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Abstract

Leishmaniasis represents a paradigmatic model of chronic immunopathology in which persistent
intracellular infection results from a finely balanced interaction between parasite survival strategies
and host immune dysfunction. Following transmission by the sand fly vector, Leishmania undergoes
differentiation from the promastigote to the amastigote form, adapting to the acidic, nutrient-limited
environment of the phagolysosome. This adaptation is mediated by specialized transporters,
lysosomal sensing mechanisms, and protein kinase A—dependent signaling pathways that enable
intracellular survival and replication. Within macrophages, the parasite actively remodels the
phagolysosomal niche, alters iron metabolism, and interferes with host signaling cascades, promoting
a shift toward a parasite-permissive phenotype. Innate immune evasion is achieved through inhibition
of reactive oxygen and nitrogen species, modulation of pattern recognition receptor expression, and
suppression of dendritic cell activation and migration, leading to defective priming of adaptive
immunity. Persistent antigen exposure subsequently drives T cell exhaustion, characterized by
diminished effector function and increased expression of inhibitory receptors, particularly in visceral
leishmaniasis and in the context of human immunodeficiency virus coinfection. Concurrently,
cytokine imbalance, marked by impaired interferon gamma production and dominance of
immunosuppressive mediators such as interleukin 10 and transforming growth factor beta, further
compromises immune control. Chronic inflammation emerges as a double-edged sword, contributing

Page 44



http://iaimjournal.com/

Daniel Navarro Morales, Alvaro Calvo Mondragon, Katherine Maroto Monge, Fabiola Alvarez Mora, Heizel Trejos Quiros.
Leishmaniasis as a model of chronic immunopathology: From the intracellular niche to the failure of immune control. Int.

Arch. Integr. Med., 2026; 13(1): 44-55.

both to partial parasite containment and to progressive tissue damage in cutaneous and visceral
disease. Metabolic reprogramming of macrophages, involving shifts toward glycolysis and altered
redox balance, supports parasite persistence while shaping immune responses. The limitations of
conventional antiparasitic therapies, including toxicity, resistance, and restricted accessibility,
highlight the need for alternative approaches. Host-directed therapies targeting immune regulation and
immunometabolic pathways offer promising avenues to restore immune control, reduce pathological
inflammation, and limit long-term parasite persistence.
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Introduction

Leishmania parasites have evolved sophisticated
mechanisms to manipulate host immune
responses in order to ensure their survival and
replication,  thereby  establishing  chronic
infection. A central aspect of this process is the
modulation of local immune responses at the
very early stages of infection, influenced by
factors such as sand fly salivary proteins and the
host microbiota. These elements contribute to
increased disease susceptibility and facilitate
parasite dissemination by shaping a permissive
immunological environment [1].

The persistence of Leishmania major is further
reinforced by the establishment of an
immunosuppressive microenvironment
characterized by the recruitment of regulatory T
cells. These cells suppress effector immune
responses directed against the parasite, limiting
the capacity of the host to achieve sterile
immunity and thereby promoting chronic
infection [2]. This immunosuppressive state
becomes particularly evident in individuals with
compromised immune systems. In patients
receiving tumor necrosis factor antagonists or
methotrexate, immune regulation is further
impaired, resulting in more severe clinical
manifestations and an increased risk of disease
relapse [3].

As infection persists, chronic leishmaniasis
becomes closely associated with T cell
exhaustion, a progressive loss of effector

function that develops during sustained antigen
exposure. Exhausted T cells are characterized by
the expression of inhibitory receptors, including
programmed cell death protein 1 and T cell
immunoreceptor with immunoglobulin and ITIM
domains. This phenotype is particularly
prominent in chronic visceral leishmaniasis and
is exacerbated in patients coinfected with human
immunodeficiency virus, in whom immune
dysfunction is more pronounced [4].

Experimental models have further revealed that
T cell exhaustion in leishmaniasis is not a
uniform process but involves distinct subsets of
exhausted T cells with differing functional
capacities. Subpopulations expressing markers
such as CXCR5 and TIM-3 exhibit variable
degrees of exhaustion, reflecting a balance
between residual immune protection and the
inability to fully eliminate the parasite. While
these subsets may contribute to the maintenance
of long-term immune  responses, they
simultaneously support parasite persistence and
the chronic nature of the infection [5].

Regulatory T cells play a pivotal role in
sustaining this chronic state by exerting antigen-
specific suppression of immune responses.
Through the production of interleukin 10, these
cells inhibit the generation of pro-inflammatory
cytokines, including interferon gamma, which
are essential for effective parasite clearance. This
suppression dampens macrophage activation and
limits the host’s ability to control intracellular
parasite replication [2].
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The accumulation of regulatory T cells at the site
of infection therefore represents a key
determinant of parasite  persistence. By
modulating the immune response, these cells
help prevent excessive tissue damage associated
with  uncontrolled inflammation, yet this
protective effect comes at the cost of allowing
continued parasite survival. This delicate balance
between immune regulation and pathogen
persistence illustrates how leishmaniasis serves
as a compelling model of chronic
immunopathology, in which failure of immune
control arises not from immune inactivity, but
from tightly regulated immunosuppression that
ultimately favors chronic infection [2].

article is to examine
model of chronic

The aim of this
leishmaniasis as a
immunopathology by highlighting  the
mechanisms of immune evasion, T cell
dysfunction, and regulatory immune pathways
that drive parasite persistence and failure of
immune control.

Methodology

For the development of this narrative review on
leishmaniasis as a model of chronic
immunopathology, a comprehensive analysis of
the scientific literature was conducted with the
aim of examining the immunological
mechanisms underlying parasite persistence,
including immune evasion strategies,
establishment of the intracellular niche,
regulatory immune pathways, and failure of
effective immune control. Emphasis was placed
on host—parasite interactions, T cell dysfunction,
regulatory T cell activity, and the immunological
determinants of chronic infection.

The review was based on the consultation of
well-established scientific databases, including
PubMed, Scopus, and Web of Science, selected
for their relevance in immunology, infectious
diseases,  parasitology, and translational
medicine. Inclusion and exclusion criteria were
applied to ensure methodological rigor and
relevance. Articles published between 2020 and

2025 in English or Spanish were included if they
addressed key topics such as immune evasion
mechanisms of Leishmania, host immune
responses, T cell exhaustion, regulatory immune

networks, and immunopathological
consequences of chronic infection. Studies
lacking peer review, presenting incomplete

immunological data, or containing duplicated
content were excluded. Keywords used in the
search strategy included: Leishmaniasis, chronic
immunopathology, immune evasion, T cell
exhaustion, immunometabolism, host-directed
therapy.

The initial search yielded relevant sources,
comprising original research articles,
experimental studies, narrative and systematic
reviews, and consensus documents from
recognized scientific societies in immunology
and infectious diseases. These sources were
critically analyzed to extract data related to
intracellular  survival mechanisms, immune
regulatory pathways, and the immunological
basis of parasite persistence.

Artificial intelligence tools were used as
complementary support for literature synthesis,
thematic organization, and identification of
conceptual relationships among studies. This
approach facilitated coherent integration of
complex immunological concepts and enhanced
structural consistency across sections.

The analysis followed a qualitative and
integrative approach. Findings were organized
thematically to delineate key
immunopathological ~ mechanisms,  identify
convergent pathways of immune failure, and
highlight  translational ~ implications  for
therapeutic strategies targeting host immune
regulation. This methodology allowed for a
structured and evidence-based overview of
leishmaniasis as a paradigm of chronic
immunopathology.

Biology of Leishmania and establishment
of the intracellular niche
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Leishmania undergoes a complex life cycle
transition from the promastigote form within the
sand fly vector to the amastigote form inside the
mammalian host. This transformation is a critical
step for parasite survival and is driven by the
need to adapt to the markedly different
intracellular ~ conditions  encountered  after
transmission. Upon phagocytosis by host cells,
the parasite is exposed to the acidic, nutrient-
limited environment of the phagolysosome.
Successful adaptation to this hostile compartment
is mediated by specific transmembrane
transporters that are essential for maintaining
nutrient acquisition and ionic homeostasis,
allowing the parasite to withstand metabolic
stress and sustain intracellular viability [6].
Environmental sensing within the lysosome plays
a decisive role in this process, with protein
kinase A acting as a key molecular sensor that
detects lysosomal cues and initiates the
differentiation program leading to the amastigote
stage [7].

Following transmission, cell invasion represents
another pivotal step in the establishment of
infection. Leishmania displays remarkable
flexibility in its capacity to invade both
professional phagocytes, such as macrophages,
and non-professional phagocytes, including
fibroblasts. This invasion is not a passive process
but involves active manipulation of host cell
endocytic pathways, enabling the parasite to
enter cells through mechanisms that vary
according to the infecting Leishmania species
[8]. A central factor in this process is
lipophosphoglycan, a major surface virulence
molecule that facilitates parasite entry while
simultaneously subverting host antimicrobial
defenses. By interfering with host signaling and
phagosome  maturation,  lipophosphoglycan
enhances parasite internalization and early
survival within host cells [9].

Once established within the intracellular
compartment, Leishmania undergoes further
adaptations to ensure long-term persistence and
replication. The parasite actively induces

metabolic reprogramming of the host cell,
including  stimulation ~ of  mitochondrial
biogenesis, thereby reshaping cellular

metabolism to favor its own growth and energy
demands [8]. In parallel, Leishmania modulates
host cell death pathways to preserve the integrity
of its intracellular niche. By inhibiting apoptosis
and pyroptosis, the parasite prevents premature
host cell death, ensuring a stable environment for
sustained replication [10]. These adaptive
strategies are tightly linked to lysosomal sensing
mechanisms, in which temperature shifts and pH
changes serve as essential signals regulating
intracellular development and survival of the
amastigote form [7].

The macrophage as a permissive niche

Leishmania establishes its intracellular niche
within the phagolysosomes of macrophages,
where it adapts to acidic conditions and
temperature shifts that act as critical signals for
differentiation into its intracellular amastigote
form. Rather than being eliminated by this
hostile environment, the parasite exploits
lysosomal cues to initiate its developmental
program. In this context, protein kinase A
functions as a pivotal regulator, acting as a
molecular gatekeeper of lysosomal signaling
pathways that govern parasite differentiation and
intracellular ~ survival. The capacity of
Leishmania to  actively  modulate the
phagolysosomal  environment is therefore
fundamental to its ability to persist and replicate
within host cells [7].

Beyond environmental sensing, Leishmania
profoundly alters iron metabolism within
infected macrophages. Iron represents a critical
resource for both parasite survival and effective
host immune responses, making its regulation a
central aspect of host—parasite interaction. By
competing  with  macrophages for iron
availability, Leishmania disrupts key
antimicrobial functions and favors conditions
that support its intracellular persistence. This
competition has prompted the exploration of
novel therapeutic approaches aimed at restoring
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macrophage antimicrobial capacity. In this
regard, iron oxide nanoparticles have emerged as
a potential strategy to reprogram macrophages
from a parasite-permissive M2 phenotype toward
a leishmanicidal M1 phenotype, thereby
enhancing host defense mechanisms against
intracellular parasites [11].

In  parallel, Leishmania interferes with
macrophage signaling pathways through the
action of specific virulence factors that modulate
kinase and phosphatase activities. Molecules
such as eEF-la and LmjF 36 3850 alter
intracellular signaling cascades, leading to
changes in the production of key cytokines,
including interleukin 12 and interleukin 10,
which are central regulators of immune
activation and suppression [12]. By skewing this
cytokine balance, the parasite further weakens
effective antimicrobial responses. Additionally,
Leishmania exploits host regulatory proteins
such as Yin Yang 1 within macrophages, co-
opting host cell biology to promote its own
survival and replication. Through this
multifaceted  manipulation of intracellular
signaling networks, the parasite reinforces a
cellular environment that favors immune evasion
and chronic infection [13].

Evasion of innate immunity

Leishmania parasites employ multiple strategies
to subvert the microbicidal functions of
phagocytic cells, particularly macrophages, as
part of their capacity to establish persistent
infection. A central mechanism of this immune
evasion involves the inhibition of reactive
oxygen and nitrogen species, which are key
effector molecules in the innate immune
response and are essential for the intracellular
killing of pathogens. By attenuating the
production of these reactive intermediates,
Leishmania significantly reduces the
leishmanicidal capacity of macrophages, thereby
creating a permissive intracellular environment
that favors parasite survival and long-term
persistence [14].

In addition to impairing macrophage effector
functions, Leishmania  alters pathogen
recognition mechanisms by modulating the
expression of pattern recognition receptors on
dendritic cells. These receptors are fundamental
for sensing microbial components and initiating
effective  immune  responses.  Leishmania
donovani has been shown to downregulate the
expression of C-type lectin receptor 2 on
dendritic cells, a change that compromises their
ability to migrate to regional lymph nodes. As a
consequence, antigen presentation to naive T
cells is impaired, leading to defective priming of
adaptive immunity and delayed or insufficient
immune activation [15].

Dendritic cell dysfunction is further reinforced
by direct interference with signaling pathways
that regulate their activation and maturation.
Leishmania donovani suppresses dendritic cell
activation through engagement of the TIM-3
receptor, resulting in reduced expression of
costimulatory molecules and diminished capacity
to stimulate antileishmanial T cell responses
[16]. This inhibitory signaling contributes to an
immune environment that favors tolerance rather
than effective pathogen clearance. Moreover, the
parasite induces the secretion of transforming
growth factor beta from dendritic cells, a
cytokine with potent immunosuppressive effects.
Increased transforming growth factor beta
production further inhibits dendritic cell function
and migration, amplifying defects in antigen
presentation and immune coordination [14].

Dysfunctional adaptive immune response

Leishmania establishes its intracellular niche
within ~ the  phagolysosome, an  acidic
compartment of macrophages that is essential for
parasite survival and for the differentiation from
promastigote to amastigote forms. Rather than
being eliminated by this hostile environment, the
parasite exploits the acidic conditions of the
phagolysosome as a developmental signal. The
low pH acts as a trigger for stage conversion, a
process in which protein kinase A plays a central
role by sensing lysosomal cues and initiating the
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molecular programs required for amastigote
differentiation [7, 17].

The acidic milieu of the phagolysosome also has
important implications for ion homeostasis and
drug accumulation. Low pH conditions facilitate
the so-called ion trapping mechanism, which
promotes the intracellular accumulation of
leishmanicidal compounds such as quinolines
within the phagolysosomal compartment [14]. At
the same time, this environment profoundly
influences iron metabolism, a critical factor for
both host and parasite survival. Leishmania
actively competes with macrophages for iron, a

nutrient required for essential metabolic
processes, thereby modulating macrophage
activation status and influencing cellular
phenotype [11].

Beyond metabolic adaptation, Leishmania
interferes with key macrophage signaling
pathways to further secure its intracellular

survival. The parasite deploys virulence factors
that modulate host kinase and phosphatase
activities, leading to broad alterations in immune
signaling cascades and dampening of effective
antimicrobial responses [12]. Because of this
signaling interference, macrophage polarization
is shifted away from a pro-inflammatory M1
phenotype toward an anti-inflammatory M2
phenotype. This phenotypic reprogramming
creates an intracellular environment that is more
permissive to parasite survival and replication,

reinforcing chronic infection and immune
evasion [11].
Chronic  inflammation and  tissue

immunopathology

Persistent antigen exposure represents a central
mechanism driving immune dysfunction in
leishmaniasis. In visceral leishmaniasis, chronic
infection is associated with progressive T cell
exhaustion, a state characterized by reduced
effector function and an impaired capacity to
respond to antigenic restimulation. This
phenomenon is largely driven by sustained
parasite burden and prolonged infection, which

together promote continuous antigen presentation
and the upregulation of inhibitory receptors on T
cells, ultimately undermining effective immune
control [18].

In parallel, Leishmania actively modulates
inflammasome activation as part of its immune
evasion  strategy. By interfering  with
inflammasomal signaling pathways, the parasite
is able to sustain its presence within the host
while maintaining a state of low-grade but
persistent inflammation. This altered
inflammasome activity contributes directly to the
chronicity of infection, as it allows continued
immune stimulation without effective pathogen
elimination [19].

The host immune response plays a dual and
paradoxical role in this context. While
inflammation is essential for parasite control,
sustained activation of inflammatory pathways
contributes significantly to tissue damage.
Inflammasomal  markers are  consistently
activated in both visceral leishmaniasis and post-
kala-azar dermal leishmaniasis, reflecting an
ongoing inflammatory response that targets
parasite-containing tissues but also drives local
pathology [19].

CD8 T cells exemplify this dual role of the
immune response. Although these cells are
critical for controlling intracellular pathogens,

their effector functions can also promote
immune-mediated  tissue injury. Cytotoxic
activity and  pro-inflammatory  cytokine
production by CD8 T cells can exacerbate
inflammation,  particularly  in  cutaneous
leishmaniasis,  where  excessive  immune
activation correlates with increased tissue

damage [20, 21].

In cutaneous leishmaniasis, tissue damage is
closely linked to a highly inflammatory
microenvironment characterized by a
pronounced CD8* T cell immunosenescence
signature. Senescent T cells and natural Killer
cells contribute to the maintenance of chronic
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inflammation,  thereby intensifying lesion
severity and impairing tissue repair mechanisms
[21].

Similarly, in visceral leishmaniasis, prolonged
immune activation and persistent parasite
survival lead to significant damage to visceral
organs. The combined effects of ongoing
inflammation and sustained antigenic stimulation
contribute to progressive pathology in organs
such as the liver and spleen, underscoring the
central role of host-mediated immune responses
in disease progression [1].

Failure of immune control

Functional depletion of T cells represents a
central mechanism underlying the failure of
immune control in visceral leishmaniasis.
Chronic infection is associated with progressive
T cell exhaustion, a state characterized by
diminished effector capacity and an impaired
ability to respond to antigenic restimulation.
Sustained parasite persistence and prolonged
antigen exposure drive this dysfunctional
immune profile, ultimately weakening cellular
immunity and favoring disease chronicity [18].

This phenomenon is particularly pronounced in
patients coinfected with visceral leishmaniasis
and human immunodeficiency virus. In this
population, profound immunosuppression is
reflected by low CD4* T cell counts and high
expression of inhibitory receptors such as
programmed cell death protein 1 on T cells.
These immunological alterations are strongly
associated with disease relapse, underscoring the
critical role of sustained T cell function in long-
term disease control rather than solely clinical or
parasitological factors [22].

Cytokine dysregulation further contributes to
immune failure in visceral leishmaniasis.
Cytokines play a dual and context-dependent
role, with certain mediators such as interferon
gamma and interleukin 12 promoting protective
immune responses, while others, including
interleukin 10 and transforming growth factor

beta, drive immunosuppression and disease
progression [23]. Effective immune control
depends on a delicate balance between these
opposing signals. In visceral leishmaniasis and
human immunodeficiency virus coinfection, the
inability to restore antigen-specific interferon
gamma production has been directly linked to
relapse, highlighting the central importance of
cytokine equilibrium in maintaining protective
immunity [22].

Beyond immunological dysfunction induced by
infection, host genetic and environmental factors
also modulate susceptibility and disease
outcome. Variations in genes involved in
immune regulation can influence both the risk of
developing visceral leishmaniasis and the
effectiveness of the host immune response once
infection is established [24]. Environmental
factors, particularly coinfections such as human
immunodeficiency virus, further exacerbate
immune impairment, amplifying  cytokine
imbalance, accelerating T cell exhaustion, and
increasing the likelihood of relapse [22].

Immunometabolism in chronic
leishmaniasis
Infection with Leishmania species induces

profound  metabolic  reprogramming  in
macrophages,  reshaping  cellular  energy
pathways in a manner that supports parasite
survival within host cells. This reprogramming is
characterized by increased energy metabolism,
with elevated glycolytic activity and enhanced
oxygen consumption rates observed in infected
macrophages. These metabolic changes create a
cellular environment that accommodates the
intracellular demands of the parasite while
sustaining its long-term persistence [25].

Among these changes, modulation of the urea
cycle, amino acid metabolism, and glutathione
metabolism plays a critical role in determining
the outcome of infection. These pathways are
influenced by the presence or absence of
parasite-derived arginase, which directly affects
arginine availability and downstream nitric oxide
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production, a key effector mechanism in
macrophage-mediated parasite killing. Through
these metabolic adjustments, Leishmania alters
redox balance and nitrogen metabolism, thereby
weakening  antimicrobial ~ responses  and
promoting intracellular survival [26].

A central feature of macrophage metabolic
reprogramming during infection is a shift toward
glycolysis. This glycolytic bias supports key
antileishmanial functions of innate immune cells,
including the production of reactive oxygen
species, which are essential for pathogen control.
In this context, glycolysis provides rapid
metabolic intermediates required for immune
activation, mirroring metabolic patterns observed
in other activated immune cells such as
neutrophils [27].

Oxidative phosphorylation remains important for
maintaining cellular redox homeostasis by
supplying nicotinamide adenine dinucleotide
phosphate, which is required for effective
oxidative bursts. Although oxidative
phosphorylation does not contribute substantially
to adenosine triphosphate generation in infected
macrophages, its role in supporting reactive
oxygen species production underscores the
complexity of metabolic adaptations during
infection [27].

Collectively, these metabolic adaptations
facilitate immune evasion by Leishmania,
enabling chronic infection and long-term

persistence within the host. By reprogramming
macrophage metabolism, the parasite dampens
effective  antimicrobial  responses  while
maintaining host cell viability [28]. Importantly,
experimental evidence indicates that
pharmacological targeting of key metabolic
pathways can significantly reduce parasite
burdens, highlighting metabolic modulation as a
promising therapeutic avenue to enhance host
immune responses and limit parasitic persistence
[29, 30].

Therapeutic implications

Conventional antiparasitic  treatments  for
leishmaniasis face several important limitations
that restrict their effectiveness and broader
implementation. Widely used drugs such as
antimonials, amphotericin B, and miltefosine are
frequently associated with significant toxicity
and adverse side effects, which limit their
tolerability and complicate treatment adherence,
particularly during prolonged therapeutic courses
[30, 31].

In parallel, the emergence and spread of drug-
resistant Leishmania strains have progressively
undermined the  efficacy of  existing
pharmacological options. Resistance mechanisms
have been increasingly reported across endemic
regions, leading to treatment failure and higher
relapse rates, thereby complicating disease
management and control efforts [30]. This
growing resistance highlights the limitations of
relying  exclusively on  parasite-targeted
therapies. Furthermore, the high cost and limited
accessibility of effective antileishmanial drugs
pose additional barriers, particularly in resource-
limited settings where leishmaniasis is most
prevalent. Financial constraints, supply chain
limitations, and the need for hospitalization for
certain treatments significantly restrict equitable
access to care [31, 32].

In response to these challenges, host-directed
therapies have emerged as a promising
complementary strategy. Rather than targeting
the parasite directly, these approaches aim to
modulate the host immune response to enhance
intrinsic mechanisms of parasite control. By
restoring or strengthening effective immune
pathways, host-directed therapies offer the
potential to limit infection while reducing
selective pressure for drug resistance [33, 34].

An important aspect of this strategy involves
drug repurposing.  Anti-inflammatory  and
immunomodulatory drugs with well-
characterized safety profiles are being explored
for their potential to reduce disease severity and
modulate pathogenic immune responses in
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leishmaniasis. The use of such agents may
accelerate  therapeutic  development  while
minimizing safety uncertainties associated with
novel compounds [33]. In addition, network-
based approaches have been employed to
identify critical host cell targets that are essential
for parasite survival. By mapping host—parasite
interaction  networks, these methodologies
facilitate the identification of existing drugs
capable of modulating host functions exploited
by Leishmania, thereby opening new avenues for
therapeutic intervention [34].

Conclusion

emergence of drug resistance, underscore the
need for complementary host-directed strategies.
Accumulating evidence on immunometabolism,
immune regulation, and host—parasite interaction
networks support the development of host-

targeted therapies and drug repurposing
approaches aimed at restoring immune control,
mitigating  pathological inflammation, and

ultimately limiting parasite persistence.

References

The ability of Leishmania to establish and
maintain a stable intracellular niche represents
the central axis of its chronic pathogenicity.
Adaptation to the acidic phagolysosomal
environment, sensing of lysosomal cues through
mechanisms such as protein kinase A activation,
and manipulation of host metabolic and cell
death pathways allow the parasite not only to
survive but also to differentiate and replicate
persistently within host cells. These biological
adaptations transform an otherwise microbicidal
compartment into a permissive environment,
laying the foundation for long-term infection.

The immunopathology of leishmaniasis arises
from a complex interplay between immune
evasion and sustained inflammatory activation.
While Leishmania suppresses key components of
innate and adaptive immunity including reactive

oxygen and nitrogen species production,
dendritic  cell activation, and effective
macrophage polarization persistent antigen

exposure drives progressive T cell exhaustion
and profound cytokine dysregulation. This
imbalance results in an immune response that is
insufficient to eliminate the parasite yet
sufficiently active to promote chronic tissue
damage in both cutaneous and visceral disease.

Recognizing leishmaniasis as a model of chronic
immunopathology has  direct therapeutic
implications. The limitations of conventional
antiparasitic treatments, together with the

1. Pacheco T, Volpedo G, Verma C, Satoskar
AR. Understanding the immune responses
involved in mediating protection or
immunopathology during leishmaniasis.
Biochemical Society Transactions
[Internet]. 2021 jan 15;49(1):297-311.
Available
from:https://doi.org/10.1042/bst20200606

2. Zayats R, Mou Z, Yazdanpanah A, Lopez
P, Koh WH, Uzonna JE, et al. Regulatory
T cells aid Leishmania major immune
evasion by suppressing effector responses
against the parasite in an antigen-specific
manner. The Journal Of Immunology
[Internet]. 2023 may
15;210(Supplement_1):248.07. Available
from:https://doi.org/10.4049/jimmunol.21
0.supp.248.07

3. Bernardo L, Solana JC, Sanchez C, Torres
A, Reyes-Cruz EY, Carrillo E, etal.
Immunosuppressants alter the immune
response associated with Glucantime®
treatment for Leishmania infantum
infection in a mouse model. Frontiers In
Immunology [Internet]. 2023 dec 1;14.
Available
from:https://doi.org/10.3389/fimmu.2023.
1285943

4. De Vrij N, Pollmann J, Rezende AM,
Ibarra-Meneses AV, Pham TT,
Hailemichael W, etal. Persistent T cell
unresponsiveness associated with chronic
visceral leishmaniasis in HIV-coinfected
patients. Communications Biology
[Internet]. 2024 may 3;7(1):524. Available

Page 52


https://doi.org/10.1042/bst20200606
https://doi.org/10.4049/jimmunol.210.supp.248.07
https://doi.org/10.4049/jimmunol.210.supp.248.07
https://doi.org/10.3389/fimmu.2023.1285943
https://doi.org/10.3389/fimmu.2023.1285943
https://doi.org/10.3389/fimmu.2023.1285943

Daniel Navarro Morales, Alvaro Calvo Mondragon, Katherine Maroto Monge, Fabiola Alvarez Mora, Heizel Trejos Quiros.
Leishmaniasis as a model of chronic immunopathology: From the intracellular niche to the failure of immune control. Int.
Arch. Integr. Med., 2026; 13(1): 44-55.

from:https://doi.org/10.1038/s42003-024-
06225-2

Diupotex M, Zamora-Chimal J, Gajon JA,
Bonifaz LC, Becker I. CXCR5 and TIM-3
expressions define distinct exhausted T
cell subsets in experimental cutaneous
infection with Leishmania mexicana.
Frontiers In Immunology [Internet]. 2023
aug 25:14:1231836. Available

10.

11.

Fernandes J, Zamboni D. Mechanisms
regulating host cell death during
Leishmania infection. mBio [Internet].
2024 oct 11;15(11):e0198023. Available
from:https://doi.org/10.1128/mbio.01980-
23

Palomino C, Moreno E, Irache JM,
Espuelas S. Targeting and activation of
macrophages in leishmaniasis. A focus on

from:https://doi.org/10.3389/fimmu.2023. iron oxide nanoparticles. Frontiers In
1231836 Immunology  [Internet]. 2024  aug
Albuquerque A, McCoy C, Neish R, 15;15:1437430. Available

Dobramysl U, Alagdz C, Beneke T, et al.
TransLeish: Identification of membrane
transporters essential for survival of
intracellular Leishmania parasites in a
systematic gene deletion screen. Nature
Communications [Internet]. 2025 jan
2;16(1):299. Available
from:https://doi.org/10.1038/s41467-024-
55538-7

Zilberstein D. Lysosome Sensing Is a Key

12.

13.

from:https://doi.org/10.3389/fimmu.2024.
1437430

Gurjar D, Bodhale N, Shukla D, Nayak D,
Lenka N, Saha B. Manipulation of
macrophage signaling by Leishmania
virulence factors. Virulence [Internet].
2025 sep 8;16(1):2549802. Available
from:https://doi.org/10.1080/21505594.20
25.2549802

Nandan D, Longowal DK, Reiner N. Yin

Mechanism in Leishmania Intracellular Yang 1: Role in Leishmaniasis. Cells
Development. Frontiers In Microbiology [Internet]. 2025 jul 25;14(15):1149.
[Internet]. 2021 may 7;12:667807. Available

Available from:https://doi.org/10.3390/cells1415114

from:https://doi.org/10.3389/fmich.2021.6
67807

Brigida R, Da Cruz A, De Castro F, Costa
B, Rodrigues A. Impact of 2D versus 3D
fibroblast models on Leishmania species
invasion in vitro: Rab5 dynamics and actin
activity in initial infection. Frontiers In

14.

9

Volpedo G, Pacheco-Fernandez T,
Bhattacharya P, Oljuskin T, Dey R,
Gannavaram S, et al. Determinants of
Innate Immunity in Visceral Leishmaniasis
and Their Implication in Vaccine
Development. Frontiers In Immunology

Cellular And Infection Microbiology [Internet]. 2021 oct 12;12:748325.
[Internet]. 2025 aug 18;15:1654654. Available
Available from:https://doi.org/10.3389/fimmu.2021.

from:https://doi.org/10.3389/fcimb.2025.1
654654

Ospina H, Guay M, Descoteaux A.
Macrophage Mitochondrial Biogenesis
and Metabolic Reprogramming Induced by
Leishmania donovani Require
Lipophosphoglycan and Type | Interferon
Signaling. mBio [Internet]. 2022 oct
12;13(6):e0257822. Available
from:https://doi.org/10.1128/mbio.02578-
22

15.

748325

Yadav M, Akhtar MdN, Mishra M, Kumar
S, Kumar R, Shubham, et al. Leishmania
donovani  Attenuates Dendritic  Cell
Trafficking to Lymph Nodes by Inhibiting
C-Type Lectin Receptor 2 Expression via
Transforming Growth Factor-p.
Microbiology Spectrum [Internet]. 2023
may 1;11(3):e0412222. Available
from:http://dx.doi.org/10.1128/spectrum.0
4122-22

Page 53


https://doi.org/10.1038/s42003-024-06225-2
https://doi.org/10.1038/s42003-024-06225-2
https://doi.org/10.3389/fimmu.2023.1231836
https://doi.org/10.3389/fimmu.2023.1231836
https://doi.org/10.3389/fimmu.2023.1231836
https://doi.org/10.1038/s41467-024-55538-7
https://doi.org/10.1038/s41467-024-55538-7
https://doi.org/10.3389/fmicb.2021.667807
https://doi.org/10.3389/fmicb.2021.667807
https://doi.org/10.3389/fmicb.2021.667807
https://doi.org/10.3389/fcimb.2025.1654654
https://doi.org/10.3389/fcimb.2025.1654654
https://doi.org/10.3389/fcimb.2025.1654654
https://doi.org/10.1128/mbio.02578-22
https://doi.org/10.1128/mbio.02578-22
https://doi.org/10.1128/mbio.01980-23
https://doi.org/10.1128/mbio.01980-23
https://doi.org/10.3389/fimmu.2024.1437430
https://doi.org/10.3389/fimmu.2024.1437430
https://doi.org/10.3389/fimmu.2024.1437430
https://doi.org/10.1080/21505594.2025.2549802
https://doi.org/10.1080/21505594.2025.2549802
https://doi.org/10.1080/21505594.2025.2549802
https://doi.org/10.3390/cells14151149
https://doi.org/10.3390/cells14151149
https://doi.org/10.3390/cells14151149
https://doi.org/10.3389/fimmu.2021.748325
https://doi.org/10.3389/fimmu.2021.748325
https://doi.org/10.3389/fimmu.2021.748325
http://dx.doi.org/10.1128/spectrum.04122-22
http://dx.doi.org/10.1128/spectrum.04122-22

Daniel Navarro Morales, Alvaro Calvo Mondragon, Katherine Maroto Monge, Fabiola Alvarez Mora, Heizel Trejos Quiros.
Leishmaniasis as a model of chronic immunopathology: From the intracellular niche to the failure of immune control. Int.
Arch. Integr. Med., 2026; 13(1): 44-55.

16.

17.

18.

19.

20.

21.

Akhtar M, Kumar S, Sen P. Leishmania
donovani Impedes Antileishmanial
Immunity by Suppressing Dendritic Cells
via the TIM-3 Receptor. mBio [Internet].
2022 aug 12;13(4):e0330921. Available
from:https://doi.org/10.1128/mbio.03309-
21

Romero A. Are basic and lipophilic chain
groups highly required in leishmanicidal
quinolines to favor the phagolysosome

accumulation? Frontiers In  Chemistry
[Internet]. 2025 aug 21;13:1655979.
Available

from:https://doi.org/10.3389/fchem.2025.1
655979

Costa J, Trindade G, Almeida P, Silva J,
Carregaro V. T Lymphocyte Exhaustion
During Human and Experimental Visceral
Leishmaniasis. Frontiers In Immunology
[Internet]. 2022 may 2;13:835711.
Available
from:https://doi.org/10.3389/fimmu.2022.
835711

Bhattacharya S, Chakraborty S, Manna D,
Thakur P, Chakravorty N, Mukherjee B.
Deciphering the intricate dynamics of
inflammasome regulation in visceral and
post-kala-azar dermal leishmaniasis: A
meta-analysis of consistencies. Acta
Tropica [Internet]. 2024 jul 2;257:107313.
Available
from:https://doi.org/10.1016/j.actatropica.
2024.107313

Fowler E, Novais F. Step-by-step: the CD8
T cell journey in leishmaniasis. mBio
[Internet]. 2025 sep 15;16(10):e0353723.
Available
from:https://doi.org/10.1128/mbio0.03537-
23

Fantecelle C, Covre L, De Moura R, De
Matos Guedes HL, Amorim CF, Scott P,
etal. Transcriptomic landscape of skin
lesions in cutaneous leishmaniasis reveals
a strong CD8+ T cell immunosenescence
signature linked to immunopathology.
Immunology  [Internet]. 2021  aug

22.

23.

24.

25.

26.

27.

25;164(4):754-65. Available
from:https://doi.org/10.1111/imm.13410
Takele Y, Mulaw T, Adem E, Shaw CJ,
Franssen SU, Womersley R, etal.
Immunological factors, but not clinical
features, predict visceral leishmaniasis
relapse in patients co-infected with HIV.
Cell Reports Medicine [Internet]. 2021 dec
30;3(1):100487. Available
from:https://doi.org/10.1016/j.xcrm.2021.1
00487

Samant M, Sahu U, Pandey SC, Khare P.
Role of Cytokines in Experimental and
Human Visceral Leishmaniasis. Frontiers
In Cellular And Infection Microbiology
[Internet]. 2021 feb  18;11:6240009.
Available
from:https://doi.org/10.3389/fcimb.2021.6
24009

Paton H, Sarkar P, Gurung P. An overview
of host immune responses against
Leishmania spp. infections. Human
Molecular Genetics [Internet]. 2025 apr
27;34(R1):R83-109. Available
from:https://doi.org/10.1093/hmg/ddaf043
De Oliveira E, Tibarcio R, Duarte G, Lago
A, De Melo L, Nunes S, etal.
Pharmacological inhibition of key
metabolic pathways attenuates Leishmania
spp infection in macrophages. PLO0S
Neglected Tropical Diseases [Internet].
2025 jan 7;19(1):e0012763. Available
from:https://doi.org/10.1371/journal.pntd.0
012763

Mamani M, Muxel S, Acufa S, Floeter L,
Barbas C, Lopez A. Metabolomic
Reprogramming of C57BL/6-
Macrophages during Early Infection with
L. amazonensis. International Journal Of
Molecular Sciences [Internet]. 2021 jun
26;22(13):6883. Available
from:https://doi.org/10.3390/ijms2213688
3

Ohms M, Ferreira C, Busch H, Wohlers 1,
De Souza ACG, Silvestre R, etal.
Enhanced Glycolysis Is Required for
Antileishmanial Functions of Neutrophils

Page 54


https://doi.org/10.1128/mbio.03309-21
https://doi.org/10.1128/mbio.03309-21
https://doi.org/10.3389/fchem.2025.1655979
https://doi.org/10.3389/fchem.2025.1655979
https://doi.org/10.3389/fchem.2025.1655979
https://doi.org/10.3389/fimmu.2022.835711
https://doi.org/10.3389/fimmu.2022.835711
https://doi.org/10.3389/fimmu.2022.835711
https://doi.org/10.1016/j.actatropica.2024.107313
https://doi.org/10.1016/j.actatropica.2024.107313
https://doi.org/10.1016/j.actatropica.2024.107313
https://doi.org/10.1128/mbio.03537-23
https://doi.org/10.1128/mbio.03537-23
https://doi.org/10.1111/imm.13410
https://doi.org/10.1016/j.xcrm.2021.100487
https://doi.org/10.1016/j.xcrm.2021.100487
https://doi.org/10.1016/j.xcrm.2021.100487
https://doi.org/10.3389/fcimb.2021.624009
https://doi.org/10.3389/fcimb.2021.624009
https://doi.org/10.1093/hmg/ddaf043
https://doi.org/10.1371/journal.pntd.0012763
https://doi.org/10.1371/journal.pntd.0012763
https://doi.org/10.1371/journal.pntd.0012763
https://doi.org/10.3390/ijms22136883
https://doi.org/10.3390/ijms22136883
https://doi.org/10.3390/ijms22136883

Daniel Navarro Morales, Alvaro Calvo Mondragon, Katherine Maroto Monge, Fabiola Alvarez Mora, Heizel Trejos Quiros.
Leishmaniasis as a model of chronic immunopathology: From the intracellular niche to the failure of immune control. Int.
Arch. Integr. Med., 2026; 13(1): 44-55.

28.

29.

30.

31.

Upon Infection  With  Leishmania
donovani. Frontiers In  Immunology
[Internet]. 2021 mar 19;12. Available
from:https://doi.org/10.3389/fimmu.2021.
632512

Cui H, Wang M, lJiao S, Tian S, Liu H,
Luo B. Macrophages in chronic infections:
regulation and remodeling. Frontiers In
Immunology  [Internet]. 2025  jul
17;16:1594988. Available
from:https://doi.org/10.3389/fimmu.2025.
1594988

Gauthier T, Chen W. Modulation of
Macrophage Immunometabolism: A New
Approach to Fight Infections. Frontiers In
Immunology  [Internet]. 2022  jan
29;13:780839. Available
from:https://doi.org/10.3389/fimmu.2022.
780839

Singh V, Tiwari R, Rajneesh, Kumar A,
Chauhan SB, Sudarshan M, etal.
Advancing Treatment for Leishmaniasis:
From  Overcoming Challenges to
Embracing Therapeutic Innovations. ACS
Infectious Diseases [Internet]. 2024 dec
31;11(1):47-68. Available
from:https://doi.org/10.1021/acsinfecdis.4
c00693

Tambe S, Nag S, Pandya SR, Kumar R,
Balakrishnan K, Kumar R, etal.
Revolutionizing Leishmaniasis Treatment

32.

33.

34.

with Cutting Edge Drug Delivery Systems
and Nanovaccines: An Updated Review.
ACS Infectious Diseases [Internet]. 2024
jun 3;10(6):1871-89. Available
from:https://doi.org/10.1021/acsinfecdis.4
c00010

Abbasi E. A Perspective on Human
Leishmaniasis and Novel Therapeutic
Methods for Diagnosis, Prevention and

Treatment. The Pediatric Infectious
Disease Journal [Internet]. 2025 may
28;44(10):e369-73. Available

from:https://doi.org/10.1097/inf.00000000
00004876

Novais F, Amorim C, Scott P. Host-
Directed Therapies for  Cutaneous
Leishmaniasis. Frontiers In Immunology
[Internet]. 2021 mar 26;12:660183.
Available
from:https://doi.org/10.3389/fimmu.2021.
660183

Martinez J, Hammoud Z, De Sousa AM,
Kramer F, Monte-Neto RLD, Maracaja-
Coutinho V, etal. Network-Based
Approaches Reveal Potential Therapeutic
Targets for Host-Directed Antileishmanial
Therapy Driving Drug Repurposing.
Microbiology Spectrum [Internet]. 2021
oct 20;9(2):€0101821. Available
from:https://doi.org/10.1128/spectrum.010
18-21

Page 55


https://doi.org/10.3389/fimmu.2021.632512
https://doi.org/10.3389/fimmu.2021.632512
https://doi.org/10.3389/fimmu.2021.632512
https://doi.org/10.3389/fimmu.2025.1594988
https://doi.org/10.3389/fimmu.2025.1594988
https://doi.org/10.3389/fimmu.2025.1594988
https://doi.org/10.3389/fimmu.2022.780839
https://doi.org/10.3389/fimmu.2022.780839
https://doi.org/10.3389/fimmu.2022.780839
https://doi.org/10.1021/acsinfecdis.4c00693
https://doi.org/10.1021/acsinfecdis.4c00693
https://doi.org/10.1021/acsinfecdis.4c00693
https://doi.org/10.1021/acsinfecdis.4c00010
https://doi.org/10.1021/acsinfecdis.4c00010
https://doi.org/10.1021/acsinfecdis.4c00010
https://doi.org/10.1097/inf.0000000000004876
https://doi.org/10.1097/inf.0000000000004876
https://doi.org/10.1097/inf.0000000000004876
https://doi.org/10.3389/fimmu.2021.660183
https://doi.org/10.3389/fimmu.2021.660183
https://doi.org/10.3389/fimmu.2021.660183
https://doi.org/10.1128/spectrum.01018-21
https://doi.org/10.1128/spectrum.01018-21
https://doi.org/10.1128/spectrum.01018-21

