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Abstract

Live attenuated and inactivated pathogens, as well as subunit vaccinations, can give long-term protection against a variety of deadly diseases.
Despite this progress, vaccine development for a number of infectious diseases, particularly those that are more capable of evading the adaptive
immune response, remains a serious issue. Furthermore, the fundamental impediment to the greatest uptake of virus vaccines isn’t usually the
efficacy of conventional procedures, but rather the requirement for more fast research and large-scale manufacture. As a result, the development
of more powerful and adaptable vaccine platforms is critical. The complexities of developing the manufacturing process, formulation, and analytical
assays, as well as the problem of scientific assay optimization, are the most well-known barriers to vaccine development failures or delays.

Scientists argue that the extremely concentrated state of global vaccine manufacturing capacity limits large-scale vaccine production. At the moment,
only a few countries have the capacity to make vaccines on their own. Scaling up vaccine production is difficult, and a shortage of manufacturing
sites is limiting global vaccine availability. Vaccine manufacturing and the development of breakthrough technologies capable of producing huge
quantities of vaccines against known and undiscovered infections are difficult tasks nowadays. Vaccines can be made as suspensions, emulsions, or
freeze-dried powders with a variety of adjuvants. However, many of those manufactured vaccines face multiple problems from a pharmaceutical
standpoint, including the risk for acute hypersensitivity reactions, the need for extremely cold storage temperatures, and handling and delivery
requirements. These requirements should limit vaccine supply to different populations, which has a negative impact on health equity. In the
production of vaccines during upstream and downstream processes, new facilities, equipment, and enabling technology may be required, some
of which may have an impact on how existing vaccines are manufactured. Despite these advancements, long-standing difficult circumstances will
persist or worsen. Despite the fact that the number of individuals required is significantly less than in massive phase 3 studies, pharmacokinetic
investigations can be logistically challenging and expensive. Even if there are challenging scenarios for implementing new pharmacokinetic models,
there may be significant value in doing so, even in the context of an approved medication.

The use of this ethically complex and contentious method for vaccine evaluation would necessitate interdisciplinary, global oversight to ensure that
the results are rigorous and justify the potential dangers to participants and their communities.
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isn’t usually the efficacy of conventional procedures, but rather the
requirement for more fast research and large-scale manufacture. As
a result, the development of more powerful and adaptable vaccine
platforms is critical [4]. With the discovery of mRNA, nucleic acid
therapies have arisen as viable alternatives to traditional immunization
techniques [5]. New technology must overcome some of the hurdles

Introduction

Biological products are defined by the United States Food and Drug
Administration (FDA) as a varied product category that includes
proteins, monoclonal antibodies, and vaccines, and are used for the
diagnosis, prevention, treatment, and cure of diseases and medical

conditions [1]. Traditional vaccine techniques, which include live
attenuated and inactivated viruses, as well as subunit vaccines, can
give long-term protection against a variety of hazardous diseases [2].
Despite this progress, developing vaccines for a variety of infectious
diseases, particularly those that are more capable of evading the
adaptive immune response, remains a serious issue [3]. Furthermore,
the fundamental impediment to the greatest uptake of virus vaccines

in order to be effective in combating the epidemic. The newly
developing diseases are having serious challenges with pandemic
preparedness, which appears to be unpredictable. As shown with
the human immunodeficiency virus with human immunodeficiency
virus, as well as Severe Acute Respiratory Syndrome, Middle East
Respiratory Syndrome Coronavirus, and SARS-CoV-2 virus, the
appearance of previously undiscovered infections in the population
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is becoming more widespread [6]. Pandemic viral outbreaks show a
pathogen’s potential to evolve and adapt to a new host or environment,
with unanticipated implications on the pathogen’s immunogenicity
and the severity of the signs and symptoms it causes. As evidenced
by recent epidemics and pandemics, RNA viruses are the most
vulnerable to such events, as their tremendous mutation rates
necessitate adaptation [7].

Formulation of Vaccines and Challenges

Vaccine development is particularly challenging when compared
to the development of many product modalities in conjunction with
small molecules [8]. The complexities of developing the manufacturing
process, formulation, and analytical assays, as well as the problem of
scientific assay optimization, are the most well-known barriers to
vaccine development failures or delays [8,9]. Ideally, vaccines may be
given without the need for injection, eliminating the need for needles,
syringes, and trained medical workers [10,11]. In addition to the
logistical advantages of non-parenteral immunization [11], there are
valid immunological arguments in favor of this method [11,12].

Proteins, unlike smaller particles, are macromolecules with
labile bonds and distinctive side-chain orientations that contain
primary, secondary, tertiary, or even quaternary structures. Protein
denaturation and breakdown can be caused by harsh biological
conditions such as proteolytic and violent stomach pH, which can
impair biological activities and potentially cause immunogenicity. As
a result, employing delivery mechanisms and/or immuno-stimulants
is critical for inducing powerful and long-lasting immune safety
following mucosal vaccination. Eyles JE, and colleagues found that
Yersinia pestis F1 and V subunit antigens can induce humoral and
mucosal immunity in mice after intranasal administration while co-
encapsulated in poly-lactic acid microspheres or co-administrated
with the non-toxic pentameric B subunit of Cholera Toxin (CTB)
[13-15] as adjuvants, but not with free soluble F1 and V forms. As
a result, CTB improves the systemic response to microencapsulated
antigens, particularly V, despite the fact that the impact is less
significant than when free subunits are administered intra nasally.
This could be reflective of a situation in which CTB considerably
improves the trans-epithelial flux of free antigen but only modestly
improves the uptake of microencapsulated material [15]. Garinot M, et
al. developed and compared three alternative vaccine delivery systems
made up of variable ratios of Poly Lactic-Co-Glycolic Acid (PLGA),
PLGA-Poly Ethylene Glycol (PEG), and Poly-Caprolactone (PCL)-
PEG with the goal of boosting oral vaccination efficiency [16-18].
The suppression of p1 integrin transport by anti-1 integrin confirmed
the RGD-labeled nanoparticles’ selective targeting of B1 integrins in
co-cultures. A formulation with a lower proportion of PEG did not
produce the same outcome. This could be explained by the ligand’s
greater accessibility on the nanoparticle surface, which is attributable
to the reduced amount of PEG in the formulation (30%) compared
to the formulation (55%). Finally, the study found that using an RGD
ligand on the nanoparticle’s surface with the purpose of achieving M
cells caused a mild growth in a variety of mice that produced IgG after
immunization, supporting the importance of focusing on the carriers.
However, while the RGD ligand was used, no increase in IgG product
in serum was seen. This could be due to the peptide’s partial breakdown
during its transit through the gastrointestinal tract. A non-peptidic 1
integrin ligand may be employed and grafted onto nanoparticles in
the area of RGD peptides to avoid ligand degradation inside the belly
or inside the gut. It is also possible to investigate the addition of a
mucosal adjuvant to the system [18-21]. The effect of freeze-thawing
on an aluminum adjuvant and an aluminum adjuvanted native Outer

Membrane Vesicle (nOMV) vaccine formulation was studied by
Mensch, et al. specifically, employing static light scattering, micro-flow
imaging, and cryoelectron microscopy analysis, describing the freeze/
thaw-induced agglomeration. Furthermore, the vaccine formulation
was evaluated using 0-9% v/v propylene glycol as an excipient to
prevent agglomeration caused by freeze/thaw. The results reveal that
using 7% v/v propylene glycol as a formulation excipient is efficient
in preventing nOMV vaccine formulation agglomeration, which is
induced by freeze-thawing Aluminum salt adjuvant vaccines can be
successfully converted from suspension to dry powder utilizing a
very low concentration of trehalose (2% w/v) as an excipient without
causing particle aggregation or diminishing vaccine immunogenicity.
Furthermore, following repeated freezing and thawing, the dry vaccine
powder did notagglomerate [22]. This thin-film freeze-drying approach
[23] is expected to be used to create new vaccines or reformulate existing
vaccinations that could be adjuvanted with aluminum salts into dry
vaccine powder to prevent vaccine particle aggregation [24]. With the
goal of evaluating the protection and immunogenicity of formulation,
Logunov DY, and his colleagues developed a heterologous COVID-19
vaccine that includes components, a recombinant adenovirus type
26 (rAd26) vector, and a recombinant adenovirus type 5 (rAd5)
vector, each carrying the gene for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [25,26] spike glycoprotein (rAd26-S
and rAd5-S). Thus, using a heterologous prime-boost immunization
with rAd26-S for priming and rAd5-S for boosting to elicit a robust
immune response and overcome the immune response formed by
the additives of the vaccine is an effective method to elicit a robust
immune response and overcome the immune response formed by the
additives of viral vector the vaccine. For a more precise evaluation of
the influence of pre-existing immunity on vaccination, the authors
suggested more frequent observation and analysis [26]. Pfizer-
BioNTech COVID-19 (BNT162b2) vaccine (Pfizer, Inc; Philadelphia,
Pennsylvania), a lipid nanoparticle-formulated, nucleoside-changed
mRNA vaccine encoding the prefusion spike glycoprotein of SARS-
CoV-2, the virus that causes coronavirus disease 2019 (COVID-19),
has received an Emergency Use Authorization (EUA) from the Food
and Drug Administration (FDA) [27,28]. The following components
are used in the Pfizer-BioNTech COVID-19 Vaccine: 2 [(polyethylene
glycol)-2000], mRNA, lipids ((4-hydroxybutyl)azanediyl)bis(hexane-
6,1-diyl)bis(2-hexyldecanoate), mRNA, lipids ((4 hydroxybutyl)
azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate potassium
chloride, monobasic potassium phosphate, sodium chloride, dibasic
sodium phosphate dihydrate, and sucrose [28,29].

The vaccine may be appropriate for implementation by
responsible bodies and people capable of acting (taking action) in
the implementation, notwithstanding the difficulty of storing the
vaccine at an extremely low temperature and handling and delivery
circumstances. These circumstances should limit the availability
of the Pfizer-BioNTech COVID-19 vaccination to a small number
of people [30]. Health equity may not prevail as a result of this. As
a result, efforts must be taken to overcome these difficult situations
and increase fitness equity [27,30]. The development of a vaccine, on
the other hand, necessitates additional consideration, particularly in
the case of combination vaccines [31]. Various manufacturers clearly
produce and construct combination vaccinations with different
antigen levels [32]. COVID-19 Vaccine AstraZeneca suspension for
injection (ChAdOx1-S [recombinant]) formulated as a suspension
containing Chimpanzee Adenovirus encoding the SARS-CoV-2 Spike
glycoprotein ChAdOx1-S, L-histidine, L-histidine hydrochloride
monohydrate, magnesium chloride hexahydrate, polysorbate 80 (E
433), ethanol, sucrose [29,33]. The delivery of these vaccines raises
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numerous problems and challenges. COVID-19 vaccines are likely to
be made available to all countries in the globe, at least for their priority
group [34] to control SARS-CoV-2, due to a number of producers, very
big global funding for production, and collaboration in procurement
and distribution [35].

A larger number of vaccine products than ever are currently on
the market, and these are being taken up by more recipients Despite
this, in low-income countries, over a third of deaths occur in children,
and the predominant cause is infectious disease. Encouragingly, a
recent report from the Pharmaceutical Research and Manufacturers of
America listed 145 new vaccines undergoing clinical trials testing, with
many targeting infections for which there is no current vaccine. The
scientific, financial and ethical challenges are considerable; however,
important breakthroughs continue to be made [36].

Vaccine Manufacturing and Challenges

The production of viral vaccines in cell culture can be accomplished
with primary, diploid, or continuous (transformed) cell lines [37].
Each cell line, each virus type, and each vaccine preparation require
the specific design of upstream and downstream processing. The
medium should be chosen in addition to the production container,
culture conditions, and operating procedures. Many viruses can
only multiply at high titers in naturally developing cells, although a
rising number of suspension cell lines are being studied for future
usage, comparable to recombinant protein manufacturing procedures
[37,38]. There are some critical challenges to address with the
established order of large-scale viral synthesis in bioreactors [37]. As
an example upstream processing of cell culture-derived influenza virus
production is described in more detail for adherently growing and
for suspension cells. In particular, use of serum-containing, serum-
free, and chemically defined media as well as choice of cultivation
vessel are considered [39] with a certain chemical composition, as
well as the culture vessel selection [37]. The influenza HIN1 A virus
was manufactured using Madin-Darby canine kidney cells (MDCK)
suspension cell culture [39,40], were evaluated for the manufacturing
of the influenza HINI A virus. Except for the use of commercially
available serum-free medium for suspension culture, the suspension
MDCK cell line grew in the serum-free medium MDCK-SFM2
(serum-free medium) much like it did in adherent serum cultures. The
generation of HIN1 influenza virus increased considerably during
suspension culture in MDCKSFM2. The infectious viral concentration
to total virus concentration ratio is low. Further optimization of
medium components and operation procedures is expected to address
this issue [41]. As a result, the serum-free suspension culture method
[40,42,43] has a lot of potential for environmentally friendly influenza
vaccine production [44,45]. In the case of influenza A outbreak,
virus that causes the omission of washing and medium exchange
procedures before to infection and causes a transition to a serum-
free medium [46] is reported. In place of serum and peptone, soy
hydrolysate is utilized in the serum-free medium. It also has greater
glucose concentrations, lower salt content materials, and higher amino
acid concentrations, as well as a different osmolality (260 mmol/kg)
and pH stability. Although no medium exchange is required prior to
infection, viral titers of equivalent variety have been produced using
the Synthetic Complete (SC) medium [40]. The method is simplified
by skipping the medium exchange phase, which eliminates the sterility
issues associated with the washing steps. The usage of these serum-
free media, on the other hand, must be similarly assessed in terms of
batch-to-batch stability, repeatability in cell attachment, and impacts
on inactivated vaccine downstream processing. More experiments and
mathematical models could help researchers better understand the

hurdles and bottlenecks in cell metabolism and viral replication, which
could lead to higher cell densities and virus yields [40,47]. Isolation of
current influenza A (H3N2) viruses in eggs is becoming increasingly
difficult, limiting the number of viral candidates that can be examined
for vaccine manufacturing. Alternative procedures, such as the use of
viruses isolated in permitted cell lines for further replication in both
cell-based and egg-based influenza vaccine manufacture, should be
created, tested, and reviewed [48]. The aim to adopt more efficient and
technologically superior production procedures is driving changes
in the manufacturing of such vaccines. As a result, vaccinations that
are as good as or better than their predecessors could be developed
[49] utilizing modern techniques at a size and pace that matches
demand. Finally, vaccines will be created in the fight against diseases
for which traditional techniques have failed. In some circumstances,
new enabling technology may be required, some of which may have
an impact on the manufacturing of existing vaccines. Despite these
advancements, long-standing difficult circumstances will persist or
worsen. These include overcoming the inertia of alternative well-
established production techniques, dealing with complex regulatory
challenges connected to releasing new types of vaccine products
for healthy individuals, and dealing with the increasing expenses of
making complicated new vaccines [49].

The final virus product utilized in the vaccination program must be
thoroughly described and have enough amount, purity, and potency to
be effective [50,51]. Chromatographic methods are quick, repeatable,
and precise. Because the resolving strength of High-Performance
Liquid Chromatography (HPLC) allows the separation of intact
virus particles from different cellular contaminants or virus particle
fragments, they can’t be used to measure infective viral particles, but
they’re a great opportunity for standard techniques in relation to general
virus particle quantization. As a result, HPLC approaches can be used
to track the impurity/purity profiles of viral items in DSP as well as the
USP [52-55]. Analytical techniques such as High-Performance Liquid
Chromatography (HPLC) can be utilized as fingerprinting techniques
in Downstream Processing (DSP), providing instant information
regarding the efficiency of a certain procedure step and allowing for
speedier DSP development. The DSP process includes a number of
purification procedures. An aliquot of processed viral material must
be collected and injected into an HPLC analytical column after each
step. In addition to the impurity profile of components present in the
processed sample (e.g. DNA, host cell proteins), the elution profile
provides a snapshot of a specific purification phase and an approximate
estimate of the virus content material as described in figure 1 [56,57].
Demanding scenarios in the manufacturing of new sophisticated
particles are often related to target-specific low productivities, loss of
solid producers, and the absence of suspension cell traces. Despite the
success of CHO cell use in recombinant protein production, the CHO
genome is still not fully sequenced and thus not accessible [58,59], but
once available, they will simplify the establishment of fully integrated
production strategies. Furthermore, various challenges arise during
the production of those particles, including the co-production of
empty capsids, viral particles that encapsulate an extraordinary genetic
material, broken/disassembled particles, virus-DNA aggregates, and
extracellular vesicles in the case of viral products [60]. As a result,
custom-made purifying procedures must be developed, taking into
account the unique features of each product. Although there isn’'t a
“one-size-fits-all” production platform for remarkable bio-therapeutic
particles, the methodologies do share some characteristics. The final
goal for downstream processes is to expand purification technologies
that are as robust as those used today for vaccine products. Purification
platforms with a reduced number of purification steps will result in
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Figure 1: General production process to produce a finished-product (protein) biopharmaceutical.

a higher average process yield, lowering manufacturing costs and
allowing for faster dissemination of those unique and promising
modalities. The lack of affinity resins for mAbs, such as protein A, is
one unmet requirement. There are just a few options, and they are no
longer cost-effective enough to be made single-use. As the industry
matures, there is a strong prospect of expanding into other matrices and
ingredients for those large bio-therapeutic particles. Simultaneously,
the diversity and scope of single-use alternative implementation is
becoming obvious and prevalent. Because the requirement to clean,
sterilize, and validate the equipment/materials is reduced, the usage
of such compounds in all production and purification procedures is
gaining support [61].

Scientists argue that the extremely concentrated state of global
vaccine manufacturing capacity limits large-scale vaccine production.
At the moment, only a few countries have the capacity to make
vaccines on their own. Scaling up vaccine production is difficult, and
a shortage of manufacturing sites is limiting global vaccine availability.
Vaccine manufacturing and the development of breakthrough
technologies capable of producing huge quantities of vaccines against
known and undiscovered infections are difficult tasks nowadays. Table
1 containing the main difficulties concerning vaccine production or
purification describes some of these challenges.

Vaccines Pharmacokinetic Issues

To estimate the quantity of vaccine adjuvants in mechanically
or toxicologically acceptable target tissues, Pharmacokinetic (PK)
and biodistribution studies can be used [62-64]. Tegenge MA,
and colleagues studied a comparison of the pharmacokinetics and
biodistribution features of radiolabeled squalene 336 hours (14 days)
following intramuscular injection of adjuvanted H5N1 influenza
vaccinations in mice [65]. Experimental squalene-in-water (SQ/W)
emulsion (AddaVax®) and adjuvants system (AS03°) that contained
squalene and -tocopherol inside the oil phase of the emulsion were
among the adjuvants tested. The initial exponential degradation of
the enzyme has a half-life of 1.5 hours for AS03 and 12.9 hours for
AddaVax [66]. After ASO3 injection, the concentration of tagged
squalene in lymph node discharge was 10 times higher than after
AddaVax injection (1-6 hours). The peak concentration of squalene
inside the spleen (immune organ) AS03 is 7 times higher than AddaVax

after injection, and the area-under-concentration curve was as long as
336 hours (AUCO-336hr) [67]. For toxicologically significant target
tissues, including as the spinal cord, brain, and kidneys, the maximal
systemic tissue concentration of squalene from the two adjuvants,
without or with antigen, remained below 1% of the injected dose
[68]. The pharmacokinetics of AS03 was changed so that the presence
of H5N1 antigen had no effect on them. This shows a quick fall of
AS03 from the quadriceps muscle tissues of mice [67], with enhanced
transfer to mechanistically applicable tissues in the nearby lymph
nodes, in comparison to the standard SQ/W emulsion adjuvant [65],
with improved transfer to mechanistically applicable tissues in the
local lymph nodes [67,69]. The amount of possible toxicological target
tissues exposed in the systemic tissues was extremely low [67,69,70].

The formulations of peptide-based anticancer vaccines that
are being tested in clinical trials are typically associated with low
potency. Mehta NK, et al. demonstrated that optimizing vaccination
immunogenicity in mice by pharmacokinetically tailoring peptide
vaccine responses by fusing peptide epitopes to carrier proteins. In
vaccinated mice, the service protein transthyretin promotes effective
antigen uptake in draining lymphatics from the injection site, antigen
payload protection from proteolytic degradation, and antigen
presentation in uninflamed distal lymphoid organs at the same time.
Optimizing those aspects can boost vaccine immunogenicity by
up to 90 percent while also improving responses to viral antigens,
tumor-related antigens, oncofetal antigens, and shared neoantigens.
Protein-peptide epitope fusions are a simple and generalizable
strategy to augment T-cell responses generated by subunit vaccines
via way of means of subunit vaccines [71,72]. Adjuvants are added to
vaccination formulations to increase the importance of the immune
response and/or adjust its quality [73,74]. The oldest and most
widely used adjuvants are aluminum salts, although a novel family of
squalene-containing vaccine adjuvants has arisen in recent years. The
identification of those new adjuvant structures was aided in part by
developments in proteomics and pathogen genome sequencing, which
assisted in the rational design of purified antigens [73-77]. In positive
emulsion vaccine adjuvants, squalene is employed in the oil phase.
Its fate as a vaccine component after intramuscular (IM) injection
in humans, however, remains unknown. The optimum pathways for
employing squalene-containing adjuvants to augment the immune
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Table 1: Major challenges during vaccine productions.

Viral production methods Common problems

v' Contamination by bacteria, fungi, and yeast

Cell culture suspension v" Mycoplasma contamination
v" Chemical contamination
v' The concentration of serum proteins is generally much higher than the protein produced by mammalian

cells in vivo.

v The abundantly available nutrients in fetal bovine serum overfeed the cells, they become too large,

Serum-free medium proliferate faster, and the morphology is atypical.
v Serum proteins are a significant contaminant and may unwantedly interact with your component of interest.
v If the target protein is related to a serum protein, you can’t separate the two easily.
v" On top of that, harvesting serum from unborn calves in slaughterhouses poses ethical concerns.
v" Sample handling
v Inefficient sample extraction from a matrix is a frequent source of difficulty

. e . v’ Different brands of Mobile phase

HPLC for virus purification ) . P . .
v’ Difference in pumps to pressurize a mobile phase
v Variation in Injectors
v’ Variations in Columns and detectors

response are still unknown. Adjuvant pharmacokinetic data following
Intramuscular (IM) administration is few and limited [62,78,79].
Its controversial if the squalene-containing vaccination adjuvant
has a local or systemic immune effect [80]. Because experimental
pharmacokinetic research isn't currently required as part of the
global vaccination regulatory registration framework [81-83], there
is a scarcity of published data on vaccine pharmacokinetics [78]. On
pathology, immunology, and vaccine research, Controlled Human
Infection Model (CHIM) experiments in human volunteers exposed
to infectious microorganisms (also known as challenge agents) are
critical. As has been demonstrated for malaria and typhoid vaccine
development, microbial challenge research is excellent for providing
evidence of suggestions for therapeutic interventions and may greatly
reduce the time required to reach phase three research of a clinical
trial [84-87]. The administration of a known dose of SARS-CoV-2
in a carefully controlled context has been recommended as a model
to allow for a quick preliminary assessment of vaccination efficacy
and early deselection of vaccine candidates [88,89]. A COVID-19
CHIM model has a number of advantages over studies that rely on
spontaneous community transmission, which is difficult to forecast,
as well as behavioral changes and public health interventions. CHIM
research necessitates the controlled delivery of a standardized
inoculum, ideally prepared wusing acceptable manufacturing
techniques, as well as great care to prevent the challenge strain from
spreading in the population [90]. Even though the number of people
required is significantly less than in major phase 3 clinical trials, these
studies may be logistically difficult and expensive for participants.
Even though there are challenging circumstances for implementing
a CHIM for SARS-CoV-2 [89], there may be significant value in
doing so, even in the context of an authorized product. The use of
this ethically complex and contentious method for vaccine evaluation
would necessitate interdisciplinary, global oversight to ensure that the
results are rigorous and justify the potential dangers to participants
and their communities [91].

Conclusions

Vaccines can be made as suspensions, emulsions, or freeze-
dried powders with a variety of adjuvants. However, many of those
manufactured vaccines face multiple problems from a pharmaceutical

standpoint, including the risk for acute hypersensitivity reactions,
the need for extremely cold storage temperatures, and handling and
delivery requirements. These requirements should limit vaccine supply
to different populations, which has a negative impact on health equity.
In the production of vaccines during upstream and downstream
processes, new facilities, equipment, and enabling technology may be
required, some of which may have an impact on how existing vaccines
are manufactured. The number of people required is significantly high
in clinical trials; these studies may be logistically difficult and expensive
for participants. Even though there are challenging circumstances for
implementing a vaccine pharmacokinetic study protocol, there may
be significant value in doing so, even in the context of an authorized
product. The use of this ethically complex and contentious method for
vaccine evaluation would necessitate interdisciplinary, global oversight
to ensure that the results are rigorous and justify the potential dangers
to participants and their communities.
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