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Vaccines: Underlying Principles of Design and 
Testing
Sallay Kallon1, Shahryar Samir1 and Nilu Goonetilleke1,2,*

In this paper, we review the key elements that should be considered to take a novel vaccine from the laboratory 
through to licensure in the modern era. This paper is divided into four sections. First, we discuss the host immune 
responses that we engage with vaccines. Second, we discuss how in vivo and in vitro studies can inform vaccine 
design. Third, we discuss different vaccine modalities that have been licensed or are in testing in humans. Last, 
we overview the basic principles of vaccine approvals. Throughout we provide real- world examples of vaccine 
development against infectious diseases, including coronavirus disease 2019 (COVID- 19).

OVERVIEW
In response to the first encounter with an infection (primary in-
fection), our bodies induce a complex immune response to control 
and/or clear the infection. A component of this immune response 
is long- lived and highly specific for the infection. This “memory” 
immune response functions to prevent re- infection or limit serious 
disease following re- infection. Vaccines are treatments that induce 
memory immune responses in individuals. Vaccines are mostly 
given to “naïve” individuals, that is individuals who have never 
previously encountered that pathogen. A successful vaccine will 
prevent or greatly limit symptoms from an infection and signifi-
cantly limit spread in the community (Box 1). In 1796, Jenner used 
cowpox pustules as an inoculum against smallpox. Subsequently, 
population- wide smallpox vaccination programs using less viru-
lent vaccines, live attenuated vaccinia virus, and modified vaccinia 
Ankara strain were initiated. In 1980, this formerly deadly patho-
gen was declared eradicated globally.1 In the United States, licensed 
vaccines are available for over 25 pathogens. Worldwide, vaccina-
tion programs are estimated to save between 2 and 3 million lives 
annually and limit morbidity in 10s of millions. Vaccination pro-
grams also provide enormous economic savings.2

There are diseases against which preventative vaccines have not 
been developed. These include HIV and malaria. Other diseases, 
such as tuberculosis and seasonal influenza, have suboptimal vaccines. 
Despite available treatments, global deaths from these four diseases 
alone accounted for 2.58 million deaths in 2019.4– 7 Other diseases 
do not cause death but life- altering morbidities. Chlamydia is a bacte-
rial disease that primarily occurs in young people, and in women can 
result in pelvic inflammatory disease and infertility.8 Decades- long 
(and, in the case of tuberculosis, century- long9) research continues 
against each of these infections, all of which pose unique challenges 
to our immune system and, in turn, vaccine design and testing.

By contrast, severe acute respiratory syndrome- coronavirus 2 
(SARS- CoV- 2) is a novel coronavirus that emerged in humans in 

late 2019.10 SARS- CoV- 2 is a respiratory pathogen and the caus-
ative agent of COVID- 19. The lack of pre- existing immunity to 
SARS- CoV- 2 in humans has resulted in the global transmission 
of this virus. At the writing of this paper, the case- fatality rates of 
SARS- CoV- 2 in the United States were 1.8% and globally were 
2.2%.11 To date, SARS- CoV- 2 has killed > 2.5 million people glob-
ally, including > 500,000 in the United States.11 There has been 
a remarkable and unprecedented global effort to design and test 
COVID- 19 vaccines. Two COVID- 19 vaccines have now gained 
emergency use authorization (EUA) in the United States,12 with 
several more authorized in other countries (Box 2). The speed at 
which COVID- 19 vaccines have been generated, tested, and ap-
proved in 2020 reflects advances both in our understanding of host 
responses to infection and vaccine- associated technologies.

In this paper, we review the key elements that must be considered 
to take a novel vaccine from the laboratory through to licensure in 
the modern era. This paper is divided into four sections. First, we 
discuss the host immune response that we engage with vaccines. 
Second, we discuss the in vivo and in invitro studies that inform 
vaccine design. Third, we discuss different vaccine modalities that 
have been licensed or are in testing in humans. Last, we overview 
the basic principles of vaccine approvals.

Vaccines, in part, model our host immune response to 
infection
Our immune response describes the complex interaction between 
different cell populations, collectively called immune cells, that 
function to recognize, clear, and control foreign pathogens. The 
word “foreign” is important here. Our immune system has evolved 
to very effectively distinguish self (our cells and human microbi-
ome) from non- self (viruses, bacteria, parasites, and tumors). The 
immune response can be broadly divided into innate and adaptive 
immune responses; both are critical to the clearance or control of 
primary infections.
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Innate immunity. Innate immunity is elicited earlier than 
adaptive immunity in response to primary infection. The 
innate response serves two complementary functions. First, 
direct antimicrobial activity against the pathogen. Innate 
immune cells recognize “foreign” components of pathogens 
collectively described as pathogen- associated molecular 
patterns (PAMPs).13 PAMPs can derive from all parts of the 
pathogen, including lipopolysaccharide and peptidoglycans 
in the bacterial cell wall, viral RNA, and DNA. PAMPs bind 
to ligands in host cells, called pattern recognition receptors 

(PRRs), to rapidly induce a range of innate responses, including 
the production of antiviral molecules, such as interferons, 
synthesis of chemokines, like MIP- 1β and phagocytosis, to 
engulf, degrade, and clear the pathogen (reviewed in ref. 14). 
PRRs include toll- like receptors (TLR), mannose receptors, 
NOD- like receptors, and RIG- I- like receptors. PRRs are 
expressed by innate immune cells, which include dendritic 
cells (DCs), macrophages, neutrophils, and epithelial cells. 
Following infection, pathogens reside and replicate in different 
parts of a cell. Accordingly, PRRs are located on the cell surface, 
cytosol, and in endosomal compartments of cells. PRRs can 
also be grouped by the type of PAMP they recognize, such as 
lipids, DNA, and RNA. Expression of some PRRs is limited 
to a specialized group of cells, called antigen- presenting cells 
(APCs) that include DCs, B cells, and macrophages.

The second role of the innate immune system is that activation 
of innate immunity is required for induction of the adaptive im-
mune response. Here, APCs, particularly DCs, are key. Myeloid- 
derived DCs (mDCs) are the most effective APCs and are located 
throughout tissues, including mucosal surfaces.15 The mDCs in 
the tissues are highly phagocytic and pinocytic. Following infec-
tion, mDCs take up degraded pathogens at the site of infection. 
This process also triggers mDC- PRRs, which together “activate” 
the DCs. Activated mDCs then migrate via afferent lymphatic 
vessels to local lymph nodes. During their travels (1– 2  days16), 
mDCs undergo many changes described as maturation. Mature 
mDCs efficiently present antigens taken up in the tissues to 
the main mediators of our adaptive immune responses, B cells, 
CD4+, and CD8+ T cells.15 The first time mDCs in the lymph 
nodes (LNs) present a novel antigen to naïve B and T cells is re-
ferred to as “priming.” Once primed, B and T cells, in turn, be-
come activated and differentiate into memory cells that can more 
efficiently respond to secondary antigenic challenge.

Vaccines emulate the process of antigenic priming, transforming 
naïve B and T cells to memory cells.

Humoral response. Most licensed vaccines against infections 
mediate protection by the induction of humoral immunity. In the 
humoral response, small proteins called antibodies are produced 
by B cells or plasma cells. Plasma cells are specialist B cells that 
produce large quantities of antibodies. The basic antibody unit 
has a “Y” shape. The variable tips of the Y (Fab) are specific for 
the pathogen17 whereas the base (Fc) is nonvariable. There are 
several classes of Fc, each recognized by different cell receptors 
that initiate different cellular responses.

The antibodies we are typically most interested in for vacci-
nation are antibodies with IgG Fc. The Fab region of these an-
tibodies coats the surface of the pathogen preventing it from 
infecting cells, whereas the Fc IgG binds to phagocytes, which 
degrade the antigen- Ab complex. This process is called neutral-
ization. Effective neutralizing antibodies (NAbs) can completely 
prevent systemic or disseminated infection by a pathogen. Non- 
neutralizing antibodies also exist. These antibodies still bind to 
the pathogens but do not interfere with their infectivity. Non- 
neutralizing antibodies can contribute to protective immunity by 
augmenting clearance of infected cells or inducing complement.

Box 1 Herd immunity
Herd immunity describes a level of immunity within a com-
munity, whether produced through natural infection or vac-
cination, that is sufficient to reduce pathogen spread below 
a “critical point.” Roy and May described the critical point 
being achieved in a community where, on average, an infected 
person infects less than one other person.3 Not everyone in 
a community needs to be vaccinated to achieve herd immu-
nity. As has been made clear by the coronavirus disease 2019 
(COVID- 19) pandemic, many factors impact herd immunity. 
These include the transmission and replication kinetics of the 
evolving pathogen as well as the demographics, infrastruc-
ture, and behavior of the community.

Box 2 Public Health Emergencies
Vaccine licensing authorities, including the US Food and 
Drug Administration (FDA) and the UK Medicines and 
Healthcare Products Regulatory Agency (MHRA), can expe-
dite the development, testing, and availability of vaccines in 
public health emergencies. In the United States, manufactur-
ers may submit a request for EUA to the FDA to facilitate the 
availability and use of their vaccine during this time.
Operation Warp Speed (OWS)
As part of a wider strategy to accelerate the development, 
manufacturing, and distribution of COVID- 19 vaccines, 
OWS formed a public- private partnership between differ-
ent US Federal departments and the biomedical industry. It 
aimed to produce and deliver 300 million doses of safe and 
effective vaccines with the initial doses available by January 
2021.
Governmental bodies did not skip the traditional vaccine 
development and distribution steps; rather, steps were ac-
celerated and initiated simultaneously. With initial funding 
of about $10 billion from the Coronavirus Aid, Relief, and 
Economic Security (CARES) Act, the most promising vac-
cine candidates were funded by the US Government to offset 
the financial risk of upscaling infrastructure for large- scale 
manufacturing in parallel with running large clinical trials.
The FDA was also continuously provided with efficacy and 
safety data during trials to accelerate the review process for 
EUA approval or licensure.
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B cells become activated through B cell receptor (BCR) sig-
naling following initial antigen encounter with activated mDCs. 
The BCR- antigen is internalized and the antigens are processed 
and presented via class II to CD4+ T cells.18 This results in the B 
cells receiving additional signaling from CD4+ T cells or locally 
produced cytokines.19 Activated B cells migrate through follicular 
dendritic cell networks where they initiate proliferation and affin-
ity maturation creating germinal centers in LNs.20 Affinity matu-
ration is the process of Ig gene mutation and selection resulting in 
high- affinity BCRs. Some B cells also undergo class switch recom-
bination and can differentiate further to become high- Ab produc-
ing plasma cells, living days to months.

Although affinity maturation occurs independently in each one 
of us, most people can generate effective antibodies in response to 
an infection. A successful humoral vaccine is therefore one that can 
induce good high affinity, ideally NAbs in the majority of vaccine 
recipients. IgG antibodies are the major class antibodies circulat-
ing in the blood and can persist for months or years. Vaccination 
with live, attenuated vaccinia virus induced anti- smallpox immu-
nity that was sustained for > 25 years in over 90% of vaccinees.21 
In some individuals, vaccine- induced immunity against smallpox 
lasted 75  years.21 This is why childhood vaccination is sufficient 
to induce immunity against many pathogens. Later in this review, 
we discuss why some pathogens, such as influenza, require annual 
vaccination.

T cell response. A single line of defense is never a good strategy. 
Pathogens that can bypass NAbs and infect cells are detected and 
cleared by T cells. There a two major classes of T cells, CD8+ and 
CD4+ T cells. CD8+ T cells specialize in killing infected cells, 
whereas CD4+ T cells subsets modulate their nearby cells by 
secreting different cytokine milieus. As mentioned above, CD4+ 
T cells also have important roles as helper cells for the induction of 
humoral immunity, as well as maintaining gut immunity.

Following infection, almost all cells (muscle, skin, nerve cells, 
etc.) are capable of diverting some amount of pathogen to the pro-
teasome pathway. Proteasomes are similar to garbage disposals. 
Proteasomes are found in the cell cytoplasm and function to chew 
up proteins into smaller peptides. Proteasomes have an essential 
function in cells because they help recycle older proteins that can be 
“upcycled” for other uses in the cell. For pathogens that replicate in 
the cytosol (e.g., viruses), pathogen- derived peptides generated by 
proteasomes are presented on the surface of the infected cells with 
host proteins called major histocompatibility (MHC) molecules. 
This peptide- MHC complex flags the cell as infected to circulating 
T cells. The T cells have special receptors, called T cell receptors, 
that can bind specific peptide- MHC complexes. Proteins are also 
degraded by lysosomal proteolysis and loaded onto MHC- II mol-
ecules that have been transported to the endosome from the endo-
plasmic reticulum.22 Peptide- MHC- II complexes are then shuttled 
to the cell surface for presentation to a different class of T cells, 
called CD4+ T cells.22

Once bound, naïve T cells initiate maturation and proliferation, 
differentiating into memory T cells. Peptide- MHC presentation 
to memory T cells results in rapid functional responses, including 
the release of lytic molecules that kill the infected cell in minutes 

and/or cytokines that modulate the activity of surrounding cells. 
Cytokines, such as IFN- γ, can activate infected cells promoting 
microbicidal activity. Other cytokines promote cell maturation, 
survival, and trafficking.

It should be noted, that most pathogens induce both CD8+ and 
CD4+ T cells but the ratio of CD4:CD8 T cells differ. Viruses 
that replicate in the cytosol typically induce a T cell response dom-
inated by CD8+ T cells (e.g., HIV ref. 23), whereas obligate intra-
cellular pathogens that replicate in endosomes like Mycobacterium 
tuberculosis and Chlamydia trachomatis induce T cell responses 
dominated by CD4+ T cells.24– 26 All proteins, surface and inter-
nal, of the pathogen can be degraded either by proteasomes or 
through lysosomal proteolysis. T cells therefore can recognize any 
part of the pathogen. This is an important trait, as many pathogens 
(e.g., HIV and influenza) avoid antibody neutralization by mutat-
ing or recombining their surface proteins.

There is an ongoing debate on how long T cell memory lasts in 
the absence of persistent antigen (e.g., a nonreplicating vaccine).27 
How long T cell memory lasts in humans may well reflect the orig-
inal infection or the vaccine modality used. T cell responses lasting 
decades have been reported following inoculation with the live, at-
tenuated vaccines bacillus Calmette- Guérin (BCG) and vaccinia 
(smallpox vaccine).28,29

Summary. To elicit a de novo protective memory immune response, 
vaccines must first be recognized by the innate system to initiate 
uptake of the vaccine antigen by mDCs and second to promote 
mDCs maturation and migration to LNs. This means the vaccine 
must activate PRRs on cells and be recognized as foreign. Once 
in the LNs, mDCs will present vaccine antigen to naïve B cells, 
CD4+, and CD8+ T cells inducing their differentiation into 
memory cells. The relative bias toward a humoral or the T cell 
immune response is dictated by the vaccine modality.

Preclinical vaccine research
The successful design of a vaccine requires a detailed understand-
ing of the natural history of the disease in people. In vitro stud-
ies and in vivo animal models are also used extensively to inform 
vaccine design and iteratively test different vaccine modalities 
(Figure 1).

Natural history studies. Natural history studies are 
noninterventional, either cross- sectional or longitudinal 
studies of disease cohorts. These studies combine virology/
microbiology, immunology, and epidemiology research to 
provide a detailed workup of the course of a disease. Such studies 
are critical to the appropriate design of preventative vaccines. 
They inform route of transmission and transmission kinetics, 
disease course, including mortality and morbidity, susceptible 
and resistant/controlling populations, and mechanisms of 
immune evasion, as well as health care and broader economic 
costs.

A priority of natural history studies is to determine the goal of 
vaccination. Ideally, all vaccines would prevent productive or dis-
seminated infection and limit community transmission. This high 
bar is required for highly transmissible respiratory pathogens, as 
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evidenced by the global spread of SARS- CoV- 2 in 2020.11 For 
other pathogens, such as M. tuberculosis, where primary infection 
is controlled in 90% of people, vaccine efforts focus on prevent-
ing reactivation- disease, which occurs in ~ 10 million people each 
year.30 Note, the licensed tuberculosis vaccine, BCG, has higher 
efficacy in children and poor efficacy in adults in equatorial re-
gions.31 Some pathogens are not fatal but cause lifelong morbid-
ity. C. trachomatis is a nonfatal and often asymptomatic infection. 
However, bacterial ascension in the female genital tract can result 
in pelvic inflammatory disease that, over time, can result in chronic 
pain, ectopic pregnancy, and infertility.8 A vaccine that limits 
C.  trachomatis ascension preventing pelvic inflammatory disease 
would be a remarkable achievement for women’s health.

Natural history studies help identify which arm of the adap-
tive immune response should be targeted with vaccination. With 
COVID- 19, most individuals can control infection and many are 
asymptomatic, although likely still shed virus.32 Severe disease from 
SARS- CoV- 2 associates with age, immune deficiency, obesity, and 
an exacerbated immune response in the lungs.33 Another way to 
look at this is that the immune response to control SARS- CoV- 2 
can control infection in the majority of otherwise healthy people. 
Studies in these individuals, both young and old, found both NAbs 
and T cell responses targeting the SARS- CoV- 2, Spike protein.34 
Altogether, natural infection studies of COVID- 19 suggested that 
vaccines targeting Spike, particularly those inducing strong hu-
moral immunity, were likely to be protective against SARS- CoV- 2 
by either preventing or limiting severe disease.

By contrast, natural infection studies of HIV have supported 
a greater focus on the development of T cell vaccines. The high 
mutation, recombination, and replication rates of HIV enable the 
generation of escape mutations against adaptive immune responses 
in natural infection.35 HIV can tolerate extensive mutation in its 
surface Envelope protein, limiting the success of humoral vaccines 
to date. Natural infection studies have shown associations between 
the CD8+ T cell response against HIV and virus control.36,37 
This is consistent with an overall slower rate of HIV escape to T 
cells that target structural HIV proteins that are less tolerant of 
mutations.38

Natural history studies also identify those most susceptible to 
infection, which, in turn, identifies priorities for vaccination. It is 
therefore critical that natural history cohorts reflect all population 
demographics, most critically age. The strength of the adaptive im-
mune response is very closely linked with age. Relative to otherwise 

healthy young adults, children (< 2 years) and adults > 65 years ex-
hibit weakened immune responses following infection and more 
commonly experience severe disease sequelae. The much higher 
rates of severe COVID- 19 in those aged > 65 years rapidly identi-
fied this age group and long- term care homes as priorities for vac-
cination.39 Older people also produce weaker antibody responses 
to seasonal influenza vaccines, which prompted the development 
of high- dose vaccines targeted to older populations.40 Similarly, 
varicella- zoster virus, which causes chickenpox mostly in children, 
can reactivate in nerve tissue in olderpopulations causing shingles. 
Natural infection studies associated shingles with diminished T 
cell immunity. Vaccines targeting shingles use higher doses and 
more potent adjuvants than childhood vaccines, to elicit a stronger 
T cell response (reviewed in ref. 41).

In vitro studies. A broad number of in vitro studies are necessary 
to support vaccine design and testing. These range from (i) ex vivo 
propagation of the pathogen in cell lines for identification and basic 
characterization as well as testing in in vivo studies, (ii) diagnostic 
assays to detect infection, and (iii) immune assays to quantify the 
immune response following vaccination.

Here, the COVID- 19 pandemic again serves as an example of 
how in vitro assays are integral to all aspects of vaccine develop-
ment and testing. SARS- CoV- 2 was isolated from patient samples, 
including bronchoalveolar lavage fluid, and sequenced using a com-
bination of pan- coronavirus primers, next- generation sequencing, 
and metagenomics analysis.10 Viral sequences were then aligned 
with publicly available databases to show the new pathogen was 
closely related to SARS- CoV, which caused an epidemic in 2002– 
2004 that infected lungs via the ACE- 2 receptor.42 Subsequent 
studies found that SARS- CoV- 2, like SARS- CoV, could be propa-
gated ex vivo in cell lines transduced with human ACE- 2,43,44 and 
in vitro infection could be prevented by antibodies targeting the 
Spike glycoprotein.45 Virus stocks were then made available to the 
community for further in vitro testing and as challenge stocks for 
the development of in vivo animal models.

Recombinant techniques were used to express and derive the 
structure of SARS- CoV- 2 surface proteins, which were used to 
define targets susceptible to antibody neutralization.46,47 Within 
weeks of the identification of the SARS- CoV- 2 sequence, a poly-
merase chain reaction- based diagnostic test was available.48 This 
and other tests not only greatly improved clinical care but enabled 
the enrollment of participants in study cohorts for natural history 

Figure 1 Overview of vaccine design and testing. (a) The emergence of a novel syndrome may indicate the entrance of a new pathogen in 
the human population. (b) Natural history studies initially focus on the collection of clinical samples and sequencing performed to identify 
and classify the pathogen. If novel, (c) in vitro studies begin, first to identify susceptible cell lines for pathogen propagation and generation 
of stocks. Both sequence information and pathogen stocks are used for the generation of diagnostic tests and assays to measure adaptive 
immunity. These are in turn used in cross- sectional and longitudinal natural history studies to document the disease pathogenesis and host 
immunity (innate: yellow shading; humoral: purple; and T cell immunity: green) associated with both disease susceptibility and control. (d) 
Vaccine vectors that model protective host immunity are prioritized for testing. Similarly, regions of the pathogen most commonly targeted in 
protective immunity are prioritized as vaccine targets or immunogens. Parallel in vitro structure- function studies are performed to investigate 
the pathogen’s virulence and immune evasion mechanisms, that in some cases result in further modification of the vaccine immunogen. (e) 
Challenge studies using either the human pathogen or a closely related species are performed to identify animal models that best reflect 
both the disease course and host immune response observed in natural infections studies. Note, all animal models have limitations. Putative 
vaccines are tested iteratively in animal models; the most successful progressing to non- human primates. (f) Progression to clinical testing 
requires reproducible vaccine immunogenicity, a strong safety profile, and typically protective efficacy in one or more animal models. For 
severe acute respiratory syndrome- coronavirus 2, this entire process, a– f, occurred in < 12 months.
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studies. Antibody microneutralization49 and binding assays43 were 
also rapidly developed to examine the humoral response in natu-
ral infection and as diagnostic tests to confirm virus infection or 
to identify those previously infected. These assays are also being 
used to examine the humoral response to vaccination, both in hu-
mans and animal models, and whether vaccine- induced antibodies 
can recognize and neutralize newly emerged SARS- CoV- 2 vari-
ants.50,51 T cell- based assays have also been developed to quantify 
and characterize T cell immunity following both natural infec-
tion and vaccination.52 These assays typically examine the func-
tional response of T cells, such as cytokine production and killing 
capacity.

While global vaccination is now underway for SARS- CoV- 2, 
in vitro studies are ongoing. These include studies that aim to 
identify the drivers of severe disease and also examine the longev-
ity of the adaptive immune response to both the natural infection 
and vaccination.

In vivo animal models. Advancing a vaccine generally requires some 
evidence of protective efficacy in one, ideally > 1 animal model of 
disease. Animal models are used to identify dose ranges, optimal 
routes of delivery, and to directly compare vaccine responses 
in blood (typically the only available sample in clinical vaccine 
testing) to tissues, including the site of infection.

The animals most commonly used in research are inbred 
mice, which have a large selection of reagents available for study. 
Moreover, mice are small, facilitating rapid and iterative testing. 
Other rodent models include rabbits, guinea pigs, and hamsters, 
although these have fewer reagents available. Many varieties of “hu-
manized” mice have been generated that contain human T and B 
cells and/or express human cytokines or receptors to better model 
the human immune response to infection or vaccination.53 These 
chimeras, although very informative, over time suffer from graft- 
vs.- host disease limiting their application in long- term immunol-
ogy experiments. Non- human primates (NHPs), typically rhesus 
macaques, cynomolgus macaques, or African green monkeys, are 
also used in vaccine testing. NHPs generally better recapitulate 
the human immune response and disease pathology to infection. 
Importantly, NHPs are outbred and, similar to humans, exhibit 
variability both in terms of disease progression and vaccine im-
munogenicity. Unsurprisingly, studies in NHP are limited due to 
availability, cost, and bioethics. Therefore proof- of- concept is typ-
ically required in a lower order animal before initiation of NHP 
studies.

Animal models, however, rarely recapitulate the full disease 
pathology or course of the human infection. This is particularly 
problematic for species- tropic pathogens that only infect humans. 
For example, mice are not naturally susceptible to SARS- CoV- 2. 
Although, a mouse- adapted SARS- CoV- 2 strain has been recently 
reported that recapitulates many elements of COVID- 19 disease 
pathology.54 Alternatively, whereas M. tuberculosis readily infects a 
range of animal models, including inbred mice, the disease pathol-
ogy in the mouse lungs is distinct from humans limiting the use 
of pathology as a readout of vaccine efficacy.55 The dissemination 
of some pathogens is also different between humans and animal 
models. Chlamydia muridarium (C. muridarium) is used to model 

C.  trachomatis in inbred mice. C.  muridarium infection induces 
pathology in the genital tract of female mice,56 however, in con-
trast to women, C. muridarium undergoes significant dissemina-
tion to other tissues,57 inducing much stronger circulating adaptive 
immunity than reported to date in humans.58

Unsurprisingly, these differences can impact the outcome of 
challenge experiments to test vaccine efficacy. Further, the design 
of the challenge experiment itself will impact results. For example, 
a vaccine is more likely to be successful against a lower dose and/
or less virulent virus challenge. Conversely, very high or repeated 
vaccine doses may be protective in the animal challenge but may 
not be possible in humans due to manufacturing limitations or for 
reasons of safety and tolerability. Last, the readout of protection 
may differ in models. Some models may prioritize vaccine- induced 
sterilizing immunity following challenge whereas others examine 
pathogenic burden or focus more on disease- associated pathology. 
It is therefore very important that in vivo animal studies clearly 
identify caveats, produce challenge experiments that are repro-
ducible between laboratories, and, if possible, test > 1 one animal 
model.

Animal models, however, provide many advantages. First, ex-
perimental parameters can be controlled to reduce group size to 
rapidly address key questions, for example, allowing the direct 
comparison of vaccine modalities. Second, informative procedures, 
not possible in humans, can be performed. For example, CD8- Ab 
depletion following simian immunodeficiency virus infection led 
to increased viremia in rhesus macaques, supporting human stud-
ies that CD8+ T cells were important for control of HIV, in turn, 
supporting T cell vaccine strategies.59 Transgenic technology, par-
ticularly gene knockouts and adoptive cell or plasma transfer exper-
iments in mice, have been essential to advancing our mechanistic 
understanding of immune response to infection and vaccination.

A less exciting but critical aspect of animal studies is their use 
for toxicity testing of vaccines. Good manufacturing practice- 
compliant, nonclinical evaluation of vaccines in animal models is 
generally required before first- in- human clinical testing. Detailed 
guidance is provided by national regulatory agencies, such as the 
FDA,60 as well as the World Health Organization.61 The goals of 
this type of testing are not to establish immunogenicity or protec-
tion but to characterize toxic effects and inform a safe starting dose 
and dose range for human testing. Parameters to be considered in 
the design of toxicity testing include the appropriateness of the an-
imal species/strain, the dosing schedule, and route of vaccine ad-
ministration, as well as the timing of evaluation (clinical chemistry, 
auto- antibody screening, and necropsy). The dose tested should 
maximize the animal’s exposure to the candidate vaccine and the 
immune response induced (e.g., peak antibody response). In gen-
eral, a lethal dose does not need to be determined. Reporting pa-
rameters include local inflammatory reactions and systemic effects 
of the vaccine, effects on reproduction and the developing fetus, 
and toxicity specific to the route of administration. In- life param-
eters should be monitored daily, including body weight and food 
consumption. Similarly, hematology and serum chemistry analysis 
should be conducted at regular intervals over the observation pe-
riod. Last, a detailed necropsy, including the collection of organs 
for histological evaluation, is needed.
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Summary. Successful vaccine development requires natural 
history, in vitro, and in vivo studies to be highly integrated and to 
plan for iterative testing of different vaccine platforms.

Vaccine design and modalities
The first human vaccines were either inactivated or attenuated 
whole pathogens. These vaccines work both as the immunogen, 
the pathogen- derived component of the vaccine, as well as an adju-
vant that promotes DC maturation and antigen presentation to B 
and T cells. To improve both vaccine safety and production, as well 
as focus the vaccine- induced immune response on the most criti-
cal regions of the pathogen, newer generation vaccines commonly 
contain only components or subunits of the pathogen. These tar-
geted immunogens are delivered with a range of adjuvants or ex-
pressed by recombinant vectors that initiate the immune response.

Immunogen. The first generation of vaccines against infectious 
diseases included smallpox, BCG, yellow fever, and oral polio. For 
all, vaccination induced an immune response against the entire 
pathogen. Recombinant technology has enabled the synthesis of 
vaccine immunogens containing single proteins or subunits of the 
pathogen. The shift to subunit immunogens has benefits in both 
focusing the immune response against key targets of the pathogen 
and in vaccine manufacture and safety. It should be noted that 
codon optimization is routinely used to improve the expression of 
recombinant immunogens.

The design of a subunit immunogen is influenced by many 
factors, informed by natural history studies. The most important 
is whether the correlate of protection is predicted to mostly rely 
on humoral or T cell- mediated immunity. If humoral immunity, 
then immunogens will be comprised of surface proteins. If T cell 
immunity, then immunogens can include any protein/s, surface or 
nonsurface. For humoral immunity, the vaccine immunogen could 
further focus on the region of the pathogen that binds the cell re-
ceptor that enables infection, thereby maximizing bNAb activity. 
By way of example, the Moderna COVID- 19 mRNA vaccine en-
codes the full- length, prefusion stabilized Spike glycoprotein of 
the SARS- CoV- 2 protein,62 whereas Pfizer initially also tested an 
mRNA vaccine encoding the receptor- binding domain of the Spike 
protein, that mediates virus entry.63 Targeting a focussed immuno-
gen was initially supported by a large cohort study in which 90% 
NAb activity targeted the receptor- binding domain.64 However, 
final efficacy studies by both companies used a full- length Spike 
and both reported > 90% protective efficacy in clinical testing.65

Another factor considered in immunogen design is immuno-
genicity. Antigens induce different levels of immune response 
dependent expression level (higher expression typically induces a 
stronger immune response), access to antigen processing pathways, 
and/or the number of available B or T cell epitopes. The genetic 
diversity between individuals also impacts the immune response to 
a pathogen. This is particularly relevant for T cell immunity where 
almost 13,000 MHC alleles have been identified in humans.66 
Natural history studies have been critical to identifying regions 
of pathogens that are most commonly targeted by T cells. These 
proteins or regions are described as immunoprevalent. An exam-
ple here is T cell immunogen design for new generation vaccines 

against tuberculosis. Whereas M. tuberculosis contains around 
4,000 genes,67 both natural history and animal model studies have 
shown that three secreted proteins collectively called the antigen 
85 complex are strongly and consistently targeted by IFN- γ secret-
ing CD4+ T cells, the arm of the immune response considered to 
confer protection from reactivation.68 Accordingly, the 85 com-
plex or its component antigens are commonly used as immunogens 
in the development of new generation tuberculosis vaccines.68,69

Pathogen diversity is also a critical factor in immunogen design; 
high- throughput sequencing of clinical samples to track pathogen 
diversity and evolution is now a standard element of vaccine de-
velopment. A vaccine immunogen should ideally elicit immune 
responses that will recognize a broad range of pathogen serotypes 
or clades. Otherwise, serotype or clade- specific immunogens may 
be required, significantly increasing costs of vaccine manufacture 
and distribution. Licensed conjugate vaccines against Streptococcus 
pneumoniae, which is the leading cause of pneumonia in chil-
dren, induce humoral immunity against numerous polysaccharide 
antigens representing up to 23 of over 90 different serotypes.70 
Influenza vaccination is approached differently. Antigenic shift 
and drift of surface hemagglutinin and neuraminidase proteins 
results in seasonal changes in influenza serotypes.71 In turn, pop-
ulations are vaccinated yearly with humoral vaccines containing 
immunogens predicted to match circulating strains. A “bad flu” 
season typically reflects a year when the vaccine immunogen was 
a poor match for the dominating serotype. Recent studies are now 
trialing “universal” influenza vaccines targeting the more conserved 
hemagglutinin stalk.72

HIV immunogen design encompasses all the factors mentioned 
above. As noted, natural history studies of HIV have shown that 
HIV readily escapes from humoral immunity. Moreover, relative to 
other viral infections, the induction of bNAbs is rare.73 When de-
tected, HIV bNAbs typically exhibit extensive somatic hypermu-
tation, which is very difficult to recapitulate with a single vaccine 
and vaccine immunogen. Although HIV also escapes from CD8+ 
T cell immunity, CD8+ T cells targeting regions of HIV that ex-
hibit lower diversity (conserved) experience less escape most likely 
because virus mutation in these regions exerts a fitness cost on the 
virus.74 Parallel strategies are therefore being pursued to develop 
preventative HIV vaccines that target both humoral and CD8+ T 
cell immunity. As expected, humoral vaccine strategies target the 
surface Envelope protein of HIV. However, different strategies are 
being taken to approach HIV diversity and generate bNAbs (re-
viewed in ref. 75). These include sequential vaccination with dif-
ferent immunogens to precisely direct B cells to generate bNAbs, 
using previously defined bNAbs as templates for trimer immuno-
gens, and using glycans to mask irrelevant epitopes that prevent the 
induction of non- neutralizing antibodies. HIV T cell immunogens 
are largely comprised of conserved and immunogenic regions of 
HIV, predominately from Gag. These designs mostly exclude the 
highly variable regions in Envelope and Nef proteins.76,77 The chal-
lenge to T cell immunogen design is to elicit high frequencies of 
T cells targeting multiple regions of HIV (described as breadth) 
to increase the chance that vaccine- induced T cells will (i) recog-
nize the infecting virus and (ii) be able to detect and clear virus- 
infected cells prior to escape. To date, T cell vaccines have induced 
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insufficient breadth to overcome HIV diversity.78 The develop-
ment of an efficacious HIV vaccine remains one of the greatest 
challenges in modern medicine.

Vector/adjuvant. An effective vector/adjuvant platform should 
reproduce protective immunity elicited following natural 
infection. Adjuvants can take many forms, from the original 
PAMPs in live attenuated viruses to proprietary formulations that 
are combined with subunit immunogens.

The vector/adjuvant system also determines the strength of 
the immune response elicited (Table 1). Live attenuated vaccines 
(e.g., tuberculosis, smallpox, and yellow fever), attenuated by heat 
treatment or in vitro passage, are strongly and consistently im-
munogenic in people. However, vaccination has produced severe 
adverse events in immunocompromised individuals and pregnant 
women.79 Fully inactivated pathogens are better tolerated but are 
less immunogenic and multiple vaccinations or higher doses may 
be needed.80 Subunit protein or toxoid vaccines also have excellent 
safety profiles but also elicit weaker immunity. These vaccines are 
almost always delivered with specific adjuvants to stimulate PRRs 
and or induce localized inflammation.81 DNA vaccines have been 
in development for almost 30 years (reviewed in ref. 82). In addition 
to having a direct adjuvant effect (bacterial- derived DNA binds 
the PRR, TLR- 9), DNA vectors can also express host cytokines 
to further augment the immune response. To date, the strong im-
munogenicity observed in preclinical models has not consistently 
translated to clinical testing, however, therapeutic vaccination with 
DNA expressing HPV16 and HPV18 E6 and E7 proteins showed 
efficacy against cervical intra- epithelial neoplasia.83 Another class 
of vaccine vector is replication- deficient recombinant viruses, 
which include modified vaccinia Ankara, VSV- G, and adenoviral 
vaccines. These viruses can infect cells, express the recombinant 
antigen, but not replicate further. Replication- deficient viruses 
have excellent safety records inducing both humoral and T cell im-
munity. In clinical testing to date, recombinant chimpadenovirus 
expressing the SARS- CoV- 2 Spike glycoprotein afforded 70% pro-
tective efficacy and 100% protection from severe disease.84

Many recombinant DNA and viral vectors have been tested in 
combination, in “prime- boost” strategies.85 The rationale, which 
has been confirmed in clinical testing, is that vaccination with dif-
ferent vectors expressing a common immunogen elicits a stronger 
immune response than homologous vaccination. The limitation of 
these prime- boost strategies is of course that two or more vaccines 
must be manufactured.

The COVID- 19 pandemic has identified mRNA vaccines as 
a powerful vaccine vector platform capable of inducing potent 
bNAbs and T cell immunity.62 Microbial mRNA has potent ad-
juvant activity stimulating TLR- 3 and - 7 expressed by APCs. 
Although long- term safety testing is ongoing, in theory, mRNA 
vaccines will be fully degraded by host RNAases and therefore are 
safe. mRNA vaccines will likely be used increasingly to target other 
diseases.

Production and delivery. An advantage of live, attenuated pathogen- 
vaccines, or recombinant viral vaccines is they have mechanisms 
to infect the cell. By contrast, considerable research has been 

conducted to maximize antigen loading of subunit vaccines, 
including the development of slow- release formulations.86 Cell 
uptake of vaccines and subsequent antigen presentation can also 
be impacted by particulate size. As a result, investigators are 
examining the use of nanoparticles and microparticles for vaccine 
delivery (reviewed in ref. 87). Although nucleic acid (DNA and 
RNA) vaccines have more rapid development and manufacturing 
timelines than other modalities, efficient cellular delivery has 
been a greater challenge, limiting in vivo immunogenicity. Direct 
structural modifications and lipid nanoparticles are being used 
to increase stability of mRNA vaccines in the extracellular space 
and maximize delivery to the cytosol, whereas electroporation and 
optimization of signal/leader sequences have improved delivery of 
DNA vaccines to the nucleus (reviewed in refs 88, 89).

From bench to people
Licensure of a vaccine is typically a highly standardized and gen-
erally laborious process overseen by governmental bodies, such 
as the FDA in the United States, the MHRA in the United 
Kingdom, and the European Medicines Agency (EMA) in the 
European Union. An overview of this process is given in Table 2. 
In the United States, permission to proceed to a first- in- human 
phase I study requires submission of an investigational new drug 
(IND) application. The critical elements of this application are (i) 
detailed records of all aspects of chemistry, manufacture, and con-
trols of the vaccine product, (ii) a clinical trial protocol that details 
how the vaccine will be tested including the target population, 
and (iii) supporting safety data, including animal toxicology and 
previous human experience with the vaccine or related drugs (e.g., 
the same vaccine vector albeit a different immunogen).

If permission to proceed is received, the FDA or regulatory 
body maintains oversight of the clinical study requiring the annual 
submission of safety data. In the United States, details of FDA- 
approved clinical studies (all trials, not just vaccine studies) must 
be made publicly available on the website, clinicaltrials.gov. Results 
of the study must be posted within 12 months of the final study 
visit of the trial. Many non- US, non- FDA trials also are posted on 
this website making it the best global source of information of on-
going and completed clinical trials.

Clinical testing of a vaccine is an iterative process typically in-
volving multiple phase I studies assessing the safety and immuno-
genicity of many parameters including (i) vaccine dose— typically 
a dose- escalation is performed, (ii) route of vaccination (e.g., i.m. 
vs. i.d. vs. i.n.), (iii) different intervals between booster doses, (iv) 
different study populations— typically, beginning with lowest risk 
groups, and (v) also the impact of different adjuvants. This process 
typically takes more than 10 years. Critically, the lessons learned 
from these studies can greatly accelerate vaccine development 
against a new pathogen. When SARS- CoV- 2 was identified, re-
searchers at the University of Oxford had been testing attenuated 
viral vectors in people for 20 years.90– 103 This work had identified 
chimpadenovirus vectors as safe and strongly immunogenic, induc-
ing both humoral and T cell immunity in different study popula-
tions. Parameters, such as dose, route of vaccination, and dosing 
intervals, had been previously optimized in the testing of different 
vaccine immunogens targeting malaria, HIV, influenza, MERS, and 
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tuberculosis. Moreover, good manufacturing practice manufacture 
of chimpadenovirus vectors was standardized. These decades of 
work, combined with an incredible human effort, led to the first 
volunteer receiving the ChAdOx1 nCoV- 19 within months of 
publication of the full- length SARS- CoV- 2 sequence and EUA in 
the United Kingdom < 6 months later (Box 2). Critically, safety 
and efficacy testing coupled with ongoing independent review of 
this and other COVID- 19 vaccines continues.

CONCLUDING COMMENTS
In this review, we provide a broad overview of key principles that un-
derly vaccine design and testing. Additional detail can be found in 
the primary papers and excellent reviews cited throughout this text. 
The development, testing and approval of COVID- 19 vaccines in 
< 12 months reflects global scientific, industry, and governmental 
efforts not only in 2020 but also over several decades. COVID- 19 
has highlighted other challenges for vaccine development, particu-
larly problematic for pandemics. These challenges include equita-
ble access, vaccine preparedness, and infrastructure, and critically, 
public understanding and trust. Although beyond the scope of this 
review, these are important considerations for vaccine researchers.
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