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Progress and Prospects in HIV Vaccine Development: A Comprehensive Review  

[bookmark: _heading=h.ns4pz5upm4mq]Abstract
Since the discovery of HIV/AIDS, it has been a disease condition affecting the entire world, with over 38 million people in the globe living with the virus. Several attempts, research and funds have been channelled towards discovering a cure for HIV/AIDS yet no cure has been discovered. Considering the burden associated with the disease condition, having a vaccine to help control the spread will be a great approach in the course of achieving universal control coverage of the disease condition and an end to the disease over time when properly initiated. In this review we looked into the progress, challenges, and future directions in HIV vaccine development covering various types of vaccines candidates currently under investigation, highlighting key drug candidates that  failed to provide protection against HIV such as PrEPVacc, HVTN 505, Uhambo (HVTN 702), Imbokodo (HVTN 705) and Mosaico (HVTN 706) as well as RV144 that provided 31.2% protection against HIV in a modified intent-to-treat analysis and those whose investigations are still in progress. The search for HIV Vaccine continues despite the modest success of some vaccines in clinical trials  due to diversity in genetic nature of HIV, its ability to mutate rapidly, and the difficulty of eliciting a sustained immune response. Hence we also reviewed current approaches to improve on the success rate recorded by RV144.
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1. [bookmark: _heading=h.rh53gnwetc8r]Introduction 
Since the discovery of Human Immunodeficiency Virus (HIV) in the early 1980s, it continues to threaten lives of people globally. The spread of the virus has been of great concern, with around 88.4 million [71.3–112.8 million] people infected since the epidemic began, and about 42.3 million [35.7–51.1 million] deaths recorded [1]. By the end of 2023, the total number of persons living with HIV was approximately 39.9 million according [1]. Advances in the development of antiretroviral therapy (ART) have significantly curtailed HIV-related deaths; however, the number of new infections continues to escalate, with approximately 1.3 million infections recorded annually [1]. These developments underscore the need for an effective HIV vaccine that would serve as a complement to the already established prevention and management strategies in order to optimally control the spread of HIV.
The development of a safe and effective HIV vaccine has become a critical global health need, and scientific research around the globe has been directed towards this course. However, the increased understanding of pathogenesis, as well as the cellular diversity and immunology have been quite challenging. The rapid mutation of the virus and its ability to evade the host immune system has made the successful development of an effective vaccine elusive [2].
This review covers the progress, challenges, and future directions in HIV vaccine development, covering various types of vaccine candidates currently under investigation, highlighting vaccine candidates that failed to provide protection against HIV, such as PrEPVacc, HVTN 505, Uhambo (HVTN 702), Imbokodo (HVTN 705), and Mosaico (HVTN 706), as well as RV144, which provided 31.2% protection against HIV in a modified intent-to-treat analysis, and those whose investigations are still in progress. 
2. [bookmark: _heading=h.7sxkmm8xd7l]History of HIV Vaccine Development
Following the discovery of the causative organism propagating AIDS as HIV in 1983–1984, scientists began to research on how to develop a vaccine that would effectively eradicate the virus. There was widespread optimism since the use of whole-inactivated and live-attenuated vaccines against earlier viral pathogens showed promising results. However, more than 30 years later, no vaccine has been officially announced.
2.1 Early Optimism and Initial Vaccine Paradigms (1984–1986)
In the mid-1980s, there were excited anticipations with initial projections that a vaccine would be available for clinical trials in no more than two years. This was associated with a statement made in 1984 by Margaret Heckler, the U.S. Secretary of Health and Human Services, who reportedly asserted that a vaccine could be available for testing in just two years [3]. Though some, like the U.S. Assistant Secretary of Health, Edward Brandt, expressed mild anticipation, establishing that “nobody knows for certain how long it will take to develop the vaccine, although the general speculation is that it will be available for clinical testing within two or three years” [4], other experts upheld the initial anticipation due to the success of other vaccines such as the leukemia virus vaccine for the feline leukemia virus, which happened to be another retrovirus causing a disease similar to AIDS in cats [5]. 
Down in the history many technologies on which contemporary vaccines were built on, such as the live attenuated or whole inactivated vaccines has been explored and were generally found to be hazardous for HIV vaccination due the possible insertion of the proviral DNA into the genetic sequence [6]. Attention was then turned to newer technologies like the new recombinant DNA technology which became widely explored in the mid-1980s. However, with the manufacture of the new recombinant FDA-approved hepatitis B vaccine licensed in 1986 [7], more hopes were raised that successful development of the HIV vaccine will be possible. 
It is worthy of note that previous hepatitis B vaccine development attempts was based on antigen derived from plasma, raising concerns about the possible presence of virus in such plasma, making the vaccine dangerous despite its effectiveness. However, this concern was addressed by the new recombinant DNA-based hepatitis B vaccine.
Building on the approaches in Hepatitis B vaccine, the HIV research community employed a subunit vaccine approach utilizing genetically modified antigens that correspond to the outer envelope glycoproteins of HIV, in alignment with the hepatitis B vaccine first model [8]. This focus on envelope-based vaccines, is the initial effort to systematically pursue an HIV vaccine happened around 1984 when Robert Gallo founded an informal multinational collaboration network [9]. 
2.2 The First HIV Vaccine Trials and Ethical Controversies (1987)
The first ever human HIV vaccine trial was executed in 1987, with Daniel Zagury at the forefront of its course in the Republic of Congo (known as Zaire at that time). It was a therapeutic vaccine study which utilized the viral envelope glycoprotein as a vaccinia vector expressing gp160, and was reportedly boosted by a gp160 glycoprotein [10]. The vaccine candidate failed to confer protective immunity and it was eventually shut down following allegations of unethical practice regarding Zagury's use of young children as volunteers. However, it contributed to the buildup of learning in the HIV vaccine research community, underlining the necessity for strong ethical standards in HIV vaccine studies.
2.3 The Shift to Neutralizing Antibodies and Cellular Immunity Approaches (1988–2007)
Most of the HIV vaccine trials conducted between 1988–2007 largely employed the neutralizing antibody induction approach with the intention of targeting the HIV envelope glycoproteins [11]. Though successful induction of neutralizing antibodies was recorded in animal models, using this approach failed to offer protection when applied in human trials. An event worthy of note was the failure of the VaxGen vaccine candidate, which brought the subunit-based approach to an end, leading the research field to shift its focus from neutralizing antibodies [12].
A discovery of the role of CTL responses in controlling the spread of HIV inspired a paradigm shift in the late 1990s [13]. Diverse viral vectors were being evaluated by researchers, particularly the poxvirus- and adenovirus-based vaccines, to identify vaccines that could induce cellular immune cell responses against the virus. At the same time, DNA-based vaccines were beginning to make waves in clinical trials. Many of the trials eventually failed despite showing positive results in preliminary studies.
The STEP trial, evaluating an adenovirus-based vaccine and conducted in 2007, was one of the most disappointing trials. The trial was halted after it not only failed to show efficacious protection against HIV but also induced the proliferation of HIV infection in a certain population. The PHAMBILI trial, also following the same schedule, also failed [14]. Though the hope of realizing an effective and safe vaccine was dashed, these earlier attempts provided major insight on how to proceed in future efforts towards vaccine development.
2.4 The RV144 Trial: A Modest Success (2009)
Interestingly, HIV vaccine development attained a milestone when a Thailand-based trial was conducted applying the heterologous prime-boost strategy in a combined HIV vaccine regimen, RV144, applying a primer vCP1521 canarypox vector  (ALVAC-HIV) followed by a protein boost gp120  (AIDSVAX B/E). The trial was the first to achieve immune protection in humans, with a recorded efficacy of 60% twelve months after immunization, which dropped to 31.2% after three and a half years [15]. These modest results underscored the role of neutralizing antibodies, especially those targeting the V1V2 region of the viral envelope, in providing protection from HIV infection and also led to an enhanced understanding of immune correlates, particularly the role of CD8+ T-cells in preventing viral replication in those who became infected [16].
2.5 Subsequent Trials: Continued Hopes and Setbacks (2010–2020)
The success of  RV144 awakened renewed hope of success and prompted follow-up trials, including RV305, RV306, and RV328 trials to investigate the observed waning protection and time-dependent efficacy observed in RV144. HVTN097 and HVTN100 trials followed, with results showing similar efficacy and safety profiles. In fact, the binding antibodies induced in HVTN100 trials were considerably higher compared to those of RV144. These developments informed advancement to HVTN702 Uhambo trials, but it failed to elicit the same efficacy as RV144 [17].
More recently, trials witnessed were the Imbokodo and Mosaico Trials (2021–2023) [6], by Janssen which utilized mosaic immunogens designed to protect against a range of HIV-1 strains [18,19]. Then the PrEPVacc trial which promptly evaluated two DNA-based vaccine candidates in comparison to pre-exposure prophylaxis agents already in use, but results recorded more HIV infections in the vaccine arm compared to the placebo group (2020–2024) [20].
3. [bookmark: _heading=h.22juo06pgr9s]Approaches Explored in HIV Vaccine Development
Determined efforts to develop an effective and safe HIV vaccine over the years have led to the development of different approaches, with newer ones building upon the success and learning from the limitations of earlier models. These approaches include subunit vaccines, viral vectors, Prime-Boost Vaccines, DNA vaccines and more recently  the mRNA-based platform.
3.1 Subunit Vaccines
Subunit vaccines, which were the first to enter clinical trials, utilizes HIV protein or protein fragments from the HIV envelope made up of glycoproteins gp120 and gp41, which are derived from a gp160 precursor [21]. This approach is aimed at stimulating the immune response against HIV virus. Subunit vaccines development approaches have been used in clinical trials (e.g., AIDSVAX B/B) [22], but these trials failed to provide significant efficacy in the induction of neutralizing antibodies. 
3.2 Viral Vectored Vaccine
Vectored vaccine involves the use of replication-incompetent viruses (e.g., canarypox virus) biotechnologically modified to express desirable genes. These vectors are useful in eliciting cellular immunity as the host cell produces proteins which induce the production of CD8+T cells. Some viral vectors previously utilized in clinical trials are adenoviruses, New York Vaccinia Virus Strain (NYVAC), Modified Vaccinia Ankara (MVA), and recombinant adenovirus serotype 5 (rAd5) [21]. rAd5 was recruited for the STEP and HVTN 503/Phambili trials for its particular immunogenicity capacity. Vectored vaccines became sought after when they showed positive results in eliciting cellular immunity. Though most of the trials investigating vectored vaccines involved only non-replicating viruses, replication-competent vectors have shown superior immunogenicity and are also being investigated. The cytomegalovirus (CMV) vector, a newer viral vector, showed improved viremia control when tested in Rhesus macaques [22].
3.3 Prime-Boost Vaccines
Due to the structural complexity of HIV, broad-spectrum strategies involving the combination of two different vaccines were developed to overcome the immunological challenges posed by the virus. This fostered the use of a prime-boost regimen involving a viral vector prime followed by a glycoprotein subunit vaccine. This approach was explored in the RV144 trial, wherein a canarypox viral vector prime (ALVAC) was followed by an AIDSVAX B/E boost [21]. Though moderate efficacy was recorded, results exposed that the RV144 regimen elicited a weak neutralizing antibody response and moderate T cell response, urging the research field to explore the role of non-neutralizing antibodies in protection against HIV infection [22].
3.4 DNA Vaccine
In the DNA vaccine approach a recombinant plasmid expressing the desired protein is engaged [23]. Though promising results were recorded in animal models, DNA vaccines failed to demonstrate significant immunogenicity when tested in human populations. An advantage realized with DNA vaccines is its capacity for gene delivery similar to that of live-vectored vaccines, but excluding the risk of immunity developing against the vector, which often inhibits the expression of the inserted gene in live vectors. Evaluation of a DNA vaccine was conducted in the HVTN 505 vaccine efficacy trial, where a DNA prime was followed by an rAd5-vectored boost [21].
3.5 Mosaic Vaccines
In an attempt to maximize the representation of global viral strains, mosaic sequences to be inserted into vectored vaccines were developed. Mosaic sequences are genetic sequences derived through computer algorithms to broaden the coverage of potential T-cell epitopes from global HIV-1 strains [24]. T-cell epitopes are viral protein unit sequences displayed on the host cell surface by HLA class I molecules and sensed by CD8+ T cells. Optimized viral vectors (adenovirus serotype 26 or Modified Vaccinia Ankara – MVA), protein boosts, and immunogen sequences were combined in the Ad26 mosaic vaccine program [23].
3.6 mRNA Vaccines
Following the successful use of messenger RNA (mRNA) in the realization of the SARS‐CoV‐2 vaccine, application of mRNA in HIV vaccine development has been established [23]. mRNA utilizes host cells in the manufacture of protein immunogens that can elicit potent antibody and cellular responses [23, 25]. The platform has the potential for cost‐effective and scalable GMP manufacturing, without concern for genome integration or the formation of infectious particles [26].
3.7 Nanoparticle-Based Vaccines
The climax of HIV vaccine research has been the development of immunogens capable of eliciting broadly neutralizing antibodies that can protect against the large number of immunologically different strains that circulate globally. This approach, which has been championed for many years, involves the use of specially structured nanoparticles which mimic the HIV protein envelopes [27] that target, bind to, and activate the production of VRC01-class bnAb from rare precursor B cells   upon activation. These bnAbs bind to the CD4 binding site, V1/V2 glycan-dependent site, V3 glycan supersite, and membrane-proximal external region (MPER), preventing binding and fusion of the HIV to the host CD4 receptors on T cells.

4. [bookmark: _heading=h.taqdn86zn97w]HIV Vaccine Candidates 
4.1 RV144 trial
Most promising HIV vaccine candidates utilized a broad-spectrum vaccine approach involving the combination of two vaccines and an adjuvant. The RV144 trial utilized a pox‐protein prime‐boost strategy and showed a modest result of 31.2% protection against HIV [13, 15]. A canarypox virus vector encoding HIV-1 env genes, HIV-1 gag, and pro genes followed by an AIDSVAX B/E boost – a recombinant gp120 protein vaccine – induced non-neutralizing binding antibodies against the V1V2 loop region of the HIV envelope gp120 protein are utilized. Antibodies, especially IgG1 and IgG3 subclasses, were associated with reduced risk of infection [13].
4.2 HVTN 702 Uhambo Trial
Another promising vaccine candidate following RV144 was the Uhambo HVTN 702 trial, which was launched to improve on the RV144. The trial also employed a canarypox vector (ALVAC-HIV (vCP2438)), a gp120 protein boost, and an MF59 adjuvant used to enhance immune responses by recruiting immune cells to the site of injection. However, the trial added an extra booster and reengineered the protein boost to match the subtype C HIV predominant in South Africa [28]. The canarypox viral vector primarily stimulates CD4+ and CD8+ T cells to prime the immune system, and the gp120 protein boost stimulates the production of antibodies to block viral entry into CD4+ T cells. Though the HVTN 702 trial was operationally successful, it did not record improved or equal efficacy when compared to the RV144 trial.
4.3 HVTN 705 Imbokodo Trial
The HVTN 705 Imbokodo trial was carried out to build upon the findings from the Ad26 mosaic trial. A prime vaccine comprising a non-replicating adenovirus serotype 26 (Ad26) vector carrying four mosaic HIV genes was followed by a gp140 envelope protein adjuvanted with aluminum phosphate [29]. The technologically inserted mosaic genes were obtained from globally occurring HIV strains and delivered to host cells, leading to activation of cytotoxic T cells and helper T cells. Additionally, non-neutralizing antibodies inducing cytotoxicity were induced by the gp140 protein boost, but the trial recorded a 25.2% reduction in HIV infections, which was deemed statistically insignificant [29].
4.4 HVTN 706 MOSAICO Trial
Another mosaic-based vaccine study was conducted as a build-up of the Imbokodo: the HVTN 706/MOSAICO trial [29]. This prime-boost regimen constituted Ad26.Mos4.HIV delivering mosaic antigens and computationally designed to represent a broad array of HIV variants, followed by adjuvanted clade C gp140 and mosaic gp140 protein vaccines to boost the production of antibodies mediated by Ad26.Mos4.HIV [30]. Though the trial elicited no safety concerns, results showed that the vaccine provided insufficient protection against HIV over time.
4.5 HVTN 302 Trial
The HVTN 302 was an mRNA vaccine trial evaluating three vaccines expressing a stabilized form of the HIV-1 env. The vaccines including BG505 MD39.3 gp151 mRNA BG505 MD39.3 mRNA and BG505 MD39.3 gp151 CD4KO mRNA induced the activation of B cells and bnAb targeting the HIV envelope [31]. Upon delivery of mRNA by the vaccine, host cells are directed to produce the HIV env protein, primes immune system responses accelerating the activation of B cells and production of bnAbs. This study informed future efforts for inducing bnAbs [31].
4.6 IAVI G001 Trial
The IAVI G001 trial was initiated to evaluate the germline-targeting HIV vaccine on the premise of potential value discovered in bnAbs-inducing vaccines. This vaccine consists of eOD-GT8 60mer engineered from a specially designed HIV envelope outer domain (eOD) protein and an AS01B adjuvant. It targets precursor B cells with the potential to produce VRC01-class bnAb on maturity [31]. Binding of the eOD-GT8 to germline B cell receptors initiates this maturation. This result informed the progression to trials like the IAVI G002 phase one trial, which employed an mRNA-based vaccine including eOD-GT8 60mer and a Core-g28v2 60mer design. Preliminary findings suggest that the vaccine was able to activate targeted B cells.

5. [bookmark: _heading=h.u8kf1loparaz]Challenges in HIV Vaccine Development
Over the last three decades, efforts towards HIV vaccine development have been plagued with a number of challenges which are being discussed under the following headings:
5.1 Viral Diversity
Though various parts of HIV undergo complex genetic mutation, the virus majorly owes its remarkable genetic diversity to the high level variability of its viral envelope glycoprotein, made up of gp120 and gp41 cleaved from the gp160 precursor as shown in Figure 1 [32]. Being a member of the family Retroviridae and the genus Lentiviridae, naturally present within the HIV RNA genome are nine genes  (Tat and Rev; Gag, Pol, and Env; Nef, Vif, Vpu, and Vpr)  which encode 16 proteins, including major regulatory proteins, important structural proteins  and accessory proteins as shown in Figure 2 [33]. Unfortunately, HIV exhibits genetic variability among individuals within local geographic regions, which is also prevalent globally considering that viral populations exist as a mixture of genomic species specific to a geographical area. The existence of  three groups of HIV strains including group M (main), O (outlier), and N (non-M/non-O) have further exacerbated this challenge. Group M, which is majorly responsible for the HIV pandemic and is globally distributed, is further subdivided into nine subtypes/clades denoted by the letters A, B, C, D, F, G, H, J, and K [28]. HIV also consists of viral isolates bearing envelopes that exist as a combination of two varying envelope types from two different clades [34, 35]. This lack of commonality makes it difficult to develop a vaccine capable of providing protection against all HIV variants.
[image: ]
Figure 1: Structure of HIV-1 Spike GP-160 Trimer  as adopted  from Kangueane, P. (2018) [32]
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Figure 2: HIV-1 genome and virion structure as adopted from Proulx, Jessica, et al. (2022) [33]
5.2 Immune Evasion
Evasion of the immune system and antibody recognition is enabled by the broad genetic diversity of the viral envelope glycoprotein. Since these viral envelope proteins are a primary target for host immune responses, they exhibit extensive sequence variability with mutation rates of about 1-10 mutations per genome per replication cycle [36]. This is further amplified by the N-linked glycan shield as shown in Figure 3, effectively protecting the viral envelope glycoprotein trimer [37, 38]. In addition, bNAb-mediated recognition of certain conserved regions, like the coreceptor binding site, is rendered futile due to the fact that these sites only become exposed after undergoing substantial conformational changes driven by viral binding to the host cD4 receptors [36]. 
[image: ]
Figure 3: The glycan shield of HIV (blue) covering the HIV gp120 protein, which is responsible for virus binding to the CD4 receptor on T cells. Source: National Academies of Sciences, Engineering, and Medicine. 2012 [37].
5.3 Correlates of Protection
Inadequate knowledge of immune correlates poses a significant obstacle. Correlates of protection are measurable signs in the immune system, such as specific antibodies or immune cell responses, that are known to predict protection against infection or disease. Poor knowledge of these correlates was acquired through the years following the discovery of HIV due to the prolonged absence of successful clinical trials to provide adequate information on the precise correlates pertaining to HIV infections, making it difficult to produce a vaccine that induces adequate levels of these correlates [39]. Moreover, HIV-1 infected individuals can produce antibodies or exhibit CD4 T cell activation without developing immunity, making the establishment of physiological benchmarks for protection a formidable challenge.
5.4 Lack of Appropriate Animal Models
Moreover, the lack of appropriate animal models for the evaluation of vaccine strategies is another significant obstacle. Though a number of non-human primate studies have been conducted using rhesus macaques, evaluating Simian Immunodeficiency Virus (SIV) or Simian-Human Immunodeficiency Virus (SHIV), these models do not fully represent the complexity of HIV in humans [39]. This is due to the differences in the immune systems of species and the fact that HIV predominantly infects humans, not animals. 
5.5 Lack of Appropriate Immunogen Delivery Systems
Immunogen delivery systems play a pivotal role in HIV vaccine development. Due to the dynamic nature and mutation tendencies of the HIV-1 virus traditional immunogen delivery systems lack the capacity to induce efficacious and permanent protection against HIV. Contemporary delivery systems employed is previous successful viral vaccines like the  live attenuated or whole-inactivated vaccines, utilized in the realization of measles, mumps, and rubella vaccines, are considered hazardous for a HIV vaccine due to the risk of insertion of proviral DNA into host genetic sequences as well as other regulatory concerns  [31].
Various strategies have been employed to combat the diverse challenges encountered by the vaccine research field, among which is the exploration of strategies that focus on developing vaccines like germline-targeting immunogens targeting conserved epitopes, which do not exhibit extensive genetic variability across diverse strains and are recognized by broadly neutralizing antibodies, as well as mosaic vaccines computationally designed to include sequences from diverse HIV variants commonly affecting humans. Also, studies like RV144 and newer trials (e.g., HVTN 702, 705, 706) have exposed immune response data like V1/V2-specific Ig antibodies and have also uncovered serology reports and T-cell evaluation, expanding existing knowledge of immune correlates. Table 1 highlights diverse challenges and approaches which have been employed in addressing them.
Table 1: Challenges in HIV Development and Strategies to Address them
	Challenges in HIV Vaccine Development
	Strategies to Address the Challenges

	Viral Diversity
	- Designing mosaic vaccines with sequences derived from multiple HIV variants globally distributed to provide broader coverage across HIV subtypes
- Using mathematical models to identify conserved regions of the virus

	Immune Evasion
	-Developing broadly neutralizing antibodies (bNAbs) through multiple step vaccination
- Targeting HIV envelope structures less prone to mutation


	Correlates of Protection
	- Conducting large-scale clinical trials to identify immune responses linked to protection
- Analysis of immune correlates post-vaccination by a Comprehensive study of biological interactions.


	Lack of Appropriate Animal Models
	- Utilizing non-human primates and mice implanted with human cells, tissues, or immune systems to ensure more predictive outcomes.
- Conducting immune response testing with exvivo tissue models



	Lack of Appropriate Immunogen Delivery Systems
	- Employing viral vectors, nanoparticles, and mRNA platforms for efficient antigen delivery
- Testing different prime-boost regimens to enhance immunogenicity


[bookmark: _heading=h.k7dvjfrx367x]
6. [bookmark: _heading=h.21fo0vibruwp]Recent Advances and Future Directions.
Efforts towards the realization of an efficacious and safe HIV vaccine have birthed several trials which have led to novel vaccine strategies which seek to expand and build upon knowledge gained from these studies. Some of the recent advances witnessed in the history of HIV Vaccine Development are discussed under the subsequent headings.
6.1 Discovery of Broadly Neutralizing Antibodies (BnAbs)
With the discovery of broadly neutralizing antibodies (bnAbs) against HIV-1. For Example PG9 and PG16 (with a neutralization breadth of around 80%), VRC-01 (with a neutralization breadth of around 90%), and 10E8 which neutralizes 98% of tested viruses [40-42]. Other bnAbs have been described that do not attain the same degree of neutralization breadth but are almost 10-fold more potent than PG9, PG16, and  VRC01. Novel strategies such as B-cell-lineage vaccine design seeks to increase the activity of bnAbs by driving antibody responses along the desired B-cell maturation pathway [43]. B-cell-lineage vaccine design consists of identifying B cells that produce bnAbs and then inferring how those cells evolved from their B-cell precursor [44]. A number of these vaccine trials implementing this strategy have already undergone phase 1 trials including the IAVI G001 and IAVI G002 trials.
6.2 Development of SOSIP trimer
As a build up on the discovery of bnAbs the SOSIP trimer has been developed. While directly administered bnAbs comes with its own limitations, developing an immunogen that closely mimics the HIV Env and better presents these important sites to the host immune system became of critical value [45, 46]. This led to the development of SOSIP trimer which is a computationally designed structure developed with multiple mutations stabilized by the combination of gp120 and gp41 subunits in a covalent disulfide bond (SOS) securely fixed with an I559P point mutation (IP) in order to preserve the original gp41 structure resembling the native HIV Env trimer [47, 48]. 
6.3 mRNA Vaccines 
mRNA vaccine which comes with diverse benefits including the ability to induce bAnds [49], the potential to be produced rapidly compared to traditional vaccines allowing researchers to promptly update HIV sequences to match evolving HIV-1 strains and the ability to induce potent cellular and humoral responses by using antigens [50, 51]. The combination of mRNA and nanoparticle technology is an innovative strategy utilized to strengthen immune response, demonstrated in a recent coupling of mRNA viral protease cleavage sites (VPCSs) with lipid nanoparticles (LNPs) [52].
6.4 Discovery of Nanoparticles 
Nanoparticle vaccines use tiny particles, commonly consisting of proteins or lipids, to deliver a variety of antigens or nucleic acids to the immune system [53-55].  Nanoparticles can be made to carry several copies of HIV-1 antigens, considerably increasing the immune response.  This broad expression facilitates the immune system's detection and reaction to the virus by eliciting effective antibody and T cell responses.  Furthermore, nanoparticles offer safe and effective alternatives to live-attenuated viruses [56].
6.5 Utilization of Adjuvants
Adjuvants are classified as immunostimulants, which are molecules that cause the maturation and activation of antigen-presenting cells (APCs) by targeting Toll-like receptors (TLRs) and other pattern recognition receptors (PRRs) to promote the production of antigen signals and co-stimulatory signals, thereby improving adaptive immune responses [57, 58].  Adjuvants serve an important role in vaccine formulation, as they dramatically increase antibody production following HIV-1 inoculation.
6.6 Recombinant Vectors
The usage of viral based vectors have been employed to help progress the hunt for an HIV vaccine.  Due to the cost associated with this strategy researchers produced recombinant adeno-associated viral (rAAV) vectors for the persistent expression of bNAbs and other HIV-1 inhibitors.  This strategy employs gene therapy techniques, with rAAV delivering the genetic information for bNAbs into the body [59].  The goal is for the rAAV to remain inside cells and function as a factory for continuously manufacturing bNAbs, giving long-term protection against HIV-1 [60].  Some studies have been conducted using this technique and their results reflect the viability of this technique in HIV vaccine development [61].
6.7 Extracellular vesicles   
Extracellular vesicles in HIV-1 therapy and vaccine technology is a research focus with significant potential.  Extracellular vesicles (EVs) are phospholipid membrane organelles that are released from cell surfaces and are known for their ability to act as key signalling molecules in mediating cell-cell communication; this pivotal function is derived from their ability to protect and deliver biological material, such as proteins, DNA, and RNA, to cells or tissues [62, 63].  Though there have been no clinical trials to demonstrate this capability, one study found that Extracellular vesicles can reactivate HIV-1 production in resting CD4+ T cells [64].
6.8 Gene Therapy 
Gene therapy which involves the transfer of therapeutic genes (e.g. DNA, RNA) to cells or tissue is making considerable advancements in HIV vaccine development [65, 66].  The use of chimeric antigen receptor (CAR) T cell therapy, one among the numerous forms of gene therapy in HIV treatment, has shown potential for significant success.  It entails collecting T cells from a patient's blood, genetically modifying them to express CAR, and then reinfusing the changed T cells back into the patient's bloodstream to target and destroy HIV-infected cells [67].  CAR T cells are designed to recognise and destroy HIV-infected cells, including those concealed in latent reservoirs [68]. CAR T cell vaccines act as live vaccines, with the potential to provide a functional cure or long-term protection.  Another promising gene therapy option is the gene editing technology CRISPR/Cas9 [69, 70].

7. [bookmark: _heading=h.95af6av7rdhx]Conclusion
The development of a HIV vaccine has been characterized by over three decades of rigorous scientific effort, global collaboration, modest successes and key setbacks. However the research field has not relented in the search for a permanent cure. 
Key challenges that have confronted the HIV vaccine research field include, HIV diversity, immune evasion, poor knowledge of immune correlates, inadequate animal models as well as limitations in traditional delivery systems. However these hurdles are being surmounted by valuable insights gleaned from diverse clinical trials conducted including RV144, HVTN 702, Imbokodo, Mosaico, and PrEPVacc each contributing tremendously to the growing knowledge of the requirements for an effective immunogen that plays a protective role against HIV.
This knowledge gain has been transformed into major innovations in vaccine design such as the development of broadly neutralizing antibodies (bnAbs), germline-targeting immunogens, SOSIP trimers, and mRNA-based models highlighting the strategic turn of events in the research field towards more targeted immune priming. Furthermore, more advancements in nanoparticle technology, advanced viral vectors, gene therapy (e.g., CAR T cell therapy), and extracellular vesicles represent a promising path towards long lasting protective immunity. The encouraging results from early-phase trials like IAVI G001 and G002 have all further instilled hope in a HIV vaccine's capacity for activation of B-cell maturation towards bnAb production.
Looking ahead, the future of HIV development rests on the integration of multiple approaches to match the virus' extraordinary mutation capacity, investing in novel delivery systems and expanding the existing knowledge of correlates of protection. These promising advances can only be transformed into action towards a solution to HIV vaccine development if continued collaboration between researchers, funders, and policymakers is ensured. 
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