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Viral vaccines and their manufacturing cell substrates:
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Vaccination is one of the most effective interventions in global health. The worldwide vac-
cination programs significantly reduced the number of deaths caused by infectious agents.
A successful example was the eradication of smallpox in 1979 after two centuries of vaccination
campaigns. Since the first variolation administrations until today, the knowledge on immunology
has increased substantially. This knowledge combined with the introduction of cell culture and
DNA recombinant technologies revolutionized vaccine design. This review will focus on vaccines
against human viral pathogens, recent developments on vaccine design and cell substrates used
for their manufacture. While the production of attenuated and inactivated vaccines requires the
use of the respective permissible cell substrates, the production of recombinant antigens, virus-
like particles, vectored vaccines and chimeric vaccines requires the use — and often the develop-
ment — of specific cell lines. Indeed, the development of novel modern viral vaccine designs
combined with, the stringent safety requirements for manufacture, and the better understanding
on animal cell metabolism and physiology are increasing the awareness on the importance of cell
line development and engineering areas. A new era of modern vaccinology is arriving, offering an
extensive toolbox to materialize novel and creative ideas in vaccine design and its manufacture.
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1 Introduction
1.1 Viral vaccines: A historical perspective
Since the first use of a vaccine by Edward Jenner, vac-

cination became an indispensable procedure. In the
20" century, diseases including poliomyelitis, measles,
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mumps, rubella and others caused an estimated 39 million
infections in the United States of America alone; vaccines
however rendered these infections uncommon in the 215
century [1]. Indeed, the past 50 years have witnessed tre-
mendous advances in the development of viral vaccines.
All in all, vaccination has reduced global mortality rates
caused by infectious diseases by approximately three mil-
lion people per year [2, 3].

Inoculation, or variolation in the case of smallpox
virus, was the first systematic practice to protect humans
against infectious agents (Box 1) [4-6]. This procedure
became popular in Europe in the 18" century. But by the
end of the 18" century Edward Jenner introduced the use
of cowpox live viruses to inoculate humans and protect
them against smallpox. This procedure was called vac-
cination and was considered a remarkable advance to
variolation [5].

Only in the 20™ century, in the 1930s, the way viral
vaccines were produced would be revolutionized. The
introduction of animal cell cultures allowed in vitro propa-
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Figure 1. Schematic representation of the vaccine design evolution following the technological advancements. Inoculation was a standard procedure in
the 18-19t centuries. The first vaccine against smallpox was introduced by Edward Jenner in 1796 and consisted in inoculating the live virus (LV) cowpox
obtained from infected cattle. In the middle of the 20th century animal cell culture became a standard procedure to grow virus allowing the development
of attenuated (AV) and inactivated (IV) vaccines. In the late 20t century the DNA recombinant technologies allowed to develop subunit vaccines based on
presenting protein antigens (P and VLPs), coding for the antigens (DNA and vectored vaccines) or both. Further advances on genetic engineering origi-
nated a myriad of different vaccine designs such as chimeric vaccines still under development but holding great expectations.

gation of viruses [7] and paved the way for the develop-
ment of several vaccines (Fig. 1). Virus attenuation or

Box 1

Inoculation, variolation and vaccination
procedures

Inoculation, or variolation in the case of smallpox,
was the first systematic practice to protect humans
against infectious agents [1, 2]. Initially, live viruses
were used through inoculation, i.e., subcutaneous
administration of liquid taken from a pustule of a
person showing mild symptoms into a healthy per-
son to confer immune protection against the viral
pathogen [3]. The term variolation refers solely to
the inoculation with smallpox virus (from the Latin
name of the virus “variola”). However, inoculation
had its attendant risks: the recipients could develop
the disease and spread it to others. Additionally the
transmission of other diseases via bloodborne route,
such as syphilis, was also a concern [2]. At the end
of the 18™ century, cowpox live viruses (the variant
affecting cows) were inoculated in humans to protect
against smallpox, the human variant. This procedure
was called vaccination, the word is derived from the
Latin vacca, meaning cow.
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inactivation became standard practices being, in the 20th
century, the most used form of vaccination against viral
infections. Between 1950 and 1980 numerous attenuated
vaccines for measles, poliovirus or rubella, were devel-
oped using cell culture passage [8].

The introduction of recombinant DNA techniques
from 1970s onwards enabled a further technological leap
in vaccine development. The use of molecular biology and
genetic engineering provided not only novel strategies
for viral attenuation but also novel types of vaccines. The
expression of antigenic proteins from its cDNA was now
possible, resulting in the production of large amounts of
highly pure antigens and thus, providing more doses. For
example, if the first hepatitis B (HBV) vaccine was manu-
factured by purifying the plasma of infected patients,
nowadays recombinant HBV vaccines are produced in
CHO cells through genetic cell line development [9].
Advances in animal cell culture technology introduced
novel cell lines, improving the production bioprocess by
allowing scale up in suspension cultures and providing
more competitive yields.

1.2 Viral vaccines: Progress on vaccine design and
current challenges

In the beginning of the 215 century we witnessed the
approval and commercialization of a novel type of viral
vaccines: virus-like particles (VLPs). VLPs structurally
resemble to whole virus but lack genetic material. Gar-
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dasil® and Cervarix® are examples of marketed VLPs

vaccines developed against human papillomavirus (HPV)
[10, 11].

Currently, the toolbox for vaccine development is quite
vast. The deeper comprehension of our immune system
together with the remarkable technological innovations
led to the design of a myriad of different viral vaccines
(e.g. DNA vaccines, chimeric or hybrid viral particles,
vectored vaccines, replication-defective viruses, antigens
obtained through DNA shuffling of different viral strains)
(Fig. 1). Despite the technological progress and the prom-
ising prospects of disease control by vaccination, several
challenges still stand. For many diseases there are no
vaccines available and novel viruses are sure to emerge. If
available, vaccines may not be 100% effective in prevent-
ing the disease, or their supply may still be insufficient,
or their costs may be too high for worldwide distribution,
particularly in developing countries [8]. For instance,
traditional manufacturing methods for influenza vaccines
are not able to rapidly respond to a pandemia. The use
of eggs to propagate the virus is one of the bottlenecks,
posing manufacturing problems that occasionally result
in distribution delays and, in the case of a pandemia, the
required number of quality fertile eggs and the capacity to
process them, are unlikely to match worldwide needs [12].
Additionally, there is a growing demand for improved
vaccine safety, fueled by the manufacturing require-
ments recommended by the regulatory entities (e.g.
FDA or EMA) and by antivaccination groups [8]. Indeed
some technologies are outdated and pose safety issues
in already licensed vaccines [1]. For example, paralysis
side effects were observed after oral vaccination against
poliovirus [13] and disseminated infection after Bacille
Calmette—Guérin (BCG) vaccination [14]. Hence, some
of the older vaccines, or their manufacturing processes,
need to be re-examined and re-addressed. Indeed, vac-
cines have been continuously evolving with the technol-
ogy in order to provide: safer means of immune protection
to the patients and reduce possible side effects. The new-
er molecular technologies can play a role in this demand
improving the safety profile of a vaccine both through its
design and manufacturing process. For example, recom-
binant vaccines can be designed to minimize or elimi-
nate virulence reversion, a potential threat of traditional
attenuated vaccines. In what concerns manufacturing,
the production and purification processes should also be
carefully established. At this level, one particular concern
is the use and choice of the cell substrate used for viral
vaccines production. A thorough characterization of cell
substrates is essential to establish quality control systems
that allow, for example, confirming that the final product
is not contaminated with adventitious agents, oncogenic
proteins or DNA from the host cell. Additionally, increas-
ing efforts are being placed in the optimization of animal
cell substrates to improve the production capacity and
reducing the costs, aiming at worldwide distribution.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Biotechnol. ). 2015, 10, 1329-1344

BIOZtec
£ visions

www.biotecvisions.com

The triumphs of traditional viral vaccines are undeni-
able and inspiring. Notwithstanding, and as introduced
previously, a variety of challenges remain for the develop-
ment of novel vaccines: (i) obtaining efficient protection
against pathogens for which no vaccine is yet available
and for other viruses certain to emerge; (ii) reducing the
costs of vaccine production; (iii) establishing manufactur-
ing platforms allowing worldwide supply; and (iv) increas-
ing vaccine safety to comply with stringent regulatory
guidelines [8]. These will be discussed in view of novel
molecular biology tools, available for the design of new
viral vaccines for human use, and animal cell substrates
for their manufacture.

2 Types of viral vaccines

There is a broad diversity of viral vaccines. Commercially
available vaccines against viral pathogens can be clas-
sified into three general types: live attenuated vaccines;
inactivated vaccines and subunit vaccines (Fig. 1) [15].
Within this generally accepted classification, different
technological approaches can be applied, giving rise to
the design of several sub-types of vaccines.

2.1 Live attenuated vaccines

Live attenuated viral vaccines use live viruses and were
the first type of vaccines to be used. Historically, live
viruses were initially used through inoculation. Although
inoculation procedures are still used in veterinary vacci-
nation, for human use this is no longer the case. The only
type of live viruses used for human vaccination are live
attenuated (licensed) or vectored vaccines (under clinical
development). There are several approaches to attenuate
viruses. One of the most used procedures involves grow-
ing the viruses in foreign hosts, as animal cell cultures,
where they replicate poorly. Several vaccines have been
developed using this procedure including poliovirus,
measles or rubella vaccines [8]. Today, live attenuated
vaccines can be obtained through additional molecular
strategies such as: reassortment (e.g. influenza and rota-
virus) [16], mutation or deletion of viral genes (e.g. dengue
virus) [17], or codon deoptimization (e.g. poliovirus) [18].
One concern related with live attenuated vaccines is the
possibility of reversion into a virulent form, as seen for the
first polio oral vaccine. In this context, inactivated vac-
cines provide safer alternatives to attenuated vaccines.

2.2 Inactivated vaccines

Inactivated vaccines are generated by Killing or destroying
the pathogen. This can be achieved by chemical means,
using for example formalin or formaldehyde, or physically
by heat or irradiation. Several inactivated viral vaccines
are commercially available against, for example, influenza,
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Vaccine type Description Cells Status Ref.
Live/Attenuated Oral polio vaccine (OPV) — Attenuated vaccine produced by the Vero Licensed [179]
passage of the virus through non-human cells
RotaTeq® — Pentavalent vaccine containing (five) live attenuated Vero Licensed [120]
reassortant rotaviruses
Varilix® — Lyophilized preparation of attenuated virus derived MRC5 Licensed [121]
from the Oka strain, vaccine against varicella
smallpox vaccine ACAM2000 — Attenuated vaccinia-based Vero Licensed [122]
smallpox vaccine
Inactivated Imovax® — Monovalent vaccine containing inactivated rabies MRC5 Licensed [123]
Havrix® — Inactivated hepatitis A vaccine with formaldehyde MRC5 Licensed [124]
Inactivated polio vaccine (IPV) — Trivalent inactivated poliovirus Vero Licensed [125]
Optaflu® —Trivalent cell culture-derived influenza vaccine MDCK Licensed [90]
Subunit Protein Flublok® —Recombinant trivalent hemagglutinin (rHA) vaccine expresSF+ Licensed [22]
produced in insect cell culture using BEVs
Glycoprotein B — recombinant truncated secreted form of gB CHO Phase Il [126]
DENT-80E — Adjuvanted recombinant envelope protein vaccine Drosophila S2 Phase | [127]
to protect against dengue virus
Subunit VLP GenHevacB® — Vaccine agents hepatitis B composed of PreS1 CHO Licensed [9]
and preS2 of HBV S-antigen assembled into HBV-like particles
Cervarix® — Vaccine against HPV infection composed of High5 Licensed 1
HPV L1 capsid protein from HPV16 and HPV18 assembled
into a HPV-like particle
NCT01596725 — Influenza backbone (M1 structural protein) Sf9 Phase | [128]
displaying HA and NA of influenza H1N1
Subunit Ad26.ENVA.01 — Ad26 vector for the expression of a modified HER.96 Phase Il [129]
Vectored Vaccine HIV env glycoprotein (gp140HIV-1Clade A)
ChimeriVAX® — Chimeric YF17D/DEN vaccine against dengue Vero Phase 11l [130]
using an attenuated yellow fever virus as a vector coding for
PrM and E genes from dengue
AVX601 — Vaccine against HCMV it uses alphavirus as vector Vero Phase | 131

for the expression of HCMV gB/pp65/IE1

rabies or poliovirus (Table 1). In addition to presenting a
safer profile comparatively to attenuated viral vaccines,
inactivated vaccines are also more stable. Although inac-
tivated vaccines are quite effective for some pathogens,
for others, they do not induce an effective and/or long-
lasting immunity since they do not give rise to cytotoxic
T cells immune response, which is important to efficiently
fight intracellular pathogens as viruses. Because of that,
multiple doses and adjuvants are often used [19].

2.3 Subunit vaccines
Subunit vaccines contain only parts of the pathogen.

These vaccines use immunodominant antigens, spe-
cific parts of the virus (full proteins or peptides) known
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to stimulate the generation of neutralizing antibodies
(Nabs). Subunit viral vaccines are a further development
of inactivated viral vaccines but instead of generating
antibodies against all of the pathogen antigens, only one
or just a few antigens are used. The real challenge in the
development of subunit vaccines is to identify which
antigens induce protective immunity [20]. Examples of
subunit viral vaccines available are the hepatitis B vac-
cine (e.g. GSK's Engerix® or Merck’s RecombivaxHB®) or
the recently approved influenza vaccine Flublok® (Protein
Sciences). The subunit vaccines for hepatitis B are pro-
duced by recombinant technology using either yeast or
CHO cells [9, 21]. The Flublok® vaccine is a recombinant
trivalent hemagglutinin (rHA) vaccine produced in insect
cell culture using the baculovirus expression system
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[22]. Similarly to inactivated vaccines, subunit vaccines
are stable and are considered safer than live attenuated
vaccines. Their main disadvantage is the lower immune
response elicited, when compared to live attenuated,
requiring co-administration of adjuvants and often mul-
tiple doses [15].

Complex vaccine designs such as VLPs, DNA vac-
cines, vectored vaccines and vectored VLPs vaccines are
often classified as subunit vaccines since they only pro-
vide a few antigens of the pathogen, either in the form of
protein or genetic material. For the purpose of this review
we will further describe these types of vaccines.

VLPs are particles that self-assemble from virus-
derived structural antigens, mimicking the three dimen-
sional structure of the pathogen. VLPs are non-infectious,
replication-defective and are devoid of any genetic ma-
terial. Because of that, VLPs are considered safer than live
attenuated vaccines.

VLPs can be subcategorized in non-enveloped or
enveloped VLPs based on their structure. Non-enveloped
VLPs are typically composed of one or more proteins of the
virus that self-assemble into particles and do not incorpo-
rate any host proteins. Enveloped VLPs are more complex
structures as they are wrapped in a lipid membrane (an
envelope) derived from the producer cell, where target
antigens are anchored [23].

The ordered and repetitive structure that VLPs exhibit
has excellent self-adjuvant properties capable of elicit-
ing both innate and adaptive immune responses [24].
Indeed, VLPs can mount an effective immune protection
without the use of co-adjuvants molecules and requiring
lower doses than soluble protein antigens (see [25] for a
review). Additionally, the VLPs structure favors its uptake
by antigen presenting cells (APCs) essential to elicit long-
lasting immune protection [11]. APCs display the foreign
antigens complexed with major histocompatibility com-
plexes (MHCs) on their surfaces. T-cells can recognize
these complexes through their T-cell receptors (TCRs)
starting an immune response by stimulating B and CD8*
lymphocytes [24].

The first VLP licensed for human use was the human
papillomavirus (HPV) vaccine Gardasil® from Merck,
produced in yeast [10] (Table 1). HPV Cervarix® was
approved shortly after and is produced using the Bacu-
lovirus Expression System (BEVS) that uses insect cells
[11]. Cervarix® is a bivalent HPV vaccine (L1 proteins
of HPV-16 and HPV-18) indicated for the prevention of
cervical cancer, was EMA approved in 2007 and FDA
approved in 2009.

VLPs structural diversity and functional versatility
forecasts the intensification in VLP research and future
development of innovative vaccine designs.

DNA vaccines were developed as bacterial plasmids
constructed to express an encoded antigen. They are
administered in vivo, by transfecting the patient cells,
eliciting both cellular and humoral immunity [26]. DNA
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vaccines have been approved for veterinary use (e.g. West
Nile-Innovator® vaccine for horses [27] and Apex®-THN
for Salmonid fish [28]) but not yet for human use. One of
the initial bottlenecks associated with DNA vaccines was
the low potency which has been improved through the
development of more efficient delivery systems in vivo
and improved formulations with adjuvants (for a review
on DNA vaccines see [26] ).

More complex subunit vaccines have been proposed.
The engineering of modern vaccines based on different
types of vectored vaccines and VLPs will be further dis-
cussed in the next section.

3 Modern viral vaccines and future trends

Theincreasing knowledge on immunology combined with
the recent advances in molecular biology and engineer-
ing tools have provided tools for novel vaccine designs.
Efforts have been made to design safer and more efficient
vaccines. As a result, new and more complex vaccines
are being developed, including chimeric VLPs, vectored
VLPs and vectored vaccines.

3.1 Chimeric-VLPs vaccines

The development of VLPs has revealed to be truly chal-
lenging for many viruses (e.g. rotavirus, hepatitis C virus
(HCV) and influenza) [29-32]. Therefore a subset of VLPs
containing viral proteins from unrelated viruses, known as
chimeric VLPs, has emerged. In non-enveloped VLPs het-
erologous antigen presentation can be achieved through
molecular fusion or chemical conjugation. [33, 34]. Fueled
by the existence of an already licensed HBV vaccine,
HBV-based chimeric VLPs are one of the most used scaf-
folds for protein or peptide display. The engraftment of
foreign sequences into HBV capsid protein can however,
interfere with correct VLP assembly [35, 36]. A solution
to maintain the VLP integrity is to combine two differ-
ent proteins in hybrid VLPs. Strong and broad immune
responses were generated using hybrid VLPs composed
of L1 and L2 proteins from HPV and different HIV glyco-
proteins [37, 38].

Heterologous presentation of glycoproteins can also
be achieved by pseudotyping enveloped VLPs with enve-
lope proteins of unrelated virus [39]. Indeed, pseudotyp-
ing retroviral vectors has been widely explored in the
field of gene therapy [40]. The most common examples
of pseudotyping in vaccine development are the use of
HCV or HIV envelopes to pseudotype murine leukeamia
virus (MLV)-derived VLPs [41-45]. Pseudotyping can also
generate bivalent vaccine candidates when glycoproteins
from different virus are incorporated in the same envelope,
as Newcastle disease virus and influenza A virus [46],
or rabies virus and ebolavirus [47]. Whole heterologous
antigen presentation is also being explored as strategy
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to maintain structural authenticity of target antigens and
thus, to meet quality criteria otherwise difficult to achieve
when expressing the isolated target antigen. Indeed,
expressing the HIV envelope proteins gp120 individually
hinders the natural conformational arrangement into trim-
ers, hampering its correct presentation. It has been shown
that monomeric gp120 subunits fail to induce broad NAbs
and do not prevent infection [48]. Conversely, Hammonds
et al. demonstrated, in guinea pig models, enhanced neu-
tralizing antibody response elicited by HIV VLPs when
compared to the same HIV isolate subunit protein [49].

3.2 Vectored VLPs vaccines

VLPs can also incorporate small molecules or proteins; we
will refer to these as vectored VLPs. For simplicity when-
ever genetic material is incorporated into a viral particle
we will refer to them as vectored vaccines (section 3.3).
VLPs (and vectored vaccines) can also be chimeric, cod-
ing and displaying the antigen required for the vaccina-
tion purpose, but having in their composition proteins
from other viruses (serving as a display scaffold or provid-
ing gene delivery function).

The potential of some viral capsid proteins to encap-
sulate and deliver small molecules, nucleic acids or
proteins has been largely explored by drug development
and gene therapy companies to mediate cargo delivery to
specific cells, tissues or organs. Cell and tissue specific-
ity can be achieved using tissue-specific viral envelope
proteins [45, 50], embedded antibodies [51, 52] or cellular
receptors [63]. Vaccine development has translated these
strategies into a new class of VLP-based vaccines known
as vectored VLPs vaccines [41]. Encapsidation of small
molecules like doxorubicin [54] in cell-free assembled
VLPs can potentiate the activity of anti-cancer vaccines
[65]. Full proteins or peptides can be fused with capsid
proteins, with or without cleavable linkers, to be released
upon cell entry. This can be applied to soluble proteins
[66], specific antigen epitopes delivered as peptides [57],
or to deliver functional immunomodulatory proteins as
transcription factors, cytokines, TLR ligands or adjuvants
[58, 59].

VLPs surface modification can be used for several
purposes; polymers as polyethylenimine act as adju-
vants [60] while polyethylene glycol (PEG) can increase
VLPs stability [61-62]. In addition VLPs can be cov-
ered with immunostimulatory agents. For example rab-
bit hemorrhagic fever VLPs covered with the glycolipid
o-galactosylceramide showed enhanced immunogenic-
ity when compared to non-coated VLPs [63].

3.3 Vectored vaccines
The challenge of achieving efficient transfections with

DNA vaccines has led to the development of vectored
vaccines. Vectored vaccines are herein defined as non-
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pathogenic vehicles carrying genes from viruses, with
the purpose of expressing them in the host cells to elicit
an immune protective response. Vectored vaccines, like
DNA vaccines, have the potential to elicit both B and T
cell immunity. However, since vectored vaccines require
live viruses, the vaccine is less stable than plasmid DNA
vaccines and more difficult to manufacture. Several vac-
cine vectors coding viral genes from immunodeficien-
cy virus, yellow fever virus or human cytomegalovirus
have been tested in experimental candidate vaccines
(Table 1).

DNA or RNA can be explored as cargos for gene deliv-
ery. All viruses harbor a DNA or RNA genome; therefore,
several strategies for the transport of nucleic acids can be
explored. Vaccines delivering nucleic acids often aim to
promote the transient expression of the cargo encoded
protein with immunostimulatory properties. Immunogens
are often encoded to promote antigen presentation via
MHC-I [64]. Nevertheless these nucleic acids can also
induce the expression of an immunomodulatory protein
as IL10 [65], or block immunosupressor pathways with the
delivery of small interfering RNA (siRNA) [66].

The concept of vectored vaccines has been exten-
sively explored. Ideally, vectored vaccines for human
use are replication-defective viruses able to deliver the
antigen(s) to the target cell in the form of genetic material.
Nevertheless, replication competent vectored vaccines
have been developed for veterinary use [67]. A myriad of
viral vectors are available based on adenovirus, poxvirus,
herpes simplex virus, cytomegalovirus, alphaviruses, or
adeno-associated virus. Adenoviruses have been perhaps
the most used vaccine vector. Adenoviruses are easily
produced in Human Embryonic Kidney 293 (HEK 293) or
PER.C6® cells to high titers and express the transgene(s)
to high levels activating the innate immune system and
stimulating dendritic cell maturation [68]. Several candi-
date vaccines against HIV use adenovirus. Adenovirus
type b vaccines expressing individual antigens of HIV
such as the envelope protein or Gag were shown to
induce CD8" T cell responses. The clinical study from
Merck evaluating recombinant adenovirus type 5 (rAdb)
vectors expressing clade B Gag, Pol, and Nef in high-risk
individuals terminated however unsuccessfully. But yet
another clinical trial provided the first signal of an HIV
vaccine efficacy. In the latter a recombinant canarypox
vector vaccine, ALVAC-HIV, was evaluated on a prime
envelope gpl120 protein boost regimen and it demon-
strated a 31% protective effect against acquisition of HIV
infection in low-risk subjects [69].

Ongoing efforts on the development of next genera-
tion recombinant adenovirus vector-based vaccines for
HIV include, the development of alternative serotypes of
adenoviral vectors, the incorporation of adenoviral vectors
into heterologous vector prime-boost regimens, and the
use of adenoviral vectors to express novel HIV antigens to
improve immunologic coverage of circulating viruses [70].

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhadid
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3.4 Hybrid vaccine designs

A new concept that is also emerging is the in vivo expres-
sion of VLPs, or plasmoVLPs, using DNA vaccination
technology. PlasmoVLPs combine DNA and VLP types
of vaccines in one. Given the complementary potential
of DNA and VLP as vaccines, Bellier and colleagues
designed a single vector form that would be endowed
with their respective advantageous properties, the plas-
mo-retroVLPs [71]. These are plasmids administered as
DNA vaccines that express all the components needed
for retrovirus-based VLPs formation. These retroVLPs are
based on murine leukemia virus (MLV). Plasmo-retroVLPs
combine the straightforwardness, the stability, the large-
scale and low-cost production of DNA vaccines with the
immunostimulatory properties of VLP vaccines, circum-
venting laborious VLP vaccine production, purification
and formulation processes. [72].

This technology was shown to produce correctly folded
and assembled VLPs in vivo, both in mice and macaques,
inducing earlier and significantly higher levels of NAbs
than simply expressing the viral envelope proteins in a
plasmid DNA. Also circulating NAbs were maintained
over a longer period of time and could be boosted by addi-
tional plasmo-retroVLP delivery [72]. Later studies, using
animal models, showed that plasmo-VLPs were able to
prime APCs and to generate protective immune response
for HCV, HIV and appear as a promising strategy for the
treatment of HPV-induced cancers [41, 56, 57, 73].

Other hybrid designs of vaccines are the cases of
vectored vaccines combined with vectored VLPs, i.e.
the display of the antigens in the form of protein is
combined with the delivery of the antigen in the form of
genetic material, either in DNA or RNA. This is the case
of alphaviruses and flaviviruses that can be produced
without a portion of its genome and further modified to
code for a foreign viral antigen of interest. When used for
immunization, these VLPs have only one replication cycle
[74]. These types of vaccines are still in the development
phase holding great potential.

3.5 Other trends in viral vaccine design

Another current interest is the development of universal
viral vaccines. This would be of great interest for highly
diverse viruses as influenza. A universal flu vaccine could
provide protection regardless of the strain or subtype
of the circulating virus, allowing the vaccine to be pre-
pared in advance and be ready to use in the event of a
pandemic [75, 76]. It would also have several advantages
over currently available seasonal vaccines, requiring less
frequent administration, ideally just one [77]. The devel-
opment of universal vaccines relies on the utilization of
highly conserved antigenic targets. The main difficulty
lies on accessibility to conserved antigenic epitopes
since these are usually less exposed and are generally
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weak immunogens. Therefore, in a universal vaccine the
immunogenicity of the identified conserved antigens has
to be increased to induce protective immunity. In the
case of Influenza virus several promising candidate anti-
gens have been proposed, including the hemagglutinin
(HA), matrix protein (M1 and M2e), nucleoprotein and
neuraminidase (NA) proteins (for an extensive revision
see [77]).

The strategy to find conserved antigenic targets is
not confined to influenza virus. The same concept is
of interest for the also highly variable viruses HIV and
HCV. The research efforts for finding a conserved and
immunogenic epitope on HIV have been exhaustive. The
envelope glycoprotein gp120 has been one of the primary
targets as it is largely exposed on the virion surface and
antibody response in an HIV infected individual is, to a
great extent, directed against it [78]. The variability and
extensive glycosylation of gp120 has however posed dif-
ficulties. HIV-infected patients do generate a broad neu-
tralization response [79], and a large number of broadly
neutralizing antibodies (bINAbs) against HIV have been
discovered in the last decade [80]. There are four major
epitopes on the Env surface targeted by bNAbs and the
very existence of such, indicates it is possible to elicit a
neutralizing response and develop effective vaccines (for
a review on the several strategies ongoing see [81]).

Similarly to HIV, the diversity of HCV virus also
poses major challenges for vaccine development. Yet,
broadly cross-neutralizing monoclonal antibodies, direct-
ed against the E2 envelope glycoprotein and, efficiently
blocking HCV infection of various genotypes have been
recently isolated from HCV-chronically infected patients
and immunized animals [82—-84]. Other studies also iden-
tified essential and conserved epitopes on EZ2 that may
be used for vaccine design, thus renewing the hope on
the development of a sterilizing antibody-based vaccine
for HCV [85, 86]. A major challenge hampering a faster
progress on the development of HCV vaccines is still
present: the inexistence of suitable animal models able
to reproduce all stages of infection and immune response
found in humans and chimpanzees [87].

In summary vaccination strategies aiming to deliver
conserved and immunogenic antigens have generated
the development of several vaccine types as, recombi-
nant proteins, VLPs, vectored vaccines, and others. All of
them having advantages and disadvantages as described
above (sections 2.3 and 3.1 through 3.4). Common to
most viral vaccines, traditional or recombinant, is the
need of cell substrates — biological factories — enabling
the production of the vaccine. In the next section, we will
revisit the history of cell substrates use in viral vaccines
manufacture and how the recent developments in animal
cell culture development and engineering are leveraging
the production of both traditional and modern vaccines.
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4 Cell substrates for viral vaccine
manufacture: A historical perspective

In 1796, Edward Jenner demonstrated the protective
effect of cowpox against smallpox infection using mat-
ter from fresh cowpox lesions from a milkmaid for direct
immunization of a healthy eight year-old boy [5]. Human
skin can, thus, be considered the first cell substrate for
viral vaccine manufacture. But it was not until the late
1930s that cell culture was first used, when John End-
ers, Thomas Weller and Frederick Robbins, were able
to propagate poliovirus in non-nervous tissue, namely
human embryonic skin and muscle tissue. This break-
through would grant them the Nobel Prize in Physiology
and Medicine in 1954 [88].

Until the 1990s, tissue and primary cultures were
the privileged cell substrate choices for the production
of viral vaccines. A few diploid cell lines (cell strains)
derived from lung tissue were also used to grow virus
for the production of: a rubella vaccine (WI-38 cells); vac-
cines against poliovirus, hepatitis A virus, rabies virus
and varicella virus (MRC-5 cells); and rotavirus and rabies
vaccines (FRhL-2).

The last decade of the 20" century witnessed the use
of the first continuous, non-tumorigenic cell line — Vero —
derived from the kidney of an African green monkey, for
the manufacture of an inactivated poliomyelitis vaccine
(IPV) and later a live-attenuated oral poliomyelitis vac-
cine (OPV) [89]. The approval of Vero cell line for vaccine
manufacture was a landmark as it opened an important
precedent in the use of cell substrates by initiating the
transition of cell strains to cell lines. It was also during
those years that the use of tumorigenic cell lines for the
production of vaccines against emerging viral pathogens
started to be discussed. In the beginning of the 215 cen-
tury, the first tumorigenic cell line was introduced in the
production of a live viral vaccine. PER.C6®, a proprietary
cell line from Crucell, was designed for the production of
a replication-defective adenovirus vectored HIV vaccine.
This was also the first example of a “designer-cell sub-
strate”. Shortly after PER.C6®, Madin Darby canine kid-
ney (MDCK) cell line was proposed for the production of
inactivated influenza virus vaccines. MDCK cell line was
isolated from the kidney of an apparently normal dog and
was spontaneously immortalized. Some variants of MDCK
cells have been described as highly tumorigenic, while
others are not [90]. Optaflu® (EMA approved in 2009) and
Flucelvax® (FDA approved in 2012) were the first human
flu vaccines produced using the MDCK cell line, putting
Novartis as the pioneer company transitioning from egg-
based to mammalian cell-culture production of influenza
vaccines [91].

The first decade of the 215 century also witnessed the
approval of insect cell lines and the BEVS platform for the
production of a human viral vaccine, Cervarix® (GSK). In
2013, the BEVS system gained further attention when the
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first recombinant vaccine for flu, solely based in protein,
Flublok® (Protein Sciences) was approved [92].

By the end of 2012, the use of cell lines derived from
human tumors started to be considered for vaccine manu-
facture, when the ‘Vaccines and Related Biological Prod-
ucts Advisory Committee’ (VRBPAC) recognized that
“the current repertoire of cell substrates is inadequate for
manufacture of certain types of new vaccines” and that
“cell lines derived from tumors may be the optimal and
in some cases the only cell substrate that can be used to
propagate certain vaccine viruses” [93].

5 Cell line development and engineering:
Current and future trends

It has been a long progress since the first cell substrates
have been used for the production of viral vaccines until
the more recent developments of “designer cells”. But this
journey is likely to be just in the beginning. The complex
and hypervariable organisms such as HIV or HCV, the
high pathogenicity of ebolavirus and the emergence of
new diseases as Middle East respiratory syndrome coro-
navirus (MERS-CoV), first detected in 2012 [94], are exam-
ples that demonstrate that a continuous effort is required
to develop new and more efficient vaccines. The avail-
ability of sophisticated technologies also leveraged the
creation of modern vaccinology approaches, as described
in section 3, aiming at the development of vaccines elicit-
ing better humoral and cellular immune responses, safer
and with lower costs. These approaches often require
the development and engineering of new cell lines. For
example, vectored vaccines rely on the production of
replication-defective virus requiring suitable transcom-
plementing cell lines that allow the production of these
particles. Likewise, the production of complex enveloped
VLPs will profit from the establishment of stable cell lines
where a continuous production is enabled, facilitating
bioreaction and purification processes (avoiding the need
to produce plasmid DNA or baculovirus stocks and their
subsequent removal from the final product). On the other
hand, to increase the production yields and reduce the
costs cell engineering strategies may be envisaged [95].

For simplicity purposes, we shall distinguish cell line
development from cell line engineering, as illustrated in
Fig. 2. In this section, we will discuss the main genetic
approaches in cell line development and engineering
for the manufacture of viral vaccines and vaccine candi-
dates. Some examples on genetic approaches in cell line
development and engineering are given in Tables 2 and
3, respectively.

5.1 Cell line development

Cell line development can be defined as a genetic manip-
ulation leading to a clonal culture with extended life-span.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnology
Journal

www.biotechnology-journal.com

Tissue

Biotechnol. ). 2015, 10, 1329-1344

BIOZtec
£ visions

www.biotecvisions.com

A Cellline development

~ Primarycultures

J'fw,«/ﬂ# |

Spontaneousimmontalization

-?i‘

~ Propagationcelllines

. oy

(eg CHO; BHK; MDCK, Vero, SF9; Hi5; SF21; EB66)

Poduction of viral components from constitutive expression

“Production celllines

B  Cell line engineering

\\Propagahon celllines (engmeered)

oy

teg MDCK siat7; MDCK shIRF7; )

&&i&

—Production cell lines (engineéred) -

(e.g.: Vero-SCARB2)

Gene engineering

A

Induced immortalization

""/Ae/ o "/ g3

(e.g.: HEK293, PER.C6, AGE1; CAP]

Poduction of viral componenis from constitutive expression

" Productioncelllines

(eg HEK- G)

Propaganonce\lImes(engmeere § - 'F’rbducﬁpncellIines(e_nginée'red)"

oy sy |

(e.g.: AGE1.CR.pIX, 293- SCARBZ) |

sl

(e.g.: 293rVLP siCD81)

Figure 2. Genetic approaches in cell line development and engineering for the manufacture of vaccines. (A) Conceptually, cell line development encloses
all the steps leading to a clonal culture with extended life-span. At the end of development, some of the cell lines already support viral propagation (e.g.
influenza virus propagates in MDCK, Vero, HEK293, etc). Spontaneous immortalization is usually based on chromosomal rearrangements — not externally
induced — resulting in the loss of senescence-related and/or activation of immortalizing genes; cell line development without external genetic manipulation
is called simple cell line establishment. Induced immortalization can rely on chemical or physical agents (e.g. methylcholanthrene or UV) or on the integra-
tion of immortalizing genes (telomerase, SV40 large T antigen, adenovirus E1 genes, etc.). Depending on the immortalizing gene, the cell lines can also
support the propagation of partially deleted viral vectors (such as HEK293 or PER.C6, immortalized with human adenovirus E1 gene being denominated
as transcomplementing cell lines for E1-deleted adenovirus). Cell line development also encloses genetic manipulation specifically conceived to support
the production of a particular virus or viral components, resulting in stable (or inducible) cells lines that constitutively (or upon induction) express the
viral components [33]. (B) Finally, cell line engineering can be defined as a genetic manipulation designed to improve the production performance of a pre-
existing cell line, mostly for increasing specific titers. Strategies to facilitate the production process or to provide the produced particles with specific traits

can also be categorized as cell line engineering.

5.1.1 Cell line immortalization and designer cell lines

One of the major challenges in animal cell culture was
the immortalization and establishment of continuous
cell lines. Spontaneous immortalization is a rare event
in human cells but it can be promoted by oncogenes. It
was soon observed that some viruses had the ability to
induce immortality. Viral genes or genomes are thus used
to immortalize cells being the most classical example the
HEK 293 cells, established in the early 1970s by transfor-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mation of cultures of normal human embryonic kidney
cells with sheared adenovirus 5 DNA [96]. Currently sev-
eral immortalizing viral genes or sequences have been
identified, e.g. adenovirus E1 genes, simian virus 40 large
T antigen, HPV E6 and E7 genes, Epstein-Barr virus LMP,
EBNA 1 and 2 genes, and human T-cell leukemia virus
sequence Tax. Cellular oncogenes, and mutant pb3 gene
can also immortalize cells [97].
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Table 2. Examples of genetic manipulation in cell line development for vaccine manufacture

Cell origin Cell line Type of vaccines Genetic manipulation in cell line development Ref.
name
HER HER.911 Designed for vectored vaccines (and viral Expression of the Ad serotype 5 (Ad5) [99]
(Human embryonic vectors) based on E1-deleted replication  sequence (nucleotides 79 — 5789)
retinoblasts) deficient human adenovirus type 5.
HER PER.C6 Constitutive expression of Ad5 E1A- and [132]
E1B-encoding sequences (nucleotides 459-3510)
under the control of the human phosphoglycerate
kinase (PGK) promoter.
Primary human N52.E6 Constitutive expression of Ad5 E1A- and E1B- [107]
amniocytes encoding sequences (nucleotides 505-3522)
under the control of the mouse PGK promoter
Hela GH329 Constitutive expression of Ad5 ETA- and E1B- [100]
encoding sequences (nucleotides 511-3924)
under the control of the mouse PGK promoter
Primary muscovy AGET.CR Propagation of attenuated MVA Constitutive expression of human Ad5 ETA [105]
duck cells AGE1.CA under control of the human PGK promoter and
(retina (CR), AGE1.CS Propagation of other viruses has also bovine growth hormone polyadenylation site and
somite (CS) been demonstrated E1B is under control of herpes simplex virus
and amnion thymidine kinase (HSV-TK) promoter and
membrane (CA)) polyadenylation site.
CHO CHO- Hepatitis B surface antigen HBsAg Constitutive expression of the HBsAg genes [106]
(Chinese hamster HBsAg selected under methotrexate
ovary cells)
HEK 293 HEK-G VLP-based vaccine for rabies Constitutive expression of the rabies [107]
(Human embryonic virus G protein for continuous production
kidney cells) of rabies virus VLPs
RK13 J12#26 VLP-based vaccine for Japanese Constitutive expression of C, prM, and E [133]
(Rabbit kidney cells) encephalitis (JEV) proteins from JEV, strain Beijing-1
BHK-21 BJ-ME Constitutive expression of codon-optimized [108]

(Hamster kidney cells)

MDCK
(Canine kidney cells)

MDCK SFS  Attenuated influenza vaccine
(attenuated by NST1 deletion)

cDNA encoding JEV prM and E protein,
strain SA14-14-2

Establishment of two stable MDCK cell lines [134]
that show inducible expression of the allele B
NST protein

HEK 293 cells are widely used to propagate vectored
vaccines based on replication-defective adenovirus lack-
ing E1 genes (E1A and E1B) on their genome. A major
issue when using HEK 293 cells for adenoviral vectored
vaccines production is the formation of replication com-
petent adenovirus (RCA) [98] through recombination
of the virus genome with the adenovirus DNA used
in the process of immortalization of HEK 293. E1-only
transcomplementing “designer cell lines” appeared then
to respond to the need of safer cell lines than HEK 293
(Table 2). The overall strategy was based on reducing
the Adb E1 sequences for cell immortalization and led to
the development of the PER.C6® cell line. PER.C6® are
human embryonic retinoblasts (HER) cells, transformed
with Adb sequence 459 to 3510, comprising the E1A

1338

and E1B encoding sequences only. In addition E1A and
E1B are under control of the human PGK promoter (that
compensate for the removal of the 5 endogenous E1A
promoter) [99]. A few years later, other E1-transcomple-
menting, or ‘designer’, cell lines from HelLa cells [100]
and human aminocytes [101] were established, to further
reduce sequence homology, between E1 immortalizing
DNA (integrated in the cells genome) and vectored vac-
cine viral genome, reducing the possibility of double
homologous recombination and generation of RCAs. The
cells derived from human aminocytes are the proprietary
cell line CAP® (Cevec). Further details on the history of
E1-transcomplementing cell lines have been reviewed
in [102].
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Table 3. Examples of genetic manipulation in cell line engineering for vaccine manufacture

Cell origin Cell line name  Type of vaccines Genetic manipulation in cell line engineering Ref.
AGE1.CR® AGE1.CR.pIX Propagation of attenuated MVA Stable expression of the structural gene pIX [105]
from human adenovirus to increase the titers
Propagation of other viruses has of poxvirus in AGET® cell lines
also been demonstrated
MDCK MDCK shIRF7  Recombinant attenuated vaccine Stable down-regulation of interferon regulatory ~ [116]
(Canine kidney cells) for seasonal flu factor 7 (IRF7), for increased viral titers
(seven fold)
MDCK MDCK siat7e Recombinant attenuated vaccine Stable expression of siat7 to overcome [114]
(Canine kidney cells) for seasonal flu anchorage dependency of MDCK cell line,
also leading to increased titers (20-fold).
HEK 293 293-SCARB2 Wild type inactivated vaccine for Over-expression of human scavenger receptor [117]
(Human embryonic hand-foot-mouth disease (HFMD) class B, member 2 (SCARB2) to increase
kidney cells) human enterovirus type 71 (EV71) and
coxsackievirus A group type 16 (CA16) titers
RD RD-SCARB2
(100- to 1000-fold for 293 and RD and 10-fold
(Human for V
rhabdomyosarcoma or Vero)
cells)
Vero Vero-SCARB2
(Green monkey
kidney cells)
293 GP 293 GPsiCD81  RetroVLPs for foreign antigen Stable knock-down of CD81 for the [42]
(Human embryonic display production of CD81-free retroVLPs
kidney cells)

Both PER.C6® and CAP® cell lines have already been
tested and proven suitable for the propagation of other
viruses than adenovirus, including Influenza [103, 104].

Cell line development comprises any genetic manipu-
lation performed even when the gene stably expressed is
not directly related to the virus to be produced. This is the
case of AGE1® (Probiogen) cell lines, developed to obviate
the dependence on primary chicken embryo fibroblasts
(CEF) for the production of modified vaccinia Ankara virus
(MVA) [105]. AGE1® cell lines are derived from muscovy
duck - retina (CR), somite (CS) and amnion membrane
(CA) cells — and were immortalized with E1A and E1B
genes from human Adb (Table 2). Interestingly, CA cells
were reported to be refractory to MVA replication, where-
as evident differences for the anchorage-dependence
phenotype were observed for CR and CS cells: CR cells
can be cultivated without anchorage whereas CS cells
proliferate in monolayers [105]. This output highlights the
importance of the cell background in the properties of the
final cell line, some of which, very relevant to establish
robust and cost-effective vaccine production processes.
AGE1.CR® cell line was also already subjected to cell line
engineering (see section 5.2).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5.1.2  Stable cell line development for constitutive
expression of vaccines

Another type of cell line development concerns the
constitutive expression of viral components for stable
production of vaccines based on viral proteins or viral
particles (e.g. VLPs). An example on this type of cell line
development is the establishment of CHO-HBsAG for the
production of the HBV vaccine [106] (Table 2). Cell line
development for stable production of VLPs has been used
when the viral proteins are not cytotoxic. Two very recent
examples are HEK-G cells developed for the production of
rabies VLPs [107] and BJ-BM cells for the production of
Japanese encephalitis virus VLPs [108] (Table 2). When
the proteins are cytotoxic, transient approaches are used
instead.

Stable production of VLPs in animal cells has faced a
difficult competition with the impressive yields obtained
with the BEVS system [109]. However, BEVS system may
pose a particularly challenging downstream processing
difficulty, since the separation of the vaccine products
from the baculovirus contaminants may be complicated
[110]. This is the case when the VLPs are enveloped.
Because of this, stable insect cell lines systems based
on recombinase mediated cassette exchange have been
developed [111]. Another example, still in the context of
stable insect cell lines, reports stable double transfection
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with HIV Gag and HIV-gp140 for the production of an
enveloped HIV-Gag VLP presenting trimeric gp140 on the
surface [112]. Other groups are engineering the baculovi-
rus in order to make them non-replicative thus, reducing
baculovirus contamination to minimal levels [113].

5.2 Cell line engineering

Cell line engineering comprises genetic manipulation to
improve the production performance of a pre-existing
cell line mostly, but not exclusively, to increase the titers
(Fig. 2). Reports on cell line engineering for viral vaccine
manufacture are relatively scarce. In fact, gene engineer-
ing of animal cells is labor intensive and time-consuming
and may be perceived as low-rewarding for a cell line that
already supports vaccine production. Still, Table 3 shows
that several efforts on cell line engineering for viral vac-
cine manufacture have been made, particularly in the last
five years, highlighting the increasing interest in this field.

One of the first studies on cell line engineering was
reported by Chu et al. (2009) [114]. After a transcrip-
tome based study, comparing anchorage-dependent and
anchorage-independent HeLa cells, siat7e (ST6GalNacV)
was identified as one of the genes playing a role in con-
trolling the cell adhesion [115] and chosen to be over
expressed in MDCK cell line. MDCK-siat7e cell line not
only lost the anchorage dependent phenotype as it pro-
duced 20 times higher HA titers than the parental MDCK
cells.

MDCK cell line has also been subjected to genetic
engineering for the down-regulation of pro-apoptotic
intracellular innate defenses, more specifically, inter-
feron regulatory factor 7 (IRF7), for increased influenza
titers [116]. The authors could not link the inhibition of
IFN-alpha/beta to titer increase, suggesting that RNA
interference mediated knockdown of IRF7 in MDCK cells
enhances virus propagation through other unknown
mechanisms.

As previously mentioned, AGE1.CR® cell line was,
after development, subjected to further cell line engi-
neering. Stable expression of the structural gene pIX
from human adenovirus increased the titers of poxvirus,
the main viral product manufactured in AGE1® cells
(Table 3). The authors suggested that the improvement
in viral titers is mediated via induction of heat shock
pathway [108].

More recently, the overexpression of human scaven-
ger receptor class B member 2 (SCARB2), was reported
to improve the production of human enterovirus type 71
(EV71) and coxsackievirus A group type 16 (CA16) in HEK
293, human rhabdomyosarcoma (RD) and Vero cell lines
[117]. Indeed, SCARB2 had been previously identified as
one of the receptors of EV71 and CA16, suggesting its
overexpression could be a potential gene engineering
approach to increase the susceptibility of expressing cells
to these viruses.
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Cell line engineering can also be used to provide spe-
cific features to a viral particle. For example, our group has
used stable expression of short-hairpin mediated RNA
interference to knockdown CD81 expression in a HEK 293
derived cell line stably producing retroVLPs [42] (Table 3).
This cell line is currently being used for the production
of chimeric HCV vaccine candidates as it consists of E1/
E2 HCV glycoproteins anchored on a retroviral core VLP.
These particles assemble at the cellular membranes,
naturally incorporating several host cell proteins includ-
ing, and to a large extent, CD81 [118]. The later elicits an
unwanted humoral immune response against the retroV-
LPs hampering an effective anti-E1E2 immune response
of the HCV candidate vaccine [43].

The field of cell line engineering has witnessed signifi-
cant investment but it has been more focused on improv-
ing the production of recombinant proteins (mainly,
monoclonal antibodies) with several pathways being tar-
geted including: apoptosis, protein secretory pathways,
glycosylation, and glycolysis. Leveraged by the growing
knowledge on virus-host interactions an intensification of
cell engineering for vaccine production is also expected.
A review on cell line engineering for the manufacture of
vaccines and viral vectors can be found in Rodrigues et
al. (2014) [95].

6 Concluding remarks: A new era — new cell
lines and new engineering approaches for
new vaccines

Replacing a cell line for an already marketed vaccine
requires substantial investment. Hence, when it comes
to changing to a new cell substrate, the manufacturing
industry tends to be very conservative. However, the
resistance is starting to break, being the shortage of
vaccine supply one of the driving forces. For instance,
Novartis already uses MDCK for the production of Opta-
flu® (or Flucelvax®), although maintaining the production
of the oldest version, Fluvirin® which uses the traditional
embryonated eggs manufacture process. New designs
for old vaccines are also being pursued. Protein Sciences
used insect cells for the production of Flublok®, exclu-
sively based on protein (HA), the first vaccine for seasonal
flu that avoids the use of replication-competent influenza
virus. The introduction of novel vaccine designs and cell
lines should face less resistance in the case of diseases for
which no vaccines or treatment are available, particularly
those that are life threatening (or severely debilitating).
On one hand globalization is accelerating the spread-
ing of many diseases that were contained to certain areas
and countries; on the other hand, certain viruses have
mechanisms of immune evasion for which some tradi-
tional vaccines no longer offer a solution. This pushes
for further investment of the scientific and medical com-
munity, and flexibility in exploring advanced solutions.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition, the available scientific knowledge and tech-
nological development is tremendous, and it is expected
to continue to grow almost exponentially, offering an
extensive toolbox to materialize novel, ambitious and
creative ideas in vaccine design. Thus, when it comes to
viral vaccine design and cell line development and engi-
neering, we are certain to enter into a whole new era of
modern vaccinology.
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The cover of this regular issue of BT) is inspired by several articles in which Chinese
hamster ovary (CHO) cells were used. These articles include metabolite profiling in
CHO cells, the one-step generation of a triple knockout line using CRISPR-Cas technol-
ogy and analysis of antibody glycosylation patterns in different CHO cell lines.
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