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Abstract
Objectives: The study aimed to evaluate the impact of aging on the formation of neutrophil extracellular traps (NETs). The impaired formation 
of NETs is the cause of an abnormal innate immune response. Material and Methods: The study included a total of 45 healthy male subjects of 
different age groups. Whole blood was collected from the subjects, and the concentration of myeloperoxidase (MPO), the main biocidal protein 
in NETs, was determined in serum using ELISA. The serum levels of circulating free DNA (cfDNA), which are the structural basis of NETs, were 
also measured by fluorescence. In addition, the white blood cell count was determined, whole blood smear was evaluated, and the neutrophil-
lymphocyte ratio was calculated. The variations in the  levels of NET biomarkers were analyzed in different age groups. Results: The low levels 
of MPO (243.70 ng/ml) and cfDNA (6.24 ng/100 µl) in boys indicated neutrophil insufficiency for NETosis in children. A progressive increase in 
the levels of MPO and cfDNA with age was observed among adolescents (420.91, p = 0.04; 13.55, p = 0.03, respectively), with the highest level noted 
in the healthy adult group (466.58, p = 0.01; 14.07, p = 0.01, respectively). The levels of the studied parameters were comparable in adolescents and 
young adults, which proved that the NETosis process was appropriate and suggested the attainment of neutrophil maturity for the release of NETs in 
adolescence. The levels of MPO and cfDNA were low in older men (225.46, p < 0.01; 5.19, p < 0.01, respectively) indicating impaired NET formation. 
Conclusions: Data on the generation of NETs in different age groups obtained in this study can allow a better understanding of the ontogenesis of 
the immune system in terms of the course of NETosis, and also indicate the need to support nonspecific responses in children and adults. Further 
research should be performed to determine the possibility of regulating the NETosis process. Int J Occup Med Environ Health. 2023;36(3):333–48
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gests the preservation of a normal nonspecific response in 
elderly patients  [24,25]. However, it has been found that 
neutrophil sensitivity to G-CSF and expression of TLR2 and 
TLR4 receptors decrease with normal TLR4 receptor signal-
ing [26,27]. Furthermore, the expression of adhesion-relat-
ed molecules CD16 and CD11b was decreased, and neu-
trophil chemotaxis was impaired in response to GM-CSF 
while normal chemotaxis was observed in response to LPS. 
Many authors have demonstrated a decline in the phago-
cytic capacity of neutrophils and their aerobic mechanism 
of pathogen killing [28]. In the elderly, impaired apoptosis 
is a remarkable functional change of neutrophils, which dis-
rupts the survival time of these cells [29,30].
NETosis is a type of neutrophil death that differs from apop-
tosis and results in the release of genetic material linked to 
bactericidal proteins  [31]. Neutrophils initiate the NETo-
sis pathway in order to eliminate the  source of infection 
as well as virulence factors. Neutrophil extracellular traps 
(NETs) were first described as a trap formed by activated 
neutrophils, but also monocytes/macrophages, eosinophils 
and even basophils can do this. Neutrophils produce and 
release NETs in different NETosis pathways, e.g.,  vital or 
suicide, depending on the  stimulus of the microenviron-
mental. NETs are made of filaments 15–17 nm in diameter 
that form thickenings 25 nm in diameter aggregating into 
structures up to 50  nm in diameter. These compositions 
are primarily made of neutrophil nuclear DNA. Neutro-
phil extracellular traps also contain histones and proteins 
derived from neutrophil granules  [32,33]. Proteolytic 
analysis of spontaneously produced or induced NETs con-
firmed the presence of 300 different proteins [34]. Subse-
quent studies on the structure of NETs revealed that DNA 
filaments of 15–17-nm diameter are composed of smaller 
parallel filaments 2 nm in diameter which correspond in 
diameter to the  DNA double-helix structure. Neutrophil 
extracellular traps have slits with an area of 0.03±0.04 μm2 
and fibers with a length of 50–256 nm, and these structures 
allow them to mechanically trap pathogens [35,36].

INTRODUCTION
The aging of the  body is closely related to the  aging of 
the  immune system components  [1,2]. Several theories of 
aging have been proposed so far [3]. A large amount of sci-
entific evidence supports the theory of accumulation of mul-
tiple damages and irreversible changes at the molecular level 
within the cell [4–6]. In contrast, the immunological theory of 
aging is centered on impaired lymphocyte immune memory. 
Impaired lymphocyte function results in, on the one hand, 
ineffective killing of pathogens and, on the other hand, recog-
nition of own cells as foreign, which initiates self-destruction 
processes. Numerous authors have indicated that aging is 
associated with significant changes not only in the function 
but also in the number of lymphocytes [7–10].
The immune response, both cellular and humoral, dete-
riorates over time [11]. Abnormal antigen presentation, 
which is caused by abnormal functioning of T and B lym-
phocytes due to frequent gene mutations in lymphocytes, 
results in inappropriate response to tumor cells [12,13]. 
Prolonged infections, metabolic comorbidities, limited 
physical activity, and aging lead to chronic inflamma-
tion  [14]. Constant immune stimulation exacerbates 
ongoing inflammation and increases the  autoimmuni-
zation reactions  [15–18]. On the  other hand, increased 
immune-competent cells exhaustion leads to their fail-
ure, which worsens with age. Moreover, immune system 
depletion may increase sensitivity to infections [19,20].
Hematopoietic stem and progenitor cells, leukocytes, and 
their microenvironment also take part in aging-related 
changes [21]. Aging causes significant changes in the pro-
portions of stem cell subpopulations, including a decrease in 
their number, and inhibits lymphoid differentiation in favor 
of myeloid cells. The dominance of the myeloid lineage in 
the bone marrow may be related to a longer survival time or 
a greater capacity for self-renewal, which seems to be inde-
pendent of the age of these cells [22,23]. There are no reports 
in the  literature indicating rapid changes in the  number 
of polymorphonuclear neutrophils (PMNs), which sug-
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from these groups was obtained as a  part of the  project 
conducted in 2009, entitled “Cardiovascular diseases and 
cancer in the  Podlaskie region  – epidemiological situa-
tion, prevention and health promotion.” The analyses were 
approved by the Bioethics Committee of the Medical Uni-
versity of Bialystok (resolution No. R-I-002/159/2009). 
The collected material was stored following the principles 
of Good Laboratory Practice. Written consent was obtained 
from all adult subjects before whole blood sampling.
The participants of the study were divided into 4 groups 
taking into account the age of reaching immune maturity 
around 12 years of age (for boys and teenage boys) and 
the variability of the functioning of the immune system 
related to the  productive age (for men and older men). 
The authors tried to ensure that the groups were similar 
in age, the correctness of which was confirmed by similar 
research results in these groups.
The study participants did not take any medications or 
dietary supplements at least 48  h before the  study. The 
health status of all subjects was assessed by a physician.

Research material
The study material was whole blood collected in 2 tubes: 
9 ml with EDTA-K3 and 6 ml with a coagulation activator.

Determination of the total leukocyte count in whole blood samples
The white blood cell (WBC) count in the blood samples 
obtained from boys and adolescents was determined 
using a hematology analyzer during routine follow-up.
The WBC count in the blood samples of adults and older adults 
was determined by the chamber method. Briefly, whole blood 
was diluted with Türk’s reagent (Aqua-Med, Łódź, Poland) 
and applied to a Bürker chamber, and then WBCs were count-
ed using a light microscope (Olympus, Tokyo, Japan).

Evaluation of leukogram
The leukograms of the blood samples of boys were evaluat-
ed using a hematology analyzer during routine follow-up.

Due to the lack of data on changes in the formation of neu-
trophil extracellular traps with age, the pilot project aimed 
to evaluate the important biomarkers of released neutro-
phil traps in whole blood serum obtained from healthy 
males of different age groups. The  study determined 
the  concentrations of circulating free DNA (cfDNA), 
the structural basis of NETs, and myeloperoxidase (MPO), 
the  main biocidal protein involved in neutrophil traps. 
In addition, the neutrophil-lymphocytes ratio (NLR) was 
determined. The  neutrophil to lymphocyte ratio is used 
as a  marker of the  immune response, especially neutro-
phils, and recently also in terms of NETs, as it may mirror 
the extent of degraded neutrophils in favor of NETs.

MATERIAL AND METHODS
The study was approved by the  Bioethics Committee of 
the Medical University of Bialystok (resolution No. APK.O 
02.440.2020).

Study participants
The study involved a total of 45 healthy male subjects who 
were divided based on age into 4 groups. The first group 
consisted of 5 healthy boys aged 7–11 years. The second 
group consisted of 10 healthy adolescents aged 12–15 years. 
Material from these 2 groups was obtained as part of a proj-
ect conducted in 2014, entitled “Evaluation of the ability 
of lymphocytes to blastic transformation and expression 
of  PI3K and ERK1 kinases in children with hypercho-
lesterolemia” (No. 143-26590L), for which approval was 
obtained from the  Bioethics Committee of the  Medical 
University of Bialystok (resolution No. R-I-002/388/2014). 
Written consent was obtained from the parents each time 
before the material was collected from minors. The collect-
ed material was stored in accordance with the principles of 
Good Laboratory Practice.
The third group of study subjects consisted of 15 healthy 
adult men aged 23–36 years, while the fourth group con-
sisted of 15 healthy older men aged 57–64 years. Material 



O R I G I N A L  P A P E R      M. GARLEY ET AL.

IJOMEH 2023;36(3)336

the  NLR was determined. Both WBC and NLR depend 
on the  number of neutrophils, and their changes may 
be indirect indicators of NETosis. The aim was to assess 
the changes in WBC and NLR depending on age.
The total leukocyte count of each participant was found 
to be within the  reference values for the  specific age 
group. A statistically significant difference in the amount 
of WBC was observed only between adult men and older 
men (Figure 1, Table 1).

The leukograms of the blood samples of adults and elder-
ly men were evaluated by microscopy. For this purpose, 
whole blood smears were made on basic slides and then 
stained with May-Grunwald-Giemsa reagent (Aqua-
Med). The  percentages of leukocytes were determined 
using a light microscope (Olympus).

Determination of MPO concentration by ELISA
The concentration of MPO in whole blood serum was 
determined using a Human Myeloperoxidase Quantikine 
ELISA Kit (R&D Systems, Minneapolis, USA), according 
to the manufacturer’s instructions.

Evaluation of cfDNA levels by fluorescence
The concentration of cfDNA in whole blood serum was 
determined using a Circulating DNA Quantification Kit 
(Abcam, Cambridge, UK), according to the manufactur-
er’s instructions.

Statistical analysis
The obtained results were statistically analyzed using 
Microsoft Excel spreadsheet and Statistica v. 13.3 package. 
Data were presented as median with minimum and maxi-
mum values. The normality of data distribution was veri-
fied using the  Shapiro-Wilk test. Statistical significance 
was tested using the Kruskal-Wallis test for comparisons 
between multiple groups. In  cases of statistical associa-
tion, post-hoc pairwise comparisons of mean ranks were 
conducted using a method such as the Dunn-Bonferroni 
test. The minimum level of statistical significance was set 
at p = 0.05. The interdependence of the studied param-
eters was analyzed using Spearman’s method.

RESULTS
Evaluation of WBC and NLR
Since the leukocyte count reflects the state of the immune 
response, the  WBC was tested. In  order to verify 
the  changes in the  ratio of neutrophils to lymphocytes, 
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Figure 1. The total leukocyte (WBC – white blood cells) counts and 
neutrophil–lymphocytes ratio (NLR) values in the study on impact of aging 
on the formation of neutrophil extracellular traps (NETs) (45 healthy male 
subjects, Medical University of Bialystok, Poland)
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Table 1. Summary of the basic result values in the studied 45 healthy male subjects, divided into 4 groups, based on age – material from the boys  
and healthy adolescents groups was obtained as part of a project conducted in 2014; the adult men and older men groups was obtained 
as a part of the project conducted in 2009; Medical University of Bialystok, Poland

Variable

Participants
(N = 45)

Kruskal-Wallis H test1

boys
(N = 5)

teenage boys
(N = 10)

adult men
(N = 15)

older men
(N = 15)

p z R

Age [years]

Me 11 13 25 61

range 7–11 12–15 23–36 57–64

White blood cells [×103/μl]

Me 5.65 6.18 5.75 8.70e <0.01e 3.31e 16.70

24.10

15.73

31.63

range 5.29–6.31 4.20–9.27 4.65–6.80 4.05–9.99

Leukogram

neutrophils

Me 2.97×103/μl 3.45×103/μl 56% 64%

range 2.09–3.73×103/μl 1.90–5.28×103/μl 51–68% 56–69%

eosinophils

Me 0.15×103/μl 0.09×103/μl 2% 1%

range 0.01–0.19×103/μl 0.03–0.84×103/μl 0–7% 0–4%

basophils

Me 0.07×103/μl 0.02×103/μl 0% 0%

range 0.01–0.18×103/μl 0.01–0.11×103/μl 0–1% 0–1%

monocytes

Me 0.51×103/μl 0.60×103/μl 5% 8%

range 0.41–0.70×103/μl 0.29–0.74×103/μl 1–9% 1–11%

lymphocytes

Me 2.16×103/μl 2.20×103/μl 32% 28%

range 1.40–2.44×103/μl 1.58–2.77×103/μl 26–45% 22–40%

Neutrophil–lymphocytes ratio

Me 1.28 1.58 1.71 2.26d 0.03d 2.79d 13.70

16.55

21.86

31.53

range 0.85–2.66 1.03–2.40 1.13–2.61 1.40–3.09

R – mean rank; z – the Dunn-Bonferroni test statistic for pairwise comparisons between each group’s mean ranks.
Statistically significant difference between: d teenage boys and older men, e adult men and older men.
1  p = 0.0000
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The analysis of serum cfDNA concentration showed an 
increasing trend with age, similar to MPO.
The highest median level of cfDNA was observed in 
the adult male group, which was statistically significantly 
higher compared to that in boys and older men. In con-
trast, the  lowest level of cfDNA was observed in older 
men which was statistically lower compared to that in 
adolescents. The level of cfDNA in the adolescent group 
was statistically significantly higher compared to that in 
boys (Figure 3b, Table 2).

Assessment of relationships  
between the analyzed parameters
In order to assess the  relationship between the  param-
eters related to neutrophils and NETs, statistical analysis 
was performed taking into account the age of the partici-
pants.
A strong positive correlation between MPO and cfDNA 
concentrations (Figure 4d) and NLR index and neutro-
phil count (Figure 4a) was found in the  group of boys. 
In addition, the MPO negatively correlated with lympho-
cyte count (Figure 4e) in this group. A positive correlation 
was also observed between age and cfDNA (Figure 4g), as 
well as between age and MPO (Figure 4f) levels, in boys.
The analysis of the  values of parameters determined 
in adolescents showed a  positive correlation between 
the WBC count and the count of neutrophils (Figure 4i) 
and lymphocytes (Figure 4h). Moreover, the  neutrophil 
count correlated positively with the NLR index (Figure 4a) 
in this group.
A positive correlation was found between the  levels of 
MPO and cfDNA (Figure 4d) in adult men. In addition, 
a positive relationship between the NLR index and neutro-
phil count (Figure 4a) and a negative correlation between 
the  NLR index and lymphocyte count (Figure  4b) were 
observed in this group. A  negative correlation was also 
observed between the neutrophil count and the lympho-
cyte count (Figure 4c) in these subjects.

The NLR value was the highest in older males, which was 
statistically significantly higher compared to that deter-
mined in adolescents (Figure 1, Table 1).

Analysis of leukograms
The assessment of the leukogram in the study groups was 
carried out in order to verify the changes in the percent-
age of individual leukocyte populations depending on 
age, which may be related to the formation of NETs.
The analysis of leukograms did not show statistically sig-
nificant differences in the abundance of leukocyte popu-
lations – neutrophils, eosinophils, basophils, monocytes, 
and lymphocytes  – in the  studied groups. The  mean 
values of the  distribution of individual cell groups are 
shown in Table 1 and Figure 2.

Analysis of MPO concentration
In order to assess the  variability of the  NET formation 
phenomenon in different age groups, the  concentration 
of MPO, the main biocidal trap protein, was assessed as 
an indirect marker of NETosis.
An increase in serum MPO concentrations was observed 
with age, with the  highest concentration found in 
the adult male group.
The median level of MPO in adult males was statisti-
cally significantly higher compared to that in boys or 
older men. In  contrast, the  level of MPO in older men 
was statistically significantly lower compared to that in 
the  adolescent group, and approached the  level deter-
mined in boys. The  serum level of MPO in adolescents 
was statistically significantly higher compared to that in 
boys (Figure 3a, Table 2).

Analysis of cfDNA level
In order to assess the age-related variability of NET for-
mation, the  concentration of cfDNA, which is the  basis 
of neutrophil traps, was assessed as an indirect marker 
of NETosis.
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(Figure 4b) and between the  lymphocyte count and the 
neutrophil count (Figure 4c) was observed.
The results of the  correlation analysis are presented in 
Figure 4 and Table 3.

Similar to other study groups, a positive correlation between 
the NLR index and the neutrophil count (Figure 4a) was 
observed in older men. In  addition, a  negative correla-
tion between the  NLR index and the  lymphocyte count 
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The leukograms of the blood samples of boys (N = 5) and teenage boys (N = 10) were evaluated using a hematology analyzed or determined using a light microscope whole 
blood smears of adults (N = 15) and elderly men (N = 15).

Figure 2. The leukograms diagrams: a) boys, b) teenage boys, c) adult men, d) older men, in the study on impact of aging on the formation of neutrophil 
extracellular traps (NETs) (45 healthy male subjects, Medical University of Bialystok, Poland)
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Figure 3. The results of the a) myeloperoxidase (MPO) and b) circulating free DNA (cfDNA) analysis in the studied 45 healthy male subjects,  
divided into 4 groups (based on age), Medical University of Bialystok, Poland

Table 2. Summary of the result values for neutrophil extracellular traps (NETs) biomarkers in the study on impact of aging on the formation of neutrophil 
extracellular traps (NETs) (45 healthy male subjects, Medical University of Bialystok, Poland)

NETs biomarker

Participants
(N = 45)

Kruskal-Wallis H test1

boys
(N = 5)

teenage boys
(N = 10)

adult men
(N = 15)

older men
(N = 15)

p z R

Circulating free DNA (cfDNA) [ng/100 μl]
M±SD 5.97±2.41 14.59±3.03 14.40±1.91 4.96±1.59
GM 5.54 14.31 14.29 4.72
min.–max 3.00–8.30 10.92–19.19 11.83–18.93 2.79–7.67
Me 6.24 13.55a 14.07b 5.19d,e 0.03a

0.01b

<0.01d

<0.01e

2.72a

3.03b

4.22d

4.93e

12.80
32.40
33.40
9.73

Myeloperoxidase (MPO)  [ng/ml]
M±SD 234.77±50.17 412.53±44.39 433.73±103.79 224.18±69.58
GM 229.97 410.13 421.44 214.42
min.–max 157.86–286.11 305.73–463.35 245.10–583.88 107.83–392.34
Me 243.70 420.91a 466.58b 225.46d,e 0.04a

0.01b

<0.01d

<0.01e

2.71a

3.05b

3.88d

4.60e

12.20
31.70
32.93
10.86

GM – geometric mean; R – mean rank; z – the Dunn-Bonferroni test statistic for pairwise comparisons between each group’s mean ranks.
Statistically significant difference between: a boys and teenage boys, b boys and adult men, d teenage boys and older men, e adult men and older men.
1  p = 0.0000
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The interdependence of the studied parameters was analyzed using the Spearman method for the results obtained in the group of boys (N = 5), teenage boys (N = 10), 
adults (N = 15) and elderly men (N = 15).

Figure 4. The results of the correlation analysis: a) positive correlation of neutrophil–lymphocytes ratio (NLR) and neutrophils in 4 study groups of men; b) negative 
correlation of NLR and lymphocytes in adults and elderly men; c) negative correlation of lymphocytes and neutrophils in adults and elderly men; d) positive correlation 
of myeloperoxidase (MPO) and circulating free DNA analysis (cfDNA) in boys and adults; e) negative correlation of MPO and lymphocytes in boys; f) positive correlation 
of MPO and age in boys; g) positive correlation of cfDNA and age in boys; h) positive correlation of WBC and lymphocytes in teenage boys; i) positive correlation of total 
leukocyte counts – white blood cells (WBC) and neutrophils in teenage boys (45 healthy male subjects, Medical University of Bialystok, Poland)

Neutrophils

NL
R

80706050403020100–10

3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6

teenage boys
boys

older men
adult men

Participants

Boys r = 0.90, p = 0.03
Teenage boys r = 0.81, p < 0.01
Adult men r = 0.96, p < 0.01
Older men r = 0.90, p < 0.01

a)

Lymphocytes

NL
R

4644424038363432302826242220

3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0

older men
adult men

Participants

Adult men r = –0.94, p < 0.01
Older men r = –0.96, p < 0.01

b)

Ly
m

ph
oc

yte
s

7050 52 54 56 58 60 62 64 66 68

46
44
42

38

34
32
30
28
26
24
22
20

40

36

older men
adult men

Neutrophils

Participants

Adult men r = –0.85, p < 0.01
Older men r = –0.76, p < 0.01

c)

M
PO

 [n
g/

m
l]

202 4 6 8 10 12 14 16 18

650
600
550

450

350
300
250
200
150
100

500

400

cfDNA [ng/100 μl]

adult men
boys

Participants

Boys r = 0.90, p = 0.03
Adult men r = 0.64, p < 0.01

d)

M
PO

 [n
g/

m
l]

2.61.2 1.4 1.6 1.8 2.0 2.2 2.4

300

280

260

220

200

180

160

140

240

Lymphocytes

boys

r = –0.90, p = 0.03

Participants

e)

M
PO

 [n
g/

m
l]

11.56.5 7 7.5 8 10 10.5 11

300

280

260

220

200

180

160

140

240

9.598.5
Age

boys

r = 0.89, p = 0.04

Participants

f)

cfD
NA

 [n
g/

10
0 μ

l]

11.56.5 7 7.5 8 10 10.5 11

9

8

7

5

4

3

2

6

9.598.5
Age

boys

Boys r = 0.89, p = 0.04

Participants

g)

W
BC

3.01.4 1.6 2.4 2.6 2.8

10

9

8

6

5

4

3

7

2.22.01.8
Lymphocytes

teenage boys

Teenage boys r = 0.76, p = 0.01

Participants

h)

W
BC

5.51.5 2 4 4.5 5

10

9

8

6

5

4

3

7

3.532.5
Neutrophils

teenage boys
Participants

Teenage boys r = 0.66, p = 0.03

i)



O R I G I N A L  P A P E R      M. GARLEY ET AL.

IJOMEH 2023;36(3)342

cells [43]. It has been shown that in patients with com-
plete MPO deficiency neutrophils fail to generate NETs, 
resulting in severe immune dysfunction  [44,45]. Since 
NETs have a  high amount of MPO, this protein is con-
sidered as their marker, in addition to cfDNA which acts 
as a scaffold for proteins and histones [46]. The positive 
correlation between the serum levels of MPO and cfDNA 
observed in the study confirms the  close relationship 
between the parameters related to the release of neutro-
phil extracellular traps into the extracellular space.
Given the immaturity of specific defense mechanisms in 
neonates, the  role of phagocytes is important to ensure 
the  immune homeostasis of the  body  [47]. However, 
the  low concentrations of MPO and cfDNA observed 
among young boys in the study indicate the failure of neu-
trophils to perform NETosis, which is probably related to 

DISCUSSION
Efficient functioning of nonspecific response cells is criti-
cal for the immunity of young organisms as the immune 
system, particularly the mechanisms of specific response, 
is immature in the early stages of life [37–40]. Neutrophils 
are the  predominant population of nonspecific response 
cells. They are the first among leukocytes to reach the site of 
infection, where they recognize and eliminate pathogens. 
These multinucleated leukocytes employ several combat-
ive strategies, involving reactive oxygen species (ROS) or 
microbe-killing proteins packed into their cytoplasmic 
granules, and eliminate pathogens via different mecha-
nisms such as phagocytosis, degranulation, or the forma-
tion of extracellular traps [41,42].
A key protein in the  neutrophil arsenal is MPO, which 
takes part in almost every type of response of these 

Table 3. Spearman’s correlation in the studied 45 healthy male subjects, divided into 4 groups, based on age, Medical University of Bialystok, Poland

Variable
WBC Lymphocytes NLR cfDNA MPO

r p r p r p r p r p

Boys (N = 5)

age 0.89 0.04 0.89 0.04

neutrophils 0.90 0.03

lymphocytes –0.90 0.03

cfDNA 0.90 0.03

Teenage boys (N = 10)

neutrophils 0.66 0.03 0.81 <0.01

lymphocytes 0.76 <0.01

Adult men (N = 15)

neutrophils –0.85 <0.01 0.96 <0.01

NLR –0.94 <0.01

cfDNA 0.64 <0.01

Older men (N = 15)

neutrophils –0.79 <0.01 0.90 <0.01

NLR –0.96 <0.01

cfDNA – circulating free DNA; MPO – myeloperoxidase; NLR – neutrophils to lymphocytes ratio; WBC – total leukocyte counts (white blood cells).
Summary of statistically significant Spearman’s rank correlations observed in analyzed male groups.
The value of the r and p coefficients was presented.
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followed by C5a did not result in the release of NETs as 
done by mature neutrophils. In addition, Yost et al. [55] 
indicated that a protein derived from cord blood showed 
the ability to inhibit the NETosis process. Neonatal NET-
inhibitory factor inhibits PAD4 activity, histone citrul-
lination, and nuclear chromatin decondensation, all of 
which are important for NETosis. This factor has not been 
detected in the blood of adults, which may explain the def-
icit of NETs in neonates and young children [55,56].
The positive correlation between age and the  MPO and 
cfDNA levels observed in the group of boys in this study 
suggests that neutrophils acquire the  ability to form 
NETs during the maturation of the immune system. This 
thesis is supported by the fact that the levels of MPO and 
cfDNA in the group of adolescents were similar to that in 
adult men and, at the same time, significantly higher than 
in boys. The progressive increase in the levels of MPO  and 
cfDNA  with age and the  comparable levels of NET bio-
markers in adolescent boys and adult men confirm appro-
priate NETosis and suggest that neutrophils reach matu-
rity in terms of NETs release during adolescence.
The low serum levels of MPO and cfDNA observed in older 
men in this study indicate that the formation of NETs is 
impaired in this age group. The  aging process is associ-
ated with chronic low-grade inflammation, which may be 
related to the increase in total leukocyte count as observed 
in older men [57]. Moreover, the percentages of particular 
populations of immune cells change with age [48]. In the 
study, the tendency of the NLR index to increase with age, 
with the highest value observed in the group of older men, 
confirms the changes in the percentage of the  leukocyte 
population toward neutrophils. The  negative correlation 
observed between the count of neutrophils and lympho-
cytes and between the  NLR index and the  lymphocyte 
count justifies the conclusions drawn.
The significantly higher NLR index found in older men com-
pared to boys seems to suggest that nonspecific mechanisms 
play a  greater role in the  immune response in the  elderly. 

the immaturity and/or low number of these cells, as con-
firmed by the  lowest neutrophil percentage determined 
in this group. In newborns, the absolute neutrophil count 
in the blood progressively increases within the first 14 h 
after birth and stabilizes only on the third day. It is also 
worth noting that immature neutrophil developmental 
forms can be found in the blood of a child [48].
The functions of neutrophils in newborns are impaired 
during inflammation. The  chemotaxis of granulocytes 
as well as their ability to polarize is significantly lower in 
newborns than that observed in adults  [49]. The bacte-
ricidal properties of neutrophils, including phagocytosis 
and degranulation, are also impaired at this age [50,51]. 
Furthermore, neutrophil granules in newborns have 
a very low content of biocidal protein compared to that 
in adults  [47]. However, the  level of ROS production is 
similar to that observed in adults [50].
The results of this study are consistent with the  obser-
vations of other authors. Studies on neutrophils from 
premature neonates have demonstrated the  inability of 
PMNs to perform NETosis. In contrast, neutrophils from 
full-term neonates released negligible amounts of NETs. 
Researchers have also examined the  level of expression 
of the TLR4 receptor on neonatal neutrophils to identify 
the cause of NETosis disorder. Lipopolysaccharide (LPS), 
which is a  ligand of the  TLR4 receptor, is also an acti-
vator of NETosis. It  was found that TLR4 expression in 
newborns was comparable to that in adults. In addition, 
neonatal neutrophils failed to form NETs after incubation 
with Escherichia coli or Staphylococcus aureus bacteria, 
and their ability of extracellular elimination of bacte-
ria was impaired  [52]. Similar results were reported by 
Lipp et al. [53] confirming the inability of neutrophils to 
activate the NETosis pathway. The impaired ability of neu-
trophils to initiate NETosis may be attributed to the pres-
ence of immature neutrophil developmental forms in 
neonatal blood. Martinelli et al.  [54] demonstrated that 
stimulation of neutrophil precursors by IFN‑α or IFN‑γ 
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the distribution of lipid rafts after TLR2 stimulation were 
observed, which may account for the impaired generation 
of NETs in older individuals [63].

CONCLUSIONS
In both early life and old age, the  immune system pres-
ents a number of abnormalities. Leukocytes differ in their 
number and function contributing to increased morbidity 
and even mortality in children as well as the elderly. How-
ever, the comparable levels of MPO and cfDNA in young 
boys and older men are associated with different mecha-
nisms: immaturity of the  immune system in adolescence 
and impairment in the  elderly. The preliminary data on 
the levels of NET biomarkers in different age groups provide 
valuable information on the course of NETosis, a pathogen 
elimination process, and also indicates the  necessity to 
support the nonspecific response in children and adults.
The strongest point of this manuscript are the  pioneer-
ing results of the research, important from the point of 
view of the need to support the therapy of children and 
the  elderly due to NET formation disorders. The  data 
obtained provide important information for clinicians 
about the  immune responses of neutrophils in different 
age groups, which is translatable into medical practice.
The limitations of the  study: The  cellular origin of 
the cfDNA and the process by which it was released have 
not been determined in these studies. Other biomarkers 
of NETosis assessment are also recommended.
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However, the  functional efficiency of leukocytes has been 
shown to reduce with age. Immunosenescence is epitomized 
by the  low efficiency of the  immune system in combating 
not only previously encountered pathogens but also new 
ones [58]. Neutrophils from the elderly have been character-
ized by a lower capacity of chemotaxis in comparison to neu-
trophils from younger people  [59]. They also continuously 
stimulate the  CXCL8 receptor expressed by the  increased 
activity of PI3K. Neutrophil degranulation has been found to 
be reduced in the elderly [60]. Moreover, PMNs are character-
ized by a reduced ability to phagocytose opsonized pathogens 
in this age group. The reason for this dysfunction is the low 
expression of CD16 molecules [28]. Furthermore, regression 
in the neutralization of phagocytosed bacteria was observed 
in the elderly. The data on the generation of ROS by neutro-
phils in the elderly are conflicting, suggesting minimally ele-
vated ROS production as well as its regression [28,60].
The low levels of MPO and cfDNA observed in the study 
in elderly subjects, which were comparable to that in boys, 
indicate an impaired ability to form NETs, which may be 
the cause of the impaired antipathogenic response shown 
by numerous studies. The findings of the study are in line 
with those of Hazeldine et  al.  [61] who demonstrated 
a lower ability of neutrophils from elderly subjects to initi-
ate NETosis. Neutrophils stimulated with IL-8 or LPS were 
also characterized by a  lower ability to produce ROS, in 
addition to impaired generation of NETs, which the authors 
linked with the failure of NETosis, with normal expression 
of receptors for IL-8 and LPS [61]. The reduced ability of 
neutrophils to release NETs may be related to the  lower 
expression of Atg5 protein, which is involved in autopha-
gocytosis. In a study on an experimental model, stimula-
tion of the TLR2 receptor on the neutrophils of older mice 
resulted in a  lower degree of activation of NETosis com-
pared to that in young mice. Induction of the TLR2 recep-
tor increases the lifespan of neutrophils, but in older mice 
it results in the induction of the apoptosis pathway [62]. 
Furthermore, differences between young and old mice in 
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