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Abstract 

Background The infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has unpredictable 
manifestations of coronavirus disease (COVID-19) and variable clinical course with some patients being asymptomatic 
whereas others experiencing severe respiratory distress, or even death. We aimed to evaluate the immunoglobulin G 
(IgG) response towards linear peptides on a peptide array containing sequences from SARS-CoV-2, Middle East respir-
atory syndrome-related coronavirus (MERS) and common-cold coronaviruses 229E, OC43, NL63 and HKU1 antigens, in 
order to identify immunological indicators of disease outcome in SARS-CoV-2 infected patients.

Methods We included in the study 79 subjects, comprising 19 pediatric and 30 adult SARS-CoV-2 infected patients 
with increasing disease severity, from mild to critical illness, and 30 uninfected subjects who were vaccinated with 
one dose of SARS-CoV-2 spike mRNA BNT162b2 vaccine. Serum samples were analyzed by a peptide microarray 
containing 5828 overlapping 15-mer synthetic peptides corresponding to the full SARS-CoV-2 proteome and selected 
linear epitopes of spike (S), envelope (E) and membrane (M) glycoproteins as well as nucleoprotein (N) of MERS, SARS 
and coronaviruses 229E, OC43, NL63 and HKU1 (isolates 1, 2 and 5).

Results All patients exhibited high IgG reactivity against the central region and C-terminus peptides of both SARS-
CoV-2 N and S proteins. Setting the threshold value for serum reactivity above 25,000 units, 100% and 81% of patients 
with severe disease, 36% and 29% of subjects with mild symptoms, and 8% and 17% of children younger than 8-years 
reacted against N and S proteins, respectively. Overall, the total number of peptides in the SARS-CoV-2 proteome 
targeted by serum samples was much higher in children compared to adults. Notably, we revealed a differential anti-
body response to SARS-CoV-2 peptides of M protein between adults, mainly reacting against the C-terminus epitopes, 
and children, who were highly responsive to the N-terminus of M protein. In addition, IgG signals against NS7B, NS8 
and ORF10 peptides were found elevated mainly among adults with mild (63%) symptoms. Antibodies towards S and 
N proteins of other coronaviruses (MERS, 229E, OC43, NL63 and HKU1) were detected in all groups without a signifi-
cant correlation with SARS-CoV-2 antibody levels.

*Correspondence:
Anna Lucia Tornesello
a.tornesello@istitutotumori.na.it
Franco M. Buonaguro
fm.buonaguro@istitutotumori.na.it
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-023-03963-5&domain=pdf
http://orcid.org/0000-0003-0972-5668


Page 2 of 13Tornesello et al. Journal of Translational Medicine          (2023) 21:123 

Conclusions Overall, our results showed that antibodies elicited by specific linear epitopes of SARS-CoV-2 proteome 
are age dependent and related to COVID-19 clinical severity. Cross-reaction of antibodies to epitopes of other human 
coronaviruses was evident in all patients with distinct profiles between children and adult patients. Several SARS-
CoV-2 peptides identified in this study are of particular interest for the development of vaccines and diagnostic tests 
to predict the clinical outcome of SARS-CoV-2 infection.

Keywords Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), COVID-19, Peptide microarray, 
Neutralizing antibodies, Peptide biomarkers, Children SARS-CoV-2 infection

Background
The severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has been recognized as the cause of the 
coronavirus disease 2019 (COVID-19) pandemic which 
from March 2020 to date has affected over six hundred 
million people and caused over six million death in the 
world (covid19.who.int accessed on October 12, 2022). 
SARS-CoV-2 is an enveloped virus, which belongs to the 
betacoronavirus genus also containing SARS-CoV and 
Middle East Respiratory Syndrome virus (MERS-CoV), 
previously involved in SARS and MERS major epidemics, 
respectively [1–3]. Although SARS-CoV-2 has a lower 
death rate than SARS-CoV and MERS-CoV, its high 
infectivity and easy transmission are causing enormous 
health problems as well as socio-economic distress in 
the last three years [4, 5]. Other coronaviruses infecting 
humans are 229E, OC43, NL63 and HKU1, which cause 
up to 30% of mild respiratory illnesses and common cold 
each year [6].

The 30 kilobases single-stranded SARS-CoV-2 RNA 
genome contains 14 open reading frames (ORFs) encod-
ing 29 structural, non-structural, and accessory proteins 
[7]. Four structural proteins, namely spike (S), membrane 
(M) and small envelope (E) glycoproteins as well as nucle-
ocapsid (N) protein that serve as key factors for SARS-
CoV-2 binding to target cells, the release of the viral 
genome and packaging of viral RNA inside the virions 
[7]. Sixteen non-structural proteins produced by proteo-
lytic digestion of polyproteins 1a (pp1a) and 1ab (pp1ab) 
with main (Mpro) and papain-like (PLpro) proteases, are 
required for virus replication and RNA transcription [8]. 
Accessory proteins encoded by ORF3a, ORF3b, ORF6, 
ORF7a, ORF7b, ORF8b, ORF9b, ORF9c and ORF10 are 
important regulators of the virus life cycle but, with the 
exception of ORF3a and ORF7a proteins, they are not 
incorporated in mature virions [9, 10].

The antibody response against SARS-CoV-2 pro-
teome is mainly directed against S glycoprotein and N 
protein [11]. The S glycoprotein forms homotrimers 
on the virus envelope that mediate the attachment of 
SARS-CoV-2 particles to target cells through recogni-
tion of human angiotensin converting enzyme 2 (ACE2) 
[12]. The cleavage of full-length S protein by furin-like 

proteases produces S1 subunit, interacting with ACE2 
receptor, and S2 subunit facilitating the fusion of the 
virus envelope with the host membrane [13]. The wide 
cell tropism of SARS-CoV-2 is determined by the high 
expression of ACE2 in type II alveolar cells of the lower 
respiratory tract and epithelial cells of the upper esoph-
agus, small intestine, colon, kidneys, heart and liver 
[14]. The S1 receptor binding domain (RBD), is com-
posed of five antiparallel β sheets (β1, β2, β3, β4 and β7) 
connected by short helices and loops. S glycoprotein 
residues that make contact with ACE2 receptor form 
a protein motif composed of short β5 and β6 as well 
as α4 and α5 helices and loops located between the β4 
and β7 strands [15]. The RBD region, identified as the 
immunodominant domain of S protein, elicits SARS-
CoV-2 neutralizing antibodies. Notably, the levels of 
anti-RBD immunoglobulin G (IgG) highly correlate 
with the neutralizing activity of patient sera [16, 17]. In 
addition, S1 domains other than RBD have reported to 
stimulate strong antibody response with some epitopes 
eliciting neutralizing activity [18, 19]. S1 protein and 
RBD region are currently the most focused target for 
the development of vaccines against SARS-CoV-2.

The N protein is a heavily phosphorylated internal 
viral antigen, which is mainly involved in viral RNA 
encapsulation. The mechanism of antibody production 
against N protein is not well known. Recent studies 
showed that the cytosolic antibody receptor TRIM21 
is able to bind antibody-antigen complexes and to 
enhance their degradation through the proteasome, 
thus facilitating the binding of peptides to MHC mol-
ecules [20]. A similar mechanism has been proposed 
for the generation of antibodies directed against the N 
antigens of SARS-CoV-2 [20].

Clinical manifestations of SARS-CoV-2 infection 
in adults differ from that in children [21]. Adults fre-
quently develop respiratory symptoms, which in the 
most severe form can progress to acute respiratory 
distress syndrome (ARDS), while children are largely 
spared from respiratory disease remaining asympto-
matic, although in few cases they can develop a life-
threatening multisystem inflammatory syndrome (MIS) 
[22].
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The immune response against SARS-CoV-2 plays a 
critical role in dictating clinical outcome in both adults 
and children [23].

In this retrospective study, we performed a screen-
ing of anti-coronaviruses antibody levels in the sera of 
adults and children with asymptomatic, mild or severe 
SARS-CoV-2 infection as well as not-infected-vaccinated 
subjects with mRNA BNT162b2 vaccine against SARS-
CoV-2 spike. We analyzed IgG reactivity towards pep-
tides derived from the full SARS-CoV-2 proteome as well 
as from S, E, N and M proteins of coronaviruses SARS-
CoV, MERS-CoV, and common cold human coronavi-
ruses 229E, OC43, NL63 and HKU1 (isolates 1, 2 and 5). 
The antibody profile allowed to identify specific epitopes 
in the SARS-CoV-2 proteins, which were differentially 
recognized by sera of SARS-CoV-2 infected children and 
adult patients with diverse clinical symptoms.

Methods
Patients and biological samples
We conducted a retrospective study, which included 79 
subjects, comprising 19 SARS-CoV-2 infected pediat-
ric patients (aged 0–12  years), 14 and 16 SARS-COV-2 
infected adults with asymptomatic/mild/moderate symp-
toms and severe/critical symptoms, respectively, as well 
as 30 non-infected subjects who received the first dose 
of BNT162b2 mRNA vaccine between 15 and 20  days 
before blood sample collection.

Serum samples from pediatric patients, who were 
hospitalized for pathologies other than COVID-19 
and tested positive for SARS-CoV-2 on their hospital 
admission, were collected at the A.O.R.N. Santobono-
Pausilipon. Aliquots of sera from adult patients with 
asymptomatic/mild/moderate symptoms and vaccinated 
subjects were collected during the health surveillance 
program for healthcare workers at the Istituto Nazionale 
Tumori IRCCS Fondazione G. Pascale. Serum samples 
from patients with severe/critical symptoms were col-
lected during hospitalization at A.O.R.N. Ospedali dei 
Colli, Napoli.

On the basis of World Health Organization (WHO) 
guidelines, patients were classified as asymptomatic if 
they had no clinical signs or symptoms throughout the 
course of their infection, with mild/moderate illness if 
they suffered from cold-like symptoms, dyspnea, anosmia 
or ageusia, and severe/critical disease if they were hospi-
talized needing oxygen support or intensive care [https:// 
www. who. int/ publi catio ns/i/ item/ WHO- 2019- nCoV- 
clini cal- 2021-2]. Age, gender, severity of symptoms, 
clinical data and laboratory parameters, when available, 
were obtained from medical records of patients. SARS-
CoV-2 infection was determined by quantitative real-
time reverse transcription-polymerase chain reaction 

(qRT-PCR) assay performed on nasopharyngeal fluids. 
Serum samples were obtained from the whole blood 
by centrifugation at 1200  g for 15  min and then stored 
at 80  °C. Parents of pediatric patients signed a specific 
consent for data treatment, approved by the Santobono 
hospital.

Blood biomarkers, including D-dimer, were tested with 
regulatory agency-approved and commercially available 
kits according to the manufacturers’ instructions.

The study was approved by the Institutional Scientific 
Board and by the Ethics Committee of the Istituto Nazi-
onale Tumori IRCCS Fondazione G. Pascale (number 
34/21) and is in accordance with the principles of the 
Declaration of Helsinki. Signed consent was obtained 
from health workers participants and from hospitalized 
patients.

Peptide microarray
Peptide libraries were manufactured by JPT Technologies 
GmbH (Berlin) based on the genomic sequence of the 
original SARS-CoV-2 Wuhan strain (NC_045512.2 and 
Uniprot e.g. for SPIKE it is P0DTC2). The RepliTope™ 
Antigen Collection Pan-Coronavirus microarrays (JPT 
Product Code: RT-HD-CoV2; microarray series #3364) 
contains 5,828 peptides spanning the full proteome of 
SARS-CoV-2 and S, E, N and M glycoproteins as well as 
N protein of SARS-CoV, MERS and coronaviruses 229E, 
OC43, NL63 and HKU1 (isolates 1, 2 and 5). The number 
of peptides generated for each viral protein is reported 
in Supplementary Additional file  1: Table  S1. The pep-
tides were 15-amino acids long, overlapping in most 
cases by 11 residues, and covered the full length of each, 
above described, viral protein. Mouse and human full-
length IgG were co-immobilized on the peptide microar-
ray slides and used as qualitative controls in each assay. 
Twenty-one 15-mer amino acid sequences were included 
in each array as internal controls. Peptide microarrays 
were prepared as described earlier [24]. Briefly, peptides 
were synthesized with a fully automated system by using 
SPOT synthesis technology [25] and were subsequently 
spotted in triplicate and immobilized onto glass slides.

Microarray assay conditions
Sera were probed on peptide arrays as follows: (1) Indi-
vidual samples from 12 children up to 7 years old, pooled 
sera from four 8–9  years old (ped 8–9) and from three 
10–12  years old (ped 10–12) children; (2) individual 
sera from 14 adult patients with asymptomatic/mild/
moderate symptoms; (3) individual sera from 16 hospi-
talized patients with severe/critical symptoms; (4) three 
pools of samples (VAX-B1, VAX-B2, VAX-B3) each 
containing sera from ten uninfected individuals who 
received the first dose of anti-SARS-CoV-2 BNT162b2 

https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
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mRNA vaccine. Sera samples were diluted 1:200 in T20 
Superblock assay buffer (Thermo Scientific™, Waltham, 
USA), loaded on microarray slides and incubated for 
2 h at 30 °C using TECAN HS4800 (Tecan Trading AG, 
Männedorf, Switzerland) microarray processing station. 
After sample incubation the slides were washed with 
50 mM TBS-buffer containing 0.1% Tween 20 at pH 7.2 
and 3 mM SSC buffer at pH 7.0 and then incubated for 
45  min at 30  °C with the anti-human IgG fluorescent 
labeled Alexa Fluor 647 antibody (Jackson Immunore-
search, Cambridge UK), at the concentration of 0.1  µg/
ml. After washing with TBS buffer and drying, the slides 
were scanned with a high-resolution Genepix 4300A 
SL50 microarray scanner (Molecular Devices LLC, San 
Josè, USA) at 635 nm. The mean pixel intensity value was 
calculated for each peptide. All reactions were completed 
in three days. Simultaneous incubations with the second-
ary antibody without serum samples were performed to 
assess nonspecific binding to each synthetic peptide.

Statistical analysis
The mean value of three replicates on the microarray 
(MMC2) was calculated for each peptide. If the coef-
ficient of variation (standard deviation divided by the 
mean value) was greater than 0.5, the mean of the two 
closest values (MC2) was assigned to MMC2. Heat-
maps of all analyzed samples against SARS-CoV-2 N, S 
and M proteins as well as against only the N protein of 
229E, OC43, MERS and SARS-CoV are reported in the 
Additional file  6: Figure S1. Fluorescence intensities are 
shown in a color-coded manner from white (no binding) 
over yellow (medium binding) to red (strong binding). 
Data analysis and heatmap generation was performed by 
using the statistical computing and graphics software R 
(Version 4.0.2, www.r- proje ct. org). Differences in signal 
intensities between two sample groups (i.e. adults ver-
sus children) were analyzed by the Wilcoxon Rank Sum 
test (R package stats). The ROC analysis was performed 
by using the R package ROCR. Peptide signals with sig-
nificant difference between the groups was based on the 
accuracy value obtained with the formula “(true posi-
tive + true negative)/total number of observations”. To 
obtain a statistically significant difference for the immune 
response level between groups a threshold above 25′000 
was introduced instead of the above 10′000 initial 
threshold.

Further data analyses have been done using GraphPad 
Prism (GraphPad Software, version 8.0.0).

Results
In this study, we included 19 pediatric and 30 adult 
patients with active or recent SARS-CoV-2 infection 
and 30 non-infected adults who received the first dose 

of a SARS-CoV-2 vaccine. All pediatric patients were 
less than 12  years old and their serum samples were 
obtained after a positive SARS-CoV-2 rapid antigenic 
assay at the hospital admittance followed by a confir-
mation test by real-time PCR. Twelve children were 
under the age of 8 and their sera were tested individu-
ally. In addition, two pools of sera obtained from four 
children aged 8–9 and three children aged 10–12 were 
also analyzed. All children were admitted to the hos-
pital for pathologies other than COVID-19. Sera sam-
ples from SARS-CoV-2 infected adults were collected 
approximately 30 days post-diagnosis in the group with 
asymptomatic/mild/moderate disease, and between 
5–30  days post-symptom onset in the group with 
severe/critical symptoms. The age, gender and clinical 
status of patients is reported in Table 1.

The male gender predominated among adult patients 
with severe symptoms (81.3%) and was slightly higher 
than female gender among subjects with asympto-
matic/mild/moderate symptoms (57.1%). In addition, 
most adults were over 45 years of age, regardless of the 
severity of their symptoms (71.4% and 81.3%, respec-
tively). The mild/moderate symptoms group included 
three asymptomatic subjects as well as three and eight 
subjects with mild and moderate symptoms, respec-
tively. The group of patients with severe/critical symp-
toms included 3 patients in pre-intensive care and 13 
patients in intensive care. In addition, three pools each 
containing sera from 10 uninfected vaccinated subjects 
for a total of 30 samples were also analyzed.

Table 1 Patients with SARS-CoV-2 infection comprised children, 
adults with asymptomatic/mild/ moderate symptoms and adults 
with severe/critical symptoms (hospitalized in sub-intensive or 
intensive care unit)

°All pediatric patients were affected by pathologies other than COVID-19

^P value was calculated to evaluate differences between the adult groups
* The group comprises one female and 2 males
** The group comprises 2 females and 11 males

Characteristic Pediatric°
n = 19 
(%)

Adults 
(Asymptomatic/
mild/ 
moderate)
n = 14 (%)

Adults 
Severe/
critical 
symptoms
N = 16 (%)

P value^

Age

  ≤ 12 years 19 / /

 30–45 years / 4 (28.6) 3* (18.7) 0.533

       > 45 years / 10 (71.4) 13** (81.3)

Sex 0.157

 Male 11 (57.9) 8 (57.1) 13 (81.3)

 Female 8 (42.1) 6 (42.9) 3 (18.7)

http://www.r-project.org
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Analysis of antibody levels against SARS‑CoV‑2 proteome
To evaluate the IgG antibody response against SARS-
CoV-2 and human coronaviruses SARS-CoV, MERS, 
229E, OC43, NL63 and HKU1 (isolates 1, 2 and 5), a pep-
tide microarray covering the full SARS-CoV-2 proteome 
and S, E, N and M proteins of other human coronaviruses 
was used for the serological assays [26]. Serum samples 
from all SARS-CoV-2 infected patients showed high 
reactivity against numerous peptides derived from sev-
eral proteins of SARS-CoV-2 proteome (Fig. 1A). In par-
ticular, we observed strongest fluorescent signals against 
peptides derived from N, S, R1A and R1AB proteins in all 
samples from SARS-CoV-2 infected subjects. Figure  1A 
shows for each enrolled subject the sum of fluorescent 
signals obtained against all peptides for each SARS-
CoV-2 protein. Several samples in the control group and 
in the vaccinated non-infected individuals (VAX-B1, 
VAX-B2, and VAX-B3) showed some degree of reactivity, 
which may be due to non-specific antibody binding or to 
cross-reactive immune response against antigens com-
mon to other coronavirus strains.

The IgG responses against each SARS-CoV-2 and 
other human coronaviruses peptides varied between 
individuals and patient groups and was considerably 
higher among those with severe symptoms. Overall, the 
color-coded heatmaps, reproducing the signal inten-
sity for each peptide, showed an increased reactivity 
towards those corresponding to the C-terminus and cen-
tral region of either N or S proteins, the C-terminus of 
ORF3A and the central region of NS7A in all analyzed 
samples (Additional file 6: Figure S1). Interestingly, sam-
ples from children less than 8  years old reacted mostly 
against the N-terminus peptides of the M protein while 
adults mainly reacted against the C-terminus.

To identify the immunodominant epitopes, we set 
threshold values above 25′000 and observed that all sera 

samples (100%, 16 out of 16) obtained from severe symp-
toms patients, 36% (5 out of 14) of individuals with mild 
symptoms, 8% (1 out of 12) of 8-years old and none of 
8–12  years old children reacted against specific pep-
tides of SARS-CoV-2 N protein (Fig. 1B). Similarly, sera 
from most patients with severe disease (81%) and several 
of those with mild symptoms (29%) as well as children 
younger than 8 years (17%) strongly reacted against the S 
protein domains (Additional file 7: Figure S2-A). On the 
other hand, the percentage of samples with high signal 
intensity against SARS-CoV-2 M peptides was very high 
among children below 8-years (67%, 8 out of 12), high 
among severe symptoms patients (31%, 5 out of 16) and 
low in the remaining groups (≤ 7%) (Additional file  7: 
Figure S2-B).

To identify the most immunogenic peptides in each 
patient group, we compared the antibody signal intensi-
ties of mild versus severe symptoms patients, children 
versus mild symptoms subjects as well as children versus 
severe symptoms patients (Table 2). By setting the p value 
to < 0.01 we identified 10 peptides, differentiating adults 
with mild/moderate symptoms from those with severe 
symptoms, and 30 peptides distinguishing children from 
adults with mild/moderate or severe symptoms (Table 2).

The sera of patients with severe symptoms were highly 
reactive against all SARS-CoV-2 peptides compared to 
individuals with mild or moderate symptoms (Additional 
file 8: Figure S3-A). In particular, two epitopes of the N 
protein, aa 157–171 and aa 161–175, showed the high-
est signals (> 18′000 Units) when probed with the sera 
of patients with severe symptoms. High IgG reactivity 
against these two peptides was also observed with sera 
samples of five subjects presenting moderate symptoms. 
Moreover, both children or adult patients with severe 
symptoms, but not those from other subjects, developed 
antibodies with high reactivity against the SARS-CoV-2 

Fig. 1 Barplot A showing the sum of signals for each protein. Samples labeled as control are samples incubated with the secondary antibody only 
(n = 3), the PDC are from SARS-CoV-2 positive children, INT indicates adults with mild/moderate symptoms and HOS identifies hospitalized patients 
with severe symptoms. Samples labeled as VAX-B1, VAX-B2 and VAX-B3 are each a pool of sera from 10 vaccinated subjects. Barplot B showing the 
fraction of signals above the threshold of 25’000. Samples are labelled as in A 
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S aa 557–571 peptide (Additional file  8: Figure S3-AB)( 
Additional file  9: Figure S4). The sera of children, simi-
larly to adult patients with severe disease, showed a 

significantly stronger reaction against 25 peptides, mainly 
of the R1AB and S proteins, compared to adults with mild 
or moderate symptoms (Table  2). In addition, children 

Table 2 Linear peptides of SARS-CoV-2 proteome differentially recognized by IgG of adults and children

* The amino acids highlighted in bold indicate overlapping sequences between different peptides in each protein

Peptide Organism Protein Sequence* p‑value Comparison groups AUC 

Adults

 NCAP_SARS2_0157-0171 SARS-CoV-2 N IVLQLPQGTTLPKGF 9.9X10−3 Mild/Sev 0.773

 NCAP_SARS2_0161-0175 SARS-CoV-2 N LPQGTTLPKGFYAEG 4.9X10−3 Mild/Sev 0.796

 NCAP_SARS2_0221-0235 SARS-CoV-2 N LLLLDRLNQLESKMS 1.6X10−5 Mild/Sev 0.924

 NCAP_SARS2_0393-0407 SARS-CoV-2 N TLLPAADLDDFSKQL 1X10−3 Mild/Sev 0.84

 SPIKE_SARS2_0557-0571 SARS-CoV-2 S KKFLPFQQFGRDIAD 8.6X10−3 Mild/Sev 0.778

 SPIKE_SARS2_0785-0799 SARS-CoV-2 S VKQIYKTPPIKDFGG 1X10−4 Mild/Sev 0.889

 SPIKE_SARS2_0789-0803 SARS-CoV-2 S YKTPPIKDFGGFNFS 2X10−3 Mild/Sev 0.822

 SPIKE_SARS2_1145-1159 SARS-CoV-2 S LDSFKEELDKYFKNH 1.2X10−3 Mild/Sev 0.836

 R1A_R1AB_SARS2_0249-0263 SARS-CoV-2 1A-1AB YELQTPFEIKLAKKF 4.8X10−3 Asym/mild 0.926

 R1AB_SARS2_6073-6087 SARS-CoV-2 1AB HLIPLMYKGLPWNVV 5.7X10−3 Mild/Sev 0.791

Children

 NCAP_SARS2_0109-0123 SARS-CoV-2 N YFYYLGTGPEAGLPY 9.1X10−3 Ped/Mild 0.2

 NS7A_SARS2_0009-0023 SARS-CoV-2 NS7A LITLATCELYHYQEC 3.2X10−3 Ped/Mild 0.18

 NS8_SARS2_0033-0047 SARS-CoV-2 NS8 VDDPCPIHFYSKWYI 5.9X10−3 Ped/Mild 0.2

 R1A_R1AB_SARS2_2001-2015 SARS-CoV-2 1A-1B ATYKPNTWCIRCLWS 3X10−4 Ped/Mild 0.12

 R1A_R1AB_SARS2_2157-2171 SARS-CoV-2 1A-1B VTRCLNRVCTNYMPY 1.3X10−5

4.3X10−3
Ped/Mild
Ped/Sev

0.07
0.2

 R1A_R1AB_SARS2_3005-3019 SARS-CoV-2 1A-1B VLNNDYYRSLPGVFC 5X10−4 Ped/Mild 0.13

 R1A_R1AB_SARS2_3469-3483 SARS-CoV-2 1A-1B AWLYAAVINGDRWFL 5.1X10−3 Ped/Mild 0.2

 R1A_R1AB_SARS2_4269-4283 SARS-CoV-2 1A-1B FCAFAVDAAKAYKDY 3.7X10−3 Ped/Mild 0.19

 R1AB_SARS2_4541-4555 SARS-CoV-2 1A-1B YNCCDDDYFNKKDWY 9.1X10−3 Ped/Mild 0.2

 R1AB_SARS2_4653-4667 SARS-CoV-2 1A-1B LTKPYIKWDLLKYDF 1X10−4 Ped/Mild 0.1

 R1AB_SARS2_4673-4687 SARS-CoV-2 1A-1B KLFDRYFKYWDQTYH 1.6X10−3 Ped/Mild 0.16

 R1AB_SARS2_4725-4739 SARS-CoV-2 1A-1B IFVDGVPFVVSTGYH 6.8X10−3 Ped/Mild 0.2

 R1AB_SARS2_4729-4743 SARS-CoV-2 1A-1B GVPFVVSTGYHFREL 7.9X10−3 Ped/Mild
Ped/Sev

0.2
0.16

 R1AB_SARS2_4809-4823 SARS-CoV-2 1A-1B KDFYDFAVSKGFFKE 5.9X10−3 Ped/Mild 0.2

 R1AB_SARS2_4845-4859 SARS-CoV-2 1A-1B YDYYRYNLPTMCDIR 6X10−4 Ped/Mild 0.14

 R1AB_SARS2_5273-5287 SARS-CoV-2 1A-1B FHLYLQYIRKLHDEL 5X10−4 Ped/Mild 0.13

 R1AB_SARS2_5829-5843 SARS-CoV-2 1A-1B AWRKAVFISPYNSQN 6.8X10−3 Ped/Sev 0.27

 R1AB_SARS2_6073-6087 SARS-CoV-2 1A-1B HLIPLMYKGLPWNVV 4X10−4 Ped/Mild 0.133

 R1AB_SARS2_6153-6167 SARS-CoV-2 1A-1B HHSIGFDYVYNPFMI 2.7X10−3 Ped/Mild 0.18

 R1AB_SARS2_6681-6695 SARS-CoV-2 1A-1B GYAFEHIVYGDFSHS 7.9X10−3 Ped/Mild 0.2

 R1AB_SARS2_6973-6987 SARS-CoV-2 1A-1B SWNADLYKLMGHFAW 1.3X10−3 Ped/Mild 0.16

 SPIKE_SARS2_0133-0147 SARS-CoV-2 S FQFCNDPFLGVYYHK 8X10−4 Ped/Mild 0.148

 SPIKE_SARS2_0265-0279 SARS-CoV-2 S YYVGYLQPRTFLLKY 7.9X10−3 Ped/Sev 0.214

 SPIKE_SARS2_0325-0339 SARS-CoV-2 S SIVRFPNITNLCPFG 1.6X10−3

2.7X10−3
Ped/Mild
Ped/Sev

0.167
0.181

 SPIKE_SARS2_0553-0567 SARS-CoV-2 S TESNKKFLPFQQFGR 3.7X10−3 Ped/Mild 0.19

 SPIKE_SARS2_0557-0571 SARS-CoV-2 S KKFLPFQQFGRDIAD 3.2X10−3 Ped/Mild 0.186

 SPIKE_SARS2_0785-0799 SARS-CoV-2 S VKQIYKTPPIKDFGG 2.7X10−3 Ped/Mild 0.181

 SPIKE_SARS2_1201-1215 SARS-CoV-2 S QELGKYEQYIKWPWY 9X10−4 Ped/Mild 0.15

 SPIKE_SARS2_1205-1219 SARS-CoV-2 S KYEQYIKWPWYIWLG 3.7X10−3 Ped/Mild 0.19

 VME1_SARS2_0005-0019 SARS-CoV-2 M NGTITVEELKKLLEQ 7.9X10−3 Ped/Mild 0.2
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and adult patients with severe symptoms showed a simi-
lar high antibody response against two domains, namely 
the aa 5–19 of the M protein as well as the aa 553–567 
of the S protein, which was not observed in the other 
patient group. Importantly, high IgG levels against amino 
acids 785–799 of S protein were specifically detected in 
patients with severe symptoms but not in other patient 
groups (Additional file 8: Figure S3-B)( Additional file 9: 
Figure S4).

Analysis of antibody levels against SARS‑CoV, MERS‑CoV, 
OC43, 229E, HKU1 and NL63
SARS-CoV-2 infected patients as well as vaccinated not-
infected individuals developed cross-reactive antibod-
ies against peptides of MERS-CoV, SARS-CoV and other 
coronaviruses (Fig. 2).

The immunodominant epitopes derived from the seven 
human coronaviruses, which are differentially recog-
nized by the sera of diverse patient groups, are listed in 
the Additional file 2: Table S2. Overall, sera from patients 
with severe symptoms exhibited much more reactiv-
ity against SARS-CoV-2 and SARS-CoV in comparison 
with those from pediatric and mild/moderate symptoms 
patients (Fig. 2).

By setting the signal threshold above 25′000 no signifi-
cant reactivity to SARS-CoV-2 peptides was detected in 
the vaccinated group compared to infected subjects, sug-
gesting either that the first dose of vaccine induced low 
antibody levels (samples were collected 15–20 days after 
vaccination), or that vaccine-induced antibodies prefer-
entially target conformational epitopes rather than linear 
epitopes.

Antibodies against N and S proteins of other coro-
naviruses (SARS-CoV, MERS, 229E, OC43, NL63 and 
HKU1) were detected in all groups without a significant 

correlation with the levels of SARS-CoV-2 fluorescent 
signals. However, the majority of samples reacted against 
peptides of MERS, a virus that has never been spread in 
Western countries, suggesting a cross-reaction of anti-
bodies raised against different coronavirus proteins 
(Additional file 10: Fig. S5). In addition, all SARS-CoV-2 
positive patients and vaccinated subjects exhibited high 
antibody response to S antigens of 229E, HKU1, NL63, 
OC43, and SARS-CoV. On the other end, a variable 
reactivity against N peptides of all coronaviruses was 
observed between patients in each group, but the signal 
intensities were generally low in vaccinated non-infected 
subjects.

The percentage of individuals who developed IgGs 
against N and S proteins of all coronaviruses is reported 
in Additional file 3: Table S3. Overall, the majority of sub-
jects generated more anti-S than anti-N antibodies for 
all common coronaviruses. On the contrary, the patients 
with severe symptoms developed a stronger IgG response 
against linear peptides of SARS-CoV-2 N protein than 
S protein compared to other patient groups (Additional 
file 3: Table S3, Additional file 10: Figure S5). Moreover, 
children developed a stronger immunoreaction against 
other human coronaviruses than SARS-CoV-2.

Identification of conserved immunodominant amino acid 
sequences between SARS‑CoV‑2 and human coronaviruses 
SARS‑CoV, MERS‑CoV, OC43, 229E, HKU1 and NL63
In order to determine whether SARS-CoV-2 antigens 
elicited cross-reactive antibodies against other corona-
viruses, we performed homology search and amino acid 
sequence alignments of SARS-CoV-2 immunodominant 
peptides with other human coronaviruses (Table 3).

Among these, six SARS-CoV-2 peptides showed high 
sequence similarity to the corresponding domains of 

Fig. 2 The heatmap depicts the humoral response of COVID-19 patients to the epitopes of N and S proteins of human coronaviruses with a signal 
threshold above 25’000. Samples labeled as PDC are children below 8 years of age, PDC.8-9p and PDC.10-12p are pools of sera from children in the 
range 8–9 and 10–12 years of age, respectively. Samples labeled as INT are from patients with mild or moderate symptoms, HOS are from patients 
with severe symptoms. Samples labeled as INT-B1, INT-B2 and INT-B3 are each a pool of sera from 10 vaccinated subjects. The color intensity 
designates the number of peptides of the indicated coronaviruses with a signal intensity threshold above 25’000
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SARS-CoV and one peptide to the OC43, NL63 and 229E 
epitopes. Three peptides, namely SARS-CoV-2 N aa 109–
123, S aa 553–567 and S aa1201-1215, showed high reac-
tivity with children sera, but not with adult specimens 
(Additional file  11: Figure S6-B). On the other hand, 
four peptides, namely SARS-CoV-2 N aa 157–175, N aa 
221–235, N 393–407 and S aa 1145–1159, showed high 
signals only when probed with adult sera. Overall, com-
parison of fluorescent signals, obtained by probing each 
sample against SARS-CoV-2 immunodominant peptides 
and corresponding coronavirus epitopes, showed similar 
values indicating that anti-SARS-Cov-2 antibodies were 
cross-reactive with other human coronaviruses epitopes 
(Fig. 3A (1-4) and B(1-3))(Additional file 11: Figure S6-A). 
Only the 229E S aa 1105–1119 peptide probed with the 
children sera was more reactive than SARS-CoV-2 S aa 
1201–1215, probably due to a recent infection with 229E 
strain (Additional file  11: Figure S6-B). The antibody 
response was always significantly higher in severe symp-
toms patients (Fig. 3 A-2, A-3, A-4).

Clinical laboratory findings in COVID‑19 patients
Hematological and inflammatory parameters of chil-
dren and hospitalized patients have been reported in 
Additional files 4, 5: Table  S4 and S5. The majority of 
patients with severe symptoms who were admitted 
to intensive care experienced hyperglycemia (100%), 
increased prothrombin activity (100%) as well as high 
levels of D-Dimer (69%) and urea nitrogen (80%). These 

findings are in agreement with previous studies showing 
that severe COVID-19 has been reported to be associ-
ated with increased blood glucose and its monitoring 
improves prognosis [27, 28].

Among children presenting with SARS-CoV-2 related 
symptoms, 60% had high D-Dimer values, 80% had high 
PCR levels and 100% had high levels of PCT (Additional 
file 5: Table S5).

Discussion
Antibody levels elicited by SARS-CoV-2 proteins follow-
ing natural infection or vaccine administration are so far 
considered the strongest correlates of protection from 
virus reinfection and COVID-19 disease severity [29, 30]. 
In addition, COVID-19-related hospitalization or death 
is strongly reduced by the administration of anti-SARS-
CoV-2 monoclonal antibodies targeting the S protein 
[31–34]. However, while some studies showed that an 
abundance of immunoglobulins against SARS-CoV-2 was 
associated with reduced disease severity and faster recov-
ery, other findings showed that high antibody titers were 
associated with severe COVID-19 symptoms [35–38].

We have analyzed the antibody response in three 
cohorts of SARS-CoV-2 infected subjects including chil-
dren, adults with mild/moderate symptoms and hospi-
talized patients with severe COVID-19. The analysis of 
serum immunoreactivity to 5,892 linear peptides, cor-
responding to the whole SARS-CoV-2 proteome as well 
as to the N and S proteins of six human coronaviruses, 

Table 3 Alignment of SARSCoV-2 peptides with the corresponding amino acid sequences of other human coronaviruses, which 
showed significant high signals with (A) adults and (B) children sera. Homologous sequences are marked in bold

A)

SARS-CoV-2 NCAP 157IVLQLPQGTTLPKGFYAEG175 221LLLLDRLNQLESKMS235 393TLLPAADLDDFSKQL407

SARS-CoV NCAP 157ATVLQLPQGTTLPKGYAEG175 221ALLLLDRLNQLESKV235 393VTLLPAADMDDFSRQ407

SARS-CoV-2 SPIKE 1145LDSFKEELDKYFKNH1159

SARS-CoV SPIKE 1129SFKEELDKYFKNHTS1143

MERS SPIKE 1225NSTGIDFQDELDEFF1243

B)

SARS-CoV-2 NCAP 109YFYYLGTGPEAGLPY123

SARS-CoV NCAP 101KMKELSPRWYFYYLG115

OC43 NCAP 113DGNQRQLLPRWYFYY127

121PRWYFYYLGTGPHAK135

MERS NCAP 89NGIKQLAPRWYFYYT103

93QLAPRWYFYYTGTGP107

NL63 NCAP 77HFYYLGTGPHKDLKF91

SARS-CoV-2 SPIKE 553TESNKKFLPFQQFGR567 1201QELGKYEQYIKWPWY1215

SARS-CoV SPIKE 537VLTPSSKRFQPFQQF551

OC43 SPIKE 1285KDIGTYEYYVKWPWY1299

NL63 SPIKE 1285LLNRFENYIKWPWWV1299

229E 1105LNRVETYIKWPWWVW1119
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showed that all SARS-CoV-2 infected subjects exhibit a 
robust IgG response mainly against SARS-CoV-2 N and 
S peptides. These results are in agreement with previous 
studies reporting N and S as the main antigenic proteins 
in SARS-CoV-2 infected individuals [39–45]. In addition, 
patients with severe symptoms developed the highest 
antibody levels against SARS-CoV-2 N epitopes, while 
children have the lowest, suggesting an age-dependent 
antibody production against the N protein. The reduced 
magnitude of N antibodies in children has been prior 
reported in other studies and suggested to be related to 
a lower virus replication and limited release of N pro-
teins in children [46, 47]. Several studies have shown 
that SARS-CoV-2 receptor ACE2 has a lower expression 
in the lungs of children compared to adults and that low 
ACE2 levels could be related to reduced virus replication 
and decreased susceptibility of children to Covid-19 [48].

In accordance with previous studies, we observed that 
children developed higher levels of antibodies against 
S protein compared to adults [40]. One explanation for 
different IgG responses against SARS-CoV-2 proteins 
between children and adults could be the higher rate of 
infection with other human coronaviruses and related 
stronger cross-immunity in children [49]. Accordingly, 

we observed that in children, but not in adults, the IgG 
response against the coronavirus 229E S aa 1105–1119 
epitope was stronger than the homologous SARS-CoV-2 
S aa 1201–1215 domain suggesting a pre-existing cross-
protective immunity against SARS-CoV-2. In addition, 
several studies evaluating the cytokine profile in SARS-
CoV-2 infected subjects showed that children in compar-
ison with adults have lower cytokine levels, particularly 
IL-8, IL-6, and MCP-1, and those antibodies against spe-
cific SARS-CoV-2 proteins, such as ORF8, inversely cor-
relate with IL-6 levels suggesting a negative feedback loop 
between anti-viral antibody production and expression of 
inflammatory factors [50]. Moreover, Loske et al., by per-
forming single-cell analysis of the upper airway observed 
in the epithelial cells, macrophages and dendritic cells a 
higher expression of MDA5 and RIG-I pattern recogni-
tion receptors in SARS-CoV-2-negative and SARS-CoV-
2-positive children compared to adults [51]. In addition, 
distinct immune cell types, including KLRC1 (NKG2A)+ 
cytotoxic T cells and a  CD8+ T cell population, were 
identified in the airway immune cells of children possibly 
associated with stronger early innate response to SARS-
CoV-2 infection [51].

157IVLQLPQGTTLPKGF171 157ATVLQLPQGTTLPKG167 221LLLLDRLNQLESKMS235 221ALLLLDRLNQLESKV235 393TLLPAADLDDFSKQL407 393VTLLPAADMDDFSRQ407
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Fig. 3 A SARS-CoV-2 N protein antibodies cross-react with SARS-CoV N protein (panels A1, A2, A3) and S protein (panel A4) in adults; B 
SARS-CoV-2 N protein antibodies cross-react with SARS-CoV N (panel B1 and S B2 proteins in children
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Several immunodominant domains in SARS-CoV-2 N 
and S proteins have been previously identified by means 
of different methodologies [39, 52, 53]. In our study, 
by using a peptide microarray analysis, we identified 
eight linear peptides of SARS-CoV-2 N and S proteins, 
which have been found to elicit higher antibody levels 
in severe symptoms compared to mild/moderate symp-
toms adult patients. Among these, two overlapping 
sequences (aa 157–171 and aa 161–175) of the N pro-
tein have been previously shown to be associated with 
severe disease also in other studies [53, 54]. Indeed, 
Amrun et  al. reported a direct relationship between 
disease severity and antibody abundance against the 
two above described epitopes by analyzing pooled sera 
of COVID-19 patients [54]. Accordingly, Gregory et al. 
reported that the antibody levels against the N domain 
aa 161–171 were specifically increased in patients with 
SARS-CoV-2-related severe disease [53]. Furthermore, 
an additional epitope (aa 221–235) of the N protein has 
shown to be highly reactive when probed with the sera 
of patients with severe disease in our and in other pub-
lished studies [55].

Our findings showed that sera from hospitalized 
patients were also strongly reactive against three pep-
tides in the S1 subunit, one located in the receptor bind-
ing domain (aa 557–571) and two in the fusion domain 
(aa 785–799 and aa 789–803), as well as one peptide (aa 
1145–1159) in the S2 subunit. Previous studies only iden-
tified the aa 785–799 peptide as one of the immunodomi-
nant epitopes of S protein in COVID-19 patients [19, 26, 
55].

The VirScan platform, based on the immunoprecipi-
tation and DNA sequencing of a phage display library 
spanning the SARS-CoV-2 and all other human corona-
viruses proteomes, has been used to profile the antibody 
response to SARS-CoV-2 in 19 patients and seven unex-
posed control subjects [42]. Among the reactive epitopes 
of SARS-CoV-2 N and S proteins, which were specifically 
recognized by several SARS-CoV-2 infected subjects, 
there were sequences comprising all the N epitopes (aa 
157–171, aa 161–175, aa 221–235 and aa 393–407) and 
the S epitopes (aa 557–571, aa 785–799, aa 789–803 and 
aa 1145–159) identified in our study [42].

In addition, we have identified a previous unreported 
R1A-R1AB epitope (aa 249–263), which elicited IgG 
response in all SARS-CoV-2 infected patients, but the 
antibody abundance was higher in the asymptomatic 
compared to mild/moderate symptoms patients. Of 
note, this peptide has high homology to the amino acid 
sequences EIKKAKKF and SPFEIKLA, contained in the 
diphtheria, tetanus, and pertussis vaccines (DTP), which 
have been suggested to cause a cross-reactive immunity 

to SARS-CoV-2 [56]. However, given the limited number 
of asymptomatic subject in our study and their antibody 
levels against the DTP vaccine we cannot conclude that 
a cross-reactivity response between SARS-CoV-2 and 
DTP has protected these subjects from SARS-CoV-2 
symptoms.

Previous studies evaluating the humoral immune 
response elicited by SARS-CoV-2 infection in children 
and adults showed several differences in the viral proteins 
targeted by the antibodies [57]. Hachim et  al. reported 
that SARS-CoV-2 infected children produced lower lev-
els of antibodies targeting S, M, ORF3a, ORF7a, ORF7b, 
comparable levels to ORF8 and elevated antibody titers 
to E protein than adults [57]. On the other hand, we iden-
tified 30 distinct peptides in the S, N, M, R1A-R1AB and 
accessory proteins NS7A and NS8, which elicited signifi-
cant higher antibody levels in children less than 8 years 
old compared with adults diagnosed with mild/moder-
ate symptoms. It has been suggested that children may 
be protected from SARS-CoV-2 through cross-reactive 
immunity elicited by vaccinations. However, among these 
peptides only the M epitope (aa 5–19) has been shown to 
share homology with the VEELKKLL sequence contained 
in the DTP vaccines and suggested to elicit cross-reactive 
adaptive immunity to SARS-CoV-2 [56].

In silico studies predicting SARS-CoV-2 immuno-
genicity suggested the existence of cross-reactive B-cell 
and T-cell domains between SARS-CoV-2 and common 
human coronaviruses [26]. Importantly, the preexisting 
immune response elicited by common cold coronavi-
ruses to SARS-CoV-2 has been proposed to influence the 
clinical course of COVID-19. Several T-cell epitopes and 
B-cell cross-reactivity have been identified [58, 59]. How-
ever, common cold coronaviruses are known to induce 
transient humoral immune response with antibodies 
without neutralizing activity against SARS-CoV-2 [60, 
61].

We found that all sera from SARS-CoV-2 infected 
and vaccinated adult subjects reacted against S and N 
protein of 229E, HKU1, NL63, OC43, and SARS-CoV. 
However, the fluorescent signals were lower compared 
to the SARS-CoV-2 IgG response. On the contrary, chil-
dren showed a stronger antibody response against N and 
S proteins of other coronaviruses compared to SARS-
CoV-2. The higher reactivity to MERS, a virus that has 
never spread to Western countries, suggests the occur-
rence of non-specific binding to MERS proteins by chil-
dren and adults IgGs.

Among the immunodominant epitopes of SARS-
CoV-2, which had a significant binding difference 
between mild/moderate and severe symptoms adult 
patients, three peptides of the N protein (aa 157–175, 
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221–235 and 393–407) and one of S protein (aa 1145–
1159) showed a relevant homology with the correspond-
ing domain in SARS-CoV. Antibody levels towards 
SARS-CoV-2 and homologous SARS-CoV domains were 
correspondingly high in severe symptoms patients and 
low in mild/moderate symptoms patients. Accordingly, 
two immunodominant peptides of SARS-CoV-2 N (aa 
109–123, aa 221–235) and one of S (553–567) showed 
similar results with children sera. On the other hand, 
sera from children were found to bind significantly more 
the S peptide aa 1105–1119 of the 229E coronavirus 
than corresponding antigens of SARS-CoV-2 and other 
coronaviruses. Other studies reported that infection 
with SARS-CoV-2 elicits or boosts the level of antibod-
ies that bind to the N and S proteins of other coronavi-
ruses, including SARS-CoV, MERS-CoV, HCoV-NL63, 
and HCoV-OC43, particularly in patients with severe 
symptoms [42, 62, 63]. However, our results showed that 
the cross-reactive antibody responses against several 
epitopes shared between SARS-CoV-2 and other coro-
naviruses largely depends on the abundance of antibod-
ies elicited by SARS-CoV-2. Conversely, the higher level 
of antibodies raised against 229E epitopes compared to 
SARS-CoV-2 in children may be associated with a pro-
tective cross-reactive immune response. However, a prior 
study evaluating the infection of seasonal coronaviruses 
in SARS-CoV-2 infected children with or without mul-
tisystem inflammatory syndrome have not observed any 
interference with SARS-CoV-2 clinical course [64].

Our study has some limitations such as 1) the retro-
spective design that does not allow proper analysis of 
several laboratory parameters such as the inflammatory 
markers; 2) the range of time from diagnosis to sera col-
lection varying up to 20 days in the mild/moderate symp-
toms group; 3) the limited number of patients in some 
groups may have underestimated peptides with statisti-
cally significant antibody reactivity, and 4) only antibod-
ies targeting linear peptides, instead of the natively folded 
antigens, have been measured by peptide-microarray 
analysis.

Conclusion
In conclusion, the study of the antibody levels to peptides 
covering the whole SARS-CoV-2 proteome allowed iden-
tifying specific immunodominant amino acid sequences 
in children and adult patients. In addition, we have 
confirmed previous studies showing that the antibody 
abundance towards specific sequences of N and S pro-
teins are associated with severe disease in adult patients. 
Overall, the peptides associated with immune response 
in children, which in most cases do not exhibit severe 

symptoms, may be valuable targets for SARS-CoV-2 vac-
cines or diagnostics and provide insights into the viral 
pathogenesis.
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