or even longer. Most fluorescent compounds have emission
lifetimes at nanosecond timescale.**®) Some lanthanide salts and organometallic
lanthanide chelates, especially europium chelates, have prolonged course of
fluorescence emission that can last up to several milliseconds and is thus referred as
TRF.”*) As most compounds and materials have short fluorescence emission
lifetimes, this prolonged emission offers the advantage of better signal-to-noise ratio
as illustrated in Figure 11. Thus, TRF has been utilized in combination with
appropriate labels and dyes in various applications, including immunoassays.#**%>]
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The TRF process starts with the ligand absorbing a photon which results Sp »
Su+1 excitation. The introduction of a heavier element such as europium stabilizes the
ligand triplet states and makes intersystem crossing a more favourable process,
resulting in intra-ligand Sp+1 » Thas1 transition.?**] A narrow energy cap between S,
and T, energy states favours fast transition. Typically, kisc of >10° s™' are needed to
efficiently compete with fluorescence decay k¢ which is around 3 x 10° s.[%% Ag
the spin selection rules make T, » Sy transition forbidden and thus a rather slow
process, the energy then flows from ligand triplet state to the Eu’" ion.*** The ligand-
metal energy transfer to actually happen, a wave function overlap between the
chromophore and Eu** ion must exist. In practice, the chromophore needs to have an
integral electron donor such as a pyridine nitrogen or an anionic oxygen atom.?*]
This electron donor must be located in close vicinity of the Eu’" ion for an efficient
energy transfer to occur via Dexter electron exchange mechanism.* In special
cases, the energy transfer is assumed to happen via excited intramolecular charge

45



Rami Aalto

transfer (ICT) state rather than via triplet state. This kind of situation might arise
when strong electron donating groups are located on the aryl ring.**® After the
energy transfer has occurred, the energy then decays non-radiatively into Dy energy
level from which relaxation occurs and light is emitted.>”)
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Figure 11. lllustration of background vs TRF-label emission decay kinetics. Delayed measurement
window (e.g. 0.15-0.6 ms; light blue area) enables high S/N ratio.

TRF measurement and the performance of TRF-label depends on factors such as
absorption, emission lifetime and quantum yield of the label. Absorbance is
determined in relation to wavelength and it follows Beer-Lambert equation (Eq.1) in
unsaturated non-turbid/homogenous matrix. In practice, it is measured as
transmittance and converted into absorbance according to Eq.2 The fluoresence

excitation spectrum often closely resembles absorption spectrum.*”!
A= ecl Equation 1.
A= —log,,(T) Equation 2.

A, (absorbance), € (molar absorption coefficient), c (concentration), | (path length), T (transmittance)

The absorbance in a solution is affected by the solvent matrix: polarity, pH,
matrix absorbance and other interactions with other components. One of the most
common causes of measurement error is the chromophore saturation and the
subsequent formation of aggregates. Although, the reliable range of different
instruments vary, it is commonly between 0.1-2 AU, while recommended
absorbance area is below 1 AU (90% of light absorbed).!**"”

The fluorescence quantum yield (¢) depicts how well the compound is able to
convert absorbed photons into emitted photons. Thus, it is defined as the ratio of
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photons that are emitted divided by photons that have been absorbed. In practice,
determining quantum yield of a compound can be intensive, and if similar compound
with known quantum yield exists, relative quantum yield (re) is often determined
instead (Eq. 3).1**2%!] According to Kasha—Vavilov rule, fluorescence quantum yield
is independent of excitation wavelength.”*” But is affected by temperature and
molecular environment,!2%*-2%4!

JEmg A(Aex)std
JEmgq A(dex)q

g = Psa X Equation 3.

Equation 3. can be utilised when solvent matrix has the same refractive index. std (known
compound), [Em (integral of fluorescence emission), A(Aex) (absorbance at excitation wavelength)

The fluorescence lifetime (7) is defined as the time for fluorescence intensity to
reach 1/e of its original value.”*® Fluorescence lifetime is usually independent of
excitation wavelength, but similarly to quantum yield, it is affected by temperature
and molecular environment.?>*%! Fluorescence brightness (g¢) is combination
property of absorption of the molecule at specific wavelength, which is presented by
the molar extinction coefficient € multiplied with the molecules ability to convert the
absorbed energy into fluorescence emission presented by quantum yield.[**”

252 Lanthanides

Lanthanoids also known as lanthanides (Ln), are rare earth minerals from lanthanum
(s7La) to lutetium (7:Lu). Most of the lanthanides have, with the exception of
lanthanum, occupied 4f orbitals, which have odd parity.”*”! These f orbitals are well
shielded by other orbitals and thus do not participate significantly in binding.
Generally, lanthanides behave chemically very similarly and they tend to adopt +3
oxidation state in aqueous solution.”®”) Formation of hydroxide complexes is also
readily observed above pH 6 in aqua.?®® Lanthanides usually form complexes with
coordination numbers 6—12, but lower numbers have also been reported. Empirical
studies suggest that Eu’" ion readily adopts nine-coordinate structure in aquatic
environments. However, coordinating ligands affect highly to the coordination
chemistry and the physiochemical properties of Ln*" ions."**’! The influence goes
both ways, as the Ln’" ions also affect the energy levels and photophysical properties
of the ligand. Most of the Ln’" ions, including Eu’*, have unpaired electrons in their
orbitals and are thus paramagnetic. Due to the paramagnetic nature of many Ln*"
ions, distance dependent NMR-shifts are readily observed in organic ligands.!**”!
Paramagnetism of Ln** ions also contribute to medical imaging. Gadolinium
compounds are the preferred contrast agents due to high magnetic moment (many
unpaired electrons), isotropic magnetic field and relatively long spin relaxation
time.'**”] Although highly toxic in free ionic form, organic ligands decrease the
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toxicity of the Gd*" ion. Ln*" ions, like almost all positive metallic ions, prefer
electronegative anionic ligands and multidentate ligands generally offer enhanced
stability to the complex.**”

Some Ln** jons absorb visible electromagnetic radiation (A 380-760 nm), but
usually in an extremely weak manner due to Laporte-forbidden f-f transitions.*” To
explain this in a simplified manner: In a centrosymmetric system (electron orbitals
that have center of inversion) the wavefunctions of the electron orbitals have definite
parity (either odd or even). When a photon interacts with the wavefunction via
electric-dipole operator (which is odd inversion operator), a wavefunction must
change sign (parity) or otherwise the spatial coordinate inversion operation ends up
being odd, which means the integral is 0 and thus the energy transition is forbidden
as illustrated in Eq.4.°7?%) As a simple analogy this process can be thought
(somewhat incorrectly) as interfering waves that either cancel or amplify each other
after electron has interacted with them.

(1/Jf|;2|1pi) - (even|odd|even) = odd Equation 4.

Y; (wavefunction of the final state), p (electric-dipole operator), W; (wavefunction of the initial state),

Much of the centrosymmetric nature of 4f orbitals is also retained even after the
addition of ligands, as 4f orbitals are well shielded and do not participate in binding.
For the same reason emission peaks of Ln** ions are not readily affected by the
molecular environment and thus they also produce quite sharp peaks.*’””) In TRF-
assays the most commonly used lanthanide is Eu®* due to its long fluorescence
lifetime, bright emission and sharp °Do-"F, peak.™**"!) Terbium (Tb*") is often
complementary option and if needed, for example for multiplexing assays,
dysprosium (Dy>") and samarium (Sm*") can be added. All of these cations also emit
at visible wavelength (Tb**, A540; Dy’*, A570; Eu’*, A615; Sm**, 1640 nm), in
contrast to some other lanthanides like ytterbium (Yb**, A980 nm), neodymium
(Nd**, 21060 nm) and erbium (Er**, 11540 nm).1*>*]

The emission of europium is slow due to the same forbidden nature of f-f
transitions that prevent absorption of light directly by europium.*” If the energy cap
between the ligand and europium is too narrow, the energy may flow back and
quench the TRF signal. The triplet or ICT state should be at least 2500 cm ™ higher
in energy at RT than Eu °Dy to prevent energy backflow.* The fluorescence
intensity is also lowered if the ligand structure offers several rotational and
vibrational degrees of freedom, and thus a rigid structure is often preferred.**® The
same is true if the solvation sphere of europium is filled with water molecules. Water
molecules enable vibrational energy decay through oscillating O-H bonds and
consequently decrease the fluorescent lifetime and quench the TRF signal.”’* For
these reasons chelating groups that efficiently displace water molecules from the
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solvation sphere of Eu show improved fluorescence lifetimes.” The fluorescence
intensity and quantum yields can also be quenched due to an electron transfer process
from the ligand containing electron-rich groups to the Eu ion.[***!

253 Europium(ll)Chelate Labels

Several different chelator molecules for europium have been synthesized.!
In immunoassays, these organic chelator molecules function as a bridge that
crosslinks the Eu®" to the tracer antibody. The covalent label-antibody conjugation
is often achieved via an active group such as isothiocyanato or dichlorotriazinyl, that
target free amine groups in lysine and N-terminus.'*>*! Alternatively, iodoacetamido
activated chelates can be used to target free sulfhydryl groups in cysteines.*’*)

Some labels function as Eu®" carriers, whereas some are intrinsically fluorescent.
When utilizing the carrier approach, the Eu’" must be released to form a new
complex with organic molecules capable of absorbing and transferring energy to the
europium. One example of this kind of a label is the Nl-chelate that utilizes
enhancement solution, which may incorporate molecules such as p-diketone
derivates (Figure 12).2">27%! There are downsides in this approach, when compared
to intrinsically fluorescent labels. For example:

9,255,273,274]

*  The measurement is done in solution and an extra solution handling step
is needed due to the use of enhancement solution.*”"!

*  After the addition of the enhancement solution, short equilibrating time is
needed.”?”"! The time is dependent on dissociation conditions and strength
of the chelates.

* The measurements cannot be made at later time after the enhancement
solution has been added.l*””!

* EDTA, citric acid or other chelators may interfere with the results,
especially if the light absorbing chelators have low denticity.*"!

* For multiplex assays, enhancement solutions with different chelating
chromophores are needed for different lanthanides.[*”"

« Not usable in applications where localized signals are needed.?”*

Intrinsically fluorescent Eu labels have one or more chromophores directly
attached to the chelating moiety, thus fundamentally eliminating the need to
dissociate the Eu with any kind of ES. In intrinsically fluorescent Eu labels, the
structural design of the chromophore is extremely important for the signal generation
of the label. The chromophore must have a good absorptivity at the desired excitation
wavelength and the energy levels must be in optimal range with the levels of the Ln
ion for efficient energy transfer.*’"*">)
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Figure 12. lllustration Eu(lll) chelating moieties.

In contrast to many fluorescent labels that relay on S; » Sy transitions, time-
resolved-fluorescence applications relaying on lanthanides commonly have very
large Stokes shift.”’! The exact excitation maximum of the organic ligand can vary,
but the emission wavelength of each lanthanide stays almost constant. Slight
variation in emission can be attributed on the ligand — lanthanide interaction and the
effects on lanthanide 4 orbitals.!”>” The ligand excitation wavelength often resides
at UV-B/A area (UV-B, A280-315; UV-A, A315-400 nm), most notably at the lower
end of UV-A where many conjugated organic molecules absorb. Increased size of
the conjugated system shifts the absorption towards longer wavelengths.”””) Lower
wavelengths are not used due to the facts that many organic molecules start to exhibit
photodissociation below 200-250 nm and below wavelengths of 300 nm background
fluorescence is also increased considerably, especially in clinical applications.**")

The sensitivity of an immunoassay is not solely dictated by the intrinsic
performance of the label, but is also affected among other things by the labelling
degree, which depicts how many labels there are conjugated per antibody. The
labelling degree can be affected, in addition to the labelling conditions and reagent
ratios, by the label size and structure.?’" Different activating groups have different
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kind of reactivity towards their targets, thus affecting the degree./*>*! Although high
labelling decree intuitively means more signal and is often desired, too many labels
or labels in wrong places may affect antibody binding affinity towards antigen, thus
decreasing the effectiveness of the tracer antibody. Efficient method to increase the
labelling degree without endangering the effectiveness of antibody is to use labelled
polypeptides, nanoparticles or other macro complexes that can be attached in
antibody with simple chemistry.*’"! Good example of peptide based approach is the
use of SpyTag / SpyCatcher protein ligation technology that has been successfully
utilized in ¢Tnl immunoassay.”®" Similarly, labels having more than one chelating
moiety or more than one chromophore per Eu can be used to increase labels
performance.*’"

Although several factors affecting the properties of intrinsically fluorescent Eu
chelating labels are known, the design of an optimal ligand is not a straightforward
process nor is there an easy way to predict the properties of a chosen structure. Even
a small structural change may have significant consequences for the fluorescent
properties or structural stability of the label. The final tracer antibody effectiveness
and signal generation is a combination of the properties of the lanthanide ion used,
structure of the organic chromophore and chelating moieties, utilized activation
chemistry and other labelling technologies, conditions and processes, assay buffer
components and of course antibody properties, including antigen affinity.
Additionally, assay design, sample matrix and measurement equipment affect the
sensitivity of the assay.
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Aims of the Study

The aim of this PhD thesis was to develop an immunoassay capable of identifying a
c¢TnT form that differentiates between chronic and MI-related acute cTnT elevations,
while also improving the immunoassay by designing and synthesizing novel
antibody labels with improved performance and excitation at 360 nm.

The aims of individual studies were:

Study I

Study II:

Study III:

52

To design and develop a TRF immunoassay method able to identify the
forms of ¢TnT that have not been cleaved at the C-terminal cleavage
area of aar 189223 (long ¢TnT). The study also aimed to evaluate the
basic analytical performance of the novel assay.

To evaluate the clinical specificity of the novel long cTnT assay and the
usability of the long/total ¢TnT ratio which was innovated and brought
forth in this study. The results were compared to Roche Elecsys hs-
c¢TnT assay which was also used to produce the total ¢TnT results. The
ability of the novel methods to differentiate between STEMI, NSTEMI
and ESRD patients was evaluated.

To design and synthesize a highly fluorescent europium(IIl) chelate that
could be excited at 360 nm, thus enabling the use of high-power LED
excitation sources, which would offer a cost-effective means for small
measurement systems with improved excitation efficiency. The study
also aimed to characterize the luminescence properties of the novel
chelate and to assess its usability in TRF immunoassay.



4 Summary of Materials and
Methods

The materials and methods used in publications I-II and manuscript III are
summarized here. In addition, unpublished data is presented on synthesis and
characterization of novel europium chelate that was investigated in this thesis.

4.1 Clinical samples

Samples from seemingly healthy volunteers were collected in Laboratory of Turku
University of Applied Sciences. Patient samples were collected in Turku University
Hospital as part of the TROPOnin FRAGMentation in Myocardial Injury Study
(Tropo-Fragm, ClinicalTrials.gov Identifier: NCT04465591). The study complies
with Declaration of Helsinki as revised in 2013 and the study protocol was approved
by the Medical Ethics Committee of the Hospital District of Southwest Finland.
Samples were collected after participants provided their written informed consent.

411 Patient Selection

The patient recruitment was conducted at the TYKS Heart Center and the TYKS
Kidney Center. The STEMI and NSTEMI patient samples were collected during
hospitalization based on the initial diagnosis. The final analyses were conducted
based on confirmed diagnoses. ESRD patients were on maintenance hemodialysis
and samples were collected pre- and post-dialysis.[**?! No patients under the age of
18 were included in the study.

4.1.2 Sample Acquisition Protocol

Blood samples were collected into Vacuette CAT Serum Separator Clot Activator
(Greiner Bio-One GmbH) and Vacutainer LiH (BD Biosciences) tubes. Plasma was
centrifuged (15 min; 2200xg) and aliquoted into polypropylene microtubes (Sarstedt
AG&Co. KG). Serum samples followed the same protocol after a coagulation period
of 30 min. All samples were stored at -70 °C. For plasma samples the median time
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from sample acquisition to centrifugation and from centrifugation to freezing was 20
[15-27] min and 20 [18-23] min, respectively. Prior to analysis, samples were
thawed at room temperature (RT), vortexed and spinned briefly. During the same
blood draw, a separate LiH plasma tube was collected and sent for routine ¢TnT
analysis (Roche Elecsys hs-cTnT) at the laboratory of Turku University Hospital.

4.1.3 Samples Utilized in Studies I-1I

In study I, serum and LiH plasma samples of NSTEMI (n=40), STEMI (n=72) and
seemingly healthy volunteers (n=5) were utilized. In study II, LiH plasma collected
from patients with NSTEMI (n=46), STEMI (n=71) or ESRD (n=40) was used.

The patient cohort used in study II for the clinical evaluation of the long ¢TnT
assay had the following characteristics. In the NSTEMI group, coronary angiography
was performed in 44 patients (95.7%), of whom 36 (78.3%) underwent percutaneous
coronary intervention (PCI) and 6 (13.0%) were treated with coronary bypass
surgery. The NSTEMI samples were collected before angiography in 24 (54.5%)
patients and after in 18 (40.9%) patients. All STEMI patients underwent coronary
angiography and primary PCI. All but three STEMI samples were acquired after
angiography. All ESRD samples included in the clinical evaluation were collected
prior to hemodialysis. The median time between symptom onset and sample
acquisition was 23 [17-33] h for the NSTEMI cohort and 25 [21-33] h for the
STEMI cohort. The collected patient data included additional demographics, clinical
characteristics and laboratory parameters some of which are presented at Table 5.

Table 5. Baseline Characteristics of the Patients in Study II.

ESRD (n=40) NSTEMI (n=46)  STEMI (n=71)

Age; median (IQR) 72 (59-76) 73 (66-77) 65 (57-72)
Female 17 (42.5) 12 (26.1) 15 (21.1)
Hypertension 9 (97.5) 32 (69.6) 27 (38.0)
Diabetes 5 (62.5) 16 (34.8) 9(12.7)
Prior coronary artery disease 18 (45.0) 23 (50.0) 9(12.7)
Prior myocardial infarction 12 (30.0) 8(17.4) 5(7.0)
Heart failure 5 (62.5) 3 (6.5) 1(1.4)
Atrial fibrillation 6 (40.0) 7 (15.2) 6 (8.5)
LMWH* 0(0) 38 (82.6) 65 (91.5)
Heparin* 0(0) 1(2.2) 5(7.0)
LMWH and heparin* 0 (0) 2 (4.3) 0 (0)
eGFR ml/min; median (IQR) 8 (6-10) 72 (60-90) 90 (76-96)

Data presented as cases (percentage, or median interquartile range = IQR), as indicated. Low
molecular weight heparin (LMWH); estimated glomerular filtration range (eGFR; calculated using
CDK-EPI formula); *administered prior to sample collection.
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4.2 Total cTnT

Total cTnT results utilized in studies I-II were produced by the FINAS accredited
laboratory (T124) of Turku University Hospital. Roche Elecsys high sensitivity
cTnT assay (5™ gen) was used in combination with the Roche Cobas 8000 system
€801 module. The Elecsys hs-cTnT assay utilizes a chimeric capture antibody (5D8)
that recognizes epitope at aar 136—147 and a tracer antibody (M7) that recognizes
the epitope at aar 125-131."" The Elecsys hs-cTnT assay utilizes
chemiluminescence with a tris(2,2'-bipyridyl)ruthenium(Il) label and is calibrated
against Elecsys Troponin T STAT assay, which in turn is standardized against
Enzymun-Test Troponin T method as stated in the assay IFU (08469873500). The
analytical characteristics of the assay are presented in IFCC Biomarkers Reference
Tables and in assay IFU.>?

4.3 Long cTnT Assay

4.3.1 Antibody Biotinylation and Labeling

The capture antibody (mouse monoclonal IgG 7E7; HyTest Ltd) was conjugated
with 30-fold molar excess of biotin isothiocyanate (BITC, in-house) in a sodium
carbonate-bicarbonate buffer [SO mM; pH 9.8]. The solution was incubated for 4h at
RT while protected from light. After incubation, the buffer was changed to tris-
buffered saline with azide (TSA) buffer (tris-HCI [50 mmol/l] pH 7.75; NaCl [150
mmol/l]; NaN; [0.5 g/I]) with buffer exchange columns (NAP-10, PD-10; GE
Healthcare). The mAb concentration and yield of collected eluate was determined
with ultraviolet-visible (UV-VIS) spectrophotometer, after which 0.1% of
diethylenetriaminepentaacetic acid (DTPA) purified bovine serum albumin (BSA)
(PerkinElmer) was added and the solution filtered through a 0.22 um pore size filter.
Biotinylated mAb was stored at +4°C.

Each tracer antibody (mouse monoclonal IgGs 1C11cc, 329cc and 7G7; HyTest
Ltd) was separately conjugated in sodium carbonate-bicarbonate buffer [SO mM; pH
9.8] with 30- to 35-fold molar excess of [2,2',2",2"'-{[2-(4-isothiocyanatophenyl)-
ethylimino |bis(methylene)bis {4- {[4-(alfa-galactopyranoxy)-phenyl]ethynyl } pyridine-
6,2-diyl}bis(methylenenitrilo)} tetrakis(acetato)] Eu(Ill) chelate (Eu-9d; in-
house).*> The solution was incubated for 18-20h at RT while protected from light.
The antibodies were purified with fast protein liquid chromatography (FPLC;
Pharmacia Ab.) on a Superdex 200 HR 10/30 gel filtration column (Cytiva) and TSA
buffer as an eluent. The mAb concentration of pooled fractions was calculated based
on the TRF measurements conducted with Arcus 1230 fluorometer (Wallac Oy). The
labeling degree of the mADb was estimated using Eu-standard (in-house; verified with
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[1 nM] DELFIA Eu std. (B119-100; PerkinElmer)) diluted in enhancement solution.
DTPA-purified BSA was added into the pooled fractions and the solution was
filtered. Labeled mAbs were stored at +4 °C.

4.3.2 Assay Design

In comparison to the Roche Elecsys hs-cTnT, which measures even highly
fragmented forms of ¢TnT, the long ¢TnT assay was designed to monitor the C-
terminal cleavage area of cTnT at aar 189-223, as illustrated in Figure 13. The assay
is based on sandwich-type immunoassay format with one monoclonal capture
antibody and three monoclonal tracer antibodies. The assay utilizes TRF (Aex 340
nm) for analyte quantification.” The biotinylated capture antibody 7E7 targets
cTnT at epitope aar 223-242 (UniProt entry P45379-6). The labeled tracer antibodies
(1Cl1cc, 329cc and 7G7) recognize cTnT towards the N-terminus at aar 171-190,
119-138 and 67-86 respectively. In addition to the mAbs that were chosen, several
different mAbs and mAb combinations were tested during the development of the
long cTnT assay. Human cardiac troponin ITC-complex (Hytest Ltd; Cat# 8T62)
diluted into TSA-BSA bufter (7.5% Probumin, Merck Millipore; pH 7.75) was used
as a multipoint calibrator for the long ¢TnT immunoassay. Other assay reagents are
presented at Table 6 and the complete assay protocol is described in Table 7.

Roche Elecsys hs-cTnT Long cTnT assay
7G7 329cc 1Cllcc

189-223 i i ‘i
[ LT “ s

5D8 .‘ 7E7
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«

37kDA | NI .
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Figure 13. lllustration of the main molecular forms detected by the Roche Elecsys hs-cTnT and
long cTnT assays.[194-196]
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Long cTnT assay reagents.

Microtiter plate

Streptavidin coated 96-well plate (yellow); Kaivogen Oy

Capture mAb

Biotinylated mAb 7E7

Tracer mAbs

Eu-9d labelled mAbs 7G7, 329cc, 1C11cc

Buffer for capture mab

Buffer Solution Red; Kaivogen Oy

Assay buffer

Tris-HCI [100 mmol/L] pH 7.75; NaCl [600 mmol/L]; NaNs [0.5 g/L]; BSA,
[25 g/L]; casein, Calbiochem, Merck Millipore [4 g/L]; bovine-y-globulin,
Sigma-Aldrich [0.6 g/L]; native mouse IgG, Meridian Life Science Inc.
[0.8 g/L]; denaturated mouse IgG [0.05 g/L]

Wash solution

Wash solution; Kaivogen Oy

Table 7.

Long cTnT assay protocol.

Preparation of capture
mAb solution

The capture buffer and capture mAb (for all wells) is mixed in Eppendorf
tube. Capture buffer (25 pl/well), capture mAb (200 ng/well).

Immobilization of
capture mAb

Capture mADb solution is added into each well of the microtiter plate (25
pl/well). Short shaking for few seconds with plate shaker is applied to
the plate after which it is placed into humidity chamber. Incubated for 1h
at RT.

Preparation of tracer
mAb solution

The correct amount of assay buffer and each of the tracer mAbs for all
wells is mixed in Eppendorf tube. Assay buffer (40 pl/well), each tracer
mAb (100 ng/well).

15t Wash

The capture mAb solution is removed with plate washer and wells
washed two times with wash solution.

Addition of tracer mAb
solution

Tracer mAb solution is added into each microtiter well (40 pl/well).

Addition of calibrator
or sample

Either calibrator or sample (30 pl/well) is added into each well. Microtiter
plate is then carefully covered with sealing tape and placed into plate
incubator for 1h at +36 °C, 900 rpm.

2" Wash

The solution containing assay buffer and either sample or calibrator is
removed from all wells with plate washer and wells are washed six
times with wash solution.

Drying of microtiter
plate

The microtiter plate is dried under stream of hot air from hot air blower
for 5 minutes at +60 °C.

Cooling the microtiter
plate

The microtiter plate is moved into chamber with silica bead pouch
(humidity remover). Cooled passively into RT.

TRF measurement

Measurement of the microtiter plate conducted with VictorX4 Multilabel
counter (PerkinElmer).

Aex 340 nm, Aem 615 nm, meas. delay 250 ys, meas. window 750 pus.
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4.3.3 Evaluation of Assay Performance

The evaluation of analytical performance of the long ¢TnT assay included limit of
blank (LoB), limit of detection (LoD), limit of quantitation (LoQ) and dilution
linearity. LoB, LoD and LoQ were defined as follows:

* LoB - the highest measurement result expected for a blank sample with
95% probability.

* LoD - the lowest analyte concentration that can be distinguished from the
blank with 95% probability.

* LoQ - lowest amount of an analyte in a material that can be quantitatively
determined with accuracy of 10% CV.

Both LoB and LoD were determined according to the Classical Approach of
Clinical and Laboratory Standards Institute (CLSI) guideline EP17-A2 with single
deviation as just one reagent lot was used.”™) LoB was determined by measuring
five batches of TSA-BSA buffer on five non-consecutive days as triplicates (n=75).
Due to non-Gaussian distribution of data points, nonparametric data analysis was
conducted. LoD was determined by measuring six pools of LiH plasma samples with
low concentrations of long ¢TnT (6.2-14.3 ng/L). Samples were analysed as
triplicates on four non-consecutive days (n=72). Due to Gaussian distribution of data
points, parametric data analysis methods were used.

Roche Elecsys hs-cTnT assay refers to LoQ as functional sensitivity with an
intermediate precision CV of <10%.**¥ Although our assay is not a hs-cTnT assay,
we also adopted this terminology and adhered to CLSI guideline EP17-A2 to
determine LoQ.”% In addition, we determined LoQ with 20% CV as required in US
by the FDA.*% Long ¢TnT was measured from 10 plasma sample pools (5.5—
44.0 ng/L) on four days as triplicates (n=120).

The LiH plasma pools used to determine the LoD and LoQ were prepared from
LiH plasma obtained from STEMI patients and diluted with LiH plasma from
healthy volunteers, which was confirmed to contain undetectable levels of long
cTnT.

Dilution linearity was assessed with two sets of experiments. The first
experiment was performed using pooled LiH plasma collected from three STEMI
patients. The second experiment was conducted with ¢cTn ITC complex calibrator
material in pooled LiH plasma of healthy individuals. Both dilution experiments
were conducted using 2-fold dilutions and healthy plasma as a diluent.

The temporal trends of long ¢TnT and long/total ¢cTnT ratio during type 1 MI
were investigated in study I. Visual comparison was made between long ¢TnT, total
c¢TnT and long/total cTnT ratio by analysing data from STEMI and NSTEMI patients
(n=106) and plotting each variable against time after symptom onset. This data set
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was also investigated by dividing results into timeframes of 0-24h (n=53), >24h—
48h (n=43) and >48-74h (n=10) and comparing their median trends.

The clinical evaluation of the long ¢TnT assay was conducted by investigating
its ability to distinguish the STEMI (n=71) and NSTEMI (n=46) patient cohorts from
the ESRD (n=40) cohort. The long cTnT results were compared to the fifth-
generation Roche Elecsys hs-¢cTnT assay (total cTnT) as an individual parameter and
in combination with total cTnT as long/total ¢TnT ratio.

In addition, the effect of hemodialysis on long ¢TnT and long/total ¢TnT ratio
was also evaluated by measuring LiH samples acquired from ESRD patients before
and after hemodialysis.

434 Matrix Comparison and Evaluation of Analyte Stability

Preliminary comparison of serum and lithium heparin (LiH) plasma matrix was
conducted by comparing the measured long ¢TnT concentrations of serum and LiH
samples taken from STEMI patients (n=3) at the same instance. The in vitro stability
of endogenous long cTnT was evaluated by spiking both TSA-BSA buffer and
pooled LiH plasma from healthy volunteers with LiH plasma collected from a
STEMI patient to a final concentration of 200 ng/L. The aliquoted samples were then
subjected to either +4 °C, +21 °C, or +37 °C for 24h or 7 days and stored at -20 °C
until measured shortly after day 7. The stability was also evaluated by subjecting
separate aliquots to 1, 3, or 5 freeze-thaw cycles between -20 °C and room
temperature. All the results were then compared to a baseline measurement
conducted at the start of the experiment.

4.4 Europium Chelate

4.4.1 Europium Chelate Synthesis

All the reagents and solvents used in the synthesis of the target compounds and their
intermediates were obtained as reagent grade and used without further purification.
All the intermediates were stored between subsequent synthesis steps at -18 to -20 °C
and the final target compounds at -70 °C and protected from light and moisture.
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Synthesis of 2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)-
(carboxylatomethyl)amino)methyl)-4-((5-((4-isothiocyanatobenzyl)amino)-
pyrazin-2-yl)ethynyl)pyridin-2-yl)-methyl)azanediyl)diacetate europium(lll)

Compound (6) was synthesized according to scheme 1. By utilizing microwave
assisted  synthesis  2,5-dibromopyrazine was coupled with  4-(Boc-
amino)benzylamine to achieve compound (1). This was followed by subsequent
substitution ~ of  bromine  with  ethynyltrimethylsilane  group  with
bis(triphenylphosphine)palladium(Il) dichloride (Pd(PPh3),Cl,) catalyst and
copper(I) iodide (Cul) co-catalyst to achieve compound (2). The reaction was
performed with microwave equipment under argon atmosphere. Compound (3) was
achieved by removal of trimethylsilane protection with potassium carbonate in
methanol. Compound (4) was synthesized according to the procedures found in
literature.'”’ Sonogashira cross-coupling reaction was used to produce Compound (5)
in a similar manner as compound (2). Trifluoroacetic acid was then used to remove
tert-butyloxycarbonyl (Boc) protection and all the tert-butyl groups from compound
(5). Europium(1II) ion was then introduced in the form of europium trichloride. This
was followed by the conversion of the primary amine into isothiocyanate group with
thiophosgene to yield compound (6).
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Scheme 1.Synthesis pathway of 2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)-
(carboxylatomethyl)amino)methyl)-4-((5-((4-isothiocyanatobenzyl)amino)-pyrazin-2-
yhethynyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(lll); referred as compound

6).
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Synthesis of 2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)(carboxylate-
methyl)amino)methyl)-4-((5-((4-isothiocyanatobenzyl)amino)-6-methoxy-
pyrazin-2-yl)ethynyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(lil)

Compound (13) was synthesized according to scheme 2. To achieve compound (7),
5-bromo-3-methoxypyrazin-2-amine and 4-nitrobenzoylchloride were coupled
together under dry conditions. The nitro group in compound (7) was reduced into an
amine with stannous chloride to achieve compound (8). [1 M] Borane-
tetrahydrofuran (THF) solution under strict anhydrous conditions was used to reduce
carbonyl group to produce compound (9). Thereafter synthetic steps followed similar
synthesis pathway as with target compounds (2) to (6).
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Scheme 2.Synthesis pathway of 2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)-
(carboxylatomethyl)amino)methyl)-4-((5-((4-isothiocyanatobenzyl)amino)-6-
methoxypyrazin-2-yl)ethynyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(lil);
referred as compound (13).
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Synthesis of 2,2'-(((4-((5-amino-6-((4-
isothiocyanatobenzyl)carbamoyl)pyrazin-2-yl)ethynyl)-6-(((2-
(bis(carboxylatomethyl)amino)ethyl)(carboxylatomethyl)-
amino)methyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(lll)

Compound (19) was synthesized according to Scheme 3. A detailed description of
the synthesis is provided in this thesis, as it was not included in Manuscript III.
Methyl 3-amino-6-bromopyrazine-2-carboxylate (0.55 g; 2.4 mmol) was treated
with [5 M] sodium hydroxide (10.5 ml) in methanol (50 ml), to convert the methyl
carboxylate into carboxylic acid. The reaction was conducted at RT with stirring for
3 hours. The product was extracted with ethyl acetate and after drying the extract
with sodium sulfate, evaporated to dryness.

Compound (14) (0.35 g; 1.6 mmol) was combined with tert-butyl (4-
(aminomethyl)phenyl)carbamate (0.38 g; 1.7 mmol) to achieve compound (15). This
was accomplished by dissolving compound (14) and hexafluorophosphate
benzotriazole tetramethyl uranium (HBTU) (0.64 g; 1.7 mmol) into
dimethylformamide (DMF) (30 ml) and by adding N,N-diisopropylethylamine
(DIPEA) (0.34 ml; 1.9 mmol) into the mixture while stirred at ice bath. After few
minutes, N,N-diisopropylethylamine (DIPEA) (0.34 ml; 1.9 mmol) was added. The
ice bath was shortly after removed and the mixture was kept overnight at RT and
then purified with silica gel column (5% methanol (MeOH)/dichloromethane
(DCM)).

Similarly, as with compounds (2) and (10), Sonogashira cross-coupling reaction
was utilized to achieve compound (16). The mixture of compound (15) (0.97 g; 2.3
mmol), Pd(PPhs),Cl, catalyst (0.07 g; 0.1 mmol) and Cul co-catalyst (0.02 g; 0.1
mmol) were loaded into a flame dried microwave tube and sealed. Oxygen was
flushed with dry argon for five minutes via septum. 1:1 (v/v) mixture of dry THF
and triethylamine (TEA) (9 ml) was added via septum. The solution was again
flushed with dry argon. Trimethylsilylacetylene (0.42 ml; 3.0 mmol) was mixed with
THF:TEA (1.3 ml) and added into the reaction mixture via septum with heavy
stirring. Tube was heated with Biotage Initiator Microwave Synthesizer for one hour
at 60 °C. Product was purified with long silica gel column with 30% ethyl acetate
(EtOAc) / petroleum ether (PE) eluent.

To remove the trimethylsilane protection, compound (16) (0.20 g; 0.46 mmol)
was added into a flask with potassium carbonate (0.03 g; 0.22 mmol). The flask was
sealed and flushed with argon via septum. MeOH (15 ml) and diethyl ether (Et,O)
(5 ml) were added via septum. The mixture was stirred for one and half hours at RT.
The solution was filtered through Celite® and washed with MeOH/diethyl ether
(Et20). Solution was then evaporated into dryness in vacuo and compound (17) was
obtained.
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To synthesis compound (18), compound (4) (0.30 g; 0.36 mmol), Pd(PPh;),Cl,
catalyst (0.012 g; 0.017 mmol) and Cul co-catalyst (0.003 g; 0.014 mmol) were
sealed into a flame dried microwave tube and flushed with argon for five minutes
via septum. A small amount of THF:TEA (1:1) was added via septum to dissolve the
solids. Compound (17) (0.16 g; 0.43 mmol) was dissolved with THF:TEA and added
slowly in to the mixture via septum while stirring. The tube was heated with
microwave synthesizer for one and half hours at 65 °C. The mixture was cooled
down to RT and filtered. The filtride was washed with THF:TEA and all volatiles
were evaporated in vacuo. The product was then dissolved into a small amount of
DCM and washed three times with water. The organic layer was dried with sodium
sulfate and evaporated in vacuo. The product was then purified with two consecutive
silica gel column runs. First was conducted using dry loading and 20-40%
EtOAc/PE. In the second column 5-10% MeOH/DCM followed by 10%
MeOH/DCM with 4% (v/v) TEA was used.

Compound (19) (0.113 g; 0.101 mmol) was synthesized by three consecutive
steps: removal of protecting Boc and tert-butyl groups, introduction of Eu(IIl) and
activation by introducing isothiocyanate group. Compound (18) and chloroform (1.5
ml) were transferred into a flame dried flask under argon. The flask was put into an
ice bath and trifluoroacetic acid (TFA; 2 ml) was slowly added with heavy stirring.
The ice bath was removed and stirring was continued at 24-25 °C for two hours.
Small amount of MeOH/acetone mixture was placed into rotavapors solvent
collection flask and all volatiles were evaporated in vacuo without any heating. The
mixture was dissolved into ultra-pure water (3.5 ml) and the pH was adjusted around
five with sodium bicarbonate. Solid EuCl; (0.039 g; 0.106 mmol) was added, after
which the mixture was stirred for 10 minutes. The pH was then adjusted between
8.0-8.5 with sodium bicarbonate and sodium carbonate, which caused the product
to precipitate. The solution was stirred for additional five minutes after which the
mixture was transferred into a falcon tube and the precipitate was removed by
centrifugation. Acetone (30 ml) was added into the solution and solid precipitate
formed, which was again collected by centrifugation, washed with acetone (4 x 3 ml)
and dried in vacuo. The precipitate was dissolved into water (0,5 ml) and chloroform
(0.5 ml) and thiophosgene (12 ul, 0.16 mmol) were added and the mixture was stirred
vigorously for 5 min. The pH was kept around 7.0 with sodium bicarbonate. The
chloroform was carefully removed with pipette and acetone (45 ml) was added. After
mixing, the precipitate was isolated by centrifugation, washed with acetone (2 x 40
ml) and dried in vacuo.

To obtain the glycine conjugated chelate for luminescence characterization,
compound (19) (10 mg) was allowed to react with glycine (100 mg) in aqueous
solution at pH 9.8 for overnight. The product was purified by high-pressure liquid
chromatography (HPLC) similarly as with compound (13).
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Scheme 3.Synthesis pathway of 2,2'-(((4-((5-amino-6-((4-isothiocyanatobenzyl)carbamoyl)-
pyrazin-2-yl)ethynyl)-6-(((2-(bis(carboxylatomethyl)amino)ethyl)(carboxylatomethyl)-
amino)methyl)pyridin-2-yl)methyl)azanediyl)diacetate  europium(lll); referred as
compound (19).
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4.4.2 Europium Chelate Structural Analysis

For the structural analysis of the compounds mass spectrometry and nuclear
magnetic resonance (NMR) analyses were utilized. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) analyses were acquired with
Bruker Daltonics Ultraflex II mass spectrometer. High resolution mass spectra
(HRMS) measurements were conducted with Bruker Daltonics microTOF mass
spectrometer. Calculated m/z values were acquired with ChemDraw Professional
v.23 (Revvity). 'H and >C NMR spectra were recorded on a 500 MHz Bruker
Avance-III spectrometer and analysed with SpinWorks 4 (v4.2.12.0; Kirk Marat,
University of Manitoba). Both HRMS and NMR measurements were conducted at
the Turku Centre for Chemical and Molecular Analytics. No NMR measurements
were conducted on compounds containing europium, due to the nature of
paramagnetic europium(III) to shift and alter resonances.!**>2*"! Therefore, pre and
post glycine conjugation HPLC data was acquired and compared to confirm
successful conjugation. All molecular structures were drawn either with ChemDraw
Professional v.23 or Marvin JS (Chemaxon).

443 Characterization of Luminescence Properties

The novel europium(IIl) chelates (compounds 6, 13 and 19) were conjugated to
glycine, dissolved into TSA [50 mmol/l; pH 7.75] and characterized for their
luminescence properties. As a reference, a well-established europium chelate
{2,2',2",2"-{[2-(4-isothiocyanatophenyl)ethylimino]bis(methylene)-bis {4-{[4-
(galactopyranoxy)-phenyl]ethynyl}-pyridine-6,2-diyl} bis-(methylenenitrilo)} -
tetrakis(acetato)}  europium(Ill) was used (Eu-9d; Figure 14).2°* The
characterization included absorption spectrum, fluorescence excitation spectrum,
fluorescence emission spectrum and fluorescence decay profiles at 20 °C, 40 °C and
60 °C. UV-Vis absorption spectra were recorded on a Shimadzu UV1800 or with
Molecular Devices UV-Vis Spectrophotometer. The fluorescence emission and
excitation spectra and emission decay profiles were acquired with Varian Cary
Eclipse Fluorescence Spectrophotometer. Temperatures of the fluorescence
measurements were controlled with Varian Peltier. The concentration of glycine
conjugated compounds (6) and (13) were determined by SGS Belgium NV LA.C.
with ICP-MS and with an in-house method with Wallac Arcus 1230 using
PerkinElmer DELFIA europium standard (B119-100) as a calibrator.
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Figure 14. The structure of reference chelate Eu-d9.12%%!

44.4 Performance of Synthesized Labels in cTnl Assay

Compounds (6), (13) and (19) were each individually conjugated with ¢Tnl mAb
625 (Hytest Ltd.) in sodium carbonate-bicarbonate buffer [SO mM; pH 9.8] with 30-
to 140-fold molar excess of label and used as a tracer antibody in a sandwich-type
¢Tnl immunoassay based on earlier work.*®”) The assay utilized a 3+1 format with
three capture antibodies (Fabs 4C2, MF4 and mAb 19C7; Hytest Ltd.) and one tracer
antibody. The assay was measured using excitation wavelength of 340 nm with
Victor X4 Multilabel counter (PerkinElmer; Aem 615 nm, meas. delay 250 us, meas.
window 750 us) and excitation wavelength of 365 nm excitation using LED
excitation fluorometer (Labrox). The LoD estimates were calculated according to
Eq.5 using the background signal and the slope of the calibration curve, with an
assumption of blank 10% CV, due to limited number of blank results per label.
Human cardiac troponin ITC-complex (Hytest Ltd.; Cat# 8T62) was used as a
calibrator.

average blank signal

Estimated LoD = 3x0.1x

Equation 5.

slope of calibration curve
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4.5 Statistical Analyses

Study |

For the detection of outliers 1.5 times IQR was used. The distributions of measured
values were examined visually and by using the Shapiro—Wilk test. Results were
presented as median [25"—75™ percentiles] for continuous variables with skewed
distributions. Dilution linearity and other linear regression analyses were conducted
with Origin 8 or OriginPro 2024 (OriginLab). For the analyte stability evaluation
and for sample matrix comparison studies, means + propagated SD values were
reported. The functional sensitivity (LoQ) of the assay was determined by utilizing
an exponential decay function in SigmaPlot 16 (Grafiti LLC).

Study I

The normality of continuous variables was examined visually and analysed using
Shapiro-Wilk and Kolmogorov-Smirnov tests. Results were presented as median
interquartile range rule (IQR) for continuous variables with skewed distributions.
Mann-Whitney U test was used to compare continuous variables with two skewed
distributions. Kruskal-Wallis test was utilized to test for significance between
multiple groups. With significant difference, analyses were continued with Dunn test
to identify between which groups the difference was significant. To improve the
validity of findings, Bonferroni correction was applied. To evaluate how well long
c¢TnT and long/total ¢TnT ratio could separate ESRD and NSTEMI patient groups,
receiver operating characteristics (ROC) curves and area under the curve (AUC)
were established. The comparisons between the total and long ¢TnT levels before
and after hemodialysis in the ESRD group were performed using the Wilcoxon
signed rank test. Analyses were performed using IBM SPSS Statistics software
version 26.0 (IBM Corporation).

Study Il

Linear regression analyses were utilized when determining fluorescence lifetimes
with Origin 8 or OriginPro 2024.
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5 Results and Discussion

5.1 Long cTnT Assay

Novel long ¢cTnT assay that only detects intact and N-terminally truncated ¢cTnT was
successfully developed and evaluated according to CLSI guidelines. For the first
time ever, it was shown that by measuring specific forms of ¢TnT it is possible to
differentiate between patient groups with chronic non-MI related ¢TnT elevation and
type 1 ML

5.1.1 Analytical Performance

The long c¢TnT assay produced a linear response (R* = 0.993; slope = 19.66 + 0.65;
residual sum of squares = 10.5) in the range of 5 to 5000 ng/L. The assay achieved
LoB, LoD, and LoQ (10% CV) of 4.4 ng/L and 10.8 ng/L and 30.8 ng/L (R* =0.986)
respectively. Concentration at 20% CV was 18.8 ng/L. Although Roche Elecsys 5"
gen hs-cTnT assay has a measuring range up to 100 000 ng/L as reported in the IFU,
the upper limit of quantitation of long cTnT assay was more than sufficient for
quantifying the majority of MI samples in our cohort (median 221 [44-687] ng/L).
The analytical sensitivity of our assay was acceptable for studying the selected cTnT
forms and their diagnostic potential. However, the long cTnT concentration of some
samples fell under the LoQ, thus emphasizing the need for more sensitive assay.
During different stages of assay development and thesis progression, multiple
approaches were considered to ensure the finalized assay achieved good sensitivity,
given that only a fraction of circulating ¢cTnT was targeted. First, a combination of
three different tracer antibodies was utilized in the design to improve long ¢TnT
assay sensitivity. Several antibodies with known epitopes and negligible (<1%)
cross-reactivity with skTnT were screened. mAbs 329cc and 1Cllcc presented
excellent performance characteristics during preliminary screening and were thus
selected. Although mAb 7G7 was known to be affected by N-terminal cleavage, it
was chosen due performance characteristics, epitope availability and because it
emphasizes the freshly released N-terminally intact cTnT.[**®! A second approach to
increase sensitivity was investigated in study III, where a highly fluorescent
europium(III) chelate label was developed. Although the new label outperformed the
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existing label, utilization in long cTnT assay was hampered by signal background
problems and time constraints. The third approach which was considered but not
acted upon in this thesis, included using polylysine peptides to increase the labelling
decree of the tracer antibodies./”*'! Subsequently a more sensitive long cTnT assay
using upconverting nanoparticle was developed by Salonen et al. based on the long
cTnT assay presented in this thesis.**)

51.2 Assay Interference

The dilution linearity of the long ¢TnT assay was investigated to establish whether
the assay produces linear results upon dilution or if the results are affected by
interfering matrix components. The dilution linearity of the assay was acceptable
with endogenous long cTnT (R> = 0.998; slope = 1.094 + 0.017; y-intercept = —0.43
+ 0.049; residual sum of squares = 21.2) and troponin ITC-complex calibration
material (R* = 0.989; slope = 1.047 + 0.042; y-intercept = —0.18 £ 0.14; residual sum
of squares = 132.7) when serially diluted into LiH plasma pool within the range of
20 to 5000 ng/l. Healthy plasma was tested to contain no detectable amounts of long
cTnT. The long cTnT assay showed good dilution linearity, indicating that basic
plasma matrix components do not cause concentration-dependent interference in the
tested range. Also, importantly both endogenous ¢TnT and ITC calibration material
behaved similarly, thus supporting our choice of calibration material. However, due
to the limited number of used samples, it cannot be excluded that rare individual
features such as troponin autoantibodies, heterophilic autoantibodies or ¢TnT
mutations may affect the long cTnT assay.**!)

The long cTnT assay uses three tracer antibodies. The use of multiple tracers
simultaneously makes the assay more robust towards cTn autoantibodies, but also
increases the risk of false positive results due to cross-linking by heterophilic
antibodies such as human anti-mouse antibodies (HAMA) and rheumatic factor.***!
However, the long ¢TnT assay buffer contains both native and denaturated mouse
IgG, which helps to mitigate the detrimental effects of both HAMA and rheumatic
factor on the mouse mAbs used in the assay.?* To further improve the assays
resistance to heterophilic antibodies the assay mAbs would need be replaced for
example by Fabs or F(ab'), fragments.'*”*) However, the prevalence of interfering
heterophilic antibodies in general population has been estimated to be rather low
ranging from 0.1 to 3%.1**%

The epitope of the capture mAb 7E7 is suspected to be affected by ¢Tn
autoantibodies.[**?! The presence of autoantibodies may lead to falsely decreased
results or prolonged elevation due to decreased clearance of cTnT due to
macrotroponin formation.!"”"’ Most of the ¢Tn autoantibody studies address cTnl
autoantibodies, while there are limited number of studies regarding the prevalence
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of cTnT autoantibodies. In general, it seems that the prevalence of cTn
autoantibodies is affected differently depending on the associated morbidity.* In
healthy population the prevalence of ¢TnT autoantibodies has been estimated to be
around 10%.°%) However, as with c¢Tnl, not all cTnT autoantibodies bind into the
same epitopes, nor is the extent of interference always clinically relevant./**”! As the
long ¢TnT assay utilizes just one capture antibody, identifying and selecting an
epitope that is minimally affected by c¢Tn autoantibodies is an important
consideration for further long cTnT assay development.'**

5.1.3 Long cTnT Sample Matrix

The measured long ¢TnT concentration of serum samples were 59 + 6%, 66 = 10%,
and 75 £ 9% of the respective LiH plasma concentrations. Earlier studies have
revealed that thrombin causes cleavage of ¢cTnT at aar 68—69.'7%2% This cleavage
does not happen in such extent in heparin plasma samples, due to thrombin-heparin-
antithrombin complex formation which inactivates thrombin.!*”*>%! Moreover, it has
been recently demonstrated, that serum samples are affected by accelerated
degradation beyond thrombin-mediated cleavage, which leads to the formation of
smaller 16 kDa cTnT fragments.*”® Regardless of the small sample size, the
preliminary results presented in study I are in line with these findings. In addition,
serum sample preparation takes longer due to the necessary coagulation time. Thus,
LiH plasma was chosen as the preferred sample matrix when measuring long ¢TnT
with our assay. However, additional matrixes have been recently considered in other
studies. EDTA plasma showed a higher degree of fragmentation compared to LiH
plasma, whereas hirudin plasma prevented any in vitro fragmentation of ¢cTnT during
48h study period.[2%82%%

5.1.4 Analyte Stability in Plasma

When compared to the baseline measurement conducted at the start of the
experiment, incubation of endogenous long cTnT in healthy LiH plasma at +4 °C
resulted in relative concentrations of 82 + 9% at 24h and 67 + 5% at day 7. As
expected, incubation at higher temperatures led to a decreased analyte stability.
Incubation at RT showed relative concentrations of 65 + 4% at 24h and 28 + 2% at
7 days. When subjected to incubation at +37 °C fast analyte loss was observed
leading to relative concentration of 21 + 3% at 24h and almost total analyte loss (2
+ 0.5%) at day 7 as shown in Figure 15.
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Figure 15. Stability of endogenous long ¢TnT spiked into long cTnT-negative LiH plasma and
incubated at +4, RT or +37°C for 24h or 7 days. Relative concentrations were expressed
as a fraction of the baseline measurement obtained at the beginning of the experiment.

Previously several studies have assessed cTnT stability in serum or LiH plasma
by measuring concentration with Roches hs-cTnT assays.’”'”* These studies
however are not valid when studying long cTnT stability as different forms of cTnT
are measured. Thus, only a limited number of studies have been conducted, where
in vitro stability of ¢cTnT in LiH plasma has been assessed with western blotting or
gel filtration studies. Mingels et al. found no time-dependent degradation when NIST
c¢TnT Standard Reference Material 2921, a human myocardial tissue-derived
purified ITC complex, was incubated in cTn-negative LiH plasma at +4 °C or +37 °C
for 3 days.””) Recently Vroemen et al. investigated cTnT fragmentation by spiking
healthy LiH plasma with intact cTnT (40 kDa) and incubating it at 37 °C for up to
48 h. They reported that only 10% of cTnT had degraded to 25-29 kDa fragments
during the 48h time period.**! These reports appear to contradict results obtained in
study I. However, in a recent study by Riabkova et al. ¢Tn immunoassay was utilized
with Tcom8 and 7E7 mAbs, and after incubating the ITC-complex in various
matrices at +4, RT or +37 °C for 24 h, they similarly observed a clear decrease in
measured values. They then tested LiH plasma with western blotting and found no
cTnT degradation.”!” This clearly supports the findings of study I and could
indicate, that although ¢TnT remains rather intact in LiH plasma, prolonged
incubation at elevated temperatures can cause reduced immunochemical activity
which is observed with immunoassays, including long cTnT assay.

In regard to long ¢TnT assay, these results indicate that prolonged storage at RT
can cause decrease in measured concentrations within 24 h. However, ESC
recommends that c¢Tn results should be obtained within 60 minutes of blood
sampling.' Moreover, median laboratory turnaround times (defined as the time from

71



Rami Aalto

sample acquisition to reporting) presented by French national survey in 2025 and
Kuopio University Hospital in 2008 were 81 and 69 minutes respectively.**2% It
can be assumed that within these time frames, the relative concentration change of
long ¢TnT in LiH plasma in vitro is significantly less than that observed after 24 h.
Nevertheless, results of study I demonstrate that long ¢TnT samples should be
analysed as soon as possible after blood draw, and the immunochemical activity of
long ¢TnT should be carefully validated within clinically relevant time frames,
taking into account potential reanalysis and small unforeseen delays in routine
laboratory workflow.

5.1.5 Analyte Stability in Buffer

When compared to the baseline measurement, incubation of endogenous long cTnT
in TSA-BSA buffer at +4 °C resulted in relative concentrations of 112 + 10% at 24h
and 99 + 12% at day 7 as illustrated in Figure 16. Incubation at RT showed a rather
modest decrease in relative concentration, with values of 88 + 10% at 24h and
62 £ 6% at 7 days. Incubation at +37°C resulted a significantly poorer analyte
stability with relative concentrations of 45 + 5% at 24h and 33 + 3% at day 7.

The in vitro stability of long ¢cTnT in TSA-BSA buffer was excellent when kept
at +4 °C and good stability was also observed after incubation at RT. Across
temperature range of +4 °C to +37 °C and selected time points, better analyte
stability was observed in buffer than in plasma. Therefore, these results indicate that
long ¢TnT stability is enhanced after sample is added into buffer, thus suggesting
that the most critical phase concerning cTnT stability is prior to analysis.

120% + 112 %

99 %

100% + 88 %

80% -+
62 % O+4°C

60 % -+
45 % ORT

20% + 33% @+37°C

20% +

0%
24 h 7 days

Figure 16. Stability of endogenous long cTnT spiked into TSA-BSA buffer and incubated at +4, RT
or +37 °C for 24h or 7 days. Relative concentrations were expressed as a fraction of the
baseline measurement obtained at the beginning of the experiment.
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5.1.6 Analyte Stability After Freeze—Thawing

All stability results concerning freeze-thawing were compared to the baseline results
obtained prior to first cycle. Endogenous long ¢TnT spiked in LiH plasma resulted
in relative concentrations of 98 &= 10% after the first freeze-thaw cycle and results of
107 = 11% and 83 £+ 9% after the third and fifth cycles respectively. Endogenous
long ¢TnT spiked into TSA-BSA buffer showed similar results with relative
concentrations of 96 + 15%, 92 + 7% and 90 = 11% after the first, third and fifth
cycles respectively. Results illustrated in Figure 17.

Reports concerning ¢TnT stability in frozen samples or as subjected to freeze-
thawing have focused heavily on Roche cTnT assays.?"**") As explained previously
these studies are somewhat invalid when considering long ¢TnT. Therefore, the
effect of freeze-thawing on long ¢TnT stability was evaluated for the first time in
study I. The results indicate that even multiple freeze-thaw cycles had rather minor
effect on the stability of endogenous long ¢TnT in both plasma and buffer. Although,
these results demonstrate the excellent short-term stability of long c¢TnT after
multiple freeze-thaw cycles, no conclusion can be made about the long-term stability
after being frozen. Even though in clinical context, long-term stability might be less
critical parameter, it becomes highly important in research due to prolonged storage
of different sample cohorts. Therefore, future studies should investigate the long-
term stability of ¢TnT or include stability control in each sample cohort to be
measured and followed with the same method.

5.2 Clinical Evaluation of Long cTnT Assay

5.2.1 Temporal Trend of Long cTnT and Long/Total cTnT
Ratio in M| Patients

In study I, the temporal trend of long cTnT and long/total ¢cTnT ratio during type 1
MI was investigated and compared to total cTnT as shown in Table 8. Patients whose
samples were taken within 24h from symptom onset (NSTEMI n=23 (43.4%);
STEMI n=30 (56.6%)) showed higher long/total ¢TnT ratios than those with >24h
delay. This was also true when both NSTEMI ([<24 h] 0.29 (0.20-0.72); [>24h] 0.15
(0.10-0.20); p<0.001) and STEMI ([<24h] 0.62 (0.41-0.93); [>24h] 0.22 (0.11-
0.38); p<0.001) cohorts were examined individually. The median long/total ¢cTnT
ratio also steadily declined after the onset of symptoms (<24h 0.52, >24-48h 0.25,
>48-74h 0.08). Total cTnT median value kept rising in relation to time (<24h 355
ng/L, >24-48h 981 ng/L, >48-74h 1820 ng/L), whereas the median value of long
c¢TnT peaked between 24-48h and decreased considerably thereafter (<24h 226
ng/L, >24-48h 293 ng/L, >48-74h 155 ng/L).
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Based on these data, it can be speculated that long ¢TnT, and especially the
long/total ¢TnT ratio, might work best as MI biomarker during the early hours after
onset of MI. Moreover, if measured long ¢TnT concentrations decrease faster than
concentrations of those ¢cTn forms measured with current cTn assays, long cTnT may
offer improvement in perioperative diagnosis of MI or in reinfarction diagnostics. A
recent study by Katrukha et al. supports the findings of study I, as they confirmed
that in a period of 2—37h after the onset of MI the intact cTnT decreases from fraction
of 64.9% to 25.5%.°" In comparison, measured c¢Tnl and cTnT values may remain
elevated for up to 10 and 14 days, respectively, after the onset of MI 8418618
Similarly, ¢Tn values can be elevated perioperatively for example after PCI, CABG
or other heart related surgery, thus complicating the detection of new myocardial
injury.”! However, as ¢cTnT may show biphasic release kinetics independent of
reperfusion, it is extremely important to conduct a more precise evaluation of long
c¢TnT kinetics and the ¢cTnT forms released on the second phase, which can be
achieved by serial sampling from the same patient(s). To study long cTnT
elimination kinetics free of continuous release of new ¢Tn, a similar protocol than
was used by Kristensen et al. to study c¢Tnl could be adapted.!'® The decrease in
analytical activity of long ¢TnT could be followed after the cTn concentration of a
patient has returned to the suspected baseline level and a retransfusion of plasma that
was collected during the early release phase.

Table 8. Temporal composition trend of circulating cTnT in patients with type 1 MI.

Time after n Long cTnT Total cTnT Long/total cTnT
symptom onset (ng/L) (ng/L) ratio (ng/L)

0-24 h 53 226 [44-972] 355 [115-1480] 0.52 [0.27-0.76]
24-48 h 43 293 [70-627] 981 [333-2370] 0.25[0.16-0.38]
48-74 h 10 155 [32-552] 1820 [237-5960] 0.08 [0.06-011]

Results presented as median [25th-75th percentiles]

5.2.2 Diagnostic Performance of the Long cTnT Assay in
Discriminating Between ESRD and NSTEMI Patients

In our study cohort, total cTnT measured with 5™ gen Roche Elecsys hs-cTnT assay
did not differ between the ESRD (76 [50-124] ng/L) and the NSTEMI (NSTEMI
141 [62-312] ng/L; p=0.063) patient cohorts. However, when measured with the
developed long cTnT assay, the ESRD cohort (3 [1-6] ng/L) differed significantly
from both the NSTEMI (30 [10-186] ng/L; p< 0.001) and the STEMI (STEMI 442
[154-1235] ng/L; p< 0.001) cohorts. When only patients whose samples were taken
within 24h from symptom onset were included, the total cTnT measurement failed
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to differentiate between ESRD and NSTEMI (111 [56-299] ng/L; p<0.155) cohorts,
whereas long ¢TnT again showed statistically significant difference (44 [10-226]
ng/L; p< 0.001) between these groups as shown in Figure 17. However, even more
pronounced difference was achieved using long/total cTnT ratio.

When the samples were acquired within the first 24h after the onset of symptoms,
the long/total ¢TnT ratio showed excellent capabilities to differentiate the ESRD
(0.04 [0.02—0.08] cohort from the NSTEMI (0.29 [0.21-0.66]; p< 0.001; Figure 17)
and STEMI (0.66 [0.43—0.93]; p< 0.001) cohorts. Even among patients with over
24h from the start of the symptoms, the long/total cTnT ratio was able to differentiate
between chronic ¢TnT elevation seen in ESRD and acute ¢cTnT release in NSTEMI
(0.15[0.10-0.19]; p< 0.001).

p=0.155 p<0.001 p<0.001
total cTnT long cTnT cTnT ratio
forms (long formsi/total)
1300 ng/L - : % x -2.0
900 ng/L - N % x : x
500 ng/Lq X % ot : +1.0
300 ng/L T —_— H % T1.0
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. 0.8
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——
200 ng/L A % x :
xxx g -0.6
x
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e — T . oA
100 ng/L- 2P . "
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Figure 17. The ability of total cTnT, long cTnT and long/total cTnT ratio to differentiate between
ESRD and NSTEMI patient cohorts whose samples were taken withing the first 24h after
the onset of symptoms. Republished from the original publication Il with permission from
Wolters Kluwer Health, Inc.
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The ability of long/total ¢TnT ratio to discriminate between ESRD and NSTEMI
patients was assessed using ROC curve analyses. When all NSTEMI patients were
included, AUC of 0.906 (C195% 0.837—0.975) was achieved, with an optimal cut-
off point of 0.105 and sensitivity of 84.4% and specificity of 86.8%. The power of
long/total ¢TnT ratio to discriminate between ESRD and NSTEMI was increased
when the analysis focused on NSTEMI patients whose samples were taken within
the first 24h after the onset of MI. In this case, AUC of 0.955; (CI95% 0.899-1.0;
Figure 18) was obtained, with an optimal cut-off point of 0.145 and excellent
sensitivity (91.3%) and specificity (94.7%). By comparison, the total cTnT only
achieved AUC of 0.688 (CI95% 0.575-0.800) when all NSTEMI patients were
included and 0.609 (CI95% 0.454—-0.764) when including only those who had their
samples taken within the first 24h of ML

A ROC Curve B ROC Curve
1.0 ; 1.0
0.8 - 08 |/
Zosl|| Z o6 d
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an - (72}
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Long/total cTnT -ratio: AUC 0.906 Long/total cTnT -ratio: AUC 0.955
00 Total ¢cTnT : AUC 0.688 oo L Total ¢TnT : AUC 0.609
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 18. ROC curves depicting the ability of long/total cTnT ratio (solid) and total cTnT (dotted)
to discriminate between ESRD and NSTEMI. A). All NSTEMI patients. B). NSTEMI
patients whose samples were taken within first 24h of MI. Original picture made by Tapio
Hellman.

In study II, the diagnostic potential of the first developed long cTnT
immunoassay was successfully evaluated. For the first time ever, it was shown that
specific forms of ¢TnT (long ¢TnT) can be measured to differentiate between ¢TnT
elevations seen in ESRD and NSTEMI patients.!”*?**] Non-MI related chronic ¢Tn
elevations often encountered in emergency departments, pose a diagnostic challenge,
especially in relation to NSTEMI, thus requiring the use of algorithms that rely on
serial measurements of cTn over a period of 1-3h.[*?%3%] By measuring and utilizing
both long cTnT and long/total cTnT ratio, a major diagnostic improvement might be
achieved due to improved diagnostic specificity for MI.
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The long ¢cTnT assay, and especially the long/total cTnT ratio, showed excellent
diagnostic performance in separating between ESRD and NSTEMI patient cohorts.
The performance of long/cTnT ratio exceeded that of total cTnT analysed by the
Roche Elecsys hs-¢cTnT assay, regardless of the time frame between sampling and
the onset of MI symptoms. However, as the release of cTnT continues for as long as
myocardial damage progresses, and the intact or almost intact ¢cTnT forms are
degraded during circulation, the long/cTnT ratio shows optimal performance when
utilized during the critical early hours after the onset of MI, as presented in Figure
18.[192’201]

In this study, the temporal cut-off value of 24h was arbitrarily chosen, when
assessing the diagnostic performance of long/total ¢TnT ratio. However, according
studies by Ritzmann et al. and Nilsson et al., a median total pre-hospital delay among
MI patients was 3.1h and 5.1h respectively.?'**'!) Therefore, in future studies the
optimal timeframe of long/total ¢TnT ratio should be determined statistically with
larger MI patient cohorts. Another factor to consider when using the long/cTnT ratio
is the absolute value of total cTnT. If the absolute concentration of total cTnT is low,
minor absolute change can cause large variation in ratio, thus in low absolute
concentrations, the use of absolute long ¢TnT values might be preferred. However,
more sensitive ¢TnT assays measuring intact forms of ¢TnT have been recently
developed.?®2% These assays may offer lower limits at which to utilize long/total
c¢TnT ratio effectively.

5.2.3 Effect of Hemodialysis on cTnT

Hemodialysis had minor effect on the circulating total cTnT concentration (76 [51—
124] ng/L vs 58 [40—89] ng/L; p<0.001). Whereas no significant effect on circulating
long ¢TnT concentration was detected. Similarly, only a minor increase in long/total
c¢TnT ratio (0.04 vs 0.06, p=0.002) was observed due to the change in total ¢cTnT
concentration.

These results indicate that long cTnT assay can be utilized both before and after
hemodialysis, and that the use of samples collected before hemodialysis does not
cause any major bias when evaluating the clinical potential of long ¢TnT or long/total
cTnT ratio.

5.24 Future Consideration Regarding Long cTnT Research

Immunoassay interference among some individuals is almost unavoidable in routine
analytics. However, every measure must be taken to avoid such factors that may
cause incorrect results and harm to the patient. In study II, one ESRD, two NSTEMI
and one STEMI samples had long/total ¢cTnT ratio higher than 1.5, thus indicating
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that these samples might be affected by possible interference that may affect either
long ¢TnT assay or Roche Elecsys hs-cTnT assay. To degrease possible interference,
the utilization of different antibody constructs, such as the use of Fabs or F(ab'),
fragments, should be considered.*”! Moreover, as antibody 7E7 is known to
experience interference with some individuals due to autoantibodies targeting the
epitope of 7E7, further capture epitope options should also be evaluated to avoid
possible negative assay interference. %"

In study I and II, most of the STEMI and NSTEMI patient samples were acquired
after the patients had received LMWH (n=103), heparin (n=6) or both (n=2).
Therefore, the effect of these anticoagulants should be investigated. Although
LMWH has a relatively low inhibitory effect on thrombin, unfractionated heparin
might efficiently form thrombin-heparin-antithrombin complex and thus inhibit
thrombin activity and slow down thrombin mediated degradation of intact
cTnT. [299,300,312]

Since the development of the first long ¢TnT assay presented in this thesis, a
more sensitive assay using the 7E7-1C11cc antibody combination and upconverting
nanoparticles has been developed.'”®’ This represents an important advancement for
further studies regarding long c¢TnT and its potential application in clinical use.
However, before long ¢TnT or long/total ¢TnT ratio can be accepted into diagnostic
use, extensive validation of long c¢TnT is required. Further studies should include
patient groups with different conditions associated with elevated cTn
concentration.?'**'* Preferably, these studies should be conducted with the same
heterogeneous patient population as encountered in emergency departments.l*'”!
Moreover, thorough analysis must be conducted to establish diagnostic cut-offs and
carefully consider what are the appropriate diagnostic protocols when incorporating
long c¢TnT alongside total cTnT. In addition, it would be advantageous if long cTnT
and total ¢cTnT were analysed on the same automated platform for improved
workflow and analytical consistency.
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5.3 Europium Chelate Synthesis

Three new europium(IIl) chelates (compounds 6, 13 and 19) were successfully
synthesized. The new Eu(Ill) chelate labels presented good to excellent fluorescence
characteristics and succeeded in enabling the efficient use of high-power LED
excitation. All relevant MALDI-TOF, HRMS, 'H and "*C NMR spectra and their
interpretations for compounds (6) and (13) and/or their intermediates are presented
in the supplementary of manuscript I. In addition, all available structural data of
compound (19) and its intermediates are presented in the supplementary I of this
thesis (Figures A1-A17). Structures of compounds (6, 13 and 19) are presented in
Figure 19.

*  Compound (6):
2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)(carboxylatemethyl)-
amino)methyl)-4-((5-((4-isothiocyanatobenzyl)-amino)pyrazin-2-yl)-
ethynyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(III)

*  Compound (13):
2,2'-(((6-(((2-(bis(carboxylatomethyl)amino)ethyl)(carboxylatemethyl)-
amino)methyl)-4-((5-((4-isothiocyanatobenzyl)amino)-6-methoxypyra-
zin-2-yl)ethynyl)pyridine-2-yl)methyl)azanediyl)diacetate europium(III)

*  Compound (19):
2,2'-(((4-((5-amino-6-((4-isothiocyanatobenzyl)carbamoyl)pyrazin-2-yl)-
ethynyl)-6-(((2-(bis(carboxylatemethyl)amino)ethyl)(carboxylatemethyl)-
amino)methyl)pyridin-2-yl)-methyl)azanediyl)diacetate europium(III)
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Figure 19. From left to right the structures of compound (6), (13) and (19).
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5.3.1 Characterization of Luminescence Properties

All characterized compounds were studied for their luminescence properties as
lysine conjugates. Characterization results are summarized in Table 9.

Characterization of the luminescence propoerties of compound (6)

Compound (6) exhibited excellent luminescence properties at both 340 nm and
360 nm excitation wavelengths. At the excitation wavelength of 360 nm, the label
presented more than 10-fold increase in molar absorption when compared to the
reference chelate Eu-d9 and higher relative quantum yield (11 vs. 7%). The label
also had almost comparable characteristics at 340 nm excitation wavelength.
However, only 2% higher brightness was achieved with compound (6) at 340 nm as
the reference chelate expressed 20% higher molar absorption than compound (6) at
this wavelength. At RT, the photoluminescence decay time (t 0.98 ms) was
comparable with the reference chelate (t 1.05 ms), however the fluorescence signal
decay profile presented high temperature dependence.

Characterization of the luminescence propoerties of compound (13)

Compound (13) expressed higher brightness at 360 nm excitation wavelength than
the reference chelate (3000 vs 400 M™' cm™). However, the reference chelate
showed higher brightness at 340 nm, slightly higher relative quantum yield and
noticeably longer photoluminescence decay times across temperature range of
+20 °C to +60 °C. Similarly to compound (6), photoluminescence decay presented
high temperature dependence with bi-exponential decay.

Characterization of the luminescence propoerties of compound (19)

Compound (19) exhibited the longest photoluminescence decay time at RT among
the newly developed labels. However, at higher temperatures the photoluminescence
decay time decreased markedly, as was the case with compounds (6) and (13),
although to a lesser extent. The fluorescence decay profile of compound (19) is
shown in Figure 20 and presented numerically in Table 9. Due to technical
difficulties and Covid-19 shutdown, reliable absorbance measurement could not be
obtained. Thus, molar absorptivity, relative quantum yield and brightness could not
be determined. The fluorescence excitation spectrum is presented in Figure 21, with
a maximum at 325 nm.
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Table 9. Luminescence properties of glycine conjugated europium(lil) chelates in TSA buffer.

Ref. chelate
Comp. 6 Comp. 13 Comp. 19 Eu-d9
Aabs max (nm) 361 360 - 320
Aex max (nm) 361 362 325 323
T (ms) at6°C 1.12 not not not
R?=0,9997 measured measured measured
T (ms) at 20°C 0.98 11: 0.51 12: 0.83 1.04 1.05
R?= 0,999 R?= 0,998 R?= 0,996 R?= 0,999 R?= 0,999
T (ms) at 40°C 0.64 11:0.36 12: 0.59 0.80 1.00
R?= 0,999 R?= 0,992 R?= 0,999 R?=1.000 R?= 0,999
T (ms) at 60°C 0.35 11:0.21 12: 0.37 0.55 0.95
R?= 0,999 R?=0,974 R?= 0,998 R?= 0,999 R?= 0,999
¢ (M cm™) at 360 nm 42400 43000 - 4600
£ (M™ cm™) at abs max 42500 43000 - 51000
® (%) 111al 71al - glbl
£® (M'em™) 360 nm 4700 3000 - 400
£® (M cm™) abs max 4700 3000 - 4600

Table abbreviations: Absorption max (Aabs), excitation max (Aex), photoluminescence decay time
(t), molar absorption coefficient (¢), brightness (¢®) and quantum yield (®). [a] relative ® at 20 °C.
[b] Sund et al.l2731
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Figure 20. Fluorescence signal decay profile of glycine conjugated compound (19) at 20 °C (solid),
40 °C (long dash) and 60 °C (dot).
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Figure 21. Fluorescence excitation spectrum of glycine conjugated compound (19). Aem. 615 nm,
time window 0.1-0.2 ms, ex. slit 5 nm, em. slit 10 nm. Matrix: TSA buffer. At 20 °C.

Based on the characterized luminescence properties, the newly synthesized
labels (6) and (13) offered improved label brightness at 360 nm and equal or slightly
lower brightness at 340 nm when compared to Eu-d9. The exceptional performance
of these newly developed labels at 360 nm excitation, may enable the use of high-
power LED excitation. The use of LED excitation sources could offer a cost-
effective means for small measurement systems with improved excitation efficiency
compared to conventional mercury arc lamps used in analytical instruments.?'?)
High-power LEDs with multi-watt output power tend to exist in wavelengths of
360 nm and above.*'” Therefore, these newly developed compounds could open
interesting possibilities regarding the utilization of LED excitation sources.

The novel labels exhibited high temperature dependence affecting their
photoluminescence decay times. This might be due to compounds (6), (13) and (19)
having a low energy charge transfer state to which the energy can backflow from the
excited triple state of the europium. In some applications this could cause issues as
lower signal output is reached at higher temperatures and if the temperature varies
between calibration and the measurement. However, this property could also be
exploited in other applications, such as matrix embedded temperature sensors.”*'*3""]
Compound (6) exhibited 17 ps/K change in photoluminescence decay times between
+20 °C and +40 °C and 3.2-fold decrease when the temperature was increased from
+6 °C to +60 °C. In comparison, in a previous study the most prominent europium
and terbium compounds achieved 9.2 to 13.8 ps/K sensitivity.”*” Similarly in
another study, several f-diketonate complexes achieve only around 2.6-2.7 decrease
in luminescence decay times with larger temperature rise (+1 °C to +60 °C).??! In
addition, the use of multidente ligand, such as those synthesised in this thesis, usually
produces more stable compounds against different environmental conditions."”’

Overall, compound (6) had superior luminescence characteristics when
compared to the reference chelate. The addition of methoxy group into the label
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chromophore design of compound (6) caused compound (13) to have lower relative
quantum yield and faster biphasic fluorescence signal decay, which resulted in lower
label brightness compared to compound (6). Compound (19) exhibited excellent
fluorescence lifetimes, but due to missing data, the label performance can only be
estimated based on its results in ¢Tnl immunoassay.

5.3.2

Compounds (6) and (13) outperformed the reference chelate Eu-d9 in cTnl
immunoassay both at 340 nm and 365 nm excitation wavelengths by achieving lower
LoD estimates as presented in Table 10. Compound (19) was slightly inferior at
340 nm, but clearly outperformed the reference chelate at 365 nm.

Performance of Synthesized Labels in cTnl Assay

Table 10. Estimated LoDs (ng/L) of cTnl assay with different labels and excitation wavelengths.

Excitation Ref. chelate
wavelength Compound 6 Compound 13 Compound 19 Eu-d9
340 nm 11.3 16.6 21.4 18.0
365 nm 11.8 18.0 27.0 122

The newly developed Ilabels containing 2-(pyridin-4-ylethynyl)pyrazine
chromophore offer new possibilities, especially when used in applications that utilize
365 nm excitation. However, it must be noted that factors such as labeling degree of
the antibody and other batch-to-batch variations may cause slight shifts in the
relative performance of the studied labels.

In immunoassay development, several aspects need to be considered when
choosing the optimal label for a specific application. These factors include, but are
not limited to, the luminescence characteristics dictated by the application platform,
the performance and stability characteristics of the label under intended storage and
application conditions, cost and ease of manufacture, end-product consistency and
occupational safety during synthesis. Although many of these factors are outside the
scope of this thesis, issues related to end-product consistency ultimately prevented
compound (6) from being utilized in the long ¢TnT assay. New batch of compound
(6) was synthesized and tested in combination with tracer mAb 329cc. This batch
caused an increase in the immunoassay background signal, probably due to
impurities in the synthesized end-product and was not therefore utilized.
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5] Conclusions

Coronary artery disease and myocardial infarction are a major producer of DALY's
(disability-adjusted life year), thus negatively affecting societies and the lives of
many individuals and families./”) Although strong emphasis should and is put to the
prevention of CVDs, it is evident that not all cases of MI can be prevented.?**%*]

The extent of ischemic myocardial damage suffered during MI correlates with
the outcome of the patient.’?¥ Fast intervention that restores blood flow to
myocardial tissue is crucial in prevention of further damage. For proper treatment,
correct diagnosis is needed. In case of STEMI, diagnosis is often straight forward
based on ECG.* In case of NSTEMI, the correct diagnosis often relies on ¢Tn
measurements. Due to the fact that many non-MI conditions have chronically
elevated cTn concentrations, diagnosis of MI must rely on algorithms that utilize
repeated measurements, thus extending the time between the onset of MI and the
treatment.>2"*2'8] Therefore, it would be diagnostically highly advantageous if
chronic ¢cTnT elevations could be differentiated from acute cTnT elevations related
to MI using a single, rapid measurement at presentation.

In this thesis, the first long ¢cTnT immunoassay was successfully developed and
evaluated according to CLSI guidelines. This assay measures only the intact or
almost intact forms of ¢TnT (referred as long ¢TnT), whereas the Roche Elecsys hs-
c¢TnT measures even the highly fragmented forms of ¢cTnT. In this thesis, the clinical
potential of long ¢TnT was evaluated and it was shown for the first time ever, that
specific forms of ¢TnT (long ¢TnT) can differentiate between c¢Tn elevations
measured in chronic non-MI related conditions and acute cTnT elevations in
NSTEMI. This work has already inspired further developments regarding intact
forms of ¢Tn and their possible future use in MI diagnostics.24*2%-2%8:313]

In addition, in this thesis three novel Eu(Ill)chelates with 2-(pyridin-4-
ylethynyl)pyrazine chromophore were successfully synthesized and characterized
for their luminescence properties. These novel chelates can be efficiently utilized as
immunoassay labels at both 340 nm and 360 nm excitation wavelengths, thus
enabling the use of high-power LED excitation sources, which can reduce instrument
cost, decrease the need for analyzer maintenance and help in analyzer
miniaturization.
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Conclusions

The main conclusions based on the original publications are:

Study I

Study II:

The first long cTnT assay that selectively targets intact and almost intact
forms of ¢TnT was successfully developed and validated. The developed
long ¢TnT immunoassay offers acceptable sensitivity and enables a fast
and a convenient way to analyse long ¢TnT from LiH plasma. It is also
demonstrated that long cTnT stability is not affected by freeze-thaw cycles
and introducing the sample into assay buffer improves the stability of long
c¢TnT. Elevated temperatures for prolonged periods affect the stability of
long cTnT, thus fast analysis or freezing of samples after acquisition is
recommended.

For the first time, it was demonstrated that an immunoassay measuring
intact or almost intact cTnT (long ¢TnT) can differentiate between chronic
c¢TnT elevations measured among ESRD patients and acute ¢TnT
elevations related to type 1 MI (NSTEMI and STEMI); thus, offering
substantial diagnostic improvement when compared to Roche Elecsys hs-
c¢TnT assays. The capability of long cTnT assay to differentiate ESRD and
NSTEMI patient cohorts was enhanced when utilized in combination with
total cTnT as long/total cTnT ratio and especially during the first 24h hours
after the onset of MI. Thus, antibody combinations targeting the cTnT
cleavage area at aar 189-223, may improve the clinical specificity of cTnT
immunoassays for MI.

Study III: Labels utilizing 2-(pyridin-4-ylethynyl)pyrazine chromophore can be

efficiently excited at 360 nm, thus enabling the use of LED-light sources
for excitation. These 2-(pyridin-4-ylethynyl)pyrazine Eu(Ill)chelate labels
can also offer sensitivity improvement in applications such as
immunoassays, even when utilized at conventional excitation wavelength
of 340 nm. However, these labels may also be more susceptible to
temperature changes and have low yielding CT -states, which could either
enable their use as temperature sensors or lead to undesirable effects
depending on the analytical application.
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Appendix |. Structural data of compound 19 and its intermediates

Compound (14): 3-amino-6-bromopyrazine-2-carboxylic acid

3-amino-6-bromopyrazine-2-carboxylic acid (14)

shift = -2.2071 ppm inten. = 0.00034 abs. = 3,322E+05
frequency = 500.1988961 MHz
o NH,
HO Z
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Figure A1 Compound (14) "H NMR (500 MHz, (CD3)2S0): & [ppm]: 7.55 (s, 2H; NH,); 8.39 (s,
1H; ArH); carboxylic acid proton not found.

HO Z N

l

T

Figure A2 Compound (14) '*C NMR (125 MHz, (CD3)2S0): & [ppm]: 123.0 (ArC); 123.9 (ArC);
150.1 (ArC); 155.7 (ArC); 167.4 (COOH).
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Figure A3 Compound (14). HRMS: m/z calc. for [CsH4BrNs;Oz]- 215.9414, 217.9393. Found [M-
H]- 217,9352, 215.9374.

Compound (15): tert-butyl (4-((3-amino-6-bromopyrazine-2-
carboxamido)methyl)-phenyl)carbamate
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Figure A4 Compound (15). HRMS: m/z calc. for [C17H20BrNsNaOs]+ 444.0642, 446.0622. Found
[M+Na]+ 446.0595, 444.0642.
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Appendix |. Structural data of compound 19 and its intermediates

N |

Figure A5 Compound (15) "H NMR (500 MHz, CDCls): & [ppm]: 1.51 (s, 9H; C(CHa3)3); 1.78 (s,
2H; NH2); 4.53 (d, J = 6.5 Hz, 2H; CH,); 6.60 (s, 1H; NH); 7.26 (d, J = 9 Hz, 2H; ArH);
7.34 (d, J =9 Hz, 2H; ArH); 7.96 (t, J = 5.5 Hz, 1H; NH); 8.20 (s, 1H; ArH).

Figure A6 Compound (15) "*C NMR (125 MHz, CDCI3): & [ppm]: 28.3 ((CH3)3); 42.9 (CH,); 80.7
(C(R)3); 118.8; 123.1; 125.9; 128.6; 132.3; 137.9; 148.9; 152.8; 153.9; 164.8.
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Compound (16): tert-butyl (4-((3-amino-6-((trimethylsilyl)ethynyl)pyrazine-2-
carboxamido)methyl)phenyl)carbamate

| !

1A ol | | el i

Figure A7 Compound (16) "H NMR (500 MHz, CDCl3): & [ppm]: 0.26 (s, 9H; Si(CH3)3); 1.52 (s,
9H; C(CHs3)3); 1.57 (s, 2H; NH>); 4.54 (d, J = 6 Hz, 2H; CH,); 6.47 (s, 1H; NH); 7.27 (d,
J =8 Hz, 2H; ArH); 7.34 (d, J = 8 Hz, 2H; ArH); 8.14 (t, J = 6 Hz, 1H; NH); 8.27 (s, 1H;
ArH).

|‘1J I | {

T T P T

Figure A8 Compound (16) 3C NMR (125 MHz, CDCls): & [ppm]: 0.0 (Si(CH)3); 28.6 ((CHs)s);
43.0 (CH,); 80.8 (C(R)3); 96.0; 101.3; 119.0; 126.0; 126.3; 128.9; 132.6; 138.0; 150.5;
152.9; 153.7; 165 4.

110



Appendix |. Structural data of compound 19 and its intermediates

Intens. ] T +MS, 3.3-4.2min #{99-126)
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Figure A9 Compound (16). HRMS: m/z calc. for [C22H29NsNaO3Si]+ 462.1932. Found [M+Na]+
462.1939.

Compound (17): tert-butyl (4-((3-amino-6-ethynylpyrazine-2-carboxamido)-
methyl)phenyl)carbamate

Intens. o T N +MS, 0.5-4.0min #{16-120)
x105
3-
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2
]
1 106.0859 570.7289
206.1179
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0 T R e s . , - : .
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[ppm] m/z orm Diff b Dev
Figure A10 Compound (17). HRMS: m/z calc. for [C1gH21NsNaOs]+ 390.1537. Found [M+Na]+
390.1541.
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Figure A11 Compound (17) "H NMR (500 MHz, CDCl3): 8 [ppm]: 1.51 (s, 9H; C(CH3)3); 1.63 (s,
2H; NHy); 3.15 (s, 1H; CH); 4.53 (d, J = 6 Hz, 2H; CH,); 6.50 (s, 1H; NH); 7.26 (d, J =
8 Hz, 2H; ArH); 7.34 (d, J = 8 Hz, 2H; ArH); 8.13 (t, J = 6 Hz, 1H; NH); 8.29 (s, 1H;
ArH).

=

| l ‘ “ I LU -

Figure A12 Compound (17) *C NMR (125 MHz, CDCls): 28.4 ((CHs)3); 42.8 (CHy); 78.0; 80.2;
80.6; 118.8; 125.1; 126.0; 128.6; 132.3; 137.8; 150.1; 152.7; 153.8; 165.0.
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Appendix |. Structural data of compound 19 and its intermediates

Compound (18): di-tert-butyl 2,2'-(((4-((5-amino-6-((4-((tert-butoxycarbonyl)-
amino)benzyl)carbamoyl)pyrazin-2-yl)ethynyl)-6-(((2-(bis(2-(tert-butoxy)-2-
oxoethyl)amino)ethyl)(2-(tert-butoxy)-2-oxoethyl)amino)methyl)pyridin-2-
yDmethyl)azanediyl)diacetate
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Figure A13 Compound (18). HRMS: m/z calc. for [CssHgsNgO13]+ 1116,6340, 1117,6374. Found
[M+H]+ 1117,5996.
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Figure A14 Compound (18) "H NMR (500 MHz, CDCl3): & [ppm]: 1.42 (s, 18H; C(CH3)3); 1.45 (s,
9H; C(CHs3)3); 1.45 (s, 18H; C(CHs)3); 1.51 (s, 9H; C(CHs3)3); 2.86 (m, 4H; CH2-CH2);
3.35 (s, 2H; CHy); 3.44 (s, 4H; CHy); 3.48 (s, 4H; CH>); 3.92 (s, 2H; CH>); 4.01 (s, 2H;
CHy); 4.57 (d, J = 7 Hz, 2H; CH,); 6.54 (s, 1H; NH); 7.30 (d, J = 8,5 Hz, 2H; ArH); 7.35
(d, J = 8,5 Hz, 2H; ArH); 7.54 (s, 1H; ArH); 7.64 (s, 1H; ArH); 8.25 (t, J = 6,5 Hz, 1H;
NH); 8.58 (s, 1H; ArH). Amine protons around 1.60 not found due to overlap.
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2,2'-(((4-((5-amino-6-((4-aminobenzyl)carbamoyl)pyrazin-2-yl)ethynyl)-6-(((2-
(bis(carboxylatomethyl)amino)ethyl)(carboxylatomethyl)amino)methyl)pyridi
n-2-yl)methyl)azanediyl)diacetate europium(1II)
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Figure A15 2,2'-(((4-((5-amino-6-((4-aminobenzyl)carbamoyl)pyrazin-2-yl)ethynyl)-6-(((2-
(bis(carboxylatomethyl)amino)ethyl)(carboxylatomethyl)amino)methyl)pyridin-2-
yl)methyl)azanediyl)diacetate europium(lil). HRMS: m/z calc. for [C33sH3sEuNgNaO11]+
908.1483, 906.1469. Found [M+Na]+ 906.1225, 908.1271.

Compound (19): 2,2'-(((4-((5-amino-6-((4-isothiocyanatobenzyl)carbamoyl)-
pyrazin-2-yl)ethynyl)-6-(((2-(bis(carboxylatomethyl)amino)ethyl)(carboxylate-
methyl)amino)methyl)pyridin-2-yl)methyl)azanediyl)diacetate europium(III)
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Figure A16 Compound (19) HRMS: m/z calc. for [CasH30EuNgO+1S]2- 462.5504. Found [M-H]2—
462.5640.
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Appendix |. Structural data of compound 19 and its intermediates
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Figure A17 Compound (19) HRMS: m/z calc. for [CasH30EUuNgO+4S]— 926.1081, 924.1067. Found
[M-H]- 926.1131, 924.0950.
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