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Abstract: WHO has declared COVID-19 as a worldwide, public health emergency. The elderly,
pregnant women, and people with associated co-morbidities, including pulmonary disease, heart
failure, diabetes, and cancer are the most predisposed population groups to infection. Cell-free
DNA is a very commonly applied marker, which is elevated in various pathological conditions.
However, it has a much higher sensitivity than standard biochemical markers. cfDNA appears to be
an effective marker of COVID-19 complications, and also serves as a marker of certain underlying
health conditions and risk factors of severe illness during COVID-19 infection. We aimed to present
the possible mechanisms and sources of ¢fDNA released during moderate and severe infections.
Moreover, we attempt to verify how efficiently cfDNA increase could be applied in COVID-19 risk
assessment and how it corresponds with epidemiological data.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the greatest
worldwide pandemic of the 21st century. The consequences of coronavirus disease 2019
(COVID-19) have been significant for the economy, social life, and public health worldwide.
Most patients do not demonstrate symptoms, or are mildly symptomatic, but some people
infected with SARS-CoV-2 experience extensive inflammation and severe homeostasis
imbalance. A severe infection first begins in the respiratory system; however, this might be
followed by septic shock and multiple organ failure [1].

Cell-free DNA (cfDNA) has been studied extensively for last few decades; since
then, almost every aspect of the structure of cfDNA has been studied. Analysis of DNA
integrity allows to determine the process responsible for the release of cfDNA. Necrosis
or NETosis disintegrate a membrane and release random long fragments (<10,000 bp),
whereas apoptosis is preceded by the shrinkage of the cell, fragmentation into membrane-
bound apoptotic bodies, and the release of 180-200 bp fragments of DNA (Figure 1) [2].
The most common method used for the quantification of cfDNA isolated from body fluids
is quantitative real-time PCR (qPCR), based on TagMan gene expression assay. Of note,
cfDNA extraction is also possible from unpurified plasma [3], and using direct qJPCR, which
seems to be a sufficiently sensitive procedure for the quantification of cfDNA concentrations,
might find broad applicability. The detection precision is rising and this is followed by new,
more sensitive methods, such as ddPCR [3].

Currently, during COVID-19 infection, patient assessment is based on standard di-
agnostic markers, such as CRP, creatine, procalcitonin, or cytokines. However, cfDNA
seems to be tremendously more sensitive compared to them [4]; moreover, fast kinetics
within minutes allows much better monitoring comparing to CRP (with half-life of 19 h) [5].
As mentioned above, circulating cfDNA can increase via numerous mechanisms and in
response to a variety of pathophysiological factors. This suggests its limited specificity as
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a biomarker of complications of COVID-19 infection. However, CRP also has a relatively
low specificity, but is commonly used to evaluate the severity of inflammatory responses to
various factors, including bacterial, viral, fungal infection, sepsis, septic shock, or trauma.
Serum CRP is also elevated in patients with cancer. Similarly, procalcitonin, which is useful
marker of bacteremia, and sepsis could be elevated in pediatric patients with immuno-
logical disorders [6]. In addition, other non-infectious causes of systemic inflammation
(e.g., trauma, surgery, burn injury, chronic kidney disease) have been reported to increase
circulating procalcitonin [7,8]. Therefore, cfDNA could serve as an additional biomarker of
serious complications that threaten the lives of patients infected with COVID-19.
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Figure 1. ACE2 as the entry receptor for SARS-CoV-2 and possible sources of cfDNA during
COVID-19 infection.

Substantial evidence indicates that angiotensin-converting enzyme 2 (ACE2) is the key
factor in COVID-19 infection (Figure 1). Physiologically, ACE2 cleaves the angiotensin I
hormone into vasoconstricting angiotensin II. However, ACE2 also serves as an entry point
into cells for some coronaviruses, including SARS-CoV-2 [9]. ACE2 is an enzyme attached
to the cell membranes of cells located in the lungs (lung type II alveolar cells), arteries and
veins (endothelial cells), intestines (enterocytes of the small intestine), and arterial smooth
muscle cells, and in most organs (e.g., heart and kidney) [10].

The binding of SARS-CoV-2 to host cell ACE2 may dysregulate erythropoiesis through
the downstream angiotensin II pathway. Moreover, it was found that angiotensin II reg-
ulates normal erythropoiesis and promotes early erythroid proliferation through unclear
downstream mechanisms [11-13]. Lui et al. (2002) suggested that cfDNA originates from
hematopoietic cells [14]. Therefore, a significant increase in ¢fDNA derived from red blood
progenitor cells may be caused by injury to red cell precursors through direct or indirect
processes [15,16].

cfDNA plays an essential role in immune system homeostasis. Cells are treated with
native plasma expressed genes, whose products maintain immune system homeostasis. The
cells treated with plasma after DNAse directly elevate production of mRNA for interleukin
8. These also upregulated complement compounds at the proteomic level [17]. The
molecular mechanism of cfDNA is similar to that of other damage associated molecular
patterns (DAMPs), which can stimulate proinflammatory activity though the TLR9 receptor.
The principal cytosolic DNA pathway seems to be stimulator of interferon genes (STING),
which activates TANK binding kinase 1 (TBK1) and IEN [18]. In addition, proinflammatory
cfDNA, either in the presence or absence of histones, has been shown to modulate several
procoagulant pathways by stimulating thrombosis or inhibiting fibrinolytic activity [19,20].

Recently, various types of cfDNA-based therapies have been tested; for instance,
recombinant human DNase (thDNase) has been used in sepsis, but also in COVID-19 [21].
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Furthermore, nucleic acid-binding nanoparticles (NABN) and polymers (NABPs) have
been successfully applied in sepsis or influenza infection [22,23]. Of note, all experiments
were characterized with positive therapy effects.

NETosis is a unique form of immune cell death that is characterized by a release of
decondensed chromatin into the extracellular space to catch a pathogen. cfDNA and other
DAMP molecules, such as citrullinated histones H3 and myeloperoxidase, are major struc-
tural elements of NETs. Numerous reports have suggested a fundamental role of NETosis
in COVID-19 infection [24-27]. Hardly any cell-free DNA molecules can be detected in
the blood of healthy individuals. However, in the case of severe tissue or organ damage,
the blood might be full of released DNA long before the spread of infection. Nevertheless,
under normal physiological conditions, even if dying cells release their remnants, they
are efficiently removed. Structural compartments are cleared mainly by the liver, whereas
cfDNA is rapidly degraded by endonucleases. Thus, under physiological conditions,
cellular remnants or cfDNA are normally not inflammatory due to their fast degradation.

Due to persistent excretion or inefficient clearance, circulating cfDNA exhibit a nega-
tive effect on body hemostasis. In this manuscript, we raise the question of if it might be an
important element of COVID-19 pathogenesis. Currently, numerous reports present the ap-
plication of cell-free DNA as a marker in many age-related and pathological conditions, such
as cancer, diabetes, sepsis, aseptic inflammation, as well as in transplantations [28]. Mea-
surements of cell-free DNA in serum or plasma are minimally invasive and highly precise
diagnostic methods, providing real-time observation for a wide spectrum of pathologies,
including COVID-19. ¢fDNA detection as a diagnostic method can be applied relatively
easily, even in unpurified blood [3].

The aim of the present review is to verify how efficiently cfDNA increase could be
applied to COVID-19 risk assessment, and how it corresponds with epidemiological data.
Furthermore, we tried to explain the reasons for the increase in cfDNA during the course
of COVID-19 infection, starting from moderate infection, and ending with advanced sepsis
and multi-organ failure.

2. cfDNA and Risk of COVID-19
2.1. Age, Obesity and Diabetes

There is a long list of conditions that might increase the risk for severe illness from
COVID-19. According to the World Health Organization (WHO), COVID-19 mortality
is strongly related to patient age and obesity. The mortality risk rises significantly with
age, especially after the age of sixty. At the ages of 0-20 or 20-30, the mortality rate is
0.2%, whereas over 80 years of age, it can be as high as 13-14%. Moreover, patients with
obesity and diabetes are also at risk of severe COVID-19. Lighter et al. demonstrated that
patients with COVID-19 and a BMI between 30 and 34.9 were two times more likely to
be admitted to a critical care unit than patients without obesity [29]. Three meta-analyses
confirmed that obesity could increase the risk of infection and poor outcome in patients
with COVID-19 [30-32]. However, obesity status for cancer patients was not associated
with mortality [33]. Al Sabath et al. (2020) suggested that patients with both obesity
and diabetes must be categorized as a high-risk group [34]. This was confirmed by two
independent meta-analyses [35,36].

There is more and more evidence that cell-free DNA could serve as a marker of human
aging or obesity [37-40]. Increased levels of body fat may increase levels of proinflam-
matory cytokines, resulting in a state of chronic inflammation or oxidative stress, leading
to the processes of apoptosis and necrosis. MPO-DNA complexes, one of the markers
of NETosis, was found to be at a high level in a group of patients with obesity who un-
derwent sleeve gastrectomy compared to healthy controls. Interestingly, patients with
reduced MPO-DNA complexes after surgery presented a reduced body weight and BMI
and an improved glycemic status. On the other hand, a sub-group with persisting high
levels of MPO-DNA complexes after surgical treatment had a history of stroke and throm-
boembolism, and, therefore, may represent a high CV risk population. This may suggest



Viruses 2022, 14, 321

4 of 14

that only weight loss may not modify neutrophil activation [41]. Moreover, evidence
indicates an association of NET formation in the pathophysiology and complication of
diabetes [42—44]. In addition, it is well known that, after forty years of age, the risk of
multiple disorders, including cardiovascular disease, hypertension, or diabetes, increases.
Moreover, age-associated accumulation of metabolites or cell debris might be linked with
chronic systemic inflammation.

2.2. Vitamin D Deficiency

Hypovitaminosis D, as well as diabetes, cardiovascular events, and associated co-
morbidities, are the main causes of severe clinical complications in COVID-19 patients.
However, the effect of Vitamin D on the severity and outcome of COVID-19 has not yet
been fully recognized. Many recent reports indicate a prevention or treatment effect of
vitamin D on the course of COVID-19 [45-47]. Vitamin D deficiency has been described as
a risk factor in the development of inflammatory processes, such as acute lung injury, acute
respiratory distress syndrome (ARDS), and infectious diseases, such as respiratory tract
infections. Bearing in mind the fact that vitamin D plays an important function in immunity,
its supplementation might enhance the immune system of COVID-19 patients and reduce
the severity of the disease in vitamin D-deficient individuals through modulation of the
innate and adaptive immune systems [48].

Interestingly, vitamin D treatment significantly reduces the level of cell-free DNA,
proinflammatory factors, and NETosis level [49,50]. The combined blood vitamin D status
and cell-free DNA level might provide useful information regarding the clinical course,
the extent of lung involvement, and outcome of patients with COVID-19 [51]. However, a
recent meta-analysis shows contradictory reports. Borsche et al. recommend raising serum
25(OH)D levels [52]; on the other hand, Chen et al. claimed that low vitamin D levels
do not aggravate COVID-19 risk or death, and that vitamin D supplementation does not
improve outcomes in hospitalized patients with COVID-19 [53].

2.3. Cancer

According to WHO reports, some cancer patients might be at increased risk of serious
illness from COVID-19 infection. This is associated with the general weakening of the
body and immune system caused by the disease and therapy. On the other hand, cancer
patients benefit from taking certain medications. Reports suggested that dexamethasone
and tocilizumab may be beneficial in patients who receive either oxygen or mechanical
ventilation due to COVID-19. Tocilizumab is an anti-IL-6 receptor antibody that inhibits the
binding of IL-6 to IL-6 receptors, blocking IL-6 signaling and reducing inflammation, which
limits the development of a hypercytokinemia, also called a “cytokine storm”. This is a
physiological reaction characterized by a sudden release of cytokines in large quantities,
which might cause multisystem organ failure and even death (more in Section 3.1) [54,55].
A higher incidence of COVID-19 with more severe symptoms has been noted in patients
with lung cancer [56-58]. Angiotensin-converting enzyme 2 (ACE2), being the only ex-
perimentally established SARS-CoV-2 receptor, could assist the virus in entering cells and
its expression level is considered to indicate predisposition to COVID-19. Elevated ACE2
expression was found in both lung tumors in non-small cell lung cancer (NSCLC), including
lung adenocarcinoma (LUAD), and lung squamous cell carcinoma (LUSC), compared to
normal tissues. This could explain why SARS-CoV-2 infection more frequently affects the
respiratory system than other body parts [59-61]. However, elevated ACE2 expression was
statistically related to a shortened overall survival rate in LUAD and a significantly longer
disease-free survival in LUSC, which implies a very complex connection between ACE2
and lung cancer, and the role of ACE2 expression [61].

There are currently hundreds of reports that confirm an altered level of cell-free
DNA in different types of cancer [62]. The release of cfDNA into body fluids is a result
of cancer development by malignant tissues, and also by surrounding tissues suffering
from starvation, hypoxia, or other factors associated with cell death. In fact, the use
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of cfDNA is potentially a minimally-invasive alternative option to biopsy for diagnosis
and could also be a tool for prognosis and predictive evaluations. Moreover, cfDNA
helps to distinguish between malignant and benign neoplasia, as well as controls, tumor
type, grade, lymph node status, primary tumor, and metastases of many organs, glands,
and tissues, including breast [63-65], prostate [66], colon [67], liver [68], ovary [69,70],
endometrium [71], thyroid [72], and lung [73].

2.4. Autoimmune Disease

In the literature, subjects with autoimmune diseases have been found to be at higher
risk of death from infections, and at higher risk of nonfatal infections compared to the
general population [74]. An increased risk of hospitalization or serious infections have
been reported in subjects with theumatoid arthritis (RA) and systemic lupus erythematosus
(SLE) [74].

Notably, it is not well known how coronavirus affects people with autoimmune
diseases, or those who take drugs that influence the immune system. However, in general,
drugs that treat autoimmune diseases, such as biologics and corticosteroids, may contribute
to a higher risk of severe viral infection [75]. As with cancer patients, RA patients taking
tocilizumab also benefit during COVID-19 infection [55].

It is worth pointing out that both SLE and RA are characterized by a significantly
increased level of cell-free DNA [76,77]. In SLE, cfDNA was increased by four times,
whereas in RA it was increased by three times [78]. The association of cfDNA levels with
serological parameters in both diseases, e.g., anti-dsDNA in SLE and RA, suggests that
cfDNA reflects common processes involved in both diseases, including inflammation and
cell death [76].

2.5. Recipients for Organ Transplantation

COVID-19 appears to put patients with cardiovascular diseases, as well as those
on immunosuppressive medication due to organ transplantation, at risk. A noninvasive
strategy, involving the use of measurements of donor-derived cell-free DNA (dd-cfDNA),
is employed in order to prevent acute rejection in heart and kidney transplant recipients.
Plasma dd-cfDNA has shown a high negative predictive value for acute rejection, but
it might also be equally effective in identification of other forms of cardiac injury, such
as vasculopathy. In the context of COVID-19, noninvasive monitoring of rejection is
advantageous as it allows to minimize a patient’s contact with the healthcare system. An
increase in dd-cfDNA in a heart transplant patient suggests subclinical allograft damage
caused by viral infection. Patients receiving immunosuppressive therapy may persistently
appear to be virus-positive. Thus, it is difficult to make recommendations regarding the
length of a patient’s self-quarantine and the timing required to make personal appointments
with a cardiologist to undergo tests [79].

In kidney transplantation procedures, the dd-cfDNA test for screening for rejection, as
well as clinical information, can enable to determine whether it is necessary for a transplant
recipient to visit a medical facility [80].

2.6. Respiratory System Diseases

The most common lung disease, other than cancer, is chronic obstructive pulmonary
disease (COPD), which increases the risk of severe illness associated with COVID-19 [81].
Main outcomes show that the prevalence of COPD in COVID-19 patients was low, but that
the risk of severity (63%) and mortality (60%) were high [82].

Smoking is most likely associated with progression and unfavorable outcomes of
COVID-19 [83]. Current smokers demonstrate increased gene expression of ACE2 than
former smokers and non-smokers [84,85]. There is further evidence that ACE2 expression
is closely related to nicotine exposure [86,87]. Hence, it can be concluded that smoking
affects ACE2 expression and consequently is a risk factor for COVID-19. Moreover, some
studies suggest that, upon admission to a hospital, circulating cfDNA level may serve as
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an effective tool for early diagnosis of smoke inhalation injury [88]. Patients demonstrated
elevated cfDNA levels and the levels correlated with hospitalization time. Cell-free DNA
appears to be a potentially valuable marker for severity and follow-up in patients with
smoke inhalation injuries. Cell-free DNA also correlated with CO intoxication levels and
daily cfDNA measurements reflected the recovery of hospitalized patients.

All outcomes related to admission, testing, screening, ventilation, recovery, and death
need to be evaluated in relation to smoking status and adjusted to comorbid conditions,
such as COPD. Leung et al. [89] demonstrated, in three separate cohorts with gene ex-
pression profiles from bronchial epithelial cells, that ACE-2 expression was significantly
elevated in COPD patients compared to control subjects. This evidence implies that COPD
patients display the machinery required for SARS-CoV-2 cellular entry. Plasma cfDNA
might offer a novel technique to identify COPD patients at increased risk of poor outcomes.
In COPD, cell-free DNA increases by more than four times, thus plasma cfDNA might offer
a novel technique to identify COPD patients at increased risk of poor outcomes [90].

3. cfDNA and COVID-19 Complications

The latest reports show that cfDNA levels positively correlated with the severity of
COVID-19 disease and confirm that the cf DNA profile noted upon admission allowed to
identify patients who later required intensive care or died during hospitalization (Figure 2).
The increase shown in this figure is an effect of the cumulative release of cfDNA from
different sources, depending on the actual location of the infection (lungs, blood immune
cells). The suggested scale of cfDNA growth is presented in Figure 3. Andargie et al.
demonstrated that the kidney, heart, lung, hematopoietic cells, vascular endothelium,
hepatocytes and adipocytes are the main sources of cfDNA in COVID-19 [91].

Asymptomatic infection or with few symptoms  Mild or moderate symptoms Wide spread of the infection
Asymptomatic Patient will Patient will
infection or with recover require
few symptoms themselves immediate
There is no need without any hospitalization,
of intervention; @ medication or PY including all
only observation hospitalization; supportive
and isolation are only monitoring = treatment
recommended is required .:""'

® O

cfDNA

|
. : cfDNA
increase is

increases

cfDNA
very low or
none

increases
by dozen
folds

by few
folds

Figure 2. COVID-19 management based on cell-free DNA analysis [92,93]. Schematic representation
of how to deal with a patient, based on the level of cfDNA, reflecting the current condition and the
stage of disease in the COVID-19 patient. Filled spots represent the potential cfDNA releasing organ
(details shown in Figure 3).
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3.1. Blood and Immune System

There is more and more evidence showing that accelerated progression of the COVID-19
disease is linked to excessive inflammation, called a “cytokine storm”, which causes major
systemic perturbations. This condition manifests as high fever, swelling, extreme tiredness,
and nausea. In some cases, the immune reaction can even result in death. A cytokine storm is
an early phase of sepsis, described by excessive inflammation [94]. Apart from proinflamma-
tory cytokines, COVID-19 seems to exhibit a dysregulated immune response, characterized by
sustained reduction of the peripheral lymphocyte counts, known as lymphopenia. Moreover,
the degree of lymphopenia has been shown to correlate with the severity of COVID-19 [61].
Therefore, viral sepsis is a clinical manifestation of severe or critically ill COVID-19 patients.
Understanding the mechanism of viral sepsis in COVID-19 will provide these patients with
better clinical care [95].

cfDNA is a well-established stress marker in many pathologies, including sepsis. The
inflammatory and oxidative stress caused by sepsis may increase cell apoptosis/necrosis,
and, as a consequence, increase many markers, as well as cell-free DNA levels. Patients
with sepsis have twenty-two times higher levels of cfDNA compared to non-septic patients.
Moreover, it was found that the level of cell-free DNA allows to categorize sepsis patients
admitted to emergency rooms into survivors and non-survivors [96,97].

Numerous reports suggest a fundamental role of NETosis in COVID-19 infection [24-27].
Virus-induced NETs can circulate in the blood in an uncontrolled way, leading to an ex-
treme systemic response by the body, followed by the production of immune complexes and
chemokines, finally increasing inflammation [26].

cfDNA, apart from citrullinated histones H3 and myeloperoxidase, is a major structural
element of NETs. Huckriede et al. observed increased H3 and cfDNA levels in critically ill
COVID-19 patients. They indicated the severity of a cellular injury. Moreover, the increase
in neutrophil counts shows a significant role of neutrophil response and the process of
NETosis in the disease [98,99].

The pathological effect of cfDNA (besides being proinflammatory) involves its ability
to trigger blood coagulation, as well as to inhibit clot lysis, which may lead to COVID-19
pathogenesis. This is done primarily through provoking macrovascular and microvascu-
lar thrombosis [100-103]. Damage to endothelial cells may contribute to occurrence of
COVID-19 coagulopathy and the prothrombic state [104].

In COVID-19 infection, pulmonary thrombosis appears to be a common consequence
of pneumonia and some clinicians recommend implementing anticoagulation therapy
(rather than prophylactic dosing) as routine management of patients with COVID-19,
believing it will be beneficial in preventing microvascular thrombosis [105].

cfDNA and other DAMPs molecules may have harmful effects on a host. An elevated
level of cfDNA appears to have a prognostic value in predicting the poor outcome in patho-
logical conditions, characterized by excessive activation of coagulation and inflammation.
Pharmacological strategies that inhibit NETosis or those which neutralize toxic effects of
cfDNA are a focus of attention for clinicians. It is possible that a combination of therapies
that reduce coagulation and inflammation will appear to be most beneficial [103].

3.2. Multiorgan Failure

The presence of coronavirus has been confirmed in the heart, liver, and blood of many
patients [106,107]. It is still unknown if COVID-19 directly targets these organs or if they
are damaged by extensive inflammation. A significant severe viral renal infection in some
patients could explain the increased risk of acute kidney injury in patients with COVID-19.
Cardiovascular complications occur frequently and are associated with poor prognosis.
Notably, of 100 COVID-19 patients who recovered from the disease, 78% had confirmed
cardiac problems and 60% had ongoing myocardial inflammation [108]. In addition, SARS-
CoV-2 was self-diagnosed in over 60% of patients [109]. ¢fDNA was higher in diabetic
patients with vascular complications in comparison to controls [110]. In addition, cfDNA
may also be used to assess allograft rejection and injury [111]. The mean concentration
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of cfDNA in patients with acute myocardial injury was 5-fold higher during the onset of
disease compared with healthy volunteers [112]. In ischemic heart disease, cfDNA increases
up to 50-fold compared with healthy controls [113,114].

General guidance published by the WHO does not provide information regarding
COVID-19 risks in patients with previously diagnosed thyroid issues. Moreover, there
is no information on whether patients with COVID-19 (symptomatic or asymptomatic),
who have not previously had thyroid problems, develop an endocrine thyroid dysfunction
after COVID-19 infection. Recent evidence shows that patients affected by COVID-19 and
demonstrating more severe symptoms have lower serum levels of fT3 and TSH compared
with controls. This may reflect direct damage to the thyroid or even pituitary gland by the
virus [115,116]. Moreover, there is a great deal of evidence of changes in cfDNA in patients
with a thyroid dysfunction, including thyroiditis, both benign and malignant [72,117].

Hepatic involvement in COVID-19 could be related to the direct cytopathic effect of
the virus, an uncontrolled immune reaction, sepsis, or drug-induced liver injury. In the
current pandemic, hepatic dysfunction has been observed in 14-53% of COVID-19 patients,
particularly in those with a severe course of disease. Cases of acute liver injury have been
reported and contribute to a higher mortality [118]. Thus, cfDNA seems to be an efficient
marker that can be applied, not only to hepatic problems, but also to all gastrointestinal
disorders [119].

Many classical biochemical markers clearly reflect organ damage. However, none of
them can be efficiently applied to a number of organs simultaneously.

As shown in Figure 3, cell-free DNA increase has been observed in almost all possible
COVID-19 complications. The increase ranges from 2-fold under psychosocial stress
conditions [120], 4-fold in chronic kidney disease [121] or lung disease, and up to 5-6-fold
in cardiovascular disease (even more in sepsis) [122-124].

From4-fold
anxiety, fear, lunginjury, acute prormma sl N
anger, loss of respiratory distress
smell andtaste syndrome, pneumonia
From 4-fold
HEART LIVER ! ' increase of cfONA
myocardialinjury, 14-53% have \ ~
sudden cardiac hepatic
death disfunction
oy From4-fold
. KIDNEYS increase of cfONA
§ept|c shock, 30% have moderate
intravascular 2
: or severe kidney
coagulation G
injury

Figure 3. Scheme showing the most common complications of COVID-19 in the context of cell-free
DNA fold changes [4,24,106,107,120-125].

4. Conclusions

cfDNA secretion in the course of COVID-19 infection might be associated with many
factors. Firstly, activated immune cells release significant amounts of circulating molecules,
including cfDNA. Secondly, infection with SARS-CoV-2 has been also shown to cause lung
complications, such as pneumonia or acute respiratory distress syndrome, in consequence
leading to an abnormally low level of oxygen in the blood. This leads to accumulation
of characteristic cfDNA indicators, such as free radicals, changes in pH, lactic acid, and
electrolytes. These processes, in consequence, cause cellular damage and death, leading to a
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release of cellular compartments, including nucleic acids. Lastly, wide distribution of ACE2
receptors allows a virus to experience multiorgan spread and extensive disease distribution.
However, a direct relationship between COVID-19 and ¢fDNA cannot be proven. However,
cfDNA appears to be an effective marker of COVID-19 complications, and also serves as
a marker of certain underlying health conditions and risk factors of severe illness during
COVID-19 infection.

Effective monitoring of factors associated with COVID-19 mortality can help to recog-
nize patients who are at higher risk of a poor prognosis. Good markers can provide an early
warning to initiate and facilitate appropriate interventions [125,126]. To sum up, cell-free
DNA is a marker with a wide spectrum of applications, successfully applied for many
different diseases. Moreover, it is also characterized by a much higher sensitivity than
standard biochemical markers [4,127]. To this end, cfDNA tests can be greatly improved by
adding a combination with several standard diagnostic biochemical biomarkers to them.

Author Contributions: Conceptualization, R.S. and E.P.; writing—original draft preparation, R.S.
and E.P; writing—review and editing, R.S. and E.P.;; funding acquisition, R.S. and D.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by NCN (National Science Centre, Poland) MINIATURA grant
number DEC-2020/04/X/NZ4/00154.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wu, Z.; Zhang, Q.; Ye, G.; Zhang, H.; Heng, B.C.; Fei, Y.; Zhao, B.; Zhou, ]. Structural and physiological changes of the human
body upon SARS-CoV-2 infection. J. Zhejiang Univ. Sci. B 2021, 22, 310-317. [CrossRef] [PubMed]

2. Jiang, P; Chan, CW,; Chan, K.C.; Cheng, S.H.; Wong, J.; Wong, VW.; Wong, G.L.; Chan, S.L.; Mok, T.S.; Chan, H.L.; et al.
Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients. Proc. Natl. Acad. Sci. USA 2015, 112,
E1317-E1325. [CrossRef] [PubMed]

3.  Breitbach, S.; Tug, S.; Helmig, S.; Zahn, D.; Kubiak, T.; Michal, M.; Gori, T.; Ehlert, T.; Beiter, T.; Simon, P. Direct quantification of
cell-free, circulating DNA from unpurified plasma. PLoS ONE 2014, 9, e87838. [CrossRef] [PubMed]

4.  Stawski, R.; Walczak, K.; Kosielski, P.; Meissner, P.; Budlewski, T.; Padula, G.; Nowak, D. Repeated bouts of exhaustive exercise
increase circulating cell free nuclear and mitochondrial DNA without development of tolerance in healthy men. PLoS ONE 2017,
12, e€0178216. [CrossRef]

5. Povoa, P. C-reactive protein: A valuable marker of sepsis. Intensive Care Med. 2002, 28, 235-243. [CrossRef]

6. Dornbusch, H.J.; Strenger, V.; Sovinz, P.; Lackner, H.; Schwinger, W.; Kerbl, R.; Urban, C. Non-infectious causes of elevated
procalcitonin and C-reactive protein serum levels in pediatric patients with hematologic and oncologic disorders. Supportive Care
Cancer 2008, 16, 1035-1040. [CrossRef]

7. Becker, K.L.; Snider, R.; Nylen, E.S. Procalcitonin assay in systemic inflammation, infection, and sepsis: Clinical utility and
limitations. Crit. Care Med. 2008, 36, 941-952. [CrossRef]

8.  Gilbert, D.N. Role of Procalcitonin in the Management of Infected Patients in the Intensive Care Unit. Infect. Dis. Clin. N. Am.
2017, 31, 435-453. [CrossRef]

9. Zhang, H.; Penninger, ].M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586-590. [CrossRef]

10. Hamming, I.; Timens, W.; Bulthuis, M.L.; Lely, A.T.; Navis, G.; van Goor, H. Tissue distribution of ACE2 protein, the functional
receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631-637. [CrossRef]

11. Mrug, M,; Stopka, T.; Julian, B.A.; Prchal, J.E; Prchal, J.T. Angiotensin II stimulates proliferation of normal early erythroid
progenitors. J. Clin. Investig. 1997, 100, 2310-2314. [CrossRef] [PubMed]

12.  Kim, Y.C.; Mungunsukh, O.; McCart, E.A.; Roehrich, PJ.; Yee, D.K.; Day, R-M. Mechanism of erythropoietin regulation by
angiotensin II. Mol. Pharmacol. 2014, 85, 898-908. [CrossRef] [PubMed]

13.  Vlahakos, D.V.; Marathias, K.P.; Madias, N.E. The Role of the Renin-Angiotensin System in the Regulation of Erythropoiesis. Am.
J. Kidney Dis. 2010, 56, 558-565. [CrossRef] [PubMed]

14. Lui, Y.Y,; Chik, KW.; Chiu, RW,; Ho, C.Y.; Lam, C.W,; Lo, Y.M. Predominant hematopoietic origin of cell-free DNA in plasma and
serum after sex-mismatched bone marrow transplantation. Clin. Chem. 2002, 48, 421-427. [CrossRef]

15. Cavezzi, A.; Troiani, E.; Corrao, S. COVID-19: Hemoglobin, iron, and hypoxia beyond inflammation. A narrative review. Clin.
Pract. 2020, 10, 1271. [CrossRef] [PubMed]

16. Cheng, A.P; Cheng, M.P; Gu, W,; Lenz, |.S.; Hsu, E.; Schurr, E.; Bourque, G.; Bourgey, M.; Ritz, J.; Marty, E; et al. Cell-Free DNA

in Blood Reveals Significant Cell, Tissue and Organ Specific injury and Predicts COVID-19 Severity. Medrxiv Prepr. Serv. Health
Sci. 2020. [CrossRef]


http://doi.org/10.1631/jzus.B2000523
http://www.ncbi.nlm.nih.gov/pubmed/33835765
http://doi.org/10.1073/pnas.1500076112
http://www.ncbi.nlm.nih.gov/pubmed/25646427
http://doi.org/10.1371/journal.pone.0087838
http://www.ncbi.nlm.nih.gov/pubmed/24595313
http://doi.org/10.1371/journal.pone.0178216
http://doi.org/10.1007/s00134-002-1209-6
http://doi.org/10.1007/s00520-007-0381-1
http://doi.org/10.1097/CCM.0B013E318165BABB
http://doi.org/10.1016/j.idc.2017.05.003
http://doi.org/10.1007/s00134-020-05985-9
http://doi.org/10.1002/path.1570
http://doi.org/10.1172/JCI119769
http://www.ncbi.nlm.nih.gov/pubmed/9410909
http://doi.org/10.1124/mol.113.091157
http://www.ncbi.nlm.nih.gov/pubmed/24695083
http://doi.org/10.1053/j.ajkd.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20400218
http://doi.org/10.1093/clinchem/48.3.421
http://doi.org/10.4081/cp.2020.1271
http://www.ncbi.nlm.nih.gov/pubmed/32509258
http://doi.org/10.1101/2020.07.27.20163188

Viruses 2022, 14, 321 10 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Korabecna, M.; Zinkova, A.; Brynychova, L.; Chylikova, B.; Prikryl, P; Sedova, L.; Neuzil, P.; Seda, O. Cell-free DNA in plasma as
an essential immune system regulator. Sci. Rep. 2020, 10, 17478. [CrossRef]

Volkman, H.E.; Cambier, S.; Gray, E.E.; Stetson, D.B. Tight nuclear tethering of cGAS is essential for preventing autoreactivity.
eLife 2019, 8, e47491. [CrossRef] [PubMed]

Gould, TJ.; Vu, T.T; Stafford, A.R.; Dwivedi, D.].; Kim, P.Y.; Fox-Robichaud, A.E.; Weitz, J.I.; Liaw, P.C. Cell-Free DNA Modulates
Clot Structure and Impairs Fibrinolysis in Sepsis. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 2544-2553. [CrossRef]

Gould, TJ.; Vu, T.T,; Swystun, L.L.; Dwivedi, D.J.; Mai, S.H.; Weitz, ].I; Liaw, P.C. Neutrophil extracellular traps promote thrombin
generation through platelet-dependent and platelet-independent mechanisms. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1977-1984.
[CrossRef]

Weber, A.G.; Chau, A.S,; Egeblad, M.; Barnes, B.]. Nebulized in-line endotracheal dornase alfa and albuterol administered to
mechanically ventilated COVID-19 patients: A case series. Mol. Med. 2020, 26, 91. [CrossRef] [PubMed]

Dawulieti, J.; Sun, M.; Zhao, Y.; Shao, D.; Yan, H.; Lao, Y.-H.; Hu, H.; Cui, L.; Lv, X;; Liu, E; et al. Treatment of severe sepsis with
nanoparticulate cell-free DNA scavengers. Sci. Adv. 2020, 6, eaay7148. [CrossRef] [PubMed]

Holl, E.K.; Shumansky, K.L.; Borst, L.B.; Burnette, A.D.; Sample, C.J.; Ramsburg, E.A_; Sullenger, B.A. Scavenging nucleic acid
debris to combat autoimmunity and infectious disease. Proc. Natl. Acad. Sci. USA 2016, 113, 9728-9733. [CrossRef] [PubMed]
Gupta, S.; Sahni, V. The intriguing commonality of NETosis between COVID-19 & Periodontal disease. Med. Hypotheses 2020, 144,
109968. [CrossRef] [PubMed]

Akgun, E.; Tuzuner, M.B.; Sahin, B.; Kilercik, M.; Kulah, C.; Cakiroglu, H.N.; Serteser, M. Proteins associated with neutrophil
degranulation are upregulated in nasopharyngeal swabs from SARS-CoV-2 patients. PLoS ONE 2020, 15, e0240012. [CrossRef]
[PubMed]

Mozzini, C.; Girelli, D. The role of Neutrophil Extracellular Traps in Covid-19: Only an hypothesis or a potential new field of
research? Thromb. Res. 2020, 191, 26-27. [CrossRef]

Abrams, S.T.; Morton, B. A Novel Assay for Neutrophil Extracellular Trap Formation Independently Predicts Disseminated
Intravascular Coagulation and Mortality in Critically Ill Patients. Am. J. Respir. Crit. Care Med. 2019, 200, 869-880. [CrossRef]
McGonagle, D.; O’Donnell, ].S.; Sharif, K.; Emery, P.; Bridgewood, C. Inmune mechanisms of pulmonary intravascular coagu-
lopathy in COVID-19 pneumonia. Lancet Rheumatol. 2020, 2, e437-e445. [CrossRef]

Lighter, J.; Phillips, M.; Hochman, S.; Sterling, S.; Johnson, D.; Francois, F.; Stachel, A. Obesity in Patients Younger Than 60 Years
Is a Risk Factor for COVID-19 Hospital Admission. Clin. Infect. Dis. 2020, 71, 896-897. [CrossRef]

Pranata, R.; Lim, M.A_; Yonas, E.; Vania, R.; Lukito, A.A ; Siswanto, B.B.; Meyer, M. Body mass index and outcome in patients
with COVID-19: A dose-response meta-analysis. Diabetes Metab. 2021, 47,101178. [CrossRef]

Yang, J.; Ma, Z.; Lei, Y. A meta-analysis of the association between obesity and COVID-19. Epidemiol. Infect. 2020, 149, ell.
[CrossRef] [PubMed]

Malik, V.S.; Ravindra, K. Higher body mass index is an important risk factor in COVID-19 patients: A systematic review and
meta-analysis. Environ. Sci. Pollut. Res. 2020, 27, 42115-42123. [CrossRef] [PubMed]

Kuderer, N.M.; Choueiri, T.K.; Shah, D.P; Shyr, Y.; Rubinstein, S.M.; Rivera, D.R.; Shete, S.; Hsu, C.Y.; Desai, A.; de Lima Lopes, G.,
Jr.; et al. Clinical impact of COVID-19 on patients with cancer (CCC19): A cohort study. Lancet 2020, 395, 1907-1918. [CrossRef]
Al-Sabah, S.; Al-Haddad, M. COVID-19: Impact of obesity and diabetes on disease severity. Clin. Obes. 2020, 10, e12414.
[CrossRef] [PubMed]

Parohan, M.; Yaghoubi, S.; Seraji, A.; Javanbakht, M.H.; Sarraf, P.; Djalali, M. Risk factors for mortality in patients with
Coronavirus disease 2019 (COVID-19) infection: A systematic review and meta-analysis of observational studies. Aging Male
2020, 23, 1416-1424. [CrossRef] [PubMed]

Wu, Z.H,; Tang, Y.; Cheng, Q. Diabetes increases the mortality of patients with COVID-19: A meta-analysis. Acta Diabetol. 2021,
58,139-144. [CrossRef] [PubMed]

Teo, Y.V.; Capri, M.; Morsiani, C.; Pizza, G.; Faria, A.M.C.; Franceschi, C.; Neretti, N. Cell-free DNA as a biomarker of aging.
Aging Cell 2019, 18, €12890. [CrossRef] [PubMed]

Erichsen, L.; Beermann, A.; Arauzo-Bravo, M.].; Hassan, M.; Dkhil, M.A.; Al-Quraishy, S.; Hafiz, T.A.; Fischer, ].C.; Santourlidis, S.
Genome-wide hypomethylation of LINE-1 and Alu retroelements in cell-free DNA of blood is an epigenetic biomarker of human
aging. Saudi J. Biol. Sci. 2018, 25, 1220-1226. [CrossRef]

Camuzi Zovico, P.V.,; Gasparini Neto, V.H.; Venancio, F.A.; Soares Miguel, G.P.; Graga Pedrosa, R.; Kenji Haraguchi, F; Barauna,
V.G. Cell-free DNA as an obesity biomarker. Physiol. Res. 2020, 69, 515-520. [CrossRef]

Nishimoto, S.; Fukuda, D.; Higashikuni, Y.; Tanaka, K.; Hirata, Y. Obesity-induced DNA released from adipocytes stimulates
chronic adipose tissue inflammation and insulin resistance. Sci. Adv. 2016, 2, €1501332. [CrossRef] [PubMed]

D’Abbondanza, M.; Martorelli, E.E.; Ricci, M.A.; De Vuono, S.; Migliola, E.N.; Godino, C.; Corradetti, S.; Siepi, D.; Paganelli, M.T.;
Maugeri, N. Increased plasmatic NETs by-products in patients in severe obesity. Sci. Rep. 2019, 9, 14678. [CrossRef] [PubMed]
Park, ].H.; Kim, J.E.; Gu, ].Y,; Yoo, H.J.; Park, S.H.; Kim, Y.I.; Nam-Goong, L.S.; Kim, E.S.; Kim, H K. Evaluation of Circulating
Markers of Neutrophil Extracellular Trap (NET) Formation as Risk Factors for Diabetic Retinopathy in a Case-Control Association
Study. Exp. Clin. Endocrinol. Diabetes 2016, 124, 557-561. [CrossRef] [PubMed]


http://doi.org/10.1038/s41598-020-74288-2
http://doi.org/10.7554/eLife.47491
http://www.ncbi.nlm.nih.gov/pubmed/31808743
http://doi.org/10.1161/ATVBAHA.115.306035
http://doi.org/10.1161/ATVBAHA.114.304114
http://doi.org/10.1186/s10020-020-00215-w
http://www.ncbi.nlm.nih.gov/pubmed/32993479
http://doi.org/10.1126/sciadv.aay7148
http://www.ncbi.nlm.nih.gov/pubmed/32523983
http://doi.org/10.1073/pnas.1607011113
http://www.ncbi.nlm.nih.gov/pubmed/27528673
http://doi.org/10.1016/j.mehy.2020.109968
http://www.ncbi.nlm.nih.gov/pubmed/32534340
http://doi.org/10.1371/journal.pone.0240012
http://www.ncbi.nlm.nih.gov/pubmed/33079950
http://doi.org/10.1016/j.thromres.2020.04.031
http://doi.org/10.1164/rccm.201811-2111OC
http://doi.org/10.1016/S2665-9913(20)30121-1
http://doi.org/10.1093/cid/ciaa415
http://doi.org/10.1016/j.diabet.2020.07.005
http://doi.org/10.1017/S0950268820003027
http://www.ncbi.nlm.nih.gov/pubmed/33349290
http://doi.org/10.1007/s11356-020-10132-4
http://www.ncbi.nlm.nih.gov/pubmed/32710359
http://doi.org/10.1016/S0140-6736(20)31187-9
http://doi.org/10.1111/cob.12414
http://www.ncbi.nlm.nih.gov/pubmed/33079448
http://doi.org/10.1080/13685538.2020.1774748
http://www.ncbi.nlm.nih.gov/pubmed/32508193
http://doi.org/10.1007/s00592-020-01546-0
http://www.ncbi.nlm.nih.gov/pubmed/32583078
http://doi.org/10.1111/acel.12890
http://www.ncbi.nlm.nih.gov/pubmed/30575273
http://doi.org/10.1016/j.sjbs.2018.02.005
http://doi.org/10.33549/physiolres.934242
http://doi.org/10.1126/sciadv.1501332
http://www.ncbi.nlm.nih.gov/pubmed/27051864
http://doi.org/10.1038/s41598-019-51220-x
http://www.ncbi.nlm.nih.gov/pubmed/31604985
http://doi.org/10.1055/s-0042-101792
http://www.ncbi.nlm.nih.gov/pubmed/27420129

Viruses 2022, 14, 321 11 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Menegazzo, L.; Ciciliot, S.; Poncina, N.; Mazzucato, M.; Persano, M.; Bonora, B.; Albiero, M.; Vigili de Kreutzenberg, S.; Avogaro,
A.; Fadini, G.P. NETosis is induced by high glucose and associated with type 2 diabetes. Acta Diabetol. 2015, 52, 497-503.
[CrossRef] [PubMed]

Wang, Y.; Xiao, Y.; Zhong, L.; Ye, D.; Zhang, ].; Tu, Y,; Bornstein, S.R.; Zhou, Z.; Lam, K.S.; Xu, A. Increased neutrophil elastase and
proteinase 3 and augmented NETosis are closely associated with (3-cell autoimmunity in patients with type 1 diabetes. Diabetes
2014, 63, 4239-4248. [CrossRef]

Ye, K.; Tang, F; Liao, X.; Shaw, B.A.; Deng, M.; Huang, G.; Qin, Z.; Peng, X.; Xiao, H.; Chen, C.; et al. Does Serum Vitamin D Level
Affect COVID-19 Infection and Its Severity?-A Case-Control Study. J. Am. Coll. Nutr. 2021, 40, 724-731. [CrossRef]

Maghbooli, Z.; Sahraian, M. A.; Ebrahimi, M.; Pazoki, M.; Kafan, S.; Tabriz, H.M.; Hadadi, A.; Montazeri, M.; Nasiri, M.; Shirvani,
A.; et al. Vitamin D sufficiency, a serum 25-hydroxyvitamin D at least 30 ng/mL reduced risk for adverse clinical outcomes in
patients with COVID-19 infection. PLoS ONE 2020, 15, e0239799. [CrossRef]

Arvinte, C.; Singh, M.; Marik, PE. Serum Levels of Vitamin C and Vitamin D in a Cohort of Critically Ill COVID-19 Patients
of a North American Community Hospital Intensive Care Unit in May 2020: A Pilot Study. Med. Drug Discov. 2020, 8, 100064.
[CrossRef]

Honardoost, M.; Ghavideldarestani, M.; Khamseh, M.E. Role of vitamin D in pathogenesis and severity of COVID-19 infection.
Arch. Physiol. Biochem. 2020, 1-7. [CrossRef]

Chen, C.; Weng, H.; Zhang, X.; Wang, S.; Lu, C,; Jin, H.; Chen, S.; Liu, Y.; Sheng, A.; Sun, Y. Low-Dose Vitamin D Protects
Hyperoxia-Induced Bronchopulmonary Dysplasia by Inhibiting Neutrophil Extracellular Traps. Front. Pediatr. 2020, 8, 335.
[CrossRef]

Handono, K;; Sidarta, Y.O.; Pradana, B.A.; Nugroho, R.A.; Hartono, I.A.; Kalim, H.; Endharti, A.T. Vitamin D prevents endothelial
damage induced by increased neutrophil extracellular traps formation in patients with systemic lupus erythematosus. Acta Med.
Indones. 2014, 46, 189-198.

Abrishami, A.; Dalili, N.; Mohammadi Torbati, P.; Asgari, R.; Arab-Ahmadi, M.; Behnam, B.; Sanei-Taheri, M. Possible association
of vitamin D status with lung involvement and outcome in patients with COVID-19: A retrospective study. Eur. |. Nutr. 2020, 60,
2249-2257. [CrossRef] [PubMed]

Borsche, L.; Glauner, B.; von Mendel, ]. COVID-19 Mortality Risk Correlates Inversely with Vitamin D3 Status, and a Mortality
Rate Close to Zero Could Theoretically Be Achieved at 50 ng/mL 25(OH)D3: Results of a Systematic Review and Meta-Analysis.
Nutrients 2021, 13, 3596. [CrossRef] [PubMed]

Chen, J.; Mei, K;; Xie, L.; Yuan, P; Ma, J.; Yu, P; Zhu, W.; Zheng, C.; Liu, X. Low vitamin D levels do not aggravate COVID-19 risk
or death, and vitamin D supplementation does not improve outcomes in hospitalized patients with COVID-19: A meta-analysis
and GRADE assessment of cohort studies and RCTs. Nutr. J. 2021, 20, 89. [CrossRef] [PubMed]

Group, R.C,; Horby, P; Lim, W.S.; Emberson, J.R.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski,
A.; et al. Dexamethasone in Hospitalized Patients with Covid-19. N. Engl. ]. Med. 2021, 384, 693-704. [CrossRef]

Group, R.C. Tocilizumab in patients admitted to hospital with COVID-19 (RECOVERY): A randomised, controlled, open-label,
platform trial. Lancet 2021, 397, 1637-1645. [CrossRef]

Liang, W.; Guan, W.; Chen, R.; Wang, W.; Li, J.; Xu, K.; Li, C; Ai, Q.; Lu, W,; Liang, H.; et al. Cancer patients in SARS-CoV-2
infection: A nationwide analysis in China. Lancet Oncol. 2020, 21, 335-337. [CrossRef]

Zhang, L.; Zhu, F; Xie, L.; Wang, C.; Wang, J.; Chen, R,; Jia, P; Guan, H.Q.; Peng, L.; Chen, Y,; et al. Clinical characteristics of
COVID-19-infected cancer patients: A retrospective case study in three hospitals within Wuhan, China. Ann. Oncol. 2020, 31,
894-901. [CrossRef]

Yu, J.; Ouyang, W.; Chua, M.L.K;; Xie, C. SARS-CoV-2 Transmission in Patients With Cancer at a Tertiary Care Hospital in Wuhan,
China. JAMA Oncol. 2020, 6, 1108-1110. [CrossRef]

Yan, R; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444-1448. [CrossRef]

Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.Y,; et al. Structural and Functional Basis
of SARS-CoV-2 Entry by Using Human ACE2. Cell 2020, 181, 894-904.e899. [CrossRef]

Liu, J.; Li, S; Liu, J.; Liang, B.; Wang, X.; Wang, H.; Li, W.; Tong, Q.; Yi, J.; Zhao, L.; et al. Longitudinal characteristics of
lymphocyte responses and cytokine profiles in the peripheral blood of SARS-CoV-2 infected patients. EBioMedicine 2020, 55,
102763. [CrossRef] [PubMed]

Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The emerging role of cell-free DNA as a molecular marker for cancer management.
Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef] [PubMed]

Mahmoud, E.H.; Fawzy, A.; Ahmad, O.K.; Ali, A.M. Plasma Circulating Cell-free Nuclear and Mitochondrial DNA as Potential
Biomarkers in the Peripheral Blood of Breast Cancer Patients. Asian Pac. |. Cancer Prev. 2016, 16, 8299-8305. [CrossRef] [PubMed]
Kohler, C.; Radpour, R.; Barekati, Z.; Asadollahi, R.; Bitzer, ].; Wight, E.; Burki, N.; Diesch, C.; Holzgreve, W.; Zhong, X.Y. Levels
of plasma circulating cell free nuclear and mitochondrial DNA as potential biomarkers for breast tumors. Mol. Cancer 2009, 8, 105.
[CrossRef]

Nikiforova, M.N.; Tseng, G.C.; Steward, D.; Diorio, D.; Nikiforov, Y.E. MicroRNA expression profiling of thyroid tumors:
Biological significance and diagnostic utility. J. Clin. Endocrinol. Metab. 2008, 93, 1600-1608. [CrossRef]


http://doi.org/10.1007/s00592-014-0676-x
http://www.ncbi.nlm.nih.gov/pubmed/25387570
http://doi.org/10.2337/db14-0480
http://doi.org/10.1080/07315724.2020.1826005
http://doi.org/10.1371/journal.pone.0239799
http://doi.org/10.1016/j.medidd.2020.100064
http://doi.org/10.1080/13813455.2020.1792505
http://doi.org/10.3389/fped.2020.00335
http://doi.org/10.1007/s00394-020-02411-0
http://www.ncbi.nlm.nih.gov/pubmed/33123774
http://doi.org/10.3390/nu13103596
http://www.ncbi.nlm.nih.gov/pubmed/34684596
http://doi.org/10.1186/s12937-021-00744-y
http://www.ncbi.nlm.nih.gov/pubmed/34719404
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.1016/S0140-6736(21)00676-0
http://doi.org/10.1016/S1470-2045(20)30096-6
http://doi.org/10.1016/j.annonc.2020.03.296
http://doi.org/10.1001/jamaoncol.2020.0980
http://doi.org/10.1126/science.abb2762
http://doi.org/10.1016/j.cell.2020.03.045
http://doi.org/10.1016/j.ebiom.2020.102763
http://www.ncbi.nlm.nih.gov/pubmed/32361250
http://doi.org/10.1016/j.bdq.2019.100087
http://www.ncbi.nlm.nih.gov/pubmed/30923679
http://doi.org/10.7314/APJCP.2015.16.18.8299
http://www.ncbi.nlm.nih.gov/pubmed/26745076
http://doi.org/10.1186/1476-4598-8-105
http://doi.org/10.1210/jc.2007-2696

Viruses 2022, 14, 321 12 of 14

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

Allen, D.; Butt, A.; Cahill, D.; Wheeler, M.; Popert, R.; Swaminathan, R. Role of cell-free plasma DNA as a diagnostic marker for
prostate cancer. Ann. N. Y. Acad. Sci. 2004, 1022, 76-80. [CrossRef]

Spindler, K.L.; Pallisgaard, N.; Andersen, R.F.,; Brandslund, I.; Jakobsen, A. Circulating free DNA as biomarker and source for
mutation detection in metastatic colorectal cancer. PLoS ONE 2015, 10, e0108247. [CrossRef]

Okajima, W.; Komatsu, S.; Ichikawa, D.; Miyamae, M.; Ohashi, T.; Imamura, T.; Kiuchi, J.; Nishibeppu, K.; Arita, T.; Konishi,
H.; et al. Liquid biopsy in patients with hepatocellular carcinoma: Circulating tumor cells and cell-free nucleic acids. World J.
Gastroenterol. 2017, 23, 5650-5668. [CrossRef]

Kamat, A.A.; Baldwin, M.; Urbauer, D.; Dang, D.; Han, L.Y.; Godwin, A.; Karlan, B.Y.; Simpson, ].L.; Gershenson, D.M.; Coleman,
R.L.; et al. Plasma cell-free DNA in ovarian cancer: An independent prognostic biomarker. Cancer 2010, 116, 1918-1925. [CrossRef]
Zachariah, R.R.; Schmid, S.; Buerki, N.; Radpour, R.; Holzgreve, W.; Zhong, X. Levels of circulating cell-free nuclear and
mitochondrial DNA in benign and malignant ovarian tumors. Obstet. Gynecol. 2008, 112, 843-850. [CrossRef]

Cicchillitti, L.; Corrado, G.; De Angeli, M.; Mancini, E.; Baiocco, E.; Patrizi, L.; Zampa, A.; Merola, R.; Martayan, A.; Conti, L.; et al.
Circulating cell-free DNA content as blood based biomarker in endometrial cancer. Oncotarget 2017, 8, 115230-115243. [CrossRef]
[PubMed]

Perdas, E.; Stawski, R. Altered levels of circulating nuclear and mitochondrial DNA in patients with Papillary Thyroid Cancer.
Sci. Rep. 2019, 9, 14438. [CrossRef] [PubMed]

Peng, M.; Huang, Q.; Yin, W.; Tan, S.; Chen, C.; Liu, W,; Tang, J.; Wang, X.; Zhang, B.; Zou, M.; et al. Circulating Tumor DNA as a
Prognostic Biomarker in Localized Non-small Cell Lung Cancer. Front. Oncol. 2020, 10, 561598. [CrossRef] [PubMed]

Murtas, R.; Andreano, A.; Gervasi, F.; Guido, D.; Consolazio, D.; Tunesi, S.; Andreoni, L.; Greco, M.T.; Gattoni, M.E.; Sandrini,
M.; et al. Association between autoimmune diseases and COVID-19 as assessed in both a test-negative case-control and population
case-control design. Autoimmun. Highlights 2020, 11, 15. [CrossRef]

Youssef, J.; Novosad, S.A.; Winthrop, K.L. Infection Risk and Safety of Corticosteroid Use. Rheum. Dis. Clin. N. Am. 2016, 42,
157-176. [CrossRef] [PubMed]

Duvvuri, B.; Lood, C. Cell-Free DNA as a Biomarker in Autoimmune Rheumatic Diseases. Front. Immunol. 2019, 10, 502.
[CrossRef] [PubMed]

Xu, Y;; Song, Y.; Chang, J.; Zhou, X.; Qi, Q.; Tian, X,; Li, M.; Zeng, X.; Xu, M.; Zhang, W.,; et al. High levels of circulating cell-free
DNA are a biomarker of active SLE. Eur. |. Clin. Investig. 2018, 48, €13015. [CrossRef] [PubMed]

Abdelal, I.T.; Zakaria, M.A.; Sharaf, D.M.; Elakad, G.M. Levels of plasma cell-free DNA and its correlation with disease activity in
rheumatoid arthritis and systemic lupus erythematosus patients. Eqypt. Rheumatol. 2016, 38, 295-300. [CrossRef]

Sperry, B.W.; Khumri, T.M.; Kao, A.C. Donor-derived cell-free DNA in a heart transplant patient with COVID-19. Clin. Transplant.
2020, 34, e14070. [CrossRef]

Garg, N.; Hidalgo, L.G.; Aziz, F,; Parajuli, S.; Mohamed, M.; Mandelbrot, D.A.; Djamali, A. Use of Donor-Derived Cell-Free DNA
for Assessment of Allograft Injury in Kidney Transplant Recipients During the Time of the Coronavirus Disease 2019 Pandemic.
Transplant. Proc. 2020, 52, 2592-2595. [CrossRef] [PubMed]

Leung, ].M.; Niikura, M. COVID-19 and COPD. Eur. Respir. ]. 2020, 56, 73. [CrossRef] [PubMed]

Algahtani, ].S.; Oyelade, T.; Aldhahir, A.M.; Alghamdi, S.M.; Almehmadi, M.; Algahtani, A.S.; Quaderi, S.; Mandal, S.; Hurst, J.R.
Prevalence, Severity and Mortality associated with COPD and Smoking in patients with COVID-19: A Rapid Systematic Review
and Meta-Analysis. PLoS ONE 2020, 15, €0233147. [CrossRef] [PubMed]

Vardavas, C.I.; Nikitara, K. COVID-19 and smoking: A systematic review of the evidence. Tob. Induc. Dis. 2020, 18, 20. [CrossRef]
Van Zyl-Smit, R.N.; Richards, G.; Leone, F.T. Tobacco smoking and COVID-19 infection. Lancet Respir. Med. 2020, 8, 664-665.
[CrossRef]

Cai, G.; Bossé, Y. Tobacco Smoking Increases the Lung Gene Expression of ACE2, the Receptor of SARS-CoV-2. Am. |. Respir. Crit.
Care Med. 2020, 201, 1557-1559. [CrossRef] [PubMed]

Leung, ].M.; Yang, C.X,; Sin, D.D. COVID-19 and nicotine as a mediator of ACE-2. Eur. Respir. ]. 2020, 55, 2001261. [CrossRef]
[PubMed]

Russo, P; Bonassi, S.; Giacconi, R.; Malavolta, M. COVID-19 and smoking: Is nicotine the hidden link? Eur. Respir. J. 2020, 55,
2001116. [CrossRef] [PubMed]

Hayun, Y.; Shoham, Y.; Krieger, Y.; Silberstein, E.; Douvdevani, A.; Ad-El, D. Circulating cell-free DNA as a potential marker in
smoke inhalation injury. Medicine 2019, 98, €14863. [CrossRef]

Leung, ].M.,; Yang, C.X,; Tam, A.; Shaipanich, T.; Hackett, T.L.; Singhera, G.K.; Dorscheid, D.R.; Sin, D.D. ACE-2 expression in the
small airway epithelia of smokers and COPD patients: Implications for COVID-19. Eur. Respir. . 2020, 55, 2000688. [CrossRef]
Avriel, A.; Rozenberg, D.; Raviv, Y.; Heimer, D.; Bar-Shai, A.; Gavish, R.; Sheynin, ]J.; Douvdevani, A. Prognostic utility of
admission cell-free DNA levels in patients with chronic obstructive pulmonary disease exacerbations. Int. J. Chronic Obstr. Pulm.
Dis. 2016, 11, 3153-3161. [CrossRef]

Andargie, T.E.; Tsuji, N.; Seifuddin, F; Jang, M.K,; Yuen, P.S.T.; Kong, H.; Tunc, I.; Singh, K.; Charya, A.; Wilkins, K; et al.
Cell-free DNA maps COVID-19 tissue injury and risk of death and can cause tissue injury. JCI Insight 2021, 6, e147610. [CrossRef]
[PubMed]

Frank, M.O. Circulating Cell-Free DNA Differentiates Severity of Inflammation. Biol. Res. Nurs. 2016, 18, 477-488. [CrossRef]
Abbasi, ]. COVID-19 “Liquid Biopsy” Could Offer Monitoring, Prognostic Tool. JAMA. 2021, 325, 924. [CrossRef] [PubMed]


http://doi.org/10.1196/annals.1318.013
http://doi.org/10.1371/journal.pone.0108247
http://doi.org/10.3748/wjg.v23.i31.5650
http://doi.org/10.1002/cncr.24997
http://doi.org/10.1097/AOG.0b013e3181867bc0
http://doi.org/10.18632/oncotarget.23247
http://www.ncbi.nlm.nih.gov/pubmed/29383155
http://doi.org/10.1038/s41598-019-51000-7
http://www.ncbi.nlm.nih.gov/pubmed/31594998
http://doi.org/10.3389/fonc.2020.561598
http://www.ncbi.nlm.nih.gov/pubmed/33042842
http://doi.org/10.1186/s13317-020-00141-1
http://doi.org/10.1016/j.rdc.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26611557
http://doi.org/10.3389/fimmu.2019.00502
http://www.ncbi.nlm.nih.gov/pubmed/30941136
http://doi.org/10.1111/eci.13015
http://www.ncbi.nlm.nih.gov/pubmed/30079480
http://doi.org/10.1016/j.ejr.2016.06.005
http://doi.org/10.1111/ctr.14070
http://doi.org/10.1016/j.transproceed.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/32800517
http://doi.org/10.1183/13993003.02108-2020
http://www.ncbi.nlm.nih.gov/pubmed/32817205
http://doi.org/10.1371/journal.pone.0233147
http://www.ncbi.nlm.nih.gov/pubmed/32392262
http://doi.org/10.18332/tid/119324
http://doi.org/10.1016/S2213-2600(20)30239-3
http://doi.org/10.1164/rccm.202003-0693LE
http://www.ncbi.nlm.nih.gov/pubmed/32329629
http://doi.org/10.1183/13993003.01261-2020
http://www.ncbi.nlm.nih.gov/pubmed/32350104
http://doi.org/10.1183/13993003.01116-2020
http://www.ncbi.nlm.nih.gov/pubmed/32341101
http://doi.org/10.1097/MD.0000000000014863
http://doi.org/10.1183/13993003.00688-2020
http://doi.org/10.2147/COPD.S113256
http://doi.org/10.1172/jci.insight.147610
http://www.ncbi.nlm.nih.gov/pubmed/33651717
http://doi.org/10.1177/1099800416642571
http://doi.org/10.1001/jama.2021.2496
http://www.ncbi.nlm.nih.gov/pubmed/33687451

Viruses 2022, 14, 321 13 of 14

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Saleh, J.; Peyssonnaux, C.; Singh, K.K.; Edeas, M. Mitochondria and microbiota dysfunction in COVID-19 pathogenesis. Mitochon-
drion 2020, 54, 1-7. [CrossRef]

Li, H.; Liu, L.; Zhang, D.; Xu, J.; Dai, H.; Tang, N.; Su, X.; Cao, B. SARS-CoV-2 and viral sepsis: Observations and hypotheses.
Lancet 2020, 395, 1517-1520. [CrossRef]

Clementi, A.; Virzi, G.M.; Brocca, A.; Pastori, S.; de Cal, M.; Marcante, S.; Granata, A.; Ronco, C. The Role of Cell-Free Plasma
DNA in Critically Ill Patients with Sepsis. Blood Purif. 2016, 41, 34—-40. [CrossRef] [PubMed]

Long, Y.; Zhang, Y.; Gong, Y; Sun, R.; Su, L.; Lin, X,; Shen, A.; Zhou, J.; Caiji, Z.; Wang, X.; et al. Diagnosis of Sepsis with Cell-free
DNA by Next-Generation Sequencing Technology in ICU Patients. Arch. Med. Res. 2016, 47, 365-371. [CrossRef]

Huckriede, J.; Anderberg, S.B.; Morales, A.; Vries, F.d.; Hultstrom, M.; Bergqvist, A.; Ortiz, ].T.; Sels, ].W.; Wichapong, K.; Lipcsey,
M.; et al. Markers of NETosis and DAMPs are Altered in Critically ill COVID-19 Patients; Research Square: Durham, NC, USA, 2020.
[CrossRef]

Huckriede, J.; Anderberg, S.B.; Morales, A.; de Vries, F.; Hultstrom, M.; Bergqvist, A.; Ortiz-Perez, ].T.; Sels, ] W.; Wichapong, K.;
Lipcsey, M.; et al. Evolution of NETosis markers and DAMPs have prognostic value in critically ill COVID-19 patients. Sci. Rep.
2021, 11, 15701. [CrossRef]

Jackson Chornenki, N.L.; Coke, R.; Kwong, A.C.; Dwivedi, D.J.; Xu, M.K,; McDonald, E.; Marshall, J.C.; Fox-Robichaud, A.E.;
Charbonney, E.; Liaw, P.C. Comparison of the source and prognostic utility of cfDNA in trauma and sepsis. Intensive Care Med.
Exp. 2019, 7, 29. [CrossRef]

Hamaguchi, S.; Akeda, Y.; Yamamoto, N.; Seki, M.; Yamamoto, K.; Oishi, K.; Tomono, K. Origin of Circulating Free DNA in Sepsis:
Analysis of the CLP Mouse Model. Mediat. Inflamm. 2015, 2015, 614518. [CrossRef]

Vincent, D.; Klinke, M.; Eschenburg, G.; Trochimiuk, M.; Appl, B.; Tiemann, B.; Bergholz, R.; Reinshagen, K.; Boettcher, M. NEC is
likely a NETs dependent process and markers of NETosis are predictive of NEC in mice and humans. Sci. Rep. 2018, 8, 12612.
[CrossRef] [PubMed]

Gould, TJ.; Lysov, Z.; Liaw, P.C. Extracellular DNA and histones: Double-edged swords in immunothrombosis. J. Thromb.
Haemost. JTH 2015, 13 (Suppl. S1), S82-591. [CrossRef] [PubMed]

Varga, Z.; Flammer, A ].; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417-1418. [CrossRef]

Klok, EA.; Kruip, M.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, EH.].; van Paassen, J.; Stals, M.A.M.;
Huisman, M.V,; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb. Res. 2020, 191,
145-147. [CrossRef] [PubMed]

Puelles, V.G.; Liitgehetmann, M.; Lindenmeyer, M.T.; Sperhake, ].P.; Wong, M.N.; Allweiss, L.; Chilla, S.; Heinemann, A.; Wanner,
N.; Liu, S.; et al. Multiorgan and Renal Tropism of SARS-CoV-2. N. Engl. ]. Med. 2020, 383, 590-592. [CrossRef] [PubMed]
Gupta, A.; Madhavan, M.V,; Sehgal, K.; Nair, N.; Mahajan, S.; Sehrawat, T.S.; Bikdeli, B.; Ahluwalia, N.; Ausiello, J.C.; Wan,
E.Y,; et al. Extrapulmonary manifestations of COVID-19. Nat. Med. 2020, 26, 1017-1032. [CrossRef]

Puntmann, V.O.; Carerj, M.L.; Wieters, I.; Fahim, M.; Arendt, C.; Hoffmann, J.; Shchendrygina, A.; Escher, F.; Vasa-Nicotera, M.;
Zeiher, A.M,; et al. Outcomes of Cardiovascular Magnetic Resonance Imaging in Patients Recently Recovered From Coronavirus
Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 1265-1273. [CrossRef] [PubMed]

Lindner, D.; Fitzek, A.; Brauninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, E,; Schultheiss,
H.-P; et al. Association of Cardiac Infection With SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA Cardiol. 2020, 5,
1281-1285. [CrossRef]

El Tarhouny, S.A.; Hadhoud, K. M.; Ebrahem, M.M.; Al Azizi, N.M. Assessment of cell-free DNA with microvascular complication
of type II diabetes mellitus, using PCR and ELISA. Nucleosides Nucleotides Nucleic Acids 2010, 29, 228-236. [CrossRef]

Bloom, R.D.; Bromberg, J.S.; Poggio, E.D.; Bunnapradist, S.; Langone, A.J.; Sood, P.; Matas, A.J.; Mehta, S.; Mannon, R.B.;
Sharfuddin, A.; et al. Cell-Free DNA and Active Rejection in Kidney Allografts. J. Am. Soc. Nephrol. JASN 2017, 28, 2221-2232.
[CrossRef]

Xie, ].; Yang, J.; Hu, P. Correlations of Circulating Cell-Free DNA With Clinical Manifestations in Acute Myocardial Infarction.
Am. ]. Med. Sci. 2018, 356, 121-129. [CrossRef] [PubMed]

Antonatos, D.; Patsilinakos, S.; Spanodimos, S.; Korkonikitas, P.; Tsigas, D. Cell-free DNA levels as a prognostic marker in acute
myocardial infarction. Ann. N. Y. Acad. Sci. 2006, 1075, 278-281. [CrossRef] [PubMed]

Dinakaran, V.; Rathinavel, A.; Pushpanathan, M.; Sivakumar, R.; Gunasekaran, P.; Rajendhran, J. Elevated levels of circulating
DNA in cardiovascular disease patients: Metagenomic profiling of microbiome in the circulation. PLoS ONE 2014, 9, e105221.
[CrossRef] [PubMed]

Dworakowska, D.; Grossman, A.B. Thyroid disease in the time of COVID-19. Endocrine 2020, 68, 471-474. [CrossRef] [PubMed]
Baldelli, R.; Nicastri, E.; Petrosillo, N.; Marchioni, L.; Gubbiotti, A.; Sperduti, I.; Di Giacinto, P.; Rizza, L.; Rota, E.; Franco, M.
Thyroid dysfunction in COVID-19 patients. J. Endocrinol. Investig. 2021, 44, 2735-2739. [CrossRef] [PubMed]

Caglar, O.; Cilgin, B.; Eroglu, M.; Cayir, A. Evaluation of circulating cell free DNA in plasma as a biomarker of different thyroid
diseases. Braz. ]. Otorhinolaryngol. 2020, 86, 321-326. [CrossRef] [PubMed]

Jothimani, D.; Venugopal, R.; Abedin, M.E; Kaliamoorthy, I.; Rela, M. COVID-19 and the liver. ]. Hepatol. 2020, 73, 1231-1240.
[CrossRef]


http://doi.org/10.1016/j.mito.2020.06.008
http://doi.org/10.1016/S0140-6736(20)30920-X
http://doi.org/10.1159/000440975
http://www.ncbi.nlm.nih.gov/pubmed/26960212
http://doi.org/10.1016/j.arcmed.2016.08.004
http://doi.org/10.21203/rs.3.rs-52432/v1
http://doi.org/10.1038/s41598-021-95209-x
http://doi.org/10.1186/s40635-019-0251-4
http://doi.org/10.1155/2015/614518
http://doi.org/10.1038/s41598-018-31087-0
http://www.ncbi.nlm.nih.gov/pubmed/30135601
http://doi.org/10.1111/jth.12977
http://www.ncbi.nlm.nih.gov/pubmed/26149054
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1016/j.thromres.2020.04.013
http://www.ncbi.nlm.nih.gov/pubmed/32291094
http://doi.org/10.1056/NEJMc2011400
http://www.ncbi.nlm.nih.gov/pubmed/32402155
http://doi.org/10.1038/s41591-020-0968-3
http://doi.org/10.1001/jamacardio.2020.3557
http://www.ncbi.nlm.nih.gov/pubmed/32730619
http://doi.org/10.1001/jamacardio.2020.3551
http://doi.org/10.1080/15257771003708298
http://doi.org/10.1681/ASN.2016091034
http://doi.org/10.1016/j.amjms.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/30219153
http://doi.org/10.1196/annals.1368.037
http://www.ncbi.nlm.nih.gov/pubmed/17108221
http://doi.org/10.1371/journal.pone.0105221
http://www.ncbi.nlm.nih.gov/pubmed/25133738
http://doi.org/10.1007/s12020-020-02364-8
http://www.ncbi.nlm.nih.gov/pubmed/32507963
http://doi.org/10.1007/s40618-021-01599-0
http://www.ncbi.nlm.nih.gov/pubmed/34101132
http://doi.org/10.1016/j.bjorl.2018.12.008
http://www.ncbi.nlm.nih.gov/pubmed/30826312
http://doi.org/10.1016/j.jhep.2020.06.006

Viruses 2022, 14, 321 14 of 14

119.

120.

121.

122.

123.

124.

125.

126.
127.

Zandvakili, I.; Lazaridis, K.N. Cell-free DNA testing: Future applications in gastroenterology and hepatology. Ther. Adv.
Gastroenterol. 2019, 12, 1756284819841896. [CrossRef]

Hummel, E.M.; Hessas, E.; Miiller, S.; Beiter, T.; Fisch, M.; Eibl, A.; Wolf, O.T.; Giebel, B.; Platen, P.; Kumsta, R. Cell-free DNA
release under psychosocial and physical stress conditions. Transl. Psychiatry 2018, 8, 236. [CrossRef]

Korabecna, M.; Opatrna, S.; Wirth, J.; Rulcova, K.; Eiselt, J.; Sefrna, F; Horinek, A. Cell-free plasma DNA during peritoneal
dialysis and hemodialysis and in patients with chronic kidney disease. Ann. N. Y. Acad. Sci. 2008, 1137, 296-301. [CrossRef]
Salzano, A.; Israr, M.Z.; Garcia, D.F,; Middleton, L.; D’Assante, R.; Marra, A.M.; Arcopinto, M.; Yazaki, Y.; Bernieh, D.; Cassambai,
S.; et al. Circulating cell-free DNA levels are associated with adverse outcomes in heart failure: Testing liquid biopsy in heart
failure. Eur. J. Prev. Cardiol. 2020, 28, e28—e31. [CrossRef] [PubMed]

Rhodes, A.; Cecconi, M. Cell-free DNA and outcome in sepsis. Crit. Care 2012, 16, 170. [CrossRef]

McGuire, A.L.; Urosevic, N. The impact of chronic kidney disease and short-term treatment with rosiglitazone on plasma cell-free
DNA levels. PPAR Res. 2014, 2014, 643189. [CrossRef] [PubMed]

Sepandi, M.; Taghdir, M.; Alimohamadi, Y.; Afrashteh, S.; Hosamirudsari, H. Factors Associated with Mortality in COVID-19
Patients: A Systematic Review and Meta-Analysis. Iran. |. Public Health 2020, 49, 1211-1221. [CrossRef] [PubMed]

Cakar Edis, E. Chronic Pulmonary Diseases and COVID-19. Turk. Thorac. ]. 2020, 21, 345-349. [CrossRef]

Stawski, R.; Stec-Martyna, E.; Chmielecki, A.; Nowak, D.; Perdas, E. Current Trends in Cell-Free DNA Applications. Scoping
Review of Clinical Trials. Biology 2021, 10, 906. [CrossRef]


http://doi.org/10.1177/1756284819841896
http://doi.org/10.1038/s41398-018-0264-x
http://doi.org/10.1196/annals.1448.014
http://doi.org/10.1177/2047487320912375
http://www.ncbi.nlm.nih.gov/pubmed/32212838
http://doi.org/10.1186/cc11508
http://doi.org/10.1155/2014/643189
http://www.ncbi.nlm.nih.gov/pubmed/25371664
http://doi.org/10.18502/ijph.v49i7.3574
http://www.ncbi.nlm.nih.gov/pubmed/33083287
http://doi.org/10.5152/TurkThoracJ.2020.20091
http://doi.org/10.3390/biology10090906

	Introduction 
	cfDNA and Risk of COVID-19 
	Age, Obesity and Diabetes 
	Vitamin D Deficiency 
	Cancer 
	Autoimmune Disease 
	Recipients for Organ Transplantation 
	Respiratory System Diseases 

	cfDNA and COVID-19 Complications 
	Blood and Immune System 
	Multiorgan Failure 

	Conclusions 
	References

