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ABSTRACT
Prophylactic vaccines are crucial in modern healthcare and have been used successfully to combat 
bacterial and viral infectious diseases. Infections like polio and smallpox, which were dreaded historically, 
and which devastated the human race over many centuries, are now rare. Smallpox has been eradicated 
completely and polio is nearly eradicated because of vaccines. Vaccines differ fundamentally from other 
classes of medicines in that they are usually administered as a preventive measure to a healthy individual 
rather than to a sick person already with an infection, although exceptions to this practice exist. Most 
currently used prophylactic vaccines are based on established platforms, but many vaccine candidates, in 
late development stages, including several COVID-19 vaccines, use highly novel vaccine platforms not 
available historically. History of infectious diseases and prophylactic vaccines are filled with important 
scientific lessons, and thus provide valuable insights for the future. With hindsight, historically there were 
some ethically questionable approaches to testing vaccines and the germ warfare against native popula-
tions in the Americas and other regions. In this review, we examine key historical lessons learned with 
prophylactic vaccines with reflections on current healthcare dilemmas and controversies with respect to 
influenza and COVID-19 vaccines.
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Introduction

Vaccination has been relatively successful in preventing many 
childhood-related infections and saving millions of lives. Well 
in excess of 10 million lives were saved between mid-1960s and 
2015 with viral vaccines1, 2 such as measles, mumps, rubella, 
chickenpox and hepatitis A, produced from acceptable cell 
culture substrates. However, approximately 1.5 million chil-
dren under 5 years still die annually from vaccine-preventable 
diseases, mainly due to the lack of access to essential childhood 
vaccines.3,4 By contrast, major pathogens, including smallpox, 
polio, rabies that killed hundreds of millions of individuals in 
the last few centuries, are largely under control because of 
availability of safe and effective prophylactic vaccines. The 
WHO estimates that currently available vaccines prevent 2– 
3 million deaths worldwide annually.3 Smallpox was eradicated 
formally about 40 years ago and animal borne virus, rinderpest, 
was the second pathogen to be eradicated, in 2011. Remarkable 
progress has been made toward eradicating Polio due to global 
vaccination efforts since 1960s and relatively recent more 
effective single antigen vaccine or various combination 
vaccines1 that contain inactivated polio virus. Polio is set to 
become the second human infectious virus that will be fully 
eradicated. Other vaccine preventable diseases are largely 
under control with more than 90% to 100% decrease in mor-
bidity compared to 20th Century annual cases because of pro-
tection that vaccines offer in conferring herd immunity1.

Early developments in inoculation (precursor to vaccina-
tion) were due to the efforts in Asia Minor, Africa and East 
Asian societies, in particular Chinese and Muslim countries. 
Later vaccine developments, particularly by British, French and 

German scientists contributed significantly to vaccine develop-
ment between the 17th–20th Centuries. Spain was the first 
country to undertake a general public health vaccination pro-
gram by transporting vaccines from Europe to the Americas to 
vaccinate millions of people against smallpox.5

History provides many lessons in dealing with infectious 
diseases. It is also obvious that current efforts to combat 
COVID-19 as well as other potential future pandemics 
requires us to work in close collaborations globally since 
“no one is safe until everyone is safe.” This review critically 
examines key past successes with vaccine developments, as 
well as key mistakes made in the past in vaccine discovery 
and vaccination. The focus of this review is on active immu-
nization using commercially developed vaccines rather than 
on passive immunization where an individual receives anti-
bodies from another infected individual (or animal). We also 
highlight how certain human actions with respect to vaccines 
and vaccinations have affected indigenous populations in the 
colonized world with the goal that current vaccination efforts 
do not lead to similar catastrophic outcomes for margin-
alized populations.

Inoculation, Edward Jenner and Lady Montague – 
eradication of “Angel of Death”

Start of modern vaccination refers to the study by English 
physician, Edward Jenner, in the 18th century. Jenner recog-
nized that milkmaids infected with cowpox virus were immune 
to the smallpox virus. He injected pus from a pustule of 
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a cowpox patient to his gardener’s son and subsequently chal-
lenged him with smallpox virus and observed that the child 
survived. His 1798 published findings is one of the most influ-
ential studies in medical history.6 He named this practice 
Variolae vaccinae denoting cowpox; the term vaccine origi-
nates from the Latin word vacca for cow.

By today’s norms, Jenner’s experiment would be consid-
ered unethical, and his experiment had many flaws. 
However, this study was a precursor to the development 
of smallpox vaccine and paved the way for the discovery 
and development of many vaccines used currently. 
Smallpox was eventually eradicated in 1979 and children 
are no longer vaccinated against smallpox. However, small-
pox vaccines are still stockpiled by various countries for 
threats against bioterrorism.

Prior to vaccines and vaccination, inoculation (also 
referred to as variolation or engrafting) was common glob-
ally; cultures in Asia Minor, Middle East, Africa, India and 
China, were already using inoculation to immunize 
children.7,8 This practice firmly established the concept 
that an individual who recovered from a disease generally 
did not catch the same disease again.

Well before Jenner’s time, inoculation was widely used in 
Britain, New England, and Russia due to the efforts of Lady 
Montague (1689–1762), who learnt about inoculation in 
Istanbul. Lady Montague was herself disfigured by smallpox 
and her children were inoculated in Istanbul; she mentioned in 
her letters home how old women would inoculate children 
with attenuated/ inactivated smallpox viruses from prior mild 
cases. The practice also became widespread in Russia after 
Catherine the Great was inoculated, well before Jenner’s milk-
maid and cowpox observation.

Similar developments were evolving in other regions; in 
Boston, an African slave, Onesimus (circa 1600s–1700s), 
detailed an inoculation that he had undergone which he 
claimed protected him from smallpox for life. This led to 
inoculation of many Bostonians once smallpox emerged as 
a major cause of death (1,000 deaths of the estimated popula-
tion of 10,000 in the 1700s).9,10

An alternative inoculation process, involving nasal insuffla-
tion of cotton buds that contained a small amount of powdered 
substance from smallpox, very likely from smallpox scabs, was 
also common in China and India.11–13

Aftermath of the first vaccine

Inoculation, however, worked partially and occasionally 
caused serious complications or even death. Jenner’s suc-
cess, therefore, was a major achievement and his results and 
related later experiments by Pasteur, Toussaint2 and others, 
in animals and subsequently in humans for other infectious 
diseases, by transferring an artificially weakened (attenu-
ated) pathogen (e.g., anthrax, rabies) from the same species 
(i.e., from animal to animal or human to human), were 
pioneering projects in modern vaccine discovery and devel-
opment. These successes collectively led to vaccination as 
the major public health initiative to combat infectious dis-
eases globally.

Colonization – consequences of infectious diseases in the 
colonies

Colonization by Spanish, British, French, Dutch and other 
European nations with the consequent spread of new 
European diseases like smallpox in the new colonies, drastically 
changed human history. This had a cataclysmic effect on many 
indigenous populations, causing precipitous declines in their 
populations due to lack of natural immunity. It is estimated 
that more than 20 million natives died in the 16th Century not 
long after the Spanish established a new colony in Mexico 
because of previously unknown infections that Europeans 
brought to the continent.14–17 This rapid decline in the native 
population had a subsequent effect on much needed workforce 
as new settlements required expanded workforce. In turn, the 
colonizers needed to identify new cheap workforce sources 
which resulted in massive slavery of Africans by European 
nations.

Similar outcomes were noted in other parts of the world 
where native populations suffered similar consequences of 
colonialism. The First Australians suffered 80–96% population 
loss during the first 10 years of European settlement in the 18th 

Century; smallpox, measles and other diseases played 
a significant role.18

There was also intentional spread of infections in the new 
colonies with similar catastrophic consequences, as a crude and 
primary form of biological warfare. One example is the delib-
erate attempt to spread smallpox in Massachusetts to native 
Americans via infected blankets and other material; mentioned 
in the letters of Sir Jeffery Amherst (chief of British forces in 
North America in the mid-18th Century).19,20 Deliberate 
spread of smallpox and perhaps other infectious diseases 
amongst native Australians was also suggested during 
European settlement in the late 18th Century.21

Vaccination in the Americas by the Spanish

The first mass vaccination campaign was probably the vaccina-
tion of millions of individuals in the Americas against smallpox 
by the Spanish in the early 19th Century. Transporting vaccines 
to long destinations over many months, especially by sea was 
however, extremely difficult in the 19th Century. The Spanish 
found a solution; creating a human chain, akin to cold chain 
that is used currently, to carry the vaccine to the New World. 
For this highly unethical and immoral chain, 22 orphans were 
taken on the voyage and one after another were infected until 
the expedition reached the colonies in the Americas. Several 
trips were then made to major settlements in North and South 
America, and subsequently millions were vaccinated against 
smallpox.22–25

Eradication of “Angel of Death”

Variola viruses causing smallpox are of two major types: 
variola minor and variola major. Variola minor was a strain 
of smallpox that was less common and only caused mild 
infection. Variola major, however, was commonly known as 
the smallpox strain that originated approximately 
3000 years ago either in Egypt or India and caused global 
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havoc over many centuries. It bore many names like the 
Angel of Death and speckled monster. In the 20th Century 
alone, smallpox caused 100–300 million deaths.26,27

Victor Zhdanov (1914–1987), a highly influential 
Russian epidemiologist and deputy health minister of the 
Soviet Union advocated for the total eradication of the 
smallpox virus. Many were skeptical since previous eradica-
tion programs for malaria, yellow fever, hookworm and 
other infections had not been feasible. In 1959, the World 
Health Organization (WHO) undertook this challenge; pro-
gress was very slow until 1966, when an annual US$2.4 mil-
lion funding was secured the appointment of well-known 
epidemiologist, Dr Donald A. Henderson (1928–2016), as 
the head of WHO’s Smallpox Eradication Unit.27 Other 
relatively simple and novel approaches, such as the intro-
duction of the bifurcated needle for vaccine administration, 
expedited the eradication program and it was easy to teach 
vaccinators who were not medically trained, the bifurcated 
needle also required much less vaccine so the production 
capacity was no longer the critical issue.

In 1975, “Operation Smallpox Zero” program was 
launched by WHO which was treated with skepticism by 
many experts. In 1980, the WHO officially declared that 
smallpox was eradicated due largely to a globally successful 
vaccination campaign that lasted many decades. It required 
international collaborative public health measures, adopting 
rigorous scientific principles and pragmatically adopting 
other methods as required, providing appropriate monetary 
support, and public involvement at many levels of society. 
Smallpox eradication is probably the greatest public health 
achievements in history. A similar eradication of polio is 
close to being achieved.

Summary of lessons from history

The preceding discussion on the history of vaccines and vacci-
nation has provided useful lessons for the future of vaccines. 
These include:

● Colonization and its effects on emergence of infectious 
diseases especially in Indigenous populations and how to 
protect vulnerable native peoples.

● Importance of critical observations to document ways of 
protecting individuals as well as the general population 
against infectious diseases.

● Use of ethical testing practices for testing vaccine efficacy 
and safety.

● Importance of childhood and adult mass-vaccination 
programs to confer herd immunity in the population 
(e.g., lessons recently learned from outbreaks of mumps 
and pertussis) and to eradicate specific infections linked 
to specific contagions.

● Collaborative targeted international efforts, and injection 
of appropriate funds to bring about stepwise and rapid 
changes in vaccine development.

● The importance of political will, leadership and role 
models to promote greater acceptance of vaccines quickly 
especially in an era of vaccine hesitancy.

Keeping these lessons from the history of vaccines and 
vaccination in mind this review now moves to more contem-
porary considerations facing society in the era of recurrent 
influenza outbreaks and the current pandemic.

Types and classes of vaccines

Many vaccine types have been developed since Jenner’s historic 
breakthrough and majority of these vaccines are summarized 
in Table 1 and depicted in Figure 1. Most of these vaccines, 
however, use established discovery/development platforms, 
where the pathogen is grown using cell culture. Globally, 
most of these vaccines are provided as pediatric vaccines. 
However, since Jenner’s time, and as a result of the many 
lessons learnt, novel methods and vaccine discovery strategies 
have evolved to arrive at safe and effective vaccines.

Conjugate vaccines, where a specific bacterial surface sugar 
group (i.e., polysaccharide) that is conjugated covalently to 
a toxoid (a chemically modified pathogen toxin, which is no 
longer toxic but is still antigenic and can be used as a vaccine), 
usually diphtheria or tetanus protein, have emerged. Conjugation 
is necessary since polysaccharides are weakly immunogenic, but 
toxoids elicit good immunogenicity while displaying fewer side 
effects. Combined conjugate toxoid vaccines have been developed 
against Haemophilus influenzae type b (Hib) and pneumococcus 
which are used as combination vaccines for childhood immuniza-
tion (Table 1). Recently new conjugated pneumococcal vaccines 
have been developed with additional pneumococcal capsular 
polysaccharide from different serotypes to provide broader cover-
age for different regions of the world.

Other childhood vaccines including diphtheria, tetanus, 
pertussis, polio, hepatitis B plus HibCV are constituents of 
the hexavalent pediatric vaccine (Table 1).

Attenuated or inactivated viral vaccines are another vaccine 
class that use established platforms to prepare vaccines. In the 
attenuated vaccine, a pathogen is passed many times through 
cells until it is not infectious/ virulent in humans. Some of the 
influenza and polio vaccines are examples of attenuated vac-
cines. In such vaccines, the virus is inactivated chemically or 
using elevated temperature so that it cannot reproduce any-
more. Chemical inactivation uses either formalin, β-mercapto- 
ethanol or other similar chemicals, Rabies vaccine is an 
example.36 Occasionally, further processing is needed to split 
the virus to prepare a subunit vaccine with fewer side effects. 
Some influenza vaccines are examples of this kind of vaccine. 
Usually, a surfactant, like Triton-100, is used to split the virus. 
Exposing the virus to a surfactant induces splitting by dissol-
ving the viral membrane and exposing inner regions of the 
virus. This process is used for most annual seasonal influenza 
vaccines. Formulation stability is a major issue with this pro-
cess since splitting generates a non-homogeneous mixture.

Novel vaccine platforms have emerged in recent years 
including nucleic acid-based (e.g., mRNA), nanoparticle com-
plex formation or viral vector based-vaccines that have been 
used to develop COVID-19 vaccines and other emerging vac-
cines. In the nucleic acid type vaccines, DNA or RNA repre-
senting a small section of a virus, for example, surface protein, 
is used as the antigen. In the case of mRNA, an encapsulating 
delivery system needs to be used since RNA is highly unstable 
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and is short-lived in the body. Pfizer/BioNTech, Moderna and 
other COVID-19 vaccines are of this class. Research on nucleic 
acid (both RNA and DNA)-based vaccines have been ongoing 
for many decades. However, only recently RNA vaccine efforts 
have come to fruition and generated multiple, hugely success-
ful mRNA vaccines for COVID-19, while no successful human 
DNA vaccine exists currently.

With the viral vector system, a part of the target virus is 
incorporated into a different virus that is harmless and non-
replicating. As a vector or carrier, adenoviruses (of human or 
animal origin) that cause common cold, or measles, vaccinia or 
other viruses may be used. Examples of this type of vaccines 
include Merck’s Ebola vaccine Ervebo®, which is an attenuated 
recombinant vesicular stomatitis viral vaccine, AstraZeneca’s 
and Johnson & Johnson’s COVID-19 vaccines which both use 
chimpanzee adenovirus viral vector while Sputnik V COVID- 
19 vaccine uses a human adenovirus vector, and Bavarian 
Nordic’s smallpox vaccine, Imvanex®, that uses a modified 
Vaccinia Ankara vector among other vectors.

Current vaccines and immunization programs

Recent step-wise refinements in vaccine discovery/develop-
ment have led to a paradigm shift in the management of 
infectious diseases and vaccines are now an integral part of 

modern healthcare and are first-line defense to prevent human 
infections. In addition to inactivated or attenuated vaccine 
production methods, subunit, recombinant vector using short 
DNA/RNA fragments and polysaccharide vaccines have been 
developed. Sixteen childhood and adolescent vaccines37 are 
now routinely administered from birth to age 4 years (Table 
1); most of these vaccines require multiple doses to elicit long- 
lasting immunity. Some of these vaccines are combination 
vaccines such as DTaP-HepB-IPV (diphtheria, tetanus, and 
acellular pertussis, hepatitis B, and inactivated poliovirus 
vaccine).

While many childhood vaccines provide life-long immu-
nity, the protective effects of some vaccines decline with age, 
requiring additional booster shots (Table 1). For example, 
a single dose of measles vaccine provides over 90% protection 
that lasts a lifetime, but booster shots are required to bring the 
protection to higher levels. Influenza is an exception to this; 
instead of booster doses, seasonal influenza vaccines are admi-
nistered each year because of influenza viral shift and drift. At 
present, trivalent or quadrivalent seasonal influenza vaccines 
are available for children 6 months and older as well as adults.38 

Hunt for a universal influenza vaccine is vigorously being 
pursued by both vaccine industry and academia. Such efforts 
focus primarily on the constant regions of the virus such as the 
M2 protein or the stem of HA both of which have not shown 

Figure 1. Different types/classes of vaccines. Vaccines are produced using different processes. Vaccines may contain live attenuated pathogens (usually viruses), 
inactivated whole pathogens, toxoids (an inactivated form of the toxin produced by bacteria that causes the disease), or parts of pathogens (e.g., natural or recombinant 
proteins, polysaccharides, conjugated polysaccharide or virus-like particles). Adapted from.35
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mutations over the years. However, these viral domains are not 
very immunogenic and hence a successful universal influenza 
vaccine candidate is yet to be identified.

Other vaccines such as for travel vaccinations also exist and 
are administrated as required against many different types of 
pathogens (Table 1). These include for example, seasonal influ-
enza, yellow fever, rabies and zoster vaccines. WHO provides 
recommendations for routine immunization schedules for 
these39 and each individual country adopts a schedule of vac-
cination from birth to adolescence; most country schedules are 
highly similar. As a result of vaccine hesitancy and regional 
conflicts (like the Yemen and Syrian wars), highly infectious 
vaccine-preventable diseases such as measles are on the rise in 
many countries including some developed countries and var-
ious public health measures have been implemented to increase 
mass vaccination programs (for example, mandating vaccina-
tion prior to school admission/entry).

Pandemic readiness – emerging issues with current 
influenza vaccines

Pandemic preparedness schemes were adopted by some coun-
tries following the 2005 bird influenza outbreak, the 2009 swine 
influenza pandemic and the 2014–16 Ebola outbreak. Many 
nations, including Australia, launched their pandemic (and 
biosecurity) procedures at the start of the COVID-19 pan-
demic. However, according to the Global Preparedness 
Monitoring Board (GPMB) and the WHO, no country was 
fully prepared or could mitigate global health emergencies 
like the current coronavirus outbreak.40,41 The existing pan-
demic readiness frameworks were insufficient for the global 
COVID-19 pandemic caused by SARS-CoV-2; partly because 
most preparedness schemes were established to deal with only 
an influenza pandemic.

Influenza avoids our immune system due to extensive viral 
drift (small number of mutations in the viral gene leading to 
changes in key surface glycoproteins [hemagglutinin, HA, and 
neuraminidase, NA]) and shift (a major structural change in 
virus, giving rise to a new HA and/or NA, which may be 
categorized as a new subtype),42 requiring vaccination 
annually.43,44 The WHO reports that over 500,000 individuals 
die annually from influenza,43–46 including high-risk groups 
(children, the elderly and pregnant women). The USA Centers 
for Disease Control and Prevention (CDC) estimated that the 
2009 influenza pandemic, caused by Influenza 
A (H1N1pdm09 – the swine influenza), killed approximately 
600,000 individuals.47,48 The COVID-19 pandemic has 
revealed that the world was not prepared for a more virulent 
pandemic virus that can spread and kill rapidly and extensively.

There have been many other influenza pandemics in history 
such as the Russian influenza in 1889 (which killed ~1 million), 
Asian influenza in 1957 (~1.1 million deaths), Hong Kong 
influenza in 1968 (1 million casualty); with the 1918 Spanish 
influenza being the most deadly (50 million deaths, ~5% of the 
world’s population at that time).49 Another influenza pan-
demic is expected by many experts, thus understanding histor-
ical and emerging influenza outbreaks might assist in dealing 
swiftly when another pandemic emerges.

Current influenza vaccines: element of ‘guessing’ and hit- 
and-miss efficacy

Current influenza vaccines consist of one influenza A strain 
(H1N1) and (H3N2), together with one or two influenza 
B virus strains that are used in either the trivalent or quad-
rivalent vaccines respectively.50 There are 18 different subtypes 
of hemagglutinins (HA) and 11 subtypes of neuraminidases 
(NA) in influenza viruses.50 Only a small number of influenza 
A viruses, mainly H1N1 and H3N2 subtypes, have humans as 
hosts.

The critical public health issue is the selection of the viral 
strain (subtype) for seasonal influenza vaccines as this directly 
affects the vaccine’s efficacy. The WHO reviews worldwide 
viral surveillance data to determine which strain(s) to recom-
mend annually for different regions. Mismatch between 
‘guessed’ or ‘predicted’ strains (vaccine components) and 
actual circulating viral strains at a particular time in a specific 
region results in the vaccine’s relatively poor performance.51 

While artificial intelligence (AI) and machine learning (ML) 
may provide better predictions of the viral strains for annual 
vaccines, these techniques are in their infancy.52 Each viral 
strain is produced separately and mixed with the other strain(s) 
to yield either a trivalent or quadrivalent influenza vaccine.

Influenza vaccines are 60–85% effective in children and 30– 
60% in adults <65 years old.53 In the last several decades, 
however, the effectiveness has fluctuated considerably and 
sometimes it is as low as 10%. Over the last several years, 
seven influenza variant strains have been observed; this rapid 
emergence of different strains is very concerning.

Moreover, different surfactant amounts are required to 
split different influenza viral strains, reflecting different 
intrinsic viral structural stabilities (unpublished observations 
from the primary author). This may result in the proportions 
of unsplit virus being for different strains viruses. 
Additionally, influenza viruses have a diverse range of HA 
and NA sequences and somewhat dissimilar glycosylation 
profiles,54 which would affect their intrinsic stabilities and 
the types/amounts of protein aggregates formed. In general, 
however, each strain undergoes an identical manufacturing 
process and these critical quality attribute differences are not 
routinely considered during manufacturing, due to lack of 
sensitive methods to reliably detect virion differences. Such 
issues need to be understood fully to yield vaccines with 
high formulation stabilities.55

Lack of sensitive in-situ methods in vaccine manufacturing

Many of the R&D issues with vaccines are known, however, 
regulatory agencies are slow to implement new developments. 
An example is the widely used Single Radial Immunodiffusion 
(SRID) assay,56 developed in the 1960s, and still used to deter-
mine HA content and vaccine stability/potency. More sensitive 
techniques have been developed as alternatives but these are 
not commonly accepted either by the vaccine industry or 
regulatory agencies. Relying on SRID to estimate vaccine for-
mulation stability/potency may be misleading especially for 
those vaccines that contain inadequately split virus; other tech-
niques are thus urgently needed.
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Lack of manufacturing controls and insufficient product 
characterization

Many parameters influence influenza vaccine stability includ-
ing for example, flock age for egg-based vaccines, initial titer 
concentration, type of surfactant, initial and residual surfactant 
concentrations, number of filtration steps and final HA con-
centration. Several unanswered questions with respect to influ-
enza vaccine development/manufacturing include:

● What other process-parameters directly affect virus yield?
● What is the relationship between viral yield and virus 

strain?
● Does immunosuppression have a considerable impact on 

yield?
● What is the temperature sensitivity of the virus yield?
● What is the effect of inoculate concentration on virus 

yield?
● What (and how much) growth factors and/or nutrients 

enhance virus growth?
● How does glycosylation (type/extent) of the virus influ-

ence yield?
● How do different surfactants (and their concentrations) 

interact with the virus?
● How does intrinsic virus stability influence final (fin-

ished) formulation stability?
● What type of particles are formed during manufacturing?
● Can we elucidate aggregation of HA in detail and how 

this affects formulation stability?
● Can we develop rapid and sensitive potency ranking/ 

screening methods?
● How do different additives affect stability?

Understanding these vaccine formulation issues would lead to 
more precise control of each vaccine production step and 
a consistent viral yield in each vaccine batch.

Vaccine supply and demand gaps

From the current global influenza vaccine manufacturing capa-
city, there would be a vaccine shortage if another influenza 
pandemic emerged. Although cell-based influenza vaccine 
manufacturing platforms exist, majority of the current influ-
enza vaccines are egg-based. The current annual capacity for 
producing a pandemic influenza vaccine is estimated primarily 
on the capacity to produce the current seasonal vaccine. The 
world’s annual capacity for the production of egg-based influ-
enza vaccine is approximately 1.5 billion doses for seasonal 
vaccine and about 8 billion doses for a potential influenza 
pandemic.57 As a result, only ~60% of the world’s population 
would have enough vaccine in one year if another influenza 
pandemic was to occur. Two billion more doses would be 
required to vaccinate the desired 70% of the population to 
confer herd immunity.57 Limitations to pandemic influenza 
vaccine availability are: (i) need to plan at least 6 months 
ahead, (ii) availability of sufficient chicken eggs of the right 
quality, (iii) unpredictable viral yields, and (iv) very low viral 
yield per embryonated chicken egg for some viral strains.58,59 

These limitations also result in higher manufacturing costs, 

limited production volumes and unequitable vaccine distribu-
tion globally. New influenza vaccine manufacturing/formula-
tion technologies are therefore urgently needed.

COVID-19 vaccines – a paradigm shift in vaccine 
development

SARS-CoV-2 generated COVID-19 pandemic

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV 
-2) is the novel coronavirus (Figure 2) that emerged in China in 
late 2019 and caused Coronavirus Disease 2019 (COVID-19) 
which is now a pandemic. So far (July 2021), the confirmed cases 
have exceeded hundred millions of cases globally and 4 millions 
of deaths.60 A recent estimate found that its basic reproductive 
number (R0) is between 3.6 and 6.1 depending on the country61 

with an incubation time of 2–14 days. More critically, asympto-
matic individuals spread the virus rapidly, making SARS-CoV-2 
one of the most transmissible viruses.62–64 This was very con-
cerning initially since there was no therapy and vaccines have 
only now become available. However, many countries imple-
mented their pandemic readiness frameworks or biosecurity 
action procedures well before WHO’s COVID-19 pandemic 
declaration. However, no country was fully prepared for this 
pandemic,40,41 especially as more virulent (delta) strains emerge.

Coronaviruses on the rise

Multiple coronavirus outbreaks have occurred since the early 
2000s; original SARS-CoV-1 in 2002–3, several swine corona-
viruses cases, Middle East Respiratory Syndrome (MERS), and 
finally SARS-CoV-2 in 2019; clearly coronavirus infections are 
on the rise. While all these outbreaks originated from bats, 
intermediate hosts include civets for SARS-CoV-1, camels for 
MERS while the intermediate host for SARS-CoV-2 is yet to be 
firmly established. The virus has surface glycoproteins called 
Spike protein (S-protein) that play a key role in cellular attach-
ment and entry into the host (Figure 2). It is also the main 
target for immunity and hence many vaccines use S-protein as 
the antigen. SARS coronavirus is one of the largest single 
strand RNA viruses but unusually it has a proof-reading 
mechanism, so for example, compared to Influenza, it mutates 
more slowly. Nevertheless, it is an RNA virus, so it still mutates 
and different variants of SARS-CoV-2 including the UK, South 
Africa, India, California and Brazil variants, have appeared 
within a year or so. Some of these variants (like the delta 
variant) are more virulent and spread more rapidly but their 
full characteristics are yet to be fully determined. These var-
iants are a major concern in case the immunity afforded by 
current vaccines do not protect individuals fully against emer-
ging variants.

Role of regulatory agencies – approval of COVID-19 
vaccines

One of the lessons learnt from history with respect to small 
molecule drugs and vaccines is a robust but timely approval 
and drug registration framework. Role of regulatory agencies 
in each country is generally clear and transparent; in general, 
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the public has confidence in the drug (vaccine) approval pro-
cess. Regulatory reviews of new vaccines to ensure quality, 
safety and efficacy has traditionally been a lengthy and slow 
process. Every R&D and manufacturing step, safety, efficacy 
and stability data must be examined prior to granting approval. 
Several years ago, new approval pathways were introduced in 
different jurisdictions to expedite approval; for example, 
Investigational New Drug (IND) Application, Priority 
Review, Breakthrough Therapy, Accelerated Approval, and 
Fast Track pathways by the USA’s FDA,65–67 and PRIME 
(Priority Medicines) of the European Medicines Agency 
(EMA).68 These pathways are generally more rapid than the 
traditional pathways; however, there are strict conditions for 
a medicine to be considered via these expediated pathways, like 
an unmet medical need. During this COVID-19 pandemic, 
however, there has been criticism of regulatory agencies for 
taking too long to approve a particular vaccine, especially if the 

same vaccine was approved in another jurisdiction. In contrast, 
regulatory agencies also faced criticisms about by some for 
approval of some vaccines too rapidly so that quality, safety, 
and efficacy attributes might have been compromised. What 
this pandemic has demonstrated though is the ability of reg-
ulatory agencies to be responsive to public demands for timely 
approval of vaccines in an environment where there are very 
few other mechanisms for controlling the pandemic.

Specific COVID-19 vaccines

As of July 2021, 21 vaccines have been authorized for emer-
gency use in different jurisdictions and over 300 are in various 
stages of development.69,70 Major approved vaccines, listed in 
Table 2, fall into two categories: those based on established 
platforms, e.g., inactivated virus, and those based on novel 

Figure 2. A highly simplified representation of the SARS-CoV-2 cell cycle. (A1) Virus entry generally occurs via surface glycoprotein (Spike protein, S-protein) binding to 
ACE2 receptor, TMPRSS2 also has a critical role to play in this process. Detailed interactions between S protein–ACE2 are also shown (courtesy of Dr. Serdar Kuyucak, 
USyd (A2). The virus can also enter by endocytosis (B&C). Subsequently, uncoating of viral proteins, primary translation, polyprotein processing and transcription take 
place. (D). Translation and viral RNA synthesis then occur (E). Other key steps such as accessory protein-host interactions take place prior to assembly and viral 
maturation. (F). Finally, release of mature viruses occurs via endocytosis.
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vaccine platforms, e.g., mRNA-based vaccines. The latter can 
be further categorized as nucleic acid-based or viral vector- 
based vaccines, which are the two major classes.

Vaccines using novel platforms include mRNA-based vac-
cines (Pfizer/BioNtech and Moderna), adenovirus vector- 
based vaccines (AstraZeneca/Oxford University, Johnson & 
Johnson and Sputnik V), and protein-based (Novavax). 
Vaccines that have been prepared using established platforms 
use inactivated virus (CoronaVacTM by Sinovac, Sinopharm 
vaccine, and Covaxin® by Bharat Biotech). Prior to COVID- 
19, no vaccine on the market had utilized these novel plat-
forms; therefore, every aspect of this vaccine development 
paradigm has required detailed regulatory scrutiny. The var-
ious clinical trial phases (I to IV) are traditionally designed to 
facilitate intense scrutiny but the design of these vaccine 
trials were very diverse. For example, many differences 
between trial protocol end-points might have existed 
although Pfizer, Moderna, AstraZeneca and Johnson & 
Johnson trials apparently had similar primary endpoints.76 

Other parameters may have affected efficacy assessments, for 
example, during the clinical trials of the AstraZeneca vaccine, 
results from different countries varied, presumably due to 
dosing errors.

The various phases of vaccine trials are designed to examine 
quality, safety, and efficacy of the product; if these attributes are 
sub-optimal, theoretically these would be picked up during 
one/more of the trial phases. This is what was observed for 
the University of Queensland (UQ) vaccine candidate; trials 
were discontinued due to an intrinsic design problem in the 
foundation technology. A ‘molecular clamp’ was employed to 
maintain the trimeric S-protein conformation, as in the actual 
virus, via a peptide from HIV as ‘a clamp.’ However, during 
phase I trials, some volunteers displayed false positive results in 
HIV tests and hence the trial was discontinued to prevent 
a potential public health distrust in the vaccine.77

Rapid approval and use of Sputnik V vaccine in Russia, and 
Sinovac and Sinopharm vaccines in China, before human phase 
III trials were completed, have raised concerns about possible 
political interference in the approval processes in these coun-
tries. These controversies, however, did not hinder the early roll- 
out of these vaccines in many countries.78 For example, Sinovac 
vaccine was used in Turkey, UAE, Indonesia, and Brazil before 
any peer-reviewed publications became available on clinical trial 
evidence. Turkey traditionally requires EMA approval for new 
vaccines and medications, but mass vaccination started in the 
country without such approval. Some of these vaccines have 
subsequently been shown to be safe and effective.79

Most vaccines against SARS-CoV-2, the virus causing the 
COVID-19 pandemic, herald a new scientific era in vaccine 
discovery, development and manufacture. It is unprecedented 
historically that several COVID-19 vaccines have become 
available so rapidly for a pathogen that has initiated 
a pandemic within a year of its genetic sequence being deter-
mined. Vaccine development processes are generally slow, 
taking on average up to 10 years to develop a vaccine. In 
addition, many diseases including HIV AIDS do not have 

a vaccine, even after several decades of intense research. 
There are several reasons for this rapid development of 
COVID-19 vaccines:

(1) Most of the vaccine platforms (like mRNA or viral 
vector delivery) were already established.

(2) Large-scale vaccine clinical trials and large-scale manu-
facturing are two very expensive and risky steps in 
vaccine development. Significant funding from agencies 
like The Gates Foundation, many governments and 
philanthropists from around the globe added significant 
momentum to the discovery process.

(3) Some clinical trial phases were run in parallel or com-
bined, e.g., phase I & II trials were combined or phase II 
trial was conducted with a large group of volunteers and 
overlapped with phase III trials.

(4) There was no shortage of volunteers for these trials in 
many countries.

(5) Rapid peer-reviewed publications (sometimes 1 week 
after submission) and availability of manuscripts in 
open access format facilitated scientific scrutiny of key 
findings.

(6) Recent prior history with human coronaviruses.
(7) Rapid identification of virus protein sequence including 

neutralization epitopes of S protein as the major 
antigen.

(8) Ability to grow SARS-CoV-2 rapidly in different cell 
lines and to assay the virus (and its variants) accurately 
and rapidly.

Some concerns have emerged about several COVID-19 vaccines 
related to serious but rare adverse reactions such as blood clots 
with low platelet numbers, thrombocytopenia syndrome80 from 
AstraZeneca vaccine, resulting in public health recommenda-
tions for this vaccine in individuals over 50 years in Australia 
and over 30 years in the UK. With new technologies, rare but 
serious side- effects may only be observed once mass vaccination 
begins as is the case with the Astra Zeneca vaccine. Johnson & 
Johnson vaccine, being a vector-based vaccine is also under 
scrutiny for blood clots. Other ongoing concerns include lack 
of full efficacy against newly emerging viral variants. Another 
adverse event is anaphylaxis observed with Pfizer/BioNtech 
mRNA-based COVID-19 vaccine in individuals with prior his-
tory of severe allergies.81,82

To ease global travel restrictions amid this pandemic, fresh 
discussions on vaccine passports have started. Some countries 
see such passports necessary for safe international travel and 
opening of borders while in some jurisdictions it is argued that 
mandatory vaccinations and other forced restrictions would 
diminish legal rights.83

The current COVID-19 pandemic has highlighted the gap 
between global supply and demand for vaccines. Several 
European Union (EU) countries blocked export of COVID- 
19 vaccines that were manufactured in mainland EU84,85 

including a shipment to Australia.86 Similarly, India tempora-
rily blocked shipments of COVID-19 vaccines manufactured 
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by Serum Institute of India because of rapidly rising COVID- 
19 cases in India.87 To ensure a globally equitable and respon-
sible access to COVID-19 vaccines, a collaboration between 
WHO, Gavi, the Vaccine Alliance, The Coalition for Epidemic 
Preparedness, CEPI and United Nations Children’s Fund, 
UNICEF have established COVAX, whose aim is to accelerate 
the development and manufacture of COVID-19 vaccines, and 
to guarantee fair and equitable access for every country.88 

COVAX has already delivered some vaccines to needy regions 
of the world; however, underdeveloped countries (who often 
have the greatest need) have experienced severe vaccine 
shortages during this COVID-19 pandemic.

What happens if annual COVID-19 vaccinations are 
necessary?

Vaccines against SARS-CoV-2 may stop individuals getting sick 
or reduce the severity of disease; however, the virus might still be 
prevalent in the environment. In addition, because of relatively 
slow mass vaccination rates, global herd immunity may not be 
achieved in a timely manner and more virulent variants with 
more extensive mutations may emerge which may lead to new 
strains. To make matters worse, the virus might be able to jump 
to another animal host. In such a scenario, annual COVID-19 
vaccinations might be necessary, as with seasonal influenza 
vaccination. A more elegant approach might be to develop 
a combination influenza–COVID-19 vaccine. This is being con-
templated but such a combination vaccine would require either 
similar or complementary platforms (either SARS-CoV-2 needs 
to be grown in eggs or influenza virus needs to be cultured in the 
same cell line as SARS-CoV-2) and would need to be in accep-
table final vaccine preparations (like fully liquid and thermo-
stable). A combination vaccine might also overcome current 
issues with COVID-19 vaccines (inadequate manufacturing 
capacity, storage, transport and delivery). A combination vac-
cine might also be “self-adjuvanting,” where the relatively low 
effectiveness of current influenza vaccines might be enhanced.

Conclusions

Vaccine development has traditionally been a slow and 
arduous process, but significant collaborative/targeted inter-
national research efforts and injection of substantial 
amounts of money have resulted in successful vaccine 
developments within a much shorter timespan especially 
during this pandemic. WHO has been listing ongoing pro-
phylactic vaccine clinical trials since 2007;89 trials in pro-
gress include vaccines for HIV, malaria, TB, Zika, Ebola 
and of course SARS-CoV-2.

Despite these remarkable vaccine discovery advancements, 
unwavering collaborative research is urgently needed to main-
tain such stepwise discoveries in vaccine development and 
timely commercial availability. Further advancements in vac-
cine discovery, development and formulation should pave the 
way for availability of much safer and more efficacious vaccines 
and restore much needed public confidence in vaccines and 
mass vaccination programs, as a key public health strategy, 
during pandemics.

Notes

1 A combination vaccine consists of several different vaccines in the 
same dosage form. Many childhood vaccines are combination vaccines 
such as VAXELIS™ (Diphtheria and Tetanus Toxoids and Acellular 
Pertussis, Inactivated Poliovirus, Haemophilus b Conjugate and 
Hepatitis B Vaccine).

2 Jean Joseph Henri Toussaint (1847–1890) was a French bacteriologist 
contemporary of Pasteur and worked on various infectious diseases 
like chicken cholera and tuberculosis. He is credited with the devel-
opment of the first anthrax vaccine via chemical inactivation but 
during his lifetime only Pasteur received full recognition.
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