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Abstract

:

The induction of T cell-mediated immunity is crucial in vaccine development. The most effective vaccine is likely to employ both cellular and humoral immune responses. The efficacy of a vaccine depends on T cells activated by antigen-presenting cells. T cells also play a critical role in the duration and cross-reactivity of vaccines. Moreover, pre-existing T-cell immunity is associated with a decreased severity of infectious diseases. Many technical and delivery platforms have been designed to induce T cell-mediated vaccine immunity. The immunogenicity of vaccines is enhanced by controlling the kinetics and targeted delivery. Viral vectors are attractive tools that enable the intracellular expression of foreign antigens and induce robust immunity. However, it is necessary to select an appropriate viral vector considering the existing anti-vector immunity that impairs vaccine efficacy. mRNA vaccines have the advantage of rapid and low-cost manufacturing and have been approved for clinical use as COVID-19 vaccines for the first time. mRNA modification and nanomaterial encapsulation can help address mRNA instability and translation efficacy. This review summarizes the T cell responses of vaccines against various infectious diseases based on vaccine technologies and delivery platforms and discusses the future directions of these cutting-edge platforms.
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1. Introduction


A higher safety profile and induction of T-cell-mediated immunity are current trends in vaccine development. Elucidating the biological immune response enables clarification of the mechanism of action of the vaccine. The most effective vaccine immunity is likely to induce both cellular and humoral immune responses against pathogens. The assessment of T-cell responses has recently become popular in the early phases of clinical trials. The immune properties of T cells determine the efficacy of vaccines associated with durable immunity and the induction of broadly neutralizing antibodies. For example, an increasing number of follicular helper T cells (Tfh) confer long-term antibody production, which correlates with vaccine efficacy [1,2].



Traditional vaccines have been developed as live-attenuated formulations with weakened pathogens. Since then, injectable inactivated or subunit vaccines have been developed as more stable formulations with no risk of infection [3]. Conjugate vaccines with bacterial polysaccharides bound to carrier proteins have been widely used as antibacterial vaccines [4]. Most inactivated vaccines are designed with a focus on producing neutralizing antibodies to prevent infection. For example, the criteria for influenza vaccine are based on hemagglutination-inhibition antibody titers in the serum. The frequencies of HA-specific CD4 T cells are correlated with the production of HA-specific antibodies [5]. However, the 2009 H1N1 influenza pandemic gave us the opportunity to reconsider another role of T-cell-mediated immunity. The prevalence of pre-existing influenza antigen-specific T cells has been found to be associated with less severe illness [6,7]. This observation indicates that providing T-cell-mediated vaccine immunity may contribute to reducing the severity of infections. Moreover, cross-reactive T cell-mediated immunity is necessary to reduce the risk of antibody-dependent enhancement (ADE). In the development of respiratory syncytial virus (RSV) and dengue virus (DENV) vaccines, the production of non-neutralizing antibodies exacerbates viral infection, leading to enhanced disease after subsequent infection [8].



Viral vectors and mRNA vaccines are technological platforms that can induce both antigen-specific humoral and cellular immunity [3]. These platforms allow for the delivery of the antigen of interest to cells and their subsequent uptake into antigen-presenting cells (APCs). Due to their rapid and low-cost manufacturing, these vaccines are currently used in the ongoing corona virus disease 2019 (COVID-19) pandemic. Viral vectors can induce robust cytotoxic T lymphocytes (CTLs) and have been considered suitable for vaccines against retroviral infections such as the human immunodeficiency virus type 1 (HIV-1) [9]. In the development of mRNA vaccines, improvements in mRNA stability and intracellular delivery have been required. To address the technical problems associated with these vaccines, mRNA modifications and lipid nanoparticles (LNPs) have been developed. Antigen encapsulation technology with novel nanomaterials has also been applied to recombinant protein- or peptide-based vaccines [10].



Weak immunogenicity is sometimes a problem with inactivated vaccines. The combined use of adjuvants and biomaterials helps to enhance the immunogenicity of vaccines. The administration route also influences immunogenicity. Tissue-targeted delivery enhances immunogenicity and induces local immunity. Tissue-resident memory T-cell (Trm) induction is required to respond rapidly upon re-exposure to antigens [11]. Therefore, optimized administration routes with novel medical devices are needed for the spread of vaccines [12,13]. The activation and regulation of T cells determines the efficacy of the vaccine as multiple functions have been reported for the role of T cells. In this review, we elaborate on the T-cell responses of vaccines against various infectious diseases based on vaccine technologies and delivery platforms. We also discuss the future directions of these cutting-edge platforms.




2. T-Cell Function and Regulation


Figure 1 illustrates the generation of cellular and humoral immunity by vaccines. Vaccine immunology is based on an adaptive immune response mediated by T cells (cellular immunity) and B cells that produce antibodies (humoral immunity).



	
APC takes up an inactivated vaccine and loaded MHC class II as extrinsic antigens and antigen-expressing cells and loaded MHC class I as endogenous antigens.



	
Activated APCs migrate towards the lymph nodes and present antigens to T cells via MHC class II.



	
Antigen presentation via MHC class II activates naïve CD4+ T cells and promotes Th2 cell differentiation. In contrast, antigen presentation via MHC class I activates naïve CD4+ and CD8+ T cells and biased Th1 cell differentiation.



	
Differentiation of naïve T cells depends on the cytokine environment of the microenvironment.



	
Tfh cells enhance the humoral immune response and B cell antibody production. Plasma B cells circulate throughout the body, and neutralizing antibodies prevent infection.



	
Antigen specific CTLs circulate throughout the body and kill pathogen-infected cells.



	
Memory B and T cells maintain immunosurveillance and confer long-term protective vaccine immunity.






The generation of adaptive immune responses is important for the control and clearance of pathogenic infections. The T-cell response determines the efficacy of vaccines associated with durable immunity and the induction of broadly neutralizing antibodies. T cells are categorized as either cytotoxic CD8+ T cells (also called CTLs) or helper CD4+ T cells (Th cells). Th cells are categorized into subsets based on their cytokine production profiles. Distinct Th-cell differentiation is programed depending on cytokines in the microenvironment.



2.1. Cellular Immunity


Cellular immunity, involving cells such as CTLs, recognizes CD8+ T-cell antigen epitopes and plays a pathological role during infection. The existence of pathogen-specific cellular immunity plays a critical role in eliminating the intracellular parasitic infection of bacteria. It is also essential for the control of viral infections, including influenza virus, poxviruses, coronavirus, and herpes viruses [14]. In the case of human papilloma virus (HPV) infection, the expression of oncogenic viral proteins is involved in the malignant transformation of HPV-associated tumors. Thus, the induction or transformation of HPV-specific CTLs has potential in therapeutic anti-tumor vaccines [15]. In HIV-1 infection, antiviral CTLs correlate with the clearance of virus particles that are associated with disease progression [16]. In the case of retrovirus infection, eliminating infected cells is crucial because the retrovirus integrates its genome into the host cell DNA and has a high mutation rate [16]. The mechanism of inducing CTLs follows, while APCs take up pathogen-infected cells. The pathogens are degraded to pathogen-derived peptides and loaded onto the surface of major histocompatibility complex (MHC) class I molecules as endogenous antigens. Consequently, naïve CD8+ T cells differentiate into CTLs through T-cell receptor (TCR) recognition of MHC class I-loaded peptides on APCs. CTLs produce perforin, granzyme, and antiviral cytokines such as interferon-gamma (IFN-γ) and tumor necrosis factor-α(TNF-α), inducing apoptotic death in pathogen-infected cells [17].




2.2. Humoral Immunity


Antibody-mediated humoral immunity protects against extracellular pathogens. It is well known that passive transport of maternal antibodies across the placenta protects the newborn against a wide variety of pathogens [18]. The humoral immune response magnitude is associated with disease severity [19]. The mechanism of humoral immunity induction follows. When a pathogen invades the tissue, APCs take up and recognize the pathogen as an exogenous antigen. Activated APCs migrate to the draining lymph node, where they present the peptide antigen to T cells through MHC class II on their surface. MHC class II antigen presentation activates CD4+ T cells and augments cytokine secretion. In specific CD4+ T-cell subsets, Tfh cells help B cell proliferation and maturation of the humoral response to increase antibody affinity for the antigen.




2.3. Th Cells


Once Th cells recognize MHC-loaded peptide antigens on APCs, they begin to divide into various effector cells. Th1, Th2, and Th17 are three major CD4+ T cell subsets that augment and coordinate the functions of antipathogenic immunity.



Th1 cells, which produce large quantities of IFN-γ and interleukin (IL)-12, are involved in the clearance of certain intracellular pathogens. These Th1 cytokines promote the activation of monocytes and macrophages as well as the development of CTLs, which are responsible for cellular immunity. Th1-dominant antiviral immunity plays a role in moderating the severity of infectious diseases [20].



Th2 cells produce various ILs such as IL-4, -5, -6, -10, and -13 that regulate eosinophils, basophils, and mast cells. IL-4 is a Th2 cytokine that augments the humoral immune response and antibody production by B cells. It is now clear that Tfh cells, not Th2 cells, play a critical role in the formation and function of B cell responses. IL-21 producing Tfh cells are located in the germinal center (GC) of secondary lymphoid organs. GC Tfh cells also produce IL-4, which is required for optimal B cell activation [1,2]. Hence, the induction of Tfh cells is associated with vaccine immunogenicity and humoral immunity.



Th17 cells producing IL-17A, -17F, and -22 play important roles in the clearance of cellular pathogens at the mucosal site [21,22]. Th17 cytokines involved in the regulation of neutrophils and IL-17 control the production of IFN-γ, which is necessary for the enhancement of the Th1 response. Th17 cells are necessary for the maintenance of mucosal immunity, which controls microbial translocation. Th17 cells contribute to the control of chronic HIV-1 infection and the progression to AIDS.



Regulatory T cells (Tregs) are a unique T-cell subset that plays a major role in immune tolerance. They secrete large amounts of IL-10, which limits T-cell activation and differentiation. The enhancement of antigen-specific Tregs impairs pathogen control and interferes with vaccine immunity [23].



In vaccination, formulations, adjuvants, and delivery methods affect the polarization of the Th response and determine its efficacy. Currently, many technical platforms for vaccines have been developed to induce T-cell-mediated immunity.




2.4. Memory Cells


Over the weeks after vaccination, the majority of activated T and B cells die, and a portion of the activated cells differentiate into memory cells. The presence of immunological memory cells also contributes to the moderate severity of infectious diseases. For example, the presence of cross-reactive pre-existing CD4+ T cells in a population of older adults contributed to the prevention of severe influenza symptoms during the 2009 H1N1 pandemic [6,7]. Pre-existing cross-reactive T-cell-mediated immunity enhances immune responses against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and moderates the severity of COVID-19 [24,25,26,27]. In the case of COVID-19, 40–60% of unexposed individuals possess virus-specific T-cell immunity due to prior exposure to common coronaviruses, which may contribute to less severe disease progression in some populations of patients with COVID-19 [28,29].



Memory T cells are divided into several subpopulations. Effector memory T cells (Tem) continually recirculate between tissues and blood via the lymph to maintain immunosurveillance [30]. Central memory T cells (Tcm) surveil secondary lymphoid organs. Recently, memory T cells that reside in the frontline sites of an infection, such as the skin, lung, and gastrointestinal tract, without recirculation, have been found. These Trm cells play critical roles in a rapid local immune response, which is important for preventing the invasion of pathogens [11,31]. Immunological memory is key to the success of vaccines because memory cells remember the antigen and elicit a rapid and robust immune response on re-exposure to antigens. Based on this immune memory response, a multiple-dose vaccination regimen called prime-boost enhances vaccine immunity. Maintenance of memory cells is important to confer long-term protective vaccine immunity. IL-15 controls the longevity and proliferation of memory T cells and long-lived memory B cells are generated as an output of the GC reaction [32,33].





3. Vaccine Development


While the T-cell response is important in determining the pathogenicity of infection, strategic induction of T-cell-mediated immunity is the key to success in vaccine development [34]. Currently, a number of candidate vaccines are evaluated in terms of the magnitude of cellular and humoral immune responses. Generally, T-cell responses are evaluated in the early phases of clinical trials, and vaccine efficacy is evaluated in terms of the protective rate, with clinical judgment in the late phase. Assessing the immunological properties of the recipients aids in determining the immunogenicity of the vaccine.



While the humoral immune response is evaluated using serological assays, the immunogenicity of vaccines is often determined in terms of the seroconversion rate of antigen-specific antibodies after vaccination. In contrast, T-cell responses are evaluated in terms of antigen-stimulated peripheral blood mononuclear cells (PBMCs). Enzyme-linked immunospot (ELISPOT) and intracellular cytokine staining are popular methods for measuring cytokine secretion from PBMCs. The evaluation of T cells producing cytokines after re-exposure to the antigen is important for understanding the effective antipathogenic immunity of vaccines.



The appearance of variants of viruses that evade vaccines or pre-existing antiviral immunity has often raised an issue [35]. Even though booster administration of SARS-CoV-2 vaccines protects against severe disease, the newly emerging Omicron SARS-CoV-2 variant evades vaccination-induced anti-spike neutralization antibodies [36,37]. Moreover, this variant is highly resistant to therapeutic monoclonal antibodies [38]. The promotion of broadly neutralizing antibodies is effective across variants. T-cell-mediated immunity is crucial. While most current SARS-CoV-2 vaccines target spike proteins as antigens, multiple SARS-CoV-2 immunodominant T-cell epitopes are located not only in the spike but also in the M, N, and other nonstructural (NS) proteins [39]. In fact, pre-existing polymerase-specific T cells abort infection and are cross-reactive against Coronaviridae [26].



In DENV infection, pre-existing antibodies may increase the severity and augment viral replication [40]. Dengvaxia is the only licensed vaccine against DENV. However, it is permitted to be used only in seropositive individuals. Seronegative individuals demonstrate low vaccine efficacy, and vaccination may lead to an increased risk of severe dengue disease. Existing insufficient cross-reactive vaccine immunity exacerbates the pathogenicity of subsequent wild-type DENV infection. Dengvaxia comprises a chimeric live-attenuated yellow fever virus that expresses the structural pre-membrane (prM) and envelope (E) genes of each of the four serotypes of DENV. This chimeric vaccine includes a yellow fever NS protein. The lack of DENV NS proteins failed to induce cross-reactive T-cell responses against all serotypes of DENV [41]. DENVax (TAK-003) is a candidate vaccine for DENV that comprises a chimeric live-attenuated virus derived from the DENV2 PDK-53 strain, which was obtained by replacing the DENV-2 prM and E genes with other serotypes. DENVax has been shown to elicit durable humoral and cellular immunity and is effective against all DENV serotypes [42,43,44,45].



Target immunodominant epitopes of pathogens are also crucial for designing cross-reactive vaccines with higher immunogenicity. The pre-existence of conserved epitopes-specific CD8+ T cells correlates with milder disease in patients with COVID-19 [25]. Bioinformatics and peptide HLA complex analyses have revealed that epitopes derived from ORF1ab have potential as optimal vaccine antigens [46,47]. These predicted epitopes display strong immunodominant characteristics and are highly conserved.



Vaccines targeting conserved epitopes have been developed for seasonal influenza. Most commercial seasonal influenza vaccines use trivalent or quadrivalent inactivated hemagglutinin (HA) subunits as antigens. Vaccine strains are selected based on surveillance data twice a year, and the prediction of epidemic strains determines the effectiveness of influenza vaccines. An induction of T-cell responses that recognize conserved epitopes, including NS proteins, would confer multi-strain and multi-season protection. Multimeric-001/M-001 is a candidate recombinant protein vaccine that contains nine conserved B-cells, and CD4+ and CD8+ T-cell epitopes from HA, the nucleoprotein, and matrix protein 1 (M1). Flu-v is another candidate vaccine that comprises conserved peptides derived from M1, M2, and the nucleoprotein [48,49]. These two influenza vaccine candidates demonstrated a robust induction of conserved epitopes specific to cellular immunity. Unfortunately, the vaccine developer BiondVax Pharmaceuticals Ltd. recently announced that Multimeric-001/M-001 did not demonstrate significant vaccine efficacy against infections.




4. Technological Platforms of Vaccine


To induce cellular and humoral responses to vaccines, the development of technical platforms including antigen design, adjuvants, and delivery methods is crucial. Live-attenuated vaccines (LAVs) are traditional vaccines that have been developed as live-attenuated formulations with weakened pathogens. LAVs possess a higher immunogenic ability and induce both humoral and cellular immunity. Bacille Calmette–Guérin (BCG), which was developed in the 1920s, is regarded as the first T-cell-inducing LAV against tuberculosis [50]. BCG induces specific memory T cells that protect against the intracellular parasitic infection of Mycobacterium tuberculosis [51].



Inactivated or subunit vaccines have the advantage of having no risk of infection and a more stable formulation compared with LAVs [3]. Thus, inactivated antigens are used in many licensed vaccines. The administration of inactivated antigens produces antigen-specific neutralizing antibodies that protect against pathogenic infections. However, inactivated vaccines elicit a weak vaccine response compared with LAVs.



Nucleic acid-based vaccines are a relatively new technology that utilizes genetically engineered DNA/mRNA to produce an immunologic response against antigens. The ability to induce cellular and humoral responses against designed epitopes is a great advantage of these vaccines. DNA vaccines have many advantages, including safety, heat stability, ease of handling, and low cost. The concept of a DNA vaccine was introduced in the 1990s. Wolff et al. demonstrated the expression of foreign antigens by intramuscular administration of plasmid DNA [52]. The antigen expression of plasmid DNA requires delivery into the cell nucleus. Due to the limitations of delivery technology, DNA vaccines show weaker immune responses compared with other vaccine platforms. Therefore, they are often evaluated with a novel injection system for the development of DNA vaccines. ZyCoV-D was the first DNA vaccine approved in India. This SARS-CoV-2 vaccine was administered via intradermal injection combined with a jet-injector system [53].



Presently, viral vectors and nucleic acid-based vaccines are being widely used against SARS-CoV-2. Both technical platforms are based on genetic engineering that enables the induction of Th1-biased vaccine immunity by the intracellular expression of genetically engineered antigens [54,55,56,57,58,59,60,61].




5. Viral Vector-Based Vaccine Development


Viral vectors are a delivery tool that allows for the expression of antigens within cells. The concept of viral vectors was introduced in 1972, when Jackson et al. created recombinant DNA from the SV40 virus using genetic engineering [62]. The specific property of a vector is determined by the virus from which it is derived. In most cases, viruses are genetically engineered to reduce or eliminate pathogenicity, and most viral vectors are replication-defective.



Table 1 presents a list of the results of the representative viral vector vaccines and T-cell-mediated immunity. Depending on the target infection, several viral vectors have been used in clinical trials, and the vaccine-specific cellular and humoral immune responses have been measured. Viral vectors have received a lot of attention in the development of an HIV-1 vaccine; the induction of a virus-specific CTL response is considered essential in the case of HIV-1 because its surface envelope glycoprotein (gp120) is highly prone to mutating and evading neutralizing antibodies [63]. Although a CTL-inducing vaccine does not prevent HIV-1 infection, it has the ability to control viral loads by eliminating virus-infected cells, which slows disease progression [64]. To induce HIV-1-specific CTLs, antigens must be delivered intracellularly through the MHC class I antigen presentation pathway. Many types of recombinant viral vectors have been developed for intracellular antigen-encoded gene delivery [65].



Recombinant adenovirus (Ad) is the most suitable vector because of its high transduction efficiency, high level of transgene expression, and broad range of viral tropism. The Ad5 vector vaccine, known as MRKAd5, has received particular attention for the development of an HIV-1 vaccine. However, it was found to be unable to prevent HIV-1 infection even though it elicited CTL responses in 75% of recipients in a Phase IIb clinical trial (STEP Study/HVTN502) [66]. This study indicated that the presence of pre-existing immunity to Ad5 in vaccine recipients may not only diminish vaccine efficacy but also increase the risk of HIV-1 infection [85]. Based on this experience, circumventing anti-vector immunity and strategies for protective T-cell responses, including vaccine regimens, should be reconsidered. In 2009, a Phase III clinical trial (RV144 study) demonstrated partial protection from HIV-1 infection in Thailand [69,70,71]. The RV144 study was performed with a heterologous prime-boost regimen in which priming was carried out with an HIV-1 Env- and Gag-expressing vaccinia virus-derived vector (ALVAC-HIV (vCP1521)) and boosting was carried out with recombinant gp120 protein (AIDSVAX B/E). RV144 could induce predominant HIV-1-specific-CD4+ T cells. Unfortunately, RV144 exhibits modest antibody-dependent HIV-1-specific CTLs at 24%. The ALVAC-HIV/AIDSVAX B/E vaccine was halted recently because of its lack of efficacy in Phase IIb/III trials in South Africa (HVTN 702) [72].



Although the HIV-1 vaccine has not yet been licensed, several technical advances that overcome pre-existing anti-vector immunity have been developed. Ad type 26 (Ad26), type 35 (Ad35), or chimpanzee Ad (ChAd)-based vectors can circumvent anti-vector immunity due to the low seroprevalence in humans [86,87]. These vectors were used in licensed SARS-CoV-2 vaccines called Vaxzevria (ChAdOx1 nCoV-19/AZD1222), COVID-19 vaccine Janssen (Ad26.COV2.S), and Sputnik V (Gam-COVID-Vac). These vaccines induce strong CD8+ and Th1-dominated CD4+ T-cell responses [59,79,80,81,82]. Th1-biased vaccine immunity contributes to the moderate clinical outcomes of COVID-19. Furthermore, an Ad vector vaccine is expected for several other infectious diseases, such as RSV and Zika virus [83,84].



MVA is another promising vector that is derived from the highly attenuated vaccinia strain Ankara. Traditionally, the vaccinia virus has been used for smallpox vaccines, and its efficacy and safety in vaccine administration have been proven. A heterologous two-dose regimen using Ad26 (Zabdeno, Ad26 ZEBOV) and modified vaccinia Ankara (Mvabea, MVA BN-Filo) vectors has been licensed for human use against the Ebola virus disease (EVD) [77]. Although the role of T-cell-mediated immunity in EVD remains unclear, heterologous Ad26 and MVA vector vaccine regimens induce robust humoral and cellular responses that persist for 1 year after vaccination. Vesicular stomatitis virus (VSV) is also well studied as a vaccine vector. VSV has low viral pathogenicity and rare pre-existing anti-vector immunity in humans [88,89]. A VSV vector vaccine expressing the glycoprotein of an Ebola virus (Ervebo, rVSV-ZEBOV) has also been developed as a licensed EVD vaccine. Ervebo is a replication-competent viral vector vaccine that has a VSV morphology with the Ebola virus GP on its surface. Ervebo provided 100% protection against EVD in a Phase III trial that mainly targeted the production of neutralizing antibodies, even though T-cell responses to this vaccine were low to moderate [75,76].



Viral vector-based therapeutic vaccines are being developed as a therapy for HPV-associated tumors. Current licensed HPV vaccines (Gardasil, Cervarix, and Silgard) are based on virus-like particle formulations derived from expressing the capsid of HPV-L1. The induction of HPV-L1 specific humoral immunity prevents HPV infection. In contrast, eliminating infected cells is useful for treating cancerous lesions and for preventing malignant transformation of HPV-associated tumors. TA-HPV and MVA E2 are recombinant MVA vector vaccines that express the E6/E7 fusion proteins and E2 protein of HPV, respectively [73,74]. The induction of cellular immunity directed against the oncogene products E2, E6, and E7 would be effective for cancer therapeutic vaccines.




6. mRNA Vaccine Development


The concept of mRNA vaccines was proposed in the 1990s [52]. The immunogenicity of these vaccines is determined by the translation of antigen-encoded mRNA into cells. mRNA is a small molecule that allows for repeated administration, avoiding anti-vector immunity. Moreover, it is safe and has no risk of infection or insertional mutagenesis as the translation of mRNA occurs in the ribosome. The first animal study involving an mRNA vaccine demonstrated an anti-influenza CD8+ T-cell response in mice [90]. mRNA vaccines have the advantage of rapid and low-cost manufacturing processes compared with other vaccine platforms. They can produce an in vitro transcription enzyme reaction with a cell-free manufacturing process and no animal-derived raw materials. Thus, mRNA can omit time-consuming processes involved in conventional vaccine manufacturing [91,92].



Table 2 summarizes the results of the representative mRNA vaccines and T-cell-mediated immunity. During the COVID-19 pandemic, two SARS-CoV-2 vaccines, mRNA-1273 and tozinameran (BNT162b2), were licensed for human use as mRNA vaccines for the first time. Both vaccines induced both neutralizing antibodies and Th1-biased SARS-CoV-2 specific T-cell responses with high vaccine efficacy in Phase III clinical trials [93,94]. In pre-clinical studies, an increase in Tfh cells in draining lymph nodes was also observed, which may confer long-term protective antibody responses [55,95].



Instability and translation efficacy are two major issues in the clinical use of mRNA vaccines. mRNA modification and nanomaterial encapsulation are two strategies that help address these issues and are, thus, commonly used in mRNA vaccines.



6.1. mRNA Modification


mRNA modifications can improve the stability of mRNA vaccines. Major mRNA modification strategies include the following: (1) adding a 5′ cap analog, (2) optimizing 5′ and 3′ untranslated regions (UTRs), (3) elongating the poly(A) tail, (4) optimizing the codon in the open reading frame, and (5) modifying the nucleoside by substituting uridine with pseudouridine [101,102]. Adding a cap analog at the 5′ end of mRNA enhances its stability and improves translation efficacy [103,104]. The 5′ capping of mRNA prevents degradation by exonuclease and promotes binding to the eukaryotic translation initiation factor 4E [105,106]. Regulatory elements in the 5′ UTR and the length of the 3′-UTR also increase translation efficacy through reactions with RNA-binding proteins [107]. The length of the poly(A) tail stabilizes mRNA and is closely associated with translation efficiency [108,109]. Selecting an optimized codon also improves the rate of antigen translation. It involves the secondary structure of mRNA, mRNA stability, and the translation elongation rate [110,111]. Replacing appropriate synonymous codons and GC-rich sequences in mRNA increases translation efficiency [112]. In addition, the modified nucleoside enhances protein expression and reduces immunogenicity in mammalian cells [113]. The replacement of uridine with N1-methyl-pseudouridine (m1Ψ) is the most popular modification and has been adopted in mRNA vaccine design [114].




6.2. mRNA Encapsulation


The encapsulation of mRNAs within designed nanomaterials is a common method used for developing mRNA vaccines. Since mRNA is located in the core of the nanoparticles (NPs), encapsulation allows for protection from nuclease degradation in vivo and improves the chemical stability, hydrolysis, and oxidation during storage [115]. Moreover, appropriate nanomaterials also enable the delivery of mRNA to target immune cells. Naked mRNA has a highly negative charge density, and cationic materials help fuse with host cells and improve the in vivo stability of the mRNA.



Numerous polymeric materials (chitosan, polyethylenamine, PLGA, and γ-PGA), lipids (DOSPA, DOPE, and DOTAP), and proteins (protamine) have been investigated for encapsulation of vaccine antigens [116,117]. Among these, LNPs are the most popular technology for mRNA vaccines. Typical LNPs comprise four lipid components: cationic lipids, cholesterol, phospholipids, and polyethylene glycol (PEG). Cationic lipids facilitate the intracellular delivery of mRNA by host cell membrane fusion during internalization. They also enhance the charge-driven encapsulation with negatively charged mRNAs during the manufacturing process. Phospholipids enhance stability through the conformation of bilayered lipid structures. PEG extends the half-life of LNPs, which controls the particle size and prevents aggregation during storage.



The particle size of LNP-mRNA is approximately 60–100 nm upon mixing during production. The size and shape of LNP-mRNA are associated with the in vivo durability, distribution, and immunogenicity of the vaccine [118]. The administration of NPs <100 nm in size is likely to drain the lymph nodes, which enhances the immunogenicity of the vaccine. NP administration induces transient inflammation that drives the recruitment of neutrophils and APCs, and the designed nanomaterials act as adjuvants and are useful for the induction of appropriate vaccine immunity [10].





7. Target Delivery of a Vaccine


Most licensed vaccines are administered intramuscularly. The delivery route of antigens affects immunogenicity due to the presence of tissue-resident immune cells. This indicates that an alternate administration route has the potential to improve the immunological properties of a vaccine [119]. Moreover, the generation of specific Trm cells is important because it enables a rapid response upon re-exposure to the antigen [11]. Therefore, the delivery route of vaccines and the mediation of local inflammation should be considered with novel medical devices and biomaterials.



Intradermal (ID) administration enhances vaccine immunogenicity and provides dose-sparing effects in the case of seasonal influenza vaccines [120]. ID delivery stimulates resident immune cells that rapidly enhance humoral and cellular responses. The ID route is occasionally used in nucleic acid-based DNA and mRNA vaccines with novel medical devices [121]. ID vaccination with mRNA-LNPs encoding various viral surface antigens induces a strong antigen-specific Tfh cell response associated with long-living/high-affinity neutralizing antibodies and durable protection [122]. A thermostable microneedle vaccine patch is advantageous owing to less patient pain, enhanced immunogenicity, and possible self-administration [123].



Intranasal administration can induce systemic and local mucosal immunity [124]. Mucosal immunity blocks respiratory pathogen invasion by producing IgA at the mucosal surface. Moreover, the use of a noninvasive, needle-free nasal route is advantageous for vaccination. An intranasal, live-attenuated influenza vaccine is available for use [125].



Moreover, several functional biomaterials have been developed to enhance the immunogenicity of vaccines. Scaffold-based vaccines utilize pore-forming polymer gel matrices combined with immune modulating components such as adjuvants and cytokines to concentrate and stimulate immune cells at the site of injection [126]. Besides this, some functional materials conjugated with an antigen have also demonstrated effective delivery to the lymph nodes [127].




8. Conclusions and Future Directions


The induction of T-cell-mediated responses is key to vaccine development. The results of clinical outcome studies of many infectious diseases show that the most effective anti-pathogen immunity induces both cellular and humoral immune responses. Elucidating the antipathogenic immune response clarifies the mechanism of action of effective vaccines. Currently, the assessment of T-cell responses is common in the early phases of clinical trials. The characteristics of specific vaccine-induced T cells indicate the potential of these vaccines. Th-cell differentiation regulates the bias towards humoral or cellular immunity. The presence of cross-reactive CTLs reduces the risk of ADEs. Memory cells are associated with the duration of vaccine immunity. In nonclinical or clinical trials of vaccines, criteria should be set based on the role of T cells. Vaccine efficacy and immunological response vary between individuals; older adults exhibit delayed and reduced humoral and cellular responses compared with young adults. Aging shows a bias of differentiating into short-lived effector T cells rather than Tfh cells or memory cells [128]. Therefore, the immunogenicity of a vaccine needs to be assessed in several age groups, including high-risk populations, for targeted infectious diseases. Because of the weak immune response in people who are immunocompromised or older, it may be essential to use booster doses for these populations to elicit vaccine immunity.



Many technical platforms, including targeted cell delivery of antigens, have been developed to induce antipathogenic immunity. Viral vectors enable intracellular expression of foreign-encoded genes and confer a robust Th1-dominant response without any adjuvant. The feature of a vector depends on its viral tropism, which enables the delivery of foreign genes to target cells. Viral vectors are well tolerated and are already being used in some licensed vaccines despite the disadvantage of anti-vector immunity. Viral vectors are also regarded as useful delivery platforms for cell and gene therapy, including genome editing. Adeno-associated viral and lentiviral vectors are widely used for gene therapy [129]. These vectors can infect both dividing and nondividing cells and provide long-term expression of foreign genes.



Recently, mRNA-based SARS-CoV-2 vaccines have attracted attention. mRNA modification and LNP technologies help to address the instability of mRNAs. Based on the results of COVID-19 vaccines, the mRNA vaccines are potentially well tolerated and effective. mRNA vaccines can be produced by rapid, inexpensive, and scalable manufacturing methods. Therefore, the development of LNP-mRNA vaccines against other infectious diseases, such as influenza virus, RSV, and Zika virus, is accelerating [57,99,130,131]. Self-amplifying mRNA (saRNA) is being developed as a next-generation technology for mRNA vaccines. saRNA encodes four NS proteins, NSP1–4, which are derived from alphaviruses. NSP1–4 encode a replicase involved in the amplification of saRNA, and self-replicative activity allows for low doses [56]. Trans-amplifying mRNA is a further advanced technology that was developed for the lowest dose of vaccines [132]. Continuous technology updates definitely help to provide a rapid emergency response against the next pandemic [92].



LNPs are a popular delivery system for mRNA. Nanomaterial encapsulation is also useful as a protein or peptide antigen. An advantage of NPs is that they extend the persistence of an antigen at the injection site, which enhances immunogenicity. Moreover, NP vaccines confer durable humoral immunity by enhancing Tfh cells and by promoting germinal center induction [133].



Technical platforms of nucleic acid-based vaccines have also become a promising platform for cancer immunotherapy. Clinical trials of several mRNA vaccines encoding tumor-associated antigens are ongoing. In addition, delivering mRNA encoding immune-modulating genes has the potential to reshape the tumor microenvironment [134]. Furthermore, lentiviral or retroviral vectors are used in the manufacture of chimeric antigen receptor (CAR)-T cells, which are effective for cancer immunotherapy [135].



Preferable vaccine immunity is not the same in infectious diseases, and strategic T-cell induction is desirable for effective vaccines. Although the role of T cells has not been fully characterized, multiple functions of T cells have been elucidated, including moderate severity of illness, control of the viral load, elimination of infected cells, and protection from infection. These advantageous features of T cells further support ongoing efforts to develop strategic T-cell-inducing vaccines.
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Figure 1. Generation of humoral and cellular immunity by vaccines. 
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Table 1. List of results of representative viral vector vaccines and T cell-mediated immunity.
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Target

	
Vaccine Name

	
Status

	
Platform Technology

	
Results

	
References






	
HIV-1

	
MEKAd5

	
Phase II

(STEP Study/HVTN502)

	
Recombinant Ad5 vector encoding Gag/Pol/Nef genes of HIV-1

	
Did not prevent HIV-1 infection although IFN-γ ELISPOT response was observed in 75% of recipients.

	
[66]




	
Phase IIb

(Phambili Study/HVTN 503)

	
Did not prevent HIV-1 infection although IFN-γ ELISPOT responses to Clade B and Clade C peptides were observed in 89.2% and 77.4% of recipients, respectively.

	
[67,68]




	
ALVAC-HIV (vCP1521)

AIDSVAX B/E

	
Phase III

(RV144)

	
Heterologous prime-boost regimen:

Prime: ALVAC vector encoding Env/Gag/Pol of HIV-1

Boost: recombinant Env gp120 protein combined with alum adjuvant

	
Reduced the risk of HIV infection.

Vaccine could induce predominant HIV-1-specific CD4+ T cells.

CTLs were observed in 24% of recipients.

	
[69,70,71]




	
ALVAC-HIV (vCP2438)

AIDSVAX B/E

	
Phase IIb/III

(HVTN 702)

	
Heterologous prime-boost regimen:

Prime: ALVAC vector encoding Env/Gag/Pol of HIV-1

Boost: recombinant Env gp120 protein combined with MF59 adjuvant

	
Did not prevent HIV-1 infection.

CD4+ and CD8+ T cells responses were observed.

	
[72]




	
HPV

	
TA-HPV

	
Phase II

	
Recombinant MVA vector expressing E6/E7 fusion proteins from HPV-16 and HPV-18

	
Decrease in lesion size by at least 40% observed in 83% of patients.

HPV-specific CTL responses were observed.

	
[73]




	
MVA E2

	
Phase III

	
Recombinant MVA vector expressing E2 protein of HPV

	
89.3% efficacy in the elimination of HPV-induced intraepithelial lesions.

HPV-specific CTL responses were observed.

	
[74]




	
Ebola virus

	
Ervebo

(rVSV-ZEBOV)

	
Licensed in 2019

	
A live, replication-competent vector in which the VSV glycoprotein (G) gene is replaced with the glycoprotein (GP) gene of ZEBOV.

	
100% protection against Ebola virus disease.

Low to moderate specific T cell responses were observed in clinical trials but had the potency to induce antigen-specific T cell responses.

	
[75,76]




	
Zabdeno (Ad26.ZEBOV)

Mvabea (MVA-BN-Filo)

	
Licensed in 2020

	
Heterologous prime-boost regimen:

Prime: glycoprotein expressing rAd26 vector

Boost: glycoprotein- and nucleoprotein-expressing MVA vector

	
Vaccine induced humoral and CD4+ and CD8+ T cell responses that persisted for 1 year post vaccination.

	
[77]




	
ChAd3-EBO-Z

	
Phase III

	
Recombinant ChAd vector encoding ebolavirus glycoprotein genes

	
Vaccine induced dose-dependent CD4+ and CD8+ T cell responses.

	
[78]




	
SARS-CoV-2

	
COVID-19 vaccine Janssen

(Ad26.COV2.S)

	
Licensed in 2020

	
Recombinant Ad26 vector encoding spike genes from SARS-CoV-2

	
Vaccine efficacy 85% and 66% against severe/moderate to severe/critical COVID-19, respectively.

	
[59,79]




	
Vaxzevria

(ChAdOx1 nCoV-19/AZD1222)

	
Licensed in 2020

	
Recombinant ChAd vector encoding spike genes from SARS-CoV-2

	
Vaccine efficacy 76.0% and 82.4% after first and second dose of vaccination, respectively.

Vaccination induced Th1-biased CD4+ and CD8+ T cell responses.

	
[80,81,82]




	
Sputnik V

(Gam-COVID-Vac)

	
Licensed in 2020

	
Heterologous prime-boost regimen:

Prime: spike protein expressing rAd26 vector

Boost: spike protein expressing rAd5 vector

	
Vaccine efficacy was 91.6%.

Vaccine induced robust humoral and cellular immune responses.

Higher level of IFN-γ secreting PBMCs was observed.

	
[60]




	
RSV

	
Ad26.RSV.preF

	
Phase III

	
Recombinant Ad26 vector encoding prefusion F genes from RSV

	
Vaccine induced a high neutralizing antibody titer and long-lasting Th1-biased immunity.

	
[83]




	
ZIKV

	
Ad26.ZIKV.001

	
Phase I

	
Recombinant Ad26 vector encoding ZIKV M-Env

	
Vaccine induced humoral immune response and antibody titers persisting for at least 1 year.

Env-specific cellular responses were induced.

	
[84]








Abbreviations: CTLs, cytotoxic T lymphocytes; ELISPOT, enzyme-linked immunospot; HPV, human papilloma virus; MVA, modified vaccinia ankara; VSV, vesicular stomatitis virus; ZEBOV, Ebola virus zaire; Ad26, adenovirus type 26; ChAd, chimpanzee adenovirus; RSV, respiratory syncytial virus; ADE, antibody-dependent enhancement; ZIKV, Zika virus; PBMCs, peripheral blood mononuclear cells; IFN, interferon.
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Table 2. List of results of representative mRNA vaccines and T-cell-mediated immunity.
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Target

	
Vaccine Name

	
Status

	
Platform Technology

	
Results

	
References






	
SARS-CoV-2

	
Tozinameran (BNT162b2)

	
Licensed in 2020

	
LNP-mRNA encoding full length S protein of SARS-CoV-2

	
95% effective against COVID-19.

Vaccination induces 94.4% and 80.6% IFN-γ-producing CD4+ and CD8+ T cells, respectively.

Increased Th1-biased Tfh cells have been observed in draining lymph node in pre-clinical studies.

	
[54,93,95,96]




	
mRNA-1273

	
Licensed in 2020

	
LNP-mRNA encoding receptor binding domain of S protein

	
94.1% efficacy at preventing COVID-19 illness, including severe disease.

Vaccination induces Th1-biased CD4+ T cell response and low CD8+ T cell responses.

IL-21-secreting Tfh cell response also observed in pre-clinical studies.

	
[55,94,97,98]




	
COVAC1

(LNP-nCoVsaRNA)

	
Phase I

	
LNP-self-amplifying mRNA encodes an RNA replicase derived from an alphavirus and SARS-CoV-2 prefusion stabilized S protein.

	
Robust humoral- and Th1-biased cellular responses observed in mice.

	
[56]




	
Endemic avian H10N8 and H7N9 influenza viruses

	
mRNA-1851

	
Phase I

	
LNP-mRNA encoding the full-length, membrane-bound form of hemagglutinin from the H10N8 or H7N9 influenza strain.

	
Well-tolerated and robust humoral immune responses observed.

However, HA-specific cell-mediated responses were not detected by IFN-γ ELISPOT

	
[99]




	
Seasonal influenza

	
mRNA-1010/MRT5400/MRT5401

	
Phase I/II

	
LNP-mRNA encoding the influenza HA protein

	
NA

	
[100]




	
RSV

	
mRNA-1172/mRNA-1345/mRNA-1777 (V171)

	
Phase I

	
LNP-mRNA encoding the RSV prefusion F protein

	
Robust CD4+ and CD8+ T-cell responses in mice.

	
[57]




	
ZIKV

	
mRNA-1893

	
Phase I

	
Encoding the structural proteins of the Zika virus. Designed to cause cells to secrete virus-like particles.

	
In the flavivirus-seronegative group, seroconversion rates after the second vaccination reached 94.4% at the lower dose and 100% at the higher dose.

	
Clinical Trials NCT04917861








Abbreviations: LNPs, lipid nanoparticles; Tfh, T follicular helper; ELISPOT, enzyme-linked immunospot; RSV, respiratory syncytial virus; ADE, antibody-dependent enhancement; DENV, dengue virus; ZIKV, Zika virus; IFN, interferon.
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