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Dengue virus (DENV) is a mosquito-borne virus with a significant human health concern. With 390 million infections annually and 96 million showing clinical symptoms, severe dengue can lead to life-threatening conditions like dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS). The only FDA-approved vaccine, Dengvaxia, has limitations due to antibody-dependent enhancement (ADE), necessitating careful administration. The recent pre-approval of TAK-003 by WHO in 2024 highlights ongoing efforts to improve vaccine options. This review explores recent advancements in dengue vaccine development, emphasizing potential utility of mRNA-based vaccines. By examining current clinical trial data and innovations, we aim to identify promising strategies to address the limitations of existing vaccines and enhance global dengue prevention efforts.
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1 Introduction

Dengue virus, a mosquito-borne flavivirus, presents a serious global health challenge, especially in tropical regions across South America, the Caribbean (including Puerto Rico), the Western Pacific, Eastern Mediterranean, Africa, and the Americas (1). The World Health Organization (WHO) estimates that around 390 million dengue infections occur annually, with approximately 96 million cases showing clinical symptoms. While many infections are asymptomatic, severe cases can be life-threatening. Dengue fever ranges from mild flu-like symptoms to severe forms such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (2). DHF is marked by increased vascular permeability, leading to plasma leakage, bleeding, and low platelet counts; if untreated, it can progress to DSS, characterized by severe hypotension and circulatory collapse requiring intensive medical support. From 2000 to 2019, reported dengue cases rose tenfold, largely due to the expanding reach of Aedes aegypti and Aedes albopictus mosquitoes, driven by climate change. This environmental shift has introduced dengue to regions previously considered dengue-free (3).

Currently, the only FDA-approved dengue vaccine is Dengvaxia (CYD-TDV), a live-attenuated, tetravalent vaccine developed by Sanofi Pasteur in 2015 to protect against all four dengue virus serotypes (DENV-1 to DENV-4) (4). Despite its significance, Dengvaxia has limitations, notably the risk of antibody-dependent enhancement (ADE). ADE occurs when non-neutralizing antibodies from previous infection or vaccination facilitate viral uptake and replication in subsequent infections, potentially worsening symptoms. This risk is particularly concerning for flavivirus-naïve individuals, especially young children, so Dengvaxia is restricted to individuals with confirmed prior dengue exposure (5). In May 2024, WHO prequalified a new vaccine candidate, TAK-003, which avoids inducing ADE but has shown a lower antibody response against DENV-3 compared to other strains, underscoring the need for a comprehensive and safe dengue vaccine (6). Furthermore, global vaccine coverage remains limited, with only a small percentage of the population vaccinated, primarily in endemic areas. This limitation highlights the urgent need for vaccine strategies that can provide broad protection without ADE risks.

Given the existence of four distinct DENV serotypes, a universal DENV vaccine must elicit strong, balanced immunity against all strains to prevent ADE. Recent research has made promising strides towards this goal- the creation of a DENV envelope vaccine using computationally optimized broadly reactive antigen (COBRA) algorithms. This candidate elicited broadly neutralizing antibodies against all four serotypes in both mice and rhesus macaques, regardless of prior DENV exposure (7). Additionally, another research on a tetravalent DENV virus-like particles (VLPs) vaccine reported that high levels of neutralizing antibodies against all four strains were induced in non-human primates with a one-year immunity longevity and no observance of ADE (8). Unfortunately, none of these candidates has moved to clinical trials. Further evaluation of these vaccine constructs’ safety and efficacy should be performed in clinical trials.

The success of mRNA technology in recent vaccines, notably COVID-19 vaccines, offers a promising platform for dengue vaccine development. mRNA vaccines are adaptable, cost-effective, and can be produced rapidly. They work by instructing cells to produce a harmless viral protein, which then stimulates the immune system to generate specific antibodies. As non-infectious vaccines, mRNA platforms provide a safe and potent immune response (9). This review examines recent advancements in dengue vaccine development, with a particular focus on mRNA vaccine candidates. By analyzing current clinical trial data and recent innovations, we aim to highlight promising strategies to overcome the limitations of existing vaccines and enhance global dengue prevention efforts.




2 Dengue epidemiology

The earliest documented dengue outbreak dates to 1779, with cases reported in Jakarta, Indonesia, and Egypt (10). In recent decades, dengue incidence has dramatically increased, putting nearly half the global population at risk. From 2000 to 2019, reported dengue cases surged from 505,430 to 0ver 5.2 million, with a corresponding rise in deaths from 960 to 4032 (11). Annual dengue infections are estimated at around 390 million, with 67-136 million cases exhibiting clinical symptoms, particularly in tropical and subtropical regions. In the United States, dengue fever incidence has historically been low, with recent spikes occurring between 2013 and 2016 (0.17-0.31 cases per 100,000) and peaking in 2019 (0.35 cases per 100,000). 94% of cases between 2010 and 2021 were travel related. Puerto Rico, however, has seen a higher incidence, with an average of 200 cases per 100,000 between 1980 and 2015, and almost all cases were locally acquired (12). The substantial increase in dengue infections is primarily attributed to the expanded distribution of its vectors, particularly Aedes aegypti and Aedes albopictus mosquitoes, driven by climate change. Rising temperatures, increased rainfall, flooding, and humidity extend mosquito breeding periods and reduce virus incubation times (13, 14). Additionally, social and environmental factors such as population density increase, population mobility, and inadequate water storage practices, are closely associated with dengue transmission, particularly in rural areas (15). A longitudinal study from 2007 to 2009 in Puerto Rico emphasized that water storage containers and discarded tries play critical roles in mosquito breeding, as most pupae were found in human-managed water containers, storage vessels, plant pots, and leaking water meters (16).




3 Clinically approved vaccines



3.1 Dengvaxia

Invented by Sanofi Pasteur, Dengvaxia (CYD-TDV) is a live-attenuated, tetravalent vaccine administered as a three-dose regimen. It was approved by the U.S. Food and Drug Administration (FDA) in 2019. Incorporating structural pre-membrane (prM) and envelope (E) genes of the four DENV strains with non-structural genes of the yellow fever 17D vaccine strain, Dengvaxia aims to provide tetravalent immunity to all strains of DENV by targeting the prM and E proteins (17). In individuals over 9 years old who had previously been infected with dengue, the vaccine efficacy (VE) achieved 91% (95%CI, 58-99%) and up to 93.2% efficacy against severe disease. However, in dengue-naïve children under 9, VE is around 45% (95%CI, -54-88%), limiting its suitability for this group (18, 19). Therefore, Dengvaxia works as a “fill-in” vaccine with patients’ prior exposure served as the initial prime. In a phase-II clinical trial (NCT00880893), the safety of Dengvaxia was evaluated in subjects aged 2 to 45 years in Singapore. Throughout the whole study, there were only three (0.3%) recorded serious adverse events (SAEs) in the vaccination group- acute leukemia of ambiguous lineage, tuberculosis lymphadenitis, and tension headache- and three cases of adverse events (AEs)- fever, rash, and cervical spondylosis (20). On the other hand, due to concerns about ADE, Dengvaxia is recommended only for individuals with prior dengue exposure.




3.2 TAK-003

TAK-003 (Takeda) is a live-attenuated, tetravalent vaccine, comprising of four DENV strains with the attenuated DENV serotype 2 strain (DENV-2) as the vaccine backbone and three other recombinant strains, swapping the prM and E genes of DENV-2 with DENV-1, DENV-3, or DENV-4 (Table 1) (21). Previous phase I and II clinical trials for TAK-003 vaccine had addressed its capability of eliciting tetravalent neutralizing antibody responses and polyfunctional T-cell responses. In a Phase III trial (NCT02747927), two doses administered to children aged 4 to 16 showed a vaccine efficacy (VE) of 66.2% (95% CI, 44.9-77.5) for seronegative and 76.1% (95% CI, 68.5-81.9) for seropositive recipients (22). Cumulatively, VE was 90.4% (95% CI, 82.6-94.7) and 85.9% (95% CI, 31.9-97.1) against hospitalizations related to dengue and DHF. After three years, VE declined to 54.3% (95% CI, 41.9-64.1) for virologically confirmed dengue (VCD) and 77.1% (95% CI, 58.6-87.3) against hospitalized VCD in initially seronegative participants. Efficacy remained stable in seropositive groups, with VE at 65% (95% CI, 58.9-70.1) against VCD and 86% (95% CI, 78.4-91.0) against hospitalized cases. In another phase III trial evaluating safety of TAK-003 (NCT03771963), among 168 participants, there were only five participants experienced SAEs with two subjects reporting moderate hepatic failure and severe osteoarthritis and three reporting bradycardia, inguinal hernia, and sepsis (21). However, no efficacy was observed against DENV-3 in seronegative individuals, and VE against DENV-2 declined over time, raising concerns about potential antibody-dependent enhancement (ADE) in these cases.


Table 1 | Current licensed or trialed dengue vaccines.







4 Vaccines under evaluations in clinical trials



4.1 TV003/TV005

The National Institute of Allergy and Infectious Disease (NIAID) has spearheaded the development of a live-attenuated tetravalent dengue vaccine over the past 15 years, aiming to provide comprehensive protection against all four dengue virus serotypes while minimizing the risk of ADE. The initial candidate, TV003, utilized deletions of 30 and 31 nucleotides (Δ30 and Δ31) at the 3’ UTR of each serotype to create four monovalent strains- rDEN1Δ30, rDEN2/4Δ30, and rDEN3Δ30/3Δ31 (23). To achieve a more balanced infectivity, in the TV005 formulation, the doses of rDENV2/4Δ30 were increased 10 fold (24). From previous phase I trials (NCT01072786 and NCT01436422), comparing to TV003, TV005 demonstrated a higher and more stable frequency of seroconversion and stronger antibody response (Table 1). Both candidates conferred sterilizing immunity against DENV infection for at least 12 months with a booster dose at 6 months. Mild dengue-related rash was the most common AE, occurring in 66% (27/41) of TV003 recipients and 26%(37/144) of TV004 recipients, with occasional reports of fever and arthralgia (25). Following a second dose, antibody titers to all serotypes roughly doubled, confirming the establishment of sterilizing immunity. TV003/TV005 are now undergoing Phase III trials (NCT02406729) in dengue-endemic areas, led by Brazil’s Butantan Institute.




4.2 TDEN F17/F19

TDEN F17 vaccine is a tetravalent, live-attenuated vaccine that targets all four dengue virus serotypes. Derived from a natural viral isolate, it was attenuated through serial passages in primary dog kidney (PDK) cells. To enhance neutralizing antibody responses, the F17pre formulation adjusted attenuation levels by increasing PDK cell passages for DENV1 and reducing them for DENV4 (26). Clinical trial (NCT00350337) demonstrated that TDEN F17/F17Pre/F19 induced robust humoral responses with tetravalent response rates of 60%, 71.4%, and 66.7% after 2-dose administration. In a phase-II trial conducted in Puerto Rico (NCT00468858) achieved 100% seroconversion to tetravalent immunity in primed subjects (27, 28). In a pilot study on TDEN F17’s VE in children, a 52.6% seroconversion was achieved, suggesting the vaccine might be safe and effective in children. Administered in a two-dose regimen, TDEN F17 has been shown to be safe across ages 12 months to 50 years, though 31% of F17pre recipients exhibited viremia after the first dose, which was absent after the second (29). A five-year Phase I/II study in Thai children aged 6-7 (NCT00384670), followed by a third-dose booster trial one year later (NCT01843621), demonstrated strong long-term immunity: 100% seroconversion to DENV-1, -2, and -3 and 83.3% to DENV-4. No mortality or serious adverse events were reported, indicating the safety of TDEN F17 (30).




4.3 DPIV

Invented at Walter Reed Army Institute of Research (WRAIR), the tetravalent dengue purified inactivated vaccine (DPIV) is administered with two-dose schedule 28 days apart. The DENV-2 S16803 strain was chosen as the initial vaccine prototype, which was successfully propagated in Vero cells and tested safe and immunogenic in mice and rhesus monkeys with a 100% seroconversion after the second dose administration (31). Adjuvanted with AS01E(3-O-desacylcinomnophsphoryl lipid A) and AS03B(oil-in-water) by GlaxoSmithKline, the formalin-inactivated viruses from DENV-1 Westpac 74, DENV-2 S16803, DENV-3 CH53489, and DENV-4 TVP360 were incorporated into the tetravalent formulation of DPIV. In a phase-I trial conducted in Puerto Rico (NCT01702857), DPIV adjuvanted by AS01E/AS03B elicited neutralizing antibody responses against all four DENV serotypes in flavivirus-naïve adults, but the response wanned in 6 months after the second dose (32). In addition, the inactivated nature of DPIV poses a potential limit on immune responses to non-neutralizing epitopes on target envelope and capsid proteins. Viral challenge studies in rhesus macaques revealed the vaccine failed to control DENV infection and inadvertently led to antibody-dependent enhancement of DENV infection with increased levels of viremia, AST, IL-10, and IL-18 in challenged animals (33).




4.4 TVDV

The U.S. Army Medical Research and Material Command developed the tetravalent DNA vaccine (TBDV) against dengue, using a VAXFECTIN-adjuvanted VR1012 plasmid encoding the prM and E proteins from each DENV serotype. TBDV combines equal amounts of four monovalent plasmids derived from distinct strains: DENV1 (West Pacific 74), a modified DENV2 strain, and low-passage Philippine strains for DENV3 and DENV4 (34). In New Zealand white rabbits, TBDV induced seroconversion across all four serotypes. A Phase I clinical trial (NCT01502358) with 40 flavivirus-naïve participants demonstrated TBDV’s safety and its ability to elicit IFN-γ-producing T-cell responses without causing dengue-related rash or serious adverse events (SAEs) (34). The most common adverse events were mild, including fatigue (17/40), headache (18/40), and muscle aches (19/40). While neutralizing antibodies were not detected, T-cell responses were observed, with an average response rate of 66.3% across groups receiving either low-dose TBDV, low-dose TVDV adjuvanted with Vaxfectin, or high-dose TVDV adjuvanted with Vaxfection (34).




4.5 V180

Merck & Co. developed V180, a recombinant tetravalent dengue vaccine targeting DENV envelope and prM glycoproteins, administered in a three-dose regimen. In a Phase I randomized, placebo-controlled, double-blind study (NCT01477580), neither unadjuvanted nor aluminum-adjuvanted V180 formulations induced a strong immune response. However, six formulations with the ISCOMATRIX adjuvant achieved robust immunogenicity (GMT > 150) with seroconversion rates exceeding 85.7% for all DENV serotypes. Memory B cell responses for all serotypes were also observed in high-dose V180-ISCOMATRIX recipients, though increased adverse events, such as injection site pain and swelling, were noted (35). A subsequent Phase I trial (NCT02450838) evaluated V180, plain or adjuvanted with Alhydrogel, as booster in adults previously vaccinated with a live-attenuated tetravalent dengue vaccine. While V180 was well-tolerated and enhanced serum neutralization titers, it did not meet the predefined booster criteria (GMT > 150) for a positive immune response (36).





5 mRNA DENV vaccines

The remarkable success of COVID-19 mRNA vaccines has highlighted the potential for mRNA-based dengue (DENV) vaccines (Table 2). Unlike viral vectored vaccines, which carry risks of reversion to virulence and require complex culturing processes, mRNA vaccines are non-infectious and do not carry nucleic acids that can integrate into the host genome, eliminating the risks of mutagenesis and oncogenesis. Comparing to inactivated and protein subunit vaccines that usually require adjuvants to enhance immune responses, mRNA vaccines inherently stimulate both cellular and humoral immunity through antigen expression within host cells, as seen with COVID mRNA vaccines (37). Furthermore, comparing to other novel platforms, like VLPs vaccines that mimic the structure of viruses and rely on complex bioprocessing, mRNA vaccines’ cell-free manufacturing nature accelerates the production process and makes them highly scalable (9). Their modular and flexible designs not only allow for precise targeting of antigens but also ensure the adaptability to new serotypes, making them a versatile platform for global vaccine development (38).


Table 2 | Summary of mRNA DENV vaccine candidates.



In 2019, Claude Roth and colleagues conducted a preclinical study in transgenic HLA Class-I (HLA-A0201, -A2402, B3501) mice to evaluate a modified mRNA vaccine against DENV-1 strain KDH0026A (Figure 1A) (39). This vaccine encoded immunodominant non-structural (NS) epitopes from NS3, NS4B, and NS5, designed to enhance CD4+ and CD8+ T-cell responses (40, 41). Encapsulated in lipid nanoparticles (LNPs) for delivery, the vaccine induced strong CD8+ T-cell responses, with 26% of CD8+ T-cells producing IFN-γ and TNF-α against HLA-B3501 peptide p49. The design intentionally avoided inducing neutralizing antibodies to minimize the risk of antibody-dependent enhancement (ADE) (39). However, the study did not explore responses to other DENV serotypes or test vaccine efficacy in a challenge model.




Figure 1 | Schematic illustrations of mRNA DENV vaccine designs. (A) The major component of DENV1-NS modified mRNA vaccine is non-structural (NS) protein from DENV1 strain, and is enriched in NS4B, NS3, and NS5. (B) DENV2 modified mRNA-LNP vaccines incorporate a sequence of human IgE as a signal peptide to prompt alignments translocation. (C) The major component of this vaccine are sequences of pre-membrane(prM) and envelope (E) proteins extracted from DENV-1 genome. (D) The design incorporated tissue-type plasminogen activator (tPA) as the signal peptide, transmembrane and cytoplasmic domain of vesicular stomatitis virus G (VSV-G), and FLAG tag to aid the identification of target protein expression.



In 2020, another modified mRNA-LNP vaccine against DENV-2 strain 16681 was tested in mice (by Mengling Zhang et al), targeting two structural proteins, prME and E80, and one non-structural protein (NS1) (Figure 1B). Immunization generated high levels of DENV-2-specific IgG and strong T-cell responses, achieving sterilizing immunity against DENV-2 in immunocompetent BALB/c mice. E80-mRNA induced high titers of neutralizing antibodies (average PRNT50 titer of 13,000), while NS1-mRNA elicited a significant antibody response (PRNT50 titer of 12,000) and reduced viral loads in the spleen. However, NS1-mRNA alone did not induce neutralizing antibodies, limiting its utility as a primary vaccine component (42). Although E80-mRNA showed promise, it also induced high levels of heterologous ADE and cross-reactive immune responses, constraining its application.

In the following year, another similar mRNA-LNP vaccine against serotype 1, the DENV1 prM/E mRNA-LNP vaccine, was developed (by Clayton J. Wollner et al) (Figure 1C), targeting DENV-1 (strain 16007) with prM and E proteins with T7 promoter sequences and 5’/3’ URTs based on a ZIKV mRNA platform (43, 44). A two-dose regimen generated robust humoral and cellular responses, with antibody titers reaching 120,000 and neutralizing antibody titers of 420 measured by FRNT. This vaccine protected immunocompromised AG129 mice from lethal DENV-1 challenge without morbidity or mortality, indicating its potential effectiveness in immunocompromised populations (45). After vaccination, there was no morbidity or mortality signs shown among these mice, demonstrating a successful protection. Although it effectively elicited CD4+ and CD8+ T cell responses against DENV-1, it did not generate cross-reactive responses to other DENV serotypes.

Previous DENV mRNA vaccines only targeted one serotype; fortunately, in 2022, a multi-target mRNA-LNP vaccine formulation was designed and tested in mice (by Lihong He et al.) (Figure 1D) (46). The multivalent vaccines encoded NS1 and envelope domain III (E-DIII) to target all four DENV serotypes. The DENV-a candidate combined DENV-1 and DENV-2 antigens, while DENV-b combined DENV-3 and DENV-4. The efficacy of DENV-a, DENV-b, and DENV-ab was tested separately in mice. DENV-a elicited E-DIII specific IgG against DENV1 with an average antibody titer of 15,264 with a 20 μg dose. DENV-b immunized mice generated an E-DIII mean titer of 4608 in the 20 μg group. For NS-1, both DENV-a and DENV-b induced slightly higher titers than those of E-DIII, with mean titers of 61,440 and 32,768 (46). DENV-ab, a combination of DENV-a and DENV-b, produced the highest levels of neutralizing antibodies across all serotypes, and induced strong T-cell responses with high IFN-γ production. Additionally, ADE assays indicated minimal ADE potential (<5% of cells), underscoring the vaccine’s safety profile (46). The success of DENV-ab in mice suggests it as a promising candidate for further evaluation in larger animal models prior to clinical trials.

Comparing to traditional vaccine platforms, mRNA vaccines can mitigate ADE risks either through mutating fusion loop epitope of the E protein or by eliciting serotype-specific neutralizing antibodies. Previous research on DENV E protein has revealed three distinct domains, and domain II containing with an internal fusion loop was found to participate in membrane fusion and dimerization (47). By single point mutations of three fusion loop residues, tryptophan at position 101, leucine at position 107, and phenylalanine at position 108, the binding activity of cross-reactive anti-E antibodies, which were responsible for ADE, was greatly reduced (48). In addition, DENV1 prM/E mRNA-LNP vaccine did not induce cross-reactive antibodies that elicit heterotypic enhancement. In a focus reduction neutralization test (FRNT), DENV1 mRNA-vaccinated mice did not elicit neutralizing antibody against DENV2, and only a mild enhancement, around 1.2-fold, at 1/100 serum dilution was discovered (43). mRNA platform allows rapid development of vaccines, however global implementation of mRNA vaccines in dengue-endemic areas remains challenging. Vaccine stability is one of the greatest impediments, as mRNA formulations require ultra-cold storage, which is difficult to maintain in tropical climates with limited health infrastructures (49). Therefore, future efforts to advance LNP technology and thermostable mRNA formulations are essential to overcome this barrier.

Future research on DENV mRNA vaccines should focus on developing tetravalent vaccines that safely elicit both cellular and humoral immunity against all four serotypes. In addition to improving current LNPs formulation, lumazine synthase (LuS), can also be incorporated into future development of DENV mRNA vaccines (50). LuS oligomers, displaying as an efficient platform for antigen presentation, have already been successfully employed in other vaccine studies against infectious diseases, such as HIV, influenza, and rotavirus. When utilized as a scaffold, LuS was able to display spike glycoprotein from SARS-CoV-2 with decent yield and antigenicity in mice (51). Multimerization nature of LuS contributes to assembling antigens in a highly ordered fashion and promoting the activation of B cells receptors; thereby, potent and long-lasting immune responses in the germinal centers will be generated (52). When utilized as a protein cage, LuS carrying ovalbumin peptides OT-1 and OT-2 efficiently delivered and successfully stimulated Dendritic Cells (DCs) to produce OT-1 specific CD8+ T cells and OT-2 specific CD4+ T cells in mice (53). Immunity longevity of mRNA DENV vaccines is another aspect should be focused on. Though currently there is no published results on protection longevity, according to previous studies on SARS-CoV2 mRNA vaccine’s durability, it could infer that immunity provided by DENV mRNA vaccines might also last around one year (54). Moreover, further clinical studies and targeted research, which tailor dosing regimens, should be conducted to achieve consistent immunity in diverse populations, including children under five, the elderly, and immunodeficient people. The success of the DENV-1 prM/E mRNA-LNP vaccine in immunocompetent mice builds a promising foundation on the potential optimization of mRNA vaccines for immunocompromised population who has heightened risk of serve dengue. To further enhance efficacy, future strategies could include modifying LNP formulations to improve delivery, ensuring a controlled and sustained release of the mRNA payload. Additionally, incorporating adjuvants such as CpG oligonucleotides (55) or TLR7/8 (56) agonists may help boost innate and adaptive immune responses. Leveraging advanced antigen designs, such as self-assembling nanoparticles, could also ensure safety and efficacy in vulnerable populations. By addressing all aspects mentioned above, we will be one step closer to the successful deployment of mRNA vaccines in dengue-prevalent areas.




6 Conclusion

Currently, Dengvaxia is the only WHO-approved dengue vaccine, with global administration. However, in May 2024, WHO prequalified TAK-003, increasing global access to dengue vaccination. Among advanced candidates, TV003/TV005 has shown the strongest immune response in flavivirus-naïve recipients, with TV005 inducing fewer side effects like vaccine-related rash than TV003. TV003/TV005 provide 1-2 years of protection with a single dose, while Dengvaxia and TAK-003 offer protection for at least 6 and 4.5 years, respectively (57). Across all candidates, fewer than 1% of participants experienced serious adverse events, with rash as the most common side effect. Antibody-dependent enhancement (ADE) remains a concern, particularly for Dengvaxia, which poses an increased risk of severe dengue in seronegative individuals due to ADE. To reduce this risk, Dengvaxia is limited to those with prior dengue infection, confirmed by serology (58). Other vaccines show a lower ADE risk based on current trial data.

mRNA dengue vaccines offer significant advantages, including rapid development, scalability, and precise immune targeting Unlike live-attenuated vaccines, mRNA vaccines can be developed quickly without growing pathogens. mRNA vaccines can be engineered to encode antigens for all four dengue serotypes, ensuring balanced immune responses. Early preclinical trials indicate that mRNA vaccines effectively stimulate neutralizing antibodies and T-cell responses. Multi-target mRNA-LNP vaccines, targeting all four serotypes, show particular promise and may be advanced to clinical trials following safety and immunogenicity evaluations in non-human primates, such as rhesus macaques, cynomolgus macaques, or common marmosets (42). Once the candidate showed safety utilization in NHPs and was able to elicit strong immune responses, it could be advanced to clinical trials and eventually be brought to the market.

Future efforts in dengue vaccine development should focus on boosting efficacy and safety. Broadening immune responses could involve adding adjuvants like aluminum-based MF59 or AS01 to enhance Th2 responses in live-attenuated vaccines (59). Another promising approach involves specialized designs, such as self-assembling nanoparticles that mimic virus structure, enhancing antigen presentation and immune response. Nanoparticles can present multiple dengue antigens, while VLPs and multiepitope designs allow antigen presentation in a native conformation, increasing immune responses without viral replication risk (60–62). For mRNA vaccines, future work could refine lipid nanoparticle (LNP) formulations and nucleotide modifications, alongside novel antigen presentation platforms to optimize immune efficacy. Refining dosing regimens for diverse age groups, particularly under 4 and over 60 years old, will also be essential for broadening coverage and achieving herd immunity in dengue-endemic regions. It is pivotal to broaden the protection scope to achieve the goal of herd immunity in dengue-endemic areas.

In addition to scientific innovations, future directions in dengue vaccine development should also prioritize strategies for global accessibility. Overcoming logistical and economic barriers will require collaborative efforts, especially the international partnerships between local governments, non-governmental organizations (NGOs), and private industry to fund research, streamline regulatory approval, and subsidize vaccine costs in resource-limited settings. The success of TV003 highlights the potential of collaborative efforts in advancing dengue vaccine development. TV003 was developed by NIH but produced in partnership with a local company, Butantan Institute, in Brazil (63). This partnership not only facilitated the local production of TV003 but also underscored the importance of leveraging regional expertise to enhance vaccine accessibility and affordability in endemic areas. Such collaborations serve as a valuable model for advancing mRNA dengue vaccines, which could similarly benefit from partnerships with regional manufacturers to ensure scalability and cost-effectiveness. Innovative approaches like combining vaccination programs with mosquito control initiatives, such as Wolbachia-infected mosquito releases (64) or sterile insect techniques (65), could significantly enhance disease control efforts. To deepen understanding of dengue pathogenesis and vaccine-induced immunity, experimental methodologies like metabolomics and proteomics could identify biomarkers for vaccine efficacy, immune correlates of protection, and mechanisms of antibody-dependent enhancement. These insights would guide the optimization of vaccine designs and dosing regimens, ensuring more effective and accessible solutions for global dengue control.
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