

[image: A comprehensive review of Wolbachia-mediated mechanisms to control dengue virus transmission in Aedes aegypti through innate immune pathways]
A comprehensive review of Wolbachia-mediated mechanisms to control dengue virus transmission in Aedes aegypti through innate immune pathways





REVIEW

published: 08 August 2024

doi: 10.3389/fimmu.2024.1434003

[image: image2]


A comprehensive review of Wolbachia-mediated mechanisms to control dengue virus transmission in Aedes aegypti through innate immune pathways


Iqra Mushtaq †, Muhammad Sajjad Sarwar *† and Iqra Munzoor


Department of Zoology, Faculty of Life Sciences, University of Okara, Okara, Pakistan




Edited by: 

Luwen Zhang, University of Nebraska-Lincoln, United States

Reviewed by: 
 André Alves Dias, Oswaldo Cruz Foundation (Fiocruz), Brazil Kíssila Rabelo, Rio de Janeiro State University, Brazil

*Correspondence: 

Muhammad Sajjad Sarwar
 mssravian@gmail.com








†These authors have contributed equally to this work and share first authorship



Received: 17 May 2024

Accepted: 16 July 2024

Published: 08 August 2024

Citation:
Mushtaq I, Sarwar MS and Munzoor I (2024) A comprehensive review of Wolbachia-mediated mechanisms to control dengue virus transmission in Aedes aegypti through innate immune pathways. Front. Immunol. 15:1434003. doi: 10.3389/fimmu.2024.1434003



The Dengue virus (DENV), primarily spread by Aedes aegypti and also by Aedes albopictus in some regions, poses significant global health risks. Alternative techniques are urgently needed because the current control mechanisms are insufficient to reduce the transmission of DENV. Introducing Wolbachia pipientis into Ae. aegypti inhibits DENV transmission, however, the underlying mechanisms are still poorly understood. Innate immune effector upregulation, the regulation of autophagy, and intracellular competition between Wolbachia and DENV for lipids are among the theories for the mechanism of inhibition. Furthermore, mainly three immune pathways Toll, IMD, and JAK/STAT are involved in the host for the suppression of the virus. These pathways are activated by Wolbachia and DENV in the host and are responsible for the upregulation and downregulation of many genes in mosquitoes, which ultimately reduces the titer of the DENV in the host. The functioning of these immune pathways depends upon the Wolbachia, host, and virus interaction. Here, we summarize the current understanding of DENV recognition by the Ae. aegypti’s immune system, aiming to create a comprehensive picture of our knowledge. Additionally, we investigated how Wolbachia regulates the activation of multiple genes associated with immune priming for the reduction of DENV.




Keywords: dengue virus, Aedes aegypti, Wolbachia, innate immune pathways, toll pathway, IMD pathway, JAK/STAT pathway




1 Introduction

Arboviruses are mainly transmitted by blood-feeding arthropods like Aedes mosquitoes. Predominantly transmitted by female Aedes aegypti, these viruses encode RNA genomes including dengue (DENV), Zika (ZIKV), chikungunya (CHIKV), yellow fever (YFV), and Ross River (RRV) viruses, etc. (1). Aedes-borne viruses are potentially deadly; they cause at least 40,000 deaths, each year (2). One of these viruses, DENV is endemic in over 141 countries, affects 390 million people, and claims 36,000 lives annually (3). As of right now, proper treatments for these viral diseases are unavailable. To combat this, different strategies focus on hosts, host-vector interaction, and the vectors themselves. From all these, vector control is a primary approach that involves chemical, environmental, and biological methods. Notably, one novel biological method is Wolbachia-based control, which may involve replacing wild-type mosquito populations with Wolbachia-infected variants. Additionally, Wolbachia can also inhibit viral proliferation in their host’s midguts, significantly reducing their ability to transmit viruses (4, 5). In the past two decades, establishing Wolbachia-infected Ae. aegypti population resistant to DENV, and investigating transgenic drivers for population replacement have substantially progressed (6, 7).

Naturally, Wolbachia inhabits around 65% of all insect species (8) and in arthropods, this bacterium exhibits both mutualistic and parasitic interactions with its hosts (9). It provides multiple approaches to disease suppression such as by reducing vector population through incompatible males, affecting the fitness of the host, inhibiting pathogen transmission (10–13), affecting reproduction through male killing (14), feminization (15), parthenogenesis (16), and primarily, by cytoplasmic incompatibility (CI) (17, 18). In insects, CI occurs in two forms: (a) Unidirectional CI, where infected males can mate with only infected females with the same strain and cross with wild females resulting in embryo lethality and (b) Bidirectional CI, where males and females infected with different strains of Wolbachia cannot produce viable off-springs (Figure 1) (19). Wolbachia-infected females gain an evolutionary edge by mating with uninfected males, yielding viable offspring (20, 21). Manipulation of reproduction seems promising as it suggests that once a Wolbachia strain invades a target vector population through host reproductive alteration, ongoing management by health authorities might be minimized.




Figure 1 | Uni- and bidirectional cytoplasmic incompatibility (CI) occur when crosses between infected and uninfected individuals lead to incompatible offspring. In unidirectional CI, only crosses with infected males and uninfected females are incompatible. In bidirectional CI, crosses between individuals infected with different CI-inducing strains are incompatible. Notably, unidirectional CI can sometimes occur between hosts infected with different bacterial strains. Figure created using BioRender.com.



Anti-pathogenic effects of Wolbachia have been observed by many authors when it transfected non-native hosts (10, 22, 23). Although Ae. aegypti lacks natural association with Wolbachia, however, an uninfected Ae. aegypti laboratory population can quickly become infected when Wolbachia-infected females are introduced to the population (24). Hoffmann et al. (4) artificially introduced the wMel strain of Wolbachia into Ae. aegypti mosquitoes. This strain induces CI, hampering breeding with Wolbachia-free mosquitoes. It was reported that it spreads quickly through mosquito populations, with little harm to the mosquitoes, and reaches high levels within just a few generations under semi-natural conditions. Most interestingly once a disease-blocking Wolbachia strain establishes itself in the target vector population, it can persist without further releases. It makes Wolbachia the best tool to inhibit arboviral transmission (25).

Investigating mosquito interactions with microorganisms, particularly with Wolbachia, reveals fascinating details about the defense mechanisms of the insects. Investigating mosquito interactions with microorganisms, particularly mosquitoes, like many insects, possess a vigorous innate immune system activated through pattern-recognition receptors (PRRs). In Ae. aegypti, both Toll and immune deficiency (IMD) signaling pathways induce antimicrobial peptides through transcription factors REL1 and REL2 (26). In transfected mosquito lines, the presence of Wolbachia activates the immune system, however, the precise function of these immune responses in establishing the symbiotic relationship between Wolbachia and the mosquitoes remains uncertain. Understanding how Wolbachia inhibits arboviruses is important for predicting factors that could affect both the viruses and mosquitoes. It will help to anticipate changes that might influence the effectiveness of Wolbachia-mediated inhibition. Gaining this understanding is essential to maximizing the Wolbachia-based control strategies’ durability and efficacy. This review article will go over how Wolbachia interferes with the way mosquito hosts, Ae. aegypti, interact with DENV, inhibits the entry and replication of viruses, reduces the amount of nutrients required for an arboviral infection, boosts immunity, produces reactive oxygen species (ROS), promotes cellular regeneration for a better midgut barrier, and controls genes involved in a range of cellular functions.




2 Defence systems of Ae. aegypti as a host

Pathogen-blocking mechanisms vary among host species, and a cellular process involved in pathogen blocking may not be generally applicable. It is commonly known that invertebrates, including Ae. aegypti, do not possess adaptive immunity. Mosquitoes employ defense mechanisms both within and outside their bodies to prevent pathogens and mainly rely on their innate immune system (27). It is now recognized that innate immunity in mosquitoes provides prompt defense against infections via humoral or cellular responses, which are typically brought on by the invasive microorganism. The cellular part involves special cells called hemocytes, while the humoral part includes various substances like PRR and anit-microbial peptides (AMPs). However, gene network analysis across insect species highlights strong connections between the pathways controlling the production of nutrients in the insect and the ability of viruses to replicate (28).

The genome of Ae. aegypti, known for its role as a disease vector, contains genes crucial for both viral infection and defense mechanisms. The most recent reference genome (AaegL5) reveals an expanded range of gene families, such as chemosensory receptors (related to the mosquito’s ability to sense chemicals), glutathione S-transferase (involved in detoxification processes), and C-type lectin (associated with immune responses), including specific genetic regions (chromosome 2) associated with viral susceptibility (29, 30). The presence of DENV, ZIKV, and CHIKV induces varying transcriptomic changes in Ae. aegypti (31). When these viruses infect Ae. aegypti, they trigger changes in the mosquito’s genetic activity in specific areas like cell structure, genetic processes, immune responses, stress reactions, and metabolic activities (32–34).

Wolbachia complicates the interaction between Ae. aegypti and arboviruses by disrupting the same molecular processes that are necessary for the viruses (33, 34–39). This interference causes cellular disturbances that harm the pathogen. Mosquitoes possess a natural defense mechanism against oxidative stress induced by blood meals. This defense involves activating antioxidants to protect their tissues. In DENV infection, mosquitoes produce ROS like mammalian cells but avoid the harmful effects associated with ROS accumulation (40). This unique ability is considered an evolutionary advantage, ensuring the successful transmission of the virus without compromising the mosquito’s health. DENV infection in mosquito cells (specifically C6/36 cells), causes endoplasmic reticulum (ER) stress by inducing the unfolded protein response, a cellular stress response mechanism. The chaperones GRP78/BiP and GRP94 are used as ER stress sensor genes, and their upregulation is observed against DENV in the cells of mosquitoes (41). Alterations in the mitochondrial membrane potential are linked to a noteworthy rise in GST (Glutathione S-Transferase) activity, suggesting the possibility of ER stress induction. Because mosquito cells have more GST activity, there may be less oxidative stress in the environment, which would facilitate viral propagation. Knocking down GST in DENV-infected cells elevates the concentration of superoxide dismutase, linking GST activity to oxidative stress regulation during DENV infection in mosquitoes (42, 43). GST also plays a significant role in minimizing cell death triggered by oxidative stress induced by DENV2 in mosquito cells (44). Additionally, eIF5A (an important protein involved in the complex process of protein synthesis) levels decrease during the aging of Ae. aegypti mosquitoes and its expression is upregulated in response to actively replicating DENV in the C6/36 cell line. It indicates a potential role for eIF5A in the cellular response to DENV infection (43, 45). Knowing all these cellular defense mechanisms in Ae. aegypti may help us to understand the mechanism behind Wolbachia-mediated control of DENV. Additionally, there is much evidence that the transinfection of various strains of Wolbachia into Ae. aegypti can prevent the spread of DENV (Table 1).


Table 1 | Transaction of different Wolbachia strains into different cell lines results in DENV inhibition.






3 Wolbachia-Aedes-dengue association

The internal cellular structure of Ae. aegypti is required for arboviruses to successfully move through the stages of viral entrance, replication, assembly, and exit (75). This framework, referred to as the cytoskeleton, is made up of an actin filament and microtubule network. Arboviruses help build host cell structures for their survival, while Wolbachia does the opposite, weakening these structures to block the arboviral binding and entry (Figure 2) (9). In DENV-infected Ae. aegypti, genes for specific proteins such as dynein, vimentin, tubulin, actin, myosin, tropomyosin, and laminin are substantially expressed (76). Guo et al. (77) reported that actin and tubulin support DENV infection in vitro, while NS5 is associated with myosin in DENV infection (78). The introduction of the wAlbB strain appears to influence the cellular environment by reducing the levels of specific proteins associated with cell adhesion (dystroglycan) and cytoskeletal structure (beta-tubulin) in Ae. aegypti cells infected with DENV (79). This reveals a mechanism by which Wolbachia interferes with the virus’s development. This is a significant finding as it demonstrates how Wolbachia interferes with the early stages of arboviral infection (79).




Figure 2 | Possible defense systems of cells in the presence of Wolbachia. 1. DENV enters a Wolbachia-infected cell through endocytosis; 2. Viral RNA starts replication; 3. Replication of DENV is restricted because no binding complex forms on the ER membrane; 4. Wolbachia fused with the ER membrane and disturbs it; 5. No formation of Golgi vesicles due to disturbance of Golgi apparatus membrane by Wolbachia; 6. Wolbachia induces ER stress; 7. Wolbachia produces ROS to increase cellular stress; 8. Upregulation of AMPs, GNBPs, and PGRPs to boost immunity; 9. Immune pathways are activated to fight against pathogens (cells take Wolbachia as part of innate immunity); & Wolbachia also competes with DENV for nutrients and also disturbs the cytoskeleton to stop the movement of DENV and maturation.






4 How Wolbachia control DENV?

While Wolbachia is recognized for inhibiting certain viruses, its effectiveness is mainly observed against viruses with positive-sense or double-stranded RNA genomes (13). Its ability to inhibit negative-sense RNA viruses is less commonly reported. DENV, a positive-strand RNA virus, enters midgut cells following a blood meal (80). Many proteins, including replication factors, are produced when the viral RNA is translated into a polyprotein. Once DENV surpasses the midgut barrier, it can access other tissues like the fat body and the hemocytes. As soon as the virus enters the hemocoel, it can reproduce in the salivary gland cells and travel to the lumen of the glands. From there, the virus can be transmitted to a human host during subsequent mosquito blood-feeding. The exact mechanism behind Wolbachia-mediated blocking remains a mystery, primarily due to challenges in isolating the contributions of the three partners in the Wolbachia-Aedes-dengue association. The understanding of this process relies on observations of how these partners interact for a clear comprehension of the specific mechanisms involved (81). Some scientists suggest that Wolbachia may outcompete the virus for resources like lipids, enhance the mosquito’s immune system (82), and possibly this bacterium can lessen Ae. aegypti’s susceptibility to DENV (83). Additionally, there are many possible methods by which the transinfection of various strains of Wolbachia into Ae. aegypti can prevent the spread of disease. This section is all about how DENV affects the genes of Ae. aegypti and how the mosquito responds at the cellular level in the presence and absence of Wolbachia.



4.1 Competition for intracellular resources

Studies suggest that Wolbachia-induced metabolic changes in transinfected Ae. aegypti may elucidate the pathogen-blocking mechanism (84–86). New studies suggest that instead of simply struggling over lipids, there’s a more complicated relationship where changes in lipids might work against each other. In one study by Koh et al., when DENV infection alone leads to an abundance of lipids Wolbachia and DENV both want the same things inside the cells of mosquitoes (87). Wolbachia relies on various host factors for replication, transmission, and manipulation of the host. It depends on host-derived membranes (88), altering their morphology, and affecting cholesterol/lipid metabolism (85). Wolbachia strategically localizes itself within vesicles closely associated with the endoplasmic reticulum, to gain access to the host cell’s lipid-rich environment (89). On the other hand, the DENV also disturbs the internal membranes of the cell to produce specific locations where the virus can multiply (90). By manipulating the cell’s fatty acid synthesis pathway, DENV effectively increases the production of lipids to facilitate its replication, while Wolbachia often triggers a response against pathogens in arthropods by competing for cholesterol and iron, necessary for their growth (46). wMelPop or wMel infected cells of Ae. aegypti exhibit a significant reduction in total cholesterol (91) suggesting reliance on the host cell for lipid production due to lacking essential genes. This reduction in cholesterol impacts DENV replication, which also relies on cholesterol production. However, high Wolbachia abundance might consume excessive fatty acids, potentially disrupting normal cellular functions and virus replication. While the exact mechanism remains unclear, Wolbachia could be more resource-efficient than the virus, potentially enhancing mosquito immunity.

In Ae. aegypti, the Wolbachia strain or DENV disturbs cholesterol levels, resulting in increased cholesterol storage and localized lipid droplet accumulation (85). This dysregulation is marked by the upregulation of Niemann-Pick type C2, sterol carrier protein 2, and calnexin 99, associated with the downregulation of fatty acid synthase and LDL receptor proteins, indicative of compromised intracellular cholesterol transport. Specific lipids, like sphingomyelins and cardiolipins, are highly present in DENV3-infected mosquitoes but depleted when wMel is present, suggesting an indirect antagonistic effect (87). In another study, the interaction involves elevated acyl-carnitine lipids during DENV infection but a significant reduction in wMel-infected cells (92). Lowering acyl-carnitine increases wMel density while adding this lipid to wMel-infected cells boosts DENV. A recent study indicates that wMel-transinfected Ae. aegypti suppresses DENV and ZIKV through the downregulation of the insulin receptor, however exact mechanisms need to be defined (93). In simple words, the virus may seek a lipid-rich environment for replication, which Wolbachia disrupts. However, understanding how Wolbachia downregulates the DENV is a matter of interest that is unclear.




4.2 Immune priming

To prevent arboviral transmission, Wolbachia employs two strategies. For starters, it competes for limited host cellular resources with arboviruses. Second, when transmitted to non-native hosts, it uses immune priming, which is a preactivation of the host’s immune system. This strengthens the arthropod’s resistance to arboviral infections. Signaling pathways such as IMD, Toll, and JAK-STAT initiate immune priming (94). Rances et al. (95) found that Wolbachia activates immunological genes linked to Toll pathways, melanization, and AMPs. The JAK-STAT pathway, known for regulating antiviral immunity, has been proven effective in preventing DENV infection in Ae. aegypti (96). wAlbB-transinfected Ae. aegypti upregulates Toll (GNBP1, SPZ3B, MYD88) and IMD (PRGP-LE, REL2) pathway genes, triggering the release of AMPs (e.g., cecropins, defensins) during arboviral infection (33, 34, 46). This immune-priming effect can be observed in mosquito larvae exposed to dormant dengue virus, resulting in protection against the virus in maturity (97).



4.2.1 Wolbachia and Toll pathway

Vector-virus interactions have been studied since the initial Ae. aegypti genome sequence was made public (98). Ae. aegypti’s defense against DENV infection is mediated by this pathway, as demonstrated by early transcriptome analysis in conjunction with functional assessments (99). Immune genes of the Toll pathway are upregulated in response to DENV-2 infection, indicating Myeloid Differentiation factor 88 (MYD88) is responsible for the high level of DENV and its essential role in controlling mosquito defense against DENV (33). Wolbachia activation of the Toll pathway induces the host release of ROS, leading to the synthesis of AMPs and antioxidants as shown in Figure 3 (100). The silencing of the tissues of the midgut. In both the carcass and midgut tissue of Ae. aegypti infected with DENV, the AMP transcripts are highly marked (96). Furthermore, AMP gene expression is enhanced by the silencing of Cactus and Caspar (33). Viruses can modulate host arboviral susceptibility by downregulating AMP genes, as demonstrated in in-vitro and transcriptomic research on DENV-, ZIKV-, and CHIKV-infected mosquitoes (101). After infection, there’s a temporary increase in the expression of Spätzle (spz) and Rel1A, along with a transient rise in Cactus expression, which later decreases after 7 days (102). This upregulation indicates a robust immune response, with the pathway recognizing and combating the presence of the DENV in Ae. aegypti. When Ae. aegypti becomes infected with dengue, the Gram-negative binding proteins (GNBPs) may engage with virus particles or cellular debris, which could trigger immunological responses or directly neutralize virus particles, strengthening the mosquito’s defenses against DENV. Susceptibility has also been directly linked to several immune-related genes. Caicedo et al. (103) demonstrated that certain genes in Ae. aegypti significantly reduce the proliferation of DENV. These genes for specific proteins included Keratinocyte lectin (AAEL009842), GNBP (AAEL009176), Cathepsin-b (AAEL007585), and NPC2 (AAEL015136). This demonstrates the significance of these genes and their role in the functioning of DENV infection. In mosquitoes, the midgut serves as a primary site for the replication of the virus and now it’s clear that the Toll pathway activation by RNAi-mediated depletion of Cactus suppresses viral infection in the mosquito midgut.




Figure 3 | Dengue virus inhibition by Wolbachia-triggered Toll pathway activation in Ae. aegypti. Wolbachia produces ROS to favor its replication. To produce anti-oxidants to cope with oxidative stress, the Toll pathway is activated. The Toll pathway controls immune responses to Wolbachia and DENV through the systemic production of AMPs. PRRs recognize DENV or Wolbachia-associated molecular patterns and start maturation of spaetzle1C, it binds to Toll5a receptors and initiates the Toll pathway through adaptor proteins MyD88, Tube, and Pelle. The Cactus protein, a negative regulator of Rel1, is degraded by phosphorylation. Rel1 translocates into the nucleus and activates the transcription of genes encoding for AMPs, cecropin, and defending. These AMPs stop the replication of DENV (the exact mechanism is unknown).



Bonizzoni et al. (104–106) found that extracellular PRR attaches to pathogen-derived ligands to initiate the Toll pathway. It triggers a proteolytic cascade that causes the Spätzle processing enzyme (SPE) to convert pro-Spätzle to Spätzle (107). Effector gene transcription is started when Spz binds to the transmembrane receptor Toll, triggering a cytoplasmic cascade that results in the nuclear translocation of the NF-kB transcription factor Rel1a. This pathway is noticeably downregulated in response to DENV infection specifically, certain variants of DENV-2, found in the 3’ untranslated region 3’UTR, inhibit the Toll pathway within mosquito salivary glands by producing subgenomic flaviviral RNA (108). However, there’s evidence suggesting that Wolbachia induces oxidative stress within the mosquito, and this stress, in turn, triggers the Toll pathway (100).

In the mosquito’s antiviral defense, multiple immune pathways are engaged, with each pathway showing specificity toward particular viruses. DENV virus activates Toll pathway genes, and increased expression of AMPs has been observed in these mosquitoes but their specific function in antiviral defense has yet to be fully understood. Pan et al. (100) suggested that the Toll pathway is responsible for expressing antioxidants and AMPs such as defensins and cecropins. Defensins were originally assumed to target enveloped viruses by breaking the viral envelope. Their extracellular antiviral impact is indicated by the fact that they are generated in the fat body and released into the hemolymph. Wolbachia infection activates defensins, including DEFA and CECA, to limit DENV proliferation, as demonstrated in DEF/CEC transgenic Ae. aegypti (109). Hence to fully understand mosquito antiviral defenses and their significance in the fight against infectious illnesses, more research is necessary.




4.2.2 Wolbachia and IMD pathway

The IMD pathway is an important component of the insect defense system, particularly effective against gram-negative bacteria (110). Like the mammalian tumor necrosis factor signaling mechanism, the IMD pathway activates when membrane-bound PGRPs detect any pathogen. This triggers a signaling cascade involving the IMD protein, caspases, and kinases, ultimately leading to the activation of Rel2. It activates the transcription of AMPs and defense-related genes (111). When D. melanogaster gets infected by viruses, it activates the IMD pathway, which triggers the production of AMPs to fight off the invaders (112). Silencing key components of this pathway led to increased DENV titers in DENV-resistant mosquito strains, indicating its potential as an antiviral defense mechanism against this virus (113). Furthermore, Wolbachia activates this pathway, as a mechanism of defense in both natural host Drosophila and transinfected host Ae. aegypti mosquitoes (11, 22, 95).

Ye et al. (57) reported that boosting the IMD pathway leads to higher wAlbB titers while silencing it leads to a decrease. The mosquito’s innate immune system can detect wAlbB through PGRP-LE, acting as a PRR and this triggers the activation of the IMD pathway. It is similar to how PGRP-LE functions as an intracellular sensor of Gram-negative bacteria in Drosophila, inducing the IMD pathway (110). Enhanced immunity boosts the expression of molecules that stimulate rather than inhibit wAlbB proliferation in Ae. aegypti, possibly because these AMPs lack specific targets on the Wolbachia cell membrane (46). Immune boosting may lead to increased Wolbachia density via the production of molecules that support Wolbachia replication, such as antioxidants as in the case of the Toll pathway (100). Increased production of AMPs by these antioxidants may indirectly benefit Wolbachia by removing susceptible microbial flora, allowing Wolbachia to occupy new niches. This suggests a positive feedback loop between host immune system activation and Wolbachia growth, aiding the establishment of Wolbachia symbiosis in transinfected Ae. aegypti lines. However, by activating the IMD pathway Wolbachia inhibits the replication of DENV in mosquitoes (Figure 4).




Figure 4 | Immune pathways of Ae. aegypti and their regulation by Wolbachia. Wolbachia activates Toll, IMD, and JAK-STAT Pathway which in turn results in down-regulation of DENV. While Wolbachia inhibits autophagy, activated by DENV for its replication. Figure created in BioRender.com.






4.2.3 Wolbachia and JAK-STAT pathway

The JAK-STAT pathway is crucial in Ae. aegypti’s defense against DENV, as suppressing it leads to increased virus replication in the mosquito midgut (114) and its activation, on the other hand, reduces virus replication. In Ae. aegypti, high JAK/STAT activation limits DENV replication, but the pathway’s effectors and the mechanisms behind JAK-STAT pathway-mediated antiviral effects are poorly understood. In Ae. aegypti, this pathway is activated by ligands such as Unpaired (Upd), which binds to the Dome receptor, leading to downstream signaling activation. Suppressing the Dome receptor or its JAK homolog HOP through RNA interference increases mosquito susceptibility to DENV infection while blocking the negative regulator, a protein inhibitor of activated STAT (PIAS), enhances DENV resistance (114). Two putative effector genes, DVRF1 and DVRF2, have been identified in Ae. aegypti as dengue virus restriction factors, but their functions are uncharacterized. The activation of various immunity-related genes by the JAK-STAT pathway suggests its role as a non-classical innate immune defense against DENV. Souza-Neto, Sim, & Dimopoulos (114) reported that wMel induces the JAK/STAT pathway in Ae. aegypti, which controls DENV. However, the exact mechanism by which Wolbachia modulates the expression of the JAK/STAT pathways remains unclear.




4.2.4 Transfected Wolbachia and mosquito immune responses

Naturally occurring Wolbachia does not have a major effect on vector competence in mosquito species. For example, Ae. albopictus’ wAlbB is unable to produce resistance against DENV in its native host (22). Bourtzis et al. (115) demonstrated that the AMP transcripts in Ae. albopictus is not substantially affected by Wolbachia. Wolbachia-infected mosquitoes exhibit resistance to diseases, which is probably the result of an increased host immune response that balances any potential negative consequences resulting from the recently acquired parasite. The key point here is that Wolbachia-induced immune factors activate pre-invasion, contrasting with pathogen-induced factors that activate post-invasion. Compared to the Toll pathway’s later activation by DENV, Wolbachia increases its activity before DENV invasion, allowing it to play a more significant role in clearing invasive viruses (33).

Many researchers explained the mechanisms through which Wolbachia activates the immune system of its host. In the case of wAlbB infected Ae. aegypti, Pan et al. (100) reported increased hydrogen peroxide (H2O2) levels and a significant increase in the expression of genes that encode NADPH oxidase (NOXM) and Dual Oxidase 2 (DUOX2) enzymes. These enzymes play a role in the production of ROS (116, 117). However, an upregulation of antioxidant genes in Wolbachia-infected mosquitoes implies the activation of mechanisms to neutralize ROS. Brennan et al. (35) also show ROS generation and antioxidant protein expression in Wolbachia-infected Ae. albopictus cell. ROS serve as messengers, activating NF-κB, a central regulator, to control immunity, inflammation, and cell survival (118).

Pan et al. (46) demonstrated that Ae. aegypti’s IMD and Toll pathways respond to wAlbB introduction, influencing infection levels. Activation increases wAlbB titer, while silencing reduces it, and elevated infection persists through maternal transmission. Remarkably, immune system amplification strongly promotes the synthesis of chemicals that actively promote wAlbB development in Ae. aegypti rather than merely failing to inhibit it. This is likely because there are no specific targets for AMPs in the Wolbachia cell membrane. The mosquito immune pathways trigger the effector molecules, such as Wolbachia-AMPs DEF and CEC, but surprisingly don’t impede Wolbachia growth. This immune system boost serves as a survival signal for the successful establishment of a novel Wolbachia symbiosis.





4.3 Autophagy

When cells face stress or starvation, autophagy helps get rid of damaged organelles and large protein aggregates. It can be used to degrade invasive bacteria, viruses, and parasites in addition to its function in recycling cell components during development (119). Autophagy is important for iron scavenging and cellular homeostasis and DENV induces and relies on autophagy for efficient viral replication in mammalian cells, despite its antiviral functions (120). DENV-induced autophagy, specifically targeting lipid droplets, alters cell metabolism, leading to the release of free fatty acids. Inhibition of this autophagy pathway inhibits DENV replication, suggesting that this pathway creates a favourable environment for viral replication by providing energy (121). Additionally, When Wolbachia is present, it manipulates the cell’s autophagy, impacting the replication of arboviruses. This interference limits the nutrients available for the viruses, making it harder for them to grow.

Activating autophagy decreases bacteria whereas suppressing it boosts bacterial populations in many organisms. Wolbachia levels are regulated by autophagy in a range of hosts, indicating the bacteria’s adaptation to resist autophagy and stay inside host cells. Wolbachia secretes a protein that manipulates the autophagy initiation pathway (122). Recent demonstrations show that ATG8a, a protein indicating autophagy activation, is abundant in Brugia tissues with high Wolbachia levels (123). Activation of the autophagy pathway triggered by Wolbachia infection is controlled by TOR–Atg1 signaling pathway genetic modification (123). Modification of TOR-Atg1 results in increased lysosomal production within the cell. Wolbachia-containing vacuoles can be bound by these lysosomes and eliminated. However, using a substance called 3-MA, autophagy could be inhibited which causes an increase in the quantity of Wolbachia in both animals and cells. Wolbachia most likely evolved anti-autophagy mechanisms to live and proliferate inside host cells. Furthermore, the APG5 is the most important gene of the autophagy (123). A recent finding revealed that there was no significant effect of Wolbachia infection on APG5 expression. Even though the load of DENV is high with the suppression of APG5, the Wolbachia presence does not alter the level of APG5. This indicates that in the presence of a Wolbachia infection autophagy is acting independently, but is probably a crucial factor in the Ae. aegypti against DENV infection.




4.4 miRNA-dependent immune pathways

The miRNA-dependent immune route is the fourth mechanism and it regulates numerous cellular functions, including transposon silencing, antiviral defense, differentiation, timing, cell division, and death, and is greatly aided by miRNAs. This pathway controls arboviral infection in diverse mosquito vectors by regulating arthropod host genes. Hussain et al. (36) concentrated on comprehending the impact of the wMelPop on cellular miRNAs in female mosquitoes. aae-miR-2940-5p, a mosquito-specific miRNA, is substantially increased in wMelPop-CLA-infected mosquitoes as opposed to uninfected mosquitoes. Mature aae-miR-2940-5p and pelo transcripts were found to co-localize by (124), suggesting the potential, in Wolbachia-containing cells, for aae-miR-2940-5p to downregulate the pelo transcripts. The immune response to viral infections consists of RNA interference (RNAi), a protective mechanism (125) that protects mosquitoes against DENV. In Ae. aegypti RNAi is the most important antiviral pathway, shown to reduce the proliferation of multiple viruses (DENV, chikungunya, and Sindbis viruses) but seems less crucial for blocking pathogens in naturally Wolbachia-infected insects (126). Activated by viral dsRNA cleavage, this pathway employs siRNAs to degrade viral ssRNA via cellular machinery. R2D2 and Dicer-2 are essential components of this pathway and if silenced mosquitoes are more susceptible to DENV (126). The RNase III domain of Dicer-2 cleaves the dsRNA after binding of Dicer-2-R2D2 complex to the viral dsRNA, for the formation of siRNA of 21– 23 nucleotides long. Now the siRNA will initiate the RNAi machinery by binding with RNA-induced silencing complex (RISC) which breaks the double-stranded RNA and unwinds one of the siRNA strands keeping the other for targeted degradation of single-stranded viral RNA with sequence complementary to the siRNA by the host endonuclease, Argonaute-2 (Ago2). Although RNAi activates against DENV, it doesn’t always stop the virus completely, emphasizing its role but limited effectiveness. To ensure the long-term survival of infected mosquitoes, it might just modify the replication of the virus to maintain chronic viral infection.




4.5 Wolbachia and specific immunity of Ae. aegypti

Wolbachia infects various tissues in the host, leading to significant impacts on host physiology (127). These effects extend to the cellular, individual, and population levels, affecting gene expression (33, 39), macromolecule availability (128), and fecundity, (129). The diversity of Wolbachia’s effects on the host highlights the complexity of this symbiotic relationship. Wolbachia combines reproductive manipulation, like cytoplasmic incompatibility, with mutualistic benefits, such as pathogen protection. The relationship spans a range between parasitism and mutualism. This dual impact makes Wolbachia a promising tool for controlling vector-borne diseases, using its influence on host reproduction and immune enhancement to reduce disease transmission. The mechanism through which Wolbachia provides antiviral protection is still a subject of ongoing research and discussion.

The example of DENV replication being seriously disrupted in the presence of Wolbachia is arguably the most thoroughly researched. Authors examine whether the Chromodomain helicase DNA binding proteins (CHD) may play a role in the interactions among Wolbachia, Aedes, and DENV. CHD proteins are a type of proteins classified within the ATP-dependent chromatin modifiers, specifically belonging to the SNF2 superfamily. Experimental evidence by (130) supports AeCHD7, a host component in Ae. aegypti, supporting DENV replication, while Wolbachia’s downregulation of it may inhibit DENV replication. Reduction in the expression levels of AeCHD genes is observed in mosquitoes infected with Wolbachia. AeCHD7 promotes DENV replication, but Wolbachia reduces its expression in female Ae. aegypti, limiting the replication of DENV. This mechanism is only for female mosquitoes and not universally applicable across different hosts for Wolbachia to inhibit viral replication.

Asad et al. (131) discovered two vago proteins, AeVago1 and AeVago2, in Ae. aegypti. Vago is a special antiviral protein found in insects. They investigated AeVago1 production increased in Wolbachia-infected Ae. aegypti. Without changing the density of Wolbachia, AeVago1 knockdown in Wolbachia-infected cells boosted DENV replication. Based on the data, it appears that AeVago1 which Wolbachia induces in Aag2 cells, prevents DENV replication. Wu et al. (132) Lapidot et al. (133) have revealed the significance of the pelo protein for efficient viral replication, specifically for the Drosophila C virus and Tomato yellow leaf curl virus. Asad et al. (124) reported that wMelPop-CLA inhibits the pelo protein, and this inhibition might protect Ae. aegypti mosquitoes against DENV particles. Ae. aegypti’s tissues exhibit widespread expression of the pelo gene, with salivary gland expression being especially high but interestingly (134), but the presence of Wolbachia results in the suppression of pelo in various cell lines, salivary glands, muscles, and ovaries. In summary, the pelo protein promotes replication of DENV and on the other hand, Wolbachia inhibits the pelo protein in female Ae. aegypti mosquitoes, which may reduce DENV in these mosquitoes.




4.6 Unique miRNA expression in Wolbachia infection

Despite extensive research on Wolbachia biology, numerous unexplored mechanisms exist in its interactions with other organisms, suggesting manipulation of the host’s environment to ensure its survival. One such mechanism is the differential expression of mosquito cellular miRNAs due to Wolbachia infection (36). miRNAs function as post-transcriptional regulators, controlling multiple genes. In the presence of microbes, some miRNAs are dysregulated, while others are exclusively expressed, altering mosquito host responses as microbes persist within cells (135). Different Wolbachia strains have substantiated effects on Ae. aegypti’s miRNA profile such as in Wolbachia-infected mosquitoes, wMelpop-CLA induces exclusive miRNA expression, notably elevating miR-2940, which targets genes regulating Wolbachia density (36, 136). miR-2940 enhances wMelpop-CLA replication by upregulating metalloprotease m41 ftsh and arginine methyl transferase 3 (AaArgM3) genes while inhibiting it reduces target gene expression and Wolbachia levels. Metalloprotease genes like m41 ftsh are upregulated by miR-2940 in DENV-infected Ae. aegypti (106), and this miRNA is downregulated in WNV-infected cells (137). It suggests that Wolbachia may exploit host miRNAs to control essential host genes. On the other hand, miR-2940 inhibits DNA methyltransferase (AaDnmt2) in wMelpop-CLA-infected mosquitoes (136). This gene is responsible for host defense and genome stability and is present abundantly in DENV-infected mosquitoes that are negative for Wolbachia. It indicates that Wolbachia creates a cellular environment incompatible with the virus by downregulating AaDnmt2 in Ae. aegypti (136).

Other miRNAs, can influence host autophagy and viral replication. For instance, aae-miR-12 miRNAs, induced by wMelPop-CLA in Aag2 cells, can influence host autophagy and viral replication. For instance, aae-miR-12 suppresses monocarboxylate transporter (MCT1) and DNA replication licensing factor (MCM6), potentially impacting autophagy pathways (138). MCT1’s involvement in autophagy is a matter of interest, which is exploited by DENV and ZIKV to evade host immune defenses (139). Further investigation is needed to determine if Wolbachia-produced miRNAs can modulate MCT1 activity and autophagy. Wolbachia infection also triggers the expression of aae-miR-981, resulting in the downregulation of importin b-4 in wMelPop-CLA-infected Aag2 cells (37). This reduction in importin b-4 activity inhibits the translocation of AGO1 to the nucleus. While the exact advantage of hindering AGO1 translocation for Wolbachia’s viral blocking remains unclear, importin b is known to assist in the nuclear migration of DENV and ZIKV non-structural proteins for optimal replication (140, 141). It suggests that the downregulation of importin b during Wolbachia infection may hinder viral transcription. Additionally WsRNA-46, a Wolbachia-derived miRNA in infected Ae. aegypti, promotes dynein expression, required for cellular transport and maintaining density in both Wolbachia and arboviruses, indicating an overlapping requirement for host cellular factors (142).




4.7 Fight for cytoskeletal components

Studies link Wolbachia’s pathogen-blocking effect to decreased viral load, but the mechanism and timing of interference in the virus life cycle are unclear. It was reported that Wolbachia interacts with the host cytoskeleton in two ways: by secreting effector molecules that bind to cytoskeletal structures to maintain optimal density and ensure transmission, and by regulating the expression of cytoskeletal proteins like dystroglycan and tubulin, crucial for arboviral infection (79). Arboviruses upregulate cytoskeletal structures for viral processes while the transinfected wAlbB strain in Ae. aegypti (Aag2) cells infected with DENV show downregulation of cytoskeletal membrane proteins, dystroglycan, and beta-tubulin. Silencing these cytoskeletal proteins inhibits DENV binding to Aag2 cells. This indicates Wolbachia’s direct involvement in hindering DENV binding and entry by targeting host cytoskeletal proteins utilized by the virus (106, 143).




4.8 Phenoloxidase cascade

The third mechanism disrupts arboviral transmission by triggering the phenoloxidase (PO) cascade. Melanin is produced by this cascade, which involves the enzyme phenoloxidase. Melanin exhibits antipathogenic properties when it accumulates around invasive pathogens and at wound sites (144, 145). The mosquito’s innate immune response to arboviruses depends on this process. Studies reveal that Wolbachia increases melanization in native and non-native arthropod vectors using phenoloxidase activities. Therefore, the phenoloxidase cascade that Wolbachia induces is probably a defense mechanism against different arboviral infections (146).





5 Discussion

This study analyzed different studies on the effect of Wolbachia on the immune system of hosts and offers an appealing mechanistic explanation for pathogen blocking. Recent field studies have demonstrated the effectiveness of Wolbachia in suppressing vector-borne disease transmission (4, 10, 13, 56, 72, 146, 147). These studies utilize three main strategies: (a) introducing Wolbachia-infected males to induce CI with uninfected females (4), (b) deploying Wolbachia strains that reduce mosquito fitness, such as by shortening lifespan, especially in regions with seasonal variation, (73) and (c) introducing Wolbachia strains that inhibit viral transmission by reducing vector competence (10, 13, 23, 72). These strategies, implemented in various countries including Australia, China, Indonesia, Brazil, and Vietnam, have shown promising results in controlling Aedes-borne viral infections.

Wolbachia-infected mosquitoes have been successfully used in over 14 countries, initially proven effective in Cairns, Australia in 2011 (4). In Brazil, after a resurgence of dengue in 1981, large-scale releases of Wolbachia-infected mosquitoes resulted in a notable 38% reduction in dengue and a 10% reduction in chikungunya (69). Yogyakarta, Indonesia also saw a significant 77% decrease in dengue transmission with Wolbachia-infected mosquito releases, accompanied by an 83% reduction in severe dengue cases (61, 148). In the USA, Myanmar, Malaysia, and China, the introduction of wAlbB-infected Ae. aegypti led to reduced human dengue incidence (54, 148, 149). Singapore’s release of the wAlbB strain in 2018 resulted in a 71-88% decrease in dengue cases (150). Cost-effectiveness analyses proposed implementing Wolbachia in high-risk urban areas of Vietnam, estimating significant reductions in dengue cases and associated economic benefits over 20 years (151). While field studies have demonstrated the effectiveness of Wolbachia in controlling mosquito-borne diseases, understanding the underlying mechanisms is crucial for optimizing its use.

Several mechanisms have been proposed to explain how Wolbachia inhibits virus replication in mosquitoes. Early in DENV infection, mosquitoes enhance innate immune genes, but as the infection progresses, it can suppress mosquito defenses, through the inhibition of immune-related genes (33, 76). However, the mosquitoes’ ability to compete with viruses can be modified by their microbiota. Wolbachia, a microbe, inhibits disease transmission by vectors, either by directly blocking virus transmission or reducing mosquito lifespan but the exact mechanism remains unclear due to Wolbachia’s inability to be cultured in a lab. Experimental evidence has repeatedly shown that Wolbachia is effective at preventing the replication of different flaviviruses, such as CHIKV, ZIKV, WNV, and DENV (10, 152, 153) with numerous studies demonstrating its significant inhibition of DENV replication (22, 136, 154). Transinfecting Wolbachia into Ae. aegypti, a vector not naturally hosting it, effectively inhibited DENV and CHIKV replication (155). Though much research has been done, the true mechanism or mechanisms through which Wolbachia inhibits viral reproduction in its host environment are still predominantly unknown.

Wolbachia, in general, boosts immune responses and increases resistance to viruses in mosquitoes (156). Additionally, mosquitoes infected with the wMelPop strain feed less as they age due to a bent proboscis, leading to reduced bite rates (157). Furthermore, the wMel strain has been successfully transinfected into Ae. aegypti, inducing CI, ensuring high maternal transmission, and blocking the transmission of DENV (158). Wolbachia is believed to induce pathogen interference by activating the host’s innate immune system, particularly immune genes in the IMD and Toll pathways, such as REL1 and REL2 (10, 22, 23). Upregulation of immune effector genes is shown by wMelPop-CLA (10) and wAlbB (46) infected Ae. aegypti, by activation of IMD and Toll pathway. This activation increases the density of Wolbachia while turning off these pathways reduces it. The density increase may result from effector molecules that support Wolbachia replication and enhance the immune system. Such as the production of ROS that in turn initiates the Toll pathway (100) that is responsible for the inhibition of DENV. It demonstrates a positive feedback loop between the host immune system and Wolbachia density.

Another possibility for the observed effects of Wolbachia on DENV could be related to competition for essential nutrients. Cholesterol is recognized as a key fatty acid essential for the successful replication of DENV and Wolbachia. Substantive evidence suggests that wMel competes with the DENV for limited sub-cellular fatty acid resources crucial for viral replication (4). Besides this when mosquitoes get infected with DENV there’s a natural defense system called autophagy that usually helps the virus grow. Chen and Smartt (159) discovered a surprising twist that this defense system might fight against the virus. DENV uses autophagy to help it grow. This special kind of autophagy focuses on lipid droplets and changes how the cell works. Interestingly, the Wolbachia hijack the cell’s internal process, to acquire nutrients it needs from the host. ATG8a, which indicates activation of autophagy, is found in large amounts in tissues of the host, where Wolbachia is also abundant (123). The reason is that Wolbachia relies on host cells for unsaturated fatty acids and may deplete these fatty acids, upsetting DENV replication. The hypothesis suggests that Wolbachia’s presence at high densities could inhibit viruses by competing for cholesterol, but experimental testing is needed for confirmation. Several aspects of immunity have been changed by Wolbachia in Ae. aegypti have been included in this review. Several other mechanisms are still not clear like, the connection between the lncRNA and the Toll pathway as Wolbachia uses lncRNA to activate the Toll pathway.

A radical effort is underway to combat dengue by using Wolbachia for long-term biological control. Recent studies are looking at immunity more completely. The lack of anti-dengue drugs highlights the importance of understanding how Wolbachia inhibits viral growth, which could inform new drug development. Wolbachia interferes with viruses by altering host factors necessary for viral replication. Future research should focus on identifying and characterizing these host factors, which could lead to novel strategies for controlling mosquito-borne diseases. Mosquito strains, carrying Wolbachia are currently bred and experimentally released in areas with a high public health burden of DENV transmission (59, 160). The ongoing Wolbachia releases offer a unique opportunity to predict the evolutionary impacts on the bacterium, virus, and mosquito host. This includes potential scenarios like the DENV partly evading transmission blockage and Wolbachia reducing its harmful effects on mosquitoes. These predictions aim to improve future forecasting and strategies. In the future, studies will try to understand how Wolbachia deals with the immune system, hormones, metabolism, and behavior of the host. To project the long-term stability of Wolbachia–Ae. aegypti mosquito system that controls mosquitoes and prevents dengue, we need to understand how Wolbachia and the host’s immunity work together.




6 Conclusions

Manipulation of mosquitoes’ innate immunity by Wolbachia to control diseases like malaria, dengue, chikungunya, and Zika is a rising strategy these days. However, its successful implementation relies on a thorough understanding of mosquito immunity and interactions with Wolbachia and viruses. This review concludes that Ae. aegypti’s innate immune response is essential to its ability to spread DENV, and using Wolbachia to boost immunity helps prevent DENV transmission. Even while the understanding of the host-Wolbachia-virus relationship has advanced significantly, there are still gaps in our understanding. Although the precise mechanism of antiviral defense is unknown. Determining the mechanism of Wolbachia-induced viral inhibition requires an understanding of mosquito innate immune responses in the presence of Wolbachia. This information is crucial for a major plan against arboviruses.
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