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recombinant proteins that other systems 
could not.[1] For examples, Chinese ham-
ster ovary (CHO) cells are widely used 
for the production of therapeutic proteins 
such as monoclonal antibodies and hor-
mones,[2] and human embryonic kidney 
293 (HEK-293) cells are increasingly used 
in biochemistry and structural biology 
fields for the production of human pro-
teins that require the proper cellular fac-
tors and environments for expression, 
folding, modification, or secretion. In par-
ticular, proteins undergo human-like post-
translational modifications (PTMs), which 
are frequently critical for proper protein 
structure, activity, stability, optimal phar-
macokinetics, and immunogenicity.[3,4] 
However, the use of the human cell 
system is often limited due to inconsistent 
and unpredictable productivity of transient 

and stable transfection methods, respectively. Therefore, a new 
method to systemically increase the expression level in human 
cells would be beneficial.

A reliable coexpression method for the simultaneous expres-
sion of multiple proteins greatly increases the usability of an 
expression system. It is crucial to produce unstable proteins 
that need to be expressed with a binding partner as well as 
cytotoxic proteins that have to be expressed with an inhibitory 
protein with a higher expression level at the same cellular loca-
tion. In addition, it is beneficial, in terms of time, cost, and 
labor, for the coexpression of multiple viral antigens or large 

Coproduction of multiple proteins at high levels in a single human cell line 
would be extremely useful for basic research and medical applications. Here, 
a novel strategy for the stable expression of multiple proteins by integrating 
the genes into defined transcriptional hotspots in the human genome is pre-
sented. As a proof-of-concept, it is shown that EYFP is expressed at similar 
levels from hotspots and that the EYFP expression increases proportionally 
with the copy number. It is confirmed that three different fluorescent pro-
teins, encoded by genes integrated at different loci, can be coexpressed at 
high levels. Further, a stable cell line is generated, producing antigens from 
different human coronaviruses: MERS-CoV and HCoV-OC43. Antibodies 
raised against these antigens, which contain human N-glycosylation, show 
neutralizing activities against both viruses, suggesting that the coexpression 
system provides a quick and predictable way to produce multiple coronavirus 
antigens, such as the recent 2019 novel human coronavirus.
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1. Introduction

Purified recombinant proteins are extremely useful for basic 
research in biology and chemistry as well as in medical appli-
cations involving therapeutic proteins. To obtain proteins 
with high purity and yield, their overexpression is essential. 
Therefore, various heterologous expression systems including 
Escherichia coli, yeast, insect cell, and mammalian cell sys-
tems have been developed for high-level protein expression. 
Among them, mammalian expression systems have received 
special attention because they could efficiently produce many 
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protein complexes, even when the antigens or subunits can 
be separately expressed and purified. To address this issue, 
various coexpression methods have been developed in several 
species. For examples, in E. coli expression systems, multiple 
expression cassettes independently controlled by separate pro-
moters can be inserted into a single plasmid using conven-
tional cloning methods,[5] or several vectors conferring resist-
ance to different antibiotics can be cotransformed into a single 
E. coli cell.[6] Likewise, in the Multibac system for coexpression 
in insect cells, a baculovirus bacmid containing six expression 
cassettes can be generated by Cre-Lox recombination.[7] How-
ever, there is still no reliable coexpression method for mam-
malian cells including human cells, although mammalian cell 
systems are used as widely as other systems. Multiple plas-
mids can be cotransfected, but this approach typically results 
in extremely various expression levels of the target proteins in 
individual cells, because the relative plasmid transfection effi-
ciencies vary greatly from cell to cell. Furthermore, generating 
a single coexpression plasmid containing multiple expres-
sion cassettes is also difficult, because repeated transcription-
enhancing elements and polyalanine-encoding sequences 
greatly decrease plasmid stability during cloning and amplifi-
cation in E. coli. Therefore, a new method that ensures high-
level expression of multiple genes in human cells is highly 
desirable.

A predictable and stable human cell expression system is 
required for producing the most effective recombinant pro-
teins for human vaccines, which are one of the most prac-
tical precautions against infection by viruses, including coro-
navirus. To prophylactically stimulate the human immune 
system, effective antigens that do not themselves cause dis-
ease must be delivered to the human body. In contrast to 
live attenuated or inactivated vaccines that involve the whole 
pathogen, subunit vaccines based on individual recombinant 
viral proteins reduce the possibility of adverse reactions. 
However, recombinant subunit vaccines have potential chal-
lenges, such as a weak immunogenicity and the need for 
immune-boosting adjuvants and multiple doses.[8] Previous 
works have indicated that human-like PTMs including glyco-
sylation are crucial for the immunogenicity of recombinant 
antigens in humans,[4,9–13] emphasizing the need for reliable 
and effective systems for expressing recombinant antigens in 
human cells.

Here, we developed a general method for the stable expres-
sion of multiple recombinant proteins in human cells by inte-
grating genes of interest into several transcriptional hotspots 
in the human genome. To integrate target genes into the hot-
spots specifically, we harnessed CRISPR (clustered regularly 
interspaced short palindromic repeat)-Cas (CRISPR associated)-
based knock-in technologies.[14–20] We verified each transcrip-
tional hotspot using fluorescent protein coding genes as a 
proof-of-concept and confirmed that three different fluorescent 
protein coding genes integrated at different loci can be coex-
pressed at high levels. We further established clonal cell lines 
in which two different antigens were continuously expressed at 
similar levels and ultimately showed that the two purified anti-
gens effectively induced potent neutralizing activities against 
two viruses, suggesting a novel and cost-effective strategy for 
vaccine production.

2. Results

2.1. Precise Knock-in Strategies at Transcriptional Hotspots in 
the Human Genome

We first examined transcriptional hotspots, identified in pre-
vious studies, in which integrated genes are abundantly 
expressed because of open chromatin structures and at which 
the integration does not affect neighboring gene expres-
sion.[21] We carefully selected seven hotspots in different chro-
mosomes, including the first intron of the PPP1R12C gene, 
which is referred to as Adeno-associated virus integration site 
1 (AAVS1)[21–24] (Figure 1a). We next investigated whether genes 
integrated at these hotspots showed high-level expression. To 
this end, we used enhanced yellow fluorescent protein (EYFP) 
gene as a surrogate, so that we could assess the expression level 
by measuring the fluorescence Intensity of the cell.

To precisely integrate the EYFP gene into each hotspot 
region, we sought to establish two different knock-in strategies: 
a homology directed repair (HDR)-mediated knock-in method 
and a homology-independent targeted insertion (HITI) method 
that is based on the nonhomologous end joining (NHEJ) DNA 
repair pathway.[25–27] We initially constructed a donor DNA tem-
plate that contains the EYFP gene with expression driven by 
an inducible cytomegalovirus (CMV) promoter and the hygro-
mycin resistance (HygR) gene for effective selection of knock-in 
cells (Figure 1b). Then, for HDR-mediated knock-in, the donor 
plasmid was designed to contain two homology arm regions, 
flanking the HygR and EYFP genes, which are identical to 800 
bp regions upstream and downstream of a cleavage site that 
will be induced at a target site of interest. In contrast, one or 
both of the flanking region(s) in the donor plasmid for HITI 
contained a 23-bp sequence identical to the cleavage sequence 
(Figure S1, Supporting Information).

To generate DNA cleavage at specific sites of interest, we 
designed at least five single-guide RNAs (sgRNAs) targeting 
sites in each hotspot using Cas-Designer and Cas-OFFinder 
software[28,29] (Figure S2, Supporting Information). We initially 
focused on sites recognized by SpCas9 (Cas9 derived from Strep-
tococcus pyogenes), which recognizes 5’-NGG-3’ protospacer-adja-
cent motif (PAM) sequences, for all hotspots. In the case of the 
SPINK2 hotspot region, we found that a long noncoding RNA 
(lncRNA) was encoded downstream of the SPINK2 gene, so we 
designed an additional five sgRNAs that avoided sites in the 
lncRNA gene. It is notable that other programmable nucleases, 
including zinc-finger nucleases (ZFNs), transcription activator-
like effector nucleases (TALENs), and other CRISPR endonucle-
ases such as Cas12a (also called Cpf1), can also be used for spe-
cific DNA cleavage in hotspot regions.[30–34] Hence, we alterna-
tively designed sgRNAs for LbCas12a (Cas12a derived from Lach-
nospiraceae bacterium ND2006), which recognizes 5′-TTTV-3′ 
PAM sequences (Figure S3, Supporting Information).[35]

2.2. Verification of Transcriptional Hotspots in the Human 
Genome

To test the gene editing activities of all of the sgRNAs, we trans-
fected plasmids encoding SpCas9 or LbCas12a and, individually, 
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each of the sgRNAs into human T-REx-293 cells.[36] We then 
used targeted deep sequencing to measure the frequency 
of small insertions and deletions (indels) at the target site, a 
measure of sgRNA activity.[37] We chose the sgRNAs showing 
the highest activities for each of the hotspots from the high-
throughput sequencing data (Figures S4–S6, Supporting Infor-
mation). Next, we tested HDR- and HITI-mediated knock-in of 
the EYFP gene at the AAVS1 hotspot by transfecting the EYFP-
encoding HDR or HITI donor plasmid, together with plasmids 
encoding SpCas9 and the AAVS1-targeted sgRNA, into the cells. 
Transfected cells were selected under hygromycin treatment 
and flow cytometry was used to detect EYFP-positive cells. The 
results showed that the fluorescence intensities were com-
parable for each of the two knock-in methods (Figure  1c and 
Figure S7, Supporting Information), indicating that the knock-
in method did not affect the expression level of the integrated 
gene.

After successful integration of the EYFP gene at the AAVS1 
site, we independently integrated the EYFP gene into all of the 
other hotspot sites using the HITI method. As described above, 

after hygromycin selection, cells were analyzed by flow cytom-
etry to compare EYFP expression levels from each of the hot-
spots with that from the AAVS1 site (Figure 1c, Figures S7 and 
S8, Supporting Information). We found that all cell populations 
exhibited equivalently high expression levels, indicating that 
all selected sites can be used as transcriptional hotspots. Fur-
thermore, we integrated the EYFP gene into the GRIK1 region 
using LbCas12a nuclease in addition to SpCas9 and found that 
the fluorescence intensities were almost the same (Figure  1c, 
Figures S7 and S8, Supporting Information), suggesting that 
other programmable nucleases, including ZFNs and TALENs, 
could be used as the knock-in tool.

2.3. Multiplexed Target Gene Expression from 
Human Transcriptional Hotspots

We next investigated whether multiple genes can be simul-
taneously expressed from distinct hotspots. To insert genes 
encoding three different fluorescent proteins into different 

Figure 1.  Determination of human transcriptional hotspots. a) Positions of human transcriptional hotspots based on neighboring gene information. 
The grey boxes indicate exons in the neighboring genes and the blue boxes with an arrowhead on one end indicate selected SpCas9 targets. The green 
bar represents the position of a lncRNA. b) Schematic diagram of two integration methods using programmable endonucleases. In each case, the 
upper bar indicates the targeted sites within the genome; the linked bar underneath indicates the DNA template. The DNA templates contain two 
promoters, which control the expression of a gene encoding a fluorescent protein (EYFP) and an antibiotic resistance gene (marker). HA, homology 
arm. c) Histogram plots of flow cytometry analysis. The fluorescence intensity of each population of cells was characterized. The height of each plot 
indicates the cell count. Without AAVS1, the neighboring genes of (a) are called transcriptional hotspots instead.
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hotspots, we constructed three donor plasmids, as follows: the 
first contains the enhanced cyan fluorescent protein (ECFP) 
gene and the HygR gene for hygromycin resistance, the second 
contains the mCherry (red fluorescent protein) gene and the Sh 
ble (Streptoalloteichus hindustanus bleomycin) gene for Zeocin 
resistance, and the third contains the EYFP gene and the pac 
(puromycin N-acetyl-transferase) gene for puromycin resist-
ance; they are designed for integration at the AAVS1, SEMA6A, 
and DCC hotspots, respectively (Figure S9, Supporting Infor-
mation). Then, we sequentially transfected the donor plasmids, 
along with plasmids encoding SpCas9 and the appropriate 
sgRNA, into human T-REx cells (Figure  2a), to successively 
obtain ECFP knock-in cells, ECFP and mCherry knock-in cells, 
and ECFP, mCherry, and EYFP knock-in cells. We confirmed 
the presence of the ECFP, mCherry, and EYFP proteins in the 
final cell population by detecting fluorescence at the expected 
wavelengths with confocal fluorescence microscopy (Figure 2b, 
Figures S10 and S11, Supporting Information), indicating that 
the three different proteins can be expressed in one stable cell 
line.

To investigate whether the integration of multiple copies of 
a single target gene would proportionately increase the expres-
sion level, we further prepared various EYFP-encoding donor 
plasmids that contain different antibiotic resistance genes. 
Then, we sequentially introduced each plasmid at different 
hotspots. Ultimately, we constructed a number of clonal cell 

lines that contain from one to five copies of the EYFP gene 
(Figures S12 and S13, Supporting Information). For each cell 
line, we assessed the EYFP expression level by measuring 
fluorescence intensities by flow cytometry (Figure  2c and 
Figure S14, Supporting Information). Interestingly, the fluores-
cence intensities increased according to the number of copies 
of the EYFP gene, indicating that hotspot-based gene expres-
sion can be multiplexed.

2.4. Expression of an MERS Immunogen in Human Cells

We next applied the human coexpression system to generate 
a recombinant subunit vaccine. As an antigen, we chose the 
receptor-binding domain (RBD) of the Middle East respiratory 
syndrome coronavirus (MERS-CoV) spike protein (Figure  3a). 
The spike-RBDs, which cover the outer surface of coronavi-
ruses, are responsible for binding to the MERS-CoV receptor, 
dipeptidyl peptidase 4 (DPP4, also known as CD26) (Figure 3b), 
and subsequent fusion with a host cell membrane. A previous 
study showed that MERS-RBD fused with human Fc, produced 
by transient expression in HEK-293 cells, induced potent neu-
tralizing antibodies in a mouse model.[38] We introduced the 
sequence encoding this MERS-RBD-human Fc fusion antigen 
into the donor expression plasmid for HDR-mediated knock-in. 
The signal peptide-encoding sequences of the MERS-CoV spike 

Figure 2.  Ability to multiplex target gene expression at human transcriptional hotspots. a) Schematic diagram showing the multistep generation of 
the desired cell populations. Three kinds of DNA templates, each containing a gene encoding a different fluorescent protein and a different antibiotic 
resistance gene, were constructed. In turn, the templates were integrated into distinct transcriptional hotspots, after which the cells were treated with 
the appropriate antibiotic (hygromycin for integration at the AAVS1 site, zeocin for integration at the SEMA6A site, and puromycin for integration at 
the DCC site). b) Fluorescence confocal microscope images of the final cell population generated in (a). White scale bars, 10 µm. c) EYFP encoding 
genes were sequentially integrated in transcriptional hotspots (AAVS1, SEMA6A, GRIK1, and SEMA3A). During sequential integration steps, cell lines 
containing 1–5 copies of EYFP encoding genes were separated by clonal selection. The fluorescence intensity of the clonal cell lines was characterized 
in merged histogram plot. The height of each plot was normalized with maximum value of the peak.
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protein were fused to the antigen-encoding sequences, because 
these peptides induce the PTMs and secretion of the protein 
into the culture supernatant, facilitating antigen purification 
without host cell lysis. Then, we sequentially introduced the 
MERS antigen-expressing donor plasmid into the AAVS1 and 
SEMA6A loci (Figure 3c and Figure S15, Supporting Informa-
tion). After antibiotic selection and colony isolation, cell lines 
strongly expressing the antigen were selected. We checked the 
MERS antigen level both in cell lysates and in cell supernatants 
using an antihuman Fc antibody (Figure 3d), and observed that 
an increase in the number of hotspot-integrated genes from one 
to two resulted in a proportionate increase in antigen expres-
sion (with the antigen yield increasing from 7.3 to 14.8 mg L−1). 
We also found that treatment with PNGase F, which removes 
N-linked oligosaccharides, resulted in a large shift of the pro-
tein band on an SDS-PAGE gel (Figure 3e). This result suggests 
that the purified MERS antigens are heavily N-glycosylated.

2.5. Simultaneous Expression of MERS-CoV and Human 
Coronavirus OC43 Immunogens

Multiple antigens from one or more pathogens can be more 
effective and/or cost-effective than a single antigen.[39,40] Hence, 
we next aimed to make a stable cell line that produces multiple 
subunits, which would in turn be used as a vaccine that simul-
taneously targets two or more virus species. To this end, we 
selected two antigens from different species, MERS-CoV and 

human coronavirus OC43 (HCoV-OC43); both belong to the 
same Coronaviridae family. For the candidate antigens, we chose 
the C-terminal domain (CTD) of the HCoV-OC43 spike protein 
in addition to the RBD of the MERS-CoV spike discussed above. 
The CTD of the HCoV-OC43 spike structurally corresponds to 
the RBD of the MERS-CoV spike, but has not traditionally been 
called an RBD because no receptor has been identified for this 
domain. To reduce the time and effort required for the estab-
lishment of a stable cell line, we cotransfected five different 
plasmids [two HDR donor plasmids (one encoding the MERS 
antigen and the other encoding the OC43 antigen), two sgRNA-
encoding plasmids (targeting the SEMA6A and DCC loci), and 
a Cas9-encoding plasmid] into HEK-293 cells to simultaneously 
integrate the MERS-RBD-Fc and OC43-CTD-Fc genes into the 
SEMA6A and DCC loci, respectively (Figure 4a and Figure S16, 
Supporting Information). Because the two HDR donor plas-
mids have different homology arm sequences, each gene 
should integrate into the corresponding hotspot region.

After selection with puromycin and zeocin, surviving colo-
nies were isolated to select cell lines expressing both antigens 
efficiently. We also wished to compare antigen expression and 
immunogenicity when the antigens were expressed separately. 
Therefore, in parallel, we additionally established cell lines that 
express a single antigen, either MERS-RBD-Fc or OC43-CTD-Fc, 
by transfecting a single donor plasmid with the corresponding 
sgRNA-encoding plasmid. We ultimately obtained three dif-
ferent single cell-derived clones that express the MERS antigen 
only (#1), the human coronavirus OC43 antigen only (#2), and 

Figure 3.  Expression of MERS antigen in human cells. a) Schematic representation of the MERS-CoV spike protein. SP, signal peptide; NTD, N-terminal 
domain; RBD, receptor-binding domain; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane domain. b) Structure of the trimeric MERS-
CoV spike protein in the pre-fusion conformation. The atomic coordinates were obtained from the Protein Data Bank (PDB code: 5×59).  Surface 
presentations were generated using PyMol program. The three protomers, with the exception of the RBD domain (magenta), are colored cyan, deep 
teal, and green-cyan. c) Schematic diagram of vectors expressing the MERS antigen and generation of stable cell lines expressing this antigen using 
CRISPR knock-in technology. d) Cell lines in which the desired construct(s) were inserted in the AAVS hotspot and in both the AAVS and SEMA6A loci 
were cultivated. Cells (cell lysate) and culture supernatants (supernatant) were analyzed by Western blot using an antihuman Fc antibody. e) Western 
blot analysis of the MERS-RBD (detected with an anti-His antibody) before and after treatment with PNGase F, which cleaves N-linked glycans. Arrows 
indicate the glycosylated and deglycosylated forms of the MERS antigen.
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both antigens together (#3), and cultured them in CELLine 
bioreactor flasks for one week. We purified the antigens from 
the harvested media using protein G resin and confirmed the 
identities of the purified antigens by Western blotting with anti-
MERS spike and anti-OC43 spike antibodies (Figure  4b). The 
final protein yields for MERS antigen only, OC43 antigen only, 
and divalent MERS and OC43 antigen cultures were 7.3  mg, 
6.2 mg, and 9.6 mg per liter culture, respectively. Notably, the 
purified antigen sample from the coexpression cell line con-
tained the two antigens in comparable amounts.

To investigate the immunogenicity of the MERS, OC43, 
and divalent MERS and OC43 antigens, six mice per antigen 

were immunized three times at two-week intervals by injecting 
purified antigens with alum adjuvants (Figure  4d). We col-
lected mouse sera samples at 35 d after the first injection, 
and tested their protective effects against viral infection in 
cultured cells, which is an important indicator of the neutral-
izing activity of antibodies in sera. Based on the cell viability 
after viral infection, the sera from mice immunized with the 
MERS antigen appeared to effectively neutralize MERS-CoV 
infectivity, but could not neutralize HCoV-OC43 infection at 
all (Figure 4d). Similarly, the sera from mice immunized with 
the OC43 antigen showed a neutralizing activity against HCoV-
OC43 infectivity but only a little activity against MERS-CoV 

Figure 4.  Neutralizing activity of two antigens simultaneously expressed in a single cell. a) Top: Schematic representation of vectors expressing the 
MERS antigen and the human coronavirus OC43 antigen. Bottom: Generation of stable cell lines with multiplexed antigen expression. Knock-in of the 
sequences expressing the two antigens was done simultaneously. b) Coomassie-stained SDS-PAGE gel of purified proteins from cell lines expressing 
the MERS antigen (#1), OC43 antigen (#2), or both antigens (#3). c) Purified protein identities were further confirmed by Western blot analysis using 
an anti-MERS spike antibody and an anti-OC43 spike antibody. Dotted red lines indicate the positions of the MERS and OC43 antigens. d) Top: Mouse 
immunization and blood collection schedule. Bottom: Neutralizing activity of sera derived from immunized mice against MERS-CoV infection (left-
hand panel) and human coronavirus OC43 infection (right-hand panel). X-axis, antigens used for immunization; Y-axis, neutralizing antibody titers 
(mean, n = 6). p-values were analyzed with one-way ANOVA (ns, p > 0.1; *p ≈ 0.1; **p < 0.05).
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(Figure 4d). These results suggest that the antibodies produced 
following MERS immunization do not cross-react with HCoV-
OC43 and vice versa. Remarkably, the sera from mice immu-
nized with the divalent antigen sample showed potent neu-
tralizing activities against both MERS-CoV and HCoV-OC43 
viruses, suggesting that the coexpressed and copurified anti-
gens are properly folded and functional (Figure 4d).

3. Discussion

Recombinant proteins produced in human cells are extremely 
useful for biomedical studies of human or human-virus pro-
teins that require human-specific lipid environments and/or 
PTMs for functional expression. To obtain such purified pro-
teins, researchers typically transfect DNA plasmids containing 
the coding sequences of interest into human cells to induce 
transient overexpression. However, transient expression sys-
tems do not always provide a high level of expression and are 
difficult to scale up. Furthermore, because transfection effi-
ciency is highly variable cell-to-cell, transient expression sys-
tems have limited applicability to the coproduction of multiple 
target recombinant proteins. Alternatively, a stable expression 
cell line can be generated by randomly integrating target genes 
into a host chromosome. Although such a system can easily be 
scaled up, there is no guarantee that the cell line will express 
the target gene at a high level, and the cell selection process is 
time-consuming and labor-intensive. In addition, it is extremely 
difficult to establish single cell-derived clones that simultane-
ously produce multiple proteins at controllable high levels.

In this study, we demonstrated a stable system for coex-
pressing multiple proteins in human cells via targeted knock-in of 
the desired genes into transcriptional hotspots, as a proof-of-con-
cept. We first verified high-level transcription of the EYFP gene 
from seven selected hotspots and found that EYFP is expressed 
at similar levels from all tested loci. Additionally, as more EYFP 
gene copies were sequentially integrated into different hotspots, 
the EYFP expression level increased gradually with the gene copy 
number. These findings led us to further develop this useful 
method for coexpressing multiple different genes or increasing 
the expression of a single gene. Importantly, because targeted 
knock-in occurs at desired sites, we avoid problems associated 
with random integration, which frequently affects the cellular 
phenotype by causing the loss or gain of endogenous gene func-
tion. Knock-in at specific sites is both safer and more predict-
able. Taken together, we envision that our method can be used 
for the production of multi-subunit protein complexes and cyto-
toxic proteins together with inhibitors, which have been hardly 
produced in human cell system. We also like to emphasize that 
our strategy can generally be applied for other expression system 
from different organisms such as CHO cells. If transcription hot-
spots of the CHO cells are determined, one could develop similar 
coexpression method in CHO cells through the targeted integra-
tion of the desired genes into the sites.

Furthermore, we constructed a single cell-derived clone 
that expressed both MERS-CoV and OC43 virus antigens and 
showed that antibodies raised against the two antigens could 
neutralize an infection of either of the two viruses in vitro. 
Human coronaviruses are pathogenic, causing acute respiratory 

diseases in humans. Since 2002, there have been pandemics of 
severe acute respiratory syndrome coronavirus, MERS-CoV, and 
the recent 2019 novel coronavirus (COVID-19),[41] all of which 
can cause deadly pneumonia. Four additional human corona-
viruses (HCoV 229E, NL63, OC43, HKU1) are circulating in 
the human population causing mild symptoms.[42] Currently, 
no effective therapeutics or vaccines have been reported for 
any of these coronaviruses. Therefore, therapeutic and preven-
tive strategies are urgently needed. In the case of COVID-19, 
our system could be used to produce the type of recombinant 
subunit vaccines (divalent and carrying appropriate PTMs) that 
are most effective in humans. Alternatively, the system could 
be used to produce the RBD of the COVID-19 spike protein, 
which could be purified and used to develop inhibitor drugs 
that would prevent the interaction of the virus with its known 
receptor, to detect neutralizing antibodies from patients recov-
ering from infection, and to identify novel human receptors. 
Taken together, results from our study suggest a novel means 
of producing any human-related protein, including viral anti-
gens, in the most effective and inexpensive way.

4. Experimental Section
Cells, Viruses, and Antibodies: MERS-CoV was provided by the Korea 

Centers for Disease Control and Prevention (1-001-MER-CO-2015001). 
HCoV-OC43 (VR-1558), Vero cells (CRL-1586), RD cells (CCL-136), and 
HEK-293 cells (CRL1573) were purchased from the  American Type 
Culture Collection  (ATCC). Huh-7 cells were obtained from the Japan 
Cell Research Bank. MERS-CoV was expanded using Huh-7 cells and the 
viral titer was measured by a plaque assay. HCoV-OC43 was expanded 
using RD cells and the viral titer was determined by a TCID50 assay. 
HRP-conjugated antihuman IgG antibody, used to detect the human 
Fc protein, was purchased from Thermo Fisher Scientific (#31410). 
AntispikeMERS-CoV antibody was obtained from Sino Biological (#40069-
RP02). Anti-OC43 spike protein antibody was purchased from CUSABIO 
(#CSB-PA336163EA01HIY).

Cell Culture Conditions: T-REx-293 cells were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 100 µg mL−1 streptomycin, 100 units mL−1 penicillin, 0.1 × 
10−3 m nonessential amino acids, and 5 µg mL−1 blasticidin. Vero cells, 
RD cells, and HEK-293 cells were maintained in DMEM supplemented 
with 10% FBS. For antibiotic selection, cells were maintained in the 
presence of hygromycin B (Thermo Fisher, 10687010) at 200 µg mL−1 for 
at least 14 d, puromycin (InvivoGen, ant-pr-1) at 1 µg mL−1 for at least 7 
d, or Zeocin (InvivoGen, ant-zn-05) at 200 µg mL−1 for at least 7 d.

Transfection Conditions: 1.0×105  T-REx-293 cells and HEK-293 cells 
were plated at 1 d before transfection. Mixture of SpCas9 expression 
plasmid (750  ng), sgRNA-encoding plasmids (250  ng), and donor 
templates (500 ng) or mixture of LbCas12a expression plasmid (800 ng), 
crRNA-encoding plasmids (200 ng) and donor templates (500 ng) were 
transfected into cells using Lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s protocol. Genomic DNA was isolated at 72 h after 
transfection.

Targeted Deep Sequencing: T-REx-293 cells, which had been cultivated 
for 3 d, were pelleted by centrifugation. The cell pellet was mixed with 
100 µl of Proteinase K extraction buffer [40 × 10−3 m Tris-HCl (pH 8.0), 1% 
Tween-20, 0.2 × 10−3 m EDTA, 10 mg of Proteinase K, 0.2% nonidet P-40] 
and incubated at 60 °C for 15 min followed by an incubation at 98 °C 
for 5 min. The extracted genomic DNAs were amplified using SUN-PCR 
blend (SUN GENETICS), which was confirmed by gel electrophoresis 
methods such as a knock-in specific PCR. The resulting PCR products 
were analyzed using an Illumina Mini-Seq instrument. The results of 
Mini-seq were analyzed using Cas-Analyzer (http://www.rgenome.net/
be-analyzer/).[37]
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Flow Cytometry Analysis: To induce expression of the gene of interest 
in the donor template, T-RExTM-293 cells were treated with doxycycline 
hyclate (Sigma-Aldrich, D9891) for 1 d before fluorescence-activated 
cell sorting (FACS) analysis using FACSAriaIII and BD FACSCanto II 
instruments. The results were analyzed using FlowJo software.

Construction of Antigen-Encoding Donor Plasmids: The MERS-CoV 
antigen-encoding sequence was constructed by fusion of sequences 
encoding the signal sequence (residues 1–18) and RBD (residues 367–
606) of the MERS-CoV spike protein and the human IgG Fc fragment. 
The HCoV-OC43 antigen-encoding sequence was constructed by fusion 
of sequences encoding the signal sequence of the MERS-CoV spike 
protein, the CTD of the HCoV-OC43 spike protein (residues 324–685), 
and the human IgG Fc fragment. The coding sequences of the two 
antigen constructs were synthesized by Integrated DNA Technologies. 
The coding sequence of the MERS-CoV antigen was inserted into an 
HDR donor plasmid for integration into the AAVS1 or SEMA6A locus, 
whereas that of the HCoV-OC43 antigen was inserted into an HDR 
donor plasmid for integration into the DCC locus.

Generation of Antigen-Expressing Cell Lines: HEK-293 cells (ATCC 
CRL-1573) were cultured in DMEM supplemented with 10% FBS and 
transfected with a donor plasmid containing sequences encoding the 
MERS-CoV or HCoV-OC43 antigen, an sgRNA expression plasmid, and 
the SpCas9 expression plasmid. The transfected cells were cultured in 
medium containing 200  µg mL−1 hygromycin B, 1  µg mL−1 puromycin, 
and/or 200  µg mL−1 Zeocin for 14 d, and surviving colonies were 
isolated. A single colony was picked up by pipet and then resuspended 
into selection media in 96-well plate. Isolated colonies were grown 
and frozen for further experiment. To determine the level of antigen 
expression, the culture medium was subjected to Western blot analysis. 
Because most colonies showed a similar high level of expression, one 
of the high expression cell lines was selected for large-scale production.

Large-Scale Antigen Expression and Purification: Antigen-expressing 
cells grown to confluence in 12 of 150  mm cell culture plates were 
harvested, resuspended in 30 mL FreeStyle 293 medium (ThermoFisher 
Scientific, #12338018), and seeded into the lower chamber of a CELLine 
bioreactor flask (Sigma-Aldrich, #Z688029). The upper chamber of the 
flask was filled with 1 L FreeStyle 293 medium. After 4 d, 4  × 10−3 m 
valproic acid (Sigma-Aldrich, #p4543) was added to the upper chamber 
to increase protein expression. In 3 d after valproic acid treatment, the 
culture supernatant in the lower chamber was harvested, filtered using 
a 0.22  µm membrane filter, and loaded onto a protein G column (GE 
Healthcare, #17-0618-01). The bound proteins were eluted with 100  × 
10−3 m glycine buffer (pH 2.7). The eluted sample was neutralized with 
1 m Tris-HCl (pH 9.0) using 30% volume of elution buffer and dialyzed 
against the phosphate-buffered saline (PBS) and concentrated using 
Amicon Ultra-15 centrifugal filter (Millipore, #UFC901024) and analyzed 
by SDS-PAGE.

N-deglycosylation Assay: The purified MERS-CoV antigen was treated 
with PNGase F (New England Biolabs, #P0704S) according to the 
manufacturer’s instructions. For this assay, MERS antigen fused only 
with histidine tag without human Fc was produced with similar method. 
The mobility shift of the antigen on an SDS-PAGE gel was identified 
by Western blot using a 6-His Tag antibody (Bethyl Laboratories, 
#A190-114p).

Mouse Immunization: Animal experiments were reviewed and 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of the Korea Research Institute of Chemical Technology (2019-8B-08-
01). Twenty four six-weeks-old female C57BL/6 mice were evenly divided 
into four groups. Each group was immunized with PBS, the MERS-CoV 
antigen, the HCoV-OC43 antigen, or the divalent antigen (MERS + 
OC43) sample. 100 µg of antigen with 1 mg Alum adjuvant (InvivoGen, 
#vac-alu-250) was injected intramuscularly into each mouse three times 
at two-week intervals. At 35 d after the first injection, mouse serum 
samples were collected to test their neutralizing activity against viral 
infection.

Neutralization Assay: Microneutralization assays were performed 
to determine the neutralizing activity of the serum samples. Mouse 
serum was serially diluted by 2-folds with minimum essential media 

(MEM) supplemented with 2% FBS, from 1/20 to 1/1280, in 96-well 
plates. Each diluted serum sample was mixed with MERS-CoV or 
HCoV-OC43 and incubated for 1 h at 37 °C. To test the neutralization 
activity against MERS-CoV, Vero cells were overlaid with a mixture of 
mouse serum and MERS-CoV. After 3 d of incubation, cell viability 
was measured by a colorimetric assay using MTS solution (Promega, 
#G3582) and a Synergy H1 microplate reader (BioTek) according to 
the manufacturers’ instructions. To test the neutralization activity 
against HCoV-OC43, RD cells were overlaid with a mixture of mouse 
serum and HCoV-OC43. After 3 d of incubation, cell viability was 
measured by the MTT assay.[43] The neutralizing antibody titers 
were calculated as the reciprocal of the highest dilution of sera that 
protected 50% of the cells. Mock-infected cells were considered to 
show 100% survival, and virus-infected cells were considered to show 
0% survival.

Statistical Analysis: Statistical analyses were performed using one-way 
ANOVA.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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