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Abstract: The impact of the COVID-19 pandemic caused by the SARS-CoV-2 virus underscored the
crucial role of laboratorial tests as a strategy to control the disease, mainly to indicate the presence of
specific antibodies in human samples from infected patients. Therefore, suitable recombinant antigens
are relevant for the development of reliable tests, and so far, single recombinant proteins have been
used. In this context, B-cell epitopes-based chimeric proteins can be an alternative to obtain tests
with high accuracy through easier and cheaper production. The present study used bioinformatics
tools to select specific B-cell epitopes from the spike (S) and the nucleocapsid (N) proteins from the
SARS-CoV-2 virus, aiming to produce a novel recombinant chimeric antigen (N4S11-SC2). Eleven
S and four N-derived B-cell epitopes were predicted and used to construct the N4S11-SC2 protein,
which was analyzed in a recombinant format against serum and urine samples, by means of an in
house-ELISA. Specific antibodies were detected in the serum and urine samples of COVID-19 patients,
which were previously confirmed by qRT-PCR. Results showed that N4S11-SC2 presented 83.7%
sensitivity and 100% specificity when using sera samples, and 91.1% sensitivity and 100% specificity
using urine samples. Comparable findings were achieved with paired urine samples when compared
to N and S recombinant proteins expressed in prokaryotic systems. However, better results were
reached for N4S11-SC2 in comparison to the S recombinant protein when using paired serum samples.
Anti-N4S11-SC2 antibodies were not clearly identified in Janssen Ad26.COV2.S COVID-19-vaccinated
subjects, using serum or paired urine samples. In conclusion, this study presents a new chimeric
recombinant antigen expressed in a prokaryotic system that could be considered as an alternative
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diagnostic marker for the SARS-CoV-2 infection, with the potential benefits to be used on serum or
urine from infected patients.

Keywords: B-cell epitopes; chimeric protein; diagnosis; urine; serum; SARS-CoV-2

1. Introduction

Considering the impact of the COVID-19 pandemic caused by the SARS-CoV-2 virus,
scientists around the world have continued to look for new solutions to curb virus trans-
mission and prevent a new wave of this life-threatening disease. In vitro diagnostic assays
have proven to be a critical part of the complete strategy to control the COVID-19 pandemic.
While serological tests are not currently applicable to diagnose an acute infection on their
own, they can indicate the presence of antibodies generated from a previous infection
and/or vaccination [1]. In addition to the importance of serological tests at the population
level to support surveillance studies, they are currently relevant for patients seeking med-
ical care with late diagnosis, those with co-morbidities and complications of the disease
presenting persistent symptoms caused by ‘long COVID’ [2–4].

The SARS-CoV-2 virus has mutated over time, resulting in genetic variation in the
population of circulating viral strains. Such mutations have impacted the diagnostic perfor-
mance of distinct molecular and serological tests leading to reduced accuracy. Therefore, it
is relevant to search and obtain alternative diagnostic options aiming to improve the qual-
ity of the diagnosis of infection, especially among the vulnerable populations presenting
comorbidities [5].

Selecting SARS-CoV-2 recombinant proteins is essential for developing a reliable sero-
logical test. SARS-CoV-2 is an envelope virus with a positive-sense, single-stranded RNA
genome, comprising several non-structural proteins and four structural proteins: Nucleo-
capsid (N), Membrane (M), Spike (S) and Envelop (E). S protein is a surface-exposed protein
which plays an important role during the viral infection by binding to the angiotensin-
converting enzyme 2 (ACE-2) receptors of the host cells. N protein is an RNA-binding
protein crucial for the replication and transcription of SARS-CoV-2, being highly expressed
during infection [6,7]. Among the four structural proteins of SARS-CoV-2, N and S proteins
are the most immunogenic and, therefore, the most used in serological tests [8,9]. The SARS-
CoV-2 N protein can be efficiently expressed in prokaryotic system(s) maintaining good
immunoreactivity; however, the S protein has been preferentially expressed in eukaryotic
systems, which often generate post-translational modifications of this antigen [10].

Laboratorial tests have used serum samples to detect the disease. Although considered
less invasive than swabs, the sample’s collection presents a significant rate of complication,
since it can be unpleasant and requires a trained phlebotomist. By contrast, the collection of
urine to detect specific antibodies is less costly and samples are easy to store and thus could
be convenient for clinical and epidemiological studies [11]. Urine-based tests to detect
antibodies have been recently suggested as a non-invasive, simple and safe alternative
to detect anti-SARS-CoV-2 N and S antibodies. In these studies, a urine-based ELISA
targeting to identify anti-N protein antibodies showed sensitivity and specificity of 94.0%
and 100%, respectively. Meanwhile, the same assay using the S protein purified from a
prokaryotic system showed sensitivity and specificity of 89.0% and 97.0%, respectively.
Interestingly, when sera samples collected from the same patients were tested against
the prokaryotic S antigen, results showed sensitivity of 40.0% and specificity of 98.0%,
highlighting the difficulty to obtain antigens with high accuracy derived of prokaryotic
systems of purification [11,12].

Despite the biological sample evaluated, diagnostic antigens are required to be used
in sensitive and specific laboratorial tests. In this context, B-cell epitope-based chimeric
proteins have been proposed as advantageous in comparison to individual proteins, since
they show higher antigenicity against diverse biological samples [13,14]. In addition, bioin-



Viruses 2023, 15, 1877 3 of 14

formatics tools used to predict B-cell epitopes offer advantages in terms of speed and
biosafety, being unbiased by specific peptide selection [15]. Bioinformatics and/or mi-
croarray analyses have been applied to identify B-cell epitopes derived from SARS-CoV-2,
with corresponding peptides demonstrating a good diagnostic performance [10,14,16–18].
Javadi Mamaghani et al. [13] designed a multi-epitope SARS-CoV-2 protein and the antigen
showed good serodiagnostic efficacy. B-cell epitopes of SARS-CoV-2 identified by SPOT
synthesis analysis were incorporated as a chimeric protein, and the antigen showed also
diagnostic potential against the infection [19].

In this study, we apply bioinformatic tools to design a new chimeric protein containing
specific B-cell epitopes predicted by the amino acid sequences from S and N proteins of
SARS-CoV-2 virus, with the purpose to develop an alternative antigen for the detection of
COVID-19 cases, which will be easy to produce and presents better cost-effective conditions.
The results obtained in the in-house ELISA experiments indicated that the chimeric protein,
which was expressed in a prokaryotic system, could be effectively employed as a target
to reach a high-performance diagnostic test, by using both serum and urine samples
from patients.

2. Material and Methods
2.1. Research Subjects

This study was approved by the Human Research Ethics Committee from Federal
University of Minas Gerais (UFMG, Belo Horizonte, Brazil) with protocol number CAAE
30,437,020.9.0000.5149. All included participants were male or female adults who signed
an informed consent form. Patients (n = 79) with clinical symptoms and seeking hospital
assistance were assessed by the attending physician and included in this study after
confirmation of SARS-CoV-2 infection by positive qRT-PCR.

2.2. Biological Samples

Paired urine and serum samples (n = 135) from hospitalized patients were collected
on the first day of inclusion and whenever possible, on days 1, 3, 7 and 14 after recruitment;
thus, varying the corresponding day Post-Symptom Onset (PSO) for each patient. These
samples were collected before COVID-19 vaccination began in Brazil. Samples collected
before 2019 were considered truly negative and called “pre-COVID-19 negative” (n = 10
urine and n = 14 sera). Samples from subjects who had maintained a rigorous quarantine
and did not show any symptoms, were considered theoretically negative and called “post-
COVID-19 negative” (n = 11 urine and n = 6 sera). Samples from Janssen Ad26.COV2.S
COVID-19-vaccinated subjects (n = 40) were included in this study, and they were collected
after COVID-19 vaccination began in Brazil. Urine and serum samples were collected and
stored as described by Ludolf et al. [12]. Briefly, urines were diluted in 0.1% (w/v) sodium
azide and stored at 4 ◦C, while sera samples were stored at −20 ◦C, until use.

2.3. Prediction of B-Cell Epitopes and Construction of Chimeric Protein

The amino acid sequences of surface glycoprotein (YP_009724390.1) and nucleocapsid
phosphoprotein (YP_009724397.2) proteins [Severe acute respiratory syndrome coronavirus
2] were obtained from the Genbank. The IEDB server v2.26 (www.iedb.org, accessed on 16
August 2023) was used to identify the most accessible amino acids in the primary structures
using the B-Cell epitope prediction tool, through the parameter “Antigen Sequence Proper-
ties”. The method Emini Surface Accessibility Prediction was chosen with different window
sizes of 14, 12 and 10. All the amino acids with the threshold value above 1.0 were consid-
ered. Next, the ABCpred server (www.imtech.res.in/raghava/abcpred/, accessed on 16
August 2023) was used to predict the B-cell epitopes with window sizes of 14, 12 and 10. All
the sequences with the threshold value above 0.85 were considered. Overlapping regions
were assembled using Clustal Ômega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/,
accessed on 16 August 2023), comparing all the parameters with each other and with
the existing literature. The most frequent regions were considered as the final predicted

www.iedb.org
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epitopes. After assessment, the possible sequences were observed in the 3D structure of the
proteins to analyze their position and distribution (Figure 1A,B). At this point, the spatial
configuration of the proteins was analyzed to observe if the predicted sequences were
positioned in a way to enable and/or facilitate recognition. To do so, the structures were
obtained from Protein Data Bank (PDB) (https://www.rcsb.org/, accessed on 16 August
2023), and epitopes were selected and identified using the software SwissPDB-viewer
v4.10. For the surface glycoprotein (YP_009724390.1) and the nucleocapsid phosphoprotein
(YP_009724397.2), the PDB structures “6xr8A” and “8FD5” were used, respectively. Eleven
Spike and four Nucleocapsid B-cell epitopes were selected, and their amino acid sequences
were joined by –GPGPG- linker peptides aiming to provide flexibility and to avoid spatial
overlap [20]. The arrangement of the peptides in the chimeric protein was distributed in
a position as similar as possible to the original proteins, preserving the order in which
they appear. The Protparam tool from Expasy (https://web.expasy.org/protparam/, ac-
cessed on 16 August 2023) was used for the physical–chemical characterization of the
multi-epitope chimeric protein, which was called N4S11-SC2 (Figure 1C). In this step, the
new protein was analyzed again by ABCPred to confirm if the peptides would still be
suggested as antigenic regions.

2.4. Production of Recombinant N4S11-SC2 Protein

The chimeric protein-codifying gene sequence was commercially synthetized as having
1107 bp and it was cloned into prokaryotic expression vector pET28a-TEV (Genscript®,
Piscataway, NJ, USA). The construct was transformed into Escherichia coli BL-21 strain cells,
and the protein was expressed by addition of 0.2 mM isopropyl-β-d-thiogalactopyranoside
(IPTG; Promega, Madison, WI, USA) for 2 h at 37 ◦C in 1 L of LB medium (with yield of
36 mg/L of culture). Next, bacteria were centrifuged at 3000× g for 10 min at 4 ◦C and
suspended in lysis buffer (20 mM Tris-HCL, pH 8.0; 0.5 M NaCl; 5 mM imidazole; 8 M
urea; 1 mM β-mercaptoetanol), followed by six cycles of ultrasonication for 30 s each (at
90 Hz). Cellular debris was removed after 5000× g centrifugation for 15 min at 4 ◦C and the
supernatant was collected. The N4S11-SC2 protein was purified on a HisTrap HP affinity
column (GE Healthcare Life Sciences, Chicago, IL, USA) connected to an AKTA system.
Inclusion bodies were solubilized in 2 M urea buffer. A 12.5% (w/v) SDS-PAGE was done
to evaluate the purity of the recombinant protein. A Page Ruler broad range unstained
protein ladder (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) was used.

2.5. Immunoblottings

Immunoblottings were performed using the purified N4S11-SC2 protein, which was
applied (2 µg) to 12.5% SDS-PAGEs and blotted onto a nitrocellulose membrane (0.2 µm
pore size, Sigma-Aldrich/Merck, Darmstadt, Germany). Next, membrane was blocked
with a solution of phosphate buffered saline pH 7.4 (PBS) plus 0.05% (v/v) Tween 20
(PBS-T) and 1% (w/v) bovine serum albumin (BSA; Sigma-Aldrich/Merck, Darmstadt,
Germany), for 16 h at 37 ◦C, followed by incubation with 6-HIS tag antibody (1 mg/mL,
MA1-21315; Invitrogen; Rockford, IL, USA). Infected (n = 9) and negative pre-pandemic
sera (n = 9) pools were added for 1 h at 37 ◦C, with samples diluted 1:100 in in PBS-T and
anti-HIS antibody diluted 1:3000 in PBS-T. Next, membranes were washed with PBS-T and
an anti-human goat IgG peroxidase conjugated antibody (A18811; Invitrogen; Carlsbad,
CA, USA) was added in the plates (diluted 1:15,000 in PBS-T), with a new incubation
occurring for 1 h at 37 ◦C. After, reactions were developed using a solution composed by
chloronaphtol, diaminobenzidine and H2O2 for 30 min, and stopped by adding distilled
water. A Page Ruler pre-stained protein ladder (ThermoFisher Scientific Baltics, Vilnius,
Lithuania) was used.

https://www.rcsb.org/
https://web.expasy.org/protparam/
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clusion of –GPGPG- linker residues between each epitope, and the chimeric protein sequence is 
shown. N4S11-SC2 gene was inserted into pET-TEV expression vector using NheI and NotI re-
striction enzymes. pET-TEV N-terminal tag containing the initial M and 6X-HIS was maintained 
into the constructed and a STOP codon was added. Each sequence is represented by color on the 3D 
structure (A,B). Peptides 3 and 12 are not represented as the amino acids are not available on the 3D 
structure. 

Figure 1. Construction of the N4S11-SC2 chimeric protein. (A,B): Identification of the B-cell epi-
topes chosen to build the chimeric protein represented on the 3D structure of (A) surface glycoprotein
(YP_009724390.1) (PDB: 6xr8A) and (B) the nucleocapsid phosphoprotein (YP_009724397.2) (PDB:
8FD5). Structures were obtained from PDB and epitopes were selected and identified using SwissPDB-
viewer. (C): The selected B-cell epitopes were grouped in a linear sequence with the inclusion of
–GPGPG- linker residues between each epitope, and the chimeric protein sequence is shown. N4S11-
SC2 gene was inserted into pET-TEV expression vector using NheI and NotI restriction enzymes.
pET-TEV N-terminal tag containing the initial M and 6X-HIS was maintained into the constructed
and a STOP codon was added. Each sequence is represented by color on the 3D structure (A,B).
Peptides 3 and 12 are not represented as the amino acids are not available on the 3D structure.
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2.6. ELISA

ELISA experiments were conducted according to Ludolf et al., with few modifica-
tions [21]. Briefly, previous titration curves were performed to determine the most appro-
priate concentration of antigens, antibodies/sample dilution and time of incubations to be
used in the assays. High-binding ELISA plates (Nunc MaxiSorp™ flat-bottom; Invitrogen
by Thermo Fisher Scientific, Carlsbad, CA, USA) were coated with 400 ng/well of N4S11-
SC2 diluted in carbonate buffer pH 9.6 for 18 h at 4 ◦C. Wells were then blocked with a
solution of PBS-T and 1% (w/v) BSA for 2 h at 37 ◦C. Then, 100 µL/well of urine (undiluted)
or serum (diluted 1:100 in PBS-T) samples were added and the incubation occurred for 1 h
or 30 min for urine or serum samples, respectively, at 37 ◦C, after which they were again
washed. Peroxidase-conjugated anti-human IgG antibody (A18811, 1/10,000 dilution in
PBS-T; Invitrogen, Carlsbad, CA, USA) was added to the wells and plates were incubated
for 1 h or 30 min at 37 ◦C, for urine or serum samples, respectively. Next, wells were washed
and reactions were developed by addition of TMB (3,3’,5,5-tetramethylbenzidine) for 15 min
in the dark. Reactions were stopped by adding 0.5 M H2SO4 and the optical density (OD)
values were read on a microplate spectrophotometer (Multiskan Go, ThermoFisher, Fin-
land), at 450 nm. The cut-off values were determined as the mean plus 2.5 and 2.3 times the
standard deviation of negative samples for urine and serum assay, respectively. The index
(I) value for each sample was calculated using the equation I = (OD λ450 nm)/(cut-off).
The index value was classified as positive above 1.1, indeterminate between 0.8 and 1.1 and
negative below 0.8.

The prokaryotic recombinant proteins, N and S (Prok2-S1) were validated by Ludolf
et al. [12] and Ramos et al. [11]. These antigens were used as controls to compare the
performance of chimeric protein by using serum and urine samples (n = 72 each), which
were obtained after eight days PSO.

2.7. Statistical Analysis

Data were analyzed using the GraphPad PrismTM program (version 8.0 for Win-
dows; La Jolla, CA, USA). Value distributions [mean (M) ± standard deviation (SD), as
indicated] were obtained for continuous variables, while categorical ones were evalu-
ated as proportions. Receiver Operator Characteristic (ROC) curves were constructed
with the OD values of positive (SARS-CoV-2 infection) versus negative (pre-COVID-19
and post-COVID negative) samples. Diagnostic performance was evaluated by estima-
tion of sensitivity (Se), specificity (Sp), Area Under the Curve (AUC) and Youden in-
dex (J). Confidence intervals (CI) were defined at the 95% confidence level (95% CI).
A paired t-test was used to compare the distinct groups and p < 0.05 values were con-
sidered significant. Positive and Negative Predictive Values (PPV and NPV, respec-
tively) were calculated based on the index value, excluding the indeterminate value
samples, and using the equation NPV = true negative/false negative + true negative and
PPV = true positive/false positive + true positive.

3. Results
3.1. Construction of the Chimeric Protein

The amino acid sequences of surface glycoprotein (YP_009724390.1) and nucleocapsid
phosphoprotein (YP_009724397.2) proteins were evaluated by bioinformatics and the results
are shown (Figure 1A). Eleven Spike and four Nucleocapsid B-cell epitopes were selected
(Figure S1) and their amino acid sequences were used to construct the chimera-codifying
gene in the pET-TEV vector. The amino acid sequences were: TRTQLPPAYTNSFTRGVYY,
VYYHKNNKSWMESEFRVY, TRFASVYAWNRKRISN, QIAPGQTGKIADYNYKLP, SKVG-
GNYNYLYRLFRKSNLKPFERDIST, YFPLQSYGFQPTNGVGY, TESNKKFLPFQQFGRDIADTT-
DAVRDP, HADQLTPTWRVYSTGSN, SYQTQTNSPRRARS, ILPDPSKPSKRSFIEDLLFNKV
and FKEELDKYFKNHTSPDVDLGD for the S protein and TGSNQNGERSGARSKQRRPQG,
TNSSPDDQIGYYRRATRR, RSSSRSRNSSRNSTPGS and GQTVTKKSAAEASKKPRQKRT for
the N protein. All epitopes were joined by –GPGPG- linker peptides aiming to provide flexibility
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and to avoid spatial overlap. The recombinant protein N4AS11-SC2 presents an N-terminal
tag (MGHHHHHHENLYFQGHMAS) containing the initial methionine and HIS tag from the
pET-TEV vector (Figure 1C).

3.2. Characterization of Recombinant N4S11-SC2 Protein

A physical–chemical characterization of the N4S11-SC2 protein was performed and
results showed a molecular weight of 41.3 KDa, an isoelectric point of 10.17, an estimated
half-life of >10 h in E. coli and an instability index (II) of 38.08, suggesting that the protein
is stable. SDS-PAGE showed a band of ~41.0 KDa, as expected (Figure 2A). The expression
of the N4S11-SC2 protein was confirmed by an immunoblotting assay using an anti-HIS
monoclonal antibody. The immunoblottings indicated a stronger positive recognition of the
N4S11-SC2 protein to the COVID-19 patient’s pools as compared to pre-pandemic negative
serum pools (Figure 2B).
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standardize and compare the results, individual index values (I) were calculated from OD 
values and the data of the urine-based ELISA demonstrated that out of 135 samples 

Figure 2. SDS-polyacrylamide gel electrophoresis showing the purification of N4S11-SC2 and im-
munoblotting of N4S11-SC2 protein against anti-HIS antibody and pooled serum samples from
COVID-19 patients and negative control individuals. (A) SDS-polyacrylamide gel electrophore-
sis showing the purification of N4S11-SC2. FT = Flow-Through; L1 = First N4S11-SC2 Elution;
L2 = Second N4S11-SC2 Elution; MW = PageRuler™ Unstained Broad Range Protein Ladder. (B) H1
and H2: First and second elutions of anti-HIS antibody; P1 and P2: First and second elutions of
COVID-19 positive patient’s serum pools; N1 and N2: First and second elutions of negative pre-
pandemic individuals’ serum pools; MW = Page Ruler™ Pre-stained Protein Ladder.

3.3. Diagnostic Evaluation of Chimeric N4S11-SC2 Protein

The immunodiagnostic efficacy of the N4S11-SC2 protein to detect COVID-19 cases
was evaluated using an in-house serum- and urine-based ELISA. Paired samples from qRT-
PCR-positive patients were used, as well as unpaired negative samples from pre-COVID-19
and post-COVID-19 individuals. Those samples were collected before vaccination had
started in Brazil. The ELISA testing urine samples resulted in sensitivity and specificity
values of 91.1% and 100%, respectively, while assays performed using serum samples
showed sensitivity and specificity values of 83.7% and 100%, respectively (Table 1).
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Table 1. Comparative table of the results obtained from the diagnostic test of N4S11-SC2 protein
for COVID-19 based on the search for specific IgG antibodies in urine and serum. Samples from
symptomatic patients for COVID-19 and with PCR + for SARS-CoV-2, as well as from negative
control subjects were used. The individual index (I) value obtained by the Abs/cut-off ratio was
used to construct ROC curves. The diagnostic performance of the antigen in relation to the type of
sample used was based on the evaluation of sensitivity (95% CI), specificity (95% CI), Area Under
the Curve (AUC) and Youden index (J). Legend: J = (Se + Sp) − 1; n = samples number, + = positive
sample,− = negative sample. Positive and negative predictive values (PPV and NPV, respectively)
were calculated on the basis of the index value, excluding the indeterminate value samples (2 urine
and 3 serum samples in negative control group, and 8 urine and 16 serum samples in positive group,
had an indeterminate index between 0.8 and 1.1) and using the following equations: NPV = true
negative/false negative + true negative and PPV = true positive/false positive + true positive. CI:
confidence interval.

Sample AUC p-Value Cut-Off
(Abs) Se 95%CI Sp 95%CI J PPV NPV

URINE 0.9841 <0.0001 >0.1900 91.11 84.99% to
95.32% 100.0 83.89% to

100.0% 0.9111 1.000 0.679

SERUM 0.9722 <0.0001 >0.7525 83.70 76.37% to
89.50% 100.0 83.16% to

100.0% 0.7525 1.000 0.607

ROC curves were constructed to assess the accuracy of the assays and the results
indicated that the urine-based ELISA had a slightly better accuracy with an AUC of 0.9841,
as compared to the serum-based ELISA that presented an AUC of 0.9722 (Figure 3A). To
standardize and compare the results, individual index values (I) were calculated from
OD values and the data of the urine-based ELISA demonstrated that out of 135 samples
collected from 79 patients who tested positive for qRT-PCR on different days post-symptom
onset (PSO), 118 samples exhibited a positive reaction with the N4S11-SC2 protein, as
indicated by a positive index value above 1.1. Additionally, eight samples were classified
as “indeterminate” with index values ranging from 0.8 to 1.1, while nine samples showed
a negative index value below 0.8. Among the 21 negative control urine samples, two of
them showed an indeterminate index value, whereas none exhibited a positive index value
(Figure 3B).

Simultaneously, 108 out of 135 serum samples collected from 79 patients who tested
positive for qRT-PCR on different days post-symptom onset (PSO) exhibited a positive
reaction to the N4S11-SC2 protein, with positive index values exceeding 1.1. Additionally,
16 samples were classified as “indeterminate”, with index values ranging from 0.8 to 1.1, and
11 samples presented a negative index value below 0.8 Among 20 negative control serum
samples, only three showed “indeterminate” index values, and none of them displayed
positive index values (Figure 3B). PPV and NPV were calculated based on the index values,
which excluded the “indeterminate” index value samples, and the NPV and PPV results
were 0.679 and 1.000 for urine, respectively, and 0.607 and 1.000 for serum, respectively.
Samples (n = 40) from Janssen Ad26.COV2.S COVID-19-vaccinated subjects included in
the study indicated that two serum and eleven urine samples exhibited reactions against
the N4S11-SC2 protein, indicating a positive index value exceeding 1.1. Additionally, six
serum and three urine samples were classified as indeterminate, with index values ranging
from 0.8 to 1.1, and 32 serum and 26 urine samples showed negative index values below
0.8 (Figure 3B). Comparable findings were achieved using the same pool of urine samples
for the N4S11-SC2 protein when compared to the N and S recombinant proteins expressed
in the prokaryotic system. However, higher sensitivity was observed for the N4S11-SC2
protein, as compared to the S recombinant protein using the same pooled serum samples
(Figure 4).
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Figure 3. Comparative diagnostic performance of N4S11-SC2 protein with urine and serum samples.
(A) Receiver Operating Characteristic (ROC) curves were constructed using the individual index (I)
value for each sample to obtain sensitivity, specificity and area under the curve values. (B) ELISA
assays were done using urine and paired serum samples (n = 135) from COVID-19 patients with
previously positive qRT-PCR. Urine and paired serum samples (n = 40) were analyzed from previously
vaccinated subjects. Urine and unpaired serum samples from healthy control subjects (n = 21 and
n = 20, respectively) were also used. The mean of each group is shown and the gray band indicates
indeterminate values for each sample, while index values below the range (<0.8) are negative and
values above (>1.1) are considered positive.
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Figure 4. Comparative diagnostic performance among the recombinant N, S and N4S11-SC2 pro-
teins. ELISA assays with the N, S and N4S11-SC2 were conducted using the same urine and serum
samples from COVID-19 patients with previously positive qRT-PCR above 8 days PSO (n = 72) and
from healthy control subjects (n = 18). The mean of each group is shown and the gray band indicates
indeterminate values for each sample, while index values below the range (<0.8) are negative and
values above (>1.1) are considered positive.

4. Discussion

In vitro diagnostic assays have shown importance in helping control the COVID-
19 pandemic. Serological tests may indicate the presence of antibodies from a previous
infection or vaccination, and researchers have remained continuous in the search for new
diagnostic solutions to prevent an eventual new wave of this disease in the world. Therefore,
the development of more suitable and cost-effective diagnostic antigens is still desirable.
Given the constant emergence of new variants, having alternative diagnostic options
in place also becomes of paramount importance. In the present study, we constructed a
chimera protein called N4S11-SC2 by combining linear B-cell epitopes predicted from amino
acid sequences of the Nucleocapsid and Spike proteins from SARS-CoV-2. N4S11-SC2 was
expressed in a prokaryotic system and used in an in-house ELISA platform against serum
and urine samples from COVID-19 patients diagnosed by RT-PCR. The major findings from
the study were that N4S11-SC2 showed relevant sensitivity and specificity values for the
diagnosis of SAR-CoV-2, by using the urine and sera of the patients.

Bioinformatic tools to predict antigenic epitopes that are specific for the pathogens
have been advancing the development of new diagnostics. Many epitopes have been
identified by immunoinformatics prediction or immunoassays and the peptides validated
by serological assays, such as ELISA [22–25]. Epitope-based chimeric proteins have been
then proposed as recombinant proteins for the development of new COVID-19 vaccines or
diagnostics, showing stronger immunogenicity with the possibility to express proteins in
a simpler prokaryotic system [13,14]. In our study, N4S11-SC2 showed 83.7% and 91.1%
sensitivity when using serum and urine samples, respectively, and 100% specificity for
both. Another recombinant chimeric protein of SARS-CoV-2, containing epitopes identified
through SPOT synthesis analysis, had shown promise as a serodiagnostic test when using
serum samples [19] Taken together, our current study, supported by these additional studies,
suggests that polypeptide-based recombinant antigens are promising alternative candidates
for the serodiagnosis of SARS-CoV-2. The production of SARS-CoV-2 antibodies typically
occurs within 1 to 3 weeks post symptoms onset (PSO) [2]. Thus, one possible reason for
our inability to achieve a 100% sensitivity performance, as described for some tests reported
in the literature or commercially available, could be the inclusion in our study of samples
collected during the early days of PSO. The immune conversion of IgG antibodies in urine
and serum samples, with an increase in the IgG levels along the PSO days, were observed
for the N4S11-SC2 protein in patients with more than one collection over time, and is herein
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represented by eight patients in Figure S4. In general, samples from patients that had a
negative index on the initial days of collection, from the 21st day onwards, already had
an index > 1.1 for serum and urine. This finding corroborates previous studies conducted
with the Spike [11] and Nucleocapside proteins [12].

A variety of recombinant antigens for the diagnosis of SARS-CoV-2 are available in
the market and described in the literature, although with reports of variable performance,
as a consequence of the nature of the antigen used [10,26]. The SARS-CoV-2 N protein can
be efficiently expressed with prokaryotic system(s) maintaining good immunoreactivity.
However, the S protein has been expressed preferentially in eukaryotic systems, which
often generate post-translational modifications of the antigen [10]. Differing from the
standard serum-based assay, the prokaryotic expression of the rSARS-CoV-2 S protein was
not a barrier to obtain relatively high efficiency for the urine-based ELISA. In this context,
the SARS-CoV-2 S protein expressed in the prokaryote system is still not suitable for the
detection of anti-SARS-CoV-2 antibodies in sera samples [11]. In this sense, the N4S11-SC2
protein has demonstrated its potential as an alternative recombinant protein expressed
in a prokaryotic system, showing the capability to recognize antibodies against N and S
proteins of SARS-CoV-2 in serum or urine samples. Given that urine is not yet in practical
use, the employment of the N4S11-SC2 protein also presents advantages of expression in a
prokaryotic system, as well as its use against serum and urine samples from patients.

Nonetheless, our study has some limitations, such as the absence of a more diverse
serological panel, including samples from other variants of SARS-CoV-2 patients and from
other cross-reactive diseases. We have not tested our in-house ELISA against samples
obtained from patients with respiratory infections caused by other types of coronaviruses,
common circulated viruses (influenza, measles and parvovirus, arboviruses and other
types of coronavirus, such as HCoVs, that cause only a mild respiratory infection) and
individuals vaccinated against influenza. However, we observed no humoral reactivity
in serum samples from individuals collected before 2019, sounding that the N4S11-SC2
protein may be specific for SARS-CoV-2 in our in-house ELISA. These same control samples
were previously tested using N and S antigens with results of high specificity [11,12]. The
patients enrolled in our study had not received any vaccinations at the time of sample
collection, so it can be reasonably inferred that the antibodies detected were predominantly
produced in response to exposure to the virus.

It is known that the immune response that occurs during vaccination differs from
the natural infection. The presence of antibodies generated from the vaccination process
was here evaluated using samples from Ad26.COV2.S-vaccinated individuals. Here, we
observed that anti-N4S11-SC2 antibodies were not clearly identified using either serum
or paired urine samples. The N4S11-SC2 protein exhibited low reactivity against samples
collected from vaccinated subjects, particularly when serum samples were used, thus
showing a potential to distinguish between those only vaccinated from infected individuals.
This may be explained because of the many variable immunological responses found among
the population, influenced by age, immunological status, asymptomatic manifestation,
doses and type of vaccine taken, which could impact the intensity and durability of
antibodies [27]. Naranbhai et al. have compared the immunogenicity elicited by the
available vaccines and found that Ad26.COV2.S yielded lower antibody concentrations,
which corroborate the results found here [28]. They also found significant variation in
antibody concentrations depending on prior infection, vaccine type and vaccine dose
and that recipients of Ad26.COV2.S without prior infection had approximately 25-fold
lower antibody concentrations than convalescent unvaccinated individuals. Additionally,
due to the high infectivity of COVID-19, it is also challenging to differentiate between
the extents of infection-induced immunity versus vaccine-induced immunity within a
population [29]. However, we cannot discard the possibility of a low binding ability of
the S epitopes included in N4S11-SC2. In this sense, a greater number of samples and a
good characterization of their variables would be crucial for understanding the presence of
N4S11-SC2 antibodies from the vaccine.
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Comparing SARS-CoV-2 with six other HCoVs for the N and S protein sequences
shows that SARS-CoV-2 and SARS-CoV have the highest sequence identity, 72% (S) and
88% (N), and the other five types are below 50% [30]. A multi-alignment of N4S11-SC2
with other coronaviruses revealed a significant similarity between some of the N4S11-SC2
selected epitopes and SARS-CoV-1, while showing less similarity with MERS-CoV and
common cold coronaviruses (Figure S2). However, it seems commonly found in other
studies. While there may be some potential cross-reactivity between SARS and MERS, it
is important to note that these two coronaviruses do not typically co-occur worldwide.
Previous studies revealed that SARS-CoV-1 memory B cell responses tend to be short-lived
after infection [31]. The main concern for antigen test cross-reactivity lies with the common
cold coronaviruses (HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1), however, we
found low similarity in the epitopes used here [24].

It is worth noting that the N4S11-SC2 protein was designed based on the Wuhan-Hu-1
isolate sequence (YP_009724390.1) and that antibodies were herein identified in samples
collected in 2020/2021, when gamma and previous variants were circulating in Brazil [32].
The use of multiple segments of S and N proteins has been proposed as a way to potentially
keep test accuracy as new variants arise [33]. An alignment among the amino acid sequences
of all peptides from the N4S11-SC2 chimera and some of the key variants of interest was
conducted, revealing few amino acid variations among the analyzed strains (Figure S3).
Yet, comprehensive studies on variant effects on the sensitivity of approved antibody
tests, where continuous monitoring and assessing kits for prompt variant detection remain
crucial, are lacking. Regarding the appearance of new SARS-CoV-2 variants, amino acid
mutation may impact the sensitivity of any available test, including our in-house ELISA
N4S11-SC2, so future studies are still required to be conduct in order to establish assay
sensitivity in patients infected with actual and emerging SARS-CoV-2 variants.

In summary, our data should be considered as providing proof-of-concept of N4S11-
SC2 for SARS-CoV-2 diagnosis when using sera and urine samples. They suggest that
N4S11-SC2 deserves to be evaluated in large populations in future studies and that its
suitability as a diagnostic antigen should also be examined on other platforms, e.g., in rapid
point-of-care lateral flow tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15091877/s1, Figure S1: Identification of linear B-cell epitopes
by bioinformatics analysis; title; Figure S2: Amino acid sequence alignment of N4S11-CoV2 and some
other CoV virus of interest; Figure S3: Comparative analysis of amino acid sequences of selected
peptides in N4S11-CoV2 and some SARS-2 variants of interest [32,34]; Figure S4: Dynamics of IgG
antibody conversion in patient urine and serum samples.

Author Contributions: Conceptualization: R.A.M.-d.-Á., E.A.F.C. and F.L. Study design: F.L., F.F.R.,
D.P.L., R.A.M.-d.-Á. and E.A.F.C. Technical support: F.L., F.F.R., I.A.G.P., M.M.C., F.G.F. and D.P.L.
Execution: F.L., F.F.R., I.A.G.P., M.M.C., R.S.B., R.S., R.S.A., V.G.F., M.F.N.M., R.S.B., D.P.L., V.T.M.,
G.S.V.T., D.L.V. C.S.F. and A.T.C. Data analysis and interpretation: F.L., F.F.R., R.A.M.-d.-Á. and
E.A.F.C. Figures: F.L., R.S.B., M.M.C., and F.F.R. Patient recruitment, TCLE application (informed
consent form) and sample collection: J.A.O.-d.-S., P.F.V., J.F.M.C., M.F.N.M. and C.G.R. Funding
acquisition and infrastructure: R.A.M.-d.-Á., V.N., M.C., J.F.M.C. and E.A.F.C. Writing—Original
draft: F.L., F.F.R., R.S.B., R.A.M.-d.-Á., M.M.C. and E.A.F.C. Writing—Review and editing: F.L., F.F.R.,
R.A.M.-d.-Á. and E.A.F.C. Directly accessed and verified the underlying data reported: F.L., F.F.R.,
M.M.C., R.A.M.-d.-Á. and E.A.F.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Secretaria de Educação Superior do Ministério da Edu-
cação (SESU/MEC), grant 04/2020, Enfrentamento da COVID-19 (to V.N.); Fundação de Amparo à
Pesquisa do Estado de Minas Gerais (FAPEMIG), grant APQ-02167-21 (to E.A.F.C.); and Brazilian
agencies Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and CNPq fel-
lowships/scholarships (to F.L., F.F.R., I.A.G.P., M.M.C., R.S.B., D.P.L., R.S., R.S.A., V.G.F., M.F.N.M.,
V.T.M., G.S.V.T., D.L.V., C.S.F., A.T.C., J.F.M.C. and P.F.V.).

https://www.mdpi.com/article/10.3390/v15091877/s1
https://www.mdpi.com/article/10.3390/v15091877/s1


Viruses 2023, 15, 1877 13 of 14

Data Availability Statement: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials.

Acknowledgments: We acknowledge the help of all students, nurses and clinicians involved in the
collection and organization of the samples. We also thank the Hospital das Clínicas/UFMG and
Hospital Santa Helena for allowing the collection of samples.

Conflicts of Interest: A patent application at the Brazilian National Institute of Industrial Property
was issued under case number BR 10 2021 014066 6. The authors declare that they have no other
competing interests.

References
1. FDA. EUA Authorized Serology Test Performance. Food and Drug Administration. Available online: https://www.fda.

gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-
serology-test-performance (accessed on 22 August 2022).

2. CDC. COVID-19 Testing: What You Need to Know. Available online: https://www.cdc.gov/coronavirus/2019-ncov/symptoms-
testing/testing.html (accessed on 16 August 2023).

3. Matta, J.; Wiernik, E.; Robineau, O.; Carrat, F.; Touvier, M.; Severi, G.; de Lamballerie, X.; Blanché, H.; Deleuze, J.-F.; Gouraud, C.;
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. 2022, 182, 19–25. [CrossRef] [PubMed]

4. Ong, D.S.; Fragkou, P.C.; Schweitzer, V.A.; Chemaly, R.F.; Moschopoulos, C.D.; Skevaki, C. How to interpret and use COVID-19
serology and immunology tests. Clin. Microbiol. Infect. 2021, 27, 981–986. [CrossRef] [PubMed]

5. FDA. SARS-CoV-2 Viral Mutations: Impact on COVID-19 Tests. Food and Drug Administration. Available online: https://www.
fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests (ac-
cessed on 16 August 2023).

6. Kumar, S.; Saxena, S.K. Structural and molecular perspectives of SARS-CoV-2. Methods 2021, 195, 23–28. [CrossRef] [PubMed]
7. Verheije, M.H.; Hagemeijer, M.C.; Ulasli, M.; Reggiori, F.; Rottier, P.J.M.; Masters, P.S.; de Haan, C.A.M. The coronavirus

nucleocapsid protein is dynamically associated with the replication-transcription complexes. J. Virol. 2010, 84, 11575–11579.
[CrossRef]

8. Grzelak, L.; Temmam, S.; Planchais, C.; Demeret, C.; Tondeur, L.; Huon, C.; Guivel-Benhassine, F.; Staropoli, I.; Chazal, M.;
Dufloo, J.; et al. A comparison of four serological assays for detecting anti-SARS-CoV-2 antibodies in human serum samples from
different populations. Sci. Transl. Med. 2020, 12, eabc3103. [CrossRef]

9. Liu, W.; Liu, L.; Kou, G.; Zheng, Y.; Ding, Y.; Ni, W.; Wang, Q.; Tan, L.; Wu, W.; Tang, S.; et al. Evaluation of nucleocapsid and
spike protein-based enzyme-linked immunosorbent assays for detecting antibodies against SARS-CoV-2. J. Clin. Microbiol. 2020,
58, e00461-20. [CrossRef]

10. Li, D.; Li, J. Immunologic Testing for SARS-CoV-2 Infection from the Antigen Perspective. J. Clin. Microbiol. 2021, 59, e02160-20.
[CrossRef]

11. Ramos, F.F.; Bagno, F.F.; Vassallo, P.F.; Oliveira-Da-Silva, J.A.; Reis, T.A.R.; Bandeira, R.S.; Machado, A.S.; Lage, D.P.; Martins,
V.T.; Fernandes, A.P.; et al. A urine-based ELISA with recombinant non-glycosylated SARS-CoV-2 spike protein for detecting
anti-SARS-CoV-2 spike antibodies. Sci. Rep. 2023, 13, 4345. [CrossRef]

12. Ludolf, F.; Ramos, F.F.; Bagno, F.F.; Oliveira-Da-Silva, J.A.; Reis, T.A.R.; Christodoulides, M.; Vassallo, P.F.; Ravetti, C.G.; Nobre,
V.; da Fonseca, F.G.; et al. Detecting anti-SARS-CoV-2 antibodies in urine samples: A noninvasive and sensitive way to assay
COVID-19 immune conversion. Sci Adv. 2022, 8, eabn7424. [CrossRef]

13. Mamaghani, A.J.; Arab-Mazar, Z.; Heidarzadeh, S.; Ranjbar, M.M.; Molazadeh, S.; Rashidi, S.; Niazpour, F.; Vishteh, M.N.; Bashiri,
H.; Bozorgomid, A.; et al. In-silico design of a multi-epitope for developing sero-diagnosis detection of SARS-CoV-2 using spike
glycoprotein and nucleocapsid antigens. Netw. Model. Anal. Health Inform. Bioinform. 2021, 10, 61. [CrossRef]

14. Vengesai, A.; Naicker, T.; Midzi, H.; Kasambala, M.; Muleya, V.; Chipako, I.; Choto, E.; Moyo, P.; Mduluza, T. Peptide microarray
analysis of in-silico predicted B-cell epitopes in SARS-CoV-2 sero-positive healthcare workers in Bulawayo, Zimbabwe. Acta Trop.
2023, 238, 106781. [CrossRef] [PubMed]

15. Oliveira, S.C.; de Magalhães, M.T.Q.; Homan, E.J. Immunoinformatic Analysis of SARS-CoV-2 Nucleocapsid Protein and
Identification of COVID-19 Vaccine Targets. Front. Immunol. 2020, 11, 587615. [CrossRef] [PubMed]

16. Lorenzo, M.A.; Pachón, D.; Maier, A.; Bermúdez, H.; Losada, S.; Toledo, M.; Pujol, F.H.; de Noya, B.A.; Noya, O.; Serrano,
M.L. Immunoinformatics and Pepscan strategies on the path of a peptide-based serological diagnosis of COVID-19. J. Immunol.
Methods 2021, 495, 113071. [CrossRef] [PubMed]

17. Musicò, A.; Frigerio, R.; Mussida, A.; Barzon, L.; Sinigaglia, A.; Riccetti, S.; Gobbi, F.; Piubelli, C.; Bergamaschi, G.; Chiari, M.;
et al. SARS-CoV-2 Epitope Mapping on Microarrays Highlights Strong Immune-Response to N Protein Region. Vaccines 2021, 9,
35. [CrossRef] [PubMed]

18. Schwarz, T.; Heiss, K.; Mahendran, Y.; Casilag, F.; Kurth, F.; Sander, L.E.; Wendtner, C.-M.; Hoechstetter, M.A.; Müller, M.A.;
Sekul, R.; et al. SARS-CoV-2 Proteome-Wide Analysis Revealed Significant Epitope Signatures in COVID-19 Patients. Front.
Immunol. 2021, 12, 629185. [CrossRef]

https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance
https://www.cdc.gov/coronavirus/2019-ncov/symptoms-testing/testing.html
https://www.cdc.gov/coronavirus/2019-ncov/symptoms-testing/testing.html
https://doi.org/10.1001/jamainternmed.2021.6454
https://www.ncbi.nlm.nih.gov/pubmed/34747982
https://doi.org/10.1016/j.cmi.2021.05.001
https://www.ncbi.nlm.nih.gov/pubmed/33975005
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
https://doi.org/10.1016/j.ymeth.2021.03.007
https://www.ncbi.nlm.nih.gov/pubmed/33737214
https://doi.org/10.1128/JVI.00569-10
https://doi.org/10.1126/scitranslmed.abc3103
https://doi.org/10.1128/JCM.00461-20
https://doi.org/10.1128/JCM.02160-20
https://doi.org/10.1038/s41598-023-31382-5
https://doi.org/10.1126/sciadv.abn7424
https://doi.org/10.1007/s13721-021-00347-x
https://doi.org/10.1016/j.actatropica.2022.106781
https://www.ncbi.nlm.nih.gov/pubmed/36460093
https://doi.org/10.3389/fimmu.2020.587615
https://www.ncbi.nlm.nih.gov/pubmed/33193414
https://doi.org/10.1016/j.jim.2021.113071
https://www.ncbi.nlm.nih.gov/pubmed/33991531
https://doi.org/10.3390/vaccines9010035
https://www.ncbi.nlm.nih.gov/pubmed/33440622
https://doi.org/10.3389/fimmu.2021.629185


Viruses 2023, 15, 1877 14 of 14

19. Gomes, L.R.; Durans, A.M.; Napoleão-Pêgo, P.; Waterman, J.A.; Freitas, M.S.; De Sá, N.B.R.; Pereira, L.V.; Furtado, J.S.; Aquino,
R.G.; Machado, M.C.R.; et al. Multiepitope Proteins for the Differential Detection of IgG Antibodies against RBD of the Spike
Protein and Non-RBD Regions of SARS-CoV-2. Vaccines 2021, 9, 986. [CrossRef]

20. Abraham Peele, K.; Srihansa, T.; Krupanidhi, S.; Ayyagari, V.S.; Venkateswarulu, T.C. Design of multi-epitope vaccine candidate
against SARS-CoV-2: A in-silico study. J. Biomol. Struct. Dyn. 2021, 39, 3793–3801. [CrossRef]

21. Ludolf, F.; Ramos, F.F.; Bagno, F.; Coelho, E.A.; Fonseca, F.G. Urine-based Enzyme-Linked Immunosorbent Assay to detect
anti-SARS-CoV-2 nucleocapsid protein antibodies. Bio Protocol. 2022, preprint. [CrossRef]

22. Phan, I.Q.; Subramanian, S.; Kim, D.; Murphy, M.; Pettie, D.; Carter, L.; Anishchenko, I.; Barrett, L.K.; Craig, J.; Tillery, L.; et al. In
silico detection of SARS-CoV-2 specific B-cell epitopes and validation in ELISA for serological diagnosis of COVID-19. Sci. Rep.
2021, 11, 4290. [CrossRef]

23. Polyiam, K.; Phoolcharoen, W.; Butkhot, N.; Srisaowakarn, C.; Thitithanyanont, A.; Auewarakul, P.; Hoonsuwan, T.; Ru-
engjitchatchawalya, M.; Mekvichitsaeng, P.; Roshorm, Y.M. Immunodominant linear B cell epitopes in the spike and membrane
proteins of SARS-CoV-2 identified by immunoinformatics prediction and immunoassay. Sci. Rep. 2021, 11, 20383. [CrossRef]

24. Rodrigues-Da-Silva, R.N.; Conte, F.P.; da Silva, G.; Carneiro-Alencar, A.L.; Gomes, P.R.; Kuriyama, S.N.; Neto, A.A.F.; Lima-Junior,
J.C. Identification of B-Cell Linear Epitopes in the Nucleocapsid (N) Protein B-Cell Linear Epitopes Conserved among the Main
SARS-CoV-2 Variants. Viruses 2023, 15, 923. [CrossRef] [PubMed]

25. Scussel, R.; Feuser, P.E.; Luiz, G.P.; Galvani, N.C.; Fagundes, M.; Dal-Bó, A.G.; de Araújo, P.H.H.; Coelho, E.A.F.; Chávez-
Olórtegui, C.; Machado-De-Ávila, R.A. Peptide-Integrated Superparamagnetic Nanoparticles for the Identification of Epitopes
from SARS-CoV-2 Spike and Nucleocapsid Proteins. ACS Appl. Nano Mater. 2022, 5, 642–653. [CrossRef] [PubMed]

26. Li, Y.; Lai, D.-Y.; Lei, Q.; Xu, Z.-W.; Wang, F.; Hou, H.; Chen, L.; Wu, J.; Ren, Y.; Ma, M.-L.; et al. Systematic evaluation of IgG
responses to SARS-CoV-2 spike protein-derived peptides for monitoring COVID-19 patients. Cell. Mol. Immunol. 2021, 18,
621–631. [CrossRef] [PubMed]

27. Le Gars, M.; Hendriks, J.; Sadoff, J.; Ryser, M.; Struyf, F.; Douoguih, M.; Schuitemaker, H. Immunogenicity and efficacy of
Ad26.COV2.S: An adenoviral vector-based COVID-19 vaccine. Immunol. Rev. 2022, 310, 47–60. [CrossRef]

28. Naranbhai, V.; Garcia-Beltran, W.F.; Chang, C.C.; Mairena, C.B.; Thierauf, J.C.; Kirkpatrick, G.; Onozato, M.L.; Cheng, J.; Denis,
K.J.S.; Lam, E.C.; et al. Comparative Immunogenicity and Effectiveness of mRNA-1273, BNT162b2, and Ad26.COV2.S COVID-19
Vaccines. J. Infect. Dis. 2022, 225, 1141–1150. [CrossRef]

29. WHO. Interim Statement on Hybrid Immunity and Increasing Population Seroprevalence Rates. 2022. Available on-
line: https://www.who.int/news/item/01-06-2022-interim-statement-on-hybrid-immunity-and-increasing-population-
seroprevalence-rates (accessed on 16 August 2023).

30. Zhang, B.; Tian, J.; Zhang, Q.; Xie, Y.; Wang, K.; Qiu, S.; Lu, K.; Liu, Y. Comparing the Nucleocapsid Proteins of Human
Coronaviruses: Structure, Immunoregulation, Vaccine, and Targeted Drug. Front. Mol. Biosci. 2022, 9, 761173. [CrossRef]

31. Channappanavar, R.; Fett, C.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Virus-specific memory CD8 T cells provide substantial
protection from lethal severe acute respiratory syndrome coronavirus infection. J. Virol. 2014, 88, 11034–11044. [CrossRef]

32. Alcantara, L.C.J.; Nogueira, E.; Shuab, G.; Tosta, S.; Fristch, H.; Pimentel, V.; Souza-Neto, J.A.; Coutinho, L.L.; Fukumasu, H.;
Sampaio, S.C.; et al. SARS-CoV-2 epidemic in Brazil: How the displacement of variants has driven distinct epidemic waves. Virus
Res. 2022, 315, 198785. [CrossRef]

33. Thakur, S.; Sasi, S.; Pillai, S.G.; Nag, A.; Shukla, D.; Singhal, R.; Phalke, S.; Velu, G.S.K. SARS-CoV-2 Mutations and Their Impact
on Diagnostics, Therapeutics and Vaccines. Front. Med. 2022, 9, 815389. [CrossRef]

34. Sanches, P.R.S.; Charlie-Silva, I.; Braz, H.L.B.; Bittar, C.; Freitas Calmon, M.; Rahal, P.; Cilli, E.M. Recent advances in SARS-CoV-2
Spike protein and RBD mutations comparison between new variants Alpha (B.1.1.7, United Kingdom), Beta (B.1.351, South
Africa), Gamma (P.1, Brazil) and Delta (B.1.617.2, India). J. Virus Erad. 2021, 7, 100054. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vaccines9090986
https://doi.org/10.1080/07391102.2020.1770127
https://doi.org/10.21769/p1720
https://doi.org/10.1038/s41598-021-83730-y
https://doi.org/10.1038/s41598-021-99642-w
https://doi.org/10.3390/v15040923
https://www.ncbi.nlm.nih.gov/pubmed/37112903
https://doi.org/10.1021/acsanm.1c03399
https://www.ncbi.nlm.nih.gov/pubmed/35098045
https://doi.org/10.1038/s41423-020-00612-5
https://www.ncbi.nlm.nih.gov/pubmed/33483707
https://doi.org/10.1111/imr.13088
https://doi.org/10.1093/infdis/jiab593
https://www.who.int/news/item/01-06-2022-interim-statement-on-hybrid-immunity-and-increasing-population-seroprevalence-rates
https://www.who.int/news/item/01-06-2022-interim-statement-on-hybrid-immunity-and-increasing-population-seroprevalence-rates
https://doi.org/10.3389/fmolb.2022.761173
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1016/j.virusres.2022.198785
https://doi.org/10.3389/fmed.2022.815389
https://doi.org/10.1016/j.jve.2021.100054

	Introduction 
	Material and Methods 
	Research Subjects 
	Biological Samples 
	Prediction of B-Cell Epitopes and Construction of Chimeric Protein 
	Production of Recombinant N4S11-SC2 Protein 
	Immunoblottings 
	ELISA 
	Statistical Analysis 

	Results 
	Construction of the Chimeric Protein 
	Characterization of Recombinant N4S11-SC2 Protein 
	Diagnostic Evaluation of Chimeric N4S11-SC2 Protein 

	Discussion 
	References

