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ABSTRACT 
 

The field of vaccine immunology has greatly improved infectious disease prevention and control by providing insights into how vaccines 

induce protective immunity. Vaccines work by imitating natural infections, thus priming the innate and adaptive immune responses 

without disease. This includes the recognition, processing of antigens by antigen-presenting cells, and activation of T and B lymphocytes, 

which results in the production of pathogen-specific antibodies and the establishment of immune memory. Contemporary vaccine 

technologies, such as live attenuated, inactivated, subunit, viral vector, and mRNA vaccines, have varying immunologic mechanisms of 

action and associated benefits and challenges. Adjuvants also play a crucial role in enhancing vaccine responses through activation of the 

innate immune system and enhanced antigen presentation. But immune responses can vary widely following vaccination due to age, 

genetic background, nutrition, and co-infections. The future of vaccines lies in new technologies, such as nucleic acid–based vaccines 

and novel adjuvants, which allow for rapid response, targeted immune responses, and protection against diverse pathogens. This review 

emphasizes the critical mechanisms of immune activation, factors contributing to long-term protection, and the future of vaccine 

development for global health. 
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Introduction 

Vaccines are biological agents that stimulate the immune system to develop 

protection against specific infectious diseases without causing illness [1]. 
The scientific and pharmaceutical enterprises have developed vaccines to 

protect humans against dozens of diseases. National immunization 

programs in the United States and beyond have introduced and sustained 
the delivery of many of these interventions [2]. Vaccines protect against 

several acute infectious diseases and the long-term complications of these 
infections, which range from congenital rubella syndrome to Hepatitis B 

and human papillomavirus-related cancers. Much of this progress was 

accomplished over the past 50 years in the developed world, but progress 
often lagged by decades in resource-poor settings. Although numerous 

challenges continue to threaten these successes, the scorecard currently 

shows science and immunization programs winning the contest against the 
vaccine-preventable diseases they target [3]. Before the development and 

wide use of human vaccines, few people survived childhood without 

experiencing a litany of diseases, including measles, mumps, rubella, 
chickenpox, whooping cough, and rotavirus diarrhea [4]. By 1955, on the 

tenth anniversary of President Roosevelt’s death, investigators announced 

to a packed auditorium the results of a nationwide clinical trial of Salk’s 
inactivated polio vaccine among schoolchildren, an announcement 

broadcast live across the country [5].  

The U.S. immunization program can trace its origins to the major 
vaccination campaigns that followed, first against polio and then against 

measles and rubella, once vaccines against those diseases were developed 

during the 1960s. Poliomyelitis became rare in the U.S. within years of the 
initial vaccine campaigns and was certified to have been eliminated from 

the Americas by 1994 [6]. Variability in long-term immunity remains an 

important gap in scientific knowledge, as individuals show significant 
differences in how durable and effective their immune responses are after 

infection or vaccination [7].  This heterogeneity is influenced by factors 

such as genetic background, age, nutritional status, and overall health, yet 
precise predictors of who will develop strong and lasting immunity are still 

lacking. Long-term protection depends on immune memory, particularly 

memory B cells and T cells, but the exact contribution and persistence of 
each component across different diseases is not fully understood [8].  The 

duration of immunity also varies widely, with some infections providing 

lifelong protection while others result in only short-term immunity, and the 
mechanisms behind this difference remain unclear. In addition, the 

evolution of pathogens through mutations can reduce the effectiveness of 

existing immune memory, making it difficult to predict how well immunity 
will adapt over time [9].  

Overview of the Immune System in Vaccination: 

Vaccines induce immune responses that are highly complex and include 

orchestrated actions of a wide range of immune cells in both innate and 

adaptive immune systems. Ultimately, most current vaccines protect 
pathogen-specific antibodies that target epitopes on pathogens or their toxic 

components [10]. Antibodies are exclusively produced by a subset of B-

lymphocytes (B-cells) called plasma cells. The process of antibody 
production begins with vaccine antigens reaching the draining lymph nodes 

from the injection site, where they are captured by specialized macrophages 
in the subcapsular region and then transported to the B-cell zone (follicles). 

Here, B-cells are activated, and activated B-cells migrate toward the border 

region between B-cell follicles and the T-cell zone (called the marginal 
zone) [11]. 

Innate immunity is the body’s first line of defense against infections and 

injury. Innate immunity is nonspecific and responds quickly to microbial 
invaders or cellular damage [12].  A crucial aspect of the innate immune 

system is the use of pattern recognition receptors (PRRs). PRRs are 

specialized proteins expressed on the surface or inside immune cells, and 
they serve as the immune system's sensors. These receptors are responsible 

for recognizing common molecular patterns present on pathogens (PAMPs) 

or released by damaged or dying cells (DAMPs). By detecting these 
patterns, PRRs trigger immune responses to eliminate threats or repair tissue 

damage [13]. Cytokines play an important role in inflammation and the 

subsequent immune response. Different cytokines can have positive and 
negative effects on cell function, playing a role not only in the immune 

response and inflammation but also in reproduction, trauma, and disease 

formation (cancer, asthma, heart and endocrine diseases, and others). The 
nature of the immune response depends on the nature of the cytokines [14]. 

Adaptive immunity, which is highly specific and memory-based, is antigen-

dependent and involves a time lag between antigen exposure and the 
maximal response. The hallmark of adaptive immunity is its memory 

capacity in generating a faster and more effective immune response [15]. 

The cells of the adaptive immune system are T-lymphocytes and B-
lymphocytes, which are highly motile. Adaptive immune responses may 

also respond to indirect stimuli from mucosal antigen-presenting cells 

(APCs) that migrate to secondary organs. Lymphocytes can then travel to 
many sites in the body where they perform effector functions [16].  CD4+T 

cells play an important role in lung disease, showing a high degree of 

heterogeneity and plasticity, and are regulated in response to stimulation 
with cognate antigens bound to MHC class II molecules. Thus, the antigen-

presenting cell type and the additional signals it provides directly affect 

CD4+T cell programming and its downstream effector mechanisms. The 
expression of MHC II is mainly limited to professional APCs, but epithelial 

cells and fibroblasts can also express MHC II [17]. To present antigens to 
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CD8+T or CD4+T cells, APCs must express either MHC I or MHC II, 
respectively. It is necessary for cells to have the capability of increasing the 

expression of co-stimulatory proteins like B7, which interacts with CD28 

found on the outer layer of T cells [18]. T cell activation depends on antigen 
presentation by major histocompatibility complex (MHC) molecules on 

professional antigen-presenting cells (pAPCs), costimulatory receptor 

interaction, and cytokines [19]. 
Antigen Recognition and Processing: 

Vaccines initiate immune responses by introducing antigens into the body, 

which are recognized by antigen-presenting cells (APCs), including 
dendritic cells, macrophages, and B cells [20]. APCs capture the antigen 

and process it into smaller peptide fragments that can be presented on major 

histocompatibility complex (MHC) molecules [21]. Dendritic cells are the 
most potent APCs and play a critical role in linking innate and adaptive 

immunity. Once activated, they migrate to lymph nodes where they present 

antigens to naïve T cells, initiating a specific immune response [22]. This 
step is essential for developing long-term immune memory [23]. 

Adjuvants are substances added to vaccines to enhance the body’s immune 

response to an antigen. Common adjuvants include alum, MF59, and AS03, 

each functioning through different mechanisms. Alum works by forming a 

depot effect and promoting antigen uptake by immune cells, leading to 

strong antibody responses [24, 25, 26]. MF59 enhances recruitment of 
immune cells to the injection site and improves antigen presentation. AS03 

stimulates innate immune pathways and increases cytokine production, 

thereby boosting both cellular and humoral immunity [27, 28]. Adjuvants 
also help reduce the amount of antigen required and improve vaccine 

effectiveness, especially in populations with weaker immune responses, 

such as the elderly [29]. 
Vaccines activate both cellular and humoral branches of the immune 

system. T helper (CD4+) cells are activated when antigens are presented via 

MHC-II molecules, and they release cytokines that regulate immune 
responses [30]. Cytotoxic T cells (CD8+) are activated when antigens are 

presented through MHC-I molecules, leading to the destruction of infected 

cells [31]. This is particularly important for viral infections [32]. B cells are 
responsible for antibody production. Upon activation, they differentiate into 

plasma cells and produce antibodies that neutralize pathogens [33]. Class 

switching allows B cells to produce different types of antibodies, such as 
IgG, IgA, and IgE, improving the quality and durability of the immune 

response [34][55]. 

Types of Vaccines and Their Immunological Mechanisms: 
Live attenuated vaccines contain weakened forms of pathogens that can 

replicate without causing disease. These vaccines closely mimic natural 

infection and induce strong and long-lasting cellular and humoral immunity. 
However, they are not suitable for immunocompromised individuals due to 

safety concerns [35, 36]. Inactivated vaccines contain killed pathogens that 

cannot replicate. They are safer than live vaccines but primarily induce 
humoral immune responses. These vaccines often require booster doses to 

maintain immunity [37, 38]. 

Subunit vaccines include only specific antigenic parts of a pathogen, such 
as proteins or polysaccharides. Recombinant vaccines use genetic 

engineering to produce these antigens. They are safer and have fewer side 
effects but may require adjuvants to enhance their immunogenicity [38, 40]. 

Viral vector vaccines use harmless viruses to deliver genetic material 

encoding a pathogen’s antigen into host cells. This leads to endogenous 
antigen production and strong activation of both T cells and antibody 

responses. These vaccines are widely used in recent infectious disease 

control strategies [41, 42, 43]. mRNA vaccines deliver messenger RNA 
encoding a specific antigen into host cells, which then produce the antigen 

internally [44]. This mechanism stimulates both cellular and humoral 

immune responses effectively [45]. mRNA vaccines are highly adaptable 
and can be rapidly developed, making them crucial in pandemic responses. 

However, they require strict cold-chain storage and have stability 

limitations [46, 47]. 
Factors Affecting Vaccine-Induced Immunity: 

Vaccine-induced immunity can vary significantly among individuals due to 

multiple biological and environmental factors [48]. Age is a major 
determinant, as infants have immature immune systems while elderly 

individuals experience immunosenescence, leading to weaker immune 

responses [49]. Genetic factors also influence vaccine responsiveness, as 
variations in genes related to immune function can affect antigen 

recognition and immune activation [50]. Nutritional status plays a critical 

role, as deficiencies in essential nutrients such as vitamins and minerals can 
impair immune responses [51]. 

Comorbidities, including chronic diseases like diabetes, obesity, and 

cardiovascular disorders, can reduce vaccine effectiveness by altering 
immune function [52, 56]. Environmental factors, such as exposure to 

pathogens, pollution, and lifestyle conditions, also impact immune 

responses and vaccine efficacy [53]. Understanding these factors is 
important for improving vaccine strategies and ensuring optimal protection 

across different populations [54]. 

 
Figure 1: This figure shows the key vaccine platforms and the different types of 

immunological approaches. It illustrates the various vaccines, such as inactivated, live 

attenuated, subunit, nucleic acid, viral vector, virus-like particle, and gene-deleted vaccines. 
Future Perspective: 

The future of advanced vaccine immunology is moving toward more 
precise, efficient, and versatile approaches that go beyond traditional 

disease prevention. At the same time, mRNA and other nucleic acid–based 

platforms are expected to dominate next-generation vaccine development 
because they allow rapid design, easy modification, and scalable 

production, with expanding applications in cancer immunotherapy and 

chronic infections. Researchers are also working toward universal vaccines 
that can provide broad protection against multiple strains of pathogens such 

as influenza and coronaviruses, reducing the need for frequent updates. 

Advanced adjuvant systems play a crucial role in modern vaccine 
immunology by enhancing the magnitude, quality, and duration of immune 

responses, particularly in vaccines that use purified antigens, recombinant 

proteins, or nucleic acids. These advanced systems include 
immunostimulatory molecules such as Toll-like receptor (TLR) agonists 

(e.g., CpG oligodeoxynucleotides, saponin-based compounds like QS-21, 

and STING pathway activators), all of which trigger pattern recognition 
receptors and promote cytokine production, dendritic cell maturation, and 

enhanced antigen presentation. 

Conclusion: 

In summary, the field of vaccine immunology has advanced significantly, 

offering a wealth of knowledge on how immunity is activated and sustained. 

Vaccines successfully link innate and adaptive immunity by activating 
antigen recognition, cytokine production, and the activation of T and B 

cells, resulting in immune memory. The creation of a range of vaccine 

platforms, from classical live attenuated and killed vaccines to cutting-edge 
mRNA and viral vectors, has broadened the capacity to prevent numerous 

infectious diseases and their complications. However, there are still many 

challenges in explaining the variability of immune responses and achieving 
durable protection in a variable population. Age, genetics, nutrition, and 

health status still impact vaccine efficacy. And the ever-changing nature of 

pathogens continues to challenge long-term protection. 
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