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Reliable diagnosis is critical to identify infections of SARS-CoV-2 as well as to evaluate the immune response to
virus and vaccines. Consequently, it becomes crucial the isolation of sensitive antibodies to use as immuno-
capture elements of diagnostic tools. The final bottleneck to achieve these results is the availability of enough
antigen of good quality. We have established a robust pipeline for the production of recombinant, functional
SARS-CoV-2 Spike receptor binding domain (RBD) at high yield and low cost in culture flasks.

RBD was expressed in transiently transfected ExpiCHO cells at 32 °C and 5% CO; and purified up to 40 mg/L.
The progressive protein accumulation in the culture medium was monitored with an immunobinding assay in
order to identify the optimal collection time. Successively, a two-step chromatographic protocol enabled its
selective purification in the monomeric state. RBD quality assessment was positively evaluated by SDS-PAGE,
Western Blotting and Mass Spectrometry, while Bio-Layer Interferometry, flow cytometer and ELISA tests
confirmed its functionality. This effective protocol for the RBD production in transient eukaryotic system can be
immediately extended to the production of RBD mutants.

1. Introduction

The clinical, social and economic impact of the global pandemic
caused by coronavirus disease 2019 (COVID-19) has promoted a global
effort to investigate any aspect related to the biology of severe-acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. SARS-CoV-2
entry into the host cell is primarily driven by the receptor-binding
domain (RBD) of Spike glycoprotein S that forms a homotrimer able to
interact with the host cell receptor angiotensin-converting enzyme 2
(ACE2) [2-5]. Because of its role, RBD is also the major target of
neutralizing antibodies [6-8], both natural and recombinant [9].

The accurate detection of Spike RBD in biological samples is critical
to infer the presence of virus particles and monitor vaccine efficiency
[10]. The diagnostic trend moves toward rapid and not invasive portable
tests that can exploit alternative fluids (sputum, blood and urine) in
standardized procedures simpler than processing swabs used to isolate

virus particles in the higher respiratory tract [11]. Miniaturized immu-
nobiosensors functionalized with antibody fragments have the features
to become inexpensive point-of-care diagnostic tools [9,12,13] and li-
gands as adhirons (affimers) [14] might represent an interesting alter-
native because of their biophysical features. With the perspective of
selecting anti-RBD adhirons for a new biosensor, we envisaged a Spike
RBD production protocol more effective than the strategies already
available. If bacterial expression provides deglycosylated and mainly
insoluble RBD [15-18] (Table 1), eukaryotic systems based on cells
grown in both flasks and bioreactors were successful to express RBD [10,
19-23] but had specific shortcomings (Table 1). For instance, RBD
production in yeast reached yields of 60 mg/L [22] but showed high
level of immunogenic N-glycans which made it unsuitable for serolog-
ical tests, whereas RBD expressed in insect cells was O-glycosylated [23]
(Table 1). CHO cells are largely used for biotherapeutic protein
expression and provide human-like post-translational modifications

Abbreviations: ExpiCHO, Experimental Chinese Hamster Ovary; HPLC, High Performance Liquid Chromatography; Ab, antibody; RBD, Receptor Binding Domain;

ACE-2, Angiotensin converting enzyme 2; HEK, Human Embryonic Kidney.
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Table 1
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Approaches used for the production of SARS-CoV-2 Spike RBD.The characteristics of the constructs are listed together with information about the expression system,

the yield of purified protein, relevant annotations and literature references.

RBD EXPRESSION SYSTEM YIELD mg/L Comments REFERENCE

320-537 Mammalian CHO (stable) 30 31% dimer Sinegubova et al., 2021
319-541 Krammer Mammalian Expi293F (transient) Not indicated Tee et al., 2020
331-591 Mammalian HEK293SF (transient) 150 Bioreactor Farnos et al., 2020
319-541 Baculovirus 30 Li et al., 2020
305-543 Insect cells ExpreS? Not indicated O-glycosylated Bagdonaite et al., 2021
318-536 N1 Yeast P. pastoris X-33 60 Bioreactor Hyperglycosylated Chen et al., 2017
330-583 Bacteria E. coli 13.3 Deglycosylated He et al., 2021
319-640 Bacteria E. coli Not indicated Deglycosylated and not properly functional Fitzgerald et al., 2021
389-611 Bacteria E. coli Not indicated CRM197-RBD Refolded from inclusion bodies Bellone et al., 2021
319-541 Bacteria E. coli Not indicated Refolded from inclusion bodies Gao et al., 2021

necessary for the correct biological activity but almost 30% of RBD
purified from stably transformed CHO cells was dimeric [10] (Table 1).
Notably, CHO-DXB11 derived cells were successfully used to produce
full length Spike ectodomain up to 100-150 mg/L [24].

Here we tested transiently transfected high density ExpiCHO cells
[25] cultured in flasks for expressing Spike RBD and obtained mono-
meric and functional antigen through a fast and cost-effective protocol
that can be immediately available for the production of RBD mutants.

2. Material and methods

The RBD sequence cloned in the pCAGGS vector was kindly provided
by Krammer lab [26]. In this construct, the native N-terminal signal
peptide of Spike protein (MFVFLVLLPLVSSQ) was fused to the RBD re-
gion (aa 319 to aa 541) and joined with a C-terminal 6xHis tag. ExpiCHO

cells were thawed for 10 min and cultured for 6-10 days at 37 °C, 8%
CO9 and 120 rpm in 60 mL of ExpiCHO expression medium (pre-warmed
at 37 °C) using Erlenmeyer flasks. Two to three passages of gently
dead-cells filtration and media exchange were applied to maintain cul-
ture in the optimal growth conditions. Transfection was performed
following the ExpiCHO™ Expression System Kit instructions (Thermo-
Fisher - code A29133) without antibiotics and applying the Max titer
protocol when cells reached Viable Cell Density (VCD) of 6 x 10°
cells/mL and doubling time of 18-20 h. The pCAGGS-RBD plasmid (1.4
mg/mL and Aygo,/280 = 1.9) was prepared using the PureLink™ Hipure
Maxiprep Kit from Thermofisher (code K210006) to recover sterile,
salt-free and supercoiled DNA. ExpiFectamine CHO was mixed by
repeated inversions, diluted with cold OptiPRO medium and finally
complexed to the diluted plasmid DNA at room temperature. After 5 min
the mix was added drop by drop to the cell culture at room temperature.

Fig. 1. Production of monomeric SARS-CoV-2

A 1 _ne 081 —30day3 Spike RBD at 37 °C and 32 °C in ExpiCHO cells.
o s —NC A. Biolayer Interferometry protein-antigen binding
= £)
45 4 y4 081 —32day4 assay performed with CR3022-AbSIP as ligand was
h a’
o ' . o —32day5 used to follow the protein accumulation (AU, arbi-
o *22 233 trary unit) in cell cultures. Daily concentrations
o 03 o8 were compared for cells grown at both 37 °C and
< 32 °C. NC (negative control) corresponds to not
02 02 transfected cells. B. IMAC-Affinity (top) and Gel
o Filtration (bottom) chromatographic steps of SARS-
o CoV-2 Spike RBD. Green arrows indicate the RBD
. A c—— o elution peaks.
0 C 40 . L L 120 0 20 40 60 80 100 120
minutes minutes
B 37°C 32°C
2000 100 1000 100
400mM
" 400mM i - Imidazole =
1
Imidazole m m
g 0 5 8 600 60 5
N 1000 3:25 ~N 3§
% o 0 % 400 w0 @
R R
500 20 200 20
0 0 0 0
Volume mL Volume mL
35
25 s l 35KDa
J 35kDa
20 25
m
o 15 9 o 2 3
=9} > 9] 8
39 ES N =]
> 10 a > | [}
> - 2 X
5 B °
05
v 0
0 5 10 15 20 0 5 10 15 20
Volume mL Volume mL



M. De March et al.

A

ve}
20

Protein Expression and Purification 194 (2022) 106071

Fig. 2. Characterization of purified SARS-CoV-2
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For Biolayer Interferometry, ammine reactive second-generation
sensors (AR2G) were irreversibly immobilized with the fusion protein
composed by the CH2-CH3 domains of mouse immunoglobulin and the
scFv domain of the anti-RBD human IgG1 CR3022 (hereafter CR3022-
AbSIP) [27].

Culture media were centrifuged at 25 °C and 500xg for 5 min to
pellet cells and then at 4 °C and 4500xg for 30 min. The clarified su-
pernatant was collected and injected into a HiPrep™ 26/10 desalting
column. This sample was then injected into a 1 mL HiTrap™ chelating
HP Nickel column previously equilibrated in 20 mM NaHPO4 pH 7.4,
500 mM NaCl, 10 mM imidazole. The gel filtration step was performed
with a Superdex 75 10/300 (Cytiva) column equilibrated with 20 mM
NaHPO4 pH 7.4 and 100 mM NaCl. To avoid protein precipitation on
nitrocellulose membranes observed in preliminary tests, we concen-
trated sample on 10 MWCO PES (polyethersulfone) Vivaspin filters
(Sartorius) before quantification by UV absorbance at 280 nm.

RP-HPLC was run in an Agilent 1100 system thermostated at 25 °C,
equipped with an analytical column Zorbax 300SB - C18 5 pm 4.6 x 250
mm and UV lamp set at 280 nm in combination with a 30 min aceto-
nitrile gradient (0%-100%, flowrate of 1 mL/min). TFA (0.1% v/v) was
added to the mobile phase.

Tandem Mass Spectrometry (MS/MS) was used applying multiple
reaction monitoring of peptides after tryptic digestion [28]. Specifically,
the sample was heated for 10 min at 99 °C in reducing buffer (0.4 M
Tris/HCl pH 8, 200 mM DTT), then incubated first at room temperature
for 10 min and then at 37 °C for 2h in 0.1 M Tris/HCl and 1 pg of trypsin.
After reaction quenching with 2% formic acid, the sample was injected
into a HPLC Agilent 1260 linked to an ESI-IT Bruker AmaZon SL to
identify the resulting RBD peptides. Peptide FASVYAWNR (aa 77-85)
with the doubly charged ion at m/z 557.2 was monitored in fragments
y4 (m/z 546.3) and y5 (m/z 709.3), while the peptide VGGNYNYLYR (aa
175-184) with a doubly charged ion at m/z 609.7 was monitored in the
fragment y5 (m/z 728.3).

For flow cytometer analysis, HEK-293T cells expressing ACE2 re-
ceptor were incubated 1h at 4 °C in the presence of purified RBD, the

primary mouse antibody CR3022-AbSIP and the secondary anti Human
IgG goat antibody Alexa 488 [29]. 96-well ELISA Maxi Sorp
Immuno-Plates (Thermofisher) were coated with SARS-CoV-2 RBD (1
pg/mL in PBS pH 7.4) and incubated overnight at 4 °C. Plates were then
washed 3 times with PBS pH 7.4 and 0.05% Tween-20 (PBST) using the
BioRad immune-plate washer and blocked with 3% milk-PBST. Serial
molar dilutions of human sera in 1% milk-PBST were added to the plates
and incubated for 2 h at RT. After washing, the goat HRP-conjugate
anti-Human IgG y-chain antibody was incubated for 1h at RT before
the addition of 3,3',5,5'-Tetramethylbenzidine substrate for 10 min at
RT. Reactions were stopped by adding 50 pL/well of 1 M HaSO4. OD4so
was measured on Bio-Rad iMark microplate reader.

3. Results and discussion

After transfection at day 1, the temperature was decreased to 32 °C
and the CO2 to 5% within 5 h with the addition of ExpiCHO feed and
ExpiFectamine enhancer to the culture. In parallel, a second transfected
culture was left at 37 °C and 8% CO; to evaluate the temperature effect
on the RBD expression level. Starting from Day 3, Biolayer Interferom-
etry (BLL, performed with BLItz, ForteBio) was used to monitor the RBD
accumulation in the culture media and to identify the optimal time to
stop expression. This corresponded to the moment in which the total cell
number decreases of 30% with respect to the maximum and RBD
accumulation reached the steady-state. Specifically, the optimal condi-
tions were reached at day 5 and 7 for expression at 37 °C and at 32 °C,
respectively (Fig. 1A).

From HiPrep™ 26/10 desalting column we got three peaks, with the
first one corresponding to the RBD (Supplementary Fig. S1) that was
eluted from a 1 mL HiTrap™ chelating HP Nickel column with an
imidazole gradient between 400 mM and 500 mM at pH 7.0 (Fig. 1B).
The protein expressed at 32 °C was eluted as a single peak, whereas the
protein expressed at 37 °C co-eluted as a shoulder of the major peak that
corresponded to an unrelated larger protein (Figs. 1B and 2A). RBD
expressed at 32 °C eluted fully as a monomer from gel filtration step
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performed with a Superdex 75 10/300, while RBD expressed at 37 °C
was partially aggregated, as indicated by the presence of an early peak in
Fig. 1B. The single band of 35 kDa in the SDS-PAGE (Fig. 2A) and the
specific binding to the mouse mAb anti-RBD (clone# 1034522, R&D) in
Western Blot confirmed the protein purity and epitope conservation
(Fig. 2A). No protein degradation was detectable in both preparations
after purification. The purification of RBD expressed in ExpiCHO cells at
37 °C produced 6 mg/L. This method was dismissed because the yields
obtained using the same cells cultured at 32 °C and 5% CO, were
significantly higher and reached 40 mg/L in the best trial among three
independent attempts (Supplementary Table S1). Finally, RBD was
stored at 4 °C in plastic tubes.

92.5% of the purified RBD expressed at 32 °C eluted from RP-HPLC
as a single peak at 21.6 min (Supplementary Fig. 52), while the profile of
the protein expressed at 37 °C showed contaminants with MW > 100
kDa, as already observed in gel filtration chromatography (Fig. 1B).
Tandem Mass Spectrometry (MS/MS) confirmed RBD identity enabling
the recognition of the sequence (Supplementary Fig. S3).

RBD binding activity to the immobilized CR3022-AbSIP was
demonstrated by BLI (Supplementary Fig. S4) and flow cytometer
analysis showed the binding to the ACE2 receptor (Fig. 2B). Data ac-
quired using FACSCalibur (BD Bioscience) clearly showed the binding-
dependent signal shift with respect to the controls (Fig. 2B). A final
ELISA assay was useful to detect specific anti-RBD IgG antibodies in
human sera of 5 patients recovering from COVID-19 (Fig. 2C).

4. Conclusions

This study describes a reliable protocol suitable for standard labo-
ratory equipment [30] to obtain monomeric and functional SARS-CoV-2
Spike RBD protein at yields of 40 mg/L. Supplementary Table S2 sum-
marizes material and time necessary for RBD production. The major
protocol novelties are the use of ExpiCHO transient expression system
for RBD production, the expression conditions with temperature set to
32 °C and CO; set to 5% and the BLI-dependent monitoring of protein
accumulation in the culture media to establish the optimal recovery
time. We expect that this approach might be easily applied for producing
RBDs of SARS-CoV-2 mutants.
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