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Background: SARS-CoV-2 infection activates macrophages and induces the

release of neutrophil extracellular traps (NETs). Excess NETs is linked to

inflammatory and thrombotic complications observed in COVID-19.

Aim: To explore the impact of NETs andmacrophage activation on SARS-CoV-2-

infected patients who developed complications.

Methods: We included 30 patients from the first (March 2020) and 30 from the

secondwave (July 2021), collecting two plasma samples at diagnosis and seven days

later. Data on demographics, comorbidities, and basic analytical data were compiled.

NETs markers (myeloperoxidase (MPO), neutrophil elastase (NE), p-selectin (P-SEL)

and S100A8/S100A9 heterodimer (MRP)) and macrophage activation markers

(Chitotriosidase activity (ChT), CCL18/PARC and YKL-40) were measured.

Results: The first wave had higher incidences of post-COVID syndrome, ICU

admissions, and mortality. Patients of each wave showed elevated blood cells,

liver enzymes, and coagulation markers at the time of diagnosis, with fibrinogen

and D-Dimer differing between waves. NET and macrophage markers, NE, MPO,

MRP, DNAse, ChT, and CCL18 were elevated, while P-SEL, cfDNA, and YKL-40
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were decreased if compared to controls. A decrease in NE and DNAse is a link to

lower levels of these twomarkers in complications versus without complications.

Conclusions: This study emonstrates alterations in NETs and macrophage

activation markers in COVID-19 patients, indicating an imbalance in

inflammatory response regulation.
KEYWORDS

SARS-CoV-2, neutrophils extracellular traps (NETs), thrombosis, post-COVID syndrome,
macrophage biomarkers
1 Introduction

The COVID-19 pandemic caused by the coronavirus 2 (SARS-

CoV-2) has led to significant morbidity and mortality worldwide and

presents a new challenge to investigate the pathophysiology of the

complications that occur with this infection (1–3). One of the major

complications associated with this viral infection is the development of

thrombotic events, which can affect various organ systems and

contribute to disease severity (4–6). Understanding the dynamics of

immune responses in COVID-19 patients is crucial for unraveling the

complexities of the disease (7, 8). A dysregulated innate immune

response has been observed (9), with the activation of neutrophils and

macrophages—key components of the immune response—implicated

in the pathogenesis of thrombotic events in COVID-19 patients (10).

The prevalence of post-COVID syndrome is estimated to be

around 30% in the general population. This syndrome is

characterized by a range of persistent signs and symptoms following

severe acute respiratory process associated with an increased risk of

venous thromboembolism, particularly in older individuals, men, and

those with longer hospital stays and aggressive treatments (11). While

the rate of post-discharge thrombotic events in COVID-19 patients is

lower compared to those during hospitalization, these events may be

more related to “immunothrombosis” following the recent infection

rather than true thrombotic events (12, 13).

The pathophysiology of post-COVID is not yet fully defined,

with several hypotheses proposed, including immune dysregulation,

viral persistence, endothelial dysfunction, microthrombosis, and

their consequences (14). Identified risk factors include gender, the

number of symptoms during the acute phase, and comorbidities,

while vaccination and Omicron infection are associated with a

lower prevalence (6).

Neutrophil extracellular traps (NETs) are web-like structures

composed of DNA, histones, and antimicrobial proteins, released

by activated neutrophils to capture and eliminate pathogens. Recent

studies have demonstrated that excessive NET formation, a process

known as NETosis, can occur in COVID-19 patients, as in other

viral infections, and may contribute to hypercoagulability and

thrombus formation (15–17). Additionally, macrophages play a

crucial role in the immune response to viral infections, displaying
02
either pro-inflammatory or anti-inflammatory phenotypes

depending on the stimulus.

To develop prognostic or diagnostic models and understand the

underlying mechanisms of thrombotic events in COVID-19, it is

crucial to assess the association between NETosis markers,

macrophage activity, and disease outcomes (18–20). Additionally,

comparing NETosis marker levels and macrophage activity across

different waves of the pandemic can offer valuable insights into

temporal changes in immune response and disease severity.

Moreover, examining the response to infection, coagulation, and

macrophage activity markers at various stages of infection may help

identify potential biomarkers for disease progression and treatment

response. The aim of this study is to explore the impact of NETs and

macrophage activation in SARS-CoV-2-infected patients who

developed complications.
2 Patients and methods

2.1 Study design

The study was conducted in collaboration with several

hospitals, including the Translational Research Unit at the

Research Health Institute of Aragón (IIS Aragón), which serves

the general population. Hospital settings provide an ideal

environment for this investigation, focusing on participants

diagnosed with COVID-19. Our study included both male and

female participants.

The study employed a comparative retrospective-prospective

design, involving two distinct pandemic waves in Spain: the initial

wave in March 2020 and the subsequent wave in July 2021 (21). A

group of 100 healthy controls, matched for sex and age, was also

included. These controls were selected from individuals prior to the

pandemic infection. The longitudinal design included assessing

responses to infection, hemostatic parameters and liver enzymes at

two critical time points, at diagnosis and after seven days, to assess

temporal variations in immune response patterns and their correlation

with disease severity. In the first-year follow-up, we explored developing

of thrombotic events and persistence of post-COVID syndrome.
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The study was accepted by the Research Ethics Committee of the

Community of Aragon (CEICA. 20/355) and it complied with the

European General Data Protection Regulation (GDPR 2016/679) and

LO 3/2018. 500 µL of plasma were obtained from whole blood

collected in EDTA tubes from healthy controls and patients included

in this study. Samples were stored at -80°C and were provided by the

Biobank of the Aragon Health System, integrated in the Spanish

National Biobanks Network (PT20/00112) and they were processed

following standard operating procedures with the appropriate approval

of the Ethics and Scientific Committees. The project has followed the

ethical principles established in the Declaration of Helsinki - Ethical

Principles for Medical Research Involving Human Subjects.
2.2 Data source

Data collection relied on comprehensive reviews of medical

records, encompassing patient demographics, clinical presentations

and laboratory test results.
2.3 Inclusion criteria
Fron
• Confirmed COVID-19 diagnosis through laboratory

testing, upon arrival at the hospital in March 2020 and in

July 2021.

• Age range between 18-75 years.

• Admission to a hospital or specialized medical center for

COVID-19 treatment was warranted after individualized

assessment in the emergency department, as the condition

was classified as severe.

• Availability of comprehensive medical records and

laboratory test results.
2.4 Exclusion criteria
• Patients with a history of pre-existing clotting disorders.

• Patients with a history of autoimmune diseases or

previous immunosuppression.

• Pregnant or breast-feeding females.

• Patients with incomplete medical records or missing

laboratory test results.

• Patients who were not hospitalized.
2.5 Demographic, clinical and
laboratory data

Clinical data were retrospectively collected from medical

records, including patient demographics, analytical data,

radiological findings at diagnosis, and follow-up information.

This included associated comorbidities, thrombotic events, SARS-

CoV-2 vaccination status, mortality, and post-COVID-19
tiers in Immunology 03
syndrome outcomes, defined as the persistence of clinical

manifestations related to the infection. The general characteristics

of the variables are detailed in Supplementary Table S1.

Basic analytical data were obtained at diagnosis and seven days

after: blood counts (Beckman Coulter DxI 9000), hemostatic

parameters (ACL-TOP 500. Werfen), including prothrombin time

(PT), activated partial thromboplastin time (aPTT), fibrinogen and

D-dimer; pro-BNP, pro-calcitonin, IL-6, ferritin, liver enzymes

measuring alanine aminotransferase (ALT) and aspartate

aminotransferase (AST), gamma-glutamyl transferase (GGT) and

lactodehidrogenase (LDH) (Roche-Diagnostics cobas 6000

modular analyzer).
2.6 Biomarkers

Macrophage activation biomarkers included the determination

of the chitotriosidase enzymatic activity (ChT) using the artificial

substrate 4-methylumbelliferyl-b-DN, N´, N´´ triacetyl-

chitotrioside (4 MU-chi-totrioside, Sigma Chemical Co, St Louis,

MO, USA) according to the protocol described by Hollak et al, 1994.

CCL18/PARC and YKL-40 were determined by Human CCL18/

PARC DuoSet ELISA and Human Chitinase 3-like 1/YKL-40

DuoSet ELISA, respectively according the manufacturer’s

instructions (Bio-Techne R&D Systems).

NETosis biomarkers included myeloperoxidase (MPO)

(Human Myeloperoxidase DuoSet ELISA), neutrophil elastase

(NE) (Human Neutrophil Elastase/ELA2 DuoSet ELISA), p-

selectin (P-SEL) (Human P-Selectin/CD62P DuoSet ELISA) and

S100A8/S100A9 heterodimer (MPR) (Human S100A8/S100A9

Heterodimer DuoSet ELISA) determination that was performed

by immunoassays according to the manufacturer’s instructions

(Bio-Techne R&D Systems). Circulating free DNA (cfDNA) and

DNase were determined by fluorimetry with SYTOX™ Green

Nucleic Acid Stain and DNaseAlert™ QC System, respectively

according to the manufacturer’s instructions (Invitrogen™,

Waltham, USA).

EL ISA (Enzyme-L inked ImmunoSorben t As s ay )

immunoquantification assays were initiated by incubating the

primary antibody, at the concentration specified by the

manufacturer, in a clear 96-well plate (MaxiSorp F8x12 wells plate,

ThermoFisher) in the dark, overnight. After overnight incubation, the

plate was washed with the wash solution (900 mL distilled water, 100

mL 10x PBS (Lonza), and 500 µL of Tween 20 (Sigma-Aldrich)) and

300 µL per well of blocking solution (90 mL distilled water, 10 mL 10x

PBS (Lonza), and 1 g BSA (Sigma-Aldrich)) was added. After one hour

under agitation, the plate was washed again, and 100 µL of sample was

added to each well, followed by incubation for 2 hours under agitation.

After 2 hours and another washing step, the secondary antibody, at the

concentration indicated by the manufacturer, was added and incubated

under agitation for an additional 2 hours. After washing the plate, 100

µL of streptavidin was added to each well and incubated under

agitation for 20 minutes. After this period, the plate was washed

again with the wash solution, and 100 µL of TMB chromogenic

solution (Zeulab) was added to each well, followed by 20 minutes of

incubation under agitation in the dark. The final step was to add 50 µL
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of STOP solution (Zeulab) to each well to stop the reaction, incubating

for 10 minutes again under agitation and in the dark. After 10 minutes,

the absorbance of the plate was read using the Synergy HTX plate

reader (Biotek) at a wavelength of 450 nm, with a reference reading at

550 nm.

Circulating free DNA (cfDNA) was quantified following the

manufacturer’s instructions. A known concentration of DNA was

used to generate the calibration curve, from which 100 µL of each

point was added in duplicate. For the samples, 100 µL of sample,

diluted 1:10 with 1x PBS (Cytiva), was added to a black 96-well plate

(FluoroNunc MaxiSorp F96, ThermoFisher). Subsequently, 100 µL of

SytoxGreen (ThermoFisher) at 4 mM was added to the calibration

curve and samples. The blank for each sample was prepared by adding

100 µL of sample diluted 1:10 with 1x PBS (Cytiva) and 100 µL of 1x

PBS (Cytiva) to the well instead of SytoxGreen (ThermoFisher). Finally,

the plate was incubated at 25°C for 10 minutes in the Synergy HTX

plate reader (Biotek), followed by fluorescence reading with an

excitation wavelength of 485 nm and emission wavelength of 528 nm.

For DNase quantification, the necessary reagents were prepared

according to the instructions of the commercial kit (ThermoFisher).

The calibration curve was generated using DNase I enzyme. The

substrate tube provided by the kit was reconstituted with 1 mL of 1x

TE. The assay plate used was a black 96-well plate (FluoroNunc

MaxiSorp F96, ThermoFisher). 10 µL of substrate was added to all

wells, followed by the addition of 90 µL of the calibration standards and

80 µL of undiluted samples to the corresponding wells. Finally, 10 µL of

10x nuclease buffer was added to all wells, except for those containing

the calibration standards. Once the plate preparation was completed, it

was incubated in the Synergy HTX plate reader (Biotek) for 25 minutes

at 37°C, followed by fluorescence reading with an excitation

wavelength of 530 nm and an emission wavelength of 590 nm.
2.7 Statistics

Statistical analyses were performed with SPSS 21.0 software using

non-parametric tests for independent and related samples. The sample

size for this study was determined through a power analysis, considering

the expected effect size and desired power level (0.05). After observing

that the obtained data did not follow a normal distribution, the non-

parametric statistical test U of Mann-Whitney was used to analyze

whether there were statistically significant differences between COVID-

19 patients and healthy controls. This test was also used to study

possible differences between patients who had experienced

complications and those who had not. Statistical Wilcoxon test for

paired samples was used to analyze differences between samples from

the same wave. Finally, to study the correlation between the different

biomarkers, the Pearson correlation test was used.
3 Results

3.1 Patients included

A cohort of 60 patients was enrolled in the study, with 30 patients

enrolled in March 2020 and the other 30 in July 2021. Additionally,
Frontiers in Immunology 04
100 healthy controls samples obtained from Aragon Biobank before

May 2019, matched by gender and age, were included in the analysis.

The Laboratory normal ranges from healthy controls of analytical

data, macrophages activation and NETs formation biomarkers are

detailed in Supplementary Table S4.

The median age of the patients in the first wave was 71.0 years

(Q1-Q3: 53.0-89.0), while in the second wave it was 41.5 years (Q1-

Q3: 34.0-50.00). The gender distribution in the first cohort was 47%

females and 53% males, and in the second cohort it was 60% females

and 40%males; detailed data can be found in Supplementary Table S1.

Two plasma samples from each of the 60 patients with SARS-

CoV-2 infection were provided by the Aragon Health System

Biobank (30 for each wave), with the first sample collected just

after diagnosis and the second one collected seven days later. The

follow-up has been carried out over one year from diagnosis for

each patient, with the objective of determining the development of

short and medium-term complications, such as death, thrombosis

and symptoms related to post-COVID-19 syndrome.
3.2 Clinical data

All patients were admitted to the hospital with fever and

respiratory symptoms. The first cohort showed a higher

prevalence of pre-existing conditions and comorbidities, with the

most common being arterial hypertension and dyslipidemia. The

percentage of comorbidities in both cohorts is shown in Figure 1.

Additionally, the incidence of post-COVID syndrome was

higher during the first wave (10% vs. 3%), as were the rates of

ICU admission (27% vs. 3%) and mortality (27% vs. 3%). In the

second wave, only 26.6% of patients (8 individuals) had received

prior vaccination. During follow-up, after July 2021 a total of 42

patients from both waves were vaccinated. The incidence of events

and reported outcomes during follow-up are detailed in Figure 2.
FIGURE 1

Percentage of comorbidities in both cohorts. The first cohort (March
2020) showed a higher prevalence of pre-existing conditions, with
the most common being arterial hypertension and dyslipidemia.
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3.3 Analytical tests

Detailed basic analytical measurements performed in both

cohorts, at diagnosis and seven days later, are provided in

Supplementary Table S2. In Figure 3, only the parameters that

showed significant differences seven days post-diagnosis are

presented. In the first wave, we observed differences in leukocytes,

lymphocytes, platelets, aPTT, PT, ALT, GGT.and neutrophil

elastase (NE) In the second wave, significant differences were

found in leukocytes, neutrophils, lymphocytes, platelets, aPTT,

ALT, GGT, LDH, and pro-calcitonin (PRO-CAL) (Figures 3A, B).

When comparing between the two waves, the only significant

difference was observed in fibrinogen, which showed a notable

increase in the second wave compared to the first (p=0.0040).
3.4 Biomarkers

Regarding inflammation and macrophage activation

biomarkers at diagnosis, a significant increase in fibrinogen was

observed in both the first and second wave compared to controls

(p=1x10-9; p=1x10-11, respectively), as well as between the two

waves (p=0.0038) (Figure 4A). Concerning D-Dimer, significant

increases were found in both the first wave (p<0.0001) and second

wave (p<0.0001) compared to controls, but no between the two

waves (Figure 4B). For the cytokine CCL18/PARC, significant

increases were found when comparing the first wave to controls

(p<0.0001) and to the second wave (p<0.0001). Additionally, a

significant decrease in CCL18/PARC was observed in the second

wave compared to controls (p=0.0379) (Figure 4C). A significant

decrease in YKL-40 was detected in the second wave compared to

the first wave (p=0.0281) and to controls (p=0.0014) (Figure 4D).

Finally, a statistically significant increase in ChT was observed in

first-wave patients compared to controls (p=0.0047) and to second-

wave patients (p=0.0032) (Figure 4E).

Detailed raw data for each marker at diagnosis and after seven

days in each wave are provided in Supplementary Table S3.
Frontiers in Immunology 05
Median and quartiles of NETs formation biomarker data are

presented in Table 1. The normal ranges for all biomarkers are

detailed in Supplementary Table S4.

TheFigure 5 illustrates the differences observed inNETsbiomarkers

between groups. Significant findings include the following: A significant

decrease in cfDNA levels was observed in the first wave compared to

controls. (Figure5A:cfDNAlevels).BothwavesshowedincreasedDNase

levels compared to controls, patients from the first wave exhibited

significantly lower DNase concentrations compared to those from the

second wave. (Figure 5B: DNase levels). MRP levels significantly

increased in both the first and second waves compared to controls, with

no significant difference between the two waves. (Figure 5C: MRP

concentrations). A significant increase in MPO concentrations was

observed in the first wave compared to both controls and the second

wave (Figure 5D: MPO levels). Both waves showed increased NE

concentration compared to controls and was significantly lower in the

firstwavecomparedtothesecondwave(Figure5E:NElevels).Bothwaves

showed decreased P-SEL levels compared to controls and were lower in

the second wave. (Figure 5F: P-SEL levels).

In summary, when comparing patients between waves,

significant differences were observed in NE, MPO, P-SEL, and

DNase levels. Infected patients exhibited significant differences in

NE, P-SEL, MRP, and DNase concentrations at diagnosis when

compared to controls and between the two waves.

The biomarkers related to macrophage activation and NET

formation, as mentioned above, were analyzed in samples collected

at diagnosis from patients in both waves. These biomarkers were

compared between patients who developed complications (N=13)

during follow-up and those who did not (N=47). The complications

included thrombosis, post-COVID syndrome, ICU admission, and

mortality. In patients who developed complications, a significant

decrease in NE (p=0.0470) (Figure 6A) and DNase (p=0.0313)

(Figure 6B) was observed compared to those who did not

develop complications.

The analysis of the profile of macrophage activation and NETs

formation biomarkers in vaccinated patients included in the second

wave (N=8) compared to unvaccinated (N=22) at the time of
FIGURE 2

Incidence of events and reported outcomes during follow-up. A higher incidence of post-COVID syndrome, ICU admissions, and mortality was
observed in patients from first wave compared to the second.
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diagnosis in these patients, we have observed an increase in the

concentration of CCL18/PARC biomarker in vaccinated (p=0.001)

compared to unvaccinated patients, although the median values in

both groups are within the normal range. Supplementary Figure

S1A. When comparing vaccinated patients (N=8) with the total
Frontiers in Immunology 06
unvaccinated patients (N=52) from both waves, a significant

increase in DNase (p=0.009) and YKL-40 (p=0.039) was observed

in vaccinated patients. In contrast, unvaccinated patients showed a

significant indecrease in P-SEL concentration(p=0.023), compared

to vaccinated patients. Supplementary Figure S1B.
FIGURE 3

Differences in analytical parameters observed 7 days after diagnosis. Panel (A) shows parameters with significant changes in the first wave, and panel
(B) presents those in the second wave. Significant differences were found in leukocytes, lymphocytes, platelets, aPTT, PT, ALT, GGT and NE in the
first wave, and in leukocytes, neutrophils, lymphocytes, platelets, aPTT, ALT, GGT, LDH, and pro-calcitonin (PRO-CAL) in the second wave.
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3.5 Correlation between biomarkers

The correlation between biomarkers and various analytical

variables is shown in Table 2. A significant correlation was

observed between P-SEL and blood cell counts. Additionally,

significant correlations were found between NETosis biomarkers

(MRP and cfDNA) and several analytical variables, including D-

dimer, liver enzymes, LDH, and ferritin.
Frontiers in Immunology 07
4 Discussion

The global incidence of COVID-19 pandemia has resulted in

over 5.57 million deaths worldwide (22). The virus has evolved

through variants like alpha, beta, gamma, delta and the highly

transmissible Omicron. Regarding the SARS-CoV-2 virus lineages,

the dominant variant in Spain during the first wave was BA.1

(Alpha), as it was in other European countries. Starting in January

2021, the BA.2 (Delta) variant began circulating, reaching its peak

in August 2021. By July 2021, however, the Alpha variant (B.1.1.7)

was still predominant (21). The BA.2 variant was considered to have

had a greater impact due to its increased transmissibility, potential

for more severe infections, and/or higher lethality. This resulted in a

decreased effectiveness of the natural immune response, a reduction

in the diagnostic capacity of available tests, and diminished

effectiveness of treatments. Despite this, Spain have presented a

paradox: the population’s immunity was considered very high due

to the extensive exposure since the start of the pandemic, the high

vaccination coverage (over 90% of people aged 60 or older), and the

vaccine’s effectiveness in preventing hospitalization and death,

which was close to 90%.

At present, the diffusion of vaccination and the exposure of the

population to the virus has weakened the aggressiveness of the

infection and greatly reduced the incidence of complications.

Nevertheless, the pathophysiology of COVID-19 continues to
FIGURE 4

Fibrinogen, D-Dimer and Inflammation biomarkers related macrophage activation at SARS-CoV-2 diagnosis compared with 100 prepandemic
controls. First vawe patient: N= 30 and second vawe patients: N=30). (A) Fibrinogen and (B) D-Dimer, proteins related to the hemostatic process,
show significant increases in both waves compared to controls, with fibrinogen being significantly more elevated in the second wave. Macrophage
activation biomarkers: (C) CCL18/PARC, (D) YKL-40, and (E) Chitotriosidase enzyme (ChT) demonstrate significantly higher levels in the first wave
compared to controls and the second wave. *p-value <0.05; *** p-value <0.0001.
TABLE 1 Neutrophils extracellular traps (NETs) biomarkers in patients at
diagnosis and controls represented as median (Q1-Q3).

Biomarkers Control 1st wave patients 2nd wave patients

MPO (ng/mL) 42.2 (28.7 – 58.6) 177.0 (106.3 – 323.5) 82.4 (14.9 – 262.4)

NE (ng/mL) 6.1 (4.4 – 8.0) 20.5 (17.0 – 29.6) 49.8 (18.4 – 76.8)

P-SEL
(ng/mL)

28.4 (23.6 - 35.9) 22.5 (14.2 – 27.3) 13.9 (8.6 – 16.2)

MRP (ng/mL) 111.2 (51.4 – 176.4) 474.5 (215.6 – 1023.6) 327.7 (138.5 – 808.5)

cfDNA
(ng/mL)

0.4 (0.3 – 0.6) 0.3 (0.3 – 0.4) 0.4 (0.3 – 0.5)

DNAse (U/L)
1000.9 (849.3
– 1145.0)

1442.6 (1321.6
– 1599.6)

2573.2 (2464.0
– 2642.6)
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1507167
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Serrano-Gonzalo et al. 10.3389/fimmu.2025.1507167
FIGURE 5

NETosis biomarkers at diagnosis, between the two vawes and healthy controls. (A) cfDNA levels significantly decreased in the first wave compared to
controls. (B) DNase concentrations were significantly lower in the first wave compared to the second wave and controls. (C) MRP concentrations
significantly increased in both the first and second waves compared to controls, with no significant difference between the two waves. (D) MPO
levels significantly increased in the first wave compared to controls and the second wave. (E) NE levels were significantly lower in the first wave
compared to the second wave. (F) P-SEL concentrations were significantly lower in the second vawe. (A) cfDNA; (B) DNAse; (C) S100A8/S100A9
heterodimer (MPR); (D) Mieloperoxidase (MPO); (E) Neutrophil Elastase (NE); (F) P-selectine (PSEL). *p-value <0.05; **p-value <0.001; *** p-
value <0.0001.
FIGURE 6

Biomarkers of NET formation in patients with (N=13) and without (N=47) complications in both vawes. (A) NE levels were significantly lower in
patients who developed complications compared to those who did not. (B) DNase concentrations were significantly decreased in patients with
complications compared to those without complications. The complications included thrombosis, post-COVID syndrome, ICU admission and
mortality. (A) Neutrophil elastase (NE); (B) DNAse. *p-value <0.05.
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serve as a model for understanding airborne viral infections. SARS-

CoV-2 can activate both innate and adaptive immune responses,

potentially triggering an exaggerated cytokine storm that leads to

septic shock, acute respiratory distress syndrome, and/or multiple

organ failure in critically ill patients (23–25). A large body of

literature has been published on the impact of this viral infection

on the immune system’s behavior and activity, including several

systematic reviews (26, 27). The published studies mainly focus on

the excessive inflammatory response triggered by viral infection,

and the effects on lymphocyte populations and cytokine release.

However, the mechanisms underlying this dysregulated immune

response remain poorly understood, there is limited information on

the macrophage response to this infection and the changes in this

kind of response in vaccinated individuals. It is evident that the

reaction of macrophages and neutrophils to infection is exaggerated

leading to excessive cytokine production and neutrophil activation.

This, in turn, contributes to the most severe complications of the

infection, including the formation of multiple microthrombi and

endothelial damage (5, 9). In our study, these complications were

particularly evident during the first wave.

These factors can significantly increase morbidity and mortality

rates in COVID-19 patients, particularly those with preexisting

cardiovascular conditions. A review of the increased levels of NETs

in the bloodstream of patients with severe COVID-19 suggests that

NETs may play a significant role in the disease’s progression and

severity, contributing to inflammatory and thrombotic

complications (27–30). Despite the components of NETs being

nonspecific and potentially causing tissue injury, either directly or
Frontiers in Immunology 09
by increasing the pro−inflammatory response, there have been

numerous discussions about the hyperinflammatory situation

caused by infection especially in the early phase of the pandemic.

This includes arguments regarding the overproduction of

antibodies and the cytokine storm leading to severe organ

damage and increased risk of thrombosis or microthrombosis

(28, 29).

In the review study by Behzadifard M et al. (30), which analyzed

55 articles on neutrophil extracellular traps (NETs), it was

highlighted that NETs play a pivotal role in host defense against

pathogens (30). However, their overproduction can result in the

failure of self-tolerance and activation of the immune system,

contributing to the development of autoimmunity. Autoimmune

phenomena have been observed in many COVID-19 patients, with

a pathophysiology like that of other viral infections that induce NET

formation. The authors conclude that modulating the formation

and degradation of NETs could potentially reduce the severity of the

disease. Another study conducted during the first wave in our

region as our research shows a relationship between certain NET

markers and the severity of the infection, although it examined

different parameters than those included in our study (31).

Our retrospective-prospective comparative study focuses on the

role of neutrophil in investigating potential changes in these

immune mechanisms over time. We aim to explore the impact of

neutrophil extracellular traps and macrophage activation on

patients infected by SARS-CoV-2 who had developed a

complication. Using a comparative design, we analyze patients

from the initial wave in March 2020 and the subsequent wave in
TABLE 2 Correlation between variables.
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July 2021 in our region. This approach allows the evaluation of

temporal changes in immune responses and disease severity,

considering the application of early care protocols and the

dissemination of vaccination (32). It is important to mention that

the first vaccination had already taken place by the time of the

second wave, and the episodes during this period appeared to be less

aggressive. However, in this second cohort, only 8 patients had been

vaccinated. There are a lower rate of complications and a lower

increase in both inflammatory and some NETosis-related

biomarkers (MRP, MPO, P-SEL). In relation to the episodes of

thrombosis, they were similar in both groups and occurred at a low

rate (3%), possibly justified by the early administration of low

molecular weight heparin at the time of diagnosis, according to the

recommendations of scientific societies (33).

It must be assumed that the profile of patients infected in the

first wave was different from the second wave; they were

significantly older (71 years vs 41.5 years, p<0.001) and presented

higher incidence of comorbidities. Both factors undoubtedly

contributed to a longer length of hospital stay, a higher number

of patients requiring ICU care (27% vs 3%), and a greater number of

mortality (27% vs 3%). The incidence of post COVID syndrome

was also higher in the first wave (10% vs 3%). Post-COVID

syndrome increases venous thrombosis risk post-discharge,

especially in older men with longer hospital stays, aggressive

treatment, lack of thromboprophylaxis, and persistent

prothrombotic state; this situation warrants close monitoring and

extended thromboembolic prophylaxis (32–35).

COVID-19 patients underwent a basic laboratory analysis at the

time of infection diagnosis and again seven days later. In both

waves, patients exhibited significantly elevated levels of blood cells,

liver enzymes, and coagulation markers (PT and PTT) at the time of

diagnosis compared to the samples taken seven days later, observing

the improvement of patients both clinically and analytically.

The inclusion of macrophage and NETosis biomarkers

enhances the depth of analysis, providing valuable insights into

the immune responses associated with thrombotic events. The

standardized approach to data collection ensures the reliability

and consistency necessary for robust data analysis and

interpretation. Concerning the evaluation of biomarkers related to

inflammation process, we have observed an increase in potent

biomarkers of macrophage activation as the activity of

chitotriosidase enzyme and the cytokine CCL18/PARC

(Pulmonary and activation-regulated chemokine also named CC-

chemokine ligand 18). These biomarkers have been shown to

increase in inflammatory processes of the respiratory tree (36).

The same is true for other inflammatory conditions or lysosomal

storage diseases, where macrophages are the target cells, such as

Gaucher disease, acid sphingomyelinase deficiency or others (37).

In this study, both biomarkers were increased among controls and

patients across both waves. A significant difference was found

between the two waves, showed higher levels in the first wave,

supporting the inflammatory state underlying the process.

Nevertheless, during the first wave, a greater aggressiveness of the

process was inferred.

YKL-40 is a chitinase-like protein with demonstrated increment

in the lung and circulation of patients with severe asthma (38). In
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our study, significantly reduced values of this molecule were

observed in patients from the second wave compared to those

from the first wave and the control group. These results may

indicate a lower degree of pulmonary involvement and a reduced

inflammatory component in patients from the second wave, which

aligns with the data showing fewer cases of complications during

the second wave.

Another protein also involved in inflammatory processes, D-

Dimer, that is universally determined in emergency departments,

showed a significant increase between controls and patients in each

wave but not correlated with macrophage biomarkers analyzed. D-

Dimer is a protein that is increased in other situations such as severe

infections, neoplasms, liver disease, ageing and is not useful in the

diagnosis of coronavirus infection but is helpful for predicting

thromboembolic events (4, 39). However, in this study the

NETosis markers heterodimer and circulating free DNA do

correlate with D-Dimer, which may indicate a greater influence of

the release of intracellular elements on the risk of microthrombosis

than reliance on cytokine stimulation. Fibrinogen determination is

also routinely performed in the protocols of patients who come to

the emergency department. In this cohort it appears significantly

increased in both waves and between the first and second wave.

However, both D-Dimer and Fibrinogen tests in the Cochran

review study have shown a very low level of evidence related to

hypercoagulability in patients with severe SARS-CoV-2 infection

(40). In this study, fibrinogen an acute phase reactant appears

significantly elevated in the second wave compared to the first, but

shows no correlation with the remaining variables. We consider it

informative but a non-specific marker with a low degree of evidence

in relation to the severity of the infection.

Since the production of microthrombi and endothelial damage

are known complications of SARS-CoV-2 infection (41, 42), we

evaluated several molecules associated with the NETosis process in

patients infected during the first wave and compared them to those

in the general population (pre-COVID) and in patients during the

July 2021 wave. Our findings revealed statistically significant

differences in several selected NETosis biomarkers when

comparing COVID-19 patients to healthy controls. Specifically,

we observed increased levels of NE, MPO, DNase, and MRP in

the patients compared to controls. The role of these molecules—NE,

MPO, and MRP—in the formation of NETs has been well

established, and they are considered key biomarkers for these

structures. In fact, studies have shown that inhibiting these

molecules also prevents the development of NETs formation (43,

44). These results suggest an increased formation of NETs in

COVID-19 patients. Furthermore, elevated concentrations of

MPO and MRP have been linked to a higher risk of

cardiovascular diseases, such as thrombosis (45–47).

The study by Jiménez-Alcázar et al. (48) demonstrated a

relationship between NET formation and increased DNase levels,

particularly in patients with thrombosis. Our findings align with

this study, as we observed elevated DNase levels in COVID-19

patients compared to healthy controls. DNases are enzymes that

hydrolyze the DNA within NETs, and thus, the increase in DNase

levels could explain the decreased cfDNA levels observed in patients

from the first wave. This observation coincides with the fact that
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elevated DNase levels observed in our study may reflect the body’s

attempt to eliminate NETs and maintain cellular homeostasis,

potentially to prevent vascular occlusion (49, 50).

The last significantly altered biomarker of NETs is P-SEL, which

is found to be decreased in patients from both waves compared to

controls and it decrease in the vaccinated patients is also striking. P-

SEL is an adhesion molecule, which favors the interaction of white

blood cells with the vascular endothelium. It has been shown to

activate platelets, which are involved in the generation of NETs (49).

Considering this information, an increase in P-SEL would be

expected in our study. However, our results do not align with

previously published findings. This discrepancy could be attributed

to the administration of low molecular weight heparin at the time of

diagnosis, as P-selectin has been reported to be inhibited by this

therapy (51).

The term “long COVID” or “post-COVID syndrome” has various

definitions, but it can generally be understood as the persistence of

symptoms following infection, influenced by factors such as age, sex,

disease severity, and follow-up time (44). Post-COVID syndrome is

complex and has a notable association with thrombosis. Patients with

this condition often exhibit dysregulated platelet responses and

coagulation abnormalities, potentially due to the presence of a

circulating plasma-derived molecule promoting thrombosis.

However, a protective response seems to counterbalance this

thrombotic tendency (45). Additionally, individuals recovering from

severe COVID-19 are at higher risk of venous thromboembolism after

discharge, as well as complications such as myocarditis, pericarditis,

heart failure, arrhythmias (9, 33, 39), and thrombosis in various

vascular territories, including the portal system.

Given the severity of the complications associated with SARS-

CoV-2 infection, we examined whether macrophage activation

biomarkers and NET formation were related to the development

of these complications. When analyzing patients who developed

thrombosis, post-COVID syndrome, were admitted to the ICU or

died, we observed that they had lower levels of NE and DNase

compared to those who did not experience complications. The

decrease in DNase aligns with expectations, as this enzyme plays a

crucial role in preventing vascular occlusions and maintaining

cellular homeostasis (47, 48), so its decline could exacerbate the

patient’s condition. In the case of NE, we would expect an increase,

as previous studies have shown that NE activity is associated with

exacerbations and a decline in lung function (51). The combination

of decreased DNase and neutrophil elastase in COVID-19 patients

suggests an imbalance in the regulation of the inflammatory

response and neutrophil extracellular traps (NETs), which could

complicate both inflammation and tissue repair. However, when

DNase levels are downregulated, NETs are not adequately cleared,

potentially promoting thromboinflammation and multi-organ

damage. At the same time, neutrophil elastase, which contributes

to both NET formation and tissue damage, also decreases. This may

indicate a later stage of the disease in which neutrophils’ ability to

combat infection is diminished, along with their microbicidal and

tissue remodeling functions (52). In our study, we observed a

significant decrease in DNase and neutrophil elastase levels at

diagnosis in patients who later developed complications, these

markers could therefore be considered risk factors for infection
Frontiers in Immunology 11
severity and linked to complications. Similar findings were reported

by Garcıá et al. (52), who demonstrated that reduced functional

DNases are risk factors for severe COVID-19, regardless of age,

gender, or BMI, which are the major determinants of severe disease.

In summary, the concurrent decline in DNase and neutrophil

elastase levels in our study reflects a depletion of the neutrophilic

immune response and an inability to adequately regulate

inflammation in patients infected and complications. This

dysregulation may lead to a worse prognosis due to the

persistence of NETs and their associated tissue damage.
5 Conclusions

In conclusion, our study reveals the complex relationship

between neutrophil extracellular traps (NETs), macrophage

activation, and the severity of COVID-19 complications. The

immune response to SARS-CoV-2 infection evolves over time,

especially between the first and second waves of the pandemic.

During the initial wave, patients showed a more aggressive

inflammatory response with elevated NETs and biomarkers,

correlating with higher morbidity and mortality rates. In contrast,

the second wave, marked by increased vaccination rates,

demonstrated a significant reduction in inflammatory markers

and complications, indicating that vaccination and improved

treatments may have decreased disease severity.

Nevertheless, the study highlights the importance of monitoring

NETs and macrophage activation as potential indicators of

thrombotic events and post-COVID syndrome. The decline in

DNase and neutrophil elastase levels in patients with severe

complications suggests a dysregulated immune response that can

worsen tissue damage and inflammation. This emphasizes the need

for targeted therapies to modulate NET formation and degradation,

potentially improving patient outcomes.
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