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PREFACE

Parasitic infections represent complex biological interactions that have
significant implications for global health and economic conditions. Therefore,
a deeper understanding of parasitology is urgently needed, as these infections
contribute substantially to morbidity, mortality, and development challenges,
particularly in low- and middle-income countries. Advances in molecular biology,
immunology, and genomics have revolutionized our understanding of parasite
pathogenesis, host interactions, and immune evasion mechanisms.

This book offers a contemporary overview of the multifaceted field of
parasitology. It begins by examining how parasites manipulate host cells at the
molecular level, then delves into host immunity, distinguishing between protective
and pathological responses, and the tactics employed by parasites to evade these
immune defenses. A central focus is on antiparasitic resistance, highlighting its
molecular determinants and emerging therapeutic strategies. Additional coverage
includes the details of Neglected Tropical Diseases (NTDs), the complexities of
host-parasite-microbiota interactions, and the current status of vaccine research
and development for parasites.

Authored by experts in the field, this volume serves as a crucial resource
for researchers, clinicians, specialists, and advanced students. It provides
a comprehensive and contemporary perspective, integrating molecular and
immunological foundations with epidemiological threats and control strategies.
Ultimately, this work aims to enhance the understanding and management of

parasitic infections.
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Chapter 1

Molecular Pathogenesis of
Parasitic Infections:

Host Cell Manipulation and
Immune Escape Mechanisms

Abstract

Parasitic infections are a major threat to global health, and understanding the
molecular pathogenesis mechanisms underlying these diseases is crucial for
developing effective control strategies. This chapter examines in detail how
parasites manipulate host cells (through strategies such as cytoskeletal
rearrangement, use of endocytosis/phagocytosis, modulation of cell surface
receptors and signaling pathways) and how they evade the host immune system
(through sophisticated mechanisms such as antigenic variation (examples of
Trypanosoma, Plasmodium), immunosuppression, and immune tolerance
induction). The role of modern molecular tools such as genomics, proteomics,
and CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) in
elucidating these complex host-parasite interactions is emphasized, and the
implications of the information obtained on diagnostic methods, new treatment,
vaccine development studies, and public health policies are discussed. Future
research is expected to open new horizons in combating parasitic infections by
focusing on areas such as systems biology approaches and the use of immune
escape mechanisms as therapeutic targets.

Keywords: Parasitic Infections, Molecular Pathogenesis, Host-Parasite
Interactions, Host Cell Manipulation, Immune Evasion



1. Introduction

Parasitic infections have a devastating impact on global public health,
particularly in developing countries in tropical and subtropical regions. Infectious
diseases such as malaria, schistosomiasis, leishmaniasis, trypanosomiasis, and
different helminth infections have affected millions of people, leading to high
morbidity and mortality with substantial socio-economic losses. The complexity
of these infections and the challenging control necessitates a detailed insight into
the biological mechanisms involved (Kaminsky et al., 2025).

The molecular mechanism of parasite pathogenesis is defined as molecular
pathogenesis. Parasites enter host cells using surface receptors and hijack
metabolic processes to establish a suitable living environment. Chronic pathogens
use a spectrum of strategies, including antigenic variation and
immunosuppression. It is backed by modern Technologies like genomics,
proteomics, and CRISPR. This knowledge is of crucial importance for the
discovery of new diagnostic tools, targeted therapies, and vaccines (Azeez et al.,
2024).

Host-parasite interactions are among the most widespread and ecologically
decisive interactions in the biosphere. In short, these relationships are
relationships in which a single organism uses the resources of another organism
for its own survival and reproductive success, usually to the detriment of the host.
As a result of evolutionary processes spanning millions of years, a co-
evolutionary dynamic shaped by mutual selection pressures has formed between
parasites and their hosts. This process can be thought of as a kind of “evolutionary
dialogue,” in which both parties continually develop adaptations. Parasites evolve
to exploit their hosts more effectively and evade host defenses, while hosts evolve
to improve their ability to recognize, tolerate, or destroy the parasites. This is
based on genetic and phenotypic diversity that determines both the infectivity and
virulence characteristics of the parasites and the resistance and tolerance abilities
of the hosts (Solomon et al., 2015; Wells et al., 2022).

Parasites have developed highly complex and specialized strategies in the
evolutionary process to survive and reproduce by effectively exploiting the
biological resources of host organisms (nutrients, shelter, metabolic pathways).
The diversity of these strategies varies according to the species of the parasite, its
life cycle, and its specific interaction with the host. At the molecular level,
parasites use various virulence factors such as specialized surface proteins
(adhesins) that ensure adhesion and entry into host cells, enzymes that degrade
host tissues or make nutrients accessible (proteases, lipases), secretory molecules
that suppress or direct the host immune response (immunomodulators), and
effector proteins that alter the functioning of host cells to their advantage to



successfully carry out infection. In parallel, they have evolved sophisticated
immune escape mechanisms such as molecular mimicry, antigenic variation that
constantly changes surface antigens, intracellular life protected from immune
surveillance, or the formation of dormant forms such as cysts/spores resistant to
adverse conditions to avoid recognition and elimination by the host immune
system. This integrated set of molecular and cellular strategies enables the
parasite to successfully colonize within the host, replicate, and ultimately spread
to new hosts (BartoSova-Sojkova et al., 2024; Trejo-Meléndez et al., 2024).

To combat the ever-present risk of parasitic colonization, host organisms have
a formidable, complex, and multilayered arsenal of defense mechanisms that
prevent, regulate, or resolve parasitic infection. These defenses are classically
categorized into innate and adaptive immunity. Innate immunity, which
constitutes the first line of defense against infection involves physical barriers
(skin, mucosa), chemical barriers (gastric acid, lysozyme), phagocytic cells
(macrophages, neutrophils), and nonspecific factors with mechanisms such as
pattern recognition receptors (PRRs) which recognize parasite-specific molecular
patterns (PAMPs). (Chulanetra et al., 2021).

The innate immune system is quickly engaged during infection and usually
activates the adaptive immune response. As diverse in antigen recognition
specificity as the adaptive immune response is, it also utilizes only two main
cellular types: B lymphocytes, which are responsible for antibody production,
and T lymphocytes, which engage in cellular immunity and help regulate other
immune responses. T lymphocytes can recognize specific parasite antigens. This
system can also form immunological memory so that the response is stronger and
quicker when the organism is infected again. Host defenses are primarily aimed
at directly killing parasites, preventing their replication , or reducing the damage
they cause (R. Wang et al., 2024).

Host-parasite relationships are characterized by a continuous cycle of
adaptation and counter-adaptation, a dynamic known as the "evolutionary arms
race." When parasites develop novel exploitation or evasion tactics (like new
virulence factors or antigenic variants), they impose selection pressure favoring
resistant hosts. Conversely, effective host defenses drive the selection of parasites
capable of overcoming them. This reciprocal pressure leads to ongoing genetic
changes in both populations. Molecularly, this arms race manifests as rapid
evolution in parasite virulence genes (via mechanisms such as point mutation,
gene duplication, and horizontal gene transfer) and high diversity or rapid
evolution in host immune genes (e.g., MHC, antibody, and PRR genes). This
molecular tug-of-war fundamentally shapes the specific and dynamic nature of
the interaction (Hill et al., 2020; Jdeed et al., 2025).



Gaining a detailed understanding of the molecular mechanisms underpinning
host-parasite interactions, such as the structure and function of parasite virulence
factors, how host immune receptors recognize parasite molecules, associated
signaling pathways, and effector responses, is essential for clarifying the critical
factors that dictate the course and outcome of an infection (de Castro Neto et al.,
2021). The delicate balance within these interactions profoundly influences the
result. For instance, while a robust host immune response might completely clear
the parasite (achieving sterilizing immunity), effective evasion mechanisms by
the parasite or an inadequate host response can lead to chronic infection. In some
scenarios, an excessive or misdirected immune reaction can trigger
immunopathology, where the host sustains more damage from its response than
from the parasite itself, potentially causing acute disease. Ultimately, the
equilibrium between the parasite's virulence level and the host's capacity for
resistance and tolerance determines where the infection outcome falls along a
spectrum, ranging from asymptomatic carriage to severe illness or even death.
Therefore, deciphering these molecular engagements is fundamentally important
for grasping the pathogenesis of infectious diseases, developing novel diagnostic
methods, and designing innovative therapeutic interventions (like drugs or
vaccines) that target parasite strategies or bolster host immunity (Deroost et al.,
2016; Romero-Cordero et al., 2021).

2. Host Cell Manipulation Strategies of Parasites

Parasites employ a diverse repertoire of sophisticated strategies to manipulate
host cellular biology, thereby facilitating their survival, reproduction, and
dissemination within the host organism. While the specific tactics utilized are
contingent upon whether the parasite maintains an intracellular or extracellular
existence, the fundamental objectives commonly converge on securing essential
nutrients, circumventing or actively suppressing host immunological defenses,
and establishing an environment permissive for successful replication (Oke et al.,
2024).

2.1. Strategies of Intracellular Parasites: Reprogramming the Host Cell

A fundamental requirement for the lifecycle completion of obligate or
facultative intracellular parasites, such as Plasmodium, Toxoplasma, Leishmania,
and Trypanosoma cruzi, is the sophisticated manipulation of their host cells.
Through profound and subtle alterations to host biology, these pathogens secure
environments conducive to their survival, replicate within designated
cytoplasmic or vacuolar compartments, and ultimately escape the host immune
system (Horta et al., 2020)



2.1.1. Cytoskeleton Manipulation and Cell Entry

Parasitic manipulation frequently centers on controlling the host cell
cytoskeleton, specifically the dynamics of actin filaments and microtubules.
Utilizing a sophisticated array of effector proteins secreted from specialized
organelles like the Apicomplexan rhoptries and micronemes, parasites actively
redirect host cytoskeletal polymerization, depolymerization, cross-linking, and
motor protein engagement (Seo et al., 2022). Preventing fusion of the
parasitophorous vacuole (PV) with host degradative pathways is paramount for
intracellular parasite survival. This protection is achieved through extensive
cytoskeletal remodeling, primarily involving actin polymerization, which
governs multiple critical processes, including active host cell invasion and
parasite motility within and between cells. The 'moving junction' (MJ) utilized by
Toxoplasma gondii during invasion exemplifies this interplay. Formed at the
interface between parasite and host membranes via secreted parasite proteins and
host receptors, the MJ orchestrates parasite entry while simultaneously isolating
the developing PV from the host endomembrane network, thus blocking access
to lysosomes. The formation and function of the MJ, and consequently parasite
survival, are therefore entirely contingent upon finely tuned actin dynamics
(Ferrel et al., 2023) (Table 1).

Table 1: Molecular Mechanisms in Host Cell Manipulation and
Immune Evasion by Parasites

Topic Description

Host Cytoskeleton Parasites secrete effector proteins that control the dynamics of actin

Manipulation filaments and microtubules, directing cytoskeletal polymerization,
depolymerization, cross-linking, and interactions with motor proteins.

Specialized Organelles found in Apicomplexa, such as rhoptries and micronemes,

Secretory secrete sophisticated effector proteins to manipulate the host

Organelles cytoskeleton.

Host Cell Invasion

Parasites reorganize the host cytoskeleton during active entry into the
host cell. For example, Toxoplasma gondii forms the "moving
junction" structure.

Motility

Cytoskeleton manipulation is crucial for parasite movement, both
intracellularly and intercellularly.

Parasitophorous
Vacuole (PV)

The parasite forms a PV within the host cell and avoids destruction by
preventing its fusion with the host's lysosomal pathway.

Toxoplasma gondii
Example

The parasite facilitates cell entry by forming the moving junction and
ensures the differentiation of the PV membrane from the host
endomembrane system.

Actin
Polymerization

Parasite invasion and survival processes rely on the precise regulation
of actin polymerization.




2.1.2. Exploitation of Endocytosis/Phagocytosis Pathways and
Parasitophorous Vacuole Modification

The mechanisms by which intracellular parasites gain entry into host cells are
varied, though many involve the exploitation or imitation of inherent host cellular
processes such as endocytosis and phagocytosis. Leishmania promastigotes, for
instance, are taken up by their principal host macrophages through phagocytosis
(Nandan et al., 2024). Subsequently, these parasites actively interfere with the
phagosome maturation cascade. Intracellular pathogens employ various
strategies to survive within host phagosomes, commonly including the
attenuation of phagosomal acidification, the inhibition of fusion with lysosomes,
and the modification of the phagosomal membrane's protein and lipid
composition. In contrast to these evasion tactics, certain Leishmania species
possess distinct adaptations that confer intrinsic resistance to the harsh
environment of the mature phagolysosome itself (Duque, 2018). Plasmodium
parasites utilize a different paradigm, initiating invasion through specific
molecular interactions. Sporozoite entry into hepatocytes and merozoite entry
into erythrocytes are both driven by high-affinity binding events occurring
between distinct parasite surface ligands and corresponding host cell receptors.
This binding event orchestrates host membrane invagination, culminating in the
parasite residing within a parasitophorous vacuole (PV). This structure
establishes a protective intracellular niche, sequestering the parasite from host
cytosolic factors and enabling its developmental program. Critically, the function
of the Parasitophorous Vacuole (PV) is not limited to passive retention but to
create an active biological interface. Parasites remodel the PV membrane by
integrating their transmembrane proteins, thereby controlling the acquisition of
vital host-derived nutrients and lipids, facilitating waste removal, and ultimately
tailoring the vacuolar compartment to meet their metabolic and developmental
demands (Ferrel et al., 2023; Segireddy et al., 2024) (Table2).
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Table 2: Entry of Intracellular Parasites into Host Cells and

Parasitophorous Vacuole Mechanisms

Topic Description

Host Cell Entry Parasites gain entry into host cells by mimicking or exploiting host
Mechanisms endocytic and phagocytic pathways.

Leishmania Phagocytosed by macrophages; however, the parasite inhibits

promastigotes

phagosome maturation, limits pH reduction, delays or prevents fusion
with lysosomes, and alters membrane composition.

Phagolysosomal
Adaptation

Some Leishmania species have developed adaptations enabling them to
withstand the harsh conditions of the acidified phagolysosomal
environment.

Plasmodium Entry
Mechanisms

Sporozoites invade hepatocytes, and merozoites invade erythrocytes
through specific molecular interactions between host cell receptors and
parasite surface ligands.

Parasitophorous
Vacuole (PV)

A specialized niche formed by the parasite within the host cell,
separating the parasite from the host cytoplasm. The PV is modified by
parasite-derived proteins and functions in nutrient acquisition and
waste egress.

Dynamic Function
of the PV

The PV is not a static structure; the parasite actively remodels the PV
membrane according to its needs, facilitating molecular exchange

between the parasite and the host cell.

2.2. Interaction Strategies of Extracellular Parasites with Hosts

2.2.1. Surface Interactions and Immune Escape Mechanisms

Extracellular parasites, which do not actively invade host cells, must establish
intricate molecular dialogues with the host organism to sustain their life cycles.
Organisms such as Trypanosoma brucei, the causative agent of sleeping sickness,
or various helminths reside within host tissues, the bloodstream, or other bodily
fluids, employing sophisticated strategies at the host-parasite interface. Foremost
among these are adhesion mechanisms enabling attachment to the host; parasites
utilize specific ligands expressed on their surfaces to bind host cell surface
receptors or components of the extracellular matrix, thereby securing their
physical position and resisting mechanical dislodgement (Qadeer et al., 2024).
Critically, extracellular parasites face constant pressure from the host immune
system, driving the evolution of diverse molecular mechanisms to evade immune
recognition and elimination. These strategies encompass molecular mimicry
(displaying surface antigens resembling host molecules), antigenic variation
(periodically switching surface antigens to elude the adaptive immune response,
classically exemplified by the Variant Surface Glycoprotein (VSG) system of 7.
brucei), secretion of immunomodulatory or immunosuppressive molecules, and
even self-camouflage through the acquisition of host proteins onto their surfaces.
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Collectively, these adaptations promote the parasite's long-term survival within
the host environment (Moreno et al., 2019) (Table 3).

Table 3: Interaction Mechanisms of Extracellular Parasites with the
Host and Immune Escape

Topic Description

Characteristics of Parasites that do not actively invade host cells establish complex

Extracellular Parasites molecular dialogues with the host organism to sustain their life
cycles.

Adhesion Mechanisms Parasites establish physical anchorage by binding via specific

surface ligands to host cell receptors or extracellular matrix
components, thereby resisting mechanical clearance.

Molecular Mimicry Facilitates immune evasion through the production of surface
antigens that mimic host molecules.
Antigenic Variation Parasites evade immune recognition by periodically altering their

surface antigens. The Variant Surface Glycoprotein (VSG)
system of Trypanosoma brucei exemplifies this strategy.
Immunosuppression Extracellular parasites secrete molecules that suppress or
modulate the host immune system.
Camouflage Mechanisms  Parasites camouflage themselves by coating their surfaces with
host proteins.

Long-term Survival These mechanisms enable extracellular parasites to persist long-
Strategies term within the host organism and effectively neutralize immune
threats.

2.2.2. Modulation of Cellular Signaling Pathways by Secreted Molecules

Parasites, encompassing extracellular and intracellular forms, actively
modulate their host environment through mechanisms extending beyond mere
surface contact to include the secretion of a diverse repertoire of bioactive
molecules, collectively termed the secretome. This secretome serves as a critical
interface, mediating communication with and enabling the parasite to manipulate
the host system (Tritten et al., 2018). The secretome contains enzymes,
metabolites, vesicles (like exosomes), and particularly important effector
proteins. These effectors target host cell functions, often by interacting with
surface receptors or entering the cell to modulate key intracellular signaling
pathways. The outcomes are critical for parasite success; for example, apoptosis
modulation can involve inhibiting death in host cells while inducing it in immune
cells (e.g., T lymphocytes, macrophages). Core signaling pathways like Mitogen-
Activated Protein Kinase (MAPK) and Nuclear Factor kappa B (NF-kB) which
regulate inflammation, stress, survival, and proliferation, are also frequently
manipulated. Through such targeted interference, parasites can alter
inflammatory responses, hinder immune cell activation, and reprogram host cell
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metabolism and proliferation to favor their persistence. Ultimately, these
sophisticated molecular interactions enable parasites to thrive within the host
(Zhang et al., 2024) (Table 4).

Table 4: Mechanisms of Host Cell Manipulation and
Immune System Modulation by Parasites

Topic Description

Secretome and Bioactive  Parasites manipulate host cells by secreting enzymes (e.g.,

Molecules proteases, glycosidases), metabolites, exosomes, and effector
proteins.

Host Cell Surface Effector molecules bind to host cell receptors or are internalized,

Interactions targeting intracellular signaling pathways.

Apoptosis Modulation Parasite secretions can inhibit apoptosis in host cells while

triggering it in immune cells (e.g., T lymphocytes, macrophages),
thereby suppressing the immune response.

Manipulation of Pathways involved in cellular stress, inflammation, and survival,

Signaling Pathways such as MAPK and NF-«B, are frequently targeted by parasite
effectors.

Alteration of the Parasites suppress pro-inflammatory cytokine production or

Inflammatory Response  promote anti-inflammatory responses, thereby inhibiting immune
system activation.

Reprogramming of Host  Parasites reorganize host cell metabolism and proliferation to suit

Cell Metabolism their own needs.

Parasite Survival These molecular interactions enable the parasite to persist long-

Strategies term within the host environment.

3. Immune Escape Mechanisms

3.1. Antigenic Variation

Antigenic variation is a critical immune escape mechanism that allows
parasites to change their surface antigens to evade the host adaptive immune
system, particularly antibody-mediated responses. This strategy often works
through antigenic switching, where different antigenic variants from a large
family of genes are expressed sequentially or stochastically. Alternatively, some
parasites cover their surfaces with host-derived molecules to hide from immune
recognition through antigenic masking. This constant change in surface antigens
renders the host's immunological memory for specific antigens dysfunctional,
allowing the parasite to persist in the host and sustain chronic infections (Florini
et al.,, 2022). The best-studied examples of antigenic variation include
Trypanosoma brucei, the causative agent of African sleeping sickness, and
Plasmodium falciparum, the causative agent of malaria. 7 brucei has a repertoire
of hundreds of genes that encode proteins called Variant Surface Glycoproteins
(VSGs) that cover the entire cell surface; the parasite actively expresses only one
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of these genes and activates a different VSG gene at regular intervals to neutralize
the existing antibody response. A similar strategy is used by P. falciparum. This
parasite has a large var gene family that encodes the PfEMP1 (P. falciparum
erythrocyte membrane protein 1) protein family, which it transports to the surface
of infected erythrocytes. The alternating expression of different var genes allows
the parasite to evade antibodies and mediates its adhesion to the capillary
endothelium of infected erythrocytes (cytoadherence), creating antigenic
diversity that plays a critical role in pathogenesis (Obado et al., 2016).

3.2. Immunosuppression

Parasites enhance their chances of survival by actively suppressing various
components of the host's immune system, a process known as
immunosuppression. This suppression can involve directly inhibiting the
functions of essential immune cells, such as T cells, B cells, macrophages, and
dendritic cells, or inducing apoptosis in these cells. Molecules secreted by
parasites or present on their surface can hinder the activation, proliferation,
antigen-presenting capacity, or cytotoxic effects of immune cells (Elmahallawy
etal., 2021).

For instance, in certain helminth infections, the alternative activation of
macrophages (known as M2 polarization) can suppress the classical activation
(M1) that is typically effective against parasites. A key mechanism of
immunosuppression is the modulation of cytokine production. Parasites may
influence host cells by reducing the production of pro-inflammatory cytokines
(like IFN-y and TNF-a)) while simultaneously increasing the production of anti-
inflammatory or regulatory cytokines (such as IL-10 and TGF-). This imbalance
leads to a suppression of Thl-type immune responses against the parasite,
creating an immune environment that allows the parasite to persist more easily or
go unchecked (Bruschi et al., 2022).

For example, elevated levels of IL-10 are linked to the persistence of parasites
in chronic conditions such as Leishmaniasis and Schistosomiasis (Camelo et al.,
2023).

3.3. Immune Tolerance

Some parasites modulate the host immune system to prevent an effective
immune response rather than actively suppressing it. This leads to the
development of a state of tolerance in which the immune system perceives
parasite antigens as “harmless” or “non-invasive.” This process may also trigger
the induction or expansion of tolerogenic immune cell populations, such as
regulatory T cells (Treg). Molecular mimicry the resemblance of parasite antigens
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to host molecules, may lead the immune system to recognize the parasite as
“self,” thus preventing an immune attack. These successful immune tolerance
mechanisms often result in chronic parasitic infections. Although the host cannot
eliminate the parasite, the parasite can persist for long periods without killing the
host, allowing it time to reproduce and infect new hosts (McManus et al., 2023).

During chronic infections, a low-level, controlled inflammatory response may
develop; this typically keeps the parasite load in check without eliminating it.
Many helminth infections, such as those caused by filarial nematodes and
schistosomes, exhibit distinct immune tolerance mechanisms (Gazzinelli-
Guimaraes et al., 2024).

4. Molecular Tools and Techniques

High-throughput “omics” technologies, including genomics and proteomics,
have revolutionized our understanding of parasite disease at the molecular level.
For example, by sequencing the genomes of these parasites, researchers can
identify important virulence factors as well as potential drug targets and families
of genes that lead to immune evasion, including the var genes, which have been
implicated in malaria, and the VSG genes that encode for the surface antigen of
the T brucei parasite. Examples include RNA sequencing (RNA-seq) based
transcriptomic analyses, which show altered gene expression profiles at certain
points of the infectious cycle or in certain hosts. Moreover, mass spectrometry-
based proteomic approaches have allowed for the identification of effector
proteins from parasites (the secretome) as well as proteins involved in host—
pathogen interactions. Such integrated approaches enable an extensive
characterization of the molecular components that underlie pathogenesis (Al-
Malki, 2025).

Gene editing technologies, particularly the CRISPR-Cas9 system, have
greatly enhanced the study of functional genetics in parasitology. This technology
enables researchers to precisely knock out, modify, or tag specific genes within
parasite genomes. Scientists can directly investigate the roles of candidate genes
in various processes, such as parasite invasion, intracellular survival, host cell
manipulation, and immune evasion. In addition to CRISPR, other gene-silencing
techniques, like RNA interference (RNAI), are used in certain parasite systems.
These tools are crucial for understanding the underlying molecular mechanisms
(Ebrahimi et al., 2023).

Appropriate model organisms are crucial for the exploration of host-parasite
interactions. In vitro models enable studies of parasite interaction with specific
cell types under controlled conditions, such as macrophages, erythrocytes, and
hepatocytes. But when it comes to studying pathogenesis in the context of the
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host immune system and its overall physiology, in vivo animal models, usually
mice, but sometimes hamsters or primates, are essential. Transgenic mouse
models (e.g., mice deficient in certain immune cells or cytokines) are especially
useful for investigating the contributions of specific elements of the host immune
response during infection (Otun et al., 2024) (Table 5).

Table 5: Modern Technological Approaches and Models in
Understanding the Molecular Pathogenesis of Parasites

Topic

Description

Omics Approaches

Genomic and proteomic analyses, following parasite genome
sequencing, identify virulence factors, potential drug targets, and
immune evasion gene families (e.g., var genes, VSG genes).

Transcriptomics and
RNA-seq

Reveal changes in gene expression profiles during different stages of
infection.

Proteomic and
Secretome Analyses

Used to identify effector proteins secreted by the parasite and
proteins present at the host-parasite interaction interface.

CRISPR-Cas9
Technology

Gene editing enables the direct testing of molecular mechanisms
through gene deletion (knock-out), expression reduction (knock-
down), and specific genetic modifications within the parasite
genome.

RNAI Techniques

Gene silencing methods are effective for elucidating molecular
mechanisms, particularly in certain amenable parasite systems.

In Vitro Models

Utilized for studying controlled parasite interactions with specific
cell types, such as macrophages, erythrocytes, and hepatocytes.

In Vivo Animal
Models

Employed to investigate parasitic pathogenesis within the context of
a complete immune system and physiology, using models like mice,
hamsters, and non-human primates.

Genetically Modified

Mouse models deficient in specific immune cells or cytokines allow

Mouse Models for the investigation of the immune response’s role during the

infection process.

5. Clinical and Public Health Perspectives

Recent studies on molecular pathogenesis have significantly enhanced the
diagnosis of parasitic infections. In addition to traditional microscopic
techniques, various nucleic acid-based molecular tests have been developed.
Notable advancements include polymerase chain reaction (PCR), quantitative
PCR (qPCR), and loop-mediated isothermal amplification (LAMP). These
methods offer greater sensitivity and specificity for detecting low parasite loads
and enable differentiation between species or subspecies. They can also identify
genetic markers associated with drug resistance. Furthermore, molecular data are
being used to create immunoassays that detect either parasite antigens or host
antibodies (Alsharksi et al., 2024).
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A thorough understanding of molecular pathogenesis is essential for
developing new and more effective therapeutic strategies and vaccines. A key
objective is to identify metabolic pathways, mechanisms of cell invasion, and
immune escape factors that are critical for the survival of parasites, as these can
serve as potential drug targets. For instance, drug development studies have
focused on the metabolic pathways within the apicoplast organelle of
Plasmodium and the glycolysis enzymes of Trypanosoma. Additionally,
researchers are evaluating surface antigens and secreted proteins that may trigger
protective immune responses against these parasites as potential vaccine
candidates. However, challenges such as antigenic variation significantly hinder
progress in vaccine development (Molina-Franky et al., 2022).

Understanding parasitic infections at the molecular level is essential for
shaping global health policies and prevention strategies. For example, molecular
epidemiology studies utilize this knowledge to track the genetic diversity of
parasite populations, map their geographical distribution, and monitor the
emergence and spread of drug resistance. These insights are vital for evaluating
the effectiveness of existing control programs, such as mass drug administration
and vector control initiatives, and for strategically allocating resources to areas
with the highest burden or risk (Nelson et al., 2019).

Furthermore, examining the molecular interactions between hosts, parasites,
and vectors offers significant potential for developing innovative intervention
strategies. This could lead to advancements in vector control technologies, such
as gene drive techniques, or to new methods aimed at blocking transmission
pathways altogether (Parres-Mercader et al., 2023).

6. Future Perspectives: New Horizons in the Investigation of Host-
Parasite Interactions

6.1. Technological Advances and Systems Biology Integration

Research in molecular pathogenesis is constantly evolving, significantly
driven by rapid advancements in high-throughput technologies. Moving beyond
traditional reductionist approaches, systems biology provides a powerful
framework for understanding the complex networks involved in host-parasite
interactions. This new perspective requires the integration of various "omic" data
layers, including genomics (DNA sequencing and variations), transcriptomics
(gene expression profiles), proteomics (protein abundance, modifications, and
interactions), and metabolomics (metabolite profiles) (Fan et al., 2025).

By synthesizing these multi-omic datasets through computational modeling,
researchers aim to create a dynamic and comprehensive view of cellular and
molecular processes during infection. This approach helps clarify causal
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relationships and identify potential biomarkers and therapeutic targets.
Importantly, such integrative analyses can reveal emergent properties and
intricate regulatory networks that may remain hidden when examining individual
components in isolation (X. Wang et al., 2023).

6.2. Discovery of Heterogeneity at Single Cell Resolution and New
Research Areas

A significant technological advancement that is transforming our
understanding of host-parasite interactions is single-cell RNA sequencing
(scRNA-seq) and related single-cell analytical methods. These techniques reveal
the cellular diversity that traditional bulk analyses often overlook, as the latter
provide only averaged profiles. During an infection, there is notable diversity
within the parasite population, which manifests as subpopulations with distinct
developmental stages, metabolic states, or virulence profiles. Additionally, there
is variation among host cells, including different and dynamic responses from
various immune cell types, as well as between infected and bystander cells.
scRNA-seq allows researchers to map this complex heterogeneity at an
unprecedented level of detail, identify rare cell populations, and determine the
roles of specific cell types in influencing the overall infection outcome (Lin et al.,
2020).

Moreover, an important new area of research is focusing on the interactions
between parasites and not only their hosts but also the microbial communities
(the parasite microbiome) and viruses (the parasite virome) they carry either
internally or on their surfaces. These endosymbiotic or associated
microorganisms are increasingly recognized for their potential to influence
parasite virulence, metabolism, and the host immune response (Gonzalez et al.,
2021).

6.3. The Necessity of Interdisciplinary Collaboration and Advanced
Model Systems

Addressing the inherent multi-layered complexity of host-parasite interactions
encompassing genetic, cellular, immunological, ecological, and evolutionary
dimensions mandates research strategies that transcend the confines of individual
disciplines, making robust interdisciplinary collaboration among parasitologists,
immunologists, cell biologists, geneticists, bioinformaticians, and
epidemiologists indispensable for substantial progress in this field. (White et al.,
2022). The synergistic integration of knowledge and methodologies from these
diverse specialties enables the formulation and rigorous testing of more
comprehensive hypotheses, yet bridging the gap between laboratory observations
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and physiological or clinical reality concurrently necessitates the adoption of
more sophisticated model systems, given that traditional cell cultures and
standard animal models frequently fail to adequately recapitulate the intricacies
of human infections. concluding, the development and utilization of advanced in
vivo and ex vivo platforms such as "humanized" mouse models incorporating
human immune system components or three-dimensional organoid cultures
designed to emulate the structural and functional attributes of specific organs are
critically important for advancing translational research; Furthermore, these
models offer invaluable systems for interrogating parasite behavior within
distinct anatomical niches and for dissecting the modulation of host-parasite
dynamics by extrinsic factors like nutritional status and concurrent infections
(Duque-Correa et al., 2020; Suhito et al., 2025; Xiang et al., 2024).

6.4. Using Immune Escape Mechanisms as Therapeutic Targets

Understanding the sophisticated and diverse mechanisms that parasites use to
evade the host immune system is crucial for grasping pathogenesis and
identifying promising targets for new therapeutic strategies. Traditional
antiparasitic drugs typically focus on disrupting basic metabolic pathways or
essential functions of the parasite. However, targeting immune escape
mechanisms offers a novel approach to intervention (Mustafa, 2024).

For instance, inhibiting molecular switches that control antigenic variation,
such as epigenetic regulators or DNA recombination enzymes, can help parasites
maintain their surface antigens, allowing for better recognition by the immune
system. Additionally, neutralizing immunosuppressive molecules secreted by the
parasite, using specific antibodies or small molecule inhibitors, or
pharmacologically disrupting the parasite's ability to induce immune tolerance,
may enhance the effectiveness of the host's innate defense mechanisms (Chandley
etal., 2023).

These methods, often referred to as "host-directed therapies,” focus on
boosting the host's immune response or weakening the parasite's defenses rather
than directly killing the parasite. Such strategies could provide valuable
alternatives, especially in cases where resistance to existing drugs is common, or
they could serve as adjuvants to improve the effectiveness of vaccines. Future
research is anticipated to further uncover the molecular details of these immune
escape pathways and translate this understanding into rational drug design
(Kaufmann et al., 2018).
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Conclusion

A comprehensive understanding of the sophisticated molecular mechanisms
underlying parasite pathogenesis, particularly those mediating immune evasion,
is imperative for the development of effective next-generation therapeutic
strategies. While conventional antiparasitic interventions primarily target
essential parasite metabolic pathways or vital functions, a focus on disrupting
immune escape mechanisms presents a novel and promising therapeutic
paradigm. Specifically, strategies aimed at inhibiting the molecular regulators of
antigenic variation such as epigenetic factors or DNA recombination enzymes,
could potentially maintain parasite antigen presentation, thereby facilitating
enhanced recognition and clearance by the host immune system. Concurrently,
the neutralization of parasite-secreted immunosuppressive molecules via targeted
antibodies or small-molecule inhibitors, or the pharmacological interference with
parasite-induced immune tolerance, represents viable approaches to bolster the
host's intrinsic defense capabilities.

These methodologies, often conceptualized as "host-directed therapies,"
prioritize the potentiation of host immunity or the debilitation of parasite defenses
over direct parasiticidal action. Such approaches hold significant potential as
valuable alternatives or adjuncts, particularly in addressing the challenge of
emerging drug resistance, and may serve to augment the efficacy of existing or
future vaccine platforms.

Future research needs to focus on understanding the intricate molecular details
of how parasites evade the immune system. Translating this understanding into
practical drug design is crucial for developing the new and innovative treatments
required to tackle the major global health problem of parasitic diseases.
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Chapter 2

Immune Response to Parasites:
Protection, Pathology, and
Immunomodulation Mechanisms

Abstract

Parasites, encompassing protozoa and helminths, exhibit complex interactions
with the host immune system. Protective immunity requires tailored responses.
Interferon-gamma (IFN-y)-mediated T helper 1 (Thl) immunity, involving
macrophage and Cytotoxic T lymphocytes (CTL) activation, targets intracellular
protozoa, whereas Interleukins (IL-4/IL-5/IL-13)-driven T helper 2 (Th2)
responses, characterized by Immunoglobulin E (IgE), eosinophils, and mast cells,
are crucial against helminths. However, these powerful immune reactions often
lead to immunopathology, including excessive inflammation, granuloma-induced
fibrosis (as in schistosomiasis), or autoimmunity (as in Chagas disease). To
persist, parasites utilize sophisticated evasion tactics such as antigenic variation
and intracellular residence. Critically, they modulate host immunity through
secreted/excreted products (ESPs). These molecules can hinder antigen
presentation, suppress Thl responses, and promote immunosuppressive
regulatory T cells (Tregs) and cytokines like IL-10 and Transforming growth
factor-beta (TGF-P), tilting the immune balance in their favor. This dynamic
interplay highlights an evolutionary equilibrium between host defense, immune-
mediated pathology, and parasite escape. Understanding these intricate host-
parasite relationships is essential for the rational design of effective vaccines and
therapeutic strategies to combat parasitic diseases worldwide.

Keywords: Host-parasite interactions, Parasite immunology, Immune
response, Immunomodulation, Antigenic variation
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1. Introduction

Parasitic infections, which are caused by a heterogeneous population of
eukaryotic organisms, from simple unicellular protozoa to complex multicellular
helminths, constitute a huge global public health problem. These infections are
largely affecting socioeconomically disadvantaged populations, especially in
tropical and subtropical areas. Hundreds of millions of people worldwide are
plagued by diseases such as malaria, Schistosomiasis, Leishmaniasis,
Trypanosomiasis, and numerous helminth infections, resulting in considerable
morbidity and mortality and major economic losses. The ability of these parasites
to act as effective pathogens is mainly due to the set of complex adaptations these
parasites evolved after millions of years of co-evolution with their hosts (Branda
et al., 2025; Papagni et al., 2023).

Parasites exhibit extensive evolutionary adaptations resulting in remarkable
biological diversity, encompassing significant variations in size, cellular
organization, and surface molecular composition. Many possess intricate life
cycles characterized by multiple hosts and distinct developmental stages,
occupying specific locations within and outside host cells. This profound
biological heterogeneity presents substantial challenges to the host immune
system, hindering effective recognition, control, and elimination of these
pathogens. Consequently, the nature of the immunological challenge is
fundamentally dictated by the specific parasite type. For instance, the host
immune system confronts vastly different hurdles when responding to a
microscopic, intracellular protozoan employing evasion tactics versus a large,
multicellular, tissue-migrating helminth potentially reaching several meters in
length. Effective host defense, therefore, necessitates the deployment of distinct
and highly adapted immunological strategies tailored to the particular parasitic
threat (Kolatova et al., 2022).

The interaction between a host and its parasite is a dynamic and ongoing
struggle characterized by continuous adaptations from both parties. This interplay
involves the host and the parasite evolving strategies in response to each other's
changes. On one side, the host has complex innate and adaptive immune defense
mechanisms designed to limit or eliminate the parasitic invader. On the other side,
the parasite employs sophisticated strategies to evade, subvert, or actively
suppress these host defenses, which helps ensure its survival, replication, and
successful transmission to new hosts. Ultimately, these reciprocal engagements
significantly influence the nature and effectiveness of the immune response
mounted against the parasite (Choi et al., 2024; Penczykowski et al., 2016). In
this scenario, the immune response to parasitic disease frequently reflects a
careful equilibrium that can yield three interrelated consequences.
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The first outcome is protective immunity, which is beneficial to the host by
either diminishing the parasite burden or eliminating the infection. The second
consequence, counterintuitively, is immunopathology. Here, the immune
response becomes maladaptive, trying to kill the parasite but causing collateral
damage to the host's cells. This may aggravate the clinical manifestations and
signs of the disease. The third comprises the array of immunomodulatory and
evasion strategies used by parasites to manipulate the directionalities of the host
immune system in their favor. These strategies enable the parasites to escape
immune recognition and counteraction of the defenses of the host (Al-Qahtani et
al., 2024; Deroost et al., 2016).

The three central aspects of host-parasite interaction involving protective
immunity, immunopathology, and parasite-driven immunomodulation must be
understood. These components create an ecological whole, where each element
constantly affects and is affected by the others. Schistosomiasis is a
paradigmatic instance of this complex interdependence. In this disease,
granulomas that surround and wall off the eggs trapped in host tissues initially
protect the host by containing the infection. In contrast, the chronic presence of
these granulomas may lead to fibrotic pathology and significant organ damage,
demonstrating the ability of the immune response to shift from a beneficial to a
deleterious presence during chronic infection (Jutzeler et al., 2024). A strong Thl
immune response is essential for controlling parasites in leishmaniasis, but an
excessive or poorly regulated response can lead to increased tissue damage.
Additionally, the production of IL-10 induced by the parasite adds another layer
of complexity, as this cytokine helps to manage immunopathology while also
allowing the parasite to persist and cause chronic infection. This situation
underscores the delicate and sometimes contradictory balance of the immune
system that ultimately determines the outcome of parasitic infections (Costa-Da-
silva et al., 2022; Volpedo et al., 2021).

This chapter explores the complex and multifaceted nature of parasite
immunology. We will start by outlining the basic mechanisms of the innate and
adaptive immune responses, including their cellular and humoral components,
cytokine networks, and effector molecules. These mechanisms are mobilized by
the host against various types of parasites, such as protozoa and helminths, and
play crucial protective roles.

Next, we will examine how the immune response can become harmful to the
host, focusing on the mechanisms that lead to immunopathology. This includes
excessive inflammation, granuloma formation, fibrosis, autoimmunity, and
allergic reactions, along with their manifestations in specific parasitic diseases. A
thorough comprehension of these intricate interactions at the molecular and
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cellular levels is paramount. It not only deepens our fundamental understanding
of immunology and parasitology but also provides the essential foundation for
designing more effective vaccines, developing novel immunotherapeutic
strategies, and establishing sustainable control programs to combat these
pervasive and often devastating diseases.

2. Natural and Cellular Basis of Protective Immune Responses

The evolutionary success of parasites largely depends on their ability to
overcome or manipulate the complex and constantly adapting defense
mechanisms of the host's immune system. In response, hosts have developed
intricate defenses against these microbial threats, which involve the coordinated
efforts of both the innate and adaptive immune systems. The nature and
effectiveness of these immune responses are influenced by several factors,
including the biological characteristics of the parasite (such as whether it is a
protozoan or a helminth), its stage in the life cycle, its specific location within the
host (whether intracellular or extracellular), and the molecular details of its
interactions with the host (Dimitriu et al., 2020).

2.1. The Critical Role of Innate Immunity in Early Detection and
Response Initiation

When a host first encounters a parasite, the innate immune system, which
serves as the first line of defense, responds quickly. This initial immune response
involves various types of cells, including those in the epithelial barrier, tissue-
resident macrophages, dendritic cells (DCs), mast cells, and circulating
neutrophils. These cells utilize specialized sensors known as Pattern Recognition
Receptors (PRRs) to identify either specific molecular patterns associated with
the parasites (known as Pathogen-Associated Molecular Patterns, or PAMPs) or
internal signals that indicate tissue damage within the host (known as Damage-
Associated Molecular Patterns, or DAMPs) (Maizels et al., 2018). The innate
immune system PAMPs are specific to parasites. For instance,
lipophosphoglycans (LPG) and glycoinositol phospholipids (GIPL) from
Leishmania species are examples of these structures. Additionally,
glycosylphosphatidylinositol (GPI) anchors and surface mucins from
Trypanosoma cruzi are also recognized as PAMPs. Furthermore, GPIs and
hemozoin, which are derived from the digestion of hemoglobin by Plasmodium
falciparum, can stimulate the immune response. Other important PAMPs include
chitin, glycan structures, ESPs, and nucleic acids, particularly CpG DNA,
originating from helminths.
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The interaction between PAMPs and PRRs triggers intracellular signaling
cascades, leading to the activation of transcription factors such as NF-xB, AP-1,
MAPK, and IRF. These processes are facilitated by adaptor proteins like MyD88
and TRIF (Assis et al., 2012; Ghosh et al., 2014; Karas et al., 2019).

This process triggers the production and release of pro-inflammatory
cytokines, including tumor necrosis factor-alpha (TNF-a), IL-1p, IL-6, and IL-
12. It also stimulates the release of chemokines such as CXCLS&/IL-8,
CCL2/MCP-1, and CCL5/RANTES, which guide the migration of leukocytes.
Certain cells, particularly DCs, can generate strong Type | interferon responses
(IFN-0/B) when exposed to specific PAMPs (Li et al., 2023). These early
mediators initiate local signs of inflammation, including vasodilation, increased
vascular permeability, and leukocyte extravasation, while attracting phagocytic
cells like neutrophils and monocytes to the site of infection (Karas$ et al., 2019).

Macrophages engulf small protozoa and debris from parasites through a
process known as phagocytosis. Inside the phagolysosomal compartment, they
utilize powerful microbicidal molecules to eliminate these pathogens. These
include reactive oxygen species (ROS), such as superoxide anions and hydrogen
peroxide, produced by the enzyme NADPH oxidase (NOX2), as well as reactive
nitrogen species (RNS), like nitric oxide (NO), synthesized from L-arginine by
inducible nitric oxide synthase (iNOS/NOS2). However, many intracellular
parasites have developed resistance mechanisms to evade these destructive
processes. In addition to phagocytosis, neutrophils adopt a different strategy to
combat larger or aggregated parasites. They release their chromatin DNA, which
combines with histones and antimicrobial proteins from degranulation (e.g.,
elastase, cathepsin G, and myeloperoxidase) to form structures known as
Neutrophil Extracellular Traps (NETs) through a process called NETosis. These
NETs physically ensnare parasites, restricting their movement while
simultaneously delivering high concentrations of toxic molecules directly to the
targeted pathogens (Herb et al., 2021).

The decrease in MHC class I expression or an increase in stress ligands, such
as MICA/B, in infected cells triggers the activation of natural killer (NK) cells.
Once activated, NK cells induce apoptosis in target cells through cytotoxicity by
secreting perforin and granzymes. They are also a significant early source of [FN-
v, which is crucial for the Thl polarization of adaptive immunity.

Additionally, the complement system serves as an essential humoral
component of innate immunity against parasites. It can be activated through three
pathways: the alternative pathway, which involves the spontaneous hydrolysis
and amplification of C3 by specific structures on the parasite surface; the lectin
pathway, which occurs when Mannose Binding Lectin (MBL) or ficolins bind to
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mannose or other sugars on the parasite surface; and the classical pathway, which
involves subsequent antibody responses. The central component of the activation
cascade is the cleavage of C3 into two fragments: C3a and C3b. C3b plays a vital
role in facilitating phagocytosis, particularly through complement receptors CR1
and CR3 located on macrophages and neutrophils. It does this by covalently
binding to the surface of parasites, a process known as opsonization. Later in the
cascade, the formation of the C5b-9 complex, also known as the Membrane
Attack Complex (MAC), can lead to direct lysis of certain parasites, including
specific forms of Trypanosomes and helminth larvae. Meanwhile, C3a and C5a,
known as anaphylatoxins, serve as potent chemoattractants. They degranulate
mast cells and basophils, triggering the release of inflammatory mediators such
as histamine and leukotrienes. This reaction increases vascular permeability and
enhances the influx of inflammatory cells. These rapid and diverse mechanisms
of innate immunity aim to limit the parasite load, although they often do not
suffice for complete elimination. A critical function of innate immunity is to
shape the type and strength of the adaptive immune response. This adaptive
response is more specific and persistent, and it is influenced by the cytokines
produced by innate immunity, such as IL-12, IL-6, TNF-a, and Type I interferons,
as well as through antigen presentation, particularly by mature DCs (Chen et al.,
2024; Duan et al., 2019; Herb et al., 2021; Wang et al., 2024).

2.2. Development of Specificity, Memory and Effector Mechanisms of
Acquired Immunity

Innate immune cells, particularly DCs, play a crucial role in processing
parasite antigens. They present these antigens on MHC class II molecules for
exogenous antigens and on MHC class I molecules for endogenous antigens,
either through cross-presentation or direct infection. This presentation occurs in
secondary lymphoid organs, such as lymph nodes and the spleen, where naive T
lymphocytes (CD4+ or CD8+) reside. For T cells to become activated, two key
signals are required. The first signal is the specific interaction between the T cell
receptor (TCR) and the peptide-MHC complex. The second signal comes from
the interaction of costimulatory molecules (CD80/B7.1 and CD86/B7.2) on the
antigen-presenting cell (APC) with CD28 on the T cell. Additionally, the presence
of cytokines secreted by APCs provides a third important signal for the activation
of T lymphocytes (Nakayama, 2015).

The combination of these signals triggers clonal proliferation and
differentiation of antigen-specific T cells into specific effector phenotypes. The
profile of the T cell response (Th1, Th2, Th17, Treg, etc.) depends largely on the
type of parasite (intracellular vs. extracellular), the microenvironment in which
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the infection is established, and especially on the cytokine profile produced by
DCs in response to PAMPs sensed by PRRs (e.g. IL-12 — Thl; IL-4 presence —
Th2; IL-6, TGF-B, IL-23 — Th17). The interplay of these signals initiates the
clonal proliferation and differentiation of antigen-specific T cells into various
effector phenotypes. The type of T cell response (such as Th1, Th2, Th17, or Treg)
is primarily influenced by the nature of the parasite (whether it is intracellular or
extracellular), the microenvironment where the infection occurs, and particularly
by the cytokine profile produced by DCs in response to PAMPs detected by PRRs.
For example, IL-12 promotes Thl differentiation, the presence of IL-4 favors
Th2, and a combination of IL-6, TGF-B, and IL-23 drives Th17 responses
(Morales-Primo et al., 2024).

2.2.1. Type 1 (Thl) Immune Response

It plays a central role in protection against protozoal parasites that replicate
within macrophages (e.g. Leishmania major, Toxoplasma gondii, Trypanosoma
cruzi) or other host cells (e.g. Plasmodium sporozoites in hepatocytes,
Plasmodium merozoites in part in erythrocytes). IL-12 produced by DCs and
macrophages and IFN-y released by NK cells and early activated T cells direct
the differentiation of naive CD4+ T cells to a Th1 phenotype by expressing the
transcription factor T-bet. IFN-y, the prototypical cytokine of Thl cells, has
multiple functions in parasite elimination. IL-12, produced by DCs and
macrophages, plays a central role in the body’s defense against protozoal
parasites that replicate within macrophages (such as Leishmania major, T. gondii,
and 7. cruzi) or other host cells (like Plasmodium sporozoites in hepatocytes and
Plasmodium merozoites in erythrocytes). The interaction between IL-12 and IFN-
v, released by NK cells and early activated T cells, guides the differentiation of
naive CD4+ T cells into a Th1l phenotype by promoting the expression of the
transcription factor T-bet. IFN-y, recognized as the prototypical cytokine of Thl
cells, has several important functions in the elimination of parasites (Schanz et
al., 2024).

2.2.2. Macrophage Activation (Classical Activation/M1 Polarization

It significantly boosts the expression and activity of inducible nitric oxide
synthase (iNOS) and NADPH oxidase in infected macrophages. This increase
maximizes the production of reactive nitrogen species (RNS) and reactive oxygen
species (ROS), enhancing the microbicidal capacity of the macrophages.
Additionally, it promotes the fusion of phagosomes and lysosomes, thereby
improving the antigen-presenting capacity of macrophages by elevating the
expression of MHC class II and costimulatory molecules (Herb et al., 2021).
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2.2.3. CD40-CD40L Interaction

Thl cells express a molecule known as CD40 Ligand (CD40L) on their
surface. When this ligand interacts with the CD40 receptor on the macrophage
surface, it synergizes with IFN-y signaling, further enhancing macrophage
activation and the production of IL-12. This interaction is also crucial for
activating B cells and promoting subsequent antibody production (Diaz et al.,
2021) Fig 1.
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Figure 1: The Role of Th1 Cells in Immune Response

2.2.4. Support of CD8+ Cytotoxic T Lymphocyte (CTL) Responses

IFN-y is a crucial signal for the differentiation, proliferation, and effector
functions of CTLs. CTLs are activated when they recognize parasite peptides
presented by MHC class I molecules on the surface of infected host cells through
their TCRs. Once activated, CTLs induce apoptosis in the target cells to eliminate
the intracellular reservoir of parasites. They accomplish this killing process in
two main ways: first, by secreting perforin, which is stored in their cytoplasmic
granules and creates pores in the cell membrane; and second, by releasing
granzymes, which are serine proteases that activate caspases and trigger
apoptosis. Alternatively, CTLs can directly signal apoptosis by interacting with
Fas Ligand (FasL) on their surface and the Fas (CD95) receptor on the target cell.
This cytotoxic mechanism is essential for controlling infections, particularly
those caused by Plasmodium during the liver stage and Toxoplasma (Garnier et
al., 2022) Fig 2
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Apoptosis

Figure 2: Role of CTL in Cellular Immunity

2.2.5. Antibody Class Change

Thl responses direct immunoglobulin class switching of B cells, particularly
to IgG subclasses (IgG1 and IgG3 in humans; IgG2a and [gG2c in mice), which
are effective for opsonization and Antibody-Dependent Cellular Cytotoxicity
(ADCC) and are good complement activators (Lunding, 2021).

2.3. Type 2 (Th2) Immune Response: Collective and Physical Defense
Against Extracellular Helminths

The Th2 immune response is specifically developed to combat multicellular
parasitic worms, known as helminths, which include nematodes, trematodes, and
cestodes. These organisms typically reside in various tissues such as the intestinal
lumen, blood vessels, lymphatics, and subcutaneous tissue. Due to their larger
size, they cannot be effectively eliminated by phagocytosis. Naive CD4+ T cells
differentiate into the Th2 phenotype by expressing the transcription factor
GATA3. This process is influenced by alarmins, signaling molecules such as
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, that are released from
epithelial cells when they are stimulated or damaged by helminths or their
secreted excretory-secretory (ES) products. Some subsets of dendritic cells are
also involved, likely activated in the presence of IL-4. During the initial stages of
the Th2 response, group 2 innate lymphoid cells (ILC2s) play a crucial role. These
cells respond directly to tissue damage or alarmins and are an important source
of Th2 cytokines, including IL-4, IL-5, IL-9, and IL-13. The key cytokines
produced by Th2 cells coordinate a variety of effector mechanisms to combat
helminth infections (Lunding, 2021; Ogulur et al., 2025).
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2.3.1. IL-4 and IL-13

These two cytokines are structurally and functionally similar and utilize
different components of the same receptor complex, specifically Type I and Type
IT IL-4 receptors. They regulate immunoglobulin class switching in B cells,
directing the production of IgE as well as the [gG1 subclass in mice and the IgG4
subclass in humans. IgE antibodies bind to the high-affinity Fc receptor, FceRlI,
found on mast cells, basophils, and activated eosinophils (Bernstein et al., 2023).
When parasite antigens cross-link the IgE antibodies bound to these cells, it
triggers rapid degranulation. This process releases various mediators, which
include vasoactive amines (such as histamine), lipid mediators (including
leukotrienes C4, D4, and E4, as well as prostaglandin D2), proteases (like tryptase
and chymase), chemokines, and cytokines (such as TNF-a, IL-4, IL-5, and IL-
13) (Parente et al., 2023). Mediators play a crucial role in the inflammatory
response by initiating a series of physiological changes. These changes include
the dilation of blood vessels (vasodilation), increased vascular permeability,
contraction of smooth muscles in structures such as the bronchi and intestines
(bronchoconstriction and increased intestinal peristalsis), and stimulation of
mucus secretion. These effects aid in the migration of inflammatory cells,
primarily eosinophils, to the affected tissue through processes known as
chemotaxis and extravasation. Specifically, these mediators are instrumental in
the physical expulsion of parasites by promoting increased fluid secretion and
enhancing intestinal motility to defend against intestinal helminths. Additionally,
the cytokine IL-13 boosts mucus production by increasing the number and
maturity (hyperplasia and differentiation) of mucus-producing goblet cells. IL-13
also helps prevent parasite adhesion to the intestinal mucosa by accelerating the
turnover rate of epithelial cells (Inclan-Rico et al., 2022) Table 1.
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Table 1: IL-4/IL-13 Functions in IgE Responses and Parasite Immunity

Features Description
Cytokine Structurally and functionally similar; utilize components of the same
Characteristics receptor complex (Type I and Type II IL-4 receptors).

Effect on B Cells

Drive immunoglobulin class switching to IgE and IgG1 (mouse) / IgG4
(human).

IgE Antibody | Binds to the high-affinity Fc receptor (FceRI) on mast cells, basophils,
Function and activated eosinophils.

Cell Activation | Cross-linking of cell-bound IgE by parasite antigens triggers rapid
Trigger degranulation of these cells (mast cells, basophils, eosinophils).

Released Mediators

Vasoactive amines (histamine), lipid mediators (Leukotrienes C4, D4,
E4; Prostaglandin D2), proteases (tryptase, chymase), chemokines, and
cytokines (TNF-a, IL-4, IL-5, IL-13).

Physiological
Effects

increased vascular permeability, smooth muscle

increased intestinal peristalsis),

Vasodilation,
contraction (bronchoconstriction,
stimulation of mucus secretion.

Inflammatory-Cell
Recruitment

Facilitate chemotaxis and extravasation of inflammatory cells

(especially eosinophils) into the tissue.

Role
Parasite Defense

in Intestinal

Contribute to physical expulsion of helminths by promoting increased
fluid secretion and intestinal motility.

Specific-IL-13

Enhances mucus production (via goblet cell hyperplasia and

Functions differentiation); increases epithelial cell turnover, hindering parasite
adhesion.

2.3.2. IL-5

The process strongly stimulates the production of eosinophils

(hematopoiesis), including their differentiation, release, migration into tissues
(induced by chemokines such as eotaxins/CCL11), and survival/activation from
the bone marrow. Eosinophils are a characteristic type of immune cell involved
in helminth infections. They adhere to the surface of helminth larvae that are
coated with IgE or IgG antibodies through FceRI or Fcy receptors. Once attached,
eosinophils discharge their cytotoxic granules, which contain Major Basic Protein
(MBP), eosinophil cationic protein (ECP), eosinophil peroxidase (EPO), and
eosinophil neurotoxin (EDN), onto the parasite's surface (tegument/cuticle) in a
process known as antibody-dependent cellular cytotoxicity (ADCC). These
proteins are highly toxic to the parasite and can damage its surface structures
(Ehrens et al., 2022).

2.3.4.1L-9

IL-9 plays several important roles in the immune system, particularly in type
2 immune responses and mucosal immunity. One of its most well-known
functions is to significantly promote the growth, survival, and activation of mast
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cells. This enhancement allows mast cells to degranulate and release potent
inflammatory mediators, which are essential during allergic reactions and in
defending against certain parasites, especially helminths.

In addition to its effects on mast cells, IL-9 also significantly influences the
function of other key lymphocyte populations involved in type 2 responses, such
as innate lymphoid cells type 2 (ILC2s) and Th2 cells. It often amplifies their
cytokine production and effector capabilities. Furthermore, IL-9 contributes to
barrier defense mechanisms by directly stimulating intestinal epithelial cells,
which increases the production and secretion of mucus. This mucus forms a
crucial physical barrier that helps trap and expel pathogens within the gut liimen
(Bick et al., 2024).

2.3.5. Alternative Macrophage Activation (M2 Polarization)

IL-4 and IL-13 promote the transformation of macrophages into an
"alternatively activated" or M2 phenotype. These M2 macrophages exhibit high
levels of Arginase-1 (Argl), which converts L-arginine into urea and ornithine,
competing with inducible Nitric Oxide Synthase (iNOS). As a result, M2
macrophages have a lower capacity to kill microbes and secrete
immunosuppressive and regulatory cytokines such as IL-10 and TGF-B. They
also produce molecules involved in tissue repair and remodeling, including
fibronectin, collagen precursors, and metalloproteinases. The role of M2
macrophages in the Th2 immune response is complex. On one hand, they help
contain parasites, particularly established larvae or eggs, by forming a capsule
around them and assisting in tissue repair. On the other hand, their secretion of
IL-10 and TGF-B can lead to local immunosuppression and suppression of the
Th1 response, which may allow the parasite to persist in a chronic state (Inclan-
Rico et al., 2022; Parente et al., 2023).

2.4. Roles of Other T Cell Subsets and B Cells

2.4.1. Th17 Cells

They secrete cytokines such as IL-17A, IL-17F, and IL-22. IL-17, in
particular, strongly induces neutrophil chemotaxis and activation by stimulating
the release of granulocyte colony-stimulating factor (G-CSF) and CXCLS. IL-22
acts on epithelial cells to enhance their barrier functions by increasing the
production of antimicrobial peptides and repairing tight junctions. The role of
Th17 responses in parasitic infections varies depending on the type of parasite
and the stage of infection. Th17 responses have been shown to contribute to some
protozoal infections, such as certain forms of mucocutaneous leishmaniasis, and
to certain helminth infections, providing early protection against Trichuris muris
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and contributing to egg granuloma pathology in Schistosoma infections. Overall,
Th17 responses are generally more critical in responses to bacterial and fungal
infections (Huangfu et al., 2023).

2.4.2. Regulatory T Cells (Tregs)

The cells primarily express the transcription factor Foxp3 and fall into two
categories: naturally occurring thymic regulatory T cells (nTreg) and peripherally
induced regulatory T cells (iTreg). Regulatory T cells (Tregs) are essential
negative regulators that help prevent excessive immune responses and the
development of autoimmune diseases. Their main mechanisms of action include
the secretion of immunosuppressive cytokines such as IL-10 and TGF-B. They
also reduce IL-2 levels by expressing the high-affinity IL-2 receptor (CD25), and
they inhibit costimulatory molecules on antigen-presenting cells (APCs) through
CTLA-4. Furthermore, Tregs modulate metabolic pathways, including adenosine
production. In cases of chronic parasitic infections, particularly helminthiasis,
Treg populations are often found to expand and become activated. This expansion
helps to limit immunopathological damage to host tissues. However, it also
suppresses Thl and Th2 protective effector responses against the parasite. This
suppression significantly contributes to the long-term survival of the parasite and
the establishment of chronic infection (Ge et al., 2024).

2.4.3. B Cells and Antibodies

B lymphocytes are fundamental to the humoral immune response against
parasitic infections. These cells are responsible for producing antibodies that are
specific to parasitic antigens. Effective antibody production and isotype
switching often depend on signals from T lymphocytes, particularly T follicular
helper (Tfh) cells found in germinal centers. The antibodies produced by B
lymphocytes contribute to various protective mechanisms against parasites
(Ritzau-Jost et al., 2021).

2.4.3.1.Neutralization

Antibodies can prevent the adhesion or invasion of parasites into host cells
through a neutralization mechanism. A specific example is the blocking of the
entry of merozoite forms of the Plasmodium genus parasite into erythrocytes by
antibodies (Chandley et al., 2023).

2.4.3.2.Optionization

The process of opsonization occurs when antibodies bind to parasites or
infected cells. This binding enhances target recognition and promotes
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phagocytosis (cellular engulfment) by phagocytic cells like macrophages and
neutrophils through Fcy receptors (Lee et al., 2020).

2.4.3.3.Complement Activation

The activation of the complement system is a significant outcome of antibody-
mediated responses. Specifically, [gM and certain subclasses of IgG, such as
IgGl and IgG3 in humans, initiate the classical complement pathway. This
activation can lead to the direct lysis, or disintegration, of the target parasite's cell
membrane, or it can enhance opsonization by complement proteins, making the
target more recognizable for immune clearance (Berentsen, 2015).

2.4.3.4. Antibody Dependent Cellular Cytotoxicity (ADCC)

IgG antibodies play a crucial role in directing NK cells to infected cells
through the FcyRIII/CD16 receptor, prompting the NK cells to eliminate those
infected cells. In contrast, IgE antibodies guide eosinophils, macrophages, and
platelets to target helminth larvae, triggering these immune cells to release their
granule contents, which is part of the Th2 response. The effectiveness of the
antibody response varies based on the life stage and location of the parasite. It is
generally more effective against extracellular forms of parasites that are present
in the bloodstream or tissue fluid. However, the response is limited against
intracellular parasites and cyst forms. Additionally, it’s important to note that
parasites can evade antibody responses through mechanisms such as antigenic
variation (Forthal et al., 2018).

2.5. Immunopathology in Parasitic Infections

Immune responses to parasitic infections are crucial for defending the host,
but when these responses become excessive, uncontrolled, or misdirected, they
can lead to immunopathological mechanisms that cause significant damage to the
host's tissues. The symptoms associated with many parasitic diseases and the
resulting health issues (morbidity) often stem from these inappropriate immune
responses rather than direct harm caused by the parasite itself. The nature and
severity of the observed immunopathology can vary based on factors specific to
the host, including genetic makeup, nutritional status, and pre-existing infections,
as well as characteristics of the parasite, such as its type and density in the host
(Shivahare et al., 2023).
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2.5.1. Pathology Associated with Excessive Inflammatory Responses and
Cytokine Storm

During acute infections or specific pathological conditions, there can be an
excessive and uncontrolled release of pro-inflammatory cytokines, particularly
mediators like TNF-o, IFN-y, IL-1pB, IL-6, and IL-12. This excessive cytokine
release can lead to a severe immunological response known as a "cytokine storm."
Such a storm can result in widespread tissue damage, organ dysfunction, and
potentially fatal outcomes (Riyaz Tramboo et al., 2024).

2.5.2. Cerebral Malaria

One of the most severe complications of P. falciparum infection is cerebral
malaria. This condition occurs when infected red blood cells adhere to the brain's
capillary endothelium through adhesion molecules, such as PFEMP1, expressed
by the parasite. This adhesion leads to local ischemia and damage to the
endothelium. As a result, immune cells, including monocytes, macrophages, and
T cells, infiltrate the affected area. These immune cells release high levels of
cytokines, such as TNF-a, IFN-y, and Lymphotoxin-o (LT-a). The release of these
cytokines disrupts the integrity of the blood-brain barrier, increases vascular
permeability, and results in microhemorrhages, brain edema, neuronal damage,
and apoptosis. These effects can lead to severe outcomes such as coma,
convulsions, and neurological complications (Akide Ndunge et al., 2022).

2.5.3. Late Stage of African Trypanosomiasis (Sleeping Sickness)

The meningoencephalitic phase of African Sleeping Sickness is marked by the
invasion of the central nervous system (CNS) by the parasites 7. brucei
gambiense or T. brucei rhodesiense, which cross the blood-brain barrier. Once in
the brain parenchyma, these parasites activate T lymphocytes, primarily Th1-type
T cells, as well as astrocytes and microglia, which are the brain’s resident
macrophages. These activated cells produce high levels of pro-inflammatory
cytokines, particularly IFN-y and TNF-a. This chronic neuroinflammation is a
fundamental pathological mechanism that leads to demyelination, neuronal
damage, and the characteristic neuropsychiatric symptoms of the disease,
including sleep disturbances, personality changes, motor and sensory
dysfunction, and progressive encephalopathy (Kennedy, 2004).

2.5.4. Acute Chagas Disease

During the early (acute) phase of T. cruzi infection, particularly in children or
immunocompromised individuals, high levels of parasitemia can lead to severe
systemic inflammation. The parasite intensely invades heart muscle cells
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(cardiomyocytes), triggering a strong inflammatory response mediated by
cytokines such as IFN-y and TNF-o. These cytokines are released by
macrophages, Th1-type helper T cells, and CTL. This immune response can result
in serious cardiac complications, including acute myocarditis and potentially
heart failure. Additionally, involvement of the central nervous system, such as
meningitis or encephalitis, has been reported during this stage (Macaluso et al.,
2023; Olivo-Freites et al., 2023) Fig. 3.
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Figure3. Factors Leading to Cardiac Complications in Acute Chagas Disease

2.5.5. Acute Schistosomiasis (Katayama Fever)

Acute Schistosomiasis, also known as Katayama Fever, is a clinical syndrome
similar to serum sickness that typically occurs a few weeks after the initial
infection with Schistosoma species, particularly Schistosoma japonicum and
Schistosoma mansoni. This syndrome emerges when the parasites reach their
adult form within the host and begin laying eggs. The pathogenesis of acute
Schistosomiasis involves a systemic hypersensitivity reaction, which is triggered
by immune complexes formed as the host's immune system responds to egg
antigens released into the bloodstream. It is believed that early Th1/Th17-type
cellular immune responses may also play a role in this reaction. Clinically, acute
Schistosomiasis is characterized by systemic symptoms such as fever, urticaria
(hives), angioedema (swelling), muscle pain (myalgia), non-productive cough
(dry cough), and diarrhea. Laboratory findings often show marked eosinophilia
(an elevated number of eosinophils) as well as lymphadenopathy (swollen lymph
nodes) and hepatosplenomegaly (enlargement of the liver and spleen) that can be
detected during a physical examination. While acute Schistosomiasis typically
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resolves on its own, it can lead to serious complications in some cases (Biber et
al., 2022; Ross et al., 2007) Fig 4.
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Figure 4. Pathogenesis of Acute Schistosomiasis

2.6. Granuloma Formation, Chronic Inflammation, and Fibrosis-
Associated Organ Damage

The immune system forms organized cellular structures known as granulomas
to limit and isolate large or resistant parasites, larvae, or especially the eggs left
in tissues by helminths that cannot be cleared through phagocytosis. Initially,
granulomas serve as a protective mechanism; however, as infection becomes
chronic, they can become a primary source of pathology. Granulomas are
comprised of activated macrophages (epithelioid cells and multinucleated giant
cells) clustered around antigenic stimuli, along with lymphocytes (Thl, Th2,
Th17, Treg), eosinophils, neutrophils, fibroblasts, and other cells. The cytokines,
chemokines, and growth factors released by cells within the granuloma trigger a
sustained inflammatory response and stimulate the production and accumulation
of extracellular matrix (ECM) components, particularly collagen. This process
ultimately leads to fibrosis, which is characterized by the formation of scar tissue
(Vacca et al., 2022).

2.6.1. Schistosomiasis

Schistosomiasis can lead to significant long-term health issues primarily due
to the accumulation of parasite eggs in organs such as the liver or bladder. When
these foreign eggs settle in the body, the immune system responds by forming
inflammatory nodules known as granulomas around them. Over time, this results
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in the development of scar tissue (fibrosis) in the affected areas. The substances
secreted by the eggs activate a specific part of the immune system, particularly
the Th2 branch. Chemical messengers like IL-4 and IL-13 prompt immune cells,
such as macrophages, to contribute to healing and scarring, while also stimulating
fibroblasts to produce collagen, the main component of scar tissue (Mawa et al.,
2021).

If the immune response intensifies in the liver, it can lead to severe scarring,
known as periportal fibrosis, around the portal vein, which is the main blood
vessel in the liver. This scarring can obstruct blood flow within the liver and cause
increased pressure in the portal vascular system, resulting in portal hypertension.
Consequently, the spleen may enlarge (splenomegaly), fluid could accumulate in
the abdominal cavity (ascites), and life-threatening complications may develop,
such as dilation and bleeding of the veins in the esophagus (esophageal variceal
bleeding) (Manzella et al., 2008).

In cases where the issue arises in the urinary tract, granulomas, scarring, and
calcifications forming in the bladder wall can impede the flow of urine from the
kidneys to the bladder. This obstruction can lead to kidney swelling
(hydronephrosis) and may eventually result in impaired kidney function or kidney
failure. Additionally, the ongoing inflammation and deterioration of cell structure
in the bladder significantly increase the risk of developing bladder cancer,
particularly the squamous cell carcinoma type (Sah et al., 2015) Fig. 5.

Chemical
messengers
promoting healing

Cells aiding in
wound healing

Immune
Response 2 Pathological
Activation of Th2 Effects

Immune response

Fibroblasts
5

Cells producing
collagen for scar
tissue
Eggs settling in
organs causing
inflammation

Figure 5. Pathological Effects of Schistosomiasis
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2.6.2. Lymphatic Filariasis

Adult forms of filarial nematodes, particularly the species Wuchereria bancrofti
and Brugia malayi, are found in the human lymphatic system, specifically in lymph
vessels and lymph nodes. The presence of these parasites can lead to chronic
inflammation of the lymph vessels (lymphangitis) and lymph nodes (lymphadenitis).
However, a more significant factor in the progression of chronic disease is the host's
immune response to dead or dying adult parasites. This response triggers
granulomatous reactions and subsequent fibrotic processes around the remnants of
the parasites, resulting in structural damage and obstruction in the lymph vessels. As
a consequence, lymphatic drainage becomes impaired. Over the years, this
progressive lymphatic insufficiency can result in the development of massive, often
irreversible lymphedema in the affected areas of the body, particularly in the lower
extremities and genital region. The most advanced stage of this condition is known
as elephantiasis, which is characterized by severe skin thickening (hyperkeratosis)
and hardening (induration), in addition to significant lymphedema (Rajamanickam et
al., 2025; Setegn et al., 2024) Fig 6.
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Figure 6. Factors Leading to Elephantiasis

2.6.3. Visceral Leishmaniasis (Kala-azar)

Visceral leishmaniasis is a systemic infection caused by the intracellular
protozoan parasite L. donovani or L. infantum. These parasites multiply within
host macrophages and lead to widespread infiltration of the organs in the
reticuloendothelial system, primarily the liver, spleen, and bone marrow. The
persistent presence of the parasites triggers a chronic inflammatory response in
these organs. This response, while not always well-organized, includes
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granulomatous reactions and significant macrophage hyperplasia, resulting in
notable hepatosplenomegaly. Bone marrow infiltration and dysfunction often
lead to hypersplenism, which is characterized by pancytopenia, anemia,
leukopenia, and thrombocytopenia. Another critical consequence of visceral
leishmaniasis is the suppression of the host's overall immune response, making
individuals more susceptible to secondary bacterial infections and other
opportunistic infections. In advanced cases, fibrotic changes may also occur as a

result of chronic inflammation (Costa et al., 2023) Table 2.

Table 2. Features of Visceral Leishmaniasis (Kala-azar)

Features Description
Type of Disease Systemic infection
Causative Agent Leishmania donovani or L. infantum (Protozoan parasites)

Basic Mechanism

Obligate intracellular multiplication of parasites within host
macrophages

Target System/Organs

Reticuloendothelial system (primarily Liver, Spleen, Bone

Marrow)

Pathological Process

Widespread infiltration of target organs by these infected cells;
Chronic inflammatory response triggered by parasite persistence
(granulomas, macrophage hyperplasia)

Main Clinical Findings

Clinically massive hepatosplenomegaly (Enlargement of liver and
spleen)

Bone Marrow Effects

Infiltration and dysfunction; Contribution of hypersplenism

Hematological
Consequences

Effect on Immune System
Consequences of
Immunosuppression

Pancytopenia (manifested by  Anemia, Leukopenia,
Thrombocytopenia)

Suppression of the host's general immune response

Increased susceptibility to secondary bacterial or other
opportunistic infections

Advanced Stage Sequelae

Fibrotic changes may develop as a sequela of chronic inflammation

(in advanced cases)

2.6.4. Onchocerciasis (River Blindness)

The basic mechanism behind onchocerciasis involves severe inflammatory
reactions triggered by microfilariae, the microscopic larvae of the Onchocerca
volvulus parasite, when they die in the skin and eye tissues. In the skin, this
condition presents as chronic dermatitis (skin inflammation), intense itching,
thickening and coarsening of the skin (lichenification), thinning of the skin
(atrophy), and regional pigment loss (depigmentation), which can be described
as "leopard skin." When the eyes are involved, the situation becomes more
serious, as microfilariae can invade vital structures of the eye, including the
cornea (the clear front layer of the eye), the anterior chamber (the space between
the cornea and the iris), the iris (the colored part of the eye), the retina (the layer
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that enables vision), and the optic nerve (which transmits visual information to
the brain). The death of microfilariae in these delicate tissues results in various
eye conditions, such as punctate keratitis (small inflammatory dots on the
cornea), sclerosing keratitis (progressive clouding and hardening of the cornea),
iridocyclitis (inflammation of the iris and nearby structures), chorioretinitis
(inflammation of the retina and underlying vascular layer), and optic atrophy
(damage to the optic nerve). These eye pathologies accumulate over time, leading
to progressive vision loss and, ultimately, blindness, a condition known as river
blindness. The development of these damaging processes is believed to involve
different response mechanisms of the immune system, known as Th2 and
Th1/Th17, as well as certain molecules released by Wolbachia, a symbiotic
bacterium that resides within the parasite (Frallonardo et al., 2022; Katawa et al.,
2015), Fig. 7.

Immune
Response

Th2 and Th1/Th17
responses

Onchocerciasis

Symbiotic bacteria
releasing harmful
molecules

Microscopic larvae
causing
inflammation

Figure 7. Factors Leading to Onchocerciasis

3. Immune Complex Deposition and Associated Vasculitis/Nephritis

Immune complexes (ICs) are formed when soluble parasite antigens in the
bloodstream interact with antibodies produced by the host, particularly IgM and
IgG classes. These complexes can play a significant role in disease progression.
Under certain immunological conditions, such as when there is an excess of
antigens or antibodies, or when the body's normal mechanisms for clearing these
complexes are insufficient, ICs can accumulate in the walls of small blood
vessels. This accumulation is especially noticeable in areas like the basement
membranes of the renal glomeruli and the synovial membranes of the joints
(Tenaglia et al., 2023).

Accumulation of immune complexes (ICs) in tissues strongly activates the
classical pathway of the complement system. This activation results in the
production of pro-inflammatory anaphylatoxins, such as C3a and C5a, as well as
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the formation of the membrane attack complex (MAC), which can lead to cell
damage. C5a, in particular, is a powerful chemotactic factor that attracts and
activates neutrophils to the site of accumulation. Once neutrophils arrive at the
site, they bind to the immune complexes through Fc receptors on their surface.
This binding triggers the degranulation of neutrophils, releasing cytotoxic
molecules, including lysosomal enzymes and reactive oxygen species (ROS), into
the surrounding tissue. Consequently, this sequence of events causes localized
tissue damage and results in a Type III hypersensitivity reaction. Clinically, this
may manifest as vasculitis (inflammation of blood vessels), glomerulonephritis
(inflammation of the kidneys), or arthritis (inflammation of the joints) (Kulkarni
et al., 2024) Table 3.

Table 3. Mechanism of Immune Complex Deposition and
Associated Vasculitis/Nephritis

Component / Process

Mechanism / Description

Key Mediators / Sites /
Outcomes

Immune Complex (IC)

Interaction between circulating

Soluble parasite antigens,

Formation soluble parasite antigens and host- Host antibodies (esp. IgM,
produced antibodies. IgG)

IC Deposition Accumulation of ICs in small blood | Sites: Renal glomerular
vessel walls, favoured by basement membranes,
antigen/antibody excess or synovial membranes (Tenaglia
inadequate physiological clearance. | et al., 2023)

Complement Activation | Deposited ICs trigger the classical Classical complement

pathway of the complement system.

pathway components

Generation of
Inflammatory
Mediators

Complement activation leads to the
formation of pro-inflammatory
molecules and cell-damaging
complexes. C5a acts as a potent
chemoattractant.

Anaphylatoxins (C3a, C5a),
Membrane Attack Complex
(MAC)

Neutrophil Recruitment
& Activation

C5a attracts neutrophils to the site
of IC deposition. Neutrophils bind
to deposited ICs via surface Fc
receptors, triggering activation.

C5a (chemotaxis),
Neutrophils, Fc receptors

Effector Phase / Tissue
Damage

Activated neutrophils degranulate,
releasing cytotoxic molecules into
the surrounding tissue.

Lysosomal enzymes, Reactive
Oxygen Species (ROS)

Pathological Outcome

The cascade results in localized
tissue damage, characterized as a
Type III hypersensitivity reaction,
leading to inflammation of affected
tissues.

Clinical Manifestations:
Vasculitis,
Glomerulonephritis, Arthritis;
Type 111 Hypersensitivity
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4. Malaria-Associated Nephropathy

Quartan malarial nephropathy is a specific type of immune complex-mediated
glomerulonephritis that is linked to chronic infection with P. malariae. The
pathogenesis of this condition primarily involves the deposition of immune
complexes (IC) in the subendothelial and mesangial areas of the glomerular
capillary wall. These immune complex deposits activate the complement system,
resulting in a local inflammatory response and subsequent progressive
glomerulosclerosis.  Clinically, quartan malarial nephropathy presents as a
persistent nephrotic syndrome that typically does not respond well to standard
therapies. It is important to differentiate this condition from the more common
transient acute kidney injury associated with P. falciparum infections, which
usually occur due to acute tubular necrosis or acute glomerulonephritis (Gentile
etal., 2019).

5. Schistosomiasis-Associated Glomerulonephritis

In some patients with chronic infections caused by S. mansoni or S.
Jjaponicum, particularly those with the hepatosplenic form of the disease, various
types of glomerulonephritis may develop. This includes mesangioproliferative,
membranoproliferative, and focal segmental glomerulosclerosis. These
conditions can arise from the accumulation of immune complexes (ICs) formed
by circulating parasite antigens, such as egg or adult antigens, in the glomeruli.
As a result, patients may experience proteinuria or nephrotic syndrome (Liao et
al., 2022).

6. Triggering or Exacerbation of Autoimmunity

During parasitic infections, autoimmune reactions may occur when the host's
immune system mistakenly attacks its tissues while responding to parasite
antigens. Potential mechanisms underlying this phenomenon include (Chulanetra
etal., 2021).

6. 1. Molecular Mimicry

If structural similarities exist between parasite antigens and host proteins, T
cell or antibody responses against the parasite may also react to these similar host
molecules (Martins et al., 2023).

6.2. Bystander Activation

During a parasite infection, the inflammatory environment can cause APCs,
especially DCs, to become nonspecifically activated. As a result, they may
present self-antigens that the immune system usually tolerates. This activation
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can lead to the stimulation of previously anergic or naive autoreactive T cells.
Additionally, released cytokines may facilitate this process (Kim et al., 2019).

6.3. Epitope Spreading

Damage to host tissues caused by parasite infections or related inflammation
can expose proteins that are typically hidden from the immune system, known as
cryptic epitopes. When the immune system reacts to and develops a response
towards these newly exposed self-antigens, the process is referred to as
cryptogenic epitope spreading. This phenomenon results in the immune response
initially targeting the pathogen and expanding to also include the host's tissue
structures (Lekki-Jozwiak et al., 2024).

6.4. Chronic Chagas Cardiomyopathy and Mega Syndromes

Autoimmunity is believed to play a significant role in the development of
megaesophagus and megacolon in patients with dilated cardiomyopathy, cardiac
conduction disorders, and gastrointestinal denervation seen in the chronic phase
of Chagas disease. Research has demonstrated that immune responses to T. cruzi
antigens, such as the B13 protein and cruzipain, can cross-react with cardiac
muscle proteins, including myosin, laminin, and neuronal proteins in the ganglia
of the autonomic nervous system. This process is complex, involving both direct
damage caused by the parasite and immune-mediated mechanisms (Medina-
Rincon et al., 2021).

7. Allergic Type Hypersensitivity Reactions

Helminth infections typically trigger a strong Th2 polarization of the immune
system. This polarization results in increased production of IgE antibodies,
primarily driven by the cytokines IL-4 and IL-13. Additionally, it leads to
significant activation of eosinophils and mast cells through the action of IL-5.
This specialized immunological environment makes the host particularly
vulnerable to allergic responses known as Type | hypersensitivity reactions.
These allergic reactions are characterized by the IgE-mediated degranulation of
mast cells and the release of vasoactive amines such as histamine, which typically
occurs upon subsequent exposure to the same parasite antigens or during certain
stages of the parasite’s life cycle (Ayelign et al., 2020).

7.1. Tropical Pulmonary Eosinophilia (TPE)

In some individuals with lymphatic filariasis, there is an exaggerated
inflammatory response mediated by IgE and eosinophils to microfilariae trapped
in the lung capillaries. This condition is characterized by nighttime asthma-like
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symptoms, which include coughing, wheezing, and shortness of breath, as well
as fever, weight loss, very high blood eosinophil counts (greater than 3000/mm?),
and elevated total IgE levels. A chest X-ray typically reveals widespread
reticulonodular infiltrates. If left untreated, this condition can progress to chronic
lung disease and fibrosis (Joanna 'V, 2019).

7.2. Loffler Syndrome

This condition is a transient syndrome that occurs during the migration of
certain helminth larvae, such as Ascaris lumbricoides and hookworms (Necator
americanus and Ancylostoma duodenale), from the lungs as part of their life
cycle. It is characterized by migratory pulmonary infiltrates in the lungs, along
with symptoms like cough, fever, and significant blood eosinophilia. Typically,
this syndrome is mild and resolves on its own (Caldrer et al., 2022).

7.3. Anaphylaxis

Systemic anaphylaxis is a rare but life-threatening emergency that can occur
due to the sudden and widespread degranulation of mast cells. This may happen
in specific situations, such as when hydatid cysts caused by Echinococcus
granulosus rupture, often due to trauma or surgery. It can also result from mass
exposure to certain helminths, such as Ascaris. Symptoms of systemic
anaphylaxis include widespread urticaria (hives), angioedema (swelling),
bronchospasm (tightening of the airways), hypotension (low blood pressure), and
circulatory collapse (Khaled et al., 2021).

8. Conclusion

The immunological interaction between host and parasite is one of the most
complex and dynamic areas of biology. This interaction involves a continuous
competition of adaptation and counter-adaptation, shaped by millions of years of
co-evolution. He host immune system utilizes a complex array of innate and
adaptive defenses to recognize, control, and ultimately eliminate parasitic
pathogens. This multifaceted response is illustrated by key immunological
concepts, such as the polarization of T helper cells into Th1 or Th2 subsets. These
subsets orchestrate distinct mechanisms tailored to address different types of
parasitic threats. At the same time, parasites have developed sophisticated
strategies to evade and modulate the host's immune response, ensuring their
survival and promoting their spread. These strategies vary in complexity; some
are relatively simple, like antigenic variation or hiding from the immune system,
while others involve intricate molecular mechanisms that actively suppress,

50



disrupt, or manipulate components of the host immune response for their
advantage.

A particularly striking aspect of the struggle against parasitic diseases is the
inherent dilemma of the immune response: the very mechanisms essential for
protection can also lead to immunopathology, causing significant damage to host
tissues. In many instances, excessive inflammation, fibrotic processes, and
autoimmune reactions contribute more to the morbidity and mortality associated
with parasitic infections than the direct impact of the parasites themselves.
Parasites possess the ability to subtly manipulate the immune system, particularly
through the induction of regulatory T cells (Tregs) and the activation of
suppressive pathways like IL-10 and TGF-B. This manipulation plays a crucial
role in establishing chronic infections, potentially creating a general state of
immunosuppression in the host. As a result, the host becomes more vulnerable to
secondary infections and the efficacy of vaccines may be reduced. Understanding
the complexities of parasite immunology is not only biologically interesting but
also crucial for global health. To develop effective vaccine strategies that provide
strong protection while minimizing harmful immune responses, we must also
create innovative therapeutic approaches, such as immunomodulatory treatments,
to counteract the immune evasion tactics employed by parasites. Moreover,
enhancing the effectiveness of existing control programs relies on our
understanding of the molecular and cellular intricacies of the host-parasite
interaction. Future research in this field will shed light on these issues and open
new possibilities in our fight against the devastating diseases that impact millions
of people.
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