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Simple Summary: Cell-free DNA is present in the plasma and serum of healthy subjects, however,
its level is usually much higher in people after physical effort, patients with various diseases such as
trauma, sepsis, and also in patients with some cancers. In this concise review, we show the current
state of cell-free DNA applications based on clinical trials registered until April 2021. Furthermore,
we attempt to summarize a large number of clinical trials and resolve discrepancies raised by these
trials. Despite a large number of trials, more studies should include at least 1000 participants and
be conducted in large multicenter projects in order to find more accurate results before cfDNA can
replace standard diagnostics or often ineffective and hazardous biopsy.

Abstract: We aimed to summarize the current knowledge about the trends in ¢fDNA application
based on the analysis of clinical trials registered until April 2021. International Clinical Trials Registry
Platform (ICTRP) and Clinicaltrials.gov were searched with the keywords: “cf-DNA”; “Circulating
DNA”; “Deoxyribonucleic Acid”; and “Cell-Free Deoxyribonucleic Acid”. Of 605 clinical trials, we
excluded 237 trials, and 368 remaining ones were subject to further analysis. The subject, number
of participants, and study design were analyzed. Our scoping review revealed three main trends:
oncology (n = 255), non-invasive prenatal diagnostic (n = 48), and organ transplantation (n = 41),
and many (n = 22) less common such as sepsis, sport, or autoimmune diseases in 368 clinical trials.
Clinical trials are translating theory into clinical care. However, the diagnostic value of cfDNA
remains controversial, and diagnostic accuracy still needs to be evaluated. Thus, further studies are
necessary until cfDNA turns into a standard in clinical practice.

Keywords: cf-DNA; ct-DNA; dd cf-DNA; NIPT; clinical trials; cancer

1. Introduction

Circulating DNA not associated with cells is present in the cell-free component of
the whole blood, such as plasma and serum, but also in other human body fluids such as
urine, saliva, and cerebrospinal fluid [1,2]. The biology of cell-free DNA (cfDNA) is not
fully understood, with several possible mechanisms suggested. DNA fragments might
be released by apoptosis, necrosis, netosis, or active secretion [3,4]. However, Wang et al.
showed that cfDNA concetration did not correlate with amount of apoptotic or necrotic
cells, but was mainly released by active secretion [5]. cfDNA is also present in the plasma
and serum of healthy subjects, however, its level is usually much higher in people after
physical effort, patients with various diseases such as trauma, stroke, burns, sepsis, and
also in patients with some cancers. For this reason, cfDNA has become an attractive subject
of research as a non-invasive disease biomarker. The analysis includes many structural
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aspects of total cell-free DNA such as separated fractions of cf nDNA (nuclear) and cf
mtDNA (mitochondrial) or ¢fDNA integrity [2,6-9]. Formation of cfDNA forms does not
occur simultaneously. The level of nDNA corresponds to the general organism’s well-being
and increases in the event of pathological damage to cells, whereas cf mtDNA originates
from the mitochondrial genome and is released when these organelles are damaged, thus
reflecting their condition. c¢f mtDNA is often elevated in mitochondrial diseases or if
stimulated by inflammation, physiological stress, or mechanical injury [10]. Furthermore,
cfDNA integrity could be measured, which gives information about the origin of cfDNA,
where the physiological death of normal cells is mainly caused by apoptosis and generates
DNA fragments of around 180-200 bp in length [11]. Additionally, Tamkovich et al. 2016
found that short fragments (180 bp), compared to long fragments (>8 kbp), were less
represented in the plasma of primary breast cancer patients [12].

Rapid progress of cell-free DNA detection methods currently allows determination
of a small fraction of tumor-derived cell-free DNA (ctDNA) [1,2]. This type of circulating
DNA usually carries mutations or specific modifications, such as methylation originating
from cancer tissue. This is a background of minimally invasive liquid biopsy used in early
detection disease relapse or monitoring of the effectiveness of radio- and chemotherapy,
which could improve cancer management. Apart from oncology, cfDNA is also extensively
studied in transplant medicine. Specific donor-derived cell-free DNA (dd-cfDNA) is
successfully applied as a non-invasive biomarker for transplant rejection [2,13-15], where
early detection of allograft rejection is key in preventing allograft loss. cfDNA has already
made a huge impact on prenatal medicine, where non-invasive prenatal testing (NIPT)
is based on analysis of a fetal component of cell-free DNA in maternal blood. Down
syndrome trisomy is detected most frequently. However, NIPT can be used to screen for
other common chromosomal aneuploidies, such as trisomy 18 (Edwards syndrome) and
trisomy 13 (Patau syndrome) or single-gene mutations [2,16].

The gap between clinical trials and clinical practice is smaller than between scientific
studies and clinical practice. Thus, we performed a concise scoping review of databases
of clinical trials registered until April 2021 to evaluate current trends in cell-free DNA
application.

2. Methods

We searched for clinical trials registered in ClinicalTrials.gov and International Clinical
Trials Registry Platform (ICTRP) databases for clinical trials registered until April 2021. The
subject fields (search terms) were: “cf~-DNA”; “Circulating DNA”; “ Deoxyribonucleic Acid”;
or “Cell-Free Deoxyribonucleic Acid”. This search was based upon the assessment structure
of the PRISMA statement presented in Supplementary Table S2—PRISMA-ScR checklist.
Two independent screenings included both the titles and study descriptions. The trials
were reviewed for the type of the studied condition, study design, start date, number of
participants, and applied methodology. However, gender, race, or any other population
parameters were not considered. Studied conditions were categorized according to the
general topic and subtopics, such as type of cancer, and according to the transplanted organ
in transplantation medicine.

Study Selection

A total of 605 trials were found, and 237 were excluded. The details are presented in
Figure 1. The final analysis was done on 368 trials, collected in Supplementary Table S1.
The inclusion criteria were: Studies reporting search phrases and their sufficient description.
The trials were excluded if they were duplicated or the keyword could not be confirmed.
Clinical trials containing phrases such as cell-free extracts, cells, and also pathogen free
nucleic acids were excluded to make the review more concise. The flowchart of our review
for the purpose of study assessment is shown in Figure 1.
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Figure 1. PRISMA flowchart summarizing the identification and selection of studies for inclusion in
the present scoping review.

3. Results

The results of this analysis include 368 studies in which over 250,000 participants
were enrolled. The median sample size was 120 and ranged from less than 50 participants
to a relatively large number, i.e., more than 600-1000 participants. Few studies were
carried out on more than 15,000 participants, and one study (NCT01511458) included
18,955 participants. Furthermore, an analysis of their age showed that of the total number
of over two hundred trials, only 31 included people below the age of 18. All details are
shown in Supplementary Table S1.

The study location map was divided symmetrically around the world. About 1/3
took place in the Americas (mostly the US), 1/3 in Europe, and 1/3 in the rest of the world.
The number of registered trials analyzed by the start date increased from 17 in the period
2005-2010 to 84 in the period 2011-2015. Finally, it rose to 251 between 2016 and April 2021.

Our analysis of selected clinical trials revealed the presence of all currently studied
forms and modifications of cfDNA. The phrase “ctDNA” or “tumor DNA” could be found
in 40 projects; 37 clinical trials contained the phrase “liquid biopsy”, 35—the word “fetal”,
21 studies included the phrase “methylation”, five studies contained “cf mtDNA” or “cell-
free mitochondrial DNA”, whereas three studies were focused on cfDNA “integrity”. All
cell-free DNA forms and modifications used in clinical trials are summarized in Table 1.
Most of the available studies have been performed using traditional real-time PCR detec-
tion. However, a rising number of selected clinical research is based on novel methods
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such as NGS (next sequencing generation), ddPCR (digital droplet PCR), CAPPseq (cancer
personalized profiling by deep sequencing), PAP (pyrophosphorolysis activated polymer-
ization), BEAMing (beads, emulsion, amplification, and magnetics). Novel methods are
characterized by higher feasibility, robustness, and sensitivity.

Table 1. Cell-free DNA forms and modifications used in clinical trials.

Cell-Free DNA Abbreviation Application
Total cfDNA
Circulating cell-free DNA CfDNA, ccfDNA General marker of physiological well-being, elevated in

Serum/Plasma cell-free DNA

sepsis or under stress, temporarily increases during exercise

Circulating free DNA
Tumoral plasma DNA DNA Used in cancer therapy management, marker of cancer
(Circulating tumoral DNA) ct relapse or metastasis
Donor Derived cell-free DNA dd-cfDNA . . T .
(Donor specific cell-free DNA) dscfDNA Used in detection of allograft rejection in transplantation
cell-free fetal DNA cff-DNA Used in non-invasive prenatal diagnostics, usually
circulating cell-free fetal DNA ccff-DNA aneuploidy
Mitochondrial cfDNA ¢ mIDNA Releases during mitochondrial dysfunction, elevated under
Circulating mitochondrial DNA ct mt physiological stress or in some cancers

) ) Mostly applied in oncology as a marker for cancer screening.
Methylated cell-free DNA m-cfDNA Could be done specifically for a selected gene or globally
CfDNA integrity index ofDI Allows to distinguish if cfDNA is released from apoptotic or

necrotic cells

Notably, cfDNA is studied not only in serum or plasma but also in other bodily
fluids such as urine, saliva, or cerebrospinal fluid. Some cancer clinical trials search for a
correlation between plasma tumor DNA levels and salivary tumor DNA levels.

Based on the search phrases, the analyzed target genes were: RAS in 33, EGFR in 27,
14 BRAF, P53 gene in five trials. Moreover, single studies analyzed NF1, telomere, or the
IDH1 gene. The details can be found in Supplementary Table S1.

As shown in Table 2, oncology was the most common topic of clinical research
(n =256). The number of clinical trials corresponded to the epidemiological frequency of
cancer subtypes, so the most common were lung (n = 64), colorectal (n = 43), breast (n = 33),
and prostate (n = 18) cancers. Moreover, some trials analyzed cancer in general or less
common malignancies such as lymphoma or gastric, ovarian, endometrial, and urothelial
cancers.

Table 2. Conditions targeted by clinical trials.

Condition Specific Condition

Lung Cancer (n = 64)
Colorectal cancer (n = 43)
Cancer (n = 255) Breast (n = 33)
Prostate (n = 18)
Other (including all cancer diagnoses) (n = 97)

NIPT (n = 50) Prenatal Testing (1 = 50)
Kidney (n = 24)
Organ Transplant (n = 41) Lung (n=7)
Heart (n = 5)
Other (n = 5)

Sepsis (n = 4)

Other (n = 22) Other (1 = 18)
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Application of new non-invasive markers, such as dd-cfDNA, for assessment of
allograft rejection is becoming a focus of interest. Among 41 phrases containing “dd-
cfDNA”; “organ transplant” or “diagnosis of acute rejection”, 24 trials regarded studies on
kidney graft rejection, seven regarded lungs, and five—heart transplants.

A total of 50 clinical trials focused on the subject of non-invasive prenatal testing
(NIPT). Most of them regarded Down syndrome, but other analyzed disorders also included
Edwards syndrome, Patau syndrome, Klinefelter syndrome, Turner syndrome, Di George
syndrome. Moreover, rare diseases such as myotonic dystrophy 1, Huntington’s disease,
and fragile X syndrome were studied. The details are shown in Supplementary Table S1.

Topics that were difficult to classify were categorized as “other” and include many
different category subjects, such as sepsis, sport, lupus, diabetes, pain, or psychology.

Out of 368 trials, 255 were cancer studies, whereas 112 were non-cancer. An analysis
of the recruitment status showed that more than half of the studies were still active. There
was a difference between cancer and non-cancer cases. While the number of completed
trials was similar, i.e., 30 vs. 39, the recruiting status was more than two-fold higher in
cancer studies (109 vs. 47). Furthermore, the total number of all active trials in cancer
studies was also higher, i.e., 166 vs. 67 in non-cancer cases. This might indicate a trend
towards oncology. All details are shown in Table 3 and Supplementary Table S1.

Table 3. Clinical trials’ recruitment status, including cancer vs. non-cancer comparison.

. Number of Studies in Number of Studies Number of Studies
Recruitment Status
Total Cancer Non-Cancer
Recruiting 156 109 47
Completed 69 39 30
Not yet recruiting 55 41 14
Suspended/Unknown status 52 40 12
Active, not recruiting 22 16 6
Terminated 8 7 1
Enrolling by invitation 3 1 2
Withdrawn 3 3 0

A total of 368 clinical trials (148 interventional studies and 219 observational studies)
for cfDNA were identified. This proportion is similar to that of any other subject of clinical
trials. However, there was a difference in proportion between cancer and non-cancer
observational studies. Non-cancer cases accounted for less than 30% of the clinical trials,
while for observational cases, the number was more than 50%. All details are shown in
Table 4.

Table 4. Clinical trial study design, including cancer vs. non-cancer studies comparison.

Number of Studies Number of Studies Number of Studies

Type in Total Cancer Non-Cancer
Interventional 148 114 34
Observational Study 219 141 78

4. Discussion

In this paper, we provide a view on current cfDNA medical application trends. We
identified 368 clinical trials registered from April 2005 to April 2021. Out of 368 analyzed
studies, 256 regarded cancers. Oncology was the most commonly studied topic. Inter-
estingly, this corresponds to scientific interest and global health problems. Transplant
medicine and NIPT were the second most common subject of many clinical trials. However,
a brief search of PubMed and Medline databases showed that in comparison to oncol-
ogy, NIPT and transplant medicine seemed to be discussed less in non-clinical studies on
cfDNA.

We conducted a series of subgroup analyses comparing active studies on cancer and
non-cancer cases. It appeared that the number of cancer studies was rising (see Table 3).
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Measurement of cf DNA might improve cancer management [17]. Two decades ago, a
technical detection limit allowed only to measure total cfDNA, but nowadays, we are able
to detect even a small fraction of tumor-derived cfDNA (ctDNA). A developing tumor
might trigger a release of circulating DNA from circulating tumor cells or non-malignant
host cells of the immune system [18]. Moreover, cfDNA might serve as a universal marker
of pathophysiological changes as a consequence of antineoplastic treatment. Moreover,
40 trials contained the word “ctDNA”, another 37 clinical trials contained the phrase “liquid
biopsy”. Currently, molecular diagnostics is mainly based on a small fraction of tumor-
derived circulating DNA (ctDNA). Thanks to this, fDNA-based diagnostic methods should
be less invasive compared to traditional biopsy [19]. Furthermore, molecular diagnostics
could be faster and more cost-effective. A diagnosis could be made earlier because ctDNA
might appear long before tumor metastases give the first symptoms or are detected with
traditional diagnostics. Development of detection methods increases their specificity and
allows for detection of small fractions of mutated tumor genome. Presence of ctDNA
might suggest incomplete resection or cancer metastasis. Thus, ctDNA-based liquid biopsy
could monitor the effectiveness of chemo-, immuno-, or radiotherapy [20]. An analysis
of ctDNA requires targeting of specific genetic aberrations in circulating DNA, which
most commonly are “mutational hot spots”. However, not all tumors present the same
molecular signature, besides, even the same histopathological type of tumor can have a
diverse mutation pattern. This fact is reflected in a few dozens of clinical trials which
target the most common oncogenes or suppressors, such as the EGFR, TP53, BRAF, or the
RAS cascade. Moreover, a few dozens of other trials examined specific methylation or
applied efficient sequencing methods, such as NGS. This is the next step to personalized
cancer management, where individuals will demonstrate precise molecular characteristics
of malignant tissues and be administered a targeted therapy for this molecular pattern [21].

Three of the clinical trials found, NCT03284684, NCT03474016, and NCT03892096,
analyzed the practical application of DNA integrity in cancer. The pathology of cancer
development is associated with increased apoptosis or rather necrosis of the tumor itself or
the surrounding tissues, which is reflected in changes in ¢fDNA integrity [22]. Necrotic
DNA fragments are generated more randomly, their size is larger than 200-1000 base
pairs, and they can be easily distinguished from shorter fragments with 180-200 base
pairs or multiples of this unit in length, produced by physiological apoptosis [11]. The
cfDNA integrity index can also be used in monitoring the treatment response. In the
case of preoperative chemoradiotherapy, the cfDNA integrity index during treatment
was significantly higher in cancer patients [23]. In 2019, Fiala et al. reported that cancer
detection sensitivities ranged from 50% to 70%, whereas specificity was between 90%
and 95% [24]. In 2018, Cohen et al. applied liquid biopsy (also called CancerSEEK) to
1005 patients with most common and clinically detected nonmetastatic cancers. The
sensitivities ranged from 69 to 98% for the detection of five cancer types (of the ovary, liver,
stomach, pancreas, and esophagus) for which there are commonly accepted biochemical
screening tests. Noteworthy is their specificity, i.e., higher than 99%: only 7 of 812 healthy
controls scored positively [25]. According to Sacher and colleagues (2016), an application
of ddPCR in plasma of individuals with lung cancer appeared to have a positive predictive
value of 100% for EGFR 19 del and 100% for KRAS. The sensitivity of plasma ddPCR was
82% for EGFR 19 del but lower for KRAS, i.e., 64%. Particularly, the sensitivity for EGFR or
KRAS was higher in patients with multiple metastatic sites and those with hepatic or bone
metastases [26].

The diagnostics of central nervous system (CNS) tumors is usually based on cranial
MRI and high-risk brain biopsy. These types of tumors are difficult to detect in the serum
or plasma using current liquid biopsy methods. However, tumors release cell-free tumor
DNA (cftDNA) into the cerebrospinal fluid (CSF), allowing for potential detection of tumor-
associated mutations by CSF sampling. The detection of ctDNA in CSF has been proposed
as an alternative to detection in plasma and allows for a prompter and less invasive diag-
nosis of a CNS tumor. Five ongoing trials focus on this topic (NCT03029065, NCT03711422,
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NCT04112238, NCT04401774, and NCT03873818). One of them (NCT03711422) focuses on
cell-free DNA of CFS in brain metastases due to lung adenocarcinoma [27].

Interestingly, the authors of some clinical trials try to apply ¢fDNA as a universal
cancer marker for no specific type of cancer or for a combination of a few different malig-
nancies. Considering the potential value of early detection in deadly malignancies, further
evaluation of this test is justified in prospective population-level studies. A study con-
ducted by Liu et al. (2020) on 6689 participants revealed a panel of over 100,000 informative
methylation regions in over 50 cancer types using plasma cfDNA bisulfite sequencing
targeting. A classifier was developed and validated for cancer detection and tissue of
origin. A targeted methylation analysis of cfDNA allowed to simultaneously detect and
localize over 50 cancer types. The cancers were detected across all stages. In stages I-111,
the sensitivity was 43.9%; in stages I-1V, the sensitivity was 54.9% (at the specificity of over
99% and a single false positive rate of around 1%). This targeted methylation approach
localized the tissue of origin with over 90% accuracy, which will be critical for managing a
follow-up care. The authors suggest that cfDNA methylation patterns detected more than
50 cancer types across the stages [28].

Furthermore, the ratio between the number of still active and recruiting trials and
inactive or finished ones suggests that oncology is not only the main but also a steadily
growing trend.

Assessment of allograft rejection, made in 61 trials, is the second most common trend
in cfDNA clinical trials. The presence of donor-derived cell-free DNA (dd-cfDNA) in
the blood or urine of transplant recipients correlates with the risk of rejection. At first,
dd-cfDNA was based on Y-chromosome detection. However, it was limited by male-to-
female transfers. Currently, detection of dd-cfDNA requires prior knowledge of donor and
recipient genotypes, then, the accuracy of current methods allows to distinguish even a
single nucleotide polymorphism. Similarly, in oncology, minimally invasive diagnostics
might potentially replace traditional tissue biopsies. Furthermore, similarly to cancer, it
requires highly sensitive detection methods which will be able to detect less than 1% of
DNA from the total cfDNA fraction [29].

Schutz et al. (2019) analyzed liver transplants and observed that the diagnostic sen-
sitivity and specificity were 90.3% and 92.9%, respectively, for graft-derived circulating
DNA [30]. Sayah et al. analyzed lung transplant patients and suggested that dd-cfDNA-
sensitivity was 73.1%, whereas its specificity was 52.9% [31]. Furthermore, in heart trans-
plants, a diagnosis can be predicted with 92% sensitivity and 75% specificity [32]. By
assessing donor-derived cell-free DNA in a kidney transplant, Huang et al. observed that
a kidney injury can be detected with 100% sensitivity and 71.8% specificity. However,
the dd-cfDNA test did not discriminate cellular rejection from no rejection among organ
recipients [33]. Sigdel et al. carried out a study using NGS in 300 plasma samples collected
from patients after a kidney transplant. In this retrospective analysis, the method enabled
to obtain more than 80% sensitivity and more than 70% specificity in detecting dd-cfDNA
levels [34]. It is assumed that the probability of acute rejection increases when the dd-
cfDNA level exceeds 1%. Gielis et al. (2020) showed with 107 kidney transplant recipients
that dd-cfDNA rises above a threshold value of 0.88% were significantly associated with
the occurrence of episodes of acute rejection [35]. In a study with 87 patients, Knutgen et al.
(2021) showed that with a dd-cfDNA cut-off of 0.35%, sensitivity and specificity of dd-
cfDNA for cardiac rejection were 0.76 and 0.83, respectively [36]. In lung transplantation,
the optimal threshold for dd-cfDNA for aggregated rejection events representing allograft
injury was determined as 0.85%, with sensitivity of 55.6% and specificity of 75.8% [37].
In tBPAR (biopsy-proven acute rejection requiring treatment after liver transplantation),
the receiver operator characteristic curve analysis (ROC) showed that dd-cfDNA values
reached 98.8% and were higher than in routine liver function tests [38].

The three of four most commonly transplanted organs, i.e., the kidney, liver, heart, and
lung, are extensively studied in clinical trials. In our analysis, the only exception seemed
to be liver transplantation, presented only in one study. Although many studies have
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confirmed the correlation of dd-cfDNA with both the biopsy and the rejection diagram,
this procedure has still not been approved by the American Food and Drug Administration
or the European Medicines Agency. Probably, both the threshold value and kinetics need
to be clarified.

Prenatal cell-free screening, also known as non-invasive prenatal screening, is a
screening method applied for the purpose of detection of certain genetic abnormalities in
a fetus. Although NIPT is the third method in relation to the total number of registered
trials, it seems to be about to be officially registered. In contrast to standard diagnostics, it
does not pose the risk of miscarriage. DNA from the mother and the fetus is extracted from
maternal blood and screened for a potential and increased chance of specific chromosomal
problems, such as Down syndrome, trisomy 13, and trisomy 18, and also single-gene
disorders. Moreover, it can also be used to screen for fetal sex [39]. However, about
1% to 5% of prenatal cell-free DNA screening tests do not yield any result, possibly due
to an insufficient amount of DNA. The screening is not effective for women pregnant
with multiples, for mothers with a disturbed body mass index, or via a donor egg [40].
Some trials are focused on just one aneuploidy, such as 21 trisomy (Down syndrome)
whereas others combine screening of aneuploidy or examination of single-gene aberrations.
Taylor-Philips et al. (2016), in a systematic review and meta-analysis based on a cohort of
112,669, emphasize high specificity and sensitivity of such prenatal diagnostics [41]. The
pooled sensitivity for Down syndrome is over 99.3%, whereas for Edwards syndrome, it is
97.4% [41].

There is also a possibility of occurrence of false positive and false negative results
due to a lab error. Since the source of fetal cell-free DNA is the placenta, mistakes might
thus be caused by confined placental mosaicism. Additionally, an early fetal demise may
also result in a false positive result. False negative results may be obtained when the fetus
appears to have trisomy. However, the placental cell line may undergo a trisomy rescue
event where the predominant cell line of the placenta is chromosomally normal. Moreover,
any confounding factor, such as chromosomal abnormality in the maternal cell line (mosaic
or otherwise), may result in an inaccurate result [42].

Both pregnant women and obstetric care providers are aware of rapid advances in
NIPT and appear to look forward to its clinical introduction. Therefore, there is some
urgency to perform large-scale properly conducted clinical evaluation studies. However,
commercial genetic testing offering paid tests may disturb these studies by pushing those
who buy such tests out of a disease detection procedure. In this context, we should also
thoroughly evaluate all ethical and social implications of genetic tests. However, progress in
diagnostic accuracy and cost-effectiveness based on large-scale clinical trials is still needed.
What is important is the fact that the UK National Screening Committee officially accepted
this form of diagnostics in most common aneuploidies in first-trimester pregnancies.

A large number of clinical trials bearing the category “Other” suggest a huge diversity
of subjects. Only four trials (ChiCTR-OOC-15006382, NCT00919685, NCT03356249, and
NCT04189549) applied cfDNA as a marker of sepsis. The details are shown in Table 5.

Sepsis, a potentially life-threatening medical condition associated with an infection, is
an important problem in emergency patients or patients affected by infectious diseases,
such as COVID-19. The inflammatory stress significantly increases many markers as well
as the cell-free DNA level. Patients with sepsis demonstrate twenty-two times higher levels
of cfDNA compared to those of non-septic patients. In addition, it was found that the level
of cell-free DNA allows to divide sepsis patients admitted to the emergency room into
survivors and non-survivors [43,44].

Only a few trials explore the application of cfDNA in sport, despite the fact that the
exercise-induced increase is very high. It seems that cf n-DNA could be more sensitive
in reflecting acute exercise-induced changes in the human body than other markers, such
as AST and ALT CK or CRP [45]. Therefore, measurements of exercise-related variations
of cfDNA can be used for monitoring of training load or diagnosis and prevention of
overtraining syndrome [46]. The first of the “sport-trials” examines the aspect of sport and
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psychology (NCT02874833), whereas another one deals with overtraining (NCT03833973).
In the context of billions of dollars currently being spent on professional sport, improved
diagnostics seems to be very promising.

Table 5. Clinical trial study in sepsis: ID number, title, status, primary outcomes.

ID Number

Title Status Primary Outcomes

cell-free DNA in patientsadmitted

Prognostic value of circulating

ChiCTR-OOC-15006382 . . Active/recruiting Serum cfDNA level; Prognose;
to Emergency Intensive Care Unit
(EICU)
Next-Generation Sequencing e e .
NCT03356249 Diagnostics of Bacteremia in Active/Recruiting Senmtlv?;ﬁ?g?igt:ﬁi ePosmve
Sepsis (Next GeneSiS-Trial) P
Demonstrate the superiority of at
least one of 3 markers (HIF, MPs,
Investigations of New Markers in c¢DNA) with regard to plasma
NCT00919685 Patients with Shock Completed lactate level for evaluating the
treatment response in patients
with shock
Preclinical Detection of Sepsis
NCT04189549 Farly in Hospitalized Patients Not yet recruiting Clinical development of sepsis

Following Surgery, Injury or
Severe Illness (Pre-SEPSIS Trial)

Apart from nDNA, cfDNA subtractions are also extensively studied. mtDNA is
often associated with mitochondrial disorders, such as neurodegenerative or autoimmune
disorders. In order to obtain a higher diagnostic value, many studies combine different
aspects of cfDNA structure [47-49]. Two trials deal with infertility in the context of embryo
quality. A single clinical trial on ¢fDNA is performed in diabetes (NCT02898467), cardiac
sarcoidosis (NCT03858777), and preeclampsia (pregnancy complication; NCT03067298).
Moreover, one has been carried out to detect the paraneoplastic syndrome of the nervous
system (NCT04454853) and spinal muscular atrophy (NCT04690998). Another study deals
with molecular testing of neurodegeneration (NCT03938909), where cytokines and cf
mtDNA could be applied as an efficient marker of a disease. cf mtDNA is also studied in
acute inflammatory response to psychological stress, while cell-free DNA in psychology
is suggested as a putative marker of depression or psychological stress [50]. Two studies
combine sport and cancer diagnostics (Supplementary Table S1). Interestingly, in some
cancers, such as PTC or breast cancer, changes in mtDNA are not associated with cfnDNA.
When nDNA is increasing, cf mtDNA is decreasing [7,48].

A few studies could not be clearly classified because they mixed different conditions,
such as lupus and exercise, cancer and exercise or pulmonary embolism, myocardial
infarction, and autoimmune disease.

Traditional detection of cfDNA using real-time PCR seems to be “incongruous with
the times”. However, novel methods such as NGS, ddPCR, CAPPseq, PAP, BEAMing,
and Microarray CGH analysis are becoming commonplace. These novel methods are
characterized by higher feasibility, robustness, and sensitivity. Nevertheless, we are unable
to present the full picture, since not all descriptions presented a detailed methodology.

cfDNA is not measured independently. Usually, it is examined in the context of other
traditional biochemical markers, such as cytokines, CRP, CK, or hormones. ¢fDNA should
be used along with standard diagnostic methods, such MRI, CT, or traditional biopsy. On
the other hand, cfDNA detection might be combined with other molecular markers such as
mRNA, miRNA, or immunophenotyping to improve diagnostic value.

Due to a huge number of different forms, modifications, and putative application,
a gradual evolution, rather than revolutionary changes, can be expected. qPCR is a
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commonly accepted detection method, even though clinical research was conducted using
new methodological trends characterized with unprecedented throughput, such as ddPCR,
which allows to quantify rare targets in a complex background and exhibits high tolerance
to PCR inhibitors as well as enables to detect a small fold change.

Furthermore, the selection of a control group, including randomization, is a critical
decision in clinical trial design. The control group provides information on potential
consequences for participants if they were not treated or alternatively treated. A brief
assessment suggests that the study design is logical and made in compliance with general
rules of clinical research. Sample size is an important element of a trial because cohorts that
are too large are uneconomical. However, what is even more important is the fact groups
that are too small could result in obtaining uncertain outcomes [51]. Many factors influence
sample size. In our analysis of more than 70 trials, over 500 volunteers were going to be
recruited, which seems to be a reliable number.

In an observational study, investigators assess health outcomes in participants accord-
ing to a research plan or protocol. In contrast to interventional studies, they do not receive
any therapeutic intervention. In observational studies, investigators often compare the
difference of outcomes for two groups, which is a better option in non-cancer studies. A
rising number of clinical trials, from 17 in 20052010 to over 250 in 2015-2021, shows a
larger interest in cell-free DNA application in clinical practice. To sum up, a comparison
of cancer research with non-cancer research indicates that there is a shift of active trials
towards oncology research.

An analysis of clinical trials by recruitment status showed that over 220 trials are
still active or recruiting, while almost 170 have been completed or suspended. This
indicates that cell-free DNA, despite several dozen years of scientific research, is now
being transferred to the clinical research phase. More studies should be conducted in large
multicenter projects and include more than 1000 participants. This will enable to obtain
more accurate results before cfDNA can replace biopsy, which is often ineffective and
hazardous.

Study limitations:

(1) Projects with high application potential are subject to clinical trials, which does not
necessarily reflect the real scientific/industrial interest.

(2) Only two biggest international clinical trial databases were used. Minor national
databases were not taken into account.

5. Conclusions
Herein we have noticed:

(1) The analysis was based on 368 trials attended by over 250,000 participants, where 233
are still active or recruiting.

(2) The vast majority of 255 clinical trials are on oncology, 48 on NIPT, and 41 on trans-
plant medicine.

(3) The projects are performed using modern methods.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10090906/s1, Table S1: Clinical Trial analysis, Table S2: PRISMA-ScR checklist.
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