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Major breakthroughs in vaccinology arise from our 
understanding of the fundamentals of immunology and 
infection biology of the disease. The pathogenicity cycle 
of a microorganism, from its introduction into the host 
until the resultant effects of infection, is closely linked 
to the host's immune response towards the pathogen. 
Additionally, questions in vaccinology, such as what 
determines the most efficacious route for vaccine delivery 
and whether mimicking infection from a different route 
of entry will generate a better immune response, remain 
open and may not be fully addressed during vaccine 
development. This article highlights the importance of 
the life-history traits of the pathogens and enumerates 
their relevance in designing vaccines. We revisit the path 
from life-history traits to vaccine development conside-
ring the pathogenicity cycle, which may prove critical 
in designing effective future vaccines and predicting 
vaccine behaviour in humans. 
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Significance 

THE process of vaccine development includes questions 
such as what determines the most effective route for vaccine 
delivery and whether mimicking infection from a different 
route of entry provides better protection. This article asks 
many such questions to highlight the importance of the life-
history traits of pathogens and their relevance in designing 
future vaccines.  

The current vaccine landscape 

Vaccines are among the best tools at the disposal of human-
kind for long-term and large-scale combat against diseases. 
The hope of being less susceptible to infectious disease 
has paved the way for vaccines to be in widespread use. 
The first instances of inducing immunity against infectious 
pathogens came from realizations of 15th-century healers 
of smallpox: infection prevented reinfection, and thus an 
artificial introduction of cowpox scabs could prevent natural 
infections. Others took forward these ideas and came up 

with safer ways to introduce a live pathogen into the human 
body for ‘vaccination’ – all during an era when even con-
cepts about the immune system had not emerged1. Since 
then, the scientific community has made leaps and bounds 
in understanding the biology behind vaccination and has 
helped improve the methods of vaccine development. 
This, in turn, has enabled humankind to successfully eradi-
cate many diseases, including smallpox and some strains 
of poliomyelitis (commonly known as polio), using the ‘tech-
nology’ of vaccines. A variety of vaccines are currently 
being developed and used against several emerging infec-
tious diseases2. Major breakthroughs in our understanding 
of vaccines come from immunology3 – a field that deals 
with the human body's reaction to foreign entities. The res-
ponse of the human body to pathogens is now well-esta-
blished to be mediated by various ‘arms’ of the immune 
system (described in subsequent sections; Figure 1); and 
vaccines function by giving glimpse of the infection. In addi-
tion to our improved appreciation of vaccinology, the sci-
entific community has also set up a well-functioning pipeline 
for vaccine development, which takes into account the bio-
logical and practical aspects of vaccination4. 
 Albeit extensive research on vaccines and state-of-the-
art vaccine development strategies, our understanding is 
incomplete and insufficient. This can be seen from the high 
rates of conflicting results and unexpected responses during 
clinical trials and the long duration it takes to design and 
develop a vaccine4. Based on observations from vaccines 
used in the recent past, one can identify many questions that 
hold important implications for the future of vaccines. 
Every vaccine needs to be administered through a particular 
route of entry in human beings. Why are some vaccines 
administered through the intravenous (IV) route while others 
orally? What determines which of these routes results in bet-
ter vaccine efficacy? Is it dependent on the portal from 
which the pathogen enters the human body during an infec-
tion? Do all modes of vaccine entry elicit the same type of 
immune response? Additionally, can infection through a dif-
ferent portal of entry cause a different disease manifestation? 
Are these questions routinely addressed during vaccine de-
velopment? Would mimicking the typical pathogenesis 
(while ensuring safety) result in the best vaccines? Should 
vaccine development focus on addressing transmission, in-
fection or disease? Answering these questions and reintrodu-
cing some basic concepts from immunology and infection 
biology can provide an avenue to improve the success rate 
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Figure 1. Immunological basis of pathogen clearance. (a–d) Exposure of a pathogen to a new host triggers a queue of primary immune responses.  
a, Entry of a pathogen into the host. Upon entry, the pathogen encounters non-induced, non-specific innate immune responses in the form of anatomi-
cal and mucosal barriers, such as the skin, mucosal lining of internal organs, saliva and tears. They act as physical impediments for pathogen transit 
and produce immunogenic substances. Plasma cells, adjacent to the mucosal lining produce secretory IgA, which interacts with the pathogens and 
performs immune exclusion. Epithelial cells lining the passageway of the pathogens secrete anti-microbial peptides that disrupt membrane integrity of 
the pathogens. Crossing these, the pathogen gains access to deeper tissues in the host. b, Exposure of the pathogen to cells of the innate immune sys-
tem. Pathogen encounters the induced, a non-specific responses in the form of cells of the innate immune system like macrophages, neutrophils and 
dendritic cells. Each of these antigen presenting cells (APCs) is able to recognize pathogen-associated molecular patterns (PAMPs) using receptors on 
its surface, leading to digestion of the pathogen and presentation of characteristic peptides on the major histocompatibility complexes (MHCs). This 
cross-presentation of the exogenous pathogenic antigens also triggers a cascade of changes in gene expression which help in the production of cyto-
kines. Following this, the cells are drained through the lymphatic system into the nearby secondary lymphoid tissues, where a more specific immune 
response is initiated. c, Activation of T cell (adaptive immune) responses. APCs at the draining lymph nodes interact with the cells of the adaptive 
immune system called T cells and B cells. The CD4+ T cell contains receptors on its surface, including the T cell receptor (TCR), CD4 and CD40L. 
They interact with markers on the surface of APCs, such as the antigen-bound MHC-II and with CD40. Such receptor interactions act in combination 
with cytokine signalling to help in the maturation of CD4+T cells into T-helper cells, and their proliferation. Similarly, signals received by a CD8+T 
cell from MHC-I and cytokines aid in its maturation to cytotoxic T cells. d, Activation of B cell (adaptive immune) responses. APCs also help in the 
maturation of B cells. Antigens presented by the MHCs (or directly the pathogen) are recognized by the B cell receptor (BCR). These antigens then 
interact with the TCRs on T-helper cells, to ultimately aid in B cell maturation into plasma cells and in subsequent antibody production. The respons-
es from APCs, cytotoxic T cells and plasma cells result in clearance of the pathogen and any infected host cells by the production of cytotoxic and 
inflammatory substances. Antibodies produced by the plasma cell bind to the pathogens, and label them for destruction by immune cells like macro-
phages. e, Memory T and B cells assist in pathogen clearance during any subsequent infection. During a primary infection, the number of APCs, T 
cells and B cells steeply increases until the infection has been curbed. Following this, however, some T cells and B cells remain behind as ‘memory 
cells’, which act to set up a much faster and more potent immune response during any subsequent (or secondary) infection by the same pathogen.  
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Figure 2. Pathogenicity cycle (intermediate circle) of a human pathogen inside the host shown in conjunction with the host immune response and 
infection outcome (inner circle). Immune response to an attenuated or inactivated pathogen is represented by the outer circle. Cytokines released upon 
activation of innate immune response: TNF-α, IL-1, IL-12; Chemokines-CC L2, CCL3, CCL5. Systemic response: Macrophages – TNF, IL-12, IL-6, 
IL-10, IL-17, IFN-β, IFN-γ 103. T-cells: IL-2, IL-4, IL-7, IL-15, IFN-γ 104. B-cells: IL-7, IL-4, IL-6, IL-10, IFN-α, IFN-β, IFN-γ 105. The nine portals of 
entry in the pathogenicity cycle include mouth, ears, eyes, nostrils, genitals, urethra, anus, placenta and broken skin. MHC, Major histocompatibility 
complex. Predominantly MHC-I-restricted CD8+ T cells present viral antigens and MHC-II-restricted CD4+ T cells present bacterial and other exog-
enous antigens. CD4+ T cells are helper T cells displaying CD4 co-receptor in addition to TCR and help in adaptive immunity. CD8+ T cells produce 
cytotoxic granules and proinflammatory cytokines. 
 
 
of vaccines. These studies hope to improve our understanding 
of pathogenesis while hinting at aspects one should consider 
during vaccine development. This article enumerates some 
of the established results on the above topics and highlights 
some questions for future research, aiming to propel our 
understanding of vaccine development into a new era. 

The biology behind vaccines: a primer 

Every pathogenic microorganism broadly establishes infec-
tion in a specific host organism via the ‘pathogenesis’ cycle 
(intermediate circle in Figure 2). Briefly, the cycle begins 
when a pathogen encounters and enters a host from the ex-

ternal environment through an appropriate portal. The patho-
gen navigates itself to its niches within the host, where it 
attempts to colonize the tissue and persist by evading the 
immune system. The pathogen subsequently replicates – 
achieving its ultimate ‘goal’ and exits out of the infected 
host to infect other susceptible individuals. These processes, 
intentionally or unintentionally, damage the host tissues. 
The features of this cycle are fundamentally connected to the 
outcome of infection, immune responses and memory, the 
possibility of reinfection and disease evolution. In each step 
of the pathogenesis cycle, a pathogen encounters a variety 
of host immune responses (Figure 1 and innermost circle 
in Figure 2). During and immediately after the entry of the 
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pathogen into the host, it experiences the innate and induced 
innate immune response. This non-specific and fast res-
ponse includes anatomical and physiological barriers, anti-
microbial molecules and phagocytic cells that try to 
neutralize and engulf pathogens upon recognizing patho-
gen-associated molecular patterns (PAMPs). This initial 
wave of innate immune reactions helps set up adaptive 
immune responses – commonly in the form of T cells and 
B cells. T cells are first activated when they encounter the 
cognate antigen, processed and presented by the dendritic 
cells in the lymphoid tissues. Then they rapidly proliferate to 
build an ‘army’ against the pathogen. This T cell army, 
through the action of CD4+ and CD8+ cell types, allows 
the recognition of intra- and extracellular pathogens, aids 
in B cell activation and helps eliminate the infected host 
cell. The B cells result in antibody production; this, in 
combination with the T cell responses, contributes to patho-
gen clearance. Once a load of invading pathogens decreases, 
the number of activated T cells and B cells also decreases. 
However, many long-living cells remain as ‘memory cells’. 
During any subsequent exposure to the same pathogen, the 
memory cells mount a faster and more robust immune res-
ponse and aid in removing the pathogen more efficiently 
with far less damage to the host.  
 In this respect, most vaccines function by allowing the 
first encounter of the host to a pathogen to occur with a 
weakened or inactive form of the latter, which can only 
result in mild disease. This enables the memory cells to 
develop while minimizing the chances of a lethal infection. 
When a competent pathogen from the environment subse-
quently attacks, the immune system is primed to fight 
back in full vigour. In addition to this well-known mecha-
nism, the potential long-term antibodies generated by B 
cells following vaccination also aid in combating natural in-
fection. Therefore, studying the pathogenesis cycle of the 
infection and identifying the immune correlates at each 
step of this cycle can enable one to better understand some 
of the questions that remain open in the field. 

Life-history traits and their relevance to vaccines  

Some aspects of vaccines remain incompletely  
understood 

Let us rewind and consider two examples of vaccines – 
one of a well-understood and successful case, and the other 
of a vaccine in the development stages – to appreciate some 
of the questions described in the introduction.  
 Poliomyelitis, or polio, was one of the most feared in-
fections in the 20th century and has caused paralysis and 
deaths throughout most of human history. The development 
of a poliovirus vaccine, followed by its widespread usage 
in the 1950s, resulted in a 99.9% drop in polio cases2 – a re-
markable illustration of how targeted vaccination pro-
grammes with sufficient funding can tackle a global health 
challenge. Two major vaccines have been in circulation 

throughout the history of polio – inactivated poliovirus 
vaccine (IPV) and oral poliovirus vaccine (OPV). There are 
two conceptual differences between them. First, IPV consists 
of an inactivated virus (cultured viruses that can no longer 
cause disease), while OPV consists of a live attenuated (or 
weakened) virus. IPV is administered intramuscularly/ 
intradermally, whereas OPV, as the name suggests, is given 
orally. Among other consequences, OPV induces a signifi-
cantly higher amount of intestinal immunity, possibly reduc-
ing foecal–oral transmission5. Is the route of vaccine delivery 
contributing to the difference in the type of immunity in-
duced, or can this be attributed purely to differences in the 
level of vaccine attenuation? Or, are there other factors 
which influence the success of these vaccines? Furthermore, 
the differences between IPV and OPV are not solely in im-
munogenicity but also in the required number of doses and 
degree of reversal to infective virus state – all of which 
play a crucial role in deciding the vaccine administration 
strategy in countries like India6. These questions have not 
been examined, albeit being extremely crucial in our under-
standing of poliovirus pathogenesis and vaccine develop-
ment. 
 In 2020, countries worldwide saw the outbreak of COVID-
19 – an infectious disease caused by SARS-CoV-2 and 
spread commonly by oral discharge from an infected per-
son’s breath, cough and sneeze. Throughout 2020, bio-
technology companies and researchers were engaged in 
developing a vaccine against SARS-CoV-2, with a multi-
tude of vaccine candidates reaching clinical trials in a short 
time span. Despite many successful candidates, multiple 
questions have emerged among the scientific community 
regarding our understanding of certain aspects. Most of the 
vaccine candidates are based on a systemic route of immun-
ization. However, studies have established that a single 
dose of an adenovirus-based COVID-19 vaccine adminis-
tered through the nasal route causes a strong immune re-
sponse in the respiratory mucosa in mice, showing no 
signs of further infection7,8. Is this mucosal response stronger 
than existing vaccines against COVID-19 in providing steri-
lizing immunity? Extensions of these studies have also re-
sulted in the development of a vaccine candidate called 
BBV154; an intranasal, single-dose vaccine currently in 
phase 1 of clinical trials. In what way are these better than 
systemic vaccine delivery? What are the differences in the 
nature and quantum of systemic immune responses9? Can 
such results be extrapolated to other infectious diseases? 
One can identify such concerns in almost all vaccines. The 
common factor in all of these is that our understanding of 
host–pathogen interactions from the perspective of life-
history traits is not adequate. 

What are life-history traits and how can they help?  

Life-history traits refer to the features corresponding to 
various events in the journey of an organism from birth to 
death10; here, it refers to the factors involved throughout 
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pathogenesis. These include – but are not limited to – the 
modes of transmission, portals of entry (or route of infec-
tion), the severity of infection (whether the pathogen infects 
tissues locally or systemically), and the type of immune res-
ponse triggered, e.g. mucosal or systemic response. These 
factors are expected to influence host and pathogen behav-
iour to varying degrees, thus altering the outcome of in-
fection and influencing vaccine development. Life-history 
traits can be explored more deeply in light of the patho-
genesis cycle (Figure 2). Every ‘trait’ in the initial stages 
of the cycle, such as the portal of entry or mode of trans-
mission, can alter the subsequent steps of infection. For 
example, transmission through food (via the mouth) allows 
the pathogen to access the alimentary canal. On the other 
hand, a pathogen transmitted through air droplets can enter 
through the nose, access and then affect the upper and 
lower respiratory tract. Traits like the systemicity of the 
infection and of immune responses are essential to under-
standing the spread of the pathogen within a host and the 
type of immune response elicited. Let us consider the portal 
of pathogen entry. Studies on different routes of Brucella 
melitensis infection have shown that pathogenesis in each 
case is associated with a varied subset of virulence gene 
expression, and a varied lymphoid subpopulation contrib-
uting to protective immunity11. A comparative study com-
prising data from multiple human pathogens also shows 
that the route of pathogen entry can influence the extent of 
damage on host tissues and the required infectious dose 
required to do so12. Such studies, spanning various host 
and pathogen species, show that the portal of pathogen en-
try affects the virulence factors associated with infection, 
the correlates of immunogenic protection and the extent of 
damage caused. Interestingly, the route of entry also af-
fects downstream life-history traits – the type and extent 
of immune response triggered in the host and the factors 
that assist in immunological memory11,13.  
 One can then connect the route of pathogen entry to the 
mode of vaccine administration – the path through which 
a laboratory-altered ‘pathogen’ enters into a host. As one 
expects, vaccines delivered through the nasal tract versus 
through IV administration will not have access to the same 
organs and will possibly trigger different immune response 
cascades; therefore, they will vary in their efficacy. Numer-
ous vaccines have been administered using various routes, 
such as polio and SARS-CoV-2 vaccines described previou-
sly. The Bacillus Calmette-Guérin (BCG) vaccine against 
tuberculosis is another example – it has been proven to be 
more effective when delivered intravenously by inducing 
more antigen-responsive CD4+ and CD8+ T cells at various 
locations in macaques14. On the other hand, vaccines 
against measles prove to induce better response when de-
livered through the respiratory tract than the subcutaneous 
route15. One hypothesis in the field suggests that matching 
the route of vaccination to the route of infection is advanta-
geous16,17, as seen in the cases of measles, poliomyelitis and 
COVID-19. However, as depicted by the contrast in the 

case of BCG, our understanding of this phenomenon is in-
complete. 
 Furthermore, many well-characterized diseases result in 
either local or systemic infections (yet another life-history 
trait) depending on the individual and environmental fac-
tors. For example, SARS-CoV-2 infections begin locally 
at the alveolar spaces and later transition into systemic infec-
tions due to the ‘cytokine storm’ syndrome. This transition, 
however, occurs only in a minority of individuals as the 
onset of the cytokine storm is known to depend on the early 
defence mechanisms and immune response time of an in-
dividual18,19. In such a scenario, one must ensure that a 
vaccine can address all possible cases. Similarly, one must 
ensure that a systemically delivered vaccine which circu-
lates and reaches multiple locations through the bloodstream 
can effectively address local infections. In the case of tuber-
culosis, the lungs are the primary infection site, and local 
immunity in this region can be induced by delivering appro-
priate signals to the lung innate immune system. However, 
it is observed that parenteral immunization results only in 
delayed initiation of immune responses to Mycobacterium 
tuberculosis, possibly because the right innate signals are 
not induced20. The scientific community has made great leaps 
in addressing life-history traits. However, by connecting the 
above dots, we identify multiple gaps in our understand-
ing – especially in characterizing life-history traits, taking 
these observations forward to human systems and imple-
menting them during vaccine development. 

The path from life-history traits to vaccine  
development  

Table 1 describes the current protocols for vaccine design 
and development. These have multiple branches based on the 
pathogen of interest and the extent of our understanding of 
the pathogen/infection/disease4. We believe that throughout 
the stages of vaccine development, one must be mindful of 
the pathogenicity cycle and life history of the pathogen in a 
host. These considerations may prove crucial in designing 
effective vaccines and predicting vaccine behaviour in hu-
mans. Some such identified considerations are enumerated 
here.  

Vaccine type governs some but not all aspects of  
immune response 

The immune response generated by a vaccine is well-known 
to depend on the chosen antigen and how and where it inter-
acts with the immune system. Instead, we consider a closely 
related concept – ‘vaccine type’, or the platform used to 
present the chosen antigen. Vaccine types include, but are 
not limited to, live attenuated, inactivated whole pathogenic, 
subunit protein, toxoid, genetic, recombinant and viral 
vector vaccines; each has its advantages and limitations21. 
Notably, each vaccine type is understood to elicit different 
types of immune responses (Table 2).  
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Table 1. Overview of the steps involved in vaccine development 

(1)  Designing a vaccine Major characteristics of the vaccine are determined during this stage: the type of vaccine, correlates  
of immunogenic memory, delivery vehicle and the need for adjuvants. This extensive process  
involves a broad range of interdisciplinary researchers studying the host–pathogen interaction at  
multiple levels. 

 (1.1)  Identifying the  
  ‘vaccine target’  

A potential ‘vaccine target’, target antigen or immunogen is identified using existing knowledge on the  
infection cycle of the pathogen and its interaction with the immune system. This vaccine target must  
mimic most features of the pathogen in order to induce similar immune responses, but lack certain other 
features to prevent a full-blown infection.  

Targeting conserved regions/features can help develop a universal vaccine which allows protection from  
multiple strains of the pathogen, and from mutation or antigenic drift that may arise in structural  
elements. 

Insights from structural biology and bioinformatics help in identifying potential vaccine targets. 
 (1.2)  Identifying antigen  

  display and  
  delivery  
  platforms 

Two crucial parameters of the vaccine are the type of vaccine and the mode of administration. These are based 
on an in-depth understanding of pathogenesis, and studies on the advantages and limitations  
of each option. They are determined prior to production and testing processes, since they influence  
the behaviour of the vaccine candidate. In case of protein vaccine, the choice of the best adjuvant  
combination is identified at this stage. 

 (1.3)  Optimization of  
  production 

Following this, the formulation and potential upstream and downstream production processes are  
optimized. The ‘product’ can be taken forward once sufficient expression levels of the target  
antigen are achieved. Biosafety issues from potential toxins and undesired antigens are monitored  
while manufacturing and testing the vaccine candidate. 

(2)  Preclinical trials The vaccine candidate, now equipped with appropriate delivery and antigen display methods, needs to be  
characterized. Specifically, it needs to be tested for its safety, immunogenicity and protective  
efficacy in a biological system. This is achieved in small animal models and non-human primates.  
This step also helps establish if an adjuvant is required. 

Utilizing this data, one gets a preliminary idea of the dose of the vaccine candidate and the  
corresponding toxicity in humans. These are expanded upon to determine the parameters to be  
used for clinical trials. 

(3)  Clinical trials This step reveals whether the vaccine candidate is viable and functional in healthy human volunteers – 
for both confirmation and fine-tuning. Most clinical trials are performed in three stages, each one  
dedicated to explore a different aspect of vaccine behaviour, efficacy and clinical end-point. In phase I,  
a small number of volunteers receive the vaccine candidate to test for safety. In phase II, an  
increased number of volunteers with characteristics similar to the target population receive the  
vaccine candidate to test for immunogenicity and efficacy. Phase III, which is a scaled-up version  
of the phase II, involves a much larger number of volunteers to assess a broader-scale impact  
of the vaccine candidate. 

(4)  Licensure and distribution Success in clinical trials is followed by technology transfer and mass production of the vaccine by a  
combined effort of pharmaceutical companies and Government/public funding agencies.  
Effective distribution of the vaccine is necessary to ensure that a significant proportion of the  
population is protected against an infectious disease. 

(5)  Post-immunization  
   surveillance 

Following immunization of widespread individuals, the effectiveness of the vaccine is continuously  
monitored in the large population during the subsequent years. The long-term responses, efficacy  
and side-effects of the vaccines are the factors that are monitored. 

 
 
 Live attenuated vaccines (LAVs) consist of a laboratory-
generated ‘version’ of the pathogen that can replicate suffi-
ciently enough to evoke most (and sometimes all) immune 
responses attributed to natural infection and disease. In 
other words, LAVs can elicit the strongest immune responses 
without causing a strong disease22. A direct proof of this 
comes from the high success of the smallpox vaccine by 
maintaining serum antibody titres even 75 years after vac-
cination. LAVs have also been shown to activate the innate 
immune system through their action on Toll-like recep-
tors23; the yellow fever vaccine YF-17D and BCG are com-
mon examples of approved vaccines that function via Toll-
like receptor activation22. On the other hand, subunit vaccines 
have a limited capacity to activate immune responses. For 
such vaccines, the specificity of the induced immune re-
sponse is controlled by the subunit itself, but its potency 
or strength is generally attributed to adjuvants24. In fact, 

these vaccine types do not activate the innate immune re-
sponses when delivered without adjuvants, possibly due to 
the inability to activate co-stimulatory receptor interaction on 
antigen-presenting cells. Adjuvants, therefore, play a cru-
cial role in generating sufficient levels of immune response, 
especially when using subunit vaccines and also help limit 
adverse reactions (for a recent review on the selection of ad-
juvants, see Pulendran et al.25). Furthermore, unlike LAVs, it 
is difficult to get a high degree of overlap in B cell and T 
cell epitopes using a single protein antigen.  
 In recent years, vaccinology has seen an increased value 
in inducing innate immune responses26,27. This is due to our 
new understanding of the ‘trained immunity’ set up by vac-
cine-induced reprogramming of macrophages against a wide 
variety of diseases28. In addition to being upstream to T 
cell responses, the type and strength of innate immunity are 
now also understood to modulate the vaccination outcome29.
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Table 2. Comparison of immune responses elicited by different vaccine types 

 Examples   
 

 
Vaccine type 

 
Disease 

Vaccine/ 
manufacturer 

Route of  
administration 

 
Immune responses 

 

Live attenuated Smallpox Smallpox (Vaccinia)  
 vaccine, Live  
 (ACAM2000) 

Percutaneous injection Non-specific innate immune response inhibiting  
 viral replication. 
Adaptive immune response: T helper cells, T cells, B  
 cells which act both directly and by the production  
 of cytokines. 
Humoral immune response.  
Memory T and B cells74. 

 Yellow fever Yellow fever  
 (YF) 17D 

Subcutaneous/ 
 intramuscular  
 injection 

Innate immune response, majorly in the form of  
 dendritic cells. 
Adaptive immune response: T cell responses, with  
 CD8+ T cells clearing virus, and B cells that can  
 either be cytotoxic or produce cytokines. 
Humoral immune response: High titres that persist for  
 long durations (~40 years). 
Memory T cells, majorly in the form of CD8+  
 memory T cells75. 

 Tuberculosis Bacillus  
 Calmette-Guérin  
 (BCG) 

Intradermal  
 injection 

Epidermal macrophages and dendritic cells activation  
 at the site of injection, resulting in innate immunity  
 and production of pro-inflammatory cytokines. 
Adaptive and cell-mediated immune response:  
 Extensive T cell recruitment, proliferation and  
 maturation into different types and B cells. 
Minimal humoral immune response, as their  
 contribution is minimal due to the intracellular  
 nature of the infection. 
Systemic immune response, with relatively low  
 but crucial mucosal response in the lungs. 
Antigen-specific memory T cells and memory  
 B cells76. 

 Influenza Live attenuated  
 influenza vaccine  
 [LAIV] (the nasal  
 spray flu vaccine) 

Intranasal  Mimics natural infection, starting with the replication  
 of the LAV in the upper airways. 
Mucosal immune response, in the form of nasal IgA  
 antibodies.  
Adaptive and cell-mediated immune response: T cells  
 and B cells that act at the site of infection (specific  
 immune response). 
Humoral immune response, with both local and  
 systemic production of antibodies. 
Memory B cells77,78. 

 Other examples: MMR (Priorix; M-M-RVAXPRO, MSD or Priorix-Tetra; ProQuad, MSD), varicella (from Oka strain of  
 varicella-zoster virus), chickenpox (from varicella-zoster virus), rotavirus (Rotarix), typhoid (Ty21a), rabies (RabAvert),  
 poliomyelitis (OPV), COVID-19 (Codagenix), dengue (Dengvaxia:CYD-TDV), Japanese encephalitis (SA-14-14-2) 

Inactivated whole  
 pathogenic 

Poliomyelitis IPV Subcutaneous or  
 Intramuscular  
 injection 

Induces strong systemic immunity and humoral  
 responses. 
Mucosal immunity generated in the intestine is low  
 (as replication and faecal shedding of the virus  
 from the intestine can still occur), however,  
 pharyngeal shedding of the virus is markedly  
 reduced. 
Less development of secretory IgA antibody  
 and little/no protection against subsequent  
 infection79,80. 

 Hepatitis A Havrix Intramuscular  
 injection 

Adaptive and cell-mediated immune responses:  
 T and B cells are produced effectively. 
Humoral immune response with high antibody  
 levels. 
Memory T and B cells persist with high antibody  
 responses in individuals even after ~20 years81. 

(Contd) 
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Table 2. (Contd) 

 Examples   
 

 
Vaccine type 

 
Disease 

Vaccine/ 
manufacturer 

Route of  
administration 

 
Immune responses 

 

 Rabies Human diploid  
 cell culture- 
 produced and  
 purified chick  
 embryo cell  
 culture-produced 

Intramuscular injection Adaptive and cell-mediated immune responses:  
 T cell-dependent immune responses through  
 maturation of CD4+ T cells, but also a strong  
 rabies-specific B-cell response. 
Humoral immune response, with high IgA and  
 IgG levels. 
Memory B cells. NK cells and CD8+ T cells- 
 mediated cytotoxicity upon revaccination82. 

 Other examples: Cholera (Dukoral, Shanchol, Euvichol-Plus), COVID-19 (Sinovac, Covaxin, Valneva), tick-borne  
 encephalitis (TicoVac), diphtheria, tetanus and pertussis (DTap and Tdap) 

Subunit     Adaptive immune response: B cell responses are  
 generated in a T cell-independent manner due to  
 capsular polysaccharides antigens. 
Humoral immune response is generated, specifically  
 against the serotypes included in the vaccine.  
No memory cells are generated as the response is  
 T cell-independent (although antibodies can persist  
 for ~5–10 years). Conjugation of the polysaccharide  
 antigen with a carrier protein is essential83,84. 

Capsular 
 polysacchride  
 subunit 

Pneumococcal PPSV23 Subcutaneous or  
 intramuscular  
 injection 

Protein subunit COVID-19 Novavax Intramuscular  
 injection 

Adaptive immune response: CD4+ and CD8+ T cells,  
 and B cells are produced. 
Humoral immune responses, with antibody  
 response directed towards the spike protein of  
 SARS-CoV-2. 
Memory CD4+ T cells, B cells and antibodies  
 could be detected after six months of vaccination,  
 but memory CD8+ T cells were detected only in  
 10–50% of volunteers85–88. 

 Other examples: Influenza (Fluvirin, Agriflu, Flucelvax), Haemophilus influenzae type b, meningococcal meningitis 
Toxoid Diphtheria and  

 tetanus 
Td Intramuscular injection Adaptive immune response: Limited T and B cell  

 proliferation. 
Humoral immune response is generated in terms of  
 tetanus- and diphtheria-specific antibodies that  
 persist for ~65 and 20 years respectively. 
Memory T and B cells, of which the latter are  
 crucial for long-term secondary immune  
 response89,90. 

Recombinant Hepatitis B  HB-Vax,  
 HBVAXPRO,  
 INN-hepatitis B 

Intramuscular  
 injection 

Adaptive immune response: T and B cells. 
Humoral immune response: Significant antibody  
 levels are generated in the form of hepatitis B  
 surface antibodies; these persist for more than  
 three years. 
Memory T cells (which persist for more than  
 10 years)91–93. 

 HPV 9vHPV  
 (9-valent HPV),  
 4vHPV and  
 2vHPV 

Intramuscular  
 injection 

Adaptive immune response: T cell (mainly  
 characterized for CD4+ T cells) and B cell  
 responses. 
Humoral immune response: High levels of  
 type-specific neutralizing antibodies, which last  
 for a long duration. 
Memory B cells94,95. 

 Other examples: Influenza (Flublok), serogroup B meningococcal 
Genetic    Cellular immune response: Extensive B and T cell  

 response. 
Humoral immune response: High titres of  
 neutralizing IgG with increased ability to  
 tackle SARS-CoV-2 variants which persist for  
 at least six months. 
Memory T cells that persist at least six months  
 after vaccination and memory B cells85,88,96–98. 

 mRNA vaccine COVID-19 Comirnaty and  
 Spikevax 

Intramuscular injection 

(Contd) 
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Table 2. (Contd) 

 Examples   
 

 
Vaccine type 

 
Disease 

Vaccine/ 
manufacturer 

Route of  
administration 

 
Immune responses 

 

 DNA vaccine COVID-19 ZyCoV-D Intradermal (needle- 
 free) 

Cellular immune response observed and documented  
 mainly for T cells. 
Humoral immune responses are generated in the  
 form of specific neutralizing IgG against the  
 spike glycoprotein of SARS-CoV-2, maintained  
 for more than three months in mice. 
Memory B cells99,100. 

 Other examples: DNA vaccine clinical trials are underway for multiple diseases such as malaria, AIDS, influenza, Ebola  
 and herpesvirus. 
mRNA vaccines for multiple diseases such as rabies, influenza, Zika virus, cytomegalovirus and Chikungunya virus are  
 underway, but not yet approved. 

Viral vector COVID-19 Covishield/ 
 Vaxzevria  
 (AstraZeneca) 

Intramuscular injection Innate immune response: Activation of innate  
 immune cells and production of proinflammatory  
 cytokines and chemokines. 
Adaptive immune response: T and B cells. 
Humoral immune response: Neutralizing antibody  
 production. 
Memory T and B cells88,101,102. 

 Other examples: COVID-19 (Jannsen, Sputnik V, Convidecia), Ebola (rVSV-ZEBOV, Zabdeno/Mvabea). 

 
 
The efficacy of a vaccine is tightly linked to the immuno-
genic activity of the chosen antigen. Therefore, LAVs are 
at the top of this list, followed by an inactivated pathogen, 
subunit vaccines and finally, toxoid vaccines, all of which 
require booster shots at regular intervals. However, this must 
also be considered in light of a possible full-blown infec-
tion or disease caused by the vaccine, especially in immuno-
deficient individuals. For example, LAVs run the risk of 
initiating fatal reactions due to uncontrolled pathogen rep-
lication, reversal to natural pathogen forms, or dissemina-
tion of the live attenuated pathogen to other sites (such as 
during BCGosis30).  
 Albeit significant differences in the potency of immune 
responses generated, their systemicity is not limited by 
vaccine type. The general aim for current vaccines is to 
achieve systemic immunity – that is, antigen-specific im-
mune responses throughout the body, along with mucosal 
immunity – tolerance against the pathogen at the mucosal 
linings that generally surround the portals of entry to vari-
ous internal organs. Live attenuated influenza vaccines31, as 
well as subunit vaccines against influenza (with adjuvants)32 
can induce mucosal immunity. The issue of systemicity, 
instead, seems to be associated with another aspect of 
vaccination, as discussed below33.  

Immune responses can be fine-tuned using varied  
portals for vaccine administration 

One of the crucial aspects determined during vaccine design 
is the portal through which it heads to be administered, a 
factor which is a life-history trait. Vaccines currently in 
use commonly utilize the oral, edible, intranasal, subcutane-

ous, intramuscular, intravenous and intradermal routes for 
their administration34; the last four can also be injected at 
various sites across the human body. Each of these routes 
is associated with varying downstream effects. Oral and 
edible methods of administration are used in cases where 
the gastrointestinal tract needs to be accessed. These are 
hypothesized to have myriad advantages35, but are con-
strained by difficulties of antigen survival in the harsh envi-
ronment of the gut36. Some examples of licensed oral 
vaccines are the OPV and the live oral typhoid vaccine, 
Ty21a. Edible vaccines are genetically modified plant and 
animal-based agents that trigger an immune response in the 
host37. Edible vaccines overcome the safety-related issues 
of traditional vaccines but are currently only in the develop-
mental stages38.  
 A vaccine can also be injected into various skin layers 
of a host. Intradermal delivery (IDD) involves injecting a 
vaccine at the topmost layer of the skin, i.e. the dermis. It 
is currently only used for the delivery of the BCG vaccine 
against tuberculosis. Research continues into the possibility 
of this method contributing to higher safety and better 
vaccine efficacy with lower dosage39. Subcutaneous admin-
istration consists of injecting the vaccine into the subcuta-
neous layer above the muscle and below the skin. This 
method is used for vaccines against measles and yellow 
fever. However, subcutaneous injection routes are becoming 
obsolete due to local adverse side effects of these vaccines40. 
Intramuscular delivery involves injecting the vaccine into 
the muscle mass, deep within the skin layers and remains 
a preferred route of administration due to its convenience. 
Most vaccines use this method; a common example is the 
DTaP/Tdap (DPT) vaccine against diphtheria, pertussis, 
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tetanus and many COVID-19 vaccines. This form of admin-
istration has been shown to reduce local adverse events40. 
Intranasal administration, a developing method, involves 
insufflating a vaccine through the nasal cavity. This results 
in the induction of mucosal and systemic immunity while re-
ducing the discomfort caused by vaccine injection41. The live 
attenuated influenza vaccine against influenza virus is 
used in various countries. This method is also being deve-
loped against COVID-19 (ref. 9).  
 The recurring theme from all the above statements is 
that vaccine administration strategies are chosen to accom-
plish a particular end-point. For example, oral and intrana-
sal administration helps target a particular tissue – the 
gastrointestinal tract and the mucosal lining respectively. 
Immunological considerations also abound during the de-
termination of the vaccine administration route. Vaccination 
routes show varied preferences for cellular and humoral 
immunity activation42. Recent evidence suggests that dis-
tinct lymph-node clusters can be targeted using intramuscular 
versus subcutaneous delivery routes43. Particular antigen-
presenting cell clusters can also be activated by modulating 
the anatomical site of vaccine injection44. In some cases, 
the extent of immunological response varies with the route 
of administration45 or even the depth of vaccine injection46. 
Taken together, multiple lines of evidence suggest that vac-
cine entry routes contribute to an altered safety, immunogen-
icity and efficacy profile of a vaccine46. However, this 
observation cannot be generalized. In various instances, the 
extent of adaptive and innate immunity43 and systemic and 
humoral immunity induced47 has been shown to be similar 
across immunization routes. Therefore, it remains essential 
that each vaccine is adequately tested with varied admin-
istration routes to ensure that the best possible strategy is 
implemented.  

Do vaccines combat infection or disease?  

Vaccines are traditionally designed to protect an individual 
from disease, not infection. That is, a pathogen can enter and 
colonize host niches, but the subsequent steps of host 
damage are protected against. Therefore, only some stages 
of the pathogenicity cycle are addressed by the vaccines, 
which is an immeasurable feat. However, it remains im-
portant to study the role of vaccines in intercepting infec-
tion and transmission. Developing a vaccine to prevent 
infection requires understanding the route of transmission, 
the points of entry into a new host and the correlates of im-
mune protection at each step of the pathogenicity cycle. At 
later stages, the prevention of infection by vaccines can be 
tested through ‘human challenge trials’. These require in-
dividuals to get vaccinated and be deliberately challenged by 
the pathogen, which can then check if a vaccinated individu-
al is protected against infection. Of course, this procedure 
is ethical only if a well-established treatment method is in 
practice. One important example is the subunit vaccine 

against the hepatitis B virus, which prevents infection. 
This was based on a recombinant vaccine based on plasma-
derived HBsAg developed in the 1980s that prevented 
hepatitis B in infants of high-risk mothers at 75% efficacy. 
Incredibly, a recent study established that a combination 
of the above hepatitis B vaccine with hepatitis B immuno-
globin (HBIg)-based passive immunization increased this 
efficacy to 95% (ref. 48), a feat achieved by careful con-
sideration of the available antigens and their immunological 
effects. The OPV has also partially addressed transmission 
of the virus by faecal–oral routes during the later stages of 
infection.  
 Current research in this field comes from work on steriliz-
ing immunity, ‘an immune status conferring protection from 
pathogen infection’49. Achieving sterilizing immunity would 
require that early stages of pathogenesis are prevented. 
This, in turn, requires vaccine-induced activation of immune 
responses at the portals of entry. As these entry sites are 
linked to the internal organs by tracts lined with mucosal 
surfaces, current strategies aim to establish mucosal im-
munity through vaccines. In addition to neutralizing anti-
body responses50, this type of immunity necessitates T-cell 
mediated immunity49. Multiple studies support the notion 
that capturing natural infection-like scenarios with T cell 
and B cell responses assists in establishing sterilizing im-
munity. For example, intranasal inoculation of the influenza 
virus results in undetectable levels of virus titres follow-
ing exposure49. However, this may not be the only factor, as 
an intranasal SARS-CoV-2-targeting vaccine that generates 
mucosal T cell and neutralizing antibody responses does 
not confer sterilizing immunity8; but an adjuvant-assisted 
recombinant vaccine delivered intramuscularly produces 
the derived result in mice51. Therefore, we do not yet un-
derstand the complete mechanism behind sterilizing im-
munity. Factors such as the location of the neutralizing 
antibody responses, systemicity of infection and the dura-
tion of mucosal response may be the key to unlocking a 
guide to preventing infection.  

Identifying the immunological correlates of  
protection  

The ultimate question of a vaccine development process, i.e. 
whether a vaccine should be taken forward to clinical tri-
als, is determined by research on the behaviour of vaccine 
candidates in animal models52. It offers a chance to study 
the protective effect of an immunogen, antigen recognition53 
and long-term effects in a system which contains all the 
complex interactions of the immune system54. The reliability 
of such models is dependent on whether human infection 
and disease can be sufficiently recapitulated. In other words, 
the route of pathogen entry and infection, level of pathogen 
replication and damage of the target organ, immuno-
pathogenesis, virulence factors and tissue pathology must 
correlate between the animal model and humans52,54. 
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Choosing the ‘right’ model for each pathogen remains one 
of the biggest challenges in studying infectious diseases; 
analysing these models and devising techniques to improve 
the similarities are currently in progress. 
 Despite the up-and-coming strategies concerning animal 
models, the ethical implications they raised pushed vaccine 
and drug developers to minimize their use by replacing 
them with in vitro and in silico techniques. Most notable 
among these are the in vitro techniques that assess immune 
responses following vaccine administration. For instance, 
a monocyte-derived dendritic cell and allogeneic T cell 
culture have enabled research into innate responses asso-
ciated with the respiratory syncytial virus and its vac-
cine55. Such assays can also functionally characterize a 
vaccine candidate. This has been performed for the tuber-
culosis vaccine candidate H4-IC31 by studying the extent 
of cytokine secretion and immune stimulation56. Another 
step towards such efforts comes from three-dimensional in 
vitro models of the human immune system, explicitly gene-
rated to test the efficacy of vaccines57. These are 3D tissue 
culture systems consisting of human capillaries, interstitium, 
endothelial cells and patient-specific monocytes. After a 
few days of culturing, the monocytes differentiate into 
dendritic cells – which are subsequently used to gauge res-
ponses to vaccine antigens. Organoid models, stemming 
from advances in developmental biology, are also gradually 
being incorporated into infection biology and immunolo-
gy58. These systems commonly develop from induced human 
pluripotent stem cells into target cell lineages, recapitulating 
a large extent of in vivo organization and responses of tis-
sues such as the immune system59. Vaccine testing in an-
imal models is often doubtful regarding its predictive value, 
these systems provide a convenient alternative. Multiple or-
ganoids, like tonsil59, airway, gut and intestinal organoids60 
are currently used in vaccine design. Improvements in 
such models, especially in recapitulating a larger percent-
age of early human physiology, can help address multiple 
questions introduced in this article. 
 In silico studies, too, have made extensive contributions 
to vaccine design61. Immuno-informatics, reverse vaccino-
logy62 and epitope predicting algorithms63,64 are the most 
commonly used protocols. For example, a computational 
algorithm-based approach is being used by Codagenix to 
identify and alter the SARS-CoV-2 genomic regions, which 
are susceptible to high translation in humans by a process 
known as ‘codon deoptimization’. This enables them to gene-
rate a LAV, which is currently at stage I of clinical trials. 
Vaccine candidates can also be validated through in silico 
tools; for example, a Universal Immune System Simulator 
(UISS) platform developed as a cohesive immune framework 
has been extended to test the numerous vaccine candidates 
against SARS-CoV-2 (ref. 65). Mathematical modelling 
of biological systems is also being used in vaccinology. 
Kinetic details of immune responses following vaccination 
have greatly benefitted from this approach66. Specific infec-
tions, epidemiological dynamics and an in-depth purview into 

various questions can also be tackled by such models67,68. 
With a surge in the use of mathematical modelling in bio-
logical systems and those above-mentioned in silico sys-
tems, modelling of immune responses taking the routes of 
vaccine entry into account can be a great contribution to 
vaccine design. 

Conclusion 

Do we get the time to go through this extensive process of 
vaccine development during a pandemic, which requires 
speedy development timelines and emergency authorization? 
The points mentioned in this article demand an extensive 
understanding of the pathogenesis cycle of a pathogen, 
preferably in its natural host, which would require setting 
up multiple model systems, understanding the immune 
correlates and completing the usual extensive process of  
vaccine development. In fact, multiple factors remain un-
addressed in this article, such as the epidemiology of the 
disease, the time course of the infection and the life history 
of the susceptible population. However, as seen with the 
COVID-19 vaccines, which have taken a few months to 
design, manufacture and distribute to large populations, 
one can speculate that some steps may indeed be bypassed. 
After all, it would be advantageous for all infections to 
have quick-developed vaccines, and therefore, questioning 
the necessity for the concerns raised in this article. How-
ever, researchers consider that such an accelerated pace of 
vaccine development for COVID-19 has been made possi-
ble by years of study on the related coronaviruses. Multiple 
technologies used, like RNA-based vaccines, have benefit-
ted from decades of research – has been at the right stage 
for immediate use against SARS-CoV-2 (ref. 69). In other 
words, generations of effort prompted by previous instances 
of infectious diseases enabled COVID-19 vaccines to be 
developed and delivered in a matter of months.  
 An extensive knowledge of the underlying biology, is a 
prerequisite for developing effective vaccines. For example, 
a hepatitis A vaccine is known to have exceptional effi-
ciency in terms of protection against the hepatitis A virus 
(HAV). Specifically, anti-HAV antibodies have been detected 
in ≥97% of vaccines nearly 20 years following vaccination, 
with indications that life-long protection against HAV can 
also be achieved70. This has been attributed to multiple 
studies on immunization, propagation and epidemiology 
from appropriate animal models and human populations71 
and echoes a similar situation as studies on coronaviruses and 
COVID-19 vaccines. The vaccines against human papillo-
mavirus (HPV) are also hypothesized to induce long-term 
protection72. This was made possible due to studies on using 
HPV subunit-based-virus-like particles (VLPs) that helped 
standardize VLPs and understand their immunogenicity73. 
Similarly, the exceptional success rates of toxoid vaccines 
against diphtheria and tetanus can be attributed to timely 
studies on these pathogens – on suitable animal models, 
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targets of vaccines, correlates of immunogenic protection 
and responses from human volunteers71. All of this demon-
strates the necessity of in-depth studies regarding multiple 
aspects of vaccination. This article deals with our under-
standing of pathogenesis, immunology and host–pathogen 
interactions, which would contribute to a better appreciation 
of pathogen biology.  
 

1. Mukherjee, S., Before virus, after virus: a reckoning. Cell, 2020, 
183, 308–314. 

2. Greenwood, B., The contribution of vaccination to global health: 
past, present and future. Philos. Trans. R. Soc. London, Ser. B, 
2014, 369, 20130433. 

3. Morrison, W. I., Taylor, G., Gaddum, R. M. and Ellis, S. A., Con-
tribution of advances in immunology to vaccine development. In 
Advances in Veterinary Medicine, Academic Press, California, 
USA, 1999, pp. 181–195. 

4. Stern, P. L., Key steps in vaccine development. Ann. Allergy, 
Asthma Immunol., 2020, 125, 17–27. 

5. Hird, T. R. and Grassly, N. C., Systematic review of mucosal im-
munity induced by oral and inactivated poliovirus vaccines against 
virus shedding following oral poliovirus challenge. PLoS Pathog., 
2012, 8, e1002599. 

6. Priya, S., In Conservation: T. Jacob John. Curr. Sci., 2018, 114(3), 
436–438. 

7. Bricker, T. L. et al., A single intranasal or intramuscular immunization 
with chimpanzee adenovirus-vectored SARS-CoV-2 vaccine pro-
tects against pneumonia in hamsters. Cell Rep., 2021, 36, 109400. 

8. Hassan, A. O. et al., A SARS-CoV-2 infection model in mice 
demonstrates protection by neutralizing antibodies. Cell, 2020, 
182, 744–753.e4. 

9. Travis, C. R., As plain as the nose on your face: the case for a nasal 
(mucosal) route of vaccine administration for COVID-19 disease 
prevention. Front. Immunol., 2020, 11, 591897. 

10. Begon, M., Townsend, C. and Harper, J., Ecology: From Individuals 
to Ecosystems, 2005. 

11. Demars, A. et al., Route of infection strongly impacts the host–
pathogen relationship. Front. Immunol., 2019, 10, 1589. 

12. Leggett, H. C., Cornwallis, C. K. and West, S. A., Mechanisms of 
pathogenesis, infective dose and virulence in human parasites. 
PLoS Pathog., 2012, 8, e1002512. 

13. Behrens, S. et al., Infection routes matter in population-specific 
responses of the red flour beetle to the entomopathogen Bacillus 
thuringiensis. BMC Genomics, 2014, 15, 445. 

14. Darrah, P. A. et al., Prevention of tuberculosis in macaques after 
intravenous BCG immunization. Nature, 2020, 577, 95–102. 

15. Hiremath, G. S. and Omer, S. B., A meta-analysis of studies com-
paring the respiratory route with the subcutaneous route of mea-
sles vaccine administration. Hum. Vaccines, 2005, 1, 30–36. 

16. Manjaly Thomas, Z.-R. and McShane, H., Aerosol immunisation 
for TB: matching route of vaccination to route of infection. Trans. 
R. Soc. Trop. Med. Hyg., 2015, 109, 175–181. 

17. Park, J.-G. et al., Immunogenicity and protective efficacy of an in-
tranasal live-attenuated vaccine against SARS-CoV-2. iScience, 
2021, 24, 102941. 

18. Garcia-Revilla, J., Deierborg, T., Venero, J. L. and Boza-Serrano, 
A., Hyperinflammation and fibrosis in severe COVID-19 patients: 
Galectin-3, a target molecule to consider. Front. Immunol., 2020, 
11, 2069. 

19. Polidoro, R. B., Hagan, R. S., de Santis Santiago, R. and Schmidt, 
N. W., Overview: systemic inflammatory response derived from 
lung injury caused by SARS-CoV-2 infection explains severe out-
comes in COVID-19. Front. Immunol., 2020, 11, 1626. 

20. Beverley, P. C. L., Sridhar, S., Lalvani, A. and Tchilian, E. Z., 
Harnessing local and systemic immunity for vaccines against tubercu-
losis. Mucosal Immunol., 2014, 7, 20–26. 

21. Vetter, V., Denizer, G., Friedland, L. R., Krishnan, J. and Shapiro, 
M., Understanding modern-day vaccines: what you need to know. 
Ann. Med., 2018, 50, 110–120. 

22. Pulendran, B. and Ahmed, R., Immunological mechanisms of vac-
cination. Nature Immunol., 2011, 12, 509–517. 

23. Lee, Y. J., Lee, J. Y., Jang, Y. H., Seo, S.-U., Chang, J. and Seong, 
B. L., Non-specific effect of vaccines: immediate protection against 
respiratory syncytial virus infection by a live attenuated influenza 
vaccine. Front. Microbiol., 2018, 9, 83. 

24. Christensen, D., Vaccine adjuvants: why and how. Hum. Vaccines 
Immunother., 2016, 12, 2709–2711. 

25. Pulendran, B. S., Arunachalam, P. and O’Hagan, D. T., Emerging 
concepts in the science of vaccine adjuvants. Nature Rev. Drug 
Discov., 2021, 20, 454–475. 

26. Chumakov, K. et al., Old vaccines for new infections: exploiting 
innate immunity to control COVID-19 and prevent future pandemics. 
Proc. Natl. Acad. Sci. USA, 2021, 118, e2101718118. 

27. Töpfer, E., Boraschi, D. and Italiani, P., Innate immune memory: 
the latest frontier of adjuvanticity. J. Immunol. Res., 2015, 2015, 
1–7. 

28. Netea, M. G. et al., Trained immunity: a program of innate immune 
memory in health and disease. Science, 2016, 352, aaf1098. 

29. Blok, B. A., Arts, R. J. W., van Crevel, R., Benn, C. S. and Netea, 
M. G., Trained innate immunity as underlying mechanism for the 
long-term, nonspecific effects of vaccines. J. Leukoc. Biol., 2015, 
98, 347–356. 

30. Lee, P. P., Disseminated Bacillus Calmette-Guérin and susceptibility 
to mycobacterial infections-implications on Bacillus Calmette-
Guérin vaccinations. Ann. Acad. Med. Singap., 2015, 44, 297–301. 

31. Barría, M. I. et al., Localized mucosal response to intranasal live 
attenuated influenza vaccine in adults. J. Infect. Dis., 2013, 207, 
115–124. 

32. Song, L. et al., Mucosal and systemic immune responses to influenza 
H7N9 antigen HA1–2 co-delivered intranasally with flagellin or 
polyethyleneimine in mice and chickens. Front. Immunol., 2017, 
8, 326. 

33. Kim, S.-H. and Jang, Y.-S., The development of mucosal vaccines 
for both mucosal and systemic immune induction and the roles 
played by adjuvants. Clin. Exp. Vaccine Res., 2017, 6, 15. 

34. Lemoine, C. et al., Technological approaches for improving vac-
cination compliance and coverage. Vaccines (Basel), 2020, 8(2), 
304. 

35. Zhu, Q. and Berzofsky, J. A., Oral vaccines: directed safe passage 
to the front line of defense. Gut Microb., 2013, 4, 246–252. 

36. Vela Ramirez, J. E., Sharpe, L. A. and Peppas, N. A., Current state 
and challenges in developing oral vaccines. Adv. Drug Deliv. Rev., 
2017, 114, 116–131. 

37. Kurup, V. M. and Thomas, J., Edible vaccines: promises and chal-
lenges. Mol. Biotechnol., 2020, 62, 79–90. 

38. Abeysundara, A. T., Aponso, M. M. W. and Silva, G. D., A review 
on edible vaccines: a novel approach to oral immunization as a re-
placement of conventional vaccines. Int. J. Food Sci. Nutr., 2017, 
2, 19–22. 

39. Egunsola, O. et al., Immunogenicity and safety of reduced-dose 
intradermal versus intramuscular influenza vaccines: a systematic 
review and meta-analysis. JAMA Netw. Open, 2021, 4, e2035693. 

40. Cook, I. F., Subcutaneous vaccine administration – an outmoded 
practice. Hum. Vaccines Immunother., 2020, 17(5), 1329–1341. 

41. Birkhoff, M., Leitz, M. and Marx, D., Advantages of intranasal 
vaccination and considerations on device selection. Indian J. 
Pharm. Sci., 2009, 71, 729–731. 

42. Rosenbaum, P. et al., Vaccine inoculation route modulates early 
immunity and consequently antigen specific immune response. 
Front. Immunol., 2021, 12, 645210. 

43. Ols, S. et al., Route of vaccine administration alters antigen traf-
ficking but not innate or adaptive immunity. Cell Rep., 2020, 30, 
3964–3971. 



REVIEW ARTICLE 
 

CURRENT SCIENCE, VOL. 124, NO. 9, 10 MAY 2023 1051 

44. Malik, B., Rath, G. and Goyal, A. K., Are the anatomical sites for 
vaccine administration selected judiciously? Int. Immunopharma-
col., 2014, 19, 17–26. 

45. Zimmermann, P. and Curtis, N., Factors that influence the im-
mune response to vaccination. Clin. Microbiol. Rev., 2019, 32, 
e00084-18. 

46. Zhang, L., Wang, W. and Wang, S., Effect of vaccine administra-
tion modality on immunogenicity and efficacy. Expert Rev. Vac-
cines, 2015, 14, 1509–1523. 

47. Pasternak, J. A., Hamonic, G., Forsberg, N. M., Wheler, C. L., 
Dyck, M. K. and Wilson, H. L., Intrauterine delivery of subunit 
vaccines induces a systemic and mucosal immune response in rab-
bits. Am. J. Reprod. Immunol., 2017, 78, e12732. 

48. Chang, M.-H. and Chen, D.-S., Prevention of hepatitis B. Cold 
Spring Harb. Perspect. Med., 2015, 5, a021493. 

49. Dutta, A. et al., Sterilizing immunity to influenza virus infection 
requires local antigen-specific T cell response in the lungs. Sci. 
Rep., 2016, 6, 32973. 

50. Messer, R. J., Dittmer, U., Peterson, K. E. and Hasenkrug, K. J., 
Essential role for virus-neutralizing antibodies in sterilizing im-
munity against friend retrovirus infection. Proc. Natl. Acad. Sci. 
USA, 2004, 101, 12260–12265. 

51. Jangra, S. et al., Sterilizing immunity against SARS-CoV-2 infection 
in mice by a single-shot and modified imidazoquinoline TLR7/8 
agonist-adjuvanted recombinant spike protein vaccine. Preprint. 
Microbiology, 2020. 

52. Herati, R. S. and Wherry, E. J., What is the predictive value of animal 
models for vaccine efficacy in humans?. Consideration of strate-
gies to improve the value of animal models. Cold Spring Harb. 
Perspect. Biol., 2018, 10, a031583. 

53. Cunningham, A. L. et al., Vaccine development: from concept to 
early clinical testing. Vaccine, 2016, 34, 6655–6664. 

54. Gerdts, V. et al., Large animal models for vaccine development 
and testing. ILAR J., 2015, 56, 53–62. 

55. Chirkova, T., Ha, B., Rimawi, B. H., Oomens, A. G. P., Hartert, T. 
V. and Anderson, L. J., In vitro model for the assessment of human 
immune responses to subunit RSV vaccines. PLoS ONE, 2020, 15, 
e0229660. 

56. Ming, M. et al., An in vitro functional assay to measure the bio-
logical activity of TB vaccine candidate H4-IC31. Vaccine, 2019, 
37, 2960–2966. 

57. Sanchez-Schmitz, G. et al., Microphysiologic human tissue con-
structs reproduce autologous age-specific BCG and HBV primary 
immunization in vitro. Front. Immunol., 2018, 9, 2634. 

58. Ye, W., Luo, C., Li, C., Huang, J. and Liu, F., Organoids to study 
immune functions, immunological diseases and immunotherapy. 
Cancer Lett., 2020, 477, 31–40. 

59. Wagar, L. E. et al., Modeling human adaptive immune responses 
with tonsil organoids. Nature Med., 2021, 27, 125–135. 

60. Lamers, M. M. et al., SARS-CoV-2 productively infects human 
gut enterocytes. Science, 2020, 369, 50–54. 

61. He, Y. and Xiang, Z., Databases and in silico tools for vaccine design. 
In In Silico Models for Drug Discovery (ed. Kortagere, S.), Hu-
mana Press, Totowa, NJ, USA, 2013, pp. 115–127. 

62. María, R. R., Arturo, C. J., Alicia, J. A., Paulina, M. G. and 
Gerardo, A. O., The impact of bioinformatics on vaccine design 
and development. In Vaccines (eds Afrin, F., Hemeg, H. and 
Ozbak, H.), InTech.Open, 2017; doi:10.5772/intechopen.69273. 

63. Abdelmageed, M. I. et al., Design of a multiepitope-based peptide 
vaccine against the E protein of human COVID-19: an immuno-
informatics approach. BioMed. Res. Int., 2020, 2020, 1–12. 

64. Ong, E., Wong, M. U., Huffman, A. and He, Y., COVID-19 coro-
navirus vaccine design using reverse vaccinology and machine 
learning. Front. Immunol., 2020, 11, 1581. 

65. Russo, G. et al., In silico trial to test COVID-19 candidate vaccines:  
a case study with UISS platform. BMC Bioinformat., 2020, 21, 
527. 

66. Le, D., Miller, J. D. and Ganusov, V. V., Mathematical modeling 
provides kinetic details of the human immune response to vaccina-
tion. Front. Cell. Infect. Microbiol., 2015, 4, 177. 

67. Barbarossa, M. V. and Röst, G., Mathematical models for vaccination, 
waning immunity and immune system boosting: a general frame-
work. arXiv, 7 January 2015. 

68. Bonin, C. R. B., Fernandes, G. C., dos Santos, R. W. and Lobosco, M., 
A qualitatively validated mathematical–computational model of 
the immune response to the yellow fever vaccine. BMC Immunol., 
2018, 19, 15. 

69. Ball, P., The lightning-fast quest for COVID vaccines – and what 
it means for other diseases. Nature, 2020, 589, 16–18. 

70. Theeten, H., Van Herck, K., Van Der Meeren, O., Crasta, P., Van 
Damme, P. and Hens, N., Long-term antibody persistence after 
vaccination with a 2-dose HavrixTM (inactivated hepatitis A vac-
cine): 20 years of observed data, and long-term model-based pre-
dictions. Vaccine, 2015, 33, 5723–5727. 

71. Amanna, I. J. and Slifka, M. K., Successful vaccines. In Vaccination 
Strategies against Highly Variable Pathogens (eds Hangartner, L. 
and Burton, D. R.), Springer International Publishing, Springer 
Nature, Switzerland, 2018, pp. 1–30. 

72. Safaeian, M. et al., Durable antibody responses following one 
dose of the bivalent human papillomavirus L1 virus-like particle 
vaccine in the Costa Rica vaccine trial. Cancer Prev. Res., 2013, 
6, 1242–1250. 

73. Schiller, J. and Lowy, D., Explanations for the high potency of 
HPV prophylactic vaccines. Vaccine, 2018, 36, 4768–4773. 

74. Kennedy, R. B., Ovsyannikova, I. G., Jacobson, R. M. and Poland, 
G. A., The immunology of smallpox vaccines. Curr. Opin. Immunol., 
2009, 21, 314–320. 

75. Bonaldo, M. C., Sequeira, P. C. and Galler, R., The yellow fever 
17D virus as a platform for new live attenuated vaccines. Hum. 
Vaccines Immunother., 2014, 10, 1256–1265. 

76. Moliva, J. I., Turner, J. and Torrelles, J. B., Immune responses to 
bacillus Calmette-Guérin vaccination: why do they fail to protect 
against Mycobacterium tuberculosis? Front. Immunol., 2017, 8, 407. 

77. Mohn, K. G.-I., Smith, I., Sjursen, H. and Cox, R. J., Immune re-
sponses after live attenuated influenza vaccination. Hum. Vaccines 
Immunother., 2018, 14, 571–578. 

78. Panapasa, J. A., Cox, R. J., Mohn, K. G. I., Aqrawi, L. A. and 
Brokstad, K. A., The expression of B & T cell activation markers 
in children’s tonsils following live attenuated influenza vaccine. 
Hum. Vaccines Immunother., 2015, 11, 1663–1672. 

79. Fox, J. P., Modes of action of poliovirus vaccines and relation to 
resulting immunity. Clin. Infect. Dis., 1984, 6, S352–S355. 

80. Connor, R. I. et al., Mucosal immunity to poliovirus. Mucosal 
Immunol., 2022, 15, 1–9. 

81. Herzog, C., Van Herck, K. and Van Damme, P., Hepatitis A vaccina-
tion and its immunological and epidemiological long-term effects – a 
review of the evidence. Hum. Vaccines Immunother., 2021, 17, 
1496–1519. 

82. Overduin, L. A., van Dongen, J. J. M. and Visser, L. G., The cellular 
immune response to rabies vaccination: a systematic review. Vac-
cines (Basel), 2019, 7, 110. 

83. Vila-Corcoles, A. and Ochoa-Gondar, O., Preventing pneumococcal 
disease in the elderly: recent advances in vaccines and implica-
tions for clinical practice. Drugs Aging, 2013, 30, 263–276. 

84. Daniels, C. C., Rogers, P. D. and Shelton, C. M., A review of 
pneumococcal vaccines: current polysaccharide vaccine recom-
mendations and future protein antigens. J. Pediatr. Pharmacol. 
Ther., 2016, 21, 27–35. 

85. Zhang, Z. et al., Humoral and cellular immune memory to four 
COVID-19 vaccines. Cell, 2022, 185, 2434–2451. 

86. Hielscher, F. et al., NVX-CoV2373-induced cellular and humoral 
immunity towards parental SARS-CoV-2 and VOCs compared to 
BNT162b2 and mRNA-1273-regimens. J. Clin. Virol., 2022, 157, 
105321. 



REVIEW ARTICLE 
 

CURRENT SCIENCE, VOL. 124, NO. 9, 10 MAY 2023 1052 

87. Dunkle, L. M. et al., Efficacy and safety of NVX-CoV2373 in 
adults in the United States and Mexico. N. Engl. J. Med., 2022, 
386, 531–543. 

88. Sadarangani, M., Marchant, A. and Kollmann, T. R., Immunological 
mechanisms of vaccine-induced protection against COVID-19 in 
humans. Nature Rev. Immunol., 2021, 21, 475–484. 

89. Ferlito, C. et al., Tetanus–diphtheria vaccination in adults: the 
long-term persistence of antibodies is not dependent on polyclonal 
B-cell activation and the defective response to diphtheria toxoid 
re-vaccination is associated to HLADRB1∗01. Vaccine, 2018, 36, 
6718–6725. 

90. Weinberger, B., Schirmer, M., Matteucci Gothe, R., Siebert, U., 
Fuchs, D. and Grubeck-Loebenstein, B., Recall responses to tetanus 
and diphtheria vaccination are frequently insufficient in elderly 
persons. PLoS ONE, 2013, 8, e82967. 

91. Honorati, M. C. and Facchini, A., Immune response against HBsAg 
vaccine. World J. Gastroenterol., 1998, 4, 464–466. 

92. Wang, R.-X., Boland, G. J., van Hattum, J. and de Gast, G. C., 
Long term persistence of T cell memory to HBsAg after hepatitis 
B vaccination. World J. Gastroenterol., 2004, 10, 260–263. 

93. Ozaki, T., Mochizuki, H., Ichikawa, Y., Fukuzawa, Y., Yoshida, 
S. and Morimoto, M., Persistence of hepatitis B surface antibody 
levels after vaccination with a recombinant hepatitis B vaccine: a 
3-year follow-up study. J. Oral Sci., 2000, 42, 147–150. 

94. Herrin, D. M. et al., Comparison of adaptive and innate immune 
responses induced by licensed vaccines for human papillomavirus. 
Hum. Vaccines Immunother., 2014, 10, 3446–3454. 

95. Mariani, L. and Venuti, A., HPV vaccine: an overview of immune 
response, clinical protection and new approaches for the future. J. 
Transl. Med., 2010, 8, 105. 

96. Goel, R. R. et al., Distinct antibody and memory B cell responses 
in SARS-CoV-2 naïve and recovered individuals after mRNA vac-
cination. Sci. Immunol., 2021, 6, eabi6950. 

97. Mateus, J. et al., Low-dose mRNA-1273 COVID-19 vaccine generates 
durable memory enhanced by cross-reactive T cells. Science, 
2021, 374, eabj9853. 

98. Andreano, E. et al., B cell analyses after SARS-CoV-2 mRNA 
third vaccination reveals a hybrid immunity like antibody response. 
Nature Commun., 2023, 14, 53. 

99. Dey, A. et al., Immunogenic potential of DNA vaccine candidate, 
ZyCoV-D against SARS-CoV-2 in animal models. Vaccine, 2021, 
39, 4108–4116. 

100. Khobragade, A. et al., Efficacy, safety, and immunogenicity of the 
DNA SARS-CoV-2 vaccine (ZyCoV-D): the interim efficacy results 
of a phase 3, randomised, double-blind, placebo-controlled study 
in India. Lancet, 2022, 399, 1313–1321. 

101. Ewer, K. J. et al., T cell and antibody responses induced by a single 
dose of ChAdOx1 nCoV-19 (AZD1222) vaccine in a phase 1/2 
clinical trial. Nature Med., 2021, 27, 270–278. 

102. Shen, C.-F. et al., Innate immune responses of vaccines determine 
early neutralizing antibody production after ChAdOx1nCoV-19 
vaccination. Front. Immunol., 2022, 13, 807454. 

103. Viola, A., Munari, F., Sánchez-Rodríguez, R., Scolaro, T. and 
Castegna, A., The metabolic signature of macrophage responses. 
Front. Immunol., 2019, 10, 1462. 

104. Schluns, K. S. and Lefrançois, L., Cytokine control of memory T-cell 
development and survival. Nature Rev. Immunol., 2003, 3, 269–
279. 

105. Vazquez, M. I., Catalan-Dibene, J. and Zlotnik, A., B cells responses 
and cytokine production are regulated by their immune microenvi-
ronment. Cytokine, 2015, 74, 318–326. 

 
 
ACKNOWLEDGEMENTS. We thank Drs Gagandeep Kang (CMC, Vel-
lore) and Satyajit Rath (IISER, Pune) for critically reading the manuscript 
and providing helpful comments. R.M. thanks the Department of Bio-
technology, Government of India for funds. 
 
 
Received 11 October 2022; revised accepted 14 February 2023 
 
doi: 10.18520/cs/v124/i9/1039-1052 

 
 
 
 
 
 
 


	Significance
	The current vaccine landscape
	The biology behind vaccines: a primer
	Life-history traits and their relevance to vaccines
	Some aspects of vaccines remain incompletely  understood
	What are life-history traits and how can they help?

	The path from life-history traits to vaccine  development
	Vaccine type governs some but not all aspects of  immune response
	Immune responses can be fine-tuned using varied  portals for vaccine administration

	Do vaccines combat infection or disease?
	Identifying the immunological correlates of  protection
	Conclusion

