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Summary: Mild, subacute COVID-19 in young people show inflammatory enhancement,
but normal pulmonary function. Inflammatory markers are associated with age and male
sex, whereas clinical symptoms are associated with age and female sex, but not with
objective disease markers.

Background: Coronavirus Disease 2019 (COVID-19) is widespread among adolescents
and young adults across the globe. The present study aimed to compare inflammatory
markers, pulmonary function and clinical symptoms across non-hospitalized, 12 — 25
years old COVID-19 cases and non-COVID-19 controls, and to investigate associations
between inflammatory markers, clinical symptoms, pulmonary function and background
variables in the COVID-19 group.

Methods: The present paper presents baseline data from an ongoing longitudinal
observational cohort study (Long-Term Effects of COVID-19 in Adolescents, LoTECA,
ClinicalTrials ID: NCT04686734). A total of 31 plasma cytokines and complement activation
products were assayed by multiplex and ELISA methodologies. Pulmonary function and
clinical symptoms were investigated by spirometry and questionnaires, respectively.

Results: A total of 405 COVID-19 cases and 111 non-COVID-19 controls were included.
The COVID-19 group had significantly higher plasma levels of IL-18, IL-4, IL-7, IL-8, IL-12,
TNF, IP-10, eotaxin, GM-CSF, bFGF, complement TCC and C3bc, and significantly lower
levels of IL-13 and MIP-1a, as compared to controls. Spirometry did not detect any
significant differences across the groups. IL-4, IL-7, TNF and eotaxin were negatively
associated with female sex; eotaxin and IL-4 were positively associated with age.
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Clinical symptoms were positively associated with female sex and age, but not with

objective disease markers.

Conclusions: Among non-hospitalized adolescents and young adults with COVID-19
there was significant alterations of plasma inflammatory markers in the subacute stage of
the infection. Still, pulmonary function was normal. Clinical symptoms were independent
of inflammatory and pulmonary function markers, but positively associated with age and

female sex.

Keywords: SARS-CoV-2, cohort study, inflammatory markers, adolescents, non-hospitalized

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a single-stranded RNA virus responsible for the coronavirus
disease 2019 (COVID-19) pandemic, which has caused
morbidity and mortality all over the world (1). The primary
clinical manifestation of severe COVID-19 is pneumonia, which
may progress into multi-organ failure and death (1).

The pathophysiology of COVID-19 is incompletely understood,
but has been linked to a disrupted and disproportionate response of
the immune system, particularly cytokine production (2, 3).
Uncontrolled release of pro-inflammatory cytokines, such as
Interleukin (IL)-1f (4), IL-6 (5, 6), IL-8 (4), IL-17 (7) and
Tumour Necrosis Factor (TNF) (4, 8), by immune and non-
immune effector cells is thought to contribute to the symptoms
and severity of the disease (9). Additionally, the role of complement
activation is increasingly recognized (10, 11). Data regarding the
adaptive immune responses in COVID-19 are limited, but
reduction and functional exhaustion of T cells during SARS-
CoV-2 infection have been reported, and growing evidence
suggests immunosuppressive abilities of SARS-CoV-2 of the
adaptive immune responses (12-14).

Age is an important determinant of disease severity, and the
majority of infected young individuals experience mild disease that
does not require hospitalization (15, 16). Still, the possible life-
threatening multisystem inflammatory syndrome in children
(MIS-C) is recognized as a specific pediatric complication of
SARS-CoV-2 infection (17). The pathophysiology of MIS-C is
largely unknown, but is generally attributed to a “cytokine storm”
analogous to observations in critically diseased adults. In addition,
young individuals with mild disease seem to be equally at risk as
hospitalized patients for developing persistent fatigue, dyspnoea,
“brain fog” and other symptoms (often referred to as post-COVID
syndrome) (18). In addition to age, sex is an important risk
determinant; men are over-represented among patients with
severe acute disease, presumably due to differences in the
elicited immune responses (19), whereas women are at greater
risk for developing post-COVID syndrome (20).

A general limitation of many previous studies is that they rely
on hospitalized patients. Hence, knowledge of disease mechanisms
in less severely affected individuals is disproportionally scarce.
However, to understand differences in pathophysiological
responses possibly accounting for the wide scatter of disease
severity, which in turn may inform treatment and risk

stratification, studies of young, non-hospitalized SARS-CoV-2
infected individuals are necessary.

This paper presents results from the baseline visit of an ongoing
longitudinal cohort study on COVID-19 in non-hospitalized
adolescents and young adults. To the best of our knowledge, this
is by far the largest cohort from this specific population published to
date. The aims of the present paper were: a) To compare
inflammatory responses, pulmonary function tests and clinical
symptoms across SARS-CoV-2 positive (cases) and SARS-CoV-2
negative (control) individuals. b) To explore associations between
the inflammatory markers, clinical symptoms, pulmonary function
and background variables in sub-acute SARS-CoV-2 infection.

MATERIALS AND METHODS

Study Design

The Long-Term Effects of COVID-19 in Adolescents (LoOTECA)
project is alongitudinal observational cohort study of SARS-CoV-2
positive and negative non-hospitalised adolescents and young
adults, with a total follow-up time of 12 months (Figure 1)
(Clinical Trials ID: NCT04686734). In this paper, results from the
baseline visit are reported. The project has been approved by the
Norwegian National Committee for Ethics in Medical research.

Participants

From December 24., 2020, until May 18., 2021, individuals 12-25
years old were consecutively recruited from two accredited
microbiological laboratories (Fiirst Medical Laboratories; Dept.
of Microbiology and Infection Control, Akershus University
Hospital), serving the counties of Oslo and Viken, Norway.
During the first five weeks of the recruitment period, different
genetic variants of the SARS-CoV-2 virus belonging to the B.1
lineage were present in this geographical area. From late-
February 2021, the B.1.1.7 (alpha) variant became dominant
for the remaining part of the recruitment period. Vaccination
against COVID-19 was not routinely offered to the adolescents/
young adult in this period.

Individuals with laboratory-confirmed SARS-CoV-2
infection (detected by upper respiratory tract swabs followed
by reverse-transcription polymerase chain reaction (RT-PCR))
were eligible for enrolment after completed quarantine (10 days).
Individuals having approximately the same distribution of sex
and age as the SARS-CoV-2-infected cases, but with a negative
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*  Age12-25 years

Background population (n=151,110)
* Performed PCR-test for SARS-CoV-2

* Live in South-East Norway

e

Eligible COVID-19 cases (n=5912)
* Confirmed SARS-CoV-2infection

Eligible non-COVID-19 controls (n=145,198)
* Confirmed no SARS-CoV-2infection

7
COVID-19 cases assessed for enroliment
(n=2251)

\Z

Included COVID-19 cases (n=405)

* Informed consent

* Symptom onset/test= 10 and <28 days
* Not hospitalized

* Not pregnant

Included non-COVID-19 controls (n=111)
* Informed consent

* Symptom onset/test= 10 and =28 days

* Not hospitalized

* Not pregnant

Excluded from analyses (n=2)
* Plasma SARS-CoV-2antibodies present

Baseline COVID-19 cases for baseline analyses Non-COVID-19 controls for baseline analyses
(n=405) (n=109)
v v
1. follow-up 51(1\;[’[;19 cases for 6 months follow-up ﬂs[}nic’)’}’l)mw controls for 6 months follow-
\Z v
2. follow-up 512\420)19 cases 12 months follow-up s;r;nic'))x;01 9 controls for 12 months follow-

FIGURE 1 | Flowchart of the LOTECA project (Long-Term Effects of COVID-19 in Adolescents). The present study report findings from baseline investigations.

Follow-up is ongoing.

SARS-CoV-2 test from the same microbiological laboratories
during the same time period, were recruited as controls. Written
informed consent was obtained from all participants or their
legal guardians. Exclusion criteria were a) More than 28 days
since onset of symptoms or SARS-CoV-2 test; b) Hospitalization
due to COVID-19; c) Pregnancy (cf. Supplementary Material
for details).

Investigational Program

Participants were summoned to a one-day investigational
program at our study centre at Akershus University Hospital,
Norway (cf. Supplementary Material for details). Only a
selection of variables is reported in the present paper.

Blood Sampling and Laboratory Assays
Blood samples were obtained from antecubital venous puncture.
EDTA whole blood samples were placed on ice-water for 5-60
minutes; thereafter, plasma was separated by centrifugation
(2200 g, 10 min.) and frozen at -80°C until assayed.

Plasma samples were analysed using a multiplex cytokine assay
(Bio-Plex Human Cytokine 27-Plex Panel; Bio-Rad Laboratories
Inc., Hercules, CA, USA) containing the following cytokines: IL-
1B, IL-1 receptor antagonist (IL1-ra), IL-2, IL-4, IL-5, IL-6, IL-7,

IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17A, eotaxin, basic
fibroblast growth factor (bFGF), granulocyte-colony stimulating
factor (G-CSF), granulocyte macrophage colony stimulating factor
(GM-CSF), interferon (IFN)-y, interferon-inducible protein (IP-
10), monocyte chemotactic protein (MCP-1), macrophage
inflammatory protein (MIP)-1o, MIP-18, platelet derived
growth factor-BB (PDGF-BB), regulated upon activation T cell
expressed and secreted (RANTES), TNF, and vascular endothelial
growth factor (VEGF). The samples were analysed on a Multiplex
Analyser (Bio-Rad Laboratories) according to instructions from
the manufacturer.

Plasma levels of growth/differentiation factor (GDF)-15 and
C-reactive protein (CRP) were measured in duplicate by enzyme
immunoassays (EIA) using commercially available antibodies
(R&D Systems, Minneapolis, MN, USA) in a 384 format using a
combination of a SELMA (Jena, Germany) pipetting robot and a
BioTek (Winooski, VT) dispenser/washer. Absorption was read
at 450 nm with wavelength correction set to 540 nm using an
ELISA plate reader (Bio-Rad, Hercules, CA).

The complement activation products C3bc and the terminal
complement complex (TCC) sC5b-9 were quantified in plasma
using enzyme-linked immunosorbent assays (ELISAs) based on
monoclonal antibodies designed against neoepitopes of the
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products, not reacting with the native component, and
performed as described in detail previously (21). The units of
these two well-established in-house assays are given according to
an international standard defined as complement activation
units (CAU) per millilitre with blood donors to define upper
reference values of the normal population (21).

Serum samples were tested with the Elecsys® Anti-SARS-CoV-2
immunoassay (Roche Diagnostics, Cobas €801, Mannheim,
Germany) for IgG/IgM against the SARS-CoV-2 nucleocapsid
antigen. The specificity and the sensitivity of the test are estimated
by the manufacturer as 99.8% and 99.5%, respectively. Routine blood
analyses of haematology and biochemistry were carried out the
accredited laboratory at Akershus University Hospital.

Spirometry

Spirometry was conducted to measure the forced vital capacity
(FVC) and the forced expiratory volume in one second (FEV)
(EasyOne® Air spirometer, EasyOne Connect software, NDD
Medizintechnic AG, Switzerland). The ratio of FEV,/FVC was
calculated. Procedures were executed according to the American
Thoracic Society and European Respiratory Society guidelines,
and recordings that did not adhere to technical quality
requirements were excluded from the main analysis (22). The
Global Lung Function Initiative 2012 network reference values
were used to calculate the percentage of predicted values and the
lower limit of normal (LLN) (23).

Questionnaire

As to symptoms of acute SARS-CoV-2 infection, a previously
developed inventory was slightly modified to fit the present patient
group (24). The inventory consists of 24 symptoms that may be
associated with COVID-19 (25), which the participants are asked to
grade during the period from symptom onset/SARS-CoV-2 test until
the present day. Grading is rated on five-point Likert scales from
“never/rarely present” to “present all of the time”. The sum score
across five items (fever/chills, sore throat, headaches, muscle ache and
fatigue after exercise) was selected to represent general infectious
symptoms (total range from 5 - 25), whereas the sum score across the
items breathlessness, coughing and running nose was taken to
represent airways symptoms (total range from 5 to 15).

Statistical Analysis
A total number of approximately 400 COVID-19 cases and 100
non-COVID controls yields a power of 80% to detect small-to-
medium effect sizes (Cohen’s d~0.30, =0.05) in cross-sectional
analyses. All statistical analyses were carried out in SPSS (SPSS
Inc., Chicago, IL). Eight cytokines (IL-1ra, IL-5, IL-6, IL-10, IL-
15, G-CSF, PDGF-BB and VEGF) had a large amount of
missing data, and were excluded from further analyses.
Cytokine values below lower detection limit (LDL) were
replaced with a random value in the interval between zero
and LDL for each specific cytokine. Plasma samples were
missing from a total of 19 participants (16 COVID-19 cases,
three non-COVID controls); these were not imputed, nor were
missing data for other variables.

Variables are reported with mean/standard deviation or
median/interquartile range and corresponding confidence

intervals, depending on distribution. Cross-sectional comparisons
were carried out by applying Student t, Mann-Whitney, %? or
Fisher exact tests as appropriate. Associations between variables
were explored by the non-parametric statistics Spearman’s rho.

A p-value < 0.05 was considered statistically significant (two-
sided tests). As several variables were strongly correlated (e.g. the
majority of the inflammatory markers), p-values were not
adjusted for test multiplicity.

RESULTS

A total of 151,110 RT-PCR-tests of SARS-CoV-2 were carried
out in individuals 12-25 years old at our two collaborating
microbiological laboratories during the recruitment period of
the present study (Figure 1). A total of 5912 (3.9%) of the tests
were confirmative of SARS-CoV-2 infection; fraction of males
was 51.0%. Of the confirmed cases, a total of 2251 individuals
(50.5% males) were invited into the study.

A total of 405 SARS-CoV-2 positive cases and 111 SARS-
CoV-2 negative controls fit the eligibility criteria and consented
to participation. Within the control group, two individuals had
detectable total antibody-titre (IgG/IgM) against SARS-CoV-2,
and these were excluded from further analyses; thus the sample
carried over to analyses consists of 405 COVID-19 cases (39.5%
males, mean age 17.8 years) and 109 non-COVID controls
(34.9% males, mean age 17.7 years) (Table 1). Within the
COVID-19 group, a median of 18 days passed between first
symptom/positive SARS-CoV-2 test and inclusion.

Comparison of COVID-19 Cases and
Non-COVID Controls

The COVID-19 group had significantly higher plasma levels of
IL-1B, IL-4, IL-7, IL-8, IL-12, TNF, IP-10, eotaxin, GM-CSF,
bFGF, and the complement activation products TCC and C3bc,
as compared to the non-COVID-19 group (Table 2). In particular,
plasma levels of IL-1B and TCC were strikingly elevated, with a
fold increase of 73 and 60, respectively. The plasma levels of IL-13
and MIP-1o. were significantly lower in the COVID-19 group.

Spirometry did not detect any significant differences in
dynamic lung volumes between COVID-19 cases and non-
COVID controls (Table 3). Similar results were found in a
sensitivity analysis including all technically dubious recordings,
except for a slightly increased fraction of individuals with FEV; <
LLN in the COVID-19 group (Table 4).

All clinical symptoms were rated significantly higher among
COVID-19 cases as compared to non-COVID-19 controls,
except for sore throat and running nose (Table 5).

Neither the systemic immune-inflammation index (SII) nor
the neutrophil-to-lymphocyte ratio (NLR) revealed any
significant differences between COVID-19 cases and non-
COVID-19 controls (Table 1), thus, these markers were not
subjected to further analyses. Associations within the COVID-
19 group.

Within the COVID-19 group, IL-1B, IL-8, IL-13, and TNF
were negatively associated whereas IL-12, GM-CSF and bFGF
were positively associated with days since symptom onset/
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TABLE 1 | Background characteristics.

Sex - no. of males (%)

Age, years - median (range)

BMI, kg/m? - mean (SD)

Days since symptom onset/postive test - median (range)
Serum SARS-CoV-2 total antibody titer*™ -.median (IQR)
Tympanic temperature, °C - mean (SD)

Respiratory frequency, breath/min - mean (SD)

Sa0,, % - mean (SD)

Blood pH - mean (SD)

Blood pCO,, kPa - mean (SD)

Blood HCO3, mmol/L - mean (SD)

Blood Haemoglobin, g/dL - mean (SD)

Blood Platelet count, 10° cells/L - mean (SD)

Blood Leukocyte count, 10° cells/L - mean (SD)

Blood Lymphocyte count, 10° cells/L - mean (SD)
Blood Monocyte count, 10° cells/L - mean (SD)

Blood Neutrophil count, 10° cells/L - mean (SD)
Neutrophil-to-Lymphocyte ratio — mean (SD)

Systemic immune-inflammation index (SII)** - median (IQR)
Serum total IgG, g/L - mean (SD)

Serum total IgM, g/L - mean (SD)

COVID-19 (n = 405) Non-COVID (n = 109) p-value*
160 (39.5) 38 (34.9) 0.780
17.8 (12.9) 17.7 (12.3) 0.124
22.8 (4.4) 22.6 (4.2) 0.772

18 (22) n.a. n.a.
6.7 (16.2) n.a. n.a.
36.76 (0.38) 36.65 (0.36) 0.008
16.7 (5.1) 16.7 (3.7) 0.967
98.6 (1.2) 98.6 (1.2) 0.575
7.36 (0.03) 7.36 (0.03) 0.492
6.3 (0.7) 6.3 (0.8) 0.353
26.2 (1.8) 25.8 (1.9) 0.036
13.5(1.2) 13.6 (1.0) 0.491
260 (57) 254 (50) 0.302

59(1.5) 5.6 (1.3 0.039
2.1(0.6) 2.1 (0.5 0.402
0.46 (0.15) 0.42 (0.14) 0.040
32(1.2) 3.0 (1.0 0.092
1.6 (0.66) 1.5 (0.63) 0.405
373 (235) 365 (249) 0.361
11.1(2.2) 10.7 (2.0) 0.096
1.3 (0.5) 1.2 (0.6) 0.111
1.7 (0.8) 1.7 (0.7) 0.437

Serum total IgA, g/L - mean (SD)

*Based upon Chi-square test, Mann-Whitney U test or Student t-test, as appropriate. **Total IgG/IgM against SARS-CoV-2 nucleocapsid antigen. ***SlI=Neutrophils x Platelets/
Lymphocytes. BMI, body mass index; n.a., not applicable; IQR, interquartile range; SD, standard deviation. P-values <0.05 are indicated with bold red.

positive test (Table 4). Also, four inflammatory markers (IL-4,
IL-7, TNF, eotaxin) were negatively associated with female sex;
two of them (eotaxin, IL-4) were positively associated with age.
No inflammatory markers were negatively associated with
pulmonary function variables or positively associated with
clinical symptoms.

Only one clinical symptom (muscle ache) showed a
significant negative association with days since symptom
onset/positive test (Table 6), whereas a majority of symptoms
were positively associated with female sex and age. There were no
associations between clinical symptoms and pulmonary
function variables.

DISCUSSION

The present study of a large group of young, non-hospitalised
COVID-19 patients show that: a) there are significant alterations
of plasma inflammatory markers in the subacute stage of the
infection, signalizing a relative persistence of the innate immune
responses; b) some plasma inflammatory markers are positively
associated with age and male sex; c) despite ongoing inflammatory
activity, pulmonary function is not affected; d) clinical symptoms
are largely independent of inflammatory and pulmonary function,
but positively associated with age and female sex.

The findings of inflammatory marker elevation in plasma
corroborate results from other studies reporting a strong
increment of pro-inflammatory cytokines in adults as well as in
the few paediatric studies that exists to date (17, 26-29). However,
a striking feature of the present study is the lack of differences
regarding cytokines that have been implicated as markers of
disease severity, most notably IL-6 and IL-10 (30, 31). In an

Italian cohort of 77 adult patients, IL-6 level at hospital admission
was shown to be the best prognostic marker for negative outcomes
in COVID-19 (30). Furthermore, Sun et al. reported an increased
expression of IL-6, IL-10 and INF-y in paediatric patients with
severe COVID-19 (32). Also, a recent meta-analysis involving nine
studies showed that mean serum level of IL-6 was more than
three-fold higher in complicated COVID-19 cases, and was also
associated with in-hospital mortality risk (31). In the present
study, for both these cytokines, a majority of values in both
groups were below the lower limit of detection (LLD), and they
were therefore not subjected to formal statistical comparisons.
Also, MCP-1, a predictor of disease severity in some hospital-
based cohorts (17, 27), was not elevated in the present study. A
plausible explanation for the lack of differences regarding these
three markers is that we studied a non-hospitalised cohort. This
resonates with data from seven paediatric studies evaluated by
Soraya and Ulhaq (33). In all seven studies, the COVID-19
patients had relatively mild symptoms, and the IL-6 level tended
to be within the normal range. Also, a meta-analysis by Zhang et
al. revealed significantly higher levels of the cytokines TNF, IL-5,
IL-6 and IL-10 and the chemokines MCP-1, IP-10 and eotaxin in
severe cases in comparison to mild cases of COVID-19 (27). From
a clinical point of view, it should be noted that, in the present
paper, CRP levels were within normal range among COVID-19
patients as well, again as opposed to studies of patients with severe
disease (28). It is therefore possible that CRP measurement, which
belongs to the standard armamentarium of general practitioners,
may be valuable in identifying patients at risk for a more severe
course of the infection. The observation of a negative association
between pro-inflammatory markers and days since symptom
onset/SARS-CoV-2 testing combined with a positive association
to IL-12 suggest that the inflammatory response subsides and is
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TABLE 2 | Cytokines and complement activation markers.

COVID-19 (n = 389)

Plasma hsCRP, pg/mL - median (IQR) 0.83 (2.2
Confidence interval 0.73t0 1.1
Plasma IL-1B, pg/mL - median (IQR) 0.63 (0.97)
Confidence interval 0.47 10 0.73
Plasma IL-2, pg/mL - median (IQR) 0.69 (1.9)
Confidence interval 0.47 to 1.1
Plasma IL-4, pg/mL - median (IQR) 1.5 (0.80)
Confidence interval 13t01.5
Plasma IL-7, pg/mL - median (IQR) 12.6 (13.8)
Confidence interval 11.5t012.6
Plasma IL-8, pg/mL - median (IQR) 0.80 (2.0)
Confidence interval 0.58t0 1.1
Plasma IL-9, pg/mL - median (IQR) 68 (130)
Confidence interval 60 to 81
Plasma IL-12, pg/mL - median (IQR) 1.5 (4.6)
Confidence interval 1.4t01.5
Plasma IL-13, pg/mL - median (IQR) 0.26 (0.56)
Confidence interval 0.251t00.27
Plasma IL-17A, pg/mL - median (IQR) 1.6 (2.7)
Confidence interval 1.3t02.0
Plasma TNF, pg/mL - median (IQR) 7.5(7.1)
Confidence interval 6.7t0 8.2
Plasma IFN-v, pg/mL - median (IQR) 1.3(1.6)
Confidence interval 1.0t01.3
Plasma MCP-1, pg/mL - median (IQR) 12.3(7.9)
Confidence interval 11.9t0 12.9
Plasma IP-10, pg/mL - median (IQR) 149 (71)
Confidence interval 141 to 156
Plasma Eotaxin, pg/mL - median (IQR) 14.7 (7.4)
Confidence interval 14.0to 156.2
Plasma MIP-1a, pg/mL - median (IQR) 0.77 (0.40)
Confidence interval 0.67 t0 0.82
Plasma MIP-18, pg/mL - median (IQR) 25 (38)
Confidence interval 22 to 27
Plasma RANTES, pg/mL - median (IQR) 267 (404)
Confidence interval 237 to 295
Plasma GM-CSF, pg/mL - median (IQR) 0.11 (0.58)
Confidence interval 0.111t0 0.34
Plasma bFGF, pg/mL - median (IQR) 3.4 (6.0
Confidence interval 271034
Plasma GDF-15, ng/mL - median (IQR) 0.37 (0.14)
Confidence interval 0.36 t0 0.38
Plasma TCC, CAU/mL - median (IQR) 0.18 (0.21)
Confidence interval 0.16 t0 0.20
Plasma C3bc, ng/mL - median (IQR) 3.9(2.3
Confidence interval 3.7t0 4.1

Non-COVID (n = 106) p-value*
1.3 (3.0) 0.153
0.72t0 1.7
0.0088 (0.22) <0.001
0.0072 to 0.19
0.030 (1.6) 0.474
0.030 t0 0.78
0.88 (0.74) <0.001
0.751t0 0.92
4.8 (10.7) <0.001
21t05.7
0.10 (0.18) <0.001
0.078 to 0.11
70 (129) 0.595
54 to 85
0.19 (3.4) <0.001
0.15t0 1.1
0.51 (1.1) <0.001
0.45 to 0.66
1.4 (2.4) 0.961
0.69to0 2.0
4.3 (6.0) <0.001
3.0t0o5.4
0.94 (1.2) 0.901
0.94t0 1.1
12.5(8.9) 0.116
11.7t0 14.0
115 (50) <0.001
106 to 123
12.7 (6.9) 0.001
11.6t0 13.6
0.86 (0.39) 0.001
0.79t0 1.0
25 (34) 0.520
21to 28
271 (347) 0.242
230 to 310
0.016 (0.019) <0.001
0.013 to 0.021
1.3(1.2 <0.001
11to 1.5
0.36 (0.15) 0.354
3.331t0 0.39
0.0029 (0.17) <0.001
0.0023 to 0.060
3.0(1.3) <0.001
2.7t08.2

*Based upon Mann-Whitney U-test. IQR, interquartile range; hsCRP, high-sensitive assay of C-reactive protein; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; MCP, Monocyte
chemotactic protein; IP, Interferon gamma-induced protein; MIP, Macrophage inflammatory protein; RANTES, Regulated on activation, normal T-cell expressed and secreted; GM-CSF,
granulocyte macrophage colony stimulating factor; bFGF, basic fibroblast growth factor; GDF, growth/differentiation factor; TCC, terminal complement complex; CAU, complement
activation unit; C3b, complement component 3, part bc. P-values <0.05 are indicated with bold red.

replaced by an adaptive immunological response during the first
few weeks after the infectious event. Interestingly, recent evidence
suggests that temporal difference in resolution of the innate
immunological response is the main reason for a less severe
disease course among children than adults (26). This also fits an
observation in the present study of a positive association between
the pro-inflammatory marker eotaxin and age.

In hospital-based cohorts, several previous studies suggest that
complement activation, in particularly reflected by increased TCC,
is a negative prognostic marker in acute COVID-19 among adults
as well as children (34, 35). A recent prospective cohort study of

102 hospitalised and 26 non-hospitalised COVID-19 patients
showed that increased complement activation was characteristic
for hospitalised patients, and that complement activation was
significantly associated with markers of inflammation, such as
CRP and IL-6 (35). Interestingly, complement activation was a
distinct feature of the present study as well, and did not seem to
resolve over time. Complement factors have in general short half-
life (seconds to a few hours) in vivo; thus, the present results
suggest a continuous stimulus for complement activation, which
should be scrutinized in future research project. The increase in
TCC was among those with highest fold change, consistent with
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TABLE 3 | Spirometry.

COVID-19 (n = 320)

FVC, L - mean (SD) 4.2 (0.95)
Confidence interval 4.1t04.3
FVC, % of predicted - mean (SD) 99.9 (9.9)
Confidence interval 98.8 to 101.0
FVC < LLN - no. (%) 0 (0.0
FEV1, L - mean (SD) 3.6 (0.74)
Confidence interval 3.5t083.7
FEV1, % of predicted - mean (SD) 98.7 (10.1)
Confidence interval 97.610 99.8
FEV1 < LLN - no. (%) 5(1.6)
FEV1:FVC ratio - mean (SD) 0.86 (0.065)
Confidence interval 0.85100.87
FEV1:FVC ratio < 0.7 - no. (%) 7(2.2)

Non-COVID (n = 98) p-value*
4.2 (0.83) 0.704
4.0t0 4.4
99.9 (10.5) 0.972

97.8 to 102.0
1(1.0) 0.234
3.6 (0.67) 0.714
3.5103.7
98.4 (9.9) 0.786
96.4 to 100.4
0(0.0) 0.595
0.86 (0.063) 0.929
0.85 to0 0.87
2 (2.0) 1.000

*Based upon Student t-tests and Fisher’s excact test, as appropriate. SD=standard deviation; F\/C, forced vital capacity; LLN, lower limit of normal; FEV1, forced expiratory volume 1
second. Individual spirometry recordings that did not safisify established quality criteria (22) were excluded from the analyses.

TABLE 4 | Correlation (Spearman’s rho) between immunological markers, background variables, spirometry variables and clinical symptoms within the COVID-19 group

(n = 389).
Days since Sex* Age FvC FEV1 FEV1/FVC General infectious Airway
test/symptom onset symptoms symptoms
Plasma IL-18 Corr. coeff. (rho) -0.24 -0.05 0.02 -0.02 -0.03 -0.01 -0.03 -0.01
p-value <0.001 0.320 0.760 0.694 0.573 0.823 0.564 0.786
Plasma IL-4 Corr. coeff. (rho) -0.04 -0.17 0.12 0.17 0.17 0.00 0.07 0.09
p-value 0.459 0.001 0.017 0.001 0.001 0.931 0.172 0.083
Plasma IL-7 Corr. coeff. (rho) -0.07 -0.11 -0.01 0.08 0.10 0.04 -0.02 -0.03
p-value 0.159 0.028 0.793 0.115 0.050 0.382 0.748 0.602
Plasma IL-8 Corr. coeff. (rho) -0.24 -0.04 0.01 0.05 0.05 0.01 -0.02 -0.07
p-value <0.001 0.380 0.859 0.284 0.290 0.845 0.656 0.207
Plasma IL-12 Corr. coeff. (rho) 0.15 -0.08 0.00 0.02 0.038 0.00 -0.08 -0.06
p-value 0.003 0.131 0.992 0.711 0.521 0.959 0.123 0.237
Plasma IL-13 Corr. coeff. (rho) -0.19 -0.07 0.03 0.03 0.02 -0.05 -0.04 -0.02
p-value <0.001 0.180 0.566 0.556 0.658 0.329 0.489 0.710
Plasma TNF-ou Corr. coeff. (rho) -0.32 -0.16 -0.06 0.06 0.02 -0.07 -0.04 -0.01
p-value <0.001 0.002 0.202 0.245 0.751 0.170 0.389 0.863
Plasma IP-10 Corr. coeff. (rho) 0.02 -0.03 0.09 0.02 0.00 -0.07 -0.02 0.03
p-value 0.704 0.593 0.086 0.730 0.991 0.193 0.693 0.603
Plasma Eotaxin Corr. coeff. (rho) 0.04 -0.15 0.17 0.18 0.19 0.02 0.01 0.00
p-value 0.435 0.003 0.001 0.001 <0.001 0.639 0.875 0.955
Plasma MIP-1a. Corr. coeff. (rho) -0.04 -0.02 0.04 0.05 0.038 -0.04 -0.01 -0.01
p-value 0.488 0.711 0.466 0.310 0.523 0.458 0.816 0.836
Plasma GM-CSF Corr. coeff. (rho) 0.15 -0.08 -0.02 0.10 0.11 -0.05 -0.05 0.01
p-value 0.004 0.114 0.749 0.042 0.038 0.286 0.298 0.906
Plasma bFGF Corr. coeff. (rho) 0.20 -0.03 0.03 0.03 0.04 0.05 0.03 -0.01
p-value <0.001 0.502 0.599 0.523 0.438 0.361 0.512 0.820
Plasma TCC Corr. coeff. (rho) -0.10 0.02 0.09 0.02 0.00 -0.06 0.02 -0.02
p-value 0.050 0.661 0.077 0.694 0.961 0.204 0.730 0.675
Plasma C3bc Corr. coeff. (rho) 0.07 0.03 0.00 -0.01 -0.08 -0.08 0.04 0.01
p-value 0.147 0.585 0.996 0.840 0.561 0.140 0.473 0.878

*Male sex is reference category. IL, interleukin; TNF, tumour necrosis factor; IP, Interferon gamma-induced protein; MIP, Macrophage inflammatory protein; GM-CSF, granulocyte
macrophage colony stimulating factor; bFGF, basic fibroblast growth factor; TCC, terminal complement complex; C3bc, complement component 3, part be. FV/C, forced vital capacity;

FEV1, forced expiratory volume 1 second. P-values <0.05 and their related correlation coefficients are indicated with bold red.

the fact that TCC has a substantially longer half-life than for
instance C5a which is difficult to detect in increased amounts due
to the very short half-life, but highly inflammatory potent (36). At
the same time, the present results show that complement
activation, detected by TCC, is not limited to severe cases of
COVID-19. The reason for this might be that we have studied a
younger population, and young people may be more resistant to

increased complement activation than older individuals. Indeed, a
study of 120 healthy Norwegians, 20-69 years old, demonstrated
that there were significant age- and sex-related differences in
complement levels and functionality (37). A particularly
interesting observation regarding complement in this study was
that the marker with the second largest fold increase after TCC
was IL-1B, which is an important part of the NLRP3
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TABLE 5 | Clinical symptoms.

COVID-19 (n = 390) Non-COVID (n = 108) p-value*
Sensation of fever - mean (SD) 1.7 (1.0 1.4 (0.7) 0.004
Confidence interval 16t01.8 12t01.5
Sore throat - mean (SD) 1.9(1.1) 1.6 (0.8 0.063
Confidence interval 1.8t02.0 15t01.8
Headache - mean (SD) 2.5(1.9) 2.2 (1.1) 0.047
Confidence interval 241026 20to24
Muscle ache - mean (SD) 2.0(1.9 1.7 (1.0 0.015
Confidence interval 1.9to 21 15t01.9
Unusual fatigue after physical activities - mean (SD) 25(1.4) 1.7 (0.9) <0.001
Confidence interval 23t026 15t01.8
General infectious symptoms, total score - mean (SD) 10.5 (4.4) 8.5 (2.9 <0.001
Confidence interval 10.1to 11.0 8.0 to 9.1
Breathlessness - mean (SD) 2.1 (1.9 1.5(0.7) <0.001
Confidence interval 19t022 1.3t01.6
Coughing - mean (SD) 2.5(1.9) 1.8(0.9) <0.001
Confidence interval 2.4t02.6 1.6t02.0
Running nose - mean (SD) 2.6 (1.9 25(1.2) 0.349
Confidence interval 25t 27 22t 2.7
Airway symptoms, total score - mean (SD) 7.2 (2.9 5.8 (2.0) <0.001
Confidence interval 6.9t0 7.5 5.4t0 6.1

*Based upon Mann-Whitney U-tests. General infectious symptoms total score has a range from 5 to 25. Airway symptoms total score has a range from 5 to 15. SD, standard deviation. P-

values <0.05 are indicated with bold red.

TABLE 6 | Correlation (Spearman’s rho) between clinical symptoms, background variables, and spirometry variables within the COVID-19 group (n = 390).

Days since test/symptom onset Sex* Age FVC FEV1 FEV1/FVC
Sensation of fever Corr. coeff. (rho) -0.07 0.10 0.07 -0.05 -0.04 0.02
p-value 0.153 0.045 0.161 0.323 0.402 0.727
Headache Corr. coeff. (rho) -0.08 0.31 0.25 -0.06 -0.04 0.05
p-value 0.128 <0.001 <0.001 0.238 0.404 0.300
Muscle ache Corr. coeff. (rho) -0.13 0.26 0.21 -0.06 -0.06 0.04
p-value 0.014 <0.001 <0.001 0.268 0.234 0.438
Unusual fatigue after physical activities Corr. coeff. (rho) 0.00 0.25 0.27 0.03 0.02 0.00
p-value 0.982 <0.001 <0.001 0.570 0.692 0.925
General infectious symptoms, total score Corr. coeff. (rho) -0.07 0.32 0.24 -0.05 -0.05 0.06
p-value 0.190 <0.001 <0.001 0.291 0.361 0.242
Dyspnoea Corr. coeff. (rho) 0.06 0.21 0.15 -0.08 -0.04 0.03
p-value 0.211 <0.001 0.003 0.541 0.419 0.557
Coughing Corr. coeff. (rho) -0.01 0.00 0.04 0.04 0.01 -0.10
p-value 0.859 0.961 0.399 0.428 0.910 0.056
Airway symptoms, total score Corr. coeff. (rho) 0.01 0.15 0.13 -0.01 -0.04 -0.05
p-value 0.830 0.003 0.010 0.812 0.405 0.291

*Male sex is reference category. FVC, forced vital capacity; FEV'1, forced expiratory volume 1 second. P-values <0.05 and their related correlation coefficients are indicated with bold red.

inflammasome, a crucial actor in the inflammatory network (38,
39). Thus, these two very highly increased mediators link the
complement and the inflammatory system by cross-talk that
previously has been reviewed for complement and Toll-like
receptors (40).

The present study indicated a positive association between
three pro-inflammatory markers (IL-7, TNF, and eotaxin) and
male sex. This may support differences in inflammatory
responses as a main reason for a more severe course of acute
disease among men than women (27), and should be further
investigated in future research.

In some follow-up studies of hospital-based adult COVID-19
cohorts, persistent alterations of dynamic pulmonary function
have been reported (41-44). Results are conflicting though, as a

relatively large adult study did not find any substantial alterations
of spirometry tests results despite persistent radiological
abnormalities (45), and two small cases series reported
spirometry to be normal or near-normal in the aftermath of
COVID-19 in children (46, 47). The present study confirms that
pulmonary function appears to be normal in non-severe cases of
COVID-19 in adolescents and young adults, and there were no
associations to inflammatory markers nor clinical symptoms.
Thus, it seems unlikely that persistent respiratory symptoms
(such as dyspnoea), reported to be common and linger for a
long time after mild COVID-19 (20), are caused by deterioration
of pulmonary function. We note that for a subset of 63
participants, technical criteria were not met, major reasons were
that they were unable to exhale long enough, either due to cough or
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fatigue. This may theoretically be due to post-infective bronchial
reactivity, which should be attended to in future research.

As expected, the present study confirmed a higher incidence of
typical clinical symptoms among the COVID-19 cases. Surprisingly,
these symptoms were not associated to inflammatory markers or
spirometry variables, nor did they tend to subside over time. On the
other hand, a majority of clinical symptoms correlated strongly with
female sex and age. These observations seem to corroborate results
from studies on post-COVID syndrome, where female sex is
consistently reported to be a risk factor, but with scarce findings
of inflammatory abnormalities (20, 48, 49). The apparent
disconnection between clinical symptoms and biological
aberrations is an intriguing observation that gives further merit to
studies suggesting mental processes as the main determinant of
symptom persistence after COVID-19 (50), and deserves
further investigations.

Strengths of the present study include a large and well-defined
group of non-hospitalised young individuals with COVID-19
and a comparable control group. Weaknesses include a
somewhat skewed sampling of cases towards more females as
compared to the background population. Also, for clinical
symptoms, we did not ask the participants to grade the present
state but rather the frequency over a defined time period, which
may potentially explain the poor correlation between symptoms
and disease markers.

In conclusion, non-hospitalised adolescents and young adults
with acute COVID-19 showed activation of inflammatory
markers during the subacute phase of the infection, of which
some are positively associated with older age and male sex.
Pulmonary function were normal, whereas clinical symptoms
were independent of both inflammatory and pulmonary markers
but associated with older age and female sex.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

1. Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. A Pneumonia
Outbreak Associated With a New Coronavirus of Probable Bat Origin. Nature
(2020) 579(7798):270-3. doi: 10.1038/s41586-020-2012-7

2. Lucas C, Wong P, Klein ], Castro TBR, Silvia J, Sundaram M, et al.
Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-
19. Nature (2020) 584(7821):463-9. doi: 10.1038/s41586-020-2588-y

3. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Uhl S, Hoagland D, Meller
R, et al. Imbalanced Host Response to SARS-CoV-2 Drives Development
of COVID-19. Cell (2020) 181(5):1036-45.€9. doi: 10.1016/j.cell.2020.
04.026

4. Huang C, Wang Y, Li X, Ren L, Zhao ], Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(2020) 395(10223):497-506. doi: 10.1016/S0140-6736(20)30183-5

5. Chen X, Zhao B, Qu Y, Chen Y, Xiong J, Feng Y, et al. Detectable Serum
Severe Acute Respiratory Syndrome Coronavirus 2 Viral Load (RNAemia) Is
Closely Correlated With Drastically Elevated Interleukin 6 Level in Critically
Il Patients With Coronavirus Disease 2019. Clin Infect Dis (2020) 71
(8):1937-42. doi: 10.1093/cid/ciaa449

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Regionale Komiteer for Medisinsk og Helsefaglig
Forskningsetikk (REK). Written informed consent to participate
in this study was provided by the participants’ legal guardian/
next of kin.

AUTHOR CONTRIBUTIONS

The authors confirm contribution to the paper as follows: Study
conception and design: VW. Data collection: LB, ]S, LH, TS-S.
Analysis and interpretation of results: LB, VW, JS, LH, TM, TT,
AM, TM, GE. Draft manuscript preparation: LB, VW. All
authors reviewed the results and approved the final version of
the manuscript.

FUNDING

This work was supported by the Norwegian Research
Council [302079].

ACKNOWLEDGMENTS

We thank Thor Ueland, Andrew Lloyd, Carolina Sandler and Erin
Cvejic for discussions on draft of the manuscript; Helene
Mathiesen, Jeanette Dulsrud, Ann Cathrin Pettersen, Siri H.
Sletner, Lene Andersen, Birute Stankuniene and Line Sletner for
practical assistance; Judith Anita Ludviksen for laboratory analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.837288/
full#supplementary-material

6. Herold T, Jurinovic V, Arnreich C, Lipworth BJ, Hellmuth JC, von Bergwelt-
Baildon M, et al. Elevated Levels of IL-6 and CRP Predict the Need for
Mechanical Ventilation in COVID-19. ] Allergy Clin Immunol (2020) 146
(1):128-36.e4. doi: 10.1016/j.jaci.2020.05.008
. XuZ, ShiL, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological Findings
of COVID-19 Associated With Acute Respiratory Distress Syndrome. Lancet
Respir Med (2020) 8(4):420-2. doi: 10.1016/S2213-2600(20)30076-X
. Qin G, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of Immune
Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China.
Clin Infect Dis (2020) 71(15):762-8. doi: 10.1093/cid/ciaa248
9. Kwon JS, Kim JY, Kim M-C, Park SY, Kim B-N, Bae S, et al. Factors of
Severity in Patients With COVID-19: Cytokine/Chemokine Concentrations,
Viral Load, and Antibody Responses. Am ] Trop Med Hyg (2020) 103
(6):2412-8. doi: 10.4269/ajtmh.20-1110
10. Gavriilaki E, Brodsky RA. Severe COVID-19 Infection and Thrombotic
Microangiopathy: Success Does Not Come Easily. Br ] Haematol (2020) 189
(6):€227-30. doi: 10.1111/bjh.16783

11. Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W, et al. Coagulopathy and
Antiphospholipid Antibodies in Patients With Covid-19. N Engl ] Med (2020)
382(17):e38. doi: 10.1056/NEJMc2007575

~

o

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 837288


https://www.frontiersin.org/articles/10.3389/fimmu.2022.837288/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.837288/full#supplementary-material
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1093/cid/ciaa449
https://doi.org/10.1016/j.jaci.2020.05.008
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.4269/ajtmh.20-1110
https://doi.org/10.1111/bjh.16783
https://doi.org/10.1056/NEJMc2007575
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lund Berven et al.

COVID-19 in Non-Hospitalized Adolescents

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019
(COVID-19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827
Moon C. Fighting COVID-19 Exhausts T Cells. Nat Rev Immunol (2020) 20
(5):277. doi: 10.1038/s41577-020-0304-7

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional Exhaustion
of Antiviral Lymphocytes in COVID-19 Patients. Cell Mol Immunol (2020) 17
(5):533-5. doi: 10.1038/s41423-020-0402-2

Brodin P. Why Is COVID-19 So Mild in Children? Acta Paediatr (2020) 109
(6):1082-3. doi: 10.1111/apa.15271

Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, et al. Estimates
of the Severity of Coronavirus Disease 2019: A Model-Based Analysis. Lancet
Infect Dis (2020) 20(6):669-77. doi: 10.1016/S1473-3099(20)30243-7

Peart Akindele N, Kouo T, Karaba AH, Gordon O, Fenstermacher KZJ,
Beaudry J, et al. Distinct Cytokine and Chemokine Dysregulation in
Hospitalized Children With Acute Coronavirus Disease 2019 and
Multisystem Inflammatory Syndrome With Similar Levels of
Nasopharyngeal Severe Acute Respiratory Syndrome Coronavirus 2
Shedding. J Infect Dis (2021) 224(4):606-15. doi: 10.1093/infdis/jiab285
Sandler CX, Wyller VBB, Moss-Morris R, Buchwald D, Crawley E, Hautvast J,
et al. Long COVID and Post-Infective Fatigue Syndrome: A Review. Open
Forum Infect Dis (2021) 8(10):0fab440. doi: 10.1093/ofid/ofab440

Takahashi T, Ellingson MK, Wong P, Israclow B, Lucas C, Klein J, et al. Sex
Differences in Immune Responses That Underlie COVID-19 Disease
Outcomes. Nature (2020) 588(7837):315-20. doi: 10.1038/s41586-020-2700-3
Stavem K, Ghanima W, Olsen MK, Gilboe HM, Einvik G, et al. Prevalence and
Determinants of Fatigue After COVID-19 in Non-Hospitalized Subjects: A
Population-Based Study. Int ] Environ Res Public Health (2021) 18(4):1-11.
doi: 10.3390/ijerph18042030

Bergseth G, Ludviksen JK, Kirschfink M, Giclas PC, Nilsson B, Mollnes TE.
An International Serum Standard for Application in Assays to Detect Human
Complement Activation Products. Mol Immunol (2013) 56(3):232-9.
doi: 10.1016/j.molimm.2013.05.221

Graham BL, Steenbruggen I, Miller MR, Barjaktarevic I1Z, Cooper BG, Hall
GL, et al. Standardization of Spirometry 2019 Update. An Official American
Thoracic Society and European Respiratory Society Technical Statement. Am J
Respir Crit Care Med (2019) 200(8):e70-88. doi: 10.1164/rccm.201908-
1590ST

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-
Ethnic Reference Values for Spirometry for the 3-95-Yr Age Range: The
Global Lung Function 2012 Equations. Eur Respir ] (2012) 40(6):1324-43.
doi: 10.1183/09031936.00080312

Pedersen M, Asprusten TT, Godang K, Leegaard TM, Osnes LT, Skovlund E,
et al. Predictors of Chronic Fatigue in Adolescents Six Months After Acute
Epstein-Barr Virus Infection: A Prospective Cohort Study. Brain Behav
Immun (2019) 75:94-100. doi: 10.1016/j.bbi.2018.09.023

Elliott J, Whitaker M, Bodinier B, Eales O, Riley S, Ward H, et al. Predictive
Symptoms for COVID-19 in the Community: REACT-1 Study of Over 1 Million
People. PLoS Med (2021) 18(9):¢1003777. doi: 10.1371/journal.pmed.1003777
Vono M, Huttner A, Lemeille S, Martinez-Murillo P, Meyer B, Baggio S, et al.
Robust Innate Responses to SARS-CoV-2 in Children Resolve Faster Than in
Adults Without Compromising Adaptive Immunity. Cell Rep (2021) 37
(1):109773. doi: 10.1016/j.celrep.2021.109773

Zhang Z, Ai G, Chen L, Liu S, Gong C, Zhu X, et al. Associations of
Immunological Features With COVID-19 Severity: A Systematic Review
and Meta-Analysis. BMC Infect Dis (2021) 21(1):738. doi: 10.1186/s12879-
021-06457-1

Iwamura APD, Tavares da Silva MR, Hiimmelgen AL, Soeiro Pereira PV,
Falcai A, Grumach AS, et al. Immunity and Inflammatory Biomarkers in
COVID-19: A Systematic Review. Rev Med Virol (2021) 31(4):e2199.
doi: 10.1002/rmv.2199

Shafiek HK, Abd El Lateef HM, Boraey NF, Nashat M, Abd-Elrehim GAB,
Abouzeid H, et al. Cytokine Profile in Egyptian Children and Adolescents
With COVID-19 Pneumonia: A Multicenter Study. Pediatr Pulmonol (2021)
56:3924-33. doi: 10.1002/ppul.25679

Grifoni E, Valoriani A, Cei F, Lamanna R, Grazia Gelli AM, Ciambotti B, et al.
Interleukin-6 as Prognosticator in Patients With COVID-19. ] Infect (2020) 81
(3):452-82. doi: 10.1016/j.jinf.2020.06.008

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Aziz M, Fatima R, Assaly R. Elevated Interleukin-6 and Severe COVID-19: A
Meta-Analysis. ] Med Virol (2020) 92(11):2283-5. doi: 10.1002/jmv.25948
Sun D, Li H, Lu X-X, Xiao H, Ren J, Zhang F-R, et al. Clinical Features of
Severe Pediatric Patients With Coronavirus Disease 2019 in Wuhan: A Single
Center's Observational Study. World J Pediatr (2020) 16(3):251-9.
doi: 10.1007/s12519-020-00354-4

Soraya GV, Ulhaq ZS. Interleukin-6 Levels in Children Developing SARS-
CoV-2 Infection. Pediatr Neonatol (2020) 61(3):253-4. doi: 10.1016/
j.pedneo.2020.04.007

Holter JC, Pischke SE, de Boer E, Lind A, Jenum S, Holten AR, et al. Systemic
Complement Activation Is Associated With Respiratory Failure in COVID-19
Hospitalized Patients. Proc Natl Acad Sci USA (2020) 117(40):25018-25.
doi: 10.1073/pnas.2010540117

Sinkovits G, Mez6 B, Reéti M, Miiller V, Ivanyi Z, Gal J, et al. Complement
Overactivation and Consumption Predicts In-Hospital Mortality in SARS-
CoV-2 Infection. Front Immunol (2021) 12:663187. doi: 10.3389/
fimmu.2021.663187

Harboe M, Thorgersen EB, Mollnes TE. Advances in Assay of Complement
Function and Activation. Adv Drug Deliv Rev (2011) 63(12):976-87.
doi: 10.1016/j.addr.2011.05.010

Gaya da Costa M, Poppelaars F, van Kooten C, Mollnes TE, Tedesco F,
Wiirzne R, et al. Age and Sex-Associated Changes of Complement Activity
and Complement Levels in a Healthy Caucasian Population. Front Immunol
(2018) 9:2664. doi: 10.3389/fimmu.2018.02664

Suresh R, Chandrasekaran P, Sutterwala FS, Mosser DM. Complement-
Mediated 'Bystander’ Damage Initiates Host NLRP3 Inflammasome
Activation. J Cell Sci (2016) 129(9):1928-39. doi: 10.1242/jcs.179291
Diaz-Del-Olmo I, Worboys ], Martin-Sanchez F, Gritsenko A, Ambrose AR,
Tannahill GM, et al. Internalization of the Membrane Attack Complex
Triggers NLRP3 Inflammasome Activation and IL-lbeta Secretion in
Human Macrophages. Front Immunol (2021) 12:720655. doi: 10.3389/
fimmu.2021.720655

Barratt-Due A, Pischke SE, Nilsson PH, Espevik T, Mollnes TE, et al. Dual
Inhibition of Complement and Toll-Like Receptors as a Novel Approach to Treat
Inflammatory Diseases-C3 or C5 Emerge Together With CD14 as Promising
Targets. ] Leukoc Biol (2017) 101(1):193-204. doi: 10.1189/j1b.3VMR0316-132R
Eksombatchai D, Wongsinin T, Phongnarudech T, Thammavaranucupt K,
Amornputtisathaporn N, Sungkanuparph S. Pulmonary Function and Six-
Minute-Walk Test in Patients After Recovery From COVID-19: A Prospective
Cohort Study. PLoS One (2021) 16(9):¢0257040. doi: 10.1371/journal.pone.
0257040

Ordinola Navarro A, Cervantes-Bojalil ], de Jesus Cobos Quevedo O, Martinez
AA, Hernandez-Jiménez CA, Alvarez EP, et al. Decreased Quality of Life and
Spirometric Alterations Even After Mild-Moderate COVID-19. Respir Med
(2021) 181:106391. doi: 10.1016/j.rmed.2021.106391

Cortes-Telles A, Lopez-Romero S, Figueroa-Hurtado E, Pou-Aguilar YN,
Wong AW, Milne KM, et al. Pulmonary Function and Functional Capacity in
COVID-19 Survivors With Persistent Dyspnoea. Respir Physiol Neurobiol
(2021) 288:103644. doi: 10.1016/j.resp.2021.103644

Anastasio F, Barbuto S, Scarnecchia E, Cosma P, Fugagnoli A, Rossi G, et al.
Medium-Term Impact of COVID-19 on Pulmonary Function, Functional
Capacity and Quality of Life. Eur Respir J (2021) 58(3):1-11. doi: 10.1183/
13993003.04015-2020

Lerum TV, Aalgkken TM, Brenstad E, Aarli B, Ikdahl E, Aarberg Lund KM,
et al. Dyspnoea, Lung Function and CT Findings 3 Months After Hospital
Admission for COVID-19. Eur Respir J (2021) 57(4):1-8. doi: 10.1183/
13993003.03448-2020

Bottino I, Patria MF, Milani GP, Agostoni C, Marchisio P, Lelii M, et al. Can
Asymptomatic or Non-Severe SARS-CoV-2 Infection Cause Medium-Term
Pulmonary Sequelae in Children? Front Pediatr (2021) 9:621019. doi: 10.3389/
fped.2021.621019

Leftin Dobkin SC, Collaco JM, McGrath-Morrow SA. Protracted Respiratory
Findings in Children Post-SARS-CoV-2 Infection. Pediatr Pulmonol (2021)
56:3682-7. doi: 10.22541/au.162513383.35044135/v1

Doykov 1, Hillgvist J, Gilmour KC, Grandjean L, Mills K, Heywood WE. 'The
Long Tail of Covid-19' - The Detection of a Prolonged Inflammatory Response
After a SARS-CoV-2 Infection in Asymptomatic and Mildly Affected Patients.
F1000Res (2020) 9:1349. doi: 10.12688/f1000research.27287.1

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 837288


https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1038/s41577-020-0304-7
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1111/apa.15271
https://doi.org/10.1016/S1473-3099(20)30243-7
https://doi.org/10.1093/infdis/jiab285
https://doi.org/10.1093/ofid/ofab440
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.3390/ijerph18042030
https://doi.org/10.1016/j.molimm.2013.05.221
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.1016/j.bbi.2018.09.023
https://doi.org/10.1371/journal.pmed.1003777
https://doi.org/10.1016/j.celrep.2021.109773
https://doi.org/10.1186/s12879-021-06457-1
https://doi.org/10.1186/s12879-021-06457-1
https://doi.org/10.1002/rmv.2199
https://doi.org/10.1002/ppul.25679
https://doi.org/10.1016/j.jinf.2020.06.008
https://doi.org/10.1002/jmv.25948
https://doi.org/10.1007/s12519-020-00354-4
https://doi.org/10.1016/j.pedneo.2020.04.007
https://doi.org/10.1016/j.pedneo.2020.04.007
https://doi.org/10.1073/pnas.2010540117
https://doi.org/10.3389/fimmu.2021.663187
https://doi.org/10.3389/fimmu.2021.663187
https://doi.org/10.1016/j.addr.2011.05.010
https://doi.org/10.3389/fimmu.2018.02664
https://doi.org/10.1242/jcs.179291
https://doi.org/10.3389/fimmu.2021.720655
https://doi.org/10.3389/fimmu.2021.720655
https://doi.org/10.1189/jlb.3VMR0316-132R
https://doi.org/10.1371/journal.pone.0257040
https://doi.org/10.1371/journal.pone.0257040
https://doi.org/10.1016/j.rmed.2021.106391
https://doi.org/10.1016/j.resp.2021.103644
https://doi.org/10.1183/13993003.04015-2020
https://doi.org/10.1183/13993003.04015-2020
https://doi.org/10.1183/13993003.03448-2020
https://doi.org/10.1183/13993003.03448-2020
https://doi.org/10.3389/fped.2021.621019
https://doi.org/10.3389/fped.2021.621019
https://doi.org/10.22541/au.162513383.35044135/v1
https://doi.org/10.12688/f1000research.27287.1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lund Berven et al.

COVID-19 in Non-Hospitalized Adolescents

49. Garcia-Abellan J, Padilla S, Fernandez-Gonzalez M, Garcia ], Agullo V, Andreo
M, et al. Antibody Response to SARS-CoV-2 Is Associated With Long-Term
Clinical Outcome in Patients With COVID-19: A Longitudinal Study. J Clin
Immunol (2021) 41(7):1490-501. doi: 10.1007/s10875-021-01083-7

Matta J, Wiernik E, Robineau O, Carrat F, Touvier M, Severi G, et al.
Association of Self-Reported COVID-19 Infection and SARS-CoV-2
Serology Test Results With Persistent Physical Symptoms Among French
Adults During the COVID-19 Pandemic. JAMA Intern Med (2021) 182:19-
25. doi: 10.1001/jamainternmed.2021.6454

50.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lund Berven, Selvakumar, Havdal, Stiansen-Sonerud, Einvik,
Leegaard, Tjade, Michelsen, Mollnes and Wyller. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 837288


https://doi.org/10.1007/s10875-021-01083-7
https://doi.org/10.1001/jamainternmed.2021.6454
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Inflammatory Markers, Pulmonary Function, and Clinical Symptoms in Acute COVID-19 Among Non-Hospitalized Adolescents and Young Adults
	Introduction
	Materials and Methods
	Study Design
	Participants
	Investigational Program
	Blood Sampling and Laboratory Assays
	Spirometry
	Questionnaire
	Statistical Analysis

	Results
	Comparison of COVID-19 Cases and Non-COVID Controls

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


