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Abstract

Introduction Post-COVID syndrome (PCS) is characterized by a polymorphism of symptoms with hypothetical
pathophysiological mechanisms. Here, we aimed to analyze the profile of inflammatory cytokines in patients with PCS
and to study the relationship between this profile, the clinical symptoms as well as the endothelial function in PCS.

Methods Our analytical study involved all eligible patients (n=66) with PCS included from April 2021 to December
2021.The serum concentration of cytokines IFN-y, IL-1q, IL-13, IL-6, IL-8, IL-10, IL-12p70, IL-27, IP-10, MCP-1 and TNF-a
was quantified by flow cytometry. Endothelial function was explored by assessing microvascular flow and reactivity
using thermal probes. A comparative study was carried out according to the presence of each PCS symptom.

Results The average age of our patients was 55.9+ 16.2 years. The sex ratio was 0.69. Forty-one patients (62%)
presented with a severe form of acute infection. The most frequently reported symptoms were dyspnea (67%), fatigue
(50%), and memory problems (32%). Fifty-seven patients (86%) had endothelial dysfunction. The majority of patients
had increased levels of IP-10 (100%), IL-8 (95%), IFN-y (95%), MCP-1 (80%), and TNF-a (70%). The serum concentration
of IL-10 was below the threshold of quantification in 89% of subjects. The severe form of acute infection was
associated with elevated IL-10, MCP-1, and IL-27. Increased IL-6 and IL-27 levels were associated with fatigue while IL-8
concentrations were higher in patients who reported dyspnea. Elevation of IL-8 level was more common in patients
with profound impairment of endothelial function.

Conclusion Our results further support the presence of endothelial dysfunction in PCS and show an elevation of
pro-inflammatory cytokines with a downmodulation of the IL-10- anti-inflammatory response. In addition, immuno-
clinical phenotypes emerge, such as an inflammatory profile mediated by IL-6 and IL-27 in fatigue and IL-8 in dyspnea.
The identification of immuno-clinical phenotypes would allow a better understanding of the pathophysiology of PCS
symptoms.
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Introduction

While the COVID-19 pandemic is currently deemed
under control, marked by the World Health Organization
(WHO) lifting the public health emergency of interna-
tional concern on May 5, 2023 [1], the enduring risks and
the potential medium to long-term impact on human
health remain incompletely understood. A new concern,
known as Long COVID, Post-COVID Syndrome (PCS),
or Post-COVID Conditions, has emerged. This condi-
tion is defined by the persistence, recurrence, or onset of
new health issues that patients may experience beyond
three months after being infected with the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2 virus),
as outlined by the Center for Disease Control and Pre-
vention (CDC) [2]. According to the High Authority for
Health (HAS) in France, the definition hinges on three
criteria: having been symptomatic of an infection linked
to COVID-19, exhibiting at least one symptom persisting
beyond four weeks from the onset of the acute episode,
and presenting symptoms that cannot be explained by
another diagnosis [3]. Despite the easing of the immedi-
ate crisis, the potential long-term health implications of
COVID-19 are yet to be fully delineated.

In a comprehensive meta-analysis and systematic
review encompassing 47,910 patients, researchers identi-
fied over 50 persistent or newly emerging symptoms fol-
lowing an acute episode of COVID-19, irrespective of the
severity of the initial infection—whether severe or mild,
pauci-symptomatic, or asymptomatic. Remarkably, more
than 80% of patients reported experiencing at least one
symptom associated with long COVID [4].

The symptoms associated with PCS can manifest in
both somatic and psychological dimensions, exerting a
significant impact on individuals’ overall quality of life.
Recognizing the substantial repercussions of PCS, the
Americans with Disabilities Act (ADA) took a decisive
step in July 2021 by officially designating long COVID as
a disability in the United States [5].

Given the current lack of objective tools for a precise
diagnosis of this condition, it becomes imperative to delve
into the pathophysiological mechanisms that underlie it.
This exploration is crucial for steering research efforts
toward the identification of diagnostic, therapeutic, and
preventive solutions, ultimately enhancing the care pro-
vided to individuals suffering from this syndrome. In this
context, numerous authors have focused their attention
on PCS, examining diverse pathophysiological mecha-
nisms such as the persistence of a viral reservoir in target
organ tissues [6, 7], induced autoimmunity [8], and the
lasting residual inflammatory response involving a con-
tinuous reaction to mitochondrial stress [9].

Numerous authors have documented elevated levels
of inflammatory cytokines in patients with PCS. Nota-
bly, these cytokine elevations have been observed in
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correlation with circulating endothelial cells (CEC), sug-
gesting an influence on endothelial function [10]. The
residual inflammation associated with sustained cytokine
elevation and endothelial dysfunction (ED) could have
potential systemic and organ-specific consequences, con-
tributing to the manifestation of PCS symptoms [10-12].
Despite these intriguing connections, these mechanisms
remain at the hypothetical stage. Thus, the primary aim
of our study is to delineate the serum profile of inflam-
matory cytokines in PCS patients and explore its rela-
tionship with endothelial dysfunction. Furthermore, our
secondary goal involves the establishment of immuno-
clinical profiles through an examination of the interplay
between inflammatory cytokines and various symptoms
associated with PCS.

Materials and methods
Study population
This was a observational analytical study with prospec-
tive recruitment of patients, carried out at the Clinical
Immunology Laboratory of the Pasteur Institute of Tunis
in collaboration with the Department of Internal Medi-
cine of the Mongi Slim Hospital, during the period from
April 2021 to December 2021, having included patients
in whom the diagnosis of SARS-CoV-2 infection was
made between 4 and 24 weeks before the inclusion date
and meeting the criteria definition of the PCS. Patients
were recruited through face-to-face medical interviews,
following the methodology outlined in the reference [13].

Were considered for this study patients aged >18 years
in whom the diagnosis of SARS-CoV-2 infection was
established by Polymerase chain reaction (PCR) on naso-
pharyngeal swab and/or CT scan arguments at least 4
weeks before the date of inclusion and reporting at least
one symptom meeting the PCS definition criteria and
established by the TUN-EndCOV study [13]. We did not
include, patients suffering from a chronic inflammatory
disease or a neoplastic pathology, pregnant or breast-
feeding patients and patients vaccinated against SARS-
CoV-2. Finally, patients whose sample was not usable
were excluded.

During the interview, carried out in the Internal Medi-
cine department of Mongi Slim Hospital, we carried out
for each patient:

+ The collection of epidemiological, clinical, and
paraclinical data (cardiorespiratory history and risk
factors, clinical form of the acute episode of SARS-
CoV-2 infection, CT grades of lung involvement, and
post-COVID symptom:s).

+ The evaluation of endothelial function (EF).

+ the collection of a 5 ml blood sample by intravenous
puncture, using a vacuum collection system on a
dry tube. Samples were processed within 6 h of
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collection and sera were cryopreserved at -20 °C.
The concentration of cytokines was subsequently
quantified for all samples at a single time, at the
Department Clinical of Immunology of the Pasteur
Institute of Tunis.

Endothelial function exploration

Microvascular flow and reactivity were assessed with
the “E4-Diagnose” Polymath Tunisia device [14]. This is
a non-invasive device for measuring skin temperature at
high resolution (0.002 °C). It thus uses the technique of
digital thermo monitoring (DTM), independent of the
operator, and is based on the principle of fully automated
and standardized post-occlusion reactive hyperemia
(PORH).

Thermal probes were attached to the index finger and
thermal changes due to cuff occlusion were automati-
cally recorded using Polymath software. Microvascular
flow and reactivity were assessed in eligible patients after
meeting the following conditions:

+ Be fasting for at least 4 h (including tobacco
consumption).

+ Not having practiced intensive physical activity in
the last 24 h.

+ Have a systolic blood pressure less than 160 mmHg.

+ Have a digital temperature above 27 °C.

+ Perform the test in a room whose temperature varied
between 22 and 24 degrees.

As described by Charfeddine S. and colleagues [13], the
thresholds accepted for judging endothelial function
(Endothelial Quality Index (EQI) were as follows:

« EQI>2: Good endothelial function (EF).

+ 1.5<EQI<2: Moderate endothelial dysfunction.
+ 1<EQI<1.5: Severe endothelial dysfunction.

+ EQI<1: Very low endothelial function.

Serum cytokine measurement

The concentration of 11 cytokines (interferon (IFN)-y,
interleukin (IL)-la, IL-1f, IL-6, IL-8, IL-10, IL-12p70,
IL-27, Interferon gamma-induced protein 10 (IP-10),
monocyte chemoattractant protein (MCP)-1 and Tumor
Necrosis Factor (TNF)-a) was quantified in sera patients
by the multiplex technique using the “Aimplex™ Human
Inflammation” kit (Biosciences, Inc®) according to manu-
facturer procedures.

The serum concentration of each cytokine of interest
was evaluated by comparing the intensity of the fluo-
rescent signals obtained to that of a range of standards
prepared by serial dilution of a known concentration of
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the cytokine studied. The sera as well as the standards
were placed in a 96-well plate provided by the manufac-
turer and incubated for 1 h at room temperature. After
removing the solution from the wells by a vacuum pump,
the wells were washed 3 times. The cytokines were then
detected by using the biotinylated detection antibody
directed against the desired cytokine after 30 min-
incubation. After 3 washes, PE-labeled Streptavidin was
added to each well. Fluorescence signals of the beads
were acquired by a flow cytometer (FACS Canto II, Bec-
ton Dickinson). The used threshold values align with
the quantification values provided by the “Aimplex TM
Human Inflammation” kit from Biosciences, Inc’.

Statistical analysis

Data were processed using SPSS version 25.0 software.
Qualitative variables were described by absolute and rela-
tive frequencies. Quantitative variables were described
by means and standard deviations. We compared the fre-
quencies of positivity (above the threshold) and the aver-
age concentrations of cytokines as well as the frequencies
of ED in the groups according to the main parameters
studied.

According to the conditions of application, the com-
parison of percentages required the use of the Pearson
chi-square test or the Fisher exact test. The comparison
of means/medians between the two groups was car-
ried out using the Student’s t-test or the non-parametric
Mann-Whitney test as appropriate. ANOVA or Krus-
kal-Wallis tests were used to compare means/medians
between the three groups. Furthermore, a correlation
between quantitative variables (cytokine levels, age, EF)
was assessed using the Spearman correlation test. For
all tests, the significance level was set at a p-value<0.05.
Multiple logistic regression models were built in order to
assess the impact of the clinical and biological features
on PCS symptoms. Subsequently, the Logit formula was
obtained from logistic regression adjustments together
with receiver operating curve (ROC) analyses in order
to assess the performances (sensitivity and specificity) of
the fitting models.

Results
Study population description
Among the 75 patients initially recruited, nine subjects
were secondarily excluded because the samples were not
usable. The average time between diagnosis of SARS-
CoV-2 infection and the date of inclusion was 82.8+53.4
days. The mean age of our patients was 55.91+16.2 years
with extremes ranging from 22 years to 81 years and 67%
of subjects were over 50 years old. They were 39 women
(59%) and 27 men (41%) with a sex ratio of 0.69.

Among our patients, nine (14%) presented with pre-
existing heart disease: coronary insufficiency (n=3),
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Table 1 Baseline characteristics of enrolled patients

Patients N=66
Age? (years) 559+16.2
Age categories
<40 years 13 (20%)
40-59 years 22 (33%)
>60 years 31 (47%)
Gender ratio (Male/Female) 0.69 (27/39)
Time from COVID-19 episode (days) 82.8+534
BMIP 27434
Obesity (BMI=30) 10 (15%)
High blood pressure 24 (36%)
Diabetes 16 (24%)
Dyslipidemia 11 (17%)
COVID-19 form
Mild 24 (36%)
Moderate 1 (2%)
Severe 41 (62%)
Chest CT scan damage extent ©
<10% 3(8%)
10-25% 6 (17%)
25-50% 10 (28%)
50-75% 17 (47%)
>75% 0 (0%)

2mean+SD; PBMI: Body Mass Index; ¢ Performed in only 36 patients, CT:
Computed Tomography

Table 2 Frequencies of Post-COVID symptoms

Symptoms N=66
Dyspnea 44 (67%)
Fatigue 33 (50%)
Memory disorders 21 (32%)
Myalgia 19 (29%)
Chest pain 18 (27%)
Headache 13 (20%)
Palpitation 13 (20%)
Cough 13 (20%)
Sleep disorders 10 (15%)
Anosmia 9 (14%)
Ageusia 7 (11%)
Abdominal pain 4 (6%)

heart rhythm disorders (n=3), heart failure (#=2), and
valvular disease (n=1). We noted chronic respiratory
pathology in 12% (n=38) of the study population: asthma
in 7 patients and COPD in one patient.

Regarding the acute episode of SARS-CoV-2 infection,
41 patients (62%) presented a severe form of infection
while 25 subjects (38%) had a mild to moderate form. A
chest computed tomography (CT) scan was performed
during the acute phase of SARS-CoV-2 infection in 36
patients (55%). Among these patients, severe damage to
the lung parenchyma was noted in 17 subjects (47%). The
characteristics of enrolled patients are summarized in
Table 1.
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Among the symptoms of PCS identified in our patients
(Table 2), dyspnea (n=44; 67%) and fatigue (n=33; 50%)
were the most frequently reported symptoms.

Endothelial function exploration

In the present study, the endothelial function examina-
tion revealed ED in 57 patients (86%), including 39 sub-
jects (59%) who had a severe ED or very low EF.

The frequency of ED was then compared according
to the clinical form of acute SARS-CoV-2 infection as
well as the symptoms of PCS. ED was more common
in the group of patients who had a severe form of acute
SARS-CoV-2 infection, with a p-value close to statisti-
cal significance (p=0.072). Regarding the symptoms, ED
was significantly associated with dyspnea occurrence
(p=0.031) (Fig. 1).

Cytokine measurement

In all patients, an increase in the serum concentration
of at least two proinflammatory cytokines among the
assessed parameters was observed. As shown in Fig. 2,
serum levels of IP-10, IL-8, IEN-y, MCP-1, and TNF-a
were elevated in the majority of our patients. However, it
is noteworthy that the blood concentration of IL-10 was
below the normal threshold (5pg/ml) in 89% of the study
population (n=59) including 38 patients (58%) who had
non-detectable levels of this cytokine. Furthermore, the
serum levels of IL-1a, IL-1B, and IL-12p70 were found to
be below the quantification thresholds in the majority of
patients.

We conducted a comparative analysis of cytokine
positivity frequencies (above the threshold) and aver-
age concentrations among different groups, focusing on
key parameters. Specifically, we compared these metrics
across the three main age groups, exploring the correla-
tion between age and cytokine levels.
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Fig. 2 Frequency of cytokine elevation in our patients. The frequency of patients with an elevated concentration of cytokines (above the threshold) is

shown in the 66 included patients

Significantly elevated MCP-1 levels were observed
more frequently in patients aged 60 and above (p=0.017)
as depicted in Fig. 3A. Additionally, the median levels of
IL-8 and IP-10 were notably higher in the 60 years and
older age group compared to the other groups (Fig. 3B
and C). Moreover, a positive correlation was identified
between age and concentrations of MCP-1, IL-8, and
IP-10 (r=0.244, p=0.048; r=0.400, p=0.001; r=0.378,
p=0.002, respectively), further illustrated in Fig. 3D and
E, and 3E.

In terms of gender, our data revealed higher MCP-1
levels in men, approaching statistical significance
(p=0.071). However, the comparative analyses did not
unveil statistical differences in cytokine levels between
groups based on other epidemiological parameters (data
not shown).

A noteworthy observation emerged in the context of
the severity of acute SARS-CoV-2 infection. The inci-
dence of elevated IL-10, MCP-1, or IL-27 levels was more
frequent in patients who experienced a severe form of the
infection (p=0.039, p=0.023, and p=0.019, respectively)
(Table 3). Moreover, individuals with a severe COVID-19
presentation exhibited significantly higher levels of IL-10
(p=0.010), IL-1-a (p=0.009), IFN-y (p=0.023), MCP-1
(p=0.008), and IL-27 (p=0.003), as illustrated in Fig. 4.

We then compared the frequencies of positivity and
the average levels of cytokines in the groups based on
reported symptoms within PCS. As illustrated in Fig. 5A,

the IL-8 level exhibited a significant increase in the
group of patients reporting dyspnea (p=0.0199). Nota-
bly, patients with a reported cough displayed significantly
lower IL-1f levels (p=0.014) (data not shown). Addi-
tionally, elevated IL-27 levels were significantly associ-
ated with fatigue (p=0.021) (Fig. 5B). Moreover, patients
experiencing fatigue demonstrated had significant higher
levels of IL-6 (p=0.028) (Fig. 5C) Lastly, the elevation
increase of TNF-a levels was significantly more preva-
lent in the group patients reporting memory problems
(p=0.046) (Fig. 5D).

Multiple logistic regression revealed that dyslipidemia,
IL-10, MCP-1 and IL-27 levels were significantly associ-
ated with fatigue risk (Table 4). Hence, for each increase
of MCP-1 and IL-27 by 1 pg/ml, the risk of fatigue
increases by respectively 7.3% and 26.9%.

The most parsimonious model for symptom PCS pre-
diction was this for dyspnea (Fig. 6). The multiple logistic
regression carried out by integrating age, gender, BMI,
history of high blood pressure (HBP) and diabetes, smok-
ing habit, severe COVID-19, an EQI<1.5 and the fol-
lowing cytokine ratios: IL-1a/IL-10, IL-1B/IL-10, IL-6/
IL-10 and TNF/IL-10 predicted dyspnea occurrence
with a 92.4% precision, Nagelkerke R*=0.795, p=1.4
E-7. The area under the ROC curve (AUC) for the dys-
pnea prediction was 0.9628 [0.9239-1] (p<0.0001) with
a 93.18% sensitivity and a 90.91% specificity (Fig. 6).
The following formula characterizes the fitting model:
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Table 3 Cytokine level elevation frequencies according to the
clinical form of SARS-CoV-2 infection

Cytokine  COVID-19 form p-value
Severe (n=41) Mild/Moderate (n=25)
I-13 2% 0% 1
IL-10 17% 0% 0.039
IL-6 24% 20% 0.769
IL-1a 10% 4% 0.642
IFN-y 98% 92% 0.552
I-12p70 5% 0% 0.522
-8 98% 92% 0.552
TNF-a 66% 76% 0423
IP-10 100% 100% 1
MCP-1 90% 64% 0.023
IL-27 34% 8% 0.019

Logit dyspnea = -6.286 + (0.017*Age) + (2.783*gen-
dert) + (0.092*BMI) + (0.881*HBP) + (3.983*diabetes)
+ (5.495*smoking habit) + (1.469*severe COVID-19) +
(0.12*IL-1a/IL-10) + (0.005*IL-1B/IL-10) + (0.007*IL-6/
IL-10) + (0.017*TNF/IL-10) + (5.221*EQI<1.5). (+1Gen-
der: Male=1, Female=0). Subsequently, dyspnea risk can
be estimated by exponentiating the Logit result.

Endothelial function and cytokines
In our study, we noted an association approaching sta-
tistical significance between the elevation in IL-8 levels
and an EQI<1.5 (severe ED or very low EF) (p=0.064)
(Fig. 7).

The correlation study between EQI values and cytokine
levels revealed no significant correlation (Table 5).

Multivariate analysis by multiple logistic regression
showed that patients’ age was significantly associated
with an EQI<1.5, OR [95% CI]=1.124 [1.02-1.238],
p=0.018. Moreover, IL-1a level was significantly asso-
ciated with increased risk of an EQI<1, OR [95%
CI]=2.617 [1.17-5.855], p=0.019. This finding indicates
that each 1 pg/ml increase in IL-1lq, increases risk of
EQI<1 by 161.7%.

Discussion

Post-COVID Syndrome corresponds to a spectrum
of clinical conditions that emerge following the initial
recovery from SARS-CoV-2 infection [2]. It represents a
public health problem and a source of disability [5, 15].
According to a comprehensive meta-analysis and system-
atic review, over 50 symptoms have been documented in
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the context of PCS, with prevalence rates reaching up to
80% among individuals convalescing from acute infection
by the virus [4].

Despite its widespread impact, the pathophysiological
mechanisms underlying PCS remain in the hypotheti-
cal stage. A better understanding of these mechanisms is
crucial for the optimal management of PCS patients. Sev-
eral authors propose the hypothesis of persistent residual
inflammation as the root cause of PCS, potentially involv-
ing induced autoimmunity [8], the presence of a viral res-
ervoir in target tissues [6, 7], and sustained responses to
mitochondrial stress [9] or endothelial dysfunction [10].
This residual inflammation, coupled with a sustained
elevation of cytokines, could lead to systemic or organ-
specific consequences, affecting areas such as cardiac [16,
17], neuropsychiatric [18, 19], renal [20], bone [21], and
metabolic [22] functions.

Consequently, an objective assessment of cytokine lev-
els could help identify patients with residual inflamma-
tion as a contributing factor to PCS manifestations [11].
The key findings of our study include the identification
of endothelial dysfunction in a substantial majority of
patients and a distinctive cytokine profile characterized
by elevated pro-inflammatory cytokines and down-mod-
ulated anti-inflammatory response, particularly IL-10.
Notably, our results elucidate immuno-clinical pheno-
types, associating specific cytokines (IL-6, IL-27, and
IL-8) with symptoms such as fatigue and dyspnea thus
revealing varied pathophysiological mechanisms associ-
ated with different PCS symptoms.

Our study included 66 patients with PCS, assessed
at an average of 82.8453.4 days post-SARS-CoV-2

infection. The majority of participants were women
(59%), aged over 50 (67%), and had experienced a severe
form of acute infection (62%). Consistent with previous
findings [23-27], the most frequently reported symptoms
included dyspnea in 44 patients (67%) and fatigue in 33
patients (50%).

Notably, ED was identified in 86% of the study popu-
lation and was more frequent in patients who had pre-
sented a severe form of acute infection and in those
who reported dyspnea. The ED prevalence in our study
exceeded that which is commonly reported. For instance,
the Tunisian multicenter TUN-EndCOV study, led by
Charfeddine et al., investigated EF in 798 individuals
recovered from SARS-CoV-2 infection using a device
identical to the one employed in our study. Among the
618 patients included in this study, ED was observed
in 319 patients (51.6%) [13]. Notably, our patients were
recruited a large proportion of our patients were part
of the TUN-EndCOV study. The higher frequency of
ED observed in our study, in comparison to the study
conducted by Charfeddine et al.,, may be attributed to a
recruitment bias. Notably, a substantial proportion of
our patients (62%, compared to 25.7% in the study by
Charfeddine et al.) had experienced a severe respiratory
form during the acute phase of SARS-CoV-2 infection.
Interestingly, we observed that ED was more frequent in
patients who presented a severe form of acute infection
with a p value close to statistical significance, a finding
consistent with some other reports in the literature [28,
29]. Moreover, ED was significantly associated with dys-
pnea occurrence (p=0.031). This aligns with a case-con-
trol study by de Ambrosino et al.,, exclusively involving
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Fig. 5 Association between cytokine elevation and PCS symptoms
Table 4 Factors associated with fatigue risk line with our findings, the European Society of Cardiol-
Item Fatigue risk ogy recommends the evaluation of EF post-COVID-19,
OR [95% Cl] pvalue considering it a pertinent monitoring tool for detecting
I-10 0552 [0.315-0.965] 0037 and potentially preventing the early onset of long-term
MCP-1 1073 [1.004-1.147] 0,035 complications associated with COVID-19 [31].
IL-27 1269 [1.012-1592] 0.019 Significant findings emerged from the study, revealing

Model summary: Nagelkerke R?=0.654; Omnibus p-value=0.002

patients with a severe form of acute infection related
to SARS-CoV-2, which reported a positive correlation
between ED and the severity of respiratory deficiency in
PCS [30]. This implies a potential heightened risk of ED
during severe forms of acute infection linked to SARS-
CoV-2, persisting after initial recovery, particularly in
patients reporting respiratory symptoms within the con-
text of PCS. Consequently, our results further underscore
the presence of ED in the spectrum of long COVID. In

elevated levels of two or more pro-inflammatory cyto-
kines in all examined patients, with the majority show-
casing increased levels of IP-10, IL-8, IFN-y, MCP-1,
and TNF-a. This observation strongly supports the per-
sistence of residual inflammation during PCS. Notably,
the down-modulation of IL-10, a crucial regulator of the
intensity and duration of inflammatory responses, adds
a critical dimension to our understanding. The negative
regulation exerted by anti-inflammatory cytokines like
IL-10 is pivotal in preventing excessive inflammation
[32, 33]. The absence of this regulatory mechanism is
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ROC curve for LR model predicting dyspnea
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Predicted vs Observed
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Fig.6 A:Multiple logistic regression for dyspnea prediction. ROC curve for the dyspnea prediction model. B: Predicted versus observed plot: if probability

is >0.5 the model predicts dyspnea

Table 5 Correlation between cytokine levels and the
endothelial Quality Index (EQI)

Spearman’s rank correlation p
coefficient (r,)
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Fig. 7 IL-8 elevation according to the Endothelial Quality Index (EQI)

particularly noteworthy and may contribute to the per-
petuation of chronic inflammation, especially within the
context of PCS. Similiraly, Queiroz et al. reported that
low serum levels of IL-10 along with high levels of IL -17
and IL-2, may constitute a molecular signature for long
COVID-19 [34].

Increased levels of three cytokines, namely IL-8,
IP-10, and MCP-1, have been linked to age, suggesting
that older adults with PCS are more prone to sustained
inflammation following SARS-CoV-2 infection. This
association may elucidate the high prevalence of PCS in

IL-13 and EQI 0.067 0.593
IL-10 and EQI -0.191 0.124
IL.-6 and EQI -0.031 0.802
Il-1Taand EQI -0.223 0.072
IFN-y and EQI -0.220 0.076
IL.-12p70 and EQI 0.158 0.205
IL.-8 and EQI -0.016 0.897
TNF-a and EQI 0033 0.791
IP-10 and EQI -0.130 0.299
MCP-1 and EQI -0.087 0.487
IL.-27 and EQI -0.098 0.435

advanced-age patients, as documented in existing litera-
ture [24].

Remarkably, severe acute COVID-19, has been corre-
lated with elevated levels of IL-10, IL-1a, IFN-y, MCP-1,
and IL-27. A comprehensive meta-analysis including 44
studies and 7,865 patients indicated elevated levels of
both pro- and anti-inflammatory cytokines—including
IL-2, IL-2R, IL-4, IL-6, IL-8, IL-10, TNF-a, and IFN-y
during severe SARS-CoV-2 infection [35].

The longitudinal study conducted by Zhao et al. high-
lighted a correlation between elevated levels of IFN-y,
MCP-1, IL-27, and IL-10 and the severity of SARS-CoV-2
infection. Notably, patients experiencing severe disease
exhibited a persistent increase in pro-inflammatory cyto-
kines and IL-10 even four weeks post-infection [36]. This
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sustained elevation, particularly in pro-inflammatory
cytokines, could establish an amplifying loop, creating
a positive feedback mechanism that triggers a hyper-
inflammatory response known as “the cytokine storm”
[37]. The excessive production of cytokines may further
stimulate subsequent immuno-pathological events with
multivisceral involvement [38].

Schultheif} et al. introduced the concept of persistent
reprogramming of specific pro-inflammatory immune
cells. They proposed that self-perpetuating and uncon-
trolled hyper-inflammation during the severe phase of
infection might lead to enduring disruptions of immune
cells, resulting in residual inflammation during the PCS
[39]. Consequently, it is conceivable that an increase of
pro-inflammatory cytokines during PCS, coupled with
an elevated level of the anti-inflammatory cytokine
IL-10, may reflect increased inflammation from the acute
phase that persists due to distinct pathophysiological
mechanisms. This observation is particularly relevant in
patients who experienced a severe form of acute SARS-
CoV-2 infection and may contribute to our understand-
ing of the underlying factors in the development of long
COVID.

Our study has brought to light intriguing associations
between PCS symptoms and cytokines. The reported
PCS symptoms may differ in their nature, frequency and
topography, suggesting the potential existence of distinct
forms of long COVID with specific underlying patho-
physiological mechanisms. Notably, IL-8 levels were
significantly elevated in patients who reported dyspnea.
This elevation of IL-8 was consistently observed in indi-
viduals with profound EF impairment, and dyspnea was
also linked to endothelial dysfunction.

Studies on acute respiratory distress syndrome have
demonstrated that pro-inflammatory cytokines such as
IL-8 can induce airway inflammation and disrupt the
alveolar-capillary barrier [40, 41]. Furthermore, research
has indicated that IL-8 is involved in the pathogenesis
of chronic inflammatory lung diseases [42] and plays
a pivotal role in the development of pulmonary fibro-
sis, a condition often associated with persistent dyspnea
in PCS patients [43]. The heightened levels of IL-8 may
reflect persistent endotheliitis in individuals with ED who
experience long COVID [44]. Notably, IL-8 is primarily
secreted by endothelial cells and monocytes, playing a
crucial role in endothelial inflammation and the regula-
tion of vascular permeability [45, 46]. Exploring the role
of IL-8 in the pathogenesis of dyspnea during PCS holds
promise for enhancing our understanding of the under-
lying pathophysiological mechanisms underlying this
symptom, particularly considering dyspnea is frequently
reported in the literature as one of the predominant
symptoms during long COVID.

Page 10 of 13

In individuals reporting a cough, IL-1p levels were sig-
nificantly lower hinting at potential distinct pathophysi-
ological mechanisms compared to dyspnea such as the
tissue sequelae caused during acute infection by SARS-
CoV-2 [11]. Another important fact reported herein is
the association between fatigue and elevated IL-27 and
IL-6 levels. A study leveraging data from the UK Bio-
bank and the Netherlands Study of Depression and
Anxiety (NESDA) cohorts, based on genetic Mendelian
randomization analysis, established a probable causal
link between IL-6 and the onset of fatigue and sleep dis-
orders [47]. Elevated pro-inflammatory cytokines, such
as IL-6, following SARS-CoV-2 infection, have the poten-
tial to disrupt T helper (TH) 17 and regulatory T (T reg)
cell responses. This disruption in the Th17/Treg balance
might impact neuronal energy metabolism, manifesting
clinically as fatigue and sleep disorders [48].

Regarding IL-27, initially identified as a pro-inflamma-
tory cytokine acting through the expansion of Thl cells
[49], it may also exhibit immunomodulatory activity by
inhibiting the expansion of Th1l7 cells [50]. It is plau-
sible that elevated levels of IL-27 in patients reporting
fatigue during PCS reflect its immunosuppressive activ-
ity, aiming to counteract the detrimental effects of pro-
inflammatory cytokines such as IL-6 in these individuals.
Enhanced comprehension, through future studies, of the
roles played by IL-6 and IL-27 in the pathophysiology of
fatigue— a prominent symptom in long COVID—holds
promise for identifying potential diagnostic and thera-
peutic tools for individuals experiencing chronic fatigue
during the post-acute phase of SARS-CoV-2 infection.

Finally, in subjects experiencing memory disorders, the
presence of TNF-a was notably more frequent. Under
normal physiological conditions, TNF-«, at low con-
centrations, is involved in cognitive processes includ-
ing neurogenesis, neuromodulation, synaptic plasticity,
and memory capacities [51]. However, during severe or
chronic immune activation, elevated levels of TNF-a may
lead to excitotoxicity in neuronal circuits, neurodegen-
eration, and subsequent disruptions in memory, neuronal
plasticity, and learning [52]. Researchers have substanti-
ated these findings by observing deleterious effects of
TNF-a on memory abilities in transgenic mice [53-55].
In human studies, several authors have documented
an association between high TNF-« levels and memory
impairment in pathological conditions marked by dysreg-
ulation of inflammatory processes, such as breast cancer
[56], drug addiction [57], and type 2 diabetes [58]. Col-
lectively, our data provide support for considering TNF-«
as a potentially valuable diagnostic tool. This insight
opens the possibility for targeted curative and preventive
therapeutic interventions in individuals with memory
disorders within the context of PCS.
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Our study has some limitations. Firstly, the cross-sec-
tional design restricted our ability to explore the dynamic
changes in cytokine levels throughout the progression
of long COVID. Secondly, the absence of a group com-
prising individuals who contracted SARS-CoV-2 but did
not develop PCS represents another limitation. However,
it should be noted that one of the primary objectives of
our study is to compare cytokine levels in groups of PCS
patients with and without endothelial dysfunction. Addi-
tionally, the relatively modest size of our study popula-
tion poses a potential constraint. Technical limitations
in cytokine quantification tools further constrained the
size of our workforce during the study. Conversely, our
study boasts several notable strengths. Given that PCS
is a novel entity with yet-to-be-fully elucidated patho-
physiological mechanisms, our research aimed to con-
tribute to a comprehensive understanding for optimal
patient management. Notably, our study stands as the
first in Africa to investigate inflammatory cytokine levels
in PCS. The prospective recruitment of patients through
face-to-face medical interviews helped avoid observation
bias. A distinctive feature of our study is the inclusion
of unvaccinated patients against SARS-CoV-2, allowing
us to eliminate potential biases associated with vaccina-
tion in cytokine profile interpretation. Lastly, our inves-
tigation delved into the cytokine profile associated with
each reported symptom, an aspect rarely explored in the
literature.

Conclusion

Our innovative strategy of examining the cytokine pro-
file associated with each symptom of PCS represents
an interesting and more relevant line of research. We
strongly recommend the adoption of this approach in
future studies, as it holds promise for refining the current
definition of PCS and allowing a deeper comprehension
of cytokine involvement in its pathogenesis. Cytokines,
identified through this symptom-specific analysis, could
potentially serve as valuable diagnostic and prognostic
biomarkers during the PCS phase, opening the door to
targeted therapeutic interventions such as anti-cytokine
treatments. The application of these treatments, proven
effective in various dysimmune pathologies, presents an
attractive alternative approach in managing PCS.
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