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Abstract: Leishmaniasis, comprising cutaneous, mucocutaneous and visceral forms, is a parasitic disease caused by Leishmania species via sandfly bites, leading to skin ulcers and mucosal damage. Traditional treatments include antiparasitic drugs such as pentavalent antimonials, amphotericin B, and miltefosine, with immunotherapy and chemotherapy being explored for enhanced efficacy and reduced relapse. Mucocutaneous leishmaniasis (ML) balances IFN-γ and IL-10, affecting severity, while cutaneous leishmaniasis (CL) shows varied IFN-γ/IL- 10 ratios influencing prognosis. Cytokines and chemokines are diagnostic and prognostic markers in CL. Research into neutrophils and the NLRP3 inflammasome informs Th1/Th2 response regulation. Live attenuated LdCen-/- parasites and genetically modified vaccines show promise, with miR-21 as a potential efficacy biomarker. Understanding cytokine networks is crucial for new treatment strategies.
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1. [bookmark: 1._Introduction]Introduction
Leishmaniasis is a parasitic infection that affects people worldwide, primarily in developing countries [1]. The disease is transmitted by the bite of infected sand flies and can present in two main ways: cutaneous, and mucocutaneous. Cutaneous leishmaniasis (CL) is the most common form and causes an open sore at the bite site, which heals in a few months to a year and a half, leaving an unpleasant-looking scar. To date, there are no effective vaccines for leishmaniasis. Many of the treatments available have serious side effects and resistance mechanisms are becoming an increasingly prevalent problem [1–3]. Natural Killer T (NKT) cells are a unique T cell population that recognises glycolipids. They are a conserved innate-like lymphocyte population with immunomodulating effects in various settings. The role of NKT cells in the resistance or susceptibility towards Leishmania infections is still not well-defined, as there are conflicting data. However, it is proposed the activation of NKT cells for controlling Leishmania infections [1–5].
The behavior of these cells is influenced by various factors, including the infection site, parasite count, strain virulence, and Leishmania species. NKT cells can be activated through direct or indirect pathways. In the direct pathway, Leishmania glycolipids are presented by CD1d molecules on antigen- presenting cells (such as dendritic cells), leading to cytokine secretion by NKT cells. In the indirect
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pathway, Leishmania glycolipids stimulate TLR2 in dendritic cells, triggering IL-12 production and subsequent NKT cell activation. The study delves into NKT cell roles in disease development, both in humans and mouse models, and proposes NKT cell activation as a strategy for controlling Leishmania infections [4,5]. Biomarkers and vaccines are two important aspects of leishmaniasis research.
Leishmaniasis, a vector-borne disease caused by the protozoan parasite Leishmania, is endemic in various regions worldwide. Its clinical manifestations range from self-healing skin lesions to the mucocutaneous forms. Recent studies have harnessed large-scale genomic and proteomic analyses to understand infection pathways in both parasites and hosts more effectively than studying individual molecules. Additionally, researchers have identified potential pharmacodynamic biomarkers for different forms of leishmaniasis. Despite these advances, there is currently no approved vaccine for human use against this disease [6–8].
Beyond neutrophils, other innate cells like inflammatory monocytes, mast cells, and NK cells also influence resistance or susceptibility to Leishmania infection. Recent research highlights how metabolic pathways in innate immune cells activate unique immune signal cascades, alongside cytokine and chemokine signals. However, the intricate interplay between metabolic pathways, epigenetic changes, and immune signaling remains a puzzle in Leishmania pathogenesis. A deeper grasp of early interactions between parasites and innate immune cells is crucial for developing effective and safe vaccines against Leishmaniasis [9].

2. [bookmark: 2._Immune_Response_to_the_Parasite]Immune Response to the Parasite
2.1. [bookmark: 2.1._Immune_Response_in_Cutaneous_Leishm]Immune Response in Cutaneous Leishmaniasis
The innate immune response serves as our initial defense against pathogens and tissue damage. In cutaneous leishmaniasis (CL), the skin’s innate response involves recognizing pathogenic molecules and activating immune cells like dendritic cells, neutrophils, macrophages, natural killer cells, and molecules like the complement system [10]. These components play a crucial role in containing the parasite, although Leishmania can manipulate them to its advantage, causing damage in the skin layers [11–13].
The innate immune response against Leishmania begins with the recruitment of neutrophils, essential polymorphonuclear cells responsible for phagocytosis and lysis of Leishmania promastigotes. These inflammatory cells are drawn to the infection site by soluble chemotactic factors released by Leishmania and IL-8 in the host. Neutrophils recognize the parasite through innate immune receptors (such as Toll-like receptors TLR2 and TLR4) on their membranes. This recognition is crucial for Leishmania destruction, as it activates antimicrobial substances like reactive oxygen species (ROS), nitric oxide (NO), and neutrophil extracellular traps (NETs). Additionally, neutrophils trigger cytokine release, recruit macrophages, and activate cellular immune responses against the pathogen [10,11].
Researchers explored the impact of an empty bacterial pcDNA3 plasmid on mice infected with Leishmania major. They assessed immune mediators, including IFN-γ, IL-4, IL-10, IgG2a, IgG1, arginase activity, and nitric oxide (NO). The results revealed that pcDNA3 modulated immune responses in favor of host cells, reducing disease severity. Notably, Th2-associated mediators were downregulated, while cellular responses increased, accompanied by elevated NO and IFN-γ levels. The study highlights the potential of pcDNA3 as an immunoenhancing agent for treating zoonotic cutaneous leishmaniasis (ZCL). Further research is needed to understand the underlying mechanisms of pcDNA3’s immunogenic properties against ZCL [14].
This review investigates the antileishmanial activity of Urtica dioica extract against zoonotic cutaneous leishmaniasis. They found that Urtica dioica extract can modulate the immune responses in favor of host cells and decrease the disease severity. By quantifying immune mediators such as IFN-γ, IL-4, IL-10, IgG2a, IgG1, arginase activity, and nitric oxide (NO), they observed significant reduction in L. major promastigotes viability. Importantly, the extract showed no toxicity to macrophages but effectively killed L. major amastigotes. These findings highlight the potential of
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Urtica dioica extract as an immunoenhancing agent for treating zoonotic cutaneous leishmaniasis [15]
2.2. [bookmark: 2.2._Immune_Response_Against_Mucocutaneo]Immune Response Against Mucocutaneous Leishmaniasis (ML)
It investigates the association between the balance of interferon-gamma (IFN-γ) and IL-10 and the severity of human Leishmania Viannia braziliensis infection. The authors suggest that suitable levels of IFN-γ and IL-10 are essential for the maintenance of protective responses in cutaneous leishmaniasis (CL), while high IFN-γ and low IL-10 production are associated with the severity of mucosal leishmaniasis (ML). The following study involved 33 individuals who recovered from L. braziliensis infection, and the cytokines were quantified by enzyme-linked immunosorbent assay (ELISA) in culture supernatants of L. braziliensis-stimulated peripheral blood mononuclear cells (PBMC). The results showed that cured ML cases maintained significantly lower production of IL-10 in comparison to spontaneous healing of CL or asymptomatic individuals. Thus, a high IFN-γ/IL-10 ratio observed in ML can indicate an unfavorable cytokine balance. Conversely, lower IFN-γ/IL-10 balance observed in cured CL, spontaneous healing of CL, and asymptomatic individuals can represent a better-modulated immune response associated with a favorable prognosis. The study is significant because it provides insights into the association between the balance of IFN-γ and IL-10 and the severity of human Leishmania Viannia braziliensis infection. The authors suggest that the cytokine balance is essential for the maintenance of protective responses in CL, while high IFN-γ and low IL-10 production are associated with the severity of ML. The study highlights the need for further research in this area to understand the mechanisms underlying the association between the balance of IFN-γ and IL-10 and the severity of human Leishmania Viannia braziliensis infection [16].
In this research is discussed the role of Leishmania Viannia guyanensis, LRV1 virus, and extracellular vesicles in the immune response during mucocutaneous leishmaniasis. The authors argue that the interaction between these three factors can influence the outcome of the immune response to the disease. They suggest that the LRV1 virus can modulate the host’s immune response by inhibiting inflammasome activation and inducing the production of proinflammatory cytokines such as TNFα and IL-12. The authors also highlight the role of extracellular vesicles in the pathogenesis of the disease by promoting the survival of Leishmania parasites and inhibiting the host’s immune response. The article provides a comprehensive review of the current understanding of the role of Leishmania Viannia guyanensis, LRV1 virus, and extracellular vesicles in muco-cutaneous leishmaniasis. The study is significant as it offers insights into the complex interplay between Leishmania Viannia guyanensis, the LRV1 virus, and extracellular vesicles in the pathogenesis of mucocutaneous leishmaniasis. Understanding these interactions helps elucidate the mechanisms driving the disease's progression and severity. By highlighting the roles of these components, the research contributes to developing more effective treatments and potential strategies for managing this debilitating form of leishmaniasis, addressing current challenges of resistance and side effects in existing therapies [17]. In addition, the cells involved in the pathogenesis of the disease include macrophages, neutrophils and dendritic cells [17].
[bookmark: 2.3_Immunomodulatory_Plants]2.3 Immunomodulatory Plants
Drug discovery for combating leishmaniasis has primarily focused on therapeutic switching rather than developing novel drugs. It is crucial to elevate host immunity alongside directly targeting Leishmania parasites. Therefore, an effective antileishmanial approach should encompass agents capable of dual action: eliminating parasites and restoring cell-mediated immunity (CMI). Immunomodulators have shown promise in experimental leishmaniasis, exemplified by imiquimod, which activates toll-like receptor 7 on macrophages and dendritic cells, fostering a Th1 immune response. Other synthetic compounds like the S2 complex (copper chloride, ascorbic acid, and nicotinamide), acetyl salicylic acid, and an immunomodulatory peptide from cystatin, also exhibit both immune-modulating and antileishmanial activities. In addition to synthetic compounds, various herbal formulations and plant secondary metabolites such as saponins, alkaloids, flavonoids, and polysaccharides possess immunomodulatory properties. Plants, in particular, have been extensively

researched for their potential as sources of bioactive compounds against Leishmania parasites and for enhancing immune responses. The diverse array of biomolecules found in plant extracts provides a natural arsenal that can combat the parasites while bolstering the host's immune system. This dual approach not only targets the pathogen directly but also strengthens the body's ability to resist and control leishmaniasis. As research progresses, harnessing these natural and synthetic immunomodulators could lead to more effective treatments for this challenging disease [18].
Research has shown that certain plants possess immunostimulatory properties that can be beneficial in treating cutaneous and mucocutaneous leishmaniasis. These plants include Azadirachta indica (neem), Allium sativum (garlic), and Curcuma longa (turmeric). Azadirachta indica is known for its antimicrobial and immune-boosting effects. Studies have demonstrated that neem extracts can enhance the production of cytokines and activate macrophages, which are crucial in fighting Leishmania infections. Allium sativum, commonly known as garlic, contains compounds like allicin, which exhibit strong immunomodulatory and anti-leishmanial activities. Garlic has been shown to stimulate the immune system by increasing the activity of natural killer cells and macrophages. Curcuma longa, or turmeric, is rich in curcumin, a compound with potent anti-inflammatory and immunostimulatory properties. Curcumin can modulate the immune response by enhancing the activity of T-cells and macrophages, thereby helping to control Leishmania infections. These plants, through their various active compounds, offer potential complementary therapies for cutaneous and mucocutaneous leishmaniasis by enhancing the immune system's ability to combat the infection. Further clinical studies and trials are needed to establish their efficacy and safety profiles in humans [19,20].
2.4. [bookmark: 2.4._Other_aspects_of_the_Immune_Respons]Other aspects of the Immune Response in Leishmaniasis
The immune response against Leishmania begins at the site of pathogen entry in the dermis, where promastigotes interact with serum components, activating the complement system via both classical and alternative pathways. Complement opsonization of metacyclic promastigote forms leads to efficient lysis of approximately 90% of inoculated parasites, but Leishmania has developed mechanisms to resist and evade this process [1,21]. Leishmania expresses protein kinases that inhibit complement activation by phosphorylating key components [22,23].
Surface molecules like lipophosphoglycan (LPG) and glycoprotein of 63 kDa (GP63) bind to inactivated C3b (iC3b), preventing complement-mediated lysis and facilitating internalization via complement receptors (CRs) [24]. Sandfly saliva, containing exosomes, gut microbes, and various molecules with immunomodulatory effects, further influences infection outcomes [25–28]. Resident cells like macrophages, keratinocytes, mast cells, and Langerhans cells express pattern recognition receptors (PRRs), immune response cascades upon encountering Leishmania [29]. Neutrophils [30– 32], monocytes [33], macrophages [34,35] and dendritic cells (DCs) [36–38] are involved in phagocytosing Leishmania parasites. Phagocytosis includes binding to specific receptors, formation of parasitophorous vacuoles, and parasite degradation via reactive oxygen species/reactive nitrogen species (ROS/RNS) [39].
2.5. [bookmark: 2.5._Inflammasome_in_Leishmaniasis]Inflammasome in Leishmaniasis
Inflammasomes are important components of the innate immune system that help fight bacterial and viral infections. However, their role in regulating adaptive immunity during protozoan parasite infections is not well understood. In this study, researchers found that the NLRP3 inflammasome balances Th1/Th2 responses during leishmaniasis. Mice lacking the inflammasome components NLRP3, ASC, or caspase 1 on a Leishmania-susceptible BALB/c background were resistant to cutaneous L. major infection. The researchers also discovered that production of IL-18 promotes the Th2 cytokine IL-4, which propagates disease in susceptible BALB/c mice. “Neutralization of IL-18 in these animals reduced L. major titers and footpad swelling. The results suggest that activation of the NLRP3 inflammasome is detrimental during leishmaniasis and that IL-18 neutralization has potential as a therapeutic strategy to treat leishmaniasis patients” [40].

It is suggested that the NLRP3 inflammasome plays a dual role in leishmaniasis, both as a protector and a pathogen. The NLRP3 inflammasome is essential for the host’s defense against Leishmania infection by activating the immune system and inducing the production of pro- inflammatory cytokines. The cytokines involved in this process include IL-1β, IL-18, and IL-33. The NLRP3 inflammasome also activates the production of IL-1β, IL-18, and IL-6, which can contribute to the pathogenesis of the disease by inducing excessive inflammation and tissue damage. The cells involved in the dual role of the NLRP3 inflammasome in leishmaniasis include macrophages, neutrophils, and dendritic cells. The balance between the protective and pathogenic roles of the NLRP3 inflammasome is critical for the outcome of the disease, and further research is needed to understand the mechanisms underlying the dual role of the NLRP3 inflammasome in leishmaniasis [41–43].
2.6. [bookmark: 2.6._Leishmania_Infection_Induces_the_Pr]Leishmania Infection Induces the Production of Reactive Oxygen Species (ROS) and Nitric Oxide (NO) in Macrophages
Leishmania infection in macrophages induces the production of ROS and NO, impacting various signaling pathways including MAPK, NF-κB, and PI3K/Akt. While multiple enzymes contribute to ROS production, NADPH oxidase is crucial in macrophages. Despite ROS production upon infection, Leishmania parasites inhibit ROS generation in phagolysosomes, potentially aiding their survival. However, activated macrophages can still exhibit ROS-dependent killing of Leishmania, with NO playing a role in parasite elimination as well. Studies indicate a dual role for ROS, as they contribute to both host defense and parasite survival, depending on the context of infection and the Leishmania species involved. Furthermore, ROS may influence the establishment of replicative niches within infected macrophages, facilitating long-term parasite survival. Overall, ROS emerge as key players in the intricate interplay between Leishmania parasites and host macrophages, impacting the outcome of infection [39,44–57].
2.7. [bookmark: 2.7._Summary_of_the_Immune_Response_to_L]Summary of the Immune Response to Leishmania spp.
Leishmania infection profoundly affects immune cells, altering their behavior and impacting both innate and adaptive immune responses. Mast cells play a significant role in disease progression by releasing IL-4 and IL-13, promoting Th2 adaptive immune responses and aiding parasite survival. Neutrophils, macrophages, and dendritic cells (innate immune responses) can either eliminate Leishmania parasites or facilitate their survival within the host. Neutrophils eliminate parasites through phagocytosis, ROS, and NETs release, but Leishmania can evade destruction by inhibiting phagolysosome biogenesis and delaying neutrophil apoptosis. Infected neutrophils also attract more immune cells, supporting parasite survival and pathology. Macrophages exhibit plasticity during leishmaniasis, differentiating into M1 or M2 phenotypes, with M1 macrophages promoting Th1 responses for disease control and M2 macrophages supporting Th2 responses and disease progression. Dendritic cells play a crucial role in regulating immune responses by presenting Leishmania antigens to naïve T cells, influencing their differentiation into either Th1 or Th2 cells. Finally, NK cells contribute to the host defense against Leishmania by secreting IFNγ, which enhances the Th1 response, thus aiding in parasite clearance [29,38,58,59]. Figure 1 shows some aspects of the immune defense in leishmaniasis.
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3. [bookmark: 3._Leishmaniasis_Biomarkers]Leishmaniasis Biomarkers
A new study aimed to identify the chemokines and cytokines present in the plasma of patients infected with Leishmania guyanensis, one of the causative agents of cutaneous leishmaniasis. The authors used a multiplex assay to measure the levels of 25 cytokines and chemokines in the plasma of 30 patients with cutaneous leishmaniasis and 30 healthy controls. They found that the levels of several cytokines and chemokines were significantly different between the two groups. For example, the levels of interleukin-1 receptor antagonist (IL-1RA), interleukin-6 (IL-6), and interferon-gamma (IFN-γ) were significantly higher in the plasma of patients with cutaneous leishmaniasis than in healthy controls. Conversely, the levels of interleukin-10 (IL-10) and interleukin-13 (IL-13) were significantly lower in the plasma of patients with cutaneous leishmaniasis than in healthy controls. The authors also performed a principal component analysis (PCA) to identify the cytokines and chemokines that best distinguished between the two groups. They found that the first principal component (PC1) was mainly composed of IL-1RA, IL-6, and IFN-γ, while the second principal component (PC2) was mainly composed of IL-10 and IL-13. The authors suggest that these cytokines and chemokines could be used as biomarkers for the diagnosis and prognosis of cutaneous leishmaniasis. This study provides valuable insights into the cytokine and chemokine profiles of patients with cutaneous leishmaniasis. The study found that cytokines IL-17 and IL1β had the highest positive pair correlations among patients. Biomarker analysis revealed that IP-10, IL-2, and RANTES were the most discriminatory variables in the patient group, while PDGF, IL-1ra, and eotaxin were more prominent in control subjects. The biomarkers IP-10, IL-2, IL-1β, RANTES, and IL-17 demonstrated predictive value for disease progression in Lg-infected individuals. This suggests that these specific cytokines and chemokines could serve as potential indicators for monitoring the development of the disease in infected patients [60]. Table 2 shows Correlation matrices within chemokines, cytokines and growth factors among patients with cutaneous leishmaniasis (A) and healthy controls (B) groups.
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Figure 2. Correlation matrices within chemokines, cytokines and growth factors among patients with cutaneous leishmaniasis (A) and healthy controls (B) groups. Increasing values are represented by colors codes: blue for positive correlation and red for negative correlation. Significance: p< 0.05. Figure taken from open access journal [60].
The authors discuss the limitations of current vaccines against CVL and the need for new approaches. The main focus of the article is on the potential of biomarkers to improve the efficacy of vaccines against CVL. The authors describe the various types of biomarkers that have been studied, including those related to the immune response, parasite load, and genetic factors. Biomarkers are measurable indicators that can be used to diagnose, predict, or monitor the progression of a disease. In the context of canine visceral leishmaniasis (CVL), researchers have studied various types of biomarkers that could improve the efficacy of vaccines against this disease. One type of biomarker that has been studied is related to the immune response. Researchers have identified several immune- related biomarkers that could be used to predict the efficacy of vaccines against CVL. For example, the levels of certain cytokines, such as IFN-γ and IL-10, have been shown to be associated with protection against CVL. Another type of biomarker that has been studied is related to parasite load. Researchers have investigated the use of parasite-specific biomarkers, such as the K39 antigen, to monitor the progression of CVL and assess the efficacy of vaccines. Finally, genetic factors have also been studied as potential biomarkers for CVL. Researchers have identified several genetic polymorphisms that are associated with susceptibility to CVL, including those related to the MHC class II genes. They call for further research in this area and suggest that a better understanding of the immune response to Leishmania infection will be critical to the development of effective vaccines. In summary, this study provides a comprehensive overview of the current state of research on CVL and the potential of biomarkers to improve the efficacy of vaccines against this disease. Their work highlights the need for continued research in this area and provides a valuable resource for researchers and clinicians working to combat CVL [61].
4. [bookmark: 4._Investigation_on_The_effects_of_Treat]Investigation on The effects of Treatment of Human Leishmaniasis
In this study, researchers explored the impact of amphotericin B treatment on patients with leishmaniasis, a parasitic disease. By analyzing cytokine production in peripheral blood mononuclear cells (PBMCs), they found that patients with mucocutaneous leishmaniasis (MCL) exhibited higher

IFN-γ levels compared to those with cutaneous leishmaniasis (CL). Additionally, MCL patients showed increased IL-12 synthesis. These findings highlight potential avenues for controlling protozoan infections through combined use of immunoenhancing agents and antiprotozoal drugs, emphasizing the need for further research in this area [62].
In Sudanese patients with post-kala-azar dermal leishmaniasis (PKDL), two treatments were compared: paromomycin plus miltefosine (Arm 1) and liposomal amphotericin B plus miltefosine (Arm 2). Arm 1 (98.2% cure rate) triggered Th1/Th2/Th17 responses, while Arm 2 (80% cure rate) induced Th1/Th2 responses. Lower IFN-γ, TNF, and IL-1β levels at baseline were linked to relapses in Arm 2. Arm 1 was more effective in low IFN-γ producers. Assessing IFN-γ, TNF, and IL-1β levels before treatment could predict relapse risk and treatment success [63].
5. [bookmark: 5._Vaccines_against_Leishmaniasis]Vaccines against Leishmaniasis
Table 1 shows different types of vaccines against leishmaniasis mainly cutaneous and mucocutaneous leishmaniasis (Tegumentary).
Table 1. Some types of vaccines against Leishmaniasis.
Type of vaccine	Reference

	Killed parasite antigen
	[64]

	Oral immunization using live Lactococcus lactis co-expressing LACK and IL-12
	[65,66]

	Live attenuated Centrin gene-deleted Leishmania vaccine
	[67]

	Live attenuated L. major parasites with p27 gene deletion
	[68]

	Therapeutic vaccine candidate using Leishmania antigens (SLA) and Toll-like receptor (TLR) 7/8 agonist (R848) encapsulated into the poly (lactic-co-glycolic acid) (PLGA)
	[69]

	nanoparticles (NP)
	

	Recombinant protein derived from sandfly saliva against Leishmania infection
	[70–83]


The research revealed that neutrophils play a crucial role in initial host responses to pathogens and can independently activate T cell responses or collaborate indirectly with dendritic cells (DCs). Additionally, direct interactions between neutrophils and T cells were observed following immunization with a live attenuated Leishmania donovani centrin-deleted parasite vaccine (LdCen-/-
). However, the specific role of neutrophil-DC interactions in T cell priming during vaccine immunity remains less understood. The study compared LdCen-/- infection with wild-type parasite (LdWT) both in vitro and in vivo, concluding that LdCen-/- parasites induced increased expression of CCL3 in neutrophils, leading to enhanced recruitment of DCs and a robust proinflammatory response, as well as elevated co-stimulatory molecule expression compared to LdWT infection [84].
In a recent immunology study, researchers explored the dynamic interactions between neutrophils and dendritic cells (DCs) during immune responses. The LdCen-/- parasite induced increased CCL3 expression in neutrophils, leading to enhanced DC recruitment and robust proinflammatory responses, ultimately shaping vaccine-induced immunity [85].
This paper discusses the development of biomarkers for genetically modified live attenuated Leishmania vaccines against leishmaniasis. The study highlights the need for clear biomarkers associated with protection and safety for live attenuated parasite vaccines [86]. The article discusses the development of a vaccine for leishmaniasis. The authors provide a comprehensive overview of the studies conducted by Dr. Nakhasi’s group in developing a vaccine against leishmaniasis based on genetically modified Leishmania lines lacking a centrin-coding gene. They describe the improvements introduced over time and the challenges faced in developing a vaccine for leishmaniasis [67].
This study was conducted by Fiuza JA et al. and aimed to evaluate the efficacy of a live attenuated vaccine against L. infantum in dogs. The researchers used a centrin gene-deleted L.

donovani parasite as a vaccine candidate and tested it on dogs. The results showed that the vaccine was able to induce a protective immune response against L. infantum in dogs. The study also found that the vaccine was safe and did not cause any adverse effects in the dogs. However, further research is needed to evaluate the long-term efficacy of the vaccine and its safety in different dog breeds and ages [87].
The study aimed to evaluate the efficacy of a live attenuated vaccine against Leishmania major and Leishmania infantum in BALB/c mice. The researchers used a p27 gene-deleted L. major parasite as a vaccine candidate and tested it on mice. The results showed that the vaccine was able to induce a protective immune response against L. major and L. infantum in mice. The study also found that the vaccine was safe and did not cause any adverse effects in the mice. The study suggests that vaccination using live attenuated L. major parasites with p27 gene deletion can provide protection against L. major and L. infantum in mice. However, further research is needed to evaluate the long- term efficacy of the vaccine and its safety in different animal models and humans [68].
Th1 concomitant immune response mediated by IFN-γ protects against sand fly delivered Leishmania infection [88]. A novel vaccination approach combining recombinant L. tarentolae (a nonpathogenic lizard protozoan parasite) with a sand fly salivary antigen (PpSP15) shows promise as a protective vaccine against major infection [70]. Figure 3 displays cytokines involved in host protection and disease progression.
Figure 3. Cytokines involved in host protection (yellow), and disease progression (blue). Adapted from [89].

	Cytokine
	Function
	Reference

	IFN-γ
	Activates monocytes and macrophages to produce oxygen radicals
	[90–94]

	IL-2
	Activates T cells and NK cells
	[95,96]

	TNF-α
	Activates the macrophages to kill amastigotes
	[97]

	IL-12
	Drives Th-1 response and IFN-γ production
	[98]

	IL-10
	Inhibits interferon-gamma, IL-1, IL-6, IL-12, and TNF-α production
	[99,100]

	TGF-β
	Enhances arginase expression and polyamines synthesis
	[101–103]

	IL-5
	Favours the parasite growth and dissemination
	[104]

	IL-6
	Favours Th2 response and suppresses macrophage activation
	[105]


Leishmaniasis, a vector-borne disease prevalent in over 100 countries, lacks an available vaccine for human use. Despite evaluating various candidate antigens, comprehensive biomarkers that serve as reliable indicators of protection or exacerbation remain elusive. While host immune factors associated with disease progression have been identified, no definitive biomarkers have emerged. Researchers propose that combining data from animal models and patients could unveil specific immunity biomarkers, potentially guiding vaccine and drug development against leishmaniasis. Four candidate vaccines have been developed to or near to the clinic [106–108]. These are:
1. LEISHF3+ GLA-SE: A recombinant fusion protein delivered with strong Th1-inducing adjuvants.
2. LeishDNAvax: A naked multi-epitope DNA vaccine.


3. ChAd63-KH: An adenovirus-based vaccine.
These vaccines have been proposed to counter cutaneous and also visceral leishmaniasis, which is not the object of study in this review (CL and VL, respectively). However, the authors of the review suggest that more research is needed to determine the safety and efficacy of these vaccines. In addition to these candidate vaccines, researchers are also exploring other vaccine strategies such as the use of sand fly saliva proteins as vaccine candidates [81,109].
6. [bookmark: 6._Conclusion]Conclusion
The immune response to Leishmania spp. varies significantly between mucocutaneous leishmaniasis (ML) and cutaneous leishmaniasis (CL), reflecting distinct disease mechanisms and outcomes. In ML, the balance between interferon-gamma (IFN-γ) and interleukin-10 (IL-10) levels is critical; high IFN-γ and low IL-10 are associated with severe disease, whereas a lower IFN-γ/IL-10 balance correlates with a better prognosis in CL. Factors like the Leishmania RNA virus 1 (LRV1) and extracellular vesicles influence immune responses in ML, complicating disease progression. Diagnostic and prognostic biomarkers, such as cytokines and chemokines, are pivotal in CL. They aid in distinguishing active infections from latent ones and guide treatment decisions. Neutrophils play a dual role in leishmaniasis, contributing to parasite clearance but also potentially exacerbating disease. The NLRP3 inflammasome, crucial for regulating Th1/Th2 responses, can promote disease propagation in susceptible hosts, though its exact role requires further elucidation. Efforts to develop vaccines against cutaneous and mucocutaneous leishmaniasis have employed various strategies. Subunit vaccines, focusing on specific parasite antigens like Leish-111f from Leishmania major, aim to induce protective immunity and have shown promise in trials. Alternatively, whole-parasite vaccines, using live attenuated or killed parasites, mimic natural infection without causing disease. Despite successes in animal models, challenges remain in translating these vaccines to safe and effective human use, especially across diverse Leishmania species and geographical settings. Advancements in vaccine technologies, including recombinant DNA techniques and novel adjuvants, offer hope for overcoming these challenges. Continued research is crucial for developing durable immunity and effective vaccines against these complex and debilitating diseases.
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