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COVID-19 vaccine development and a potential
nanomaterial path forward
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The COVID-19 pandemic has infected millions of people with no clear signs of abatement owing to the high prevalence, long
incubation period and lack of established treatments or vaccines. Vaccines are the most promising solution to mitigate new viral
strains. The genome sequence and protein structure of the 2019-novel coronavirus (nCoV or SARS-CoV-2) were made available
in record time, allowing the development of inactivated or attenuated viral vaccines along with subunit vaccines for prophy-
laxis and treatment. Nanotechnology benefits modern vaccine design since nanomaterials are ideal for antigen delivery, as
adjuvants, and as mimics of viral structures. In fact, the first vaccine candidate launched into clinical trials is an mRNA vaccine
delivered via lipid nanoparticles. To eradicate pandemics, present and future, a successful vaccine platform must enable rapid
discovery, scalable manufacturing and global distribution. Here, we review current approaches to COVID-19 vaccine develop-

ment and highlight the role of nanotechnology and advanced manufacturing.

n December 2019, a novel coronavirus (nCoV or SARS-CoV-2)

belonging to the betacoronavirus family emerged'”. All human

betacoronaviruses are unique from one another, however, they
do share a certain degree of genetic and structural homology.
SARS-CoV-2 genome sequence homology with SARS-CoV and
MERS-CoV is 77% and 50%, respectively’. In contrast to the rela-
tively smaller outbreaks of SARS-CoV in 2002 and MERS-CoV in
2012, SARS-CoV-2 is exhibiting an unprecedented scale of infec-
tion, resulting in a global pandemic declaration of Coronavirus
Infectious Disease (COVID-19) on 11 March 2020 by the World
Health Organization (WHO). On 1 June 2020, the World Health
Organization reported >6 million confirmed cases and 371 thou-
sand deaths globally. Of note, during the 1918 influenza pandemic,
more death was observed in the second phase of outbreak. Similar
to influenza, COVID-19 harbours the potential to become a sea-
sonal disease®. The high infection rate, long incubation period, along
with mild-to-moderate symptoms experienced by many, make
COVID-19 a troubling disease. A vaccine is crucial, in particular
because data indicate asymptomatic transmission of COVID-19%%.
More than 10 years ago, scientists predicted the pandemic potential
of the coronaviruses’. And for the past 30 years, a once-per-decade
novel coronavirus has pushed our public health system to the limit,
with SARS-CoV-2 being the most severe. Despite the repeated warn-
ings and discussion, the world was not prepared for this pandemic.
The rapid development, distribution and administration of a vac-
cine to the global population is the most effective approach to quell
this pandemic and the only one that will lead to a complete lifting
of restrictions. Challenges include the vaccine design itself, but also
its manufacture and global distribution; cold chain requirements
present logistical and fiscal barriers to the availability of important,
life-saving vaccines in resource-poor areas of the world. Innovating
vaccine delivery platforms and devices to break cold chain limita-
tions are therefore an efficient solution to safeguard potent vaccina-
tion for both wealthy and lower-income countries.

The vaccine strategies
When designing a vaccine, principally, one needs to define the
antigen, the adjuvant, the manufacturing system and the delivery
strategy (Box 1). The rapid development of vaccines is possible
because the genome and structural information of SARS-CoV-2 was
made available in record time'*"". These data, along with expedited
communication of bioinformatic predictions and epitope map-
ping">~'%, has provided crucial knowledge enabling vaccine design
beyond development of live-attenuated and inactivated vaccines'*~>.
Also, information available from prior development of SARS/MERS
vaccine candidates aids in the development of SARS-CoV-2 vaccine
candidates**. Nanotechnology platforms offer great utility in mod-
ern vaccine design and have helped catalyse novel candidate vaccines
toward clinical testing at unprecedented speed. Along with inacti-
vated vaccines, emerging nanotechnologies such as mRNA vac-
cines delivered by lipid nanoparticles and viral vector vaccines have
already reached Phase II and III clinical trials (Fig. 1 and Table 1).
SARS-CoV-2 is an enveloped ssRNA virus with spike-like gly-
coproteins protruding from its exterior membrane surface forming
a ‘corona. The four major structural proteins of betacoronaviruses
are spike (S) protein, envelope (E) protein, membrane (M) protein,
and nucleocapsid (N) protein®. The S protein is an attractive target
for vaccine design because it facilitates viral entry into the host cell
during the infection process. The two spike protein subdomains,
S1 and S2, are responsible for host cell angiotensin-converting
enzyme 2 (ACE2) receptor binding and host cell membrane fusion,
respectively”’. S1 contains the receptor-binding domain (RBD) and
S2 the fusion machinery enabling virus entry (Fig. 2). While the
S1 domain is divergent across the coronaviruses, the S2 domain is
more conserved”. Combining SARS-CoV-2 structural informa-
tion and knowledge gained from SARS/MERS vaccine candidates®,
researchers projected the full length S protein, as well as S1, RBD,
and S2 subunit derivatives, to contain the prime target epitopes for
the induction of neutralizing antibodies. Indeed, recent clinical data
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Box 1| Components and options in vaccine design

Antigen: a foreign material that can induce an immune response

within the body—often derived from the pathogen one aims

to immunize against. Based on how the antigen is presented,
vaccines can be categorized as:

o Live-attenuated vaccine: weakened form of pathogens capable
of replication, but not causing illness.

o Inactivated vaccine: killed form of pathogens incapable of
replication or infection.

o Subunit vaccine: minimal antigenic element of a pathogen,
for example, a protein, protein subunit or polysaccharides
or VLPs self-assembled from these components. These anti-
gens in purified forms are administered in combination with
molecular adjuvants or expressed in vivo using RNA, DNA or
viral vectors.

o Peptide-based vaccines: peptides are fundamental element of a
protein subunit recognized by the immune system; all antigens
described above contain peptide epitopes.

Adjuvant: a stimulatory agent designed to boost immune response

toward a co-delivered antigen.

o Occurs as ‘independent entities’ in a mixture with antigens.

o Occurs as ‘conjugate-entities’ via chemical fusion directly to
antigens.

Nanoparticle/nanocarrier: The live-attenuated and inactivated
viral vaccines can be regarded as nanoparticles themselves.
Rather than serving as the vaccine itself, a nanoparticle (viral
or non-viral) can be employed as nanocarrier to encapsulate or
present the antigen payload or nucleic acid encoding the antigen.
Nanocarriers provide stability and targeting of these payloads to

from a cohort of convalescent SARS-CoV-2 patients validates this
approach—analysed patient sera indicates neutralizing antibodies
targeting the different domains of S protein: S1, RBD and S2%.

SARS-CoV-2 S protein is also extensively glycosylated*’, and com-
putational analysis indicates glycosylated SARS-CoV-2 S protein to
have a more organized conformation versus its non-glycosylated
counterpart’. Therefore, glycosylation of SARS-CoV-2 S vaccine
candidates should be considered: DNA/RNA vaccines are produced
in situ inside the patient and thus would carry native glycosylation;
for recombinant subunit vaccines glycoengineering protocols may
be applied. The hotspot of SARS-CoV-2, however, which is critical
in binding to the ACE2 receptor, appears to be free from glycosyl-
ation™; therefore, it may not be required to glycosylate correspond-
ing peptide epitopes.

Contemporary vaccines

Active immunization against viruses have traditionally relied on
the usage of whole pathogen in a weakened or killed form through
chemical or physical processes, and this has resulted in clinically-
approved treatments. Further, several mammalian viral vectors
such as oncolytic herpes simplex virus have been repurposed into
clinically-approved treatments. Contemporary vaccines hold merit,
and here, we highlight how live attenuated, inactivated, and viral
vector vaccine development efforts are making the reality of a vac-
cine against SARS-CoV-2 palpable.

Live attenuated and inactivated vaccines. Live-attenuated vaccines
(LAVs) are live, reproducing but avirulent viruses. LAV design
intends single-dose immunity without illness. Because LAV tech-
nology is mature, LAVs are likely to emerge as one of the front-
runner vaccine candidates for the ongoing COVID-19 pandemic.

antigen presenting cells (APCs); nanocarriers can confer innate

adjuvant behaviour (see Fig. 3). Nanocarriers synchronize delivery

of both, antigen and adjuvant, to target immune cells.

« Viral vector: repurposed mammalian viruses engineered to
deliver a gene encoding the antigen (examples include adeno-
viral vectors derived from chimpanzee and human).

o Proteinaceous nanoparticles: nanoscale biomaterial assem-
blies with atomic precision and complexity (examples
include protein nanocages and non-infectious viruses such
as plant viruses or bacteriophages) engineered to present
a subunit vaccine or deliver a nucleic acid encoding the
antigen.

o Synthetic nanoparticles: nanoscale assemblies of synthetic
materials (examples include polymer, liposomal, or lipid nano-
particles) engineered to present a subunit vaccine or deliver a
nucleic acid encoding the antigen.

Device: a piece of equipment designed to administer vaccine (Fig. 4).

o Syringe: hypodermic needle used for intramuscular, subcuta-
neous or intradermal delivery of vaccine by a healthcare pro-
fessional (>10 mm length and 0.25-0.5 mm in outer diameter,
somewhat invasive)

o Implant: slow-release device containing vaccine for sustained
subcutaneous delivery, administered by a healthcare profes-
sional (<10 mm in length and <2 mm in width, more invasive)

o Microneedle patch: array of micrometre-scale needles con-
taining vaccine for slow release, sustained intradermal
delivery, administered by a healthcare professional or via
self-administration (<1 mm in length and 0.1-0.5 mm in
width, approximately 1 cm? patch, minimally invasive).

Codagenix Incorporation’s proprietary deoptimized SARS-CoV-2
vaccine candidate currently leads the charge. However, LAVs
bear risks of transfer of the virus and/or reversion to the patho-
genic form, reactivation in immune-compromised individuals or
recombination with related viruses circulating in the population—
especially for novel diseases where pathophysiology is not yet
fully understood. LAV generally require cold chain distribution.
Furthermore, loss of efficacy and reproductive potential of prog-
eny viruses during vaccine production poses a significant challenge.
Preliminary studies of silent codon change indicate some positive
effect on mitigating reversion events, however, these are not general
to all viruses™. New technologies such as genetic code expansion
are being applied to create highly reproductive but genetically stable
LAVs*. More recently, synthetic genomics approaches have enabled
the synthesis of recombinant SARS-CoV-2 viruses from fragments
of viral DNAs**. These strategies could be employed towards rapid
generation of SARS-CoV-2 LAVs.

Inactivated vaccines (IVs) are heat or chemically inactivated
pathogens or fractions thereof. These vaccine formulations are
incapable of replication and safer than LAV, but their inactivation
results in lowered immunogenicity and requirement for multiple-
dose regimens to establish long-lasting immunity; also, these vac-
cine formulations often require adjuvants to immunize the aging
population due to immune senescence”. While IVs have better
stability profiles compared to LAV, they still require a cold chain.
Several COVID-19 IVs are in development, with the first clinical
trial approved recently for Sinovac.

Viral vectors. Mammalian viruses have been engineered and repur-
posed for several vaccine applications. For COVID-19, there are sev-
eral vaccine candidates in development that utilize non-replicating
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Fig. 1| Landscape of COVID-19 vaccine development. a, As of 1June 2020,
157 vaccine candidates are undergoing development by academic labs and
industry (and partnerships thereof). COVID-19 vaccine candidates include
live-attenuated vaccines, inactivated vaccines, subunit vaccines, virus-like
particles (VLPs), viral vectors (replicating and non-replicating), DNA

and RNA vaccines. b, 16 vaccine candidates have entered clinical testing
(Table 1). The vaccine candidate data was compiled from searching vaccine
trackers resources: Milken Institute (https:/milkeninstitute.org/covid-
19-tracker), Regulatory Affairs Professionals Society'®*, BioCentury (https://
www.biocentury.com/preclinical-vaccines-and-therapies), and World
Health Organization (http://www.who.int/blueprint/priority-diseases/
key-action/novel-coronavirus/en/).

adenoviral vectors. Leading adenoviral vectors in SARS-CoV-2 clin-
ical trials are adenovirus type 5 vector (Ad5-nCoV) as of 16 March
2020 and chimpanzee adenovirus vaccine vector (ChAdOx1) as of
31 March 2020 by CanSino Biological and the University of Oxford,
respectively (Table 1). Advantages of adenoviral vectors include
their broad tissue tropism, inherent adjuvant qualities and scal-
ability. A challenge for adenoviral vector platforms is pre-existing
immunity in humans, which may dampen efficacy of the adenovi-
ral vector. While pre-existing immunity against Ad5 is reportedly
widespread, its clinical application continues and moreover, alterna-
tive ChAdOx1 with low human seroprevalence have been derived
for use as vaccine platforms™*.

Next-generation vaccines enabled through advances in
nanotechnology

Viruses are nanoscale objects and therefore can be regarded as
naturally occurring nanomaterials; per that definition, LAVs, IVs
and viral vectors are nanotechnologies. Nanoparticles and viruses
operate at the same length scale—this is what makes nanotechnol-
ogy approaches in vaccine development and immunoengineering
so powerful. Nanoparticles, natural or synthetic, mimic the struc-
tural features of viruses whereas chemical biology, biotechnology
and nanochemistry enables the development of next-generation
designer vaccine technologies. From a vaccine technology devel-
opment point of view, this is an exciting time and novel technolo-
gies and approaches are poised to make a clinical impact for the
first time.
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Nucleic acid-based vaccines. Delivering the genetic code for in situ
production of viral proteins is a promising alternative to conven-
tional vaccine approaches. Both DNA and mRNA vaccines fall under
this category and are being pursued in the context of the COVID-19
pandemic. While these platforms are attractive in terms of safety,
speed, stability and scalability, they carry a significantly higher risk
of failure in clinical development as seen previously with other
novel technologies*. To date there is no licensed DNA or RNA vac-
cine. Nevertheless, a particular advantage of these vaccines is that
in addition to antibody and CD4* T cell responses, DNA or RNA
vaccine elicit CD8" cytotoxic T cell responses, which plays a key role
for virus eradication*"*?. For the DNA vaccines, the frontrunner in
this space is Inovio Pharmaceuticals with their Phase I clinical trial
having commenced 6 April 2020. Another rising company on track
for a Phase I clinical trial is Entos Pharmaceuticals, Inc. a company
based in Alberta, Canada. mRNA vaccines can be produced through
in vitro transcription, which precludes the need for cells and their
associated regulatory hurdles”. Modernas mRNA-based technol-
ogy was the fastest to Phase I clinical trial in the US, which began on
16 March 2020 (see Table 1). Additionally, BioNTech-Pfizer recently
announced regulatory approval in Germany for Phase I/II clinical
trials to test four lead mRNA vaccine candidates*.

While DNA vaccines offer higher stability over mRNA vaccines,
the mRNA is non-integrating and therefore poses no risk of inser-
tional mutagenesis. Additionally, the half-life, stability and immuno-
genicity of mRNA can be tuned through established modifications®.
For example, researchers at the Imperial College of London and
Arcturus Therapeutics are incorporating self-amplifying RNA
technology to prolong the otherwise short half-life of the RNA and
thereby boost S protein expression levels* (http://www.imperial.
ac.uk/a-z-research/future-vaccine-hub/workstreams/rna-vaccine-
manufacture). Nanotechnology-based approaches offer enabling
solutions to the delivery challenge by trafficking the vaccine to
appropriate cellular populations and subcellular locations. While
synthetic nanocarriers including cationic liposomes and polymeric
nanoparticles have been used for the delivery of DNA vaccines
across cell membranes, targeted formulations could further enhance
nuclear translocation of the plasmid DNA*. Moderna’s mRNA vac-
cine is based on a lipid nanoparticle platform, but there are many
other emerging nanotechnologies for delivery of nucleic acid vac-
cines (several structures are shown in Fig. 3). Nanotechnology plat-
forms including cationic nanoemulsions, liposomes, dendrimers
or polysaccharide particles have been employed for improving the

41,45

stability and delivery of mRNA based vaccines’

Subunit vaccines. Subunit vaccine candidates constitute minimal
structural components of SARS-CoV-2 that can prime protective
immune responses in the host when administered with molecular
adjuvants for enhanced immunogenicity. For example, contempo-
rary SARS-CoV-2 subunit vaccine candidates are formulations of
full-length S protein or S1/S2 subunits with adjuvants. The front-
runner amongst developers is Novavax who initiated a Phase I/II
trial on 25 May 2020. Also, Sanofi Pasteur/GSK, Vaxine, Johnson &
Johnson and the University of Pittsburgh have announced that they
expect to begin Phase I clinical trials within the next few months.
Others, including Clover Biopharmaceuticals and the University of
Queensland, are independently developing subunit vaccines engi-
neered to present the prefusion trimer confirmation of S protein
using the molecular clamp technology® and the Trimer-tag tech-
nology”, respectively. Further, other groups are exploring subunit
vaccines using only the RBD of the S protein®.

Alternatively, subunit vaccines can also take the form of protein
nanoparticles or virus-like particles (VLPs). VLP vaccines can be
produced by recombinant expression and allows for genetic engi-
neering to incorporate ligands, immunomodulators and target-
ing moieties. Both self-assembled protein nanoparticles and VLPs
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Table 1| COVID-19 vaccine candidates in the clinical development pipeline

NATURE NANOTECHNOLOGY

Developer Vaccine Status Type Clinical trials registry

Sinovac Formalin inactivating whole virus particles Phase I/II Inactivated vaccine NCT04383574
combined with an alum adjuvant

Beijing Institute of Biological Inactivated vaccine of SARS-CoV-2 Phase I/1l Inactivated vaccine ChiCTR2000032459

Products, Sinopharm

Wuhan Institute of Biological Inactivated vaccine of SARS-CoV-2 Phase I/Il Inactivated vaccine ChiCTR2000031809

Products, Sinopharm

Institute of Medical Biology, Inactivated vaccine of SARS-CoV-2 Phase | Inactivated vaccine https://www.who.int/

Chinese Academy of Medical who-documents-detail/

Sciences draft-landscape-of-covid-

19-candidate-vaccines

Novavax Stable, pre-fusion S protein given with adjuvant,  Phase I/II Subunit vaccine NCT04368988
Matrix-M

CanSino Biological Incorporation, Recombinant SARS-CoV-2 intramuscular Phase | Non-replicating viral ~ NCT04313127

Beijing Institute of Biotechnology, vaccine that incorporates the adenovirus type 5 Phase I vector vaccine NCT04341389

Canadian Center for Vaccinology vector (Ad5-nCoV) Phase I/Il NCT04398147

University of Oxford, AstraZeneca  Chimpanzee adenovirus vaccine vector Phase I/Il Non-replicating viral NCT04324606
(ChAdOx1) Phase ll/Ill  vector vaccine NCT04400838

Shenzhen Geno-Immune Medical ~ Approach 1: modified dendritic cells expressing ~ Approach 1:  Non-replicating viral NCT04276896

Institute SARS-CoV-2 minigenes Phase I/l vector vaccine NCT04299724
Approach 2: artificial antigen-presenting cells Approach 2:
expressing SARS-CoV-2 minigenes Phase |

Inovio Pharmaceuticals Optimized DNA vaccine given via Phase | DNA vaccine NCT04336410
electroporation

Symvivo bacTRL-Spike oral DNA vaccine encoding S of Phase | DNA vaccine NCT04334980
SARS-CoV-2

Moderna Prefusion stabilized S protein mRNA vaccine Phase Il RNA vaccine NCT04405076

BioNTech, Pfizer, Fosun Pharma Lipid nanoparticle mRNA vaccines Phase I/Il RNA vaccine NCT04368728

offer highly ordered, stable and monodisperse vaccine formulations
as well as scalable production through fermentation or molecu-
lar farming (Table 2). For example, Medicago and iBio are using
Nicotiana benthamiana to produce VLPs using the S protein, and
AdaptVac/ExpreS2ion is using insect cell expression system to
make VLPs from the S2 protein; clinical trials are expected as early
as July 2020 (https://www.medicago.com/en/newsroom/; https://
ir.ibioinc.com/press-releases; https://news.cision.com/expres2ion-
biotechnologies). Besides generating protein nanoparticles from
antigenic subunits, their expression and/or display on protein-
aceous biomaterial scaffolds such as ferritin, encapsulin® and bacte-
riophage VLPs has also been utilized to achieve multivalent antigen
display for enhanced immunogenicity*>=*.

And finally, subunit vaccines can constitute viral proteins incor-
porated in synthetic nanomaterials, protein cages and VLPs, which
serve as adjuvants and/or delivery vehicles, in addition to conferring
other benefits inherent to each nanocarrier platform*-"’. For exam-
ple, the influenza virus vaccine Crucell (Janssen, Johnson & Johnson)
is a liposomal formulation that incorporates influenza protein hae-
magglutinin®®. Figure 3a, b highlights some nanotechnologies used
in subunit vaccine design. Besides the aforementioned antigen
multivalency, nanocarriers enable efficient co-delivery of antigen/
adjuvant to secondary lymphoid organs®, exhibit size-dependent
lymphatic trafficking and preferential uptake by antigen presenting
cells (APCs), create depot effects for sustained immune stimulus,
and facilitate antigen cross presentation—enabling extracellular
antigens to be presented via the MHC-I pathway for CD8" T cell
engagement® (Fig. 3¢).

Peptide-based vaccines. An important consideration for vaccine
design is safety. Many vaccines rely on immunological presentation

of whole structural motifs, for example, full-length S protein, which
will present a large repertoire of potent epitopes leading to a broad
spectrum of antibody and cellular responses. However, earlier stud-
ies on SARS and MERS vaccine candidates have pointed to risks
of antibody-dependent enhancement (ADE) of infection®-*. In
the former, presence of non-neutralizing antibodies contributes to
increased infections whereas the latter can lead to life-threatening
allergic inflammations®**°. While there is no clear evidence yet,
immunological data from patients may point toward possible ADE
for SARS-CoV-2, suggesting that high IgG titers correlate with
worse outcomes®®”’. Therefore, developing peptide epitope vaccine
strategies targeting the SARS-CoV-2 S protein may yield a safer vac-
cine. Various B- and T-cell epitopes of the SARS-CoV-2 S protein
have already been identified and predicted in silico'*~'. Importantly,
when serum from convalescent COVID-19 patients is screened
for neutralizing antibodies, experimentally-derived peptide epit-
opes will confirm useful epitope regions and inform more optimal
antigens in second-generation SARS-CoV-2 peptide-vaccines;
the National Institutes of Health (NIH) recently funded La Jolla
Institute for Immunology (LJI) in this endeavour®.

Peptide-based vaccines represent the simplest form of vaccines
that are easily designed, readily validated and rapidly manufac-
tured®. Peptide-based vaccines can be formulated as peptides plus
adjuvant mixtures or peptides can be delivered by an appropriate
nanocarrier or be encoded by nucleic acid vaccine formulations.
Several peptide-based vaccines as well as peptide-nanoparticle
conjugates targeting chronic diseases and cancer are in clinical
testing and development®”'. In addition to the development of
peptide-based COVID-19 vaccines, industry and academic efforts
leverage predicted B- and T-cell epitopes in their subunit vac-
cines against SARS-CoV-2; for example OncoGen, and University
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S protein

SARS-CoV-2 N

Functional subunits

Fig. 2 | The spike protein (S protein) protruding from the coronavirus SARS-CoV-2 is the primary target for various ongoing vaccine development
efforts. Assembled form three identical chains (depicted in orange, grey and white colours), the S protein is functionally subdivided in S1 (red) and S2
(green) domain; S1 contains the receptor binding domain (RBD). The SARS-CoV-2 structure was reproduced and adapted from the CDC Public Health
Image Library. The S protein structure was prepared on the PyMol molecular graphics system (2.3.4) using the PDB file ‘6VSB'.

of Cambridge/DIOSynVax are using immunoinformatics-derived
peptide sequences of S protein in their vaccine formulations
(https://oncogen.ro/oncogen-vaccine-design-for-coronavirus/;
https://www.cam.ac.uk/research/news/cambridge-research-team-
working-towards-vaccine-against-covid-19). Within the DNA vac-
cine domain, Immunonomic Therapeutics/EpiVax/PharmaJet are
leveraging in silico T-cell epitope prediction’. The use of B-cells
epitopes appears practical because of its universality compared to
the HLA-restricted T-cell specific vaccines'®*.

Peptide based vaccines are dependent on adjuvants and delivery
systems for efficacy, and nanoparticles can serve both these roles. By
incorporating emerging strategies for targeting lymph nodes (LNs)
or cellular subsets and subcellular locations, nanoparticle vaccine
efficacies can be improved and their immune profiles tailored to
address specific diseases. For example, the innovative strategy of
‘albumin hitchhiking’ exploits the natural trafficking ability of albu-
min to LNs”. Recently, the intrinsic ability of nanoparticles to target
specific subsets of LN-resident dendritic cells (DCs) and mac-
rophages was utilized to design a dual targeting Hepatitis B virus
(HBV) vaccine. The complementing immune responses generated
by these cellular subsets resulted in an enhanced efficacy of viral
clearance in a chronic HBV mouse model™. Subcellular localization
of the antigen is also a critical determinant of the ensuing immune
response. Vaccine design parameters such as encapsulated anti-
gens versus surface displayed antigens govern the processing and
presentation of the antigen. While the former requires degradation
or disassembly of the nanocarrier and therefore mimic viral infec-
tion leading to cellular immune response, the latter leads primarily
to humoral immune response generated by the externally displayed
viral proteins®. However, nanocarriers such as polymeric micelles
(PEG-PE) that transform antigenic peptides conformation to
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facilitate cytosolic delivery could be reliably used for LN targeting,
APC uptake and antigen cross presentation”.

VLPs from mammalian viruses, insect viruses, plant viruses and
bacteriophages have been developed as peptide display nanotech-
nologies for various vaccine and immunotherapy applications’™
(Fig. 3a,b). While non-infectious toward mammals, VLPs mimic
the molecular patterns associated with pathogens, making them
highly visible to the immune system. Therefore, VLP display and
delivery platforms also serve as adjuvants, making them efficient
activators and amplifiers of antigen-specific immune response
(Box 1). Several VLP platforms are in the development pipeline and
some have entered clinical trials”*””. The beauty of the VLP display
platform technology is the scalability and modularity; the peptides
can be rapidly adapted as new information about SARS-CoV-2 and
its immunogenicity is made available; it is also possible to rapidly
adapt the technology should novel or mutated strains emerge. Over
the past years, our laboratory has developed plant virus-based
nanotechnologies for cancer vaccines and immunotherapy’*-*°. We
are now putting this technology toward development of COVID-19
vaccines. An established delivery platform would ensure that the
next wave of SARS-CoV-2 infections and other emerging viruses,
potentially including novel betacoronaviruses, are met with a more
efficient and rapid response.

Vaccine scalability and manufacturing

The rapid emergence of the COVID-19 pandemic has also raised
concerns regarding critical deficiencies in manufacturing and dis-
tribution of vaccines. Even when an effective vaccine is developed,
considerations of cost, formulation and scale-up manufacturing
must be taken into account. Large-scale production and worldwide
distribution of a potent COVID-19 vaccine(s) will be governed by
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b, Components of nanoparticle-based vaccines. ¢, Key steps involved in nanoparticles-based vaccine processing by APCs. The antigenic cargo is
processed by the APC and epitopes are presented by MHC-1 and MHC-II leading to production of CD8+ cytotoxic T cells or CD4+ T helper cells required
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economic disparities between nations. When demand exceeds sup-
ply, developing countries are in a disadvantaged position for the
bidding contest to procure the highly sought after vaccine, a situ-
ation already seen with personal protective equipment and other
critical goods even between industrialized nations. Therefore, it is
critical to also consider technologies and platforms suited for devel-
oping countries.

Recombinant protein production can be carried out in a vari-
ety of platforms, each coming with its own advantages and disad-
vantages regarding yields, regulatory compliance, cost, scalability,
flexibility, speed and safety (Table 2)***. While traditional manu-
facturing processes using bioreactors and mammalian, bacterial
or yeast cell cultures are well-established in the pharmaceutical
sector, these platforms are expensive, and production can be ham-
pered by human pathogen contamination. Innovative manufactur-
ing technologies that can meet the required global demand and
distribution in response to outbreak have recently been deployed
with success.

Plant-based expression systems have emerged in the past decade
and already made an appearance during the 2014 Ebola epidemic
when patients were treated with ZMapp, an antibody cocktail man-
ufactured through molecular farming®*®. Plant molecular farming

approaches offer scalability: while in fermentation-based platform,
every scale-up step needs to be carefully verified—in molecular
farming, each plant is a bioreactor. The more plants are grown,
the more product is made; scale-up does not change the upstream
production processes®>*. Other positive attributes of the molecular
farming platform are the low manufacturing costs, the inability of
human pathogens to replicate in plant cells (hence safety), and rela-
tively non-sophisticated infrastructure that could be implemented
worldwide also in low-resource countries. While the Bill and
Melinda Gates Foundation is funding new factories for potential
coronavirus vaccines®, efforts should also be made to prepare for
large-scale manufacture of plant molecular farming solutions. Many
entities have already announced COVID-19 responses, including
for example, Medicago, iBio and Kentucky BioProcessing, all of
who set out to develop subunit vaccines® (https://www.medicago.
com/en/newsroom/; https://ir.ibioinc.com/press-releases) as well as
Plantform and South Africa-based CapeBiopharms, who set out to
produce antibodies and test reagents. Adding to that, further devel-
opments and innovations are sprouting from academic labs; includ-
ing a team at the Spanish Research Council (CSIC) at the Centre
for Research in Agricultural Genomics and our laboratories at the
University of California, San Diego®*.
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Table 2 | Features of production platforms for vaccine manufacture

FOCUS | REVIEW ARTICLE

Production platform  Yields Main advantages Main disadvantages Reviewed in
Mammalian cells Moderate to eHigh yields eExpensive in growth and development 82
high eCorrect post-translational modifications eHigh risks of human pathogen
eEstablished regulatory approval contamination
eDifficult to scale up
Yeasts Potential for eSimple and cheap growth conditions eNon-human glycosylation, engineering of 100,101
high yields eShort production timescale glycosylation pathways possible
eScalability through fermentation eBacterial contamination (human pathogen)
eCorrect folding of proteins possible
eEstablished regulatory approval
Bacterial cells High yields of  eSimple and cheap growth conditions eNon-human glycosylation profile 100,102
simple proteins eWell characterized production strains eNo post-translational modification
eShort production timescale eMisfolding of larger proteins, that is,
eScalability through fermentation inclusion bodies
eEstablished regulatory approval
Insect cells Moderate to eNo CO, required for incubation eExpensive on a large scale 102
high elncubation at lower temperature elnactivation of RNA transcripts due to
eTolerance to osmolality and byproduct cryptic splice sites
concentration eNon-human glycosylation, engineering of
eHigher expression levels when infected with glycosylation pathways possible
recombinant baculovirus
Molecular farming Moderate to eMaximum scale up potential eNon-human glycosylation, engineering of 78,100,103
in plants high eEase of scalability through more space to glycosylation pathways possible

grow plants
elow growth costs

eExisting regulatory pathway but still newer
technology

eLow risk of human pathogen contamination

The practical vaccine delivery, distribution and
administration

Challenges of vaccine administration for a global pandemic must
inform the selection of vaccine platforms. An ideal vaccine platform
would have facile integration into devices designed to be supplied
far and wide, manufactured at low cost and administered with mini-
mal supervision. (Table 3 and Fig. 4). Several vaccine formulations
require constant refrigeration. The need for a cold chain makes
their global distribution and application logistically difficult and
for under-developed and developing nations with tropical climates,
nearly impossible. In fact, one of the largest challenges has been
the reliance on refrigerated transport of solution-based vaccines.
The WHO also reported that 2.8 million vaccines were lost in five
countries due to cold chain failures, and less than 10% of countries
met WHO recommendations for effective vaccine management
practices. While some lyophilized vaccines are available that may be
stored at room temperature, such solutions are difficult to produce
and present challenges for the healthcare professionals who must
reconstitute them on site”.

A highly suitable nanotechnology platform is derived from plant
viruses and bacteriophages that evolved as stable nanocontainers
protecting their genome cargo under various environmental condi-
tions. Cowpea mosaic virus, for example, is stable at temperatures
above 60°C in buffered solution for at least one hour and pH values
from 3.5-9.0 indefinitely at room temperature’’. Furthermore, plant
virus nanoparticles are stable under gastrointestinal conditions®
and orally bioavailable®, therefore opening the door for global
distribution and oral vaccination. Vaccines could be produced in
edible leaf tissue to enable vaccination of the human population but
also livestock, since SARS-CoV-2 is a zoonotic virus that can infect
humans and animals. This would be a step forward to meet the goals
of the One Health Initiative to unite human and veterinary medi-
cine, which will likely be important to prevent future outbreaks.

Effective vaccination campaigns also require access to health
care professionals (HCP), which is challenging in resource-
poor or densely populated developing countries under normal
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circumstances but presents a greater challenge during a global pan-
demic where the health care system is already strained or break-
ing. Recently, modern alternatives to such distribution and access
challenges have come to light, such as single-dose slow-release
implants, film-based vaccines™, and microneedle-based patches
that could reduce reliance on the cold chain and ensure vaccination
even in situations where qualified HCP are rare or in high demand.
Microneedle-based patches could even be self-administered, which
would dramatically hasten roll-out and dissemination of such vac-
cines as well as reduce the burden on the healthcare system. Such
modern vaccine delivery devices can be made by solution methods
or fabricated via traditional polymer melt-processing (for example,
injection moulding). The advantage of melt-processed devices lies
in their potential for rapid manufacturing at large scale and their
long-term stability independent of the cold chain®*. The potential
to break the cold chain and ease the burden on the medical sys-
tem by offering a safe and effective self-administered prophylactic
vaccine has been capitalized on by a number of companies such as
Veleritas Inc., Zosano, Corium International and Debiotech, and
has led to the filing of over 10,000 patents worldwide”.

Concluding remarks

Advances in bio/nanotechnology and advanced nano/manufactur-
ing coupled with open reporting and data sharing lay the founda-
tion for rapid development of innovative vaccine technologies to
make an impact during the COVID-19 pandemic. Within 40 days of
initial structural and genomic reports of SARS-CoV-2, the first vac-
cine candidate entered into the clinical development pipeline and
as of 1 June 2020, there are already 16 vaccine candidates in clinical
trials, many in Phase IT and even one in Phase III. While any vaccine
is still months-to-years away from clinical reality, the parallel and
rapid efforts from academic laboratories and industry provide hope
for success. A plethora of nanotechnology platforms are being piv-
oted against SARS-CoV-2; while highly promising, many of these
may be several years away from deployment and therefore may
not have an impact on the SARS-CoV-2 pandemic. Nevertheless,
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Slow-release implant

VLP vaccine

t=0 hours

Degradable microneedles

t = weeks to years

~1 mm

Fig. 4 | Application of a slow-release implant versus degradable microneedle patch. Vaccines are encapsulated in polymeric components in either an
implant or microneedle patch. Over time the polymer will hydrolyse in the aqueous environment of the body and release the active vaccine. The degradation
rate of the device and subsequent release rate of the vaccine can be tuned based on the material in which the vaccine is embedded. The primary difference
between the two devices is the means of administration. Implants are administered subcutaneously by a qualified healthcare provider, while microneedle

patches can be painlessly self-applied.

Table 3 | Comparison of stability and global reach for cold chain versus non-cold chain delivery options

Conventional vaccine Implant Microneedle patch

Cold chain required? Yes No No

Distribution Utilizes existing cold chain infrastructure. May utilize existing vaccine delivery May be distributed en masse with
Distribution may be difficult in developing  infrastructure. Easy to distribute in minimal supervision.
countries. developing countries.

Scalability Mature and proven production process Can be rapidly scaled if using polymer Polymer microneedle injection
using standard batch processing melt processing techniques. molding currently in active research.
techniques.

Stability Requires cold chain and limited shelf life in  Solvent-free, stable for years Solvent-free, stable for years

solution.

Administration Requires cold chain and healthcare

professionals to administer all doses,
Overall feasibility for rapid worldwide deployment of COVID-19 vaccine

Low

as devastating as COVID-19 is, it may serve as an impetus for the
scientific community, funding bodies, and stakeholders to commit
more focused efforts toward development of platform technolo-
gies that bolster the preparedness for future pandemics. Several
nanomaterials afford platform technologies that are amenable to
scalability, stability, portability, distribution and device incorpora-
tion for self-administration. Moreover, several platform technolo-
gies described herein may serve as plug-and-play technologies that
can be tailored to seasonal or new strains of coronaviruses. Indeed,

unrefrigerated.

Requires healthcare professionals to
administer single dose.

Moderate

unrefrigerated.

Self-administered.

High

COVID-19 harbours the potential to become a seasonal disease;
underscoring the need for continued investment in coronavirus
vaccines. SARS and MERS vaccine candidates did not make it to
market due to lack of financial incentive given the low infection
numbers, and because the risk of a global pandemic from a newly
emerged virus were largely ignored. Yet, because there is some con-
servation between the coronaviruses, continued research and prod-
uct development is critical to tackle any new version of coronavirus
that emerges in the future.
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