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Featured Application: Plant-produced SARS-CoV-2 nucleoprotein (N) and chimeric receptor-binding domain
(RBD) presented by hepatitis E virus capsid protein (HEV/RBD) are reliable as diagnostic antigens in
serological tests for detection of antibody responses in COVID-19 patients. We propose a plant-based
HEV/RBD iELISA assay which was able to detect anti-RBD IgG in human serum with a very high agreement
of 91.66% and Cohen’s k: 0.8316 compared to the commercially available ELISA COVID-19 IgG kit. Further, we
developed Double Recognition iELISA based on HEV/RBD and N protein with a sensitivity 85.42%, and
specificity of 94.44%.

Abstract: During the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, the
rapid development of efficient and sensitive serological tests for monitoring the dynamics of the disease as well
as the immune response after illness or vaccination was critical. In this regard, low-cost and fast production of
immunogenic antigens is essential for the rapid development of diagnostic serological kits. This study assessed
the plant-based production of nucleoprotein (N) of SARS-CoV-2 and chimeric receptor-binding domain (RBD)
of SARS-CoV-2 presented by hepatitis E virus capsid (HEV/RBD) and validation of the plant-derived proteins
as diagnostic antigens for serological tests. The hepatitis E virus capsid protein was used as a carrier of RBD
because of its ability to be expressed in plants in huge amounts and spontaneously assemble into higher order
structures stabilizing inserted foreign immunogenic peptides. The N and chimeric HEV/RBD were expressed
in and extracted from Nicotiana benthamiana plants and purified through immobilized metal-anion
chromatography (IMAC). The resulting protein yield of chimeric HEV/RBD protein reached 100 mg/kg fresh
weight, and 30 mg/kg fresh weight for N protein. Mass photometry analysis revealed that the N protein mainly
forms tetramers, for HEV/RBD, results suggest that the fusion protein is largely monomeric. The purified N
protein and HEV-RBD protein were used to develop an indirect enzyme-linked immunosorbent assay (iELISA)
for the detection of antibodies to SARS-CoV-2 in human sera. To validate the iELISA tests, a panel of 84 sera
from patients diagnosed with COVID-19 was used, and the results were compared to those obtained by another
commercially available ELISA Kit (Dia.Pro D. B., Italy). The performance of an HEV/RBD in-hose ELISA
showed a sensitivity of 89.58% (95% Cl: 75.23-95.37) and a specificity of 94.44% (95% Cl: 76.94-98.2). Double
Recognition iELISA based on HEV/RBD and N protein is characterized by a lower sensitivity of 85.42% (95%
Cl: 72.24-93.93), and specificity of 94.44% (95% Cl: 81.34-99.32) at cut-off = 0.154, compared with iELISA based
on HEV/RBD. Our study confirms that the transiently expressed in plants N and fusion HEV/RBD proteins can
be used to detect responses to SARS-CoV-2 in human sera reliably. Our research validates the commercial
potential of using plants as an expression system for recombinant protein production and their application as
diagnostic reagents for serological detection of infectious diseases, hence lowering the cost of diagnostic kits.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

The highly dynamic epidemiological environment with changing viral pathogens requires
constant research on emerging pathogens, their diagnosis, and prevention. The COVID-19 pandemic
highlighted the demand for a rapid response from pharma companies to effectively produce large
amounts of compounds to protect, treat, and diagnose new viral diseases. This global crisis has
accelerated scientific advancements, facilitated cross-disciplinary cooperation, and enabled an agile
advancement of technology. Recombinant proteins for application in pharmacy and medicine can be
produced using a variety of expression systems, including bacteria, yeast, plants, insects, or animal
cells [1-5]. Plants have been proven cost-effective, easily scaled up, safe, and valuable in the
production of high amounts of proteins, under conditions of urgency, such as emerging viruses [6-
10]. The constant progress of biotechnology, plant cell cultures, agroinfiltration-based transient
expression systems, and recombinant protein downstream processing help the plant molecular
farming industry improve the current expression platforms and provide more effective solutions for
recombinant protein production [11-14]. Plant expression systems become a competitive "biofactory"
for producing valuable pharmaceuticals [15-17].

During the SARS-CoV-2 pandemic, the rapid development of efficient and sensitive serological
tests for monitoring the dynamics of the disease as well as the immune response after illness or
vaccination was critical. Since the spike (S) and nucleoprotein (N) of SARS-CoV-2 are the most
immunogenic proteins, serological testing usually identifies antibodies against these two proteins
[18,19]. The S protein is composed of two subunits, S1 and S2, and is used by the virus to attach itself
to ACE-2 (angiotensin-converting enzyme 2) host cell receptor[20]. The S1 contains the surface-
exposed receptor binding domain (RBD) that specifically recognizes the host cell receptor to gain
entry into the cell and fuse viral and lysosomal membrane [21]. The N protein is responsible for
wrapping the virus RNA and forming ribonucleoprotein complex (RNP), and it has been highly
expressed during infection, inducing early humoral and cellular response [22]. N is 45.6 kDa
phosphoprotein composed of two domains, N terminal domain (NTD) and C terminal domain (CTD)
linked with intrinsically disordered amino acid stretches [23]. N protein is highly conserved,
possessing 89.7% homologous to the N of SARS-CoV-1 [24-26]. N protein is abundantly expressed
during the infection, inducing early humoral and cellular immune responses [27]. Antibodies against
the N protein are intensely generated during infection, even though they lack neutralizing activity
they may be used for serological diagnosis [28,29].

It has been proposed that antibodies targeting the S protein are more specific and an accurate
indicator of protective immune response, while those against N are more sensitive, at the expense of
specificity (N protein of SARS-CoV-2 has high protein sequence similarity with the other
Coronaviridae nucleocapsid proteins [30].

As a fusion protein or alone, RBD was produced in plants with its maximal purifying yield of
approximately 40 pg per gram of fresh leaf tissue [31-33]. To increase the yields and stability of RBD,
the RBD was fused to the truncated capsid protein of the hepatitis E virus at the Tyr485 position
[34]. The capsid protein of HEV can self-assemble into virus-like particles (VLPs) when expressed
in Nicotiana benthamiana plants and can be used as a carrier of immunogenic proteins[35,36]. Further,
we applied the strategy to target the fused HEV/RBD protein to the endoplasmic reticulum (ER),
which can influence the expression efficiency of the recombinant proteins, its stability, and solubility
[37].

Numerous quantitative serological tests have been created to assess the antibody titers in sera,
primarily based on N and S proteins of SARS-CoV-2 [38,39]. In this regard, low-cost and fast
production of these immunogenic antigens is essential for the rapid development of diagnostic


https://doi.org/10.20944/preprints202411.1268.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1268.v1

3

serological kits, and plant-based expression systems can offer that. We transiently expressed the main
immunogenic proteins from SARS-CoV-2, the nucleoprotein, and the receptor-binding domain (RBD)
bearing from hepatitis E virus capsid protein in Nicotiana benthamiana plants. We proved the efficient
production and purification of N and chimeric HEV/RBD proteins and demonstrated their suitability
to recognize anti-SARS-CoV-2 antibodies in COVID-19 patients using iELISA test.

2. Materials and Methods

2.1. Gene preparation, cloning of Nucleocapsid (N) in pEAQ-HT, and Agroinfiltration of Nicotiana
benthamiana

The nucleotide sequences of the whole Nucleocapsid (N) of SARS-CoV-2 strain Wuhan-Hu-1
(GenBank accession number: MN908947.3) with six-histidine tag in its C-terminus were plant
condones optimized and synthesized by GenScript Biotech (Piscataway, New Jersey, USA). The N-
C 6his tag gene was cloned into pEAQ-HT [40] using the restriction sites Agel/Xhol . The construct
pEff-HEV/RBD containing the RBD (from V319 to V524) of SARS-CoV-2 strain Wuhan-Hu-1
(GenBank QJE37812.1) and HEV capsid protein 110-610 (GenBank accession number DQ079627.1)
was produced as previously described by our groups [34,35]. Briefly, the recombinant plasmids
PEAQ-HT-N and pEff-HEV/RBD were transformed into competent Escherichia coli XL1Blue; putative
clones harboring the expression vectors (pEAQ-HT-N and pEff-HEV/RBD) were verified by
sequencing (Eurofins, Hamburg, Germany). Recombinant vectors were transformed into the
electrocompetent Agrobacterium tumefaciens strain LBA4404.

2.2. Transient expression of N and HEV/RBD in Nicotiana benthamina

The recombinant agrobacterial clones were cultured in a Luria-Bertani medium containing 50
ug/mL Kanamycin and 100 pg/mL Rifampicin, for 16 hours at 28 °C. The culture was then pelleted.
The obtained bacteria were resuspended in an infiltration solution containing 10 mM MES 2-(N-
morpholino) ethansulfonic acid with a pH of 5.5, 10 mM MgSOs, and 100 uM acetosyringone.
Bacterial suspensions (ODeoo of 0.2) were syringe- or vacuum-infiltrated into the leaves of four—five-
week-old N. benthamiana plants. Leaves were harvested 4 days after infiltration (dpi)[34].

2.3. Purification of Plant-Produced N and HEV/RBD Using Affinity chromatography

Large-scale sampling was conducted by removing non-infiltrated tissue and recording leaf
sample weight. Samples were extracted by adding 3 volumes of the PBS pH 7.2 extraction buffer with
complete EDTA-free protease inhibitor cocktail tablets (Roche Diagnostics GmbH, Mannheim,
Germany), and were then mechanically homogenized. The N protein carrying the C-terminal 6-
histidine tag and the HEV/RBD protein carrying the C-terminal 8-histidine tag and ER-retention
signal were isolated under native conditions, using immobilized metal-anion chromatography
(IMAC) on a Ni-NTA column, according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). The eluted protein was dialyzed against PBS pH 7.2, and four buffers were changed using
Slide-A-Lyzer Mini dialysis devices (Thermo Fisher Scientific, Waltham, MA, USA). The proteins
were quantitated using a Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with a
Qubit Protein Assay Kit, following the manufacturer’s instructions.

2.4. SDS-PAGE and Western Blot of Plant-Produced N and HEV/IRBD

SDS-PAGE was carried out using NuPAGE Bis-Tris Mini gels of 4-12% (w/v) or 12% (w/v)
acrylamide (Invitrogen, Carlsbad, CA, USA); protein prestained standard SeeBluePlus 2 (Invitrogen,
Carlsbad, CA, USA) was used as a size marker throughout the experiments. To load a protein extract
from 3 mg FW, 10 pL of sample solution was applied to an SDS-PAGE gel. Protein bands in the gels
were visualized by Instant Blue (Expedeon, Cambridge, UK) staining. For the Western blot assay, the
proteins were transferred from the SDS-PAGE gel onto a nitrocellulose membrane (Bio-Rad
Laboratories Ltd, Hertfordshire, UK). Membranes were blocked with 5% (w/v) nonfat dried milk in
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PBS with 0.05% Tween-20 (v/v) (PBST) and incubated for 1 h with mouse monoclonal antibodies
against RBD (Xema, Moscow, Russia) at a dilution of 1:10,000 (2 mg/mL). The bound antibody was
detected with secondary rabbit anti-mouse antibodies conjugated with horseradish peroxidase (HRP)
(Promega, Madison, WI, USA at a dilution of 1:10,000. The emitted luminescence from the ECL
detection reagents (GE Healthcare Life Sciences, Buckinghamshire, UK) was detected with the
ImageQuant LAS 500 system (GE Healthcare Life Sciences, Buckinghamshire, UK).

2.5. Mass Spectrometry

Maldi-TOF/MS was used for the identification of N and HEV/RBD proteins. MS/MS analysis
was performed as follows: The protein bands corresponding to the N protein and HEV/RBD were
excised from the SDS-PAGE gel and washed with water, and then twice with water/ACN (1:1 v/v).
The solvent volumes were about twice the volume of the gel. The liquid was removed and the gel
pieces were rehydrated in 0.1 M NH4HCO3 for 5 min. ACN was added to give a 1:1 v/v mixture of
0.1 M NH4HCQO3/CAN and left to stand for 15 min. All liquid was removed and the digestion buffer
containing 25 mM NH4HCO3 and 10 ng/uL of trypsin was added. The mixture was then incubated
for4 h at 37 °C. The supernatant was recovered and the extraction was carried out with 1% TFA/ACN
(1:1 v/v). Tryptic peptides were targeted for MALDI-TOF-MS, MS/MS, and a database search was
performed.

2.6. Mass Photometry of N and HEV/RBD

Mass photometry measurements were performed at 25°C using a Refeyn OneMP mass
photometer (Refeyn Ltd, UK). Calibration of the instrument was carried out with a NativeMark
Unstained Protein Standard (Thermo Scientific), containing proteins ranging from 20 to 1,200 kDa.
Standard calibration points were generated using proteins with masses of 146, 480, and 1,048 kDa.

The protein sample was purified in PBS buffer as described previously and concentrated to 200
nM. A 2 uL aliquot of the protein solution was mixed with 8 pL of buffer on a glass coverslip,
resulting in a final concentration of approximately 50 nM. Data acquisition was carried out using
AcquireMP software (version R1) over 60 seconds, with a frame rate of 60 frames per second and a
large field of view.

Data analysis was performed using DiscoverMP software (version R1.2). Protein mass was
estimated by fitting a Gaussian distribution to the mass histograms, and the mode of the distribution
was used as the representative mass.

2.7. Serum Samples

A panel of 84 serum samples from patients with proven COVID-19 with nasal COVID-19 Ag test
(SD Biosensor, Suwon, Republic of Corea) were collected between 5-7 days after first symptoms in
Pazardzhik Multiprofile Hospital for Active Treatment. All patients have a signed informed consent.
11 pre-pandemic serum samples (collected before November 2019) were stored at -20 °C and used as
negative controls. The study was approved by the IMBB institutional ethics committee (process
number EK04-06062023).

2.8. Commercial anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B., Italy)

ELISA Kit (Dia.Pro D. B., Italy) was used to analyze the serum samples from 84 patients with
proven COVID-19, following the manufacturer’s instructions.

2.9. Optimization of indirect iELISA Protocol Based on HEV/RBD or N Recombinant Protein

A total of 5 negative and 5 positive serum samples, randomly selected from previously evaluated
samples, were tested in two independent experiments. Optimal working dilutions of the coating N
or HEV/RBD recombinant proteins have been determined. Briefly, well plates were coated with 2,
5, and 10 pg/mL of the recombinant protein in Bicarbonate/carbonate coating buffer (100 mM) with
a pH of 9.6. The microtiter plates (Maxisorp 96-well flat bottom) were coated with 100 uL/well of
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purified coating protein and incubated overnight at 4 °C. After three washes with PBST, the plates
were incubated with 200 pL/well of blocking solution (PBST-3% [w/v] BSA) for 1 h at room
temperature. Aliquots of sera diluted at 1:40 in blocking buffer were dispensed into the wells of the
plates and incubated for one hour at 37 °C. After three washes with PBST, the HRP-conjugated goat
anti-human secondary antibody (ThermoFisher Scientific, Waltham, MA, USA) was added at a
dilution of 1:10,000. After incubation with the secondary antibody, plate wells were washed three
times before 50 pL/well of the substrate solution (o-phenylenediamine, Millipore-Sigma, Munich,
Germany) was added. Plates were incubated in the dark at room temperature for 20 min. The reaction
was stopped with 50 uL. 1 M HSOs, and the plates were read at 492 nm in an Epoch Microplate
Spectrophotometer plate reader (BioTek Instruments Inc, Winooski, VT, USA). Mean
positive/negative (P/N) ratio was calculated.

2.10. Statistical Analysis, and Cut-off Evaluation of the iELISA

Excel Microsoft program was used to find the most appropriate cut-off value, receiver operated
characteristic (ROC), specificity, sensitivity, efficiency, and area under the curves (AUCs). The
agreement between the Commercial anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B,, Italy), and the
in-house assays was assessed by pairwise comparisons between the degree of accuracy and reliability
in statistical classification (kappa coefficient).

3. Results

3.1. Gene cloning, Production, and Purification of N and HEV/RBD recombinant proteins

The plant codone optimized N gene was cloned into a pEAQ-HT vector using Age I and Xho I
restriction sites (Figure 1, a). The plant codone-optimized HEV/RBD gene was cloned into pEff vector
(Figure 1, b) [34]. HEV/RBD expression was targeted to the endoplasmic reticulum (ER). We obtained
this purpose by adding ER-targeting signal peptide at the N-terminus and ER retention signal HDEL
at the C-terminus of the fusion protein [34]. To facilitate the purification of the N and HEV/RBD
recombinant proteins, a 6-histidine tag and an 8-histidine tag were added to the C-terminus of the N
and HEV/RBD recombinant proteins, respectively (Figure 1). The sequences of the inserts were
confirmed by sequencing and the recombinant vectors were transformed into A. tumefaciens and used
to infiltrate N. benthamiana leaves.

(s) Targetgene  SARS-CoV-2 N protein | | sro | I

CPMV 5’UTR CPMV 3'UTR

35S
—ra— O
NosT [:l RE HT
PEAQ-HT-N vector LB

. Signal peptide

GS linker
(b) Targetgene HEV/RBD fusion protein om3(110.485)| RBD I ORF2(486-610) II His Tag
HDEL
RDRP ,D:]D 21
NosT |:]
amv || pEff-HEV/RBD vector L8

Figure 1. Scheme of the recombinant vectors pEAQ-HT-N (a) and pEff-HEV/RBD (b). 35S, promoter
of the cauliflower mosaic virus RNA; NosT, terminator of the nopaline synthase gene from A.
tumefaciens; P24, P19, gene of silencing suppressor from grapevine leafroll-associated virus-2 and from
the Tomato bushy stunt (Tombus) group virus, respectively; LB and RB are the left and right borders
of T-DNA; 5-UTR from cowpea mosaic virus RNA-2; 3-UTR from cowpea mosaic virus RNA-2;
RDRP, RNA-dependent RNA polymerase of PVX; Sgp1, the first promoter of the subgenomic RNA
of PXV; AMYV, the leader sequence of RNA 4 of alfalfa mosaic virus.
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N. benthamiana leaves were agroinfiltrated with the recombinant vectors pEAQ-HT-N and pEff-
HEV/RBD. The morphological changes were observed in the plant leaves agroinfiltrated
with Agrobacterium carrying pEff-HEV/RBD. The leaves started to show serious necrosis at 5 dpi
(Figure 2a). In plants agroinfiltrated with pEAQ-HT-N chlorosis began on the base leaves at 5 dpi
(Figure 2b).

(a)

Figure 2. Morphological changes of N. benthamiana leaves after agroinfiltration with Agrobacterium
carrying pEff-HEV/RBD construct (a); N. benthamiana leaves after agroinfiltration with Agrobacterium
carrying pEAQ-HT-N construct.

Leaf tissues for isolation of protein samples were harvested four days after agroinfiltration based
on the morphological characteristic of infiltrated leaves and expression analyses (data not shown).
The HEV/RBD and N proteins purification were performed using metal-affinity chromatography
under native conditions. After purification, the protein samples were dialyzed against PBS and were
subject to SDS-PAGE gel analysis stained with Coomassiee Blue. The SDS-PAGE revealed that
HEV/RBD fusion protein is expressed very well in plants (Figure 3a), and we observed a massive
band of 81 kDa fusion protein. The Western blot analysis with an anti-RBD mAb further confirms the
presence of HEV/RBD protein. (Figure 3b). The IMAC method applied here obtained the ~100 mg
HEV/RBD of kg fresh tissue weight (FW).

(a) (b)
M CP TP PP M EV PP

191— |

- 150 —

100—
Rl | ’ -
— P

64— — —

- -~

50 —
- -
39 — . —
I=
28— -
b

15— [l
-sda S

Figure 3. (a) SDS-PAGE Coomassie brilliant blue-stained gel of HEV/RBD fusion protein. (b) Western
blot with a monoclonal anti-RBD mAb. M-prestained protein molecular marker (kDa), The position

25—

of HEV/RBD protein (calculated molecular weight 81 kD) is shown by a black arrow. M-protein
molecular marker; CP, a total soluble protein isolated from the infiltrated leaf with pEff-HEV/RBD
before filtration; EV, a total soluble protein extracted from plant leaves infiltrated with empty pEff.
TP, a total soluble protein extracted from plant leaves inoculated with pEff-HEV/RBD after filtration
with 45 um filter; PP, IMAC purified protein.
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The N. benthamiana leaves infiltrated with pEAQ were harvested on 4 dpi and recombinant N
protein was purified by IMAC. The purified N protein was analyzed by SDS PAGE (Figure 4a) and
Western blot with anti-his Ab (Figure 3b). The purified N protein was observed as a monomer (49.5
kDa), dimer, and tetramer (Figure 4a). The final yield of the N protein after purification was about 30
mg/kg of WF.

Figure 4. Expression of and N proteins in N. benthamiana plants (4 dpi). (a) The IMAC purified N
protein was analyzed by SDS PAGE followed by Coomassie brilliant blue-stained; (b) The N protein
was analysed by Western blot probed with anti-His tag Ab. M, molecular weight marker (sizes in kD);
CP, total protein isolated from the infiltrated leaf before filtration; TP, total proteins isolated from
infiltrated leaf after filtration with 45 pum filter; PP, IMAC purified N protein; EV, total proteins
isolated from the infiltrated leaf with empty vector.

3.2. Mass Spectrometry

Mass Spectrometry analysis confirmed the identity of the purified N and HEV/RBD proteins by
comparing the masses of peaks obtained with MALDI-TOF MS (Figure S1 supplementary file).

3.3. Mass photometry (MP)

We used mass photometry (MP) to directly measure the molecular weight distribution of N and
HEV/RBD proteins in solution. For the N protein, a majority peak can be discerned approximately at
the tetramer mass (Figure 5a) and bigger oligomers (Figure 5b). N creates tetramers through disulfide
cross-links of noncovalent dimers, as was previously demonstrated[41].

0128 kDa
14491 counts {86%)
[ 002_sample 1 Skewness: 0.000
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Figure 5. Determination of mass distribution by MP of N protein expressed and purified from plants.
MP was shown as histograms of the masses associated with single molecule surface adsorption events
of the N protein in PBS buffer.

MP shows that the HEV/RBD fusion protein expressed and purified from plants is largely
monomeric in PBS buffer (Figure 6).
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Figure 6. Determination of mass distribution by MP of HEV/RBD protein expressed and purified from
plants.

3.3. iELISA optimization using the plant-derived HEV/RBD and N

The plant-derived recombinant proteins were used to develop an iELISA to test anti-N or anti-
RBD antibodies in human sera. The optimal concentration of the recombinant proteins to coat the
iELISA plate was 5 pg/mL for HEV/RBD protein and 10 pg/mL for N protein; serum dilution - 1:40,
II Ab (anti-IgG) - 1:10 000. The optimal conditions were determined based on the optimal relation
between the positive and the negative samples (P/N) in the different coating antigen concentrations
(Figure S2 supplementary file).

The sensitivity, specificity, and cut-off value of the iELISA were determined by testing 84 serum
samples from hospitalized patients with proven SARS-CoV-2 diagnosis with fast COVID-19 Ag test
and 11 serum samples collected before the COVID-19 pandemic. The assay cut-off value (A492 nm =
0.139) was determined as a 3x standard deviation (SD) above the mean optical density of pre-
pandemic sera (Figure 7).

In-house EIA with recombinant Ag

05

0,45 Y
04 -
°
°
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° oo
° .
035 oo
°
oo
°
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ooe
03 oo oo
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oo ooe
oo
°
0,25 L
o0
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°
02 oo

Cut-off: 0,139

® Prepandemic sera ® Sera tested with HEV/RBD ® Sera tested with N

Figure 7. Plant-derived SARS-CoV-2 N and HEV/RBD protein detect IgG in serum samples from
COVID-19 hospitalized patients (n=84), indicated in blue and green. Results are presented as the
optical density value (OD) of analysed serums. A cut-off for positivity was determined as 3xSD
(standard deviation) above the mean optical density of pre-pandemic sera (n=11) indicated in orange.
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Furthermore, the HEV/RBD coating Ag was analysed by serum samples (n=6) negative for anti-
S IgG and positive for anti-HEV IgG. The results from iELISA test show that anti-HEV-specific
antibodies recognized the HEV/RBD Ag (Figure S3 supplementary). The retained antigenicity of HEV
capsid protein fused with RBD can be an obstacle to the correct evaluation of the anti-RBD iELISA
specificity.

3.4. Receiver Operating Characteristic (ROC), specificity, and sensitivity of in-house ELISA with plant-
derived HEV/RBD protein

The Receiver Operating Characteristic (ROC) curve was generated using the results obtained by
analyzing 36 negative and 48 positive human serum samples (n=84), previously tested by a
commercial anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B,, Italy). Notably, a comparison between
iELISA (HEV-RBP) and a validated, high-sensitivity commercial ELISA kit showed a sensitivity of
89.58% (95% Cl: 77.34-96.53) and a specificity of 94,44% (95% Cl: 81.34-99.32). The assay cut-off value
(A492 nm = 0.175) was determined as the optimal value of sensitivity and specificity (Figure 8). The
area under the curve (AUC) is 0.943.

ROC Curve

1.0

AT

Sensitivity
T

o
=
1

0.24

0.0 T T T
0.0 0.2 0.4 06 o8 1.0

1 - Specificity

Figure 8. ROC analysis of iELISA based on HEV/RBD coating Ag (5 pg/mL). The area under the curve
(AUC) is 0.943.

The comparison between the two variants of cut-off and a summary of the performance of the
HEV/RBD-based iELISA is presented in Table 1.

Table 1. The performance of HEV/RBD based IgG ELISA and comparison between the two variants
of cut-off analysis.

Mean negative OD + 35D ROC curve

Cut off 0.139 0.175

True Positive 45/48 43/48

True Negative 29/36 34/36
Sensitivity 93.75% [82.8-98.69] 89.58% [77.34-96.53]
Specificity 80.56% [63.98-91.81] 94.44% [81.34-99.32]
Accuracy 88.10% [79.19-94.14] 91.67% [83.58-96.58]
Positive Predictive Value 86.54% [76.71-92.62] 95.56% [84.78-98.81]
Negative Predictive Value 90.62% [76.16-96.69] 87.18% [74.72-93.99]

The comparison between the anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B., Italy)
commercial kit and the in-hose ELISA is presented in Table 2.
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Table 2. Performance of agreement between the anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B.,
Italy) commercial kit and the in-hose ELISA in the detection of anti-RBD IgG. 84 serum samples were
tested in duplicates with the commercial and iELISA tests.

Commercial ETIA

Positive Negative Total
. Positive 43 2 45
IELISA Negative 5 34 39
Total 48 36 84
Kappa index 0.8316

Comparison between the commercial anti-Spike 1(RBD)/2 IgG ELISA Kit (Dia.Pro D. B., Italy)
commercial kit and iELISA are characterized with a high agreement of 91.66% and Cohen’s k: 0.8316
between the results of the two methods. Of the 84 tested serums, the commercial kit identified 49
positive and 36 negative samples. Of the 48 positive samples, 43 were also identified as positive by
the iELISA (sensitivity of 89.58%). The remaining 5 we identified as negative samples. 34 of the 36
negative samples were identified as negative by iELISA (specificity of 94.44%). Overall, 7 of the 84
analyzed samples showed conflicting results (Table 2).

3.4. ROC, specificity and sensitivity of the in-house Double Recognition iELISA based on HEV/RBD and N

Double Recognition iELISA used HEV/RBD and N protein as coating antigens for double
recognition of anti-RBD Ab and anti-N Ab in human serum. All human serums (n=84) were tested by
double Recognition iELISA, which was characterized by a sensitivity of 85.42% (95% Cl: 72.24-93.93),
and specificity of 94.44% (95% Cl: 81.34-99.32) at cut-off = 0.154 (Figure 9).

ROC Curve
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Figure 9. ROC analysis of double recognition Immunoassay (HEV/RBD 5 ug/mL + N 5 pg/mL). The
area under the curve (AUC) is 0.917.

4. Discussion

The availability of efficient expression systems for the rapid and efficient production of
immunogenic proteins is critical in the fight against emerging infectious diseases. Using sensitive and
affordable diagnostic kits makes it possible to carry out large-scale seroepidemiological studies in
humans and susceptible animal species to emerging infections. In this study, we report the usefulness
of the plant expression system in large-scale and cost-effective production of SARS-CoV-2
nucleoprotein and fusion HEV/RBD protein and their application in serological tests for detecting
antibody responses in COVID-19 patients. We describe the development of an indirect in-house
ELISA using the fusion HEV/RBD protein as a coating antigen. Further, we reported the
establishment of a double recognition immunoassay based on two antigens (N and HEV/RBD) of
SARS-CoV-2. Finally, we compared the specificity and sensitivity of the iELISA tests with the
validated commercial ELISA COVID-19 S1-S2 IgG kit (Dia.Pro D. B,, Italy).
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Nucleoprotein was selected because it is shown to be the most abundantly expressed protein
during SARS-CoV-2 infection and a highly immunogenic [42,43]. The antibodies produced against N
are unlikely to neutralize SARS-CoV-2 directly [44]. RBD, on the other hand, is the primary target for
neutralizing antibodies, and the demonstration of such antibodies indicates the presence of a
protective immune response [45]. Since each of these proteins has advantages and disadvantages as
diagnostic antigens, using them all together will most likely give an overall picture. Additionally,
people who receive S-based vaccinations do not have antibodies to N protein [46].

There are many different heterologous expression systems including E. coli, yeast, insect cells,
mammalian cells, and plants for the expression of highly specific detection probes in research and
diagnostics, each with specific benefits and drawbacks [47-51]. Theoretically, plant expression
systems have several advantages: plants can be used for the production of large amounts of high-
quality recombinant proteins, with similar posttranslational modifications (PTMs) as mammalian
cells, utilized to detect, and treat several viral disease s. Leafy crops like Nicotiana benthamiana can be
cultivated under controlled conditions and grown to agricultural size generating significant amounts
of biomass. N. benthamiana has been used for transient expression, providing a higher yield of
recombinant proteins within a shorter timeline and successfully applied as a rapid response platform
addressing emerging viral diseases [35,52,53]. There are several challenges in producing diagnostic
Ag in plants. Various techniques have been used to overcome the glycosylation pattern-induced
product heterogeneity and proteolytic degradation of recombinant proteins [54,55]. PTMs play a
significant role in the efficacy of plant-derived diagnostic reagents and affect antigen recognition and
sensitivity of diagnostic tests. The SARS-CoV-2 structural proteins are extensively glycosylated[56],
mostly the glycans are made up of complex-type N- and high-mannose type-glycans [33,57].
Nonetheless, high-mannose glycans' structure is universal throughout eukaryotes, which may lessen
the variations between RBD generated by plants and mammals [58].

Here we used transiently transformed N. benthamiana to produce an HEV/RBD fusion protein
and N protein to set up an iELISA test for serological analysis of serum samples from COVID-19
patients. The time requested for the expression and purification of the N and HEV/RBD diagnostic
reagents was estimated to be 5-6 weeks, starting with N. benthamiana seeds germination and plant
growth till recombinant protein extraction and purification. Plant leaves infiltrated with pEff-
HEV/RBD resulted in the expression of an 81 kDa fusion HEV/RBD protein at up to 100 mg/kg of FW.
Agroinfiltration of N. benthamiana with pEAQ-HT-N resulted in the expression of a 49.5 kDa N
protein at up to 30 mg/kg of FW. The N protein is expressed in a lower but still satisfactory amount.
In this study, the optimal conditions for iELISA were set at 5 pg/mL for HEV/RBD coating antigen
and 10 ug/mL for N coating antigen, with a final volume used in the assay of 100 uL (equal to 0.5
ug/well and 1 pug/well respectively). The amount of ~50 pg is needed for coating a whole 96-well plate
for HEV/RBD and ~100 pg for N protein. In E. coli expression, it has been reported that 1.5 mg of RBD
protein can be produced per liter culture [59]. Using the same protocol, 1 L of culture would produce
enough protein to process 3,000 samples, while 1 kg of FW plant leaves could produce enough protein
to process 200,000 samples at the HEV/RBD fusion yield described herein. The IMAC purification
steps allow the obtaining of recombinant proteins (N and HEV/RBD) with very high purity (Figure
3a, Figure 4a). The HEV/RBD and N recombinant proteins were proven to be recognized by
commercially available ant-RBD mAb and anti-his tag mAb (Figure 3a, Figure 4a), respectively.
Furthermore, the recombinant proteins were identified by MALDI-TOF and analyzed by mass
photometry. As previously shown, we demonstrated that the plat-derived N protein forms tetramers.
The tetramers are the results of disulfide cross-links of noncovalent N dimers [41]. Dimerization of
SARS-CoV-2 nucleoprotein affects the sensitivity of ELISA based on N protein for serological
diagnostics of COVID-19 [60]. Previously, we demonstrated that the HEV/RBD can assembled into
high-order structures [34]. Here, the mass photometry analysis shows that the HEV/RBD fusion
protein is largely monomeric in PBS buffer, and does not form virus-like particles (VLPs). We
demonstrated that the assembly and stability of HEV capsid VLPs are lower and depend on
the purification method, buffer conditions, and the position of the inserted foreign protein [51,61]. A
panel of 84 sera from patients diagnosed with COVID-19 was used to assess the recognition between
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plant-derived antigens and serum antibodies. The results from HEV/RBD-based iELISA and double
recognition ELISA (based on N and HEV/RBD) were compared to those obtained by commercially
available ELISA COVID-19 S1-52 IgG kit (Dia.Pro D. B., Italy). The agreement between the HEV/RBD-
based iELISA and commercial ELISA test was 91.66% with Cohen’s k index 0.8316 [0.710 - 0.951]. We
established a cut-off value of A492nm = 0.175 for the HEV/RBD iELISA, based on the ROC curve
analysis (Figure 8). The agreement between the double recognition iELISA and commercial ELISA
test was 89.29% with Cohen’s k index 0.7850 [0.653 - 0.917] with cut-off = 0.154.

During exposure to SARS-CoV-2, several factors may influence antibody detection. The timing
of the sample is crucial since IgM usually appears first week and peaks two to three weeks after the
onset of symptoms. IgG is usually found after IgM and peaks at about the same time [62]. However,
the antibodies may not follow this usual pattern of seroconversion in SARS-CoV-2 infection, affected
by several factors, such as the presence of memory B cells from hCoVs and cross-reactive serum
antibodies [63].

However, this study has several limitations. The HEV/RBD-based iELISA, showed good
specificity, but we could not assess the cross-reactivity of HEV capsid protein with anti-HEV
antibodies. HEV seroprevalence ranges from 5.9% to 21.7.5% [64]. HEV capsid protein retains its
ability to be recognized by HEV/RBD (Supplementary Figure 2), which would affect the specific
recognition of anti-RBD antibodies in 5.9% to 21.7.5% of the population. Further, we could not assess
the cross-reactivity of N protein with anti-coronaviruses that differ from SARS-CoV-2. with anti-
coronaviruses that differ from SARS-CoV-2 and the influence of the plat-glycosylation model of N
and HEV/RBD proteins. Nevertheless, it has been demonstrated that plant expression systems may
produce functionally active SARS-CoV-2 proteins at high levels [5,31,49,58,65].

5. Conclusions

Our study confirms that the N and fusion HEV/RBD proteins transiently expressed in plants can
reliably detect responses to SARS-CoV-2 in human sera. Our research validates the potential of using
plants as an expression system for recombinant protein production and their application as
diagnostic reagents for serological detection of infectious diseases, lowering the cost of diagnostic
kits.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title.
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