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Association of vascular netosis with COVID-19
severity in asymptomatic and symptomatic patients

Suman Kapoor,'® Lucia Mihalovicovéa,? 8 Ekaterina Pisareva,” Brice Pastor,” Alexia Mirandola,” Benoit Roch,?
Joe Bryant,* Anna Philip Princy,” Salem Chouaib, " and Alain Roger Thierry?/.%*

SUMMARY

We examined from a large exploratory study cohort of COVID-19 patients (N = 549) a validated panel of
neutrophil extracellular traps (NETs) markers in different categories of disease severity. Neutrophil elas-
tase (NE), myeloperoxidase (MPO), and circulating nuclear DNA (cir-nDNA) levels in plasma were seen to
gradually and significantly (p < 0.0001) increase with the disease severity: mild (3.7, 48.9, and 15.8 ng/mL,
respectively); moderate (9.8, 77.5, and 27.7 ng/mL, respectively); severe (11.7, 99.5, and 29.0 ng/mL,
respectively); and critical (13.1, 110.2, and 46.0 ng/mL, respectively); and are also statistically different
with healthy individuals (N = 140; p < 0.0001). All observations made in relation to the Delta variant-in-
fected patients are in line with Omicron-infected patients. We unexpectedly observed significantly higher
levels of NETs in asymptomatic individuals as compared to healthy subjects (p < 0.0001). Moreover, the
balance of cir-nDNA and circulating mitochondrial DNA level was affected in COVID-19 infected patients
attesting to mitochondrial dysfunction.

INTRODUCTION

Despite intense basic and clinical investigation, a comprehensive account of all pathophysiological contributors to COVID-19 has not yet
emerged.' Although this infectious disease is respiratory, for instance, the symptoms and severe complications observed thus far have
been multiple, systemic, and multi-organ in nature.” Indeed, while a large majority of deaths are due to respiratory complications, severe
myocardial and vascular symptoms account for a significant proportion of lethal events.® The multiplicity of symptoms makes the prog-
nosis and follow-up of patients more difficult. The development of new diagnostic tools which are adequate for that task is therefore
necessary.

Our team was among the first to reveal that the vast majority of COVID-19 comorbidities consist of diseases in which neutrophil extracel-
lular traps (NETs) formation is deregulated (NETopathies).”® Based on these observations, several publications have since shown that NETs
markers are elevated in both severe and non-severe phases of the disease.”'? NETs are produced by activated neutrophils and consist of long
fibers of partially decondensed DNA containing granular proteins, in particular powerful enzymes such as neutrophil elastase (NE) and mye-
loperoxidase (MPO)."""'* The formation of NETs (or “netosis”) plays a role in the innate immune response which occurs during the first hours
of infection and whose function is to neutralize microbes, physically and enzymatically.'”~'” However, the accumulation, incomplete elimina-
tion, or abnormal localization of NETs can promote inflammation and cell damage during microbial infection or in sterile inflammatory con-
ditions.'®?? In this way, the action of NETs is double-edged: besides its rapidity and relative effectiveness in the first hours of infection, it can
also be deleterious and can participate in or lead to autoimmune diseases or serious physiological disorders.”®~*? It is by such mechanisms
that the uncontrolled formation of NETs appears to play a key role in the pathophysiology of COVID-19.%%%24

We previously validated the use of a set of markers, consisting of two protein markers (NE and MPO) and cir-nDNA concentrations, to
indirectly quantify NETs formation in metastatic colorectal cancer’>?® and in COVID-19°%?’ patients. First, we demonstrated that the quan-
titative analysis of cir-nDNA empowers the assessment of NETs formation when combined with the quantification of the granular enzymes (NE
and MPOQ) that are essential in NETs production and in the digestion of trapped microbes.””” Second, we have recently demonstrated that
the degradation of NETs’ chromatin fibers are degraded by DNases in blood and could be autocatalytic, leading to DNA fragmentation, thus
producing mainly mono-nucleosomes as well as a very small proportion of di-nucleosomes.”® Several studies showed that plasma-extracted
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Figure 1. Study flowchart

DNA is mainly associated with mono-nucleosomes and to a lesser extent di-nucleosomes (>90% in healthy individuals).”®' Consequently, cir-
nDNA can therefore be considered as a potential NETs marker.

While the dysregulation of netosis has been described in the literature in general terms, principally either in patients with non-severe or
severe clinical conditions, the objectives of our exploratory study are (1) to confirm in a large cohort of infected individuals the formation of
NETs according to specific categories of patient, notably in view of their clinical condition; (2) to evaluate NETs markers’ predictive potential
as to disease severity; (3) to observe NETs formation in Omicron-infected individuals and (4) to examine whether NETs formation exists in
asymptomatic individuals.

RESULTS

Cohort study, design, and patient characteristics

Following the inclusion of 549 individuals, plasma examination was performed in critical (N = 69), severe (N = 86), moderate (N = 55), mild (N =
20), and asymptomatic (N = 37) conditions concerning Delta-infected individuals, and moderate/mild (N = 9), and asymptomatic (N = 33)
conditions concerning Omicron-infected individuals and in 140 healthy individuals (Figure 1). This categorization followed national guidelines,
which are based on radiological findings, oxygen requirements, and the need for intensive therapy and treatment (see STAR Methods). Briefly,
the asymptomatic and mild patients were mostly outpatients, with a few mild patients being admitted to the hospital solely for the purpose of
isolation. Patient management mostly included vitamin supplementation for high-risk mild patients, with a small number of these being
administered through an early monoclonal antibody infusion. The moderate, severe, and critical categorizations were largely based on ox-
ygen requirements. Those patients underwent a variety of treatment and modalities and were all treated as inpatients (see STAR Methods).
Patient characteristics and comorbidities are listed in Table 1.

NETs marker levels increase with COVID-19 severity in Delta-infected patients

Figure 2 shows the median NE, MPO, cir-nDNA, and cir-mtDNA plasma concentration in Delta-infected patients with asymptomatic (N = 37),
mild (N = 20), moderate (N = 55), severe (N = 86), and critical (N = 69) clinical conditions. As compared to healthy individuals (12.1 ng/mL), the
MPO plasma level gradually increased by 4.1, 6.4, 8.2, and 9.1-fold in patients with mild, moderate, severe, and critical conditions (49.0, 77.5,
99.5, and 110.2 ng/mL; and p < 0.0001, p < 0.0036, p < 0.0001, and p < 0.0001, respectively) (Figures 2 and S1; Table S1). As compared to
healthy individuals (2.6 ng/mL), the NE concentration gradually increased by 1.4, 3.8, 4.6, and 5.1-fold in patients with mild, moderate, severe,
and critical conditions (3.7, 9.8, 11.7, and 13.1 ng/mL; and p < 0.0001, p = 0.44, p < 0.0001, and p < 0.0001, respectively) (Figures 2 and S1;
Table S1). As compared to healthy individuals (4.3 ng/mL), the cir-nDNA plasma level gradually increased by 3.7, 6.4, 6.7, and 10.6-fold in
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Table 1. Patient characteristics

Age: median % with >1 % with

Number and range % female % male comorbidities one comorbidity
Delta infected
Critical (expired) 20 67 (39-82) 25.0 75.0 70.0 10.0
Critical 69 53 (33-82) 28.3 71.7 36.2 18.8
Severe 86 47 (27-69) 25.0 75.0 16.3 337
Moderate 55 47 (19-79) 29.1 70.9 29.1 23.6
Mild 20 47 (29-67) 52.9 47.1 20.0 15.0
Asymptomatic 37 37 (14-64) 36.0 64.0 0 2.7
Omicron infected
Moderate/mild 9 41 (26-78) 22.2 77.8
Asymptomatic 33 41 (19-78) 60.6 39.4

Plasma of 267 Delta and 42 Omicron infected patients were examined in the study out of 409 patients.

patients with mild, moderate, severe, and critical conditions (15.8, 27.7, 29.0, and 46.0 ng/mL; and p < 0.0001, p < 0.0014, p < 0.0001, and
p < 0.0001, respectively) (Figures 2 and S3; Tables 52-56). When dichotomizing the critical cohort and distinguishing patients who died
from critical conditions and those who did not, we observed a slightly higher level of the NE, PO, and cir-nDNA, and a significant (~3-
fold) increase of the cir-mt-DNA level (Figure S4).

The panel of NETs markers (MPO + NE + cir-nDNA) is termed “NETplex". It showed that the levels of NETs markers in asymptomatic pa-
tients are higher not only as compared to healthy subjects (2.0-, 3.3-, and 11.7-fold of NE, MPO, and cir-nDNA, respectively) but also as
compared to COVID-19 patients with mild conditions (by 1.7-, 1.2-, and 2.4 fold-increase for NE, MPO, and cir-nDNA, respectively) (Figures 3
and S1-S3; Table S1). A comparison of the individual values shows 33 out of 37 (89%) of Delta-infected asymptomatic patients having a signif-
icantly higher cir-nDNA value than healthy subjects. A comparison of individual values shows 32 out of 37 (86.5%) of Delta-infected asymp-
tomatic patients having significantly higher MPO values than healthy subjects.
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Figure 2. NETs marker levels increase with COVID-19 severity in Delta-infected patients

Each dot represents plasma concentration of NE, MPO, cir-nDNA, and cir-mtDNA of a patient with asymptomatic (N = 37), mild (N = 20), moderate (N = 55),
severe (N = 86), or critical conditions (N = 69). (blue, orange, purple, brown, and gray color, respectively). Each green dot represents NETs marker value in a
healthy individual (N = 140). For each of the markers, the median values of these subgroups are statistically different each other (p < 0.0001) using the
Kruskall-Wallis statistical test, and they are also statistically different with healthy individuals (N = 140; p < 0.0001). A probability of <0.05 was considered to
be statistically significant by Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

iScience 27, 109573, May 17, 2024 3




¢? CellPress iScience
OPEN ACCESS

103 Sk il kA
LI *kok ok
i . [ Je— L,
r ! |
R EET TS *
1024 o o ’ fa * 8 — . o e
.9 oo & . <
. $ ° -~ T S ! [ 7] .
° ° . ® .
107+ & HES B 3 H ’ .
HO e o L s
> o . -
s $ - Y B3
. | & » -: LY
§ 1004 & . » 3 e
(=] ° e . o ° o °
< . ? o ‘ 3
e .
107" .
1024 .
10’l T T T T
NE MPO cir-nDNA cir-mDNA
¢ Mild + Moderate Delta * Healthy ® Mild Omicron

e Asymptomatic Delta ® Asymptomatic Omicron

Figure 3. NETs marker levels increase with COVID-19 severity in Omicron-infected patients

Values of symptomatic (purple, N = 37) and mild/moderate (brown, N = 75) Omicron patients were compared with asymptomatic (blue, N = 33) and mild/
moderate (orange, N = 9) Delta patients, as well as with healthy individuals (green, N = 140). A probability of <0.05 was considered to be statistically
significant by Student's t test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

In contrast to cir-nDNA, cir-mtDNA concentrations in asymptomatic and symptomatic patients in mild to severe conditions showed levels
similar to those of healthy individuals (1.2-2.5 ng/mL, range). (Figures 2 and S6-59; Table S1). Only critically ill patients showed a statistically
significant difference in cir-mtDNA levels (3.9 vs. 1.7 ng/mL, p < 0.05) (Figure S4; Table S1).

NETs marker levels increase with COVID-19 severity in Omicron-infected patients

Plasma median concentrations of NE, MPO, and cir-nDNA are 6.8, 29.2, and 8.9 ng/mL in Omicron-infected asymptomatic patients being 2.6,
2.4, and 2.1-fold higher than in healthy individuals (Figure 3; Table S3). They are 11.9, 60.6, and 17.5 ng/mL in the Omicron-infected mild pa-
tients being also higher as compared to healthy individuals (4.6, 4.8, and 4.1-fold) (Figure 3; Table S3). A comparison of individual values shows
20 out of 33 (60.6%) Omicron-infected asymptomatic patients having significantly higher cir-nDNA values, as compared to healthy subjects. A
comparison of individual values shows 27 out of 33 (81.8%) Omicron-infected asymptomatic patients having significantly higher MPO value, as
compared to healthy subjects. The cir-mtDNA concentration in healthy individuals and Omicron-infected asymptomatic or symptomatic pa-
tients showed similar levels (Figures 3 and S6-S9).

Diagnostic potential of NETs markers

Using Kruskal-Wallis test, it is shown that the disease severity factor influences the three markers, whose values increase with increasing dis-
ease severity. But from Dunn’s multiple comparisons test, it is seen that NE does not distinguish mild, moderate, severe, and critical condi-
tions, MPO distinguishes critical exp. from healthy, moderate, mild, and asymptomatic; critical from moderate and asymptomatic; severe from
asymptomatic and healthy; mild is not distinguished from severe, moderate, and critical; cir-DNA does not distinguish mild, moderate, se-
vere, critical exp., and critical conditions (Tables S2-S5). The AUROC study showed AUC of 0.95, 0.94, 0.98, 1.00, and 1.00 for the MPO marker,
and 0.99, 0.98, 1.00, 1.00, and 1.00 for the cir-nDNA marker in patients with asymptomatic, mild, moderate, severe, and critical conditions,
respectively (Figure 4). Note, AUC using NE showed lower AUC values ranging from 0.75 to 0.98, respectively. Cir-mtDNA did not show diag-
nostic capacity except when comparing Delta-infected patients with critical illness to healthy subjects (AUC = 0.95). The MNR was found
significantly lower in mild, moderate, severe, and critical conditions (2.1-, 5.3-, 6.4-, and 4.9-fold, respectively) (Figure S10). Note, since
ROC analysis was used to compare the various disease severity groups with healthy individuals, it does not evaluate the diagnostic power
to discriminate between different degrees of disease severity.

DISCUSSION

Using a cohort of patients which is larger and better categorized than many other studies”'” on this subject, this study showed that the median
values of plasma concentrations of the NETs markers (NE, MPO, and cir-nDNA) significantly increase with disease severity from mild,

4 iScience 27, 109573, May 17, 2024



iScience

¢? CellPress

OPEN ACCESS

Asymptomatic Mild Moderate Severe Critical
100 100 100 100
o 80 o 80 o o 801 o 807
2 * 2 R 2
2 2 2 2 2
z % s o0 s s 60 S 601
g 40 g 40 g g 40 g 40
»n ~~ AUC =0.95 " AUC = 0.94 " AUC =0.98 “ AUC =1.00 AUC =1.00
2 . I » P I I
0-F 0 T T T T 1 T T T T 1 04— T T T 1 04— T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity% 100% - Specificity% 100% - Specificity% 100% - Specificity%
cir-nDNA
Asymptomatic Mild Moderate Severe Critical
100 100 100 100 100
o 80 o 80 o 80 o 807 o 807
2 2 2 2 2
2 2 2 2 2
s 60 s 0 s 609 S 60 S 607
g 40 g 40 g 40- g 401 g 40
-~ AUC = 0.99 " AUC =0.98 -~ AUC =1.00 "~ AUC =1.00 -~ AUC =1.00
? 2 g ? 2 ? 20 ? 20 - P 20 -
D - c I’ T T T T 1 v - T T T T 1 A4 - T T T T 1 v - T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

100% - Specificity%

100% - Specificity% 100% - Specificity% 100% - Specificity% 100% - Specificity%

Figure 4. Diagnostic potential of NETs markers

Area under receiver operating curves (AUROC) of MPO and cir-nDNA in Delta-infected patients with asymptomatic, mild, moderate, severe, and critical
conditions. AUC, Area under curve. Note, (i), AUROC using NE are not shown here but exhibited lower AUC values ranging from 0.75 to 0.98 from
asymptomatic to critical conditions, respectively; (ii), Cir-mtDNA did not showed diagnostic capacity except when comparing Delta-infected patients with

critical illness to healthy subjects (AUC = 0.95); and (i), AUROC using Omicron-infected patients were not determined because of the low number of
patients (42).

moderate, severe to critical conditions. On the other hand, the diagnostic value of these three markers is attested to by the fact that their
concentrations can be more than 10 times greater in critical patients than in healthy individuals. The specificity appears high since the median
value in mild cases is at least twice as high as that of healthy individuals. Ninety percent of the examined plasma samples, present NE, MPO,
and cir-nDNA values that are higher than the highest values obtained in healthy individuals. As a whole, this shows the robustness of these
markers’ ability to categorize patients’ clinical conditions. AUROC analysis showed that cir-nDNA and MPO and to a lesser extent NE exhibit
high diagnostic power in all infected individuals. Although the Omicron-patient cohort is low (42 mild/moderate and asymptomatic patients),
our data for that cohort are in line with all observations made in relation to the Delta variant-infected individuals.

Unbalanced NETs formation was found to contribute to various illnesses, in regard to inflammation, thrombosis, or au‘tofimmurwity.wjz'33
The cardiovascular complications observed in the acute and post-acute phases of COVID-19,%**® along with the generalized presence of mi-
cro-clots detected during the autopsies of patients who have died of the disease,*® point to the involvement of thrombotic events in its path-
ophysiology. Recently, Pretorius team showed that micro-clots are largely present in the blood of COVID-19 and long COVID patients.” Thus,
in addition to the nature of the comorbidities associated with COVID-19,” and the high values of the NETs markers,”'%?/3-0 the aforemen-
tioned clinical observations lead us to believe that NETs favor the formation of micro-thromboses in a systemic way. Specifically, we postulate
that NETs physically bind to the platelets that are activated by the infection and resulting inflammation, associate with fibrin, and thus favor the
formation of thrombus. This would be amplified by NETs degradation products such as circulating DNA of nuclear or mitochondrial origin and
histones, which cause inflammation and the production of autoantibodies, which in turn stimulate neutrophils to produce even more NETSs,
leading to a self-amplification loop.”" It is possible that this self-amplification loop may persist after the acute phase of the infection, and
therefore after the disappearance of the viral particles.*” Further supporting this is our recent postulation that the persistence of NETs for-
mation following acute SARS-CoV2 infection might be due in large part to three feedback loops involving (1) inflammation, (2) thrombosis,

and (3) autoimmunity.”? Thus, we speculate that this feedback loop maintenance may be the molecular and physiopathological explanation of
post-acute sequelae of COVID.
Given our previous works,??’ along with that of other teams,”'? the combination of protein markers (for example, NE and MPO) and nu-

cleic markers (cirDNA) for NETs analysis appears to be a potential tool for the monitoring of patients infected with SARS-CoV-2. Further
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studies are needed to assess the clinical utility of these markers of netosis in the acute and post-acute phase of COVID-19 infection and partic-
ularly to predict the occurrence of sequelae in its post-acute phase (long COVID).

Unexpectedly, the plasma concentrations of the NETs markers in asymptomatic patients were higher than those observed in patients with
more severe disease. This observation is most striking for the cir-nDNA marker, which shows values more than twice those of patients with
mild condition, and nearly 10 times higher than those of healthy individuals. The difference between the median concentrations in asymp-
tomatic individuals and in patients with mild clinical conditions is statistically significant. This observation does not appear to be due to
any technological bias since (1) although the analysis is performed on the same blood sample, the ELISA test for NE and MPO is performed
on plasma, while the gPCR test for cirDNA is performed on a plasmatic DNA extract, and (2) cirDNA of mitochondrial origin derived from the
same DNA extract as the cirDNA of nuclear origin, exhibits a lower median concentration in asymptomatic individuals than in individuals with
normal conditions. Thus, the accuracy of our unanticipated observations regarding asymptomatic patients is largely supported by combining
NETs proteic markers with cir-nDNA concentration values. This highlights the necessity of combining NETs proteic markers with cir-nDNA in
order to obtain a robust interpretation of data. This phenomenon might result from the treatment offered to patients, especially anti-inflam-
matory and anti-coagulation drugs which are given to those with mild clinical conditions. An alternative if counterintuitive possibility to
consider is that the higher inflammation state of a mild, symptomatic patient may result in greater inhibition of netosis. The slightly but signif-
icantly higher degree of netosis, such as observed in asymptomatic cases as compared to healthy individuals, as well as in mild cases (conse-
quently a low grade of inflammation), needs to be confirmed and further investigated. As a result, the "asymptomatic” clinical condition of
those patients could be questioned. This might have medical consequences, given the implication that an uncontrolled NETs production in
part of these patients remains a distinct possibility, and offers an explanation of long-term post-infection sequelae, or long COVID. An ex-
amination of NETs markers in a large cohort of subjects experiencing long-term sequelae, but who were previously considered as asymptom-
atic individuals at the time of infection, is needed to evaluate this hypothesis.

The concentration levels of circulating DNA of mitochondrial origin (cir-mtDNA) follow an opposite trend to those of MPO, NE, or cir-
nDNA markers. There is no statistical difference between healthy, mild, moderate, and severe patients individuals. Since cir-mtDNA and
cir-nDNA assays are performed from the same plasma DNA extract, this suggests that the observation of these opposite trends might not
be due to analytical bias. Moreover, this suggests a clear difference in the mechanism of release of cir-nDNA and cir-mtDNA, and, in addition,
that cir-mtDNA levels do not associate with COVID-19 pathogenesis. One possible explanation could be the fact that suicidal netosis mostly
release cir-nDNA whereas cir-mtDNA, are mainly released by vital netosis. In addition, cir-mtDNA level in patients in critical condition, espe-
cially those who died from the disease, is higher than that observed in the other patient categories. Cir-mtDNA analysis has been studied to
identify biomarkers to predict mortality and disease severity in critical care patients.** This might be explained by the induction of the various
cell death processes (necrosis, apoptosis, pyroptosis, or netosis) when patients are critically ill. Alternatively, it is likely that in response to
critical illness, there is damage to the mitochondria leading to the release of mitochondrial DNA into the circulation. Some studies™**®
have suggested an association between cir-mtDNA levels with increased mortality and disease severity in sepsis critical care patients. In
particular, Hepokoski et al.*® showed that mitochondrial DNA concentrations could be a real-time biomarker in critical care subjects with
Covid-19 to guide clinical decision making.

In addition to other circulating NETs byproducts (histones, granules proteins such as NE or MPO, and structural proteins), cir-mtDNA may
trigger inflammatory process by acting as damage-associated molecular patterns.”’~° Thus, despite their presence in lower amounts than cir-
nDNA in healthy individuals, cir-mtDNA might be a marker of interest for inflammatory diseases.*’~>" In this study, we confirmed in a higher
cohort number that cir-mtDNA did not increase with disease severity, by contrast to cir-nDNA. In COVID-19 critically ill patients as compared
to healthy individuals, the only statistically significant difference was seen in cir-mtDNA levels, as has been previously reported.”” This might
be due to general increased cell death in the bodies of these patients. That said, it should be noted that we observed in each group of COVID-
19 infected patients an imbalance between the cir-nDNA and cir-mtDNA amounts. Since cir-mtDNA amount mainly corresponds to the num-
ber of circulating cell-free mitochondria, our observation®*>* attests to a lower mitochondria production arising from impaired mitochondrial
protein synthesis or some other mitochondrial dysfunction in COVID-19 and long COVID patients.?” This postulate should be placed in the
context of previous reports associating mitochondria dysfunction with COVID-19.*~>¢ Further support for such a perspective is offered by the
very recent study by Guarnieri et al.,”” which describes the genetic mechanisms that damage mitochondria in organs and which, in doing so,
may contribute to COVID-19 and perhaps to long COVID. It has been suggested that ROS overproduction is involved in the pathophysiolog-
ical mechanisms of both pathologies,57 and that in a similar manner, the formation of NETs is promoted by the mitochondrial ROS in neu-
trophils in patients with various NETopathies.”” Genomic and transcriptomic research is needed to decipher whether NETSs are linked to
mitochondria dysfunction.

While NETs and consequently neutrophils clearly appear as a significant biological source of cir-nDNA,”**® cir-nDNA in COVID-19 patients
may also derive from other origins, such as damaged organ tissue. For instance, Y. Dor's team recently reported elevated levels of lung-
derived cir-nDNA among COVID-19 patients, with such levels being significantly associated with disease severity and mortality.””*° Endothe-
lial, cardiac, or kidney cells undergoing a process of cell death (apoptosis, necrosis, ...) or phagocytosis, may release their DNA into the blood-
stream. A determination of the tissue-of-origin of COVID-19 cir-nDNA is necessary to better circumscribe the impact of NETs in the high
elevation of cir-nDNA, and to infer possible tissue damage, thus improving patient management care, especially patient follow-up.

As determined using ELISA and gPCR assay, NE and MPO on the one hand, and cir-nDNA on the other, appear to provide a reliable esti-
mation of COVID-19 severity, as observed in the gradual increase in their concentrations, the correlation study, and the AUROC assessment.
This “NetPlex” panel could therefore be a strong surrogate biomarker in the quantitative follow-up of patients.
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This is the largest prospective clinical study on the quantification of NETs formation and of cir-nDNA and cir-mtDNA in symptomatic and
asymptomatic SARS-CoV2 infected individuals. It enabled the definitive confirmation of the association of NETs with COVID-19 patient
severity, and did so in several categories in a large cohort, further supporting our postulate that NETs formation is a key player in the
COVID-19 pathogenesis. Similar observations are made in Delta- and Omicron-infected individuals. The unexpected observation of signif-
icantly higher NETs levels in asymptomatic individuals as compared to healthy subjects raises the question of their categorization as healthy
individuals or otherwise and warrants further investigation in other cohorts. In addition, this observation suggests that NETs are significantly
produced in the early phase of the SARS-CoV2 infection and that uncontrolled NETs formation might contribute to the acute phase of the
disease. Furthermore, this work revealed that cir-mtDNA and consequently circulating cell-free mitochondria do not increase with disease
severity, or only do so very slightly, which would point to the involvement of mitochondria dysfunction in the COVID-19 pathogenesis, as
has been recently demonstrated elsewhere.”**” The NETs markers panel (NetPlex) used in this study provides accurate and reliable informa-
tion as to the presence of NETs and therefore be a strong surrogate biomarker in the quantitative follow-up of patients. It could also poten-
tially predict disease progression. Furthermore, it might have potential in the prognosis of long-term sequelae or “long COVID”, given that
the persistence of NETs formation during the post-acute phase has been observed six months after discharge from critical care.?”” Given the
persistence of NETs formation in patients with post-acute sequelae of COVID-19 (“long COVID"), this test’s potential should be evaluated
with respect to the follow-up of both acute and post-acute phase COVID-19 patients or in diagnosing individuals for long COVID.

Limitations of the study

Although high statistical differences were shown between the severity groups of patients, especially with healthy individuals, the low number
of symptomatic Omicron-infected patients limits the statistical significance of the difference of the values of the NETs markers between this
cohort and the healthy individuals and the mild/moderate patient cohorts. This work lacks an analysis of the variation of NETs markers which
may occur as patients move from one category of severity to another. A follow-up of patients who moved from the asymptomatic or mild
category to a more severe category would have helped to circumscribe the potential of the NETs biomarker panel used in this study. Lastly,
we could not provide details of the variation of the biological/biochemistry parameters of the severe and non-severe Delta-infected patients,
with respect to the NETs markers, as we did in our previous report.”’

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
e METHOD DETAILS
O Patients
O Sample collection, treatment, and cfDNA extraction
O Measurement of cfDNA concentration by gPCR and evaluation of MNR and DNA integrity
O ELISA
o QUANTIFICATION AND STATISTICAL ANALYSIS
o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.109573.

ACKNOWLEDGMENTS

The authors thank the excellent technical assistance of C. Sanchez and F. Frayssinoux (IRCM, Institut de Recherche en Cancérologie de Mont-
pellier, INSERM U1194, Université de Montpellier, Institut régional du Cancer de Montpellier, Montpellier, F-34298, France) and Cormac Mc
Carthy (Mc Carthy Consultant, Montpellier) for English editing (financial compensation). We are grateful to M. Ychou, A. Adenis, E. Crapez, T.
Mazard, (Institut Régional du Cancer de Montpellier, ICM), and J.P. Cristol and K. Klouche (Center Hospitalier Universitaire de Montpellier) for
fruitful discussion.

The study was partially supported by SIRIC Montpellier Cancer Grant INCa_Inserm_DGOS_12553, and Lucia M. was supported by the Na-
tional Scholarship Program of the Slovak Republic and scholarship of Ludmila Sedlarova-Rabanova. The study is partially supported and
funded by Gulf Medical University and Thumbay University Hospital and Labs Ajman, UAE, and the Société Francaise des Acides Nucléiques
Circulants (SFAC).

iScience 27, 109573, May 17, 2024 7



https://doi.org/10.1016/j.isci.2024.109573

¢? CellPress

OPEN ACCESS

AUTHOR CONTRIBUTIONS

S.K.: Data curation, formal analysis, investigation, methodology, validation, writing, and visualization. L.M.: Methodology, validation, inves-
tigation, and writing. E.P., A.M., and B.P.: Data curation, formal analysis, methodology, and validation. B.R.: Investigation. A.P.P.: Data cura-
tion, formal analysis, investigation, methodology, and validation. J.B.: Investigation, review and editing. S.C.: Investigation, review and edit-
ing, project administration, supervision, and funding acquisition. A.R.T.: Conceptualization, funding acquisition, methodology, project

administration, supervision, validation, writing — original draft, and writing — review and editing.

DECLARATION OF INTERESTS

AR.T., E.P., and B.P. are author of a patent: Thierry AR., Pisareva E., and B. Pastor NEW METHOD TO DIAGNOSE INFLAMMATORY
DISEASES 11194720 PCT application number PCT/EP2022/072147, Date of receipt 05 August 2022.

Received: September 25, 2023
Revised: December 19, 2023
Accepted: March 24, 2024
Published: March 26, 2024

REFERENCES

1.

8

Kumar, A., Narayan, R.K., Prasoon, P., Kumari,
C., Kaur, G., Kumar, S., Kulandhasamy, M.,
Sesham, K., Pareek, V., Faig, M.A,, et al.
(2021). COVID-19 Mechanisms in the Human
Body—What We Know So Far. Front.
Immunol. 12, 693938. https://doi.org/10.
3389/fimmu.2021.693938.

. Nasserie, T., Hittle, M., and Goodman, S.N.

(2021). Assessment of the Frequency and
Variety of Persistent Symptoms Among
Patients With COVID-19: A Systematic
Review. JAMA Netw. Open 4, e2111417.
https://doi.org/10.1001/jamanetworkopen.
2021.11417.

. Wadowski, P.P., Panzer, B., Jozkowicz, A.,

Kopp, C.W., Gremmel, T., Panzer, S., and
Koppensteiner, R. (2023). Microvascular
Thrombosis as a Critical Factor in Severe
COVID-19. Int. J. Mol. Sci. 24, 2492. https://
doi.org/10.3390/ijms24032492.

. Thierry, A.R., and Roch, B. (2020). SARS-CoV2

may evade innate immune response, causing
uncontrolled neutrophil extracellular traps
formation and multi-organ failure. Clin. Sci.
134, 1295-1300. https://doi.org/10.1042/
CS20200531.

. Thierry, AR., and Roch, B. (2020). Neutrophil

Extracellular Traps and By-Products Play a
Key Role in COVID-19: Pathogenesis, Risk
Factors, and Therapy. J. Clin. Med. 9, 2942.
https://doi.org/10.3390/jcm%092942.

. Barnes, B.J., Adrover, J.M., Baxter-Stoltzfus,

A., Borczuk, A., Cools-Lartigue, J., Crawford,
J.M., DaBler-Plenker, J., Guerci, P., Huynh, C.,
Knight, J.S., et al. (2020). Targeting potential
drivers of COVID-19: Neutrophil extracellular
traps. J. Exp. Med. 217, €20200652. https://
doi.org/10.1084/jem.20200652.

. Middleton, E.A., He, X.-Y., Denorme, F.,

Campbell, R.A., Ng, D., Salvatore, S.P.,
Mostyka, M., Baxter-Stoltzfus, A., Borczuk,
A.C., Loda, M., et al. (2020). Neutrophil
extracellular traps contribute to
immunothrombosis in COVID-19 acute
respiratory distress syndrome. Blood 136,
1169-1179. https://doi.org/10.1182/blood.
2020007008.

. Veras, F.P., Pontelli, M.C., Silva, C.M., Toller-

Kawahisa, J.E., de Lima, M., Nascimento,
D.C., Schneider, A.H., Caetité, D., Tavares,
L.A., Paiva, .M., et al. (2020). SARS-CoV-2—
triggered neutrophil extracellular traps
mediate COVID-19 pathology. J. Exp. Med.

iScience 27, 109573, May 17, 2024

217,e20201129. https://doi.org/10.1084/jem.
20201129.

. Zuo, Y., Yalavarthi, S., Shi, H., Gockman, K.,

Zuo, M., Madison, J.A., Blair, C., Weber, A.,
Barnes, B.J., Egeblad, M., et al. (2020).
Neutrophil extracellular traps in COVID-19.
JCl Insight 5, €138999. https://doi.org/10.
1172/jci.insight.138999.

. Ng, H., Havervall, S., Rosell, A., Aguilera, K.,

Parv, K., von Meijenfeldt, F.A., Lisman, T.,
Mackman, N., Thalin, C., and Phillipson, M.
(2021). Circulating Markers of Neutrophil
Extracellular Traps Are of Prognostic Value in
Patients With COVID-19. Arterioscler.
Thromb. Vasc. Biol. 41, 988-994. https://doi.
org/10.1161/ATVBAHA.120.315267.

. Papayannopoulos, V., Metzler, K.D., Hakkim,

A., and Zychlinsky, A. (2010). Neutrophil
elastase and myeloperoxidase regulate the
formation of neutrophil extracellular traps.
J. Cell Biol. 191, 677-691. https://doi.org/10.
1083/jcb.201006052.

. Stiel, L., Mayeur-Rousse, C., Helms, J.,

Meziani, F., and Mauvieux, L. (2019). First
visualization of circulating neutrophil
extracellular traps using cell fluorescence
during human septic shock-induced
disseminated intravascular coagulation.
Thromb. Res. 183, 153-158. https://doi.org/
10.1016/j.thromres.2019.09.036.

. Yousefi, S., Mihalache, C., Kozlowski, E.,

Schmid, 1., and Simon, H.U. (2009). Viable
neutrophils release mitochondrial DNA to
form neutrophil extracellular traps. Cell
Death Differ. 16, 1438-1444. https://doi.org/
10.1038/cdd.2009.96.

. Metzler, K.D., Goosmann, C., Lubojemska, A.,

Zychlinsky, A., and Papayannopoulos, V.
(2014). A Myeloperoxidase-Containing
Complex Regulates Neutrophil Elastase
Release and Actin Dynamics during NETosis.
Cell Rep. 8, 883-896. https://doi.org/10.1016/
j.celrep.2014.06.044.

. Brinkmann, V. (2018). Neutrophil Extracellular

Traps in the Second Decade. J. Innate
Immun. 10, 414-421. https://doi.org/10.1159/
000489829.

. Yousefi, S., Stojkov, D., Germic, N., Simon, D.,

Wang, X., Benarafa, C., and Simon, H.U.
(2019). Untangling “NETosis"” from NETSs. Eur.
J. Immunol. 49, 221-227. https://doi.org/10.
1002/€ji.201747053.

17.

18.

19.

20.

21.

22.

23.

24.

25.

iScience

Khandpur, R., Carmona-Rivera, C.,
Vivekanandan-Giri, A., Gizinski, A., Yalavarthi,
S., Knight, J.S., Friday, S., Li, S., Patel, R-M.,
Subramanian, V., et al. (2013). NETs Are a
Source of Citrullinated Autoantigens and
Stimulate Inflammatory Responses in
Rheumatoid Arthritis. Sci. Transl. Med. 5,
178ra40. https://doi.org/10.1126/
scitranslmed.3005580.

Daniel, C., Leppkes, M., Mufioz, L.E., Schley,
G., Schett, G., and Herrmann, M. (2019).
Extracellular DNA traps in inflammation,
injury and healing. Nat. Rev. Nephrol. 15,
559-575. https://doi.org/10.1038/s41581-
019-0163-2.

Papayannopoulos, V. (2018). Neutrophil
extracellular traps in immunity and disease.
Nat. Rev. Immunol. 18, 134-147. https://doi.
org/10.1038/nri.2017.105.

Jorch, S.K., and Kubes, P. (2017). An
emerging role for neutrophil extracellular
traps in noninfectious disease. Nat. Med. 23,
279-287. https://doi.org/10.1038/nm.4294.
Kaplan, M.J., and Radic, M. (2012). Neutrophil
Extracellular Traps: Double-Edged Swords of
Innate Immunity. J Immunol. 189, 2689-2695.
https://doi.org/10.4049/jimmunol.1201719.
Morimont, L., Dechamps, M., David, C.,
Bouvy, C., Gillot, C., Haguet, H., Favresse, J.,
Ronvaux, L., Candiracci, J., Herzog, M., et al.
(2022). NETosis and Nucleosome Biomarkers
in Septic Shock and Critical COVID-19
Patients: An Observational Study.
Biomolecules 12, 1038. https://doi.org/10.
3390/biom12081038.

Taylor, E.B. (2022). Casting a wide NET: an
update on uncontrolled NETosis in response
to COVID-19 infection. Clin. Sci. 136, 1047-
1052. https://doi.org/10.1042/CS20220039.
Pastorek, M., Dubrava, M., and Celec, P.
(2022). On the Origin of Neutrophil
Extracellular Traps in COVID-19. Front.
Immunol. 13, 821007. https://doi.org/10.
3389/fimmu.2022.821007.

Pastor, B., Abraham, J.-D., Pisareva, E.,
Sanchez, C., Kudriavstev, A., Tanos, R.,
Mirandola, A., Mihalovicova, L., Pezzella, V.,
Adenis, A., et al. (2022). Association of
neutrophil extracellular traps with the
production of circulating DNA in patients
with colorectal cancer. iScience 25, 103826.
https://doi.org/10.1016/}.isci.2022.103826.


https://doi.org/10.3389/fimmu.2021.693938
https://doi.org/10.3389/fimmu.2021.693938
https://doi.org/10.1001/jamanetworkopen.2021.11417
https://doi.org/10.1001/jamanetworkopen.2021.11417
https://doi.org/10.3390/ijms24032492
https://doi.org/10.3390/ijms24032492
https://doi.org/10.1042/CS20200531
https://doi.org/10.1042/CS20200531
https://doi.org/10.3390/jcm9092942
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1084/jem.20201129
https://doi.org/10.1084/jem.20201129
https://doi.org/10.1172/jci.insight.138999
https://doi.org/10.1172/jci.insight.138999
https://doi.org/10.1161/ATVBAHA.120.315267
https://doi.org/10.1161/ATVBAHA.120.315267
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1016/j.thromres.2019.09.036
https://doi.org/10.1016/j.thromres.2019.09.036
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1159/000489829
https://doi.org/10.1159/000489829
https://doi.org/10.1002/eji.201747053
https://doi.org/10.1002/eji.201747053
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1038/s41581-019-0163-2
https://doi.org/10.1038/s41581-019-0163-2
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nm.4294
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.3390/biom12081038
https://doi.org/10.3390/biom12081038
https://doi.org/10.1042/CS20220039
https://doi.org/10.3389/fimmu.2022.821007
https://doi.org/10.3389/fimmu.2022.821007
https://doi.org/10.1016/j.isci.2022.103826

iScience

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Pisareva, E., Mihalovicova, L., Pastor, B.,
Kudriavstev, A., Mirandola, A., Mazard, T.,
Badiou, S., Maus, U., Ostermann, L.,
Weinmann-Menke, J., et al. (2022).
Neutrophil Extracellular Traps Have Auto-
Catabolic Activity and Produce
Mononucleosome-Associated Circulating
DNA. Genome Med. 14, 135. https://doi.org/
10.1186/513073-022-01125-8.

Pisareva, E., Badiou, S., Mihalovicova, L.,
Mirandola, A., Pastor, B., Kudriavtsev, A.,
Berger, M., Roubille, C., Fesler, P., Klouche,
K., et al. (2023). Persistence of neutrophil
extracellular traps and anticardiolipin auto-
antibodies in post-acute phase COVID-19
patients. J. Med. Virol. 95, e28209. https://
doi.org/10.1002/jmv.28209.

Sanchez, C., Roch, B., Mazard, T., Blache, P.,
Dache, Z.A.A., Pastor, B., Pisareva, E., Tanos,
R., and Thierry, A.R. (2021). Circulating
nuclear DNA structural features, origins, and
complete size profile revealed by
fragmentomics. JCI Insight 6, e144561.
https://doi.org/10.1172/jci.insight.144561.
Snyder, M\W., Kircher, M., Hill, AJ., Daza,
R.M., and Shendure, J. (2016). Cell-free DNA
Compirises an In Vivo Nucleosome Footprint
that Informs Its Tissues-Of-Origin. Cell 164,
57-68. https://doi.org/10.1016/j.cell.2015.
11.050.

Jiang, P., Chan, CW.M,, Chan, K.C.A.,
Cheng, S.H., Wong, J., Wong, V.W.-S., Wong,
G.LH., Chan, S.L.,, Mok, T.S.K,, Chan, H.L.Y.,
et al. (2015). Lengthening and shortening of
plasma DNA in hepatocellular carcinoma
patients. Proc. Natl. Acad. Sci. USA 112,
E1317-E1325. https://doi.org/10.1073/pnas.
1500076112.

Moser, T., Ulz, P., Zhou, Q., Perakis, S., Geigl,
J.B., Speicher, M.R., and Heitzer, E. (2017).
Single-Stranded DNA Library Preparation
Does Not Preferentially Enrich Circulating
Tumor DNA. Clin. Chem. 63, 1656-1659.
https://doi.org/10.1373/clinchem.2017.
277988.

Knight, R., Walker, V., Ip, S., Cooper, J.A.,
Bolton, T., Keene, S., Denholm, R., Akbari, A.,
Abbasizanjani, H., Torabi, F., et al. (2022).
Association of COVID-19 With Major Arterial
and Venous Thrombotic Diseases: A
Population-Wide Cohort Study of 48 Million
Adults in England and Wales. Circulation 146,
892-906. https://doi.org/10.1161/
CIRCULATIONAHA.122.060785.

Fuchs, T.A., Kremer Hovinga, J.A.,
Schatzberg, D., Wagner, D.D., and Ldmmle,
B. (2012). Circulating DNA and
myeloperoxidase indicate disease activity in
patients with thrombotic microangiopathies.
Blood 120, 1157-1164. https://doi.org/10.
1182/blood-2012-02-412197.

Nappi, F., Bellomo, F., and Avtaar Singh, S.S.
(2022). Insights into the Role of Neutrophils
and Neutrophil Extracellular Traps in Causing
Cardiovascular Complications in Patients
with COVID-19: A Systematic Review. J. Clin.
Med. 11, 2460. https://doi.org/10.3390/
jem11092460.

Raoult, D., Zumla, A., Locatelli, ., Ippolito,
G., and Kroemer, G. (2020). Coronavirus
infections: Epidemiological, clinical and
immunological features and hypotheses. Cell
Stress 4, 66-75. https://doi.org/10.15698/
¢st2020.04.216.

Wichmann, D., Sperhake, J.-P.,
Lutgehetmann, M., Steurer, S., Edler, C.,
Heinemann, A., Heinrich, F., Mushumba, H.,
Kniep, I., Schréder, A.S., et al. (2020). Autopsy
Findings and Venous Thromboembolism in

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Patients With COVID-19: A Prospective
Cohort Study. Ann. Intern. Med. 173,
268-277. https://doi.org/10.7326/M20-2003.
Pretorius, E., Vlok, M., Venter, C.,
Bezuidenhout, J.A., Laubscher, G.J.,
Steenkamp, J., and Kell, D.B. (2021).
Persistent clotting protein pathology in Long
COVID/Post-Acute Sequelae of COVID-19
(PASC) is accompanied by increased levels of
antiplasmin. Cardiovasc. Diabetol. 20, 172.
https://doi.org/10.1186/512933-021-01359-7.
Zuo, Y., Zuo, M., Yalavarthi, S., Gockman, K,
Madison, J.A., Shi, H., Woodard, W., Lezak,
S.P., Lugogo, N.L., Knight, J.S., and Kanthi, Y.
(2021). Neutrophil extracellular traps and
thrombosis in COVID-19. J. Thromb.
Thrombolysis 51, 446-453. https://doi.org/
10.1007/s11239-020-02324-z.

Kell, D.B., Laubscher, G.J., and Pretorius, E.
(2022). A central role for amyloid fibrin
microclots in long COVID/PASC: origins and
therapeutic implications. Biochem. J. 479,
537-559. https://doi.org/10.1042/
BCJ20220016.

Blasco, A., Coronado, M.-J., Herndndez-
Terciado, F., Martin, P., Royuela, A., Ramil, E.,
Garcia, D., Goicolea, J., Del Trigo, M.,
Ortega, J., et al. (2020). Assessment of
Neutrophil Extracellular Traps in Coronary
Thrombus of a Case Series of Patients With
COVID-19 and Myocardial Infarction. JAMA
Cardiol. 6, 1-6. https://doi.org/10.1001/
jamacardio.2020.7308.

Thierry, A.R. (2024). NETosis creates a link
between diabetes and Long COVID. Physiol.
Rev. 104, 651-654. https://doi.org/10.1152/
physrev.00032.2023.

Thierry, A.R., and Salmon, D. (2023).
Persistent Stimulation of Neutrophils May
Potentially Contribute to Long COVID.
Submited.

Ashar, F.N., Moes, A., Moore, A.Z., Grove,
M.L., Chaves, P.H.M., Coresh, J., Newman,
A.B., Matteini, A.M., Bandeen-Roche, K.,
Boerwinkle, E., et al. (2015). Association of
mitochondrial DNA levels with frailty and all-
cause mortality. J. Mol. Med. 93, 177-186.
https://doi.org/10.1007/s00109-014-1233-3.
Mao, J.-Y., Su, L.-X., Li, D.-K., Zhang, H.-M.,
Wang, X.-T., and Liu, D.-W. (2021). The effects
of UCP2 on autophagy through the AMPK
signaling pathway in septic cardiomyopathy
and the underlying mechanism. Ann. Transl.
Med. 9, 259. https://doi.org/10.21037/atm-
20-4819.

Harrington, J.S., Choi, AM.K., and Nakahira,
K. (2017). Mitochondrial DNA in Sepsis. Curr.
Opin. Crit. Care 23, 284-290. https://doi.org/
10.1097/MCC.0000000000000427.
Hepokoski, M.L., Odish, M., Lam, M.T.,
Coufal, N.G., Rolfsen, M.L., Shadel, G.S.,
Moyzis, A.G., Sainz, A.G., Takiar, P.G., Patel,
S., et al. (2022). Absolute quantification of
plasma mitochondrial DNA by droplet digital
PCR marks COVID-19 severity over time
during intensive care unit admissions. Am. J.
Physiol. Lung Cell Mol. Physiol. 323, L84-L92.
https://doi.org/10.1152/ajplung.00128.2022.
Al Amir Dache, Z., and Thierry, A.R. (2023).
Mitochondria-derived cell-to-cell
communication. Cell Rep. 42, 112728. https://
doi.org/10.1016/j.celrep.2023.112728.
Denning, N.-L., Aziz, M., Gurien, S.D., and
Wang, P. (2019). DAMPs and NETs in Sepsis.
Front. Immunol. 10, 2536. https://doi.org/10.
3389/fimmu.2019.02536.

Koenig, A., and Buskiewicz-Koenig, I.A.
(2022). Redox Activation of Mitochondrial
DAMPs and the Metabolic Consequences for

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

¢? CellPress

OPEN ACCESS

Development of Autoimmunity. Antioxid.
Redox Signal. 36, 441-461. https://doi.org/
10.1089/ars.2021.0073.

Tiku, V., Tan, M.-W., and Dikic, I. (2020).
Mitochondrial Functions in Infection and
Immunity. Trends Cell Biol. 30, 263-275.
https://doi.org/10.1016/j.tcb.2020.01.006.
Picca, A., Lezza, AM.S., Leeuwenburgh, C.,
Pesce, V., Calvani, R., Bossola, M., Manes-
Gravina, E., Landi, F., Bernabei, R., and
Marzetti, E. (2018). Circulating Mitochondrial
DNA at the Crossroads of Mitochondrial
Dysfunction and Inflammation During Aging
and Muscle Wasting Disorders. Rejuvenation
Res. 21, 350-359. https://doi.org/10.1089/rej.
2017.1989.

Al Amir Dache, Z., Otandault, A, Tanos, R.,
Pastor, B., Meddeb, R., Sanchez, C., Arena,
G., Lasorsa, L., Bennett, A., Grange, T., et al.
(2020). Blood contains circulating cell-free
respiratory competent mitochondria. FASEB
J. 34, 3616-3630. https://doi.org/10.1096/f].
201901917RR.

Pisareva, E., Roch, B., Sanchez, C., Pastor, B.,
Mirandola, A., Diab-Assaf, M., Mazard, T.,
Prévostel, C., Al Amir Dache, Z., and Thierry,
A.R. (2023). Comparison of the structures and
topologies of plasma extracted circulating
nuclear and mitochondrial cell-free DNA.
Front. Genet. 14, 1104732. https://doi.org/10.
3389/fgene.2023.1104732.

Zanin, A., Amah, G., Chakroun, S., Testard, P.,
Faucher, A, Le, T.Y.V,, Slama, D., Le Baut, V.,
Lozeron, P., Salmon, D., and Kubis, N. (2023).
Parasympathetic autonomic dysfunction is
more often evidenced than sympathetic
autonomic dysfunction in fluctuating and
polymorphic symptoms of “long-COVID"
patients. Sci. Rep. 13, 8251. https://doi.org/
10.1038/541598-023-35086-8.

Alfatni, A., Riou, M., Charles, A.-L., Meyer, A.,
Barnig, C., Andres, E., Lejay, A., Talha, S., and
Geny, B. (2020). Peripheral Blood
Mononuclear Cells and Platelets
Mitochondrial Dysfunction, Oxidative Stress,
and Circulating mtDNA in Cardiovascular
Diseases. J. Clin. Med. 9, 311. https://doi.org/
10.3390/jcm9020311.

Guntur, V.P., Nemkov, T., de Boer, E.,
Mohning, M.P., Baraghoshi, D., Cendali, F.I.,
San-Millén, I., Petrache, ., and D'Alessandro,
A. (2022). Signatures of Mitochondrial
Dysfunction and Impaired Fatty Acid
Metabolism in Plasma of Patients with Post-
Acute Sequelae of COVID-19 (PASC).
Metabolites 12, 1026. https://doi.org/10.
3390/metabo12111026.

Guarnieri, J.W., Dybas, J.M., Fazelinia, H.,
Kim, M.S., Frere, J., Zhang, Y., Soto Albrecht,
Y., Murdock, D.G., Angelin, A., Singh, L.N.,
et al. (2023). Core mitochondrial genes are
down-regulated during SARS-CoV-2
infection of rodent and human hosts. Sci.
Transl. Med. 15, eabq1533. https://doi.org/
10.1126/scitranslmed.abg1533.

Che, H., Stanley, K., Jatsenko, T., Thienpont,
B., and Vermeesch, J.R. (2022). Expanded
knowledge of cell-free DNA biology:
potential to broaden the clinical utility.
Extracell. Vesicles Circ. Nucl. Acids 3,
199-217. https://doi.org/10.20517/evcna.
2022.21.

Zemmour, H., Planer, D., Magenheim, J.,
Moss, J., Neiman, D., Gilon, D., Korach, A.,
Glaser, B., Shemer, R., Landesberg, G., and
Dor, Y. (2018). Non-invasive detection of
human cardiomyocyte death using
methylation patterns of circulating DNA. Nat.

iScience 27, 109573, May 17, 2024 9



https://doi.org/10.1186/s13073-022-01125-8
https://doi.org/10.1186/s13073-022-01125-8
https://doi.org/10.1002/jmv.28209
https://doi.org/10.1002/jmv.28209
https://doi.org/10.1172/jci.insight.144561
https://doi.org/10.1016/j.cell.2015.11.050
https://doi.org/10.1016/j.cell.2015.11.050
https://doi.org/10.1073/pnas.1500076112
https://doi.org/10.1073/pnas.1500076112
https://doi.org/10.1373/clinchem.2017.277988
https://doi.org/10.1373/clinchem.2017.277988
https://doi.org/10.1161/CIRCULATIONAHA.122.060785
https://doi.org/10.1161/CIRCULATIONAHA.122.060785
https://doi.org/10.1182/blood-2012-02-412197
https://doi.org/10.1182/blood-2012-02-412197
https://doi.org/10.3390/jcm11092460
https://doi.org/10.3390/jcm11092460
https://doi.org/10.15698/cst2020.04.216
https://doi.org/10.15698/cst2020.04.216
https://doi.org/10.7326/M20-2003
https://doi.org/10.1186/s12933-021-01359-7
https://doi.org/10.1007/s11239-020-02324-z
https://doi.org/10.1007/s11239-020-02324-z
https://doi.org/10.1042/BCJ20220016
https://doi.org/10.1042/BCJ20220016
https://doi.org/10.1001/jamacardio.2020.7308
https://doi.org/10.1001/jamacardio.2020.7308
https://doi.org/10.1152/physrev.00032.2023
https://doi.org/10.1152/physrev.00032.2023
http://refhub.elsevier.com/S2589-0042(24)00795-8/sref42
http://refhub.elsevier.com/S2589-0042(24)00795-8/sref42
http://refhub.elsevier.com/S2589-0042(24)00795-8/sref42
http://refhub.elsevier.com/S2589-0042(24)00795-8/sref42
https://doi.org/10.1007/s00109-014-1233-3
https://doi.org/10.21037/atm-20-4819
https://doi.org/10.21037/atm-20-4819
https://doi.org/10.1097/MCC.0000000000000427
https://doi.org/10.1097/MCC.0000000000000427
https://doi.org/10.1152/ajplung.00128.2022
https://doi.org/10.1016/j.celrep.2023.112728
https://doi.org/10.1016/j.celrep.2023.112728
https://doi.org/10.3389/fimmu.2019.02536
https://doi.org/10.3389/fimmu.2019.02536
https://doi.org/10.1089/ars.2021.0073
https://doi.org/10.1089/ars.2021.0073
https://doi.org/10.1016/j.tcb.2020.01.006
https://doi.org/10.1089/rej.2017.1989
https://doi.org/10.1089/rej.2017.1989
https://doi.org/10.1096/fj.201901917RR
https://doi.org/10.1096/fj.201901917RR
https://doi.org/10.3389/fgene.2023.1104732
https://doi.org/10.3389/fgene.2023.1104732
https://doi.org/10.1038/s41598-023-35086-8
https://doi.org/10.1038/s41598-023-35086-8
https://doi.org/10.3390/jcm9020311
https://doi.org/10.3390/jcm9020311
https://doi.org/10.3390/metabo12111026
https://doi.org/10.3390/metabo12111026
https://doi.org/10.1126/scitranslmed.abq1533
https://doi.org/10.1126/scitranslmed.abq1533
https://doi.org/10.20517/evcna.2022.21
https://doi.org/10.20517/evcna.2022.21

¢? CellPress

60.

61.

10

OPEN ACCESS

Commun. 9, 1443. https://doi.org/10.1038/
s41467-018-03961-y.

Lehmann-Werman, R., Neiman, D.,
Zemmour, H., Moss, J., Magenheim, J.,
Vaknin-Dembinsky, A., Rubertsson, S.,
Nellgérd, B., Blennow, K., Zetterberg, H.,
et al. (2016). Identification of tissue-specific
cell death using methylation patterns of
circulating DNA. Proc. Natl. Acad. Sci. USA
113, E1826-E1834. https://doi.org/10.1073/
pnas.1519286113.

Meddeb, R., Pisareva, E., and Thierry, A.R.
(2019). Guidelines for the Preanalytical
Conditions for Analyzing Circulating Cell-

iScience 27, 109573, May 17, 2024

62.

63.

Free DNA. Clin. Chem. 65, 623-633. https://
doi.org/10.1373/clinchem.2018.298323.

Meddeb, R., Dache, Z.A.A., Thezenas, S.,
Otandault, A., Tanos, R., Pastor, B., Sanchez,
C., Azzi, J., Tousch, G., Azan, S., et al. (2019).
Quantifying circulating cell-free DNA in
humans. Sci. Rep. 9, 5220. https://doi.org/10.
1038/541598-019-41593-4.

Tanos, R., Tosato, G., Otandault, A., Al Amir
Dache, Z., Pique Lasorsa, L., Tousch, G., El
Messaoudi, S., Meddeb, R., Diab Assaf, M.,
Ychou, M., et al. (2020). Machine Learning-
Assisted Evaluation of Circulating DNA
Quantitative Analysis for Cancer Screening.

64.

65.

iScience

Adv. Sci. 7, 2000486. https://doi.org/10.1002/
advs.202000486.

Mouliere, F., El Messaoudi, S., Pang, D.,
Dritschilo, A., and Thierry, A.R. (2014). Multi-
marker analysis of circulating cell-free DNA
toward personalized medicine for colorectal
cancer. Mol. Oncol. 8, 927-941. https://doi.
org/10.1016/j.molonc.2014.02.005.

Thierry, AR., Mouliere, F., El Messaoudi, S.,
Mollevi, C., Lopez-Crapez, E., Rolet, F., Gillet,
B., Gongora, C., Dechelotte, P., Robert, B.,
et al. (2014). Clinical validation of the
detection of KRAS and BRAF mutations from
circulating tumor DNA. Nat. Med. 20,
430-435. https://doi.org/10.1038/nm.3511.


https://doi.org/10.1038/s41467-018-03961-y
https://doi.org/10.1038/s41467-018-03961-y
https://doi.org/10.1073/pnas.1519286113
https://doi.org/10.1073/pnas.1519286113
https://doi.org/10.1373/clinchem.2018.298323
https://doi.org/10.1373/clinchem.2018.298323
https://doi.org/10.1038/s41598-019-41593-4
https://doi.org/10.1038/s41598-019-41593-4
https://doi.org/10.1002/advs.202000486
https://doi.org/10.1002/advs.202000486
https://doi.org/10.1016/j.molonc.2014.02.005
https://doi.org/10.1016/j.molonc.2014.02.005
https://doi.org/10.1038/nm.3511

iScience ¢? CellPress
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Plasma of patients Thumbay Hospital, Dubai

Blood samples from healthy individuals Etablissement Frangais du Sang, Montpellier

Chemicals, peptides, and recombinant proteins

Mix g-PCR BioRad (Marne la Vallée, France)

Critical commercial assays

Qiagen Blood Mini Kit (Qiagen, CA)

ELISA assay using Human Myeloperoxidase R&D Systems
DuoSet ELISA DY3174 and
Human Neutrophil Elastase/ELA2 R&D Systems

DuoSet ELISA DY9167-05

Deposited data

All data are provided in Supplemental

Oligonucleotides

CCTTGGGTTTCAAGTTATATG IDT Forward KRAS
CCCTGACATACTCCCAAGGA IDT Reverse KRAS

GACCCACCAATCACATGC IDT Forward COX3
TGAGAGGGCCCCTGTTAG IDT Reverse COXE

RESOURCE AVAILABILITY
Lead contact

Alain R. Thierry, alain.thierry@inserm.fr. IRCM, Institut de Recherche en Cancérologie de Montpellier, INSERM U1194, Université de Montpel-
lier, Institut régional du Cancer de Montpellier, Montpellier, F-34298, France. Tel: +33 663 821994,

Materials availability

The data that support these findings of the study are available upon request from the corresponding authors.

Data and code availability

Data
Data reported in this paper will be shared by the lead contact upon request.

Code
The paper does not report original code.

All additional information
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
83% and 17% of SARS-CoV2 infected patients are from Arabic and Indian ethnicities. Healthy individuals are 8% and 92% are from Arabic and
Western European ethnicities (Table 1).

The study complied with the Institutional Review Board: IRB/COMTRIPM/FAC/03/Marc and UAE Ministry of Health and Prevention
Research Ethics Committee (MOHAP): Approval Reference No: MOHAP/DXB-REC/JJJ/N0.53/2021. Every patient approved an informed

consent.
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METHOD DETAILS

Patients

All the COVID-19 patients were categorized as critical, severe, moderate, mild, and asymptomatic based on a positive COVID test, radiolog-
ical findings, oxygen requirements, and the need for intensive therapy and treatment, following national guidelines (National Guidelines for
Clinical Management and treatment of COVID-19, 19th January 2022, Version 7.0). Briefly, the characteristics of these categories are.

Asymptomatic (or presymptomatic infection)
Individuals who test positive for SARS-Cov2 using a virologic test (i.e., a nucleic acid amplification test or an antigen test), but who have no
symptoms that are consistent with COVID-19. Mostly no change in X-ray or chest CTscan. Treatment: Vitamin C, Vitamin D3 and Zinc.

Mild

Individuals who have any of the various signs and symptoms of COVID-19 (i.e., fever, cough, sore throat, malaise, headache and muscle pain)
without shortness of breathe dyspnea, or abnormal chest imaging). Typical/Atypical changes: mostly no change in X-ray or chest CTscan.
Treated outpatient, very rarely hospitalized for isolation purposes only. Treatment: Vitamin C, Vitamin D3, Zinc, monoclonal antibody infusion
(on a case-to-case basis, if high risk), antivirals (favipravir), and symptomatic treatment.

Moderate

Individuals who show signs of lower respiratory disease on clinical assessment or imaging, and a saturation of oxygen (SpO2) > 94% on room
air at sea level. Clinical signs of pneumonia. Imaging: ground glass opacities/consolidation. No evidence of hypoxia in low risk patients. High
risk patients may require minimal oxygen support via face mask, less 5L id spO2<94%. Treatment: Vitamin C, Vitamin D3, Zinc, Clexane, an-
tibiotics, steroids (gupisone/dexamethasone}, monoclonal antibody infusion (on a case-to-case basis, if high risk), antivirals {flavipravir/Re-
mdesivir}, symptomatic treatment.

Severe

Individuals who have respiratory frequency >30 breaths per minute, SpO2 <94% on room air (or, for patients with chronic hypoxemia, a
decrease from baseline of >3%), ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mm Hg, or
lung infiltrates >50%. Clinical signs of pneumonia. Imaging: ground glass opacities/consolidation. spO2 < 92% with tachypnea, high-grade
fever, requiring O2 >10L, NRBM. Treatment: Vitamin C, Vitamin D3, Zinc, Clexane, antibiotics, steroids (qupisone/dexamethasone), antivirals
(favipravir/Remdesivir), Tocilizumab, symptomatic treatment.

Critical

Individuals who have respiratory failure, septic shock, and/or multiple organ dysfunction. Clinical signs of pneumonia. Imaging: ground glass
opacities/consolidation. spO2 < 92% with tachypnea, high-grade fever, requiring O2 >10L, NRBM. Mostly ARDS, requiring NIV/MV. Treat-
ment: Vitamin C, Vitamin D3, Zinc, Clexane, antibiotics, steroids (gupisone/dexamethasone), antivirals (favipravir/Remdesivir), Tocilizumab,
symptomatic treatment.

The study complied with the Institutional Review Board

IRB/COMTRIPM/FAC/03/Marc and UAE Ministry of Health and Prevention Research Ethics Committee (MOHAP): Approval Reference No:
MOHAP/DXB-REC/JJJ/N0.53/2021.

Sample collection, treatment, and cfDNA extraction

All the samples were collected in EDTA tubes (BD Vacutainer R Blood Collection Tubes). Plasma was prepared within 6 h of sample collection
from the patient. Plasma was included in the study following quality control and guidelines as previously described.®’ Plasma was harvested in
Eppendorf tubes, centrifuged to remove all cells (1200 x g; 10 min) and, if required, frozen until use. Samples were centrifuged at 16,000 X g
for 10 min at 4 °C to remove cellular debris and organelles. The supernatants were then transferred to 1.5 mL Eppendorf tubes and extracted
using the Qiagen Blood Mini Kit (Qiagen, CA), according to the manufacturer’s protocol. DNA was eluted from the column with 80 pL of
elution buffer.

Measurement of cfDNA concentration by qPCR and evaluation of MNR and DNA integrity

Primers specific to the nuclear KRAS gene and mitochondrial COX3 gene were used to amplify sequences of nuclear and mitochondrial
DNA.°" Quantification of human nuclear DNA and mitochondrial DNA was done by amplifying the short 67 bp long sequence of the
KRAS gene, and the 67 bp long sequence of the COX3 gene. The mitochondrial to nuclear ratio (MNR) was calculated as the ratio of the con-
centration of mitochondrial to nuclear cirDNA calculated using the 67 bp long amplicon quantification.®”“* The quantification of cir-nDNA

: PR ! : . : 4
and of cir-mtDNA in clinical samples was validated in previous studies.®>¢**®
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Quantitative PCR (gPCR) was performed in a final reaction volume of 10 L, which was composed of 5 pL of PCR mixture (Bio-Rad SYBR
Green Supermix), 1 uL of each amplification primer (3 pmol/mL), 1 uL of PCR-quality water and 2 pL of DNA sample. Real-time gPCR was
performed as follows: hot polymerisation activation-denaturation, performed for 3 min at 95 °C, followed by 40 repeated cycles at 95 °C
for 10 s and then at 60 °C for 30 s. After amplification, melting curves were generated by increasing the temperature from 60 to 90 °C in in-
crements of 0.2 °C, to confirm the specificity of the PCR product. Human nuclear DNA concentrations were calculated in ng/ml, using the
standard curve of serial dilutions of human genomic DNA. Concentrations of the standard curve were expressed as ng/mL, and were
used to determine the concentration of nuclear DNA and mitochondrial DNA in the plasma. Mean values were calculated from triplicate re-
actions, and internal negative controls with PCR-quality water were routinely used. List and sequence of human primers used for gPCR assays.
Primer sequences for the detection of cir-nDNA by targeting KRAS are CCTTGGGTTTCAAGTTATATG (forward) and CCCTGACATA
CTCCCAAGGA (reverse).** Primer sequences for the detection of cir-mtDNA by targeting COX3 are GACCCACCAATCACATGC (forward)
and TGAGAGGGCCCCTGTTAG (reverse).®

ELISA

Quantification of MPO and NE in the plasma samples of COVID-19 patients and healthy individuals was performed by ELISA assay using Hu-
man Myeloperoxidase DuoSet ELISA DY3174 and Human Neutrophil Elastase/ELA2 DuoSet ELISA DY9167-05 (R&D Systems) according to
manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as the median (+) standard deviation. A non-parametric statistical Kruskal-Wallis Test was used to compare different
groups of samples. Receiver operating characteristics and area under the ROC curves were constructed to measure the accuracy of bio-
markers (GraphPad Prism 9, GraphPad Sowftware Inc., USA). Statistical analyses were presented in all figures at the conventional significant
p value: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

ADDITIONAL RESOURCES

No additional resources.
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