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The duration and severity of COVID-19 are related to age, comorbidities, and cytokine
synthesis. This study evaluated the impact of these factors on patients with clinical
presentations of COVID-19 in a Brazilian cohort. A total of 317 patients diagnosed with
COVID-19 were included; cases were distributed according to clinical status as severe
(n=91), moderate (n=56) and mild (n=170). Of these patients, 92 had acute COVID-19 at
sample collection, 90 had already recovered from COVID-19 without sequelae, and 135
had sequelae (long COVID syndrome). In the acute COVID-19 group, patients with the
severe form had higher IL-6 levels (p=0.0260). In the post-COVID-19 group, there was no
significant difference in cytokine levels between groups with different clinical conditions. In
the acute COVID-19 group, younger patients had higher levels of TNF-a, and patients
without comorbidities had higher levels of TNF-a, IL-4 and IL-2 (p<0.05). In contrast,
patients over age 60 with comorbidities had higher levels of IL-6. In the post-COVID-19
group, subjects with long COVID-19 had higher levels of IL-17 and IL-2 (p<0.05), and
subjects without sequelae had higher levels of IL-10, IL-6 and IL- 4 (p<0.05). Our results
suggest that advanced age, comorbidities and elevated serum IL-6 levels are associated
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with severe COVID-19 and are good markers to differentiate severe from mild cases.
Furthermore, high serum levels of IL-17 and IL-2 and low levels of IL-4 and IL-10 appear to
constitute a cytokine profile of long COVID-19, and these markers are potential targets for
COVID-19 treatment and prevention strategies.
Keywords: SARS-CoV-2, COVID-19, long COVID-19, risk factor, cytokines
INTRODUCTION

Coronavirus disease 2019 (COVID-19) has had a great impact on
people’s lives worldwide. The disease and its consequences have
been the cause of death for more than 5 million individuals in the
past two years (WHO, 2022). Infection caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible
for COVID-19, which is characterized by symptoms ranging from
fever to the development of severe acute respiratory syndrome
(SARS) (Wang et al., 2020). The presence of different signs and
symptoms determines the different clinical conditions of the
disease, which can be asymptomatic, mild, moderate, severe or
critical (WHO, 2021).

In most patients, SARS-CoV-2 infection is asymptomatic,
especially in children (approximately 80%), but 20% of patients
require admission to the intensive care unit (ICU); the mortality
rate of these patients is 25%, with most deaths attributed to
severe inflammation and thromboembolic complications
(Buszko et al., 2020).

The duration and severity of COVID-19 is related to several
factors, including viral (mutations) (Nagy et al., 2021) and host
(age, sex, comorbidities and immunological) factors (Wang et al.,
2021; Chang et al., 2021). SARS-CoV-2 infection begins with its
binding to the ACE2 protein of alveolar epithelial cells, which
induces activation of the innate and adaptive immune responses
through the production and interaction of chemokines, colony-
stimulating factors, interferons, interleukins, and tumor necrosis
factor-a (TNF-a). These factors increase vascular permeability,
determining COVID-19 development (Kaur et al., 2021; Torres
et al., 2022).

As immunity is the essential component that determines the
type of interaction between the pathogen and the host in any
infectious disease; when the immune response is dysregulated, it
contributes to disease pathogenesis, as in the case of a “cytokine
storm” (Chen et al., 2021).

The term “cytokine storm” was coined to describe intense
production of cytokines in infectious processes responsible for
triggering immunopathological reactions (Teijaro, 2017).
Among the inflammatory mediators released by immune cells,
the cytokines IFN-a, IFN-g, IL-1b, IL-6, IL-12, IL-18, IL-33,
TNF-a and TGF-b are highlighted, and altered levels are
associated with different clinical features of COVID-19 (Huang
et al., 2021a; Chang et al., 2021). Indeed, cytokine storms
correlate with the severity and progression of COVID-19 and
can result in serious complications such as acute respiratory
distress syndrome (ARDS) and multiple organ failure, which are
the leading causes of death from the disease (Kunnumakkara
et al., 2021).
gy | www.frontiersin.org 2
Another complexity of COVID-19 is the emergence of new
symptoms after the acute infection or illness. Patients infected
with SARS-CoV-2 may continue to experience a variety of
symptoms after the established period of COVID-19, which are
not explained by other causes. These symptoms include fatigue,
shortness of breath, “brain fog”, sleep disturbances, fevers,
gastrointestinal symptoms, anxiety and depression and can
persist for months and range from mild to disabling (Collins,
2021; Parums, 2021).

The immune response is a critical factor in the evolution of
COVID-19, and assessment of this response in different
populations can provide a better understanding of how the
host response influences the severity of the disease in some
individuals, even though the majority of those infected with
SARS-CoV-2 are asymptomatic or develop mild symptoms
(Mortaz et al., 2020). Accordingly, we evaluated the levels of
IL-17, IFN-g, TNF-a, IL-10, IL-6, IL-4 and IL-2 in patients with
clinical COVID-19 and long COVID-19, with cases classified as
mild, moderate and severe, and associations with risk factors for
sex, age and presence of comorbidities.
MATERIALS AND METHODS

Study Population and Sample Collection
The present study involved blood samples from 317 patients
diagnosed with COVID-19 and classified according to the
criteria established by the World Health Organization (WHO,
2021). The assessment included individuals of both sexes aged 18
years and over, who had not been vaccinated against SARS-CoV-
2, and who were attended at the post-COVID-19 outpatient
clinic at Universidade do Estado do Pará, Hospital Adventista de
Belém or Instituto Evandro Chagas from July 2020 to May 2021.
The group of post-COVID-19 patients included those who
sought the long COVID-19 outpatient clinic at least 30 days
after the recovery from acute COVID-19.

A total of 317 patients (n=317) were enrolled in our study
aiming to access the cytokine profiles according to the symptoms
severe (n=91), moderate (n=53) and mild (n=173), presented in
the moment of acute disease. Aiming to analyze the cytokine
profile among recovered patients of COVID-19 (n=225) that
looked attending the long COVID-19 outpatient clinic at the
Universidade do Estado do Pará, we divided the individuals into
two groups: post-COVID-19 with (n=135) and without (n=90)
sequelae (long COVID-19).

A 10-mL blood sample was collected by intravenous
puncture using a vacuum collection system containing
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant.
June 2022 | Volume 12 | Article 922422
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The samples were transported to the Virology Laboratory of the
Federal University of Pará, where they were processed to separate
plasma and leukocytes; the former was used to determine
cytokine levels.

Serum Cytokine Levels
Quantification of serum cytokine levels was performed using the
flow cytometry technique and Cytometric Bead Array Kit (CBA)
Human Th1/Th2/Th17 (BD Biosciences, San Diego, CA, USA)
with BD FACS Canto II equipment. All procedures followed the
manufacturer’s guidelines. The methodology used is based on
beads conjugated with a capture antibody: six populations of
beads with different fluorescence intensities conjugated to a
specific capture antibody for each cytokine are mixed to form
the CBA, and results are determined using the FL-3 channel of a
flow cytometer. The bead populations were observed according
to their respective fluorescence intensities: from least bright to
brightest (IL-17< IFN-g < TNF-a < IL-10 < IL-6 < IL-4 < IL-2).

Statistical Analysis
The information obtained was entered into a database in
Microsoft Office Excel 2013 software. Normality of the
distribution of cytokine levels was analyzed using the Shapiro–
Wilk test. Based on the results of the normality test, the
evaluation of variations in the plasma levels of these markers
between groups was performed using the nonparametric Mann–
Whitney test. RStudio 4.0.2 software was used to assess the
correlation (Pearson correlation) between IL-6 levels and age in
the acute COVID-19 group. The frequency of epidemiological
variables was estimated using direct counting, and the
significance of differences between the groups was calculated
using Fisher’s exact test and the chi-square test. All tests were
performed using the GraphPad Prism 5.0 program, and results
with a p value < 0.05 were considered significant.
RESULTS

Table 1 shows the median cytokine levels of patients with severe
and mild/moderate acute COVID-19 (acute SARS-CoV-2
infection) and individuals who recovered from the disease
(with and without sequelae).

Assessment of cytokine levels among patients with acute
COVID-19 and individuals in the post-COVID-19 period
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
showed significantly higher levels of IL-17 (p=0.0002;
Figure 1A), TNF-a (p<0.0001; Figure 1C) and IL-2 (p<0.0001;
Figure 1G) in the post-COVID-19 group and higher levels of
IL-6 (p<0.0001; Figure 1E) in the acute COVID-19 group. The
cytokines levels IFN-y (Figure 1B), IL-10 (Figure 1D) and IL-4
(Figure 1F) did not show significant differences between
the groups.

Comparison of cytokine levels showed that patients with
severe acute COVID-19 had significantly higher levels of IL-6
(p=0.0260; Figure 2E) as compared to mild/moderate group.
Conversely, in the group of post-COVID-19 subjects, no
significant differences in cytokine level among those with
severe clinical forms compared to mild/moderate forms were
observed (Figures 2A–G).

Some variables, such as sex, age and comorbidities (diabetes
mellitus, hypertension, chronic kidney disease, obesity and
immunosuppression), which can influence the immune response,
were evaluated in relation to the clinical manifestations of patients
with COVID-19 and levels of cytokines. When comparing the
frequencies of the variables between the groups of patients
with COVID-19, all variables showed significant differences
(Table 2). The severe group had a higher frequency of males
(p=0.0027), patients aged over 60 years (p<0.0001) and
comorbidities (p<0.0001).

In the group with acute COVID-19, cytokine levels were
evaluated in relation to epidemiological variables (Table 3).
Patients aged 21-40 years had higher levels of TNF-a (p=
0.0257), and those over age 60 had higher levels of IL-6, with a
p value close to statistical significance (p=0.0636). Patients
without comorbidities had higher levels of TNF-a (p=0.0030),
IL-4 (p=0.0020) and IL-2 (p=0.0021); IL-6 levels were higher in
patients with comorbidities, but without statistical significance
(p=0.0891). Analysis of IL-6 levels with the age in those with
acute COVID-19 showed a slightly positive correlation (r= 0.218;
p= 0.0381), but there was no correlation between the variables
when the evaluation was performed according to the different
clinical forms of the disease (Figure 3). IL-6 levels were higher in
hospitalized patients admitted to the ICU (median= 15.41) than
in those who did not require intensive care (median= 12.59), but
the difference was not significant (p= 0.3353).

The post-COVID-19 group was divided into individuals who
were undergoing medical follow-up for sequelae (long COVID)
and those who had recovered and had no sequelae. Assessment
of cytokine levels between these groups showed that individuals
TABLE 1 | - Median cytokine levels evaluated among patients with different clinical COVID-19 and post-COVID-19 conditions.

Clinical condition IL-17Median
(IQR)

IFN-gMedian
(IQR)

TNF-aMedian
(IQR)

IL-10Median
(IQR)

IL-6Median (IQR) IL-4Median (IQR) IL-2Median (IQR)

COVID-19 15.45 (15.90) 8.13 (3.15) 6.20 (3.25) 9.50 (3.21) 12.22 (8.31) 8.83 (15.90) 6.88 (7.57)
Post-COVID-19 20.46 (15.59) 8.54 (2.51) 7.92 (4.65) 9.64 (3.19) 8.58 (4.47) 8.73 (89.48) 8.44 (2.72)
COVID-19
Severe 15.80 (16.24) 8.42 (2.94) 6.17 (3.66) 9.46 (3.22) 13.53 (11.35) 8.04 (5.72) 6.81 (2.46)
Mild/Moderate 15.16 (15.28) 7.32 (3.58) 6.30 (3.19) 9.50 (4.14) 10.98 (5.01) 9.31 (5.72) 8.18 (2.60)
Post-COVID-19
Severe 20.41 (13.09) 8.34 (3.76) 6.85 (6.76) 8.78 (2.95) 8.22 (4.6) 7.59 (7.61) 7.60 (3.26)
Mild/Moderate 20.50 (15.85) 8.57 (2.26) 8.23 (4.2) 9.75 (3.24) 8.67 (4.47) 8.83 (7.89) 8.60 (2.66)
Ju
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with long COVID (sequelae) had higher levels of IL-17
(p=0.0035; Figure 4A) and IL-2 (p=0.0219; Figure 4G) and
that individuals without sequelae had higher levels of IL-10
(p=0.0406; Figure 4D) and IL-4 (p<0.0001; Figure 4F). A
correlogram of cytokine levels in long COVID-19 patients
revealed a positive correlation for most cytokines (Figure 5).
The cytokines levels IFN-y (Figure 4B), TNF-a (Figure 4C) and
IL-6 (Figure 4E) did not show significant differences between
the groups.
DISCUSSION

The main risk factors for severe and long COVID-19 include age,
male sex, smoking, presence of comorbidities (obesity, diabetes,
hypertension, heart disease) and variations in the immune
response of the host (Zhou et al., 2020; Ejaz et al., 2020; Wang
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
et al., 2021; Chang et al., 2021). Evidence suggests that age is the
most significant risk factor for the severe form of COVID-19 and
related complications (Chen et al., 2021). In the present study,
subjects in the post-COVID-19 group had higher levels of IL-17,
TNF-a and IL-2 as compared to the acute COVID-19 group. In
contrast, patients in the acute COVID-19 group had higher levels
of IL-6. Younger patients had higher levels of TNF-a, and
patients without comorbidities had higher levels of TNF-a, IL-
4 and IL-2. Patients over age 60, with comorbidities, had higher
levels of IL-6. In the post-COVID-19 group, subjects with long
COVID-19 had higher levels of IL-17 and IL-2 and subjects
without sequelae had higher levels of IL-10, IL-6 and IL- 4.

The death rate from COVID-19 is directly related to age,
whereby older age is associated with greater risk. The rate varies
from 0.4 to 3.3% in patients aged 40 years or younger, from 1.3 to
4.85% in those aged 40-50 years, 3.6-6.4% in those aged 60-70,
8.0 to 12.6% in those aged 70-80, and 14.8%-25.9% in those older
than 80 (Chen et al., 2021). Overall, rates of hospitalizations, ICU
A B

D E F

G

C

FIGURE 1 | Cytokine levels according to different clinical manifestations of COVID-19. Comparison of cytokine levels (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E)
IL-6, (F) IL-4 and (G) IL-2, between patients with acute COVID-19 and individuals in the post-COVID-19 period. Mann-Whitney test.
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FIGURE 2 | Cytokine profiles in acute and post-COVID-19 syndrome. Comparison of cytokine levels of patients with severe and mild/moderate COVID-19 and post-
COVID-19. Mild/Mod: mild/moderate. Mann-Whitney Test. (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E) IL-6, (F) IL-4 and (G) IL-2.
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admissions, and death from COVID-19 increase with age (CDC
COVID-19 Response Team, 2020), which occurs because of
immune system remodeling or immunosenescence, rendering
individuals more susceptible to infections, with more severe
disease symptoms and lower response to vaccination (Pawelec,
2018; Bichara et al., 2021a; Bichara et al., 2021b). IL-6 levels
showed a slight correlation with advanced age in acute COVID-
19. However, there was no correlation of cytokine level with age
according to the different clinical forms, which suggests that age
may contribute to the increase in IL-6 levels but that these two
factors are not sufficient to define the severity of the disease.
Although IL-6 levels were higher in older patients with acute
COVID-19, cytokine levels showed no statistically significant
difference between age groups in this group, possibly due to the
small sample size, which is a limitation of the study.

In our study, patients with the severe form of acute COVID-19
had higher levels of IL-6 and had some type of comorbidity (diabetes
mellitus, hypertension, obesity, and immunosuppression). In the
evaluation of patients with acute COVID-19, regardless of disease
severity, individuals with comorbidities had higher levels of IL-6 (but
without statistical significance). Comorbidities can contribute to the
development of COVID-19 and are associated with worse prognosis
due to the establishment of complex inflammatory symptoms (Ejaz
et al., 2020; Fang et al., 2020).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
The IL-6 contributes to inflammation in all insulin target
tissues, including fat, the liver, and muscle, indicating the role of
IL-6 in driving obesity and in the pathogenesis of systemic
insulin resistance (Rocha and Folco, 2011; El-Kadre and
Tinoco, 2013). In addition to IL-6, variations in the levels of
different cytokines are involved in the development of different
comorbidities (Mirhafez et al., 2014; Donath et al., 2019;
Moghbeli et al., 2021). Although the cytokines TNF-a, IL-4
and IL-2 were not associated with severe COVID-19 in the
present study, lower levels of these cytokines were observed in
patients with comorbidities who had acute COVID-19.

The main risk factors associated with COVID-19, related to
advanced age and the presence of comorbidities, are conditions
characterized by constant low-grade activation of the
inflammatory response (Geerlings and Hoepelman, 1999;
Maggio et al., 2006; Franceschi and Campisi, 2014; Rodrıǵuez-
Iturbe et al., 2014), which promote impairment of the general
immune response to infection. This suggests that although the
clinical profile of severe COVID-19 is induced by an increase in
cytokine production, it may be that this increase occurs in a
moderate way and is sufficient to intensify inflammatory
processes already existing in patients with the aforementioned
risk factors and deregulate homeostasis. Furthermore,
corticosteroid use in critically ill patients may also be
TABLE 2 | Distribution of frequencies of epidemiological variables between groups with different clinical conditions of COVID-19.

Variables Severe N = 91N (%) Mild/Moderate N = 226N (%) p

Sex
Female 40 (43.96) 131 (58.00) 0.0027*
Male 51 (56.04) 95 (42.00)
Age (years)
21-40 22 (24.18) 106 (46.90) <0.0001**
41-60 45 (49.45) 105 (46.46)
>60 24 (26.37) 15 (6.64)
Comorbidities
Yes 49 (53.85) 61 (26.99) <0.0001*
No 42 (46.15) 165 (73.01)
June 2022 | Volume 12 | Artic
N, number of individuals/samples; * Fisher’s exact test; ** Chi-square test.
TABLE 3 | Comparison of cytokine levels in relation to epidemiological variables among patients with acute COVID-19.

Variables IL-17 (pg/mL)
Median (IIQ)

IFN-g (pg/mL)
Median (IIQ)

TNF-a (pg/mL)
Median (IIQ)

IL-10 (pg/mL)
Median (IIQ)

IL-6 (pg/mL)
Median (IIQ)

IL-4 (pg/mL)
Median (IIQ)

IL-2 (pg/mL)
Median (IIQ)

Sex*
Female 15.44 (17.66) 8.21 (3.71) 6.00 (3.50) 8.96 (3.82) 12.56 (8.84) 9.43 (7.02) 6.76 (2.03)
Male 15.45 (11.58) 8.24 (3.67) 6.25 (3.28) 9.95 (3.25) 11.70 (7.90) 8.09 (4.75) 6.96 (1.80)
p 0.9735 0.7270 0.7688 0.1618 0.8733 0.2121 0.3360

Age (years)**
21-40 15.80 (9.30) 8.37 (3.09) 7.67 (3.94) 8.56 (2.32) 11.39 (4.27) 10.34 (4.82) 7.44 (2.10)
41-60 15.31 (16.76) 8.35 (3.29) 6.78 (2.94) 9.59 (3.50) 12.71 (9.24) 8.46 (5.26) 6.88 (1.95)
>60 11.74 (16.76) 8.05 (3.05) 5.95 (3.14) 10.43 (2.80) 14.51 (11.97) 7.86 (5.17) 5.52 (1.77)
p 0.6310 0.9853 0.0257 0.1674 0.0636 0.2700 0.1263

Comorbidities *
Yes 16.40 (17.03) 7.70 (2.87) 5.69 (2.33) 9.63 (4.67) 13.13 (11.68) 7.27 (4.88) 6.61 (1.73)
No 15.45 (9.30) 8.65 (3.02) 7.05 (3.59) 9.39 (3.08) 11.35 (4.96) 10.19 (4.84) 7.49 (1.68)
p 0.9922 0.2527 0.0030 0.9893 0.0891 0.0020 0.0021
IIQ, interquartile range; * Mann–Whitney test; ** Kruskal–Wallis test.
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associated with lower levels of cytokines compared to those with
less aggressive forms of the disease.

IL-6 also contributes to increase vascular permeability and
cause interstitial edema and tissue damage (Marin et al., 2001;
Riedemann et al., 2003; Lowe et al., 2004). An increase in these
events is related to the severity of COVID-19 and is responsible
for many deaths (Klok et al., 2020; Helms et al., 2020; Wool and
Miller, 2021).

Although the severity of COVID-19 is related to risk factors
such as advanced age and comorbidities, Del Valle et al. (2020)
noted that elevated serum levels of IL-6, IL-8, and TNF-a in
COVID-19 patients at the time of hospitalization were strong
and independent predictors of patient survival. IL-6 was one of
the most robust prognostic markers of survival (surpassing CRP,
D-dimer and ferritin), and elevated IL-6 levels were associated
with severity and predictive of poor outcome. In our study,
among the cytokines evaluated, only high levels of IL-6 were
associated with the severity of COVID-19, confirming the
relevance of this cytokine in the outcome of the disease. In this
sense, maintenance of high levels of IL-6 in patients with the
severe form of COVID-19 might be mainly related to
the consequence of the inflammatory process resulting from
the main risk factors for the disease, the presence of different
comorbidities and advanced age and will contribute to
intensifying the inflammatory process and the development of
severe clotting events.

Some studies have evaluated symptoms related to long COVID-
19 (Fernández-de-Las-Peñas et al., 2021; Abdallah et al., 2021;
Huang et al., 2021a; Huang et al., 2021b; Logue et al., 2021;
Augustin et al., 2021; Shuwa et al., 2021). However, most of these
studies evaluated the long COVID-19 symptoms among patients
who were hospitalized, i.e., only from patients who had severe
COVID-19. Augustin et al. (2021) evaluated post-COVID
syndrome in outpatients, but in order to correlate clinical
symptoms with IgG antibodies, they did not evaluate molecular
markers of inflammation. Cytokine IL-6 has been proposed as a
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potential mediator of neuropsychiatric symptoms of long COVID-
19, possibly related to its persistence (Kappelmann et al., 2021). This
relationship was not observed in our study, since individuals in the
post-COVID-19 group had lower levels of IL-6, compared to
patients with acute COVID-19. Furthermore, in the post-COVID
group there was no significant difference in IL-6 levels between
individuals with and without sequelae in the COVID-19 group. The
relationship of IL-6 levels with the development of symptoms in
long COVID-10, including neuropsychiatric symptoms, needs to be
better investigated.

Shuwa et al. (2021) identified a likely risk of developing
prolonged symptoms of COVID-19 in hospitalized patients,
noting that convalescent patients had a lower frequency of IL-
10+ CD4+ T cells, IL-17+ CD4+ T cells, and IL-6+ B cells,
compared to individuals with acute COVID-19. Although in
our study we identified lower levels of IL-10 in the long COVID-
19 group compared to subjects without sequelae in the post-
COVID-19 group, IL-17 levels were higher in those subjects with
long COVID-19. Furthermore, no difference was observed in IL-
6 levels between the groups. The difference between the results
presented here and those observed by Shuwa et al. (2021) may be
due to the clinical moment at which the patients were analyzed.
In our study, evaluated individuals in the post-COVID-19
period, including individuals with and without sequelae, as
well as individuals who had acute COVID-19 with different
clinical manifestations (mild, moderate and severe), showing that
the development of long COVID-19 may not be related only with
the severity of acute COVID-19. In addition, it was possible to
identify immuno-inflammatory molecular patterns, through the
characterization of the cytokine profile, which may be related to
long COVID-19.

In relation to individuals in the post-COVID-19 group,
higher levels of IL-10 and IL-4 were observed in the group that
did not present sequelae after the disease. This suggests better
control of the inflammatory process due to increased levels of
anti-inflammatory cytokines in these individuals. Furthermore,
FIGURE 3 | Correlation of IL-6 levels and age in acute COVID-19. Correlation of all patients and patients with mild/moderate and severe forms of the disease.
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individuals who continued to experience sequelae after infection
(long COVID) had significantly higher levels of IL-17 and IL-2
and lower levels of Il-4 and IL-10, suggesting a possible
“molecular signature” for long COVID characterized by a
Th17 inflammatory profile with a reduced anti-inflammatory
response mediated by IL-4 and IL-10, that must be confirmed by
other studies enrolling a largest sample size.

The correlation of cytokine levels in the long COVID-19
group was positive among most of the cytokines evaluated.
Hence, although the disease is associated with variations in
levels of certain cytokines, it appears to induce an increase in
levels of cytokines related to different types of inflammatory
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
response. Post-COVID syndrome (long COVID) has been
associated with residual inflammation, organ damage,
preexisting health conditions or nonspecific effects due to
hospitalization or prolonged ventilation (Moreno-Pérez et al.,
2021), conditions easily related to the severe form of the disease.
Nonetheless, it is important to emphasize that SARS-CoV-2
shows tropism for the nervous system, and neurological
manifestations can be observed in patients with different
clinical forms of the disease (mild, moderate and severe),
ranging from anosmia, ageusia, headache, stroke, Guillain–
Barré syndrome, seizure and encephalopathy (Camargo-
Martıńez et al., 2021). Thus, it is possible that microvascular
A B

D E F

G

C

FIGURE 4 | Cytokine profile in the long COVID-19. Comparison of cytokine levels (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E) IL-6, (F) IL-4 and (G) IL-2, between
individuals with and without post-COVID-19 symptoms (sequelae). Mann-Whitney test.
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inflammation in cells of the nervous system during infection may
trigger mild symptoms of the disease (Lechner-Scott et al., 2021),
which may persist even after the infection has resolved.

The consequences of the long COVID-19 are impacting health
care resources, as up to 30% of the associated health burden may
be due to prolonged disability induced by COVID-19 rather than
mortality (Parums, 2021). Therefore, understanding the biological
basis of long COVID-19 will allow us to identify factors that
predispose to the development of long-term complications and
guide effective therapies. In this sense, several studies have been
developed, such as the REACT-GE study (in partnership with
Genomics England) that aims to look for biological signatures that
may be linked to the development of long COVID-19 and whether
genes affect the severity of the COVID-19 and its long-term
progression (Post-COVID-19 syndrome: in it for the long
haul, 2021)

Some studies have evaluated the molecular signature of acute
COVID-19 cytokines by different methodologies (Bergamaschi
et al., 2021; Freire et al., 2021; Szabo et al., 2021; Schimke et al.,
2022). In our study, IL-6 levels were associated with the severe form
of acute COVID-19. Bergamaschi et al. (2021) also identified IL-6
persistence in severe disease, along with the TNF-a. In contrast,
other studies have shown that disease severity was related to
elevated levels of myeloid chemoattractants and neutrophil
activation (Freire et al., 2021; Szabo et al., 2021; Schimke et al.,
2022). Possible differences in results (molecular profiles) observed
between different studies may be due to differences in methods used
for investigation, different times of sample collection during
infection, or even due to differences in the immunogenetic
background of the investigated population. Therefore,
identification of a molecular profile in relation to long COVID-19
still needs to be further investigated. Even though several studies
have evaluated the main symptoms of long COVID-19 (Abdallah
et al., 2021; Augustin et al., 2021; Darley et al., 2021; Fernández-de-
Las-Peñas et al., 2021; Logue et al., 2021; Wu et al., 2021; Huang et
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
al., 2021a; Huang et al., 2021b), none of them investigated
the association of cl inical manifestations with the
immunoinflammatory profile of cytokines. Our study showed, for
the first time, evidence for the existence of a long COVID-19-
associated cytokine profile in a cohort of the Brazilian Amazon
region. Further evaluated in studies conducted with larger cohorts
from distinct geographic areas is needed.

Our results are important because it was possible to identify
differences in cytokine synthesis and identify characteristic
profiles in acute COVID-19 (higher levels of IL-6) and long
COVID-19 (high levels of IL-2 and IL- 17).

In conclusion, the present study shows that advanced age, the
presence of comorbidities and elevated serum IL-6 levels are
associated with the severity of COVID-19 and represent good
markers to differentiate severe COVID-19 from mild clinical
forms. Furthermore, high serum levels of IL-17 and IL-2, as well
as low levels of IL-4 and IL-10, appear to constitute a long
COVID-19 cytokine profile (molecular signature), and
identification of these markers as a potential target may
establish more adequate treatment and prevention strategies
for specific groups.
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