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Infections caused by vector-borne pathogens impose a significant burden of morbidity and mortality in a global scale. In their quest for blood, hematophagous arthropods penetrate the host skin and may transmit pathogens by the bite. These pathogens are deposited along with saliva and a complex mixture of vector derived factors. Hematophagous arthopod vectors have evolved a complex array of adaptations to modulate the host immune response at the bite site with the primary goal to improve blood feeding, which have been exploited throughout evolution by these pathogens to enhance infection establishment in the host. While this paradigm has been firmly established in mouse models, comparable data from human studies are scarce. Here we review how the host skin immune response to vector bites in animal models is hijacked by microbes to promote their pathogenesis. We mainly explored four distinct vector-pathogen pairs of global health importance: sand flies and Leishmania parasites, Ixodes scapularis ticks and Borrelia burgdorferi, Aedes aegypti mosquitoes and arboviruses, and Anopheles gambiae mosquitos and Plasmodium parasites. Finally, we outline how critical it is for the field of vector biology to shift from rodent models to clinical studies focused on the interface of vector-pathogen-host immune system to push further the frontiers of knowledge of the field.
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1 Introduction

Infectious pathogens transmitted by arthropod vectors cause over 700,000 deaths every year worldwide, with 80% of the world’s population at risk of contracting a vector-borne disease, making prevention of vector-transmitted infections an important global health priority (1). While taking a blood meal, arthropods may deposit in host skin an infectious inoculum comprised of both pathogen and vector derived factors. Differences in the methods of blood feeding by vector arthropods are widely known. Briefly, some vectors, such as mosquitoes for example, are solenophages, which means feeding by using their mandibles to pierce and probe small blood vessels, then bloodmeal is obtained directly from the blood vessels. Others, such as ticks and sandflies, are telmophages, and use their mouthparts to cut and tear skin pieces and blood vessels, and as a result suck blood from the pool of blood that leaks around the bite site (2, 3). Components present in the infectious inoculum include, inter alia, salivary proteins, microbiota, nucleosides, microRNAs, and exosomes (4–6). The combination of tissue trauma and vector derived factors also alters the local immune response in the skin in such a manner that facilitates establishment and dissemination of infection, thereby exacerbating disease. Vector bite-mediated enhancement of infection is a remarkably well-conserved paradigm across a diverse range of vector and pathogen species in animal models, yet there is comparatively little data from human studies. Here, we review cutaneous immunity to vector bites in four vector-pathogen pairs, focusing on how each pathogen exploits the skin immune response to vector bites and vector derived factors in rodent models. We conclude each section by comparing and contrasting results from these preclinical models to human studies, highlighting the paucity of clinical data on this topic.Importantly, there is a rich evidence based on in vitro and biochemical studies which detail the immunomodulatory mechanisms by which vector saliva and other vector derived components exert their effects, as well as studies in animal models of how vector saliva or salivary proteins affect other host physiological aspects not related to the immune response. These topics have been well-covered in several recent review articles elsewhere (7–10).




2 Methodology

The scope of our review focused on two major types of primary research studies: (1) in vivo preclinical animal models to investigate the effects of vector bite, vector derived factors including arthropod saliva, microbiome, and exosomes on both the skin immune response and pathogen establishment, dissemination, or disease severity, and (2) clinical studies of human skin immune responses to either controlled challenge with uninfected vector bites or to naturally acquired vector bites. Whenever applicable we contrasted preclinical data with clinical studies. We focused the search mainly on - but not limited to - four different vector-pathogen pairs: (1) sand flies and Leishmania, (2) ticks and Borrelia, (3) Aedes and arboviruses, and (4) Anopheles and Plasmodium. PubMed and Google Scholar were used as the primary databases for the literature search. The initial Boolean search was: (skin OR cutaneous) AND (immune OR immunity) AND (saliva OR salivary) AND (“sand fly” OR “sand flies” OR Ixodes OR Aedes OR Anopheles). Preprints were excluded. Primary research articles retrieved in the initial search were manually reviewed and filtered according to the scope described above. The “Cited by” function in Google Scholar and “Citations” function in the Web of Science (Clarivate) database were used in a secondary search of articles that referenced results from the primary search, in order to look for additional articles meeting the scope criteria for the review. Illustration content of drafts and initial sketches of figures were created by the authors based on literature search on skin anatomy, skin immunological environment and vector biology. All illustrations were executed in a flat graphical style with superficial elements like shadows, effects, reflections, and other extraneous details kept to a minimum to simplify the image and increase comprehension of the material. Adobe illustrator was used for layout, labeling and drawing of digital assets.




3 The skin, the first barrier to arthropod vectors

The skin is the largest organ of the body, making up 12-15% of the body’s total weight, and representing a physical, chemical and immunological barrier that protects the interior body from external insults, while also interacting with the environment. A comprehensive description of skin architecture has been reviewed elsewhere (11, 12). Briefly, mammalian skin consists of two distinct compartments: the epidermis and the dermis. The epidermis comprises four dense cell layers: the stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), and stratum basale (SB). These may vary in thickness, depending on the body part, but consist of 5-10 cell layers in humans and only 2-3 in mice. Moreover, while mouse skin is densely comprised of hair follicles, human skin possesses large interfollicular areas and sweat glands, which are almost entirely absent in mice (13, 14). Underneath the epidermis is the dermis, where cell density is much sparser and filled with extracellular matrix proteins (laminins, collagens, proteoglycans, fibrillins, matricellular proteins, Latent TGF-β binding proteins and elastin) that give the skin its physical structure (15).

Comparative allometric scaling of rodents and humans has shown that they display a similar ratio of skin thickness relative to body mass, though skin thickness of humans in the abdomen reaches 2401 µm, while mice display 10 times less thickness in the skin flank (16). Moreover, mechanical properties also differ between these species, for example, viscoelasticity, which is directly related to tissue relaxation and deformation, is significantly higher in larger animals due to their greater epidermal depth. Consequently, tissue viscoelasticity properties affect the penetration force required by vectors to successfully insert their mouthparts into human skin versus mice. In fact, the structure of the mosquito proboscis counteracts host skin deformation and displacement through its vibratory motion, harpoon-shape and notches in the maxillae to anchor mouthparts in the host skin and facilitate insertion of the proboscis (17, 18). While mouse epidermis is comparatively thin (~25 µm), human epidermis on average reaches 100 µm in depth. Nevertheless, vectors possess enough length on their mouthparts (sand flies: 230-360 µm; mosquitos: 1900-2450 µm; ticks: ~500 µm) to penetrate or lacerate through the reticular layer of the dermis in both humans and mice, directly exposing the dermal immune system to vector derived factors and tissue damage (14).



3.1 Organization of the skin immune compartment

Many skin resident cells are sentinels of the immune system that act as critical first line responders to breaches in the skin or infection. In the epidermis, keratinocytes are the major cell type and express receptors that recognize pathogens and danger signals, including surface and endosomal Toll-like receptors, nucleotide-binding domain leucine-rich repeat-containing (NLR) family proteins, and mannose-binding receptors (MRs) (19, 20). The combination of antimicrobial peptides (AMPs) secreted by keratinocytes, hair follicles, and the fluids produced by sebaceous and sweat glands fine-tune unique skin microbial niches within distinct sites in the body, which ultimately mediate distinctions between the microbiome of humans and mice (21). The skin microbiome composition plays an important role in driving the attractiveness of mosquitos to odors related to the generation of volatile organic compounds emitted by the skin’s commensal bacteria. The manipulation of the composition of the skin microbiota through application of topical probiotics has emerged as a novel technique for vector control (22). Langerhans cells (LCs) form a network distributed along the basal and suprabasal layers of the epidermis and hair follicles. Though morphologically similar to dendritic cells (DCs), their developmental origin indicates LCs are a specialized subset of epidermis-resident macrophages that exhibit a mixture of functions similar to both DCs and macrophages (23, 24). Under homeostasis, LCs are immature antigen presenting cells (APCs) that gain migratory capacity upon a maturation process mediated by recognition of infection or inflammation; LCs also provide signals for homing of intraepithelial T cells (23, 25). Mice possess another cell subtype, absent in humans, dendritic epidermal T cells (DETCs) expressing a limited set of γδ T cell receptors, which respond to self-antigens expressed by damaged, stressed, or transformed keratinocytes. This cells comprise the majority of T cells in the epidermis of mice at steady state (14, 26).

Under steady state conditions, fibroblasts are the dominant cell type in the dermis and produce the collagen network and other components that constitute the extracellular matrix. Dendritic cells, macrophages, mast cells and lymphocytes are the primary dermal professional immune cells heterogeneously spread throughout the dermis (27). In addition to professional immune cells, sensory neurons, blood and lymphatic vessels are also found in the dermis (28). Similar to DCs, dermal macrophages have a diverse range of subsets residing in the skin that remain sessile under homeostasis and are thought to play a role in tissue homeostasis and in the activation of effector or resident T cells, despite being poor inducers of naïve T cells. Nevertheless, DCs are intrinsically better antigen presenting cells with migratory capacity and high expression o costimulatory receptors required to activate naïve T cells (20, 29). M2 macrophages associated with wound healing and resolving inflammation are thought to be predominant in the skin at steady state (30–32). Mast cells, scattered throughout the dermis, possess between 50 to 200 different granules stored in their cytoplasm and harbor inflammatory mediators such as histamine, heparin and multiple cytokines (33). Cross linking of multiple FcϵRI receptors leads to mast cell degranulation of pre-stored inflammatory mediators, but also to active secretion of inflammatory cytokines such as IL-13, TNF-α and IL-6 through calcium mobilization and nuclear translocation of NF-kB (33). Upon infection or tissue injury, neutrophils are the first leukocytes to be recruited to the skin, and to amplify inflammatory reactions initiated by resident myeloid cells followed by infiltration of inflammatory monocytes. These inflammatory monocytes can differentiate into either dendritic cells or inflammatory macrophages depending on inflammatory cues they receive in the periphery. Although acute inflammatory reactions follow a similar pattern in the skin of both mice and humans, mice have a pronounced reduction in the proportion of neutrophils in the bloodstream (10-25%) compared to humans (50-70%) and lack expression of neutrophil defensins (14, 20).

Human skin contains more than 20 million resident T cells with a remarkably diverse TCR repertoire, which in total represents over 2.8 fold more than the absolute number of T cells found in the bloodstream (34). Interestingly, most T cells found in the skin immune compartment are T helper 1 (Th1) effector memory cells. The proportion of lymphocytes in the murine bloodstream is much larger than in humans, comprising 75-90% of circulating leukocytes, while in humans this number is limited to 30-50% (14). Upon priming by an antigen presenting cell, T cells undergo clonal expansion, and based on the cytokine profile present in that microenvironment, CD4+ T cells will acquire distinct helper phenotypes, classically identified as Th1, Th2, Th17 and regulatory T cells (Tregs). However, the phenotype of differentiated T helper cells can be pliable, as demonstrated by recent findings that skin injury due to sand fly challenge releases alarmins that increase production of type 2 cytokines and co-expression of both GATA-3 and ROR-γt on S. epidermidis-specific IL-17A+ CD8 T cells (35).





4 The immune response to sand fly bites and its effects in the establishment of Leishmania infection



4.1 General aspects of the host immune response to Leishmania parasites

Leishmania sp. are protozoan parasites transmitted by the bite of phlebotomine sand flies. The resultant disease, leishmaniasis, manifests in three main clinical forms: cutaneous (CL), mucocutaneous (MCL), and visceral leishmaniasis (VL). In their infectious metacyclic form, Leishmania parasites are regurgitated by the sand fly into the host skin according to the “blocked fly hypothesis”, but alternatively parasites may also be passively deposited in the skin after repeated probing (36, 37). These parasites are quickly internalized, primarily by neutrophils which are the first wave of infiltrating cells to respond to parasite inoculation (38). Though parasite expansion in vivo does not require neutrophils, these cells have been reported to shield parasites and to maintain intracellular promastigotes viable and infective (39–41). A fraction of infected neutrophils act as “Trojan horses” and can directly transfer parasite cargo to the mononuclear phagocytic system (41). Moreover, efferocytosis of L. major-infected apoptotic neutrophils impairs dendritic cell maturation (39). Similarly, Leishmania amazonensis-infected macrophages in the presence of resting apoptotic neutrophils upregulate production of TGF-β and PGE-2, favoring parasite replication (42). Multiple species, including both promastigote and amastigote stages, promote the release of neutrophil extracellular traps (NETs), web-like structures composed of chromatin decorated with microbicidal proteins that are extruded to the extracellular space by activated neutrophils. NETs can attach to the negatively charged surface of most microbes, likely due to electrostatic interactions with cationic NET components (43). Still, most Leishmania species possess mechanisms to evade the microbicidal effect of NETs (44–46). NETs contain several immunomodulatory molecules, including proteins and microRNAs, that are tethered to the DNA backbone and regulate the responses of neighboring immune cells (47). The biological significance of NETs in vivo have been explored in the context of autoimmunity and inflammatory disordes (48), but the biological significance of these phenomena in leishmaniasis awaits further investigation. Of note, plasticity in the transcriptional program of neutrophils shaped by molecular cues in the microenvironment directly impacts the effector response profile of these cells and their maturation status, which may potentially affect disease outcome, given the prominent role neutrophils play in susceptibility to Leishmania infection. A more detailed review on neutrophil functional plasticity in the context of leishmaniasis can be found here (49).

Interestingly, a strain of Leishmania major (Seidman), isolated from a patient with non-healing cutaneous lesions, preferentially infects dermal resident macrophages and neutrophils during the early stages of the inflammatory reaction (41, 50). This subpopulation of resident dermal macrophages, characterized by high expression of mannose receptor (MRhigh dermal macrophages), is self-sufficient and does not require replenishment by monocytes, unlike most skin resident macrophages. Furthermore, MRhigh dermal macrophages display an M2-like phenotype, which is mediated by cooperation with IL-4/13 secreting eosinophils, despite strong type I immunity with high levels of IFN-γ induced by L. major Seidman infection (50, 51). Transfer of L. major parasites to a permissive subpopulation of Ly6C+CCR2+ inflammatory monocytes contributes to parasite expansion and downmodulates monocyte maturation to evade immune activation and intracellular parasite killing (40). Interestingly, the recruitment of this permissive population of monocytes seems to be driven by an early IFN-γ production at the site of infection, which challenges the classical notion that IFN-γ exclusively benefits the host by boosting macrophage killing of intracellular Leishmania parasites (52).

As hosts and parasites co-evolve, parasites acquire virulence factors and other adaptations to counterbalance advantageous adaptations acquired by the host and vice-versa. Many of these adaptations target the host immune system. The Leishmania lipophosphoglycan (LPG) coat protects parasites from complement-mediated lysis and at the same time mediates opsonization, favoring establishment of infection. Moreover, LPG prevents or delays phagosome fusion with late endocytic organelles and lysosomes to allow parasites to differentiate into amastigotes and replicate inside the parasitophorus vacuole (53). The main intracellular antimicrobial pathways used by macrophages to promote killing of Leishmania are the oxidative burst and lysosomal enzymatic activation. In turn, Leishmania parasites have evolved to thwart this mechanism with LPG and the surface metalloprotease GP63, which impairs recruitment of NADPH oxidase to the phagosome. Inflammasome activation also contributes to macrophage resistance to infection by promoting protective inflammatory cell death, interrupting parasite replication and enhancing the inflammatory reaction. Although these evasion mechanisms are not as well characterized in the context of inflammasome activation, certain species (e.g. L. major and L. mexicana) prevent IL-1β production through GP63, while L. amazonensis and L. donovani have been shown to affect expression of inflammasome components in macrophages (54). Furthermore, amastigotes actively expose phosphatidylserine on their surface. This evasion mechanism is termed “apoptotic mimicry,” as recognition of this surface moiety by macrophages leads to production of TGF-β and IL-10, thereby dampening macrophage-mediated microbicidal responses (55).

Following the pioneering discovery of T helper 1 and T helper 2 subpopulations (56), the first evidence that gave biological significance for these cell subsets came in the context of Leishmania major infection (57), which demonstrated that a balance between these two differentiation patterns had divergent effects on disease outcome in the mouse model. In contrast to the mouse model, the severity of human leishmaniasis does not correlate clearly with Th1/Th2 polarization. If we take American CL as an example where mixed Th1/Th2 responses are usually observed, the magnitude of T cell activation shows stronger correlation with disease severity than the type of T helper polarization. Similarly, poor activation of T cells may also impact disease pathology. In this context, while MCL can be placed at one extreme with strong T cell activation, diffuse cutaneous leishmaniasis is positioned on the opposite side with the weakest T cell responses, and localized CL is placed in the center (58). Even nowadays for mouse models, the once assumed “Th1-Th2 paradigm” does not fully describe the dynamics of adaptive immunity to leishmaniasis with the discovery of additional T helper subpopulations (53). Th17 cells, for example, have been described in chronic lesions of patients, while the roles of these cells are still uncertain and seems to be Leishmania species-specific (59). Moreover, regulatory T cells have been associated with latency and disease relapse (53).

Cytotoxic CD8 T cells play a prominent role in the control of viral and intracellular pathogens. The hallmark of this T cell subset is the production of IFN-γ, TNF-α and the killing of target cells mediated by the exocytosis of lytic granules containing perforin, granzymes A/B and granulysin (60). Novais et al. (61) demonstrated that CD8 T cells promote pathology in mice infected with L. braziliensis through a mechanism dependent on perforin and IL-1β secretion largely attributed to enhanced neutrophilic infiltration. Similarly in humans, CD8 T cells correlate with CL immunopathology and promote inflammasome activation in infected macrophage in vitro through a mechanism dependent on perforin and enhanced potassium efflux (62, 63). IL-10-producing CD8 T cells have also been implicated in human immunopathology caused by L. guyanensis infection and in patients suffering from post-kala-azar dermal leishmaniasis (PKDL). However, the biological significance of regulatory CD8 T cells in the immune response to Leishmania sp. remains unknown (60).




4.2 Host skin response to sand fly derived factors



4.2.1 Saliva and salivary proteins

In 1988, sand fly saliva was shown to enhance Leishmania virulence and infection establishment (64). Mice inoculated with Leishmania parasites and sand fly salivary gland homogenate (SGH) developed skin lesions five to ten times larger and containing 5000-fold more parasites than mice injected with parasites alone (64, 65). It was later shown that co-inoculation of SGH and parasites in the skin of rodents resulted in robust upregulation of the Th2 cytokines IL-4 and IL-5 in the epidermis, compared to L. major alone (66). Similarly, addition of SGH reshaped dermal cells to produce lower levels of Th1 cytokines, such as IFN-γ and IL-12, and higher levels of Th2 cytokines in response to L. major infection (67). Early upregulation of IL-4 by keratinocytes in the epidermis within the first hours following infection is essential to promote Th1 differentiation (68). Moreover, saliva from the New World sandfly Lutzomyia longipalpis drives Th17 polarization, which promotes neutrophil infiltration at the inoculation site (69). In the skin air pouch model, SGH from Lu. longipalpis and Lu. intermedia promoted the influx of neutrophils and macrophages, with the latter depending on CCL2/MCP-1 (70). Sand fly proteins of the yellow related salivary protein family act directly as neutrophil chemoattractants in vivo – rPduM10 and rPduM35 from Ph. dubosqi, and rLJM17 and rLJM11 from Lu. longipalpis (71). While these proteins act through G protein coupled receptors and depend on calcium signaling, their structure does not resemble any known chemokines. Importantly, these yellow proteins increased both Leishmania major parasite load in the skin and pathology, while antibody blockade of these proteins ameliorates these effects.

Further studies demonstrated that some recombinant sand fly salivary proteins enhance Leishmania infection in mouse models. The vasodilator, maxadilan, was the first salivary polypeptide shown to increase both skin lesion size and parasite burden when co-inoculated with L. major (72). In human monocytes treated with L. major, maxadilan increased IL-6 while inhibiting TNF-α secretion (73). Lundep, a sand fly salivary protein with endonuclease activity, also enhanced L. major infection (74). Lundep cleaves neutrophil extracellular traps (NETs), thereby facilitating survival of Leishmania during the early steps of the inflammatory reaction. Co-inoculation of Lundep with L. major increased skin lesion size and local parasite load, and this enhancement was abrogated when the endonuclease active site of Lundep was mutated. Nevertheless, considering the prolonged influx of neutrophils, and the unknown amount of Lundep present in the infective inoculum, the effect of Lundep in vivo is likely transient if any, especially in the face of continuous NET production by infiltrating waves of neutrophils.




4.2.2 Promastigote secretory gel

In the sand fly midgut, Leishmania parasites secrete proteophosphoglycans that create a gel-like structure that obstructs the anterior midgut and promotes the regurgitation of parasites during a blood meal (75). Parasite-secreted promastigote secretory gel (PSG) exacerbates CL lesions and increases parasite load (75, 76), and in L. infantum infection, PSG increases parasite visceralization to the spleen (77). Moreover, PSG in combination with parasite-secreted chitinases promotes stomadeal valve dysfunction in the sand fly midgut, leading to persistent vector feeding attempts and facilitating transmission to multiple hosts (78). PSG is notable for its effects on macrophages, including recruitment of macrophages to the bite site, and enhancing the intracellular growth of L. mexicana in macrophages in an arginase-dependent manner (79). PSG induces dermal expression of insulin growth factor-1 (IGF-1) and its receptor, which are critical regulators of wound healing and alternative macrophage activation, thereby promoting Leishmania parasite survival (80).




4.2.3 Leishmania exosomes

Exosomes are extracellular vesicles of endossomal origin with a size range of 30-150nm secreted by virtually all eukaryotic cells with a prominent role in intercellular communication. Leishmania-secreted exosomes can be identified by Western blot and electron microscopy of the inoculum egested by Leishmania-infected sand flies after artificial membrane feeding (81). When co-inoculated, exosomes exacerbated CL lesions, increased parasite loads at bite sites (82), and increased draining lymph node expression of IL-2, IL-4, IFN-γ, IL-17a, IL-23, and IL-10 mRNAs (81). One potential mechanism of action of parasite secreted exosomes includes carriage of virulence factors. Indeed, expression of GP63 in purified exosomes from L. amazonensis is attributed to enhanced pathology observed by co-inoculation of parasites and purified exosomes in the footpad, since this phenotype was not recapitulated by exosomes purified from promastigotes carrying an epissomal antisence inhibitior fragment targetting GP63 (83). Interestingly, Leishmania RNA virus 1 (LRV1) exploits the exosome secretion pathway to exit and infect other L. guyanensis parasites. LRV-infected species have been linked to enhanced parasite virulence and more severe clinical manifestations of Leishmaniasis. Accordingly, co-inoculation of parasites with LRV1-containing exosomes enhanced pathology on mice as well (84).




4.2.4 Sand fly gut microbiota

Two-photon intravital microscopy of mouse skin demonstrated that sand fly bites trigger an immediate burst of neutrophil infiltration into the bite site that was not observed after needle injection (38). This observation was expanded upon by another study that implicated the sand fly gut microbiota as the driver of bite-specific infiltration by neutrophils (4). Sand flies have a rich gut microbiota that is essential for Leishmania development to maturity (85–87). During an infected bite, sand flies egest their midgut microbiota into the skin, a critical event which triggers activation of the NLRP3 inflammasome and secretion of IL-1β by neutrophils. This creates a positive feedback loop that sustains recruitment of these cells to the bite site (4). Providing antibiotics to Leishmania-infected sand flies or blocking the effect of IL-1β in mice with the IL-1 receptor antagonist anakinra abrogated neutrophil infiltration to the skin and prevented visceralization of L. donovani to the spleen. These findings identify the vector gut microbiota as a key player in the initiation of acute inflammation that is essential for parasite survival and establishment of infection after transmission by bite. Tissue damage also plays an important role in neutrophil infiltration at bite sites (38, 41). The contribution of the host microbiome per se driving neutrophil chemotaxis once the skin has been breached and microbes have access to the tissue also needs to be addressed. Especially, since certain signals are more potent inducers of neutrophil chemotaxis than others – a property named hierarchical chemotaxis (88). Hence, further studies are neede to address the relative contribution of each component found in bite sites for neutrophil infiltration, including vector salivary proteins.




4.2.5 Heme oxygenase-1 induction by saliva and tissue damage

Sand fly bites and SGH activate cellular stress responses that are co-opted by Leishmania to facilitate intracellular survival. Lu. longipalpis bites or intradermal SGH injection induce expression of nuclear factor-erythroid-2-related factor 2 (Nrf2), a master regulator of cytoprotective responses to oxidative stress. Among the plethora of genes activated by Nrf2, one of its most well-studied downstream effectors, heme oxygenase-1 (HO-1), drives parasite survival by reducing pro-inflammatory cytokine production and suppressing oxidative killing of amastigotes (89). Strikingly, HO-1 production is a universal host skin response to the bite of bloodfeeding arthropods. Furthermore, following L. major natural transmission, we observed that transient HO-1 inhibition during the first few days following infection was sufficient to impair host tolerance during the chronic stage of the disease (90). Both resident and monocyte-derived macrophages at the sand fly bite site ingest red blood cells, which produce HO-1 and contribute to recycling of iron through a specialized subset of CD91+CD163+ skin macrophages (90). Considering that bloodfeeding arthropods have evolved sophisticated pharmacologic tools to manipulate the host immune response to favor feeding and are exploited by parasites to establish disease, why did evolutionary pressure imposed by arthropods “allowed” such high levels of HO-1 at the site of the bite? Indeed, saliva from species as divergent as Aedes aegypti and Lutzomyia longipalpis induced HO-1 production at the site of the bite (90). Hence, in this context, there are a few possible explanations, none of them mutually exclusive: (i) HO-1 induction may be innocuous and neither favor feeding, nor parasite establishment, (ii) a mechanism that benefits both the sand fly and parasite by quenching inflammation-induced coagulation, (iii) a mechanism that protects host cells from the heme-mediated oxidative burst but also protects sand fly midgut cells and Leishmania parasites, making the bloodmeal “easy to digest”, or (iv) a way for the host to better tolerate disease, preserving longer the host for repeated feeding and from the pathogen point of view as an effective reservoir. Hence, HO-1 may have multiple roles in host-vector-parasite dynamics, pointing to the importance of additional studies of HO-1 in the skin response to arthropod bites. These results highlight the potential of HO-1 as a target for host directed therapy to limit tissue damage driven by parasite infection. Finally, the immunological consequences of red blood cells release in the host skin dermis have been largely overlooked and warrant further investigation, especially since this is a conserved feature of the bite site of all bloodfeeding arthropods.





4.3 The adaptive immune response to sand fly saliva protects against Leishmania infection in rodent models

One the most groundbreaking observations in the field of vector biology demonstrated that pre-exposure of rodents to SGH or sand fly bites protects against a secondary Leishmania challenge due to the generation of antibodies against salivary proteins, which reduce parasite virulence and prevent an early type 2 cytokine storm produced by epidermal cells in response to SGH (66, 91). In mice, pre-exposure to uninfected Ph. duboscqi bites confers protection against L. major, which is associated with the induction of a delayed type hypersensitivity (DTH) response and increased IFN-γ expression by both NK and CD4+ T cells (92). These studies paved the way for several subsequent vaccination trials targeting specific sand fly salivary proteins. Indeed, immunization with sand fly salivary proteins – even in the absence of Leishmania antigens – affords partial protection against cutaneous and visceralizing Leishmania species in a variety of animal models including mice, hamsters (93), and non-human primates (94). Immunization with LJM11, a salivary protein from Lu. longipalpis, conferred protection against L. major-infected Lu. longipalpis sand fly bites in mice (95). This protective effect was preserved in B cell-deficient mice but was abrogated by depletion of CD4+ T cells. Immunization with a DNA plasmid coding for LJM19, another salivary protein from Lu. Longipalpis, was shown to afford protection from visceral leishmaniasis in hamsters challenged with L. infantum combined with SGH, and was associated with an increased ratio of IFN-γ/TGF-β mRNA in the spleen, prolonged survival, and low parasite loads (93). Collectively, immunization with distinct salivary proteins from sand flies elicits an immunological response consistent with that associated with protective immunity to Leishmania infection. Further studies are needed to address the prospect of using salivary proteins as components of a human leishmaniasis vaccine co-formulated with parasite-derived antigens. Alternatively, immunodominant salivary proteins have the potential to be a useful surveillance tool for the measurement of human-vector contact to monitor the impact of vector control interventions (96).




4.4 The adaptive immune response to sand fly bites in humans

A handful of studies have investigated the skin immune response to experimental sand fly feeding on human volunteers, with a focus on delayed type hypersensitivity (DTH) responses. A DTH response is an inflammatory manifestation of cell-mediated immunity mediated by antigen-specific T cells. As memory T cells recognize cognate peptides expressed on APCs, these T cells will become activated and produce chemokines and cytokines that will enhance local infiltration of the skin by other leukocytes and promote vascular permeability, leading to edema. In people with documented previous exposure to Ph. papatasi, sand fly bites provoked an early DTH reaction at the bite site that started 6 to 8 hours after the bite and persisted up to 72 hrs (97). Vinhas et al. investigated the immune response to Lu. longipalpis bites in human volunteers who tested negative for both antibodies against SGH and Leishmania antigens prior to sand fly exposure. Two hours after sand fly bites exposure, subjects had red hemorrhagic marks at the bite site indicative of an immediate response; within 24 hours these spots turned to pink indurated papules indicative of a delayed responsed to the bite. 45-60 days post 3 sequential exposures to sand fly bites is sufficient to generate specific antibodies against salivary proteins and prime T cells. Strinkinly, a recall response can be elicited up to 1 year post-exposure (98).

To better define the mechanisms of human skin immunity to sand fly bites in an endemic population, Oliveira et al. characterized the DTH response of people living in a CL endemic area of Mali to experimental bites of colony-reared Ph. duboscqi sand flies, the primary vector species for L. major in the region (99). Skin biopsies of the bite site showed marked chronic inflammation with CD4+ and CD8+ T cells and macrophages, along with high IFN-γ production, consistent with a Th1-polarized DTH response. In contrast to cellular immunity, high antibody titers to LinB13, a salivary protein from Lu. intermedia, is associated to disease severity in disseminated leishmaniasis and chemotherapy failure in these patients. Thus, antibody titers against salivary proteins may also be applicable in the context of disease prognosis (100).

Overall, extensive progress has been made in understanding the mechanisms of the host response to sand fly bites in animal models. Despite progress in this field, there is a limited number of studies analyzing dermatological and immunological responses to sand fly bites in humans. Additional human studies are required to ascertain if mechanistic observations from mice studies can be translated to the clinic, which will provide much needed mechanistic insights on potential therapeutic interventions for leishmaniasis. Of note, important advances have been made to standardize a protocol to conduct clinical trials employing controlled human infection with sand fly-delivered L. major parasites as a measure of vaccine efficacy (101, 102). We have summarized the main pathways activated in the host skin during Leishmania transmission in Figure 1.




Figure 1 | In addition to parasites, sand flies egest an infective inoculum containing a complex assortment of biologically active molecules that modulate host hemostatic and immunological systems with the primary intent to allow blood feeding. However, parasites have taken advantage of these scenario to enhance their capacity to establish infection. The sand fly proboscis will lacerate the skin and reach the dermis, where components such as salivary proteins, promastigote secretory gel (PSG), exosomes, and gut microbiota are inoculated in the dermis in a pool of blood. Parasites are quickly internalized by an influx of neutrophils, which preserve viable promastigotes inside of them. Promastigotes largely differentiate to amastigotes and replicate inside mononuclear phagocytes, primarily macrophages. Deposition of salivary components enhance recruitment of an inflammatory infiltrate consisting of macrophages, neutrophils, and inflammatory monocytes. The tissue stress induced by sand fly saliva will also promote Nrf2 nuclear translocation and HO-1 production. HO-1 suppresses the production of reactive oxygen species (ROS) and TNF-α, which may favor parasite replication inside macrophages. HO-1 will also enhance host tolerance to infection as it quenches leukocyte infiltration and production of CXCL1, CCL2 and IL-1β. Saliva can directly increase secretion of prostaglandin E2 (PGE2), which increases parasite burden. Boost in IL-17 production by vector saliva enhance neutrophil infiltration, while apoptotic neutrophils impair macrophages activation. Furthermore, elevation in the levels of PGE2 and IL-10 lead to auto-downregulation of MHC class II and CD86 on dendritic cells, which diminish antigen presentation capacity at bite sites. In addition, the gut microbiota deposited along with salivary molecules induces MMP9, mast cell degranulation and IL-1β production by neutrophils. IL-1β production by neutrophils create an autocrine loop that prolong neutrophil infiltration and allow L. donovani dissemination to the spleen. In turn, IL-1β and PSGs recruit a surplus of neutrophils to the bite site. All these interactions help to upregulate cytokines such as IL-3, IL-5, TNF-α, IFN-γ, MCP-1 in the epidermis and down regulate cytokines in the dermis such as IFN-γ and IL-12, which help to establish the infection pathogenesis. Finally, immunizations with salivary proteins from sand flies (Apyrase, LJM11, LJM19 and PpSP15) elicit an immunological response consistent with protective immunity to Leishmania infection.







5 Modulation of skin immunity at the site of tick bites

Unlike most other blood-feeding arthropods, ticks are “pool-feeders” that sustain prolonged attachment/feeding to the host skin through unique strategies acquired throughout evolution to counteract host hemostatic and immunological responses (103). Upon recognition of damage caused by a tick bite in the dermis, the host will mount a response to maintain blood hemostasis, heal the wound and neutralize pathogens that may enter through breached skin (104). To circumvent host skin immunity, ticks rely mostly on the powerful and dynamic arsenal of hundreds of proteins found in their saliva (103) (Figure 2). Tick saliva composition changes every ~24 hours, alternating secretion of different homologous proteins that retain the same function, but whose differences in amino acid sequence allow evasion to antigen specific immunity (104–107). The biological impact of salivary proteins on host skin physiology is vast, preventing pain, itching, vasoconstriction, wound healing, platelet aggregation and blood coagulation, in addition to modulating both the adaptive and innate compartments of the immune system (104, 107). Recent findings demonstrate robust and sustained induction of heme oxygenase-1 at the site of Ornithodorus turicata (soft ticks) bites in mice (90). Indeed, a comprehensive proteomic analysis of differentially expressed proteins found in rabbit skin following bites of all life stages of H. longicornis shows a sustained upregulation of HMOX1 at 24-72 hours post-bite reaching up to a 100-fold increase (108). Consistent with other vectors, biological properties of tick saliva allow indirect promotion of pathogen transmission from the tick to its mammalian host (109). Various tick-borne pathogens, including viruses, eukaryotic parasites and bacteria are delivered to the host during feeding (110). The most prevalent bacterial tick-borne disease in humans is Lyme borreliosis (LB), caused mainly by Borrelia burgdorferi (111).




Figure 2 | During attachment process, ticks bite will rapidly elicit neutrophils (CXCL2/3/4, IL-1β and IL-5) and monocyte (CCL2/4/5 and others) chemoattractants. Resident T-cells in the dermis and dendritic cells, keratinocytes and Langerhans cells in the epidermis are activated, while effector Th2 cells are also mobilized to the expanding feeding lesion. Included among the large array of salivary proteins are: SALP-20, that block complement and effectively disables immune challenge; lipocalins, which block histamine secreted by mast cells, which minimizes pain and/or itch receptors and helps the tick avoid recognition by the parasitized host; metalloproteases (MTP), including angiotensin-converting enzymes, cystatins and saliva kininase inhibit T cell activation and proliferation; SALP-25 and ISL 929/13373 that blocks neutrophils production of superoxide; SALP-15 and Sialostatin that block T-cell activation; Serpin, which block platelet secreting thrombin and prevents blood clotting. Later in the feeding cycle, tick histamine release factor (tHRF) is secreted, which induces release of histamine and dilation of the vasculature in the bite lesion, facilitating rapid blood uptake by the feeding tick. Prostaglandin E-2 (PGE-2) is produced in response to tick bite, suppressing an inflammatory response from macrophages, and also blocking IL-12 and TNF-α secretion by dendritic cells. The combined activity of these tick salivary proteins and other vector derived factors act to minimize inflammation, create a favorable microenvironment that facilitates dissemination of tick-borne pathogens, including Borrelia burgdorferi spirochetes that are inoculated into the bite lesion within 3 days of tick attachment and feeding.



IgE-mediated reactions against α-Gal–containing foods caused by tick bites have become an emerging allergic disease globally. Ixodes sp. saliva carries galactose-α-1,3-galactose (α-Gal)-containing proteins, which are absent in primates but transmitted to the host by tick bites leading to the induction of α-Gal–specific IgE, which will promote severe allergic reactions to foods like meat and dairy. Moreover, subcutaneous sensitization with tick salivary gland protein extracts alone is sufficient to induce IgE antibodies in response to α-Gal, supporting the role of skin inoculation of tick saliva as a mechanism that precipitates α-Gal syndrome (AGS). Ticks from the genera, Ixodes, Amblyomma, Haemaphysalis and Rhipicephalus have all been associated with the induction of this syndrome (112–115).



5.1 Tick saliva promotes establishment of Borrelia infection: mouse studies

Once the tick salivary glands have been colonized, Borrelia spirochetes are subsequently deposited into the hemorrhagic feeding pool, typically 2 to 3 days post Ixodes spp. attachment (116). Co-inoculation of spirochetes with tick saliva promotes persistent skin infection and increases bacterial dissemination to distant tissues relative to intradermal inoculation of bacteria itself (117–120). Tick saliva has been shown in vitro to inhibit the complement system and it has been hypothesized that this activity suppresses the host effector function of granulocytes, macrophages, NK cells and B cells, and downmodulates Th1 differentiation in favor of a Th2 phenotype, which has been associated with Borrelia persistence (103, 121–123). Immunization against tick salivary protein Salp25D prevents Borrelia spirochete establishment in the vector by blocking detoxification of reactice oxygen species acquired from the blood meal (124). Of note, Borrelia spirochetes themselves have virulence factors that aid in dissemination and host immunomodulation (OspC, adhesions, decorin-binding protein, bbk13, etc.) (107, 125). Saliva from Rhipicephalus microplus suppresses T cell activation and Th1 polarization in cattle through upregulation of PD-L1 expression on CD14+ and CD11c+ cells. PD-L1 expression on these cells, in turn, inhibits activation of T cells by binding and signaling through the co-inhibitory T cell receptor, PD-1. The effect of R. microplus-saliva has been attributed to PGE2 induction, which may favour PD-L1 expression at skin bite sites in cattle (126). In this context, another potent anti-inflammatory salivary protein found in tick saliva is the Ixodes persulcatus salivary protein (IpSAP), which binds and blocks signaling through lymphotoxin β receptor (LTβR) involved in NF-kB activation and cell death processes mediated by TNF receptor associated factors (TRAF). This interaction leads to decreased skin inflammation in mice and elevated Borrelia bacterial loads and Lyme arthritis severity. The homolog of IpSAP in I. scapularis (IsSAP) exerts similar effects, and was also found to dampen serum levels of CCL5 and G-CSF, illustrating a potential mechanism by which IpSAP inhibits leukocyte recruitment to the skin (127). Interestingly, recent findings have demonstrated that egestion of Dae2, an antimicrobial toxin found in tick saliva, can lyse S. epidermidis and other gram-positive bacteria found in the skin microbiome to protect the tick from acquiring opportunist infections from the host skin while feeding. At the same time, Dae2 has only limited impact on Borrelia infection, which promotes tick tolerance to this infection by limiting its excessive proliferation in the vector (128). Of note, tick saliva carries a heterogenous population of extracellular vesicles with a size ranging from 173-200nm, which distinctly regulate infection of A. phagocytophilum and F. tularensis in the mammalian host during feeding. While extracellular vesicles from Ixodes scapularis favored infection of the mild rickettsial agent A. phagocytophilum to the mammalian host, extracellular vesicles from D. andersoni enhanced host tolerance to the lethal sepsis caused by F. tularensis in mice (129. Furthermore, exosomes isolated from the saliva and salivary glands of Ixodes scapularis impair human keratinocyte migration in culture, while enhancing IL-8 production and decreasing CXCL12 production from keratinocytes (130). Underscoring the central role played by this primitive cellular communication mechanism in distinct facets of interspecies cellular interactions with prominent implications for pathogen transmission and regulation of host skin immunity.




5.2 Tick microbiome composition and vector fitness

Most arthropods vectors incorporate diverse microbial symbionts, many of which are beneficial or even essential to the physiology and development of the vector. Among the most important are endosymbionts that play a mutualistic role in the vector’s biological and nutritional processes. Examples include Coxiella species in ticks, e.g., Amblyomma americanum, which are widespread throughout the tick’s tissues and are essential for the tick’s development and survival (131). Another example is Rickettsia buchneri, an endosymbiont prevalent in the Lyme disease tick, Ixodes scapularis (132, 133). However, certain of these endosymbionts may be transmitted to host skin during tick blood feeding. A Coxiella sp., Candidatus Coxiella massiliensis, was identified causing infection in human skin associated with development of an eschar (134). In contrast to the endosymbionts, mosquitoes, biting flies, and ticks often have enteric transient bacteria acquired from their external environment in their midguts. A recent study (135) showed that a common core of bacterial families, e.g., Enterobacteriaceae, Sphingomonadaceae, Pseudomonadaceae, etc., have genes that code for B vitamins and other essential nutrients, as well as essential amino acids and proteins that protect against oxidative stress and affect vector fitness. Yet, the role of the microbiome in the regulation of host skin immunity and how this consortium may affect transmission of tick-borne pathogens require further investigation.




5.3 Acquired tick resistance

Experiments in “non-permissive” hosts such as guinea pigs and rabbits show that certain host animals develop an acquired tick immunity upon repeated exposure to tick bites, resulting in early tick detachment and impairment of tick engorgement. These resistance effects are associated with massive infiltration of the skin by basophils and eosinophils, and interestingly, this acquired tick resistance (ATR) can be transferred to a tick-naïve host by T cell adoptive transfer (136, 137).

Extensive recent work has shed light into the mechanism behind ATR. Mouse models of ATR with Haemaphysalis longicornis larvae have demonstrated that antibody-mediated depletion of basophils abrogates ATR in mice. Interestingly, basophils are not the major population found at the site of tick bites in mice, but rather neutrophils and mononuclear phagocytes (138). Recruitment of basophils following 2nd tick infestation requires antigen specific IL-3 producing skin memory CD4+ T cells. Intravital imaging shows basophils swarming around tick bites and degranulation of these cells is mediated by the IgE Fc receptor, FcϵRI (139). Finally, secretion of histamine by basophils is critical to promote ATR (140). Of note, evidence acquired from ATR models in mice needs to be evaluated with caution since the incidence of tick detachment and impairment of tick engorgement is marginal in the mouse model. This contrasts with the classical models of guinea pigs and rabbits, where over 90% of ticks detach and/or cannot complete a blood meal, and infiltration of basophils is more pronounced (141, 142).

Alterations in skin architecture may also provide insights to better understand the sequential steps that lead to ATR. Skin lesions in the permissive host Peromyscus leucopus (white-footed mouse) retain preserved dermal architecture despite cellular infiltration upon repeated infestation, while bites on the non-permissive host Cavia porcellus (guinea pig) demonstrate hyperkeratotic changes to the epidermal layer and a breakdown of dermal architecture leading to a leukocyte-filled cavitary lesion, which appears to promote tick dislodgement, pointing for a possible role of keratinocytes hyperproliferation in ATR (143). A better mechanistic understanding of the factors and signals that drive ATR is critical to guide vector control strategies to limit tick feeding in the humans.




5.4 Human studies of tick bites

In Lyme disease-endemic areas, individuals with previous exposure to uninfected tick bites have been protected from Lyme disease, likely due to a hypersensitivity response which may lead to prompt removal of feeding ticks prior to spirochete transmission (144). In humans, mRNA levels of macrophage chemoattractant (CCL2/3/4) and neutrophil chemoattractant (CXCL1/8) are upregulated alongside IL-1β and IL-5 within the first 24 hours of Ixodes ricinus tick bites, yet this response becomes less apparent after 24 hours of attachment. Moreover, levels of lymphocyte cell markers and chemoattractants remain unaltered (145). While significant work has been done to characterize the role of salivary proteins in animal models such as guinea pigs, mice, and rabbits, more work is needed to characterize the role of tick saliva in humans (107). Although tick bites are characterized in animal models by severe damage to the skin with histopathological signs of necrosis in the dermis and epidermis, the early inflammatory response observed in the skin of bitten volunteers is relatively mild with increased levels of lymphocytes, mononuclear phagocytes and the variable presence of neutrophils. Strobl et al. performed a clinical study to explore features of skin immune responses to recent naturally acquired tick bites (≤9 days). Biopsies of the tick bite sites showed increased infiltration of neutrophils, B cells, and T cells, while the numbers of dermal DCs and Langerhans cells decreased. T cells at the bite site showed a significant bias towards CD8+ over CD4+ T cells, a reduction in Th2 cells, and ILC1, ILC2, and ILC3 subsets. In contrast, the tick bite induced significant increases in the numbers of resident memory T cells (CD69+ and CD103+ subsets) and γδ T cells. Using an ex vivo skin explant model, the authors demonstrated that tick SGE creates a permissive skin environment for Borrelia infection by suppressing local recruitment of neutrophils, macrophages, and T cells (146). Furthermore, the presence of cement – a mucoid substance produced by tick salivary glands – seems to be inversely correlated with the intensity of the host skin inflammatory reaction, indicating that cement components have an immunosuppresive effect on human skin (147). Basophil infiltration is also one of the hallmarks of tick bites in human skin (141). Recent advances in the understanding of α-Gal syndrome have demonstrated that T cells from AGS patients display specificity to peptides derived from proteins present in tick saliva regardless of the presence of α-Gal, which skews T cell differentiation towards a Th2 phenotype. Yet, a fraction of B cells proliferates in response to α-Gal epitopes and requires T cell support for activation via CD40L and IL-4 (148).





6 Aedes aegypti and arboviruses

Mosquito-borne arboviruses have experienced a striking re-emergence in the last few decades, causing substantial public health alarm (149). Most notably, the number of cases of dengue fever has doubled in the last 20 years (150), and we recently experienced a Zika virus epidemic in the Americas (1). Epidemiological assessments estimate that mosquito-borne arboviruses pose a threat to half of the global population (151, 152). In this context, Aedes aegypti is the primary vector of several mosquito-borne viruses such as dengue (DENV), Zika (ZKV), chikungunya (CHIKV), yellow fever (YFV), Rift Valley fever (RVFV), Cache Valley (CVV) and West Nile (WNV) viruses (153). During feeding, Ae. aegypti penetrates the skin with its proboscis, then takes a blood meal over the course of a few minutes (154). After inserting its proboscis, the mosquito salivates into the wound, depositing both saliva as well as arboviruses into the skin (153, 155). In the context of disease transmission, Ae. aegypti saliva enhances arboviral infection and transmission for several viruses.



6.1 Immune response to Aedes bites and saliva: implications for pathogen transmission in animal models

The enhancing role of Aedes saliva in pathogen transmission and disease pathogenesis after mosquito bites has been investigated in animal models for many different arboviroses, including CVV (156), RVF (157), DENV (158, 159), SFV (160) and CHIKV (161). In the presence of saliva, all these viruses exhibited more extensive systemic dissemination, increased viral titers, leading to higher mortality in mice. In general, the mosquito bite delays the onset, but increases the peak and duration of viremia in mouse models. Early studies with mice demonstrated that pre-exposure to mosquito bites enhances viremia when CVV is inoculated at the bite site (156), and that mosquitoes likely inject the virus into the skin tissue but not directly into the vasculature, as removal of bitten tails one to six hours after the bite reduced pathology and prolonged mouse survival (156, 162). Infection with DENV in pre-exposed mice is known to enhance disease morbidity and mortality due to the generation of non-neutralizing antibodies that enhance viral uptake by Fcγ receptor-bearing cells. Using an animal model of antibody dependent enhancement in dengue, investigators have demonstrated that excision of the bitten skin 4 hours after co-inoculation of saliva with DENV did not prevent disease in Ifnar–/– susceptible mice (163), indicating that the high dose of saliva co-injected in this model was sufficient to accelerated viral dissemination within this time frame. Nevertheless, tissue structural properties may have favored virus dissemination in the mouse ear compared to the tail skin model. Schimid et al., also observed enhancement of vascular endothelial permeability, migration of dendritic cells to draining lymph nodes and increased myeloid cell infiltration at the site of infection. The effect of saliva on viral dissemination and disease progression was further validated in humanized mice engrafted with human hematopoietic cells (164) and non-human primates (165, 166). Natural transmission via vector also modulates viral tissue dissemination in rhesus macaques, since subcutaneous needle infection with 104 PFU of ZIKV in the cranial dorsum yielded no detectable viral RNA in the cerebrum, ovary, uterus, or eyelid conjunctivae as aopposed to natural transmission (165).

Aedes bites trigger an inflammatory reaction characterized by interactions at the site of the bite involving resident skin cells, infiltrating cells, danger signals, and various vector derived factors including vector salivary gland content, which is the most well studied (Figure 3) (163, 167). The mosquito bite itself upregulates the local expression of neutrophil (CXCL1, CXCL2, CXCL3, and CXCL5) and monocyte (CCL2, CCL4, CCL5, CCL7, and CCL12)-attracting chemokines (160, 163, 167). Additionally, after mosquito bites, an increase in mast cells, eosinophils, and CD4+ T cells numbers was observed in SGE-sensitized mice when compared to non-sensitized mice (168). In the context of infection, co-inoculation of DENV and Aedes saliva in mice enhanced neutrophil and monocyte recruitment and migration of antigen presenting cells (APCs) to the draining lymph nodes, enhancing viral dissemination (163). Indeed, IL-1β-driven influx of neutrophils and monocytes is critical for retention of virus in the skin and viral systemic dissemination, leading to enhanced pathology (160). Furthermore, Ae. aegypti saliva possesses a serine protease cofactor CLIPA3 that digests extracellular matix proteins to facilitate viral attachment, dissemination, and cell migration (169).




Figure 3 | During a blood meal, an infected Aedes aegypti mosquito introduces its proboscis into the skin, eggesting saliva and viral particles into the dermis, leading to endothelial permeability, leakage and lysis of RBCs triggering an orchestrated immune response at bite site. At the epidermis, arboviruses replicate in their primary target cells, keratinocytes and Langerhans cells. Neutrophils and monocytes are rapidly recruited from the bloodstream to the dermis by neutrophil (CXCL1, CXCL2, CXCL3, and CXCL5) and monocyte (CCL2, CCL4, CCL5, CCL7, and CCL12)-chemoattractants. Additionally, monocytes are recruited by neutrophils in an IL-1β dependent loop. Neutrophil-driven inflammation, leads to further recruitment of monocytes, antigen presenting cells (APCs) and other myeloid cells. Infected cells disseminate the virus to the skin draining lymph nodes. Salivary proteins cause a local oedema causing viral retention at the bite site. The recruited cells in combination with upregulation of IL-4, IL-10, IL-12 and IFN-β, and downregulation of IL-2, IFN-γ,TNF-α and CXCL10, due to mosquito saliva, enhance viral dissemination and disease pathogenesis. NeSt1, a salivary protein from Aedes aegypt, has been shown to directly activate neutrophils to secrete IL-1β and CXCL2, while AgBR1, also isolated from mosquito saliva, can elicit neutrophil infiltration and induce secretion of cytokines. In case of sensitized skin to mosquito saliva (insert box) myeloid cells are fastly recruited, while IgE and IgG antibodies recognize several salivary proteins as allergens.



Aside from chemokines, mosquito bites regulate the expression of several genes involved in the immune response to infection. Conserved features of this mosquito bite response include a shift in the skin inflammatory reaction towards a type 2 response with upregulation of IL-4, IL-5, IL-10, and downmodulation of IL-2 (160, 161, 166, 167, 170). Concomitantly, downregulation of TLR3 and TLR7 supports the role of the vector in the establishment of viral infection by suppressing pattern recognition receptors and antiviral responses (159, 161, 170). Delayed expression of type I interferons and IFN-γ has been described following co-inoculation of viruses at mosquito bite sites, which correlates with enhanced viral load and dissemination to draining lymph nodes (160).




6.2 Immunomodulatory properties of mosquito salivary proteins

Several specific salivary proteins from Ae. aegypti have been shown to modulate the innate immune response to enhance arboviral infection and replication in animal models. For instance, neutralization of the Aedes salivary proteins neutrophil stimulating factor 1 (NeSt1) (171) and AgBR1 (172) by passive immunization led to decreased infiltration of neutrophils and monocytes at the bite site, as well as reduced expression of IL-1β and CXCL2, and IL-1β, IL-6, CXCL1, and CCL2, respectively. This downregulation of the inflammatory response ultimately led to partial protection against mosquito transmitted ZIKV infection and ameliorated disease pathology. Moreover, a dual passive immunization approach with both AgBR1 and NeSt1 anti-sera resulted in a robust protection with significantly reduced viremia and enhanced survival against mosquito transmitted ZIKV infection (173). The salivary protein Aedes aegypti Neutrophil Recruitment Protein (AaNRP) enhances viral load of ZIKV and DENV 2 both in the skin and systemically (174). Mechanistically, authors demonstrated that AaNRP binds directly to TLR1 and TLR4, and promotes the production of the chemokines CXCL1, CXCL2, and CXCL3 from skin resident macrophages in a MyD88-dependent manner. In turn, these chemokines recruit neutrophils, monocytes, macrophages, and dendritic cells to the skin, thereby increasing the local reservoir of arbovirus-susceptible cells and facilitating systemic dissemination. Additionally, LTRIN, a 15-kDa Aedes salivary protein, promotes dimerization and activation of LTβR and subsequent inhibition of NF-kB activation, IL-1α, IL-6 and TNF-α secretion in mouse bone marrow derived macrophages (BMDMs), mouse skin fibroblasts (MSFs), human umbilical vein endothelial cells (HUVECs) and human THP-1 monocytic cells (175), which dampens antiviral response. Sun et al. identified a salivary protein, Aedes aegypti venom allergen-1 (AaVA-1), involved in the activation of autophagy, which favors transmission of flaviviruses in the host (176). In animals bitten by ZIKV-infected Aedes aegypti, AaVA-1 silencing resulted in a decrease in viremia and mortality. Intense hemorrhage was observed in the skin of Stat1-/- susceptible mice inoculated with saliva from control mosquitos in comparison to saliva from DENV infected AaSG34 mosquitoes (177). Sialokinin is a salivary protein that acts as vasodilator and contributes to successful feeding of mosquitoes (178). Targeted mutation in sialokinin gene, leading to loss of function, reduced capacity of saliva to enhance blood perfusion at the site of the bite, and compromised endothelial permeability and migration of neutrophils. In contrast, some proteins in Ae. aegypti can inhibit viral infection; for example, inoculation of Aedes D7 recombinant protein has been shown to inhibit DENV infection in vitro and in vivo through an unknown mechanism that might envolve enhancing host cell resistance or direct binding to virion envelope proteins (169).




6.3 Human studies: Aedes bites, allergy, and human challenge studies

Early studies described the human skin reaction to mosquito bites, including allergic reactions, persistent inflammation, and histopathological features at the bite site in response to Ae. aegypti bites (179–183). Histopathological analysis of human skin sections obtained from subjects with a mosquito skin reaction showed an inflammatory response characterized by increased vascular permeability and influx of neutrophils and eosinophils peaking at 6 hrs, followed by lymphocytes and macrophages 24 to 48 hrs after the bite (181, 182). Notably, most human studies showed different levels of sensitization to Ae. aegypti bites, characterized by an immediate hypersensitivity reaction followed by a delayed type hypersensitivity (DTH) response. Immediately after the first Aedes exposure, subjects developed wheal shaped erythema, followed by a late papular reaction by 24 hours post-bite. Repeated Aedes exposure resulted in progressive desensitization (179, 180, 182, 183). Recently, a study conducted transcriptional profiling and immunophenotyping of bitten skin of healthy subjects from Cambodia, where Aedes aegypti is prevalent. Volunteers had pre-exposure to mosquitoes confirmed by anti-NS1 antibodies, but only a small fraction of participantes reported previous dengue infection, which might indicate that likely most individuals were asymptomatic to infection. Many features of the host skin immunity against mosquitoes bites previously observed in rodents were validated in this cohort such as early granulocytes infiltration and skewed response towards type 2 immunity. Salivary gland extract suppressed IFN-γ and IL-2 production in PBMCs in a recall stimulation assay with PMA/ionomycin, however whether this a unspecific effect of saliva on T cell activation or a result of the expansion of regulatory antigen-specific cells remains to be clarified (184).

Rockwell and Johnson first proposed the involvement of mosquito saliva in the skin allergic reactions of humans to mosquito bites (182). Mice sensitized to mosquito bites had similar responses compared to humans who developed a severe allergic local skin reaction to Ae. aegypti bites (185, 186). Both mice and humans had high blood levels of IgE and IgG against whole Ae. aegypti saliva with antibody titers positively correlating with the observed skin allergic reactions. These studies led to the identification of several mosquito salivary allergens from Aedes, Culex and Anopheles, reviewed elsewhere (187, 188).

In summary, animal studies thus far have elucidated the effect of Aedes salivary proteins and their importance in arboviral pathogenesis, while the role of other important vector derived factors such as the microbiota remain largely unexplored. Non-human primates (165, 166) and humanized mouse models are seeing increasing use in infected Aedes challenge studies to more closely model human immune responses (164, 189). Nevertheless, major gaps still exist regarding mosquito-host immune interactions at the bite site. Notably, the handful of human studies available had a limited number of subjects and lack the in-depth immunological characterization available with current technologies.





7 Anopheles gambiae and Plasmodium parasites

Malaria is a vector-borne disease caused by Plasmodium parasites transmitted via the bite of a female Anopheles mosquito, which deposits the infective sporozoite form of Plasmodium into the host skin. Malaria is one of the deadliest infections worldwide, which accounted for approximately 247 million cases and 619,000 deaths in 2021 (190). Here, we review current knowledge of how Anopheles bites and their saliva influence Plasmodium infection and pathogenesis in mouse models and humans.



7.1 Impact of Anopheles saliva and mosquito transmission on malaria infection and pathogenesis: animal studies

There has been substantial debate as to whether Anopheles bites and saliva affect the establishment and dissemination of Plasmodium infection. Early studies to address this question arrived at conflicting conclusions and were confounded by (1) the inability to measure or inoculate equivalent numbers of sporozoites by syringe needle versus Anopheles bite, (2) testing only in animals immunized with malaria vaccine candidates (191), and (3) non-physiologic routes of inoculation, including intraperitoneal infection with infected RBCs (192) or intravenous co-inoculation of Anopheles SGE with sporozoites (193). In mice infected intradermally with sporozoites, Kebaier et al. found that co-inoculation with SGE had no effect on the percentage of mice that developed parasitemia or the length of the prepatent period, which characterizes the phase between transmission and the detection of parasites in the blood and other internal organs.

A study by Schneider et al. helped shed light on this debate by employing a murine model of cerebral malaria using An. stephensi and Plasmodium berghei (194). Sporozoites were injected intradermally either alone or at the site of An. stephensi bites, and mosquito-bitten mice showed higher parasitemia, and markedly decreased survival (35% vs 80% for unbitten), though interestingly there was no difference in parasite load in the skin, draining lymph nodes, or liver. Presence of saliva at the site of infection enhanced granulocyte and eosinophil infiltration, but reduced recruitment of DCs compared to mice injected with sporozoites alone. Mice bitten by An. stephensi showed higher mRNA expression of the Th2 cytokines IL-4 and IL-10 in the skin and draining lymph node, as well as higher expression of the immune checkpoint proteins CTLA-4 and IL-18 binding protein, the latter of which antagonizes IFN-γ production. In total, this cerebral malaria model demonstrates that Anopheles bites exacerbate malarial disease without necessarily affecting organ parasite load, and this effect is potentially mediated by polarization towards a Th2 response and inhibitory signals via immune checkpoint pathways (194).

The question of whether pre-exposure to Anopheles bites protects against malaria has been similarly controversial. Both Donovan et al. and Fonseca et al. showed lower levels of parasitemia in pre-exposed mice after infected mosquito challenge (192, 195), however Kebaier et al. found mosquito pre-exposure had no effect on the overall percentage of mice that developed detectable parasitemia by 14 days post-challenge (193). Fonseca et al. and Kebaier et al. also report conflicting results on whether pre-exposure to Anopheles bites affects the duration of the prepatent period. The contrasting findings may be attributable to differences in pre-exposure protocols, Plasmodium species used, and the chosen endpoint for parasitemia.

With regard to liver infection, mice pre-exposed to uninfected Anopheles stephensi bites and challenged with Plasmodium yoelii-infected An. stephensi show lower liver parasite burdens compared to bite-naïve mice, and this protection requires IFN-γ (195). Pre-exposed mice showed increased IFN-γ and decreased IL-4 mRNA expression in the skin, although pre-exposure has no effect on skin parasite burden following infected mosquito challenge (193, 195). Interestingly, pre-exposure to Anopheles bites results in lower liver parasite burdens even when P. yoelii is given intravenously. Accordingly, both the liver and spleen of pre-exposed mice show increased mRNA expression of IFN-γ and IL-12p40, and lower expression of IL-4. Similarly, using An. stephensi infected with Plasmodium chabaudi, Fonseca et al. showed pre-exposed mice had higher numbers of splenic CD4+ T cells compared to bite-naïve mice, and that these CD4+ T cells express higher levels of both IFN-γ and IL-4 (192). Overall, these studies suggest that pre-exposure to Anopheles bites potentially generates a humoral response that will neutralize salivary componenets that favor transmission but can also induce a cellular Th1 responses that cross protects against Plasmodium infection not only in the skin, but also systemically in visceral organs.

Many other aspects of the host immune response can be modulated by anopheline saliva. Anopheles saliva induces the degranulation of human mast cell lines in culture, and activation of mast cells in the mouse skin. In the murine model, An. stephensi bites lead to neutrophil recruitment to the skin, hyperplasia of skin-draining lymph nodes, and a pronounced influx of CD3+, B220+, CD11b+, and CD11c+ leukocytes (196). Intradermal injection of Anopheles SGE into mice induces transcriptional upregulation of CXCL11, IFN-γ, CXCL10, granzyme B, CXCL9, IL-2Rβ, TGF-β, IL-2, and CD69 (197).

Several proteins present in Anopheles saliva exhibit immunoregulatory activity. Saliva from An. stephensi contains a high molecular weight glycoprotein which functions as a neutrophil chemotactic factor (NCF) at the bite site (198), though the identity of this protein remains to be determined. Despite of this, agaphelin, an anopheline salivary protein whose expression is upregulated upon Plasmodium falciparum infection, suppresses several neutrophil functions, including production of neutrophil extracellular traps, elastase/cathepsin-mediated platelet aggregation, and neutrophil-mediated coagulation (199). Furthermore, Sporozoite-associated mosquito saliva protein 1 (SAMSP1) inhibits neutrophil chemotaxis in vivo and in vitro (200). Therefore, overall evidence supports that Anopheles saliva composition suppress neutrophil infiltration and response. Non-protein salivary factors likely also modulate host immunity; for instance, Anopheles coluzzii saliva is enriched for several microRNAs (miRNAs) which show high sequence similarity to human miRNAs and are predicted to regulate key intracellular immune signaling and chemokine pathways (5). Regarding immunization studies, an A. gambiae salivary protein, AgTRIO, contributes to protection to challenge with either P. falciparum-infected A. gambiae or A. stephensi mosquitoes when humanized mice are passively immunized with antisera against AgTRIO. Active immunization with AgTRIO also resulted in reduced parasitemia in mice exposed to P. berghei-infected A. gambiae mosquitoes. Regarding possible mechanisms of this protection, two-photon microscopy revealed that treatment with AgTRIO antisera led to decreased sporozoite velocity and movement in murine skin (201). Furthermore, AgTRIO mRNA vaccine conjugated to lipid nanoparticles and a monoclonal IgG2a antibody, 13F-1, has also confered considerable protection to mice exposed to Plasmodium berghei-infected mosquitoes, pointing that this target could potentially aid vaccines developed against parasite antigens. Another interesting aspect of AgTRIO is that although the bite per se does not induce measurable antibody titers against AgTRIO nor confers protection to disease, tthe humoral responses are can be boosted by Anopheles bites following active immunization, which indicates a more sustained effect of this vaccine prototype in endemic areas (202, 203). More salivary proteins from Anopheles have also shown protection to infected-mosquito bites reducing liver burden when administrated as both active and passive immunizations (SAMSP1 and AgSAP) and could be potentially suitable candidates to a multi-component vaccine (200, 204). Interentingly, salivary proteins in the anopheline saliva may also compromise sporozoites infetivity. A salivary protein homolog of The Gamma interferon inducible lysosomal thiol reductase (GILT), name Mosquito GILT, or mosGILT, has been shown to bind Plasmodium sporozoites and impair parasite motility at the host skin, which is critical for establishment of infection in the mammalian host. Despite of this, biological significance of this mechanism is controversial in the context of whole saliva as most proteins favor infection establishment hence its main role may be related to containment of parasites inside the salivary glands or to avoid overinfection of the host and preserve a source of bloodmeals longer (205). The key immunoregulatory effects triggered by Anopheles saliva at bite sites, as outlined in this review, are summarized in Figure 4.




Figure 4 | Anopheles saliva contains many bioactive molecules that perform a range of functions once deposited into the host at the bite site. The recombinant protein mosGILT has been shown to slow sporozoite movement in the host, while the recombinant protein AgTRIO is recognized by host IgG antibodies and contributes to protection to challenge with either P. falciparum-infected A. gambiae or A. stephensi mosquitos. The circumsporozoite (CSP) surface protein is recognized by antibodies, creating an immune complex that blocks the mosquito proboscis, which can disrupt feeding. Neutrophils (recruited by NCF), regulatory T cells (Tregs), helper T cells, dendritic cells, mast cells, and neutrophils are recruited to the bite site. IFN-γ is upregulated, while IL-4 is downregulated in response to mosquito saliva. Mast cells become activated in response to Anopheles bites, releasing histamine.






7.2 Mosquito microbiome and its effect on transmission

Studies have revealed that the microbiome of mosquitoes varies across different tissues, including the cuticle surface, midgut, salivary glands, and reproductive tract, with potential direct and indirect impacts on pathogen transmission (206). Direct impacts involve vectorial competence, affecting the ability of mosquitoes to acquire, maintain, and transmit pathogens. Indirect impacts concern vectorial capacity, dependent on ecological niche dynamics. For instance, mosquito microbiota can influence vector competence for DENV by modulating midgut enzymes (207). Attention to the indirect effects of microbiota on vectorial capacity is growing, exemplified by Serratia’s role, a mosquito gut endosymbiont, in curtailing hematophagy and delivering antimalarial effectors (208; 209). Moreover, Wolbachia infection has been successful in reducing vector competence and disease transmission, notably in Aedes mosquitoes (210, 211). Variations in microbiome composition, such as dominance of Pseudomonas sp. in malaria-free regions, suggest a potential microbiome-gut-brain-axis with implications for vector competence (212, 213). Despite progress, knowledge gaps persist, underscoring the need for further research into the mosquito microbiome’s impacts on transmission dynamics (214).




7.3 Human skin immunity to Anopheles bites and malaria vaccines

There is scant data on human skin immune responses to the bites of Anopheles mosquitos. A limited case series describes the variability of rashes elicited by the bites of Anopheles quadrimaculatus, ranging from immediate wheal responses, to delayed papules, to no reactions at all (182). In one pediatric patient with severe mosquito allergy, the An. quadrimaculatus bite site was infiltrated with neutrophils, lymphocytes, plasma cells, histiocytes, and eosinophils, extending to the subcutis. Since this early study, there has been minimal to absent further clinical investigation of cutaneous immunity to Anopheles bites in humans. Controlled human malaria infection (CHMI) has emerged as an important tool to evaluate the efficacy of vaccine formulations. Similar results, compared to field trials have been observed for vaccines such as R32ToxA and RTS,S (215). Furthermore, clinical studies focusing on the immunological understanding of the initial Anopheles-Plasmodium-skin interaction events could be readily incorporated into existing CHMI protocols. Of note, during the elaboration of this review WHO has approved and recommended two vaccines for malaria: R21/Matrix-M and RTS,S/AS01. Both vaccines have proven to be safe in trials conducted in the African continent with young infants and required booster shots to maximize effectiveness. However, R21/Matrix-M has shown higher efficacy (>75%) despite a smaller study cohort compared to RTS,S/AS01 (30%), which performed slightly better in children aged 5-17 months (216, 217). RTS,S/AS01 is a recombinant protein vaccine that targets the circumsporozoite protein of P. falciparum, expressed by the parasite during the pre-erythrocytic stage. In its construction, hepatitis B surface antigen (HBsAg) has been fused to the C-terminus and central repeats of the CSP (RTS). RTS construct is then co-expressed on yeasts with unmodified recombinant HBsAg (S) to generate 22nm lipid-protein RTS,S particles, which display 1:4 ratio of the protein RTS and S, respectively. Such excessive amount of S protein could be related to RTS,S limited efficacy. On the other hand, R21 is considered a next generation RTS,S-like vaccine as it lacks the excess of HBsAg found in the former and is delivered as a single CSP-HBsAg fusion protein (218). Nevertheless, both R21 and RTS,S require boosts and the extent of the protective effect of these vaccines remain unknown. Clinical trials have attested the safety and immunogenicity of a peptide-based vaccines derived from A. gambiae saliva based on in silico selection of predicted T-cell epitopes. AGS-v PLUS is a vaccine containing five synthetic mosquito salivary peptides, while AGV-v contains four peptides. Immunization of mice with AGS-v has conferred more than 50% protection in a experimental model of malaria infection delivered by infected bites of A. gambiae with P. yoelii nigeriensis (219, 220). Therefore, a multi-component vaccine may be useful to finally achieve eradication of Malaria.





8 Concluding remarks

As seen across these four distinct vector-pathogen pairs, vector biologists have gleaned remarkable insights into how skin immune responses to vector bites facilitate pathogen dissemination, a unifying paradigm built on over three decades of research. Looking towards the coming decade, the development of multiple novel experimental methodologies paves the way for promising new lines of investigation into the mechanisms behind vector bite responses in the host skin, particularly in humans. Undoubtedly, the mouse has taken us far – but vector biologists must now make a concerted effort to study human responses to vector bites in clinical studies to assure research translational power (221). Continued progress will rely on multidisciplinary collaborations between clinicians, immunologists, vector biologists and others whose complementary expertise and creativity will drive our efforts to generate the knowledge required to eradicate vector-borne diseases.
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