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ABSTRACT

Malaria remains a global health challenge, with over 200 million cases annually, particularly affecting sub-Saharan
Africa. The disease is caused by Plasmodium parasites, primarily P. falciparum, and transmitted via female Anopheles
mosquitoes. A central factor in malaria pathogenesis and persistence is the complex interplay between the parasite
and the host immune system. Plasmodium has evolved diverse strategies to evade immune detection, including
antigenic variation, immune suppression, and manipulation of host cytokine responses. Conversely, the human
immune system mounts both innate and adaptive responses, albeit often insufficient to confer lasting immunity after
infection. This review explores the mechanisms by which Plasmodium modulates host immunity, focusing on innate
recognition pathways, dendritic cell dysfunction, T-cell exhaustion, and B-cell dysregulation. We also examine the
role of immunological memory in malaria and its implications for natural immunity. Despite advances, vaccine
development faces challenges such as the antigenic diversity of Plasmodium and its ability to manipulate immune
memory. However, novel vaccine candidates, including RTS, S/AS01, R21/Matrix-M, and whole sporozoite-based
vaccines, demonstrate varying degrees of efficacy, particularly in children. Advancements in systems immunology,
adjuvant technologies, and structure-based antigen design offer new hope for a highly efficacious and durable malaria
vaccine. Understanding the host-parasite immunological dialogue is crucial not only for vaccine design but also for
the development of immune-based therapies to reduce disease burden and transmission.
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INTRODUCTION
Malaria continues to be one of the world’s most devastating infectious diseases, responsible for hundreds of
thousands of deaths annually, particularly in sub-Saharan Africa and parts of Southeast Asia [17. It is caused by
protozoan parasites of the genus Plasmodium, among which Plasmodium falciparum is the most virulent and life-
threatening species [27]. The parasite’s lifecycle involves both the Anopheles mosquito vector and the human host,
with distinct developmental stages in the liver and red blood cells [37. Each stage poses unique challenges to the
human immune system and provides opportunities for the parasite to evade detection and elimination. The human
immune response to malaria is a complex and dynamic process involving a delicate balance between pro-
inflammatory and regulatory mechanisms [47]. While the immune system attempts to control parasite replication
and prevent severe disease, Plasmodium has developed intricate strategies to modulate and escape immune
surveillance [57. These host-parasite interactions play a critical role in the clinical manifestations of malaria, ranging
from asymptomatic infections to severe complications such as cerebral malaria and multi-organ failure.
Understanding these immunological dynamics is essential not only for improving clinical management but also for
informing vaccine design and the development of immunotherapeutic strategies.
2. Immune Response to Plasmodium Infection
2.1 Innate Immunity
Innate immunity serves as the first line of defense against Plasmodium infection. Upon mosquito transmission,
sporozoites enter the bloodstream and travel to the liver, where they infect hepatocytes [67. During this early stage,
innate immune cells such as macrophages, dendritic cells (DCs), and natural killer (NK) cells become activated [77].
These cells recognize pathogen-associated molecular patterns (PAMPs) on the parasite through pattern recognition
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receptors (PRRs), including Toll-like receptors (TLRs). For example, glycosylphosphatidylinositols (GPIs) from
Plasmodium trigger TLR2 and TLR4 signaling pathways, leading to the production of inflammatory cytokines like
interleukin-12 (IL-12) and interferon-gamma (IFN-y) [87. This initial cytokine response is crucial for containing
the early stages of infection and priming adaptive immunity. However, an exaggerated or poorly regulated innate
response can lead to immunopathology [97. In cases of severe malaria, excessive inflammation contributes to
complications such as cerebral malaria, anemia, and vascular leakage, emphasizing the need for a balanced immune
response [107].

2.2 Adaptive Immunity

Adaptive immunity plays a central role in controlling Plasmodium during the blood stage, when merozoites infect
red blood cells [117]. CD4+ T helper cells, particularly Th1 subsets, secrete IFN-y and tumor necrosis factor-alpha
(TNT-a) to activate macrophages and promote parasite clearance [127]. CD8+ T cells are more relevant during the
liver stage, where they target and eliminate infected hepatocytes [137]. B cells produce antibodies targeting parasite
antigens, especially those expressed on the surface of merozoites and infected red blood cells [147. These antibodies
inhibit parasite invasion, promote opsonization, and mediate antibody-dependent cellular cytotoxicity. Despite the
generation of specific immune responses, long-lasting protective immunity is difficult to achieve. In endemic regions,
individuals may require repeated exposure over several years to develop partial immunity that reduces disease
severity but does not prevent reinfection [157].

3. Immune Evasion Strategies by Plasmodium

3.1 Antigenic Variation

A hallmark of Plasmodium falciparum is its ability to evade immune detection through antigenic variation. The
parasite expresses a diverse family of surface proteins, particularly Plasmodium falciparum erythrocyte membrane
protein 1 (PfEMP1), encoded by the var gene family [167]. By switching the expression of different var genes, the
parasite alters the antigenic profile of infected red blood cells, thus evading recognition by antibodies generated
against previous variants [17]. This process enables the parasite to persist in the host for extended periods and
contributes to chronic and severe infections.

3.2 Dendritic Cell and T Cell Dysfunction

Plasmodium infection significantly disrupts the function of antigen-presenting cells, especially dendritic cells [187.
Infected individuals often exhibit reduced dendritic cell maturation and impaired expression of costimulatory
molecules, leading to suboptimal activation of naive T cells [197. This immunosuppressive environment hinders the
development of effective adaptive responses. Furthermore, chronic exposure to Plasmodium antigens leads to T cell
exhaustion, a state characterized by diminished effector function and sustained expression of inhibitory receptors
such as programmed death-1 (PD-1) and lymphocyte activation gene-3 (LAG-3) [207]. These exhausted T cells fail
to proliferate or secrete cytokines effectively, compromising the host's ability to control infection.

3.3 Regulatory T Cells and Cytokine Imbalance

Another mechanism by which Plasmodium modulates host immunity is through the induction of regulatory T cells
(Tregs), which play a role in dampening excessive immune responses [217]. During malaria, the expansion of Tregs
contributes to reduced inflammation but also suppresses protective immune functions [227. These cells secrete anti-

inflammatory cytokines, such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF—B ), which
inhibit the proliferation of effector T cells and cytokine production [237].

In addition, malaria is often associated with a dysregulated cytokine milieu. Early in the infection, a burst of pro-
inflammatory cytokines occurs, followed by a compensatory anti-inflammatory response [24-]. This imbalance can
either lead to immunopathology or impair parasite clearance, depending on the timing and magnitude of the cytokine
response.

4. Vaccine Development and Immune Modulation

Developing a malaria vaccine has remained one of the most significant yet challenging goals in global health [257.
The complexity of the Plasmodium life cycle, its antigenic diversity, and its ability to manipulate the immune system
contribute to the difficulty in designing effective and durable vaccines. Unlike many viral and bacterial infections,
natural infection with Plasmodium often fails to produce sterilizing immunity, which complicates efforts to mimic
protective immune responses through vaccination [267].

4.1 RTS, S/AS01 and R21/Matrix-M

The RTS, S/AS01 (Mosquirix) vaccine is the first malaria vaccine to achieve approval by the World Health
Organization (WHO) [277. It targets the circumsporozoite protein (CSP), which is expressed on the surface of
Plasmodium falciparum sporozoites during the pre-erythrocytic stage [277]. By fusing CSP with hepatitis B surface
antigen and using the AS01 adjuvant, RTS, S elicits antibody and CD4+ T cell responses that reduce the incidence
of clinical malaria, especially in young children [287. However, its efficacy is moderate, ranging between 30% to
50%, and wanes over time, requiring multiple booster doses.
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The R21/Matrix-M vaccine is a next-generation candidate that also targets CSP but uses a higher antigen-to-
carrier ratio and the Matrix-M adjuvant to enhance immunogenicity [297. Phase II trials have reported efficacy
above 70%, marking a promising advancement in malaria vaccine development [307]. However, longer-term follow-
up and real-world implementation studies are still needed to confirm its sustained protection.
4.2 Whole Sporozoite and Liver Stage Vaccines
An alternative approach involves using whole sporozoites to stimulate broad immune responses. The PfSPZ vaccine
by Sanaria uses radiation-attenuated sporozoites delivered intravenously, aiming to elicit robust CD8+ T cell
responses targeting liver-stage parasites [317]. These vaccines are immunologically potent but face practical
challenges, including cold chain requirements, production costs, and the need for intravenous administration. Liver-
stage vaccines focus on eliciting strong cellular immunity, particularly cytotoxic T cells that can detect and destroy
infected hepatocytes before parasites reach the blood stage [327]. Success in this domain could prevent clinical disease
and reduce transmission, as the liver stage is asymptomatic and a bottleneck in the parasite lifecycle.
4.3 Novel Strategies and Immune Engineering
Emerging technologies are revolutionizing malaria vaccine development. mRNA vaccine platforms, as demonstrated
during the COVID-19 pandemic, offer the flexibility to encode multiple parasite antigens and rapidly adjust to
antigenic variation [837]. Nanoparticle-based vaccines can present antigens in highly immunogenic conformations
and enhance uptake by dendritic cells [347].
Adjuvants play a critical role in directing immune responses. I'or malaria, adjuvants that promote T follicular helper
cell activity are essential for generating high-affinity antibodies and long-lived plasma cells [357]. Additionally,
structure-guided design of antigens can identify conserved epitopes across parasite strains, potentially overcoming
the challenge of antigenic diversity [367]. Systems biology and high-throughput immunoprofiling are also aiding
the identification of correlates of protection, allowing researchers to predict vaccine efficacy and optimize dosing
schedules [877. These tools provide critical insights into how host immunity responds to vaccination and can help
in tailoring strategies for different age groups and transmission settings.
5. Challenges and Future Perspectives
Despite promising developments, several obstacles hinder the realization of a universally effective malaria vaccine.
The high genetic variability of Plasmodium antigens means that inmune responses elicited by vaccination may not
cross-protect against all circulating strains [887]. The short duration of natural and vaccine-induced immunity
remains another critical limitation. Moreover, the immune evasion tactics employed by Plasmodium, including
antigenic variation and suppression of dendritic cell function, may diminish the efficacy of vaccines, particularly
those relying on T cell activation [897]. Achieving a balance between immune activation and control of
immunopathology is also crucial, as overactive responses may contribute to severe disease.
Vaccine deployment faces logistical barriers, especially in remote or resource-limited settings where malaria burden
is highest. Effective implementation will require integration with other control measures, such as vector
management, chemoprophylaxis, and diagnostics. To overcome these challenges, future research must focus on
identifying conserved antigens, optimizing adjuvant formulations, and improving delivery mechanisms. Combining
vaccine strategies that target multiple life stages of the parasite may offer synergistic benefits, reducing both
morbidity and transmission.
CONCLUSION
Malaria remains a formidable global health threat due to the parasite's complex lifecycle and ability to evade host
immunity. The host immune response, although capable of controlling parasite growth, often fails to achieve lasting
protection. Plasmodium exploits multiple mechanisms to modulate immune function, including antigenic variation,
dendritic cell suppression, T cell exhaustion, and cytokine imbalance. Despite these challenges, advances in
immunology, molecular biology, and vaccine technology have led to significant progress in vaccine development.
Vaccines such as RTS, S and R21 provide important proof-of-concept, and emerging platforms like whole sporozoite
vaccines and mRNA-based approaches hold great promise. A deeper understanding of host-parasite interactions will
be instrumental in guiding the design of next-generation vaccines and immunotherapies, ultimately contributing to
global malaria control and eradication efforts.
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