
Asian Journal of Pharmaceutics • Jan-Mar 2026 • 20 (1) | 319

Vaccine-Induced Immunity: Unraveling the 
Secrets of long-Term Protection

Shaik Farahan Subahan1, Saravanan Ravindran2

1Department of Pharmacypractice, Bharath Institute of Higher Education and Research, Chennai, Tamil Nadu, 
India, 2Department of Pharmaceutics, Faculty of Pharmacy, Bharath Institute of Higher Education and 
Research, Chennai, Tamil Nadu, India

Abstract

Objective: This review aims to examine the critical roles of memory B cells (MBCs), memory T cells (MTCs), 
and long-lived plasma cells (LLPCs) in generating durable vaccine-induced immunity and to evaluate current 
strategies for overcoming challenges in long-term protection. Methods: A comprehensive literature review was 
performed using databases such as PubMed, Scopus, and Google Scholar. The search focused on molecular 
drivers of immunological memory, vaccine platforms (Messenger RNA [mRNA], viral vectors, live-attenuated), 
and recent advancements in computational biology and adjuvant technology. Results: Contemporary vaccination 
success relies on robust immunological memory. LLPCs in the bone marrow sustain humoral defense through 
continuous antibody secretion, while MBCs and MTCs ensure rapid responses upon re-exposure. Longevity is 
influenced by the vaccine platform; while live-attenuated vaccines mimic natural infection for superior durability, 
mRNA and viral vector platforms offer potent induction of both humoral and cellular immunity. Challenges 
remain for mutable pathogens such as HIV and influenza but are being addressed through heterologous prime-
boost regimens, toll-like receptor agonists, and artificial intelligence-driven antigen prediction targeting conserved 
epitopes. Conclusion: Understanding memory cell maintenance and germinal center reactions is vital. Continued 
research into next-generation delivery systems and computational design is essential for improving the breadth 
and duration of global vaccine-induced protection.
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INTRODUCTION

A comprehensive and systematic 
literature search was conducted to 
identify studies on vaccine-induced 

immunity. The search was performed across 
multiple scientific databases, including 
PubMed/MEDLINE, Scopus, Web of Science, 
and Google Scholar.

The search strategy employed a combination 
of primary and secondary keywords. Primary 
keywords included “Vaccine-induced immunity,” 
“long-term immunity,” “immunological 
memory,” and “vaccine efficacy.” Secondary 
keywords were “Memory B cells,” “memory 
T cells,” “plasma cells,” “humoral immunity,” 
“cellular immunity,” and “immunosenescence.” 
The search was limited to the period from 2004 
to 2024.

Inclusion and exclusion criteria: Included 
studies were peer-reviewed original research 

articles, systematic reviews, and meta-analyses published in 
English, focusing on human or relevant animal models and 
discussing long-term protection, memory cells, and immune 
mechanisms. Editorials, conference abstracts, non-peer-
reviewed articles, and studies focusing solely on vaccine 
safety were excluded.

Vaccines are perhaps humanity’s top miracle. They save lives 
and revolutionize the fight against infectious diseases. Since 
Edward Jenner’s groundbreaking work in 1796, smallpox 
vaccines have been widely acknowledged as the first vaccines 
to be developed in the late 18th century. However, Messenger 
RNA (mRNA) vaccines were created in a hurry during the 
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COVID-19 pandemic. Vaccines train the immune system to 
recognize pathogens upon re-exposure. The greatest part of 
it lies in a wonderful biological process known as immune 
memory. This natural mechanism allows the body’s defense 
system to “remember” all the history of infections so that, 
once they show up, it can hit them with more effective hits 
than the first time.[1] How vaccines induce and sustain this 
memory is essential for unlocking the long-term protection 
against diseases. The body is protected from infections by 
the immune system, which is an intricate system of cells, 
tissues, including chemicals. When a vaccine is introduced 
into the body, it imitates the infection by providing the 
immune system with an innocent version of a pathogen 
or its components (e.g., proteins or genetic material). This 
leads to the body’s signaling event that mounts an immune 
defense.[2] However, vaccines do not only engineer a transient 
reaction; they also teach the defense system to remember the 
pathogen. Memory B cells (MBCs) hence also play a vital 
role in these scenarios.[3,4] These B cells are formed during 
the initial response to a vaccine and can persist in the body 
for years and often for decades. They carry receptors that are 
built specifically for recognizing the pathogen to which the 
vaccine applies. When this pathogen re-enters the scene, they 
spring into action, dividing rapidly and generating antibodies 
to neutralize the threat.[5,6] This rapid response – also known 
as secondary immune response – is much more rapid and 
effective than the body’s first experience with the pathogen 
and is capable of providing a very powerful shield against 
infections.[7] Memory T cells (MTCs) fall under two major 
types, namely T helpers Cells and Cytotoxic T cells function 
as coordinators for other cells and boost antibody production 
while Cluster of Differentiation 8 positive (CD8+) T cells 
operate as the body’s assassins: They track down and kill 
cells that have been penetrated by the pathogen, effectively 
leaving the latter with no chance to propagate.[8] MTCs will 
long survive, still issuing a quick response if the pathogen 
comes back. Immune memory’s unsung heroes are long-lived 
plasma cells (LLPCs); one can identify which are mostly 
found in the bone marrow.[9] These cells continuously produce 
antibodies specific to the vaccine antigen, thus providing 
a steady level of protection, even as there may not be any 
sign of infection. The main antigen-presenting cells (APCs) 
that connect immune system responses that are innate and 
adaptive are dendritic cells (DCs). In the respiratory tract, 
they collect inhaled pathogens and go to the nearby lymph 
nodes, where they expose naïve T lymphocytes to processed 
antigens. Pathogen-specific T and B cells, which are essential 
for long-term protection, spontaneously activate as a result 
of this interaction, which starts and attracts the aberrant 
adaptive response. DCs release cytokines and co-stimulatory 
signals to affect the type and intensity of the immune 
response in addition to activating and starting the adaptive 
immunity. Antibodies are always there and ready to act and 
will neutralize pathogens before they can do any harm.[10] 
There are several determinants of vaccine-induced immune 
memory regarding strength and duration such as types of 
vaccines, the nature of pathogens, and personal differences 

in immune capability. Taking live attenuated vaccines as an 
example, which use weakened portions of a pathogen, it is 
easily observed that live-attenuated vaccines offer stronger 
and longer-lasting immunity when compared to inactivated 
or subunit vaccines. Since the immune system mimics a 
natural infection, it engages itself more comprehensively when 
using live-attenuated strains. On the contrary, subunit vaccines 
– they have only parts of a pathogen – may require adjuvants 
or booster doses to produce similar levels of protection as that 
provided by the live-attenuated vaccine. Adjuvants enhance 
immune function in vaccines by making the body react well 
to the readied innate immune system, which allows vaccines 
to evoke controlled inflammation, summon immune cells, 
and activate them.[11] This way you have a stronger, more 
quality immune response that produces even more antibodies 
and helps form those long-lasting memory cells. Advances 
in vaccine technology also improved our understanding of 
immune memory-they opened up broader avenues for vaccine 
design.[12] Examples of radically new advances in this regard 
are mRNA vaccines. Unlike traditional vaccines, which 
deliver the antigen directly to the body, mRNA vaccines 
give the body’s cells the genetic instruction to produce the 
antigen themselves. This not only mimics natural infection 
more closely but also allows for rapid adaptation should the 
pathogen change, as was the case with the rapid development 
of vaccines for COVID-19. The breakthrough in improving 
vaccines has not yet been achieved, and more research into 
understanding the puzzles that keep immunity memory 
elicitation elusive from developing vaccination will need to 
take place.[13] The finding of immune memory secrets will not 
only inform the progress of future vaccines, which will offer 
broader and more durable protection, but it can also lead to the 
identification of new intervention targets and the development 
of more potent adjuvants, as well as the development of 
innovative vaccine platforms that will overcome current 
limitations. This information can be harnessed to support 
public health by informing optimal decisions about vaccination 
schedules, booster doses, and how best to protect vulnerable 
populations.[14] In summary, vaccine-induced immune memory 
is a cornerstone of immunization strategies today.

MECHANISMS OF MEMORY CELLS 
IN CELL FORMATION, THEIR 

MAINTENANCE, AND PART IN 
IMMUNIZATION-INDUCED IMMUNITY

Vaccines constitute superior medical treatments in reducing 
the disease and death levels due to transmissible diseases. 
The aspirational goal of vaccination is lifelong immune 
protection, which is undertaken by MBCs and MTCs. The 
memory cells prepare the immune system for rapid and vigorous 
reaction by preventing or reducing disease upon re-exposure 
to the disease.[14] The generation and maintenance of these 
memory cells are prerequisites for the durability and efficacy 
of vaccine-induced immunity. MBCs produce antibodies with 
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high affinities while T cells respond to antigen exposure with 
cellular immune responses that are more rapid and effective. 
Factors for this include antigen, vaccine composition, germinal 
center (GC) activity, cytokine signatures, and metabolic 
adaptations. The knowledge of these pathways is important for 
unique vaccine designs, especially in lifelong protection against 
influenza, tuberculosis (TB), human immunodeficiency virus, 
and newly emerging infectious diseases such as COVID-19.[15]

MBC FORMATION, HOMEOSTASIS, 
AND ACTIVITY

MBC generation is triggered by activation of the native cells 
in the peripheral lymphoid organs. That is when a B cell 
binds an antigen and receives other signals from a helper T 
cell and particularly from different accessory cell types such 
as DCs to activate it.[16,17] MBCs are produced by Germinal 
cells in either GC-dependent or GC-independent pathways. 
GC-independent MBCs, primarily immunoglobulin (Ig) 
M-positive/CD73⁺ memory cells, are produced through an 
early extrafollicular response. Despite being of lower affinity 
than GC-derived MBCs, these cells quickly respond to 
antigen re-exposure, providing a rapid line of defense. On the 
other hand, GC MBCs undergo class-switch recombination 
and affinity maturation to generate memory cells capable of 
executing strong, long-lived immune responses: Ig class IgG⁺ 
or class IgA⁺. Cytokines influence and shape these pathways. 
In B and T cells, B cell lymphoma 6 (Bcl-6) expression is 
interleukin (IL)-21-dependent, with IL-21 being mainly 
secreted by T follicular helper (Tfh) cells. In B cells, Bcl-6 
promotes somatic hypermutation (SHM), class switch 
recombination, proliferation, and GC formation. In T cells, 
IL-21 functions in Tfh lineage maintenance and sustenance. 
IL-2 is linked with effector T cell growth and is also required 
for Tfh development through altering the expression of 
transcription factors that control lineage commitment. These 
procedures enhance B cells’ ability to generate antibodies. 
Eventually, the B cells that have a high attraction for the 
antigen will either become B cells or LLPCs, which secrete 
antibodies continually.[18] In contrast, the GC-independent 
pathway generates early MBCs outside GCs. Collectively, 
these cells may display weaker affinities for the antigen, but 
they respond more quickly upon reexposure. Overall, this 
pathway allows the diversity of B cells, being especially 
significant for the initial immune response. There are various 
factors that are thought to influence long-lasting memory, 
apoptosis, and survival of B memory cells that have been 
studied in detail. Cytokines and signals mediating survival 
are among these factors.[19] MBCs are also found in some 
other locations in the body, such as peripheral organs, 
lymphoid tissues, and the circulation. Some of MBCs would 
reside in certain organs, like intestines and lungs, providing 
localized immunity with rapid response-infection at mucosal 
surfaces.[20] When exposed again to antigens, these cells do 
not produce antibodies in the same way a plasma cell does. On 
reinfection, however, they multiplied to antibody-producing 

plasma cells, generating a strong secondary immunological 
response. Furthermore, MBC lifespan requires repeated 
exposure to antigen, resulting from either booster vaccination 
or spontaneous infection. Booster doses ensure continuity of 
immunity through MBC reactivation.[21] This is particularly 
true for vaccines associated with weak initial immune 
reactivity, such as inactivated or subunit vaccines. MBCs are 
vital for humoral immunity since they produce high-affinity 
antibodies after re-exposure to the antigen.[22] Only those 
cells, specifically make contact with the antigen survive 
long term, having been subjected to affinity maturation and 
SHM in GCs. Some develop into latent MBCs waiting for 
antigen confrontation, while others turn into LLPCs and 
secrete antibodies continually. MBCs rapidly proliferate 
and differentiate into plasma cells upon the resurgence of 
a pathogen in the body, thus producing high amounts of 
antibodies. Such a response is immediately effective in 
providing protection from the re-infection but proves to be 
much faster than the first response.[23] Booster shots are then 
required periodically to maintain these populations of MBCs 
and high antibody levels.[24] Vaccines such as live attenuated 
and mRNA vaccines induce a strong GC reaction by the 
formation of potential B cells.

MTC FORMATION, HOMEOSTASIS, 
AND ACTIVITY

These cells provide a long-standing cellular immune 
protection upon vaccination; hence, forming the backbone 
of vaccine-induced immunity. Naïve T lymphocytes 
begin to evoke immune responses once they recognize the 
antigen presented by APCs and DCs.[25] Both signals for 
co-stimulation bear down on the already-present antigen to 
achieve T-cell priming and specialization. Active T cells wipe 
the infection first, then begin the conversion into memory 
cells once the pathogen is eliminated from the body. Now, 
those MTCs will rapidly react to reinfection and can maintain 
a long period of viability in the body. T_EM quickly responds 
to antigen stimulation by producing cytokines in circulation 
through the blood and peripheral tissues.[26] T_CM expresses 
CCR7 and CD62L that enable their recirculation to lymphoid 
tissues and quick response to re-exposed antigens. T_EM can 
elicit an immune response quite rapidly without extensive 
proliferation when faced with infection. Another type, T_RM, 
is found in non-lymphoid tissues such as skin, intestine, and 
lung.[27] These cells generate quick, local immunity at the site 
of infection without the need for recirculation. The T_RM 
cells provide the first line of immunological defense, aided 
by their ability to stay in tissues and express markers such as 
CD69 and CD103. MTC sustenance is secured under several 
processes including metabolic adaptation and cytokine 
support; they are homeostatically maintained by cytokines 
such as IL-7 and IL-15, which support both persistence and 
balanced growth. Cell development and longevity are also 
regulated by IL-2, which comes from the initial immune 
response.[28] A sophisticated network of signals coordinates 



Subahan and Ravindran: Vaccine for Long Term Protection

Asian Journal of Pharmaceutics • Jan-Mar 2026 • 20 (1) | 322

the development and upkeep of MTCs. T cell factor 1 serves 
as a fundamental component that facilitates central MTC 
self-renewal and lymphoid tissue homing, allowing for long-
term maintenance. While Blimp-1 encourages effector cell 
fate and drives T cells toward prompt rather than delayed 
responses, Bcl-6 strengthens the memory cell by suppressing 
genes linked to final effector differentiation. These results 
are further explained by the interaction between T-bet and 
eomesodermin (Eomes); higher levels of eomes and lower 
levels of T-bet are linked to improved MTC survival. To 
ensure effective migration back to lymphoid organs, FoxO1 
controls the quiescent state of MTCs and stimulates the 
expression of homing receptors including CD62L and CCR7. 
The Id2 and Id3 proteins have a pivotal role in deciding the 
lineage commitment, with Id3 resulting in differentiation 
of MTCs. When it comes to metabolism, MTCs primarily 
rely on mitochondrial fatty acid oxidation to maintain their 
life, while effector T cells rely on glycolysis to meet their 
quick energy demands. The mechanistic target of rapamycin 
signaling pathway is also necessary, as it induces effector 
differentiation, whereas inhibiting it promotes the production 
of memory cells. Cytokines like IL-7 and IL-15 are needed 
for keeping MTCs alive and aiding their ability to self-renew 
and ensure a beneficial.[29]

It seems this metabolic change in the body without being 
reactivated by antigens. This cellular immunity relies on 
the MTC capacity to assist in pathogen clearance and 
immunological vigilance.[29,30] After vaccination, native T 
cells find tissue-resident effector T cells while recognizing 
APC-displayed antigens. Following pathogen clearance, the 
majority of the effector cells die, but some persist as MTCs for 
years.[31,32] Three subtypes are within tissue-resident memory 
T cells (T_RM), effector memory T cells (T_EM), and central 
memory T cells (T_CM). Upon secondary antigen encounter, 
T_CM cells residing in the lymphoid tissue proliferate and 
differentiate into effector T cells. In contrast, the T_EM 
cells are responsive to cytokines and are found in the blood 
circulation and peripheral organs for the fast immune response. 
T_RM cells impart localized immunity by being detected in 
non-lymphoid tissues. Cytokines protect and sustain immune 
cells for survival and self-renewal. Long-lasting cellular 
immunity becomes a reality when the intense T-cell response 
activated by the vaccines favors the formation of MTCs.[33,34]

ROLE OF VACCINE ADJUVANTS IN 
ENHANCING VACCINE-INDUCED 

IMMUNITY

An adjuvant is an immunostimulatory agent added to a 
vaccine to improve and sustain immune responses, thereby 
helping to maximize antigen presentation and stimulate innate 
immunity as well as strong adaptive immune responses, 
culminating in long-lasting immune memory. In particular, in 
subunit, killed, and recombinant vaccines, which may lack the 
intrinsic immunogenicity found in live, attenuated vaccines, 

adjuvants play a role in bolstering up antigen presentation 
by enhancing antigen uptake, processing, and presentation 
by APCs, particularly DCs.[36,37] Adjuvants stimulate pattern 
recognition receptors (e.g., toll-like receptors [TLRs] and 
NOD-like receptors), upregulating co-stimulatory molecules 
(CD80 and CD86) and MHC, enhancing naïve T-cell priming 
and adaptive immunity.[38] They also create antigen depots 
to allow for prolonged immune stimulation and activation 
of memory cells, which are critical players in continuous 
immunity. An adjuvant such as alum, a slow-release carrier, 
favors prolonged immune responses; however, alum 
adjuvants induce more Th2-type responses that trigger 
antibody production, especially IgG1 and IgE. Adjuvants 
modify the balance among Th1, Th2, and sometimes Th17 
responses to AI in the production of pathogen immunity 
by vaccine. Alum initiates the NOD-, LRR-, and pyrin 
domain-containing protein 3 (NLRP3), resulting in secretion 
of pro-inflammatory cytokines IL-1β and IL-18, which 
favor Th2-type immune responses. Alum gets retained as 
a commonly used adjuvant; recent vaccine adjuvants have 
expanded and describe more targeted immune modulators. 
For example, CpG oligodeoxynucleotides, which are TLR9 
agonists, are used in the Heplisav-B vaccine and promote 
a Th1-biased response, enhancing cytotoxic T-cell activity 
and the production of opsonizing antibodies for improved 
pathogen clearance. The memory response is enhanced 
by adjuvants through the differentiation and survival of 
memory cells. Adjuvants that activate immune cells develop 
memory plasma cells in the bone marrow and undergo 
rapid differentiation into MBCs that can recall antigens 
upon subsequent exposure. Adjuvants stimulating T cells 
promote memory cytotoxic T lymphocytes (CTL) formation, 
ensuring long-term antiviral immunity.[39] Many clinically 
approved adjuvants underscore the full manifestations of 
these processes. Aluminum salts (alum) are commonly used 
in vaccines, including those against diphtheria, tetanus, 
and hepatitis B, as they may enhance humoral immunity. 
Oil-in-water emulsions such as MF59 (used in influenza 
vaccinations) and AS03 (for pandemic flu vaccines) increase 
antigen retention and promote vigorous immune responses. 
QS-21, used in the vaccine against herpes zoster, represents 
a saponin-based immunoadjuvant that enhances cellular 
immunity by enhancing T-cell responses.[40] The production 
of new adjuvants involving TLR agonists and nanoparticle-
based delivery avenues will eventually maximize both 
efficacy and longevity while securing long-lasting protection 
from infectious diseases.

 LONG-TERM IMMUNITY WITH VIRAL 
VACCINES AND MRNA VACCINES 
IN COMPARISON TO TRADITIONAL 

VACCINES

In contrast to traditional vaccines, the introduction of 
mRNA and viral vector vaccines provides a more effective 
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and flexible way to induce immunological memory and 
constitutes a paradigm shift in the area of vaccine research. 
These platforms have demonstrated good immunogenicity, 
good scalability, and very rapid time-to-development, with 
the best examples being the mRNA vaccines and viral vector 
vaccines.[41] Due to their ability to induce strong and long-
lasting immune responses, they are now becoming important 
tools against newly emerging infectious diseases. Synthetic 
messenger RNA encoding a viral antigen is injected into 
the body through mRNA vaccines; the mRNA is usually 
protected and facilitated into cells through lipid nanoparticles 
(LNPs). Following entrance into the cytoplasm, the viral 
proteins produced by host ribosomes are processed and 
presented by MHC receptors found on APCs. This results 
in strong proliferation of CD4⁺ supporter T cells and the 
compound CD8⁺ cytotoxic T cells in addition to enhancing 
memory B-cell responses.[42] mRNA allows highly regulated 
and temporary expression of the antigen due to its rapid 
degradation and lack of integration into the host genome. 
Alternatively, viral vector vaccines employ genetically 
engineered viruses, including adenoviruses, to carry the 
viral antigens. These vectors express the target antigen 
following entry into host cells, thus stimulating an immune 
response. As the viral pathways serve as natural adjuvants, 
the pro-inflammatory cytokines elevated levels induced, 
viral vector system, as opposed to mRNA vaccines, induce 
a greater innate immune response, which further assists in 
the development of adaptive immunity.[43] Certain viral 
vectors, for instance, wherein the adenoviral vectors are 
non-replicating and, therefore, strongly immunogenic but 
cannot replicate like regular viral vectors to cause damage. 
Conventional inactivated vaccines, like those for polio and 
hepatitis A, contain viral particles that have been destroyed 
and primarily work by eliciting humoral responses to boost 
immunity. Inactivated vaccines require adjuvants and boosters 
for durable immunity, unlike live-attenuated vaccines such 
as Measles, Mumps, and Rubella (MMR) and yellow fever 
vaccines. Live-attenuated vaccines induce strong humoral 
and cellular immunity through viral replication. Despite 
the effectiveness of these vaccinations, potential return 
of virulence exists, particularly in immunocompromised 
individuals.[44] A distinct advantage provided by mRNA and 
viral vector vaccines is stimulation of both humoral and 
cellular immunity. Viral endogenous expression in host 
cells facilitates effective antigen presentation pathways, 
producing potent CD8⁺ T cell responses that are often 
less pronounced in conventional inactivated vaccines. In 
addition to this, the ability to modify the mRNA sequences 
to regulate immune responses is most likely facilitated better 
through this design control. Immune memory is dictated 
by the capacity of the memory cell populations to retrieve 
the information in a timely manner after re-exposing the 
organism to the same pathogen.[45] The long-term immunity 
was therefore induced using live-attenuated vaccines, 
which limit viral replication and expose the host to antigens 
persistently. On the contrary, inactivated vaccines lead to 
weakened memory responses and the need for recurrent 

booster doses. Preliminary evidence suggests that there may 
be long-term memory effects induced by viral vector and 
mRNA vaccines. Studies of COVID-19 mRNA vaccines 
induced strong memory cell and bone marrow plasma cell 
responses, indicative of long-lived antibody responses. 
Viral vector vaccines have induced strong T-cell immunity, 
crucial for intracellular pathogens such as coronaviruses 
and Ebola. However, pre-existing immunity against viral 
vectors such as adenoviruses can occasionally reduce 
efficacy by enabling rapid clearance of the vector by the 
immune system before antigen expression.

Viral vector pre-existing immunity solutions

Pre-existing immunity to viral vectors, often encountered 
through prior natural infections or prior vaccinations, can 
significantly reduce the effectiveness of gene therapy 
or vaccination strategies using those vectors. Several 
approaches are being explored to overcome this challenge, 
including using alternative vector serotypes, modifying 
vector design, and employing prime-boost vaccination 
strategies.

Understanding pre-existing immunity

Humoral immunity
Antibodies, particularly neutralizing antibodies (NAbs), 
can bind to viral vector particles and prevent them from 
entering target cells, thus hindering gene delivery or vaccine 
efficacy.

Cellular immunity
T cells, especially CD8+ CTLs, can recognize and destroy 
cells infected with the viral vector, limiting the duration and 
extent of gene expression or immune response.

Innate immunity
The innate immune system can also recognize viral vector 
components, leading to inflammation and the production of 
interferons (IFNs), which can interfere with transduction and 
reduce the desired immune response.

Strategies to circumvent pre-existing immunity

Alternative vector serotypes
Using different serotypes of the same virus (e.g., different 
adenovirus serotypes) that humans have not been previously 
exposed to can help avoid pre-existing immunity.

Vector modification
Capsid Modification: Altering the vector’s capsid (the protein 
shell) can change its ability to be recognized by antibodies 
and other immune components, reducing neutralization or 
immune cell targeting. Tissue-specific Promoters: Using 
promoters that are active only in specific cell types can help 
to reduce the immune response against the vector itself, 
particularly in APCs.
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Prime-boost regimens
Using a combination of different viral vectors or different 
routes of administration (e.g., intramuscular [IM] followed 
by intranasal) can help to generate a stronger and more 
durable immune response, potentially overcoming pre-
existing immunity.

Immunomodulation
•	 Adjuvants: Adding adjuvants to the vaccine can boost 

the immune response and enhance the effectiveness of 
the viral vector

•	 Immunosuppressants: In some cases, short-term use of 
immunosuppressants can be used to dampen the immune 
response against the vector, allowing for better gene 
delivery or vaccine efficacy.

Targeted delivery
Developing methods to deliver the viral vector directly to the 
target tissue or cells can minimize exposure to the immune 
system and reduce the impact of pre-existing immunity.

Examples of applications

Gene therapy
AAV vectors are commonly used for gene therapy, and 
strategies to overcome pre-existing immunity are crucial for 
successful and widespread application.

Vaccines
Viral vectors are used in several vaccine platforms, and pre-
existing immunity to the vector can be a limiting factor. For 
example, adenovirus vectors are used in some COVID-19 
vaccines, and strategies to overcome pre-existing immunity 
are being explored.

FUTURE DIRECTIONS

Further research is needed to fully understand the complex 
interplay between the immune system and viral vectors.

Developing new, more sophisticated strategies to circumvent 
pre-existing immunity is crucial for advancing the field of 
gene therapy and viral vector-based vaccines.

Combining different approaches, such as vector modification 
and prime-boost regimens, may offer the best chance of 
overcoming pre-existing immunity and maximizing the 
benefits of viral vector technology.

Different vaccine platforms are associated with varying safety 
characteristics. While inactivated vaccines are generally safe, 
the introduced adjuvant components could cause discomfort 
at the injection site.[46] Rarely, mild infections and reversion 
to virulence may result from the administration of weak 
pathogen vaccines. Vaccines from mRNA vaccines have 
demonstrated outstanding safety profiles and are associated 

with transient systemic adverse effects, mainly due to 
stimulation of the natural immunity, including fever, malaise, 
and muscle soreness. The risk of insertional mutagenesis 
is eliminated with mRNA since it is rapidly degraded and 
does not integrate into the genome. In as much as they are 
safe, there have been very few cases of vaccine-induced 
thrombotic thrombocytopenia attributed to viral vector 
vaccines, particularly those using adenoviral platforms. The 
protracted timeline for manufacture has remained a major 
drawback for traditional vaccines, particularly live-attenuated 
vaccines, because they need lengthy and complicated cell 
culture procedures.[47] The manufacturing cost of inactivated 
vaccines is further elevated with many rounds of lengthy 
purification. mRNA vaccines are greatly advantageous in 
terms of their rapid scale-up for manufacture. As shown 
during the COVID-19 pandemic, they may be swiftly created 
and produced using chemical synthesis without the need for 
live viral culture. Their chief disadvantage, however, is the 
need for ultra-low temperature (−70°C for Pfizer-BioNTech) 
for storage, rendering distribution logistically problematic in 
resource-poor settings.[48] This restriction is being actively 
countered by advances in thermostable formulations. Viral 
vector vaccines will, in contrast, be much more viable for 
global distribution since they are simpler to manufacture.

BOOSTER DOSING AND LONG-TERM 
IMMUNOLOGICAL MEMORY RECALL 

IN VACCINES

For long-term infectious disease protection, vaccines 
induce immunological memory. However, as time passes, 
immunologically protective responses weaken or fade, 
requiring booster doses to restore the memory of the 
immune system. Booster doses enhance memory B and 
T-cell responses, providing long-term protection after 
booster immunizations reintroduce the immune system to 
the antigen.[55] The effectiveness of booster doses depends 
on the type of vaccination, the durability of the antigen, 
and the immunological status of the recipient. Following 
immunization, APCs digest and deliver antigen to unaware 
T and B cells, generating memory cells. With time, memory 
cells may become quiescent, and antibody levels may fall. 
Booster doses also activate MTCs, which are critical for 
cellular protection from viruses and other intracellular 
infections. Booster doses enhance SHM and selection in B 
cells.[56] These cells will undergo SHM in GCs as a result of 
repeated exposure to the antigen, thus favoring clones with 
higher-affinity antibodies. The process consequently ends 
up yielding a stronger, more efficient immune response for 
every additional booster. This is particularly beneficial for 
individuals with compromised immune systems and the older 
population, whose immune system deteriorates more quickly. 
The interval between booster vaccinations is determined by 
the duration of immunologic memory established after the 
initial vaccination series.[57]
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HETEROGENEOUSLY PRIME-BOOST 
STRATEGIES

This heterologous prime-boost approach permits the 
combination of different vaccine types for priming (first) 
and boosting (subsequent) doses to achieve optimal immune 
responses. This very promising approach has drawn 
considerable attention in vaccination science because it has 
been shown to yield improved immunogenicity, broader 
immune coverage, and extended duration of protection over 
homologous (same type of vaccine) regimens. Modes of 

stimulating the immune system differ with different types 
of vaccines: combining vaccinations stimulating different 
immune pathways synergistically improves immune 
memory [Figure 1].[58] For instance, viral vector vaccines 
(AstraZeneca, Sputnik V) are strong promoters of cellular 
immunity through activation of T cells, while mRNA vaccines 
(Pfizer-BioNTech, Moderna) generate very strong antibody 
responses relative to high-affinity B-cell memory. Final 
subunit protein vaccines (e.g., Novavax) have an emphasis 
on humoral immunity, even though they require an optimal 
adjuvant for T cell activation [Figure 2].

Figure 2: Detailed metabolic pathway diagram for T-cell memory

Figure 1: Vaccine-induced immunity
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BENEFITS OF HETEROLOGOUS 
PRIME-BOOST STRATEGIES

Enhanced immunogenicity

Studies with COVID-19 vaccines have shown that 
heterologous dosing – immediate antibody and T-cell 
responses – will be produced with priming through one type 
of vaccine and a boost through another, as opposed to two 
doses of the same vaccine [Figure 3].[59]

Broader immune coverage

Using a variety of vaccinations, then, has extended 
immune responses, more effective against changing 
infections and changing viral forms. This is especially 
so for fast-changing viruses such as influenza and 
coronaviruses.[60]

Improvement in vaccine efficacy

In special populations: Some individuals, particularly the 
elderly and those with lesser-impaired immune systems, 
may not develop sufficient immunity with one type of 
vaccine. Weaker responses can then be compensated for by 
heterologous boosting.[61]

Improved GC responses and long-term humoral 
immunity

By successively activating different innate sensors, 
heterologous vaccination improves GC responses, 
resulting in enhanced affinity maturation, extended 
antibody production, and a more resilient pool of MBCs 
and LLPCs.

Flexibility in vaccination deployment: Heterologous 
approaches allow interchangeable vaccine regimens in the 
time of pandemics or supply shortages, thus ensuring better 
access to vaccines and avoiding disruption in immunization 
campaigns.[62]

EXAMPLES OF STRATEGIES FOR 
BOOSTER DOSING

Routine childhood vaccines

Booster doses have markedly increased neutralizing antibody 
levels with the mRNA vaccines (Pfizer-BioNTech, Moderna 
shows in Figure 4) for refurbished protection against severe 
disease. For example, the diphtheria, tetanus, and pertussis 
vaccine is administered in multiple doses between infancy 

Figure 3: Hematopoietic stem cells differentiate into B, T, and NK cells[35]

Figure 4: Pfizer-BioNTech COVID-19 vaccine
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then booster shots are given during adolescence and adulthood 
to sustain protective immunity.[64]

COVID-19 vaccines

Results from studies have indicated that immunity due to 
primary COVID-19 mRNA vaccines starts to wane over time, 
especially in nexus with upcoming variants [Figure 5].[65]

Vaccine for hepatitis B

While the first vaccination set produces strong protection, 
certain risk groups, such as healthcare workers, might need 
a booster as their levels of antibodies significantly drop soon 
thereafter.

Human papillomavirus (HPV) vaccine

In most cases, the HPV vaccination is given in a series of 
doses to ensure sustained immunological memory against the 
carcinogenic strains of HPV.[66]

CORRELATES OF 
PROTECTION: LONG-TERM 

IMMUNITY BIOMARKERS

The exploration of the immunological markers that predict 
long-term protection after an immunization is significant for 
determining optimum vaccine design and schedule of booster 
doses and evaluation of overall efficacy.[66-71] A measurable 
immunological metric qualified as a correlate of protection 
(CoP) becomes a good marker for immune measurement.[73-76] 
These indicators will reflect the duration of memory over 
time of immunological memory induced through vaccination, 
as well as the possibility of an individual continuing to be 

protected from disease over time.[77] The binding of high-
affinity NAbs to key surface proteins on a specific pathogen 
to block viral entry is among the well-known indicators. 
High levels of NAbs correlate well with protection from 
COVID-19, influenza, and measles viruses. However, they 
wane with time, and hence the concern for waning immunity. 
MBCs provide long-term protection, surviving long after 
antibody titers go down, and quickly produce high-affinity 
antibodies upon re-exposure. Measurements of MBC 
responses by enzyme-linked immunospot are a more accurate 
assessment of persistent immunity than antibody titers by 
themselves. Therefore, cellular immunity is as significant as 
humoral immunity in establishing long-lasting protection.[78] 
After reinfection, T cells aid in the pathogen’s rapid removal. 
T lymphocyte responses and the generation of cytokines 
are most commonly monitored using flow cytometry-based 
techniques or gamma IFN (IFN-γ) release assays (IGRAs). 
Another significant criterion is that of functional antibody 
activity: these pathways improve pathogen clearance through 
interaction with effector immune cells.[79] Memory for 
CD45RA⁺/CCR7⁻ effectors. When re-exposed to pathogens, 
T cells that re-express RA (T<sub>EMRA</sub>) are a 
terminally differentiated subpopulation that can produce 
quick effector responses. These cells are very crucial for 
protection against viruses. In addition, since they coordinate 
several immune functions and have a higher capacity for 
cytotoxicity, polyfunctional T cells – which produce multiple 
cytokines at the same time, including IFN-γ, tumor necrosis 
factor-alpha, and IL-2 – are linked to superior protective 
immunity. For long-term defense against intracellular 
pathogens like viruses, profiling these subsets can yield 
important information about the caliber of vaccine-induced 
memory. Mucosal IgA responses are especially reserved 
for bacterial vaccines because they give localized defense 
at the sites of infection as in rotavirus and pneumococcal 
vaccines. Each disease does not have the same correlates 
for protection, and to evaluate the efficacy of vaccination, 
various biomarkers are usually needed.[80] For example, the 

Figure 5: Heterologous Severe Acute Respiratory Syndrome Coronavirus 2 vaccine platform[63]
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protection of hepatitis B vaccination is indicated by serum 
anti-HBs antibody levels, while T lymphocyte immunity is 
vital for TB vaccines. In addition, new vaccination platforms 
such as viral vector and mRNA vaccines generate even further 
challenges regarding the identification of CoP because they 
induce distinct humoral and cellular responses.[81] Although 
much progress has been made in finding immunological 
markers, the definition of universal correlates of protection 
remains elusive. Continual study must improve predictive 
biomarkers since much will vary from individual immune 
responses to the effects of mutations of viruses to differences 
in vaccination platforms.[82] Future integrative approaches will 
provide a more comprehensive assessment of immunity over 
the long term in vaccine development with investigations that 
involve serological, cellular, and functional immune markers.

FACTORS INFLUENCING LONG-TERM 
VACCINE-INDUCED IMMUNITY AND 
STRATEGIES TO OVERCOME THEM

Vaccine platform type

The immunological responses provoked by various 
vaccination platforms are different from each other. In 
general, live-attenuated vaccines elicit strong and long-lasting 
immunity through simulated natural disease (for example, 
MMR and yellow fever), while the inactivated ones (for 
example, polio and hepatitis A) sometimes require booster 
doses for there is lowered immune memory. Both mRNA 
and viral vector vaccines are highly potent, but they would 
need a number of boosts to sustain immunity. Advances in 
vaccine technology, including next-generation adjuvants and 
nanoparticle-based vaccines, promise to improve and extend 
inferior immune responses on other vaccine platforms.[83]

Strength of initial immune response and duration

Immunity develops over a period based on the intensity of 
response, especially the initiation of cells. Vaccines that 
produce strong T-cell responses and high-affinity antibodies 
promise longer-lasting protection. However, various other 
factors such as age, genetics, and pre-existing immunity can 
affect the responses. Heterologous prime-boost strategies 
(mixing types of vaccinations), optimizing the prime-boost 
regimen, and adjusting antigen dose can be applied to 
enhance immune durability.[84]

Response of intervals and persistence of antigens

Some vaccines can activate the immune system several times 
in the presence of a long-time antigen. Vaccination with 
short-lived antigens might need to have booster doses several 
times to maintain effective immunity. Many slow-release 
antigen delivery methods including viral-like particles or 

polymer-based nanocarriers will improve persistence while 
minimizing the number of repeat booster shots.[85]

Variability of pathogens and immune evasion

Rapidly changing viruses, such as Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2), HIV, and 
influenza, escape from the immune detection and ultimately 
become ineffective. Every year, the vaccine formulation 
revision is necessary due to antigenic drift and changes in the 
influenza viruses. Universal vaccines that target conserved 
portions of the viral proteins – for example, the S2 subunit 
in coronaviruses or the hemagglutinin stalk in influenza – 
could offer more comprehensive and long-lasting protection. 
Broad-spectrum protection against diverse viral variants 
remains a critical objective in the pursuit of universal vaccine 
strategies, focusing on conserved viral elements such as 
the S2 domain in coronaviruses or the hemagglutinin stalk 
in influenza viruses. Yet, eliciting robust and neutralizing 
immune responses against these conserved regions proves 
challenging; such epitopes are often structurally concealed or 
exhibit limited immunogenicity. Addressing these biological 
hurdles is fundamental to the advancement of next-generation 
vaccine development.[86]

Immunosenescence and age

Age-related immune declines generally affect natural 
and developed immune responses alike. Due to chronic 
inflammation, reduced action, and limited variability in 
memory cells, older persons mostly show reduced response 
to vaccination. The following is a strategy to counteract age-
related immune decline: Frequent booster doses, adjuvanted 
vaccinations (such as AS03-adjuvanted flu vaccines), and 
high-dose vaccines (like Fluzone High-Dose for influenza). 
People’s immune systems significantly deteriorate with age. 
T and B cells lose their potency, and senescent immune cells 
build up, impairing general function. In older persons, this 
weakened immune response frequently leads to a decline in 
the effectiveness of vaccinations. Recent therapies, such as 
senolytic adjuvants like navitoclax, have a lot of promise since 
they can improve vaccine results in the elderly population 
by reviving immune activity by specifically removing old, 
malfunctioning cells.[87]

Individual and genetic variability

Individual variations in medicine respond to different 
vaccine results. Some forms of immunity among individuals 
respond very well to vaccines because of often different 
human leukocyte antigen (HLA) genes, cytokine profiles, 
and receptor expressions. Furthermore, some configurations 
of immunity generated by these vaccines could be lessened 
due to many other diseases such as immunodeficiency, 
chronic illnesses, and malnutrition. Personalized vaccination 
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strategies, such as dosage adjustments, applying different 
delivery systems (such as intradermal vaccinations for a 
more potent antigen presentation), and genetic screening 
of vaccine non-responders, would be the best to maximize 
Immunity.[88]

Route of administration [Table 1]

Administering a drug determines the extent of immune 
response. Mucosal vaccines (for example, nasal influenza 

vaccine and oral polio vaccine) would induce more or 
less restricted immune protection at the entry points, 
whereas IM injection usually leads to systemic immunity. 
It is worth mentioning here that local mucosal immunity 
may be the best protective measure against certain 
infections, for example, the respiratory viruses. Intranasal 
vaccinations are designed to produce robust immune 
responses, with a focus on preserving secretory IgA 
(sIgA) synthesis in the intranasal epithelium. It eliminates 
infections. In order to control sterilizing immunity and 

Table 1: Comparison between mRNA vaccine, viral vector vaccine with traditional vaccines
Feature mRNA vaccines Viral vector vaccines Traditional vaccines 

(inactivated/live‑attenuated)
References

Technology Uses synthetic mRNA to 
encode an antigen

vector to deliver genetic 
material

Uses killed or weakened 
pathogens

[46‑55]

Examples Pfizer‑BioNTech, Moderna AstraZeneca, Johnson 
and Johnson, Sputnik V

Polio, Measles, Mumps, and 
Rubella, Influenza, Hepatitis A/B

Mechanism of 
action

mRNA directs antigen 
synthesis, inducing an 
immune response.

Rare vectors, adjuvants, 
RNA, targeting, and 
multivalent or mucosal 
delivery.

Direct antigen introduction 
(inactivated) or replication in 
the body (live‑attenuated)

Antigen 
presentation

Cross‑presentation activates 
MHC‑I and CD8⁺T cells.

Endogenous (through 
host cell machinery)

Exogenous (direct presentation 
to immune cells)

Type of immunity 
induced

Strong humoral and cellular 
(CD8+T cells)

Strong humoral and 
cellular (CD8+T cells) 

Primarily humoral (CD4+T cells 
for inactivated, strong CD8+for 
live‑attenuated)

Speed of 
immune 
response

Rapid antibody and T‑cell 
response

Slower than mRNA but 
robust

Slower for inactivated; 
live‑attenuated provides rapid 
response

Stability and 
storage

Requires ultra‑cold storage 
(−70°C for Pfizer)

Requires refrigeration 
(2–8°C) 

Stable at standard refrigerator 
temperatures

Duration of 
immunity

Greater than or equal to 6 
months, boosters required to 
exceed 12 months

6–12 months, boosters 
required 

Lifelong (live‑attenuated), 
several years (inactivated)

Booster 
requirement

Required due to waning 
immunity

Required due to waning 
immunity

Varies; some require boosters, 
some do not 

Efficacy against 
variants

Reduced against some 
variants, boosters improve 
protection

Varies based on vector 
stability and mutations

May require reformulation for 
evolving pathogens

Safety profile Mild side effects; rare 
myocarditis and anaphylaxis 
cases

Mild side effects; rare 
blood clot cases (J&J, 
AstraZeneca) 

AS03‑adjuvanted H1N1 
influenza vaccine (Pandemrix) 
was linked to narcolepsy in 
select populations

Manufacturing 
complexity

Requires complex lipid 
nanoparticle formulation

Requires viral vector 
engineering

Traditional manufacturing; 
well‑established

Scalability and 
production

Rapid, but high‑cost and 
complex storage

Easier to scale with 
traditional vaccine 
facilities |

Easily scalable with existing 
technology

Acceptance 
according to the 
WHO survey

70–85% 60–75% 50–70%

Regulatory 
approval

Emergency use followed by 
full approval

Emergency use followed 
by full approval

Fully approved for most 
traditional vaccines

mRNA: Messenger RNA, CD: Cluster of differentiation
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prevent infections from causing disease, SIgA is essential. 
Unlike systemic IgG, which typically acts after infections 
have penetrated cellular barriers, sIgA intervenes early, 
preventing invasion before it occurs. In order to assess 
the effectiveness of mucosal vaccinations, especially 
against respiratory viruses such as influenza, RSV, and 

SARS-CoV-2, it has become possible to measure nasal 
sIgA titers. The development of such mucosal vaccines 
against gastrointestinal and respiratory infections, like 
intranasal COVID-19 vaccines, may thus enhance long-
term immune protection by shifting production to a potent 
IgA responses [Table 2].[89]

Table 2: Comparison between long‑term immunity vaccines
Vaccine Disease 

prevented
Type of 
vaccine

Mechanism of action Immunity 
period

Booster/Memory

Varicella (Chickenpox) Chickenpox Live‑attenuated 
virus

Induces strong B and 
T‑cell responses 

Lifelong in most 
cases

Not routinely required, 
but booster available

Yellow Fever Yellow Fever Live‑attenuated 
virus

Induces long‑lived 
antibody response 

At least 10 years, 
often lifelong

Booster needed in 
high‑risk areas

Hepatitis B Hepatitis B Recombinant 
protein

Induces strong 
humoral immunity 
through hepatitis B 
surface antigen 

>20 years, 
possibly lifelong

Booster 
recommended for 
immunocompromised 
individuals

Human Papillomavirus 
(HPV)

Cervical 
and other 
HPV‑related 
cancers

Recombinant 
protein 
(virus‑like 
particle)

Induces neutralizing 
antibodies against 
HPV 

At least 
10–15 years, 
potentially 
lifelong

No booster currently 
recommended

Polio (inactivated 
poliovirus virus [IPV])

Poliomyelitis IPV Induces systemic 
immunoglobulin 
G (IgG)‑mediated 
immunity 

Lifelong after full 
dose series

No booster needed 
unless traveling to 
endemic areas

Diphtheria, Tetanus, 
Pertussis

Diphtheria, 
Tetanus, 
Pertussis

Toxoid (D&T), 
Inactivated (P)

Induces strong 
antibody response 
against bacterial toxins

~10 years Booster required 
every 10 years 
(Tdap/Td)

Bacillus 
Calmette‑Guérin

Tuberculosis Live‑attenuated 
bacteria

Induces strong 
T cell‑mediated 
immunity 

10–15 years, 
with minimal 
efficacy in adults.

Booster not 
recommended due to 
inconsistent efficacy

Influenza (Flu 
Vaccine)

Influenza Inactivated or 
live‑attenuated

Induces strain‑specific 
antibody response 

6–12 months Annual booster 
required due to viral 
mutation

Shingrix (Shingles 
Vaccine)

Herpes 
Zoster 
(Shingles)

Recombinant 
subunit

Induces strong T‑cell 
and B‑cell responses

>10 years No booster currently 
recommended |

Pneumococcal 
(PCV13, PPSV23)

Pneumonia, 
Meningitis 

Conjugate 
(PCV13)
Polysaccharide 
(PPSV23)

Induces strong IgG 
response, enhanced 
in conjugate form

~10 years 
(PCV), ~5 years 
(PPSV23)

Booster 
recommended for 
high‑risk groups

Meningococcal 
Vaccine

Meningitis Conjugate or 
polysaccharide

Induces a strong B‑cell 
response against 
meningococcal 
serogroups

~5–10 years Booster required for 
high‑risk individuals

COVID‑19 (mRNA: 
Pfizer/Moderna, 
Viral Vector: 
AstraZeneca, J&J)

COVID‑19 mRNA/Viral 
Vector 

Induces strong 
humoral and cellular 
immunity 

~6–12 months, 
variable

Booster required due 
to waning immunity 
and variants

Hepatitis A Hepatitis A Inactivated virus Induces strong 
antibody‑mediated 
immunity 

At least 20 
years, likely 
lifelong 

No booster needed 
for most individuals

Rabies Vaccine Rabies Inactivated virus Induces a strong 
neutralizing antibody 
response 

~10 years with 
pre‑exposure 
doses

Booster required for 
continued exposure 
(e.g., veterinarians)
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Lifestyle and environmental factors

There are many different modulators in the vaccine 
efficacy spectrum, including exposure to pathogens, the 
composition of the gut microbiome, and diet. Whereas the 
gut microbiota controls immunity induced by vaccines, 
malnutrition with respect to vitamin A and zinc afflicts 
immune responses. Finally, booster vaccinations in 
undernourished people, coupled with supplementation 
with vitamins and probiotic-based vaccine adjuvants, may 
enhance immunity.[90]

FUTURE STRATEGIES FOR LONG-TERM 
VACCINE-INDUCED IMMUNITY

The provision of long-lasting vaccination-induced immunity 
in such populations is extraordinarily perplexing, particularly 
because of highly mutable pathogens, frailty of host immune 
systems, or some combination of the two. Vaccine intervention 
has indeed been spectacularly successful in eradicating or 
controlling infectious diseases, but newer problems such 
as waning immunity and antigenic variation and immune 
evasion require next-generation vaccine approach design.[91] 
The burgeoning horizon is the ecosystem for induced broad 
and potent immunity due to advances in delivery systems, 
biotechnology, and immunology. Among the more promising 
approaches is the development of universal vaccines against 
conserved sites of pathogens that would eliminate the need for 
updates and booster shots. For instance, the focus of universal 
influenza vaccine development is on a hemagglutinin stalk 
region that is better conserved, rather than the head region 
of the virus, which undergoes rapid mutations. Similarly, 
vaccinations designed to elicit widespread immune responses 
against coronaviruses being tested target the conserved S2 
part of the spike protein.[92] Such universal vaccines could 
thereby promote long-term immune protection while 
drastically reducing the need for yearly reformulation. 
Consolidated antigen design with the help of computational 
and structural biology is a central strategy. The feasibility of 
identification of highly immunogenic and conserved epitopes 
gets borne out with new advances in reverse vaccinology and 
AI-driven antigen prediction.

Epitope accessibility is a crucial factor in the design of 
effective universal vaccines. It refers to the ability of an 
epitope, a specific region on an antigen that T cells and 
antibodies can recognize, to be exposed and available 
for interaction with the immune system. In the context of 
universal vaccines, which aim to be effective against a wide 
range of pathogen variants or strains, ensuring high epitope 
accessibility is essential for eliciting a broad and robust 
immune response.

Here’s why epitope accessibility is important for universal 
vaccines:

Immune recognition

For an epitope to be effective in eliciting an immune response, 
it must be accessible to immune cells (T cells and B cells). 
If an epitope is hidden within the protein structure or buried 
within the pathogen’s surface, it won’t be recognized by the 
immune system, rendering the vaccine ineffective against a 
wide range of pathogens.

Universal vaccine design

Universal vaccines aim to target conserved regions of 
a pathogen that is less likely to mutate, thus providing 
protection against various strains. Epitope accessibility plays 
a key role in identifying these conserved regions. If an epitope 
is accessible across different strains, it becomes a promising 
target for a universal vaccine.

Vaccine effectiveness

The accessibility of an epitope directly impacts the vaccine’s 
effectiveness. If an epitope is poorly accessible, it might 
lead to a weaker or narrower immune response, reducing the 
vaccine’s ability to protect against diverse pathogen variants.

Designing for broad protection

When designing universal vaccines, scientists often use 
computational tools and experimental techniques to assess the 
accessibility of potential epitopes. This involves predicting 
the three-dimensional structure of the pathogen’s proteins 
and identifying regions that are likely to be exposed on the 
surface.

In summary, epitope accessibility is a critical factor in the 
development of effective universal vaccines. By focusing on 
accessible and conserved epitopes, researchers can design 
vaccines that offer broad protection against a wide range of 
pathogens.

This has become crucial in the development of vaccines 
against complex diseases such as HIV and malaria, where 
traditional approaches have encountered challenges. By 
designing antigens with superior stability and immunogenicity 
attributes, researchers may produce vaccines that could elicit 
a strong and durable immunological memory. Long-lasting 
vaccine-induced immunity also heavily depends on next-
generation adjuvants.[93] Conventional adjuvants, such as 
aluminum salts, might not induce potent T-cell responses 
but enhance humoral immunity. To concurrently evoke 
memory responses of B and T cells and provide long-lasting 
protection, a new generation of adjuvants is being developed, 
utilizing TLR agonists (like monophosphoryl lipid A MPL 
in Shingrix), saponin-based adjuvants (like QS-21), and 
nanoparticle-based adjuvants. In addition, these adjuvants 
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augment the efficacy of immunization in the elderly 
population by counteracting age-associated immunological 
exhaustion. Heterologous prime-boost strategies that 
combine various vaccination platforms to provide broader, 
more robust protection are currently gaining traction. 
Intensive investigations have been carried out utilizing this 
strategy throughout COVID-19 vaccine campaigns, with 
mRNA vaccines (Pfizer, Moderna) and adenoviral-vectored 
vaccines (AstraZeneca, Sputnik V) demonstrating greater 
immune responses as combinations than homologous 
regimens.[94,95] These strategies have the ability to augment 
cross-protection against variants, promoting both humoral 
and cellular immunity. Long-term immunity based on a 
promising development in vaccination technology, mRNA, 
and self-amplifying RNA (saRNA) vaccines is within 
reach. While requiring several doses to induce protection, 
conventional mRNA vaccines induce robust immune 
responses. saRNA vaccines sustain expression of the antigen 
due to the encoded viral replication machinery, thus removing 
the need for booster doses. This approach is being explored 
for cancer immunotherapy as well as for vaccines against 
infectious diseases. Development of mucosal vaccination 
may grease the long-term immune response, especially 
pertinent against gastrointestinal and respiratory pathogens. 
Current vaccines are mostly delivered intramuscularly; such 
vaccinations yield great systemic immunity but poor mucosal 
protection. Strong mucosal IgA responses will be induced by 
intranasal or oral vaccines being developed for COVID-19, 
influenza, and TB, halting infection at their entry points. This 
not only further protects the community from infection by 
reducing the transmission of the virus but also enhances local 
Immunity.[96] In order to optimize vaccine efficacy across 
diverse demographic groups, personalization of vaccination 
strategies has gained popularity. Individual vaccine responses 
are affected by previous immunological encounters, genetics, 
and microbiome composition. Accordingly, growing 
networks of systems immunology and big data analytics 
allow researchers to personalize vaccine formulations and 
schedules based on an individual’s immunogenetic profile, 
whereby higher doses, additional boosters, or other adjuvants 
may be beneficial for those whose responses are weaker due 
to specific HLA variants.[97] Another focus in this area is the 
nanotechnology-based vaccine delivery system that enhances 
immune stimulation and stability of the antigen. LNPs, once 
developed for the efficacious delivery of mRNA vaccines, 
are now being optimized to improve their ability to induce 
antigen presentation and prolong the activation of an immune 
response. Progress is also being made towards DC-targeting 
nanoparticles, polymer-based nanoparticles, and virus-like 
particles that boost antigen presentation and uptake and 
prolong vaccine persistence. To withstand the ever-changing 
components of microbial pathogens, epitope-based and 
multi-pathogen vaccines are under development to potentiate 
immune responses. Vaccines could immunologically escape 
by targeting conserved immunodominant regions as opposed 
to whole-protein antigens. Pentavalent and hexavalent vaccine 

formulations are examples of multi-pathogen vaccines that 
simultaneously protect against numerous diseases with 
a single dose, thereby improving coverage and lowering 
logistical barriers.[98] Bioengineering and synthetic biology 
are transforming traditional vaccine research. Programmable 
RNA vaccines, viral vector platforms, and mRNA-based 
vaccines each provide the ability for fast adaptability to novel 
pathogens.

CONCLUSION

The robustness of vaccine-induced protection relies on 
the sophisticated interplay between systemic and mucosal 
immune systems. As established in this review, the “secrets” 
of long-term immunity lie within the specialized pathways 
of MBCs, MTCs, and the long-term survival of plasma cells 
in the bone marrow niche. While the window of immunity 
loss remains, a challenge influenced by vaccine design and 
host factors, the evolution of vaccinology – transitioning 
from traditional live-attenuated platforms to modern mRNA 
and viral vector systems – offers a path toward more durable 
protection.

The signaling pathways and molecular processes, such as 
IL-21 and IL-2 mediated survival and GC affinity maturation, 
are now better understood, yet hurdles remain in achieving 
universal protection against rapidly mutating pathogens such 
as HIV and influenza. The implementation of heterologous 
prime-boost strategies, next-generation adjuvants, and 
personalized vaccine designs driven by AI and systems 
immunology will be pivotal in overcoming these barriers. 
Ultimately, by unraveling the mechanisms that govern the 
establishment and maintenance of immunological memory, 
the scientific community can develop next-generation 
vaccines that not only improve the breadth and duration of 
protection but also ensure global health security for diverse 
populations.
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