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Abstract

Cardiac transplantation is currently the only effective therapy for patients with end-stage
heart failure, a condition where the heart ability to pump blood is severely compromised, and
no other treatment options remain. Despite its life-saving potential, heart transplantation is
associated with several significant challenges, the most prominent of which are post-
transplant complications. Among these, the risk of infections is heightened due to the
immunosuppressive medications required to prevent organ rejection, while the possibility of
graft rejection remains one of the primary concerns. Rejection occurs when the recipient's
immune system recognizes the transplanted heart as foreign and mounts an immune response

to destroy it.

The gold standard for diagnosing transplant rejection remains endomyocardial biopsy (EMB),
where a small tissue sample is taken from the transplanted heart to examine the presence of
rejection. However, this invasive procedure has several drawbacks, including patient
discomfort, the need for multiple biopsies, and risks related to the procedure itself, such as
bleeding and infection. Additionally, the process is costly due to the need for specialized
equipment and histopathological analysis of the samples, making it a less-than-ideal solution

for long-term monitoring of heart transplant recipients.

In light of these limitations, the study presented in this thesis explores the potential of a non-
invasive approach for detecting transplant rejection: liquid biopsy. This technique involves
analyzing blood samples to detect and quantify specific biomarkers of rejection, particularly
donor-derived cell-free DNA (dd-cfDNA). dd-cfDNA is DNA that is released into the
bloodstream when cells die, and its presence can indicate immune-mediated damage to the
transplanted heart. Since dd-cfDNA is of donor origin, its levels in the recipient’s blood can
be a direct reflection of transplant rejection, providing a more accessible and less invasive

diagnostic method.



The methodology employed in this study uses NGS to analyze single nucleotide
polymorphisms (SNPs), which are genetic variations that can distinguish between the donor's
and the recipient's DNA. By sequencing these SNPs, the study can quantify the fraction of
dd-cfDNA present in the patient’s bloodstream. Specialized software is then used to calculate

the precise amount of dd-cfDNA, which serves as an indicator of ongoing rejection.

The study aims to establish a reliable and early biomarker for transplant rejection, which
could potentially replace or complement the traditional biopsy method, offering a less

invasive, more cost-effective alternative for monitoring transplant recipients over time.






1.

2.
3.

Summary

INEFOAUCTION ... 1
Cardiac Pathologies leading to End-Stage Heart Failure ...........ccccocoveveiiencniencee. 1
1. Dilated CardiomyOpatiy ..........cccciiiiiiiiiiese s 1
2. Ischemic Cardiomyopatny ..........ccccoveieiiieiicie e 2
3. Hypertrophic Cardiomyopathy...........cccoviiiiiiiieieie e 3
4. Valvular HEart DISBASE .......cccveiveiieiieieiiesteeieseesieesieseesiee e sneesneeseesneesseeneens 4
5. Congenital Heart DISEASE. .........ciiiiiieieieriesie sttt 5
T |V Yo Tor: [0 || £ S SRS 5
7. Hypertensive Heart DISEASE.........ccoiiiiiiieieieieesie st 6
Heart Transplantation..............ccovieiioii i 7
Classification of HT ReJECLION tYPES .....covveiiiiiieiiiieieriesee e 10
Limitations of Endomyocardial Biopsy: is its end near? .............cccccveveveeieeviesnenne. 20

Innovation of liquid biopsy and its potential application

IN POst-transplant MaNagEMENT ..........ccoiiiiiiiieee e 22
Cell-Free DNA (cfDNA): Definition and Applications...........ccccccevvveieiviciievieennn, 24
Pediatric Heart TranSplant ... 28
AIMOF e STUAY ... 30
Materials and Methods ...........cooiiiiiiini e 31
EthiCS StAIEMENT.......cuiiiiii s 31
BIOOUO Draw PrOCESSING.......civeeiiiiieiiieie et ste ettt ettt este e sneenas 32
CTDINA EXIFACTION ..ottt 33
CTDINA PUITICALION ..ottt 35
Quantification of cfDNA using Qubit HS dsDNA

and Agilent Bioanalyzer 2100 ..........cccooiiiiiieiieeee e 37

Amplification of SNPs via multiplex PCR for barcoding
using the AHOSEq CIDNA Kil......ooiiiiiiiiieee s 39



O N o o

INPUL CTDINA <.ttt et e e e ste e e e neenre e 39

Multiplex PCR AMPHTICAION........cccveiiiieieee e 40
INAEXING SEUP ...t 40
Preparation of the PCR REACTION .........ooiiiiiiiiiiiiisieeee s 41
o oL (I (1] o USSR 41
Thermocycling Parameters .........c.coviviieeiiiie e 41
Library preparation and Clean UpP ..........coeveriiiiiiiiicieeeee e 43
Purification of the Pooled LiDraries.........ccoocovvriiiiiiniieie e 43
Pool quantification, denaturation and dilution...............ccccceeveviieie i 44
Loading the Cartridge for Sequencing by Synthesis (SBS)........ccccccevvviiviieieenns 45
MOoNItoring and OULPUL .........coiiiiieieieesie s 46
Data Output through the AlloSeq CFDNA SOftWare .........cccooevveieieviee e 46
StAtiStICAl ANAIYSIS ... .cvievieiieeie et e 47
RESUILS ... e 48
Quantification of extracted cfDNA with Qubit HS dSDNA ............ccoeeivveevveevinne, 48
Qualitative assessment of cfDNA samples with Agilent 2100 Bioanalyzer........... 53
PIAte LAYOUL ......ccveeiieiiecic ettt et e esreeae e e sreenee s 56
AOSEY CTDNA ASSAY ...ttt sttt bbb 57
DAtA OULPUL ... 62
ACR and AMR vs no rejection in adult HT patientS..........cccocvveveiieeiecie e 68
ACR and AMR vs no rejection in pediatric HT patientsS...........cccooeveiieiiccveenene 72
D o0 ] (o] o OSSPSR 75
(@40 0 10] 1151 o] o 130T 82
A o] 0 1=1 [0 | TSSOSO 83

Bibliography ..o 86






1. Introduction

Cardiac Pathologies leading to End-Stage Heart Failure

End-stage heart failure (HF) can arise from a range of pathological conditions that
progressively impair heart ability to pump blood effectively (Sapna et al. 2023). Among these,

the most common are briefly mentioned in the following paragraphs.
1. Dilated Cardiomyopathy

Dilated cardiomyopathy is one of the leading causes of heart failure and the most frequent
indications for heart transplantation. It is characterized by the dilation and weakening of the
left ventricle (Figure 1), resulting in reduced contractility (Schultheiss et al. 2019). The
clinical presentation of DCM is usually unspecific and /or unrelated to the underlying
aetiology, ranging from dyspnea, swollen legs, ankles and stomach, fatigue and chest pain
caused by reduced oxygen reaching the heart, to arrhythmia, acute decompensation or
cardiogenic shock (Schultheiss et al. 2019). Diverse aetiologies for DCM have been observed
over decades of research that include genetic mutations, infections, inflammation,
autoimmune diseases, exposure to toxins and endocrine or neuromuscular causes (Schultheiss
et al. 2019, Richardson et al. 1996). The most commonly reported causes of DCM are

idiopathic and familial diseases.

Enlarged left
ventricle
Weakened
heart muscle

Figure 1: Dilated cardiomyopathy in
human heart (From Biorender.com)



2. Ischemic Cardiomyopathy

Ischemic cardiomyopathy represents a systolic left ventricular dysfunction in the setting of
obstructive coronary artery disease, and it is considered the most common cause of heart
failure worldwide (Del Buono et al. 2022, Felker et al. 2002). In CAD patients, left
ventricular dysfunction is the result of irreversible loss of viable mass consequent to an acute
myocardial infarction (AMI) (Figure 2), occasionally combined with loss of contractility in
ischemic, yet still viable, myocardium, better defined as hibernating myocardium (Felker et
al. 2002, Almeida et al. 2021). This phenomenon carries a significant therapeutic and
prognostic relevance, since loss of contractility in hibernating myocardium is potentially
reversible after restoration of ischemia (Page et al. 2015). Whatever the exact mechanism,

patients with ischemic cardiomyopathy may show some symptoms of HF.

Figure 2: Myocardial infarction
(From Biorender.com)



3. Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a genetic disorder characterized by cardiac
hypertrophy, unexplained by the loading conditions, a non-dilated left ventricle and a normal
or increased ejection fraction (Marian et al. 2017). Cardiac hypertrophy is usually
asymmetric (Figure 3), most commonly involving the basal interventricular septum near the
aortic valve (Marian et al. 2017). In most patients, HCM has a relatively benign course
(Eriksson et al. 2002, Maron et al. 2015, Maron et al. 2014). However, HCM is also an
important cause of sudden cardiac death, especially in adolescents and young adults (Maron
et al. 2009, Maron et al. 1996, Bagnall et al. 2016, Christiaans et al. 2010, O ’Mahony et al.
2014). Unsupported ventricular tachycardia, syncope, a family history of sudden cardiac
death, and severe cardiac hypertrophy are the main risk factors for sudden cardiac death. This
complication can usually be avoided by implanting a cardioverter-defibrillator in appropriate
high-risk patients (Elliott et al. 2000, Spirito et al. 2014, Maron et al. 2016).

Figure 3: Hypertrophic heart (asymmetrical
septal hypertrophy) (From Biorender.com)



4. Valvular Heart Disease

Valvular heart disease (VHD) is a commonly encountered abnormality in primary care
(Kisling et al. 2023). There are many causes of valvular heart disease: congenital,
degenerative, infectious, traumatic, and many others. There is a wide variety of valvular heart
diseases, and each valve has the ability to develop both regurgitation (Figure 4) and stenosis
(Figure 5) through multiple mechanisms. Stenosis is the stiffening and narrowing of the
valves, which reduces blood flow, while valve insufficiency, or regurgitation, occurs when
the valves do not close properly and blood flows abnormally back into the heart chambers.
In both cases, the heart has to work harder to maintain adequate circulation, eventually
leading to enlarged and weakened ventricles (Kisling et al. 2023). Unless corrected by valve

repair or replacement, these pathologies are progressive to end-stage heart failure.

£

Figure 4: Aortic valve regurgitation Figure 5: Aortic valve stenosis
(From Biorender.com) (From Biorender.com)




5. Congenital Heart Disease

Congenital heart diseases (CHD) are the most common congenital malformations (Bouma et
al. 2017, van der Bom et al. 2011). CHD includes abnormalities in the structure of the heart
present at birth. These defects occur in the fetus while it is developing in utero during
pregnancy (Sun et al. 2015). 1 in 100 children have heart defects due to genetic or
chromosomal abnormalities, such as Down syndrome. These can include atrial or ventricular
septal defects, valvular abnormalities, stenosis, abnormalities of the heart muscle, and a hole
within the wall of the heart that causes a defect in blood flow, heart failure, and eventually
death. Some of these malformations can be surgically corrected during childhood, whereas
others lead to long-term complications such as heart failure (Bouma et al. 2017, Zomer et al.
2011). In many cases, heart transplantation is the only option to ensure a good quality of life

and long-term survival (Sun et al. 2015).

6. Myocarditis

Myocarditis is an inflammatory process (Figure 6) of the heart muscle (myocardium), often
caused by viral infections, such as Coxsackie B virus, or, less commonly, bacterial, fungal,
or parasitic infections (Kang et al. 2024, Bejigi et al. 2019). The immune response to
infection can damage cardiac tissue, impairing its contractile function and, in severe cases,
leading to acute or chronic heart failure (Bejiqi et al. 2019). While many cases of myocarditis
resolve spontaneously or with medical therapy, severe forms can progress to irreversible

cardiac damage, necessitating heart transplantation (Kang et al. 2024).
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Figure 6: Myocardial inflammation (From
Biorender.com)

7. Hypertensive Heart Disease

Hypertensive heart disease is the term applied to abnormalities of the heart-involving the
structure and function of the left ventricle, left atrium, and intramural coronary arteries due
to sustained elevated blood pressure (Masenga et al. 2023, Drazner et al. 2011). Left
ventricular hypertrophy (LVH) is one of the earliest manifestations of hypertensive heart
disease and is believed to be a compensatory mechanism to minimize increased ventricular
wall stress and an intermediate pathological alteration in the progression of hypertensive
heart disease (Masenga et al. 2023, Dumitrescu et al. 2021). However, LVH can progress to
complications that include heart failure, arrhythmias, sudden cardiac arrest, ischemic stroke,
end-stage renal disease (ESRD), and death (Boner et al. 2005, Liao et al. 1995, Kim et al.
2018).



Heart Transplantation

Regardless of the underlying cardiac pathology, the evolution toward end-stage heart failure
involves symptoms such as dyspnea, extreme fatigue, peripheral edema, and reduced ability
to perform daily physical activities (Yancy et al. 2013, Metra et al. 1995, Braunwald et al.
2012).

For patients in whom pharmacological treatments and mechanical support devices, including
implantable defibrillators or ventricular assist devices, are ineffective and can no longer
support adequate cardiac function, heart transplantation is a true lifeline and remains the only
definitive treatment option, allowing restoration of an acceptable quality of life and
significantly improved long-term survival rates (Yancy et al. 2013, Lakhani et al. 2024,
Vieira et al. 2020).

The first human-to-human heart transplant was performed in 1967 by South African surgeon
Dr. Christiaan Barnard (Cooper et al. 2018). This pioneering procedure, which was
performed on a patient who had terminal heart failure, was widely publicized (Figure 7) and
inaugurated a new era in transplant medicine (Cooper et al. 2018). The surgical endeavor
was indeed successful, but the biggest medical challenge emerged in terms of immune
rejection following transplantation. The patient died just 18 days later owing to complications
from immunosuppression. In the following decades, the development of more effective
immunosuppressive drugs, such as cyclosporine introduced in the 1980s, radically changed
the field, with a significant increase in survival rates (Novitzky et al. 1984, van Veldhuisen et
al. 1984). Nowadays, heart transplantation is an established procedure for treating end-stage
heart failure (Bounader et al. 2024).
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Figure 7: The front page of a South African newspaper on the day following the first heart transplant (From
Cooper et al. 2018)

Thousands of patients around the world undergo heart transplants every year, and their post-
operative survival rates have been significantly improved compared to those in the early
experimental years (Nesseler et al. 2023). Current data suggest that more than 82% of patients
survive the first-year post-transplant, while about 69% achieve five-year survival
(McCartney et al. 2017). A number of transplant recipients with a donated heart may live on

for decades and return to near-normal quality of life.

However, despite continuous improvement in surgical techniques and drug treatments,
transplant rejection is still a major complication (Yamani et al. 2000). Rejection can occur in
an acute form, within the first few months after transplantation, or in a chronic form, which

can lead to irreversible organ dysfunction.

Lifelong noninvasive rejection monitoring in HT patients is a critical clinical need still poorly
met in adults and even more for children and infants. Organ-transplant patients require life-
long immunosuppression that must be controlled carefully to balance risk of allograft
rejection and loss with immunosuppression-induced risks of infection, cancer, and other
diseases (Agbor-Enoh et al. 2021). In HT patients, this balance has been monitored through
diagnostic modalities such as assessments of clinical symptomatology, viral loads and other

microbiological indicators, immunosuppressive drug and procalcitonin blood levels,



echocardiography, cardiac magnetic resonance imaging, noninvasive measurements of levels
of circulating donor-specific antibodies and cardiac derived proteins such as troponin and B-
type natriuretic peptide hormone (NT-proBNP). Currently, monitoring of rejection relies
mainly on surveillance or symptom-prompted application of endomyocardial biopsy (EMB)
with or without concurrent coronary angiography, an invasive procedure that involves
extracting small tissue samples from the transplanted heart for histological examination
(Holzhauser et al. 2023). This procedure is considered the “gold standard” for assessing
cardiac allograft acute cellular rejection (ACR) and antibody-mediated rejection (AMR) due
to its direct histological visualization of myocardial and/or intravascular inflammatory
infiltration and cellular injury (Agbor-Enoh et al. 2018, Agboe-Enoh et al. 2017, Agbor-Enoh
et al. 2021), but it is associated with several limitations, including the risk of complications
such as perforation, arrhythmias, and infection (Farcas et al. 2024). In addition, biopsy
provides only “retrospective” information; in other words, rejection is diagnosed when it is
already in an active phase, thus limiting the possibility of preventing irreversible damage
(lyer et al. 2011).



Classification of HT Rejection types

Over the past 50 years since the introduction of cardiac transplantation as a treatment,
numerous systems have been used to classify the degree of rejection phenomena observed in
recipients. It was only in 1990 that the ISHLT (International Society for Heart and Lung
Transplantation) proposed a standardized classification for organ rejection, which remained
in use for 15 years. In 2004, this classification was replaced by a revised and updated version,
also developed by the ISHLT (Stewart et al. 2005).

A schematic comparison between these two classifications is provided in Table 1 below.

1990 ISHLT Classification 2004 ISHLT Classification
Grade 0 No ACR Grade 0 No ACR
Focal/ mild ACR
ElEll Focal perivascular and/or interstitial
1A infiltrate
Mild/low-grade ACR
without myocyte damage
yoey g Interstitial and/or perivascular
Diffuse, mild ACR Grade | .
Grade _ o _ infiltrate with up to one focus of
Diffuse infiltrate without myocyte 1R
1B myocyte damage
damage
Focal, moderate ACR
CliEeRe A focus of infiltrate with associated
myocyte damage
Multifocal, moderate ACR Moderate/intermediate ACR
Grade A focus of infiltrate with associated Grade Two or more foci of infiltrate
3A myocyte damage 2R with associated myocyte damage
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Diffuse, moderate ACR

Grade | it e infiltrate with myocyte
S8 damage Severe/high-grade ACR
Severe ACR Diffuse infiltrate with multifocal
Grade Diffuse and polymorphous infiltrate Grade myocyte damage, + oedema, +
4 3R haemorrhage, + vasculitis

with extensive myocyte damage, +
oedema, + haemorrhage,

vasculitis

Table 1: Comparison between the ISHLT classifications of 1990 and 2004 (Farcas et al. 2024). The ISHLT
2004 classification for ACR (acute cell-mediated rejection) is simplified compared to the previous one.
Specifically, the number of rejection grades has been reduced to make it easier for pathologists to assign them
to samples, following a progression from mild to severe rejection.

To increase the accuracy of rejection diagnosis, each endomyocardial biopsy requires a
systematic evaluation of the endocardium and myocardium, as well as the interstitial tissue

and intramural vessels (Farcas et al. 2024).

In the myocardium, cardiomyocytes are typically elongated, branched cells with a central
nucleus, often containing external lipofuscin. The cardiomyocytes are connected to one
another by junctions known as intercalated discs. Pathological changes, observed with
hematoxylin-eosin staining, include hypertrophy with nuclear polyploidy, often seen in
hypertrophic myocytes, atrophy, cytoplasmic vacuolization, myocytolysis, coagulative

necrosis, and disorganization of cellular architecture (Farcas et al. 2024).

The interstitial tissue provides information about the cellular components (fibroblasts,
histiocytes, smooth muscle cells, myofibroblasts, mast cells, and adipocytes) and
inflammatory infiltrates (lymphocytes, eosinophils, and neutrophils). Immunophenotyping
can be performed if it is necessary to characterize the lymphocyte population. Suspicion of a
post-transplant lymphoproliferative disorder or lymphoma should arise in the presence of

evident morphological variation (Farcas et al. 2024).
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Intramural vessels undergo changes during episodes of acute cell-mediated rejection and
antibody-mediated rejection, as well as during chronic rejection in the form of vasculopathy.
In antibody-mediated rejection, histopathological changes appear in the capillary bed,
including endothelial growth and denudation, the presence of macrophages or neutrophils in
the capillaries, interstitial edema, congestion, and hemorrhage. Fibrin is often found in the
capillary bed as well. Immunopathological examination includes deposits of 1gG, IgM, or
IgA and positive staining for complement cascade components. Specific staining methods,
such as immunohistochemical staining for CD31, CD34, CD45, CD68, and C4d, are among
the most useful tools for diagnosing rejection (Berry et al. 2013).

Two essential components of the immune response are involved in rejection: the cellular
component, which includes the action of lymphocytes, macrophages, mast cells, antigen-
presenting cells (APCs), eosinophils, basophils, and neutrophils; and the molecular
component, which includes antigens, the major histocompatibility complex (MHC),
cytokines, adhesion molecules, receptors, enzymes, immunoglobulins, and complement with

all its components (Farcas et al. 2024).

The major histocompatibility complex is encoded by more than 200 genes located on the
short arm of chromosome 6, characterized by known polymorphisms and high allelic
variability. This leads to highly divergent responses in the context of rejection phenomena.
MHC antigens are divided into different classes: Class I, which includes the HLA-A, HLA-
B, and HLA-C subgroups; Class Il, which includes the DR, DQ, and DP subgroups, usually
found in APCs and endothelial cells; and Class 111, which includes molecules involved in
humoral immunity. In heart transplantation and, more generally, in organ transplantation,
MHC Class I and Class Il antigens play a crucial role (Séderlund et al. 2015, Ludhwani et al.
2024). Essentially, rejection occurs due to an incompatibility between the donor’s and the
recipient’s MHC amino acids, so even the variability of a single amino acid can trigger a

rejection response (Farcas et al. 2024).

The immune response is initiated when even a small percentage of T lymphocytes exhibit

alloreactivity, meaning activation, proliferation, and differentiation in response to interaction

12



with cells from another individual. This reactivity is triggered by the recognition of a
polymorphism different from the MHC molecules of the individual (Janeway et al. 2001).

Based on the expected timing of onset, rejection can be classified into three types: hyperacute,
which occurs within the first hours after transplantation, leading to graft dysfunction and most
often to graft loss within 24 hours; acute, which is further divided into acute cell- mediated
rejection (ACR) and antibody-mediated rejection (AMR); and chronic, also known as cardiac
allograft vasculopathy (CAV) (Farcas et al. 2024).

Hyperacute rejection is characterized by vascular congestion, thrombosis, and hyaline
microthrombi, vasculitis with fibrinoid necrosis of small and medium vessels, edema, and
interstitial inflammatory infiltrates of granulocytes. This condition occurs when preformed
antibodies (PRA) against the donor's antigens are present, and it more frequently affects
patients who have received multiple blood transfusions and women with multiple

pregnancies (Kobashigawa et al. 2009).

Acute-cellular rejection (ACR), or T-cell mediated rejection, is the primary target of
maintenance immunosuppressive therapy. It presents as lymphocytic infiltration in the
perivascular and interstitial compartments of the myocardium, leading to myocyte damage,
necrosis, altered myocardial architecture, and graft dysfunction, causing 9% of deaths
between the first and third year post-transplantation (Labarrere et al. 2012). The highest
frequency of ACR occurs within the first 3-6 months after transplantation. There are two

distinct pathways for the recognition of alloantigens, or antigens foreign to the recipient:

1. Direct pathway, where T cells "directly" recognize intact non-self MHC molecules
present on the donor's cell surfaces.

2. Indirect pathway, which involves the ability of T lymphocytes to recognize MHC
molecules from the donor that are processed by antigen-presenting cells (APCs). The
MHC molecules located on the APC surface present peptides in their grooves, which
interact with the T-cell receptor (TCR). CD8+ T lymphocytes are responsible for
recognizing class | peptide/MHC complexes, while CD4+ lymphocytes are involved

in recognizing class Il peptide/MHC complexes.

13



In addition to MHC molecules, there are also minor histocompatibility antigens that can
trigger a CD4 or CD8-mediated lymphocytic response (Ingulli 2010). In this way, T
lymphocytes activate an inflammatory response against the graft, leading to myocyte necrosis
and graft failure (Tan et al. 2007).

Histopathological analysis of ACR rejection typically shows an inflammatory infiltrate
(Figure 8), predominantly consisting of lymphocytes, macrophages, and, in some cases,
eosinophils. The presence of neutrophils suggests a different process, such as an infection,

healing from ischemic injury, or antibody-mediated rejection (AMR) (Farcas et al. 2024).
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Figure 8: Microscopic (histologic) images of ACR (a) Grade OR: normal myocardium and unremarkable
endocardium; note the absence of perivascular or interstitial cellular infiltration and minimal myocyte damage.
(b) Grade 1R: lymphocytic infiltrate is present within both the perivascular and interstitial compartments.
Although the normal myocardial architecture has been disrupted, there is minimal myocyte damage; some
myocyte splitting and branching can be observed in the central portion of the slide. (c) Grade 2R: in addition to
a mild, more diffuse interstitial inflammatory infiltrate, there is a large, dense focus of inflammatory cells in the
upper portion of the slide associated with multiple foci of myocyte damage; surrounding myocytes are
hypereosinophilic and some have scalloped borders or pyknotic nuclei. (d) Grade 3R: diffuse inflammatory
infiltrate is present throughout the sample associated with confluent multifocal myocyte injury and contraction
band necrosis; myocardial edema (myocyte separation), interstitial hemorrhage (erythrocyte extravasation) and
occasional neutrophils are present, particularly in the upper and central portions of the slide (Modified from
Musick et al. 2023).
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Antibody-mediated rejection (AMR), also known as humoral rejection or B-cell mediated
rejection, was first described for heart transplantation in the late 1980s, and soon thereafter,
pathological evidence supported the notion of a distinct rejection process, independent from
the cellular mechanisms described for ACR (Hammond et al. 1989). Active B lymphocytes
present in the plasma produce antibodies specific to various antigens, such as proteins
expressed on the surface of a transplanted heart. This immune response, driven by antibodies,
damages the transplanted organ through complement cascade activation, compromising the
organ and acting as a biochemical "amplifier” by interacting with other components of both
the innate and adaptive immune responses, such as neutrophils, pro-inflammatory molecules,

and cytokines (Farcas et al. 2024).

There are several risk factors for the development of AMR: blood transfusions or
administration of blood products, pregnancies, repeated transplants, and, specifically for
heart transplantation, the use of extracorporeal and intracorporeal devices for mechanical
circulatory support (Reed et al. 2006). Other potential risk factors for AMR development
include female sex, high preformed antibodies (elevated cPRA values), CMV
(cytomegalovirus) seropositivity, and a positive crossmatch between the donor and recipient
(Farcas et al. 2024).

Clinical signs and symptoms that suggest acute rejection include dyspnea, edema, fatigue,
nausea, fever, and arrhythmias (Farcas et al. 2024). Typical histopathological changes
(Figure 9) in AMR primarily affect the capillary bed, such as endothelial swelling and
denudation, the presence of macrophages or neutrophils in the capillaries, interstitial edema,
congestion, and, in severe cases, hemorrhage; fibrin may also be detected in the vessel bed
in some cases. Immunopathological findings include deposits of IgG, IgM, or IgA and
positive staining for complement cascade components (Farcas et al. 2024). The standardized

nomenclature for the diagnosis of AMR according to the ISHLT is provided in Table 2.
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Grade Description Histopathological results

Negative histological and

AMRO Absence of pathological AMR . . .
P P g immunopathological studies

Histological findings present

Histological AMR onl .
PAMR1 (H+) Istologica only and negative

immunopathological studies

Negative histological results

PAMRIIH) Immunopathological AMR and positive

only immunopathological studies

Present both histological and

Pathological AMR . e
PAMR2 atiologica immunopathological findings

Histological findings of
interstitial haemorrhage,
PAMR3 Severe pathological AMR capillary fragmentation, mixed
inflammatory infiltrates,
pycnosis of endothelial cells
and/or caryopses and marked

oedema

Table 2: The 2013 ISHLT Classification for the pathological diagnosis of AMR (Stewart et al. 2005) identifies
five grades of AMR (antibody-mediated rejection) based on histological and immunopathological analysis of
endomyocardial biopsy samples. Stage pAMRO corresponds to the absence of all the rejection signs mentioned
above, while stage pAMR3, the highest grade, indicates the presence of all pathological signs of damage caused
by a humoral immune response.
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Figure 9: Examples of histopathologic and immunopathologic biopsy findings of AMR in heart
transplantation. (a) A biopsy sample stained with hematoxylin and eosin shows evidence of endothelial cell
swelling (arrow). (b) An immunoperoxidase stain shows diffuse C4d deposition in capillaries. (c) An
immunoperoxidase stain confirms the presence of intravascular macrophages with positive staining for CD68

(Modified from Chih et al. 2012).

18



Significant rejection has been defined as ACR grade >2R and AMR grade >pAMRI1,

according to the International Society for Heart and Lung Transplantation classification.

Table 3 reports the principal differences between ACR and AMR.

Feature ACR AMR
Mechanism T-cell-mediated Antibody-mediated
Histological L Microvascular injury, capillary

Lymphocytic infiltrates _ _

Features endothelial swelling

Diagnostic . EMB, immunohistochemistry, DSA
EMB, histology _
Tools testing

] ] Can occur at any time, often later
Frequency More common in the first year
post-transplant

Intensified
immunosuppression Plasmapheresis, IVIG, rituximab, or
Treatment ) } o
(corticosteroids, T-cell complement inhibitors
inhibitors)

Table 3: Key differences between ACR and AMR.

Both ACR and AMR require timely and appropriate management to preserve graft function
and improve patient outcomes. The identification of non-invasive biomarkers is a promising

avenue for enhancing the monitoring and classification of these rejection forms.
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Limitations of Endomyocardial Biopsy: is its end near?

Figure 10: Endomyocardial biopsy (From Biorender.com)

EMB is the current gold standard for diagnosing rejection in heart transplant recipients, but
it has significant limitations that raise the need for alternative monitoring strategies
(Holzhauser et al. 2023). First and foremost, EMB is an invasive procedure that involves the
insertion of a catheter through a vein, typically the jugular, femoral or brachial veins, to
extract small samples of myocardial tissue (Figure 10) from the transplanted heart (Porcari
et al. 2023, Schulz et al. 2015, Scaufele et al. 2015). This carries inherent risks, including
vascular injury, arrhythmias, bleeding, infections, and - rarely - cardiac perforation (Porcari
et al. 2023, Yilmaz et al. 2020, Chimenti et al. 2013). Additionally, the procedure can cause
discomfort and anxiety to patients, especially in pediatric recipients of EMB, for whom
sedation or anesthesia may be necessary. Another major limitation of EMB is its spatial

sampling bias (Baandrup et al. 1982).
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Small samples may not be representative of the whole myocardium, thus missing foci of
localized or patchy rejection (Baandrup et al. 1982). This is especially limited in AMR,
which very often presents diffuse microvascular injury that may not be evident from biopsy.
Moreover, the diagnostic value of EMB is highly dependent on the expertise of the
pathologist interpreting the histological findings, further contributing to variability in
interpretation (Karameh et al. 2024, Sinagra et al. 2021).

Logistically, EMB represents a resource-intensive procedure requiring specialized
equipment, trained personnel, and often hospitalization, being less accessible in resource-
constrained settings. The rather high frequency of biopsies, especially in the first-year post-
transplant when the risk for rejection is highest, represents an additional significant burden
that health care systems and the patients themselves have to bear. Furthermore, EMB reflects
graft health retrospectively; thus, it cannot identify graft rejection before the development of
histological changes. Rather, it is performed well after an active graft injury has been initiated
(Strecker et al. 2013). All the above considerations call for an increasing demand for a non-
invasive, reliable, sensitive alternative to EMB in order to provide an intensive and dynamic

monitoring of graft health.

Emerging non-invasive diagnostic techniques may challenge EMB gold standard monopoly
on rejection monitoring. Of these, dd-cFDNA analysis has emerged as a highly promising
modality (Holzhauser et al. 2023). High levels of dd-cfDNA have shown to be associated
with both ACR and AMR, offering a less invasive and possibly more sensitive method of

diagnosing graft rejection (Holzhauser et al. 2023).

Gene expression profiling tools, such as AlloMap, which monitors immune activation
through gene expression patterns, also exist, although their sensitivity for AMR is still poor
(Agbor-Enoh et al. 2021, Deng et al. 2006, Pham et al. 2020, Kobashigawa et al. 2015,
Crespo-Leiro et al. 2016).

Advanced imaging modalities, such as cardiac magnetic resonance, provide supplementary

detection of edema and fibrosis related to rejection for further reduction of EMB. The
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combination of different techonologies may increase sensitivity and specificity, allowing

comprehensive and less invasive surveillance of rejection.

Therefore, while non-invasive diagnostic tests remain far from fully replacing
endomyocardial biopsy at this time, they surely represent a major step towards improving
patient safety, comfort, and outcomes. All three aforementioned areas will be refined,
normalized, and integrated into clinical service in future research. Consequently, the "end of
endomyocardial biopsy," with all its foreseen promises for a new era in personalization and
minimal invasiveness in post-transplantation care, may well prove to be within reach because
of these progresses from endomyocardial biopsy alone, in heart transplant recipients
(Holzhauser et al. 2023).

Innovation of liquid biopsy and its potential application in post-transplant

management

Despite advances in surgical techniques and immunosuppressive therapies, transplant
recipients remain at risk of transplant rejection, a major cause of morbidity and mortality in

these patients.

Although modern immunosuppressive regimens have reduced the frequency and severity of
rejection episodes, monitoring remains a cornerstone of transplant care to detect rejection

early and guide therapeutic adjustments (Pilch et al. 2021).

Several studies have demonstrated the potential of dd-cfDNA analysis to detect rejection
earlier than traditional methods, such as EMB or echocardiographic findings (Keller et al.
2021). The ability to quantify dd-cfDNA provides clinicians with a dynamic, real-time
measurement of graft health, enabling earlier therapeutic interventions to prevent
irreversible graft damage (Grskovic et al. 2016). Importantly, cfDNA analysis is non-
invasive, requiring only a blood sample, which improves patient compliance and allows for

more frequent monitoring compared to EMB (Stewart et al. 2018).
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The advent of next-generation sequencing (NGS) has revolutionized the field of molecular
diagnostics by providing a highly sensitive and accurate platform for analyzing cfDNA
(Satam et al. 2023). Using NGS, cfDNA can be differentiated into donor and recipient
fractions through the analysis of single nucleotide polymorphisms (SNPs), genetic markers
that are unique to each individual (Jackson et al. 2021, Snyder et al. 2011). The CareDx
AlloSeq cfDNA kit, employed in this study, utilizes 202 SNPs to accurately quantify dd-
cfDNA, offering a robust tool for monitoring graft health. This technology has the potential
to not only identify rejection episodes but also to shed light on the molecular mechanisms of

graft injury and recovery.

The new frontiers are addressed to evaluate the clinical utility of cFDNA analysis using NGS
technology for monitoring rejection in heart transplant recipients, both adult and pediatric.
Specifically, the focus is on correlating dd-cfDNA levels with episodes of ACR and AMR,
thereby validating its potential as a non-invasive alternative to EMB. By analyzing the
sensitivity, specificity, and predictive value of cfDNA for detecting rejection, this research
seeks to establish its role as a reliable biomarker for routine post-transplant monitoring.

Beyond its diagnostic potential, cfDNA analysis offers the possibility of individualized
patient care (Sorbini et al. 2024). Unlike EMB, which provides a static histological
assessment, cfDNA levels can be monitored longitudinally, providing insights into the
progression or resolution of graft injury over time (Sorbini et al. 2024, Gristina et al. 2022).
This personalized approach aligns with the broader shift in medicine toward precision
healthcare, where treatments and monitoring strategies are tailored to the unique needs of

each patient.

The findings of this study are expected to have significant clinical implications. By reducing
the reliance on EMB, cfDNA analysis could improve patient safety, enhance monitoring
frequency, and optimize resource utilization in transplant care. Additionally, the early
detection of rejection enabled by cfDNA might lead to timelier therapeutic interventions,
improving both graft survival and patient outcomes (Huang et al. 2019). However, the
transition from experimental to routine clinical use requires further standardization of cfDNA

testing protocols and thresholds, as well as validation across diverse patient populations.
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Ultimately, this research seeks to advance the field of heart transplantation by providing a
foundation for integrating cfDNA-based liquid biopsies into standard post-transplant care.
By combining cutting-edge NGS technology with biomarker-driven monitoring, the goal is
to pave the way for a less invasive, more effective approach to managing heart transplant

recipients (Biénkowski et al. 2020).

Cell-Free DNA (cfDNA): Definition and Applications

cfDNA generally refers to a DNA fragment with a double helix in the blood circulation (Hu
etal. 2021, Rolfo et al 2020), whose length is between 160— 180bp, and mainly around 167bp
(Hu et al. 2021, Jiang et al. 2015). This indicated that cfDNA is likely to be associated with
nucleosomes, because the length of DNA wrapped around nucleosome (147bp) plus the
length of linker DNA (20-50bp) nearly corresponded with cfDNA length (Hu et al. 2021).

The release of cfDNA into blood flow circulation occurs through two main pathways:

1. Apoptosis and Necrosis: During cell death, nuclear DNA is cleaved into fragments
and released into the bloodstream. Apoptotic cells produce smaller, regularly sized
fragments, while necrotic cells release more variable and larger fragments

2. Active Secretion: Several cells, including tumor cells and cells under stress, actively

release DNA into extracellular spaces.

Experiments have shown that the half-life of cfDNA in the circulation is between 4 and 30
minutes (Hu et al. 2021, Bryzgunova et al. 2006), which means cfDNA analysis can be used

to monitor disease in real time.

In healthy individuals, the concentration of cfDNA has been estimated at approximately 1—
10 ng/ml plasma (Hu et al. 2021, Yao et al. 2016). This concentration could be higher in
patients with cancers (Zill et al. 2018) or other pathological conditions, such as inflammation
(Swarup et al. 2007), and autoimmunity (Timmermans et al. 2016). In addition, age, sex,
ethnicity and physiological parameters might also influence cfDNA concentration (Cohen et
al. 2018, Hummel et al. 2018).
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While the origins of cfDNA in mammals can derive from different and complex biological
mechanisms, the detection of donor-derived cfDNA (dd-cfDNA) fraction is a sophisticated,
non-invasive, and reliable temporal indicator of ongoing selective injury to the donor organ
due to its short plasma half-life and the preponderance of donor-specific versus recipient-
specific cfDNA generated from cellular apoptosis in transplant patients. In the context of
transplantation, donor-derived cell-free DNA (dd-cfDNA) has gained significant attention as

a potential biomarker for organ rejection.

The quantification and analysis of dd-cfDNA provide insights into the degree of cellular
injury and turnover within the allograft, reflecting the dynamic interplay between the immune

system and the transplanted organ.

Studies have demonstrated a correlation between elevated dd-cfDNA levels and the presence
of acute cellular rejection, antibody-mediated rejection, and cardiac allograft vasculopathy
(Holzhauser et al. 2021). Key factors influencing dd-cfDNA levels include allograft rejection,
ischemia-reperfusion injury, and other pathological processes affecting the transplanted heart.
Mehlman et al. (Mehlman et al. 2023), used a molecular microscopy approach in heart
transplant management, underscoring the potential of dd-cfDNA as a noninvasive monitoring
tool. This approach is based on molecular analysis to identify early changes in the heart tissue,
facilitating timely diagnosis and more personalized treatment. It uses techniques such as
genetic and proteomic profiling to detect cellular and molecular changes in the transplanted
heart.

Similarly, Holzhauser et al. (Holzhauser et al. 2023), provided practical guidance for
noninvasive rejection surveillance, highlighting the role of dd-cfDNA in enhancing

diagnostic accuracy and patient care (Bohmer et al. 2023, Deshpande et al. 2022).

The clinical applications of dd-cfDNA extend beyond rejection diagnosis to encompass
prognostic, therapeutic monitoring, and risk stratification (Henricksen et al. 2023,
Kewcharoen et al. 2022).

Moreover, advanced molecular diagnostic tools such as the Molecular Microscope
Diagnostic System, have integrated dd-cfDNA analysis with other molecular markers to
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provide a comprehensive view of graft health, demonstrating the real-world application of
cfDNA in clinical settings, show casing its feasibility and effectiveness in routine transplant
care (Alam et al. 2022).

dd-cfDNA can be particularly useful in detecting AMR, a form of rejection where antibody-
mediated mechanisms target the graft vasculature. AMR is a significant cause of graft loss
post-heart transplantation. It occurs when the recipient's immune system generates antibodies
against the donor heart, leading to vascular injury and impaired graft function. Detecting
AMR early is crucial as it can be asymptomatic and may not show immediate clinical signs
(Keller et al. 2021).

Traditional biopsy methods can miss AMR due to sampling errors or the patchy nature of the
lesion, whereas dd-cfDNA provides a more comprehensive assessment by reflecting the

overall state of the graft.

Several studies investigated the role of circulating biomarkers, as microRNAs, alongside dd-
cfDNA, to differentiate between cellular and antibody-mediated rejection, supporting the
combined use of these biomarkers for more precise and accurate rejection diagnosis and
detection of late manifestations of alloantibody-associated injury, underscoring its role in

ongoing surveillance to prevent chronic rejection (Agbor-Enoh et al. 2017, Shah et al. 2022).

dd-cfDNA testing still faces challenges and limitations (Knuttgen et al. 2022). Factors such
as transplant-related variables, comorbidities, and concomitant infections can influence dd-
cfDNA levels, leading to potential false-positive or false-negative results (Verhoeven et al.
2022).

Furthermore, the cost-effectiveness of dd-cfDNA testing remains a topic of debate
(Holzhauser et al. 2021). While initial studies suggest potential cost savings due to reduced
EMB utilization and early rejection detection, comprehensive economic evaluations are
needed to justify widespread adoption. Factors such as assay cost, reimbursement policies,
and long-term outcomes must be considered in assessing the value of dd-cfDNA testing
(Alam et al. 2024, Feingold et al. 2023, Khush et al. 2019).
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Another area of interest is the impact of demographic factors on dd-cfDNA dynamics (Shah
et al. 2024). Racial disparities in dd-cfDNA levels have been observed, with implications for
transplant outcomes and personalized surveillance strategies, understanding the underlying
mechanisms driving these differences is crucial for equitable post-transplant care (DeFilippis
et al. 2024).

Moreover, the influence of viral infections, such as cytomegalovirus (CMV), on dd-cfDNA
testing warrants investigation: active CMV infection has been shown to affect dd-cfDNA
levels, potentially confounding rejection surveillance. Strategies to mitigate this interference,
such as adjusting cfDNA thresholds or incorporating additional biomarkers, need to be
explored (Alam et al. 2024).

dd-cfDNA testing represents a promising approach to non-invasive surveillance for heart
transplant rejection; its ability to provide real-time information on allograft health, coupled
with its minimally invasive nature, positions it as a valuable tool in the post-transplant
management. Despite its promise, several challenges must be addressed before dd-cfDNA
can be integrated into routine clinical practice. These include standardization of sample
collection and processing protocols, validation of analytical platforms, and establishment of
clinically relevant thresholds for rejection detection. Moreover, the influence of confounding
factors such as comorbidities, medications, and surgical interventions on dd-cfDNA levels

necessitates further investigation.

Nowadays, data regarding the clinical application of this method in a real-life setting are
lacking. It was discovered that heart transplant patients have more dd-cfDNA than controls,
albeit in variable percentages. For this reason, our study evaluated the presence of dd-cfDNA
as an index of rejection by massively sequencing specific genomic polymorphisms.
Moreover, we wanted to evaluate the correlation among cardiac hemodynamic parameters,
ACR, AMR, and dd-cfDNA levels in a real-life European cohort of recipients of heart

transplantation.
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Pediatric Heart Transplant

Pediatric heart transplantation has additional and unique aspects from standard pediatric heart
surgery and adult heart transplantation. The first pediatric cardiac transplant was performed
on a newborn on December 6%, 1967, by Dr. Adrian Kantrowitz, three days after the first
heart transplant on an adult (Barnes et al. 2021, Bailey et al. 2011, Kantrowitz et al. 1968).
Unfortunately, the child died 612 hours post operatively. It was recognized that to have long
term success, there was a need for effective immunosuppression. With the emergence of
Cyclosporin in the 1970s, a new era began. Pediatric heart transplantation is a specialized
patient population that has unique preoperative, intraoperative and postoperative aspects that
continue to evolve over time. With constantly evolving testing, support options and
medications, the future holds many promising options for this fragile patient group (Barnes
et al. 2021).

Heart transplantation in children is a critical intervention for those suffering from severe heart
conditions that cannot be managed through conventional medical or surgical treatments.

Children may require a heart transplant for various reasons, including:

— Congenital heart disease: complex structural heart defects present at birth that cannot
be corrected through surgery.
— Cardiomyopathy: diseases of the heart muscle that lead to decreased cardiac function.

— Life-threatening arrhythmias: persistent abnormal heart rhythms that pose significant
health risks.

The decision to proceed with transplantation is based on the severity of the child's condition
and their overall prognosis without the transplant. Pediatric heart transplantation accounts for
approximately 14% of all heart transplants performed globally, reflecting its importance in

this patient population (Schweiger et al. 2015).

Before being placed on the transplant list, children undergo extensive evaluations, including
blood tests and imaging studies, to assess their suitability for transplantation. Factors such as
age, weight, blood type, and overall health are considered (Dipchand et al. 2018).
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Once listed, children may wait anytime from weeks to months for a suitable donor heart. The
waiting time can vary significantly based on several factors, including the urgency of the case
and donor availability. The mortality rate on the waiting list for pediatric patients is close to
25%, but thanks to the increasing use of ventricular assist devices, this has been reduced to
17% (Power et al. 2024).

The surgery typically lasts between four to six hours and involves several key steps. After
surgery, patients are closely monitored in an intensive care unit (ICU) for any complications,
including rejection of the new heart. Children will require lifelong follow-up care and
immunosuppressive medications to prevent rejection (Dipchand et al. 2018).

The prognosis for pediatric heart transplant recipients has improved significantly over the
years. Current data indicate that more than 85% of children survive at least five years post-
transplant. Infants tend to have the best long-term survival rates, with median survival times

exceeding 20 years in some cases (Dipchand et al. 2020).
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2. Aim of the study

The primary objective of this study is to explore the effectiveness of dd-cfDNA as a non-
invasive biomarker for monitoring acute cellular rejection (ACR) and antibody-mediated
rejection (AMR) in heart transplant recipients. This research encompasses both adult and
pediatric populations, aiming to provide a comprehensive evaluation of dd-cfDNA's utility

across diverse age groups.

Additionally, the research aims to identify specific threshold values for donor-derived
cfDNA (dd-cfDNA) that are indicative of ACR and AMR. Establishing these thresholds
could lead to standardized protocols that enhance patient management and improve overall

outcomes for heart transplant recipients.

To achieve these goals, the study will differentiate between donor-derived cfDNA and
recipient-derived cfDNA. The analysis will focus on 202 single nucleotide polymorphisms
(SNPs) selected using the AlloSeq cfDNA kit from CareDx, specifically designed for
transplant rejection monitoring. These SNPs will serve as biomarkers to distinguish the
donor's cfDNA from that of the recipient, offering a clear measure of immune activity and

rejection status.
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3. Materials and Methods

Ethics Statement

This study was evaluated by the Central Emilia Wide Area Ethical Committee of the Emilia-
Romagna Region (CE-AVEC) who was assigned the following number: 79/2014/U/Sper.
The CE-AVEC approved the consent for data processing and all other patient information.

To participate in the study, each patient provided written informed consent and consent for
the processing of their personal data. All documents and data collected were handled in
accordance with current regulations and Good Clinical Practice (GCP) guidelines. Data
collected in the Clinical Research Form (CRF) were processed in a pseudonymized manner,

with subjects identified by a unique number/code.

Adult heart transplant patients were recruited from the Heart Failure and Transplant Unit at
IRCCS Azienda Ospedaliero-Universitaria di Bologna (IRCCS AOUBO) in lItaly, as part of
the CLIN-HEART project. This prospective study was evaluated by the Central Emilia Wide
Area Ethical Committee of the Emilia-Romagna Region (CE-AVEC). Heart transplant
patients enrolled in CLIN-HEART project were classified into one of the following
categories: A) Patients undergoing follow-up biopsies according to the protocol used at our
center (monitoring group); B) Patients exhibiting clinical signs or symptoms of graft
dysfunction (positive control group); C) Patients who have been immunologically stable for
over 5 years, with normal graft function, no coronary artery disease, and on low doses of anti-

rejection therapy (negative control group).
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Figure 11: Experimental workflow (From Biorender.com)

Blood Draw Processing

Figure 11 shows the experimental workflow, which we examine in more detail below. Blood
draw is conducted alongside myocardial biopsies, following a scheduled anti-rejection
protocol or in response to patient-reported symptoms indicative of potential rejection. This
dual approach ensures that cfDNA levels are monitored both as a preventive measure and as
a response to clinical symptoms, increasing the chances of early detection of graft rejection.

To prevent blood coagulation, samples are collected in EDTA tubes, which help maintain
the integrity of cfDNA. Once collected, the sample is transferred to a 15 ml Falcon tube and
centrifuged at 5000 xg for 10 minutes at 4 °C. This step is essential for isolating cellular
components into a pellet at the tube bottom, leaving a layer of plasma on top, which may
appear yellow-orange due to slight hemolysis. This color can indicate early blood cell
breakdown, which, if extensive, might interfere with cfDNA analysis. Careful handling and
processing are required to avoid additional hemolysis that could compromise cfDNA quality
and potentially introduce cellular DNA contaminants into the plasma. The plasma layer is
then carefully separated and stored in 2 ml Nunc Cryovial tubes (ThermoScientific,

Waltham), which are suitable for freezing at -80 °C. Processing the sample within 30 minutes
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of collection is essential to prevent cfDNA degradation, as it has a half-life of approximately
30 minutes. This rapid processing helps maintain cfDNA quality for accurate downstream

analysis, reflecting early biological changes associated with tissue damage or rejection.

An alternative to EDTA tubes is the use of specialized cfDNA-stabilizing tubes, such as
Streck Cell-Free DNA BCT® (Streck, La Vista, NE) and PAXgene Blood ccfDNA Tubes
(Qiagen, Hilden). These stabilizing tubes contain preservative agents that inhibit enzymatic
degradation of cfDNA, significantly prolonging sample integrity at room temperature and
allowing for extended handling and transport times without the need for immediate
centrifugation or freezing. Streck Tubes, in particular, can stabilize cfDNA for up to seven
days at room temperature, providing a practical solution in clinical and research settings
where immediate sample processing is challenging. Additionally, the Streck Tubes'
formulation minimizes cellular lysis, reducing the risk of cellular DNA contamination in the
plasma and thereby improving the specificity of cfDNA measurements. Using these
stabilizing tubes not only facilitates flexible clinical workflows but also ensures that high-
quality cfDNA can be consistently obtained, even when samples are collected in
decentralized locations or need to be transported to central laboratories for analysis. This
increased flexibility and reliability can improve the applicability of cfDNA as a biomarker in
real-world settings, helping to make cfDNA analysis a feasible alternative to invasive biopsy

methods for transplant rejection monitoring.

cfDNA Extraction

The extraction of cfDNA from plasma is performed using the Quick-cfDNA Serum & Plasma
Kit (Zymo Research, Orange). This kit provides all necessary reagents and columns for the

protocol, ensuring a streamlined and reproducible process.
The following steps illustrate the protocol:

Plasma Aliquoting: The plasma is transferred from the Cryovial tube into 1.5 ml Eppendorf

tubes, aliquoting approximately 1 ml per tube to ensure manageable sample volumes.
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2. Digestion Buffer Addition: S&P 5X Digestion Buffer is added according to the proportions
listed in Table 4, ensuring an addition of 50 pl for every 200 ul of sample.

Sample Volume | S&P 5X Digestion Buffer
200 pl 50 pl
1ml 250 pl
3ml 750 pl
5ml 1.25 ml

Table 4: addition of Digestion Buffer

3. Proteinase K Addition: Proteinase K is added according to the specified ratio of 20 ul per
200 pl of plasma, and mix thoroughly, as indicated in Table 5.

Sample Volume Proteinase K
200 pl 20 pul
1ml 100 pl
3ml 300 pl
5ml 500 pl

Table 5: addition of Proteinase K
4. Incubation: Samples are incubated at 55 °C for 30 minutes to facilitate enzymatic digestion

of proteins and other cellular materials, freeing the cfDNA from protein complexes.
5. Binding Buffer Addition: The S&P DNA Binding Buffer is added at the ratio indicated in

Table 6:
Sample Volume S&P DNA Binding Buffer
200 pl 540 pl
1 mi 2.7 ml
3ml 8.1ml
5ml 13.5ml

Table 6: addition of DNA Binding Buffer
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6. Column Preparation: The Reservoir is attached to the Zymo-Spin 111-S Column and placed
in a 50 ml Falcon tube. 10 ml of the sample are transfered to the column and are centrifuge
at 1000 xg for 10 minutes. The flow-through is discarded and the centrifugation is repeated,
if necessary, until the entire sample has passed through the column.

7. Washing Steps:

a. The reservoir is removed and the column is transferred to a clean Collection Tube.

b. 400 ul of S&P DNA Prep Buffer are added to the column and centrifuge at > 10,000 xg
for 30 seconds, then, the flow-through is discarded.

c. 700 pl of S&P DNA Wash Buffer are added and centrifuge at > 10,000 xg for 30 seconds,
then, the flow-through is discarded.

d. 400 pl of S&P DNA Wash Buffer are added and centrifuge at maximum speed for 1
minute.

e. Afinal dry spin is performed at maximum speed for 1 minute to remove any residual
wash buffer.

8. Elution: The column is transferred to a new 1.5 ml microcentrifuge tube. 50 pl of Elution
Buffer are carefully added directly onto the column matrix without puncturing it. After
incubation of the column at room temperature for 3 minutes, the column is centrifuged at

maximum speed for 30 seconds to elute the cfDNA.

At the end of the extraction process, a final volume of 50 ul of eluted cfDNA is obtained,
containing the total cfDNA extracted from plasma. This sample can be stored at -80 °C for

long-term storage or can be used directly for the next analytical steps.

cfDNA Purification

The extracted cfDNA sample requires further purification. Although the initial kit provides
a relatively high extraction quality, residual genomic DNA may still be present, which could
interfere with sequencing results. This step is essential for purifying the cfDNA from
genomic DNA, which typically consists of fragments ranging from 150 to 170 base pairs in

length.
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The purification process uses magnetic beads that selectively bind to DNA. These beads are
stored at +4 °C and should be balanced at room temperature for about 30 minutes prior to
use. Proper resuspension of the beads is also essential for efficient binding. The purification

protocol is as follows:

1. Addition of AMPure XP Beads: 30 pl of AMPure XP Beads (Beckman Coulter, Brea) are
added to the purified cfDNA sample (80 pl). The sample is vortexed and incubated for 10
minutes at room temperature to allow cfDNA binding to the beads.

2. Initial Magnetic Separation: The microtubes are placed on a magnetic rack and incubated
for an additional 5 minutes. During this time, the magnetic beads will migrate to one side of
the tube, attracted by the magnet. The supernatant is carefully transferred to a new microtube,
leaving behind the beads, which contain potential contaminant genomic DNA.

3. Second Beads Addition: 160 ul of AMPure XP Beads are added to the supernatant, vortexed
to mix, and incubated again for 5 minutes at room temperature.

4. Secondary Magnetic Separation: The microtubes are placed back on the magnetic rack for
3 minutes. The beads will once again attach to the side of the tube, allowing to discard the
supernatant carefully.

5. Ethanol Washes:

a. 500 pl of freshly prepared 70% ethanol are added to the microtube to wash the beads.
The microbead is rotated 180 degrees on the magnetic rack, then returned to its original
position once the microbeads have moved to the opposite side.

b. When the beads realign on the tube wall, the supernatant is carefully discarded.

c. The ethanol wash is repeated with another 500 pl of 70% ethanol.

d. Residual ethanol is allowed to air dry for a few minutes to ensure that no ethanol residue
remains that could interfere with downstream processes.

6. Elution of Purified cfDNA:

a. 30 pl of Resuspension Buffer (lllumina, San Diego), which is compatible with NGS
sequencing, are added to the dried beads, vortexed and incubated for 2 minutes at room

temperature.
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b. The microtubes are placed back on the magnetic rack and waited for the microspheres
to separate from the supernatant.
c. The supernatant, which now contains the purified cfDNA, is carefully transferred into

new microtubes for storage at -80 °C until sequencing.

This purification step minimizes the presence of genomic DNA and other contaminants,

improving the quality of the cfDNA sample for subsequent sequencing analysis.

Quantification of cfDNA using Qubit HS dsDNA and Agilent Bioanalyzer 2100

After the cfDNA has been purified, it is essential to quantify and assess the quality of the
extracted sample before proceeding with sequencing. Accurate quantification ensures that
the cfDNA concentration is suitable for downstream applications, while the quality check
helps to confirm the presence of cfDNA-specific fragment sizes and the absence of genomic

DNA contamination.

e Quantification with Qubit High Sensitivity (HS) dsDNA Assay:

The Qubit 4 Fluorometer (Thermo Fisher Scientific) with the Qubit High Sensitivity dSDNA
Assay Kit is used for accurate quantification of low concentration cfDNA. This assay is
highly sensitive and specifically designed for double-stranded DNA, making it ideal for
cfDNA quantification.

To perform the assay, 2 pl of the cfDNA sample is mixed with the Qubit working solution,
which contains fluorescent dyes that bind selectively to double-stranded DNA. After a short
incubation period (approximately 2 minutes), the fluorescence intensity is measured using
the Qubit Fluorometer, and the instrument calculates the DNA concentration in ng/pl. This
result allows for precise control over the amount of cfDNA used in sequencing or other

applications.
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The kit, which must be stored at +4 °C, is balanced to room temperature for about 30 minutes

before use. The kit includes:

e dsDNA HS Reagent, containing a fluorescent dye that binds to double-stranded
DNA (dsDNA).

e dsDNA HS Buffer, used to prepare the working solution.

e dsDNA HS Standards #1 and #2, for calibration.

1. Preparation of the Working Solution:
a. 199 ul of Buffer are combined with 1 pl of Reagent per sample.
b. The mix is prepared for the number of samples plus one (to account for standards and
excess).
2. Preparation of Standards and Samples:
a. Forthe standards: 190 ul of the working solution are mixed with 10 ul of Standards
#1 and #2.
b. Forthe samples: 198 pl of the working solution are mixed with 2 pl of each sample.
3. Measurement:
a. The solutions are vortexed and incubated in the dark for 2 minutes.
b. The standards are measured first to generate a calibration curve, followed by the

unknown samples. The concentration is displayed in ng/ul.

e Quality Analysis with Agilent Bioanalyzer 2100:

The Agilent Bioanalyzer 2100, using the High Sensitivity DNA Kit, provides a detailed

assessment of cfDNA fragment sizes and overall quality.

In this assay, 1 pl of the cfDNA sample is loaded into the Bioanalyzer, which applies

electrophoretic separation to visualize the DNA fragment distribution.

The Bioanalyzer generates an electropherogram, displaying cfDNA fragment peaks within
the expected range of 150-170 bp. This range is characteristic of cfDNA and reflects its origin
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from apoptotic cells. The presence of a sharp peak at this size indicates a high-quality cfDNA

sample with minimal contamination from larger, genomic DNA fragments.

If additional peaks are present, especially at larger fragment sizes (e.g., >500 bp), this may
indicate genomic DNA contamination, which could interfere with accurate sequencing
results. In such cases, an additional purification step may be necessary to remove these

contaminants.

Using both Qubit and Bioanalyzer allows for a dual approach to quality control: Qubit
quantifies total cFDNA concentration, while the Bioanalyzer provides visual confirmation of
fragment size distribution. This combined method ensures that only high-quality, correctly
sized cfDNA is used for subsequent analysis, increasing the reliability and sensitivity of
cfDNA-based diagnostics.

Amplification of SNPs via multiplex PCR for barcoding using the AlloSeq cfDNA Kit

The AlloSeq cfDNA kit (CareDx) is a cutting-edge solution for non-invasive monitoring of
allograft rejection in transplant patients. It leverages the analysis of donor-derived cell-free
DNA (dd-cfDNA) through a highly multiplexed PCR approach targeting 202 specific SNPs.
These SNPs were carefully selected based on their elevated minor allele frequency (MAF) in
many populations and minimal interference from other genomic regions, making them ideal

markers for differentiating between donor and recipient cfDNA.

This process combines amplification, barcoding, and library preparation.

Input cfDNA

The workflow requires high-quality purified cfDNA for a total of 10 ng of cfDNA, for
optimal results. We onbserved that samples with a quantity lower than 10 ng were not
sequenced adequately and thus were excluded from the subsequent analysis. The

concentration and quality of the input DNA are verified beforehand using Qubit and the
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Agilent Bioanalyzer 2100 to ensure suitability for amplification. This step is critical because
the success of multiplex PCR depends on the quality and integrity of the cfDNA. Samples
with insufficient cfDNA or those contaminated with genomic DNA may result in

amplification failure or low-quality libraries.

Multiplex PCR Amplification

The central feature of the AlloSeq cfDNA workflow is its multiplex PCR, which amplifies

202 SNPs simultaneously in a single reaction.

To prepare the libraries for sequencing, 24 samples are loaded onto a 96-well PCR plate.
Among these 24 wells, 1-2 wells are usually reserved for control samples of known dd-
cfDNA fraction. These controls consist of previously sequenced samples and are used to
verify the success of the sequencing run. Each sample must be uniquely labeled with two
indexes (a combination of indexes from two distinct sets), to enable sample-specific
identification during sequencing data analysis. These indexes, provided in the Kit, are

strategically paired to ensure no overlap among samples.

Indexing Setup

The indices used are from two sets:

e A500 series: A501, A504, A505, A508

e A700 series: A701, A702, A703, A704, A706, A710
For each well, 4 pl of two different indices are added:

e Oneindex from the A500 series

e One index from the A700 series

This dual-index system ensures that each sample on the plate is tagged with a unique

combination for downstream bioinformatics processing.
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Preparation of the PCR Reaction

The PCR reaction is prepared in each well using the following components, provided in the
AlloSeq cfDNA Kit:

PCR Master Mix Composition (per sample)
13 pl of AlloSeq cfDNA PCR Mix
0.8 ul of AlloSeq cfDNA PCR Enzyme

2.2 pl of AlloSeq cfDNA SNP Primer Pool

A Master Mix is prepared for all samples to ensure consistency and minimize pipetting errors.
For each well:

e 16 pl of Master Mix is aliquoted.
e 16 pl of previously diluted cfDNA sample is added.

Plate Setup

e ThePCR plate is sealed with a microseal (Eppendorf, Hamburg).
e The plate is vortexed for 5 seconds to ensure proper mixing of reagents.

e Abrief centrifugation is performed for 30 seconds at 1000 xg to remove bubbles and
ensure all reagents are at the bottom of the wells.

Thermocycling Parameters

The PCR plate is then placed in a thermal cycler, and the following program is used:
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sCicu 120CU

Upon completion of the PCR run, the amplified products are ready for further purification

and quality control steps.
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Library preparation and clean up

Following the SNP amplification through multiplex PCR, the next step involves pooling the
amplified samples for sequencing. To create the pool, 5 pl of each amplified sample from
the 24 wells are combined, resulting in a final volume of 120 pl. This pooled volume contains

all indexed libraries, ensuring the inclusion of every sample for sequencing.

Purification of the Pooled Libraries

To remove excess reagents from the previous PCR reaction, the pooled libraries undergo a
further purification step using magnetic beads, as previously described. This step is crucial

to eliminate PCR contaminants.

. Addition of Beads:

a. 100 pl of Purification Beads are added to the pooled sample.
Incubation:
a. The pooled sample is vortexed for 5 seconds and incubated at room temperature for
5 minutes.
Magnetic Separation:
a. The microtube is placed on the magnetic rack and incubated for 5 minutes.
b. The supernatant is carefully removed, avoiding disturbance of the beads.
Ethanol Wash:
a. 1 mL of 80% ethanol is added and then removed after 30 seconds.
b. The ethanol wash step is repeated twice.
Drying:
a. The residual ethanol is allowed to evaporate completely at room temperature.
Resuspension:
a. 125 pul of AlloSeq Resuspension Buffer are added to the beads, vortexed for 5 seconds
and incubated at room temperature for 5 minutes.
Magnetic Separation:

a. The tube is placed back on the magnetic rack and incubated for 5 minutes.
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b. 120 pl of the supernatant are transferred into a new microtube.
8. Repeat Purification:
a. Asecond round of purification is performed using the same protocol.
b. During this second purification, the beads are resuspended in 35 ul of AlloSeq
Resuspension Buffer.
c. At the end, 32 pl of the final supernatant are transferred into a new microtube,

ensuring no beads are carried over.

These purification steps ensure that the pooled libraries are free from residual reagents and

contaminants, providing clean DNA suitable for high-quality sequencing.

Pool quantification, denaturation and dilution

Once the pooled library has been purified, it must be prepared for loading onto the sequencing
platform. This involves quantification, dilution, and denaturation of the library to ensure

that the DNA concentration and structure are optimal for sequencing.

Prior to dilution and denaturation, the concentration of the pooled library is measured using
the Qubit dsDNA High Sensitivity Assay Kit. This kit is the same kit described above.

e 4l of the pooled library are used for duplicate measurements to ensure accuracy.
e The average of the two readings is calculated to determine the final concentration.

e The concentration in ng/ul is converted to nM using the following formula:

) ) average Qubit concentrations in%
concentration in nM= T
660m01

. 1000

+=average library size in bp

660 g/mol *181,917 bp/ 1000 = 120,065
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660 is a factor derived from the relationship between the molecular weight in g/mol and the

conversion between weight and concentration units (ng and nM).

To prepare the DNA for sequencing, the double-stranded DNA (dsDNA) is denatured into
single strands using freshly prepared 0.2 N NaOH.

Preparation of 0.2 N NaOH:
a. 4 plof 2N NaOH stock solution (stored frozen) is diluted with 36 pl of nuclease-free
water.
Denaturation Protocol:
a. Equal volumes of the diluted library (e.g., 10 pl of 4 nM library) and 0.2 N NaOH are
combined.

b. The mixture is incubated at room temperature for 5 minutes to denature the DNA.

Illumina sequencing requires the final pool concentration to be 20 pM. The final preparation

includes:

e Avolume of the denatured pool ensuring a 20 pM concentration in a total volume of
1ml.

e 5 ulof 0.2 N NaOH to stabilize the denatured DNA.

e HT1 Reagent (Hybridization Buffer) to dilute the library to the final volume of 1 ml.

This final preparation ensures the library is at the optimal concentration for sequencing,

producing the right number of clusters for high-quality data and adequate SNP coverage.

Loading the Cartridge for Sequencing by Synthesis (SBS)

The final step in library preparation involves loading the library onto the MiSeq Illumina
NGS sequencer at high coverage (>1000X) (Figure 12). This process relies on Sequencing
by Synthesis (SBS), a method where fluorescently labeled nucleotides are incorporated and
detected in real time. The sequencing occurs on a solid substrate (flow cell Kit V3 150 Cycles
PE), where clusters of identical DNA molecules are generated by bridge-PCR prior to the

sequencing itself.
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Monitoring and Output

e During sequencing, data on base calling, cluster density, and overall run performance
are displayed in real-time.
e The run typically takes 24-48 hours depending on the platform and read length.

e Upon completion, the raw sequencing data (.bcl files) are processed into FASTQ
format for downstream analysis.

All experiments reported here were performed on a MiSeq machine.

Data Output through the AlloSeq cfDNA Software

At the end of sequencing, raw data (fastq files) are demultiplexed using the corresponding
indices and are used for subsequent analysis using the AlloSeq software, which estimated the
percentage of dd-cfDNA in each sample. A template with the id code of the sample,
corresponding index sequences and sequencing machine used is provided by the user

alongside the fastq files.

Results are exported in Excel format after the analysis. Specifically, the data obtained with

this analysis re the following:

e dd-cfDNA quantification (%), calculated as the ratio between donor cfDNA and
recipient cfDNA using the 202 SNPs.

e Parameters such as coverage and uniformity are indicated, to ensure diagnostic
accuracy, enabling reliable differentiation between donor and recipient SNPs.
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Figura 12: MiSeq lllumina sequencer (From Biorender.com)

Statistical analysis

Non-parametric Mann-Whitney tests were performed as reported in the corresponding
“Results” sections and figure legends, using GraphPad Prism software version 8.0.2
(GraphPad). P-values < 0.05 were considered to indicate a statistically significant difference

between two groups.
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4. Results

During the period from 2015 to 2024 at the Heart Failure and Transplantation Unit of IRCCS
Azienda Ospedaliero-Universitaria di Bologna (IRCCS AOUBO), 142 patients, as reported
in Tables 7, 8 and 9 and in Table 13 and 14 in “Appendix”, received an endomyocardial
biopsy (EMB) by protocol or by cause. Simultaneously with the EMB, these patients had
blood drawn for dd-cfDNA analysis. The protocol followed was as described in “Materials

and Methods”.

After cfDNA extraction, all the samples obtained were organized in subsequent sequencing
run. The majority of sequencing runs were successful, but some samples failed, mainly

because of the low DNA input used (in Appendix).

Quantification of extracted cfDNA with Qubit HS dsDNA

The following data were entered in Tables 7, 8 and 9:

e ID (Alloseq and HT refer to adult patients, whereas CardioPed refers to pediatric
ones)

e Date of birth (when known)

e Date of transplant (when known)

e Date of biopsy

e Qubit HS ds DNA (ng/ul)

e Quantity: 10 ngin 16 pl

e The amount of H20 to be added to reach the volume (16 pl)

It is important to note that this study only includes retrospective patients and samples from

the first 4 weeks post-HT were not included because it is known that in the first month post-
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transplant, cfDNA levels are significantly higher due to inflammation caused from the
transplant itself.

First sequencing run

Concentration .
1D Date of birth Date of Déte of Qubit HS ds 10ngin H20
transplant biopsy DNA (ng/u) 16 ul

Alloseql 20/8/1954 4/9/2012 20/2/2017 0.893 11.20 4.80
Alloseq?2 2/8/1970 23/10/2012 16/3/2017 0.708 14.12 1.88
Alloseq3 5/7/1957 28/2/2012 24/1/2022 0.666 15.02 0.98
Alloseqg4 18/6/1967 7/2/2014 27/8/2015 0.545 18.34 dry
Alloseq5 5/12/1958 27/5/1998 16/4/2018 0.53 18.86 dry
Alloseq6 12/12/1947 14/4/2013 15/3/2018 0.356 28.08 X
Alloseq7 26/10/1955 2/9/2016 15/2/2017 1.66 6.02 9.98
Alloseq8 31/7/1957 24/11/2016 2/3/2017 2.13 4.69 11.31
Alloseq9 28/05/1955 13/2/2016 10/11/2016 0.313 31.94 X
Alloseq10 11/01/1964 16/3/2016 1/12/2016 0.859 11.64 4.36
Alloseqll 9/11/1967 7/12/2016 23/1/2017 0.259 38.61 X
Alloseq12 13/6/1957 4/4/2016 20/10/2016 151 6.62 9.38
Alloseq13 1/1/1955 18/6/2015 21/11/2016 0.653 15.31 0.69
Alloseq14 11/9/1976 5/11/2016 10/8/2017 0.66 15.15 0.85
Alloseql5 7/7/1981 16/2/2017 7/8/2017 0.755 13.25 2.75
Alloseql6 9/11/1967 7/12/2016 1/6/2017 3.36 2.98 13.02
Alloseql7 1/9/1951 17/7/2016 11/5/2017 0.983 10.17 5.83
Alloseq18 1/1/1955 18/6/2015 20/7/2017 131 7.63 8.37
Alloseq19 9/11/1960 18/5/2017 17/8/2017 474 2.12 13.88
Alloseq20 18/10/1960 17/5/2016 8/5/2017 0.634 15.77 0.23
Alloseq21 11/9/1976 5/11/2016 4/5/2017 2.94 3.40 12.60
Alloseq22 27/8/1961 12/12/2016 4/9/2017 2.22 450 11.50
Alloseq23 27/10/1955 2/9/2016 31/8/2017 5.47 1.83 14.17
Alloseq24 27/6/1962 2/7/2017 28/12/2017 2.46 4.07 11.93
Alloseq25 19/4/1976 26/9/2017 18/12/2017 3.34 2.99 13.01
Alloseq26 28/5/1951 22/5/2015 7/12/2017 0.849 11.78 422
Alloseq27 14/09/1961 16/9/2017 12/3/2018 2.28 4.39 11.61
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Alloseq28 27/6/1962 2/7/2017 5/4/2018 1.59 6.29 9.71
Alloseq29 9/6/1975 15/11/2016 21/5/2018 0.556 17.98 dry
Alloseq30 9/11/1960 18/5/2017 17/5/2018 0.99 10.10 5.90
Alloseq31 26/8/1975 13/1/2018 16/4/2018 1.64 6.10 9.90
Alloseq32 22/10/1971 12/2/2017 5/2/2018 0.516 19.37 dry
Alloseq33 5/04/1977 30/3/2016 22/3/2018 1.66 6.02 9.98
Alloseq34 2/12/1954 21/11/2017 24/5/2018 344 201 13.09
Alloseq35 24/3/1956 6/2/2018 2/5/2018 4.16 2.40 13.60
Alloseq36 10/5/1959 24/5/2017 7/6/2018 0.459 21.78 dry
Alloseq37 13/6/1957 4/4/2016 8/10/2018 0.661 15.13 0.87
Alloseq38 20/3/1958 2/8/2018 12/9/2018 4.09 244 13.56
Alloseq39 31/7/1957 24/11/2016 13/9/2018 0.747 13.39 2.61
Alloseq40 18/5/1961 3/3/2015 29/10/2018 0.364 27.47 dry
Alloseg41 17/9/1970 3/10/2016 29/10/2018 1.45 6.90 9.10
Alloseq42 29/3/1984 4/4/2018 22/10/2018 0.793 12.61 3.39
Alloseq43 29/3/1984 4/4/2018 10/1/2019 too low / /
Alloseq44 4/8/1956 20/5/2014 19/11/2018 0.501 19.96 dry
Alloseg45 9/11/1967 7/12/2016 14/6/2018 0.378 26.45 dry
Alloseq46 11/9/1976 5/11/2016 25/11/2021 2.68 3.73 12.27

Table 7: Data from 46 HT adult patients. Four samples are highlighted in red because they did not reach a
sufficient cfDNA quantity after extraction. From our experience, samples below 10 ng are not included in the
sequencing run because they are not properly sequenced. The remaining 42 samples had sufficient quantities of
circulating DNA. Subsequently, they were run on the Agilent 2100 Bioanalyzer to evaluate their quality, and

then, 24 samples (23 samples and 1 control sample) were selected for the first sequencing run.
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Second sequencing run

Concentration )
D Da.te of Date of Di31te of Qubit HS ds 10 ngin 0
birth transplant biopsy 16 ul
DNA (ng/ul)
Alloseq53 8/12/1955 17/10/2014 5/12/2016 0.853 11.72 4.28
Alloseq54 24/10/1967 28/5/2015 8/7/2015 2.86 3.49 12.51
Alloseq55 21/6/1957 13/12/2016 16/1/2017 2.61 3.83 12.17
Alloseq56 1/9/1951 17/7/2016 12/1/2017 0.527 18.97 dry
Alloseq57 16/4/1982 23/2/2017 22/5/2017 1.86 5.37 10.63
Alloseq58 31/1/1958 9/7/2017 16/8/2017 1.35 7.4 8.6
Alloseg59 9/6/1975 15/11/2016 18/5/2017 0.536 18.65 dry
Alloseq60 22/10/1971 12/2/2017 8/5/2017 0.604 16.55 dry
Alloseq61 22/10/1971 12/2/2017 22/5/2017 0.673 14.85 1.15
Alloseq62 27/8/1961 12/12/2016 15/6/2017 2.15 4.65 11.35
Alloseq64 8/1/1975 18/11/2017 21/12/2017 0.967 10.34 5.66
Alloseg65 16/4/1982 23/2/2017 24/8/2017 0.3 16 /
Alloseq67 2/12/1954 21/11/2017 1/3/2018 0.902 11.08 4.92
Alloseq68 11/1/1964 16/3/2016 22/3/2018 0.456 21.92 dry
Alloseq73 14/7/1972 12/9/2017 18/10/2018 0.838 11.93 4.07
Alloseq74 31/1/1958 9/7/2017 25/6/2018 1.08 9.25 6.75
Alloseq75 5/2/1985 04/3/2018 30/8/2018 1.55 6.45 9.55
Alloseq76 10/5/1959 24/5/2017 22/6/2017 2.28 4.38 11.62
Alloseq77 26/8/1975 13/1/2018 12/2/2018 1.32 7.57 8.43
Alloseq78 4/12/1972 22/2/2018 22/3/2018 0.622 16.07 dry
Alloseq79 5/2/1985 4/3/2018 28/4/2018 3.33 3 13
CardioPed3 / / 30/3/2022 0.39 25.64 dry
CardioPed4 / / 12/4/2022 0.143 16 /
CardioPed5 / / 17/5/2022 0.347 28.82 dry

Table 8: Data from 24 patients. Of these 24 patients, 21 are adult patients (Alloseq53-Alloseq79), while 3 are
pediatric ones (CardioPed3-CardioPed5). All samples are found to have sufficient quantifications.
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Third sequencing run

Concentration
ID Date of birth Déte of Qubit HS ds 10ngin H20
biopsy 16 ul
DNA (ng/pl)

HT1 / 15/4/2024 3.17 3.15 12.85
HT2 / 15/4/2024 1.14 8.77 7.23
HT4 / 17/4/2024 1.06 9.43 6.57
HT6 / 22/4/2024 2.66 3.75 12.25
HT9 / 22/4/2024 0.359 27.8 dry
HT10 / 22/4/2024 1.86 5.37 10.63
HT12 / 24/4/2024 450 222 13.78
HT16 / 2/5/2024 0.811 21.59 dry
HT17 / 2/5/2024 0.463 25.64 dry
CardioPed2 / 8/3/2022 4.6 2.18 13.82
CardioPed6 31/5/2005 25/5/2022 1.67 5.99 10.01
CardioPed9 14/9/1995 10/11/2022 11.3 0.89 1511
CardioPed10 15/9/2009 14/11/2022 3.18 3.15 12.85
CardioPed11 3/2/1987 22/11/2022 1.73 5.79 10.21
CardioPed12 27/9/1998 14/11/2022 3.67 2.73 13.27
CardioPed15 20/5/2016 9/1/2023 2.03 4.93 11.07
CardioPed16 23/3/2003 10/2/2023 2.16 4.63 11.37
CardioPed17 19/4/2005 14/2/2023 1.45 6.90 9.10
CardioPed19 2/11/2001 21/3/2023 1.74 5.75 10.25
CardioPed20 15/9/2009 3/5/2023 2.28 4.39 11.61

CardioPed27 2/2/2002 30/1/2024 0.356 28.08 dry

CardioPed29 / 9/4/2024 0.383 26.1 dry

CardioPed30 / 23/4/2024 0.589 16.97 /

Alloseg55 21/6/1957 16/1/2017 3.83 261 13.39

Table 9: Data from 24 patients. Of these 24 patients, 9 are adult patients (HT1-HT17), while 14 are pediatric
ones (CardioPed2-CardioPed30). Alloseq 55 was used as a positive control sample. All samples are found to
have sufficient quantifications.
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Qualitative assessment of cFDNA samples with Agilent 2100 Bioanalyzer

As described in Materials and Methods, the qualitative assessment of cfDNA samples is
performed using the Agilent 2100 Bioanalyzer. The primary peak of interest appears around
150 bp, corresponding to the average length of cfDNA fragments. An additional critical
feature is the absence of significant contamination by genomic DNA, which is confirmed by
the lack of peaks at lengths greater than 150 bp. This method also provides quantitative
insights: the area under each peak is directly proportional to the fluorescence emitted by the
DNA, making it possible to corroborate the quantitative data obtained with Qubit. Figure 13

shows the electropherograms of the 42 samples included in Table 7.
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Figure 13: Electropherograms of the extracted and quantified samples for the first sequencing run. As seen in
this figure, the electropherograms in blue boxes indicate sample “Ctr15,” which represents our positive control.
In samples AlloSeq6-9-24, the red arrow indicates a peak with low fluorescence (< of 50), suggesting a low
amount of cfDNA. Also, in samples AlloSeq 24 and 34, the purple arrow indicates genomic DNA contamination.
This contamination is evident by the presence of peaks at lengths other than 150 bp. For the above reasons,
samples 6-9-24 did not pass “quality control” and thus were excluded from the sequencing run.
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Plate Layout

As described in “Materials and Methods”, each sample must be uniquely labeled with two
indices which contain the specific Illumina regions complementary to the sequencing primers
(i5 and i7). A combination of indices from two separate sets: A500 series and A700 series
also enables sample-specific identification during sequencing data analysis. These indices
are strategically paired to ensure that there is no overlap between samples. In Figure 14, an
example of how the 24 samples included in the first sequencing run were uniquely indexed

is shown.
01 02 03 04 05 06
PLATE LAYOUT A701 AT02 AT703 A704 A706 A710
A AS501 Alloseql Alloseq2 Alloseq3 Alloseg4 Alloseq5 Alloseq7
B A504 Alloseq8 Alloseql0 Alloseql2 Alloseql3 Alloseql4 Alloseql5
C AS05 Alloseql6 Alloseql? Alloseql8 Alloseql9 Alloseq20 Alloseq21
D AS08 Alloseq22 Alloseq23 Alloseq25 Alloseq26 Alloseql9bis CTRI15

Figure 14: Plate layout with the 24 indexed samples that were selected for the first sequencing run.
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AlloSeq cfDNA Assay

The AlloSeq cfDNA kit and the AlloSeq cfDNA Software (collectively referred to as AlloSeq
cfDNA Assay) is a next generation sequencing (NGS) based assay that measures single-
nucleotide polymorphisms (SNPs) to accurately quantify dd-cfDNA (%) in the plasma of

solid organ transplant recipients, in this case, cardiac transplant patients.
Contraindications for use are as follows:

e Recipients of a transplant from a monozygotic (identical) twin
e Recipients of multiple transplanted organs from the same donor
e When more than two genomes are present in the recipient plasma (more than recipient
+ donor), contribution of cfDNA from each genome is not differentiated by the test
unless genomic DNA samples from n-1 genomes are provided as reference samples.
This includes:
— Recipients of multiple transplanted organs from different donors
— Recipients who are pregnant
— Recipients of a bone marrow / hematopoietic transplant
e The AlloSeq cfDNA assay has been validated to the required measuring intervals of
0 to less than 50% (without recipient or donor genotype) when the minor contributor
can be attributed to the donor fraction, and of 0 to 100% (with recipient or donor
genotype, in order to successfully distinguish between donor and recipient cell free
DNA within a given sample) when the minor contributor cannot be attributed to either
fraction. Therefore, testing of a genomic DNA sample (either from donor or recipient,
n-1) needs to be included into the AlloSeq Software analysis for accurate
quantification of dd-cfDNA values in transplant recipients.
e The AlloSeq cfDNA assay results from recipients with malignancy should be
interpreted cautiously, notably for those affecting blood cell counts or blood

composition.

AlloSeq cfDNA Assay should NOT:
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e Be used within 30 days following blood transfusion that contains white blood cells
(washed or leukocyte-depeleted RBCs are acceptable).

e Be performed on patients within 24-48h following a biopsy.

AlloSeq cfDNA Assay results are provided by AlloSeq cfDNA Software.

Figure 15, which is divided into 6 sections, shows the workflow of the AlloSeq cfDNA
Software:

e Recipient information (Section 1)

Recipient information includes: date of birth, demographic data, date of blood draw, and date
of potential contraindications/ limitations (i.e. pregnancy, transfusion). Transplant
relationship must be assigned to each sample before analysis. The accuracy of this

information should be verified when interpreting the AlloSeq cfDNA Assay results.
e Longitudinal graph with AlloSeq Assay results (Section 2)

Serial AlloSeq cfDNA results are plotted on the longitudinal graph to assist with evaluating
patient results over time. Summary graph together with other laboratory test results is

possible (i.e. DSA MFI value, serum creatinine levels, etc.).
e Track recipient timeline including treatment events (Section 3)

The specimen collection date for the current result (day, month, and year), are shown together

with other relevant clinical events.
e Current AlloSeq cfDNA Assay result (Section 4)

The current AlloSeq cfDNA Assay result is shown as the percent of donor cfDNA and
recipient cfDNA of the total cell free DNA (cfDNA).

e Quality metrics (Section 5)

Quality metrics are embedded into the workflow. Detection of contamination or sample mix-

up flag are included.
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e Result export (Section 6)

The current AlloSeq cfDNA Assay result can be exported as a separate PDF file. Important
information to assist with interpretation of the AlloSeq cfDNA Assay result is provided in
the report. The AlloSeq cfDNA result is the percent of dd-cfDNA of the total cfDNA
present in organ transplant recipients.
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cfDNA Result
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Figure 15: AlloSeq cfDNA Software workflow.
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Data Output

After the sequencing run and the export of raw fastq data, they were used by the AlloSeq
program to determine the percentage of dd-cfDNA. The data obtained with this analysis are
reported in Tables 10, 11 and 12:

e dd-cfDNA (%)

e MeanCoverageAll Loci
e Uniformity (%)

e ACR

e AMR

dd-cfDNA (%),MeanCoverageAllLoci and Uniformity (%) are data derived from analysis
with the AlloSeq cfDNA Software, whereas the data on the presence/absence of ACR and/or

AMR are the results of the analysis of endomyocardial biopsies.

According to CareDx (AlloSeq cfDNA Assay), leading manufacturer of the kit and software
used in this study, the applied threshold for cardiac transplant rejection positivity is

0.25%. This threshold is different for each transplanted organ.
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Data Output of the first sequencing run

dd-cfDNA Uniformity
ID MeanCoverageAllLoci ACR AMR
(%) (%)
Alloseql 0.15% 2976 94 3A /
Alloseq?2 0.07% 2817 97 3A pAMRO
Alloseg3 1.4% 3621 97 0 pAMR1
Alloseq4 0.46% 2418 96 1B pAMRO
Alloseq5 0.23% 2812 97 0 /
Alloseq7 0.23% 4355 99 3A pAMR1
Alloseq8 0.25% 3991 98 1A /
Alloseq10 0.07% 3166 98 1A /
Alloseq12 0.16% 4504 98 1B /
Alloseq13 0.21% 3222 98 3A pAMRO
Alloseq14 0.23% 3672 99 3A pAMR1
Alloseq15 0.08% 3519 98 1A /
Alloseql6 0.12% 3708 97 1A /
Alloseql7 0.17% 1756 98 1B /
Alloseq18 0.18% 1992 98 2 /
Alloseq19 0.16% 2042 98 3A /
Alloseq19bis 0.12% 2146 98 3A /
Alloseq20 0.28% 1407 96 1A /
Alloseg21 0.55% 1939 98 1A pAMR1
Alloseq22 0.07% 1411 97 0 /
Alloseq23 0.15% 920 92 1A pAMR1
Alloseq25 0.15% 2165 98 1A /
Alloseq26 0.21% 1509 98 0 /
CTR15 0.76% 764 96 0 /

Table 10: This table shows that all 24 samples passed quality control, none are found to have failed after AlloSeq
cfDNA software analysis. Mean coverage and Uniformity are good in all samples. Regarding the percentages
of dd-cfDNA, we can see that these are all below 1%, except for the Alloseq3, which has 1.4%. The last two
columns of the table show the presence/absence of ACR and/or AMR with their respective grades. 7 patients
show a significant degree of ACR (3A), 5, on the other hand, show a significant degree of AMR (pAMR1). Of
these, 2 patients simultaneously show ACR and AMR of significant degree (Alloseq7 and Alloseq14).
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Data Output of the second sequencing run

dd-cfDNA Uniformity
ID MeanCoverageAllLoci ACR AMR
(%) (%)
Allosegb3 0.89% 1267 89 1A pAMR1
Alloseq54 0.25% 1697 99 3A-3B /
Alloseq55 0.98% 1907 100 1B /
Alloseq56 1.5% 707 95 0 /
Alloseq57 0.96% 629 99 3A-3B pAMRO
Alloseq58 0.23% 1821 99 3A-3B pAMRO
Alloseq59 0.36% 2030 99 3A-3B /
Alloseq60 0.91% 1740 99 3A-3B /
Alloseq61 0.66% 1392 99 3A-3B pAMRO
Alloseq62 0.20% 2178 99 2 /
Alloseq64 0.41% 2181 100 2 /
Alloseq65 1.2% 1804 99 1A pAMR1
Alloseq67 0.63% 956 99 3A-3B /
Alloseq68 0.78% 2042 98 3A-3B /
Alloseq73 0.63% 1689 98 3A-3B /
Alloseq74 0.27% 2358 100 2 /
Alloseq75 0.34% 1980 100 1B pAMRO
Alloseq76 0.30% 2157 100 1B /
Alloseq77 0.49% 1585 97 1B /
Alloseq78 0.97% 1630 99 1B /
Alloseq79 0.43% 2417 99 3A-3B pAMR2
CardioPed3 3.6% 1157 97 0 pAMRO
CardioPed4 5.6% 1669 90 3B pAMRO
CardioPed5 3.3% 652 99 0 pAMR2

Table 11: Results for all 24 samples, both adult and pediatric ones, passed quality control, none failed after
AlloSeq cfDNA software analysis. Mean coverage and Uniformity are good in all samples. Regarding the
percentages of dd-cfDNA, all samples are below 1%, except for the Alloseq56, which has 1.5% and Alloseq65
with 1.2%. In comparison, all three pediatric samples show a significantly higher percentage of dd-cfDNA than
adult patients, which would indicate a greater release of circulating cfDNA and consequently a greater
likelihood of rejection. Regarding the last two columns of the table, 10 adult patients show a significant degree
of ACR (3A-3B), 3, instead, show a significant degree of AMR (pAMR1-2). Only one patient simultaneously
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shows ACR and AMR of significant degree (Alloseq79). Important to note that Alloseq56, with a high
percentage of dd-cfDNA (1.5%), which would indicate a high likelihood of rejection, has no rejection (neither
ACR nor AMR). With regard to pediatric samples, CardioPed3, despite its high percentage of dd-cfDNA, does

not show any rejection. On the other hand, CardioPed4 shows significant ACR (3B) and CardioPed5 shows
significant AMR (pAMR?2).
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Data Output of the third sequencing run

ID dd-cfDNA (%) | MeanCoverageAllLoci Uniz:/:r)nity ACR AMR
HT1 0.14% 3392.43 98 2 pAMRO
HT2 0% 0 NaN 3A pPAMR?2
HT4 0.07% 2430.25 96 1A /
HT6 0.22% 3630.41 97 1A pAMRO
HT9 5.48% 94.5 100 1A /
HT10 0.11% 4301.63 97 / /
HT12 0.6% 5729.82 97 1A pAMR1
HT16 3.38% 1983.68 78 1B pAMRO
HT17 0.25% 3288.91 97 2 /
CardioPed2 0.14% 1548.84 97 0 pAMRO
CardioPed6 0.07% 2977.88 91 1A pAMRO
CardioPed9 0.06% 4248.26 96 3A pAMRO
CardioPed10 0.08% 5491.61 97 3A pAMR1
CardioPed11 0.08% 5885.96 96 0 pPAMRO
CardioPed12 0.73% 1218.44 78 0 pAMRO
CardioPed15 0.05% 7062.64 97 3A pAMR1
CardioPed16 0.06% 7145.06 97 0 pAMRO
CardioPed17 0.1% 6353.44 99 1A pAMRO
CardioPed19 2.3% 962.55 77 3A pPAMRO
CardioPed20 0.04% 5814.24 100 2A pAMRO
CardioPed27 failed 0 NaN 1A pAMRO
CardioPed29 2.46% 1515.03 77 / /
CardioPed30 failed 0 NaN 1A /
Alloseq55 1.18% 5603.16 100 1B /
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Table 12: Results for the 24 samples passed the quality control. 4 samples are found to have failed after AlloSeq
cfDNA software analysis. In fact, no dd-cfDNA %, Mean coverage and Uniformity data are reported for 3 of
the failed samples (HT2, CardioPed27 and CardioPed30). In the case of HT9, the software returns us a very
high dd-cfDNA value (5.48%), and a very low coverage value (94.5), with an indication of failure at the end.
The 4 samples in question were excluded from the final statistical analyses. For the remaining 20 samples, Mean
coverage and Uniformity are good in all samples. Regarding the percentages of dd-cfDNA, all are below 1%,
except for HT16, which has 3.38%, CardioPed19 with 2.3%, CardioPed29 with 2.46% and Alloseg55




(positive control) with 1.18%. HT16, despite this significantly above-average dd-cfDNA value, has no reported
significant grade rejection. Regarding the last two columns of the table, none of the adult patients shows a
significant degree of ACR, and only one adult patient shows a significant degree of AMR (pAMR1). For what
concern pediatric patients, 4 samples show a significant degree of ACR. Of these 4 samples, only one shows a
very high percentage of dd-cfDNA (CardioPed19 2.3%), while the other 3 have a particularly low dd-cfDNA %.
CardioPed9 and CardioPed15, at the same time as the ACR, also show a significant degree of AMR.
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ACR and AMR vs no rejection in adult HT patients

A statistical analysis was conducted to eliminate outliers, that is, all those values in a set of
observations that are outliers and aberrant, clearly distant from other available observations.
The samples eliminated as a result of this analysis are 5 and are: CTR15 0.76%, Alloseq55
0.98%, Alloseq56 1.50%, Alloseq78 0.97% and HT16 3.38%.

Thus, the data below were calculated from a total of 48 adult heart transplant patients.

Significant rejection was defined as ACR grade > 2R and AMR grade > pAMR1, according

to the International Society for Heart and Lung Transplantation classification.

EMB results were as follows: 24 patients had no reported significant acute rejection (neither
ACR nor AMR). In these patients, median dd-cfDNA levels were 0.20 % [IQR 0.13 to
0.275%]. Significant ACR (grade >2R) was detected in 17 patients (41%, compared to 24
patients without rejection), in whom median dd-cfDNA levels were 0.25% [IQR 0.185 to
0.645%] (Figure 16). Significant AMR (grade >1) was detected in 9 patients (27%, compared
to 24 patients without rejection, and 19 %, compared to No AMR patients), in whom median
dd-cfDNA levels were 0.55% [IQR 0.23 to 1.045%] (Figure 17 and 18). Three samples
simultaneously present ACR >2R and pAMR >1.

Starting from 30 days after HT, dd-cfDNA levels were higher in recipients with ACR
(p=0.0384), as compared to those without (Figure 19). The same is observed in patients with
AMR, who have higher dd-cfDNA levels (p=0.0031), as compared to those without rejection
(Figure 20). AMR patients have higher dd-cfDNA levels (p=0.0279), as compared to No
AMR recipients (Figure 21).
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ACR vs no rejection
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Figure 16: Significant ACR was detected in 17 patients Figure 19: Analysis performed with the
(41%, compared to 24 patients without rejection), in whom nonparametric Mann-Whitney test shows that dd-
median dd-cfDNA levels were 0.25%. cfDNA values are significantly higher in ACR
cases (p=0.0384), compared with patients without
rejection.
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AMR vs no rejection
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Figure 17: Significant AMR was detected in 9 patients
(27%, compared to 24 patients without rejection), in
whom median dd-cfDNA levels were 0.55%.
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Figure 20: Analysis performed with a non-parametric
Mann-Whitney test shows that dd-cfDNA values are
significantly higher in AMR cases (p=0.0031),
compared with no rejection patients.



AMR vs No AMR
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Figure 18: Significant AMR was detected in 9
patients (19%, compared to No AMR patients),
in whom median dd-cfDNA levels were 0.55%.
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Figura 21: Analysis performed with a non-parametric
Mann-Whitney test shows that dd-cfDNA values are
significantly higher in AMR cases (p=0.0279), compared
with No AMR patients.



ACR and AMR vs no rejection in pediatric HT patients

A statistical analysis was conducted to eliminate outliers. The samples eliminated as a result
of this analysis are 2 and are: CardioPed5 3.30% and CardioPed29 2.46%.

Out of a total of 15 samples, 2 are found to have failed after analysis with the software, so

data analysis is conducted on 13 samples.

Exactly as we have seen for adult patients, in pediatric HT patients, significant rejection was
defined as ACR grade > 2R and AMR grade > pAMRI1, according to the International
Society for Heart and Lung Transplantation classification.

EMB results were as follows: 7 patients had no reported significant acute rejection (neither
ACR nor AMR). In these patients, median dd-cfDNA levels were 0.08 % [IQR 0.06 to
0.12%]. Significant ACR (grade >2R) was detected in 5 patients (42%, compared to 7 patients
without rejection), in whom median dd-cfDNA levels were 0.08% [IQR 0.06 to 2.95%]
(Figure 22). Significant AMR (grade >1) was detected in 3 patients (30%, compared to 7
patients without rejection), in whom median dd-cfDNA levels were 0.08% [IQR 0.05 to
2.84%] (Figure 23). Two samples simultaneously present ACR >2R and pAMR >1.

Starting from 30 days after HT, median dd-cfDNA levels were the same in recipients with
ACR (non-significant p-value), as compared to those without rejection (Figure 24).
Although the data are not statistically significant, probably because of the small number of
samples, it can be seen from Figure 24 that dd-cfDNA values are much higher in patients
presenting ACR, compared with cases without rejection, confirming the correlation between

increased dd-cfDNA levels and rejection.

The patients presenting with significant grade AMR are only 3. This number appears to be

too low to do a statistical analysis of correlation between dd-cfDNA levels and rejection.
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ACR vs no rejection

dd-cfDNA=
0.08% 4-
- 3+ l
2
<
g =
?
o
] 1=
ACR  ®no rejection 0-
OQ. o
L
&
)
oﬂ
i\
Figura 22: Significant ACR was detected in 5 Figura 243_ Analysis p(_arformed with the
patients (42%, compared to 7 patients without nonparametric Mann-Whitney test shows a
rejection), in whom median dd-cfDNA levels non-significant difference in dd-cfDNA values
were 0.08%. between ACR cases and patients without

rejection.
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AMR vs no rejection

dd-cfDNA=
0.08%
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Figura 23: Significant AMR was detected in 3
patients (30%, compared to 7 patients without
rejection), in whom median dd-cfDNA levels
were 0.08%.

74



5. Discussion

The present study reports the performance of a novel dd-cfDNA test (AlloSure Assay) in a
cohort of HT patients.

Our results show a significant difference in the biomarker levels between adult HT patients
with and without ACR and AMR, and a positive predictive value for a dd-cfDNA threshold
of 0.25% in ACR (p=0.0384) and of 0.55% in AMR (p=0.0031). These findings align with
those of previous studies using various dd-cfDNA tests. This supports the biomarker’s role
as a noninvasive tool for rejection surveillance in HT recipients, potentially reducing the

number of EMB procedures currently performed.

Our study only included retrospective patients, all of whom underwent surveillance and for-
cause EMB and blood sampling on the same day. We did not include any samples from the
first 4 weeks post-HT, because it is well-known that in the first month post-transplant, dd-

cfDNA levels are significantly higher due to inflammation caused from the transplant itself.

The test revealed excellent discrimination between no rejection and acute rejection,
especially in the case of AMR, where the median dd-cfDNA value was 0.55%, thus well

above the 0.20% corresponding to the median dd-cfDNA value of patients without rejection.

As also reported in the literature, the correlation between above-threshold dd-cfDNA levels
and the diagnosis of ACR, is less clear-cut, perhaps also related to the high variability among
pathologists in establishing this diagnosis, in fact, although significant, the difference
between median dd-cfDNA levels of no rejection (0.20%) and median dd-cfDNA levels of
ACR (0.25%) is lower than for patients presenting AMR.

It should be borne in mind that the assessment of dd-cfDNA levels is a method of early
diagnosis, so that negative endomyocardial biopsy results, but associated with borderline or

above-threshold dd-cfDNA levels, could fall into the category of those patients who do not
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yet have visible rejection tissue damage, but whose dd-cfDNA values are already rising; to
verify this would require targeted follow-up of a number of patients over a fairly long period

of time.

Our study combined adult and pediatric patients. Unfortunately, in pediatric patients the data
are not statistically significant. It is important to underline that the main difference we find
between adult and pediatric HT samples relates to the volume of plasma that can be extracted:
when it comes to pediatric patients, the greatest difficulty lies in the collection, which does
not always allow for blood quantities of more than 5-6 ml, and this affects all downstream
steps, starting with cfDNA extraction. It is also important to emphasise that the group of
patients analysed is particularly limited, only 13 patients, compared to the adult HT group.
All these reasons could be the cause of non-significant results. Nevertheless, we could still
see how, in ACR cases, increased levels of dd-cfDNA were correlated with episodes of
rejection and low levels of dd-cfDNA, were correlated with absence of rejection. In contrast,
for patients with AMR, the number of cases was too low to perform the analysis. Given the
small number of cases, new patients will be needed to validate this test on HT pediatric
patients as well.

The relatively small sample size, particularly in pediatric patients, is a significant limitation
to the statistical power and generalizability of the results obtained in the study. This problem
is common in clinical trials involving specific and rare populations, such as pediatric cardiac
transplant recipients, where patient availability is naturally limited. Addressing sample size
limitation is critical to consolidating evidence on the use of dd-cfDNA in monitoring
rejection, especially in pediatric populations. Promoting multicenter collaborations,
leveraging meta-analyses and dedicated registries, and adopting innovative statistical
methodologies represent concrete strategies to increase the statistical power and clinical

relevance of future studies.

In the field of pediatric transplantation, collaboration between national and international
centers is essential to overcome limitations related to small sample sizes and to improve the

quality and standardization of care. A concrete example is the participation of the pediatric
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hepatology and gastroenterology facility of ASST Papa Giovanni XXIII in Bergamo in the
European network for pediatric transplantation, ERN TransplantChild, which promotes

shared clinical studies and data exchange between European and non-European centers.

In Italy, the National Transplant Network coordinated by the National Transplant Center
(NTC) runs specific programs for pediatric patients, such as the National Pediatric Program
(PNP), which ensures priority in pediatric organ allocation and has contributed to a
significant increase in the number of transplants in this age group. These national registries
collect clinical, immunologic, and outcome data, creating a solid basis for observational
studies and validation of biomarkers such as dd-cfDNA. Membership in such registries also
facilitates participation in multicenter studies and enables monitoring of the effectiveness of
large-scale therapeutic strategies.

Some HT samples were not valid due to several reasons (too low concentration, not enough
quantity after purification, genomic DNA contaminations), and could not be used for analysis.
Given that these events happened randomly, we believe they did not introduce any bias in our

results.

This study assessed the accuracy, sensitivity, and specificity of dd-cfDNA to establish a
robust correlation with histologically confirmed rejection episodes. By doing so, it aims to
present dd-cfDNA as a viable alternative to the current standard of care, which predominantly
relies on invasive endomyocardial biopsies (EMBs). A high negative predictive value
associated with dd-cfDNA levels could empower clinicians to confidently rule out rejection

without the need for invasive procedures.

Furthermore, the effectiveness of next-generation sequencing (NGS) as a high-throughput

method for detecting and quantifying dd-cfDNA levels was evaluated.

77



In summary, this study aspires to validate dd-cfDNA as a pivotal biomarker in the
surveillance of heart transplant rejection. By potentially replacing or reducing the frequency
of invasive biopsies, dd-cfDNA analysis may significantly enhance patient comfort and
safety while ensuring timely interventions, ultimately contributing to improved graft survival

rates and quality of life for transplant recipients.

However, further studies are still needed to standardize protocols and precisely define the
sensitivity and specificity levels of dd-cfDNA analysis in order to make it a routine clinical
test. The combination of liquid biopsy and advanced DNA sequencing technologies
represents a very promising area of research that could significantly improve the management
of heart transplant recipients. Prospective randomized clinical trials are needed to determine
if a dd- cfDNA surveillance strategy, alone or in combination with other biomarkers, is

noninferior to EMB for acute rejection monitoring in HT patients.

A comprehensive understanding of how dd-cfDNA thresholds can be effectively
standardized is crucial to ensure their reliable application in clinical practice. Standardization
of dd-cfDNA thresholds requires a multi-pronged approach: robust meta-analytical evidence,
harmonized measurement methods, dual-threshold algorithms, condition-specific cutoffs,
standardized laboratory protocols, and broad clinical validation. This process will enable
accurate, reproducible, and clinically actionable use of dd-cfDNA in transplant rejection

monitoring.

A first approach consists of using meta-analysis and evidence-based cutoff selection. A
recent meta-analysis of 13 studies (over 12,000 samples) identified significant variability in
dd-cfDNA thresholds for detecting acute cardiac transplant rejection, with cutoffs ranging
from 0.1% to 0.35%. By pooling sensitivity and specificity data and maximizing the Youden
index, the analysis determined an optimal threshold of 0.218 (rounded to 0.22%) for clinical
screening (Shah et al. 2024). This approach uses statistical modeling to balance sensitivity

and specificity, providing a data-driven basis for standardization.

Standardization requires consistent use of validated quantification techniques. dd-cfDNA can
be measured as a fraction (%) or as absolute quantity (copies/ml), with each method having
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strengths and limitations. Absolute quantification is less affected by fluctuations in recipient
cfDNA (e.g., due to infection or inflammation), while fractional measurement is widely
adopted but more susceptible to confounders. Clinical protocols should specify the preferred
method and ensure laboratories use harmonized assays with defined performance

characteristics.

Recent studies suggest combining both dd-cfDNA fraction and absolute quantity thresholds
can improve diagnostic accuracy. For example, one approach (Khush et al. 2024) considers
a sample at high risk for rejection if either the percentage or the absolute quantity exceeds a
validated cutoff, thus minimizing false negatives in patients with high background cfDNA.
This dual-threshold strategy can be incorporated into clinical guidelines to enhance
reliability.

The optimal threshold may differ between types of rejection - ACR and AMR - as these
conditions can produce different dd-cfDNA profiles. However, most current studies
aggregate both types. Further research should stratify results by rejection subtype and

validate distinct cutoffs for ACR and AMR, improving diagnostic precision.

Also very important is the standardization of pre-analytical and analytical protocols. Sample
collection, processing, and storage should be standardized to reduce variability. Laboratories
should participate in external quality assessment programs and use reference materials to

calibrate assays.

Proposed thresholds must be validated in large, diverse, and prospective cohorts across
multiple centers to ensure generalizability and reproducibility. This process should also

account for population differences, comorbidities, and technical variables.

In discussing the role of dd-cfDNA for transplant rejection monitoring, it is valuable to
highlight significant experiences from other solid organ transplants, such as kidney and lung

transplants, where dd-cfDNA has also been extensively studied and applied.
. Kidney Transplantation

dd-cfDNA has emerged as a promising noninvasive biomarker for detecting kidney
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transplant rejection. A systematic review and meta-analysis (Xing et al. 2024) evaluating its
diagnostic accuracy included nine studies assessing ACR and twelve studies focusing AMR.
For ACR, the pooled sensitivity was 59%, specificity 83%, and area under the receiver
operating characteristic curve (AUROC) 0.80, while for AMR, sensitivity increased to 81%,
specificity was 80%, and AUROC reached 0.87. The heterogeneity observed among studies
was influenced by factors such as study design, patient age groups, and sample size. Despite
some limitations in diagnosing ACR due to variability, dd-cfDNA demonstrated high
diagnostic value for AMR. These findings are corroborated by a large multicenter
observational study (Aubert et al. 2024), involving 2,882 kidney transplant recipients across
14 centers in Europe and the United States. This study confirmed strong correlations between
elevated dd-cfDNA levels and both ACR and AMR, with the addition of dd-cfDNA
significantly improving diagnostic discrimination compared to standard clinical parameters
(AUC increased from 0.777 to 0.821). Furthermore, dd-cfDNA proved useful in detecting
subclinical rejection and monitoring response to anti-rejection therapy. Collectively, these
data support dd-cfDNA as a sensitive and dynamic biomarker for kidney transplant
surveillance, particularly effective in identifying AMR.

Lung Transplantation

Although less extensively documented than kidney transplantation, dd-cfDNA is emerging
as a promising biomarker in lung transplant recipients as well. A comprehensive meta-
analysis (Li et al. 2023) was conducted by systematically reviewing studies from multiple
databases, evaluating circulating dd-cfDNA levels in patients experiencing graft rejection,
ACR and AMR compared to those without rejection. The analysis demonstrated that dd-
cfDNA levels were significantly elevated in all rejection types, with standardized mean
differences (SMD) of 1.78 for graft rejection overall, 1.03 for ACR, and 1.78 for AMR,
indicating a robust association between increased dd-cfDNA and rejection episodes.
Furthermore, dd-cfDNA showed strong diagnostic performance, distinguishing rejection
from non-rejection with a pooled sensitivity of 87% and specificity of 82%, and an area under
the receiver operating characteristic curve (AUROC) of 0.90. These findings support the
clinical utility of circulating dd-cfDNA as a sensitive and non-invasive biomarker for early
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detection and monitoring of graft rejection after lung transplantation, potentially enabling

timely therapeutic interventions and improved graft outcomes.

The experiences in kidney and lung transplantation reinforce the potential of dd-cfDNA as a
universal biomarker for solid organ transplant rejection. These fields provide valuable
insights into assay standardization, threshold optimization, and integration with clinical
parameters that can inform and accelerate the clinical adoption of dd-cfDNA monitoring in
heart transplant recipients. Moreover, the demonstrated ability of dd-cfDNA to detect
subclinical rejection and to monitor treatment response in other organs highlights its promise

for improving post-transplant care and outcomes in cardiac transplantation.
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6. Conclusions

The study discussed in this thesis follows in the footsteps of other similar studies conducted
worldwide with the aim of better characterising the potential of dd-cfDNA as a biomarker
and implementing it in clinical practice not only to effectively diagnose organ rejection, in
this case cardiac rejection, at an early stage, but also to modulate immunosuppressive therapy
in patients who do not present clinical symptoms of rejection and to seek a strategy to
distinguish between the two types of rejection, ACR and AMR.

As a non-invasive, quantitative marker of allograft injury, dd-cfDNA provides promise as a
safe, accurate, and feasible method of acute rejection monitoring in heart transplant recipients.
While further studies are required to validate specific threshold values for routine clinical use,
dd-cfDNA currently demonstrates the greatest potential as a surveillance monitoring tool,
screening patients who would most benefit from preceding to biopsy. The further ongoing
investigation will determine its role in the diagnosis of other forms of allograft injury, its
potential to serve as a treatment target following episodes of acute rejection of infection, and
the ability to serve as a prognostic marker for adverse long term outcomes. Advances in the
use of dd-cfDNA rejection monitoring further realizes our quest for the development of

precision medicine techniques in heart transplant recipients.
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Table 13 and 14 show the following data:

7. Appendix

o ID (Alloseq refers to adult patients, whereas CardioPed refers to pediatric ones)

e Date of birth (when known)

e Date of transplant (when known)

e Date of biopsy
e Qubit HS ds DNA (ng/ul)
e Quantity: 10 ng in 16 pl

e The amount of H.0 to be added to reach the volume (16 pl)

The samples in Tables 13 and 14 were sequenced, but both sequencing runs failed, resulting

in empty fastq files.

Date of

Date of

Date of

Qubit HS ds

10 ngin

ID birth transplant biopsy DNA (ng/pl) 16 ul H20
Alloseq6 12/12/1947 14/4/2013 15/3/2018 0.356 28.08 X
Alloseq9 28/5/1955 13/2/2016 10/11/2016 0.313 31.94 X
Alloseqll 5/4/1977 30/3/2016 23/1/2017 0.259 38.61 X
Alloseq24 2716/1962 2/7/12017 28/12/2017 0.168 59.52 X
Alloseq27 14/9/1961 16/9/2017 12/3/2018 2.28 4.39 11.61
Alloseq28 2716/1962 2/7/2017 5/4/2018 1.59 6.29 9.71
Alloseq29 9/6/1975 15/11/2016 21/5/2018 0.556 17.98 dry
Alloseq30 9/11/1960 18/5/2017 17/5/2018 0.99 10.10 5.90
Alloseq31 26/8/1975 13/1/2018 16/4/2018 1.64 6.10 9.90
Alloseq32 22/10/1971 12/2/2017 5/2/2018 0.516 19.37 dry
Alloseq33 5/4/1977 30/3/2016 22/3/2018 1.66 6.02 9.98
Alloseq34 2/12/1954 21/11/2017 24/5/2018 344 291 13.09
Alloseq35 24/3/1956 6/2/2018 2/5/2018 4,16 240 13.60
Alloseq36 10/5/1959 24/5/2017 7/6/2018 0.459 21.78 dry
Alloseq37 13/6/1957 4/4/2016 8/10/2018 0.661 13.13 0.87
Alloseq38 20/3/1958 2/8/2018 12/9/2018 4,09 244 13.56
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Alloseg39 31/7/1957 24/11/2016 13/9/2018 0.747 13.39 2.61
Alloseg40 18/5/1961 3/3/2015 29/10/2018 0.364 27.47 dry
Alloseg4l 17/9/1970 3/10/2016 29/10/2018 1.45 6.90 9.10
Alloseg42 19/4/1976 26/9/2017 22/10/2018 0.793 12.61 3.39
Alloseq43 29/3/1984 4/4/2018 10/1/2019 0.387 25.83 X
Allosegq44 4/8/1956 20/5/2014 19/11/2018 0.501 19.96 dry
Alloseg45 9/11/1967 7/12/2016 14/6/2018 0.378 26.45 dry
Alloseq46 11/9/1976 5/11/2016 25/11/2021 0.187 53.47 X
Alloseg47 5/7/1957 28/2/2012 24/1/2022 0.935 10.70 5.30
Alloseq48 11/9/1976 5/11/2016 27/1/2022 1.56 6.42 9.58
Alloseg49 7/8/1969 16/3/2019 27/1/2022 113 0.89 15.11
Alloseq50 5/3/1968 13/8/2020 7/2/2022 435 2.30 13.70
Alloseg51 51711957 28/2/2012 24/2/2022 2.89 3.47 12.53
CardioPedl / / 27/5/2023 0.548 18.24 dry
CardioPed2 22/4/1998 / 27/5/2023 4.6 2.18 13.82

Table 13: Data from 31 HT adult and pediatric patients. Six samples are highlighted in red because they did not
reach a sufficient cfDNA quantity after extraction. Two other samples, Alloseg50 and CardioPed2, underlined
in green, were not included in the sequencing run because, after quantification by Agilent 2100 Bioanalyzer,
they were repurified, due to the presence of a lot of genomic DNA (Figure 25), and after repurification, the
quantification at Qubit HS dsDNA was too low. The remaining 23 samples had sufficient quantities of cfDNA
and, were selected for sequencing. Unfortunately, the sequencing run failed, with empty fastq files.

Alloseq50 Cardioped2

[FU] ‘ gDNA [FU)
’_f‘ o~ e ST ‘,_ A _Jx ! ]

R 0 it : — u
\ ' [ [ | (i L, A B iR i fa) 4 | L LR llll» .
35 150 300 500 1000  10380[bp] 35 150 300 500 10380  [bp

Figure 25: Typical profile of cfDNA with genomic DNA contaminations. gDNA contamination always leads
to underestimated dd-cfDNA values.
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1D Date of birth E%S:; gllil?Alt(lr?gS/SS 1%‘ %Im H20
CardioPed6 31/5/2005 25/5/2022 1.67 5.99 10.01
CardioPed9 14/9/1995 10/11/2022 11.3 0.88 15.12
CardioPed10 15/9/2009 14/11/2022 3.18 3.14 12.86
CardioPed11 3/2/1987 22/11/2022 1.73 5.78 10.22
CardioPed12 27/9/1998 14/11/2022 3.67 2.72 13.28
CardioPed13 19/11/2004 12/12/2022 0.498 20.08 dry
CardioPed14 19/11/2004 12/12/2022 0.364 27.47 dry
CardioPed15 20/5/2016 9/1/2023 2.03 4.92 11.08
CardioPed16 23/3/2003 10/2/2023 2.16 4.62 11.38
CardioPed17 19/4/2005 14/2/2023 1.45 6.89 9.11
CardioPed18 25/12/2014 6/3/2023 0.382 26.17 dry
CardioPed19 2/11/2001 21/3/2023 1.74 5.74 10.26
CardioPed20 15/9/2009 3/5/2023 2.28 4.38 11.62
CardioPed23 12/8/2004 31/5/2023 0.632 15.82 0.18
CardioPed24 21/5/2011 2/8/2023 0.419 23.86 dry
CardioPed26 12/7/2000 20/12/2023 0.342 29.23 dry
Alloseg55 21/6/1957 16/1/2017 2.61 3.83 12.17
Alloseq62 27/8/1961 15/6/2017 2.15 4.65 11.35
Alloseq76 10/5/1959 22/6/2017 2.28 4.38 11.62
Alloseq80 / 5/12/2003 131 7.63 8.37

Table 14: Data from 20 HT adult and pediatric patients. All the samples had sufficient quantities of cfDNA and
were therefore selected for sequencing. Unfortunately, the sequencing run failed, with empty fastq files (~1kb).
Probably something went wrong during PCR or purification with the magnetic beads, or during indexing phase.
Samples used as controls (Alloseq55-62-76), with a higher amount of cfDNA, are also empty.
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