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Abstract: Human rhinoviruses (HRVs) are small non-enveloped RNA viruses that belong to the
Enterovirus genus within the Picornaviridae family and are known for causing the common cold.
Though symptoms are generally mild in healthy individuals, the economic burden associated with
HRV infection is significant. A vaccine could prevent disease. The Vero-cell-based viral vaccine
platform technology was considered for such vaccine development. Unfortunately, most HRV strains
are unable to propagate on Vero cells due to a lack of the major receptor of HRV group A and B,
intercellular adhesion molecule (ICAM1, also known as CD54). Therefore, stable human ICAM1
expressing Vero cell clones were generated by transfecting the ICAM1 gene in Vero cells and selecting
clones that overexpressed ICAM1 on the cell surface. Cell banks were made and expression of ICAM1
was stable for at least 30 passages. The Vero_ICAM1 cells and parental Vero cells were infected
with four HRV prototypes, B14, A16, B37 and A57. Replication of all four viruses was detected
in Vero_ICAM1, but not in the parental Vero cells. Altogether, Vero cells expressing ICAM1 could
efficiently propagate the tested HRV strains. Therefore, ICAM1-expressing cells could be a useful
tool for the development and future production of polyvalent HRV vaccines or other viruses that use
ICAM1 as a receptor.
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1. Introduction

Human rhinoviruses (HRVs) are small, non-enveloped RNA viruses that belong to
the Enterovirus genus within the Picornaviridae family [1]. HRVs are single-stranded
RNA viruses with a positive sense genome. HRVs have an icosahedral capsid comprising
60 copies of four proteins, VP1–VP4, of which VP1–3 is surface exposed and represents the
major target for an immune response [2,3]. The family of HRVs, consisting of species A,
B and C, consists of more than 150 antigenically distinct serotypes, largely due to the fast
adaptation and changes HRVs undergo [4].

Infections of HRVs in healthy adults cause symptoms of the common cold, including
a runny nose, sore throat, coughing and sneezing [5], but can also cause more severe
disease. Respiratory infections caused by HRVs have, for example, been associated with
exacerbations of asthma [6,7] and chronic obstructive pulmonary disease (COPD) [8,9].

The economic burden associated with HRV infections and hospitalization is enormous.
In 2000, the total of direct costs from medical care and indirect costs from absenteeism and
caregiving was estimated up to USD 40 billion in the USA alone [10]. This indicates a clear
need for a treatment, even though the disease itself is moderate.

In the 1980s, an antiviral therapy seemed near with the development of WIN com-
pounds 51,711 and 52,084 by Sterling–Winthrop. Both compounds bound the HRV-B14 cap-
sid and prevented attachment of the virus to its receptor Intercellular Adhesion Molecule-1
receptor (ICAM1, also known as CD54), but were relatively serotype specific [11]. Their
successor, pleconaril (also known as Picovir), was denied FDA approval in 2002 based on
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safety concerns [12]. Other drugs are being investigated, including protease inhibitors [13],
replication inhibitors [14] and assembly inhibitors [15], but so far, none have been approved
for therapeutic use [16].

A vaccine for HRVs could alleviate serious disease in asthma and COPD cases but
also, in healthy individuals, a protective vaccine could reduce the burden imposed by the
common cold. Vaccines against various enteroviruses have been successfully developed
in the past, most famously the Inactivated and Oral Poliovirus Vaccines (OPV), which led
to the eradication of Wild Polio Virus types 2 and 3 [17,18]. More recently, a monovalent
vaccine against Enterovirus-A71 (EV-A71), responsible for outbreaks of Hand, Foot and
Mouth Disease, was approved by the China Food and Drug Administration [19,20]. Since
introduction of the vaccine the amount of HFMD cases caused by EV-A71 has dropped
markedly [21], leading to vaccine research into other HFMD-causing enteroviruses [22–25]
to develop a multivalent HFMD vaccine. EV-D68, previously misclassified as HRV-87 [26],
caused a major outbreak of respiratory disease associated with acute flaccid myelitis in
2014 [27]. After additional outbreaks in 2016 and 2018 [28], the virus is now a target of
vaccine research by different groups [29–31], including our own.

The usefulness of an HRV vaccine was already realized a couple of decades ago when
the first rhinovirus vaccines were developed [32–35]. During the late 1960s and early 1970s,
clinical trials were performed to determine the efficacy of an inactivated rhinoviral vaccine
consisting of one subtype of HRV, namely HRV-13, or an inactivated multivalent vaccine
consisting of ten serotypes [35,36]. The main problem associated with these particular HRV
vaccines was the lack of induction of cross-protection between the different serotypes, most
likely due to the low amount of inactivated virus administered [37]. Inducing immunity to
heterologous HRV serotypes is still the main challenge in the development of rhinoviral
vaccines to date. Until recently, an inactivated vaccine composed of 50–100 distinct HRVs
to generate protection to many different serotypes was considered impossible [38]. Novel
technology, however, has made the production of such a multivalent vaccine possible,
as was demonstrated in 2016. A 50-valent inactivated HRV vaccine was tested in rhesus
macaques and it was demonstrated that neutralizing antibodies were raised against 80–90%
of the used rhinovirus types [37]. Thus, it now seems possible to produce a multivalent
inactivated HRV vaccine to protect people from most HRV infections.

However, it is important to realize that a cell line used for the production of viral
vaccines needs to fulfil several criteria and needs to be approved for that application. The
cells used in the study by Lee et al. were Hela-H1 cells that do not fulfil these criteria for
viral vaccine production [39]. Historically, vaccines were often produced by replicating the
virus in human diploid cell lines [40]. The disadvantage, however, is that these cell lines can
only be cultured for a limited number of passages. To overcome this limitation, continuous
cell lines have been introduced in the vaccine production field. The first continuous cell
line approved for the production of vaccines was the Vero cell line, which originates from
an African green monkey and was developed at Chiba University in Japan [41]. Vero cells
have proven to be safe and have successfully been used for vaccine production for more
than 30 years. Even now, millions of vaccine doses produced on these cells are successfully
administered yearly. A major advantage of Vero cells is that these cells are sensitive to
infection with many different viruses [42], meaning that Vero cells can be used for the
production of a number of vaccines [43–46]. Vero cells, thus, have multiple advantages as a
viral vaccine producer cell line and the Vero-cell-based viral vaccine platform technology is
considered a blue-print for fast-tracking vaccine development [47].

For their entry, most species A and B HRVs rely on the already briefly mentioned
ICAM1 receptor [48]. Under normal circumstances, this cell surface glycoprotein is ex-
pressed in low levels on endothelial, epithelial and immune cells, but can be upregulated
as a response to inflammatory stimuli [49]. In addition to HRV species, other enteroviruses
make use of the ICAM receptor family with ICAM1 being utilized by various Coxsackie C
viruses [50], while ICAM5 is used by EV-D68 [51]. Previously, Tomassini et al. showed that
Vero cells do not express the ICAM1 receptor, but that virus infection could be established
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when cells were transiently transfected with a plasmid expressing ICAM1 [52]. In this
study, it was confirmed that Vero cells indeed do not express the ICAM1 receptor and it
was explored whether stable expression of human ICAM1 on the surface is sufficient to
create a Vero cell line, susceptible to infection with HRV.

2. Materials and Methods
2.1. Cells and Culture Conditions

Vero cells obtained from WHO (10–87) originally derived from ATCC (CCL-81) were
cultured in Virus Production-Serum-Free Medium (VP-SFM, Invitrogen, Landsmeer, The
Netherlands) supplemented with 2 mM glutamine (Life Technologies, Landsmeer, The
Netherlands) at 37 ◦C in a 5% CO2 humidified atmosphere.

The human K562 erythroleukemic cell line and RD rhabdomyosarcoma cell
line were cultured in IMDM (Invitrogen, Landsmeer, The Netherlands) supple-
mented with 10% and 5% fetal bovine serum (FBS, PAA), respectively, and 10 U/mL
penicillin–streptomycin (Gibco, Landsmeer, The Netherlands) at 37 ◦C in a 5% CO2
humidified atmosphere.

2.2. Construction of an HRV-B14 Virus Research Bank on RD Cells

HRV-B14 was obtained from the ATCC with an unknown titer. RD cells were plated
in a T25 flask and after 24 h 25 µL of HRV-B14 was added to the cells. HRV-B14 was
propagated at 33 ◦C in a 5% CO2 humidified atmosphere. After 6 days, cells and culture
medium were harvested and half of the material was used to reinfect freshly plated RD
cells in a T75 flask. This was expanded until the 4th reinfection where five T175 flasks
were infected. Full cytopathic effect (CPE), i.e., complete detachment of all adherent cells,
was observed at day five post-infection and culture medium and cells were harvested.
After three freeze–thaw cycles to release HRV-B14 still present in the RD cells, virus was
centrifuged at 3000× g r.p.m. and the supernatant was stored at −80 ◦C as a working virus
bank. The titer (determined with the method described below) of the HRV-B14 research
bank was 7.55 log10 CCID50/mL.

2.3. Construction of an ICAM1 Expression Plasmid

To construct a plasmid that can be used for the transfection of mammalian cells, the
human ICAM1 sequence was obtained from the RDC1030 plasmid (R&D systems, Min-
neapolis, MN, USA), which contains the full-length sequence from the human ICAM1 gene
(Accession: NP_000192). The plasmid was transformed and amplified in JM109-competent
cells (Promega, Leiden, The Netherlands) and isolated with the NucleoBond Xtra Midi
EF kit (Macherey-Nagel, Dueren, Germany). The human ICAM1 sequence was isolated
from this plasmid by digestion with HindIII and XbaI (New England Biolabs, Ipswich, MA,
USA) and was subsequently ligated into an expression plasmid pSF.CMV.PGK-Neo/G418
(Sigma, Amsterdam, The Netherlands), which was digested with the same enzymes, to
create pSF.CMV-ICAM1.PGK-Neo/G418. This plasmid contains the gene-encoding human
ICAM1 under a CMV promoter and also contains a G418 gene under a PGK promoter in
order to select transfected cells. Integrity of the plasmid, including ICAM1 coding sequence,
was confirmed by Sanger sequencing.

2.4. Construction of a Stably Transfected Vero Cell Line Expressing ICAM1

Vero cells were transfected with pSF.CMV-ICAM1.PGK-Neo/G418 using FuGENE
HD (Promega, Leiden, The Netherlands) following manufacturer’s instructions. After two
days, expression of ICAM1 was determined with flow cytometric analysis or immunohisto-
chemistry and transfected cells were used for further experiments or selection with G418 to
construct a stable cell clone.
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In order to construct a stable cell clone, transfected Vero cells were plated in ten 96-well
plates through limiting dilution in the presence of 50 µg/mL G418 (Roche, Woerden, The
Netherlands). The IC50 of G418 on Vero was determined at 3.65 µg/mL from a killing
curve. For the first column a concentration of 2 × 103 cells was plated per well, which
was diluted sequentially 1:2 into the following columns, so that column twelve contained
1 cell/well. Cells were monitored every 3 days by microscopical inspection to screen
for surviving single clones. After 3 weeks, cells from wells in which single Vero-ICAM1
clones were growing were transferred to a 48-well plate and subsequently expanded to
24 wells, 6 wells and T25 flasks. Cells were passaged at 70% confluency and part of
the cells was used to determine the expression of ICAM1 on the cell surface with flow
cytometric analysis. Positive Vero-ICAM1 clones were further expanded in T175 flasks and
cell batches were frozen. Two clones were selected for further study, Vero_ICAM1#4C4
and Vero_ICAM1#9G4.

2.5. Immunohistochemistry to Determine Expression of Human ICAM1

To determine the expression of ICAM1, Vero cells were fixed by treatment with ice cold
50% MeOH/50% acetone for 20 min and after washing, cells were incubated for 1 h with an
antibody directed to ICAM1 at a 1:250 dilution (Ab2213, Abcam, Amsterdam, The Nether-
lands). After washing, cells were incubated with rabbit anti-mouse HRP (1:1000 dilution,
Abcam, Amsterdam, The Netherlands) for 1 h and subsequently washed again. As a
read-out, AEC ready-to-use (Abcam, Amsterdam, The Netherlands) substrate was added
for 10 min. As a negative control, non-transfected Vero cells were used.

2.6. Antibodies and Flow Cytometry

To determine the expression of CD155 (poliovirus receptor), CAR and ICAM1 on the
parental Vero cell line and the ICAM1-expressing clones, flow cytometric analysis was
performed. As a positive control for ICAM1, K562 cells were taken along. PE-labelled
antibodies directed against human CD155 (eBioScience, Landsmeer, The Netherlands)
or ICAM1 (BDPharmingen, Vianen, The Netherlands) were used for flow cytometric
analyses, with PE-labelled IgG1 antibodies (BDPharmingen, Vianen, The Netherlands) as
isotype controls. Cells were harvested from their culture vessels and suspended in PBS
supplemented with 0.1% BSA and 0.02% sodium-azide. Antibody staining was performed
in this buffer for 30 min at 4 ◦C. After washing cells, the stained cells were analyzed on a
Guava EasyCyte flow cytometer (Merck Millipore, Amsterdam, The Netherlands) or an
Attune NxT flow cytometer (Thermo Fisher, Landsmeer, The Netherlands). Data were
further analyzed using FlowJo™ software (BD, Ashland, OR, USA).

2.7. Propagation of HRV-B14, HRV-A16, HRV-B37 and HRV-A57 on Vero_ICAM1

As a proof-of-principle experiment to determine whether ICAM1 expression ren-
dered Vero cells susceptible to infection with human rhinovirus B14, Vero cells were first
transiently transfected with ICAM1. Forty-eight hours after transfection these cells were
infected with HRV-B14, produced on RD cells, at an MOI of 1. Virus replication was
monitored for three days by scoring the percentage of CPE.

Stably transfected Vero_ICAM1 cells were used to produce an HRV-B14 batch. For this,
T25 flasks with 1 × 106 Vero_ICAM1#4C4 or Vero_ICAM1#9G4 cells were infected with
HRV-B14. Virus propagation was performed at 33 ◦C in a 5% CO2 humidified atmosphere.
After six days, cells and culture medium were harvested and after freeze thawing three
times half of the material was used to reinfect freshly plated Vero_ICAM1 cells in a T75 flask.
HRV-B14 was expanded until the 4th reinfection when four T175 flasks were infected. Full
CPE was observed on day six at which time the culture medium and cells were harvested.
After three rounds of freeze thawing followed by centrifugation, the virus was collected
and stored at −80 ◦C as a working virus bank. The titers of the obtained virus batches were
determined with the virus titration assay.
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To determine whether other HRV subtypes could also replicate on Vero_ICAM1, 25 µL
of HRV-A16, HRV-B37 or HRV-A57 (ATCC, titers unknown) was used to inoculate Vero
cells or Vero_ICAM1#4C4 cells. As a control, Enterovirus 71 (EV71_C4) was included which
replicates efficiently in Vero cells. After seven days, supernatant was harvested and used to
reinfect freshly plated cells. This was repeated for three times. Pictures were taken on day
six after the third reinfection.

2.8. Growth Kinetics of HRV-B14 on RD and Vero_ICAM1

To determine and compare the growth kinetics of HRV-B14 on both ICAM1 cell
lines as well as RD cells, five T25 flasks were seeded with 1.5 × 106 cells per cell line.
After 24 h incubation at 37 ◦C all flasks were infected with HRV-B14 at an MOI of 0.01.
Virus propagation was performed at 33 ◦C. At 1, 2, 3, 6 and 7 days post-infection one
flask was harvested per cell line. Virus was released from the cells by three rounds
of freeze thawing. After centrifugation, the virus samples were collected and stored
at −80 ◦C. Once the final time point was acquired all samples were titrated using the
virus titration assay.

2.9. Virus Titration Assay

To determine the HRV-B14 virus titer, end-point titration was used. In short, RD,
Vero_ICAM1#4C4 or Vero_ICAM1#9G4 cells were seeded at a concentration of 1 × 104 cells/
100 µL in 96-well flat bottom plates in VP-SFM. Serial 10-fold dilutions were prepared from
the various virus strains and 50 µL of each of these dilutions were added to six separate
wells. After an incubation period of seven days at 33 ◦C cells were scored for the presence or
absence of CPE and the viral titer was determined using the Reed and Muench method [53],
thereby calculating the 50% cell culture infective dose (CCID50).

3. Results
3.1. Vero Cells Do Not Express ICAM1, the Receptor for HRV

To determine whether HRV can replicate in Vero cells, cells were inoculated with HRV-
B14 (produced on RD cells), HRV-A16, HRV-B37 and HRV-A57 (ATCC, titers unknown).
Based on microscopical inspection of CPE, no signs of viral replication were observed for
any of the viruses. Surface analysis of the Vero cells by flow cytometry confirmed that
the Vero cells do express CD155, the receptor for poliovirus, as well as Coxsackie and
Adenoviral Receptor (CAR). However, parental Vero cells do not express detectable levels
of ICAM1, the receptor for HRV (Figure 1).
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Figure 1. Basal surface expression of ICAM1, CD155 (the poliovirus receptor) and CAR on Vero cells
as determined by staining with PE-labelled antibodies followed by flow cytometry. Vero cells express
both CD155 and CAR on the surface but do not express ICAM1. This is indicated by the percentage
of PE-positive cells in the right part of each graph.

3.2. Transient Expression of ICAM1 Renders Vero Cells Susceptible to Replication of HRV-B14

To determine whether Vero cells can support replication of HRV-B14 when ICAM1 is
expressed on the surface, transient transfections using an ICAM1-encoding plasmid were
performed. Vero cells transfected transiently with ICAM1 were shown to express ICAM1,
as determined with immunohistochemistry (Figure 2a). Two days after transfection with
the ICAM1 gene, Vero cells were infected with HRV-B14 at an MOI of 1 and viral replication
was monitored for three days. Figure 2b shows that virus-induced CPE was present in
ICAM1-transfected cells, but not in the parental Vero cells. These results suggest that
surface expression of ICAM1 renders Vero cells susceptible to HRV-B14 infection.
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Figure 2. Expression of ICAM1 renders Vero cells susceptible to infection with HRV-B14. (a) Transient
transfection of a plasmid encoding ICAM1 induces expression of ICAM1 in Vero cells as determined
with immunohistochemistry; (b) infection of ICAM1 transiently transfected Vero cells with HRV-
B14 induces replication of the virus as determined by the observation of CPE, whereas HRV-B14
cannot replicate in wild-type Vero cells. The upper row shows uninfected cells which function as
negative control.
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3.3. Construction of Vero Clones Stably Expressing ICAM1

Following limited dilutions and daily monitoring of cell growth, two clones,
Vero_ICAM1#4C4 and Vero_ICAM1#9G4, which expressed high levels of ICAM1 on the
cell surface, as determined by flow cytometry (Figure 3), were isolated. These clones were
selected and cell banks were made. After thawing a vial from each of the cell banks, cell
growth was monitored for more than 30 passages with and without G418 as a selection
agent. For both Vero_ICAM1#4C4 and Vero_ICAM1#9G4, ICAM1 was still highly expressed
after more than 30 passages without G418 (data not shown) and no morphological cell
abnormalities were observed by microscopy (using 100× magnification). This indicates
that insertion of the ICAM1 gene in the Vero cell genome is stable. Furthermore, expression
of ICAM1 did not impact the growth of the cells, since the transfected cell lines showed a
maximum cell density (1.7 × 105 cells/cm2) and specific growth rate (0.022 h−1) comparable
to the parental Vero cell line.

Viruses 2022, 14, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 3. Level of ICAM1 on the surface of two stably transfected Vero clones. Expression of ICAM1 
on the cell surface of two selected clones (Vero_ICAM1#4C4 and Vero_ICAM1#9G4), as determined 
by flow cytometric analyses. In red, staining with a PE-labelled isotype antibody and, in blue, stain-
ing with ICAM1-specific antibody. Both clones show ICAM1 expression, with highest expression in 
Vero_ICAM1#9G4. Percentages indicate proportion of cells expressing ICAM1. 

3.4. Replication of HRV on Vero Clones Stably Expressing ICAM1 
After successfully generating stable Vero clones, their susceptibility to infection with 

HRV-B14 was determined. Seven days after infection (MOI of 0.1), replication of HRV-
B14 was observed in both Vero_ICAM1 cell lines (Vero_ICAM1#4C4 and 
Vero_ICAM1#9G4), but not in the parental Vero cell line (Figure 4a). To determine 
whether alternative HRV types that use ICAM1 as their entry receptor could replicate on 
the ICAM1-expressing Vero cells, Vero_ICAM1#4C4 was infected with HRV-A16, HRV-
B37 and HRV-A57. As positive controls, EV71_C4 (in-house rescued and propagated on 
Vero cells) and HRV-B14 were included. After three passages, which were needed to es-
tablish productive infections, all rhinoviruses tested could replicate efficiently on 
Vero_ICAM1#4C4 (Figure 4b). Titers for these early passages of HRV-A16, HRV-B37 and 
HRV-A57 were determined at, respectively, 6.1, 6.7 and 4.9 log10 CCID50/mL on 
Vero_ICAM1#4C4.  

Figure 3. Level of ICAM1 on the surface of two stably transfected Vero clones. Expression of ICAM1
on the cell surface of two selected clones (Vero_ICAM1#4C4 and Vero_ICAM1#9G4), as determined
by flow cytometric analyses. In red, staining with a PE-labelled isotype antibody and, in blue, staining
with ICAM1-specific antibody. Both clones show ICAM1 expression, with highest expression in
Vero_ICAM1#9G4. Percentages indicate proportion of cells expressing ICAM1.

3.4. Replication of HRV on Vero Clones Stably Expressing ICAM1

After successfully generating stable Vero clones, their susceptibility to infection with
HRV-B14 was determined. Seven days after infection (MOI of 0.1), replication of HRV-B14
was observed in both Vero_ICAM1 cell lines (Vero_ICAM1#4C4 and Vero_ICAM1#9G4),
but not in the parental Vero cell line (Figure 4a). To determine whether alternative HRV
types that use ICAM1 as their entry receptor could replicate on the ICAM1-expressing Vero
cells, Vero_ICAM1#4C4 was infected with HRV-A16, HRV-B37 and HRV-A57. As positive
controls, EV71_C4 (in-house rescued and propagated on Vero cells) and HRV-B14 were
included. After three passages, which were needed to establish productive infections, all
rhinoviruses tested could replicate efficiently on Vero_ICAM1#4C4 (Figure 4b). Titers for
these early passages of HRV-A16, HRV-B37 and HRV-A57 were determined at, respectively,
6.1, 6.7 and 4.9 log10 CCID50/mL on Vero_ICAM1#4C4.
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Figure 4. Vero_ICAM1#4C4 cells stably expressing ICAM1 can be infected with HRV-B14, HRV-A16,
HRV-A57 and HRV-B37. (a) Infection of Vero_ICAM1#4C4 and Vero_ICAM1#9G4 with HRV-B14 at
an MOI of 0.1 induces replication in the ICAM1-expressing clones, but not in the parental Vero cells,
indicated by the presence of CPE in both clones; (b) HRV-A16, HRV-A57 and HRV-B37 can replicate
in Vero_ICAM1#4C4 cells. HRV-B14 and EV71_C4 were included as positive controls; (c) growth
kinetics of HRV-B14 infection on Vero_ICAM1#4C4, Vero_ICAM1#9G4 and RD cells after infection at
an MOI of 0.01.
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In order to compare the growth kinetics of HRV-B14 on Vero_ICAM1#4C4,
Vero_ICAM1#9G4 and RD cells, these cell lines were infected with HRV-B14 (MOI 0.01)
and samples at different days post-infection were titrated (Figure 4c). The obtained
virus titers demonstrate that HRV-B14 can replicate efficiently on Vero_ICAM1#4C4 and
Vero_ICAM1#9G4, reaching titers slightly higher than on RD cells. Finally, two HRV-B14
virus batches were generated. After infection with HRV-B14 from ATCC (titer unknown)
and four subsequent passages, two HRV-B14 batches were obtained with a titer of 6.8 and
6.3 log10 CCID50/mL for Vero_ICAM1#4C4 and Vero_ICAM1#9G4, respectively.

4. Discussion

In 2016, the interest in developing a multivalent inactivated HRV vaccine was renewed.
It was then demonstrated that with modern technology, the production of a multivalent
vaccine consisting of 50 HRV serotypes is feasible and vaccination of macaques induced
neutralizing antibodies to all but one of the rhinovirus types present in the vaccine [37].

Crucial for developing a vaccine for human use is the availability of a cell line that
results in high yields and is registered to be safe. Only a few cell lines are currently
approved by regulatory agencies for the production of human vaccines. Of these, Vero cells
have become the cell line of choice for many vaccine manufacturers for the production of
viral vaccines, since they have proven to be safe and many different viruses can effectively
replicate in these cells. However, most HRV strains, using the ICAM1 receptor, cannot
replicate in Vero cells. We hypothesized that this could be overcome by constitutively
expressing the receptor for HRV group A and B, ICAM1 (also known as CD54). Therefore,
we generated two Vero clones that express ICAM1 at a high level on the cell surface.
We showed that, indeed, this rendered the Vero cells susceptible to infection with and
replication of HRV-B14. With an unoptimized process, it proved feasible to amplify the
virus to high titers of up to 6.8 log10 CCID50/mL. Lee and colleagues calculated that for an
83-valent vaccine, one would require HRV stocks with titers of ≥7.0 log10 CCID50/mL [37].
Furthermore, it was shown that multiple HRV serotypes from groups A and B could
replicate on the Vero_ICAM1 cell lines.

Because group C HRVs have a significant role in disease, ideally, a multivalent HRV
vaccine would also include group C HRVs. Group C rhinoviruses, however, do not use
ICAM1 as a primary receptor, but enter the host cell via binding to CDHR3 [54]. It remains
to be determined whether Vero cells are susceptible to infection with group C HRVs and
whether this is dependent on CHDR3 expression. A Vero cell line that expresses both the
ICAM1 and CDHR3 receptors could be constructed to obtain an HRV vaccine producer cell
line susceptible to infection with all HRV serotypes.

The ICAM1-expressing cell line could also serve as a platform for production of other
viruses, since ICAM1 is also the receptor for multiple coxsackieviruses, such as CV-A15,
CV-A18, CV-A21 and CVA24v [50,55,56]. Most of these coxsackieviruses do not cause
disease in humans, with the exception of CVA24v, which causes conjunctivitis [57]. It is,
however, well known that enteroviruses have the capacity to recombine at a high level [58]
and viruses that are currently not a threat to human health could develop into more severe
pathogens in the coming years. ICAM1 using viruses has also gained interest as an agent
for oncolytic virotherapy. Because many tumors express ICAM1 at high levels, ICAM1
using coxsackieviruses, such as CVA21, preferentially replicate in these tumor cells, thereby
inducing tumor cell lysis (reviewed in [59]). The oncolytic virus CVA21 is currently being
tested in several clinical trials [60]. Therefore, the Vero_ICAM1-expressing cell line could
also be considered as a producer cell line for these oncolytic viruses.

Although the parental Vero cell line is approved for the production of viral vaccines,
genetic modification of the cell line for overexpressing a receptor has regulatory impact.
Therefore, a new Vero cell line cannot be directly used for clinical production of viral
vaccines. Most importantly, it needs to be confirmed that expression of the receptor does
not have an effect on the tumorigenicity of the cell line. However, using an established and
registered parental Vero cell line that is fully characterized as the starting material could
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possibly expedite the registration process. For example, some tests, such as viral safety, will
likely not have to be repeated; this is a clear advantage over using a completely new cell
line. Furthermore, using modern technology, such as CRISPR-Cas9, and the lowered costs
of sequencing, it is now possible to insert transgenes at specific regions in the genomic
DNA, limiting the risk of insertional oncogenesis.

Overall, a Vero cell line registered for vaccine production was successfully modified
to express ICAM1 on the surface. This expression was shown to be stable for at least
30 passages. Two group A HRVs, as well as two HRVs belonging to group B, all using
ICAM1 as a receptor and unable to grow on wild-type Vero cells, were successfully cultured
on these modified cells. This shows that modified Vero cells could be a useful tool for the
production of HRV vaccines and indicates that modified Vero cells might be of broader
interest for other applications, both in the field of infectious disease as well as oncology.
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