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Abstract

Coronavirus 2019 (COVID-19) is a complex disease that affects billions of people worldwide. Currently, effective etiologi-
cal treatment of COVID-19 is still lacking; COVID-19 also causes damages to various organs that affects therapeutics and
mortality of the patients. Surveillance of the treatment responses and organ injury assessment of COVID-19 patients are of
high clinical value. In this study, we investigated the characteristic fragmentation patterns and explored the potential in tis-
sue injury assessment of plasma cell-free DNA in COVID-19 patients. Through recruitment of 37 COVID-19 patients, 32
controls and analysis of 208 blood samples upon diagnosis and during treatment, we report gross abnormalities in cfDNA
of COVID-19 patients, including elevated GC content, altered molecule size and end motif patterns. More importantly,
such cfDNA fragmentation characteristics reflect patient-specific physiological changes during treatment. Further analysis
on cfDNA tissue-of-origin tracing reveals frequent tissue injuries in COVID-19 patients, which is supported by clinical
diagnoses. Hence, our work demonstrates and extends the translational merit of cfDNA fragmentation pattern as valuable
analyte for effective treatment monitoring, as well as tissue injury assessment in COVID-19.
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Introduction

The COVID-19 pandemic has become a huge threat to global
health. At present, there is still no effective etiological treat-
ment for COVID-19, and the number of diagnosed patients
increases rapidly. Currently, nucleic acid test of SARS-
CoV-2, the pathogen of COVID-19, has become a standard
Xin Jin, Yanqun Wang, Jinjin Xu, Yimin Li, Fanjun Cheng and method for diagnosis, treatment monitoring and cure (Zhang
Yuxue Luo have contributed equally to this work. et al. 2020; Zhou et al. 2020; Zhu et al. 2020). However,
many asymptomatic and discharged patients are also positive
for SARS-CoV-2 test, suggesting that additional diagnos-
tic approaches are needed for treatment monitoring of the
patients. Furthermore, as is a complex disease with diverse
clinical manifestation, COVID-19 causes damages to various
organs including lungs, the primary infected tissue, heart,
kidney, and brain; such damage could further induce organ
failures, shock, acute respiratory distress syndrome and even
patient mortality (Bian and Team 2020; Cheng et al. 2020;
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Mao et al. 2020; Remmelink et al. 2020; Andargie et al.
2021; Huang et al. 2021; Sun et al. 2021). Hence, monitor-
ing of treatment and evaluation of organ injury could benefit
the clinic, while effective and easy-to-perform approaches
are still lacking currently.

Recent studies (Cheng et al. 2020; Andargie et al. 2021;
Ju and Sun 2022) had reported various alterations in plasma
cell-free DNA (cfDNA) of COVID-19 patients with poten-
tial translational values. Plasma cfDNA are mostly derived
from dying cells and retain various cell-type-specific sig-
natures (Jahr et al. 2001; Snyder et al. 2016; Thierry et al.
2016; Sun et al. 2018). In healthy subjects, cfDNA mostly
originate from the hematopoietic system (Sun et al. 2015;
Moss et al. 2018); while in various clinical scenarios, such
as organ transplantation and cancer, cfDNA molecules
released from the affected organs are readily detectable
(Gielis et al. 2015; Otandault et al. 2019). Numerous stud-
ies have demonstrated that cfDNA is a valuable analyte for
diagnosis and monitoring of various diseases (van der Pol
and Mouliere 2019; Heitzer et al. 2020). CfDNA is not ran-
domly fragmented (Ivanov et al. 2015) and its fragmentation
patterns correlate with the disease status and tissue-of-origin
of cfDNA therefore serves as valuable and emerging bio-
markers in liquid biopsy (Lo et al. 2021; An et al. 2023). For
example, Snyder et al. found that cfDNA contains nucleo-
some footprints that informs its tissue-of-origin (Snyder
et al. 2016); Ulz et al. showed that cfDNA also contains
the gene expression and transcription factor binding infor-
mation (Ulz et al. 2016); Cristiano et al. developed cancer
diagnosis methods based on cfDNA fragmentation pattern
alone (Cristiano et al. 2019). To date, comprehensive stud-
ies on cfDNA fragmentomics in COVID-19 patients haven’t
been fully explored, which may contribute to development
of promising biomarkers for diagnosis and monitoring of
COVID-19.

In this study, we have collected and analyzed a total of
208 blood samples from 37 COVID-19 patients and 32
controls. We report gross abnormalities, dynamics as well
as organ injury signals in cfDNA, demonstrating the high
clinical potential of cfDNA fragmentation pattern for disease
monitoring and tissue injury assessment. In addition, our
work has also proposed a feasible method to meet the urgent
clinical need of better healthcare of the tremendous amount
of COVID-19 patients (Siordia et al. 2020).

Results
Overview of the study
Figure 1 shows the overall design of this study. A total of

37 COVID-19 patients, either in non-severe (N =18) or
severe (N =19) conditions, and 32 non-COVID-19 controls,
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were recruited from local hospitals in Guangdong prov-
ince of China. Major clinical demographics of the patients
could be found in Supplementary Table S1. Briefly, in the
COVID-19 patients, severe cases suffer from acute severe
viral pneumonia and show serious clinical symptoms that
require mechanical ventilation and intensive care unit treat-
ment, while non-severe cases show weak symptoms of pneu-
monia (usually minor upper respiratory tract infection) and
recover within a few weeks (Docherty et al. 2020; Guan et al.
2020b; Huang et al. 2020; National Health Commission and
National Administration of Traditional Chinese Medicine
2020). The controls show comparable gender distribution to
COVID-19 groups, as well as comparable age and frequency
of comorbidities to the non-severe group patients, while
severe group patients show significantly higher age and fre-
quency of comorbidities than controls and non-severe group.
All the COVID-19 patients are immediately hospitalized
upon diagnosis; for all COVID-19 patients, the first blood-
collection timepoints are within 3 days after diagnosis. All
COVID-19 patients receive standard treatment following
the “Diagnosis and Treatment Protocol for Novel Coronavi-
rus Pneumonia (Trial Version 5)” guidelines published by
National Health Commission & National Administration
of Traditional Chinese Medicine of China the therapeutic
schedule had not changed over time. In short, all COVID-19
patients receive antiviral treatment; severe patients receive
additional antibacterial treatment, and most of them also
receive antifungal treatment. Notably, 1 severe patient also
receives convalescent plasma therapy (Focosi et al. 2020;
National Health Commission and National Administration
of Traditional Chinese Medicine 2020) on day 16 of hospi-
talization. The most common comorbidity in the COVID-19
patients is hypertension (4 and 6 in non-severe and severe
groups, respectively), followed by type-II diabetes. A total
of 206 blood samples were collected at multiple timepoints
upon hospitalization and during treatment (Supplementary
Fig. S1; 2-10 samples per patient, median=4; mostly at a
3-day interval). CfDNA from all blood samples were inves-
tigated. Key clinical data, including SARS-CoV-2-specific
immunoglobulin (i.e., IgG and IgM) levels, Chest X-ray,
Computed Tomography (CT) scan, coagulation profile,
liver and renal functions, electrolyte, myocardial enzymes,
interleukin-6, TNF-a, procalcitonin and C-reactive protein
levels, were also collected (when available) during treatment
to analyze the disease states of the patients (Supplementary
Table S1). The plasma cfDNA was extracted, sequenced, and
analyzed to investigate their correlations with COVID-19 as
well as dynamics during treatment. Detailed statistics on the
sequencing data are provided in Supplementary Table S2.
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Abnormalities in cfDNA of COVID-19 patients

As previous studies reported that SARS-CoV-2 sequences
were not detectable in plasma (Ling et al. 2020; Wolfel
et al. 2020; Yang et al. 2021), we therefore focused on
DNA sequences from human sources. We first investigated
the global characteristics of plasma ¢cfDNA in COVID-
19 patients. Firstly, cfDNA samples from COVID-19
patients show significantly higher GC content (Fig. 2A)
than controls, and the GC contents in COVID-19 patients
are positively correlated with IgG levels in the peripheral
blood (Supplementary Fig. S2A). Secondly, cfDNA sam-
ples from COVID-19 patients show significantly altered
size patterns compared to controls. We divided the cfDNA
data into short (i.e., < 150 bp), intermediate (150-250 bp),
and long (i.e.,> 250 bp) categories, as size pattern is a
known characteristic that correlates with the tissue origin
of cfDNA as well as various physiological conditions of
the body (Mouliere et al. 2011; Sun et al. 2018; Han et al.
2020; Sanchez et al. 2021). As a result, cfDNA samples
from COVID-19 patients show significantly higher propor-
tions of short fragments (Fig. 2B) while lower proportion
of intermediate fragments (Fig. 2C); for the proportions of

long fragments, cfDNA from COVID-19 patients do not
show significant differences compared to controls; how-
ever, non-severe cases show significantly increased pro-
portion of long molecules than severe patients (Fig. 2D).
Besides fragment size, end motif pattern is a newly dis-
covered characteristic of plasma cfDNA that correlates
with various physiological conditions (Serpas et al. 2019;
Jiang et al. 2020). We analyzed two types of end motifs
(termed as 5'-CCCA and CT-5-CC; see “Methods” and
Supplementary Fig. S2B) in our data. CfDNA samples
from COVID-19 patients show significantly increased lev-
els of 5'-CCCA and CT-5'-CC end motif usages than con-
trols (Fig. 2E, Supplementary Fig. S2C). In addition, when
5'-CCCA and CT-5'-CC motif usages are analyzed side-
by-side, the COVID-19 blood samples compose two pat-
terns (Fig. 2F, one pattern is highlighted in purple circle).
In addition, hypertension is the most common comorbidity
in the COVID-19 patients; GC contents and motif usages
do not show significant differences between COVID-19
patients with hypertension and without hypertension in
the same group, while cfDNA size patterns show slight
differences between COVID-19 patients with and without
hypertension in the same group (Supplementary Fig. S3).
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Fig.2 Characteristics of plasma cfDNA in COVID-19 patients. A
GC content; B proportion of short (i.e., <150 bp), C intermediate
(i.e., 150-250 bp), and D long (i.e.,>250 bp) molecules; E propor-
tion of reads with (i.e., usage of) 5'-CCCA end motif; F side-by-side

Together, the results demonstrate gross abnormalities in
cfDNA characteristics of COVID-19 patients.

Alterations and dynamics of cfDNA characteristics
during treatment

We compared the plasma cfDNA characteristics at the first
timepoint (i.e., upon hospitalization) versus the last time-
point, when the viral infection had come to a definition
according to the “Diagnosis and Treatment Protocol for
Novel Coronavirus Pneumonia (Trial Version 5)” guidelines
(Fig. 3A-D, Supplementary Fig. S4). COVID-19 patients
show significant increase in GC levels after treatment for
both non-severe and severe groups (Fig. 3A). For cfDNA
size patterns, differences in proportion of short fragments
after treatment are not remarkable in non-severe patients,
while significantly decreased in severe patients; in con-
trast, both non-severe and severe groups show significantly
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comparison of 5'-CCCA and CT-5'-CC end motif usages. In panels
A-E, the p-values of statistical comparisons between any groups
are shown. ns: non-significant; *p <0.05; **p<0.01; ***p<0.001;
*HEEp <0.0001

elevated proportion of long fragments (Fig. 3B, C). For end
motif patterns, elevation in 5'-CCCA and CT-5'-CC end
motif usages is marginal in non-severe patients while sig-
nificant in severe patients (Fig. 3D). The results thus showed
that cfDNA characteristics in COVID-19 patients change
drastically during treatment.

We further investigated whether cfDNA characteristics
could reflect the body responses during treatment. To do
this, we profiled cfDNA characteristics along with immuno-
globulin levels for COVID-19 patients over the time courses
during treatment. Three representative cases (1 non-severe
and 2 severe) are shown in Fig. 3E—-G and the remaining
cases are provided in Supplementary Fig. S5. The SARS-
CoV-2-specific IgM level is an important clinical indica-
tor for effective immune response to SARS-CoV-2 infec-
tion (Wang et al. 2020b; Xu et al. 2020; Zhu et al. 2020).
Hence, for the patient shown in Fig. 3E, the immune sys-
tem starts to take effect from the second timepoint, when
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Fig.3 Alterations and dynamics of cfDNA characteristics in COVID-
19 patients. A-D comparison of GC content, proportion of short/
long reads, and usage of 5'-CCCA end motif usage between first
(usually upon hospitalization) and last timepoints (when treatment
has taken effect) of COVID-19 patients, respectively (dots linked by
lines indicate samples from the same patients); red and blue color
stand for Severe and nonSevere group, respectively. E-G SARS-
CoV-2-specific immunoglobulin levels (Optical Density values),
and various cfDNA characteristics during treatment of 3 representa-

SARS-CoV-2-specific IgG level also starts to increase; how-
ever, the other 2 cases (Fig. 3F, G) do not show convinc-
ing SARS-CoV-2-specific IgM signal, suggesting possible
immune deficiency or insufficient immunization. CFDNA
characteristics also show dynamics during treatment in
these samples, such as the proportion of long fragments at
certain timepoints. In particular, cfDNA end motif patterns

tive patients. Cyan and purple lines stand for SARS-CoV-2-specific-
IgG and SARS-CoV-2-specific-IgM levels, respectively; orange and
green lines stand for proportion of short and long fragments, respec-
tively; pink and blue lines stand for CT-5'-CC and 5'-CCCA end
motif usages, respectively. The x-axis labels indicate the blood col-
lection date in “Dmmdd” format; for instance, ‘D0127° means Jan
27th, 2020. ns: non-significant; *p<0.05; **p<0.01; ***p <0.001;
kD <0.0001

gradually increase in the patient shown in Fig. 3E while
remain modestly changed in the other two cases.

Tissue injury signals in cell-free DNA

To explore whether plasma cfDNA could reflect organ
damages induced by COVID-19, we adapted our previous
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orientation-aware cfDNA fragmentation analysis approach
(Sun et al. 2019) to detect signals linked to the tissue ori-
gins of cfDNA. Notably, besides blood cells, we focused on
lungs, liver, heart, kidneys, pancreas, and brain in this study
(Supplementary Tables S3-S5), because these organs are
known to be infected by SARS-CoV-2 (Bian and Team 2020;
Cheng et al. 2020). CfDNA fragmentation patterns for con-
trols are consistent with our previous report that cfDNA cov-
erage decreases in the tissue-specific open chromatin regions
if the corresponding tissues contribute DNA in plasma (e.g.,
blood cells; Fig. 4A), as nucleosome-depletion in such
regions makes the DNA unprotected from nuclease digestion
(Sun et al. 2019); however, we find that cfDNA coverage
in the open chromatin regions increase in most COVID-19
samples (Supplementary Fig. S6), which may be due to the
elevated GC content in cfDNA of COVID-19 patients, as GC
content for tissue-specific open chromatin regions are higher
than adjacent regions (Supplementary Fig. S7); neverthe-
less, altered fragmentation signals (e.g., imbalanced cover-
age patterns) around tissue-specific open chromatin regions
are still observed in certain timepoints in almost all severe
COVID-19 patients. Figure 4A shows the coverage signal
from the same patients as Fig. 3F-G, and remaining cases
are provided in Supplementary Fig. S6. For instance, strong
fragmentation signals around lung-, pancreas- and brain-
specific open chromatin regions are observed at timepoint 2
of the severe case, which echoes the altered cfDNA charac-
teristics (e.g., increase of long fragments) of this patient at
the same timepoint (Fig. 3G).

As an interesting example, we investigated the severe
patient who receives convalescent plasma therapy (Focosi
et al. 2020; National Health Commission and National
Administration of Traditional Chinese Medicine 2020) on
day 16 of hospitalization. Blood samples are taken 1 day
before and ~ 6 h after treatment. Both GC content, size and
end motif patterns change remarkably after treatment (Sup-
plementary Table S1). Orientation-aware cfDNA fragmenta-
tion analysis reveals drastic signal changes after treatment:
both coverage and ends around blood cell-, lung-, kidney-,
and brain-specific open chromatin regions alter sharply
(Fig. 4B). Indeed, clinical records of this patient show vari-
ous positive changes after treatment that are related to these
organs, including returning to normal body temperature and
improvements in the lung condition (lesions in the lower
right lung field are slightly reduced according to chest radio-
graph and relief of respiratory distress) as well as conscious-
ness state (increased dose of sedative and muscle relaxant).

Moreover, cfDNA fragmentation patterns for lungs, liver,
heart, kidney, pancreas, and brain were quantified using our
previous OCF (Qrientation-aware CfDNA Fragmentation)
approach (see “Methods”) (Sun et al. 2019). The results
for the two presentative patients illustrated in Fig. 3F, G
are shown in Fig. 4C, and the results for the rest patients
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are shown in Supplementary Fig. S8. In general, signifi-
cantly altered OCF values are observed in the majority of
patients and/or tissues, suggesting prevalent tissue injuries
in COVID-19 patients. Notably, in COVID-19 patients, OCF
values are decreased for lungs and brain, while they are
elevated for other tissues. We also observe abnormal OCF
values in certain timepoints in the COVID-19 patients while
the overall statistical comparisons do not show significant
differences (mostly due to limited number of timepoints in
this patient or other timepoints show similar OCF values
to the controls). To overcome this drawback and to provide
explicit tissue injury assessment results, we further built a
machine learning-based classification model to predict the
tissue injuries based on the orientation-aware cfDNA frag-
mentation signals (see “Methods”). The results are summa-
rized in Fig. 5. Notably, clinical diagnoses on tissue injuries
for lungs, liver, kidneys, and heart are also available for a
proportion of patients. Frequent injuries are observed in
various tissues, including lungs, pancreas, and brain, which
results are consistent with clinical diagnoses for the major-
ity of patients.

Discussion

The outbreak of COVID-19 has last for several years. Con-
sidering the unclear therapeutics, disease monitoring is of
high clinical value for better management and healthcare
of the large amount of COVID-19 patients; however, effi-
cient methods are still limited, especially for assessment of
various organ injuries (Wang et al. 2020a). In this proof-
of-principle study, we have conducted a comprehensive
analysis of 208 blood samples collected from 37 COVID-19
patients and 32 controls. We had revealed gross abnormali-
ties and dynamics in a broad range of cfDNA fragmenta-
tion patterns. We reported increased GC content, altered
size and end motif patterns (Fig. 2A-D), which extended
previous studies on elevated cfDNA concentration and neu-
trophil extracellular traps (NETs) in COVID-19 (Ng et al.
2020; Thierry and Roch 2020; Zuo et al. 2020; Hammad
et al. 2021). COVID-19 patients suffer from active immune
response to the viral infection and produces high level of
immunoglobulins (Sewell et al. 2020; Wang et al. 2020b),
which prefer binding/protecting GC-rich DNA (e.g., DNA
molecules originated from the open chromatin regions)
(Uccellini et al. 2012), suggesting that immune response
may be responsible to the abnormalities in plasma cfDNA
characteristics in COVID-19 patients. However, more efforts
are needed to elucidate the underline biological mechanisms
(e.g., chromatin status, replication timing, etc.). Moreover,
the NET process is known to generate long cfDNA mol-
ecules; Fig. 2D shows that non-severe COVID-19 patients
tend to have increased long cfDNA molecules than controls



Fig.4 CfDNA fragmentation patterns around tissue-specific open
chromatin regions. A normalized cfDNA coverage around tissue-
specific open chromatin regions in controls, representative non-severe
and severe cases, respectively. For controls, all samples are plotted,
and each color represent 1 patient; for COVID-19 patients, colors rep-
resent different sample collection timepoints. Each row present one
tissue and the y-axis show the normalized cfDNA coverage. B Plasma
cfDNA from 1 day before, and~6 h after treatment of a patient
receiving convalescent plasma therapy. Each row present one tissue;
y-axis present the normalized read coverage (black line) and orien-

while severe patients do not, suggesting that patients in the
non-severe group may have a higher innate immune activity
than those in the severe group, which is consistent with their

Molecular Genetics and Genomics (2023) 298:823-836 829
A Controls nonsevere 16 Severe 14 B 1 day before therapy <6 hours after therapy | _
© w
© % g
= e | RS TR Y
© = © (=
: - I N :
— |~ 8| - ~~. __—F
< ~— — c
— o
© »~
§n<.o S I E © =
b - N e 2| o 3
o —_———— (O} RS £
g :
o TN
3 © = & E
o 2 8l 5 a
$e —= S 8, S 8
[l [3)
B =N
o 3| a g
= = 3| o° Z@ :
g _— T —————————" 8| B~ —_— e 3
Ev HE 8
2 EN
—
© . T[S ==
© — B // \§\ 8= _A_ _A .
~ = © =
© @ © @
0 = = —_— 5 . \m—— W‘ &l
<
200 0 200 200 0 200 200 0 200 500 250 O 250 500-500 250 O 250 500
Relative position to tissue-specific open chromatin regions (bp) Relative position to tissue-specific open chromatin regions (bp)
= Control 1 == Control 2 =01 —02 e 01 — 02 = Coverage = Upstream end =— Downstream end
Control 3 — Control 4 03 =04 03— 04
C control’§ 7 Control © ® o % — % - @ Controls @nonSevere_16 @ Severe_14
*%k Hekokk *kkk Kkkk *k ns Fekok ok Fekkk * ns nS dekkk
°
°
°
o
N
°
o L ? @
U) ~
g °
E ’ )
O 4
w °
(@]
(@) oo
? ] ® - .
o °
N -
I
o oo
(? -
Lungs Liver Kidney Heart Pancreas Brain

tation-aware end signals (red and blue lines). C comparison of OCF
values between controls and two representative COVID-19 patients.
OCF (Qrientation-aware CfDNA Fragmentation) is a measurement
approach of cfDNA fragmentation pattern as defined in our previ-
ous work (Sun et al. 2019). Each tissue-of-interest has 3 columns:
black, blue, and red dot represents one control, one timepoint in the
non-severe case, and one timepoint in the severe case, respectively.
The “ns” and asterisks represent the statistical comparisons between
the COVID-19 cases and controls. ns: non-significant; *p<0.05;
**p<0.01; ***p <0.001; ****p <0.0001

weaker symptoms. In the meantime, Fig. 3C shows that after
treatment, the proportions of long cfDNA molecules are
increased in both non-severe and severe COVID-19 patients,
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Fig.5 Summary of tissue injury assessment in all COVID-19
patients. For lungs, liver, kidney, and heart, the two columns repre-
sent frequencies of cfDNA samples that are predicted to suffer from
injuries based on cfDNA fragmentation pattern analysis (left) and
clinical diagnoses (right), respectively, for each patient. Blank points

suggesting more NETs, i.e., enhanced immune responses
of the patients, after treatment. It is also interesting to see
differences in size patterns between COVID-19 patients
with and without hypertension (Supplementary Fig. S3), as
previous studies have demonstrated that cfDNA alterations
could serve as a diagnostic biomarker for cardiovascular
diseases (Polina et al. 2020). In addition, end motif analysis
reveals two patterns in COVID-19 patients; interestingly,
most of the samples that form the altered pattern (Fig. 2F,
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mean that clinical diagnoses are not available for these patients. For
pancreas and brain, clinical diagnoses are not available for all patients
and only the results from cfDNA fragmentation pattern analysis are
shown

purple circle) are collected at the first or second timepoints
of severe patients, when the patients’ conditions are most
critical (e.g., in a coma). Plasma cfDNA fragmentation pat-
terns could be affected by various biological and clinical
scenarios, while current knowledge is still limited. Hence,
the altered cfDNA signals may suggest aberrant, yet elusive,
cell death in COVID-19 patients.

Furthermore, cfDNA reveal disease dynamics and organ
injury signals during the treatment. For instance, significant
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changes are observed in cfDNA samples at the last time-
point compared to the first timepoint (Fig. 3A-D), indicating
that cfDNA characteristics could reflect therapeutic effica-
cies. Moreover, cfDNA show fragmentation signals around
tissue-specific open chromatin regions in various cases,
which is partly in line with clinical observations on organ
injuries in these patients. In fact, organ injury in COVID-
19 patients may correlate and partially explain the altered
characteristics in cfDNA, as cells in damaged organs may
die abnormally thus release DNA with aberrant fragmen-
tation patterns (Fig. 2) (Higuchi 2003). As an interesting
example, cfDNA from a severe case receiving plasma ther-
apy show huge alterations ~ 6 h after treatment: we observe
drastic changes around blood cell- and lung-specific open
chromatin regions, suggesting that the patient has responded
to the treatment, especially the lungs, which is evidenced
by the clinical observations; kidney-specific open chromatin
regions also show strong fragmentation patterns after treat-
ment, which is reasonable because kidney is an important
organ for metabolism and is known to involve in COVID-19
(Ronco and Reis 2020). Hence, the data indicate that cfDNA
analysis is indeed sensitive in monitoring the body response
during treatment. The mechanism beneath aberrant size pat-
terns of cfDNA in COVID-19 patients is unclear and may
related to various factors, such as inflammation, neutrophil
extracellular traps (NETs) (Thierry and Roch 2020), necro-
sis, and treatment.

Detection and monitoring of organ injuries are highly
valuable for various diseases. For COVID-19, tissue injury
assessment could be indicative for potential sequelae as
COVID-19 patients frequently suffer from multiple tissue
injuries even months after discharge (Huang et al. 2021),
and organ failure is a major cause of mortality in COVID-19
(Epidemiology Working Group for Ncip Epidemic Response
and Prevention 2020; Huang et al. 2020). In this study, we
quantified orientation-aware fragmentation patterns (i.e.,
OCF values) and compared them between COVID-19
patients and controls (Fig. 4C, and Supplementary Fig. S8);
our results suggest that tissue injuries are indeed common in
COVID-19 patients. Interestingly, the OCF values for lungs
and brain show an opposite direction in COVID-19 patients
compared to other tissues. The underline mechanisms are
elusive; while for lungs, we think that it may be related to
their unique position as the primary organ of viral infec-
tion where frequent non-apoptotic cell deaths may occur.
Besides the statistical comparisons, we further developed a
machine learning-based approach to for qualitative (i.e., yes
or no) measurement of tissue injuries, which could provide
an explicit result for easier interpretation of the data.

Considering that cfDNA analysis could reveal tumor
signals long before clinical diagnosis (Chan et al. 2017),
which may partially explain the differences in cfDNA anal-
ysis and clinical diagnoses. In fact, cfDNA analysis shows

that almost all COVID-19 patients suffer from lung injury
which is consistent with the fact that lungs are the primary
infection sites in COVID-19. Besides lungs, kidneys, pan-
creas, and brain are other organ with frequent injuries,
which is consistent with clinical reports on COVID-19
(Aloysius et al. 2020; Khatoon et al. 2020; Naicker et al.
2020). Hence, COVID-19 induced low-level oxygen in the
blood, blood clots, and cytokine storms can cause kidneys
to malfunction (Batlle et al. 2020); diabetes is one of the
most common comorbidities in COVID-19 patients and
COVID-19 also causes diabetic symptoms in the non-
diabetic patients (Guan et al. 2020a; Rubino et al. 2020);
neurological abnormalities are also common in COVID-19
patients (Antony and Haneef 2020; Helms et al. 2020). In
particular, the dynamics of cfDNA characters and tissue
injury signal for a non-severe and a severe patient (Figs. 3,
4) show favorable consistency (e.g., kidney injury signal in
the non-severe case, and signals of multiple tissue injuries
in the severe case), demonstrating the potential of cfDNA
fragmentation patterns in treatment monitoring and tissue
injury assessment.

There are several limitations in this study that could be
addressed in future research. Firstly, we could not collect any
pre-treatment samples from the COVID-19 patients during
the pandemic, which disabled us to explore the alterations in
cell-free DNA characteristics that are caused by the disease
while not confounded by treatment. Secondly, clinical data
for tissue injury assessment is incomplete in this study as it
usually requires dedicated assays of each tissue, while such
assays may not be feasible, or with a low priority, when
the medical system is overloaded during the outbreak of the
pandemic. As a contrast, cfDNA is much more favorable
as it able to profile the injury landscape of various organs
from one tube of peripheral blood with low experimental
complexity, therefore promises a more efficient and conveni-
ent approach for such task. However, the definition of “tis-
sue injury” could be different between cfDNA analysis and
clinical settings: a tissue is considered as injured in cfDNA
analysis if one can detect its signal in plasma (which means
cells are dying in this tissue), while in clinical, levels of
hallmark proteins (could be actively released by the cells)
are used as determents of tissue injury. The result on heart
tissue in Fig. 5 was a typical example: cfDNA analysis did
not show frequent injuries in COVID-19 patients (as car-
diocytes regenerate in a very low frequency) while clini-
cal data did. Hence, we think that cfDNA analysis might
serve as a “supplementary”, while not “replacement”, to
clinical assays in terms of tissue injury assessments. On the
other hand, we need to point out that we could only perform
qualitative analyses for tissue injuries in the current study.
Hence, it would be favorable to explore the feasibility of
other analyses, such as nucleosome positioning (Snyder et al.
2016; Sun et al. 2019) and promoter coverage patterns (Ulz
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et al. 2016), for quantitative measurement of organ injuries
in future works.

As a summary, using COVID-19 as a model, we report
gross alterations, patient-specific dynamics during treatment,
as well as organ-specific signals in cfDNA fragmentation
patterns, demonstrating that cell-free DNA fragmentation
patterns could serve as valuable analytes for effective disease
monitoring and tissue injury assessment in non-cancerous
diseases, thus extends the applicable clinical scenarios
of cfDNA in liquid biopsy, especially for the COVID-19
pandemic.

Methods
Ethics approval and patient recruitment

This study had been approved by The First Affiliate Hos-
pital of Guangzhou Medical University Ethics Committee,
and the institutional review board of BGI; written informed
consents had been obtained from all patients and healthy
donor participated in this study. A total of 37 COVID-19
patients and 32 non-COVID-19 controls were recruited from
local hospitals in Guangdong. The COVID-19 patients were
divided into non-severe (N =18) or severe (N=19) groups
according to the Guidelines for COVID-19 Diagnosis and
Treatment (Trial Version 5) (National Health Commission
and National Administration of Traditional Chinese Medi-
cine 2020) issued by the National Health Commission of
China. Control subjects were collected from the same hos-
pitals as the COVID-19 patients based on the following
criteria: negative for SARS-CoV-2 tests on the blood-taken
day and has never been diagnosed to have COVID-19 until
the end of this study, and comparable age distribution to the
COVID-19 patients. Blood samples were collected during
Jan 27 to Mar 28, 2020 (Supplementary Table S1).

Clinical data acquisition and analysis

The epidemiological, demographic, clinical, laboratory char-
acteristics and treatment data were extracted from electronic
medical records, and all the data had been double-checked
by the relevant physicians to ensure the accuracy and com-
pleteness of the epidemiological and clinical findings. Fre-
quency of clinical examinations was determined by the phy-
sicians-in-charge. Summarized statistics and detailed clinical
information could be found in Supplementary Table S1 and
S2, respectively.

Diagnoses of severe pneumonia and ARDS (Acute Res-
piratory Distress Syndrome) in the COVID-19 patients
were according to Diagnosis and Treatment Protocol for
Novel Coronavirus Pneumonia (Trial Version 5) (National
Health Commission and National Administration of
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Traditional Chinese Medicine 2020) and the Berlin Defi-
nition (Force et al. 2012), respectively. Kidney injury was
diagnosed according to the Kidney Disease: Improving
Global Outcomes (KDIGO) guideline (Khwaja 2012).
Heart injury was diagnosed if serum levels of cardiac
biomarkers (e.g., cardiac troponin I) were above the 99th
percentile upper reference limit, or if new abnormalities
were shown in electrocardiography and echocardiography
(Huang et al. 2020). Liver function indicators measured
on admission, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), direct bilirubin, etc.;
patients whose ALT or AST is above the normal range
were considered to suffer from liver function abnormality
(Chen et al. 2020a, b). Pancreatic function tests were not
carried out for most patients in our cohort; in addition,
most patients are in a state of sedation and neurologic
examinations (e.g., brain MRI) were also omitted (Helms
et al. 2020).

CfDNA extraction and processing

All blood samples (including those from the controls and
COVID-19 patients) are collected and processed according
to consensus guideline for cell-free DNA analysis (Meddeb
et al. 2019). Briefly, for each sample, 1 ml peripheral blood
was collected using EDTA anticoagulant-coated tubes, then
centrifuged at 1600 g for 10 min at 4 °C within six hours
after collection; the plasma portion was harvested and recen-
trifuged at 16,000 g for 10 min at 4 °C and to remove blood
cells. Cell-free DNA was extracted from 200 ul plasma using
MagPure Circulating DNA KF Kit (MD5432-02, Magen)
following the manufacturers’ protocols. Sequencing libraries
was prepared using MGIEasy Cell-free DNA Library Prep
kit (MGI) on the amplified cfDNA following the manufac-
turer’s protocol. All the cfDNA libraries passed quality con-
trol and sequenced on DNBSEQ platform (BGI) in paired-
end 100 bp mode. Statistics on sequencing data are provided
in Supplementary Table S2.

CfDNA sequencing and data processing

We used SOAPnuke (v1.5.0) (Chen et al. 2018) software to
trim sequencing adapters, filter low quality and high ratio Ns
in the raw reads with default parameters. The preprocessed
reads were then aligned to the human reference genome
(NCBI build GRCh38) using BWA (Li and Durbin 2009)
software with default parameters. After alignment, PCR
duplicates were removed using in-house programs: if more
than two reads shared the same start and end positions, only
one was kept for following analyses and the others were
discarded as PCR duplicates.



Molecular Genetics and Genomics (2023) 298:823-836

833

CfDNA characteristics profiling

For each cfDNA sample, GC content was determined as the
proportion of G or C in the sequenced nucleotides; frag-
ment size for each molecule was determined as the distance
between the two outmost ends obtained from the alignment
result; short fragments were defined as reads shorter than
150 bp, and long fragments were defined as reads longer
than 250 bp. Considering that most nucleases in mammals
function in an endonuclease manner (i.e., they bind to DNA
and cut within the bound sequence), besides the 4-mer
motifs at the 5'-end of cfDNA (i.e., 5'-CCCA) analyzed
in previous studies (Serpas et al. 2019; Jiang et al. 2020),
in this study, we proposed a novel 4-mer motif definition,
CT-5'-CC, which extended 2 bp upstream from the 5’-end.
In fact, a recent study had demonstrated that cfDNA end
motifs with extensions of the 5'-end showed high accuracy
in lung cancer diagnosis (Guo et al. 2022). 5'-CCCA motif
usage was calculated as the proportion of reads starting with
CCCA, and CT-5"-CC motif usage was calculated as the pro-
portion of reads starting with CC and the 2 bp in the genome
prior to the 5'-end are CT. The definition of 5'-CCCA and
CT-5'-CC motifs are illustrated in Supplementary Fig. S2B.
As aresult, the previous definition presents CCCA while our
new definition reveals CTCC as the motif with the highest
usage. Notably, in our cohort, the CT-5'-CC motif usage is
positively correlated with, and always higher than, 5'-CCCA,
suggesting that our newly discovered CT-5'-CC motif could
also reflect enzymatic preferences during cell apoptosis.

Orientation-aware cfDNA fragmentation analysis

In our previous work (Sun et al. 2019), we had mined and
investigated tissue-specific open chromatin regions for blood
cells, lungs, liver, intestines, breast, ovary, and placenta.
Based on clinical reports on tissue injuries of COVID-19
patients (Bian and Team 2020), we added kidney, pancreas,
heart, and brain into the tissue list, while removed placenta
from the tissue list (as there is no pregnancy samples in our
cohort) in the current study. Tissue-specific open chroma-
tin regions for all the tissues in the list were mined using
the same algorithm as described in our previous work. The
accession numbers of the Dnase I hypersensitivity data and
the final list of tissue-specific open chromatin regions used
in this study were summarized in Supplementary Table S4.
For each cfDNA sample, coverage and end pattern around
the tissue-specific open chromatin regions were profiled
using the same algorithm as described in our previous work
(Sun et al. 2019). To minimize the biases of the abnormally
high coverage in the center of open chromatin regions in
COVID-19 patients (Fig. 4A), OCF values for each patient
and tissue were quantified using (— 210, — 180) and (180,

210) windows around the tissue-specific open chromatin
regions.

Prediction of tissue injury using cfDNA
fragmentation pattern

Considering that the GC content is significantly elevated in
COVID-19 samples (Fig. 2A), to minimize the potential biases
(e.g., from sequencing), we developed a new method to infer
tissue injury signals that solely depends on the cfDNA data
from the COVID-19 samples. Based on the knowledge that
blood cells are the major contributor of cfDNA in most clinical
scenarios (Lui et al. 2002; Sun et al. 2015) and to date there
is no clinical/genetic evidence of ovary injuries in COVID-19
patients (in fact, a large proportion of the COVID-19 patients
are male in our cohort), we utilized the orientation-aware
cfDNA fragmentation pattern around blood cell- and ovary-
specific open chromatin regions from all COVID-19 blood
samples as positive and negative signals, respectively, to train
a classification model for injury assessment of other tissues.
Briefly, for each cfDNA sample, after profiling of orientation-
aware cfDNA end signals around the tissue-specific open chro-
matin regions, for all the tissues-of-interest (i.e., blood cell,
ovary, lungs, liver, kidneys, pancreas, heart, and brain), the
differences in normalized upstream (U) and downstream (D)
end signals were calculated for each locus in two symmetri-
cal 30 bp windows around the corresponding tissue-specific
open chromatin regions (i.e., (— 210, — 180) and (180, 210));
hence, a vector of 60 values would be obtained for each tissue;
then, we collected all the vectors for blood cells and ovary in
the COVID-19 blood samples as positive and negative data-
sets, respectively, to train a classification model using SVM
(Support Vector Machine) approach (Chang and Lin 2011).
During training, a fivefold cross-validation was employed,
which showed an overall accuracy of 93.5% on the training
dataset. After model-training, for each of the tissue-of-interest,
we applied the SVM classification model on its U and D end
signal difference vector to determine whether it showed injury
or not, during which procedure a score (calculated by the clas-
sification model) of 0.8 was used as the classification cutoff.
Lastly, for each patient, we calculated the frequency of positive
injury predictions in his/her blood samples for all the tissues-
of-interest as the final prediction results (Fig. 5).

Statistical analysis

Comparisons of cfDNA characteristics between COVID-19
patients and controls were performed using Mann—Whitney
U test; comparisons of cfDNA characteristics for COVID-
19 patients at the first and last timepoint were conducted
using Wilcoxon signed-rank test; comparisons between OCF
values for COVID-19 patients and controls were performed
using Mann—Whitney U test. All p-values are two-tailed
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and a p-value lower than 0.05 was considered as statisti-
cally significant.

Data access

The data that support the findings of this study have
been deposited into CNGB Sequence Archive (CNSA)
(Guo et al. 2020) of China National GeneBank DataBase
(CNGBdb) (Chen et al. 2020a; b) with accession number
CNP0001306 (https://db.cngb.org/cnsa/project/ CNP0OO
01306_ba039637/reviewlink/).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00438-023-02014-4.

Acknowledgements This study has been supported by China National
GeneBank (CNGB), Shenzhen Bay Laboratory, National Key
Research and Development Program of China (2018 YFC1200100
to JZ, and 2022YFA0912700 to KS), National Science and Tech-
nology Major Project (2018Z2X10301403 to JZ), the emergency
grants for prevention and control of SARS-CoV-2 of Ministries of
Science and Technology, and Education of Guangdong province
(2020A 111128008, 2020B1111320003, 2020KZDZX1158 to JZ, and
2020B1111330001 to NZ), National Natural Science Foundation of
China (32171441, 32000398 to XJ), Natural Science Foundation of
Guangdong Province, China (2017A030306026 to XJ), Guangdong-
Hong Kong Joint Laboratory on Immunological and Genetic Kidney
Diseases (2019B121205005 to XJ), Guangdong Provincial Key Lab-
oratory of Genome Read and Write (No. 2017B030301011 to XX),
Guangdong Provincial Academician Workstation of BGI Synthetic
Genomics (No. 2017B090904014 to HY), and open project of BGI-
Shenzhen (BGIRSZ2020007 to KS).

Author contributions XJ,JZ, KS, FC, and YX designed the study; YW,
FC,RO, YL,HZ, SL, FX, YJ,FZ,LZ,ZZ, AZ,JZ, YL, LW, FL, YZ,
JS,7Z,7C, JZ and SZ collected clinical specimen, summarized clini-
cal data and performed experiments; JX, KS, XJ, YL, YL, ZZ, WC,
AZ,TK,JZ,LL, YT, YL, LL, LW, HY, HS, JL and FL analyzed and/
or interpreted data; WC, JX, YL, YL, YW, FC, YJ, FZ, YL, HZ, SL,
FX and LZ analyzed clinical data; KS, JX, YW, YL, and WC drafted
the manuscript; XJ, JZ, KS, YX, NZ, XX, JW, HY, PW, JY, TX, DC
and YS revised the manuscript critically for important intellectual con-
tent; XJ, KS and JZ supervised the project. All authors had read and
approved the manuscript. All authors agreed to submit the manuscript,
read and approved the final draft and take full responsibility of its
content, including the accuracy of the data and its statistical analysis.

Data availability Data are available online at http://db.cngb.org/cnsa/
project/CNP0001306_ba039637/reviewlink/.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

@ Springer

the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aloysius MM, Thatti A et al (2020) COVID-19 presenting as acute
pancreatitis. Pancreatology 20(5):1026-1027. https://doi.org/10.
1016/j.pan.2020.05.003

An Y, Zhao X et al (2023) DNA methylation analysis explores the
molecular basis of plasma cell-free DNA fragmentation. Nat
Commun 14(1):287. https://doi.org/10.1038/s41467-023-35959-6

Andargie TE, Tsuji N et al (2021) Cell-free DNA maps COVID-19
tissue injury and risk of death, and can cause tissue injury. JCI
Insight. https://doi.org/10.1172/jci.insight. 147610

Antony AR, Haneef Z (2020) Systematic review of EEG findings in
617 patients diagnosed with COVID-19. Seizure. https://doi.
org/10.1016/j.seizure.2020.10.014

Batlle D, Soler MJ et al (2020) Acute kidney injury in COVID-
19: emerging evidence of a distinct pathophysiology. J Am Soc
Nephrol 31(7):1380-1383. https://doi.org/10.1681/ASN.20200
40419

Bian X-W, Team tC-P (2020) Autopsy of COVID-19 victims in China.
Natl Sci Rev. https://doi.org/10.1093/nsr/nwaal23

Chan KCA, Woo JKS et al (2017) Analysis of plasma Epstein-Barr
virus DNA to screen for nasopharyngeal cancer. N Engl J] Med
377(6):513-522. https://doi.org/10.1056/NEJMoal701717

Chang C-C, Lin C-J (2011) LIBSVM: a library for support vector
machines. ACM Trans Intel Syst Technol 2(27):1-27

Chen Y, Chen Y et al (2018) SOAPnuke: a MapReduce acceleration-
supported software for integrated quality control and preprocess-
ing of high-throughput sequencing data. Gigascience 7(1):1-6.
https://doi.org/10.1093/gigascience/gix 120

Chen FZ, You LJ et al (2020a) CNGBdb: China National GeneBank
DataBase. Yi Chuan 42(8):799-809. https://doi.org/10.16288/j.
yczz.20-080

Chen N, Zhou M et al (2020b) Epidemiological and clinical character-
istics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan,
China: a descriptive study. Lancet 395(10223):507-513. https://
doi.org/10.1016/S0140-6736(20)30211-7

Cheng AP, Cheng MP et al (2020) Cell-Free DNA in blood reveals
significant cell, tissue and organ specific injury and predicts
COVID-19 Severity. medRxiv. https://doi.org/10.1101/2020.07.
27.20163188

Cristiano S, Leal A et al (2019) Genome-wide cell-free DNA fragmen-
tation in patients with cancer. Nature 570(7761):385-389. https://
doi.org/10.1038/541586-019-1272-6

Docherty AB, Harrison EM et al (2020) Features of 20 133 UK patients
in hospital with covid-19 using the ISARIC WHO clinical charac-
terisation protocol: prospective observational cohort study. BMJ
369:m1985. https://doi.org/10.1136/bmj.m1985

Epidemiology Working Group for Ncip Epidemic Response CCfDC
and Prevention (2020) The epidemiological characteristics of
an outbreak of 2019 novel coronavirus diseases (COVID-19)
in China. Zhonghua Liu Xing Bing Xue Za Zhi 41(2):145-151.
https://doi.org/10.3760/cma.j.issn.0254-6450.2020.02.003

Focosi D, Anderson AO et al (2020) Convalescent plasma therapy for
COVID-19: state of the art. Clin Microbiol Rev. https://doi.org/
10.1128/CMR.00072-20

Force ADT, Ranieri VM et al (2012) Acute respiratory distress syn-
drome: the Berlin definition. JAMA 307(23):2526-2533. https://
doi.org/10.1001/jama.2012.5669


https://db.cngb.org/cnsa/project/CNP0001306_ba039637/reviewlink/
https://db.cngb.org/cnsa/project/CNP0001306_ba039637/reviewlink/
https://doi.org/10.1007/s00438-023-02014-4
http://db.cngb.org/cnsa/project/CNP0001306_ba039637/reviewlink/
http://db.cngb.org/cnsa/project/CNP0001306_ba039637/reviewlink/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.pan.2020.05.003
https://doi.org/10.1016/j.pan.2020.05.003
https://doi.org/10.1038/s41467-023-35959-6
https://doi.org/10.1172/jci.insight.147610
https://doi.org/10.1016/j.seizure.2020.10.014
https://doi.org/10.1016/j.seizure.2020.10.014
https://doi.org/10.1681/ASN.2020040419
https://doi.org/10.1681/ASN.2020040419
https://doi.org/10.1093/nsr/nwaa123
https://doi.org/10.1056/NEJMoa1701717
https://doi.org/10.1093/gigascience/gix120
https://doi.org/10.16288/j.yczz.20-080
https://doi.org/10.16288/j.yczz.20-080
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1101/2020.07.27.20163188
https://doi.org/10.1101/2020.07.27.20163188
https://doi.org/10.1038/s41586-019-1272-6
https://doi.org/10.1038/s41586-019-1272-6
https://doi.org/10.1136/bmj.m1985
https://doi.org/10.3760/cma.j.issn.0254-6450.2020.02.003
https://doi.org/10.1128/CMR.00072-20
https://doi.org/10.1128/CMR.00072-20
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1001/jama.2012.5669

Molecular Genetics and Genomics (2023) 298:823-836

835

Gielis EM, Ledeganck KIJ et al (2015) Cell-free DNA: an upcoming
biomarker in transplantation. Am J Transplant 15(10):2541-2551.
https://doi.org/10.1111/ajt.13387

Guan W], Liang WH et al (2020a) Comorbidity and its impact on
1590 patients with COVID-19 in China: a nationwide analysis.
Eur Respir J. https://doi.org/10.1183/13993003.00547-2020

Guan WJ, Ni ZY et al (2020b) Clinical characteristics of coronavirus
disease 2019 in China. N Engl J Med 382(18):1708-1720. https://
doi.org/10.1056/NEJMo0a2002032

Guo X, Chen F et al (2020) CNSA: a data repository for archiving
omics data. Database (oxford). https://doi.org/10.1093/database/
baaa055

Guo W, Chen X et al (2022) Sensitive detection of stage I lung adeno-
carcinoma using plasma cell-free DNA breakpoint motif profiling.
EBioMedicine 81:104131. https://doi.org/10.1016/j.ebiom.2022.
104131

Hammad R, Eldosoky M et al (2021) Circulating cell-free DNA,
peripheral lymphocyte subsets alterations and neutrophil lympho-
cyte ratio in assessment of COVID-19 severity. Innate Immun.
https://doi.org/10.1177/1753425921995577

Han DSC, Ni M et al (2020) The biology of cell-free DNA fragmenta-
tion and the roles of DNASE1, DNASE1L3, and DFFB. Am J
Hum Genet 106(2):202-214. https://doi.org/10.1016/j.ajhg.2020.
01.008

Heitzer E, Auinger L et al (2020) Cell-free DNA and apoptosis: how
dead cells inform about the living. Trends Mol Med 26(5):519—
528. https://doi.org/10.1016/j.molmed.2020.01.012

Helms J, Kremer S et al (2020) Neurologic features in severe SARS-
CoV-2 infection. N Engl J Med 382(23):2268-2270. https://doi.
org/10.1056/NEIMc2008597

Higuchi Y (2003) Chromosomal DNA fragmentation in apoptosis
and necrosis induced by oxidative stress. Biochem Pharma-
col 66(8):1527-1535. https://doi.org/10.1016/s0006-2952(03)
00508-2

Huang C, Wang Y et al (2020) Clinical features of patients infected with
2019 novel coronavirus in Wuhan. China Lancet 395(10223):497-
506. https://doi.org/10.1016/S0140-6736(20)30183-5

Huang C, Huang L et al (2021) 6-month consequences of COVID-
19 in patients discharged from hospital: a cohort study. Lancet
397(10270):220-232. https://doi.org/10.1016/S0140-6736(20)
32656-8

Ivanov M, Baranova A et al (2015) Non-random fragmentation pat-
terns in circulating cell-free DNA reflect epigenetic regula-
tion. BMC Genom 16(Suppl 13):S1. https://doi.org/10.1186/
1471-2164-16-S13-S1

Jahr S, Hentze H et al (2001) DNA fragments in the blood plasma of
cancer patients: quantitations and evidence for their origin from
apoptotic and necrotic cells. Cancer Res 61(4):1659-1665

Jiang P, Sun K et al (2020) Plasma DNA end-motif profiling as a frag-
mentomic marker in cancer, pregnancy, and transplantation. Can-
cer Discov 10(5):664—673. https://doi.org/10.1158/2159-8290.
CD-19-0622

Ju J, Sun K (2022) Plasma cell-free DNA analysis for COVID-19 and
beyond. Clin Transl Discov 2(3):e122. https://doi.org/10.1002/
ctd2.122

Khatoon F, Prasad K et al (2020) Neurological manifestations of
COVID-19: available evidences and a new paradigm. J Neurovi-
rol. https://doi.org/10.1007/513365-020-00895-4

Khwaja A (2012) KDIGO clinical practice guidelines for acute kidney
injury. Nephron Clin Pract 120(4):c179-184. https://doi.org/10.
1159/000339789

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14):1754—-1760.
https://doi.org/10.1093/bioinformatics/btp324

Ling Y, Xu SB et al (2020) Persistence and clearance of viral RNA in
2019 novel coronavirus disease rehabilitation patients. Chin Med

J (engl) 133(9):1039-1043. https://doi.org/10.1097/CM9.00000
00000000774

Lo YMD, Han DSC et al (2021) Epigenetics, fragmentomics, and
topology of cell-free DNA in liquid biopsies. Science. https://
doi.org/10.1126/science.aaw3616

Lui YYN, Chik KW et al (2002) Predominant hematopoietic origin of
cell-free DNA in plasma and serum after sex-mismatched bone
marrow transplantation. Clin Chem 48(3):421-427

Mao L, Jin H et al (2020) Neurologic manifestations of hospitalized
patients with coronavirus disease 2019 in Wuhan, China. JAMA
Neurol. https://doi.org/10.1001/jamaneurol.2020.1127

Meddeb R, Pisareva E et al (2019) Guidelines for the preanalytical
conditions for analyzing circulating cell-free DNA. Clin Chem
65(5):623-633. https://doi.org/10.1373/clinchem.2018.298323

Moss J, Magenheim J et al (2018) Comprehensive human cell-type
methylation atlas reveals origins of circulating cell-free DNA in
health and disease. Nat Commun 9(1):5068. https://doi.org/10.
1038/s41467-018-07466-6

Mouliere F, Robert B et al (2011) High fragmentation characterizes
tumour-derived circulating DNA. PLoS One 6(9):¢23418. https://
doi.org/10.1371/journal.pone.0023418

Naicker S, Yang CW et al (2020) The novel coronavirus 2019 epidemic
and kidneys. Kidney Int 97(5):824—828. https://doi.org/10.1016/j.
kint.2020.03.001

National Health Commission and National Administration of Tradi-
tional Chinese Medicine (2020) Diagnosis and Treatment Proto-
col for Novel Coronavirus Pneumonia (Trial Version 5). Feb 4,
2020. http://www.gov.cn/zhengce/zhengceku/2020-02/05/conte
nt_5474791.htm. Accessed 20 Mar 2021

Ng H, Havervall S et al (2020) Circulating markers of neutrophil extra-
cellular traps are of prognostic value in patients with COVID-19.
Arterioscler Thromb Vasc Biol. https://doi.org/10.1161/ATVBA
HA.120.315267

Otandault A, Anker P et al (2019) Recent advances in circulating
nucleic acids in oncology. Ann Oncol 30(3):374-384. https://doi.
org/10.1093/annonc/mdz031

Polina IA, Tlatovskaya DV et al (2020) Cell free DNA as a diagnostic
and prognostic marker for cardiovascular diseases. Clin Chim
Acta 503:145-150. https://doi.org/10.1016/j.cca.2020.01.013

Remmelink M, De Mendonca R et al (2020) Unspecific post-mortem
findings despite multiorgan viral spread in COVID-19 patients.
Crit Care 24(1):495. https://doi.org/10.1186/s13054-020-03218-5

Ronco C, Reis T (2020) Kidney involvement in COVID-19 and ration-
ale for extracorporeal therapies. Nat Rev Nephrol 16(6):308-310.
https://doi.org/10.1038/s41581-020-0284-7

Rubino F, Amiel SA et al (2020) New-onset diabetes in Covid-19.
N Engl J Med 383(8):789-790. https://doi.org/10.1056/NEJMc
2018688

Sanchez C, Roch B et al (2021) Circulating nuclear DNA structural
features, origins, and complete size profile revealed by fragmen-
tomics. JCI Insight 6(7):e144561. https://doi.org/10.1172/jci.insig
ht.144561

Serpas L, Chan RWY et al (2019) Dnasell3 deletion causes aberra-
tions in length and end-motif frequencies in plasma DNA. Proc
Natl Acad Sci USA 116(2):641-649. https://doi.org/10.1073/pnas.
1815031116

Sewell HF, Agius RM et al (2020) Cellular immune responses to covid-
19. BMJ 370:m3018. https://doi.org/10.1136/bmj.m3018

Siordia JA Jr, Bernaba M et al (2020) Systematic and statistical review
of coronavirus disease 19 treatment trials. SN Compr Clin Med.
https://doi.org/10.1007/s42399-020-00399-6

Snyder MW, Kircher M et al (2016) Cell-free DNA comprises an
in vivo nucleosome footprint that informs its tissues-of-origin.
Cell 164(1-2):57-68. https://doi.org/10.1016/j.cell.2015.11.050

Sun K, Jiang P et al (2015) Plasma DNA tissue mapping by
genome-wide methylation sequencing for noninvasive prenatal,

@ Springer


https://doi.org/10.1111/ajt.13387
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1093/database/baaa055
https://doi.org/10.1093/database/baaa055
https://doi.org/10.1016/j.ebiom.2022.104131
https://doi.org/10.1016/j.ebiom.2022.104131
https://doi.org/10.1177/1753425921995577
https://doi.org/10.1016/j.ajhg.2020.01.008
https://doi.org/10.1016/j.ajhg.2020.01.008
https://doi.org/10.1016/j.molmed.2020.01.012
https://doi.org/10.1056/NEJMc2008597
https://doi.org/10.1056/NEJMc2008597
https://doi.org/10.1016/s0006-2952(03)00508-2
https://doi.org/10.1016/s0006-2952(03)00508-2
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)32656-8
https://doi.org/10.1016/S0140-6736(20)32656-8
https://doi.org/10.1186/1471-2164-16-S13-S1
https://doi.org/10.1186/1471-2164-16-S13-S1
https://doi.org/10.1158/2159-8290.CD-19-0622
https://doi.org/10.1158/2159-8290.CD-19-0622
https://doi.org/10.1002/ctd2.122
https://doi.org/10.1002/ctd2.122
https://doi.org/10.1007/s13365-020-00895-4
https://doi.org/10.1159/000339789
https://doi.org/10.1159/000339789
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1097/CM9.0000000000000774
https://doi.org/10.1097/CM9.0000000000000774
https://doi.org/10.1126/science.aaw3616
https://doi.org/10.1126/science.aaw3616
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1373/clinchem.2018.298323
https://doi.org/10.1038/s41467-018-07466-6
https://doi.org/10.1038/s41467-018-07466-6
https://doi.org/10.1371/journal.pone.0023418
https://doi.org/10.1371/journal.pone.0023418
https://doi.org/10.1016/j.kint.2020.03.001
https://doi.org/10.1016/j.kint.2020.03.001
http://www.gov.cn/zhengce/zhengceku/2020-02/05/content_5474791.htm
http://www.gov.cn/zhengce/zhengceku/2020-02/05/content_5474791.htm
https://doi.org/10.1161/ATVBAHA.120.315267
https://doi.org/10.1161/ATVBAHA.120.315267
https://doi.org/10.1093/annonc/mdz031
https://doi.org/10.1093/annonc/mdz031
https://doi.org/10.1016/j.cca.2020.01.013
https://doi.org/10.1186/s13054-020-03218-5
https://doi.org/10.1038/s41581-020-0284-7
https://doi.org/10.1056/NEJMc2018688
https://doi.org/10.1056/NEJMc2018688
https://doi.org/10.1172/jci.insight.144561
https://doi.org/10.1172/jci.insight.144561
https://doi.org/10.1073/pnas.1815031116
https://doi.org/10.1073/pnas.1815031116
https://doi.org/10.1136/bmj.m3018
https://doi.org/10.1007/s42399-020-00399-6
https://doi.org/10.1016/j.cell.2015.11.050

836

Molecular Genetics and Genomics (2023) 298:823-836

cancer, and transplantation assessments. Proc Natl Acad Sci USA
112(40):E5503-5512. https://doi.org/10.1073/pnas.1508736112

Sun K, Jiang P et al (2018) Size-tagged preferred ends in maternal
plasma DNA shed light on the production mechanism and show
utility in noninvasive prenatal testing. Proc Natl Acad Sci USA
115(22):E5106-E5114. https://doi.org/10.1073/pnas. 1804134115

Sun K, Jiang P et al (2019) Orientation-aware plasma cell-free DNA
fragmentation analysis in open chromatin regions informs tissue
of origin. Genome Res 29(3):418-427. https://doi.org/10.1101/
gr.242719.118

Sun K, Gu L et al (2021) Atlas of ACE2 gene expression reveals novel
insights into transmission of SARS-CoV-2. Heliyon 7(1):e05850.
https://doi.org/10.1016/j.heliyon.2020.e05850

Thierry AR, Roch B (2020) Neutrophil extracellular traps and by-prod-
ucts play a key role in COVID-19: pathogenesis, risk factors, and
therapy. J Clin Med. https://doi.org/10.3390/jcm9092942

Thierry AR, El Messaoudi S et al (2016) Origins, structures, and func-
tions of circulating DNA in oncology. Cancer Metastasis Rev
35(3):347-376. https://doi.org/10.1007/s10555-016-9629-x

Uccellini MB, Busto P et al (2012) Selective binding of anti-DNA anti-
bodies to native dsSDNA fragments of differing sequence. Immunol
Lett 143(1):85-91. https://doi.org/10.1016/j.imlet.2012.01.003

Ulz P, Thallinger GG et al (2016) Inferring expressed genes by whole-
genome sequencing of plasma DNA. Nat Genet 48(10):1273—
1278. https://doi.org/10.1038/ng.3648

van der Pol Y, Mouliere F (2019) Toward the early detection of cancer
by decoding the epigenetic and environmental fingerprints of cell-
free DNA. Cancer Cell 36(4):350-368. https://doi.org/10.1016/].
ccell.2019.09.003

Wang T, Du Z et al (2020a) Comorbidities and multi-organ injuries in
the treatment of COVID-19. Lancet 395(10228):e52. https://doi.
org/10.1016/S0140-6736(20)30558-4

Authors and Affiliations

Xin Jin'3

Wang Y, Zhang L et al (2020b) Kinetics of viral load and antibody
response in relation to COVID-19 severity. J Clin Invest. https://
doi.org/10.1172/JCI138759

Wolfel R, Corman VM et al (2020) Virological assessment of hospi-
talized patients with COVID-2019. Nature 581(7809):465-469.
https://doi.org/10.1038/s41586-020-2196-x

Xu X, SunJ et al (2020) Seroprevalence of immunoglobulin M and G
antibodies against SARS-CoV-2 in China. Nat Med 26(8):1193—
1195. https://doi.org/10.1038/s41591-020-0949-6

Yang P, Zhao Y et al (2021) Downregulated miR-451a as a feature
of the plasma cfRNA landscape reveals regulatory networks of
IL-6/IL-6R-associated cytokine storms in COVID-19 patients.
Cell Mol Immunol 18(4):1064-1066. https://doi.org/10.1038/
$41423-021-00652-5

Zhang S, Su X et al (2020) Nucleic acid testing for coronavirus disease
2019: demand, research progression, and perspective. Crit Rev
Anal Chem. https://doi.org/10.1080/10408347.2020.1805294

Zhou P, Yang XL et al (2020) A pneumonia outbreak associated with
a new coronavirus of probable bat origin. Nature 579(7798):270—
273. https://doi.org/10.1038/s41586-020-2012-7

Zhu N, Zhang D et al (2020) A novel coronavirus from patients with
pneumonia in China, 2019. N Engl J Med 382(8):727-733. https://
doi.org/10.1056/NEJM0a2001017

Zuo Y, Yalavarthi S et al (2020) Neutrophil extracellular traps in
COVID-19. JCI Insight. https://doi.org/10.1172/jci.insight.138999

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

-Yanqun Wang? - Jinjin Xu' - Yimin Li? - Fanjun Cheng* - Yuxue Luo' - Haibo Zhou® - Shanwen Lin® -

Fei Xiao’ - Lu Zhang'® - Yu Lin' - Zhaoyong Zhang? - Yan Jin* - Fang Zheng* - Wei Chen? - Airu Zhu? - Ye Tao' -
Jingxian Zhao? - Tingyou Kuo'® - Yuming Li? - Lingguo Li'® - Liyan Wen? - Rijing Ou' - Fang Li? - Long Lin"8 .
Yanjun Zhang? - Jing Sun? - Hao Yuan'® . Zhen Zhuang? - Haixi Sun’ - Zhao Chen? - Jie Li'® . Jianfen Zhuo? -
Dongsheng Chen' - Shengnan Zhang? - Yuzhe Sun' - Peilan Wei? - Jinwei Yuan? - Tian Xu? - Huanming Yang™'" .

Jian Wang' - Xun Xu''2. Nanshan Zhong? - Yonghao Xu? - Kun Sun? - Jincun Zhao

! BGI-Shenzhen, Shenzhen 518083, Guangdong, China

State Key Laboratory of Respiratory Disease, National
Clinical Research Center for Respiratory Disease, Guangzhou
Institute of Respiratory Health, The First Affiliated Hospital
of Guangzhou Medical University, Guangzhou 510120,
Guangdong, China

School of Medicine, South China University of Technology,
Guangzhou 510006, Guangdong, China

Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan 430022,
Hubei, China

3 The Sixth Affiliated Hospital of Guangzhou Medical
University, Qingyuan People’s Hospital, Qingyuan 511500,
Guangdong, China

Yangjiang People’s Hospital, Yangjiang 529500, Guangdong,
China

@ Springer

2,10

Department of Infectious Diseases, Guangdong Provincial
Key Laboratory of Biomedical Imaging, Guangdong
Provincial Engineering Research Center of Molecular
Imaging, The Fifth Affiliated Hospital, Sun Yat-Sen
University, Zhuhai 519000, Guangdong Province, China

BGI Education Center, University of Chinese Academy
of Sciences, Shenzhen 518083, Guangdong, China

Institute of Cancer Research, Shenzhen Bay Laboratory,
Shenzhen 518132, China

Institute of Infectious Disease, Guangzhou Eighth
People’s Hospital of Guangzhou Medical University,
Guangzhou 510060, Guangdong, China

""" Guangdong Provincial Academician Workstation of BGI

Synthetic Genomics, BGI-Shenzhen, Shenzhen 518120,
China

Guangdong Provincial Key Laboratory of Genome Read
and Write, BGI-Shenzhen, Shenzhen 518120, China


https://doi.org/10.1073/pnas.1508736112
https://doi.org/10.1073/pnas.1804134115
https://doi.org/10.1101/gr.242719.118
https://doi.org/10.1101/gr.242719.118
https://doi.org/10.1016/j.heliyon.2020.e05850
https://doi.org/10.3390/jcm9092942
https://doi.org/10.1007/s10555-016-9629-x
https://doi.org/10.1016/j.imlet.2012.01.003
https://doi.org/10.1038/ng.3648
https://doi.org/10.1016/j.ccell.2019.09.003
https://doi.org/10.1016/j.ccell.2019.09.003
https://doi.org/10.1016/S0140-6736(20)30558-4
https://doi.org/10.1016/S0140-6736(20)30558-4
https://doi.org/10.1172/JCI138759
https://doi.org/10.1172/JCI138759
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1038/s41591-020-0949-6
https://doi.org/10.1038/s41423-021-00652-5
https://doi.org/10.1038/s41423-021-00652-5
https://doi.org/10.1080/10408347.2020.1805294
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1172/jci.insight.138999
http://orcid.org/0000-0001-7554-4975

	Plasma cell-free DNA promise monitoring and tissue injury assessment of COVID-19
	Abstract
	Introduction
	Results
	Overview of the study
	Abnormalities in cfDNA of COVID-19 patients
	Alterations and dynamics of cfDNA characteristics during treatment
	Tissue injury signals in cell-free DNA

	Discussion
	Methods
	Ethics approval and patient recruitment
	Clinical data acquisition and analysis
	CfDNA extraction and processing
	CfDNA sequencing and data processing
	CfDNA characteristics profiling
	Orientation-aware cfDNA fragmentation analysis
	Prediction of tissue injury using cfDNA fragmentation pattern
	Statistical analysis
	Data access

	Anchor 20
	Acknowledgements 
	References




