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Chinese Hamster Ovary (CHO) cells, employed primarily for manufacturing monoclonal antibodies and other
recombinant protein (r-protein) therapeutics, are emerging as a promising host for vaccine antigen production.
This is exemplified by the recently approved CHO cell-derived subunit vaccines (SUV) against respiratory syn-
cytial virus (RSV) and varicella-zoster virus (VZV), as well as the enveloped virus-like particle (eVLP) vaccine
against hepatitis B virus (HBV). Here, we summarize the design, production, and immunogenicity features of
these vaccine and review the most recent progress of other CHO-derived vaccines in pre-clinical and clinical

development. We also discuss the challenges associated with vaccine production in CHO cells, with a focus on
ensuring viral clearance for eVLP products.

1. Introduction

The need to protect humans from various infectious diseases has
driven the development of novel vaccine designs and improved
manufacturing platforms during the last two centuries. Indeed, from the
practice of variolation in the 18th century to Jenner’s innovative use of
cowpox to combat smallpox, there has been a rich history of continuing
technological advancements in the field of vaccine development. The
introduction of animal cell cultures for in vitro virus propagation in
1930 laid the groundwork for the development of attenuated and
inactivated vaccines targeting diseases like measles, mumps, rubella,
and polio in the latter half of the 20th century [1]. The subsequent
introduction of recombinant DNA techniques in distinct expression
systems, such as bacteria, yeast, insect, and mammalian cells, enabled
the development of new classes of vaccines, including protein subunit-
based (SUV) and virus-like particle-based (VLP) vaccines [2]. Herein,
we will consider particles assembled in cells as VLPs and any soluble
protein produced by cells as SUVs. Protein production using mammalian
expression hosts mainly involves cells derived from humans, mice, and
hamsters. Notably, Chinese Hamster Ovary (CHO) cells are a leading
choice for therapeutic protein manufacturing, accounting for 89 % of the
mammalian-produced therapeutic proteins on the market from 2018 to
2022 [3]. However, they are used much less frequently for vaccine

manufacturing: as of today, only four CHO-derived vaccines against
viral pathogens have been approved by the Food and Drug Adminis-
tration (FDA) [4-7].

2. General features of CHO cells as expression system

In 1956, Theodore Puck isolated the original CHO-ori cell line from
the ovary of a Chinese hamster [8]. Since then, several cell lineages such
as CHO DXB11 (dhfr+/-), CHO DG44 (dhfr—/-), CHO-GS-/- (CHO-
K1SV) have been derived with particular characteristics that have
facilitated isolation of stable transfectants and improved product yields
[9]. In comparison to other cell lines for protein production, CHO cells
demonstrate high productivity, typically achieving levels of 0.1-1 g/L in
batch cultures and 1-10 g/L in fed-batch cultures. Unlike human em-
bryonic kidney 293 (HEK293) cells, which are also often used for bio-
manufacturing, CHO cells are refractory to infection by, or replication of
most human viruses [10-12]. CHO cells can perform post-translational
modifications (PTMs) similar to those found in human cells, such as
glycosylation, disulfide bond formation, and proteolytic processing.
However, there are some subtle differences in the specific patterns and
structures of these PTMs between CHO and human cells [13]. For
instance, non-engineered CHO cells are incapable of synthesizing certain
human glycan linkages such as a-2,6-sialylation, bisecting GIcNAc [14],
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and o-1,3/4-fucosylation [15]. To achieve the desired glycosylation
patterns of r-proteins produced in CHO cells, several glycoengineering
approaches have been developed by our group and others [11,16-18].
CHO cells can grow in high-density suspension culture using chemically
defined serum-free medium and secrete r-proteins directly into the
culture medium at very high yields, making them a cost-effective plat-
form for large-scale protein expression [19,20].

The yield of r-proteins in CHO cells is influenced by several factors,
including the vector design, the promoter used for gene expression,
culture conditions (media composition, temperature, and oxygen
levels), the specific CHO cell line and the expression system (transient or
stable). Transient gene expression (TGE) involves transfecting CHO cells
with a plasmid vector containing the cDNA of interest to be expressed
episomally, which gets diluted over cell divisions leading to shorter
expression periods than stable gene expression (SGE) [21]. Polycations,
especially polyethylenimine (PEI), are among the preferred transfection
agents for CHO cells due to their cost-effectiveness, media compatibility,
and simplicity to use [22]. Although TGE typically results in lower yields
than SGE, optimization strategies have allowed TGE yields to reach up to
1 g/L [23]. Moreover, TGE significantly reduces the time and cost
associated with cell line development, making it a widely used option to
rapidly generate products intended for pre-clinical studies. In contrast,
CHO SGE is the standard approach for large-scale biomanufacturing.
This is because consistent and high-quality material is achieved by
expression from stably integrated plasmid(s) [24]. Traditionally, CHO
cells are transfected with a plasmid vector carrying the transgene and a
metabolic marker for clone selection, which is randomly integrated into
the genome. Following selection, a stable pool of genetically heteroge-
neous cells is obtained, from which high-producing clones can be iso-
lated, screened and characterized [25]. This screening process is a labor-
intensive and time-consuming process. However, regulatory agencies
require production cell lines to be derived from a single cell with
monoclonality demonstration [26]. This approach aims to ensure
consistent product quality over its commercial lifetime by selecting cells
with well-defined phenotype and thorough process control strategy
[27].

3. Protein subunit vaccines (SUVs)

SUVs are based on one or a few isolated or selected components of a
pathogen, often immunodominant antigens (full proteins, protein do-
mains or peptides), which stimulate, usually when adjuvanted, the
generation of humoral and potentially cellular immune responses [28].
SUVs are considered safer than inactivated or live attenuated vaccines,
as there is no risk of reversion to a virulent form [29].

SUVs have been approved for different viral pathogens such as SARS-
CoV-2 [30], varicella-zoster virus (VZV) [4,31], respiratory syncytial
virus (RSV) [6,7], and influenza [32,33], with doses ranging from 5 to
180 pg of the respective recombinant antigen. Although SUVs were less
widely used than other vaccine technologies for COVID-19, they
currently represent the majority of the preclinical and clinical vaccine
candidates [34]. Examples of approved SUVs against COVID19 include
the insect cell-produced NVX-COV2373 (Novavax), which showed
comparable immune responses to mRNA vaccines in terms of cellular
and humoral responses [35], and VidPrevtyn Beta (Sanofi/GSK), which
induces protection against multiple SARS-CoV-2 variants, including
Omicron (BA.1 and BA.2) [36]. One potential challenge with SUVs is
lower immunogenicity compared to full pathogen-based vaccines,
which highlights the importance of identifying antigens eliciting strong,
protective immunity [37]. Higher doses, boosters, and adjuvanted ad-
ministrations may also be required to enhance target-specific immunity
[29].

4. Virus-like particle (VLP) vaccines

VLPs are defined as non-infectious, self-assembling particles formed
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from one or more virus proteins with a repetitive antigen pattern and
lacking the viral genome. VLPs can resemble the structure, size, and
symmetry of their associated virus [38].

VLPs have been generated for viruses from more than 35 families
[39] and can be classified depending on the structure of their parental
viruses as enveloped (eVLP) or non-enveloped VLPs. The latter are
structurally less complex, consisting of one or more proteins of the target
non-enveloped virus that do not acquire a host-derived membrane en-
velope. Examples of vaccines against human viruses using non-
enveloped VLPs include those for human papillomavirus (HPV) and
rotavirus (RV) [40,41]. Non-enveloped VLPs can be chimeric, composed
of the recombinant self-assembling carrier fused to one or multiple
vaccine target antigens. Examples of this include potato virus X (PVX) or
HPV-16 VLPs carrying epitopes of influenza virus [42,43]. In contrast,
eVLPs are structurally more complex, consisting of viral proteins and an
envelope which is acquired from host cellular membranes [29]. eVLPs
are more versatile than non-enveloped VLPs because they enable addi-
tional strategies for heterologous antigen presentation [44]. This can be
achieved by inserting glycoproteins (gps) or by fusing a heterologous
sequence (eg. the ectodomain of a glycoprotein [gp] of another virus)
onto a transmembrane (TM) region [45,46]. However, the presence of
the lipid envelope represents challenges for production, purification,
and regulatory approval [47]. Notable examples of this class include
human immunodeficiency virus (HIV), influenza and SARS-CoV-2 eVLPs
[48-50]. Because of their resemblance to the viruses from which VLPs
were derived, large VLPs (e.g., Ebola > 500 nm) are captured by den-
dritic cells (DCs) at the immunization site. Subsequently, these DCs
migrate to the nearest lymph nodes. Conversely, VLPs ranging from 10
to 200 nm can pass directly through lymphatic vessels and reach the
lymph nodes, where they can interact with follicular DCs followed by
antigen processing and presentation by MHC class I molecules, cytokine
production, and stimulation of CD4 + T helper cells [51,52]. Simulta-
neously, VLPs can also cross-link with B cell immunoglobulin receptors
and activate them [53]. Unlike most protein SUVs, VLPs can enter the
cytosol of DCs to be processed and presented by MHC class I molecules to
activate cytotoxic CD8 + T cells, either through cross-presentation or
direct endosomal loading [53,54].

5. Traditional cell substrates for VLP and SUV production

Various cell types have been employed to produce protein-based
vaccines. Microbial expression systems, such as Escherichia coli (E.
coli) and Saccharomyces cerevisiae (S. cerevisiae), have been widely used
to produce r-proteins due to their rapid growth, high yields, and cost-
effective culture conditions [55]. However, these systems have limita-
tions in terms of PTMs, such as the propensity of S. cerevisiae to hyper-
glycosylate r-proteins with non-human high-mannose glycans [56].
Furthermore, proteins overexpressed in bacterial systems are often
prone to forming inclusion bodies, requiring complex purification and
refolding steps [57]. Despite these drawbacks, microbial systems have
been successfully employed in the production of some commercialized
protein vaccines. For instance, the Hecolin VLP vaccine (Innovax)
against hepatitis E virus (HEV) produced in E. coli has received mar-
keting authorization from the Chinese Food & Drug Administration
(CFDA) [58-60]. Numerous recombinant non-enveloped VLP vaccines
produced using S. cerevisiae have also been approved for human use,
against hepatitis B virus (HBV) (Recombivax HB [61,62], Engerix-B
[63,64], HBvaxPRO [65], Fendrix [66]), HPV (Gardasil [67-69]), and
malaria (Mosquirix [70-72]).

Insect cells are also used as SUV production hosts due to their ability
to produce high levels of antigenic proteins and to perform some PTMs
[73]. Popular choices for insect cell lines are Sf21 and Sf9, both derived
from Spodoptera frugiperda, as well as the BTI-TN-5B1-4 cell line from
Trichoplusia ni, commonly referred to as High Five [74]. The baculovirus
expression vector system (BEVS) has been widely used for large-scale
production of complex proteins in insect cells. BEVS is based on
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substitution of a non-essential gene from a baculovirus with a foreign
gene of interest which is used to infect insect cells, resulting in gene
amplification and protein expression [75]. Limitations of this system
notably include the requirement for expensive culture media, the need
to generate and characterize large baculoviral stocks, eVLP product
contamination with recombinant baculoviruses, relatively low yields for
secreted r-proteins due to the lytic nature of baculovirus infection [76],
and the non-human-like glycosylation profile of insect cell-derived gps
(harboring non-human paucimannose glycans rather than complex-type
N-glycans with terminal sialylation) [77,78]. Nevertheless, insect cells
have been employed to produce various marketed vaccines, such as the
non-enveloped VLP Cervarix against HPV [79-81], the hemagglutinin-
based SUV FluBlok against influenza [32,33,82] and the COVID-19
SUV Nuvaxovid [30,83].

Mammalian cells can be particularly valuable hosts for generating
vaccine candidates with complex PTMs. For instance, Baby Hamster
Kidney (BHK) cells have been recently used to produce recombinant
SUV candidates evaluated in pre-clinical trials, against pathogens such
as Mpox virus [84], African Swine Fever virus [85] and Bovine Viral
Diarrhea virus [86]. On the other hand, Madin-Darby Canine Kidney
(MDCK) cells are mainly used to produce inactivated subunit influenza
vaccines such as Flucelvax in the US [87]. However, this vaccine results
from influenza virus propagation, inactivation, and subsequent antigen
purification, rather than recombinant antigen expression [88]. In the
case of HEK293 cells, although they are mainly used to produce
adenovirus-vectored vaccines such as the Ad5-nCOV and ChAdOX1-
nCoV [89,90], they have also been used to produce VLP vaccine can-
didates with promising clinical results. An example of this is the
Chikungunya-based eVLP vaccine (VRC-CHKVLP059-00-VP, also known
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as PXVX0317 [91]), which is undergoing Phase 3 trials, assessing its
adjuvanted formulation in healthy adolescents, adults, and the elderly
(NCT05072080). While HEK293 cells have also been used to develop
promising SUVs in pre-clinical stages, such as the Zika virus E-dimer
candidate [92], as of now no protein-based vaccines from these cells
have reached the market for human use. Possible explanations for this
include their elevated risk of contamination with human viruses, low
maximum cell densities, longer doubling times, and lower volumetric
yields in stable production systems in comparison to CHO cells [93].

6. Approved or clinical trial SUVs produced in CHO cells

Considering the advantages of CHO cells as an expression system for
therapeutic r-proteins, they would appear to be a natural choice for SUV
manufacturing. Indeed, beginning almost 40 years ago, a wide variety of
CHO cell-derived therapeutics have been authorized by regulatory
agencies. The familiarity of biopharmaceutical companies, contract
development and manufacturing organizations (CDMOs) and suppliers
with CHO cell-based production platforms could drastically decrease
timelines and risks for vaccine manufacturing compared to new or less
widely used cell lines. Indeed, upstream and downstream processes for
SUV production in CHO cells can be similar to other soluble r-proteins.
In the following section, we will review various SUVs that have either
been approved or are in clinical development (Fig. 1a).

6.1. Respiratory syncytial virus (RSV)

RSV is a leading cause of lower respiratory tract infections world-
wide and can cause severe illness in young children, older adults, and
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Fig. 1. Overview of the main protein-based vaccines produced in CHO cells. (a) Approved SUV or SUV candidates in clinical trials. (b) Approved VLP vaccines or VLP

vaccine candidates in pre-clinical development (non-exhaustive list).
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individuals with chronic diseases. In 2019, it accounted for over
100,000 deaths in young children worldwide [94], and 22,000-47,000
deaths among older adults in high-income countries [95].

Early immunization attempts against RSV using a formaldehyde-
inactivated vaccine led to enhanced RSV disease (ERD), characterized
by high fever, bronchopneumonia, and wheezing [96-98]. The use of
formaldehyde for RSV inactivation leads to the formation of carbonyl
groups in viral antigens, which hinders antigen processing in the cyto-
plasm and can result in the production of antibodies with low avidity
[99,100]. After vaccination with formaldehyde-inactivated vaccines and
subsequent RSV infection, these antibodies lead to a Th2 and Th17-
polarized immune response, with a high concentration of neutrophils
in the lungs [101]. In an early clinical trial, this resulted in an 80 %
hospitalization rate and, tragically, two deaths among children under 2
years who were subsequently exposed to RSV infection. In contrast,
older children did not exhibit such severe reactions, likely due to pro-
tection by pre-existing immunity from natural infection [102]. The viral
fusion (F) gp displayed on the surface of RSV then became an attractive
target for SUV design, particularly after the design of a prefusion-
stabilized form was reported, which has proven effective in eliciting
potent neutralizing antibodies (nAbs) [103,104]. However, one study
indicated that immunization with low doses of F-based SUVs in naive
animals still led to ERD upon viral infection, even when using its pre-
fusion conformation [105]. Overall, this has steered vaccine develop-
ment for RSV-naive children away from inactivated virus vaccines
[106].

In contrast, the prefusion form of F has demonstrated encouraging
results when administered to adults, leading to the world’s first RSV
vaccines approved by the FDA. Arexvy (RSVPreF3 OA) is produced in
genetically engineered stable CHO cells and developed by Glax-
oSmithKline (GSK) [6]. This vaccine antigen consists of residues 1-513
of the F protein, trimerized through a T4 fibritin motif [103,107]. Pre-
fusion stabilization is achieved by replacing Ser155 and Ser290 of F1
with cysteines, establishing a disulfide bond between the unstable N-
terminus and the structurally rigid central region [103,108]. The cavity-
filling mutations S190F and V207L were also introduced to fill spaces in
the F1 N-terminus, thereby increasing hydrophobic packing interactions
[103,108]. After showing a favorable safety profile and confirming its
induction of nAbs in early trials [109], an ASO1E-adjuvanted vaccine
underwent a phase 3 trial (AReSVi-006; NCT04886596) to assess its
effectiveness in 25,000 adults aged over 60 in 17 countries. The results
of this study show that a single RSVPreF3 OA dose has an efficacy of
82.6 % against RSV-associated lower respiratory tract disease, 94.1 %
against severe manifestations, 71.7 % against RSV-related acute respi-
ratory infection, and a mild to moderate, transient reactogenic profile
[108].

Abrysvo, the second FDA-approved RSV vaccine also produced in
genetically engineered stable CHO cells by Pfizer, features a bivalent
prefusion F formulation targeting RSV subgroups A and B [7]. In a large
Phase 3 trial, this vaccine showed a 66.7 % effectiveness against RSV-
related lower respiratory illness and an 85.7 % effectiveness against
severe RSV illness, with a low incidence of severe adverse events and no
safety concerns identified [110]. Abrysvo was also evaluated as a
maternal vaccine in a Phase 3 trial, immunizing pregnant women at
weeks 24-36 of gestation [111]. This vaccine showed an 81.8 % efficacy
in preventing severe RSV-associated respiratory illnesses in newborns
within the first 90 days post-birth, leading to its approval as a maternal
vaccine to prevent RSV in infants [7].

The substantial uptake of GSK’s Arexvy and Pfizer’s Abrysvo, with
combined sales reaching $1.235 billion in a single three-month period
[112], highlights the significance of SUVs produced in CHO cells and
their commercial potential.

6.2. Varicella-Zoster virus (VZV)

VZV causes varicella (chickenpox), a highly contagious infection
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associated with a classic rash and generally mild symptoms. After an
initial infection, VZV can persist in neurons, and years later, it can
reactivate, causing herpes zoster (shingles). This reactivation is char-
acterized by a painful vesicular rash, with a risk of hemorrhagic lesions
in immunocompromised hosts. The most significant complications of
herpes zoster in patients are acute neuritis and post-herpetic neuralgia,
affecting 25-50 % of patients over 50 years old [113].

To protect older or immunodeficient adults, the recombinant VZV
vaccine Shingrix (GSK) was approved by the FDA in 2017 [4], and a year
later by the European Medicines Agency (EMA) [31]. Shingrix is based
in VZV gp E (gE), which is the most prevalent antigen on the surface of
VZV-infected cells and a key target for nAbs and T cells during infection
[114]. It is produced in CHO cells, and to enable antigen secretion into
cell supernatants, the TM and C-terminal domains of gE were removed
[115]. Cell culture optimization strategies have also been reported to
improve growth and productivity of gE-expressing CHO clones, with
protein yields of 2.44 g per liter of culture achieved with media opti-
mization using 20-L wave bag bioreactors in fed-batch productions
[116]. With longer-lasting, higher efficacy than a live-attenuated
comparator, this SUV offers 97.2 % protection against shingles in in-
dividuals over 50 years old [117], and its use is recommended by US and
Canadian guidelines [118].

6.3. Human cytomegalovirus (HCMV)

HCMV, a pathogen infecting around 80 % of the global population,
poses severe health risks upon reactivation in immunocompromised
individuals. It is also implicated in the progression of various cancers
and its congenital infection is the primary cause of birth defects [119].
Despite this burden, there are no effective HCMV vaccines approved yet,
but several candidates are currently under clinical trials. Some of these
are recombinant SUVs produced in CHO cells, mainly based on HCMV gp
B (gB). This is the most immunodominant envelope protein of the virus
[120], essential for membrane fusion during viral entry [121], and it
contains multiple epitopes targeted by nAbs [122]. This antigen has
been tested in combination with the adjuvant 59 (MF59) in Phase 2
clinical trials [123-127]. The gB gene sequence used in these trials by
Sanofi was derived from the HCMV Towne strain, without the TM
domain or furin cleavage site [125,126]. The gB/MF59 vaccine has
shown promising results in different clinical settings, such as post-
transplant patients, postpartum women, and healthy adolescent girls;
demonstrating increased gB-binding antibody titers, boosted CD4 + T-
cell responses, and reduced HCMV viremia [123,124,127].

Another gB SUV has been developed by GSK (GSK1492903A) and
previously tested in Phase 1 clinical trials (NCT00435396). This antigen
is based on the HCMV AD169 strain, with modifications similar to those
made by Sanofi. Additionally, an amino acid sequence from the herpes
simplex virus type 1 (HSV-1) gp D (gD) was fused to the AD169-derived
gB sequence to facilitate secretion [128,129]. More recently, GSK
developed a new adjuvanted SUV against HCMV, consisting of a com-
bination of gB and pentamer antigens [130]. The HCMV pentameric
complex (PC) is also an attractive antigen for vaccine development since
it induces more potent antibodies neutralizing epithelial cell entry
compared to gB [131]. Thus, GSK has produced the PC using CHO-K1
and CHO-DXB11-derived pools and clones, obtaining titers of around
400 mg/L and demonstrating the induction of a potently neutralizing
immune response in mice [132]. The PC/gB SUV candidate is currently
being evaluated in healthy adult subjects in Phase 1/2 clinical trials
(NCT05089630).

6.4. Human immunodeficiency virus (HIV)

Even 40 years after its discovery, the challenges of generating a
functional vaccine against HIV persist. One of the main obstacles in
producing an HIV vaccine (the predominant studies focus on HIV-1
which we will refer to as HIV), is the accelerated mutation rate of the
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virus® gps (gp41 and gp120), mainly attributed to the absence of 3'
exonuclease proofreading activity in its retrotranscriptase [133].
Importantly, the epitopes targeted by nAbs are located in the gp variable
regions of the HIV envelope protein (env), which contributes to the
emergence of mutants in response to the selective pressure exerted by
the immune system [134].

Recombinant stabilized HIV env gp trimers have demonstrated their
potential as promising targets for vaccine development which could
elicit broadly nAbs. Early soluble env trimers that consistently maintain
the prefusion conformation are called “SOSIP”, which include an engi-
neered disulfide bond between gp120-gp41 (referred to as “SOS™) along
with a helix-breaking mutation to help maintain the prefusion confor-
mation (I559P, named “IP”) [135,136]. SOSIP trimers used in recent
clinical trials have incorporated improvements, including some derived
from CHO cell engineering [137]. Notably, certain env proteins,
particularly those from HIV Clade B, are susceptible to proteolytic
cleavage. To address this, engineered C1 protease-deficient CHO cell
lines have been employed, mitigating degradation concerns, particularly
during large-scale expression [138]. Trimer 4571 (BG505 DS-
SOSIP.664) is a highly stabilized prefusion-closed soluble env trimer
based on HIV clade A. This trimer incorporates the 201C-433C disulfide
mutation within gp120 to prevent any CD4-induced conformational
changes [139]. Recently, Trimer 4571 has undergone evaluation in
Phase 1 clinical trials both independently (NCT03783130 and
NCT04985760) and as a booster dose in heterologous regimens
(NCT05828095 and NCT03878121). Trimer 4571 was found to be safe,
caused no adverse reactions, and successfully induced specific anti-
bodies, primarily those focusing on the glycan-free base of the trimer.
However, the glycan-free base is typically inaccessible to the immune
system in native trimers, resulting for this trial in a more pronounced
non-neutralizing response [140]. To reduce the dominance of this strong
base-directed immune response, future CHO-produced SUVs could be
engineered with glycans to mask the trimer base domain to mitigate

Table 1
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non-nAbs.

6.5. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

A variety of vaccines were developed to combat the COVID-19
pandemic. These included inactivated virus, protein-based, nucleic
acid, and vectored vaccines. SUVs mainly derived from the SARS-CoV-2
spike (S) protein have been produced in CHO cells with distinct candi-
dates already approved for emergency use in certain countries or being
examined in clinical trials (Table 1).

One of the most widely used strategies for SARS-CoV-2 SUV devel-
opment is employing the ectodomain (ECD) of the S protein as an an-
tigen. MVC-COV1901 vaccine developed by Medigen Vaccine Biologics
Corporation is based on a prefusion-stabilized S ECD trimer that harbors
K986P and V987P substitutions as well as a mutated furin-cleavage site
682 (RRAR > GGAS) at the S1/S2 junction to improve stability and the
addition of the T4 fibritin trimerization domain. The ExpiCHO system
was used for stable clone generation expressing this S antigen, which
was shown to resemble the structure of human HEK293 cell-expressed
SARS-CoV-2 S protein. This vaccine candidate was adjuvanted with
aluminum hydroxide (alum) and CpG 1018, a TLR-9 agonist that
enhanced immunogenicity by stimulating CD4+/CD8 + T lymphocytes
[141]. Phase 2 clinical trials (NCT04695652) showed that MVC-
COV1901 is safe, well-tolerated and induces high nAb titers in both
young and elderly individuals [142]. MVC-COV1901 has also been
compared to the ChAdOx1 nCoV-19 viral vector vaccine from Oxford-
AstraZeneca, with MVC-COV1901 proving superior, inducing a wider
range of IgG subclasses and higher nAb titers against the Omicron (BA.1)
variant [168]. MVC-COV1901 is already approved for use in Eswatini,
Paraguay, Somaliland, and Taiwan [142].

The receptor binding domain (RBD) within the SARS-CoV-2 S protein
is the main target of nAbs [169] and as such, it has been used to generate
various SUVs. Different strategies have been explored to further enhance

Approved or clinical trial SUVs produced in CHO cells against COVID-19 in different countries as of December 2023.

Name

Developer

MVC-COV1901

RAZI-COV PARS

ZIFIVAX (ZF2001)

Soberana 02 (FINLAY-FR-
2) and Soberana Plus
(FINLAY-FR-1A)

NVSI-06

V-01 vaccine

SCB-2019

Nanocovax
UB-612
PIKA
COVID-19 Vaccine
ZR-202-CoV (202-CoV)

AKS-452

Betuvax-CoV-2

Medigen Vaccine Biologics Corporation (Taipei,
Taiwan). NIAID (Rockville, MD, USA), Dynavax
(Emeryville, CA, USA)

Razi Vaccine and Serum Research Institute (Karaj,
Iran)

Anhui Zhifei Longcom Biopharmaceutical (Hefei,
China), Institute of Microbiology, Chinese Academy
of Sciences (Beijing, China)

Instituto Finlay de Vacunas (Havana, Cuba)

The National Vaccine and Serum Institute (Beijing,
China), Lanzhou Institute of Biological Products Co.,
Ltd. (Gansu Sheng, China)

Livzon Mabpharm Inc (Zhuhai, China)

Clover Biopharmaceuticals Inc. (Shanghai, China),
GSK (Brentford, United Kingdom), Dynavax
(Emeryville, CA, USA)

Nanogen Pharmaceutical Biotechnology JSC (Ho Chi
Minh City, Vietnam)

COVAXX (Hauppauge, NY, USA), United Biomedical
Inc. Asia (Taipei, Taiwan)

Yisheng Biopharma

(Beijing, China)

Shanghai Zerun Biotechnology (Shanghai, China),
Walvax Biotechnology (Kunming, China)
University Medical Center Groningen (Groningen,
Netherlands)

Human Stem Cell Institute (Moscow, Russia)

Antigen Status and Clinical Phase Ref.
Prefusion-stabilized trimeric Approved (Eswatini, Paraguay, Somaliland, [141,142]
S protein and Taiwan). Phase 3
(NCT05426343, NCT05198596 and
NCT05011526)
S-Trimer, S1 and S2 subunits Approved (Iran). Phase 3 [143]
(IRCT20201214049709N3)
Tandem-repeat dimeric RBD Approved (China, Colombia, Indonesia, and [144-146]
Uzbekistan). Phase 3
(NCT04646590, NCT05128643,
NCT05091411 and NCT05107375)
Conjugated vaccine Approved (Cuba, Iran, Nicaragua and [147-149]
(RBD and tetanus toxoid) Venezuela). Phase 3
(IFV/COR/09)
Triple RBD linkage Approved (United Arab Emirates). Phase 2 [150-152]

IFN-PADRE-RBD-Fc dimer

(NCT05069129, NCT05293548) and Phase 3
(NCT05599516)

Approved (China). Phase 3

(NCT05096832)

[153-155]

S-Trimer (Trimer-Tag Phase 3 (NCT05188677 and NCT05470803) [156-158]
technology)

Prefusion-stabilized S protein ~ Phase 3 (NCT(04922788) [159,160]
RBD-Fc and conserved Phase 3 (NCT05293665) [161,162]
epitope peptides from the N-,

M- and S2 proteins

Prefusion-stabilized trimeric Phase 2/3 (NCT05463419) [163]

S protein

Prefusion-stabilized S protein ~ Phase 2 (NCT04990544) [164]
RBD-Fc Phase 2/3 (CTRI/2021/10/037269) [165,166]
RBD-SD1-Fc Phase 1/2 (NCT05270954) [167]
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its antigenicity, such as the use of monomeric, dimeric, or multimeric
forms [170]. ZIFIVAX (ZF2001) vaccine, developed by Anhui Zhifei
Longcom Biopharmaceutical, consists of a three-dose RBD-based vaccine
adjuvanted with alum. ZF2001 is a tandem repeat dimer formed by two
copies of RBD (R319-K537) and produced in CHO cells. This RBD dimer
maintains a similar affinity to the RBD monomer and effectively binds to
the human ACE2 receptor [171]. In Phase 1 and 2 clinical trials, ZF2001
exhibited a safe profile and immunogenicity in humans [145]. Phase 3
clinical trials were conducted across multiple countries, showing safety
and effectiveness against symptomatic and severe-to-critical COVID-19
for at least six months after full vaccination. The ZF2001 vaccine has
been approved for use in China, Colombia, Indonesia, and Uzbekistan
[172].

7. CHO endogenous retrovirus-like particles may hinder the
development and downstream processing of eVLP vaccines

Unlike SUVs which can be purified through multiple chromato-
graphic methods typically used for recombinant therapeutic proteins
[173], the purification of eVLPs poses unique challenges, demanding
high recovery while simultaneously maintaining integrity of particles
with fragile lipid envelopes [174] (Fig. 2). In addition, several animal-
derived cell lines naturally release extracellular vesicles (EV),
including microvesicles, exosomes, and/or endogenous retrovirus-like
particles (RVLPs) [175], which further complicates eVLP product sep-
aration from these contaminants. It is widely known that CHO cells
spontaneously release RVLPs into the culture medium [176-178], which
need to be inactivated or removed from the recombinant product of
interest during downstream processing (DSP). RVLPs are produced from
type-C endogenous retrovirus (ERV) sequences that are found in the
genomes of CHO cells [178,179]. Although the RVLPs produced by CHO
cells have been characterized as non-infectious [180,181], their pres-
ence could still raise safety concerns.

According to the EMA, each animal cell line used for bio-
manufacturing should undergo tests for both endogenous and
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adventitious viral contamination. Regardless of the detection of such
viruses, viral clearance steps are necessary to meet and maintain the
required limit for particle numbers in therapeutic products. In the case
of RVLPs, the DSP process should demonstrate that it can eliminate or
inactivate more virus than the estimated amount in unprocessed bulk,
such that less than one particle per million doses would be expected in
the purified product [182]. When manufacturing therapeutic proteins, a
significant degree of virus removal is achieved by using highly specific
affinity purification steps, such as protein A chromatography for
monoclonal antibodies, or a combination of multiple orthogonal chro-
matographic steps for other r-proteins. Having affinity ligands binding
antigens exposed on the surface of eVLPs could also contribute to virus
removal; however, there are currently very few commercial affinity
resins designed for eVLPs.

Viral clearance achieved by a purification process is usually com-
plemented by inactivation and filtration steps. Virus inactivation can be
performed by treating protein products with chemical agents, commonly
Triton X100 or Tween 80 detergents at 0.5-1.0 % with or without tri-n-
butyl phosphate (TNBP) solvent at 0.1-1.0 % [183]. Another viral
inactivation method is low pH treatment. Inactivation of enveloped
retroviruses has been reported using pH 3.0-3.8 treatments for 30-60
min, obtaining log reduction values ranging from 4 to 8 [184]. This
approach works by inducing conformational changes on the viral surface
[185], yet it is unclear whether this mainly results from viral membrane
disruption or denaturation of surface proteins. Thus, it would be valu-
able to assess whether a particular eVLP product can withstand a low pH
hold before choosing a pH-based treatment for viral inactivation. The
only licensed CHO-derived eVLP vaccine, PreHevbrio, uses formalde-
hyde inactivation instead [5], which acts by forming nucleic acid-
protein and protein—protein crosslinks [186]. While formaldehyde is
widely used to generate inactivated vaccines [187], its use in DSP is less
prevalent. It remains unclear whether it is the best choice for eVLP viral
clearance, since reduced eVLP antigenicity could potentially arise from
its alterations of protein structures, as reported for Dengue virus [188]
and RSV, as discussed in Section 6.1. Finally, a frequently employed

Considerations for CHO-derived eVLP DSP

CHO endogenous RVLPs:
+ Naturally released by CHO cells, must be removed or inactivated from the recombinant product of interest.
« Structurally similar to eVLP products, complicating their separation during DSP.

Ensuring viral clearance
*Regulatory bodies require effective clearance of RVLPs and any other potential adventitious agents in therapeutic products.
+Ensuring this might require treatments that could compromise the yield, structure, and potency of the eVLP product.

- Chromatographic steps — Chemical inactivation

Viral filtration - CHO cell engineering

I

Affinity ligands Solvent/detergent:

+R-proteins: Significant virus removal
is achieved by specific affinity
purification (e.g. protein A ligand).

*R-proteins: Agents like Triton X100,
Tween 80, or TNBP inactivate lipid
| enveloped viruses by dissolving their

membranes

+*eVLPs: The need for affinity ligands

is evident, but commercial options *eVLPs: Envelofpe disruption would

*Disrupting type-C ERV genes in CHO
cells can significantly reduce RVLP
release to simplify purification and

achieve viral load regulatory
requirements.

*R-proteins: Using membranes with
pore sizes between 20-70 nm to 1
remove viral contaminants

eVLPs: Given their common size
similarity to RVLPs, effective
separation is unfeasible.

CRISPR-Cas9:
¥ Most used technique for CHO cell

gene knockout, high target
recognition efficiency, low cost of

are limited. lead to loss ?mg;(:g;mt structural
lon Exchange Low pH:

*R-proteins: Anion exchange
chromatography removes negatively
charged viruses by binding them with
high avidity while positively charged r-

proteins flow through.

«eVLPs: Optimizing buffers, resins,
and grocess parameters for IEX
would be needed to allow separating
negatively charged eVLPs from
RVLPs and other viral contaminants.

*R-proteins: Used to inactivate
enveloped retroviruses, by inducing
surface conformational changes.

+*eVLPs: Assessing their stability
under low pH conditions is crucial
before implementing this inactivation
strategy.

Formaldehyde:
*Used in licensed CHO-derived HBV
eVLPs.
+Creates nucleic acid-protein and
protein-protein crosslinks.
+Effect on antigenicity should be
evaluated for each eVLP candidate

development, easy to use.

X Undesired mutations due to off-
target effects, low homology-directed
repair efficiency, impedes
patentability.

TALENS
# High target recognition efficiency,
binding with very short sequences,
medium rate of mutation.

X High cost of development, more
laborious construction.

Fig. 2. Overview of the main DSP considerations for eVLP-based vaccines produced in CHO cells.
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viral reduction measure for therapeutic protein products involves
filtration, wherein viruses or RVLPs are separated from the desired
product using membranes with pore sizes ranging from 20 to 70 nm
[189,190]. This is a major obstacle for purification of eVLPs that have a
similar size range as CHO RVLPs and potential adventitious viruses.

Engineering CHO cells to prevent endogenous RVLP release is a
promising, complementary strategy to facilitate purification and help
achieve viral load regulatory requirements for CHO cell-derived eVLP
vaccines and other biologics. One approach was first described by Duroy
et al. [178], in which the authors disrupted the gag gene of the expressed
type-C ERV group in the genome of CHO-K1 cells using CRISPR-Cas9.
The resulting mutant CHO clones showed a dramatic decrease in the
release of RNA-carrying viral particles down to detection limits, without
any impact on cell proliferation or r-protein (trastuzumab) production.
A similar approach has been used by our group to engineer a CHO host
cell line for production of SARS-CoV-2 eVLPs [191].

8. CHO cell-derived eVLP vaccines

The use of CHO cells as a platform for VLP production, particularly
for eVLPs, has been explored for multiple viruses including HBV [192],
SARS-CoV-2 [191], Epstein-Barr virus (EBV) [193-195], Hantaan virus
(HTNV) [196-198], Kaposi sarcoma-associated herpesvirus (KSHV)
[199,200], influenza virus [201,202], dengue virus [203] and St. Louis
Encephalitis virus [204]. However, the HBV vaccine is currently the only
one approved by the FDA (Fig. 1b).

8.1. Hepatitis B virus (HBV)

Chronic HBV infection, affecting approximately 296 million people
globally, is a major cause of cirrhosis and liver cancer, leading to over
500,000 global deaths in 2019 [205]. Efforts in vaccine development
have predominantly focused on eVLPs formed by the hepatitis B surface
S antigen (HBsAg), a crucial molecule for viral entry into hepatocytes
[206]. CHO cells have been used to produce HBV eVLPs, representing
the third generation of vaccines against this virus [207].

The PreHevbrio (VBI) eVLP vaccine, which contains three HBV sur-
face antigens (S, pre-S1, and pre-S2), was recently approved by the FDA
[5]. PreHevbrio was also authorized in Canada, the European Union, the
United Kingdom, and Israel (marketed under the names of Sci-B-Vac,
Bio-Hep-B or Hepimmune). To produce this vaccine, HBV antigens are
encoded in a single plasmid, along with a mouse dihydrofolate reductase
(DHFR) expression cassette, to establish a stable producer CHO cell line
[208]. CHO-derived HBV VLPs can be purified through isopycnic
centrifugation, ammonium sulfate and polyethylene glycol precipita-
tion, as well as different chromatographic steps, mainly anion exchange
and/or size-exclusion chromatography, followed by formaldehyde
treatment to ensure final viral inactivation [208,209]. The resulting
purified particles include antigens in both non-glycosylated and glyco-
sylated forms, similar to those in patients’ sera [ 208]. Sci-B-Vac has been
shown to induce a significantly higher and faster seroprotection rate in
adults compared to the conventional, yeast-derived HBV VLP vaccines
such as H-B-Vax or Engerix-B [192,210]. Additionally, this vaccine of-
fers protection to individuals who do not respond to other conventional
vaccines, such as those with inflammatory conditions, cancer, or
immunosuppression [192,210].

8.2. SARS-CoV-2

Our group has recently demonstrated the potential of CHO cells for
production of eVLPs displaying SARS-CoV-2 S proteins [191]. These S-
VLPs are generated by the overexpression of the full-length S protein
without co-expression of any additional structural proteins. These eVLPs
are abundantly released into cell supernatants, exhibit high S protein
content and are reminiscent of the wild-type virion. Notably, volumetric
titers of S protein incorporated into VLPs using this method are ~ 1000x
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higher than those achieved using another commonly used approach for
inducing eVLP formation, co-expression of Gag with SARS-CoV-2 S in
HEK293 cells [211-213]. Another study has also reported production of
high-density S-VLP in HEK293 cells following transfection of a single
expression plasmid encoding SARS-CoV-2 S, envelope (E), membrane
(M) and nucleocapsid (N) proteins [214]. Despite the fact that overall
VLP yields was not disclosed, the presence of S, M and E proteins in
purified VLPs was confirmed by Western blotting.

To circumvent potential contamination of S-VLPs with RVLPs, ERV
sequences in the CHO production host cell line were disrupted using
CRISPR, similar to a previously published approach [178]. Unlike other
types of VLP products which are purified using cumbersome and low-
specificity/resolution processes (e.g., differential centrifugation), S-
VLPs can be purified efficiently using a one-step affinity chromatog-
raphy method based on a high-specificity S-binding resin. Remarkably,
even at sub-microgram doses, ASO1b-adjuvanted S-VLPs injected in ro-
dents elicit high levels of SARS-CoV-2 nAbs against both ancestral and
SARS-CoV-2 variants, including Omicron, providing protection during
live-virus challenge. S-VLP production is compatible with CHO-based
manufacturing procedures and could complement an arsenal of afford-
able vaccines to combat COVID-19 in the future.

8.3. Epstein-Barr virus (EBV)

EBV, a highly prevalent virus infecting over 90 % of the population,
typically establishes an asymptomatic infection early in childhood,
remaining latent in B cells for life. Indeed, prior EBV infection is asso-
ciated with B cell-related diseases like Hodgkin and Burkitt lymphomas,
but it is also surprisingly linked to tumors in other tissues, including
nasopharyngeal carcinoma and gastric carcinoma [215]. Although more
than 300,000 cases of cancer and over 200,000 cancer-related deaths
were globally attributed to EBV in 2020 [216], no vaccine against this
complex virus has so far made it to the market.

An interesting EBV eVLP antigen was designed by fusing the heptad
repeat 2 (HR2), TM and cytoplasmic (CT) domains of the Newcastle
disease virus (NDV) F protein, to the ECD of the EBV gp 350/220 [194],
which initiates EBV attachment to susceptible host cells [217]. These
chimeric eVLPs were assembled by transiently co-expressing the EBV-
gp350/220-F construct, together with NDV matrix (M) and nucleopro-
tein (NP) core components in CHO cells. BALB/c mice immunized with
these eVLPs showed a gradual increase in anti-gp350/220 specific total
IgG in their sera, which accelerated after booster administration. How-
ever, the inclusion of the HR2 trimerization domain from NDV-F in the
chimera might have led to some degree of misfolding, reducing the
immune response to the chimeric eVLP compared to the UV-inactivated
virus and the r-protein antigens [194].

Two other polyvalent EBV eVLP vaccine candidates were later
developed by the same group [193]. These eVLPs integrated the gH/gL
or gB gps, which are essential for EBV entry. Additionally, they incor-
porated the nuclear antigen 1 (EBNA1) or latent membrane protein 2
(LMP2), which are intracellular latency proteins normally expressed in
EBV-infected cells and considered appealing targets to trigger a cell-
mediated immune response [218]. The gH/gL-EBNA1 and gB-LMP2
eVLP models were generated by transiently co-expressing two
chimeric constructs encoding for the EBV proteins fused to the NDV F or
NP proteins to induce particle assembly in CHO cells. These vaccine
candidates induced high titers of nAbs and generated T cells specific to
EBNA1 or LMP2 in immunized BALB/c mice. However, the combined
immunization using gH/gL-EBNA1 and gB-LMP2 eVLPs seemed to
inadvertently facilitate EBV infection, rather than blocking the entry of
EBV into epithelial cells [193].

More recently, this group developed a pentavalent EBV eVLP vaccine
candidate by co-transfecting the NDV core proteins in a CHO cell line
stably expressing the gp350-F-gB-F-gp42-gL-gH-F polycistronic
construct [195]. When administered with adjuvants, these eVLPs stim-
ulated specific IgG antibody responses to all five gps in immunized
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rabbits, with particularly strong responses to anti-gp350 and anti-gB.
The purified IgGs from these immunized animals effectively neutral-
ized EBV infection in susceptible B cell and epithelial cell lines,
providing protection superior to the soluble gp350 antigen alone.
Interestingly, specific IgG titers were lower for gp42 and gH/gL than
those for gp350 and gB, which could be attributed to unequal gene
expression and gp incorporation into eVLPs arising from a single pro-
moter controlling a polycistronic construct [219].

8.4. Hantaan virus (HTNV)

HTNV is a zoonotic virus causative of hemorrhagic fever with renal
syndrome (HFRS) and hantaviruses pulmonary syndrome (HPS), which
are primarily prevalent in China and Korea and have fatality rates of
5-10 % [220]. An inactivated HTNV vaccine is commercially available
and provides effective initial protection, however, it fails to sustain high
levels of nAbs and cellular immunity over the long term [221]. Research
on HTNV vaccines has focused on eVLPs including the nucleocapsid (N)
protein and the envelope GP (further cleaved into Gn and Gc) [222].

HTNV eVLPs have been generated by co-transfecting CHO-DXB11
cells with plasmids encoding the N and GP proteins, followed by
methotrexate (MTX) gene amplification and clone isolation [198]. In a
C57BL/6 mouse model, these unadjuvanted eVLPs triggered robust
humoral and cellular immune responses, comparable to the alum-
adjuvanted Youerjian inactivated vaccine. Notably, HTNV eVLPs also
triggered significantly stronger Thl-type immune responses to the N
protein than the inactivated vaccine. However, this may be attributed to
the alum adjuvant in the inactivated vaccine steering towards a Th2-
type response and impeding an effective cytotoxic T lymphocyte (CTL)
induction [223].

A modified HTNV eVLP has been developed by fusing the GP with
either the CD40 ligand (CD40L) or the granulocyte macrophage colony-
stimulating factor (GM-CSF), both of which can boost antigen presen-
tation and lymphocyte activation and maturation [197]. Either
construct was transiently co-expressed with the HTNV NP vector in
CHO-DXB11 cells, and eVLPs were harvested by ultracentrifugation. The
humoral immune responses of eVLPs decorated with CD40L or GM-CSF
showed higher levels of antigen-specific IgG compared to undecorated
eVLPs and the inactivated HTNV vaccine, as well as a notably increased
count of IFN-y and IL-2 secreting splenocytes. Upon viral challenge in
immunized mice, CD40L-VLP or GM-CSF-VLPs offered the strongest
protection, as shown by lower viral loads in critical organs [197]. Sub-
sequently, these eVLPs were tested for long-term immunity potency
against HTNV infection [196]. Compared to the inactivated HTNV
vaccine or the basic HTNV eVLPs, GM-CSF and CD40L eVLPs resulted in
increased antibody levels, sustained and specific T-cell responses and
CTL cytotoxicity after six months. These eVLPs also exhibited robust
protection against HTNV infection six months post-vaccination, as
shown by lower viral loads than the inactivated-HTNV vaccine group.
Despite these promising immunogenic results, the HTNV eVLP produc-
tivity was limited due to the use of transient CHO expression and would
likely be improved by generating stable eVLP-expressing cell lines.

8.5. Kaposi Sarcoma-Associated herpesvirus (KSHV)

KSHV, also known as human herpesvirus type 8 (HHV-8), is pri-
marily linked to multicentric Castleman’s disease, primary effusion
lymphoma, and Kaposi’s sarcoma (KS) [224], which is considered the
predominant cancer among HIV patients worldwide [225]. KSHV
prevalence varies globally, exceeding 90 % in some sub-Saharan African
populations, where introducing a childhood vaccine could significantly
cut viral transmission and prevent KS. Conversely, in regions with lower
prevalence, targeted vaccination strategies could only focus on high-risk
groups (e.g., men who have sex with men, prospective transplant re-
cipients) [226]. However, vaccine development against HHV-8 remains
in the experimental phase, where the main target antigens are gpK8.1,
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gB, and gH/gL gps, essential for viral attachment to host cells [226].

Barasa et al. constructed KSHV eVLPs capable of inducing relatively
high titers of specific antibodies in BALB/c mice, which could block
KSHYV infection in vitro [200]. These eVLPs were constructed by indi-
vidually combining gB and gH/gL ECDs with the NDV F TM and CT
domains, and independently co-transfecting them in CHO cells with
NDV capsid proteins. Combined gB and gH/gL eVLP formulations
induced higher antibody responses compared to individual eVLPs,
whereas combining gpK8.1 eVLPs with gB eVLPs resulted in the highest
nAbs responses, even higher than adjuvanted, UV-inactivated KSHV.

A multivalent KSHV eVLP has also been generated in CHO cells. It
was constructed by expressing a polycistronic plasmid containing the
ECDs of the gpK8.1, gB, and gH/gL gps fused to the TM/CT of the NDV F
protein [199]. Each cDNA was linked by 2A sequences, which contain a
“self-cleaving” site enabling separate post-translational processing and
native integration of each gp into the eVLPs. A CHO clone stably
expressing gpK8.1 was isolated through puromycin selection and FACS,
and subsequently co-transfected with plasmids encoding NDV capsid
proteins to produce multivalent KSHV eVLPs. When combined with
alum/MPL adjuvant, these eVLPs induced IgG antibody levels specific to
all four KSHV gps in New Zealand rabbits. However, these levels
significantly decreased by day 70 post-second boost, as opposed to UV-
inactivated KSHV-vaccinated animals, which maintained high titers at
all tested time-points. Importantly, purified IgGs obtained from eVLP
immunized rabbits effectively neutralized KSHV infection across
epithelial, endothelial, fibroblasts, and B cells.

9. Conclusions and perspectives

During the last three decades, the use of CHO cells for vaccine
manufacturing has not mirrored the massive growth seen for their use in
manufacturing of other types of biologics, particularly monoclonal an-
tibodies. One possible explanation is the significant time and resources
needed to license new vaccines and their manufacturing substrates,
leading to a conservative preference in the vaccine industry towards
tried-and-tested designs and platforms, such as whole-virus-based vac-
cines produced in primary, diploid, or Vero cell lines. However, this lag
has been recently overcome, as evidenced by the blockbuster status of
recently approved vaccines against RSV and VZV, both SUVs produced
in CHO cells.

In contrast to SUVs, the lipid envelope of eVLP antigens imparts
additional challenges for purification and viral inactivation/clearance.
However, advanced DSP strategies are being tailored to enhance product
purity while maintaining the immunogenic integrity and safety of eVLPs
[227-229]. As these techniques become more refined, we can anticipate
a growing acceptance of eVLP-based therapeutic vaccines. In fact, the
viruses with the highest public health risk due to their epidemic po-
tential and limited existing countermeasures are enveloped [230]. As
seen with the COVID-19 pandemic, research into eVLP vaccines against
SARS-CoV-2 led to multiple candidates reaching clinical trials and at
least one regulatory approval (Covifenz, produced in tobacco plants by
Medicago). We expect that additional CHO-derived eVLP-based vaccines
will receive regulatory approval as evidence accumulates supporting the
advantages of displaying antigens in this format.

The critical need for a rapid emergency response to COVID-19 shifted
the interest of many vaccine developers towards mRNA lipid nano-
particle (LNP) technologies. The speed at which new antigen formula-
tions can be developed is a clear advantage of mRNA LNPs relative to
SUV- and VLP-based vaccines. However, some studies indicate that
mRNA vaccines tend to have higher incidences of adverse reactions
compared to traditional vaccines, especially with repeated inoculation
[231,232]. Therefore, several features of CHO cell-derived antigens may
make them preferrable in non-rapid-response contexts, in particular
their better manufacturability, safety profile, and storage stability. Side-
by-side comparisons of the efficacy of SUV/VLP- vs mRNA LNP-based
vaccines for different viruses are currently scarce and should be a key
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factor to inform vaccine development strategies moving forward.
Overall, we foresee that the potential of CHO cells as a valuable

platform for manufacturing cost-effective and efficient VLP- and r-pro-

tein-based vaccines will be increasingly recognized by the industry.
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