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ABSTRACT

The emergence of the novel SARS-CoV-2 and COVID-19 has brought into sharp focus the need for
a vaccine to prevent this disease. Vaccines have saved millions of lives since their introduction to the
public over 200 years ago. The potential for vaccination reached new heights in the mid-20th century with
the development of technologies that expanded the ability to create novel vaccines. Since then, there has
been continued technological advancement in vaccine development. The resulting platforms provide the
promise for solutions for many infectious diseases, including those that have been with us for decades as
well as those just now emerging. Each vaccine platform represents a different technology with a unique
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set of advantages and challenges, especially when considering manufacturing. Therefore, it is essential to
understand each platform as a separate product and process with its specific quality considerations. This
review outlines the relevant platforms for developing a vaccine for SARS-CoV-2 and discusses the

advantages and disadvantages of each.

Introduction

The availability of vaccines, combined with the operational
expertise and political commitment to administer them, is
responsible for many of the most important achievements in
public health in human history." A vaccine vanquished small-
pox, the only human disease that has ever been eradicated.”
Polio, a scourge of children and parents in the early 20th
century, is also on the verge of elimination because of
vaccines.” Another disease, measles, that primarily impacts
children has been reduced to very low levels through effective
vaccination campaigns. Vaccination against these three dis-
eases saves ~8 million lives annually."* Except maybe for
clean drinking water, no other public health intervention
saves as many lives as vaccinations do every year.”°

The modern era of vaccination started in the late 18th
century with Edward Jenner’s attempts to develop a smallpox
vaccine.” The “Golden Age” of vaccine development is more
recent, however, beginning in the 1950s with the advent of
virus propagation in cell culture.” This technological break-
through made vaccines such as Jonas Salk’s polio vaccine
possible and has directly led to the diversity of vaccine devel-
opment platforms today.® To see this diversity on display, look
no further than the variety of technologies being developed in
the race to create a COVID-19 vaccine (Figure 1).

The development of vaccines offers a unique set of chal-
lenges as compared to other drugs. Vaccines are usually admi-
nistered to healthy people who may never have contracted the
disease against which the vaccine offers protection. Therefore,
vaccines have a higher bar for safety and tolerability than other
drugs. While recipients might be willing to experience some
discomfort at the injection site, severe reactions that occur with
any sort of regularity will inhibit the use of the vaccine.
Aversion to vaccines is a serious problem because a successful

vaccination campaign requires a significant amount of compli-
ance to achieve herd immunity, which is needed to stop the
spread of the targeted disease.

Another problem is the fear of medical procedures invol-
ving injections. At over 12 billion injections per year, vacci-
nations are the most common painful medical procedures
worldwide.”'® Tt is not surprising then that a survey con-
ducted in the United States (U.S.) for Target CVS Pharmacy
in 2012 revealed that almost 15% of Americans avoid getting
the flu vaccination because of a fear of needles."’ The survey
results were consistent with estimates that needle phobia
affects ~10% of the global population.'®'*'* Fear of needles
is a significant contributor to vaccine hesitancy, a pressing
public health concern worldwide."*'> To fight noncompli-
ance caused by needle fear, many vaccine manufacturers are
developing a wide range of needle-free technologies that
circumvent the problems associated with hypodermic
injections.'®

In addition to increasing compliance, needle-free technolo-
gies may also help reduce costs. A study by the Centers for
Disease Control and Prevention (CDC), a federal agency in the
United States (U.S.), found that administering a dose of
measles vaccine with a patch instead of a typical needle injec-
tion would cut costs by almost 40% by reducing refrigeration
costs and waste.'” These types of logistical issues are important
to consider in carrying out a vaccination campaign. Vaccines
are often administered in local clinics or by traveling health-
care workers, and refrigeration can add to the challenge of
mass immunization. Therefore, for any vaccine to impact
a global pandemic like COVID-19, its development must con-
sider issues of stability and affordability so that it can be
administered throughout the world, especially in developing
nations.
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Developing an inactivated virus vaccine requires the isolation of live virus from patients.
Individual virus strains are sequenced, purified, and passaged to create a viral stock. The
stock is then propagated in large cultures and inactivated by various means. The inactivated
virus is purified and often mixed with an adjuvant such as aluminum hydroxide for
immunization.

Attenuated vaccines contain a version of the living virus that has been weakened so that it
does not cause severe disease in people with healthy immune systems. Virulence is reduced
by passaging the wild-type virus in a novel cell line or by adapting the virus to non-natural
environmental conditions such as low temperatures.

Recombinant viral vector vaccines are generated by cloning the gene for an antigen from
the pathogen into an avirulent host such as adenovirus (Ad). The recombinant virus carries
the genetic information for the selected antigen into cells where it is transcribed, translated,
and eventually presented to the patient's immune system in the form of an intact viral
particle.

A protein is selected as an antigen and then expressed as a recombinant protein in bacteria
or yeast using fermentation methods that offer fast growth rates and high product yields.
After fermentation, the protein is purified and often mixed with an adjuvant for
immunization.

DNA vaccines are built upon bacterial DNA plasmids that encode an antigen based on the
sequence of a pathogen’s protein. The DNA vaccine is administered intramuscularly (IM) or
intradermally (ID) using highly concentrated formulations. Transcription of the encoded
antigen is driven by a virus-derived RNA polymerase Il promoter once the DNA vaccine
reaches the cytoplasm of cells. The resulting transcript is then translated into by cellular
machinery the viral protein selected as the antigen. The antigen is then processed naturally
in the cell and triggers the desired antibody-mediated immune responses.

Messenger RNA (mRNA) vaccines are engineered to mimic processed mature mRNA present
in the cytoplasm of eukaryotic cells. The RNA encodes a protein, which when translated by
host cells is processed as a foreign antigen leading to an immune response. The vaccine is
made by in vitro transcription of a target gene from a linearized DNA template. The resulting
vaccine substance contains the gene of interest and the required elements for antigen
production once inside the cell. The mRNA vaccine can be made self-amplifying by inserting
viral replication machinery into the DNA template.

Figure 1. Vaccine platforms being developed for COVID-19.

In addition to the innovative approaches for administering
vaccines, there are also various novel platforms for manufac-
turing. These platforms have advantages and disadvantages,
including differences in production, efficacy, safety profile,
and immune response. Vaccine modalities include live, atte-
nuated viruses, inactivated pathogens, protein subunit vac-
cines, polysaccharides, conjugate vaccines, DNA platforms,
mRNA platforms, and viral vectors. The choice of platform
for the vaccine plays a crucial role in both the elicited immune
response and the duration of protection provided by the final

product. Live, attenuated viral vaccines or virus-like particles
can induce antibody responses that persist for several decades
in the absence of subsequent antigen exposure and reactivation
of immune memory. They also generate a T-cell response,
which supports disease attenuation and protection against
complications.

In contrast, the shortest immune responses are generally
elicited by protein subunit antigens that primarily induce an
antibody response to prevent infection. Vaccine protection can
also be augmented by adding adjuvants, such as aluminum, to



the final formulation to boost immunogenicity and modulate
antibody persistence.'®'” An individual patient’s immune
response to vaccination will depend on the vaccine platform
and the adjuvant, among other factors.

For any vaccine technology platform to be viable, it must
demonstrate that it can be efficacious. Determining vaccine
efficacy requires the formal demonstration that vaccine-
mediated protection is dependent on the presence of a given
marker, such as an antibody titer, or several antigen-specific
cells above a given threshold.?® For the most part, however,
vaccine-mediated protection against certain infectious diseases
is a complex challenge that has mostly been developed empiri-
cally. The efficacy of vaccines is primarily conferred by the
induction of antigen-specific antibodies whose quality is deter-
mined by their avidity, specificity, and neutralizing capacity.
Ideally, one would want vaccine-induced responses to be suffi-
ciently broad to extend protection to nonvaccine strains of the
same pathogen (e.g., influenza, rotavirus, Streptococcus pneu-
moniae, or human papilloma virus (HPV)) yet sufficiently
restrained so as not to elicit cross-reactions to allergens and
self-antigens or other undesirable nonspecific effects.
Nonspecific effects of vaccinations have been reported and
they can cause concern over immune overload and increased
vulnerability to infections.”"** These fears are not supported
by any direct evidence, however.*"**

The COVID-19 pandemic has led to an increased interest in
using many technology platforms to deliver suitable vaccines
(Figure 1). This article will provide an overview of the various
vaccine platforms being used for COVID-19 and discuss their
advantages and disadvantages. Table 1 lists examples of vac-
cines under development using different platform technolo-
gies. The review also discusses the regulatory status of some of
the vaccine products, with a specific focus on those currently in
clinical trials. We recognize the complexity of global regulatory
pathways; so to simplify this review, we predominantly refer-
ence the regulatory framework used in the U.S. as an example
to illustrate how a vaccine may be approved for human use.
Some of the vaccine products in development may not be
approved and marketed in the U.S. but may be available in
other countries. Regardless, the challenges and opportunities
discussed herein are the same.

Vaccine biology

Regardless of the manufacturing technology, a vaccine works
by first stimulating an inflammatory reaction from cells in the
innate immune system.**"*® The first step involves activating
immature dendritic cells (DCs), a group of antigen-presenting
cells (APCs) that patrol the body looking for foreign antigens.
Following injection, the vaccine rapidly disseminates through-
out the vascular network to reach the target tissues. This
pattern is very similar to that occurring after a natural infec-
tion, including the initial mucosal replication stage for vaccines
administered through the nasal and oral routes.”’ When
exposed to the vaccine antigen, DCs undergo maturation and
modulate specific surface receptors. The DCs then migrate
toward secondary lymph nodes, where they trigger B and
T cells, lymphocytes equipped with surface receptors capable
of binding to antigens.*”*®
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The interaction with the secondary lymph nodes induces
a highly efficient B cell differentiation pathway through specific
germinal centers (GCs). Antigen-specific B cells undergo mas-
sive clonal proliferation and become antibody-secreting
plasma cells.”” A small subset of B cells experience extensive
somatic hypermutation within the variable-region segments of
their immunoglobulin (Ig) genes.’® The mutations increase the
affinity of the surface IgGs for the antigen, allowing B cells to
mediate protection by induction of highly specific serum anti-
bodies. B cells also process vaccine antigens into small peptides
that they display at their surface through major histocompat-
ibility complex (MHC) class I molecules. MHC-peptide com-
plexes thus become available for binding by the specific
follicular T-helper (Tfh) cells, located in the lymph nodes
that support potent B cell activation and differentiation into
antibody-secreting-cells, and also mediate adjuvanticity.*'>°

Given the significance of B cells, it is possible to under-
estimate the importance of T cell responses in vaccine efficacy.
However, T cells play an essential role in the induction and
persistence of high-affinity antibodies required for long-term
protection. They also reduce, control, and clear extracellular
and intracellular pathogens through cytokine-production. The
T cell response is mediated by CD4 + T-helper (Th) lympho-
cytes. Th cells limit the spread of infectious agents by recogniz-
ing and killing infected cells or secreting specific antiviral
cytokines such as interferon (IFN)-y, tumor necrosis factor
(TNF)-a/TNEF-, and interleukin 2 (IL-2) in response to viral
infections.””*® The generation of the CD4 + Th cell response
begins when DCs capture an antigen in peripheral tissue and
then migrate to draining lymph nodes, where T cell vaccine
responses are elicited in parallel to B cell responses.

Much of the orthodoxy surrounding vaccine development
assumes that individuals have unlimited repertoires of recep-
tors for antigen recognition in their B cells and T cells.
However, the actual repertoire diversity is probably less than
optimal, and situations exist where few B or T cells can bind to
a given antigen. The absence of diversity in these cases acts to
limit vaccine efficacy. Therefore, evaluating a vaccine platform
requires appraising how it elicits, supports, and maintains each
cell type’s responses. Assuming that it is possible to predict the
B and T cell response to a given immunogen, vaccine strategies
could be optimized and personalized.*

COVID-19 biology and vaccine development

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2, Figure 2) that causes COVID-19 is an enveloped, posi-
tive-sense, single-stranded RNA virus.*” Through its trimeric
spike (S) protein, it binds to angiotensin-converting enzyme 2
(ACE-2) on the surface of various human cells.*! The virus then
fuses with the mammalian cell and localizes to the endoplasmic
reticulum-Golgi, where it releases its nuclear material.** The
virus replicates and reforms as small vesicles that can be
exported out of the cell by endocytosis.*’

Under normal circumstances, a single vaccine platform
usually becomes the de facto technology to address a specific
pathogen. However, the COVID-19 pandemic has created
a unique situation in which dozens of companies are racing to
develop vaccines based on different platforms.** Historically,
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Table 1. COVID-19 Vaccine Candidates in Development, Grouped by Platform.

Platform Developer (Vaccine Name or Type and adjuvant, if reported) Doses? Clinical Stageb
Inactivated Virus  Sinovac Research and Development Co., Ltd (CoronaVac) 2 EUAC
Sinopharm, China National Biotec Group Co., Wuhan Institute of Biological Products 2 EUAC
Sinopharm, China National Biotec Group Co., Beijing Institute of Biological Products 2 EUAC
Institute of Medical Biology, Chinese Academy of Medical Sciences 2 Phase 3
Research Institute for Biological Safety Problems, Rep of Kazakhstan (QazCovid-in®) 2 Phase 3
Bharat Biotech International Limited (BBV152) 2 Phase 3
Beijing Minhai Biotechnology Co. 1-3 Phase 2
Valneva, National Institute for Health Research, United Kingdom (VLA2001) 2 Phase 1/2
Erciyes University (ERUCOV-VAC) 2 Phase 1
Viral Vector AstraZeneca, University of Oxford (ChAdOx1-S - (AZD1222), Covishield) 1-2 EUARY
CanSino Biological Inc., Beijing Institute of Biotechnology (Adenovirus type 5 vector) 1 Phase 3
Gamaleya Research Institute, Health Ministry of the Russian Federation (Gam-COVID-Vac (rAd26-S+ rAd5-S)) 2 EUAR
Janssen Pharmaceutical (Johnson & Johnson) (Ad26.COV2.5) 1-2 Phase 31> EY
ReiThera, Leukocare, Univercells (GRAd-COV?2) 1 Phase 1
Vaxart (VXA-CoV2-1 Ad5 adjuvanted oral platform) 2 Phase 1
University of Munich (Ludwig-Maximilians) (MVA-SARS-2-S) 2 Phase 1
Merck & Co., Themis, Sharp & Dohme, Institute Pasteur, University of Pittsburgh (V591-001) 1-2 Development Halted
University of Hong Kong, Xiamen University, Beijing Wantai Biological Pharmacy (DelNS1-2019-nCoV-RBD- 1 Phase 2
OPT1)
Shenzhen Geno-Immune Medical Institute (Covid-19/aAPC) 3 Phase 1
Shenzhen Geno-Immune Medical Institute (LV-SMENP-DC) 1 Phase 1/2
ImmunityBio, Inc., NantKwest, Inc. (hAd5-S-Fusion+N-ETSD) 1-2 Phase 1
City of Hope Medical Center, National Cancer Institute (COH04S1 (MVA-SARS-2-S)) 1-2 Phase 1
Israel Institute for Biological Research (rVSV-SARS-CoV-2-S) 1 Phase 1/2
Aivita Biomedical, National Institute of Health Research and Development, Ministry of Health Republic of 1 Phase 1/2
Indonesia (Dendritic cell vaccine AV-COVID-19)
Cellid Co., Ltd. (AdCLD-CoV19) 1 Phase 1/2
Altimmune, Inc. (AdCOVID) 1-2 Phase 1
VLP Serum Institute of India, Accelagen Pty, SpyBiotech (RBD SARS-CoV-2 HBsAg) 2 Phase 1/2
Medicago Inc. (CoVLP) 2 Phase 2/3
Subunit Novavax (SARS-CoV-2 rS & Matrix M1 adjuvant) 2 Phase 3
Anhui Zhifei Longcom Biopharmaceutical, Institute of Microbiology, Chinese Academy of Sciences 2-3 Phase 3
Kentucky Bioprocessing Inc. (KBP-COVID-1, receptor binding domain-based) 2 Phase 1/2
Sanofi Pasteur, GSK (spike protein formulation with adjuvant) 2 Phase 1/2
Clover Biopharmaceuticals Inc., GSK, Dynavax (SCB-2019 & AS03 or CpG 1018 and alum adjuvant) 2 Phase 2/3
Vaxine Pty Ltd. (COVAX-19° spike protein & adjuvant) 1 Phase 1
CSL Ltd. + Seqirus, University of Queensland (UQ-CSL V451 & MF59 adjuvant) 2 Development Halted
Medigen Vaccine Biologics, Dynavax, National Institute of Allergy and Infectious Diseases (NIAID) (MVC- 2 Phase 2/3
COV1901, S protein & CpG 1018 adjuvant)
Instituto Finlay de Vacunas (FINLAY-FR, receptor binding domain-based & adjuvant) 2 Phase 2
Federal Budgetary Research Institution State Research Center of Virology and Biotechnology “Vector” 2 Phase 1/2
(EpiVacCorona peptide antigens)
West China Hospital, Sichuan University (receptor binding domain-based) 2 Phase 2
University Hospital Tuebingen (IMP CoVac-1, SARS-CoV-2 HLA-DR peptides) 1 Phase 1
COVAXX, United Biomedical, Inc. (UB-612 (spike protein & receptor binding domain-based) 2 Phase 2/3
Adimmune Corporation (AdimrSC-2f, receptor binding domain-based with and without aluminum) Unknown Phase 1
Center for Genetic Engineering and Biotechnology (CIGB) (CIGB-669, receptor binding domain-based & 3 Phase 1/2
AgnHB)
Center for Genetic Engineering and Biotechnology (CIGB) (CIGB-66, receptor binding domain-based & 3 Phase 1/2
aluminum hydroxide)
Biological ELimited (BECOV2) 2 Phase 1/2
Nanogen Pharmaceutical Biotechnology (S protein & aluminum adjuvant) 2 Phase 1/2
Shionogi (S-268019) 2 Phase 1/2
University Medical Center Groningen, Akston Biosciences Inc. (receptor binding domain-based Fc fusion Unknown Phase 1/2
protein)
Vaccine and Infectious Disease Organization (VIDO), Seppic, Vaccine Formulation Institute (VFI) (COVAC-1/ 2 Phase 1/2
COVAC-2, spike protein & SWE adjuvant)
DNA Inovio Pharmaceuticals + International Vaccine Institute, Advaccine (Suzhou) Biopharmaceutical Co., Ltd. 2 Phase 2/3
(INO-4800 & electroporation)
AnGes + Takara Bio, Osaka University (AG0301-COVID19) 2 Phase 2/3
Zydus Cadila (nCov vaccine) 3 Phase 3
Genexine Consortium (GX-19) 2 Phase 1/2
Entos Pharmaceuticals Inc. (Covigenix VAX-001) 2 Phase 1
Providence Health & Services (CORVax - S Protein Plasmid DNA Vaccine) 2 Phase 1
Symvivo Corporation (bacTRL-Spike oral DNA vaccine) 1 Phase 1
GeneOne Life Science, Inc. (GLS-5310) 2 Phase 1/2

(Continued)
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Platform Developer (Vaccine Name or Type and adjuvant, if reported) Doses? Clinical Stageb
RNA Moderna + National Institute of Allergy and Infectious Diseases (NIAID) (mRNA —1273) 2 EUAYS
Pfizer/BioNTech, Fosun Pharma (BNT162, 3 LNP-mRNAs) 2 EUAYS BV
CureVac AG (CVnCoV) 2 Phase 3
Arcturus Therapeutics (ARCT-021) Unknown Phase 2
Imperial College London (LNP-nCoVsaRNA) 2 Phase 1
Academy of Military Science (AMS), Walvax Biotechnology and Suzhou Abogen Biosciences (ARCoV) 2 Phase 1
Chulalongkorn University (ChulaCov19) 2 Phase 1
Live, Attenuated  Codagenix/Serum Institute of India (COVI-VAC) 1-2 Phase 1

EUA, Emergency Use Authorization in; C, China, R, Russia; US, United States; EU, European Union & United Kingdom; note, these vaccines may also be approved for use in

other countries.

“Most vaccine candidates will require two doses administered 14 to 56 days apart.

PClinical phase of development as reported by WHO on February 2, 2020 (DRAFT landscape of COVID-19 candidate vaccines). www.who.int/publications/m/item/draft-

landscape-of-covid-19-candidate-vaccines.

Figure 2. SARS-CoV-2. Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) causes the respiratory illness known as coronavirus disease 2019 (COVID-
19). SARS-CoV-2 is an envelope virus 50-200 nanometers in diameter. It expresses
several genes required for transmission and propagation, including those encod-
ing spike (S) proteins == that allow the virus to attach to and fuse with the
infected host's cells. The RNA genome \ N\ is organized and maintained
within the envelope.

four platforms (inactivated pathogen vaccines, recombinant sub-
unit vaccines, conjugate vaccines and attenuated virus vaccines)
have made up the bulk of vaccine products. Each of these plat-
forms has unique advantages that provide significant public
health benefits. Indeed, several COVID-19 vaccines are being
developed that rely on inactivated SARS-CoV-2 virus (Table 1).
These traditional platforms also pose specific challenges.

In response to COVID-19, manufacturers are also looking at
newer technologies that seek to avoid the safety and efficacy
concerns associated with some of the more traditional approaches
to vaccine development. Many of these new platforms have not
been widely used, but proof of concepts have been demonstrated
for some of them.* A few subunit and viral vector vaccines are
already in use for other infections, and there are currently over
a dozen of these vaccines for COVID-19 in clinical trials based on
these platforms.*® On the other hand, all of the RNA and DNA
vaccines being developed, including the ten vaccine candidates in
clinical trials for COVID-19, are entirely new and have never been
approved for use in humans.*’ In this review, we highlight each
vaccine platform’s key features and examine the advantages and
challenges associated with each.

Inactivated pathogen vaccines

Some of the earliest vaccines were made by inactivating the patho-
genic bacterium, parasite, or virus using various methods followed
by administration of the inactive pathogen as the vaccine antigen.

Today, the inactivation process is often carried out using radiation
or a chemical agent. Inactivation prevents replication of the patho-
gen, so the vaccines based on this platform cannot cause disease
and are usually considered safer than other platforms, such as live
and attenuated virus vaccines.*®

To make an inactivated viral vaccine, an individual viral
strain is first isolated, sequenced, plaque purified, and pas-
saged in a mammalian cell line to create a viral stock. The
genetic stability of the virus is monitored through several
more passages. The virus is then propagated in a multi-liter
culture and inactivated by using a wide range of reagents or
methods, including ascorbic acid, hydrogen peroxide, gamma
irradiation, UV treatment, heat, formaldehyde, and
B-Propiolactone (BPL).*~>* The inactivated virus is purified
from cell culture using filtration and chromatography.
Homogeneity is confirmed using cryo-electron microscopy
and other release assays. The inactivated virus is often
mixed with an adjuvant such as aluminum to enhance the
immunogenicity of the final vaccine product. These proce-
dures preserve the structure of the pathogen’s protective
epitopes, but remove the pathogen’s ability to replicate or
recover virulence, if performed correctly.

Inactivated vaccines, such as the polio vaccine, produce
immune responses by stimulating not only humoral immunity
featuring neutralizing antibodies but also promoting cellular
immune responses similar to what would be seen for live
viruses, through the preservation and cross-presentation of
conserved internal viral epitopes to cytotoxic T cells (CTLs),
through MHC class 1 pathway.”***>*® Immunity is activated
by recognizing the viral pathogen-associated molecular pat-
terns (PAMPs), using innate immune cell receptors such as
toll-like receptor (TLR) 7, which can induce T-cell-mediated
immune responses.ss’57

Due to the maintenance of the functional viral domains
during inactivation, the immune response is similar to that
which occurs in living viruses. First, viral degradation occurs
in the endosome following the exogenous pathway or the
cross-presentation pathway. Next, viral membrane fusion
occurs following the endogenous pathway. The mentioned
pathways, along with the recognition of viral PAMPs, using
pattern recognition receptors (PRRs) such as TLR7 and RIG-1,
and the production of cytokines such as IFN-1, can promote
potent cellular-mediated immune responses.
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Advantages

Inactivated vaccines have been used for over a century, and the
pharmaceutical industry understands their production well.*®
These vaccines have a better safety profile than live, attenuated
vaccines, and immunosuppressed patients can generally use
them because they do not cause the disease state. There are
several inactivated vaccines currently licensed to protect
against six different viral pathogens.” The history of inacti-
vated vaccine manufacturing, safety, and performance also
facilitate acceptance by regulatory agencies.

Vaccine manufacturers can also take advantage of contin-
uous cell lines to reduce production costs during scale-up.*’
Inactivated vaccines also tend to be more stable than other
platforms, making them less sensitive to cold chain disrup-
tions. Therefore, storage conditions are not as critical. Finally,
inactivated vaccines can also be administered using needle-free
technology. For example, the inactivated influenza vaccine,
Afluria (manufactured by bioCSL Pty Ltd.), is approved for
use with a jet injector device, the Pharma]Jet Stratis Needle-free
Injection System by PharmaJet Inc. for intramuscular
injection.61 Another inactivated influenza vaccine, Fluzone
Intradermal, manufactured by Sanofi Pasteur Inc., is approved
for intradermal administration with its supplied microinjec-
tion system.®

Challenges

Inactivated vaccines tend to be less immunogenic than live,
attenuated vaccines because the inability to replicate limits
vaccine-induced activation of DCs. Inactivated vaccines can
only activate innate responses at the injection site, making
the site and administration route critical.>’ Vaccination also
generally requires multiple doses of the vaccine to achieve and
maintain protective immunity.*> Therefore, a larger first dose,
often followed by a booster dose, is usually needed to achieve
the desired immunity.

Larger and repeat doses of inactivated vaccines generally require
a lot of infectious material to be manufactured before inactivation,
so the pathogen for use in inactivated vaccines must be amenable to
being cultured in large quantities in various commercial produc-
tion systems. Manufacturing systems include chicken eggs (for
influenza vaccine), bacterial fermenters, or bioreactors using sus-
pension cells. As with all vaccines, these approaches can be expen-
sive and require significant commitments of time and facilities.”’

Other limitations of inactivated vaccines include a lack of
cross-protection due to the induction of strain-specific neutraliz-
ing antibody responses, inadequate responses to immunization
among high-risk groups like the elderly, a long production per-
iod, and a high prevalence of antigenic changes in the target
viruses.”"** The inadequate response to immunization by inacti-
vated virus may also be due to the choice of adjuvant, which
needs to target the correct age group.** A more significant issue is
that killed vaccines offer limited protection against intracellular
pathogens. Because the vaccine organism is dead, it cannot
actively penetrate host cells. The processing of the organism’s
antigens by the endogenous processing pathway and subsequent
presentation on MHC class I are therefore limited. As a result,
T cell activation and CTL generation by this vaccine platform do

not occur. A DC that has phagocytosed the killed vaccine may
cross-present peptides derived from the inactivated pathogen.
Still, any generated levels of peptide-MHC class I activate only
a limited number of T cells.

Live, attenuated vaccines

Live attenuated vaccines have been developed to protect
against both viruses and bacteria.”’ In contrast to other plat-
forms, these vaccines contain a weakened version of the live
virus or bacteria that does not cause severe disease in people
with healthy immune systems. The reduced virulence of live,
attenuated vaccines is often created by passaging the wild-type
virus into a novel cell line or adapting the virus to non-natural
environmental conditions such as low temperatures.®* Because
live, attenuated vaccines are closest to a natural infection, they
act as suitable primers for the immune system to develop
protection against natural disease. Examples of live, attenuated
vaccines include the measles, mumps, and rubella vaccine
(MMR), varicella (chickenpox) vaccine, and cold-adapted
influenza vaccine (Flumist®).

Since these vaccines can be designed to target various patho-
gens, they likely signal through several different TLRs, expressed
by DCs.*>* Several studies have examined the receptors that sense
pathogens, but only a few have examined those that detect live
attenuated vaccines.”” Even fewer studies have examined how
these receptors influence the adaptive immune responses to the
live vaccines. For example, the Bacillus Calmette-Guérin (BCG)
vaccine for tuberculosis activates DCs via multiple TLRs, but it is
unknown whether TLR signaling is required for adaptive
immunity.68 The yellow fever vaccine, YF-17D, is also known to
activate various TLRs (TLR2, TLR3, and TLR7-9).%’ Signaling via
particular combinations of TLRs results in synergistic activation of
DCs.”® On the other hand, live, attenuated influenza vaccines, first
introduced in the 1960s, seems to require only TLR7-mediated
production of type I IEN by DCs for their immunogenicity.”"” It
is unknown whether the live, attenuated influenza vaccine triggers
the same TLRs as the wild-type virus to activate antigen-specific
antibodies and CD4+ and CD8 + T cell responses.”””>

Regardless, manufacturers have developed technologies to
create live, attenuated influenza vaccines that confer long-term
immunity.” This is especially important when considering vac-
cines for vulnerable populations. For example, until recently,
an inactivated influenza vaccine, rather than a live vaccine, was
the standard for pediatric vaccination even though it did not
provide lasting local or cellular immunity.”* A live, attenuated
vaccine for flu was finally approved for children in 2004.”

Advantages

Live, attenuated vaccines can be very effective. Since a viable
pathogen is used, a single dose is often enough to induce long-
lasting immunity because the infectious agent can replicate in
the host. Also, the innate immune system is triggered through
pathogen-associated signals, such as viral RNA, allowing
recognition by TLRs.®® The result is the secretion of cytokines
that create a general inflammatory milieu against all potential
antigens. For example, the BCG vaccine can be used as an



immune therapy for bladder cancer because of its capacity to
stimulate a localized immune response when administered
directly to the bladder.”® The preservation of viral replication
has another advantage: large quantities of the pathogen’s anti-
gen are synthesized and accumulate in the host. Thus, only
small amounts of the actual vaccines need to be administered,
thereby maximizing cost-effectiveness.

The cost of vaccinations and single-dose courses are signifi-
cant issues for vaccination in developing countries. Funding for
vaccines in these countries is often constrained, and returning to
an immunization clinic for a booster dose may present insur-
mountable logistical barriers.”””® Finally, recent technological
breakthroughs have begun to replace the need for needle injec-
tions. For example, the live attenuated influenza vaccine,
Flumist®, can be administered as a nasal spray.61

Challenges

The principal risk with an attenuated vaccine is that it can
sometimes recover its virulence.”® Under rare circumstances,
one of the three attenuated viral strains comprising the Sabin
oral polio vaccine can revert to virulence after passing through
the human intestinal tract.”” Another concern is that live, atte-
nuated vaccines are grown in large quantities in culture vessels.
Other organisms may contaminate the culture during this pro-
cess and become incorporated into the vaccine. These contami-
nants cannot be inactivated in downstream processes since the
vaccine itself is not completely inactivated during manufactur-
ing. The human oncogenic virus, SV40, a simian virus, was
discovered as a contaminant in early preparations for the Sabin
polio vaccine attenuated by passage through monkey kidney
cells.”>%

Processes used to manufacture live vaccines can also intro-
duce contaminants. A flawed manufacturing process led to con-
tamination of a yellow fever vaccine with hepatitis B virus in
Brazil from 1938 to 1940, and then again in 1942 among US
military personnel.** In both these situations, pooled human
serum had been used as a vaccine stabilizer, but the serum had
been contaminated with the hepatitis B virus.

Even when properly manufactured, however, live, attenuated
vaccines can induce transient immunosuppression in healthy
individuals. Therefore, the vaccinated person becomes vulner-
able to natural infections that should be easily fended-off. For
example, it was discovered that vaccination with a no longer
attenuated strain of measles virus rendered patients unusually
susceptible to pneumonia, diarrhea, and parasitic infections.””
Live, attenuated vaccines also cannot be safely administered to
people with already weakened immune systems, like patients
undergoing chemotherapy, since their immune systems may be
overwhelmed even by the weakened pathogen.

Finally, storage conditions are critical for live, attenuated
vaccines because they are composed of a living organism. The
cold chain from manufacturer to site of injection must be main-
tained, which can be a significant challenge in many developing
countries.”®
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Viral vectors

The use of attenuated viruses can be risky for pathogens such as
HIV, Ebolavirus, Zika virus, and SARS-CoV-2 because of the
risk that these highly pathogenic organisms may revert to their
pathogenic form.>> For these viruses, a safer alternative is to
develop a recombinant viral vector vaccine that mimics the
natural pathogen but is not virulent. To make this type of
vaccine, an antigen from the target pathogen is chosen and
then cloned into an avirulent viral host.*»** Several recombi-
nant viral vectors derived from other viruses have emerged as
gene delivery systems for therapeutic intervention and vacci-
nation. All of them have shown advantages and limitations
depending on the medical application.

Numerous clinical trials have been initiated with vectors
from adenovirus (Ad), vesicular stomatitis virus (VSV), and
cytomegalovirus (CMV).*>®® These host-virus genomes carry
out all the viral transmission and amplification functions,
including antigen production, to present the chosen antigen
to the patient’s immune system. In particular, the Ad vectors
have been extensively tested as vaccine delivery systems in
several preclinical and clinical studies for various infectious
diseases, including rabies, HIV-1, malaria, hepatitis C virus
(HCV), and influenza.t” %2

The most widely used method in viral vector development
involves homologous recombination.”® In this system, the E1
transcription unit of the Ad virus is deleted to reduce the risk of
generating a replication-competent virus.”* Deletion of the E1
does not mitigate all risk, however. These El-deficient viral
vectors are then propagated through mammalian cells, such as
a modified human embryonic kidney cell line known as HEK
293, which can still result in a small amount of contamination
with replication-competent adenovirus.” This can create sig-
nificant issues with quality control in preparing vaccines for
human applications.”® To circumvent this issue, developers can
use direct molecular cloning as an alternative strategy.”’
Microcarrier bioreactor systems and suspension cell culture
bioreactor systems are used for large-scale cultivation of var-
ious cell lines that support the growth of viral vectors.”® The
bulk material is nuclease-treated, and a two-step process invol-
ving sequential chromatography or chromatography-tandem
ultracentrifugation/filtration is then used to remove process-
related impurities.”

Successful protection against a pathogen may require neu-
tralizing antibodies, effective T cell responses, or both.!%° In
general, viral vectors induce the necessary strong antibody
responses as well as a response from CTLs, including
CD8 + T cells. The T cell response is critical in controlling
intracellular pathogens but is not triggered by the traditionally
purified inactivated or subunit vaccines.'”" Ad vectors being
developed as vaccines against HIV and malaria are among the
most potent for inducing CD8 + T cell responses. These vac-
cine candidates engage in multiple redundant signaling path-
ways even though the specific TLRs involved remain to be
identified.*’
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Advantages

The main advantage of viral vector-based vaccines is the ability to
present protective antigen epitopes in the context of a live, repli-
cating virus without concern about reversion to a pathogenic
state. This presentation leads to a more robust immune response
and allows for antigen sparing as the viral vectors have limited
reproductive activity. The ability to scale-up and purify recom-
binant viral vectors for clinical studies has become a much more
standardized practice due to the availability of quality-controlled
production cell lines, which generate high titer viral batches.*
Furthermore, the cell lines can be grown in bioreactor systems
used for large-scale cultivation to produce high cell densities of
up to 5-10 x 10° cells per milliliter.*****> The combination of
increased cell density and high viral titers results in higher yields,
making harvesting, downstream processing, quality assurance,
and process control more efficient. The result is lower production
costs per vial of vaccine.

Various chromatographic techniques can be used to purify
the bulk vaccine substance, including affinity chromatography,
anion-exchange chromatography, size-exclusion chromatogra-
phy, and membrane chromatography.**’ The use of highly
scalable clinical-grade purification strategies allows for the gen-
eration of high purity and quality vaccine stocks without any
adverse impact on the viral vector infectivity, yield, and
purity.’*?> The entire process from the identification of the
protective epitopes for the vaccine virus to formulation and
filling takes approximately twelve weeks, which is crucial during
a pandemic when large quantities of highly purified vaccine are
needed quickly.”!

Challenges

The immunogenic properties result from both the encoded
antigen and the viral vector that carries the antigen recognized
by the immune system. The addition of genetic material that
encodes other viral proteins can lower or modify the vaccine’s
efficacy by diverting immune responses away from the target
antigens. Also, the antigen itself does not participate in any of the
recombinant viruses’ functions. Because it is not essential, the
replicating virus could jettison the antigen encoding sequences.
If the virus loses the sequence encoding the antigen, the result
will be an ineffective vaccine product. Therefore, it is vital to
have the appropriate controls in place to ensure the stability of
the intact construct vector and antigen.

Another issue is that many people have preexisting immunity
to some viral vectors in development as vaccine platforms,
including some of the adenovirus serotypes.'®>'** This preexist-
ing immunity can lead to a premature clearance of the vaccine
before an immune response can be mounted to the antigen of
interest carried by the vector. Furthermore, even if there is no
large pool of preexisting immunity to a serotype, once a vaccine
using that serotype is licensed and broadly administered, it may
preclude that serotype from being used in subsequent
vaccines.'” One possible solution to serotype immunity is the
recent development of “cloaked” adeno-associated viral vectors.
Cloaked AAYV vectors inhibit the activation of the DNA-sensing
Toll-like receptor 9 (TLRY) thereby hiding them from immune
surveillance.'”

Virus-like particles (VLPs)

Virus-like particles (VLPs) are similar to viral vector systems in
that they present a protective antigen in the context of an intact
viral particle but without any capacity to replicate. Some recom-
binant viral antigens can even spontaneously assemble in vivo or
in vitro into VLPs or non-genetic multimeric nanoparticles with-
out a viral genome.'**'”” The assembled VLPs have a similar
morphology to natural viruses.'” Therefore, VLPs can mimic
the presentation of antigenic epitopes of the virus and achieve
tissue-specific targeting and effective cell penetration.'”” Unlike
live, attenuated, or viral vector vaccines, VLPs cannot replicate,
and the lack of replication adds an extra level of safety but requires
higher doses of vaccine.''’

VLPs have excellent immunogenicity because their size,
usually 20-200 nm in diameter, is close to the optimal size
recognized by immune cells.'"'’ Their size, combined with
highly ordered repeat epitopes, is ideal for cellular phagocytosis
and antigen presentation to DCs. The VLPs are easily absorbed
by DCs and transported to lymph nodes, stimulating the secre-
tion of various cytokines.''> The result is the induction of
a robust cellular and humoral immune response.'"”

Furthermore, the VLP shape and epitope structure allow it
to activate B cells by cross-linking their receptors."'*''* In the
absence of DCs, the B cells are sufficient to induce Tth cell
development.''® Moreover, activated B cells can promote
CD4 + T cell proliferation and differentiation through homo-
logous interactions or through TLR signals to regulate cytokine
production and initiate a cellular response."'® VLPs can also be
used to stimulate the immune system by engineering them to
display antigenic epitopes or deliver small molecules.'®”

Advantages

The advantages of using VLPs as a vaccine delivery platform
include efficient targeting and host cell penetration, as well as
biocompatibility."” Similar to natural viruses, receptors
exposed to the surfaces of VLPs can mediate precise host cell
targeting and aid in facilitating endocytosis to penetrate the
host cells efficiently.''® Moreover, proteolytic mechanisms
mean that VLPs can be degraded, and the degradative products
are biocompatible. Therefore, VLPs can be used to envelop
drugs, small molecules, and nucleic acids for targeted delivery
and could be harnessed to develop gene therapy vectors. VLPs
also present repetitive high-density displays of epitopes and
exhibit excellent adjuvant properties capable of inducing
strong immune responses, all without the potential for rever-
sion to a pathogenic state.'**'"’

Challenges

There are still many technical challenges associated with man-
ufacturing VLP-based vaccines. Among the concerns is the
stability of VLPs. Although more stable than subunit vaccines,
the absence of a viral genome within the particle can make it
prone to disintegration during downstream processing.'*’
Variations in temperature, shear force, and chemical treatment
can destroy the particle’s integrity and reduce the vaccine’s
immunogenicity. Therefore, the design, purification, and



storage of VLPs are critically important for their long-term
stability."*!

The expression level of viral proteins in different platforms
can vary considerably, especially for secreted glycoproteins.'**
The introduction of a signal peptide can improve secretion;
however, extrinsic structural features can negatively impact the
immunogenicity of the VLP.'*> Even if the expression is opti-
mized, purifying VLPs can be difficult. Numerous process-
related contaminants, such as cell debris, host cell proteins,
DNA, and lipids, must be removed. Stepwise purification
methods, such as centrifugation, precipitation, ultrafiltration,
and chromatography, are necessary to prepare VLPs.'**

The purification strategy is highly dependent on the expres-
sion system used, requiring a de novo strategy for each vaccine
candidate. For example, the baculovirus used for insect cell
expression systems has similar biophysical features to some
VLPs, including size and charge. Therefore, the similarity
between the target product and parts of the expression system
can complicate downstream processes. Baculoviruses can have
adjuvant activity and cause undesirable synergistic effects if not
removed or inactivated during the production process.'*
Furthermore, since VLPs are non-replicating, they lack the anti-
gen sparing attribute found in attenuated viruses and viral vec-
tors; therefore, they require higher doses to be administered.

Subunit vaccines

Like inactivated vaccines or VLPs, subunit vaccines do not
contain any live components of the pathogen. Instead, as the
name suggests, they contain an antigenic subunit of the patho-
gen meant to induce a protective immune response. They differ
from inactivated vaccines in that they include only the parts of
the virus or bacteria necessary to elicit a protective immune
response. Therefore, side effects are less common because sub-
unit vaccines contain only the antigen and no other pathogen
molecules. This precision comes at the cost of robust immu-
nogenicity, however.

Subunit vaccine developers must invest significant effort to
examine the various potential subunits of a pathogen to deter-
mine which combinations will produce an effective protective
immune response within the correct pathway. Even when an
antigen that elicits an immune response is found, there is no
guarantee that immunological memory will be formed.
Therefore, subunit vaccines often require the use of an adju-
vant to properly engage the immune system and induce
a robust immune response.

There are currently various recombinant proteins being
used as vaccine antigens, such as the Epstein-Barr virus envel-
ope glycoprotein (gp350) and nuclear antigen 1 (EBNA1), the
human enterovirus 71 capsid protein VP1, the P1 polypeptide,
and 3CD protease, hepatitis B virus surface antigen (HBsAg),
and diphtheria and tetanus toxoids.®>'**""*! Heterologous
expression in bacteria (Escherichia coli) or vyeast
(Saccharomyces cerevisiae and Pichia pastoris) is the most
common approaches for expressing these proteins because
these organisms are conducive to fermentation methods that
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offer fast growth rates and high product yields.'*” Expression of
recombinant proteins in E. coli is economical; however, it lacks
post-translational modifications (PTMs) that can be critical for
biological activity.">*> While PTMs are essential, yeast can be
used due to their ability to express recombinant proteins with
proper folding and modifications.'*>"** Insect and mammalian
cells and transgenic animals or plants can also be used to
produce recombinant proteins as vaccine antigens when
more authentic PTMs are required.'*”'>>!3¢

Subunit vaccines often require adjuvants to enhance their
immune response. The immunogenicity of Shingrix, a subunit
vaccine for herpes zoster, is boosted with ASO1g, a suspension
composed of 3-O-desacyl-4'-monophosphoryl lipid A (MPL)
from Salmonella minnesota and a saponin molecule (QS-21)
purified from the bark of the Quillaja saponaria tree.">”'*®
Another subunit vaccine, Heplisav-B for adult hepatitis B,
uses a synthetic DNA sequence encoding a TLR agonist, CpG
1018, as an adjuvant to enhance the immune response.139’140

Advantages

Recombinant protein subunit vaccines are composed of a small
number of well-defined components that have been produced
in heterologous expression systems and are selected to induce
a protective immune response against the pathogen.zo’141
Compared to other platforms, subunit vaccines only contain
the specified recombinant proteins or synthetic peptides.'**
Therefore, subunit vaccines usually do not induce side effects
at the injection site because they do not contain any of the
potentially harmful components of an infectious pathogen.'*’
They are also unlikely to elicit eosinophilic immunopathology
or antibody-mediated disease enhancement and appear safe to
use in immunosuppressed patients. These features have made
subunit vaccines attractive candidates for several pathogens.'*’

The manufacture, purification, and characterization of the
antigenic subunits can be more efficient and be less expensive
than alternative platforms.'** Subunit vaccines require large
amounts of antigens for the final formulation. However,
recombinant DNA technology makes it possible to engineer
high yields for many antigens."*>'*® Tt is also believed that
subunit vaccines induce more potent cross-neutralizing anti-
body responses.'*” Finally, subunit vaccines can be delivered
through a variety of administration routes, including intramus-
cular, subcutaneous, mucosal, or intradermal delivery using
highly concentrated formulations.'*®

Challenges

Subunit vaccines can contain as many as 20 separate antigens.
Identifying which antigens best stimulate the immune system
to develop protection against the pathogen can be challenging
and time-consuming.'*” Smaller subunit components also
usually lack the signals that are critical for stimulating an
immune response. The result is that subunit vaccine prepara-
tions can be poorly immunogenic by themselves. An adjuvant
is often added along with the antigens in the vaccine carrier to
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augment the immune response. The purified recombinant
protein can be mixed with aluminum hydroxide, aluminum
phosphate, alum (potassium aluminum sulfate), or mixed alu-
minum salts, which are the most commonly used adjuvants.
Other adjuvants, especially TLR ligands, are increasingly being
used in vaccine design, however."”'>!

Developing a recombinant protein subunit vaccine that is
effective first requires knowing which antigens induce protective
immunity in response to infection.”” Once chosen, the antigen
must be manufactured, purified, and characterized while main-
taining the correct tertiary structure required to induce
a protective immune response.'>> Another significant challenge
is the low production levels of the antigen when using non-
bacterial heterologous expression systems.'*”'>>'*® The selection
of a proper antigen expression system is crucial for demonstrating
the feasibility of scale-up with process development at acceptable
yields, purity, and stability.'*” The particle size component of
vaccine formulations has also been recognized as a crucial factor
that affects vaccine performance. Many recent vaccine develop-
ment approaches aim to mimic the size of the native pathogen in
their preparation, which subunit vaccines cannot do.'>

DNA vaccines

DNA vaccines are bacterial plasmids that encode a vaccine
antigen driven by a viral-derived RNA polymerase II promoter,
such as the CMV or SV40 promoters.154 Like subunit vaccines,
DNA vaccines can be injected through intramuscular, subcu-
taneous, mucosal, or intradermal delivery using highly concen-
trated formulations.!*® Unlike recombinant protein antigens,
the DNA vaccine must gain entry into the cytoplasm of cells to
be effective.'>* When DNA vaccines are administered by loca-
lized injection with a needle and syringe, the plasmid DNA is
taken up by a limited number of cells at the injection site. The
injected DNA is then transcribed into mRNA and translated
into the antigen of interest intracellularly."*® Locally trans-
fected DCs traffic to the regional lymph node to initiate the
immune response.'>>'>® Translated antigen is also shed exo-
genously, and some drains to regional lymph nodes and extra-
cellular spaces. Other DCs pick up the rest of the antigen for
cross-presentation. The local tissue becomes a protein factory
for the presentation of antigen on MHC I or MHC II molecules
for re-expansion of primed CD4+ and CD8 + T cells.””

An alternative to conventional needle delivery of DNA
vaccines is a transdermal patch. The potential benefits of
transdermal delivery systems for DNA vaccines have been
actively investigated by research communities, as the skin
layer that lies beneath the stratum corneum is supported by
a densely connected network of immune-response modulating
antigen-presenting cells, most significantly represented by der-
mal DCs in the epidermis and dermis of the skin."”’
Microneedle delivery, one of the systems that have been devel-
oped for transdermal administration, are micron-sized needles
that are constituted with appropriate drug formulations and
directly penetrate the stratum corneum. The application of
microneedles in vaccine delivery provides many clinical and
logistical advantages. Most notably, the micron-scale

dimensions of the microneedle shaft allow for direct and
straightforward injection into the skin without requiring pro-
fessional training or the use of full-size needles.'*®

DNA vaccines are experiencing rapid growth for various
disease modalities, as demonstrated by the increasing number
of clinical trials for both animal and human products.'*®
Nearly 100 clinical trials are ongoing in humans for a wide
range of diseases, and there is an extensive pipeline of precli-
nical projects. Several DNA vaccine clinical trials have been
recently completed or are currently ongoing. Inovio
Pharmaceuticals and  AstraZeneca have a vaccine
(MEDI0457) targeting the human papillomavirus using the
antigens HPV-16 and HPV-18 E6/E7 in clinical trials."*” Eisai
Pharmaceuticals also has a microencapsulated DNA vaccine,
encoding multiple HPV-16 E7-specific CTL epitopes, that was
well tolerated in two different Phase I clinical trials.'®*'®"

Advantages

DNA platforms provide greater control over vaccine design
and can be manufactured quickly. The vaccine antigen can be
designed from any available DNA sequences of a pathogen
target protein and then synthesized. The synthetic approach
allows flexibility and speed in preclinical testing with a rapid
translation to clinical scale-up. More recently, the development
of minicircle DNA using site-specific recombination enables
manufacturers to remove bacterial elements that pose safety
issues.'*

Plasmid DNA is stable at room temperature, and DNA
vaccine products do not require freezing during storage and
transport because they are more durable than traditional
vaccines.'®> DNA vaccines appear to be safe and well tolerated
based on limited clinical trial experience. Several DNA vaccines
have already been approved for use in animals, including in
fish (infectious hematopoietic necrosis virus), dogs (mela-
noma), swine (growth hormone-releasing hormone), and
horses (West Nile virus).”

DNA vaccines are also antigen sparing since the antigen of
interest is produced by endogenous cellular machinery.'**
When directly targeted to immunogenic DCs with microneedle
systems such as the Biojector®, an intradermal injection device
that is well tolerated and allows dose-sparing, DNA vaccines
can produce higher immune responses than conventional
injection.*® Microinjection procedures also do not produce
hazardous sharps waste like conventional needles and syringes,
allowing minimally trained personnel to administer the vac-
cine. The result is lower costs and an expansion of vaccination
campaigns into developing areas.'®>'%°

Challenges

There are currently no licensed human vaccines that use this
platform; however, many studies are underway to develop
DNA vaccines for prophylactic applications. Several challenges
pose significant barriers to development, however. DNA plas-
mids need to enter host cells where they are transcribed into
RNA and translated into the corresponding protein to generate



an immune response. Unfortunately, developing strategies for
consistent cellular entry has been challenging. Various electro-
poration technologies have been investigated to facilitate the
entry of DNA vaccines into cells. However, the process still
requires additional steps and equipment compared to other
approaches and different vaccine platforms.'®®

Other issues remain after the cellular uptake problem is
solved. Once in the cell, the plasmids used to develop the
vaccine can mutate, resulting in the incorrect protein antigen
being expressed and a suboptimal immune response. DNA
plasmids can also persist and integrate into tissues, creating
concerns regarding tumorigenesis if insertion reduces the
activity of a tumor suppressor or increases oncogenic
activity.'”'®® DNA integration may also result in chromoso-
mal instability through the induction of chromosomal breaks
or rearrangements. New formulations have improved nucleic
acid performance in humans, but the DNA vaccines tested to
date have demonstrated sub-optimal immunogenicity com-
pared to more traditional vaccine approaches.'>*'%
A putative solution to low immunogenicity is to use the DNA
vaccine as a primary immunization followed by a boost with
a protein subunit vaccine.'”’

Furthermore, regulatory agencies require a description of
the plasmid construction, all recombinant DNA cloning pro-
cedures, and the entire plasmid sequence in the Master Cell
Bank (MCB)."”" Regulators also require quantitative potency
assays to evaluate the relevant biological activity. These assays
must include both in vitro measures of transfection efficiency
that monitor the transcription of the encoded genes, and
in vivo assays of DNA vaccine immunogenicity.'”* Local tissue
distribution studies are also necessary for DNA vaccines utiliz-
ing novel vectors, new formulations, delivery methods or
routes of administration, and other modifications expected to
impact cellular uptake significantly. This means that DNA
vaccines can have very high development and production
costs compared with other vaccine platforms.'®’

RNA vaccines

Messenger RNA (mRNA) vaccines are a newer technology
engineered to mimic processed, mature nucleic acid transcripts
present in the cytoplasm of eukaryotic cells. The vaccine drug
substance is made by in vitro transcription of a target gene
from a linearized DNA template. The resulting vaccine con-
tains the mRNA for the gene of interest and the required
regulatory elements for translating the gene of interest, includ-
ing untranslated regions, a 5’ cap, and the poly(A) tail.'””
Furthermore, the mRNA vaccine can be made self-amplifying
by inserting viral replication machinery into the DNA
template."’* The addition of self-replication permits lower
quantities of a vaccine to be administered per dose. Lowering
dose requirements can be an important determinant in choos-
ing a platform when there is a need to vaccinate many people in
a short time frame, such as during a pandemic.

Once the encoded protein has been translated, it undergoes
post-translational modification, the nature of which depends
on the properties of the host cell. The translated protein can act
in the cell in which it has been generated, or it can be secreted
to act via autocrine, paracrine, or endocrine mechanisms. The
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protein product needs to be directed to MHC class II loading
compartments to get cognate T cell help for a more robust and
sustainable immune response. This can be accomplished by
incorporating routing signals into the mRNA. Moreover, exo-
genous antigens taken up by DCs are also processed and loaded
onto MHC class I molecules by a mechanism known as cross-
priming. The resultant protein-derived epitopes can then be
presented on the cell surface by both MHC class I and MHC
class IT molecules.'”

Advantages

Messenger RNA is a noninfectious, non-integrating technology
with no potential to cause infections or insertional
mutagenesis.'”® mRNA is also easily degraded, and its half-
life can be regulated through modifications to the template or
delivery method. Because mRNA is the minimal genetic vector,
there is also no anti-vector immune response. The high yields
attainable with in vitro transcription reactions allow vaccine
manufacturing to be scaled-up rapidly to make many vaccine
doses at low costs with smaller manufacturing footprints.'”
The strong immune-stimulatory effect and intrinsic adjuvant
activity of in vitro transcribed mRNA are added benefits and
lead to potent antigen-specific cellular and humoral immune
1'esponses.177"180

Until recently, the production of clinical-grade mRNA vac-
cines posed a significant challenge due to issues with instability,
delivery, and adverse events. The use of modified nucleosides
combined with codon optimization has dramatically improved
the stability of the mRNA."*"'®*> Formulation with ionizable
lipid nanoparticles (LNPs) to encapsulate the anionic mRNA
not only protects it from degradation by RNAse but has also
demonstrated itself to be the most efficient method for in vivo
delivery.'®>'®* Finally, purification protocols to remove dou-
ble-stranded RNA (dsRNA), a typical process-related impurity,
mute the innate immune response to the vaccine, reducing
toxicity.'®

The platform enables a large amount of antigen production
from a minimal vaccine dose because the mRNA can replicate
intracellularly. This self-replication within the vaccinated sub-
jects also reduces the size of the dose required. An early study
reported that immunization with as little as 10 ug of naked
vaccine encoding RSV fusion (F), influenza virus hemaggluti-
nin (HA), or pre-membrane and envelope (prM-E) proteins
resulted in antibody responses and partial protection from
lethal viral challenges in mice.'”>'”* The low dosage takes the
strain off of a manufacturing process that is already easier to set
up since the actual process is sequence-independent, and
mRNA is relatively easy to produce as compared with recom-
binant protein, and live, attenuated virus vaccines. For exam-
ple, Moderna’s Phase I clinical trial for its mRNA vaccine for
COVID-19, mRNA-1273, used doses between 25 and 250 g
for each patient. In contrast, other vaccine platforms may
require milligram amounts of vaccine antigen per dose.

The manufacturing process for mRNA vaccines can also be
standardized to produce many encoded protein immunogens,
making it the preferred platform for rapid response during
a pandemic. All the ingredients to produce mRNA vaccines
can be obtained from commercial suppliers as either
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synthesized chemicals or as bacterially expressed, animal-free
reagents to circumvent safety issues associated with cell-culture
use. This allows developers to leverage contract manufacturers’
existing expertise and resources to produce millions of vaccine
doses in very short time frames with minimal manufacturing
footprint.'®

Challenges

Before BioNTech’s and Moderna’s vaccines, there were no
mRNA vaccines licensed for use in humans. Even these vac-
cines are only approved under emergency use authorizations,
and regulatory agencies, including the U.S. Food and Drug
Administration (FDA) or the European Medicines Agency
(EMA), have offered little official guidance for this platform.
This a barrier for manufacturers because the number of pre-
cedents is limited, and the diversity of mRNA-based applica-
tions is broad. Therefore, a company cannot predict how
regulators will review vaccines based on in vitro transcribed
(IVT) mRNA."®* Most of the clinical trials using IVT mRNA
have been initiated by European teams and have been per-
formed in Europe. The lack of harmonization across multiple
global regions is likely to be a barrier for manufacturers devel-
oping vaccines globally.

In addition to regulatory uncertainty, many manufacturing
challenges must be tamed. For example, enzymatically synthe-
sized mRNA preparations can contain double-stranded RNA
(dsRNA) contaminants, a potent PAMP sensed by receptors in
multiple cellular compartments.'”? The amount of dsRNA
contaminant is a significant determinant of the deleterious
immunogenic profile of mRNA, but it can be removed by
using standard chromatographic methods.'®

Vaccines produced on this platform may not be useful in all
populations. Some mRNA vaccines can induce potent type
I INF reactions, and it is essential to identify patients at an
increased risk of autoimmune responses before vaccination.
Thus, mRNA vaccines may require a companion diagnostic
assay that provides information necessary for this biological
product’s safe and effective use. The requirement for
a companion diagnostic tool brings many of the challenges
associated with precision medicine tests.'®”'*®

Other concerns include the proper packaging of mRNA into
LNP since extracellular RNA can induce thrombosis.'®*'*
Although more than 95% of LNPs are endocytosed by cells,
only a small fraction escapes the endosomes to reach the
cytosol.'”" mRNA is also inherently unstable, usually requiring
storage temperatures of at least —20°C and possibly as low as
—70°C. This requirement can add significant challenges to the
cold chain, even for highly developed countries because few
points of care have ready access to ultralow temperature
freezers.

Support for vaccine development

The importance of vaccine development and the necessity for
strong cross-sector partnerships have been recognized at the
highest government levels. In the U.S., the federal government
invested heavily over the last decade in four sprawling facilities
to rapidly produce vaccines for infectious disease outbreaks.'*?

However, the COVID-19 pandemic has demonstrated that
these facilities cannot manufacture large-scale batches of
a vaccine. It is now clear that real solutions to public health
threats require a multi-stakeholder approach.

Vaccines are complex products, and the development pro-
cess requires perspectives, resources, and skills that are unique
and complementary.' So, even though an innovative vaccine
platform may begin in an academic institution, it requires
industry expertise to develop and manufacture a final product.
The importance of the final stages of development has spurred
many governmental efforts to create and expand expertise in
disciplines that underlie product development and finished
vaccine distribution.'”>'** An example of such a government
initiative is Operation Warp Speed (OWS), which was estab-
lished to accelerate the development of vaccines for COVID-
19. This public-private partnership brings together different
agencies to oversee everything from basic research to licensure
and program implementation, including the CDC, FDA,
National Institutes of Health (NIH), Biomedical Advanced
Research and Development Authority (BARDA), U.S.
Department of Defense (DoD), U.S. Department of
Agriculture, U.S. Department of Energy (DOE), and the U.S.
Department of Veterans Affairs with pharmaceutical compa-
nies to coordinate existing Health and Human Services-wide
efforts, including the ACTIV partnership for vaccine and ther-
apeutic development, the Rapid Acceleration of Diagnostics
(RADx) initiative for diagnostic development, and other work
by BARDA.'*?

OWS has helped vaccine developers overcome several chal-
lenges that, so far, have resulted in the production and release
of almost 64 million doses to the U.S. within 9 months."”® To
accomplish this feat, OWS first worked with manufacturers to
develop a list of critical supplies and then invoked the Defense
Production Act on multiple occasions to expedite delivery.'””
Next, OWS officials helped developers by scaling up manufac-
turing, including mediating disputes over intellectual property,
shifting capacity to account for already in-use production
facilities, and finding more fill-finish capacity.'”® For example,
BARDA, helped find a manufacturing partner for a vaccine
developer and the Army Corps of Engineers has helped con-
struct additional vaccine manufacturing suites while oversee-
ing multiple agreements to expand manufacturing capacity for
cell culture media and glass vials."””'*®

Scaling up of manufacturing, however, created its own set of
unique issues that OWS has helped resolve. New facilities
require workers with technical expertise as well as managers
with manufacturing experience.'”® To address this issue, OWS
worked with the U.S. Department of State to expedite visa
approvals for engineers and other experts in drug manufactur-
ing, and when hiring did not occur fast enough, they sent
workers from the U.S. Department of Defense to fill
positions.'*®

There are also several international efforts that have been
put together to deal with the pandemic. The WHO already
works with countries and international partners to improve
global vaccination coverage by funding immunization cam-
paigns and programs that ensure safe and reliable vaccine
supply systems. In response to COVID-19, the WHO has
implemented additional programs, including the Access to



COVID-19 Tools (ACT) Accelerator.”® Launched in
April 2020, the ACT Accelerator is a ground-breaking global
collaboration bringing together multiple stakeholders, includ-
ing the Bill & Melinda Gates Foundation, Coalition for
Epidemic Preparedness Innovations (CEPI), Gavi, the
Vaccine Alliance, the Global Fund, and the World Bank, to
accelerate development, production, and access to COVID-19
tests, treatments, and vaccines.?’® These organizations have
joined forces to speed up the development and equitable dis-
tribution of vaccines to control COVID-19.*"!

The ACT Accelerator has four pillars: diagnostics, treat-
ment, vaccines, and health system strengthening. The vac-
cines pillar, or COVAX, convened by CEPI, Gavi, and WHO,
will speed up the search for an effective vaccine for all coun-
tries. In parallel, it supports the building of manufacturing
infrastructure. COVAX is also buying supplies ahead of time
so that two billion doses of vaccine can be fairly distributed by
the end of 2021, with the aim of protecting high-risk and
vulnerable people as well as frontline health-care workers.'””
As such, COVAX is the only effort to ensure that people
worldwide will have access to COVID-19 vaccines once they
are available, regardless of their wealth.??? Available doses are
expected to be allocated to all participating countries at the
same rate, proportional to their total population size, once
a vaccine is proven to be both safe and effective and has
received regulatory approval.”%?

In addition to specific programs, the WHO and global
pharmacopoeias provide compendial standards to support
control strategies for vaccine products. An essential element
of these tools are physical reference materials that play an
indispensable role as calibrators of assays and comparators
for potency assignment, as system suitability standards for
assay performance monitoring, and to validate the quality of
raw materials. There is also an active program at the WHO to
develop international reference standards that support potency
assessment for COVID-19 vaccines. The National Institute of
Biological Standards and Control (NIBSC) is one of the WHO
collaborative centers working with global laboratories on
developing international standards for vaccines and is also
the custodian of several standards to support vaccines’ potency
and quality.”” The WHO Expert Committee on Biological
Standardization (ECBS) has already established two standards
to address some of the challenges associated with the safety and
efficacy of COVI-19 vaccines: the First WHO International
Standard for SARS-CoV-2 RNA nucleic acids-based assays
and the First WHO International Standard for anti-SARS-
CoV-2 antibodies.”** These reference materials will be used
to standardize diagnostic assays and assays used to measure
antibody responses to vaccination, as well as to support clinical
outcomes of the vaccines under development.

Support for vaccine regulation

Vaccines are biological products whose regulations are codified
in various national laws supplemented by national and inter-
national guidelines. These documents provide manufacturers
with best practices while allowing scientific approaches to
evolve so that regulators can still consider them with appro-
priate justification. In the U.S., national requirements are in the

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 2885

Public Health Service Act (42 U.S.C.), including section 351
(42 U.S.C. 262) and the Code of Federal Regulations Title 21
(21 CFR), including sections 200, 600, and 610. Additional
recommendations are available in FDA Guidance documents,
which are produced and revised as scientific and regulatory
understanding advances (see Appendix).”> In Europe, the
EMA has produced similar guidelines for vaccine manufac-
turers intending to market in the European Union (E.U.). The
EMA expectations for a vaccine active substance and final
product can be accessed via numerous guidelines on the
EMA websites.***%”

Unfortunately, there is not a single international regulatory
standard, and not all international regulatory bodies coordi-
nate their responses with the U.S. and the E.U. The result is an
overly complicated process at a global level, and not surpris-
ingly, the current rollout of COVID-19 vaccines is a patchwork
of regulatory decisions. For example, months after being
approved in over several non-E.U. nations, an application for
authorization of the Russian made Sputnik V COVID-19 vac-
cine had still not been received by the EMA, even though the
manufacturer had believed the process to have been
initiated.”*® The confusion was caused by the incorrect usage
of a submission portal for individual member states rather than
the centralized application route for pan-E.U. approval. This
global disparity in regulatory requirements and standards
across countries poses significant challenges, no more so than
during a pandemic where a coordinated global response is
needed.

Uncoordinated regulatory responses create barriers to vac-
cine development. For example, companies seeking to partici-
pate in global markets must submit multiple approval
applications for a single product. This process can require
additional clinical trials or animal studies, which increases
the cost and the time to bring the product to market. The
lack of harmonization also puts a lot of the onus on regulatory
agencies in developing countries with limited resources and
which may lack the necessary expertise to stay abreast of the
rapid advances in new treatments and manufacturing
technologies.”” The result can be an inequitable distribution
of vaccines and vaccine hesitancy if a drug’s approval is not
perceived to have been legitimately vetted.

To align expectations and decrease differing requirements
for global registrations, regulators and industry from multiple
regions have collaborated to develop harmonized documents
via the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH) and
the WHO.?'? ICH’s Quality (Q) series of guidelines apply to
many vaccine types, particularly those using recombinant
DNA approaches to produce protein antigens; however, some
of the newer platforms are not covered. Also, current good
manufacturing practices (cGMPs), first implemented and
required in the U.S. and E.U., are gradually being implemented
for vaccine manufacturing in other countries. In addition, the
WHO publishes its Technical Report Series to provide over-
arching guidance to vaccine manufacturers and more specific
guidance for particular vaccine products. These documents
serve as a roadmap for global manufacturers seeking approval
and market distribution via WHO’s vaccine prequalification
(PQ) program.
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The COVID-19 pandemic has also spurred additional
efforts. The WHO has been working with researchers from
hundreds of institutions to develop and test vaccines, standar-
dize assays, standardize regulatory approaches on innovative
trial designs, and prioritize vaccine candidates’ criteria.”'' The
pandemic has spurred enormous activity and has fostered
unparalleled global cooperation, bringing together the devel-
opment and manufacturing activities of thousands of facilities
in more than 150 countries.”'* This effort will continue to
require harmonization of pharmaceutical regulation with visi-
ble global coordination of responses among all regulatory
authorities. Ultimately, each country would need to continue
to make its own decision, but the harmonization of regulations
between countries would bring transparency and alignment
across all nations.

The United States Pharmacopoeia (USP)

As a global pharmacopoeia, USP is committed to guiding man-
ufacturers of vaccines with technical assistance in applying exist-
ing standards in their development programs and collaborating
with stakeholders on the development of new standards to
support quality assessment of vaccines developed using the plat-
forms described herein. The USP-National Formulary (USP-NF)
book of standards contains a comprehensive set of documentary
standards that describe best practices, analytical procedures
applicable to the manufacturing and quality testing of
vaccines.*"” These standards are vetted by independent scientific
experts through a public and transparent process and are com-
plementary to those available from global pharmacopoeias and
the WHO. Additionally, the USP book of standards contains
validated test procedures that apply to adjuvants, excipients, and
other components used to manufacture and formulate vaccines.
Such test methods help to save time and resources, allowing
manufacturers to devote more effort to controlling areas not
covered in the compendium. Pharmacopoeial standards such as
USP’s are recognized globally, and they often align with guide-
lines from the ICH helping to enable developers to achieve
global regulatory predictability.

In the areas of RNA-based standards, USP is currently
exploring the development of analytical methods and asso-
ciated reference standards for mRNA size, content, and purity.
For example, reference standards for dsSRNA combined with
documentary standards that provide guidance on methods and
analysis may be useful to manufacturers in developing methods
for ensuring the clearance of dsRNA contaminants. There are
also existing standards that support general requirements for
quality, e.g., sterility assurance and endotoxins testing, and
standards that support qualification of some of the raw materi-
als used in manufacturing. For instance, USP General Chapter
<85> Bacterial Endotoxins Test is used to help ensure the
quality of drugs, raw materials, excipients, water for injection,
pharmaceutical ingredients, and biologics, including vaccines.

Other USP standards are applicable to nucleic acid-based,
subunit protein-based, and other classes of vaccines, including
some of the platforms being used for COVID-19 vaccines
(Table 2). Regardless of the platform used, the potency of the
vaccine is a critical quality attribute that must be measured and
comply with regulator-approved thresholds for activity before

Table 2. USP-NF general chapters for best practices.

To control the quantity and size of residual host cell DNA and host cell
proteins

<1130> Nucleic Acid-Based Techniques — Approaches for Detecting Trace
Nucleic Acids

<1132> Residual Host Cell Protein Measurement in Biopharmaceuticals

For different classes of vaccines

<1234> Vaccines for Human Use — Polysaccharide and Glycoconjugate
Vaccines

<1235> Vaccines for Human Use — General Considerations

<1238> Vaccines for Human Use — Bacterial Vaccines

<1239> Vaccines for Human Use — Viral Vaccines

For biological assays

<1032> Design and Development of Biological Assays

<1033> Biological Assay Validation

<1034> Analysis of Biological Assays

licensure. USP also provides a comprehensive set of best prac-
tices and guidance to help manufacturers develop and imple-
ment the biological assays or bioassays used to perform
potency testing (Table 2).

Conclusion

The public health crisis and economic disruption caused by the
COVID-19 pandemic have brought vaccines into sharp focus.
The consensus is that a return to some kind of “normal” can
only occur once effective vaccines are widely available.*'**"
Unfortunately, vaccine development is fraught with many chal-
lenges that limit our ability to do more than make educated
guesses as to how many vaccines we will eventually have and
when their supply will be sufficient to vaccinate the majority of
the population.”'® One of the biggest hurdles for companies is
deciding which vaccine platform to pursue or to pivot an
existing platform to target SARS-CoV-2. There is no precedent
for what will work against a novel coronavirus, so nearly every
vaccine platform is being explored as COVID-19 vaccines.
Some strategies, like inactivated-viruses, attenuated viruses,
and subunit vaccines, are strategies with long histories of
success against other infections. Newer strategies like viral
vectors and nucleic acid vaccines have little to no track record
but offer some distinct advantages over more tried-and-true
systems.

The rapid development timeline for a COVID-19 vaccine
raises some important questions around equal access. On
average, the typical development of a vaccine takes almost
a decade. A lot of that time is spent running large clinical
trials that consider how a vaccine performs in diverse popula-
tions. The 12- to 18-month timeline discussed for a COVID-
19 vaccine comes at the cost of demonstrating safety and
effectiveness in every demographic category, regardless of
age, race, ethnicity, or gender. The data needed to ensure
a vaccine meets everyone’s needs, irrespective of their demo-
graphic, is challenging to obtain when starting development
from scratch, such as with SARS-CoV-2. What makes this
situation even more worrisome is that COVID-19 impacts
some of the most vulnerable populations, i.e., those who
may be at the most significant risk from dangerous vaccine
side effects.”’”"?*° Even though companies can rely on a deep
well of knowledge from other vaccine development experi-
ences, including the seasonal influenza vaccine, there will



undoubtedly be some gaps in the understanding that pre-
cludes equal access to protection from COVID-19.

Serendipitously, the industry’s multiple platform approach
may help to curb some of the inequity. A vaccine based on
a particular platform may work better for certain groups because
of its safety profile, delivery method, stability during transport,
or it just may be faster to produce and require smaller manu-
facturing footprints. The latter point is especially critical, given
that the demand for approved COVID-19 vaccines is very high.
Further complicating the process are the recent reports of SARS-
CoV-2 variants that may not be as well recognized by the current
crop of COVID-19 vaccines, possibly requiring development of
modified follow-up vaccines.?*! Fortunately, some of the vaccine
platforms already being used are agile enough to allow for rapid
redevelopment of better vaccines.

Regardless of the specific virus or variant, companies will
still need to consider how to ramp up their manufacturing to
an unprecedented speed while controlling cost, safety, and
immunogenicity. They will also need to commit to robust post-
marketing pharmacovigilance to identify rare side effects that
may have been discovered during clinical trials for a more
traditional vaccine development program. Each of these factors
will play a role in determining which vaccines are used in
populations throughout the world. Therefore, multiple vaccine
options based on various platforms will be necessary to achieve
the goal of protecting the world’s population from COVID-19.
Increased transparency in the supply chain and raw materials
used in manufacturing and clinical studies will enhance trust in
the vaccines produced using the different platforms and allow
them to deliver on their promise. As a global community, it is
important to leverage the lessons learned from the COVID-19
pandemic, create new approaches to partnerships, and set the
appropriate framework for developing treatments and vaccines
to tackle future pandemics.
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